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v i i  

EXECUTIVE SUMNARY 

INTRODUCTION 

M o l t e n - s a l t  r e a c t o r s  (MSRs) are of i n t e r e s t  i n  p o s s i b l e  pro]. ifera- 

t i o n - r e s i s t a n t  sys t ems ,  p a r t i c u l a r l y  a s  d e n a t u r e d  

cou ld  b e  wide1.y deployed  w i t h  minimal. r i s k  of p r o l . i f e r a t i o n .  

a l s o  be  used  as " f u e l  f a c t o r i e s "  i n  s e c u r e  c e n t e r s ,  bu rn ing  p1.utonium and 

p roduc ing  3iJ. However, b e f o r e  t h e y  can  be  used ,  t h e  MSR concept  must 

be developed  i n t o  a commercial  r e a l - i t y .  The pu rpose  of t h i s  r e p o r t  i s  

t o  rev.iew t h e  s t a t u s  of mol t e n - s a l t  t echnology from the s t a n d p o i n t  o f  

t h e  devel.opment r e q u i r e d  t o  e s t a b l i s h  an  MSR i .ndus t ry  . 

3U power p l a n t s  t h a t  

MSRs might  

Fol lowing t.he success.Eu1 o p e r a t i o n  of  t h e  Mol t e n - S a l t  Keac tor  Ex- 

pe r imen t  (MSRE, 1965-69) , i t  became n e c e s s a r y  f o r  t h e  government t o  de- 

c i d e  i f  MSR development shou ld  be  c o n t i n u e d .  T o  t h i s  end ,  a comprehensive 

r e p o r t  on MSK technol.ogy w a s  p u b l i s h e d  i n  August 1972. Because o i ~ l y  

l i m i t e d  M I )  has been conducted  s i n c e  t h e n ,  most of t h e  i n f o r m a t i o n  :in 

t h e  r e p o r t  i s  s.t i%z uu%id  and w i l l  be  t a k e n  as t h e  b a s i s  f o r  t h e  p r e s e n t  

rev:iew, Some a d d i t i o n a l  development work done i n  1974--76 will be used t o  

upda te  t h e  c o n c l u s i o n s  of the 1972 s t u d y .  The go-vernment dec.ided not  t o  

proceed  w i t h  t h e  f u r t h e r  developtnent o f  t h e  Mol ten-Sal t  Breeder  Reac to r  

(MSBR) , - o r  any o t h e r  MSR, f o r  r e a s o n s  o t h e r  t h a n  t e c h n o l o g i c a l  ones .  

DEVELOPMENT STA'IIUS , 19 7 2 

T h e  development  s t a t u s  of MSBRs i n  1 9 7 2  i s  covercrhd tho rough ly  i n  

I k F .  1. A l l  a s p e c t s  of r e a c t o r  development ,  from r e a c t o r  p h y s i c s  t o  

materials of c o n s t r u c t i o n ,  are covered and w i l l  n o t  be r e p e a t e d  h e r e .  

Of p a r t i c u l a r  i n t e r e s t  i n  t h a t  review are t h e  d i s c u s s i o n s  of t e c h n o l o g i -  

ca l  advances  b e l i e v e d  t o  be  needed b e f o r e  t h e  n e x t  MSK cou ld  be b u i l t .  

These needed advances  are d e f i n e d  b r i e f  Ly in  t h e  i n t r o d u c t i o n  of t h a t  

r e p o r t  as f o l l o w s  : 

1x1  the  t echno logy  program several advances  must be  made b e f o r e  we 11 

c a n  be c o n f i d e n t  t h a t  t h e  n e x t  r e a c t o r  can  b e  b u i l t  arid o p e r a t e d  success -  

f u l l y .  The most impor t an t  problem t o  which t h i s  a p p l i e s  is the s u r f a c e  
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c r J c k i n g  of Hastelloy N. Some other developments, such as the testing 

of some of the comporierits or the work on latter stages of the processing 

plant development, coiild actually be complettBcl while a reactor is being 

d e s i g n p d  and built. The major developments that we believe should be 

pursued during the next several years are the following: 

"1. A modified Hastelloy N, or an alternative material that is im- 

n i i i i i e  t o  attack by tellurium, must he selected and its compatibility with 

fuel salt demonstrated with out-of-pile forced-convection loops and in- 

pi1.e capsule experiments; means f o r  giving it adequate resistance to 

radiation damage must be foiind, if needed, and commercial production of 

the alloy may have t o  be demonstrated. The mechanical properties data 

needed for code qualifi-cation must be acquired if they do not already 

exi :;t. 

"2. A method of intercepting and isolating tritium to prevent its 

passage into the steam system must be demonstrated at redistic conditions 

and on a large enough scale to show that it is feasible for a reactor. 

"3. The various steps in the processing system must first be demon- 

strated in separate experiments; these  steps must then be combined in an 

integrated demonstrati-on of the complete process, includ i.ng the materials 

of construction. Finall.y, after the MSBE" plant is conceptually designed, 

a mock-up contai.niag components that are as close as possi-ble in design 

to those which wi1.1. be used in the actual process  must be bui~1.t and its 

operation and maintenance procedures demonstrated. 

" 4 .  The various componwts and systenis for the reactor must be de- 

veloped and demonstrated under conditions and at sizes that allow con- 

E ident extrapolation to the MSBE itself. 

ping system for the f u r l  salt, off-gas and cl.eanup systerus f o r  the coolant 

salt (facilities in which these could be done are already under construc- 

tion), tests of steam-generator modules and startup systems, and tests of 

prototypes of pumps that would actually go in the reactor. The construc- 

tion of an engineering mock-up of the major components and systems of the 

reactor would be desirable, but whether or not that is done would depend 

'These include the xc+non strip- 

.L 

Molten-Salt Breeder Experiment; an intermediate-scale developmental 
plant. 
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on how f a r  the development program had proce.eded i n  t e s t i n g  v a r i o u s  e-om- 

ponen t s  and sys t ems  i n d i v i d u a l l y .  

"5. G r a p h i t e  e.l.ements 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  si.zes and q u a n t i t i e s  that  a s s u r e  t h a t  3 commerc-.i.al. produc- 

t i o n  c a p a 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  b e h a v i o r  of samples  of 

t h e  commerci-ally produced m a t e r i a l  shou ld  be conf i rmed.  E x p l o r a t i o n  

of methods f o r  s e a l i n g  g r a p h i t e  t o  e x c l u d e  xenon shou ld  c o n t i n u e .  

"6. On-line chemi.ca1 a n a l y s i s  d e v i c e s  and the v a r i o u s  i n s t r u m e n 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 p r o c e s s i n g  pl-ant  shou ld  be pur-  

chased  o r  deve loped  aiicl demons t r a t ed  on J.oops, p r o c e s s i n g  expe r imen t s ,  

and mock-ups. " 

The C irst t h r e e  o b j e c t i v e s  were co i l s idered  c r u c i d l  t o  t h e  MSBR con-- 

c e p t ;  t h e  r e s u l t s  of f u r t l i c r  development e f f o r t  on them d u r i n g  1974 -76 

a rc  d i s c u s s e d  i n  the f n l l o w i n g  s e c t i o n .  Objectives 4 t o  6 ,  w h i l e  im-  

p o r t a n t  ~ d i d  n o t  a p p e a r  t o  p r e s e n t  any i n s u r m o u n t a l ~ l ~ .  o b s t a c l e s ;  i n  any 

event ,  t hey  cou ld  n o t  be pursued  f u r t h e r  lwcausc  of l i m i t e d  fund ing .  

RESULTS OF R&D ...- 1972 TO PRESENT 

A t  t h c  d i r e c t i o n  of AEC/ERDA,* the MSK program was d i s c o n t i n u e d  i n  

e a r l y  1973,  resumed i n  1974,  and f i n a l l y  terminated a t  t h e  end of FY 

1976 .  A l t l i o ~ i g h  t h e  dcvclopment e f f o r t  s ince  1 9 7 2  has been  sevclrely re- 

s t r i c t e d ,  some s i g n i f i c a n t  r e s u l t s  w e r e  o b t a i n e d  from work performed 

m a i n l y  in 1 9 7 4  7 6 .  

A l l o v  DeveloDment f o r  Molten-Sal t S e r v i c e  

The n i cke l -based  a l l o y  Haste1 1 oy M, which w a s  s p e c i f i c a l l y  deve loped  

f o r  use i n  m o l t e n - s a l t  sys tems,  w a s  used  i n  c o n s t r u c t i c m  of the MSRE. 

T h e  material  g e n e r a l l y  per formed very w e l l ,  b u t  two d e f i c i e n c i e s  became 

a p p a r e n t :  (1) t h e  a l l o y  was e n i b r i t t l e d  a t  e l e v a t e d  t e m p e r a t u r e s  by ex- 

p o s u r e  t o  the rma l  n e u t r o n s  and ( 2 )  i t  w a s  s u b j e c t  t o  i n t e r g r a n u l a r  sur- 

f ace  c r a c k i n g  when exposed t o  f u e l  s a l t  c o n t a i n i n g  E i s s i o n  p r o d u c t s .  

.L 

Now t h e  U.S .  Department of Energy. 
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Recent  development work i n d i c a t e s  t h a t  s o l u t i o n s  are a v a i l a b l e  f o r  b o t h  

t h e s e  problems.  D e t a i l s  of  t h i s  work are  g i v e n  by McCoy;' a summary of 

t h e  r e s u l t s  follows, 

I r r a d i a t i o n  expe r imen t s  e a r l y  i n  the MSK development  program showed 

t h a t  H a s t e l l o y  N was subjec t .  t o  h igh - t empera tu re  e m b r i t t l e m e n t  by the rma l  

n e u t r o n s .  'The MSRE w a s  des igned  around t h i s  l i m i t a t i o n  ( s t r e s s e s  were 

low and s t r a i n  l i m i t s  w e r e  n o t  e x c e e d e d ) ,  b u t  t l ic  deve lopmr~nt  of an  i m -  

proved a l l o y  became a pr ime o b j e c t i v e  o f  t-he mater ia l s  program. It w a s  

foillid t h a t  a modi f i ed  H a s t e l l o y  N c o n t a i n i n g  2 %  t i t a n i u m  had much i m -  

proved p o s t i r r a d i a t i o n  d u c t i l i t y ,  and exteiisi-ve t e s t i n g  o f  t h e  new a l l o y  

w a s  under  wa.y a t  t h e  c l o s e  of  MSRE o p e r a t i o n s .  

The second problem, i n t e r g r a n u l a r  s u r f a c e  c r a c k i n g ,  was d i s c o v e r e d  

a t  t h e  c l o s e  of  t h e  MSRE o p e r a t i o n  when s u r f a c e  crack.s were obse rved  

a f t e r  s t r a i n  t e s t i n g  of  I las te l . loy N spec imens  t h a t  had been exposed t o  

f u e l  s a l t .  Research  s i n c e  t h a t  t i m e  h a s  shown t h a t  t h i s  phenomenon i s  

t h e  r e s u l t  of attack by t e l l u r i u m ,  a f i s s i o n  p r o d u c t  i n  i r r a d i a t e d  f u e l  

s n l - t ,  on t h e  g r a i n  b o u n d a r i e s .  

As a r e s u l t  o f  r e s e a r c h  from 1.974 i.0 1976,  two l ~ i k e l y  s o l u t i o n s  t o  

t h e  problem of  t e l l u r i u m  a t tack  have  been  developed .  The f i r s t  i n v o l v e s  

t h e  devel.opment of  an  a l l o y  t h a t  i s  r e s i s t a n t  t o  tel.1-urium a t t a c k  b u t  

s t i l l  r e t a i n s  t h e  o t h e r  r e q u i r e d  p r o p e r t i e , ? .  T h i s  deve1.opment h a s  pro-  

ceeded s u f f i c i e n t l y  t o  show t h a t  a modi f i ed  H a s t e l l o y  N c o n t a i n i n g  abou t  

1-% ni.obium has good r e s i s t i a n c e  t o  t e l l u r i u m  a t t a c k  and a d e q u a t e  r e s i s t a n c e  

t o  therrual-nei.ttron ernbri t t l .ement  a t  t e m p e r a t u r e s  up t o  650°C. I t  was 

a1so found tliat a I l . o y s  c o n t a i n i n g  t i t a n i u m ,  w i t h  o r  w i t h o u t  n iobium,  ex- 

h i b i t e d  s u p e r i o r  n e u t r o n  r e s i s t a n c e  hut: w e r e  n o t  resisiIont to  te l lun i~ui i i  

a t t a c k .  

The second l i k e l y  s o l u t i o n  i n v o l v e s  t h e  c h e m i s t r y  of tlre f u e l  s a l t .  

Recent  expe r imen t s  i n d i c a t e  t h a t  i n t e r g r a n u l a r  a t t a c k  011 Hastel 1 oy N 

i s  much less severe when t h e  f u e l - s a l t  oxi .dat ion potent i .a l . ,  as measured 

by t h e  r a t i o  o f  U4+ t o  U3', i s  l e s s  t h a n  60."  

t h e  p o s s i b i l i t y  t h a t  t h e  s u p e r i o r  titan:i.um-modified X a s t e l l o y  N cou1.d 

T h i s  d i s c o v e r y  opens  up 

A 
The i n v e r s e  of t h i s  r a t i o ,  t h a t  i s ,  t h e  r a t i o  of U 3 +  t o  U4+, i s  

now more commonly used  t o  d e s c r i b e  the o x i d a t i o n  state o f  t h e  s a l t -  
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be used f o r  MSRs t l iruugh c a r e f u l  conLrol o f  t h e  o x i d a t i o n  state of t h e  

fuel .  s a l t .  

Eoth of t h e  above s o l u t i o n s  appea r  p romis ing ,  b u t  c x t e n s i v o  t e s t i n g  

undcr  r e a c t o r  c o n d i t i o n s  would b c  r e q u i r e d  b e f o r e  e i t h e r  rou ld  be used 

i n  the d e s i g n  of a f u t u r e  P E R .  

T r i t i u m  C o n t r o l  ..... --.. 

T..arge q u a n t i t i e s  of  t r i t i u m  are produced in PISRs f rom n e u t r o n  r eac -  

t i o n s  w i t h  l j . th ium i n  t h e  f u e l  s a l t  E l e m e n t : a l  t r i t i u m  can c1i.f €use 

through metal wa1.l.s such as  heat-exchanger  t u b e s  a t  eleva-trsd t e m p e r a t u r e s  

t h u s  p r o v i d i n g  a p o t e n t i a l  mechanism f o r  t h e  t . r a n s p o r t  of t r i t i u m  t o  t he  

reactror steam v i a  t h e  secondary  c o o l a n t  I.0op and t h e  steam g e n e r a t o r  I 

Recent e x p e r i m e n t s  i n d i c a t e  t h a t  t r i t i u m  is  oxi .dized i n  t : l k  proposed MSR 

s econdary  c o o l a n t ,  sodium f l u o r o b o r a t e ,  t h u s  b l o c k i n g  t: ra  t i spo r t  t o  t h e  

steam system. 

In 1.975 and 1 9 7 4 ,  t r i t i . u m - a d d i t i o n  expe.r iments  were conducted i n  an 

e n g i n e e r i n g - s c a l e  c o o l a n t  s a l t  t es t  :I.oop. The resul.ts are g iven  i n  a 

r e p o r t  by Mays, Smith,  and Enge l .  Rri.efI.y, the  experi.meuts showed t h a t  

t h e  s t e a d y - s t a t e  r a t i o  of combined t o  e l e m e n t a l  t r i t i u m  i n  t b c  c o o l a n t  

s a l t  was g r e a t e r  t h a n  4000. A c a l c u l a t i o n  a p p l y i n g  t h i s  r a t i o  t o  tile 

case of a n  o p e r a t i n g  1000-W(e) MSBK ind.i.cated t h a t  t h e  r e l e a s e  of 

tr:i.tLum to t h e  steam s y s t e m  would  be less t.han Q400 GRq/d (1.0 Ci./day). 

The c o n c l u s i o n  of the  s t u d y  w a s  t h a t  t h e  release of t r i t i u m  from an MSR 

u s i n g  sodium f l u o r o b o r a t e  i n  the secondary  c o o l a n t  sys t em cou1.d be r e a d i l y  

controlled t o  w i t h i n  Nuclear  Regu la to ry  Commission (NK) g u i d e l i n e s .  

- E 2  i ne e r 9  _- Deve lop men-^ o f Firs 1 P r o  c e s s i n  g 

By 1 9 7 2 ,  p r o o f - o f - p r i n c i p l e  e x p e r i m e n t s  had been c a r r i e d  o u t  €or  

t h e  v a r i o u s  steps i n  t h e  r e f e r e n c e  chemical  p r o c e s s ,  b u t  dev,nI.opment and 

d e m o n s t r a t i o n  of e n g i n e e r i n g - s c a l e  equipment w e r e  j u s t  g e t t i n g  under  way. 

The o n l y  1-arge-scale  p r o c e s s i n g  demons t r a t ed  a t  t h a t  t:i.rne was t h e  b a t c h  

f l u o r i n a t i o n  of t h e  MSRE Eue.1 s a l t  and the r e c o v e r y  of t h e  uranium on 

NaF beds.  
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I n  t h e  p e r i o d  1.974-76,  effort:^ w e r e  begun t o  deve lop  items of equip-  

men1: which would be v i t a l .  t o  t h e  SUC-cess of t:he m e t a l - t r a n s f e r  p r o c e s s  - 
Some p r o g r e s s  w a s  made i n  t h e  deveI.opment of a s a l t - b t s m u t h  c o n t a c t o r ,  

a con t inuous  f l u o r i n a t o r ,  and a U F 6  a b s o r b e r  f o r  r e c o n s t i t u t i n g  t h e  f u e l  

s a l t .  Because of t h e  program cl.oseout i n  1976,  t h i s  work cou ld  n o t  be 

con t inued  long  enough t o  cu lmina te  i n  e n g i n e e r i n g  d e s i g n s  f o r  t h e  v a r i o u s  

i t e m s  o f  equi-pmeiit. The s t a t u s  of t h i s  work can b e  summed up by s t a t i n g  

t h a t ,  a l t h o u g h  no insu rmoun tab le  o b s t a c l e s  w e r e  encoun te red ,  t h e  major  

p o r t i o n  of p r o c e s s  e n g i n e e r i n g  development remains  t o  be done. 

4 

Other Areas of Development: __ .........._ 

Thc developruent s t a t u s  of  areas o t h e r  than  t h o s e  d i s c u s s e d  above i s  
1 

p r a c t i c a l l y  unchanged s i n c e  t h e  r e p o r t  of 1972,  because  nu f u r t h e r  K&U 

w a s  funded. These i n c l u d e  development of r e a c t o r  components,  modera tor  

g r a p h i t e ,  ana l -y t  i ca l .  metrliclds and c o n t r o l  i n s t r u m e n t a t i o n s  Excep t ions  

were a d e s i g n  s t u d y  of R molten-sa l t  h e a t  exchanger  and soclie 1i.mi.ted 

work on t h e  in-1-ine mon i to r ing  of f u e l  s a l t .  

In 1971,  Foster-Wheeler  Corp. w a s  awarded a c o n t r a c t  f o r  a s t u d y  of 

MSK s team-genera tor  d e s i g n s .  The c o n t r a c t  w a s  suspended i.n 1-973 and then  

r e i n s t a t e d  i n  1974 f o r  t h e  purpose  of comple t ing  t h e  f i r s t  t a s k  ( i n  a 

f o u r - p a r t  c o n t r a c t ) ,  which was t h e  d e s i g n  of  a s t e a m  g e n e r a t o r  t o  meet 

s p e c i f i c a l l y  t h e  steam and f eedwa te r  condi . r ions  p o s t u l a t e d  f o r  the MSBR 

conceptual .  d e s i g n .  Th i s  t a s k  w a s  s u c c e s s f u l l y  completed and a r e p o r t  

i s s u e d  in December 1.974.5 

s i s ,  would m e e t  a l l  t h e  r equ i r emen t s  f o r  an  MSR steam geaernt:or. How- 

ever, the d e s i g n  w a s  n o t  e x p e r i m e n t a l l y  v e r i f i e d  because  t h e  MSR p r o j e c t  

was t e r m i n a t e d .  

A d e s i g n  was p r e s e n t e d  which ,  based  on a n a l y -  

The 1972 status r e p o r t ’  d e s c r i b e d  t h e  use of an  i n - l i n e  e l e c t r o -  

chemical. t echn ique  known as vol tammetry i:o moni tor  t h e  o x i d a t i o n  poten-  

t i a l  of t h e  f u e l  s a l t .  The t e c h n i q u e  h a s  s i n c e  beerr used t o  moni tor  

v a r i o u s  c o r r o s i o n  t e s t  loops  and o t h e r  expe r imen t s  and may a l s o  be  used 

t o  moni tor  C r 2 +  i n  f u e l  s a l t ,  a good i n d i c a t o r  of  t h e  o v e r a l l  c o r r o s i o n  

ra te ,  Recen t ly  t h e  t e c h n i q u e  h a s  beexi used  t o  measure t h e  o x i d e  i o n  i n  
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f u e l  s a l t .  Oxidc m o n i t o r i n g  i s  v e r y  i m p o r t a n t  i n  m o l t e n - s a l t  f u e l  be- 

c a u s e  a n  i n c r e a s e  i n  o x i d e  c o n t a m i n a t i o n  c o u l d  l e a d  t o  p r e c i p i t a t i o n  of 

uranium from t h e  f u e l  as 1102. 

SPECIAL DEVELOPMENT REQUIREMENTS FOR THE DNSK 

Recent r e e x a m i n a t i o n  of  the NSR concep t  w i t h  s p e c i a l  a t t e n t i o n  t o  

a n t i p r o l i f e r a t i o n  c o n s i d e r a t i o n s  h a s  led to t h e  i d e n t i f i c a t i o n  of two 

p r e l i m i n a r y  dpsi gn c o n c e p t s  f o r  MSRs t b a t  a p p e a r  t o  have s u b s t a n t i a l l y  

less p r o l i  f c > r a t i o n  s e n s i t i v i t y  w i t h o u t  i n c u r r i n g  u n a c c e p t a b l e  per for -  

mance p e n a l t i e s .  

t o r )  has  been  a p p l i e d  to  bot l i  of t h e s e  c o n c e p t s  because  each wou1.d be 

f u e l e d  i n i t i a l l y  w i t h  2 3 5 U  e n r i c h e d  tco  no more t h a n  20% and would be  

o p era t e d t 11 r o u g ho u t i t  s I i 1: e t irne w i t  11 d e n a t u r e d  u r  a n  i urn. 

The s i m p l e r  of  tklese IIMSR c o n c e p t s 6  would c o m p l e t c l y  e l i m i n a t e  on- 

The d e s i g n a t i o n  nMSR ( f o r  d e n a t u r e d  m o l t e n - s a l t  r e a c -  

l i n e  chemica l  p r o c e s s i n g  of t h e  f u e l  sa l t  f o r  removal of f i s s i o n  p r o d u c t s .  

( S t r i p p i n g  o f  gaseous  f i s s i o n  p r o d u c t s  would b e  r e t ~ i n e d ,  and some ba tch -  

w i s e  t r e a t m e n t  t o  c o n t r o l  o x i d e  c o n t a m i n a t i o n  p robab ly  would be r e q u i r e d .  ) 

T h i s  r e a c t o r  would r e q u i r e  r o u t i n e  a d d i t i o n s  of d e n a t u r e d  2 3  ?U f u e l ,  b u t  

would n o t  r e q u i r e  r ep lacemen t  o r  rrrnoval of the in-pl a n t  i n v c n t o r y  e x c e p t  

a t  t h e  end of  t h e  30-year p l a n t  l i f e t i r r i c . .  Adding an o n - l i n e  chemica l  

p r o c e s s i n g  f a c i l i t y  t o  t h e  30-year ,  once-through r e a c t o r  p r o v i d e s  t h e  

second DMSR d e s i g n  c o n c e p t .  With t h i s  a d d i t i o n ,  t h e  c o n v e r s i o n  r a t  i o  

of t h e  r e a c t o r  would r e a c h  1 . 0  (i.e., break-even b r e e d i n g )  so t h a t  f u e l  

a d d i t i o n s  c o u l d  b e  e l i m i n a t e d  and a g i v e n  f u e l  cha rge  c o u l d  be u s r d  i n -  

d e f i n i t e l y  by t r a n s f e r r i n g  i t  t o  a new r e a c t o r  p l a n t  a t  the decomission-  

i n g  of  t h e  o l d  u n i t .  

7 

T h c  r e q u i r e d  chemica l  p r o c e s s i n g  f a c i l i t y  f o r  a DMSR, shown as a prc-- 

l i m i n a r y  c o n c e p t u a l  f l o w s h e e t  in F i g .  S . l ,  would b e  d e r i v e d  l a r g e l y  from 

t h e  MSBR b u t  would c o n t a i n  some s i g n i f i c a n t  d i f f e r c n c e s .  In p a r t i c u l a r ,  

i s o l a t i o n  arid s e g r e g a t  ion of p r o t a c t i n i u m  would be avojded, provi : ; ions 

would b e  made t o  r e t a i n  and use t h e  plutotiiuiii produced P r o m  7 3 8 U ,  and a 

s p e c i a l  s t q  would be added f o r  removal of f i s s i o n - p r o d u c t  z i r con ium.  

Thus, t h e  development of o n - l i n e  chemica l  p r o c e s s i n g  f o r  a DMSR w o u l d  
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r e q u i r e  e s s e n t i a l l y  a l l  t h e  t echno logy  development i d e n t i f i e d  f o r  t h e  

MSBR w i t h  a d d i t i o n s  t o  accommodate t h e s e  d i f f e r e n c e s .  €Iowi.ver, s i n c e  

t h e  IIPISR o f f e r s  a no-p rocess ing  o p t i o n ,  a l a r g e  f r a c t i o n  of  t h e  r ep ro -  

c e s s i n g  development ,  a l o n g  w i t h  i t s  a s s o c i a t e d  materials d w e l o p m e n t ,  

cou ld  be d e f e r r e d  o r  even e l i m i n a t e d .  

t o  rpducc. t h e  c o s t  ( b u t  p robab ly  n o t  ttie t i m c )  f o r  d e v e l o p i n g  l-he f i r s t  

DMSRs. To p r o v i d e  a n  o v e r a l l  p e r s p e c t i v e ,  t h i s  development p l a n  i n c l u d e s  

c o s t s  and s c h e d u l e s  f o r  d e v e l o p i n g  t h e  r e p r o c e s s i n g  c a p a b i l i t y  i n  para l le l  

w i t h  t h e  r e a c t o r  I 

Such d e f e r r a l  migh t  be expec tcd 

T h e  o n l y  o t h e r  s u b s t a n t i a l  d i f f e r e n c e  ( i n  terms of development needs )  

betwecn t h e  MSBR arid t h e  proposed IlMSR c o n c e p t s  i s  t h e  r e a c t o r  c o r e  d e s i g n ,  

which is s i m i l a r  f o r  bo th .  Re lax ing  t h e  b r e e d i n g  r equ i r emen t  and empha- 

s i z i n g  p r o l i f e r a t i o n  r e s i s t a n c e  €o r  t h e  LMSR l e d  t o  a c o r e  d e s i g n  w i t h  a 

much lower power d e n s i t y  t o  l i m i t  losses of p r o t a c t i n i u m ,  t h e  7 3 3 U  p r e -  

c u r s o r  which i s  r e t a i n e d  i n  t h e  f u e l  s a l t  of  t h e  DMSR. By r e d u c i n g  t h e  

rate of f a s t - n e u t r o n  damage t o  the c o r e  g r a p h i t e ,  t h e  l o w  power d e n s i t y  

a l s o  makes p o s s i b l e  t h e  d e s i g n  of a c o r e  i n  which t h e  g r a p h i t e  need n o t  

b e  r e p l a c e d  € o r  t h e  l i f e  of t h e  r e a c t o r .  A l o w  power d e n s i t y  a l s o  re- 

duces  ttie p o i s o n  f r a c t i o n  a s s o c i a t e d  w i t h  xenon i n  t h e  c o r e  g r a p h i t e  and 

t h u s  t h e r e  i s  less need f o r  a l ow-pe rmeab i l i t y  g r a p h i t e .  Although im-  

provemcnts i n  g r a p h i t e  l i f e  and p e r m e a b i l i t y  would b e  d e s i r a b l e ,  graph- 

i t e  g r a d e s  t e s t e d  b e f o r e  1972 would have t h e  p r o p e r t i e s  a c c e p t a b l e  f o r  

t h e  DMSR c o r e .  G r a p h i t e  development f o r  t h e  DMSR would n o t  r e q u i r e  ( b u t  

c o u l d  i n c l u d e )  much e f f o r t  beyond t h e  s p e c i f i c a t i o n  and t e s t i n g  of com- 

m e r c i a l - s o u r c e  material. 

POTENTIAL PLAN 'I;OK DMSR DEVELOPMENT 

A major  p r o d u c t  of t h e  r e a c t i v a t e d  MSR program i n  1974 w a s  a de- 

t a i l e d  p l an '  f o r  t h e  f i r s t :  s e v e r a l  years of a development ( I f f o r t  t h a t  

would u l t i m a t e l y  l e a d  t o  a commercial MSBK. S i n c e  t h e  program a u t h o r i z e d  

i n  1974 was r e s t r i c t e d  in scope ,  no a t t e m p t  was made i n  t h a t  p l a n  t o  

includt.  r o s t s  and s ( .hedules  f o r  r e a c t o r  p l a n t s  beyond a l i m i t e d  t reat-  

ment o f  a proposed n e x t - g e n e r a t  iori r e a c t o r  - t h e  Molten-Sal t  T e s t  R e a c t o r  
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(MSTK). The p r imary  f u n c t i o n  of  t h e  1974  program p l a n  w a s  t o  d e f i n e  a 

base t echno logy  prograro f o r  t h e  MSBR. S i n c e  the  t echno logy  needs  f o r  a 

DMSR close1.y p a r a l l e l  t h o s e  of t h e  MSBR, e x t e n s i v e  u s e  was made of t h e  

1974 program p l a n  i n  e v o l ~ v i n g  t h e  p l a n  d e s c r i b e d  below f o r  DMSR develop-  

ment. 

To  deve lop  a reasonab1.e p e r s p e c t i v e  of t h e  p o t e n t i a l  r o l e  of the 

DMSR i n  p r o v i d i n g  n u c l e a r  e l e c t r i c  power, i t  : i s  n e c e s s a r y  t o  concep- 

t u a l i z e  a r e a c t o r  development and c o n s t r u c t i o n  s c h e d u l e  that goes  beyond 

t h e  MSTR t o  a t  l ea s t  t h e  f i r s t  commercial  ( o r  p r o t o t y p e )  sys t em and pos-  

s i b l y  on t o  t h e  f i r s t  of a s e r i e s  of " s t anda rd"  p l a n t s .  The p o t e n t i a l .  

schedi.ile t h a t  vas devel-oped ( F i g .  S . 2 )  h a s  a r e a s o n a b l e  b a s i s  f o r  f u l -  

f i l . l m e ~ i t  i n  t h e  l i g h t  of t h e  c u r r e n t  s t a t e  of MSR techno logy .  Four 

g e n e r a l l y  p a r a l l e l  l i n e s  of e f -Eor t  would be  pu r sued ,  i n c l u d i n g :  

1. a b a s e  program of r e s e a r c h  and development (RaiD) ;  

2, a p r o j e c t  t o  d e s i g n ,  b u i l d ,  and o p e r a t e  an  MSTR; 

3 .  a p r o j e c t  t o  s t u d y  and e v e n t u a l l y  d e s i g n  and b u i l d  a p r o t o t y p e ,  

o r  f i r s t  commercial ,  r e a c t o r  p l a n t ;  

4 .  a p r o j e c t  t o  d e s i g n  and b u i l d  t h e  f i r s t  of p o s s i b l y  several  "~ ta i i -  

da rd izpd"  p l a n t s .  

I f  adequa te  gu idance  i s  t o  b e  p rov ided  f o r  an  K&L) program on PfSRs,  

i t  i s  e s s e n t i a l  t h a t  some d e s i g n  a c t i v i t y  b e  s t a r t e d  on t h e  p r o t o t y p e  

r e a c t o r  and t h e  MS'I'K a t  t h e  beg inn ing  of t h e  o v e r a l l  program. (These 

i n i t i a l  d e s i g n  e f f o r t s  may be  r e l . a t i v e l y  smal.l., however . )  A p r o t o t y p e  

concept  i s  r e q u i r e d  to d e f i n e  t h e  sys t ems  t o  be  t e s t e d  i n  t h e  MSTR, and 

t h e  MS'I'K d e s i g n  i s  r e q u i r e d  t o  g u i d e  t h e  i n i t i a l  phases  of t h e  K&D e f f o r t .  

I f  such  a program were s t a r t e d  i n  FY 1980, t h e  development  and de- 

s i g n  a c t i v i t i e s  cou ld  probab1.y s u p p o r t  a u t h o r i z a t i o n  of a tes t  r e a c t o r  

i n  FY 1985, and s u c h  a r e a c t o r  c o u l d  p r o b a h l y  be b u i l t  by 1995. The 

p r o t o t y p e  commercial plant :  ( s u p p o r t e d  by ear l ie r  d e s i g n  s t u d y )  could b e  

a u t h o r i z e d  approx ima te ly  on comple t ion  of t h e  MSTR, and t h e  a u t h o r i z a t i o n  

f o r  the first s t a n d a r d  p l a n t  ( i f  d e s i r e d )  cou ld  f o l l o w  about 5 y e a r s  

l a t e r .  

Although the t echno logy  development  e f f o r t  i s  shown as only  a s i n g l e  

1i.ne on F i g .  S . 2 ,  i t  r e p r e s e n t s  a m u l t i f a c e t e d  e f f o r t  i n  support :  of a l l  
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the r e a c t o r  c o n s t r u c t i o n  p r o j e c t s  t h roughou t  t h e  program. Th i s  e f f o r t ,  

which i s  d e s c r i b e d  i n  s o m e  d e t a i l  i n  the body of t h i s  r e p o r t ,  i s  summa- 

r i z e d  i n  Tab le  S .1  a l o n g  w i t h  e s t i m a t e d  cos t s  ( i n  u n e s c a l a t e d  1978  

d o l l a r s ) .  'This t a b u l a t i o n  i .ncludes t h e  e s t i m a t e d  c o s t s  f o r  development 

of Eu l l  r e p r o c e s s i n g  c a p a b i l i t y .  A s u b s t a n t i a l  f r a c t i o n  of t h e s e  c o s t s  

(shown as $147 m i l l i o n  o v e r  32 y e a r s )  might  be  d e f e r r e d  o r  saved  i f  

development of on - l ine  f u e l  r e p r o c e s s i n g  w e r e  d e f e r r e d  o r  e l i m i n a t e d .  

The work f o r  t h e  f i r s t  1 5  y e a r s  i s  shown on a n  annua l  b a s i s ,  w i t h  mast 

of t h e  e f f o r t  i n  s u p p o r t  of t h e  MSTK. I n  g e n e r a l ,  t h e  funds  shown h e r e  

a re  c o n s i s t e n t  w i t h  t h e  more d e t a i l e d  t a b u l a t i o n s  p r e s e n t e d  i n  t h e  body 

of t h i s  r e p o r t .  However, i n  a few areas tile development  p l a n  i n d i c a t e s  

t h a t  a d d i t i o n a l ,  unde f ined  c o s t s  cou ld  be  expec ted  i.n some years .  For  

pu rposes  of t h i s  summary t a b u l a t i o n ,  funds  w e r e  a r b i t r a r i l y  added i.n 

t h o s e  nreas t o  cove r  r e a s o n a b l e  e x t r a  c o s t s .  C o s t s  a f t e r  t h e  f i r s t  15 

y e a r s  are  much less c e r t a i n  and are shown as t o t a l s  o n l y .  The e s t i m a t e d  

c o s t  of t h e  t o t a l  b a s e  program i s  approx ima te ly  $700 mi l - l i on .  The c o s t s  

of t h e  r e a c t o r  c o n s t r u c t i o n  p r o j e c t s ,  abou t  $600 rniI.li.on" f o r  t h e  XSTR 

arid possib1.y $1470 m i l l i o n *  f o r  t h e  p r o t o t y p e ,  b r i n g  t h e  e s t i m a t e d  t o t a l  

program c o s t  to about  $2 .8  b i l l i o n .  S i n c e  i t  is  i m p o s s i b l e  t o  f o r e s e e  

a l l  needs  and cos t s  f o r  a program, t h i s  i s  p robab ly  a rnrihimum f i g u r e .  A 

con t ingency  a l lowance  should  b e  added i.11 a subsequen t  p l a n n i n g  s t age  as 

w e l l  as a l lowances  f o r  c o s t  i n c r e a s e s  due  t o  i n f l a t i o n  and e s c a l a t i o n  and 

f o r  any development c o n t r i b u t C o n s  p rov ided  by i n d u s t r y .  

-1. 

These f i g u r e s  i n c l u d e  t h e  c o s t s  o f  i n t e g r a l  chemica l  p r o c e s s i n g  
f a c i l i t i e s  and a r e  c o n s i s t e n t  w i t h  N o n p r o l i f e r a t i o n  A l t e r n a t i v e  Systems 
Assessntent Program (NASAP) g u i d e l i n e s .  
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I)EVEI,O€'MI.INT STATUS AND POTENT TAT, PROGRAM FOR 
DLVELOPPIENT OF PIIOLZFEKA1'ION-RKS I S TANT 

MOLTEN- SALT REACTORS 

.T.  R. Engel 
3"  F. Baumm W .  K. Grimes 
J. F. Dearing W. E .  McCoy, Jr. 

ABSTLIAC'I' 

Preliminary :;t.udies of e x i s t i n g  and  c o n c e ? t u a l  mol.ten- 
sa1.t reac i tor  (MSR) designs have  l e d  t o  t h e  i d e n t : i f . i c a t i o n  of 
conceptua l .  sys tems tha t  are tei:hnologi.c:al l y  a t t r a c t i v e  when 
op(t:rated w i . t h  dena.t.ured urmlium a s  the p r i n c i p a l  f i s s i l e  f u e l .  
These d e n a t u r e  d MSPk wou I d it  1 s o I-rav e f avo-r-ah Le res our (:.e-u tr i 1. i- 
znt:i.on charac: t:e.t:istics arid s u b s t a n t i a l  resistance t o  p r o l i f e r a -  
t i o n  of weapons-usable n u c l e a r  materials. Thi.s repor t :  p r e s e n t s  
a summary of  the current. s t:atus o f  tec.lincjI.ogy and a d i s c u s s i o n  
o f  the ma jo r  t e c h n i c a l  areas of a poss l ib l e  base program t.o de- 
vel op comme.rc i.a I dt?iiatured MSRs * Thil  gerieral. areas L:.~-ea Lied are 
(1) r e a c t o r  des ign  and devel.opment, ( 2 )  s a f e t y  and s a f e t y  re- 
l .a ted  t-echnology, ( 3 )  fud-cool .an t  bebavfoz- and f u e l  p roc :e s s -  
i n g ,  and ( 4 )  reactor matc;'.rials. 

h subs tan t - . i a  1. tievelopalent effort cou ld  l ~ e a d  t o  a u t h o r i  za- 
t i o n  f o r  c o n s t r u c t i o n  of a mol.ten-salt t e s t  reactor  a.bout 5 
y<?;trs a f t e r  t h e  st:art of the program and ope ra t i . on  of t h e  u n i t  
a b o u t  1.1) years I-ater. A p r o t o t y p e  corra~ercial d e n a r u r f d  M51Z 
cou1.d be  e.xpc:c:t:Cd to b e g i n  o p e r a t i ~ ~ g  25  years from t h e  s ta r t  
o f  t h e  program. 

The p o s t u l a t e d  base program would extend o v e r  3% y e a r s  and 
wouI~d c o s t  about: $700 mil l . ion  (1978 d o I l . a r s ,  u inescaIa ted)  . Ad- 
di.t:i .onaI c o s t s  t.o cons t ruc t :  ti'ne MSTR --- $600 m i l l i o n  .--. ar1.d t h e  
p r o t o t y p e  cornmercial p l a n t  - $1479 m i l l i o n  would b r i n g  t h e  
t . o t a l  program c o s t  t o  about. $2 .8  b i l l  t o r i .  Adcl:i.tional a l l o w -  

; probnh1.y r;houI.d be made to cove r  col-it.i.xigerici.c?:? arid ih- 
c i d e n t a l  t echno logy  areas not  expl i c i r l y  t r e a t e d  i n  t i h i s  
prel.-i.mi.nary revi-ew. 

A concep t  € o r  a proliferat-tori-res:Fstant m o l t e n - s a l t  r e a c t o r  (MSK) 

5U has been  evoI.ved i n  response t o  f uc l ed  w i t h  denat.ured 

t h e  i n t e r e s t  i n  p r o 1  ilierati.ori-rfsi.stant power reactors f o r  w o r l d w i d e  

u se .  Briefly, such  a r e a c t o r  (I) must n o t  p r o v i d e  a tempt ing  o r  r e a d i l y  

avai1.abI.e s o u r c e  of  weapons material ; ( 2 )  m u s t  have  good economics and 

3 U  a n d / o r  



f u e l  utilization and be competi tive with reactors generally used or 

planned for us?  in nuclear weapons states; arid (3) must provide rc.?son- 

ab1 P pncrgy independence for Lhe nonnuclear weapons states that adopt 

it ( i . e . >  an assured source of fuel and/or reprocessing capability). 

The proposed denatured iiiolten-salt reactor (DMSR) concept described 

in E c n P r n l  belw, meets these requirements €or tlie following reasons: 

1. 

2. 

3. 

4 .  

the fissil c ma1:erial is denatured and/or confined w:iIrhi.n a contained 

highly radioactive system; 

tile projected economic performance is competitive with other existing 

o r  proposed reactor systems; 

uranium resources would support at least five times the electrical 

capacity in DMSRs as in 1-ight-water reactors (LWKs) on a once-through 

cycle; 

each DMSK, as a break-even breeder (conversion ratio = 1.0) w i - t h  on- 

line processing, once started would not need an outsj-de source of 

fissile fuel indef i~ni.te1.y. (However, fertil~e material. and the makeup 

s a l t  constituents, 

supplied.) 

7Li and beryllium fluorides, would have to be 

At least two otiier MSK concepts may be attractive for proliferation- 

resistant systems. Their development will not be specifically considered 

in this report; however, they differ only i.n detail from the DMSR, and 

their development would require the so l  u t i o r i  of esseiitial1.y the same prob- 

lems.. 'The two concepts are R partially self-sustaining DMSR without on- 

I ine processing a n d  a plutonium-thorium MSR designed to consume plutonium 

and produce 2 3 3 U  for use in denatured renc.tors. 

The development of a DMSX without on-line processing would he a 

relatively modest extension of current technology and could presumably 

be accomplished in a shorter time and with consi.derab1.y less devel.opment 

e f r o r t  than the proposed DMSR with processing. This version could not 

be a break-even breeder but would still be a high-performance converter 

wi-til significantly improved rue1 utilization over L W K s .  Addition of an 

on-line fission product processing facility at some later date would 

transform the plant into a breeder. Preliminary results indicate that 

a f u e l  charge could last for the entire 30-year life of the reactor, at 



75% c a p a c i t y  f a c t o r ,  w i t h  only r o u t i n e  a d d i t i o n s  of 2 3 O U  a n d / o r  d e n a t u r e d  

235U. A more d e t a i l e d  e h a r a c t r r i z a t i o n  of t h i s  concep t  i s  i n  p r o g r e s s .  

A p lu ton ium-fue led  F E R  c o u l d  be des igned  € o r  use i n  a s e c u r e  ene rgy  

c e n t e r  as a " f u e l  f a c t o r y ' '  t o  produce 2 3 3 U  f o r  u se  i n  d e n a t u r e d  r e a c t o r s .  

The o u t s t a n d i n g  advan tage  of  an MSR f o r  t h i s  a p p l i c a t i o n  is t h e  a b i l i t y  

t o  remove p r o d u c t  2 3 a L J  from t h c  c i r c u l a t i n g  f u e l  about  3.5: f a s t  as i t  i s  

formed, so t h a t  v e r y  l i t t l e  i s  consumed by f i s s i o n  w l t l i i n  t h e  r e a c t o r  it- 

s e l f .  C y c l e  t i m e s  of '410 days  f o r  uranium removal are c o n s i d c r e d  f e a s i -  

b l e ,  compared w i t h  r e p r o c e s s i n g  t i m e s  on t h e  o r d e r  of y e a r s  f o r  s o l i d -  

f u e l  r e a c t o r s .  An MSR on t h i s  f u e l  c y c l e  h a s  been r s t i m a t e d  t o  produce 

750 kg of 7 7 3 L J  p e r  GW(e)*year at 0.75 p l a n t  fac tor ;  t h i s  is several  t i m e s  

morc '  t h a n  t h a t  produced by any o t h e r  t ype  of t he rma l  r e a c t o r  and abou t  

t h e  same a s  expec t  ed From a plutonium-thorium l i q u i d - m e t a l  fast b r e e d e r  

r e a c t o r  (LMFBR). However, t h e  MSK would consume h a l f  a g a i n  as much p lu -  

tonium o r  more. More q u a n t i t a t i v e  f u e l  c y c l e  d a t a  a r e  n o t  a v a i l a b l e  a t  

t h i s  time. 

The nominal DMSK w i t h  p r o c e s s i n g  i s  based  on t h e  d e s i g n  f o r  the 

MSBR, as g i v e n  i n  R e f s .  2 and 3 ,  w i t h  several impor t an t  changes :  

1. The s t a r t - u p  f u e l  is 2 3 5 U  ( o r  2 3 3 U )  d e n a t u r e d  w i t h  2 3 8 U  r a t h e r  

t h a n  f u l l y  enrichc.d uranium. S u f f i c i e n t  ' *U i s  f e d  a l o n g  w i t h  thorium 

t o  keep t h e  f u e l  i n  t h e  r e a c t o r  d e n a t u r e d .  

2 .  The p r o c e s s  is a l t e r e d  so t h a t  p r o t a c t i n i u m  and p lu ton ium are 
2 3 ? u  n o t  i s o l a t e d  from t h e  f u e l  sa l t .  P r o t a c t i n i u m ,  which decays t o  9 

would o t h e r w i s e  be a s o u r c e  of undena tu red  f i s s i l e  uranium. 

3. The r e a c t o r  c o r e  i s  l a r g e r  witlL a lower power d e n s i t y  t o  r educe  

p a r a s i t i c  n e u t r o n  a b s o r p t i o n s  i n  p r o t a c t i n i u m  as we31 a s  i n  f i s s i o n  prod- 

u c t s .  The power d e n s i t y  is  reduced s u f f i c i e n t l y  t h a t  r ep lacemen t  of t h e  

modera to r  g r a p h i t e  i n  t h e  c o r e  is n o t  r e q u i r e d  due t o  f a s t  n e u t r o n  damage 

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

T h i s  v e r s i o n  of the DMSR i s  d e s c r i b e d  i n  g r e a t e r  d e t a i l  i n  Ref. 4 .  

The MSR r e s e a r c h  and development w a s  conducted l a r g e l y  a t  Oak Ridge 

N a t i o n a l  L a b o r a t o r y ,  b u t  w i t h  a s s i s t a n c e  by s u b c o n t r a c t o r s  arid o t h e r s ,  in 

A n e a r l y  c o n t i n u o u s  program for more t h a n  25 y e a r s .  

many large e n g i n e e r i n g  e x p e r i m e n t s  and t h e  d e s i g n ,  c o n s t r u c t i o n ,  i3tnd 

The e f f Q r t  i n c l u d e d  
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o p c r a l i o r ,  of I wo e x p e i i m e n t a l  r e a c t o r s  as  w e 1  1 as many small-scale ex- 

~ i t 5  i n  <~11 f i e l d s  of p e r t i n e n t  n u c l e a r  and materials s c i e n r e .  F o r  

? O  y c a r s ,  tlicit effort w a s  d i r e c t e d  to MSRs f o r  t h e  g e n e r a t i o n  of 

ce~i !  ~ 4 7  q f a r i o r i  e l e c t r i c i t y ,  w i t  11 the piimary focus on an  MSBR b r e e d i n g  

2 3 3 U  from 2 ’ 2 T h  i n  t h c  thgriiial sys tem.  

a i  conipListimrn+s O T  tiiat piogiam, along w i t h  f - l~e  addi  t i o l i a l  development 

reqL:ii-i~iilt~:tt.5 t:eeded f o r  demons t r a t ion  of  tile MSLIK, were d e s c r i b e d ’  

~horoughl y J S  of mid-1972. ;‘? lliat iiidtei: ial war, Updated,  and a d e t a i l e d  

d e s c r i p t i o n  ( a long  w i t h  a proposed  s c h e d u l e  and c o s t s )  of r ema in ing  R&D 

i t e m s  w a s  p r e s c n t e d 6  i n  1 9 7 4 .  

of  l a t c  1974 and t h e  a d d i t i o n a l  needs  of t h e  X B R ,  a c c o r d i n g l y ,  a r e  

d o c u i w ~ ~ t t ~ d  f d i i - l y  w e l l ,  as i s  t h e  ha?? program 01 rc , ses rch  and t ech -  

io1 ogv devel  o p n i e n t  r e q u i r e d  t o  f i l l  t h o s r  needs. 

The l a r g e ,  v a r i e d ,  a d  i lnpcess ive  

The s t a t u s  of m o l t e n - s a l t  i 

A l a r g e  f r a c t i o n  of t h e  t echno logy  developed  f o r  t h e  MSBR i s  a p p l i -  

c a b l < >  d i r e c t l y ,  o r  w i ; i I  a minimum of a d d i t i o n a l  e x p e r i m e n t a t i o n ,  t o  the 

i)llSli. Plorcover, most oi t h e  a d d i t i o n a l  t echno logy  needed f o i  the MSRK 

is a 1  so I I C  : ~ d c > d  frir the IIMSR. However, t h f  two r e a c t o r s  d i f f r r  j 7 1  somr’ 

i m p o r  t C i r i t  Legard,. Accord ing ly ,  t h e  t ~ c  hno logy  development r e q u i r e d  f o r  

a D M i I  i s  l i k e l y  t o  involvc  s i g n i f i c a n t  r e d i z e c t i o n  from t h a t  a n t i c i p a t e d  

foi I l i t  blSBR, p a - t i r ~ l ~ ~  l y  i f  t h e  t echno logy  f o r  on - l ine  p r o c p s s i n g  of 

t h e  f u e l  sa l t  i s  developed i n  con junce ivn  w i t h  tlw r e a c t o r  techno1 ogy.  

In somt ;Ireas ( e .  g . ,  c h e m i s t r y  and chpmical p i u c e s s i n ~ ) ,  t h i s  r c d i r e r -  

t i o n  probablg would i n c r r n s e  t h e  reqiiisi t e  developineui e f f o r t  w h i l e  i n  

o t i i e r s  ( e  - 8. , s a f e L y  techno1 op,y and g r a p h i t e  devel  oprnent)  , t h e  r e q u i r e d  

e F f o r t  could  rl<>rrpastJ. 

An additional c o n s i d e r a t i o n  i s  t h e  f a c t  t h a t  R .;mall FISK t echno logy  

devcloprncnt i.f fot L w a s  r e e q t a b l  i s h e d  i n  mid-1974 and c o n t i n u e d  for abou t  

t w o  years. h l t h o u g l i  t h i s  e f f o r t  w a s  l i m i t e d  i n  scope ,  some s i g n i i i c a n t  

accomplishments  were ach ieved  that a l s o  a f f e c t e d  the c u r r e n t  e f f o r t  t o  

j d t J n t i f y  f u r t h e r  technoLogy i ieeds.  

To t h e  ex te i i t  t h a t  i t  was a p p l i c a b l e ,  t h e  1 9 / 4  program p l a n  was 

n5c.d A S  a b a s i s  f o r  t h i s  review and p r u j z c t i o n  o i  t h ~  t echno logy  needs  

& 

The MSR program vas closed o u t  i n  early 1 9 7 3  and remained i n  t h a t  
s t i l i - t :  f o r  a b o u t  one y e a r .  
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and progi-am p l a n  f o r  a DMSR. 

major  development areizs, w i t h  t h e  r e c o g n i t i o n  t h a t  s i g n i f i c a n t :  develop-  

The prese .n t  document i s  focused  on the 

ment effort.s cou]  d be  r e ,qu i r ed  in o t h e r  r e l a t e d  arett!j, 

a c t i - j i - t i e s  w o u l d  add somewhat t o  the overa l .1  d e v e l o p m e ~ ~ t  cost but: 

p r o b a b l y  w o u l d  no t  a p p r e c i a j l y  a f L e c t  t h e  t o t a l  schedule. ) 

of areas ~,q]lere l i t t l e  or no techn-i(-;21. e f f o r t  h a s  been expended :;tiice 

1.972 and  where t h e  pe rce ived  needs a r e  s u b s t a n t i a l . l y  the same, the  

t a s k s ,  s c h e d u l e s ,  and cos t s  were t r a n s p o s e d  d i r e c t l y  :from t h e  1.974 

p l a n  w i t h  o n l y  a d j u s t m e n t s  of t h e  c o s t s  t o  account. f o r  infLat : ion be- 

 ween 1974 and 1978.  i n  o t h e r  areas, ruinor ad jus tments  w e r e  mxle t o  

accoun t  f o r  changes i n  e i t h e r  t h e  .t.eclmol ugy status;\ o r  t h e  a p p a r e n t  

d cjv e 1. o p m e  11 t ne e d s 

(Stlch a n C i l h T y  

I n  21 n u n h e r  

The areas w i t h  the g r e a t e s t  p o t e i l t i a l  f o r  change from t.he 1974 

program p l a n  are t h o s e  r e l a t e d  t o  the chemica l  processing of  t h e  f u e l  

s a l t .  I f  t h e  once- through v e r s i o n  of tilie. JIMSR were developed ,  i~ t :  might 

be  p o s s i b l e  t o  d e f e r  devel .opment  o f  t h e  reductive-extracti.on----metal- 

transfer p r o c e s s  and t h e r e b y  reduce  the o v e r a l l  de-velopment c o s t  f o r  

the DMSR., However, because  the  ova.i..l.abil i . ty  of  this p r o c e s s  would 

s u b s t a n t i a l l y  i.mprove t h e  f u e l  u t i l i . z a t i o n  <if R D E E R ,  t h e  deve lopment  

nec?dr,, s c h e d u l e s ,  and cost:; f o r  i t were i n c l u d e d  i n  t h i s  p1.ai1 'Thus, 

some 1 a t  i t u d e  wciu1.d exj.st: i n  t h e  implementa t ion  of t h e  program p l a n  e 

The rc-mairider O F  th:i :; r e p o r t  consi-s ts  of f o u r  major  parts, each 

p r e p a r e d  by a .L; i.ngle pr imary  a u t h o r ,  which deal. w i t h  the follow:i.ng major 

areas of b a s e  tec.hno1ogy development  : (I.) reactlor design and development, 

( 2 )  s a f e t y  and l i c e n s i n g ,  (3) fui?l.-coolant behavi.or and f u e l  p r o c e s s i n g ,  

and ( 4 )  reactor mater.iLa1.s. The p a r t s  (which c o n t a i n  up t o  foul-  chapters) 

shou1.d be regarded as  un : i t s  because  of t h e  h i g h  leve l  of i n t e rdependence  

among t h e  s u b j e c t s  t r e a t e d .  However t h e  base program needs and t h e i r  

p r o j e c t e d  c.osts and s c h e d u l e s  are deve1.oped separat i2l .y  with:i.n each 

c h a p t e r .  

J. 

Less t h a n  $10 m i  11  i.on has been expended on MSX development s i n c e  
1973,  so the changes can have  l i t t l e  e f f e c t  on t h e  o v e r a l l  program c o s t .  
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PART I. REACTOR DESIGN AND DEVELOPMENT 

W. 17. Eauman 

The o b j e c t i v e s  o f  t h e  r e a c t o r  d e s i g n  program are t o  f i r s t  deve lop  

a Eair1.y complete. conceptual .  d e s i g n  f o r  a f u l l - s c a l e  [1000-P&J(e) ] DMSR 

i n  o r d e r  t o  d e f i n e  more clearly t h e  development problems t h a t  must be 

add-ressed .  Then, concurren t .  w i t h  t h e  t echno logy  development ,  a molten-  

sa1.t. t es t  r e a c t o r  (MSTK) would be d e s i g n e d ,  b u i l t ,  and o p e r a t e d  t o  

d e m o n s t r a t e  a l l  aspects of the r e q u i r e d  DMSR t echno logy  on a smaller 

scale. Ti-le s c a l e  of  t h e  MSTR would be dec ided  a s  t h e  program p r o g r e s s e d .  

The. MSBR c.onceptual. d e s i g n ,  which t h e  DMSR would p robab ly  f o l l o w ,  pro- 

posed four f u e l  heat-exchanger  and s t eam-gene ra to r  inodu1.e~ of 250-tdIW(e) 

c a p a c i t y  each .  The scale s u g g e s t e d  f o r  t h e  MS‘I’K would l i e  i n  t h e  r ange  

of lOO-PIW(e) power [ w i t h  t:wo SO-MW(e) s t eam-gene ra to r  modules ( i . e .  , 
1/5 s c a l e ) ]  t o  250-PlW(e) power w i t h  a s i n g l e  ( i . e . ,  f u l l . - s c a l e )  steam- 

genera t .o r  module. ‘The d a t a  f rorn t h e  component technol~ogy development 

program woul-d be f e d  i n t o  the r e a c t o r  d e s i g n  e f f o r t s ,  and t h e  e x p e r i -  

ence  o b t a i n e d  i n  r e a c t o r  c o n s t r u c t i o n  and o p e r a t i o n  would, i n  t u r n ,  gu ide  

c o n t i n u i n g  e f f o r t  i.n component developrrient. An MSTK mockup i.s proposed 

which W O L I L ~  p e r m i t  i n t e g r a t e d  t e s t i n g  of most of t h e  r e a c t o r  components 

b e f o r e  t h e  MSTR i t s e l f  :i.s b u i l t .  Finally, t h e  t o n s t . r u c t i o n  of t h e  p r o t o -  

t y p e  DMSR would i n f l - u e n c e  t h e  development of a s t a n d a r d i z e d  DMSK de:; ign.  
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1. REACTOR D E S I G N ,  ANALYSIS, AND TECHNOLOGY DEVELOPMENT 

‘1:here i s  coris i .derable  e x p e r i e n c e  i n  t h e  e n g i n e e r i n g  d e s i g n  and ~ e u -  

t ror i ic  ana1.ysi.s o f  MSRs,  t h rough  f i n a l  d e s i g n ,  construction, and opera-- 

t i o n .  The molhen-sa l t  r e a c t o r  experiment: (MSRE) has been through t h e  

entire d e s i g n  p r o c e s s  

the s t a g e  of de t i a i l ed  c o n c e p t u a l  d e s i g n .  In  a d d i t i o n ,  the various rc:actor 

components and subsys tems r e c e i v e d  intens Cve de.velopnieiit: e f fo r t  i n  t h e  

tecl-ino Logy deve.lopment programs. 

a n t 1  t.12e ORNL r e f e r e n c e  concept  I.ISBR’ tias reac:!ied 

A t  t h e  t i m e  t.he develnpmc..nt-statu~; r e p o r t 2  was prepared (1972) , a 

detaiLed concept.ua1 d e s  igri tiad been developed  f o r  the s i n g l e - f  Inid I”4SBR. 

Fur thermore ,  many a l t e r n a t i v e  des:i.gns tia.tl bee.c~. i.nves t : ignted, gen  

i n  l e s s e r  det1.aj-J.; otic? of these ,  also pe.r-tineti% to  t h e  IIMSK, was a hw- 

powei--detis i.ty carp d e s i g n  i n  wl- i ich  t h e  core modera tor  g r a p h i t e  wuu1.d 

have a n  expec ted  l i f e t i m e  equal. t o  the d e s i g n  ‘ l i f e  of t h e  r e a c t o r .  

3 

In t h e  area of  r e a c t o r  cotnpotients and sy..;t:ems, t .uio s tr imp c‘ r t r i m  i: 

i t e m s  had been i d e n t i f i e d  as  salt pumps., t h e  cool.ant sys tem as ;I wbio1c:, 

h e a t  exchange r s ,  t h e  e n t i r e  steam sys tem,  val.ves ~ control  r o d s ,  f u e l  

s t o r a g e ,  and gas hand l ing .  

Exper ience  had been o b t a i n e d  in  thrr: MSIli.: i n  all t h e  abovz areas ex- 

c e p t  t h e  steam sys teu i .  Flowever, new dc?velopznents  WET^ proposed  i n  : ~ C V -  

era1 areas, such as  t h e  u s e  of sodium fLuorobora t e  as the secmdal-y 

c o o l a n t  ( r a t h e r  t h a n  l i t h i u n - b e . r y l l i u m  f l u o r i d e )  , the  use o f  mechanicill. 

v a l v e s  i n  addition t o  f r e e z e  valves;’c, and t h e  a d d i  t : i . m  of a fuel-sal t. 

g a s  s p a r g i n g  system ( r a t h e r  t h a n  s p a r g i n g  of s a l t  i n  t h e  pump bowl.). 

Cur r e 11 t Deve 1 opmen t S t 8. t u s  
~ 

The reac.i:or d e s i g n  and :mal.ysis e.f fort: s i n c e  1 9 7 2  has been minimal 

However, a mafor s t u d y  of t r i t i u m  t r a n s p o r t  i.n m o l t e n - s a l t  sys tems was 

2. 

A f r e e z e  v a l v e  is  e s s e n t i a l l y  3 short, f l a t t e n e d  s e c t i o n  of p i p c b  
w h i c h  can b e  coo led  t o  form an  i n t e r n a l  p l u g  of  frozeri  sa l t  and subsc--- 
q u e n t l y  r e h e a t e d  t o  thaw I : ~ P  p 1 ug. 
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c a r r i e d  o u t  i n  1974-76, i n c l u d i n g  experi-ments  i n  a s e c o n d a r y - c o o l a n t - s a l t  

t es t  1 oop. 

La rge  q u a n t i t i e s  o€ t r i t i u m  are produced i n  MSRs from n e u t r o n  r eac -  

t i o n s  w i t h  l i t h i i i i u  in t h e  f u e l  s a l t .  S i n c e  e l e m e n t a l  t r i t i u m  can d i f f u s e  

th rough  m e t a l  w a l l s ,  such  as hea t - exchange r  Lubes, a t  e l e v a t e d  tempera- 

t u r e s ,  a p o t e n t i a l  p a t h  e x i s t s  f o r  t h e  t r a n s p o r t  o f  t r i t i u m  t o  t h e  reac- 

t o r  steam v i a  t h e  secondary  c o o l a n t  l o o p  and t h e  s t e a m  g e n e r a t o r .  Kerent. 

expe r imen t s  i n d i c a t e  t i i a t  t r i t i u m  i s  o x i d i z e d  in t h e  p r o p o s e d  MSR second-  

a r y  c o o l a n t ,  sodium f l u o r o b o r a t e ,  t h u s  b l o c k i n g  t r a n s p o r t  t o  t h e  steam 

s y s t ern - 

T r i t i u m - a d d i t i o n  expe r imen t s  w e r e  conducted  i n  an  e n g i n e e r i n g - - s c a l e  

cool.ant-sa1.t t es t  f a c i l i t y .  The r e s u l t s  are g i v e n  i n  a r e c e n t  r e p o r t  by 

Mays, Smi th ,  and Engel .  The expe r imen t s  showed t h a t  t h e  s t e a d y - s t a t e  

r a t i o  of  combined t o  e l e m e n t a l  t r i t i u m  i n  the  cool.ant s a l t  w a s  g reaLer  

t h a n  4000.  A c a l c u l a t i o n  a p p l y i n g  t h i s  r a t i o  t o  t h e  case of  an  o p e r a t i n g  

MSBR i n d i c a t e d  t h a t  the release of  t r i t i u m  to t h e  steam sys tem would b e  

less  t h a n  ‘L400 G R q / d  (10 C i / d a y ) .  The c .onclusion of t h e  s t u d y  w a s  t h a t  

t h e  r e l e a s e  of t r j ~ t i u r n  from an  MSR u s i n g  sodium f l u o r o b o r a t e  i n  t h e  

secondary  cool.aiit sys t em c o u l d  be r e a d i l y  c o n t r o l l e d  w i t h i n  NRC guide-  

l i . n r s .  

4 

In t h e  area o f  component development ,  t h e r e  was an e f f o r t  t o  advance  

t h e  s t e a m  sys tem development  from t h e  c o n c e p t u a l  d e s i g n  proposed  f o r  t h e  

MSRR toward hardware development .  I n  1 9 7 1  Fos te r -Wheeler  C o r p o r a t i o n  was 

awarded a c o n t r a c t  f o r  a s t u d y  of MSR s t eam-gene ra to r  d e s i g n s .  The con- 

tract. w a s  suspended i n  1973  and t h e n  r e i n s t a t e d  i n  1974 t o  comple te  the 

f i r s t  t a s k  ( i n  a f o u r - t a s k  c o n t r a c t )  ~ - -  t h e  c o n c e p t u a l  d e s i g n  of  a steam 

generat ior  t o  meet s p e c i f i c a l l y  t h e  steam and f eedwa te r  c o n d i t i o n s  pos tu-  

l a t e d  f o r  t h e  ORNL r e f e r e n c e - d e s i g n  MSBR. This  t a s k  w a s  successfu l1 .y  

compl-eted, and a r e p o r t  w a s  i s s u e d  i n  December 1974.5 

sent-ed which,  based  on a n a l ~ y s i s ,  would meet a l l  t h e  r e q u i r e m e n t s  f o r  an  

MSR s tenm g e n e r a t o r .  Because of t h e  t e r m i n a t i o n  of t h e  MSR p r o j e c t ,  t h e  

d e s i g n  di.d n o t  r e c e i v e  e x p e r i m e n t a l  v e r i f i c a t i o n  o r  F u r t h e r  a n a l y t i c a l  

s t u d y .  

A d e s i g n  w a s  p r e - - -  



1.1 

The c o o l a n t - s a l t  t e s t  f a c i l i t y  ment ioned i n  connEct ion w i t h  t h e  

t r i t i u m  e x p e r i m e n t s  w a s  o p e r a t e d  i n  t h e  p e r i o d  1974-76 t o  o b t a i n  eng i -  

n e e r i n g - s c a l e  e x p e r i e n c e  w i t h  sodium f 1 u o r o b o r a t e ,  t h c  proposed MSBR 

secondary  c o o l a n t .  The l o o p  was o p e r a t e d  s u c c e s s f u l l y  f o r  >5000 h r  a t  

t e m p e r a t u r e s  up t o  540°C.  The  t e s t s  i n d i c a t e d  t h a t  t h e  e n g i n e e r i n g  

c h a r a c t e r i s t i c s  o f  sodium f l u a r o b o r a t e  would be s u i t a b l e  l o r  MSR second- 

a r y  c o o l a n t .  

1 3 5  One o f  t h e  i m p o r t a n t  a d v a n t a g e s  OF MSRs i s  t h a t  X e ,  a F,aseous 

f i s s i o n  p r o d u c t  w i t h  a n  e x t r e m e l y  high t he rma l -neu t ron  cross s e c t i o n ,  

is n o t  s o l u b l e  i n  t h e  f u e l  sa l t  and can be  r a p i d l y  removed from t h e  

system. F i s s i o n - p r o d u c t  5 X e  i s  t h e  s i n g l e  most i m p o r t a n t  p a r a s i t i c '  

a b s o r b e r  of n e u t r o n s  i n  t he rma l  r e a c t o r s ,  and t h e  h i g h  c o n v e r s i o n  r a t i o  

of MSRs depends 011 e f f i c i e n t  13'Xc> removal.  

from trhe f u e l  s a l t :  by a b s o r p t i o n  i n t o  t h e  pores  of the core g r a p h i t e ,  

where i t .  would remain as a n e u t r o n  p o i s o n ,  and b y  d j f f u s i o n  i n t o  t h e  

f u e l  r o v e r  g a s  ( h e l i u m ) ,  wlicre i t  can be  removed from t h e  sys t em.  A 

h e l i u m - s t r i p p i n g  s y s t e m  i s  proposed f o r  MSRs i n  which f i n e  b u b b l e s  oE 

he l ium are  i n t r o d u c e d  i n t o  t h e  f u e l  salt  t o  p r o v i d e  a s i n k  f o r  xenon and 

are s u b s e q u e n t l y  s e p a r a t e d  from t h e  s a l t  t o  remove the. xenon e f f e c t i v e l y .  

Gas-bubbl e g e n e r a t o r s  and s t r i p p e r s  had been d e s i g n e d  and were t o  be 

t e s t e d  i n  a c i r c u l a t i n g  s a l t  l oup  when t h e  program was ended i n  1 9 7 3 .  

Although some a d d i t i o n a l  work was done i n  t h e  1974-75 p e r i o d ,  an i n t e g r a l  

tesL of t h e  s t r i p p i n g  sys t em w a s  n o t  completed.  

The xenon has two e x i t s  

DMSR Development Needs I__ 

A l l  t h e  d e s i g n  and development needs  d e s c r i b e d  f o r  t h e  MSBR i n  t h e  

1 9 7 4  program plan'  would a l s o  be  r e q u i r e d  f o r  t h e  DMSR. 

a s p e c t s  of t h e  program s h o u l d  be emphasized f o r  t h e  DMSR. 

However, some 

The c o r e  d e s i g n  and a n a l y s i s  f o r  b o t h  t h e  DMSR and the MSTR r e q u i r e  

p a r t i c u l a r  a t t e n t i o n  t o  t h e  e f f e c t s  of 2 3 B U ,  p r o t a c t i n i u m ,  and p lu ton ium 

on t h e  sys t em f i s s i 1 . e  i n v e n t o r y  and c o n v e r s i o n  r a t i o .  Another i m p o r t a n t  

p o i n t  i s  t h e  c o r e  f a s t - f l u x  d i s t r i b u t i o n  and i t s  effL>c:t on t h e  d e s i g n  

l i f e  of t h e  modera to r  g r a p h i t e .  Some p re l - imina ry  n e u t r o n i c  c a l c u l a t i o n s  

f o r  a proposed DMSK d e s i g n  are g i v e n  i n  Ref.  7.  S i n c e  both  tho r ium and 
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8U are  i m p o r t a n t  neu t ron  r e sonance  a b s o r b e r s  t h c  1ump:i ng of fuel. and  

t h e  deg ree  of  t h e r m a l i z a t i o n  of tlie neutrcm spec t rum i n  t h e  r e a c t o r  c o r e  

and r e f l e c t o r  r e g i o n s  arp i-mportant v a r i a b l e s  i n  t h e  n e u t r o n i c  a n a l y s i s .  

An e x t e n s i v e  r e a c t o r - a n a l - y s i s  program would be  r e q u i r e d  t o  s e l e c t  optirni  zed 

c o r e  desi-gns f o r  t h e  MSTR and DPISR. 

A v e r y  i m p o r t a n t  problem f o r  all mol~ten---sal . t  sys tems i s  t h e  contro3. 

o f  t h e  r e a c t o r  power and t h e  t e m p e r a t u r e s  i n  t h e  file1 s a l t ,  t h e  cuol~ant 

s a l t ,  and t h e  steam g e n e r a t o r s  and t h e  management o i  thern ia l~  c y c l e s  and 

thermal. stresses i n  al-I. p a r t s  of  t h e  r e a c t o r  sys tem.  Although cons id -  

erab1.e e x p e r i e n c e  i n  FISK thermal  problems w a s  o b t a i n e d  i n  t h e  o p e r a t i o n  

of t h e  MSRE, t h e  a d d i t i o n  o f  a steam sys t em and tu rb i -ne -gene ra to r  t o  

t h e  next  g e n e r a t i o n  of MSKs 1 e a d s  t o  c o n s i d e r a b l y  more complex int :ernc-  

t i o n s  between t h e  v a r i o u s  components of  tlie r e a c t o r  systlems. The ana ly -  

s i s  of t he rma l -hydrau l i c  dynamic b e h a v i o r  of t h e  proposed  r e a c t o r  s y s  tenis 

w i l l  r e q u i r e  t h e  development of s u i t a b l e  computer models .  Some p r e l i . m i -  

mr -y  a n a l y s i s  a l o n g  t h e s e  l i n e s  had been done for t h e  MSRK, brit a major  

e x t e n s i o n  of t h i ~ s  program would be r c q u i r c d  f o r  t h e  DMSR. 

The r e a c t o r  t echno logy  e f f o r t  encompasses  t h e  devel-opment o f  al-1 

t h e  major  components r e q u i r e d  i n  t h e  reactor sys tem.  For t h e  most p a r t ,  

h i g h l y  s p e c i a l i z e d  components such as t h e  vesse ls  and c o n t a c t o r s  f o r  

clicm i.c.a 1 p r o c e s s i n g  and s p e c i f i c  i n s t r u m e n t  i t e m s  would be  covered  

w i . ~ l i i . i ~  t h e  deve l  opiiient programs f o r  t h e  a s s o c i a t e d  t e c h n o l o g i e s .  Ilors- 

e v e r ,  some o f  t h e  more g e n e r a l  i t e m s  ( e . g . ,  sma1-1 s a l t  pumps, v a l ~ v e s ,  

seals)  might  be i n c l u d e d  i n  t h e  o v e r a l l  development program f o r  r e a c t o r  

components. Such i t e m s  p robab ly  would n o t  8 rea t l . y  a f f e c t  tihe t o t a l  

program c o s t .  

A v i t a l  p a r t  of t h e  development  program f o r  r e a c t o r  components i s  

t h e  d e s i g n  of i n t e r m e d i a t e -  and f u l l - s c a l e  s a l t  pumps. The pump preferLed 

for m o l t e n - s a l t  se rv ice  i s  a ve t - l i i ca l - sha f t ,   centrifugal^ sump pump such  

as  was used  s u c c e s s f u l l y  i n  t h e  MSRE and o t h e r  t e s t  f a c i l i t i e s .  The 

d r i v e  s h a i t  f o r  t h i . s  t y p e  p u m p  e x t e n d s  th rough  t h e  r e a c t o r  s h i e l d i n g  so 

t h a t  t h e  iiiotor i s  r e l a t i v e l y  access i .b l .e  and i s  i n  a l o w - r a d i a t i o n  f i -e ld .  

i h e  s c a l e u p  of t h e s e  pumps i.s proposed  t o  pruceed  by e x t e n d i n g  t h e  l ~ i n e  

of  p a s t  develnpii1cnt wi.th as l~ i i t t l e  change i n  c o n c e p t u a l  d e s i g n  as  p o s s i -  

b l e .  

r ,  

The nominal c a p a c i t y  of the MSRE pumps w a s  0.08  m 3 / s  (1200 gpin); 



t h e  pumps proposed  f o r  the MSBR, and r e q u i r e d  f o r  any t:ype of f u l l - s c a l . e  

M S R ,  wou1.d be l a r g e r  by a f a c t o r  of about  20. The l i n e  of developnlent 

~uay  incl .ude an  j I l t r r m e d i a t e - s l z e  pump r a t e d  a t  abou t  0 . 3  m 3 / s e c :  (5000 gpm) I 

7'1-1e dczs:i.gn of meclranical valves f o r  m o l t e n - s a l t  service and  the. use: 

of f r e e z e  v a l v e s  i n  l a r g e  sys tems art? a l s o  v e r y  iniportiant devel.opments. 

'ri.le MSKT: o p e r a t e d  e n t i r e  1.y w i t h o u t  mechan:i.cal vi11.ves ; freeze v;:t Ilves 

were used where Elow shut:off w a s  requi . red .  F reeze  v a l v e s  have beea used 

i n  p i p e  s i . zes  up t o  1 1/2 i n .  T'PS and have  been found to be reniable,  

ze ro - l eakage  d e v i c e s  s o  long  as t h e  i n t e g r i t y  o€  ?lie p i p e  i t s e l f  i s  

m a  i n  t a i n e d  a 

The d i s a d v a n t a g e s  of f r e e z e  vaI.ves :ire t h a t  (1) flow i n  a I.inc? [nust 

be s topped  b e f o r e  a p l u g  can be f r o z e n ,  ( 2 )  they open and cl.ose r e l a t i v e l y  

s l o w l y ,  and (3)  t h e y  catmot be used f o r  throt t - l . ing.  T h e r e f o r e ,  mct..clix[iical- 

t y p e  s a l t  v a l v e s  are c o n s i d e r e d  e s s e n t i a l .  t o  t h e  o p e r a t i o n  of l a r g e  MSRcj. 

Experience w i t h  bel1.ows-seal.ed mechanical  v a l v e s  i.11 m o l t e n - s a l t  e x p e r i -  

m e n t . a l  facli ] . i t :  ies has been l i m i t e d .  T h e  main development probl-err~s are 

f i n d i n g  materials t h a t  w i l l .  i:l.ose t i g h t l y  w i t h o u t  bin.d:i.ng i n  mo1.ten sal t 

and deve lop ing  reliable zero-:le;ikage seals. Freeze  valves ~ peilii3p.c~ i n -  

t e g r a l  w i t h  mechanica l  -val v e s ,  may a l s o  be developed  f o r  the l a r g e r  

sys tems.  

Reac.tor c o n t r o l  r o d s  have been inc.luded i n  MSR designs, a l t h o u g h  

cont ro l .  r o d s  serve a l i m i t : e c l  purpose  i n  f l u i d - f u e l e d  reactors The 

r e a c t i v i t y  of  the core i s  c o n t r o l l e d  m a i n l y  by t h e  composi t ion  of the 

fuel. and by changes i n  t h e  d e n s i t y  o f  the f u e l  w i t h  t empera tu re .  'The. 

u l t ima te  shutdown of t h e  reactor is ach ieved  by d r a i n i n g  t h e  f l u i d  f u e l  

t o  s to rage .  t a n k s .  Control. r o d s  are r e q u i r e d  f o r  s h o r t - t e r m  f i n e  c o n t r o l  

of t h e  t e m p e r a t u r e  and react. ivity of t h e  c o r e ,  as w e l l  as  f o r  r a p i d  

sliiitdown; so t h e  d e s i g n  o f  c o n t r o l  r o d s  f o r  m o l t e n - s a l t  s e r v i c e  :i.s an 

inipo r t a n t  deve  1.opmen t need.  

T h e  f u e l  d r a i n  and s t o r a g e  sys tem i s  a n o t h e r  vi ta l .  development .  T h e  

f u e l  s t o r a g e  sys t em must have t h e  c a p a b i l i t y  of removing a f t e r h e a t :  t o  

the u l t i m a t e  h e a t  si.& i n  t h e  e v e n t  that t.he r e a c t o r  beconies i -nope rab le  

or i s  s h u t  down forr main tenance .  A d r a i n  t a n k  w i t h  a n a t u r a l - c o n v e c t i o n  

N a K  c o o l i n g  sys t rem was proposed f o r  t h e  MS8LI. Alf:hou,gh t h i s  system ap-  

p e a r s  workable ,  a l l  a s p e c t s  of f u e l  conta inment  under  normal. and a c c i d e n t  
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c o n d i t i o n s  d e s e r v e  f u r t h e r  a t t e n t i o n .  Because of t h e  r e l a t i v e l y  low power 

d e n s i t y  i n  t h e  f l u i d  f u r l  (rompared t o  s o l i d  f u e l ) ,  i t  i s  l i k p l y  that  an  

XSR cou ld  be d e v r l  o p ~ d  f o r  which a conta inment  melt-Lliroiigh a r c i d e n t  

would n o t  be c o n s i d e r e d  c r e d i b l e .  

An MSTK mock-up i s  proposed  which would p e r m i t  i n h e g r a t e d  t e s t i n g  

of  t h e  r e a c t o r  componenLs u n d e i  z e r o  -power c o n d i t i o n s .  The mock -up 

w i i l d  p e r m i t  s o l v i n g  o r  layout and remot c' maintenance  problems b e i o i c  

i i i d  r eacLor  w a s  b u i l t .  

Possible s c h e d u l c s  for t h e  f i r s t  15 yea r s  of t h e  JJMSK development  

 gram are  s h o w i i  for t h e  r e a c t o r  d e s i g n  and analysis work i n  Tab le  1..1 

J ~ Z  for t h e  t echno logy  & v c l o p m c n t  work i n  Table 1 . 2 .  

O p e r a t i n g  fund r i J q u i r e i w n t s  f o r  t h i s  p p r i o d  f o r  re ,wtor  d e s i g n  and 

s o F l y s i s  a re  g i v c n  i n  TabJe 1 . 3 ,  and o p r r a t i n g  and c a p i t a l  fund  r e q u i r e -  

ments f o i  t echno logy  developrncnt are  g i v e n  i n  Tab le s  1.4 and 1.5. 

Refe rences  

1. 

2. 

3.  

4 .  

5. 

6. 

7. 

K. C .  Rober tson ,  ed., Coneeytual Design Stud3 o$ a Single Fluid 
,'2o7,ten-Salt Srcedcr Reactor, O R N L - 4 5 4 1  (June 1 9 7 1  ) . 

TI. W. Rosentf ia i  e t  al., :%e UeveZoLment Status  of Molten-Salt Breeder 
~ ~ Q U C ' L U T S ,  ORNL-481:! (Augus t  1 9 7 2 ) .  

Mol ten-Sal t  Reactor Program, Semiannual Pro3re.s.s Report f o r  Period 
~ ? ~ d ; n g  August 32, 1970, ORNL-4622 ( J a n u a r y  1971 ) . 

G .  T. Nays, A .  N .  Smith,  and J. R .  Engel ,  Distribution and Beh,az)<or 
(?f T r i  tiurn in the Coolant-Salt :'ethnology E'acil i  b y ,  ORNL/TM-5 759 
( A p r i  I 1977). 

Fost r r - \?hee ler  Energy C o r p o r a t i  on, Task I Final R e p o r t ,  Jesign SLudies  
?f S t ~ n r ?  Generators f o r  Ih?,ten SuZt Feactors, N1)/74/66 (December 1974). 

L .  E. XcNeesr e t  a ] . ,  Pi9ogrur.i Plan ~Lbr Dcvdoprnext of Ilolten-SdIC 
RYWC,,'CI~ ? i , z to r : ; ,  ORNL-5018 (December 1974). 

.I. R .  Engel  e t  a l . ,  ' ~ o Z t c ~ ~ - S a Z t  Reactors f o r  B ' f f i c i e n t  I'i.uclear ?uel 
U t i l i z a t i o n  mtho i i l  Plutonium Sepuration, ORNL/TM-6413 (hugusr 1 9 7 8 ) .  





Steam s y s t e m  t e c h n o l o e v  v v  V \ I  

Miles:ones:  

1. 

2. 

3. 

1. 

5. 

6 .  

7 .  

8 .  

9 .  

10. 

11. 

Gas-Systems ‘Technology F a c i l i t y  w a t e r  t e s t s  w i l l  be i i n -  
ishecl and c o n s t r u c t i o n  completed so t h a t  s a l t  o ? e r a t i o n  
can s t a r t .  
Sat€icient tes ts  w i l l  have been comple t ed  t o  i n d i c a t e  r!mr 
t h e  e f f i c i e n c y  of  t h e  Subb ie  gene ra to r -bubb le  s e p a r a t o r  
is  s a t i s f a c t o r y  and  ha: m a s s - t r a n s f e r  r a t e s  a r e  a d e q u a t e  
to permi t  d e t a i l e d  d e s i g n  of  t h e  xenon removal s y s t e m  € o r  
a n  MSTR. A d d i t i o n a l  developnient  w i l l  be done t u  r e f i n e  
t h e  r e s u l t s  and t e s t  t h e  e f f e c t s  o f  o t h e r  v a r i a h l e s .  
A l l  problems p e r t a i n i n g  t o  t h e  b e h a v i o r  0 5  t r i t i b m  i n  t h e  

n i n g  t h e  Se l iav ior  of t r i t i u m  i n  ;he  c o o i -  
w i l l  be r e s o l v e d .  

a n t  sys t em w i l i  be compleLed. Corrosion-producc removal  
s t u d i e s  w i l l  b e  comple t ed .  
L a r g e - s c a l e  dernons t ra t ion  t e s t s  o f  c o o l a n t -  
s h o u l d  be comple t ed .  
The f e a s i b i l i t y  o f  u s i n g  lower f e e d w a t e r  t e m p e r a t u r e s  w i l l  
be dece rmined .  ‘This nay a f f e c t  the s u b s e q u e n t  d e s i g n  and 
d e v e l o p n e a t  of tIie s t e a m  sys t em components .  
The p l a n  f o r  a s t e a m - g e n e r a t o r  R6D program s ? ~ o e l d  be com- 
p l e  t e d .  
T h e  s m a l l - s c a l e  s team g e n e r a t o r  work s h o u l d  have p r o g r e s s e d  
t o  a s t a g e  t h a t  w i l l  p e r m i t  r e e v a l u a t i o n  of t h e  K&D program. 
The c o n s t r u c t i o n  of t h e  s t e a m - g e n e r a t o r  t u b e  c e s t  s t a n d ,  
p r e s s u r e  r e l i e f  sys t em,  and t h e  3-1$d t e s t  assembly s h o u l d  
be c o m p l e t e .  
T e s t i n g  i n  t h e  s t e a m - g e n e r a t o r  t u b e  tes t  s t a n d  s h o u l d  be 
f i n i s h e d .  
C o n s t r u c t i o n  of ;he s t eam-gene razo r  model t e s t  i n s r a l l a t i o n ,  
t;7e pressere r e l i e f  sys t em,  and t h e  30-Kd model s t e a m  gen- 
e r a t o r  s h o u l d  be comple t e  and o p e r a t i o n a l  t e s t s  w i l :  be 
s t a r t e d .  

12. 

13. 

1 4 .  

1 5 .  

16. 

i 7 .  

18. 

19 .  

20. 

2 ; .  

2 2 .  

23 .  

24. 

25. 

Development o f  met:iods f o r  ? l a n d l i n g  gaseous  e f f l u e n r s  ( i n -  
c%;udins  f i s s i o n  p r o d u c t s ,  tr:tiurn, and B F 3 )  from t h e  o f f -  
gas  s y s t e m s  s h o u l d  be c o m p l e t e .  
A l l  o t h e r  p r o b i e m s  a s s o c i a t e d  w i t h  t h e  cove r -  and o f f - g a s  
s y s t e m s  s h o u l d  he r e s o l v e d .  
The des ig i i  o f  t h e  MSTR p r o t o t y p e  pump Rad pump t e s c  s t a n d  
s h o u l d  be c o m p l e t e .  
The c o n s t r u c t i o n  of t h e  MSTR p r o r o t y p e  pump and pump t e s t  
s t a n d  s h o u l d  be cornpleted and o ? e r a t i o n a ?  t e s t s  w i l l  be  
s t a r t e d .  
A l l  developmenL work  on t h e  p r imary  lheat exchange r  p repa -  
r a t o r y  t o  d e s i g n  of t h e  NSTR w 
T r e i i m i n a r y  v a l v e  development  
of  the XSTR w i l l  be f i n i s l i e d .  
F i n a l  development  o f  s p e c i f i c  v a l v e s  for t h e  M S ’ N  w i l l  be 
f i rnished . 
P r e l i m i n a r y  valve dcvelopment  f o r  P r o l o t y p e  DMSR w i l l  bc 
comple t ed .  
A l l  development  needed f o r  t h e  FIST8 c o n t r o l  r o d s  w i l i  be 
comple t ed .  
E x p l o r a t o r y  s t u d i e s  and p r e l i m i n a r y  development  needed f o r  
the d e s i g n  of t h e  MSTR c o n t a i n m e n t  and c e l ?  h e a t i n g  s h o u l d  
b e  comple t ed .  
T e s t i n g  o f  t h e  con ta inmen t  and c e l l  h e a t i n g  d e s i g n  for t h e  
MSTX s h o u l d  be comple t ed .  
The d e s i g n  of t h e  Components T e s t  Fac t y  s h o u l d  be s u f -  

C o n s t r u c t i o n  of  :he Components T e s t  F e c i l i t y  shoulti  be 
c o m p l e t e d ,  
Des ign  of component t e s t  f a c i l i t y  i o r  p r o t o t y p e  DMSR com- 
p l e t e d .  

i e n t l y  c o n p i e r e  tz s t a r t  c o n s t r u c t i o n .  
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Tab le  1.4. O p e r a t i n g  fund r e q u i r e m e n t s  f o r  w o r k  on  r e a c t o r  t e c h n o l o g y  development  

~~ ~~ ~ 

Cost  ( t h o u s a n d s  of  1978 d o l l a r s )  f o r  f i s c a l  y e a r  - 
Task 

2980 1981 1982 i983 1954 1985 19S6 I987 1988 1989 1990 1991 1992 1993 I994 

F u e l - s a i t  t echno logy  240 300 300 210 330 570 260 200 330 260 io0 100 100 100 io0 

Coolan t - s a l  t t e c h o  logy 220 330 130 130 260 260 200 200 200 200 200 

Steam sys t em t echno logy  70 370 750 780 1050 1420 1620 1600 1600 1600 1,606 500 500 500 500 

Cover- and o f f - g a s  aystem 
t echno logy  

S a l t  pump developmen: 

P r imary  heat-exchanger  
development  

80 130 243 140 100 100 130 100 200 200 200 80 150 

50 180 830 2003 1600 1400 400 430 400 400 400 500 

100 70 130 200 200 200 200 200 230 
w 

50 130 130 130 130 130 260 200 200 200 200 300 03 Valve development  

C o n t r o l  r3d development  80 80 80 200 200 200 200 200 200 

Containment  and c e l l  h e a t i n g  
developmen: 

80 130 80 130 100 100 103 100 100 

Com?onents Test F a c i l i t y  160 100 260 260 580 940 2100 3,000 1000 1000 1030 1000 

MSTK mock-up 

T o t a l  fundsa 

820 910 1100 2000 3000 4000 4,000 3000 2000 2050 1000 

530 1050 1260 1410 2690 4270 5920 6610 7970 9510 10,100 6000 5100 5100 4300 
~ _ _ _ _ _ - - - _ _ _ _ ~ ~  - - _ _ _ _ _ _  

A l l o c a t i o n  
MSTR 533 1050 i260 1413 2690 4270 5920 6610 7970 9210 9,500 5300 3000 3030 1502 
P r o t o t y p e  DMSK 300 603 1000 2 iO0  2100 2800 

‘Total  f u n d s  th rough  1994: $71,820. 



Tab la  1.5.  C a p i t a l  fund r e q u i r e m e n t s  f o r  w o r k  on r e a c t o r  t e c h n o l o g y  devslopment  

Task 
Cost  ( thousands of 1978 dollars) f o r  f i s c a l  year - 

~ 

1980 1951 1982 1983 1984 1985 1966 1587 1988 1989 1990 199: 1992 1993 1994 

F u e l - s a l t  t echno logy  40 90 70 70 60 

C o o l a n t - s a l t  t echno logy  

Steam sys t em t echno logy  

Cover- and of f -gas  sys t em 

S a l t  pump development 

P r i m a r y  hea t - exchange r  

t echno logy  

development 

Valve development 

C o n t r o l  rod  development 

100 

50 30 5000 

50 

26,000 

1 ,330  

70  

330 

330 

260 330 

100 

100 

300 

300 

Containmect  and c e l l  h e a t i n g  io0 loo 
development 

Components T e s t  F a c i l i t y  1 3 ,  000 100 500 600 1400 500 50C 500 1000 

MSTX mock-up 65,  GOO 

T o t i i l  fu-ndsG: 40 90 150 80 5330 79,LlOO 26 , ;OO 570 840 1130 16QO 600 800 900 I100 
- - - - - - _ _ _  - - - - - - - -  





2 1  

PART IL. SAFETY AND SAFETY-RELATED 'WXNNOLQGY 

.J. F. I lear ing 

S u b s t a n t i a l  d i f f e r e n c , e s  between the s a f e t y  considt  itions l o r  solid- 

f u e l e d  nucl.ear r eac to r s  and t h o s e  f o r  1iqu: i .d-fueled systreiiis suc:h as tlhe 

MSR, I-la-ve l ong  been r e c o g n i z e d .  Consequen t ly ,  s a f e t y  studies hzve been 

i n c l u d e d  i n  all MSI< t1es:i.p arid t.c:chnology devel.opment prograins . Ilow- 

e v e r ,  comprehens ive  s t u d i e s  of  t h e  safety attributes o f  cummerci.al.-scnl e 

MSRs have been  hampered by the I . ;xk of  3 reason;sbJ.y complete c o r i s e p t u a l  

d e s i g n  f o r  a l a r g e  MSII. 'Thus t h e  area of MSR safety has been siahjcct:exl 

t o  a g r e a t  d e a l  of gene r ; l l i z ; i t i o r i ,  w i . t ' n  17ery l i t t l e  detai1.ed system-spe- 

c i  f i . c  ana1ysi.s of  t h e  t y p e  r eq i i i r ed  t o  clef ine C1.11.7.y t he  s a f e t y  c : k i r ~ x - -  

terist i-cs and questions !>E thc  MSR c o n c e p t .  1:t i s  presumed t ha t  any 

future MSR development program w o d d  include s ign i . f i cn r - t t  e f f o r t  i n  i : h ~  

area oE safety t r c .hno logy ,  a l o n g  with siif f i c i e n t  r e a c t o r  d e s i g n  eifort 

t o  s u p p o r t  it a d e q w i t e l y  . 





2. REACTOR SAFETY ANI) L I C E N S I N G  

T h e  MSR concep t  poses  problems i n  s a f e t y  and Licer is ing t h a t  n r r  

s i g n i f i c a n t l y  d i f f e r e n t  f rom t h o s e  encoun te red  i n  t h e  p r e s e n t  -dCiy gen- 

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

and t h e  s a f e t y  s t u d i e s  of t h e  MSBR c a n c e p t ,  however,  have a l r e a d y  ( - s tab-  

l i s h e d  a f i r m  b a s i s  f o r  i d e n t i f y i n g  and s o l v i n g  t h e s e  problems.  A com- 

p r e h e n s i v e  summary of s a i e t y  and s a f e t y - r e l a t e d  techno1 ogy s t a t u s  a id  

development  needs  of t h e  MSBIi a s  of  1 9 7 2  is inc luded  i n  Ref. 1 .  An itp- 

d a t e  as of 1974 that p r e s e n t s  a d e t a i l e d  p l a n  f o r  f u t u r e  work i s  i n c l u d e d  

i n  Kef. 2 .  Al though many of t h e  s a f e t y  a n a l y s e s  c o n t a i n e d  i n  t h e s e  two 

documents w i l l  havc to be c a r e f u l l y  e v a l u a t e d  f o r  a p p l i c a b i l i t y  t o  t h e  

DMSK ( e s p e c i a l l y  r e a c t o r  core  r i e u t r o n i c s  and thermal  h y d r a u l i c s )  , t h e  

o v e r a l  I asses smen t  of t e c h n o l o g i c a l  s t a t u s  arid L u t u r e  development needs  

i s  expec ted  t o  be a p p l i c a b l  e .  

S t a t u s  and DcveloDrnent Needs 

S a f e t y  

The main f e a t u r e  of t h e  DMSR which s e t s  i t  a p a r t  from t h e  o t h e r  

s o l i d  f u e l  r eacLor  t y p e s  is t h a t  t h e  n u c l e a r  f u e l  i s  in f l u i d  form (mol- 

t e n  f l u o r j d e  sal t )  and is  c i r c i i l  a t e d  th roughou t  t h e  pr imary  c o o l a n t  sys -  

t e m ,  becoming critical only  i n  t h e  graphi te -modera ted  c o r e .  The p o s s i b l e  

problems and e n g i n e e r e d  safety Eeaturcs a s s o c i a t e d  w i t h  t h i s  t y p e  of 

r e a c t o r  w i l l  be  q u i t e  d i f f e r e n t  f rom t h o s e  of the p r e s e n t  day LWR and 

LMFBR d e s i g n s .  In t h e  DMSK, the pr imary  sys tem c o o l a n t  s e r v e s  t h e  d u a l  

r o l e  of  b e i n g  the mediuiii i n  which h e a t  i s  g e n e r a t e d  w i t h i n  t h e  r e a c t o r  

c o r e  and t h e  niedium which t r a n s f e r s  h e a t  f r o m  t h e  c o r e  t o  t h e  pr imary  

heat exchange r s .  Thus t h e  e n t i r e  p r imary  sys tem w i l l  be  s u b j e c t e d  t o  

bo th  h i g h  temperatures (700°C a t  c o r e  e x i t )  and h i g h  levels  of r a d i a t i o n  

by a Eluid c o n t a i n i n g  most of t h e  d a u g h t e r  p r o d u c t s  of t h e  f i s s i o n  pro- 

cess. Because of t h e  Low f u e l  salt vapor pressure, however, t h e  pr imary  

sys tem d e s i g n  p r e s s u r e  w i l l  be low, as in an LMFBR. The e n t i r e  pr imary  

c o o l a n t  sys tem i s  ana logous ,  i n  ternis o€  l c v e l  of conf inemen t ,  t o  t h e  

c l a d d i n g  i n  a s o l i d  f u e l  r e a c t o r .  Although much l a r g e r ,  i t  w i l l  n o t  he  



s u b j e c t e d  t o  the r a p i d  thernal t r a n s i e n t s  (wi t11  m e l t i n g )  a s s o c i a t e d  w i t h  

TLdR and 1,MFBK a c c i d e n t  s c e n a r i o s .  'Two a d d i t i o n a l  l eve ls  of confinement  

w i l l  be  provided  i n  the DMSK, i n  a c c o r d a n c e  w i t i h  p r e s e n t  pi-act.ice. The 

problem o f  deve l -oping  a pr imary  c o o l a n t  sys tem whi.ch w i l . 1  be r e l i a b l - e ,  

ma i -n t a inab le  (irnd.er remote c o n d i t i o n s ) ,  i n s p e c t a b l e ,  and s t r u c t u r a l l y  

soimd nvc'r t h e  p l a n t ' s  30-year l i f e t i m e  will p r o b a b l y  3e t h e  key f a c t o r  

i n  (1 cii;i) :I s t L ' L ~  t i n g  1.11 t. i -ma t P sa f c t y a i d  1- icen.sab i 1 i t  y . 
It i s  ttie b r e a r l i  of t h e  pr imary  c o o l ~ a n t  sys tem bouiidary,  r e su l t i . i i g  

i.n a l a r g e  s p i l l  of  h i g h l y  r a d i o a c t i v e  s a l t  i n t o  t h e  pr imary c o n t a i n m e n t ,  

wh ich  will probably  p r o v i d e  t h e  d e s i g n  b a s i s  a c c i d e n t .  The ana logous  

level o f  occurren.cr- i n  a s o l i d  f u e l  r e a c t o r  would b e  major  c l a d d i n g  f a i l - -  

u r e .  P o s s i b l e  i ~ l i i t i n t c r s  of L l i i s  a c c i d e n t  i n c l u d e  p i p e  f a i l u r e ,  m i s s i l e s ,  

.-ind p r e s s u r e  or t e m p e r a t u r e  t r a n s i e n t s  i n  the pr imary  c o o l a n t  sys t em.  

F'ail-iir-p o f  t h e  boundary between t h e  pr imary  and secondary  s a l t  j n  t.he 

I H X  c o u l d  be e s p e c i a J . 1 ~  damaging. I n  t h e  event of  a sa1.t s p i l l - ,  a p o s s i -  

b l y  redundant  sys tem of  d r a i n s  would be 2ct : ivated t o  c h a n n e l  t h e  s a l t  t o  

t l h e  cooled  drai-n t a n k .  The pri .mary SyStein containment  , d e f i n e d  a s  t h e  

set o E  i i e r m e t i c a l l y  s e a l e d ,  conc re t e - sh ie l -ded  r q u i  pmrnt c - e l . 1 ~  , would 

probabl-y ilot be  t l i rea te i ied  h17 such a s p i l l  , b u t  c l e a n u p  o p e r a t i o n s  wou1.d 

b e  d i - f f i c u l t .  

A unique  s a f e t y  f e a t u r e  of t h e  DMSR i s  t h a t ,  under  a c c i d e n t  shutdown 

c o n d i t i o n s ,  t h e  r u e 1  m a t e r i a l  would b e  l e d  t o  t h e  "6CCS" ( r e p r e s e n t e d  by 

d r a i n  t a n k  c o o l i n g )  , r a t h e r  t h a n  v ice  v e r s a .  The r e a c t o r  and containmc~ni: 

must b e  des igned  so  t h a t  t h e  decay h e a t e d  fuel. s a l t  r e a c h e s  t h e  d r a i n  

t a n k  u n d e r  any c r e d i b l e  acc i -den t  c o n d i t i o n s .  I n  any case ,  t h e  decay 

heat i s  a s s o c i a t e d  w i t i i  a v e r y  l a r g e  m a s s  of  f u e l  sal-t ,  so Khat melt 

th rough,  o r  "CII INA SYNDOPIE," does  n o t  a p p e a r  t o  be  a problem. 

The s a f e t y  phi losophy f o r  a c c i d e n t s  i l i vo lv ing  t h e  r e a c t o r  c o r e  i s  

v e r y  d i f f e r e n t  f o r  f l u i d - f u e l e d  r e a c t o r s  thao f o r  s o l i d - f u e l e d  ones  be- 

c a u s e  t h e  h e a t  source i~ s  (mainly)  i n  t h e  c o o l a n t  and n o t  i.n a s o l i d ,  

wlii~ch r e q u i r e s  c o n t i n u o u s  cooling t o  a v o i d  m e l t i n g .  An LMFHK, f o r  ex- 

ample,  h a s  a ti-emcndnlws amount of s t o r e d  e n e r g y  i n  tile fuel p i n s  which 

much be  removed under  any a c c i d e n t  c o n d i t i o n s .  Dryout ,  which l e a d s  t o  

aJiiw.st immediate irieltdown i n  an  LMFRR, would n o t  be n e a r l ~ y  as severe i n  

t h e  DMSR because  t h e  h e a t  s o u r c e  would bc removed a l o n g  with tile c o o l i n g  

c apab  i 1 i t  y . 
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Under normal  c o n d i t i o n s ,  t h e  r e a c t o r  power is s t a b l e .  t.0 a l l  f r e -  

q u e c i e s  of o s c i l l . a t i o n ,  because  the  n e g a t i v e  prompt componeri t of  the 

t e m p e r a t u r e  c:oeff icient: o:E reac t : i .v i ty  doni inates  the pos i . t i ve  de l ayed  

component. There  appea r  t o  be no s a f e t y  Probl-ems i n  the area a f  r e x -  

t i v i t y  c o n t r o l .  B e c a u s e  t h e  f u e l  sa1.t w i l l  be  channeled  t o  t h e  cooled  

d r a i n  tank under  many of f -normal  c o n d i  t : ions t.hat t a n k  p robab ly  must 

have  redundant  sys tems for decay h e a t  removal.  There i s  no cre-dible  

means f o r  a c h i e v i n g  r e c r i t i c a l i t y  once t h e  fuel. salt: h a s  l e f t  t h e  

graphi . te-moderated core.  

1, i (:.e 11 s i n  0 ---e 

Although two e x p e r i m e n t a l  MSRs have  been  b u i l t  and o p e r a t e d  i n  the 

Uni ted  S t a t e s  under  government ownersh ip ,  none has ever been  s u b j e c t e d  

t o  fo rma l  l i c e n s i n g  o r  even d e t a i l e d  rev iew by  t h e  Nuclea-r [iegul.a t o r y  

Conimission (NRC) . As a cansequence ,  t h e  q u e s t i o n  of S i c e n s a b i l i t y  of 

MSRs remains  l a r g e l y  open; t h e  NRC ha:; n o t  y e t  i d e n t i f i e d  major  l i c e n s -  

i n g  i s s u e s ,  and t h e  concept  h a s  n o t  been c o n s i d e r e d  by v a r i o u s  p t ib l ic -  

i n t e r e s t  o r g a n i z a t i o n s  w h o  are o f t e n  invo lved  i n  nucl.ear-pSant: l i c e n s i n g  

p r o c  e tlu re s . 
r e a c t o r s  can be  used as only a g e n e r a l  g u i d e  because  of s i g n i f i c a n t  

fundamenta l  d i f f e r e n c e s  between t'riose sys t ems  and MSRs.  Presurriabl~y 

MSlis would be  r e q u i r e d  t o  co1npl.y w i t h  t h e  i n t e n t ,  . r a t h e r  t h a n  t h e  l e t te r ,  

of NRC requi.remeots,  p a r t i c u l a r l y  where methods o f  compliance are concep t -  

specif : i .c .  

Fur  t h e  rmo r e , the l i c en s i n g  exp e 1: i e n c e  o f so 1. i.d - f ue l e d  

Bcfore any MSK is l i c e n s e d ,  i.t probab1.y w i l l  be n e c e s s a r y  t o  d e f i n e  

a comp1et.e new spec t rum of p o t e n t i a l  t r a n s i e n t s  and a c c i d e n t s ,  along 

w i t h  their a p p l i c a b l e  i n i t i a t i n g  events ,  t o  b e  t r e a t e d  i n  s a f e t y  anaS.ysis 

r e p o r t s .  Some of  t.he more impor t an t  s a f e t y - s i g n i f i c a n t  e v e n t s  f o r  an  

MSR w c f r e  ment ioned ear l ie r ,  b u t  even r o u t i n e  o p e r a t i o n a l  events rrlay have 

a d i f f e r e n t :  o r d e r  of impor tance  f o r  t h i s  r e a c t o r  concep t .  I:or r x a m p l e ,  

modera te  r e a c t o r  power d i s t u r b a n c e s  would n o t  be  v e r y  impor t an t  because  

one of  tilie p r i n c i p a l  consequences ,  f u e l  c l -adding  f a i l u r e ,  i s  a nonevent  

i n  a n  FER.  However, a sriia11. l e a k  of r e a c t o r  c o o l a n t  would  be  an : important  

event: because  of t h e  h i g h  level of rad ioac . t iv j . ty  :i.n t h e  MSR c o o l a n t .  The 
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p r e v i o u s  examples  of s i g n i f i c a n t  d i f f e r e n c e s  between MSRs and oLlier li- 

censed  r e a c t o r s  i l l u s t r a t e  why a s u b s t a n t i a l  d e 5 i g n  and a n a l y s i s  e f f o r t  

would b e  r e q u i r e d  f i r s t .  The r e a s o n s  are  ( 1 )  t o  e s t a b l i s h  l i c e n s i n g  

c r i t e r i a  f o r  MSRs i n  g e n e r a l  and a DMSR i n  p a r t i c u l a r  and ( 2 )  t o  e v a l u a t e  

MSR l i c e n s a b i l i t y  i n  r r l n ' i i o n  t o  t h a t  of o ther  r e a c t o r  t y p e s .  

E s t i m a t e s  of Schedu l ing  and Cos t s  

A d e t a i l e d  p l a n  f o r  deve lop ing  t h e  t echno logy  n e c e s s a r y  t o  e n s u r e  

t h e  safe o p e r a t i o n  o f  t h e  MSKR under  normal  c o n d i t i o n s  and s a f e  shutdown 

under  a c c i d e n t  c o n d i t i o n s  i s  p r e s e n t e d  i n  Kef. 2 .  'There are no s i g n i f i -  

c a n t  d i f f e r e n c e s  betrween t h e  MSBR and DSMR c o n c e p t s  i n  terms of  n e c e s s a r y  

s a f f t y  and s a f e t y - - r e l a t e d  t echno logy  development ;  t h u s  t h e  program sched-  

u l e  and o p e r a t i n g  fund  r e q u i r e m e n t s  for t h e  MSBK s a f e t y  t echno logy  de- 

velopment  program fourid i n  Ref .  2 w i l l  serve as a f i r s t  es t imate  of  t h e  

requi reme-nts  f o r  a DKSR program. Tab le  2,1 shows tile ope ra t i . ng  fund 

r e q u i r e m e n t s  ( i n  1978 dol .?_ars)  f o r  a s a f e t y  t echno logy  devel-opment program 

beginni-ng i n  1980. 
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PAK'I: L I T .  FUEL-COOLANT BEHAVIOR AND FUEL PROCESSING 

W. R. G r i m e s  

I ' 1  l n e  development e f f o r t  on MSRs p r i o r  t o  1.972 produced a l a r g e  body 

of  techn:ic-:al i .nformat:ion r e l a t e d  t:o t h e  b e h a v i o r  of p o t e n t i a l .  f u e l  and 

c o o l a n t  s a l t s  and t o  t h e  f u e l  p r o c e s s i n g  c.encept. 'The pr imary  Focus 

f o r  Iilost o f  this development was t h e  MSBK, but. iiiuch o f  t h e  r e s u l t a n t  

technology is  al.so app1:i.cable t o  the  DMSR. Wowev~r , the t:wo r e a c t o r  

c o n c e p t s  d i f f e r  i n  i.mportlant r e g a r d s ,  and some of the c.hem-i:jtry acid ana-- 

l y t i c a l  c h e m i s t r y  programs though t  t o  be v i r t u a l l y  comple te  f o r  the MSBK 

wil~l r t ? q u i r e  some a d d i t i o n a l .  e f f o r t  .for tile DMSR. D i f f e r e n c e s  i n  f u e l  

p r o c e s s i n g ,  n e c e s s i t a t e d  by b o t h  t h e  d i f f e r i n g  :FueIs and the d i f f e r i n g  

p l i i l .osophies ,  w i . 1 ~ 1  reqti:i.re some a d d i t i o n a l  R&I) (aricl p o s s i b l y  a d i f f e r e n t  

u n i t  p r o c e s s  i n  one area) as w e l l  as tire e n g i n e e r i n g  demonstrat i .on of 

t h e  process:ing s t e p s  individua1. l .y  and i n  i n t e g r a t e d  opera t i .on  which t h e  

PISBIZ. a 1 s o  r e q u i r e d .  

T h e  MSBR prograrri c o r 1  t i n u e d  a f  lrer mid-1974, and  t h e  subsequenz: two 

y e a r s  b rough t  a v a r i e t y  of find-i.tig.r; i n  t h e  b e h a v i o r  of Cue1 arid c o o l a n t  

sal.ts, i.11 r rq i rocess ing  and fuel. r econs t i t : u t . i on ,  mid i n  fuel.-m~~t(".i.;~l 

i n t e rac t - i . ons .  A l l  t h e  f i n d i n g s ,  o f  c o u r s e ,  c o n t r i b u t e  changes ,  some' of 

which are s i g n i f  i c a i i t  t o  t h e  requ-i r e d  development e f f o r t  . 'J'hese t h r e e  

general .  t o p i c s ,  a l o n g  w i t h  the rsIevaiit analytical c h e m i s t r y ,  a r e  t:reated 

hers. 

The f o l l o w i n g  d i scuss : i  on atteuipts to bricf1.y def  h e  t:he areas i n  

whi c h IJMS Li t echno  1 o gy re qu ir emf  n t: :j: (1 i f f er sub s tan t ia 1.1 y f r i m  those f o r  

the  MSKR; i.n p a r t i c u l a r ,  d i f f e r e n c e s  i.n the  r e a c t o r s  o r  r e c e n t  advances 

hi mo. l . ten-sd t  t:eclinology t h a t  r e q u i r e  o r  p e r m i t  s i g n i f i c a n t  c h a n g e s  i n  

the  1974 MSBR program p l a n  are  d i s c u s s e d .  Tlw g e n e r a l  format  f o r  di .s-  

c u s s i o n  of t h e  f o u r  broad areas of te.chnology incl.udes (1) t h e  key d i f -  

f e r e n c e s  betiween the MSBR and t h e  DMSR; ( 2 )  p o s t - 1 9 7 4  advances i n  MSBR 

t echno logy ;  (3  j t h e  s t a t u s  of  m o l t e n - s a l t  tec21-1nol.ogy, w i t h  special. em- 

p h a s i s  on a d d i t i o n a l  r e q u i r e m e n t s  f o r  demons t r a t ion  of t h e  DMSX; arid (4)  

estimates of schedul ing  and fund ing  rec1ui~rcment.s of t h e  overal.1. DMSR 

program, drawn from t:he 1.374 NSBR program p l a n .  





3. FUEL AND COOLANT CHLYIS'1'17Y 

Because b o t h  t h e  f u e l  (pr iniary c o o l a n t )  and t h e  coolan t  ( secondary  

c o o l a n t )  i n  a n  MSK 'Ire complex f l u i d s ,  t h e y  arc' s u b j e c t  t o  a wide v a r i e t y  

o f  cbemica l  e f f e c t s  and i n t e r a c t i o n s  t h a t  have  a v i t a l  i n f l u e n c e  on 

t h e  o v e r a l l  behav io r  of t h e  reactor sys t em i n  w h i c h  they are used.  

Thercf o r (> ,  a d e t a i  led u n d e r s t a n d i n g  of the  chemical  b e h a v i o r  of t h e s e  

f l u i d s  under  b o t h  normal and off-normal  c o n d i t i o n s  i s  essent ia l  t o  t h e  

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

chemica l  b e h a v i o r  as i t  app l - i e s  s p e c i f i c a l l y  t o  t h e  IIMSR. 

F u e l  proposed t o r  t h e  MSBK c o n t a i n e d  tho r ium (as TtiF4) as t h e  f e r -  

L i le  material * The f i s s i l e  mater ia l  f o r  t h e  i n j t i a l  l o a d i n g  W ~ S  h i g h l y  

enrichcad 3 5 U  ( e s s e n t i a l l y  as U F b )  *;k A t  e q u i l i b r i u m ,  t h e  r e a c t o r  (whosc. 

f u e l  w a s  t o  b e  cont i r iuoi is ly  proccJssed on a 10-day c y c l e  t o  rcmove f i s s i o n  

p r o d u c t s  and t o  i s o l a t e  7 3 3 P a  f o r  decay t o  2331J o u t s i d e  the n e u t r o n  f l u x )  

o p e r a t e d  w i t h  p331J as t h e  f i s s i l e  mater ia l .  

e n t  and the small q u a n t i t y  of pluLonium w a s  removed w i t h  t h e  p r o t a c t i n i u m  

and w a s  n o t  r e t u r n e d  t o  t h e  c i r c u i t ,  t h e  amount of t r ansu ran ium e lemen t s  

i n  the syscem was t r  ivic11. F i s s ion -p roduc t  z i r con ium { p r e s e n t  i n  t h e  

f u e l  a s  ZrFs) w a s  k e p t  t o  a v e r y  l o w  c o n c e n t r a t i o n  s i n c e  i t  wd:~  removed 

w i t h  t h e  2 3 3 P a  and was n o t  r e t u r n e d  t o  t h e  f u e l .  

UFI, a p p e a r s  E O  be inhcre .n t ly  s l i g h t l y  o x i d i z i n g  (and ,  accord . ing ly ,  co r -  

r o s i v e )  to n i c k e l  -based al l o y s  such  as H a s t e l l o y  N ;  the t o t a l  va l ence  o f  

f i s s i o n - p r o d u c t  c a t i o n s  i n  t h e  m e l t  i n  e q u i l i b r i u m  w i t h  I I a s t P l l o y  N i.; 

s l i g h t l y  1 e s s  t h a n  f o u r  p e r  f i s s i o n  event . T h i s  t endency  toward enhanced 

c o r r o s i o n  as a d i r e c t  consequence of f i s s i o n  w a s  c o n t r o l l e d  i n  t h e  1ISRh' 

and was t o  be c o n t r o l l e d  i n  t h e  i IS3R1 ,2  by keep ing  a s m a l l  f r a c t i o n  ( c a .  

1 2 )  of t h e  uranium p w s e n t  as UF3. 

Because l i t t l e  2 3 ' U  w a s  p r e s -  

The f i s s j ~ ) i i  p r o c e s s  i n  

1 

k 
However, PuF3 WAS c o n s i d e r e d  and g iven  c o n s i d e r a b l e  s t u d y .  

Benerits  from a somewhat h i g h e r  p r o p o r t i o n  of UF3 were r e c o g n i z e d ,  
b u t  e a r l i c r  they  appeared  t o  be marg ina l .  Rccent  work ( to be d e s c r i b e d )  
s u g g e s t s  s t r o n g l y  t h a t  A h i g h e r  f r a c t i o n  of U F 3  w i l l  be ve ry  d e s i r a b l e .  

9 '  

.t 
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I n  c o n t r a s t  t o  t h e  HSBR (and s i n c e  uranium i s  r e c o v e r a b l e  w i t h  

re l -a t i -ve  ea.se by f l u o r i n a t i o n ) ,  t h e  DMSR must neve r  c o n t a i n  fuel .  i n  

which t h e  5U and 3 U  a r e  a t  weapons--usabl-e c o n c e n t r a t i o n s ;  t h e  over-  

all uranium c o n c e n t r a t i o n  must be markedly h i g h e r  f o r  DMSR f u e l  s i n c e  a 

1 a rge  q u a n t i t y  of 381! m u s t  i l lways be  p y  e n t .  The r e a c t o r  i s ,  accord-  

i n g ] . ~ ,  l i k e  an  LWR - a producer  and consumer of p l ~ t 0 [ 1 i ~ i i 1 . "  Isolation 

of 2 3 3 P a  o u t s i d e  t h e  r e a c t o r  f o r  decay t o  p u r e  2 3 3 U  must obv ious ly  be 

abandoned. F i s s ion -p roduc t  removal from t h e  f u e l  n e c e s s i t a t e s  p r i o r  re- 

mu-Val of protact ini-uin and plu tonium (as w e l l  as uranj.um), but t h e  DMSR 

i s  obv ious ly  c o n s t r a i n e d  t o  r e i n t r o d u c e  t h e s e  mater ia l s  d i r e c t l y  t o  t h e  

rear  t o r .  A s  a consequeiice ~ t h e  f u e l  w i  1.J- c o n t a i n  an a p p r e c i a b l  e coricen- 

t r a t i o n  of t r ansu ran ium i s o t o p e s .  The c o n s t r a i n t  also e l i m i n a t e s  t h e  

e;rsy removal of f i s s i o n - p r o d u c t  z i rconium conce ived  f o r  t h e  MSBK, and ,  

u n 7 . c ~ ~ ~ ;  some i - n v e i t i o n  i s  r e n l ~ i z e d ,  t he  DMSR must a c c e p t  a low b u t  appre-  

c i a b l e  c o n c e n t r a t i o n  of  Z r F +  i n  t h e  f u e l .  Each of t h e  d i f € e r e n c e s  above ,  

o f  c o u r s e ,  i.rnp1 i e s  a n o n t r i v i a l ~  ( though r e l a t i v e l y  s m a l l )  change i n  t h e  

f u e l  c h e m i s t r y . '  A l a r g e r  change i n  f u e l  chcrnist.ry (and i n  R&D needs )  

would r e s u l t  from a d e c i s i o n  t o  o p e r a t e  tile r enc ro r  w i t h  5 t o  10% of 

t h t ?  urani.um p r e s e n t  as UF3.  A d i s c u s s i o c  of t h i s  i s s u e  i s  p r e s e n t e d  

i n  a subsequent  s e c t i o n .  

.L 

It  should  be  n o t e d ,  even i.n a s e c t i o n  such as t h i . s ,  t h a t  cliemi~cal. 

behavi-or and a s s o c i a t e d  K&D needs  o f  t h e  F u e l s  f o r  t h e  MSRR and DMSR 

show far more s.i.mi.1 a r i t i e s  thail d i f f e r e n c e s .  

Post-19 7 4  Technology Advances 

The appearance  of numerous s'ridllow c r a c k s  when Haste! l o y  N s p e r i r n ~ n s  

~ e r ~  tensile tcD1,ted a i t e r  exposure  to t h e  f u e l  vas a key o b s e r v a t i o n  from 

t h e  o t h e r w i s e  v e r y  s u c c e s s f u l  fou r -yca r  o p e r a t i o n  of  t h e  MSRE. This  

r r a r k i n g  b e h a v i o r ,  which caused 110 p a r t i c u l a r  p r o b l e m  i n  t h e  MSRE b u t  

k 
A t  e q u i l i b r i u m ,  abou t  30% of t h e  f i s s i o n s  i n  t h e  c o n c e p t u a l  DMSR 

w i l l  occur  i n  p lu tonium.  
I 
Y i e l d s  of s p e c i f i c  f i s s i o n  p r o d u c t s  d i f f e r  among t h e  t h r e e  f i s s i l e  

spc>c ie s .  Howcvrr, the d i f f e r e n c e  i n  needs for R&D on f i s s ion -p ruduc t  be- 
h a v i o r  i s  probably  t r i v i a l .  
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which would p r o b a b l y  prove  i n t o l e r a b l e  upon e x t r a p o l a t i o n  t o  an EISUK o r  

IIXSR, w a s  shown t o  be  a consequence o f  f i s s i o n - p r o d u c t  t e l l u r i i i m . *  At 

t h e  redox p o t e n t i a l  ( s e t  e s s e n t i a l l y  by t h e  r a t i o  of UF3 t o  UF,> i n  311 

MSRE, f i s s i o n - p r o d u c t  t e l l u r i u m  would exi 5 t  p r i m a r i l y  as elcrnetitdl LCI- 

l u r i u m  and cou ld  react w i t h  t h e  a l l o y .  Post-1974 R&L, s e r v e d  t o  rolilrirm 

t h i s  h y p o t h e s i s ,  and p r o g r e s s  was made i n  u n d e r s t a n d i n g  some di>Lc3i ls  o f  

3 , b , 5  arid i 11 ~ I P  f i n i n y  1 t h c  b e h a v i o r  of t e l l u r i u m  in molten  f u e l  m i x t u r e s  

a l l o y s  ( i n c l u d i n g  s l i g h t  m o d i f i c a t i o n s  of  H , i s t e l loy  N )  f a r  mort- resistant 

t o  t e l  l u r i u m  e m b r i t t l e m e n t .  ' Moreover,  3. c o n s i d e r a b l e  t.xp.2 t-im..>[oral pro-  

gram has shown t h a t  i L  t h e  f u e l  h a s  a s u f f i c i e n t l y  h i g h  r a t i o  Jf  1JF3 t o  

UF4 (0.02 t o  0. l), t h e  impact  of added t e l l u r i u m  on o r d i n a r y  I1 i s t e l l o y  N 

i s  v e r y  markedly d i m i n i s h e d .  3 I t  beems c l e a r  t h a t  a t  high UF~/UFI, 

r a t i o s ,  t e l l u r i u m  is  c o n s t r a i n e d  t o  e x i s t  i n  t h e  f u e l  as 7e2-  (and a lmos t  

c e r t a i n l y  i n  s o l u t i o n )  a n d  i s  u n a b l e  t o  mount a n  a p p r e c i a b l e  a t t a c k  on 

t h e  a l l o y .  T h i s  o b s e r v a t i o n  a p p e a r s  to  open many p o s s i b i l i t i f > s  ,ind may 

amount t o  a real  b reak th rough .  

3- 

A c a r e f u l  remeasurement '  as a f u n c t i o n  of t empera tu re  and of s o l v e n t  

coniposi t i  on of t h e  e q u i l i b r i u m ,  * 

h a s  g iven  a r e a s o n a b l e  c o n f i r m a t i o n  n f  t h e  p r e v i o u s  measurements '  i n  LLF- 

BeFL (66 -34  mole Z)  and h,ts ex tended  them t o  o t h e r  TAiF-BrT2 m i x t u r e s  and  

t o  LiF-UeF2-ThFi, (72-16-12 mole X ) .  S t a b i l i t y  of UFJ r e l a t i v e  t o  UF4 

i n c r e a s e s  r a p i d l y  w i t h  t e m p e r a t u r e  and w i t h  ti d e c r e a s e  i n  t h e  f r e e  f l u o -  

r i d e  i o n  c o n c e n t r a t i o n  o f  the f u c k l  soLvent .  

Adequate  r e t e n t i o n  of t r i t i u m  that  is g e n e r a t e d  w i t h i n  t h e  f u e l  s a l t  

has been known t o  bc ii problem For PlSKs f o r  y e a r s .  Two post-1974 deve l -  

opments at O R N L ~ ~  9 l 1  promise a t  l ea s t  a major  a l l c v i a t i o n  o f  t h c  problem. 

* 
T e l l u r i u m  i s  a member of t h c  s u l f u r  Eamily o f  e l emen t s ,  and s u l f u r  

i s  we l l  known t o  be  d e t r i m e n t a l  t o  n i c k e l  and n icke l -based  a l l o y s .  
.L ' A s  d c s c r i b e d  i n  some d e t a i l  i n  Chapter  7 under  t h e  head ing  S t a t u s  

* i n  1976. 

S u b s c r i p t s  g and d i n d i c a t e  t h a t  t h e  s p e c i e s  i s  gaseous  and (lis- 
s o l v e d  i n  t h e  mol ten  s a l t ,  r e s p e c t i v e l y .  



34 

F i r s t ,  a seri.es of expe r imen t s  i n  which t r i t i u m  w a s  added t o  t h e  NaF-Nal3F4 

coola i i t  s a l t  i n  t h e  Cool.ant-Salt  Technology F a c i l i t y  (CSTF) showed t h a t  

>90% of  t h e  t r i t i u m  added under  s t e a d y - s t a t e  c o n d i t i o n s  appeared  i n  t h e  

of f -gas  syst-ern i.n chemical l -y  combined (wa te r - so lub le )  form and t h a t  %98% 

of t h e  added t r i t i u m  w a s  removed through t h e  off-gas sys tem.  These 

d a t a  s u g g e s t  t h a t  t h e  f l u o r o b o r a t e  cool.ant sys tem of an  X K R  (or DMSR) 

might w e l l .  d i m i n i s h  t h e  l eakage  of t r i t i u m  t o  the r e a c t o r  steam sys tem 

t o  a c c e p t a b l e  1 i r n i . t s .  

by tlie reac t : i  on  of steam w i t h  s team-genera tor  m a t e r i n l ~ s  can g r e a t l y  i m -  

pede t h e  permeat ion  o f  t l ie m e t a l  by t r i t i u m .  Even a t  a steam p r e s s u r e  

of Q1 atm, where t h e  o x i d a t i o n  ra te  i s  s t i l . 1  c l e a r l y  dependent  on r a t e s  

of d i f f u s i o n  froin t h e  bu lk  a l l o y  through t h e  o x i d e  c o a t i n g ,  t r i t i u m  pe r -  

meat ion  i s  impeded by f a c t o r s  of n e a r l y  500 a f t e r  1.50 days of exposure.;’< 

Continued s t u d y ”  shows t h a t  t h e  o x i d e  f i l - i n  formed 

S t a t u s  of Fuel and Coolant  Chemistry .- .-. .- 

Fuel  chemis t ry  .......... 

~. Choice .... ___ of components . and compos i t ion .  For a n  MSKK, where e x c e l l e n t  

n e u t r o n  economy i s  an  absol -u te  r equ i r emen t ,  acceptrt1,l.e f u e l  components 

arc  feiq. The c a r e f u l  c o n s i d e r a t i o n s  and t h e  detai . l .ed e x p e r i m e n t a t i o n  

ove r  a p e r i o d  of many y e a r s  t h a t  l e d  t o  t h e  c h o i c e  of  f u e l  c o n s t i t u e n t s  

and composi t ibn  have been comple te ly  d e s c r i b e d .  

tharr (1) t h e  major  c o n s t i . t u e n t s  of t h e  f u e l  s a l t  f o r  an PISBR must be. 

Lj .P9  k F 2 ,  ThFb,  and U F 4 ,  w i t h  a composi t ion  of  s 7 L . 7 ,  1 6 ,  1 2 ,  and 0 . 3 ,  

r e s p e c t i v e l y ,  and t h a t  ( 2 )  h i g h l y  e n r i c h e d  T,iF and U F 4  are r e q u i r e d .  

For a DMSK t h e  r equ i r emen t  f o r  exc.el.l.ent n e u t r o n  economy might  s e e m  

There i s  no doubt  1 , 1 2  

7 2 3 5  

t u  be c a p a b l e  of s l i g h t  r e l a x a t i o n .  However, such a r e a c t o r  must have 

a r easonab ly  h i g h  c o n c e n t r a t i o n  of thor ium and must c o n t a i n  more uranium 

t h a n  t h e  MSRR. There can be no r e a s o n a b l e  doubt  t h a t  tlie an ion  must be  

r , and t h e  p o s s i - b i l i t y  t h a t  one can f i n d  b e t t e r  d i l u e n t  f l u o r i d e s  than  P .- 

LiF and BeF2 i s  extreme1.y unl ike ly . . ‘  The optimum composi t ion  of t h e  7 

_ .*. 
This  s t u d y  w a s  inil : ial ;ed under  t h e  Mol ten-Sal t  Keac tor  Program and 

h a s  been c o n t i n u e d ,  because  of i t s  obvious  i n t e r e s t ,  by t h e  f u s i o n  energy  
program. 

A s l i g h t l y  h i g h e r  6 L i  c o n c e n t r a t i o n  cou ld  p o s s i b l y  be t o l e r a t e d ,  
i- 

b u t  t h e  ra te  of t r i t i u m  g e n e r a t i o n  would be i n c r e a s e d .  
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: i n i t i a l  f u e l  loadi.ng f o r  a DMSR i s ,  of course,  not. y e t  known prit?(:i.sel.y. 

However, i t  a p p e a r s  l i k e l y  that t h e  optimum mi.xture w i l l  f a l l  near (in 

m o l e  2 )  72 LiF ,  1 6  BeF2, ami 1 2  heavy-metal  f l u o r i d e s ,  w i t h  s l - i g h t l y  

l ess  t h a n  10 .5  mole X ThF4 and s l igh t1 .y  more than  1 . 5  mo1.c X UF4 and UF3. 

A s  a consequence ,  much t h a t  h a s  been l e a r n e d  abou t  the MSBK f u e l  compo- 

s i t i o n  i s  d i r e c t l y  appl icab1.e  t o  the IIMSK. Knowledge of t h e  behav io r  of 

MSBK  fuel^, a l t h o u g h  n o t  comple te ,  can fairly he  s a i d  t o  be  e x t e n s i v e  

and d e t a i l e d .  9 9 

As a n  addi . t iona1  consequence ,  the DMSR ( l i k e  t he  MSBK) w i l l  r e q u i r e  

3 Large-scal  e and reasonabl y economic s o u r c e  of l i t f i i u i n i  e n r i c h e d  t o  n e a r  

99 .99% 7 L i .  No such  enr ichment  f a c i l i t y  i s  o p e r a t i n g  i n  t h e  UniLed S t a t e s  

today ,  b u t  t h e  t echno logy  i s  well known and r e l a t i v e l y  l a r g e - s c a l e  separa- 

tion h a s  been  p r a c t i c e d  i n  t l ie p a s t .  

_I_ F1 u o r i d e  __  phase  b e h a v i o r .  Yliasc e a u i l i b r i a  among the p e r t i n e n t  MSBK 

and DMSR 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  d i a -  

grams, a1 tlioiigh r e l a t i v e l y  complex, arc> w e l l  unders tood .  Because t h e s e  

r e a c t o r s  need a ThF!, C o n c e n t r a t i o n  much h i g h e r  t han  tf.,at of UF4, t h e  

phase  b e h a v i o r  of the f u e l  i s  d i c t a t v d  by t h a t  of the L ~ F - B ~ F z - T I I F I ,  

sys tem 

t e c t i c  a t  47 mole  X LFF and 1 . 5  mole % ‘L’hFi,, me1  t i n g  a t  360OC. The 

sys tem is  compl i ca t ed  by t h e  fac t  t h a t  t h e  compound 3I3iF*mibT~+ can i n c o r -  

p o r a t e  Be?+ i o n s  i n  b o t h  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 t e s  t o  form 

so l  id  s o i u t i o n s  whose c o m p o s i t i o n a l  ex t r emes  are  r e p r e s e n t e d  by  he 

shaded t r i a n g u l a r  r e g i o n  nea r  t h a t  compound. Tnspec t ion  of t h c  phase  

d iagram 

t h a n  10 mole ‘2 ‘ChFk w i l l  be  comple t e ly  mol t en  a t  o r  below 500°C. 

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  t empera tu re  i s  

j u s t  above 14  mole %. A s  expec ted  f rom t h e  g e n e r a l  s i m i l a r i t y  of ThF4 

and UF4, s u b s t i t u t i o n  o f  a modera te  q u a n t i t y  of UFi, for ThF4 s c a r c e l y  

changes tlie phase  b e h a v i o r .  

shown i n  F i g .  3.1. T h i s  sys tem shows a s i n g l e  t e r n a r y  eu- 1,12 

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  o f  compos i t ions  w i  t’ri more 1,1?  

The 

O p e r a t i a n  of t h e  IIMSK w i l l  r e s u l t  i n  p r o d u c t i o n  of p lu tonium and of 

smaller q u a n t i t i e s  of o t h e r  t r a n s u r a n i u m  i s o t o p e s .  It seems l i k e l y  t h a t  

a t  e q u i l i b i r u m  the c o n c e n t r a t i o n  of p lu tonium will be n e a r  0.05 mo1.e 2 ,  

w h i l e  Np, Am, Cn, C f ,  and Bk might  t o g e t h e r  t o t a l  a n  a d d i t i o n a l  0.025 
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ORNL-LR-DWG 3742CAR7 
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BeF2 
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P 458 E 360  

TEMPERATURE IN "C 

COMPOSlrlON IN mole 7, 

F i g .  3 . 1 .  The system LiP-BeFz-ThVi,. 

mole %. 

t i o n  as t r i f l u o r i d e s .  

A l l  t h e s e  s p e c i e s  a re  e x p e c t e d  t o  b e  d i - s so l~ved  i n  t h e  f u e l  s o l u -  

T h e  s o l u b i l i t y  of  PuF3 i n  LiF-BeFz-ThFs (72-16-12 mole 7) has been 

measured a t  ORNIdl  and a t  t h e  Bhabba Atomic Rcsr.ar-ch Ccni-er i i i  I n d i a .  1 4  

The l a t t e r  s t u d y  i n d i c a t e d  t h a t  s o l u b i l . i t y  i n c r e a s e d  f rom 0 . 7 7  mole % a t  

5 2 3 ° C  t o  2 . 7 9  inol-e % at 71.8"C. 

a b o u t  20% h i g h e r .  

a s s a y  of  t h e  d i s so l -ved  p lu tonium,  and n o  ready  e x p h n a t i o n  of t h e  d i s -  

c repancy  i s  a v a i l - a b l e .  It i-s c lear ,  however,  t h a t  even t h e  lower v a l u e  

f a r  exceeds  t h a t  r e q u i r e d .  

dissolve' 
of t h e i r  s o l u b i l i t y  b e h a v i o r  e x i s t s .  Such a d e f i n i t i o n  must oE c o u r s e  

b e  o b t a i n e d 9  b u t  t h e  g e n e r a l l y  c l o s e  s i m i l a r i t y  i n  the b e h a v i o r  of t h e  

The ORNL measurements y i e lde r !  va1~ue.s 

I n  b o t h  s t u d i e s ,  more t h a n  one ii1etl)otl was 7lSed f o r  

T h e  o t h e r  t r a n s u r a n i c  speci~es a r e  known t o  

i n  t h e  LiF-BcF~-ThF,+ s o l v e n t ,  b u t  no q u a n . t L t a t i v e  def  ini.i:i.or-1 
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t r i v a l e n t  a c t i n i . d e s  makes i t  most u n l i k e l y  t h a t  s o l . u b i L i t y  of t h e s e  

i n d i v i d u a l  s p e c i e s  can  b e  a problem. 

The s o l u b i L i t y  of UF3 i n  t h e  f u e l  w a s  known t o  b e  well i.n (:!x(:c?ss of 

t h a t  r e q u i r e d  f o r  t h e  MSER, b u t  i t s  a b s o l u t e  magnitude i s  n o t  we1.1. known. 

By ana logy16 w i t h  b e h a v i o r  i n  Li2TteF1,,  [:he s o l u b i l i t y  of 1 J F 3  i.s very 

l i k e l y  t o  be lower t h a n  t h a t  of P u F 3 ,  b u t  i.t i s  q u i t e  u n l i k e l y  t o  be less 

t h a n  0 . 4  mole 2 a t  565°C. 

The t r i v a l e n t  l a n t h a n i d e s  and a c t i n i d e s  are known to form solid 

s o l u t i o n s  s o  t h a t ,  i n  e f f e c t ,  all t h e  r a r e - e a r t h  t r i f l u o r i d e s  and the 

a c t i n i d e  t r i f l u o r i d e s  ac t  e s s e n t i a l l y  as a si.ng1.e e l emen t .  Should i t  

prove  d e s i r a b l e  t o  o p e r a t e  w i t h  10% of t h e  uranium reduced  (ca. 0.16  

mole X UF3), i t  i s  p o s s i b l e ,  bu t  h i g h l y  u n l i k e l y ,  that t:he comb-inarkon 

of a l l  t r i f l u o r i d e s  (pe rhaps  0 . 3  mole X >  might e.xceecl tillis combir1e.d 

sc:,I.ubility a t  a t e m p e r a t u r e  somewhat 1 ,e l .o~ the rea(: t o r  i.nl.et t empera tu re .  

A few errper iment:~” must be performed t o  check t h i s  s l i g h t  p o s s i b i l i t y .  

Oxide behav io r  .I The behav io r  of mol t en  fluor:i.de s y s t e m s  such  as 

t h i s  i s  mar%ed.I.y a f f e c t e d  by a p p r e c i a b l e  c .oncen t r a t ions  of  o x i d e  i o n .  

The s o l u b i l i t i e s  of the a c t i n i d e  d - iox ides  i n  ~I,i.F-BeF:!-T‘hF~+ are  l o w  

to dec.rease i n  t h e  o r d e r  T h 0 2 ,  PaOz, U O 2 ,  Pu02.  1 ~ 1 6 - 2 3  and are known 

S o l u b i l i t y  p r o d u c t s  and t h e i r  t e m p e r a t u r e  dependence have  been sneasured 

f o r  t h e s e  ox-ides  e Moreover,  lit is  known’ ’ 6-2 t h a t  t h e s e  d i o x i d e s  a1.l. 

have rhe same f l u o r i t e  s t r u c t u r e  and form s o l i d  s o l u t i o n s ;  t h e i r  behav io r  

i s  r e a s o n a b l y  well under s tood .  P lu tonium as  !?UP3 shows l i t t l e  tendency  

t o  p r e c i p i t a  t : e  as o x i d e .  ’ ’ 
’1;Ele compouad P a 2 0 5  ( o r  an a d d i t i o n  compound of t h i s  rnat.eria1) :i.s 

v e r y  i n s o l u b l e  in L ~ F - B ~ F ~ - T E ~ F I +  (72-16-12 mole %) . The o x i d e  concen t r a -  

t i o n s  a t  which P a 2 0 5  c a n  b e  p r e c i p i t a t e d  depend on b o t h  t h e  p r o t a c t i n i u m  

concen t r a t i . on  and t h e  o x i d a t i o n  s t a t e  of t h e  f u e l .  T h e  s i t u a t i o n  i s  

i n d i c a t e d  by the  e q u i l i b r i u m  .I. 

-1- 

S i n c e  m i x t u r e s  w i t h  p lu tonium and b e r y l l i u m  are n e u t r o n  s o u r c e s ,  t h e  
expe r imen t s  are more d i f f i c u l t  t han  u s u a l .  

The s u b s c r i p t  c i d e n t i f i e s  t h e  c r y s t a l - l i n e  o r  s o l i d  s t a t e .  
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for which w e  e s t i m a t e '  t h e  e q u i l i b r i u m  q u o t i e n t  

I 

l o g  [ ( X 5 $ f * X  4-{-*X t + + ) / X  3+]  1 0 . 7 6  - 5590/'1' (t0.8) . 
0 Pa U U 

The r e s u l t  i s  tha' i  w i t h  100 ppm pro tac t in i .um acid 30 ppm o x i d e  p r e s e n t ,  

t h e  U 3 + / L J L f  r a t i o  must be  kep t  above abou t  

tion of P a 2 0 5  i s  t o  be avo ided .  Such o x i d i z i n g  condi . t ions  are easy  t o  

avo id  i n  p r a c t i c e .  There is also a dependence on t h e  U 3 + / ~ 4 +  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 Pi102 p r e c i p i t a t i o n  o c c u r s .  However, 

even s t - rong- r  o x i d i z i n g  c o n d i t i o n s  ( U  3 + / C l ' ' +  < 

c i p i t a t e  PuO2 from fu t .1~  f o r  MSBRs o r  DMSKs. 

i f  i n a d v e r t e n t  p r e c i p i t a -  

are r e q u i r e d  t o  pre--. 

The s o l u b i l i t y  of t h e  o x i d e s  o f  neptunium, americium, o r  cur ium h a s  

n o t  been examined. Some a t t e n t i o n  t o  t h i s  problem wi.11 be r e q u i r e d ,  but: 

i t  i s  n o t  obvious  that.  such  s t u d i e s  have R h igh  p r i o r i t y .  

I t  i s  c l e a r  t h a t  t h e  DMSK f u e l  must be p r o t e c t e d  from ox ide  contami- 

n a t  ii>[1 t o  avo id  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 oxi-de 

toleranre, t h i s  wi1.1 r e q u i r e  some c a r e ,  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 3-year p e r i o d  l e n d s  conf idence  t h a t  o x i d e  con tamina t ion  

of  t h e  f u e l  s y s t e m  can be kep t  t o  a d e q u a t e l y  low l e v e l s .  Th i s  conf idence ,  

when added  IIO t h e  p r o s p e c t  t ha t  t h e  DMSR fuel .  w i 1 . l  be r e p r o c e s s e d  (and 

i t s  ox ide  l e v e l  reduced  by f l u o r i n a t i o n  of  t h e  uranium) on a con t inuous  

b a s i s ,  s u g g e s t s  ve ry  s t r o n g l y  t h a t  probleins  w i t h  ox ide  con tamina t ion  can 

bc avoi-ded. 

P h y s i c a l  p r o p e r t i e s .  -. . .. . -... ..-. .. Most of t h e  p h y s i c a l  p r o p e r t i e s  of L i F - K e F 2 -  

(72-16-12 mole %) '' a r e  known w i t h  reasonab1.e a c c u r a c y ,  a1 though ThF4 

s e v e r a l  have been def i -ned by i n t e r p o l a t i o n  from measurements on s l i g h t l y  

d i f f ci t- en t conip o s i t i o n s  . 
The l i q u i d u s  t empera tu re  i s  well. known, and d e n s i t y  and v i s c o s i t y  

The h e a t  capac i . ty  h a s  2,24 are  a c c u r a t e  t o  f 3  and ? l o % ,  r e s p e c t i v e l y .  

been d e r i v e d  from drop  c a l o r i m e t r y ;  2 5  on t h e  b a s i s  of  t h i s  d e t e r m i n a t i o n  

and w i t h  a s imple  model f o r  p r e d i c t i n g  h e a t  c a p a c i t y  of mol ten  f l - u o r i d e s ,  

one can  r e l i a b l y  p r e d i c t  t h e  hear c a p a c i t y  of t h e  DMSR m i x t u r e .  

_____- 
v 

Most p h y s i c a l  p r o p e r t i e s  wi l l .  be  t r i v i a l l y  a f f e c t e d  by v a r i a t i ~ o n s  
among the heavy-metal  c o n c e n t r a t i o n s  so long  as t he  heavy-metal  c o n t e n t  
reinai-ns a t  12 mole 2 .  
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Thermal c o n d u c t i v i t y  i s  t h e  key p r o p e r t y  f o r  p r e d i c t i n g  h e a t - t r a n s f e r  

c o e f f i c i e n t s  of mol ten  f l u o r i d e s .  Measurements that  are  p robab ly  a c c u r a t e  

t o  +10 t o  15% have been o b t a i n e d  f o r  L ~ F - B ~ F L - T ~ F I + - U F ~  (67.5-20-12-0.5 

mole X) . r f u t u r e  d e s i g n  c o n s i d e r a t i o n s  i t  w i l l  be  h e l p f u l  t o  de- 

v e l o p  a n  a p p a r a t u s  t o  measure t h e r m a l  c o n d u c t i v i t i e s  of f l u o r i d e s  w i t h  

g r e a t e r  accu racy  and t o  de t e rmine  t h e  c o n d u c t i v i t y  of t h e  f u e l  sa l t  com- 

p o s i t i o n .  

The s u r f a c e  p h y s i c a l  p r o p e r t i e s  ( s u r f a c e  t e n s i v n  and i n t e r f a c i a l  

t e n s i o n  between s a l t  and g r a p h i t e )  are o n l y  q u a l i t a t i v e l y  known. Such 

p r o p e r t i e s  are impor t an t  i n  a s s e s s i n g  w e t t i n g  b e h a v i o r  and i n  d e t e r m i n i n g  

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

The vapor  p r e s s u r e ,  as y e t  unmeasured, h a s  been  e x t r a p o l a t e d  from 

measurements of  LiF-BeF2 and L i  F-IJF4 m i x t u r e s .  A t  t h e  h i g h e s t  normal  

o p e r a t i n g  t e m p e r a t u r e ,  7 0 4 " C ,  t h e  est imared vapor  p r e s s u r e  i s  ~ J I .  3 Pa 

(10-' t o r r ) .  The vapor  composi t ion  bas n o t  been  measured,  b u t  t h e  vapor  

would be c o n s i d e r a b l y  e n r i c h e d  i n  BeF2 and pe rhaps  i n  ThF4. Vapor p re s -  

s u r e  and vapor  composi t ion  are n o t  h i g h - p r i o r i t y  measurements .  However, 

I I ~ U K C  t han  q u a l i t a t i v e  estimates of t h e s e  p r o p e r t i e s  will b e  r e q u i r e d  i n  

f u t u r e  c a l c u l a t i o n s  of t h e  amount and composi t ion  of sa l t  t h a t  i s  t r a n s -  

p o r t e d  by gas  streams used t o  c o o l  p o r t i o n s  of t h e  o f f - g a s  sys tem i n  t h e  

pr imary  c i r c u i t .  A t r a n s p i r a t i o n  exper iment  would p r o v i d e  f i r m  v a l u e s  

of vapor  compos i t ion  and improved v a l u e s  of vapor  p r e s s u r e .  Manometric 

measurements combined w i t h  mass - spec t rog raph ic  d e t e r m i n a t i o n  would pro- 

v i d e  more p r e c i s e  i n f o r m a t i o n  on bo th .  

F i s s ion -p roduc t  c h e m i s t r y .  Much a t t e n t i o n  was g i v e n  t o  behav io r  of 

t h e  f i s s i o n  p r o d u c t s  i n  t h e  MSKE77 b e c a u s e  of their e f f ec t  on r e a c t o r  

o p e r a t i o n  and per formance ,  a f t e r h e a t ,  and r e a c t o r  main tenance-  More 

e x p e r i m e n t a t i o n  w i l l  c l e a r l y  be r e q u i r e d  i n  f u t u r e  DMSR ( o r  MSBR) develop-  

ment. 

2 8 - 3 1  

and can  be removed by s p a r g i n g  w i t h  he l ium.  More than 80% o f  t h e  I 3 ' X e  

w a s  removed by the r e l a t i v e l y  s i m p l e  s p a r g i n g  sys tem of t h e  PISRE.' The 

more e f f i c i e n t  s p a r g i n g  proposed  f o r  t h e  MSBK shou ld  a l s o  be  a p p l  i c a b l e  

t o  t h e  DMSR. 

The n o b l e  g a s e s  are  o n l y  s l i g h t l y  s o l u b l e  i n  mol ten  f l u o r i d e s  

Most of  t h e  I3*Xe ( t h e  w o r s t  of t h e  f i s s i o n - p r o d u c t  p o i s o n s )  



i s  formed i n d i r c c L l y  by decay of  6 .7-hr  1351, and t h e  use  of  r a p i d  si-de- 

si-rcam s t r i p p i n g  of  1351 by t h e  r e a c t i o n  

w a s  c o n s i d e r e d  a remote p o s s i b i l i t y  f o r  t h e  MSKK.' 

a 1110st UL-11ikcl.y need f o r  t h e  DMSR; i f  i t  w e r e  n e c e s s a r y ,  i t  would p r e c l u d e  

o p e r a t i o i l  at- h i g h  L J F ~ / U F ~  r a t i o s .  

Such s t r i p p i n g  seems 

The r a re  e a r t h s  and o t h e r  s t - a b l e  s o l u b l e  f l u o r i d e s  ( e . g . ,  Z1-, C e ,  

S r ,  C s ,  Y ,  B a ,  and Rb) a-rc:' al-l  expec ted  t o  be  found p r i n c i p a l . l y  i n  the 

f u e l  salt ; ' :  and can  be removed by t h e  f u e l  p r o c e s s i n g  o p e r a t i o n ?  The 

chemical b e h a v i o r  of t h e s e  f i s s i o n  p r o d u c t s  i s  f a i r l y  w e l l  unde r s tood  

a n d ,  I.ike t h e  noble-gas  b e h a v i o r ,  can be  p red i - c t ed  c o n f i d e n t l y  f o r  

o p e r a t i n g  DMSRs 2 7  

The chemical- b e h a v i o r  of t h e  s o - c a l l e d  noble-metal  f i . ss ion p r o d u c t s  

(Nb, Mo, Tc, Ru, Ag, S b ,  and 're)* i s  c o n s i d e r a b l y  less  p r e d i c t a b l e  - as 

h a s  been borne  o u t  i n  MSRE - and w a r r a n t s  f u r t h e r  s t u d y .  

According t o  a v a i l a b l e  therinodynariiic d a t a  t h e y  a re  expec ted  t o  a p p e a r  

i.ii a reduced  form a t  UF~/UFL, r a t i o s  g r e a t e r  t h a n  lo-'. 

reduced  and presumed m e t a l l i c  scare,  t h e s e  f i s s i o n  p r o d u c t s  can  d i s p e r s e  

v i a  many mechanisms. 

However, i n  t h e  

Analyses  of MSRE sa1.t  samples f o r  f i v e  noble-meta l  n u c l i d e s  ( 99Mo, 

Te) showed t h a t  t h e  f u e l  s a l t  c o n t a i n e d  up t o  ' 0 3 K u ,  ' 0 6 K u ,  and 1 2 9 - 1 3 2  

a f e w  t e n s  of  p e r c e n t  of t h e  nominal  c a l c u l a t e d  i n v e n t o r y .  Al .1  t h e s e  

s p e c i e s  have v o l a t i l e  h igh-va lence  f l u o r i - d e s  t h a t  cou ld  form under  s u f -  

f i c i e n t l y  o x i d i z i n g  c o n d i c i o n s .  On t h e  b a s i s  of thermodynamic cons id -  

e r a t i o n s  and a c o r r e l a t i o n  of  t h e i r  b e h a v i o r  w i t h  t h a t  o f  " ' h g ,  f o r  

which no stab1.e f l u o r i d e  e x i s t s  under  fue l . - s a l t  c o n d i t i o n s ,  i t  h a s  been 

t e n t a t i v e l y  concluded  t h a t  t hey  a re  m e t a l l i c .  s p e c i e s  t -ha t  occu r  as f i n e l y  

divi.dcd p a r t i c l e s  suspended i n  t h e  sal t 

-1. 

Some of t h e s e  have noble-gas  p rec i r r so r s ;  a f r a c t i o n  of  t h e s e  w i l l  
escaptb from t h e  f u e l  and  appea r  i n  t h e  o f f - g a s  sys t em.  

' S e e  Chap te r  6. 
+ 

And s e v e r a l  o t h e r  s p e c i e s  of lower  y i e l d .  
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‘l’he noble-meta l  F i s s i o n  p r o d u c t s  were a l s o  found dep0s i t t .d  on g r a p h i t e  

and t l s s t e l l o y  N spec imens  (on s u r v e i l l a n c e  specimens as w e l l  as on pos t -  

o p e r a t i o n  spec imens) .  However, their d i s t r i b u t i o n  on b o t h  se t s  of s p e c i -  

mens v a r i e d  wide ly  and a1Lowed o n l y  v e r y  tenuous  c o n c l u s i o n s  t o  be dr:iwn. 

It w a s  e v i d e n t  f rom t h e s e  s t u d i e s  t h a t  n e t  d e p o s i t i o n  w a s  g e n e r a l l y  more 

i n t e n s e  on m e t a l  t han  on g r a p h i t e ,  and d e p o s i t i o n  on t h e  metal was more 

i n t r n s e  under  t u r b u l e n t  f l o w .  

Gas s a m p l e s  t a k e n  from the pump bowl d u r i n g  2 3 5 [ J  o p e r a t i o n  of t h e  

MSKE i n d i c a t e d  that  s u b s t a n t  ia l  c o n c e n t r a t i o n s  of n o b l e  metals were p r c s -  

e n t  i n  t h e  gas  phase ,  b u t  improved sampl ing  tec1iniquc;s (used d u r i n g  

o p e r a t i o n  of t h e  r e a c t o r  with 1 3  3UF~,) showed t h a t  p r e v i o u s  s a m p l e s  had 

been  contaminated  by  s a l t  m i s t  and t h a t  o n l y  a small  f r a c t i o n  of  t h e  

noble-meta l  f i s s i o n  p r o d u c t s  e scape  t o  t h e  cover  gas .  

O f  t h e  noblci m e t a l s ,  n iobium i s  t h e  most s u s c e p t i b l e  t o  o x i d a t i o n ;  

i t  w a s  found a p p r e c i a b l y  i n  s a l t  samples  a t  t h e  s ta r t  of t h e  z 3 3 U  MSRE 

o p e r a t i o n  because of t h e  low i n i t i a l  U ’+ /U4+  r a t i o .  

t o  d i s a p p e a r  by lower ing  t h e  r cdox  poten t  i a l  of  t h e  fuc.1,’ b u t  ii- siih- 

s i squent ly  r eappea red  i n  t h e  s a l t  s e v e r a l  t i m e s  f o r  reasons t h a t  were no t  

a lways  e x p l a i i ~ a b l e .  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  the No-Ru-‘I’e 

d a t a  mentionecl p r e v i o u s l y ,  n o r  w a s  t h e r e  any o b s e r v a b l e  c o r r e l a t i o n  of 

n iobium behav io r  w i t h  amounts found i n  gas  samples .  

I t  cou ld  be made 

1 , 2 7  

The a c t u a l  s tate of t h e s e  noble-metal  f i s s i o n  p r o d u c t s  i s  impor t an t  

t o  t h e  e f f e c t i v e n r s s  of  MSBR o p e r a t i o n s .  I f  t h e  p r o d u c t s  e x i s t  as metals 

and i f  t h e y  p l a t e  o u t  on t h e  lL3.steLloy-N p o r t i o n s  of t h e  r e a c t o r ,  t hey  

w i l l  be  of l i t t l e  consequencc as po i sons ;  however,  t hey  can be  of i m -  

pur ta r ice  i n  d e t e r m i n i n g  t h e  l e v e l  o f  f i s s i o n - p r o d u c t  a f t e r h e a t  a f t e r  

r e a c t o r  shutdown and m i l l  c o m p l i c a t e  main tenance  o p e r a t i o n s  and p o s t -  

o p e r a t  i on  decon tamina t ion .  They w i l l  c o n t r i b u t e  t o  n e u t r o n  p o i s o n i n g  

i f  t h e y  form c a r b i d e s  o r  a d h e r e  i n  some o t h e r  way t o  t h e  g r a p h i t e  modera- 

tor;;‘< however, examina t ion  of t h e  PlSRE g r a p h i t e  modera tor  i n d i c a t e d  t h a t  
t h e  e x t e n t  oE such  adhe rence  w a s  l i m i t e d .  1 , 2 , 2 7  

...-.____I_.__ I___ 

J- 

Niobium i s  t h e  o n l y  e lement  O T  t h i s  series w i t h  a c a r b i d e  t h a t  i s  
thermodynamica l ly  s t a b l e  i n  t h i s  t empera tu re  r ange .  I t  showed t h e  l a r g e s t  
t endency  t o  a s s o c i a t e  w i t h  t h e  modera tor  g r a p h i t e .  



4 2  

O p e r a t i o n  w i t h  a U F ~ / U F I ,  r a t i o  n e a r  0.1 w i l l  a p p a r e n t l y  change t h e  

b e h a v i o r  o f  Lliuse n o b l e  metals capablc. of r e d u c t i o n  t o  an  a n i o n i c  s t a t e .  

T h i s  seems c e r t a i n  t o  i n c l u d e  tellurium6 ’ 
t o  i n c l u d e  se l en ium.  

i n  such  mel t s ,  and o t h e r  of t h e  noble-meta l  f i s s i o n  p r o d u s t s  may be d i s -  

s o l v e d .  I f  s o ,  t h e y ,  a l o n g  w i t h  the I e l  l u r i u m  and se l en ium,  would - as 

bras n o t  expec ted  f o r  t h e  MSBR - be  t r a n s p o r t e d  t o  t h e  f u e l  p r o c e s s i n g  

c i r c u i t ,  where t h p i r  removal shou ld  be  p o s s i b l e .  Should a d e c i s i o n  be  

made i o  ope r , i t e  w i t h  s t r o n g l y  reduced  f u e l ,  Sonic s t u d y  of  such  p o s s i -  

b i l i t i e s  will be  n e c e s s a r y .  

and may b e  s a f e l y  presumed 

Ant imoriy may e x i s t  (and may be  d i s s o l v e d )  as Sb3- 

C l e a r l y ,  most of t h e  f u t u r e  f i s s i o n - p r o d u c t  chemica l  r e s e a r c h  shou ld  

b e  d i r e  c t e d toward i.nc r ea s i n g  ou K under  s t and i n g  of no b 1. e -me t a 1-f i s s ion-  

p roduc t  behnv io r  t o  a l e v e l  comparable  t o  t h a t  o f  t h e  o t h e r  f i s s i o n  prod- 

u c t s .  F a c t o r s  of  impor tance  t o  f u t u r e  r e a c t o r s  i n c l u d e  t h e  r edox  poten-  

t i a l  of t h e  system,$< t h e  p o s s i b l e  aggl.omeration of  metals o n t o  g a s  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  ( m e t a l l i c ,  g r a p h i t e ,  o x i d e ,  

c 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  n o b l e  metals OIII:Q co l . l o ida1  p a r t i c l e s ,  

and t h e  d e p o s i t i o n  and r e s u s p e n s i o n  of p a r t i c l e s  b e a r i n g  noble metals.  

T r i t i u m  b e h a v i o r .  A 1000-NW(e) MSRK h a s  been e s t i m a t e d 3 2  t o  produce 

a b o u t  2 4 2 0  Ci. (‘L0.25 g )  of 3 H  p e r  day;  t h e  DMSR must a c c o r d i n g l y  be  ex- 

pec ted  t o  g e n e r a t e  3H a t  t h i s  rate. 

are  permeable  t o  t h e  i s o t o p e s  of  hydrogen ,  t h e  pathways f o r  t r i t i u m  f low 

from t h e  r e a c t o r  t o  t h e  environment  are numerous. Although many of  t h e  

pathways do n o t  p r e s e n t  s e r i o u s  d i f f i c u l t y , +  t h e  f low t o  t h e  steam genera-  

t o r ,  i f  n o t  i n h i b i t e d ,  coul-d r e s u l t  i n  t r i t i u m  con tamina t ion  of  t h e  steam 

sys t em and r e l e a s e  of t r i t i u m  t o  t h e  envi ronment  v i a  blowdown and l e a k a g e  

t o  t h e  condenser  cool -an t .  

Si.nce metals a t  h i g h  t e m p e r a t u r e s  

A s  no ted  above (and d e s c r i b e d  i n  morc d e t a i l  i n  a subsequen t  s ec -  

t i o n ) ,  t h e  NaF-NaBF4 c o o l a n t  a p p a r s  t u  be  t h e  major  d e f e n s e  a g a i n s t  311 

e s c a p e  t o  t h e  s t e a m  sys t em;”  however, t h e  b e h a v i o r  of 3 H  i n  t h e  fuel. 

S e e  L u r t h e r  d i s c u s s i o n  under  Fue l -Graph i t e  I n t e r a c t i o n s  

S i n c e  t h e  t r i t i u m  can  r e a d i l y  be t r a p p e d  and r e t a i n e d  f o r  d i s p o s a l  
t 

as waste. 
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i s  g e n e r a t e d  sys tem i s  o b v i o u s l y  i m p o r t a n t .  Most of t h e  t r i t i u m  

b y  n e u t r o n  r e a c t i o n s  on ‘Li and ‘ L i  i n  t h e  f u e l .  

p l e ,  g e n e r a t e d  i n  a n  o x i d i z e d  s t a t e  (as “IF). 

t i o n  w i t h  a fuel. c o n t a i n i n g  a IJF?/UFL, r a t i o  o f  0.01 by t h e  r e a c t i o n  

Such 3H i s ,  i n  p r i n c i -  

However, upon e q u i l i b r a -  

t h e  EiF bhould be a lmos t  comple t e ly  reduced  t o  112; r e d u c t i o n  would of 

c o u r s e  b e  even more comple te  a t  UF3/11Fi+ = 0 .1 .  The d a t a  f o r  t h i s  equ i -  

1 ib r iun i  r e a c t i o n  are well known. * 3 ’ 
Attempts  have  been  madez8 t o  de tg rmine  t h e  s o l u b i l i t y  o f  112 and D ?  

(and ,  by ana logy ,  ’112) i n  mol t cn  T ~ i 2 B e F 4 .  

501 ub i 1 i t i e s  were nicasured hut t h e  s o l u b i l i  t y  is no t  p r e c i s e l y  know~i. 

F u r t h e r  s t u d y  of t h e  s o l u b i l i t y  r i > l a t i o n s h i p s  i s  needed,  and measurements 

of  d i f f u s i v i t y  in t h e  f u e l  wou1.d a l s o  be  v a l u a b l e .  It  seems Like ly  t h a t  

an e f f i r i e n t  s p a r g i n g  sys tem ( a s  f o r  135Xe removal)  w i l l  s t r i p  a cons id -  

e r a b l e  f r a c t i o n  of  t h e  3 H ~  t o  t h e  r e a c t o r  o f f -gas  sys tem,  where i t  could 

be r o l l  c c t ed  for d i s p o s a l .  

P l a u s i b l e  (and very s m a l l )  

B a s i c  s t u d i e s  of mol ten  f l u o r i d e s .  A comprehensive knowledge of 
I -___ I__ 

F 
t h e  fo rma t ion  f r e e  e n e r g i e s  (A(; ) of s o l u t e s  i n  mol t en  Li2BeF4 h a s  been 

ga ined  o v e r  t h e  y e a r s  from measurements of he t e rogeneous  e q u i l i b r i a  

i n v o l v i n g  v a r i o u s  gases ( e . g . ,  H F  o r  H20) and s o l i d s  ( c . g . ,  metals o r  

oxides). The l i s t  o f  d i s s o l v e d  components f o r  which f o r m a t i o n  f r e e  

e n e r g i e s  have  been e s t i m a t e d  i n c l u d e s  L i F ,  H ~ r ‘ 2 ,  TliF4, several rare- 

e a r t h  t r i f l u o r i d e s ,  ZrF+,  UF3, UF4, PaF4, X’elFg, PuF3, C r F 7 ,  Fc,F2, N U L ,  

NbFt,, NbF5 ,  MoF3, HF, BcO,  UPS, B e ( O I i ) s ,  and BeIz. Some n f  t h e s e  AC, 

valuibs,  however, are p r e s e n t l y  i n s u f i i c i e n t l y  a c c u r a t e  f o r  t h e  needs  of 

t h e  MSBR and DMSII. programs ( e . g . ,  t h o s e  f o r  P n F 4 ,  PaF5,  T h F q ,  PIoFj, NIIFI,, 

and N b F 5 )  and a d d i t i o n a l  e q u i l i b r i u m  measurements i n v o l v i n g  t h e s e  s o l u t e s  

are needed.  

f i s s i o n - p r o d u c t  compounds such  as t h e  lower  f l u o r i d e s  of  teciinetiuii i  and 

ru then ium and v a r i o u s  d i s s o l v e d  compounds of t e l l u r i u m .  h more u r g e n t  

need i s  an i n c r e a s e d  knowledge of how a c t i v i t y  c o e f f i c i e n t s  (which have 

been  d e f i n e d  as u n i t y  i n  L i 2 B e F s )  v a r y  as t h e  m e l t  compos i t ion  changes .  

Such  knowledge i s  r e q u i r e d  t o  p r e d i c t  how t h e  numerous chemica l  e q u i l i b r i u m  

f 

Moreover,  t h e r e  i s  a need f o r  the hGf v a l u e s  of c e r t a i n  other 
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i 
c o n s t ~ n t s  t h a t  may be d e r i v e d  from AG v a l u e s  i n  LizBeF4 w i l l  change as 

t h e  m e l t  compos i t ion  i s  rhanged t o  t h a t  o f  a INSK f u e l .  

Coolant  -_ . . . . . . . . . chemis t ry  

It  h a s  neve r  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  (pr imary)  h e a t  exchanger ;  accordiiig1.y , a secondary  cool.ant illust be 

p rov ided  t o  ].ink 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 

imposed 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 t h o s e  imposed 

upon the f u e l  sys tem.  R a d i a t i o n  i n t e n s i t i e s  w i l l  be  markedly less  i n  t h e  

c o o l a n t  sys tem,  and tile consequences of uraiiiuin f i s s i o n  w i l l  be a b s e n t  

However, t h e  c o o l a n t  s a l t  must be compatib1.e w i t h  t h e  cons t ruc t - ion  m e t a l s  

t h a t  are a l s o  compa t ib l e  w i t h  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  w i t h  f u e l  or steam shou ld  leaks deve lop  i n  e i t h e r  c i r -  

c u i t .  The cool-ant shou ld  be i n e x p e n s i v e ,  i t  must p o s s e s s  good h e a t  t r ans - - -  

f e r  p r o p e r t i e s ,  and i t  must me l t  a t  t empera tu res  s u i t a b l e  f o r  s t e a m  c y c l e  

s t a r t - u p .  An ideal .  c o o l a n t  wou1.d c o n s i s t  of compounds t h a t  are t o l e r a b l e  

i n  t h e  fuel .  o r  are easy to s e p a r a t e  from t h e  v a l u a b l e  f u e l  m i x t u r e  shou ld  

t h e  f l u i d s  mix as a consequence of a l e a k .  

.~ Choice ..... ~ of coolant.  .. . , .. . .- composi t ion .  - Many t y p e s  of c o o l a n t  materials 

were c a r e f i d l y  c o n s i d e r e d  b e f o r e  t h e  c h o i c e  w a s  made. The roolar i t  which 

se rved  admirably  i n  t h e  > E R E ,  7Li.2BeF4, w a s  r e j e c t e d  f o r  t h e  MSBR he- 

cause  of economics and because  i t s  l i q u i d u s  t empera tu re  i s  h i g h e r  t h a n  

d e s i r a b l e .  No s u b s t i t u t e  w i t h  i d e a l  c h a r a c t e r i s t i c s  was found.  A f t e r  

cons i d e r a t i o n  of mol ten  metal s and 11101.teu c h l o r i d e  and mol ten  f 1-uoride 

m i x t u r e s ,  t h e  b e s t  m a t e r i a l  overal~7. appeared  t o  be  a mix tu re  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  and inexpens ive  and appea r  t o  be s u f f i c i e n t l y  s t a b l e  i n  t h e  r a d i a -  

t i o n  f i e l d  w i t h i n  t h e  pr imary  h e a t  exchanger .  'The m i x t u r e  of NaF-NaBFI, 

w i t h  8 mole % NaF m e l t s  a t  t h e  a c c e p t a b l y  low t e m p e r s t u r e  of  385°C (725"F) ,  

and itrs p h y s i c a l  p r o p e r t i e s  seem adequa te  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 not  i d e a l l y  compa t ib l e  w i t h  e i t h e r  steam 

o r  tile MSBK fue l - ,  but: 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  nor  even p a r 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 . uo robora 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  

o f  gaseous  EF3 a t  e l e v a t e d  t e m p e r a t u r e s  p r e s e n t s  minor d i f f i c u l t i e s .  The 
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BF3 p r e s s u r e s  a r e  modera te ;  t h e y  may be c a l c u l a t e d  from 

when p r e s s u r e  is  i n  p a s c a l s  and t e m p e r a t u r e  i s  i n  k e l v i n  [ y i e l d i n g  23 

kPa (175  t o r r )  a t  600°C], 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 .  

However, i t  i s  n e c e s s a r y  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  avo id  composi t ion  clianges i n  

t h e  m e l t .  

T h e  a p p r o p r i a t e n e s s  of t h a t  c h o i c e  f o r  t h e  MSBR (and f o r  t h e  DNSR) 

has been conf i rmed by several f i n d i n g s  i n  r e c e n t  y e a r s .  F i r s t ,  a c a r e -  

f u l  and d e t a i l e d  r e c o n s i d e r a t i o n  o f  secondary  (and even secondary  p l u s  

t e r t i a r y )  c o o l a n t s 3 4  ranked t h e  NaF-NaBFt, c o o l a n t  v e r y  h i g h  on t h e  l i s t  

o f  a l t e r n a t i v e s ,  A f t e r  t h e s e  d e l i b e r a t i o n s ,  3 '  e x p e r i m e n t a l  i n f o r m a t i o n '  

became a v a i l a b l e  t o  show t h a t  (-lie NaF-NaKF4 m i x t u r e  was genuir ie ly  c3f fec-  

t ive i n  t r a p p i n g  3H. 3 4  The r e c o n s i d e r a t i o n ,  a c c o r d i n g l y ,  concluded  : 

Ifii i l e  t h e  i n f o r m a t i o n  t h a t  i s  c u r r e n t l y  a v a i l a b l e  is i n -  
a d e q u a t e  f o r  a c c u r a t e  e x t r a p o l a t i o n  t o  t h e  ra te  of t r i t i u m  rc- 
lease t o  thc. steam sys tem of a n  MSBR, i t  a p p e a r s  t h a t  th t>  
sodium f l u o r o b o r a t e  s a l t  m i x t u r e  would have a s u b s t a n t i a l  i n -  
h i b i t i n g  e f f e c t  on such  release and t h a t  env i ronmen ta l ly  ac- 
c e p t a b l e  ra tes  (110 C i / d )  cou ld  b e  ach ieved  w i t h  r e a s o n a b l e  
ef For t .  

A d d i t i o n a l  s t u d y  needed.;; h 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 
___I__ 

f l u o r o b o r a t e  c h e m i s t r y  has been  conducted  d u r i n g  t h e  past f e w  y e a r s .  

N e v e r t h e l e s s ,  O U T  u n d e r s t a n d i n g  of t h e  chemis t ry  of  t h e  NaF-NaBF4 sys tem 

i s  less comple te ,  and o u r  knowledge of i t s  behav io r  rests on ;I less se- 

c u r e  f o u n d a t i o n  t h a n  t h a t  of the MSRIt fuel. sys tem.  Tlius t h e r e  are sev-  

e r a l  areas where f u r t h e r  o r  a d d i t i o n a l  work i s  needed ,  a l t h o u g h  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  t h e  f e a s i b i l i t y  of Nap-NnBF4 

i n  t h e  MSBR ( o r  DMSK) c o n c e p t .  

k 
I t  shou ld  b e  obv ious  t h a t  t h e  a d d i t i o n a l  s t u d y  of NaF-NaBF4 coul -  

a n t s  needed f o r  a n  MSBR i s  e s s e n t i a l l y  i d e n t i c a l  t o  tha t  needed f o r  a 
IJMSII. Accord ing ly ,  thc, p r e v i o u s  documenta t ion ,  i 2  c x c e p t  as mod i f i ed  by 
more r e c e n t  f i n d i n g s  d i s c u s s e d  l a te r ,  a d e q u a t e l y  d e s c r i b e s  t h e  needed KhD 

program. 
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Phase  S e h a v i o r  of tlir s i m p l e  NaF-NaHE’,, sys t em and t h e  e q u i l i b r i u m  

p r e s s u r e  of BF3 over t h e  p e r t i n e n t  t e m p e r a t u r e  i n t e r v a l  are  well under-  

s t o o d .  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 )  i s  t h e  

f i n a l  c o o l a n t  c h o i c e ,  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 .  

A d d i t i o n a l  i n f o r m a t i o n  i s  needed ,  however, on t h e  b e h a v i o r  of o x i d e  

and hydrox ide  i o n s  i n  t h e  f l u o r o b o r a t e  m e l t s .  For  example,  t h e  s o l u b i l i t y  

of Na2B2F60 i n  t h e  m i x t u r e  i s  n o t  well known; d a t a  on 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 Na2B2F60 are s t i l l  needed ;  

and ra tes  of r e a c t i o n  of  d i l u t e  N a B F 3 0 H  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 v e s t i g a t i o n  of NaBF4 m e l t s  by x-ray powder d i f f r a c t i o n ,  i n f r a -  

r e d  s p e c t r o s c o p y ,  and Kamar i  s p e c t r o s c o p y  have i d e n t i f i - e d  t h e  s t a b l e  r i n g  

compound Na3B3F603 as t h e  p r o b a b l e  oxygen-conta in ing  s p e c i e s  i n  c o o l a n t  

m e l t s .  Measurements of  c o n d e n s a t e s  t r a p p e d  from t h e  c o o l ~ a n t  s a l t  tech-  

nology f a c i l i t y  ( C W F )  , a development 1-oop, show a t r i t i u m  c o n c e n t r a t i o n  

of  l o 5  r e l a t i v e  t o  &he s a l t ,  s u g g e s t i n g  t h a t  a v o l a t i l e  s p e c i e s  may be  

s e l e c t i v e l y  t r a n s p o r t i n g  t r i t i u m  from t h e  l o o p  th rough  t h e  vapor .  1 0  Re.-  

cent.  r e s u l t s  i n d i c a t e  t h a t  R F 3 * 2 H 2 0  may e x i s t  as a molecu la r  compound i n  

t h e  vapor  and c o u l d  be r e s p o n s i b l e  for t h e  t r i t i u m  t r a p p i n g .  3 4  

t h e  mechanism 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  sys t em can be  

t r apped  needs  a d d i t i o n a l  s t u d y .  

However 

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 r o p e r t y  v a l u e s  have 

been e s t i m a t e d .  These estimates are  a lmos t  c e r t a i n l y  adequa te  f o r  t i le  

p r e s e n t ,  b u t  t h e  program needs t o  p r o v i d e  f o r  measurement of t h e s e  quan- 

t i t i e s .  

C o m p a t i b i l i t y  of t h e  NaF-NaBFq w i t h  I-Iast:el l o y  N under  normal o p e r a -  

t i n g  c o n d i t i o n s  seems a s s u r e d .  A d d i t i o n a l  s t u d y ,  i n  r en l . i . s t i c  f l owing  

sys t ems ,  of  tl-ie c o r r o s i v e  e f  feet-s of steam i n l e a k a g e  i s  n e c e s s a r y .  T h i s  

s t u d y ,  c l o s e l y  a l l t e d  w i t h  t h e  s t u d y  of e q u i l i b r i a  and the k i n e t i c s  of 

r e a c t i o n s  i n v o l v i n g  t h e  hydrox ides  and o x i d e s  d e s c r i b e d  above ,  would re- 

q u i r e  t h e  long-term o p e r a t i o n  of a demons t r a t ion  loop  t h a t  cou ld  s i m u l a t e  

steam i n l e a k a g e  and c o o l a n t  r e p u r i r i c a t i o n .  

P u r i f i c a t i o a  p rocedures  f o r  t h e  c o o l a n t  m i x t u r e  are a d e q u a t e  for 

t h e  p r e s e n t  and can  be used t o  p r o v i d e  material f o r  t h e  many n e c e s s a r y  

tes1.s. However, t h e y  are  n o t  a d e q u a t e  f o r  u l t i m a t e  o n - l i n e  p r o c e s s i n g  

of t h e  c o o l a n t  i i i ixture d u r i n g  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  

1 
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on a r e a s o n a b l e  c y c l e  time would a lmost  c e r t a i n l y  s u f f i c e  b u t  i t  has n o t  

been demonst ra ted .  A p r o c e s s  u s i n g  a less  a g g r e s s i v e  r e a g e n t  i s  c l e a r l y  

d e s i r a b l e .  1 

A f l u o r o b o r a t e  m i x t u r e  h a s  s’nown comple t e ly  a d e q u a t e  r a d i a t i o n  sta- 
1 

b i l i t y  i n  a s i n g l e  ( b u t  rsal i s t i c a l l y  s e v e r e )  t e s t  run .  A d d i 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  sys tem would s p e m  d e -  

s i r a b l e  and shou ld  u l t i m a t e l y  be done b u t  does  no t  r a t e  a h i g h  p r i o r i t y  

a t  

Fue 1-c o o 1 a n  t i n  t e r ac t i o n s  -- - -___ - 

A r u p t u r e  o f  a t ube  ( o r  t u b e s )  i n  t h e  p r imary  h e a t  exchanger  would 

unavoidably  l e a d  t o  mixing o f  s o m e  c o o l a n t  sa l t  w i t h  t h e  f u e l .  Thc: pos-  

s i b i l i t y  of: a nuclchar i n c i d e n t  would seem h i g h l y  u n l i k e l y  b e c a u s t  of t h e  

consequent  a d d i t i o n  of t h e  e f  f i c  i e n t  nucl c’ar po i son  boron t o  tile f u e  1. 

However, s i n c e  BF3 is v o l a t i l e ,  mixing might  r e s u l t  i n  a p r e s s u r e  s u r g e ,  

and t h e  NaF-NaBFt, m i x t u r e  contai ins  some oxygenated s p e c i e s .  T h e  1972  

r ev iew,  a c c o r d i n g l y ,  concluded:  1 

Mixing of c o o l a n 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 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  o f  t h e s e  
f l u i d s  i s  r e a s o n a b l y  w e l l  unde r s tood ,  and ,  even where l a r g e  
l e a k a g e s  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  
“ e q u i l i b r i u m ”  seems t o  pose  no real dange r .  However, t h e  rea l  
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 tems are  l a c k i n g  and n e c e s s a r y .  

T h e  1974 progra i i  p l a n ’  i n c l u d e d  .a v e r y  c o n s i d e r a b l e  program f o r  such  

s t u d y .  

More r e c e n t  expe r imen t s  have thrown a d d i t i o n a l  l i g h t  upon such  

mixing .  Although a d d i t i o n a l  expe r imen t s  are needed ,  i t  now a p p e a r s  

l i k e l y  t h a t  such  mixing would n o t  pose  d r a s t i c  problems.  Thcse  e x p e r i -  

ments  r e v e a l e d  t h a t  KF3 gas  W ~ I S  s l o w l y  evi>Ived when t h e  salts  wrC mixed; 

some 30 min w e r e  r e q u i r e d  t o  comple te  t h e  RF3 e v o l u t i o n .  Fur thermore ,  

t h e  ThF4 and UFI, showed no tendency  t o  r e d i s t r i b u t e ,  t o  form more con- 

c e n t r a t e d  s o l u t i o n s ,  o r  t o  p r e c i p i t a t e .  Moreover,  no IJUp p r e c i p i t a t e d  

even  when t h e  molten fue l - coo l  a n t  combina t ion  w a s  a g i t a t e d  f o r  s e v e r a l  

h o u r s  w h i l e  exposed t o  a i r .  
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A d d i t i o n a l  c o n f i r m a t o r y  expe r imen t s  w i l l  be  r e q u i r e d  and t h e  d i f -  

f e r e n t  s p e c i e s  i n  DMSR f u e l  must be  t e s t e d .  Such expe r imen t s  may re- 

c e i v e  less a t t e n t i o n  and lower p r i o r i t y  t h a n  p r e v i o u s l y  b e l i e v e d .  ' y 2  

F u e l - g r a p h i t e  i n t e r a c t i o n s  

G r a p h i t e  does  n o t  r e a c t  w i t h ,  and i s  n o t  w e t t e d  by ,  mol ten  f l u o r i d e  

m i x t u r e s  of tile t:ype t o  be  used i n  t h e  MSBK. A v a i l a b l e  thermodynamic 

d a t a 3 5  s u g g e s t  t h a t  t h e  most l i k e l y  r e a c t i o n ,  

shou ld  come t o  e q u i l i b r i u m  a t  CFI, p r e s s u r e s  bel.ow lo-' a t m .  

one s o u r c e  1.ist.s chromium carb i -de  (Cr3C2) as stab1.e at MSBR tempera-  

tiures. I f  C r 3 C 2  i s  s t a b l e ,  i t  shou ld  be  p o s s i b l e  t o  t r a n s f e r  chromium 

f r o i n  t h e  b u l k  a l l o y  t o  the g r a p h i t e .  No ev idence  of  such  behciuior has 

been observed  w i t h  Ikastell-oy N i n  t h e  MSRE o r  o t h e r  e x p e r i m e n t a l  assem- 

b l i e s .  Al though such  m i g r a t i o n  may be  possib1.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  shou ld  n o t  p rove  g r e a t l y  d e l e t e r i o u s ,  s i n c e  i t s  

rat.e wouLd. b e  control.I .ed by t h e  rate a t  which chromium cou ld  d i f f u s e  

t o  t h e  a]- loy s u r f a c e  arid shou ld  be  1-imited 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 .  T h i s  c o n s i d e r a t i o n ,  t a k e n  w i t h  t h e  w e a l t h  of f a v o r a b l e  

e x p e r i e n c e ,  s u g g e s t s  t h a t  no problems are 1- ike ly  from t h i s  s o u r c e  i n  

t h e  r e f e r e n c e  MSBK o r  i n  a OMSK. 

A t  l e a s t  

3 6  

However, some a d d i t i o n a l  examina t ion  of t h i s  u n l i k e l y  problem area 

must be done f o r  t h e  DNSR,  p a r t i c u l a r l y  i f  o p e r a t i o n  a t  UV~/UFI, r a t i o s  

n e a r  0. 1 i s  t o  be  a t t e m p t e d .  The upper  l~imit on t h a t  r a t i o  w i l l  m o s t .  

l i k e l y  be  s e t  by t h e  e q u i l i b r i u m  

3 7  at Lhe lower  end of t h e  o p e r a t i n g  t e m p e r a t u r e  r ange .  

Toth aild G i l p a t  r i c k ,  3 8  who used a s p e c t r o m e t r i c  t e c h n i q u e  i n  diicah 

mol ten  s a l t s  w e r e  contained i n  c e l l s  of g r a p h i t e  w i t h  diamond windows, 

made a c a r e f u l  s t u d y  of e q u i l i b r i d  among UF3 and UFI, i n  mol ten  s o l u t i o n  

w i t 1 1  s o l i d  g r a p h i t e  and uranium c a r b i d e s .  I ' h r i r  da t a  show t h a t  t h e  ratio 



of UF3 t o  UF4 i n  LiF--BeF2-ThPi+ (72-16-12 mole Z) i n  e q u i l i b r i u m  w i t h  

g r a p h i t e  and U C 2  a t  565°C l i e s  i n  t h e  r ange  0 .11 t o  0 .16 ."  A l l  e q u i l i b r i a  

s t u d i e d  were found t o  be v e r y  s e n s i t i v e  t o  t empera tu re t  and t o  t lw free 

f l u o r i d e  c o n c e n t r a t i o n  of t h e  s o l v e n t .  I t  would s e e m  l i l t e l y  t h a t  lJF3/UF4 

r a t i o s  as h i g h  as 0 . 1  can  b e  t o l e r a t e d  f o r  a UMSR (tliough s l i g h t  a d j u s t -  

mtmts i n  € L i e 1  composi t ion  o r  f u e l - i n l e t  t e m p e r a t u r e  might  be r e q u i r c d ) ,  

b u t  c o n f i r m a t o r y  expe r imen t s  are needed.  S i n c e  similar sys tems appear  

t o  be s e n s i t i v e  t o  o x i d e  i o n  c o n c e n t r a t i o n ,  some e x p e r i m e n t a l  s t u d y  of 

t h i s  paramet e r  w i l l  a l s o  be  r e q u i r e d .  

Even a t  r e l a t i v e l y  h i g h  t e m p e r a t u r e s ,  g r a p h i t e  'tias been show1 t o  

adso rb  H? and i t s  i s o t o p e s  t o  an a p p r e c i a b l e  e x t e n t .  3 y  

t ion abou t  t h i s  phenomenon shou ld  b e  o b t a i n e d .  

F u r t h e r  informa- 

Prime R&D Needs 

Weaknesses i n  t h e  e x i s t i n g  t e c h n o l o g i c a l  base and r equ i r emen t s  fur 

a d d i t i o n a l  t e c h n i c a l  i n f o r m a t i o n  have been  i d e n t i  f iecl  t h roughou t  t h e  

p r e c e d i n g  discaussion of t h e  t echno logy  s t a t u s .  L'hcse needs  are c o n s o l i -  

d a t e d  and p r e s e n t e d  below, i n  o u t l i n e  form, t o  providib a c o n c i s e  iabuIa- 

t i o n  f o r  d e f i n i n g  and s c h e d u l i n g  p o s s i b l e  KE;D a c t i v i t i e s .  

. F u e l  c h e m i s t r y  

1. Demonstrate  t h e  f e a s i b i l - i t y  of o p e r a t i o n  a t  UF~/UFI ,  r a t i o  of  0 . 0 7  

to 0.1.  

a .  V e r i f y  t h e  i n d i v i d u a l  and c o l l c c t i v e  s o l u b i l i t i e s  of t r i v a l t . n t  

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

1). V e r i f y  t.he i n t e r a c t i o n  of uranium w i t h  g r a p h i t e .  

c .  V e r i f y  t h e  b e h a v i o r  of n o b l e  and seminoble  f i s s i o n  p r o d u c t s  

( i . e . ,  Sc ,  Sb, Tc, and Ru) a l o n g  w i t h  t e l l u r i u m .  

2 .  1)rEine t h e  l i m i t s  on t o l e r a b l e  o x i d e  c o n c e n t r a t i o n  t o  avo id  p r e c i p i -  

t a t i o n  of o x i d e s  f rom DPlSR f u e l  a t  UF~/UFI+ r a t i o  of 0.1 and t o  avo id  

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

J: 
The UC2 so formed may be  s t a b i l i z e d  b y  i m c l u s i o n  of some o x i d e  i o n  

A t  600°C t h e  UF~/UFI+ r a t i o  l i e s  i n  t h e  r ange  0.23 t o  0 .32 .  

i n  t h e  l a t t i c e .  
t 
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3. P rov ide  sound measurements of t h o s e  p h y s i c a l  p r o p e r t i e s  ( s u r f a c e  t en -  

s i o n ,  i - n t e r f a c i a l  t e n s i o n  , t he rma l  conduct : ivi ty  , vapor  p r e s s u r e ,  and 

vapor  composi t ion)  t h a t  are no t  known w i t h  p rec i . s ion .  

4 .  Improve t h e  knowledge ol" f i s s i o n - p r o d u c t  b e h a v i o r ,  p a r t i c u l a r l y  o f  

key nob le  metals ,  i n  reduced IIMSK f u e l .  

5 .  Determine t h e  s o l u b i l i t y  and d i f f u s i o n  k i n e t i c s  of H2 and i t s  iso- 

t o p e s  i n  DMSR f u e l .  

Per form t h e  b a s i c  s t u d i e s  t o  b r i n g  knowledge of s o l u t e  b e h a v i o r  i n  

LiF-ReF2-ThFq (70-16-12 mole %) t o  a t  l ea s t  t h e  l e v e l  of c u r r e n t  

knowledge of behav io r  i n  L i 2 R e F k .  

6 .  

Coolant  chemis t rv  

1. T d e n t i f y  and c h a r a c t e r i z e  oxygenared and protonatGd s p e c i e s  i n  

NaF-NaBP 4 as f u n c t i o n s  of "contaminat ion"  l e v e l .  
3 2, E l u c i d a t e  t h e  mechanism., by which t i l e  c o o l a n t  s a l t  t a k e s  up H and 

de te rmine  i d e n t i t y  of  t h e  p r o d u c t s  and t h e  key r e a c t i o n  ra tes .  

3. Determine ( i n  c o o p e r a t i o n  w i t h  t h e  mater ia l s  development e f f o r t  de- 

s c r i b e d  i n  P a r t  I V  of i-liis document) the e f f e c t  of t h e  "cocil.aninants" 

ment ioned above ,  and the e f f e c t  or steam i n l e a k a g e ,  on c o r r o s i v i t y  

of c o o l a n t  s a l t .  

I t .  Ref ine  t h e  measurpmcnts of  p h y s i c a l  p r o p e r t i e s  of  NaF-NaBF4 as re- 

qui red. 

5.  Confirm t h e  adequacy of r a d i a t i o n  r e s i s t a n c e  of t h e  r e a l i s t i c  mix tu re  

(i. e. , w i t h  tlie d e s i r e d  "contdminant"  l e v e l ) .  

Fue l -cool  a n t  i n  t p'rac-t i o n s  - ___ - - - _ _  __ 

I .  Cont inue ,  and s c a l e  up; mixing  s t u d i e s  t o  demons t r a t e  t h a t  1io hazard-  

ous i n t e r a c t i o n s  e x i s t  and d e f i n e  t h e  l i m i t s  of  b e h a v i o r .  

2 .  Cons ider  ihe problems of f u e l  (and g r a p h i t e )  c l eanup  consequent  t o  

a f u e l - c o o l a n t  l e a k .  

Fuel-szranhi te  i n t e r a c t i o n s  

1. The major necd i d e n t i f i e d  above is t o  demonst ra tv  t o l e r a 3 l e  UF~/UFI, 

r a t i o s  and 0'- c o n c e n t r a t i o n  l i m i t s  t o  avo id  Eormation of uranium 

c a r b i d e s .  
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2.  

3 .  

Def ine  t h e  e x t e n t  t o  which 3H will be adso rbed  by moderator  g r a p h i t e .  

V e r i f y  t h e  i n t e r a c t i o n  of noble-metal  f i s s i o n - p r o d u c t s  w i t h  g r a p h i t e  

a t  u s a b l e  UP~/UFI+ ratios. 

E s t i m a t e s  of S c h e d u l i n g  and Costs 

P r e l i m i n a r y  estimates of t h e  n e c e s s a r y  s c h e d u l e  and of  i t s  o p e r a t i n g  

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

c o o l a n t  c h e m i s t r y  program d e s c r i b e d  above.  A s  e l s e w h e r e  i n  t h i s  document, 

i t  h a s  been assumed t h a t  (1.) t h e  program would b e g i n  a t  t h e  s t a r t  of EY 

1980, ( 2 )  i t  would l e a d  t o  a n  o p e r a t i n g  DMSR i n  199S, and ( 3 )  t h e  R&D 

program w i l l  produce no g r e a t  s u r p r i s e s  and no major  changes i n  program 

d i r e c t i o n  w i l l  b e  r e q u i r e d .  

The s c h e d u l e ,  a l o n g  w i t h  the  d a t e s  m i  which key developments  must 

b e  f i n i s h e d  and major  d e c i s i o n s  made, i s  shown i n  Tab le  3 . 1 .  It seems 

v i r t u a l l y  c e r t a i n  t h a t  t h e  K&D programs ( i n c l u d i n g  t h o s e  d e s c r i b e d  else- 

where i n  t h i s  document) will p r o v i d e  some minor s u r p r i s e s  and that-  some 

changes i n  t h e  c h e m i s t r y  program will b e  r e q u i r e d .  

s i o n s  f o r  t h i s  are i n c l u d e d ;  b u t ,  u n l e s s  major r e v i s i o n s  becone n e c e s s a r y  

i n  t h e  niiddle e i g h t i e s ,  -it appears l i k e l y  t h a t  s u i t a b l e  f u e l  and c o o l a n t  

c o m p o s i t i o n s  cou ld  be c o n f i d e n t l y  recoinmended on t h i s  s c h e d u l e .  

No s p e c i f i c  provi- 

The o p e r a t i n g  f u n d s  (Tab le  3 . 2 )  and the c a p i t a l  equipment r e q u i r e -  

m e r i t s  (Tab le  3 . 3 )  a r e  shown on a year-by-year bas i s  i n  thousands  of  1978 

d o l l a r s ,  No a l l o w a n c e  f o r  c o n t i n g e n c i e s ,  f o r  major program changes ,  and 

f o r  i n f l a t i o n  d u r i n g  t h e  i n t e r v a l  have been p r o v i d e d .  

. . . . . . . . . 
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15. 
16. 
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19.  

Determine s o l u b i l i t y  of [IF? o v e r  r e a s o n a b l e  f u e l  composi t ion  
range.  
Determine s o l u b i l i t y  of  A m F ? ,  NpF3,  and C;nF3. 
Def ine  s o l u b i l i t y  I imir  of t o t a l  metal t r i f l G o r i d e s  o v e r  rea- 
s o n a b l e  range  of  c o m p o s i t i o n s .  
Conclude pnase e q u i l i b r i u m  i n v e s t i g a t i o n s ,  i n c l u d i n g  e f f e c t  
a f  s m a l l  c o n c e n t r a t i o n s  of  C 1 - .  
Make f i n a l  d e c i s i o n  a s  :o f e a s i b i l i t y  of o p e r a t i o n  a t  UF3/Ll i74  

r a t i o  n e a r  u .  i. 
Redetermine s o l u b i i i t y  of P a 2 0 5 .  

E s t a b l i s h  s o l u b i l i t i e s  of  A i n 2 0 3 ,  Np203, and C m 2 0 3 .  
Determine s o l i d  s o l u t i o n  b e h a v i o r  as a i m c t i o n  of o x i d e  con- 
t a m i n a t i o n  l e v e i .  
S e t  l i m i t s  on t o l e r a b l e  o x i d e  i o n  c o n c e n t r a t i o n  i n  f u e l  and 
assess p o s s i b l e  s e p a r a t i o n s  p r o c e d u r e s  based on o x i d e  pre-  
c i p i t a t i o n .  
Determine s u r f a c e  p h y s i c a l  p r o p e r t i e s  of r e a l i s t i c  composi t ion  
range  and assess w e t t a b i l i z y  of m e t a l  and g r a p h i t e .  
Complete p h y s i c a l  p r o p e r t y  d e t e r m i n a t l o n e .  
Determine s o l b b i l i t y  of Hz a n a  HT i n  f u e l .  
Determine d i f f u s i v i t y  of  H 2  and HT i n  f u e l .  
Determine p o s s i b i l i t y  of removal of Z rF4  from reduced f u e l  as 
i n t e r m e t a l l i c  compound. 
E s t a b l i s h  s o l u b i l i t y  of Te, Te2- ,  and o t h e r  Te s p e c i e s  i n  fuel.. 
Determine o x i d a t i o n  s t a t e s  of  n o b l e  and seminoble  f i s s i o n -  
product  metals a6 3 f u n c t i o n  of p e r t i n e n t  LF3/UFr ratios.  
Make f i n a l  conclus ions  as  t o  Se, Te, I-, and B r -  b e h a v i o r  a t  
p e r t i n e n t  L'F3/UP4 r a t i o s .  
E s t a b l i s h  f e a s i b i l i t y  of removal  of n o b l e  m e t a l s  by  washing 
w i t h  B i  (wi th  no r e d u c t a n t ) .  
E s t a b l S s h  e x t e n t  of s a r p t i o n  of 12, SeF6, and TeF6 i n  o x i d i z e d  
f u e l  (uranium v a l e n c e  4 . 5 ) .  
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Elake f i n a l  c v a l u a t i o n  o f  f i s s i o n - p r o d w t  ae l l av io r  f o r  IIMSH. 
DeELne a c ; i v i t y  c o e E t i c i e n t s  Cor Te" ( . lnd  o t h e r  Te specirs) 
i n  reduced Cuel .  
Complete e v a l u a t i o n  o f  porous  e i e c r r o d e  s t u d i e s .  
Complete d e f i n i t i o n  of a c t i v i t y  c o e f f i c i e n t s  f o r  s o l u t e s  i n  
f u e l .  
Com:)lete e v a l u a t i o n  o f  b o r i d e  formacion on t l a s t e l l o y  E: i n  

F i n i s h  i n v e s t l g a : i o n  of o x i d e  s p e c i e s  i n  c o o l a n r s .  
F i n i s h  measurenent  of  f r e e  e n e r e y  and a c t i v i t y  coeEficien:s  
of  c o r r o s i o n  p r o d u c t s  i n  coolan: s3l-i. 
Make f i n a l  d e c i s i o n  as t o  c o o l a n t  ccmposi t ior i .  
F i n i s h  measurements of e f f e c t  of s team i n l e a k a g e  i n t o  c o o l a n t .  
F i n i s h  p h y s i c a l  p r o p e r t y  measuremenrs on c o o l a n t .  
i d e n t i f y  mechanisms Eor t r a p p i n g  of t r i t i u m  t n  f l u o r o b o r a t e .  
Cornpleee e v a l u a t i o n  of r e a c t i o n  < a c e s  n i  t r i t i u m  w i t h  f l u o r o -  
b o r a t e  s p e c i e s .  
Cornplete e v h l u a r i o n  o f  : r i t i u m  removal from c o o l a n t  and re- 
coni l i t ion ing  of c o o l a n t .  
Complere d y n a n i c  s t u d i e s  of fuel-coolan:  mixing .  
Determine p r e c i p i t a t i G n  b e h a v i o r  of  f u e l  w i t h  r e a l i s t i c  o x i d e  
and p r o t o n i c  c o n t a m i n a n t s .  
Complete e v a l u a t i o n  of methods f o r  recovery  from fue l -coolan :  
mixing.  
Def ine  l i m i t s  on UF3/UF4 r a t i o  and o x i d e  conlaminat ior ,  l e v e l  
i n  f l i e l  t o  a v o i d  u r a n i u a  c a r b i d e  format ion .  
Complete r v a l u a t i o r :  of f ' - s s i o n - ? r o C u c t - g r a p ~ i t e  i n c e r a c t i o n  
w i t h  maximally reduced  f u e l .  
Complete i n v e s t i g a c i o n  of t r i t i u m  uprake by modera tor  g r a p h i t e  
and a c t i v a t e d  c a r b o n s .  

in 
s c o l a n r  s a i t .  ?.2 



rable  3 . 2 .  O p e r a t i n g  fund r e q u i r e m e n t s  f o r  chemica l  r e s e a r c h  a n d  development 

Cos t  ( thousands  of  1978 d o l l a r s )  f o r  iiscal year  - 
Task 

1980 1981 1982 1983 1984 1985 
- 

F u e l  c h e m i s t r y  
Phase e q u i l i b r i a  100 100 100 100 100 !00 
Oxide b e h a v i o r  150 150 150  150 175 150 
P h y s i c a l  p r o p e r t i e s  0 0 60 60 60 60  
T r i t i u m  behavior  0 120 120 150 150 100 
Fiss ion-product  chemis t ry  80 120 120 120 120 120 
B i s i c  s t u d i e s  120 120 150 150 150 150 

Coolant  chemis t ry  
Bas ic  s t u d i e s  
P h y s i c a l  p r o p e r t i e s  
T r i t i u m  chemis t ry  

50 100 100 1 2 5  1 2 5  150 

70 125 150 i50 215 230 
0 0 0 50 50 50 

Fuel -coolan t  i n t e r a c t i o n s  75 75 75 75 100 100 

F u e l - g r a p h i t e  i n t e r a c t i o n s  50 80 100 100 100 150 

T o t a l  fundsJ  695 990 1125 1230 1 3 4 5  1360 
_ _ _ _ _ _ _ _ _ _  

1986 1987 1988 1989 1990 1 9 S l  1992 1993 1991 1995 

75 50 25 0 0 0 0 0 0 0 
0 0 0 a 0 0 0 100 

120 120 120 bo 60 10 40  0 0 0 
100 50 50 a 0 0 0 i) 0 0 

0 LO0 250 250 250 150 150 I50 100 50 
100 100 75 0 0 0 0 0 0 

50 50 

6 Ll 
W 

150 150 150 150 100 100 75 50 0 0 
75 7 5  7 5  I >  75 50  50 c 0 

26O 330 330 300 150 100 100 50 0 0 

100 100 50 25 0 0 0 0 0 0 

150 LO0 125 i 5  25 0 0 0 0 0 

1430 1 4 7 5  1300 935 5 6 0  405 $65 250 50 0 

7 -  
I >  

- r  

~ __ - __ .__ ~ __ - __ __ 

rota1 f u n d s  throilgh 1994 : $1 3 ,675 .  
3, 
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4 .  ANALYTlCAL CHEkII  STRY 

Scone and Na tu re  of  t h e  T a s k  

Wi.th convent iona l .  s o l i d - f u e l e d  r e a c t o r s ,  t h e r e  i s  nei.tlir?r t.he o p -  

p o r t u n i t y  nor an obvious  need f o r  chemica l  anal.yses of the fuel. during 

i t s  s o j o u r n  i n  t h e  r e a c t o r .  Oii ttie o t h e r  hand, f o r  a f l u i d - f u e l e d  reac- 

t o r ,  p a r t i c u l a r l y  one t h a t  i.rscl.udes a f u e l  processing p l a n t ,  t h e r e  js a 

p r e s s i n g  need t o  know t h e  p r e c i s e  compos i t ion  ( p a r t  icu1;irl.y the roncen- 

t r a t i o n s  of f i s s i l e  materi.al s )  i n  several  p r o c e s s  streams. PI( i - :~c:w~er  

such  i n f o r m a t i o n  i s  needed a t  f r e q u e n t  i n t e r v a l s  ( i f  n o t  c .oi i t inuously)  

and on a real-time basis. A s  a consequence ,  such  r e a c t o r s  arc: much mort?. 

dependent  on  a n a l y t i c a l  c h e m i s t r y  than  a r e ,  f o r  exampl.e, LWKs.  

The MSRE was i ndeed  o p e r a t e d  s u c c e s s f u l l y  wi th  cheni ical  a n a l y s e s  

performed on d i s c r e t e  samples  of fue l .  removed from t h e  r e a c t o r  f o r  h o t -  

cell s t u d y .  However, i t  w a s  r ecogn ized  ear:Ly that. .the MSKR and i t s  as-  

s o c i a t e d  r e p r o c e s s i n g  p l a n t  would require in-3 i n e  a n a l y s e s .  TT~P IIMSK 

would be e q u a l l y  dependent  on s u c c e s s f u l  devr.l.opment of  s u c h  a n a l y t i c a l  

t e c h n i q u e s .  

1 

These r e q u i r e m e n t s  are s e v e r a l  i n  number. I t  w i l l  be necessa ry  t o  

d e t e r m i n e  on a v i r t u a l l y  con t inuous  b a s i s  t h e  redox p o ~ e n t i a l . ,  t h e  con- 

c e n t r a  t i o n  s o f uranium, p r o  t a c t in ium , a n d  o t lie r f i s s i o n  ab  1 e m a t  e r i a 1 s 

and O F  bismuth and s p e c i f i c  c o r r o s i o n  p r o d u c t s  ( n o t a b l y  chrom:i.um) i n  the 

stream e l i t e r i n g  the r e a c t o r  from t h e  p r o c e s s i n g  p l .an t  . Such i nforriiation 

must al.so be a v a i l a b l e  f o r  t h e  f u e l  w i t h i n  t h e  . r e a c t o r  circu:i.t: and i n  t h e  

stream t u  t h e  r e p r o c e s s i n g  p l a n t .  11-1 a d d i t i o n ,  i.t would be  11ighl.y de- 

s i r a b l e  t o  know t h e  oxi.de i o n  c o n c e n t r a t i o n  i.n t h e  fuel.  w i t h i n  t he  r e a c t o r  

and i n  the st:ream from the p r o c e s s i n g  p l a n t  and t o  know the skates and 

c o n c e n t r a t i o n s  of s e l e c t e d  f i s s i o r i  p r o d u c t s  i n  t h e  fuel w i t h i n  t h e  r e a c t o r  

I t  w i l l  be e s s e n t i a l  t:o know t h e  c o n c e n t r a t i o n s  of uranium and f iss i le  

i s o t o p e s  i n  t h e  p r o c e s s i n g  streams from which t h e y  cou ld  be l.ost ( t o  t h e  

was te  sys tem)  from the c.oriip1.e~. These streams w i l l  inc l -ude  t h e  s m a l l  

stream of  rei-eased o f f - g a s ,  fhe L i C l  system" f o r  r a r e - e a r t h  t r a n s f e r ,  

t:he ZrF4 removal system':  and pe rhaps  a system" f o r  removal  of mr;-!tal_lic: 

.I. 

'Chese s y s t e m s  arc  d e s c r i b e d  i n  Chap te r  6 .  
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noble-met-a1 f i s s i o n  p r o d u c t s .  I n  a d d i t i o n ,  i t  w i l l  be  n e c e s s a r y  t o  

mon i to r  c o r r o s i o n  p r o d u c t s ,  oxygenated  compounds, and p r o t o n a t e d  (and 

t r i t i a t e d )  p r o d u c t s  i n  t h e  c o o l a n t  sys t em and i n  t h e  o f f -gas  sys t em as 

w e l l  as  i n  t h e  sys tem f o r  hold-up and r e c o v e r y  of  t r i t i u m .  Accord ing ly ,  

o n - l i n e  a n a l y s e s  will be r e q u i r e d  i n  a t  l eas t  t h r e e  k i n d s  of  mol ten  

s a l t s ,  i n  g a s e s ,  and perhaps  i n  mol-ten b ismuth  a l l o y s f ;  w i t h i n  t h e  

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

K e y  D i f f e r e n c e s  i n  Reac to r  Concepts  ?- 
._ ~ ~ 

I n s o f a r  as t h e  a n a l y t i c a l  chemis t ry  r equ i r en len t s  (and t h e  R&D needs )  

are  conce rned ,  t h e  DMSR and t h e  MSBR are q u i t e  s i rn i l -a r .  The DMSR w i l l  

r e q u i r e  determi-r ia t ion of p lu tonium (and t o  some e x t e n t  of  Am, Cm,  and 

Np) t o  a d e g r e e  markedly d i f f e r e n t  f rom t h e  MSBR. 

UF3, UFk, and PaF4 i n  t h e  f u e l  stream will b e  h i g h e r  i n  a DMSR ( a s  w i l l  

t h a t  of ZrFh) t h a n  i n  an NSBR. Complex i t i e s  of t h e  f u e l  p r o c e s s i n g  p l a n t s  

f o r  t h e  two r e a c t o r s  are v e r y  s imi l a r ,  and ,  e x c e p t  f o r  t h e  p re sence  of  

t r a n s u r a n i c s  , s o  arc. t h e  a n a l y t i c a l .  r e q u i r e m e n t s  I 

C o n c e n t r a t i o n s  of 

In p r i n c i p l - e ,  t h e  emphasis  on p r o l i f e r a t i o n  r e s i s t a n c e  would seem 

t o  p l a c e  a d d i t i o n a l  demands on s u r v e i l l a n c e  and p r e c i s e  d e t e r m i n a t i o n  of  

p lu ton ium,  pro tac t in i -urn ,  and uranium withi.n t h e  DMSR sys tem.  I n  f a c t ,  

tlie r e q u i r e m e n t s  a l r e a d y  imposed by t h e  demands f o r  s a f e  and r e l i a b l e  

c o n t i n u o u s  o p e r a t i o n  of t h e  complex are a lmos t  c e r t a i n l y  a t  l ea s t  as 

s t r i n g e n t .  

P o s t  .- 1 9  7 4 Techno logy  Advances 

Several. advances ,  a few amounting t o  b r e a k t h r o u g h s  , w e r e  macle i n  

t h e  1971-1974 i n t e r v a l .  9 ’  The post-1974 s t u d i e s  i n  a n a l y t i c a l  chemis t ry  

c o n s i s t e d  main ly  of  ( p a r t i c u l a r l y  valiiab1.e) se rv ice  f u n c t i o n s  and,  ex- 

c c p t  f o r  s t u d i e s  o f  t e l l u r i u m  b e h a v i o r ,  c o n t a i n e d  l i t t l e  e x p l o r a t o r y  

1’( 
I t  is  c l e a r l y  d e s i r a b l e ,  and may b e  n e c e s s a r y ,  t o  have  o n - l i n e  de- 

t e r m i n a t i o n s  of l i t h i u m  and of  some o t l i e r  m e t a l l i c  s p e c i e s  i n  b ismuth  
streams - 

Scc Chap te r  3 ,  Fue l  and Coolani- Chemis t ry ,  f o r  d i s c u s s i o n  of  key 
t 

chemica l  d i f f e r e n c e s .  
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development  of t h e  k i n d  u l t i m a t e l y  needed.  

t h e  post-1974 p e r i o d  w e r e  t he re fo rc :  r e l a t i v e l y  few. 

t h e  f o l l o w i n g :  

Pr imary  accompl i shmen t s  i n  

They d i d  i n c l u d e  

1. On-line vo l t ammet r i c  t e c h n i q u e s  f o r  d e t e r m i n a t i o n  of t h e  UF3/UFj+ 

r a t i o  w e r e  r t , r i n e d  and were a p p l i e d  s u c c e s s f u l l y  and r o u t i n e l y  i n  marly 

c o r r o s i o n  tes t  l o 0 p s 4 0 7 1 t 1  and e n g i n e e r i n g  expe r imen t s .  

t e c h n i q u e s  can now b e  s a i d  t o  b e  w e l l  e s r a b l i s h e d  i n  t h e  absence  o L  

r a d i a t i o n  (which should  prove of l i t t l e  consequence)  and of f i s s i o n  prod- 

u c t s .  

Such 6 , 7 , 4  0 ,  It2 

2 .  Measurements of p r o t o n a t e d  (and t r i t i a t e d )  s p e c i e s  i n  t h e  NaF- 

NaRF4 c o o l a n t  salt were a p p l i e d  s u c r e s s f u l l y  i n  e n g i n e e r i n g  t es t  rquip- 

men t . 1 0 , 4 3  

3 .  Vol tammetr ic  and c h r o n o p o t e n t i o m e t r i c  t e c h n i q u e s  have been suc-  

c e s s f u l l y  a p p l i e d  t o  measurements of Fe2+ i n  L ~ I I ' - R ~ F ~ - T ~ F I ,  (72-  16-12 

mole Z)  , 4 4  and p r e l i m i n a r y  s t u d i e s 4  

ise f o r  i n - l i n e  m o n i t o r i n g  of ox ide  l e v e l  i n  t h i s  mo l t en  s a l t ,  'it least 

under  f a v o r a b l e  c o n d i t i o n s .  

u s i n g  anodic- vol tammetry show prom- 

S t a t u s  o f  A n a l y t i c a l  Development 

MSRE o p e r a t i o n  w a s  main ly  conducted  w i t h  a n a l y s e s  per iormed on d i s -  

c r e t e  samples  rcmoved from t h e  r e a c t o r .  The r e x k o r  o f f - g a s  was ana lyzed  

by i n - l i n e  methods,  and remote gamma s p e c t r o s c o p y  w a s  used t o  s t u d y  f i s -  

s i o n  p r o d u c t s ;  a l l  o t h e r  d e t e r m i n a t i o n s  were made u s i n g  h o t - c e l l  t e c h n i q u e s  

on b a t c h  samples ,  O f  c o u r s e ,  a major program of  R&D preceded  that  opera-  

t i o n .  ' > 

S u b s t a n t i a l  e x p e r i e n c e  had been ga ined  i n  t h e  h a n 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  salts  p r i o r  t o  t h e  MSRE program. 

i n s t r u m e n t a l  methods had been developed  f o r  most me ta l l i c  c o n s t i t u e n t s .  

For  XSRE a p p l i c a t i o n  i t  was n e c e s s a r y  t o  deve lop  c d d i t i o n a l  t e c h n i q u e s  

and t o  a d a p t  a l l  t h e  methods t o  h o t - c e l l  o p e r a t i o n s .  A n o n s e l e c t i v e  

measuremcmt of " r educ ing  power'' of a d e q u a t e  s e n s i t i v i t y  had been  devel  oped 

(hydrogen e v o l u t i o n  method).  A gener'xl e x p e r t i s e 4  i n  t h e  r ad iochemica l  

s e p a r a t i o n  and measurement of f i s s i o n  p r o d u c t s  w a s  a v a i l a b l e  from e a r l i e r  

r e a c t o r  programs a t  OKNL, and u s e f u l  e x p e r i e n c e  wirh 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 r o c e s s  chromatography,  w a s  a v a i l a b l e  from o t h e r  programs. 

I o n i c  o r  



During t h e  o p e r a t i o n  o f  t h e  MSRE and i n  t h e  subsequent  technology 

program, devel-opment of  methods f o r  d i s c r e t e  samples  was c o n t i n u e d ,  and 

the  L a b o r a t o r y  h a s  a c q u i r e d  i n s t r u m e n t a t i o n  € o r  newer a n a l y t i c a l  t e c h -  

n i q u e s .  4 9  

i ~ n c l u d c  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 e c h n i q u e s ;  

n u c l e a r  magnet iic r e s o n a n c e  (NMR) ; s p a r k  s o u r c e  mass s p e c t r o m e t r y ;  e lec-  

t r o n  s p e c t r o s c o p y  f o r  cherni.~:al aua l .y s i s  (ESCA)  and Auger s p e c t r o m e t r y ;  

e l  ec t r -on  microprobe  measurements ; s c a n n i n g  el.eci:ron microscopy;  Raman 

s p e c t r o m e t r y ;  F o u r i e r  t r a n s f o r m  s p e c t r o m e t r y ;  n e u t r o n  nc t iva t i -on  a n a l y -  

s i s ;  d e l a y e d  n e u t r o n  meir.1iods; photon  a c t i v a t i o n  a n a l y s i s ;  and s c a n n i n g  

w i t h  high-energy p a r t i c l  e s ,  e .  g . ,  p r o t o n s .  

In s t ru i i i en ta l  methods  e x p e c t e d  t o  c o n t r i b u t e  t o  t h e  program 

Key devel oprneats € o r  PISLle - 

EIomogeiiized and f r e e - f  lowj-ilg powdered samples  o i  r a d i o a c t i v e  f u e l s  

t a k e n  from t h e  MSRE were r o u t i n e l y  produced i n  t h e  h o t  ce1.l wi-tliin 2 h r  

of  r e c e i p t .  Salt samples  were t a k e n  i n  s m a l l  copper  l a d l e s  lihat were 

s e a l e d  under  h e l i u m  ih a t r a n s p o r t  c o n t a i n e r  i n  t h e  saiiip~er-r_ni-i~ciic-.t- 5 0  

for d e l i v e r y  t o  tlic h o t  c c l l .  Atmospheric exposure  was s u f f i c i e n t  t o  

compromise t h e  d e t e r m i n a t i o n  of o x i d e  and U3-'-  b u t  d i d  n o t  a f f e c t  o t h e r  

measurements.  Techriiques f o r  t a k i n g  and h a n d l i n g  of  s u c h  s a m p l e s  ( f o r  

tiios(: a n a l y s e s  f o r  which t h e y  wi.11 s u f f i c e )  a re  w e l l  demonst ra ted .  

Oxide c o n c e n t r a t i o n  c o u l d  n o t  be  r e l i a b l y  de te rmined  on the pul -  

v e r i z e d  s a l t  sait iples because  of  u n a v o i d a b l e  a t m o s p h e r i c  c o n t a m i n a t i o n .  

Instc;3.d,  50-g s a m p l e s  of s a l t  were t r e a t e d  w i t h  anhydrous IIF g a s  and 

t h e  evo l~ved  water w a s  c o l l e c t e d  and de termined .  5 1  Oxide m i - r c m t r a t i o n s  

o f  a b o u t  50 pprn w e r e  de te rmined  w-ith b e t t e r  Lhan i-10 ppm p r e c i s i o n .  1 

Urauium a n a l y s e s  by c o u l o m e t r i c  t i t r a t i o n  showed good reproduc-  

i b i l i t y  and p r e c i s i o i i  (0.5%), b u t  o n - l i n e  r e a c t i v i t y  balance d a t a  estab- 

l i s h e d  changes i n  uranium c o n c e n t r a t i o n  within t h e  c i r c u i t  w i t h  a b o u t  

t e n  times t h a t  s e n s i - t i v i t y .  F l u o r i n a t i o n  of  t h e  uranium from 50-g sarn- 

p l e s  was shown t o  be q u a i ~ t i t a t i v e ~ ~  and was used t o  separate uranium f o r  

p rec i se  i s o t o p i i .  d e t e r m i n a t i o n .  .If n e c e s s a r y ,  i t  c o u l d  a l s o  have s e r v e d  

a s  the b a s i s  f o r  a mor(' n c c l l r a t e  uranium a n a l y s i s .  

'The r a t e  of p r o d u c t i o n  of  HF upon sparginp, of the  f u e l  w i t h  H a  i s  

a f u n c t i o n  of  the I J F 3 / U E 4  r a t i o .  T h i s  t r a n s p i r a t i o n  method, m o d i f i e d  



t o  a l l o w  f o r  o t h e r  i o n s  i n  t h e  fuel,53 gave v a l u e s  i n  r e a s o n a b l e  ag ree -  

ment w i t h  "book" va lues  d u r i n g  o p e r a t i o n  w i t h  "U (0 .9  mole 2 [J} . The 

method proved i n a d e q u a t e  a t  the lower  c o n c e n t r a t i o n s  d u r i n g  o p e r a t i o n  of 

t h e  MSRE w i t h  2 3 3 U .  

metr ic  method u s i n g  r eme l t ed  s a l t  samples  w a s  n o t  g e n e r a l l y  s u c c e s s f u l '  7 5 4  

because  of p r i o r  UF3 o x i d a t i o n  v i a  a tmosphe r i c  con tamina t ion .  However, 

i t  w a s  p o s s i b l e  t o  f o l l o w  U F 3  g e n e r a t i o n  v i a  J37 s p a r g i n g  upon such  s a m -  

p l e s ,  The r a d i a t i o n  l e v e l  of  t h e  s a m p l e s  does  n o t  appea r  t o  a f f e c t  t h e  

met hod. 

2 

At tempts  t o  de t e rmine  UF3/UF,, r a t i o s  by a voltam- 

A f a c i l i t y  f o r  spec t ropho tomet ry  o f  h i g h l y  i r r a d i a t e d  f u e l  s a m p l e s  

from the  MSRE w a s  des igned  and c o n s t r u c t e d .  '' 
d e v i c e s  f o r  r e m e l t i n g  l a r g e  s a l t  samples  under i n e r t  a tmosphere  a n d  d i s -  

pens ing  p o r t  i o n s  t o  s p e c t r o p h o t o m e t r i c  ce l l s .  ' T h e  r n t i r e  sys tem could  

n o t  b e  completed i n  t i m e  t o  g i v e  much usciful  d a t a  f o r  MSRE.9; I t  has 

s i n c e  been used t o  o b s e r v e  spectra  of t r ansu ran ium e lemen t s  and of pro- 

t a c t i n i u m  i n  mol ten  salts .  F e a s i b i l i t y  of t h e  g e n e r a l  t e c h n i q u e  a p p e a r s  

t o  be  e s t a b l i s h e d .  

The sys tem d e s i g n  i r ic ludcd  

Equipment w a s  i n s t a l l e d  a t  t h e  MSKE t o  per form l i m i t e d  i n - l i n e  

a n a l y s e s  of t h e  r e a c t o r  o f f - g a s e s ,  i ising a the rma l  c o n d u c t i v i t y  c e l l  as 

a t r a n s d u c e r .  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 5  p e r m i t t e d  measurement 

of t o t a l  i m p u r i t i e s  and hydrocarbons  i n  t h e  off-gas. The sampl ing  s t a t i o n  

a l s o  i n c l u d e d  a sys t em f o r  t h e  c r y o g e n i c  c o l l e c t i o n  of xenon and k r y p t o n  

on molecu la r  s i e v e s  t o  p r o v i d e  c o n c e n t r a t e d  samples  f o r  t h e  p r e c i s e  de- 

t e r m i n a t i o n  of t h e  i s o t o p i c  r a t i o s  of k r y p t o n  and xenon by mass spec-  

t r o m e t r y .  

a t  t h e  r e a c t o r  t o  c o n v e r t  t h e  t r i t i u m  i n  v a r i o u s  g a s  streams t o  water 

f o r  measurement by  s c i n t i l l a t i o n  c o u n t i n g .  

Dur ing  t h e  l a s t  two r u n s  of t h e  MSKE, equipment w a s  i n s t a l l e d "  

By means of  a p r e c i s e  c o l l i m a t i o n  sys tem mounted on a maintenance  

s h i e l d ,  r a d i a t i o n  from d e p o s i t e d  f i s s i o n  p r o d u c t s  on  components w a s  d i -  

r e c t e d  t u  a h i g h - r e s o l u t i o n ,  l i t h i u m - d r i f  t e d ,  germanium d i o d e .  5 6  

t h e  gamma s p e c t r a  o b t a i n e d ,  s p e c i f i c  i s o t o p e s  such  as noble-meta l  f i s s i o n  

p r o d u c t s  w e r e  i d e n t i f i e d  and t h e i r  d i s t r i b u t i o n  was mapped by moving 

From 

J; 

O b s e r v a t i o n s  w i t h  n somewhat m a k e s h i f t  sampl ing  sys t em showed no 
a d v e r s e  e f f e c t s  f rom r a d i o a c t i v i t y  of t h e  f u e l .  
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t h c  c o l l i m a t i n g  systero.  Uuring t h e  l a t t e r  r u n s  of t h e  r e a c t o r ,  such 

measurements w e r e  made d u r i n g  power o p e r a t i o n .  5 7  

A n a l y t i c a l  development f o r  MSBR~C I....-II__ 

A t  p r e s e n t ,  i t  a p p e a r s  t h a t  t h e  measurement of t h e  c o n c e n t r a t i o n  of 

major f u e l  c o n s t i t u e n t s  such as l i t h i u m ,  b e r y l l i u m ,  thor ium,  and f l u o -  

r i d e  i o n  by in-1.ine methods may n o t  be  p r a c t i c a l  i n  a n  MSBR. F o r t u n a t e l y ,  

cont ini ioi~is  mon i to r ing  of  t h e s e  c o n s t i t u e n t s  wi1.l n o t  be 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 ,  which w e r e  

b r i e f l y  d e s c r i b e d  above,  a r e  g e n e r a l l y  amenable t o  i n - l i n e  measurement.  

The u l t i m a t e  need f o r  an MSBK i s  an a n a l y t i c a l  sys tem t h a t  incl .udes 

31 1- needed i n - l i n e  a n a l - y t i c a l  measui-ements t h a t  a r e  f e a s i b l e  ~ backed up 

by adequa te  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 ,  ca- 

p a b i l i t i e s  must be developed and a n a l y t i c a l  s u p p o r t  p rov ided  f o r  the tech-  

nology devel upmen t  a c t i - v i t i e s  i n  t h e  program. 

E lec t rochemica l  s t u d i e s .  For t h e  a n a l y s i s  of  m o l t e n - s a l t  s treams, 

e l ~ e c t r o a n a l y t i c a l  t e c h n i q u e s  such  as  vol tammetry and poten t i -omet ry  ap-- 

p e a r  t o  o f f e r  t h e  most conven ien t  t r a n s d u c e r s  f o r  remote i n - l i n e  measure- 

ments. Voltammetry i s  based  on t h e  p r i n c i p l e  t h a t  when an  i n e r t  e l e c -  

t r o d e  i s  i ~ n s e r t e d  i n t o  a mol ten  s a l t  and s u b j e c t e d  t o  a changing  v o l t a g e  

r e l a t i v e  t o  t h e  salt p o r e n t i a l ,  n e g l i g i b l e  c u r r e n t  f lows  u n t i l  a c r i t i -  

c a l  p o t e n t i a l  i s  reached  a t  which one o r  more of t h e  i o n s  undergo an  

e l e c t r o c h e m i c a l  r e d u c t i o n  o r  o x i d a t i o n .  The p o t e n t i a l  a t  which this 

r e a c t i o n  t a k e s  p l a c e  i s  c h a r a c t e r i s t i c  of t h e  p a r t i c u l a r  i o n  o r  i o n s .  

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

v o l t a g e  cu rve  f o l l o w s  a p r e d i c t a b l e  p a t t e r n  i n  which t h e  c u r r e n t  r e a c h e s  

a d i f f u s i o n - ]  i m i t e d  maximum v a l u e  t h a t  i s  d i r e c t l y  p ropor t iona l .  t o  t h e  

c o n c e n t r a t i o n  of t h e  e l e c t r o a c t i v e  i o n  o r  i o n s .  

l3asi.c v o l t a m e t r i c  s t u d i e s  have been made on co r ros ion -p roduc t  i o n s  

i n  t h e  XSRE f u e l  s o l v e n t  LiF-BeFz-ThFk 

sa1.t NaBF4-NaF. 6 1 - 6  

t i o n  of t h e  o x i d a t i o n  s t a t e s  of t h e  e l e m e n t s ,  t h e  most s u i t a b l e  e l e c t r o d e  

a - 6  and i n  t h e  proposed c o o l a n t  

Most of t h i s  work i s  concerned w i t h  t h e  de t e rmina -  

-1- 

I t  seems c l e a r  t h a t  all i t e m s  d e s c r i b e d  under  t h i s  heading  would be 
of v a l u e  t o  DMSK w i t h  on ly  minor m o d i f i c a t i o n  a t  most.  
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materials f o r  t h e i r  a n a l y s i s ,  and t h e  b a s i c  e l e c t r o c h e m i c a l  c h a r a c t e r i s -  

t i c s  oE each  e l e m e n t .  It has been shown t h a t  r e l a t i v e l y  h i g h  concen t r a -  

t i o n s  ( t y p i c a l l y  20 ppm) can be  e s t i m a t e d  d i r e c t l y  from t h e  h e i g h t  of 

t h e  vo l t ammet r i c  waves. Lower c o n c e n t r a t i o n s  can be measured u s i n g  t h e  

t e c h n i q u e  of s t r i p p i n g  vol tammetry th rough  o b s e r v a t i o n  of t h e  c u r r e n t  

produced when a c o r r o s i o n  p r o d u c t  i s  o x i d i z e d  from a n  e l e c t r o d e  on w h i c h  

i t  h a s  p r e v i o u s l y  been p l a t e d .  6 4  

A v o l t a m m e t r i c  method h a s  been deve loped  f o r  t h e  d e t e r m i n a t i o n  of  

t h e  U 3 + / U 4 +  r a t i o  i n  t h e  MSRE f u e l .  6 5  

ment of  t h e  p o t e n t i a l  d i f f e r e n c e  between t h e  e q u i l i b r i u m  p o t e n t i a l  of 

t h e  m e l t ,  rncasured by a n o b l e  e l e c t r o d e ,  and t h e  v o l t a m m e t r i c  e q u i v a l e n t  

of t h e  s t a n d a r d  p o t e n t i a l  of t h e  U 3 + / U 4 +  coup le .  Thc r e l i a b i l i t y  of t h e  

method w a s  v e r i €  i e d  by comparison w i t h  v a l u e s  o b t a i n e d  spertrropl-~oto- 

m e t r i c a l l y .  

PDP-8 computer ,  ' 
computes t h e  1J3'/U4+ r a t i o .  R e c e n t l y ,  t h e  method was u s e d  t o  d e t e r m i n e  

U 3 + / U 4 +  r a t i o s  i n  a t ho r ium-bea r ing  f u e l  s o l v e n t ,  LiF-BeFz-ThTs (68-20- 

1 2  mol-e Z ) .  R a t i o s  c o v e r i n g  t h e  r a n g e  o f  

d u r i n g  t h e  r e d u c t i o n  of  t h e  f u e l  i n  a f o r c e d - c o n v e c t i o n  l o o p . '  

s u p p o r t  t h e  r e l i a b i l i t y  of  t h e  method i n  t h i s  medium. 

T h i s  method i n v o l v e s  t h e  measure- 

T h i s  d e t e r m i n a t i o n  has  been  comple t e ly  automatcld w i t h  a 6 3  

which o p e r a t $ s  t h e  vo l t ammete r ,  a n a l y z e s  the d a t a ,  and 

t o  >lo-' were measured 

The, d a t a  

Because t h e  f u e l - p r o c e s s i n g  o p e r a t i o n  p r e s e n t s  t h e  p o s s i b i l i t y  f o r  

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

r e q u i r e d .  The r e d u c t i v e  b e h a v i o r  of  H i 3 +  w a s  c h a r a c t e r i z e d  i n  LiF-l3eFl- 

'L'hF4, 6 2  and i t  was found t o  be  r a t h e r  e a s i l y  reduced t o  t h e  m e t a l .  

a n  i m p u r i t y  i n  t h e  f u e l  sa l t ,  bismuth w i l l  p robab ly  be  p r e s e n t  i n  t h e  

m e t a l l i c  s t a t e ;  so some o x i d a t i v e  p r e t r e a t m e n t  of t h e  m e l t  w i l l  b e  nec- 

e s s a r y  b e f o r e  a v o l t a m m e t r i c  d e t e r m i n a t i o n  of  bismuth can b e  performed.  

As 

The measurement of t h e  c o n c e n t r a t i o n  of p r o t o n a t e d  s p e c i e s  i n  t h e  

proposed MSBR c o o l a n t  s a l t  i s  of i n t e r e s t  because  of t h e  p o t e n t i a l  u s e  

o f  t h e  c o o l a n t  f o r  t h e  con ta inmen t  of t r i t i u m .  The measurement cou ld  

a l s o  be used t o  e v a l u a t e  t h e  e f f e c t  of p r o t o n  c o n c e n t r a t i o n s  on c o r r o s i o n  

ra tes  and as a p o s s i b l e  d e t e c t i o n  t e c h n i q u e  f o r  s t eam-gene ra to r  l e a k s .  

A r a t h e r  unique e l e c t r o a n a l y t i c a l  t e c h n i q u e  t h a t  i s  s p e c i f i c  f o r  hydro- 

The method i s  based on tlie d i f f u s i o n  of  hy- gen w a s  i n v e s t i g a t e d .  

d rogen  i n t o  an evacua ted  pa l l ad ium- tube  e l e c t r o d e  when NaBF4 m e l t s  are 

6 2 , 6 7  
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electrolyzed at a controlled potential. The pressure generated in the 

electrode is a sensitive measure of  protons at parts-p-r-billion c-oncen- 

trat.i.ons. The technique offers the advantages of specificity, applica- 

bility to in-line analysis, and the possibility of a measurement of 

tritium-to-hydrngen ratios in the coolant by counting the sample col- 

lected from the evacuated tube. Measurements by tilili s technique have led 

to the discovery that  at least two forms of combined hydrogen are present 

in NaBF4 melts. 

The availability of an i.nvariant reference potential to which other 

electrochemical. reactions may be referred on a relative potential scale 

is a distinct advantage in all electroanalytical measurements a The 

major problem was to find nonconducting mater i.als that would be compati- 

ble with fl.uoricSe melts. Successful measurements were performed wilih a 

Ni/Ni F'2 el ectrode i.n whi-ch the reference solution (LiF-EeFz saturated 

Standard with N W z )  is contai.ned within a single-crystal LaF3 cup. 

electrode potentials were determined for several metal/metal-ion coupler; 

which will be present in the reactor salt streams. 6 5  

potentials provide a direct measure of the relative thermodynamic stabil- 

ity of el-ectroactive species in the melts. 'This information can be used 

in equ-i-librium calculations to determine which ions would be expected to 

be present at different melt potentia1.s. 

68 ,159  

These electrode 

As noted above, prelirni-nary studies have indicated that, in at 

least some of the salt streams, an electroanalytic method for oxide con- 

centration niay be feasib1.e. Ueterminat i.on of C?-  in the fluoride me1 ts 

(as may be necessary siiice 

could contaminate the fuel) can probably be accomplished by voltarmnc3tric 

techniques. 

7 LiCl from the fission-product transfer system 

'The MSRR. required little effort on Cransuranic elements other than 

t o  determine whether traces of plutonium arid higher transuranics inter- 

fcrcd with determination of other pert.i~nent speci-es. Interference pos- 

sibilities will be intensified in the DMSK and thus quantitative deter- 

mintations o f  Pu, Aiu, Np, and Cm at various points must be provided. 

Spectrophotometric studies. Because molten fluorides react with 

the li_glit-traasmi t t i n g  glasses usually enipl oyed, special. cell designs 

have been developed for the spectrophotometric examination of MSBR melts. 



T h e  pendant-drop t e c h n i q u e ”  t h a t  was f i . r s t  deve loped  was l a t e r  re.plac:ed 

w i t h  the c a p t i v e - l i q u i d  c e l l 7 1  i n  whic-h mol.ten s a l t s  are contai.ned 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 m a t e r i a l .  i s  r e q u i r e d .  

A concep t  has been  proposed f o r  t h e  use of this cell i n  a n  i rz- l ine sys- 

1: em. lne Light  p a t h  l e n g t h  through a sa1.t i n  a capt ive- l . i .quid ce1.1. 

i s  d e t e r m i n a b l e  b u t  i s  not: f i x e d .  The need f o r  a f ixed  pat-h l e n g t h  pro-  

moted t h e  des.i-gn and f ab r i cn t . i . on  of a g r a p h i t e  cel l  hav ing  smal.1 diamond- 

pl.;tte w:inclows7 

a p p l i c a t i o n s .  Another  f ixed -pa th - l eng t l i  c e l l  which i.s s t i l l  i n  t h e  de- 

velopment  stage makes lis~ of a po rous  metal t h a t  conta i .ns  a number 

o f  small i r r e g u l a r  p i t s  formed el.ectroc1iemicalljr; many o f  t.he p i t s  a r e  

e t c h e d  compl.ete1.y th rough  t h e  F o i l  so t h a t  l i g h t  can  be t r a n s m i t t e d  

t h r o u g h  t h e  metal. Porous  m e t a l  made from Has te l . l oy  N has been pur-  

chased  t o  test  i t s  u s e  Ior  c e l l  c o n s t r u c t i o n .  

7 2 r 11 

which has been  used s u c c e s s f u l l y  i n  a number of r e s e a r c h  

The l a t e s t  i n n o v a t i o n  i n  c e l l  d e s i g n  i s  an o p t i c a l  probe$; i~hic1-1 

Tl-I e 7 5 l e n d s  i t s e l f  t.o ii s e a l a b l e  i n s e r t i o n  -i.nt:o a mo1.ten-salt stream. 

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 i n  a s l o t  of ap- 

p r o p r i a t e  w i d t h  cu t  t h rough  srme p o r t i o n  of t h e  in t i . rna l . l y  r e f l e c t e d  

1.ight beam. 7 5  

of  t h e  mol.ten s a l t  and would p r o v i d e  a known p a t h  l e n g t h  f o r  abso rbance  

mea~ i i r emen t s .  1.t i s  bel.ieved t h a t  t h e  p robe  coul.d be made of LnF3 for 

measurements i n  RTal-3F4 streams. 

During measurements t h e  s l o t  would be below t h e  s u r f a c e  

S p e c t r o p h o t o m e t r i c  s t u d i e s  of  uranium i n  t h e  3+ o x i d a t i o n  stat.i-. 

have shown ttiat t h i s  method i.s a l i k e l y  c a n d i d a t e  f o r  in- l . ine  de t e rmina -  

t i o t i  of u 3 +  i n  ttie r e a c t o r  f u e l .  7 6  ’ An extreme1.y s e n s i t i v e  a b s o r p t i o n  

peak f o r  U 4 +  may be  u s e f u l  f o r  m o n i t o r i n g  r e s i d u a l  uranium i n  dt.pl.eted 

p r o c e s s i n g  streams. 7 8  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  ab- 

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 the ass ignment  of  s p e c t r a ,  

have  been made for Ni’’, Fe2+,  C r 2 + ,  Cr”, E 5 + ,  U 0 2 ” - ,  Cu2’, Mn2+, Phi3+, 

co2+,  M 0 3 + ,  Cr01+2-, Pa 4+ , Pu3+, Pr3+, Nd3+, Sm3+, E r 3 + ,  and Ho3+ .  Semi- 

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 ,  inc l .ud ing  a b s o r p t i o n  peak positions, ap- 

p rox ima te  peak i n t e n s i t i e s ,  and p o s s i b l e  ass ignment  of s p e c t r a ,  have  

also been  made f o r  T i  , 3+ v2+, V3+, Eu”, Sni 2+ , Crn3+, arid 0” .  

.I. 

U . S .  Pat..  N o .  3 ,733 ,130 .  



6 4  

Evidence for t h e  e x i s t e n c e  of hydrogen-conta in ing  i m p u r i t i e s  i n  

NaRF4 w a s  f i r s t  o b t a i n e d  from n e a r - i n f r a r e d  spec t ra  o f  t h e  ~noI.teii s a l t  

and i.n mid - in f r a red  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  crystal.li.ni._ mate- 

r i a l .  7 9  

m e l t s ,  two s e n s i t i v e  a b s o r p t i o n  peaks  co r re spond ing  t o  RF3OI-I- and BF30D- 

were i - d e n t i f  i e d .  Thcre w a s  no ev idence  t h a t  deu te r ium would exchange 

w i t h  BF30H-; r a t h e r ,  By30D-  w a s  genera t -ed  v i a  a redox r e a c t i o n  w i t h  i m -  

p u r i t i e s  i n  t h e  me1.t." 

have been observed  i n  f l u o r o b o r a t e  m e l t s .  Work on s p e c t r o p h o t o m e t r i c  

methods i s  al.so p r o v i d i n g  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  melts of i n t e r e s t  f o r  t h e  f u e l - s a l t  

p r o c e s s i n g  system. 

I n  deuteri .um-exchange expe r imen t s  a t t e m p t e d  i n  f l u o r o b o r a t e  

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

6 2  

G a s  a n a l y s i s .  ___... Some de te rmina t i -ons  on MSRE s a m p l e s  ( s e e  p reced ing  

s e c t i o n )  were done by t r e a t m e n t  of t h e  s a l t  t o  produce  gases f o r  ana ly -  

s is .  L i t - t l e  developiiient o f  such d e v i c e s  h a s  been a t t empted  si.nce t h e  

MSRE ceased  o p e r a t i o n s .  The. e l . c c t r o l y t i c  m o i s t u r e  moni tor  w a s  demon- 

s t r a t e d  t o  p r o v i d e  more than  adequa te  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 u r  o x i d e  and t o  have ade- 

qua te  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 .  A 

method h a s  been developed f o r  t h e  remote measurement of micromolar  quan- 

t i t i e s  of HF g e n e r a t e d  by hydrogena t ion  of f u e l  s a m p l e s  u s i n g  a thermal -  

c o n d u c t i v i t y  method a f t e r  p r e c o n c e n t r a t i o n  by t r a p p i n g  on NaF. 8 3  

Commercial g a s  chromatographic  components f o r  h i g h - s e n s i t i - v i t y  

measurement of  permanent gas  con taminan t s  are n o t  expec ted  t o  be  a c c e p t -  

a b l e  a t  t h e  r a d i a t i o n  l e v e l s  of t h e  MSBR o f f - g a s .  Valves  c o n t a i n  elas- 

ioiiiers t h a t  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  p r o d u c t s  

would con tamina te  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 011 i o n i z a t i o n  by weak r a d i a t i o n  s o u r c e s  and would o b v i o u s l y  be 

a f f e c t e d  by s a m p l ~ e  a c t i v i t y .  

h a s  been c o n s t r u c t e d  t o  e f f e c t  six-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  p rov ided  by a p r e s s u r e - a c t u a t e d  metal  diaphragm. A 

he1.i.um breakdown d e t e c t o r  w a s  found t o  b e  c a p a b l e  of measur ing  <l-ppm 

c o n c e n t r a t i o n s  of permanent g a s  i m p u r i t i e s  i n  tiel.-ium. U s e  o f  t h i s  de- 

t e c t o r  i n  a s imple  chromatograph on t h e  pu rge  gas of an  i n - r e a c t o r  cap- 

s u l e  t e s t  demonst ra ted  t l i n t ~  

A p r o t o t y p e  of an  aI.l.-metal sampl ing  v a l v e e 4  

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 .  8 5  



The a n a l y s i s  of t h e  c o o l a n t  cove r  g a s  i n v o l v e s  less r a d i o a c t i v i t y  

b u t  more complex chemical problems.  Methods are b e i n g  i n v e s t i g a t e d  f o r  

t h e  d e t e r m i n a t i o n  of condensab le  mat-erial t e n t a t i v e l y  i d e n t i f i - e d  as K F 3  

h y d r a t e s  and h y d r o l y s i s  p r o d u c t s s 6  and f o r  o t h e r  forms of hydrogen and 

t r i t i u m .  

surement  s . 
"Dew-po i n t "  and d i f  € u s i o n  methods offer  promise  f o r  such  men- 

8 7  

I n - l i n e  a p p l i c a t i o n s .  The f i r s t  s u c c e s s f u l  chemical  a n a l y s i s  of a 

f lowing  mol ten  f l u o r i d e  s a l t  streame 

U4+ r a t i o s  in a loop b e i n g  o p e r a t e d  t o  d e t e r m i n e  t h e  e f f e c 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 r e d u c i n g  c o n d i t i o n s .  'The t t s s t  i a- 

c i l i t y  w a s  a Hastc , l loy  N thermal  - convec t ion  l o o p  i n  which LiT-BeFn-ZrFs- 

UF4 c i r c u l a t e d  a t  Q2.5 mm/s (5 l i n  f t / m i n ) .  The a n a l y t i c a l  t r a n s d u c e r s  

were p l a t i n u m  and i r i d i u m  e l e c t r o d e s  t h a t  were i n s t a l l e d  i n  a s u r g e  t a n k  

where t h e  t e m p e r a t u r e  was c o n t r o l l e d  a t  650°C. 

w a s  demons t r a t ed  by measur ing  U" / 

T h e  U 3 + / U 4 +  r a t i o  w a s  moni t o r c d  i n t e r m i t t e n t l y  f o r  severa l .  months 

A new c y c l i c  vo l tammeter ,  which pro- on a comple t e ly  au tomated  b a s i s .  

v i d e s  s e v e r a l  new c a p a b i l i t i e s  f o r  e l e c t r o c h e m i c a l  s t u d i e s  on molten- 

s a l t  sys t ems ,  w a s  des igned  f o r  u se  w i t h  t h i s  sys tem.  The v o l t a m m t e r  

can  be d i r e c t l y  o p e r a t e d  by a computer .  8 9  A PI)'i-81 computer was used 

t o  c o n t r o l  t h e  ana l -ys i s  sys t em,  a n a l y z e  t h e  e x p e r i m e n t a l  o u t p u t ,  make 

t h e  n e c e s s a r y  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 .  

I n - l i n e  measurements of U 3 + / U L t +  r a t i o s  and C r 2 +  c o n c e n t r a t i o n s  have 

been made i n  f u e l  s a l t  i n  a fo rced -convec t ion  l o o p .  Severe  v i b r a t i o n  

problems d i s t o r t  t h e  waves and r e d u c e  t h e  a c c u r a c y  of t h e  measurements 

when t h e  f u e l  is  pumped at  h i g h  v e l o c i t y ,  b u t  e x c e l l e n t  voltammograms 

are o b t a i n e d  when t h e  pump is  s t o p p e d .  

I n - l i n e  i n s t r u m e n t a t i o n  h a s  been s a t i s f a c t o r i l y  demons t r a t ed  i n  

Reduct ion  waves f o r  Fe3+, Fez+,  C r 2 +  and o p c r a t i o n  of t h e  CSTF.",' 

p o s s i b l y  Mo3+ w e r e  obse rved  a t  c o n c e n t r a t i o n s  from 20 t o  100 ppm. 

o r d e r  decay  o f  a c t i v e  p r o t o n s  w a s  obse rved  t o  c o n c e n t r a t i o n s  as low as 

n few p a r t s  p e r  b i l l i o n ,  and hydrogen and t r i t i u m  b o t h  i n  f r e e  and chem- 

i c a l l y  combined form w e r e  s u c c e s s f u l l y  de t e rmined .  

F i r s t -  
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.- Prime l)evelo_p;ent Needsk 

T h e  following L i s t  is a consolidation of the analytical chemistry 

devel.opment needs identif i.ed in the preceding section. 

1. Continued on-line demonstration of UF~/UFL+ ratio and total 

uranium concentration in operating l o o p s ,  i.n ratl.i.ation fields, and in 

presence of fission products and transuranics. 

2 .  Demonstration of satisfactory on-line methods for det:erniination 

of plutonium and p e r t i n e n t  transuranics in realistic fuel andlor process- 

ing streams. 

3. Continued dernonst.ration of methods for determination of corro- 

sion products (particularly Cr2+ and Fe2+) in fuel, coolant, and some 

process streams. 

4. Methods for on-line determination of bismuth and Cl- i n  fuel 

salt from processing plant. 

5. Souild methods for determination of protactinium in at lc.?st 

some of the processing streams and, i f  possibl.e, in the fuel within 

the reactor. 

6. In-line determination of valence statie and concentration oE 

some important fission products (Te, Nb, Z I T ,  Nd, and Eu) in fuel or 

p e r t  .i.nen t process s I: reams - 
7 .  On-l.ine methods for estimation of 0'- content of fuel. 

8. Demonstration of methods for determination of oxygenated aid 

protonated (and tritiated) species i.n coolant s a l t  and, if possible, of 

tritiated species in the fuel. 

9. Development of methods for determination of U, Pu, Pa, Th, and 

02- in mol ten Licl .  

10. 

ucts in L i C 1 .  

Development oE methods for C s l ,  Kbt-> F-, and corrosion prod- 

0 11. Methods for determination of L i  , total reducing power, and 
hopeful ly specific metals (especially plutonium and protaci1i.n i~um) in 

mo 1 ten b i smut 11. 

-L 

See Ref. 2 f o r  additional details. It is expected that spectro- 
photometric methods can be used [or some O J  these, but it is anticipated 
that on-line electroanalytical techniques will carry the major load. 
B o t h  should be sufficirntly developed that a choice c a n  be made. 
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1 2 .  Development of r e f e r e n c e  e l e c - t r o d e s  s u i t a b l e  f o r  use i n  t h e  

p e r t i n e n t  sys t ems .  

13.  Methods f o r  d e t e r m i n a t i o n  of [ J F b ,  F z ,  HF-H? m i x t u r e s ,  I ? ,  T e F 6 ,  

and SeT6 in p r o c e s s  g a s  streams. 

1 4 .  Monitor f o r  r a r e - g a s  f i s s i o n  p r o d u c t s ,  and FIT, 12, e t c . ,  i n  

f u e l  cove r  g a s  and i n  small g a s  releases from t h a t  system. 

15.  Methods € o r  a n a l y s i s  of cove r  g a s  o v e r  c o o l a n t  f o r  HT, HTO, 

o t h e r  t r i t i a t e d  cotnpounds, RF3, etc.  

I t  i s  c l e a r  t h a t  most if n o t  a l l  of t h e  abovc s t u d i e s  must be  demon- 

s t r a t e d  t o  be a p p l i c a b l e  i n  t h e  p r e s e n c e  of  i n t e n s e  r x l i a t i o n  f i e l d s  and 

i n  r e a l i s t i c  s o l u t i - o n s  c o n t a i n i n g  a spec t rum of materials t h a t  might i n -  

t e r f e r e  w i t h  t h e  d e t e r m i n a t i o n s .  

I n i t i a l  t e s t i n g  (most of which h a s  been done) r e q u i r e s  s i m p l e  l a b o r -  

a t o r y  f a c i l i t i e s .  G e n e r a l l y  (as h a s  bp.en done i n  t h e  p a s t ) ,  demonstra- 

t i o n  shou ld  u s e  e n g i n e e r i n g - s c a l e  f x i l i t i e s  t h a t  tes t  o t h e r  f a c e t s  of 

t h e  program a t  t h e  same t i m e .  However, s p e c i a l  f a c i l i t i e s  in  whi(.h a lpha -  

e m i t t i n g  i s o t o p e s  (p lu ton ium,  e t c .  ) ('an be  s a f c l y  band led  arid h o t  c e l l s  

where h i g h  l e v e l s  of a c t i v i t y  r a n  be used w i l l  c l e a r l y  be r e q u i r e d  a f t c > r  

t h e  i n i t i a l  development s t a g e  has p a s s e d .  

I n  a d d i t i o n ,  an  i n - l i n e  test  f a c i l i t y  w i l l  be r e q u i r e d  f o r  t e s t i n g  
I )  

t h e  comp1i.x a r ray  of a n a l y t i c a l  d e v i c e s  i n  an i n t e g r a t e d  way. 

E s t i m a t e s  of S c h e d u l i n s  _-I- and C o s t s  .- 

P r e l i m i n a r y  estimates of t h e  n e c e s s a r y  s c h e d u l e  and of i t s  o p e r a t i n g  

and c a p i t a l  f u n d i n g  r e q u i r e m e n t s  are g i v e n  h e r e  f o r  t h e  a n a l y t i c a l  chem- 

i s t r y  program d e s c r i b e d  above. A s  e l s e w h e r e  i n  t h i s  document, i t  h x  

been assumed (1) t h a t  t h e  program would bcigin a t  s t rnr t  of F'Y 1980, ( 2 )  

i t  would l e a d  t o  an o p e r a t i n g  DMSK i.n 1995, and ('3) t h e  R&D program will 

produce no g r e a t  s u r p r i s e s  and no major  changes i n  program d i r e c t i o n  w i l l  

be r e q u i r e d .  

The s c h e d u l e ,  a long  w i t h  t h e  d a t e s  on which key developments  must 

be  finished and major  d e c i s i o n s  made, i s  shown i n  Tab le  4 . 1 .  It  s e e m s  

c e r t a i n  t h a t  t h e  o v e r a l l  TZ&D programs ( i n c l u d i n g  t h o s e  d e s c r i b e d  else- 

where i n  t h i s  document) w i l l  p r o v i d e  some minor s u r p r i s e s ,  am1 some 



T a b l e  4 . 1 .  S c b e d u i r  f u r  a n a l y t i c a l  r e s e a r c h  and  development  

F : .  L s c a i  y e a r  

1980 198i 1982 1983 1984 1 9 8 5  1986 1967  1988 1989 1 0 9 0  1991 1992 lqY3 1 9 9 4  1995  
Task  

E l e c  t roc t iemica l  metltods 

Spec :ropho tome t r y  

Ciiemica 1 methods 

Gas s t r e a m  a n a l y s i s  

Gainma s p e c t r o m e t  ry 

I n - l i n e  t e s t  f a c i l i t y  

S p e c i a l  s t u d i e s  

V9 v2 u3 u4 v5 v6 v7 v8 v9 
V 2  % v5 V f 0  v7 v9 Vj' 

v2 v12 v7 v9 
Vj3 v2  v7 v9 

VI 

v'5 v i s  Vd7 

V4 v'9 V20 

M i l e s  t o n e s  : ___ 
1' 
2. 

3. 

4. 
5 .  

6 .  

7 .  
8 .  

9 .  

10 .  

C o n p l e t e  b a s i c  e v u l u a t i o n  of e l e c t r o c l l e m i c a l  b i smuth  methods.  
Comvlete  development  of methods f o r  c o r r o s i o n  p r o d u c t s  and  
p r o t o n a t e d  s p e c i e s  f o r  WaBFs. 
E s t a b l i s h  f e a s i b i l i t y  and a c c u r a r y  of  L!F3/UF4 r a t i a  d e t e r m i -  
n a t i o n .  ' 

Demonst ra te  method f o r  p r o t a c t i n i u m  i n  i l u o r i d e  s t reams.  
Demonst ra te  method f o r  ? l u t o n i u m  and t r a n s u r a n i c s  i n  f l u o r i d e  
streams. 
E s t a b i i s h  methods f o r  il- i r ;  f l u o r i d e  s t r e a m s  and f o r  uran ium 
and thor ium i n  L i C l .  
S t a r t  e v a l u a t i o n  of r a d i a t i o n  e f f e c t s  on methods .  
Demonst ra te  methods f o r  p r o t a c t i n i u a ,  p l u t o n i u m ,  ces ium,  and  
o x i d e s  i n  L i C i .  
Complete  e s s e n t i a l  methods f o r  p r o c e s s i n g  s y s t e m ,  i r ~ c l u d i n g  
methods f o r  L i ,  Th ,  l u ,  and ?a i n  mol ten  b ismuth  a l l o y s .  
Demonscratc  f e a s i b i l i t y  o f  p r e c i s e  s p e c t r o p a o : o m e c r i c  methods 
t o  +l5d l e v e l .  

11. 

1 2 .  

I?. 

1 4 .  
15. 
1 6 .  
1 7 .  

18. 
79. 
20. 

E s t a b l i s h  u l  t imnte p r e c i s i o n  of  s p e r t r a l  merhocs f o r  
~otal uranium.  
i levelop p r a c t i c a l  i n - l i n e  t r a n s p i r a t i o n  s v s t c m  f o r  
t e s t  Lng. 

o graph  i c and mass -s  lie c t rome t r i c 

Complete  e v a l u a L i o n  of y-spec t ro :ne t ry  c a p a b i l i t i e s .  
Complete  c o n s t r u c t i o n  o f  A n a l y t i c a l  Tes t  F a c i l i t v .  
: )emons t ra te  i n - l i n e  o x i d e  method for f u e l  s t r e a m s .  
Complete  t e s t s  of i n - l i i ? e  t r a n s p i r a L i o n  meas:irements 
( i n c l u d e s  b i s m u t h ,  o x i d e  i n  f u e l ,  e t r . ) .  
Complr te  b a s i c  s t u d i e s  o f  r a d i o l y t i c  o x i d e  removal .  
S t a r t  i n - l i n e  a p p l i c a t i o n s  o f  a r i a l y t i c a l  methods .  
Submit  recommendacions t o r  comple te  chemica l  a n a l y s i s  
:or rei;c:ors. 
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changes i n  t h e  a n a l y t i c a l  c h e m i s t r y  program w i l l  be  r e q u i r e d .  N o  s p e -  

c i f i c  p r o v i s i o n s  f o r  this are i n c l u d e d ;  b u t ,  u n l e s s  major r e v i s i o n s  

become n e c e s s a r y  in t h e  midd le  1980s,  it a p p e a r s  t h a t  s u i t a b l e  ana ly -  

t i c a l  t e c h n i q u e s  and i n s t r u m e n t a t i o n  c o u l d  be conf i d t w t l y  reconmc:nded 

as  shown i n  this s c h e d u l e .  

The o p e r a t i n g  f u n d s  (Table  4 . 2 )  and t h e  c a p i t a l  equipment r e q u i r e -  

ments  (Tab le  4 . 3 )  are shown on a year-by-year b a s i s  i n  t'riotisartds of  

1978 d o l L a r s .  No a l lowance  f o r  c o n t i n g e n c i e s ,  f o r  major program changes ,  

and i n f l a t i o n  d u r i n g  t h e  i n t c > r v a l  h a s  been p r o v i d e d .  
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5. MATEKZAIS DEVELOPMENT FOR FUEL REPROCESSING 

Scope arid Nat.ure ~ of t h e  Task 

‘The materials r e q u i r e d  f o r  m o l t e n - s a l t  f u e l  r e p r o c e s s i n g  sys tems 

d e p m d ,  of c o u r s e ,  upon t h e  nafiiire of t h e  chosen p r o c e s s  and upon t h e  

des:i.gn of t h e  equi;~inent t o  imp1.eiiient the p r o c e s s .  For t h e  MSBRgc t h e  

key o p e r a t i o n s  i n  f u e l  r e p r o c e s s i n g ’ ”  are (1) removal  of uranium from 

t h e  f u e l  stream f o r  immediate retiurii t o  t h e  r e a c t o r ,  ( 2 )  removal of 
’ 
cay of 233Pa o u t s i d e  t h e  n e u t r o n  f l u x ,  and ( 3 )  removal of r a r e - e a r t h ,  

a l k a l i - m e t a l ,  and a l k a l i n e - e a r t h  f i s s i o n  p r o d u c t s  f rom t h e  f u e l  s o l v e n t  

(LiF---BeF2-ThF4) b e f o r e  i t s  r e t u r n s  a long  wii:h the uraniiim, t o  t h e  r e a c t o r .  

3Pa and f i s s i o n - p r o d u c t  z i rconium from t h e  fi.ie1- f o r  i s o l a t i o n  and de- 

Such a p r o c e s s i n g  p l a n t  w i l l  p r e s e n t  a v a r i e t y  of c o r r o s i v e  env i ron -  

mnnts.  Those of g r e a t e s t  s e v e r i t y  are as f o l l o w s : ’  9 ’  

1. t h e  p re sence  of molten s a l t  a l o n g  w i t h  gaseous  m i x t u r e s  of y2 and UF6 

a t  500 t o  550°C; 

2 .  t h e  p re sence  of molten s a l t s  w i t h  absorbed  UF6 so t h a t  a v e r a g e  va l -  

enc:c! o f  uranium i s  n e a r  4,5 ( T J F 4 . 5 )  a t  t empera tu res  n e a r  550°C; 

3 .  ?he p resence  of  molten sal t u  ( e i t h e r  moI.t:en f l u o r i d e s  o r  molten T , iC l - )  

and iriol~ten a l l o y s  c o n t a i n i n g  b ismuth ,  l i t h i u m ,  thor ium,  and o t h e r  

m e t a l s  a t  t e m p e r a t u r e s  n e a r  650°C; and 

t h e  p re sence  o f  HF-132 mixtures  and molten f l u o r i d e s ,  a long  w i t h  b i s -  

muth i n  some c a s e s ,  at 550 t o  650°C. 

4 .  

5. t h e  p re sence  of i n t e r s t i t i a l  i m p u r i t i e s  on t h e  o u t s i d e  of t h e  sys tem 

a t  ~rcmperaturei ;  t o  650”C, p a r t i c u l a r l y  if g r a p h i t e  o r  r e f r a c t o r y  

meta3.s are used .  

T h e  s i z e s  and shapes of t l i e  components of t h e  p r o c e s s i n g  p l a n t  w i l l  

cvo lve  as  a d d i t i o n a l  p i l - o t - p l a n t  work i s  performed on t h e  v a r i o u s  p rocess -  

i n g  steps. T h e  flow from the r e a c t o r  i s  of t h e  o r d e r  of 60 cm3/s  (1 

gpn) ,  so t h e  p i p i n g  s i z e s  wi.1.1 be q u i t e  s m a l l .  The c r u c i a l  p r o c e s s  i n  

most of t h e  p r o c e s s i n g  v e s s e l s  i s  t h a t  l i q u i d s  h e  c o n t a c t e d  t.0 t r a n s f e r  

s e l e c t e d  iuateria1.s from one  stream t o  the o t h e r .  Th i s  c o n t a c t i n g  could  

.I_ 

See Chapter  6 f o r  a d e t a i l e d  d r s c r i p t i o n  of f u e l  r e p r o c e s s i n g .  
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b e  c a r r i e d  o u t  i n  columns w i t h  c o u n t e r c u r r e n t  f l ow o r  i t  cou ld  be  ac- 

complished i n  r a t h e r  s i m p l e  mixer-settl-er vessels w i t h  some s t i r r i n g  of 

t h e  f l . u i d s  a t  t h e i r  i n t e r f a c e .  Thus t h e  p r o c e s s i n g  vessels may s imply  

be  p i p e  s e c t i o n s  a f e w  meters long  and a few c e n t i m e t e r s  i n  d i a m e t e r  or 

they  may be ce l l  s (about  1/2-m cubes )  i n t e r c o n n e c t e d  w i t h  s rna l l -d ia [ne ter  

t u b i n g .  The h i g h  r a d i a t i o n  and con tamina t ion  levels wi.l.l. r e q u i r e  t h a t  

t h e  p r o c e s s i n g  p l a n t  be c o n t a i n e d  and have  s t r i c t  env i ronmen ta l  control. .  

If  t h e  components are c o n s t r u c t e d  of r e a c t i v e  materials such as rriolybdenum, 

t an ta lum,  o r  g r a p h i t e ,  t h e  environment  must be  an ine r t  gas o r  n vacuum 

t o  p r e v e n t  d e t e r i o r a t i o n  of  t h e  s t r u c t u r a l  material .  

Obv-iousl y ,  materials c a p a b l e  of long-term s e r v % c e  under  t h e s e  con- 

d i t i o n s  must b e  p rov ided .  T h e  development: program n e c e s s a r y  t o  do t h i s  

i.s d e s c r i b e d  below. 

Key Uif f e r e n c e s  i n  Reac to r  Concepts  .-___.- 

The f u e l  r e p r o c e s s i n g  p l a n t  e n v i s i o n e d  f o r  a DMSK* w i l l  d i . I f e r  i n  

several. n o n t r i v i a l  r e g a r d s  f rom t h a t  of  t h e  r e f e r e n c e  MSRR. However, 

i n  t h e  c o n c e p t u a l  DMSR plant" '  t h e  s a m e  u n i t  o p e r a t i o n s  and p r o c e s s e s  

wil.1. be  used as f o r  t h e  MSBR. Accordingly ,  :i.t s e e m s  c e r t a i n  that mate- 

r i a l s  s a t i s f a c t o r y  f o r  c o n s t r u c t i o n  of t.he r e f e r e n c e  MSBR r e p r o c e s s i n g  

p l a n t  would s u f f i c e  f o r  a DMSK and t h a t  development needs  i d e n t i f i e d  

f o r  t h a t  MSBR1,2 p l a n t  d i f f e r  t r i v i a l l y ,  i f  a t  all, f rom t h o s e  of t h e  

general1.y similar DMSR p l a n t .  

A l t e r n a t i v e  p r o c e s s e s  (oxide p r e c i p i t a t i o n  of protacti .r i ium and, 

pe rhaps ,  of uranium) have been i d e n t i f i e d  as b e i n g  less s a t i s f a c t o r y  

b u t  p robab ly  f e a s i b l e  fa1.J.-back p o s i t i o n s  f o r  some ( n o t  a l l )  of t h e  

MSBR p r o c e s s i n g  p l a n t  o p e r a t i o n s .  I t  i s  less c l e a r  ( s e e  C1iapte.r 6 )  

t h a t  t h e s e  would b e  f e a s i b l e  f o r  t h e  1)MSLi;'I' shou ld  t h e y  prove  s o ,  t h e  

materials e f f o r t  t o  s u p p o r t  them would d i f f e r  1 . i t t l e  from t h a t  f o r  an  

MSBK. 

.J- 

See Chap te r  6 f o r  n d e t a i l e d  d e s c r i p t i o n  of  f u e l  r e p r o c e s s i n g .  

The p r e s e n c e  of p lu tonium and t r a n s u r a n i c s  i s  a c o m p l i c a t i n g  f a c t o r  
1- 

f o r  a DEER. 
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~ P o s t  -13 7 4 Techno l o g y  Advances ..... 

hfier i 074 t h e  PZSBR Program had s;evcre!y l i m i t s d  fund ing  and cou ld  

affort! little e f f o r t  on devcl  opment of ma te r i a l s  f o r  r e p r o c e s s i n g  equip-  

ment. Accord ing ly ,  t i l e  n j  t u a t i o n  f o r  t h i s  i m p o r t a n t  development  program 

i s  n o t  maLkedly  d i f f e r e n t  from t h a t  d e s c r i b e d  i n  t h e  mid-1974 su rvey .  2 

S t q t i c  t es t s  f o r  3000 h r  a t  650°C showed t h a t  c o n L e n t i a t e d  hismuth-  

l i t 1 1  i u m  a l l o y  (45 a t .  2 l i t h i u m )  c0nLainc.d i r i  g r a p h i t e  c ruc ib les ; '<  per -  

1,1e,iircl g r a p l i i t e  spec imens  n c a r l y  un i fo rmly  and t o  a d e p t h  (0 .13  i o  0 . 4  mil, 

o r  5 t o  15 m i l s )  t h a t  drpen(lt2d on g raphLte  d e n s i t y .  L r s s -concen t r a t ed  

alloy ( 4 . 8  a i .  2 l i t h i u m )  showed l i i t l e  e v i d e n c e  of p e n e t r a t i o n  e x c e p t  

i n  l o w - d ~ i 1 4 t y  r e g i o n s  of  t h e  spec imens .  9 0  H o w e v e r ,  A T J  g r a p h i t e  s p e c i -  

mens, t e s t e d  i n  a molybdenum tlirrntal c o n v e c t i o n  loop  f o r  3000 h r  a t  hoL- 

and co ld - l eg  temperatirrcc,  of 700 and 600°C showed v e r y  l a r g e  we igh t  g a i n s  

of  u p  L O  65%, v i r t u a l l y  all due to b i s m i i t h ,  ;bough some molybdenum w a s  

p r e s e n t .  I t  seems p o s s i b l e ,  chough i t  has n o t  been conf i rmed,  t h a t  t h e  

molybdenum (pe rhaps  by f o r m  r i o n  of a c a r b i d e )  g-rc.ntly promoted wetl-ing 

and permeat ion  of t h e  g r a p h i t e  by t h e  a l l o y .  

Tai1L:alum and i t s  a l l o y s  ( p a r t i c u l . a r l y  'L'a--lO% W) are  knowil t o  be  

s t a b l e  t o  b i smuth - l i t h ium aI.]QyS,' 9 '  b u t  t h e  e f f e c t  o f  molten f l u o r i d e s  

on t h e s e  a l ~ l ~ o y s  i s  n o t  known. A thermal -convec t ion  1.oop of Ta-10% W w a s  

s t a r t e d  i n  Februa ry  1976, w i t h  T , ~ F . - R ~ F z - - - T ~ F ~ - U F ~  ('72-16-11.7-0.3 mole Z)  

and w i t h  ho t -  and cold-l.cg t e m p e r a t u r e s  o f  690 and 585"C, r e s p e c t i v e l y .  9 1  

The l o o p  was k e p t  i n  o p e r a t i o n  when the MSR Program w a s  t e r m i n a t e d ;  i t  

i.s s t i l l  i n  operati.oi1 afr .er  more t h a n  18 ,000  h r  w i t h  no a p p r e c i a b l e  change 

i n  f l o w  c h a r a c t e r i s t i c s .  9 2  

a l l o y  a p p e a r s  t o  have  o c c u r r e d .  S i n c e  r e p r o c e s s i n g  equipment  p r o b a b l y  

does  n o t  need t o  have ternper-ature g r a d i e n t s  a s  h i g h  as l00"C,  t h e  Ta-10% 

W a l l o y  shows real promise  f o r  u s e  i n  r e p r o c e s s i n g  equipment. 

T h e r e f o r e ,  no marked m a s s  t r a n s f e r  of t h e  

d- 

Conta ined  i n  s e a l e d  capsul r t s  o i  stainlP:;s s t e e l  to p r e v e n t  atmo- 

1 
s p h e r i c  c o n t a m i n a t i o n .  

Thesr  co i i cen i r a t ed  a l l o y s  would be  used  t o  s t r i p  r a r e - e a r t h  f i s s i o n  
p r o d u c t s  from LiCl - Bismuth- l i th ium a l l o y s  f o r  s e l e c t i v e  e x t r a c i i o n  of 
u r a n i  Im, p r u t a c t i n i u m ,  p l i i - iu i i ium,  e t c .  , would be  much more d i l u t e .  
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Matierials f o r  f l . u o r i n a t o r s _ s E d  a b s o r b e r s  

N i c k e l  o r  n i c k e l - b a s e  a l l o y s  can be used  f o r  c o n s t r u c t i o n  of f l u o r t -  

n a t o r s  and f o r  conta inment  o f  F2 ,  UF6, and WF, though t h e s e  metals would 

r e q u i r e  p r o t e c t i o n  by a f r o z e n  l a y e r  of  fuel^ s o l v e n t  o v e r  areas where 

c o n t a n i n a t  ion  of t he  iiiolten stream by t h e  o t h e r w i s e  i . i i ev i tab le  c o r r o s i o n  

p r o d u c t s  would h e  s e v e r e .  PIany years of e x p e r i e n c e  i n  f a b r i c a t i o n  and 

j o i n i n g  of such  a l l o y s  have been accumul .a ted ' ,2  i n  t h e  c o n s t r u c t i o n  of  

r eac to r : ;  and a s s o c i a t e d  eng inee - r ing  hardware.  

The c o r r o s i o n  of n i c k e l  arid i t s  a l l o y s  i n  the. severe environment  

r e p r e s e n t e d  by f l . u o r i n a t i o n  of IJFt; from mol t en  s a l t s  has been s t u d i e d  

i n  some d e t a i l .  Most of t h e  data w e r e  obta:ined during o p e r a t i o n 9 3  of 

two p l a n t - s c a l e  f l u o r i n a t o r s  c o n s t r u c t e d  o f  L n i c k e l  a t  t imperacures 

ranging from 540 I:O 730°C.  A number of cor ros : ion  specimens (20  d-i.f fcr- 

e n t  mater ia1.s)  were located :in t h e  f luo r - i . nn to r s .  Several specimens 

includ.i.j-tg Hymu 80 rind I N O R - I ,  I-iiid lower rates of  maximum c o r r o s i v e  at.- 

t a c k  t:lian I, n i c k e l  . ' ' '" N e v e r t h e l e s s ,  L n i c k e l ,  p r o t e c t e d  where -neces- 

s a r y  by f r o z e n  sal- t ,  i s  t h e  p r e f e r r e d  iriat:erinI. for the f l u o r i n a  tion--UFs- 

a b s o r p t i o n  sys tem s i n c e  the o t h e r  alloys wou1.d c o n t r i b u t e  v o l a t i l e  f l u o -  

rides oE chromium and molybdenum to t h e  gaseous UFG. 

Absorp t ion  of U F 6  i n  m o l t e n  s a l t s  contai.ni.ng IJF4 i s  proposed  ( s e e  

Chapter  5) as t h e  i n i t i a l  step i n  t h e  fuel.  r e c o n s t i t u t i o n  f o r  the MSBK 

and IICISR. The r e s u l t i n g  s o l u t i o n ,  c o n t a i n i n g  a s i g n i  f i . i :ant concent ra-  

t i o n  of UF5, i s  qul.te c o r r o s i v e .  I n  p r inc ip l . e ,  and pe rhaps  i n  p r a c t i c e ,  

t h e  f r o z e n  s a l t  p r o t e c t i v e  l .ayer c o u l d  be used w i t h  ~ e s s ~ : l . s  of n i c k e l .  

It  has  been  s h o ~ n ' ~ ~ ~ ~  t h a t  go1.d i s  a sattsfactory c o n t a i n e r  i n  small- 

s c a l e  expe r imen t s ,  and pl.ans t o  u s e  this e x p e n s i v e ,  b u t  e a s i l y  f a b r i c a b l e ,  

metal i n  e n g i n e e r i n g - s c a l e  tests have been d e s c r i b e d .  9 7  

Should c o n t  i-nuous f l u o r i n a t i o n  and UF6 a b s o r p t i o n  prove  i n c a p a b l e  

of development  because  oE mater ia ls  o r  e n g i n e e r i n g  d e s i g n  prohl.ems, i f :  

s e e m s  l i k e l y  t h a t  a l - t e r n a t i v e s  may exist .  Therefore,  success w i t h  the 

However, t h e y  are c o n s i d e r e d  much less d e s i r a b l e  f o r  t e c h n i c a l  01s 
.!. 

economic r e a s o n s  ( s e e  Chapter  6 ) .  
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ma te r i a l s  problems f o r  t h i s  segment of t h e  p r o c e s s i n g  sys tem i s  h i g h l y  

d e s i r a b l e  b u t  pe rhaps  n o t  a b s o l u t e l y  e s s e n t i a l .  

M a t e r i a l s  f o r  s e l e c t i v e  e x t r a c t i o n s  

Most of t h e  e s s e n t i a l  s e p a r a t i o n s  r e q u i r e d  of t h e  p r o c e s s i n g  pl .aat  

a r e  awcomplished by selectively e x t r a c t i n g  s p e c i e s  from sa1.t streams i n t o  

b i smuth - l i t h ium a l l o y s  o r  v i c e  versa.;k 'These e x t r a c t i o n s  pose d i f f i c u l t  

rnateri-als p r o b l e m .  Mater i a l s  f o r  conta inment  of b i smuth  and i t s  a l l o y s  

are known, a s  are  materia1.s f o r  conta inment  of mol ten  saLts. Unfor tu-  

n a t e l y ,  t h e  two groups  have few common members. 

I r o n  and n i c k e l  a1 l o y s .  Carbon stee1.s and 1 ow-chromium s teels  w e r e  

shown l~orig ago t o  be s a t i s f a c t o r y  f o r  l o n g  s e r v i c e  i n  bismuth c o n t a i n -  

i n g  uranium a t  t e m p e r a t u r e s  up t o  about  550°C, b u t  such  s e w i c e  r e q u i r e d  

a d d i t i o n s  of  magnesium o r  z i rconium t o  t h e  b i smuth ,  Such a d d i t i o n s  

would n o t  survi-ve t h e  s e p a r a t i o n s  s t e p s  i n  t h e  p r o c e s s i n g  c y c l e .  More- 

o v e r ,  t h e  carbon s teels  are n o t  rea1S.y s a t i s f a c t o r y  long-term c o n t a i n e r s  

f o r  mol ten  f l - u o r i d e s .  

of c o n s t r u c t i o n  f o r  e n g i n e e r i n g  tests of s e l e c t i v e  e x t r a c t i o n  p r o c e s s e s  

pencline devel~opment  of  b e t t e r  materials. However, i t  h a s  neve r  seemed 

l i k e l y  t h a t  carbon o r  low-a l loy  s tee l s  could  be used s a t i s f a c t o r i l y  as 

key components of t h e  p r o c e s s i n g  system. 

n o t  t o  bc adequa te  c o n t a i n e r s  for  bi-smutli. 

. _- 
9 8  

Carbon s t ee l s  have been used 9 9 , 1 0 0  as materials 

Nickel-based a l l o y s  are known' 

__ Molybdenum. - Cor ros ion  s t u d i e s  a t  ORNL' and e l sewhere '  '' 9 O 2  showed 

molybdenum t o  resist a t t a c k  by b ismuth  and t o  show no a p p r e c i a b l e  m a s s  

trar1sft.r a t  500 t o  700°C f o r  p e r i o d s  up t o  10,000 h r .  Moreover,  molyb- 

dentlm i.s k n o m  to have e x c e l l e n t  r e s i s t a n c e  t o  mo t e n  f l u o r i d e s .  9' It 

i s  r e a c t i v e  w i t h  oxygen, b u t  a purged argon o r  he ium atmosphere con- 

t a i n i n g  up t o  10  ppm oxygen woul-d be acccptab1.e. These f a c t s  iilake i t  

q u i t e  a t t r a c t i v e  as a mater ia l  f o r  t h e  processi-ng p l a n t ;  however,  t h e r e  

a r e  major  d i f f i c u l . t i e s  a s s o c i a t e d  with i t s  use .  

- 
.L 

. ..... 

Moreover,  no s a t i s f a c t o r y  a l t e r n a t i v e  to t h e  s e l e c t i v e  e x t r a c t i o r i -  
metal t r a n s f e r  p r o c e r ; ~  f o r  removal of r a r e - e a r t h  f i s s i o n  products  h a s  
been i d e n t  i f  i e3  . 
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Molybdenum i s  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; i t s  

mechan ica l  p r o p e r t i e s  v a r y  w i d e l y  depending upon how i t  h a s  been metal- 

l u r g i c a l l y  p r o c e s s e d .  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  t empera t i i r e  f o r  

molybdenum v a r i e s  f rom below room t e m p e r a t u r e  t o  200-300°C, depending 

b o t h  upon s t r a i n  ra te  and t h e  m i c r o s t r u c t u r e  of t h e  m e t a l .  Maximum duc- 

t i l i t y  i s  p ruv ided  i n  t h e  cold-worked, f i n e - g r a i n e d  c o n d i t i o n .  The arc- 

me l t ed  molybdenum now a v a i l a b l e  commercial ly  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 ~ r s t i t i a l  i m p u r i t y  level.  N e v e r t h e l e s s ,  

the use  of molybdenum as a s t r u c t u r a l  m a t e r i a l  r e q u i r e s  h i g h l y  s p e -  

c i a l i z e d  assembly p r o c e d u r e s  and imposes s t r i n g e n t  l i m i t a t i o n s  on sys t em 

d e s i g n  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 .  

Many advances i n  t h e  f a b r i c a t i o n  t echno logy  of molybdenum were made 

a t  ORNL d u r i n g  a t t e m p t e d  c o n s t r u c t i o n  of a molybdenum sys t em i n  which 

bismuth and mol t en  s a l t  cou ld  be  c o u n t e r c u r r e n t l y  c o n t a c t e d  i n  a 25-aim- 

I D ,  1.5-m-high packed co l  unm hav ing  90-mm-ID upper  and lower d i s e n g a g i n g  

s e c t i o n s .  Techniques w e r e  developed f o r  t h e  p r o d u c t i o n  of c losed-end 

molybdenum v e s s e l s  by back e x t r u s i o n .  Parts t h a t  were f r e e  f rom c r a c k s  

and had high-qual i t y  s u r f a c e s  w e r e  produced c o n s i s t e n t l y  w i t h  t h i s  t e c h -  

n i q u e  by t h e  use of ZrOL-coated p l u n g e r s  and d i e s  and e x t r u s i o n  t e m p e r s -  

t u r e s  o f  1600 t o  1700°C. The 1.7-m-long molybdenum p i p e  f o r  t h e  e x t r a c t i o n  

column, hav ing  an o u t s i d e  d i a m e t e r  of 29.5 mm and a n  i n s i d e  d i a m e t e r  of 

25 mm, w a s  produced by f l o a t i n g - m a n d r e l  e x t r u s i o n  a t  1600°C. 

It was found t h a t  commercial  molybdenum t u b i n g  can be made d u c t i l e  

a t  room t e m p e r a t u r e  by e t c h i n g  0.025 t o  0.08 mm of material f rom t h e  

t u b e  i n t e r i o r . '  , 2  

Complex components have been f a b r i c a t e d  by we ld ing '  (si t h e r  by 

gas-tungsten-arc o r  by e l ec t ron -beam t e c h n i q u e s ) .  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 r a c k i n g  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  we ld ing .  Mechanical  

tube-to-header  j o i n t s  liavc a l s o  been produced by p r e s s u r e  bonding by 

u s e  of commercial  t u b e  expande r s .  An i r o n - b a s e  a l l o y  of t h e  composi- 

t i o n  Fe-No-Ge-C-E (75-15-5-4-1 w t  X )  has been found t o  have good w e t t i n g  

and f low p r o p e r t i e s ,  a modera t e ly  low b r a z i n g  t e m p e r a t u r e  (<1200"C),  and 

a d e q u a t e  r e s i s t a n c e  t o  c o r r o s i o n  by b i smuth  a t  G 5 O " C .  3 '  
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A 1  though molybdr2nurn welds  t h a t  are h e l i u m  l e a k t i g h t  have been pro-  

duced c o n s i s t e n t l y  u s i n g  b o t h  t h e  c lpc t ron-beam and t u n g s t e n - a r c  tech-  

n i q u e s ,  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  r e s u l t i n g  welds  was above 

room t e m p e r a t u r e ,  and i t  was n e c e s s a r y  t o  d e s i g n  each j o i n t  t o  s u p p o r t  

tile welds  m e c h a n i c a l l y .  The j o i n t s  were a l s o  back-brazed o r  vapor  p l a t e d  

with t u n g s t e n  t o  p r o v i d e  a secondary  b a r r i e r  a g a i n s t  l e a k a g c .  

Both p r e v i o u s  s u r v e y s ’  9 ’  concluded  that  

The r e s u l t s  o f  work t o  d a t e  on molybdenum f a b r i c a t i o n  t e c h -  
n i q u e s  have  been q u i t e  encourag ing ,  and i t  i s  b e l i e v e d  t h a t  
t h e  m a t r r i a l  can be  used i n  cons f - ruc t ing  components f o r  pro-  
c e s s i n g  systcmc, i f  p r o p e r  a t t e n t i o n  i s  give11 L 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 .  

‘That s t a t e m e n t  s t i l l  a p p e a r s  t o  d e f i n e  a t e n a b l e  p o s i t i o n .  However, 

t h e  t e s t  assembly  d e s c r i b e d  above w a s  not completed.;? Each of  t h e  Eabri- 

c a t i o n  s t e p s  c o n s t i t u t e d  a special  R&D e f f o r t ,  and each  we ld ing  and 

b r a z i n g  operat- ion w a s  a n  a d v e n t u r e .  ‘There is  1 i t t l . e  doubt  t h a t  f u r t h e r  

advances  in molybdenum i i w t a l  liurgy w i l l  be made, and i t  seems c e r t a i n  t h a t  

molybdenuru f a b r i c a t i o n  r e s e a r c h  shou ld  c o n t i n u e  as a p a r t  of t h e  DMSR. 

However, such  f a b r i c a t i o n  w i l l  be s low and e x p e n s i v e  f o r  some time, and 

t h e  p r o d u c i s  are l i k e l y  t o  be  of u n c e r t a i n  r e l i ab i . l~ I t :y . t  

hard1 y b e  c o n s i d e r e d  l i k e l y  t h a t  comp1.e~ e n g i n e e r i n g  equipment  of  molyb- 

denum c a n  be  p rov ided  on a s h o r t - t e r m  s c h e d u l e ,  f a b r i c a t i o n  of molybdenuiu 

cou ld  b e  g l v c n  a 1-owe-r p r i o r i - t y  t h a n  p r e v i o u s l y  sugges t ed .  3 ’  

S i n c e  i t  can  

On t h e  other hand,  t h e  c o a t i n g  of  convent ional .  ma te r i a l s  ( such  as 

i r o n -  o r  n i cke l -based  a l l o y s )  w i t h  molybdenum s h o u l d  p robab ly  be  COLI- 

s i d e r e d  for h i g h e r  p r i o r i t y .  Two t y p e s  of  c o a t i n g  p r o c c s s e s  have been 

i n v e s t i g a t e d :  chemical-vapor  depos i  t i o r i  by iiydrogeii r e d u c t i o n  of M0F6 

and d e p o s i t i o n  from mol ten-s31t  m i x t u r e s  c o n t a i n i n g  MOF6 by chemica l  

r enc t i -on  w i t h  tile s u b s t r a t e .  The l a t t e r  method l.ooks e s p e c i a l l y  p romis ing  

because  iiiore compl i ca t ed  components cou ld  p r o b a b l y  h e  c o a t e d  u s i n g  t h i s  

approach .  

2 

-0- 

It w a s  s t i l l  incomple t e  when t h e  program t e r m i n a t e d  i n  1 9 7 3  and 
FI~S n o t  r e v i v e d ,  p a r i l y  because  of f u n d i n g  l i m i t a t i o n s ,  when thP  progr.mi 
was r e v i v e d  i n  1 9 7 4 .  

These remarks cle , - l r ly  do n o t  a p p l y  t o  s i m p l e  i t e m s  such  as  c r u c i b l e s ,  
t 

s t i r r e r s ,  i m p e l l e r s ,  o r  t r a n s f e r  l i n e s .  
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- Tungsten arid t a n t a l u m  al loys.  _ _  I Pure  t u n g s t e n  i s  res i s tan t  t o  molten 

b ismuth .  Recause o f  i t s  h i g h  d u c t i l e - b r i t t  1 c’ t r a n s i t i o n  t e m p e r a t u r e ,  

i t  i s  n o t  a t  a l l  amenable t o  t h e  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  rp- 

q u i r e d  f o r  complex equipment ,  b u t  c r u c i b l e s ,  s t  i rrers , e t c  . , of tungs  t e n  

cou ld  bc  used.  lts u s e  as a s u r f a c e  c o a t i n g  (by chemica l  v a p o r  depos i -  

t i o n )  on molybdenum w a s  n o t e d  above and cou ld  pe rhaps  be extended  t o  more 

c o n v e n t i o n a l  metals. At mospheric  p r o t e c t i o n  e q u i v a l e n t  t o  that  r e q u i r e d  

f o r  molybdenum would be  n e c e s s a r y  f o r  t u n g s t e n .  

Pu re  tantalui t i  and some of i t s  a l l o y s  w i t h  t u n g s t e n  ( i n  p a r t i c u l a r ,  

T-lLl- :  8% W ,  2 %  Hf ,  b a l a n c e  Ta) have been  shown t o  be  u s e f u l l y  compati -  

b l e  w i t h  mol ten  b ismuth  arid b i smuth - l i t h ium a l l o y s .  Tn q u a r t z  thermal -  

co i ivec t ion  I.oops a t  70O”C,  t h e  m a s s  t r a n s f e r  ra te  of p u r e  t a n t a l u m  i n  

t h e s e  l i q u i d  rLetal.s w a s  g r e a t e r  t h a n  t h a t  of  molybdenum, a l t h o u g h  t h e  

ra te  w a s  s t i l l  less t han  0.08 mm/year. Mass t r a n s f e r  rates of t h e  a l l o y  

T - I l l  were comparable  t o  t h o s e  f o r  molybdenum, b u t  t h e  mechanica l  proper -  

t.ies 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  w i t h  i n -  

t e r s t i t  i a l  i m p u r i t i e s ,  pri-mari1.y oxygen, in t h e  expe r imen t s  w i t h  p u r e  

bismuth i n  quart:z I.oops. A mori:: recent .  tes t  c a r r i e d  o u t  a L  700°C w i t h  

the bismutk--.:!..5 w t  X l i t h i u m  m i x t u r e  i n  a loop c o n s t r u c t e d  of T-111 

t u b i n g  d i d  not: measurably  a . f fect  t he  mechanica l  p r o p e r t i e s  of the ‘l’-l.l.l., 

arid t h e  ma.ss t r a n s f e r  ra te  a g a i n  w a s  i n s i g n i f i c a n t .  

little r e a s o n  t o  e x p e c t  t h a t  a n  a l l o y  o f  t an t a lum and t u n g s t e n  a l o n e  

(Ta-102 W ,  f o r  example) would behave b a d l y  i n  b i smuth - l i t h ium a l l o y s  

a t  650°C. 

9 ’  T h e r e  seems 

Tantalum and i t s  a l . loys  have  the v e r y  gre .a t  v i r t u e  oE r e l a t i v e l y  

e a s y  f a b r i c a b i l i t y .  S e v e r a l  complex a s s e m b l i e s  have. been  f a b r i c a t e d  a t  

ORNL u s i n g  t h e  T-111  a l l o y ,  t h e  I . a r g e s t  of which w a s  ;i forced-convect i .on  

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.  

c o n v e c t i o n  loop”  o f  Ta-10% W was c.onstructed i n  1974 and is  s t i l l  i n  

o p e r a t i o n .  In c o n t r a s t  t o  molybdenum, t h e  a l l o y  i.s q u i t e  duc t i1 .e  i n  t h e  

as-welded c o n d i t i o n ;  t h u s  i t  a p p e a r s  p romis ing  f o r  complex g e o m e t r i e s .  

T h e  tar i ta lum a1 l o y ,  however, would requ: i re  a h i g h e r  d e g r e e  o f  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  (oxygen, ca rbon ,  n i t r o g e n )  t h a n  would molyb- 

denum. It i s  l i k e l y  t h a t  a tantal-urn sys tem would r e q u i r e  o p e r a t i o n  i n  a 

O 4  A thermal -  
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h i g h  vacuum 

be ma in ta ined  i n  an  i n e r t  gas  pu rge  syst-em. 

Pa ( % l o m 7  t o r r ) ]  and t h a t  s u f f i c i e n t  p u r i t y  c o u l d  n o t  

The r e s i s t a n c e  of t a n t a l u m  and i t s  a l l o y s  t o  mol ten  f l u o r i d e s  h a s  

l o n g  been  q u e s t i o n e d ,  b u t  i10 d e f i n i t i v e  tests had been made when p r e v i -  

ous  s u r v e y s  were w r i t t e n .  ' 9 '  

t h e  con t inued  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  Ta-10% W loop  w i t h  LiF-BeF2- 

ThFh-UF!, must b e  c o n s i d e r e d  encourag ing .  Use of t a n t a l u m  i n  c o n t a c t  w i t h  

L i C l  and bismuth-l i - thium a l l o y s  ( a s  i n  t h e  r a r e - e a r t h  t r a n s f e r  sys t em)  

h a s  previous1.y been c o n s i d e r e d  a l i k e l y  p o s s i b i l i t y .  

F u r t h e r  tes ts  are o b v i o u s l y  n e c e s s a r y ,  b u t  

A h i g h  p r i o r i t y  shou ld  be g i v e n  t o  tests of t an ta lum al. loys (par- 

t i c u l a r l y  t h e  Ta-1.0% W v a r i e t y )  i n  combina t ions  of f l u o r i . d e  s a l t s  and 

b i smuth - l i t h ium a l l o y s .  Should t h e y  succeed ,  i t  seems l ike l -y  t h a t  the 

f a b r i c a t i o n  probl.ems cou ld  be  r e a d i l y  managed. 

G r a p h i t e .  G r a p h i t e ,  which h a s  e x c e l l e n t  conipatibi.l.iLy w i t h  f u e l  

s a l t ,  a l s o  shows promise  f o r  t h e  conta inment  of b i smuth .  C o m p a t i b i l i t y  

tests t:o d a t e  have shown no e v i d e n c e  of chemica l  i n t e r a c t i o n  between 

g r a p h i t e  and b ismuth  conta in i -ng  up t o  3 w t  Z (50 a t .  %) l i t h i u m .  However, 

t h e  l a r g e s t  open p o r e s  of most  commerc ia l ly  a v a i l a b l e  p o l y 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  b ismuth .  S t a L i c  cap- 

s u l e  t es t s '  o of t h r e e  commercial g r a p h i t e s  ( A T J ,  AXF-5QBG, anti Graphi-  

t i t t ?  A )  w e r e  conducted  f o r  500 hr a t  7 0 0 ° C  u s i n g  b o t h  h i .gh-pur i ty  b ismuth  

and bismuth-3 w t  X l i t h i u m .  Although p e n e t r a t i o n  by p u r e  b ismuth  was 

negl igi .bl .e ,  t h e  a d d i - t i o n  of l i t h i u m  t o  t h e  b i~smuth  appea red  t o  i n c r e a s e  

t h e  d e p t h  of pe rmea t ion  and presumabl-y a l te red  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 t h e  b ismuth .  R e s u l t s  ( s e e  above)  o b t a i n e d  recent1.y i n  a thermal.-con- 

vec t j -on  loop  of  molybdenum c o n t a i n i n g  g r a p h i t e  spec imens  a t  600 t o  7 0 0 ° C  

i n  bismuth---3.8 a t .  2 l i t h i u m  w e r e  considerab1.y more p e s s i m i s t i c .  

L imi t ed  p e n e t r a t i o n  of  g r a p h i t e  by b i smuth  s o l u t i o n s  may b e  t o l e r -  

a b l e .  I f  n o t ,  several  approaches  have  t h e  p o t e n t i a l  f o r  d e c r e a s i n g  t h e  

e x t e n t  t o  which a porous  g r a p h i t e  i s  p e n e t r a t e d  by b ismuth  and bismuth-  

l i t h i u m  a l l o y s .  Two w e l l - e s t a b l i s h e d  approaches  are  mul - t ip l e  irnpregna- 

t i o n s  w i t h  l i q u i d  hydroca rbons ,  which are t h e n  c a r b o n i z e d  a n d / o r  

g r a p h i t i z e d ,  and pyrocarbon c o a t i n g s .  O the r  approaches  are based  on 

-1. 

See above ,  under  Post-1-974 Technology Advances. 
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vapor -depos i t ed  mo1.ybdenum c o a t i n g s  and t h e  u s e  oE ca rb ide - fo rming  

s e a l a n t s .  

F a b r i c a t i o n  of a p r o c e s s i n g  pLant f rom g r a p h i t e  would n e c e s s i t a t e  

g r a p h i t e - t o - g r a p h i t e  and g r a p h i t e - t o - m e t a l  j o i n t s .  Development s t u d i e s  

have been  conduc ted  on b o t h  t y p e s  of j o i n t s  u s i n g  h igh - t empera tu re  b r a z e s  

and a l s o  m e t a l s  which bond by c a r b i d e  f o r m a t i o n .  3 O S e v e r a l  of t h e s e  

e x p e r i m e n t a l  j o i n i n g  t e c h n i q u e s  show promise f o r  t h e  chemica l  p r o c e s s i n g  

a p p l i c a t i o n .  G r a p h i t e - t o - g r a p h i t e  j o i n t s  can a l s o  be made w i t h  p l a s t i c  

cements.  

may be  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 .  

O the r  worke r s  1 0 8 , 1 0 9  have p i o n e e r e d  mechan ica l  j o i n t s  t h a t  

It seems v e r y  l i k e l y  t h a t  g r a p h i t e  can be used  s u c c e s s f u l l y  i n  a t  

least  some p o r t i o n s  of t h e  p l a n t .  G r a p h i t e  c r u c i b l e s ,  complete  w i t h  

r e l a t i v e l y  s i m p l e  p i p i n g  c o n n e c t i o n s ,  as l i n e r s  w i t h i n  vessels of con- 

v e n t i o n a l  a l l o y s  would seem t o  be c l e a r l y  F e a s i b l e .  Whether t r u l y  com- 

p l e x  and i n t e r c o n n e c t i n g  a s s e m b l i e s  can be  r e l i a b l y  f a b r i c a t e d  from 

g r a p h i t e  must ,  however, remain somewhat s p e c u l a t i v e  a t  p r e s e n t .  

Summary. Molybdenum e - x h i b i t s  e x c e l l e . n t  c o r n p a t i - b i l i t y  with t h e  

working f l u i d s ,  and the e x t e r n a l  environment  cou ld  be  i n e r t  gas , b u t  

t h e  problems i n  f a b r i c a t i n g  molybdenum are g r e a t .  Tantalum i s  e a s y  t o  

f a b r i c a t e  and i s  l i k e l y  c o m p a t i b l e  w i t h  t h e  working f l u i d s ,  b u t  t h e  ex- 

t e r n a l  environment  must be  a hard vacuum. High-dens i ty  g r a p h i t e  i s  

l i k e l y  c o m p a t i b l e  w i t h  t h e  working f l - u i d s  and can be adequate]-y p r o t e c t e d  

on t h e  o u t s i d e  w i t h  a n  i n e r t  g a s ,  b u t  i t  i s  d i f f i c u l t  t o  f a b r i c a t e  i n t o  

complex s h a p e s .  A s  the c h e m i s t r y  o f  t h e  p r o c e s s i n g  sys t em i s  e n g i n e e r e d  

f u r t h e r  t h rough  p i l o t  p l a n t s ,  t h e  precise  t y p e  of hardware needed w i l l  

b e  b e t t e r  d e f i n e d .  The approach  t a k e n  t o  materials development w i l l  be 

t o  i n i t i a l . l y  emphasize d e f i n i . t i o n  o f  t h e  b a s i c  material c a p a b i l i t i e s  w i t h  

r e s p e c t  t o  s a l t ,  b i smuth - l i t h ium,  l i t h i u m  c h l o r i d e ,  and i n t e r s t i t i a l  i m -  

p u r i t i e s ,  and t h e n  t o  deve lop  a knowledge of f a b r i c a t i o n  c a p a b i l i t i e s .  

A s  p r o c e s s  equipment becomes b e t t e r  d e f i n e d ,  t h i s  i n f o r m a t i o n  w i l l  be  

used t o  e n g i n e e r  t h e  n e c e s s a r y  components. T h i s  wi7.1  i n v o l v e  t h e  de- 

s i g n ,  c o n s t r u c t i o n ,  and t e s t i n g  of  p r o t o t y p i c  u n i t s .  
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Pr imary  R&D Needs 

The R&D program w i l l  n e c e s s a r i l y  be  concerned  w i t h  d e t a i l e d  t es t s  

of  mat pridls c o m p a t i b i l i t y  and w i t h  s t u d i e s  of we ld ing ,  b r a z i n g ,  and 

o t h e r  j o i n i n g  t e c h n i q u e s  as w e l l  as j o i n t  d e s i g n .  F a c i l i t i e s  f o r  s t a t i c  

t e s t i n g ,  f o r  o p t > r a t i o n  of t he rma l -convec t ion  l o o p  a s s e m b l i e s ,  and f o r  

f a b r i c a t i o n  and o p e r a t i o n  of  fo rced -convec t ion  (pumped) 1 oops  w i l l  be  

r e q u i r e d  a l o n g  w i t h  s o p h i s t i c a t c i d  equipment  f o r  we ld ing ,  b r a z i n g ,  e t c .  , 
under  c a r e f u l l y  c o n t r o l l e d  a tmospheres .  Such l a c i l i t i e s  have been  used  

r o u t i n c l y  i n  t h e  p a s t  and i n v o l v e  l i t t l e ,  i f  any ,  a d d i t i o n a l  development .  

The f o l l o w i n g  key K6D i i e m s  are requi red : jc  

1. 

2. 

3 .  

4 .  

5. 

F u r t h e r  demons t r a t e  c o m p a t i b i l i t y  of t a n t a l u m  al_l_oys a t  r e a l i s t i c  

t ern p era t u  r e s 

a.  w i t h  mol ten  f l u o r i d e s ,  

b .  w i t h  mol-ten c h l o r i d e s ,  

c .  w i t h  sa l t -b i smuth - l i - t h ium,  e t c .  , combinaLions,  and 

d .  a t  c o n t r o l  1.ed con tamina t ion  l eve l s .  

P r e p a r e  sound molybdenum, t u n g s t e n ,  and t a n t a l u m  c o a t i n g s  on conven- 

ti~onal. s u b s t r a t e  m e t a l s  i n  realistic:. geomet r i e s .  

T e s t  such  molybdenum and t u n g s t e n  c o a t i n g s  

a .  w i ~ t h  p e r t i n e n t  s a l t - b i s m u t h  a l l o y  combina t ions ,  

b. under  the rma l  stress and the rma l  shock ,  and 

c .  a t  c o n t r o l l e d  con tamina t ion  l e v e l s .  

Con d u c t c o nip a t i b  i 1 i t  y su rvey  w i t h a t h e  riiia 1 -con ve c t ion 1 o o p con t a k 11- 

i n g  spec imens  o f  a l l  l i k e l y  materia1.s 

a .  w i t h  mol.ten L i C l ,  

b.  w i t h  mol ten  f l u o r i d e ,  and 

c .  w i t h  mol t en  b ismuth  a l l .oy  c o n t a i n i n g  l i t h i u m ,  tho r ium,  e t c .  

F u r t h e r  test  g r a p h i t e  c o m p a t i b i l i t y  w i t h  bismuth-l i thi-urn a l l o y s  con-  

t a i n i - n g  o t h e r  p e r t i n e n t  meta1.s (i. e . ,  thor ium,  uranium) and e x t e n d  

t o  " impervious" g r a p h i t e s  . 
____ 

-9- 

Not a l l  of t h e s e  i t e m s  must be  s u c c e s s f u l ,  b u t  a l l  w e d  t o  be  car- 
r i e d  u n t i l  a mater ia l  ( o r  mater ia1.s)  f o r  a l l  p o r r i o n s  of  t h e  p l a n t  h a s  
been demons t r a t ed .  
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6.  Demonst ra te  s u i t a b l e  methods f o r  j o i n i n g  of g r a p h i t e  and f o r  o b t a i n -  

i n g  "iinpervi.oiis" j o i n t s .  

7 .  Con t inue  s t u d i e s  of  E a b r i c x t i o n  of molybdenum a t  a r e a s o n a b l e  pace .  

8. Pe r fo rm s t u d i e s  as needed on f a b r i c a t i o n  of t a n t a l u m  a l1 .oys .  

9 .  T e s t ,  p r e f  era'o1.y i n  fo rced -convec t ion  l o o p s  w i t h  r e a s o n a b l e  tempera- 

t u r e  g r a d i e n t  ( l O O " C ? ) ,  o v e r a l l  compatib:i:l.:ity of t h e  sa l t -a l l .oy  com- 

b i n a t i o n  w i t h  n combina t ion  of a l l  materials t o  b e  i n c l u d e d  i n  t h e  

f i.na1. sys tem.  k 

E s t i m a t e s  o f - S c h e d u l i n g  and C o s t s  -. 

I ' r e l imina ry  estimates of t h e  n e c e s s a r y  s c h e d u l e  and of it-s ope ra t . i ng  

and c a p . t a l  f u n d i n g  requirement:; are p r e s e n t e d  below f o r  the development  

of ma te r i a l s  f o r  f u e l  p r o c e s s i n g  d e s c r i b e d  above.  A s  el.sewher-e i n  t h i s  

document, i t  has been  assumed t i h a t  (I .)  t h e  prograrri would b e g i n  a t  t h e  

s ta r t  of FY 1980, ( 2 )  i t  would l.ead t o  an o p e r a t i n g  DMSR i n  1995,  and 

( 3 )  t h e  R&D program w i 1 . l  p roduce  no g r e a t  s u r p r i s e s  and no major  changes 

i n  p t:ograrii d i r e c . t i o n  w i l l  be  r equ i . r ed .  

The schedul.e, al.ong w i t h  t h e  d a t e s  on which key  developments  must 

b e  f i n i s h e d  and  ma jo r  d e c i s i o n s  riiade, i s  shown i n  T a b l e  5.1.. It seems 

c e r t a i n  t h a t  t h e  o v e r a l l  R&U programs ( i n c l u d i n g  those d e s c r i b e d  else- 

where i n  this document:) w i l l  p r o v i d e  some minor s u r p r i s e s  and t h a t  some 

changes  :in this development  w i l l  b e  r e q u i r e d .  No s p e c i  f i . c  p r o v i s i o n s  

f o r  t h i s  are incl iuded;  b u t ,  un.ess major  r ev i . s ions  become n e c e s s a r y  i n  

t h e  midd le  198Os, it appears l i k e l y  t h a t  s u i t a b l e  materials f o r  t h e  

p r o c e s s i n g  o p e r a t i o n  i-ou1.d be recommended on t h i s  sc.liedu1.e. 

'I%e tipeca!:ing funds  (Tab le  5. 2 )  arid the c a p i t a l  equipment  r e q u i r e -  

ments  (Tab le  5 - 3 1  are  shown on a year-by-year b a s i s  i n  thousands  of 1978 

d o l l a r s .  N o  a1 lowance f o r  c o n t i n g e n c  Les, major  program changes ,  and i n -  

f l a t i o n  d u r i n g  t h e  i n t e r v a l  h a s  been p rov ided .  T h e  f i r s t  t:ask group 

i n v o l v e s  t h e  development  of  r e s i s t a n t  c o a t i n g s  f o r  use on g raph i - t e  a n d / o r  

o t h e r  more c o n v e n t i o n a l  s t r u c t : u r a l  m a t e r i n l ~ s ,  w h i  l.e t h e  second group of 

t a s k s  i n c l u d e s  t h e  s i m u l t a n e o u s  development  of r e f r a c t o r y  m a  tierials 

J( 
C l e a r l y ,  t h i s  proof  t2st i s  r e q u i r e d  f o r  b o t h  the f luor ide-a l - loy  

and LiCl . -a l loy sys t ems .  



T a b l e  5 . 1 .  S c h e d u l e  f o r  fuel p r o c e s s i n g  mater ia ls  d e v e l o p m e n t  

~ 

F i s c a l  y e a r  

1 9 8 0  l981 1982 1983 1984  1485  1986 1987 1988 1989 1990 1931 
Task  

C o a t i n g  deve lopmen t  v i  v 2  v3  v 4  
C o m p a t i b i l i t y  d e m o n s t r a t i o n  

v5 v6 v7 vB v9 vC0 vj' 

Fa b r i c a t i or. d ev e 1 o pmcn t 
o4 VI3 V I 4  VI5 VIS 

Eng in re r i ing  expe r i - - .  ,Llcn t s VI VI8 vf9  

r ' l i l e s t o i i e s :  

1. D e m o n s t r a t i o n  of sound c o a t i n g  of s i m p l e  s p e c i -  
mens w i t h  Ilo, W, and T s .  

2 .  P r e l i m i n a r y  ; i s se s s i ?en t  of f e a s l b i l i r y  of ? o a r i n g  
c o n c e p t .  

3.  D e m o n s t r a t i o n  o f  sound c o a t i n g s  on complex  geome- 
t r i e s .  

4 .  F i n a l  a s s e s s m e n t  or s u i t a b i l i t y  of c o a L i n g  t e c h -  
n i q u e  s . 

5 .  I ' r e l i m i n a r y  a s s e s s m e n t  of  c o m p a t i b i l i t y  o f  'l'a--lOX 
W i n  f l u o r i d e s .  

5 .  P r e l i m i n a r y  a s s e s s m e n t  of  c o a p a t i S i 1 i c y  of Ta- 10% 
W i n  L i C 1 .  

7 .  S t a r t  o f  t h e r m a l - c o n v e c t i o n  t e s t s  of c o a t e d  s p e c i -  
mens i n  Bi-Li-Th and  of a l l  c a n d i d a t e  m a t e r i a l s  
t o g e t h e r  i n  Bi-Li-Th, riiolten f1 i :or ide  (0.1 n o l e  X 
U F b ) ,  and  L i C 1 .  

8. S e l e c t i o n  of mater ia ls  for u s e  i n  Y s t e g r a t e d  Pro-  
cess  'rest F a c i l i t y  ~ c o m p l e t i o n  of t h c r m l - c o n v e c -  
t i o n  t e s t s  of Mo i n  m o l t e n  salts, a n d  s t a r t  of 
t e s t s  of g r a p h i t e  i n  Ri-Li-Th i n  f o r c e d - c o n v e c t i o n  
l o o p s .  

9. 

1 1 .  

12. 
13. 
1 4 .  
li. 
1 6 .  
17. 

18. 

19 .  

S t a r t  o f  t e s t s  o f  c o a t e d  complex  g e o m e t r i e s  i n  
salt-slloy c o m b i n a t i o n  w i t h  Eorced  c i r c u l a t i o n .  a2 

Assessmenr  o f  f e a s i b i l i t y  of  c o a t i n g s  f o r  p r o -  -F. 

cessing p l a n t  u s e .  
D e m o n s t r a t i o n  of  a p p l i c a b i ' i t y  o f  Ta--l0% W f o r  
p r o c e s s i n g  p l a n t  u s e  and  a s s e s s m e n t  f e a s i b i l i t y  
of EIo from c o m p a t i b i l i t y  s t a n d p o i n t .  
C o m p l e t i o n  of f a b r i c a t i o n  s t u d i e s  N i t h  g r a p h i t e .  
C o m p l e t i o n  of f a h r i c a t i o n  s t u d i e s  OII Ta a l l o y s .  
C o m p l e t i o n  of f a b r i c a t i o n  s t u d i e s  on No. 
C o m p l e t i o n  of joining s t u d i e s  on g r a p h i t e .  
Comple t ion  of j o i n i n g  s t u d i e s  o i l  ?lo. 
C o m p l e t i o n  of survei 1 lanc . e  program on s p e c i m e n s  
f roin Redcic t i v e  E x t r a c t  i o n  Process  F a c i l i t y  . 
C o m p l e  t l o n  o f  s u r v e i l l a n c e  p r o g r a m  011 sam;>les 
f rom M e t a l  T r a n s f e r  F a c i l i t y .  
F i n a l  d e c i s i o n s  on mare r i a l s  f o r  d e m o n s t r a t i o n  
r e a c t o r  p r o c e s s i n g  pia:i t  I 
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t h rough  c o n s t r u c t i o n  and o p e r a t i o n  of 110th na tu ra l . -  and forced-ci-rci l l  n- 

t i o n  c o r r o s i o n  l o o p s .  The t h i r d  task group i n v o l v e s  development of 

f a b r i c a t i o n  tec .hniques  for t h e  materials under  dcvelopnient , whi~le the  

f o u r t h  group is concerned  w i t h  t h e  e v a l u a t i o n  of ma te r i a l  perfor.I:i;tti?i.6? 

i.n actuizl p r o c e s s i n g  t e s t  equipment. I t  i s ,  o €  c o u r s e ,  conceivable that 

n high level. of s u c c e s s  w i t h  one material might eli~iiii.n:itc. muck o f  t h e  

e f f o r t  and a s s o c i a t e d  c o s t s  on o t h e r  rriiit e r i a l s .  

T h i s  e n t i ~ r e  activity i s  t ime- : , i : a I  ed f o r  cornp1.etion i i i  pai-al  le1 wi t ii 

t h e  d e v e l ~ o p m r ~ r ~ t  of  the reactor c o n c e p t .  Ilclwever, s i n c c  t i i c ,  re: ictor I - O I I I  ci 

o p e r a t e  as a c o n v e r t e r  w i t h o u t  on - l ine  p r o c e s s i n g ,  t h c  rr i : i , j i - r  ? a r t  o f  this 

work cou ld  be deferr-ed w i . t h  the expcctaticlr-1 o f  b a c k - f i t r i r i , q  a pr.i-it::t?s+,iin!g 

p l a n t  t o  t hen -ex i - s t ing  r e a c t o r  f a c i l i t  ii,s if the  cconomic !n( :c~n[ .  i v i .  werp 

sufficiently g r e a t  when c1~vt . l  o p m r n t  was compl  c t t d .  



6. FUEL PROCESSING 

Fluid-Euclcd r p n r t o r s ,  u~11 i k e  more c o n v e n t i o n a l  r e a c t o r  t y p e s ,  o f f e r  

t h e  o p p o r t u n i t y  f o r  c o n t i n u o u s  p r o c e s s i n g  of t h e  f u e l  i n  a f a c i l i t y  lo- 

r a t e d  a t  t h e  r S i L e  and d i r e c t l y  ro l lp led  to r lie r eac to r .  Coiitinuuus p ro -  

ccssi l lg  of i t ,  molten f l u o i i d e  f u e l  on a r e l a t i v e l y  s h o r t  c y c l e  t i m e $ ;  i s  

e s s e n t i a l  i f  a n  bISR i s  t o  be a high-performance b r e e d e r  of 2 3 3 U  th rough 

L l i c  i n t e r m e d i a t e  

v e r s i o n  i d i i o  - 1 . 0  throughoiit rpac to i -  l i f p ) ,  a longer  p r o c e s s i n g  c y c l e  

t i m e  almost c e r t a i n l y  s u f f i c e s ,  b u t  t h e r e  i s  no doubt  t h a t  a n  i n t e g r a t e d  

and e s s e n t i a l l y  c o n t i n u o u s  p r o c e s s i n g  s y s t e m  i s  r e q u i r e d .  A DMSK t h a t  

i s  t o  b e  l e d  no ( o r  eveti l i t t l e )  fissile mater ia l  a f t e r  i t s  i n i t i a l  

c h a r g e  i s  a n  example of  such  a r e a c t { ) ? .  ' 

3 P a  from 2 3 2 r h .  f o r  a "hold you& own" c o n v e r t e r  (con- 

1 

~ s ~ i l i o v a l  of  f i s s i o n  p r o d u c i s  t h a t  arc a p p r e i  i a b l e  n e u t r o n i c  p o i s o n s  

15, of C O I ~ T S ~ ,  t h c  p ~ i r n ~ ~ r v  purpose of f u e l  p r o c e s s i n g .  I n  a n  PISR (see 

Clmpter 3 ) ,  t i v i  all of the.;c r p p r i r s  rei i i ' i in  ill i h e  s a l t  i h a t  f l o w s  t o  

the r e p r o i e k , s i n g  1 1 1 ~ 3 ~ 1 ~ .  Thp wclrst of  t h e  l o t  i s  51(e, which is  v i r -  

t u a l l y  in so lu l i l c  iii tlic m e l t  and is s t r i p p e d  by he l ium s p a r g i n g  w i t h i n  

t h e  r e a c t o r  i t s e l f .  Noble and scminoblc  m - t n l s  arc l a r g e l y  deposiLed 

w i t h i n  t h e  pr imary  h e a t  extl innger and on o t h e r  metal w i t h i n  t h e  r e a r t o r  

system. The s e r i o u s  n e u t r o n  p o i s o n s  t a t  a re  d e l i v e r e d  t o  the p r o c e s s -  

i n g  p l a n t ,  t h e r e f o r e ,  arc  p r i l l i a r i l y  rai c>-t'arth isotopes, disso1vc.d as 

t r i f  l u o r i d e s  i n  tiir mol ten f u e l .  These,  a long  w i t h  o t h e r  less i m p o r t a n t  

f i s s i o n - p r o d u c t  s p e c i e b ,  can  be removed by e x t r a c t i o n  i n t o  b ismuth- l i th ium 

a l l o y  and s u b s e q u e n t l y  t r a n s f e r r e d  f r o m  t h a t  a l l o y  i n t o  molten L i C l  i n  a 

s c p d r a t c  p r o c e s r i n g  c i r c u i t .  I l I i i o r tunn te ly ,  t h e  v a l u a b l e  fuel r o n s t i t u -  

e n t s  ( u r a n i i m ,  p r o t a r r i r i i u ~ u ,  p l  utotiium) a1 1 ex t r ac t  i n t o  b i s m u t h - - l i t h i u m  

.,- 
P i v c e s s i n g  c y c l e  t i m e  i s  t h e  t i m e  r e q u i r e d  f o r  p r o c e s s i n g  a voliime 

of  f u r l  s a l t  e q u a l  t o  t h a t  c o n t d i n e d  i n  t h e  r e a c t o r  sys t em;  f o r  t h e  r e f e r -  
ence  M S K K ,  t h e  opLiwrn appeared  t o  be aboiit t e n  d a y s .  Removal t i m e  f o r  a 
p a r t i c u l a r  s p e c i e s  i s  an ef fiJci ivle c y c l e  t i m e  equa l  tu the p r o c e s s i n g  c y c l e  
1 j m  d i v i d e d  by t h e  f r a c t i o n  of irliat spec ie?  removed d i i r ing  a p a s s  th rough 
thtl p r o c e s s i n g  system. 

A D?ISK t h a t  is i o u t i n ~ l y  fed f i s s i l e  m a t e r i a l  of nonweapons g r a d e  
( i+~-, 70% 235U i n  2 3 u U )  c o u l d  bp b u i l t  w i t h o u t  chemical p r o c e s s i n g  f o r  
removal of  f i s s i o n  p r o d u c t s .  

I 



al . loy more r e a d i . l y  t h a n  do t h e  rare e a r t h s .  P r i o r  s e p a r a t i o n  and r e -  

covery”  of t h e s e  materials must ,  accordingl .y ,  be p a r t  of t h e  p r o c e s s i n g  

scheme . 
r 1  1.he p r o c e s s i n g  sys tem must ,  i n  a d d i t i o n ,  (I) rnaint.~.in t h e  fue l  a t  

an a c c e p t a b l e  r edox  p o t e n t i a l .  (UF~/UFL+ r a t i o ) ,  ( 2 )  keep oxide and co r -  

r o s i o n  p r o d u c t s  to t o l e r a b l e  level.:; i n  t h e  f u e l ,  (3)  remove r a d i o a c t i v e  

spec . i e s  from any (gaseous )  e f f  I .uent  streams, and ( 4 )  pl.ace t h e  r ecove red  

f i s s i o n  p r o d u c t s  i n t o  waste forms s u i t a b l e  f o r  a t  least temporary s t o r a g e  

a t  t h e  r e a c t o r  s i t e .  

F u e l  p r o c e s s i n g  f o r  t h e  MSBR was €as from a demonst ra ted  r e a l i t y  a t  

t h e  t e r m i n a t i o n  of t h a t  e f f o r t ,  

p e a t e d  y demonst ra ted  i n d i v  idunl1.y on a small s c a l e ,  Overall  Eeasi .bi l i . ty  

seemed assured from a chemica l  v:i.ewpoint., hut: rnucl - r  WOT!~. -remained b;?fore 

e n g i n e e r i n g  f e a s i b i l . i t y  cou1.d be  a s s u r e d .  The s t a t u s  and t h e  remain ing  

p r e s s i n g  needs  i n  p r o c e s s i n g  R.hD - and t h e i r  r e l a t i o n s h i p s  t o  t h o s e  of 

DMSR .-. are  d e s c r i b e d  in t h e  foll .owinp, sect-ion. 

y 2  b u t  a l l  key seI)a.rati.otls I-tad been re- 

.1. 

Key D i f f e r e n c e s  i n  Reac to r  Concepts  

+ T h e  f u e l  m i x t u r e s  f o r  t h e  MSRR and DMSR zre si-milar i n  many r e g a r d s ,  

and the o v e r a l l  p r o c e s s i n g  concep t s  s h a r e  many features a However, b o t h  

t h e  f u e l  chemis t ry*  and t h e  p r o c e s s i n g  d i f f e r  in seve ra l .  i-mportant ways I 

A v e r y  impor t an t  f e a t u r e  of MSBR process ing  was the reinoval of  2 3 3pa 

from t h e  f u e l  on a s h o r t  cyc. le  time ( t e n  days )  and i t s  i s o l a t i o n  i n  a 

m o l t e n - s a l t  r e s e r v o i r  o u t s i d e  t h e  r e a c t o r  f o r  decay  t h e r e  t o  essentially 

p u r e  U.  This  p roduc t  was rec.overed by f l u o r i n a t i o n ;  t h a t  needed by 

t h e  r e a c t o r  was r e i n t r o d u c e d  i n t o  :.he f u e l ,  arid t.he e x c e s s  was s t o r e d  for 

sale  and  use e l sewhere  I T h e  p r o ] - i f e r a t t o n  r e s i s t a n c e  imposed on n DMSR 

f o r  t h i s  s t u d y  o b v i o u s l y  n e c e s s i t a t e s  abandoninent of t h a t  p o r t i o n  of t.he 

2 3 3  

J- 

Uranium can bc) s e p a r a t e d  by fluorination t o  volat  i l e  iJF6; p r o t a c -  
t i n i u m ,  p lu tonium,  and t r a n s u r a n i c s  o t h e r  t han  neptunium c a n n o t ;  however,  
t h e y  can  b e  r ecove red  by pr ic7r  e x l r a r  t i o r i  i n t  I, d i l u t e  l.icl.iium--kismutli a l l o y .  

Materials of c o n s t r u c t i o n  of tlic s eve ra l  equipment il-ems pose siih- 
4 

s t a n t i a l  problems ( s e e  Chapter  S ) .  +- 
See Chapter 3 .  
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MSKR sysrem. A s  a n o n t r i v i a l  consequence ,  such  abandonment require: ,  

that-  the UMSK have  an  a l t e r n a t i v e  scheme f o r  removal  of f i s s i o n - p r o d u c t  

z i r con ium,  which was s e q u e s t e r e d  (on t i le ten-day c y c l e  t ime)  with 33Pa 

i n  t l i t  MSRR p r o c r s s i n g  p l a n i  am1 was d i s c a r d e d  as w a s t e  a f t e r  decay  of 

t h e  2 1 3  P a .  

l'he MSBR produced. v e r y  1i . t t le  P u ,  Am, Np, and Cm; and s i n c e  what 

w a s  produced w a s  s e q u e s t e r e d  wi.th t h e  2 3 3 P a  and d i s c a r d e d  t o  w a s t e  w i t h  

t h e  z i r con ium,  t h e  e q u i l i b r i u m  f u e l  c o n t a i n e d  v e r y  s m a l l  q u a n t i t i e s  of 

t h e s e  materials.  The DMSR i s  a p r o l i f i c  p roduce r  of  p1.utonium ( though 

a t  n e a r  e q u i l i b r i u m  t h e  p lu ton ium i s  of r e l a t i v e l y  poor  q u a l i t y ) ,  and i t  

needs t u  bu rn  The f i s s i l e  p lu ton ium i s o t o p e s  as f u e l .  'The DMSR p r o c e s s -  

i n g  p l a n t ,  t h e r e f o r e ,  needs  t o  r e c o v e r  p l u t o n  i-um q t i a n t i t a t  i v e l y  and t o  

r e t u r n  i t  immedia te ly  ( a long  w i t h  2 3 3 P a )  t o  t h e  r e a c t o r .  A s  a conse-  

qu rnce ,  DMSR f u e l  w i l l  c o n t a i n  much l a r g e r  q u a n t i t i e s  of t r a n s u r a n i c  

i so topes .  t h a n  d i d  t h e  MSRR. 

The DMSR w i l l  no t  b reed  and w i l l  n o t  have e x c e s s  f i s s i l e  mater ia l  

f o r  removal and s a l e  f o r  u s e  e l s e w h e r e .  However, i t  i s  l i k e l y  t h a t  i n  

i t s  early c l e a n  o p e r a t i o n  (g iven  s t a r t - u p  on 2 3 5 U  a t  20% enr i chmen t )  i t  

w i l l  g e n e r a t e  an e x c e s s  of 3 3 3 U ;  t h i s  w i l l ,  of c o u r s e ,  exis t  i n  a s u i t a b l y  

denai.itrPd stdte b u t  some s t o r a g e  of  i t  (on NaF beds  w i t h i n  t h e  r e a c t o r  

con ta inmen t )  may be  r e q u i r e d  u n t i l  i t  i s  rieedpd by t h e  r e a c t o r .  

Conceptua l  p r o c e s s e s  f o r  t h e  MSBR and DMSR, a c c o r d i n g l y ,  employ 

v e r y  s i m i l a r  u n i t  p r o c p s s e s .  Uranium i s  l a r g e l y  r e c o v e r e d  by S l u o r i n a -  

t i o n  t o  UF6 and i s  r e t u r n e d  immedia te ly  t o  t h e  r e a c t o r  f u e l .  I n  t h e  DMSR, 

piot-dcizinium, p lu tonium,  and t h e  t r a n s u r a n i u m  n u c l i d e s  a r e  r e c o v e r e d  by 

s e l e c t  i vc extrac"iion i n t o  d i l u t e  l i t h ium-b i smuth  a l l o y  and are  immedia te ly  

r e t u r n e d  t o  t h e  r e a c t o r .  I n  b o t h  c o n c e p t s  t h e  r a r e - e a r t h ,  a l k a l i n e - e a r t h ,  

a n d  a lka l  i - m c t d  f i s s i o n  p r o d u r t s  are  s e l e c t i v e l y  ex t raL- ted  i n t o  bismuth-  

1 i thium a l l o y  and s u b s e q u e n t l y  t r a n s f e r r e d  t o  m o l t t > n  T , i C 1  f o r  r ecove ry  

as w a s t e .  A s  i n  th (>  case o f  f u e l  c h e m i s t r y  d i s c u s s e d  above ,  t h e  p r o c e s s -  

i n g  for t h e  two r e a c t o r s  shows f a r  more s i m i l a r i t i e s  than  d i f f e r e n c e s .  
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P o s t  - 1.9 7 4 Advances 

Both t h e  proposed  MSBR’ p 2  and t h e  DMSK p r o c e s s e s  r e q u i r e  removal of 

uranium by f l u o r i n a t - i o n  from t h e  f u e l  s a l t  and f rom a waste s a l t  before 

d i s c a r d .  Removal f rom t.he MSBR fuel. sa1.t v i r t u a l l y  r e q u i r e s “  c o n t i n u o u s  

f l u o r i n a t i o n ,  and suc.h f l u o r i n a t i o n  from t h e  waste stream i s  d e s i r a b l e .  

T h e  salt  streams i n  t h e  r e a c t o r  p r o c e s s i n g  p l a n t  c o n t a i n  much r ad ioac -  

t i v i t y  and are a p p r e c i a b l e  v o l u m e t r i c  b e n t  s o u r c e s ;  c o o l i n g  of  t h e  ves- 

s e l  w a l l  t o  form a f r o z e n  salt f i l m  w i t h o u t  f r e e z i n g  t h e  ves se l .  c o n t e n t s  

would c.erta i n l y  seem f e a s i b l e .  T e s t s  with n o r i m l  ( n o n i r r a d i a t e d )  s a l t  

m i x t u r e s  must i n t r o d u c e  this vol .umet r ic  h e a t  s o u r c e  art i f  i c i a l - l y  , and 

thi .s  h a s  proven t o  be d i f f i c u l t . i  Repeated a t t e m p t s  1 1 9 , 1 1 1  t o  demon- 

s t r a t e  adequa te  f r o z e n  walls w i t h  n o n r a d i o a c t i v e  s a l t  have  been v i r t u a l  

f a i l u r e s  because  of m a l f u n c t i o n  of t h e  r e s i s t a n c e  h e a t i n g  sys tems.  

E a r l y  s t u d i e s ’ ~ ~  had shown t h a t  t h e  s o r p t i o n  of UFI; i n  molten Id?-  

H ~ E ’ ~ - T ~ F I ,  c o n t a i n i n g  U F 4  by t h e  r e a c t i o n  

is r a p i d  b u t  t h a t  t h e  r e a c t i o n  

i s  s l o w  i n  t h e  absence  of a c a t a l y s t .  T h e  r e a c t i o n ,  however,  p roceeds  

r a p i d l y  when  p l a t i n u m  b l a c k , ”  

ta iner , ’12 o r  even a Limi ted  area o f  smooth p l a t i n u m 1 l 3  serves as t h e  

c a t a l y s t .  A f a c i l i t y  t o  s t u d y  t h i s  s t e p  on a n  e n g i n e e r i n g  scale  w a s  

b u i l t  and checked o u t ” 4  w i t h  mol t en  s a l t  and i n e r t  g a s ,  b u t  i t  w a s  n o t  

o p e r a t e d  w i t h  UF6. 

pl.atinum a l l o y e d  w i t h  t h e  gold  con- 

Two e n g i n e e r i n g  a s s e m b l i e s  t o  s t u d y  t h e  reductive-extraction-metal-  

t r a n s f e r  p r o c e s s e s  w e r e  completed and s u c c e s s f u l l y  o p e r a t e d  i n  t h e  pos t -  

- 
Jc 

A DMSR w i t h  a p r o c e s s i n g  c y c l e  t i m e  of 100 days  o r  more cou ld  pos- 
s i b l y  use  b a t c h  f l u o r i n a t i o n ;  t h e  economic p e n a l t y  might be  a c c e p t a b l e .  

S u c c e s s f u l  f r o z e n  w a l l s  have been o b t a i n e d  w i t h  Cal rod  h e a t e r s  i n  
t h e  s a l t ,  b u t  such  a p p a r a t u s  i s  h a r d l y  s u i t a b l e  f o r  u s e  i n  f l i i o r i n a t i o n  
of uranium. 

.I. 
I 
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197(t p e r i o d .  These 

a s s e m b l i e s  b o t h  used mechan ica l ly  a g i t a t e d ,  n o n d i s p e r s i n g  contac tors ; ;  

t o  e q u i l i - h r a t e  mol ten  s a l t  and mo1t:en b ismuth  a l l o y .  Both a s s e m b l i e s  

were b i i i l t  o f  ca rbon  s t e e l ,  though a g r a p h i t e  l i n e r  w a s  used i n  a por -  

ti-on of one of  t i le a p p a r a t u s e s .  

These have  been documented ii1 some d e t a i l .  99,1 

In t h e  f i r s t  o f  Lhese, 9 9  n i n e  r u n s  were made t o  e s t a b l i s h  rates o f  

mass t r a n s f e r  of 237U and 9 7 Z r  between LiF-BeF2-ThFb and b ismuth  as a 

f u n c t i o l i  of a g i t a t o r  speec! and s a l t  and metal  f l o w  ra tes .  These s t u d i e s  

showed t h a t  t h e  s y s t e m  cou ld  be r e a d i l y  o p e r a t e d ,  that mass- t rans  fer  

rates i n c r e a s e d  w i t h  a g i t a t o r  speed ,  and t h a t  mass - t r ans fe r  ra tes  i n -  

creased markedly w i t h  o n l y  iniriov phase  d i s p e r s a l .  Al though c o n f i r m a t i o n  

i s  needed ,  t h e s e  s t u d i e s  also s u g g e s t e d  t h a t  some phase  d i s p e r s a l  might  

b e  tulv,rat .ed wi~tiiiout undue c o n t a m i n a t i o n  of the fue l -  s o l v e n t  w-i.tii b i smuth .  

The more a m b i t i u u s  expe r imen t '  demons t r a t ed  ( p r i m a r i l y  w i t h  neo- 

dymium, u s i n g  

rare-erirt;~ fission p r o d u c t s  from mol ten  LiF-BeF2-Th4 i n t o  d i l u t e  bismuth-  

l i t l i  i r i i n  and t h e i r  subsequen t  t r a n s f e r  t o  mol t en  1 , i C J .  arid then t o  concen- 

t r a t e d  b i smuth - l i t h ium al.l.oy . T h i s  p r o c e s s  w a s  demons t r a t ed  on a s m a l l  

e n g i n e e r i n g  s c a l e  [about: 1 %  of  t h e  f lows  r e q u i r e d  f o r  a ten-day p r o c e s s i n g  

c y c l e  on a l000-PllJ(e) MSBR]. S e p a r a t i o n  of t h e  rare e a r t h s  f rom thor ium 

was demons t r a t ed  t o  be e s s e n t i a l l y  t h a t  p r o j e c t e d  from I~abora to ry - scn l - e  

However, overal.1- m a s s - t r a n s f e r  c o e f f i c i e n t s  w e r e  lower  than s t u d i e s .  

w o u l d  be requi . red f o r  f u l l - s c a l e  m e t a l - t r a n s f e r  p r o c e s s  equipment of 

r e a s o n a b l e  s i z e ;  t h i s  w a s  p a r t  icular1.y t r u e  of t h e  two B i - L i C l  i n t e r f a c e s .  

The re ,  however, i t  i s  p o s s i ~ b l e  t h a t  some phase  d i s p e r s i o n  can  be t o l e r a t e d .  

47Nd as t r a c e r )  t h e  m e t a l - t r a n s f  e r  p r o c e s s  f o r  removal  of  

1 5  

A c o n s i d e r a b l e  s t u d y  of tile c h a r a c t e r i s t i c s  of  n iechanica l ly  a g i t a t e d  

n o n d i s p e r s i n g  sa l t -me ta l  c o n t a c t o r s  w a s  concluded '  u s i n g  mercury and 

H 2 0  t o  simulatc t h e  b i s m u t h - s a l t  sys tem.  

L'hc code f o r  computer c a l . c u l a t i o n  of t h e  FTSBR p r o c e s s i n g  p l a n t  pe r -  

formance w a s  f u r t h e r  r e f i n e d  and i.ts u s e  d e s c r i b e d  i n  d e t a i l . .  

- _ _ _ ~  
-7- 

S u c h  :ontact-ors ,  i n  which t h e  phases  are not d i s p e r s e d ,  p e r m i t  opera-  
t i o n  T d i t h  h i g h e r  r a t i o s  of one phase  t o  t h e  o t h e r .  They shou ld  l e n d  t o  
less  e n t r a i n m e n t  of bismutii i n  s a l t ?  and they  are s i m p l e r  t o  f a b r i c a t e  t h a n  
a r e  e x t r a c t i o n  columns. They a l s o  musr be exppcted  t o  show p o o r e r  m a s s  
1. ransf  e r  c h a r a c t e r  i s  t i c  5 e 
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S t a t u s  of Technology - ~ - -  

The chemica l  b a s i s  on which t h e  p r o c e s s i n g  sys t em is  founded i s  w e l l  

u n d e r s t o o d ;  however, o n l y  s m a l l  e n g i n e e r i n g  expe r imen t s  have been c a r r i e d  

o u t  t o  d a t e  and a c o n s i d e r a b l e  e n g i n e e r i n g  development e f f o r t  r ema ins .  

Chemical s t a t u s  

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 .  Kemoval of  uranium from mal.- 

t e n  f l u o r i d e  m:i.xtures by t r e a t m e n t  w i t h  172 is  well. unde r s tood .  I n i t i a l  

s t u d i e s  a t  OIWL l e d  t o  t h e  Fused S a l t  F l u o r i d e  V o l a t i l i t y  Program, and 

batch f l u o r i n a t i o n  of  t h e  i r r a d i a t e d  A i r c r a f t  R e a c t o r  Experiment f u e l  w a s  

s uccess f u l  l y  demons t ra t ed  The s t u d i e s  cu lmina ted  i n  t h e  1iighl.y suc-  

c e s s f u l  r e c o v e r y  of  uranium from var i -ous  i . r r n d i a t e d  zi-rconium-, aluminum- 

and s t a i n l e s s  s teel . -based f u e l s ,  which i n  some cases w e r e  p r o c e s s e d  as 

e a r l y  as 30 d a y s  a f t e r  f u e l  d i s c h a r g e .  l 1  Uranium r e c . o v e r i e s  g r e a t e r  t h a n  

9'3% and uranium d e c o n t a m i n a t i o n  f a c t o r s  i n  e x c e s s  of 10 we.re c o n s i s t e n t l y  

demons t r a t ed .  More r e c e n t l y  t h e  Fused S a l t  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  used f o r  1-emoval of t h e  

t h e  MSRE s i t e  a f t e r  t h e  r e a c t o r  had o p e r a t e d  f o r  a b o u t  l . - S  y e a r s .  12' 

o p e r a t i o n  was a l s o  h i g h l y  s u c c e s s f u l ,  and t h e  f u e l  carr ier  s a l t  w a s  sub- 

s e q u e n t l y  combined w i t h  2 3 3 U  and r e t u r n e d  t o  t h e  MSRE f o r  a n  a d d i - t i o n a l  

y e a r  of o p e r a t i o n .  The re  i s  no doubt  t h a t  e s s e n t i a l l y  q u a n t i t a t i v e  re- 

cove ry  of  uranium can be  accomplished i f  n e c e s s a r y  and t h a t  many d e t a i l s  

of  f i s s i o n - p r o d u c t  b e h a v i o r  are w e l l  u n d e r s t o o d .  Such f l u o r i n a t i o n  a l s o  

s e r v e s  t o  remove o x i d e  and oxygenated compounds ( v i a  t h e i r  c o n v e r s i o n  t o  

f l u o r i d e s  and 0 2 )  from t h e  m e l t .  However, f o r  t h e  MSBR a con t inuous  f l u o r -  

i n a t o r  ( p r o b a b l y  of  n i c k e l  p r o t e c t e d  by a l a y e r  of f r o z e n  s a l t )  i s  essen- 

t i a l ,  and s u c h  a d e v i c e  i .sp a t  least ,  h i g h l y  d e s i r a b l e  f o r  t h e  DMSR. 

A d d i t i o n a l  s t u d y  i s  needed t o  deve lop  and d e m o n s t r a t e  s u c h  a d e v i c e .  

1 1 8  

3 

U m i x t u r e  f rom t h e  MSRE f u e l  sa l t  a t  2 3 su- 2 3 8 

T h i s  

Gas phase  r e d u c t i o n  of  UI?G t o  UF4 by h y d r o g e n a t i o n  i s  a well-known 

o p e r a t i o n  i n  t h e  n u c l e a r  i n d u s t r y ,  and t h i s  p r o c e s s  w a s  i n i t i a l l y  cons id -  

e r e d  appli.cab1.e € o r  t h e  MSBR. However, c o n s i d e r a t i o n  of tbe d i f f i c u l -  

t i e s  a s s o c i a t e d  w i t h  equipment scale-down, UFL+ p r o d u c t  c o l . l e c t i o n  and 

ho ldup ,  and remote o p e r a t i o n  prompted a s e a r c h  f o r  a more d i r e c t  means 

f o r  recombining U F F ,  w i t h  mol t en  f l u o r i d e  m i x t u r e s .  The known diemica1 

9 '  
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b e h a v i o r  sugges t ed  t h a t  U F 6  c o u l d  b e  absorbed  d i r e c t l y  i n t o  mol t en  s a l t  

t l r d t  c o n t a i n e d  U F 4 .  Subsequent  expe r imen t s  v e r i f i e d  t h a t  t h e  a b s o r p t i o n  

r e a c t i m  i s  r a p i d  and t h a t  UF6 can  be  coiiiLinetl q u a n t i t a t i v e l y  w i t h  mol- 

t e n  f l u o r i d e s  c o n t a i n i n g  UFI, w i  tlr t h e  s i m u l t a n e o u s  f o r m a t i o n  of  i n t e r -  

m e d i a t e  f l u o r i d e s  h a v i n g  a l o w  v o l a t i l i t y .  1 2 ’  

s t ~ p ,  a gas stream c o n t a i n i n g  U F 6  and F ?  can b e  r e a c t p d  w i t h  a r e c i r c u -  

l a t  ins sa l t  s t r e a m  c o n t a i n i n g  d i s s o l v e d  UF4 a c c o r d i n g  t o  t1112 r e a c t i o n s  

I n  t h e  f u e l  r e c o n s t i t u t i o n  

a n cl 

T h e  d i s s o l v e d  UL25 can  be reduced  i n  a separa te  chamber a c c o r d i n g  t o  t h e  

r eac t i o n 

T h e  f i n a l  r eac i - ion  i s  r e l a t i v e l y  s low i n  equipment  of g o 1 d 1 7 2 ’ 1 2 1  

b u t ,  as  n o t e d  above ,  can  b e  e f f e c t i v e l y  ca ta l -yzed  by plat ini i in .  A d d i t i o n a l  

s t u d y  i s  needed t o  e s t a b l i s h  whe the r ,  for example,  i o d i n e  f l - u o r i d e s ,  T e F 6 ,  

SeF6, e t c . ,  arc  absorbed  by t h e  s t r o n g l y  o x i d i z e d  UF5 s o l u t i o n .  

Se lec t ive  r e d u c t i v e  e x t r a c t i o n .  ~ . . ~ ~  S e l e c t i v e  e x t r a c t i o n  from moIten 

f l u o r i d e  m i x t u r e s  and from mol ten  L i C l  i n t o  l i t h ium-b i smuth  a l l o y s  h a s  

been  s t u d i e d  i n  d e t a i l  f o r  e s s e n t i a l l y  a l ~ l  t h e  p e r t h e n t  e l emen t s .  1 , 2 y 1  

Bismuth i s  a low-melt ing-point  ( 2 7 1 ° C )  me1:al t h a t  i s  e s s e n t i a l l y  

immisc ib l e  w i t h  mol ten  h a l i d e  m i x t u r e s  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 bromides.  The vapor  p r e s s u r e  of biamuth i n  t h e  t e m p e r a t u r e  r a n g e  of 

i n t e r e s t  (500 LO 700°C)  i s  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 T i ,  ‘l’h, 

U ,  P a ,  and most of t h e  f i s s i o n  p r o d u c t s  are a d e q u a t e  €or p r o c e s s i n g  ap- 

p l i c a t i o n s .  Under t h e  c o n d i t i o n s  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  reac- 

t i o n s  between mater ia l s  i n  s a l t  and metal  phases  can  be  r e p r e s e n t e d  by 



t h e  f o l l o w i n g  r e a c t i o n :  

l l ; in (sa l t )  + nT,:i(Bi) * M ( B i )  -t nLiX(sa1.t) , 

i n  whic-h tile metal h a l i d e  MXIl i n  t h e  sa l t  reacts wit.11 l i t h i u m  from t h e  

bismuth pliase t o  produce M in 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 he  s a l t  phase .  ‘Che vadence of M i n  t h e  salt is f n ,  

a.nd X r e p r e s e n t s  f l u o r i n e  o r  c h l o r i n e .  It h a s  been f o u n d 1 ’ 2 ’ 1 5  t h a t  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  concentra- 

t:ion i n  t h e  metal. phase  (mole f rac t i -on ,  X ) as f o l l o w s :  
1, i 

l og  13 = n l o g  x + I.0g K;; . r, i m 

T h e  quant:i.t:y K:; i s  dependent  on1.y on t e m p e r a t u r e ,  arid the d i s t r i b u t i o n  

coef f i k i e n t  i s  d e f i n e d  by t h e  re.l.ation 
m 

mole f r a c t i o n  __ -- of M in m e t a l  pha?>-- 
mole f r a c t i o n  of  :,IX i n  sa l t  phase ’ 

I) = 
TI 

The e a s e  w i t h  which one component can be s e p a r a t e d  from a n o t h e r  is i n d i -  

c a t e d  by the r a t i o  of t h e  respective d i s t r i b u t i o n  c o e f f i c i e n t : ; ,  t h a t  i s ,  

the 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  unity, sepa- 

r a t i o n  of  tile coiiiponents becomes inc.reasing1.y d i f f i c u l t .  On t h e  o t h e r  

hand, tile greater  t h e  d e v i a t i o n  from nni.ty, t h e  easier t h e  sepnrat i .on.  

D i s t r i b u t i o n  d a t a  have been o b t a i n e d  f o r  many e le inents l  ’ 2 y 1 2 ’ 1 5  be- 

tween Tdi.F-BeP2-ThFs (72-16-12 m o l e  Z) and b i s m u t h - l i t h i u m  and between 

L iCI .  a n d  bismu t l i - l i th ium.  A s  F i g .  6 . 1  i n d i c a t e s ,  extrac.t.Lon from t h e  

mol t en  f l u o r i d e  a f f o r d s  exce l . len t  s e p a r a t i o n  of Zr, U, and P a  from ’Th 

and the r a r e  e a r t h s  liut: r e l a t i v e l y  poor separat:i.on of t h e  r a r e  e a r t h s  

from thor-iiiiin. P lu ton ium,  neptunium, and americium are s l i g h t l y  more ex- 

t r a c t a b l e  from t h e  f l u o r i d e  t h a n  is  p r o t a c t i n i u m ;  curium is s l i g h t l y  less 

e x t r a c t a b l e  t h a n  p r o t a c t i n i u m .  

h a v i o r  w’nen molten 1 , i C L  is  used .  E x c e l l e n t  s e p a r a t i o n s  of tho r ium f r o m  

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 l e m e n t s  can  be  made by u s e  of L i C l .  

F i g u r e  6 . 2  shows t h e  q u i t e  d : i f f e r e n t  be- 

T E i e  d i s t r i b u t i o n  c o e f f r i d e n t  f o r  thorium i.s d e c r e a s e d  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  t h e  LiCI . ,  a l t h o u g h  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  
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- 
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I 0 - 5  

M O L E  F R A C T I O N  Li I N  BISMUTH 

Nd -e3 

Fig. 6.1. Distribution data beiween fuel salt and bismuth. 
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Fig .  6 .2 .  

ORNL DWG-70-12507 

I 0-4 I 0-3 10-2 1.0 
MOLE FRACTION L i  I N  BISMUTH 

D i s t r i b u t i o n  d a t a  between l i t h i u m  c h l o r i d e  and bismuth.  

f o r  t h e  rare e a r t h s  are a f f e c t e d  by o n l y  a minor amount. T h u s ,  contami- 

n a t i o n  of t h e  L i C 1  w i t h  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  c a u s e  a s h a r p  i n c r e a s e  i n  t h e  tho r ium 

removal ra te .  Data w i t h  L i B r  are  s i m i l a r  t o  t h o s c  w i t h  L i C 1 ,  and t h e  d i s -  

t r i b u t i o n  b e h a v i o r  w i t h  L iC1-L iBr  m i x t u r e s  would n o t  be  l i k e l y  t o  d i f f e r  

a p p r e c i a b l y  from t h e  d a t a  w i t h  t h e  p u r e  materials.  1 2 2  

Conceptual. MSBR processing f lowshee t 

i s  shown i n  F i g .  6 .3 .  

F u e l  s a l t  is withdrawn from the reactor on a ten-day c y c l e ;  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 f l o w  ra te  of 55 cm3/s (0.88 gpm)" The 

2 , 1 2 3  The r e f e r e n c e  MSBR p r o c e s s i n g  f l o w s h e e t  
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F i g .  6 . 3 .  Conceptua l  f l owshee t  f o r  f u e l  p r o c e s s i n g  in a s i n g l e -  
f l  i i i  d MSBK. 

f l u o r i n a t o r  removes 99% of  t h e  urani.um. The protacLini1.m e x t r a c t i o n  con- 

t a c t o r  i s  e q u i v a l e n t  t o  fJ.ve e q u i l i b r i u m  s t a g e s .  The bismuth f low rate 

th rough t h e  c o n t a c t o r  i s  8 . 2  crn3/s (0 .13 gpm), and t h e  i n l e t  thor ium con- 

c e n t r a t i ~ o n  i n  t h e  stream i s  90% of t h e  thor ium s o l u b i l i t y  at t h e  operairi-ng 

t empera tu re  of 640°C. 

(1.60 f t 3 ) .  T h e  uranium i n v e n t o r y  i n  t h e  t ank  i s  less  than  0.2% of  t h a t  

i n  t h e  r e a c t o r .  F l u o r i d e s  of L i ,  rh ,  Z r ,  and N i  accumula te  i n  t h e  t a n k  

a t  a t o t a l  r a t e  of abou t  0.003 m3/d  (0 .1  f t 3 / d a y ) .  ‘These materials are  

removed by p e r i o d i c  wi thd rawa l  of s a l t  i: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 i l .  The bismuth f low r a t e  through t h e  two upper  con- 

t a c t o r s  i n  t h e  r a r e - - e a r t h  removal sys tem is  790 cm3/s (12 .5  gpm), a.i-td t i le 

L i C l  flow r a t e  i.s 2080 cm3/s  (33 gpm). Each c o n t a c t o r  i s  e q u i l 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 p r o t a c t i n i u m  decay t a n k  has a volume o€  4.5 m 3  

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  separate con- 

t a c t o r s  i n  o r d e r  t o  miniriii-ze t h e  amount of l i t h i u m  r e q u i r e d .  Only 2% o f  
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the? L iCL,  o r  42  c m 3 / s  (0 .66  gpm) ,  is f e d  t o  the  two-stage d i v a l e n t  rare- 

e a r t h  removal c o n t a c t o r ,  where i t  i s  c o n t a c t e d  w i t h  a 2200-cm3/d (0.58- 

g a l l d a y )  bismuth stream c o n t a i n i n g  50 at. Z 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  T , K 1  i s  c o n t a c t e d  w.ith bismuth c o n t a i n i n g  5 at. X l i t h i u m ,  

i s  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 .  

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  pro-  

c e s s e d  sa l t  w i t h  uranium and p u r i f y i n g  the r e s u l t i n g  f u e l  s a l t .  The 

uranium addi t i -on  i s  accomplished by a b s o r b i n g  t h e  UF6'F2 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  c o n t a i n i n g  UFt,, which r e s u l t s  i n  t h e  Eorniat:i.ori 

of s o l u b l e  UF5. The UF5 i s  then  reduced t o  UF4 by contact:  w i t h  hydrogen. 

The IIF r e s u l t i n g  fram re.duction of UFt; i.s e l e c t r o l y z e d  i n  o r d e r  t o  recy-  

c le  the conta ined  f l u o r i n e  and hydrogen. These materials are r e c y c l e d  

1 3 0  avoid  waste d i s p o s a l  charges  on t h e  m a t e r i a l  t h a t  would be 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 KOI-I. '''+ 
he c o n t a c t e d  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  step i o  o r d e r  to en- 

sure t-hat t h e  f i n a l .  bismuth c o n c e n t r a t i o n  is acceptab1.y 1.0~4.  

~ ~ i e  s a l t  w i l l  

The protncti.niuim removal ti.me o b t a i n e d  w i t h  t h e  f lowshee t  i s  10 

days ,  and t h e  r a r e - e a r t h  removal t i m e s  range Crom 1 7  t o  51 d a y s ,  w i t h  

t h e  r x e  e a r t h s  of most importance be ing  removed on 27-  t:o 30-day c y c l e s .  

C a l c u l a t i o n s '  2 3 y  

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  c o n d i t i o n s ,  such a s  changes i n  

tempera ture ,  f l o w  rstes, reduct i in t  c o n c e n t r a t i o n s ,  e t c .  However, as 

noted e a r l i e r ,  contaminat ion  of t h e  molten Lj.CI. by f l u o r i d e  markedly 

i n c r e a s e s  e x t r a c t i o n  of thorium by t h e  LiCl. It appears  t ha t  up t o  2 

mole Z of F- i n  t h e  L i C 1  (which would l e a d  t o  1 .0s~  of  7 . 7  g-moles of  

thorium p e r  day) may be t o l e r a b l e . 2  It has been shown that t r e a t m c n t  

o f  I X l  contaminated w i t h  F- by BC1.3 serves t o  v o l a t a l - i z e  RF3; the F- 

contami.nat ion should  be e a s i l y  removnb1.e. 

i n d i c a t e  t h a t  t h e  f lowsheet  i s  rel.ative1.y i n s e n s i -  

T h e  r e l i a b l e  removal of decay h e a t  from t h e  p r o c e s s i n g  p l a n t  i s  

an impostant  c o n s i d e r a t i o n  because of the r e l a t i v e l y  s h o r r  decay t i m e  

h e f o r e  t h e  s a l t  enters t h e  p r o c e s s i n g  p l a n t .  A t o t a l  of about  6 PIW of 

h e a t  would be produced i n  t h e  p r o c e s s i n g  p lan t  f o r  a L000-MW(e) MSBK. 

Since molten bismuth,  fuel. salt, and L i C l  are n o t  s u b j e c t  t o  radiolyt i r r .  

d e g r a d a t i o n ,  t h e s e  i s  n o t  t h e  u s u a l  concern encountered wi th  p r o c e s s i n g  

of short-decayed f u e l .  
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. Enginee r ing  s t a t u s  

-~ Continuous .. f l u o r i n a t a r  . A s  no ted  above, molten-sa1.t E l u o r i n a t i o n s  
1 2 7  ha-ve been conducted i n  s e v e r a l  c a s e s .  A c o u n t e r c u r r e n t  f l u o r i n a t o r  

( 2 5  mill diam, 1 . 8  m long ,  c o n s t r u c t e d  of n i c k e l )  h a s  been o p e r a t e d  sa t i s -  

f a c t o r i l y .  C o r r e l a t i o n s  f o r  g a s  hol-dup and a x i a l  d i s p e r s i o n  have been 

developed from s t u d i e s  of  air-water s o l u t i o n s  f o r  a p p l i c a t i o n  t o  l a r g e r  

f l u o r i n a t o r s .  1 2 8  

Frozen s a l t  l a y e r s  are  b e l i e v e d  t o  be e s s e n t i a l  f o r  con t inuous  

f l u o r i n a t o r s .  ’ 9 ’  

g a s - s a l t  c o n t a c t o r s  was demonstrated p r e v i o u s l y ’  * 
m-diam, 2.4-m-high s i m u l a t e d  f l u o r i n a t o r  i n  which molten s a l t ,  LiF-ZrFk 

(66 -34  mole %),  and a rgon  were c . o u n t e r c u r r e n t l y  c o n t a c t e d .  An i n t e r n a l  

h e a t  s o u r c c  i n  the  molten r e g i o n  w a s  provided by Calrod h e a t e r s  c o n t a i n e d  

i n  a 3/4-in.  I P S  p i p e  a long  t h e  c e n t e r l i n e  of t h e  v e s s e l .  A f r o z e n  sa1.t 

l a y e r  w a s  ma in ta ined  i n  t h e  system w i t h  e q u i v a l e n t  v o l u m e t r i c  h e a t  gen- 

e r a t i o n  r a t e s  o f  353 t o  1940 kW/m3. 

ra tes  i n  f u e l  s a l t  immediately a f t e r  remo-val. frotn t h e  r e a c t o r  and a f t e r  

p a s s i n g  through v e s s e l s  having hol-dup t i m e s  of 5 and 30 min a r e  2000, 

950, and 420  klJ/m3, r e s p e c t i - v e l y .  

The f e a s i b i l i t y  of m a i n t a i n i n g  f r o z e n  s a l t  l a y e r s  i n  

i n  tes ts  i i i  a 0.12- 

For comparison, t h e  h e a t  g e n e r a t i o n  

2 

However, as  no ted  p r e v i o u s l y ,  r e c e n t  a t t e m p t s  t o  u s e  a u t o r e s i s t a n c e  

h e a t i n g  of t h e  n o n r a d i o a c t i v e  t e s t  s a l t  ( s o  t h a t  no u n p r o t e c t e d  m e t a l  
would be p r e s e n t  i n  t h e  f l u o r i n a t o r )  have proved d i s a p p o i n t i n g .  1 1 0 , 1 1 1  

___ F u e l  r e c o n s t i t u t i o n .  ___ A s  noted ea r l i e r ,  e n g i n e e r i n g  expe r imen t s  

have been des igned ,  b u i l t ,  arid t e s t e d  i n  a p r e l i m i n a r y  way b u t  no en- 

g i n e e r i n g  s t u d i e s  of f u e l  r e c o n s t i t u t i o n  have been run .  9 7  

S e l e c t i v e  ...... r e d u c t i v e  .. e x t r a c t i o n s .  .. -. .- - Both c o u n t e r c u r r e n t  e x t r a c t i o n  

columris and mechan ica l ly  a g i t a t e d ,  n o n d i s p e r s i n g  c o n t a c t o r s  have been 

t e s t e d  on a small e n g i n e e r i n g  s c a l e .  

were d e s c r i b e d  above. 

Tes ts  o-E t h e  l a t t e r  c o n t a c t o r s g 9  , l o  

A s a l t - b i s m u t h  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  h a s  been o p e r a t e d  suc- 

c e s f u l - l y  i n  which uranium and zirconium were? e x t r a c t e d  froin s a l t  by 

c o u n t e r c u r r e n t  c o n t a c t  w i t h  bismuth c o n t a i n i n g  r e d u c t a n t .  1 2 3 , 1 2 9  

t-han 95% of rhe uranium was e x t r a c t e d  from t h e  s a l t  by a 21-miii-diam, 

6lO--m1-long packed col.umn. The i n l e t  urani.uiii c o n c e n t r a t i o n  i n  t h e  s a l t  

w a s  about  25% o f  t h e  uranium c o n c e n t r a t i o n  i n  tile r e f e r e n c e  MSBR. These 

More 
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expe r imen t s  r e p r e s e n t  t h e  f i r s t  d e m o n s t r a t i o n  of  r e d u c t i v e  e x t r a r _ t i o n  of 

uranium i n  a f lowing  system. In fo rma t ion  on t h e  ra te  of  mass t rar isfcJr  

of  uranium and z i r con ium h a s  a l s o  been o b t a i n e d  i n  the system w i n g  an 

i s o t o p i c  d i l u t i o n  method, and HTU” v a l u e s  of abou t  1 . 4  m were o b t a i n e d .  
7 

C o r r e l a t i o n s  have been developed 2 , 1 2 8 ,  I 3 0  f o r  f l o o d i n g  and d i s -  

persed-phase holdup i n  packed columns d u r i n g  c o u n t e r c u r r e n t  f low o f  

l i q u i d s  hav ing  h i g h  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 s a l t  and bismuth.  

by s t u d i e s  w i t h  mol t en  s a l t  and bismuth,  w e r e  developed by s t u d y  of 

c o u n t e r c u r r e n t  f l o w  of mercury and water o r  h i g h - d e n s i t y  o r g a n i c s  and 

water .  Data on a x i a l  d i s p e r s i o n  i n  t h e  con t inuous  phase d u r i n g  t h e  

c o u n t e r c u r r e n t  f l o w  of h igh -dens i ty  l i q u i d  i n  packed columns has ‘ i lso 

been o b t a i n e d ,  1 3 ’  ’ 1 3 2  and a s i m p l e  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 ax i a l  d i s p e r s i o n  on column performance’ h a s  b e e r  developed.  A n  

eddy-current  detector12’ f o r  l o c a t  i on  of  t h e  s a l t - b i s m u t h  i n t e r f a c e  o r  

bismuth level i n  a n  e x t r a c t i o n  c i r c u i t  h a s  been s u c c e s s f u l l y  demons t r a t ed .  

These c o r r e l a t i o n s ,  which have been v e r i € i e d I 7  

A l l  a s p e c t s  of t h e  m e t a l  t r a n s f e r  p r o c e s s  f o r  r a r e - e a r t h  removal 

have been t e s t e d  a t  two d i f f e r e n t  e n g i n e e r i n g  scales.  1 0 0 , 1 2 8  

I n t e r e s t  i n  m i l d l y  a g i t a t e d ,  n o n d i s p e r s i n g  e x t r a c t o r s  h a s  developed 

because  (1) t h e y  shou ld  be  much s i m p l e r  t o  b u i l d  of d i f f i c u l t - t o - f a b r i -  

c a t e  materials such  as molybdenum o r  g r a p h i t e  and ( 2 )  t hey  might b e  less 

l i k e l y  t o  e n t r a i n  bismuth i n  s a l t  o r  s a l t  i.n bismuth.  Whether t h e s e  o r  

more c o n v e n t i o n a l  e x t r a c t i o n  columns are t o  be p r e f e r r e d  is n o t  y e t  

e s t a b l i s h e d .  

Design and development work h a s  p r o g r e s s e d  on a Reduc t ive  Extract-i on 

P r o c e s s  F a c i l i t y  2 ’ 1 2 9  t h a t  would a l l o w  o p e r a t i o n  of t h e  impor t an t  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  p r o c e s s  f o r  P r o t a c t i n i u m  i s o l a t i o n .  T h e  

fac: i l i ty  would a l l o w  c o u n t e r c u r r e n t  c o n t a c t  of  s a l t  and bismuth streams 

i n  v a r i o u s  t y p e s  of c o n t a c t o r s  a t  f low r a t e s  as h i g h  as abou t  25% of 

t h o s e  r e q u i r e d  f o r  p r o c e s s i n g  a 1000-MW(e) MSBR. The f a c i l i t y  would 

o p e r a t e  c o n t i n u o u s l y  and would a l l  ow measurement of mass t r a n s f e r  and 

hydrodynamic 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 .  

--____- 
-7- 

IlTU = h e i g h t  of t r a n s f e r  u n i t .  
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Bismuth removal  and uranium v a l e n c e  a d i u s t m e n t .  E n t r a i n e d  o r  d i s -  

s o l v e d  b i smuth  w i l l  have  t o  b e  removed f rom t h e  s a l t  b e f o r e  i t  i s  re- 

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  b i smuth  ( a b o u t  

1 0  w t  2 )  a t  t h e  r e a c t o r  o p e r a t i n g  teinperaturL’. E f f o r t s  t o  measure  t h e  

so lub j . l . i t y  o f  b i smuth  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  i s  lower  

t h a n  a b o u t  1 ppm, and t h e  e x p e c t e d  s o l u b i l i t y  of b i smuth  i n  t h e  s a l t  i s  

v e r y  l o w  unde r  t h e  h i g h l y  r e d u c i n g  c o n d i t i o n s  t h a t  w i l l  b e  u s e d .  I t  

a p p e a r s  t h a t  b i smuth  can  be  p r e s e n t  a t  s i g n i f i . c a n t  c o n c e n t r a t i o n s  i n  

t l i e  s a l t  only as  ent1rained meta l l ic  b i smuth .  Sampling of  s a l ~ t  f rom en- 

g i n e e r i n g  e x p e r i m e n t s  i n d i c a t e d  t h a t  t h e  b i smuth  c o n c e n t r a t i o n  i n  t h e  

s a l t  r a n g e s  f rom 10  t o  100  ppm a f t e r  c o u n t e r c u r r e n t  c o n t a c t  of t h e  s a l t  

and  b ismuth  i n  a packed-column c o n t a c t o r ;  however ,  c o n c e n t r a t i o n s  bel.ow 

1 ppm are  obse rved  i n  s a 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 con- 

t a c t o r  i n  which t h e  s a l t  and m e t a l  p h a s e s  are n o t  d i s p e r s e d .  2 

A n a t u r a l - c i r c u l a t i o n  l o o p  c o n s t r u c t e d  o f  I l a s t e l l o y  N and E i l l e d  

w i t h  f u e l  s a l t  h a s  been  o p e r a t e d  f o r  a b o u t  two y e a r s ;  a molybdenum cup 

c o n t a i n i n g  bisiiiuth was p l a c e d  n e a r  t l ie  bo t tom of t h e  l ~ o o p .  To d a t e ,  

the . r epor t ed  c o n c e n t r a t i o n s  o f  b i smuth  i n  s a l t  f rom t h e  l o o p  (<5 ppm) 

a re  e s s e n t i a l l y  t h e  same as t h o s e  r e p o r t e d  f o r  s a l t  f rom a 1 . 0 0 ~  c o n t a i n -  

i n g  no b i smuth .  No d e g r a d a t i o n  o f  me t<? l . l u rg i ca l  p r o p e r t i e s  h a s  been  

no’ied on c o r r o s i o n  spec imens  removed from t h e  l o o p  c o n t a i n i n g  b i smuth .  

O p e r a t i n g  a MSK w i t h  a s m a l l  f r a c t i o n  of  t h e  uran ium p r e s e n t  as 

U F 3  i s  advan tageous  i n  o r d e r  t o  minimize  c o r 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  t endency  of  t h e  f i ~ s s i o n  p r o c e s s .  The U 3 + / U 4 +  r a t i o  i n  t h e  

MSRE w a s  main ta i -ned  a t  t h e  d e s i r e d  l e v e l  by r e d u c t i o n  o f  U4.’ w i t h  b e r y l -  

I.ium meta l ,  and a v o l t a m m e t r i c  method f o r  t h e  d e t e r m i n a t i o n  of  t h i s  

r a t i o  i n  t h e  MSKE f u e l  was deve loped .  The f i - r ia l  s t e p  i n  t h e  p r o c e s s i n g  

p l a n k  w i l l  c o n s i s t  i n  c o n t i n u o u s l y  measu r ing  and a d j u s t i n g  t h e  U 3 + / ~ 4 +  

r a t i o  of 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 .  

S p e c i a l  _I c h a r a c t e r i s t i c s  I of DMSR f u e l  p r o c e s s i n g  

The DMSR c o r e  w i l l  be l a r g e r  t h a n  t h a t  of  t h e  MSBR, and t h e  inven-  

t o r y  of f u e l  w i l l  be  l a r g e r ,  p r o b a b l y  by a b o u t  t w o f o l d .  l h e  optimum 

p r o c e s s i n g  c y c l e  time - o r  e v m  t h e  t o l e r a b l e  limits on i t  - -  i s  n o t  y e t  

w e l l  d e f i n e d ;  however ,  t h e  l i m i t s  p r o b a b l y  l i e  be tween 30 and  150  d a y s .  



I f  s o ,  t h e  DMSR w i l l  p r o c e s s  a small.er vol-ume of f u e l  p e r  day than  wou1.d 

t h e  MSBR. T h i s  i s  n o t ,  i n  i . t se l f ,  a real  advan tage  si .nce t h e  equipment 

w a s  r e1a t ive l .y  s m a l l  f o r  t h e  MSBK and will. no t  be much cheape r  i n  smaller 

s i z e s .  However, i f  long c y c l e  t i m e s  are t o l e r a b l e  t o  r e a c t o r  n e u t r o n i c s ,  

b a t c h  o p e r a t i o n s  rni.ght b e  p o s s i b l e  a t  a few p o i n t s  ( t h e  f l u o r i n a t o r s ,  for 

exsmpl e )  . 
Sever ,31  of t h e  s p e c i a l  c h a r a c t e r i s t i c s  of t h e  DMSR w i  11. a f f e c , t  the. 

'Ute p r e s e n c e  of pl.utonium p r o c e s s i n g  o p e r a t i o n  t o  only n minor e x t e n t .  

an.d the t r a n s u r a n i c .  i s o t o p e s  is such a c h a r a c t e r i s t i c s  In t h e  MSER~, 

prot:rc:ti.niurn ( p l u s  z i r con ium and  what pl.utoniiim and t r a n s u r a n i c s  w e . r e  

present:) was e x t r a c t e d  i n t o  bismuth and immediately removed by hydro-  

f l u u r i n a t i o n  i n t o  t h e  p r o t ~ a c t i n i u m - i s o l a t i o n  s a l t .  In  the DMSX. these 

spec ies  wil.1. b e  r ecove red  by r e d u c t i o n  i n t o  b:i.smuth" and immtdi ate re- 

moval. t h e r e f r o m  by o x i d a t i o n '  i n t o  t h e  r e c o n s t i t u t e d  and p u r i f i e d  f u e l .  

T h e  h i g h e r  uranium c o n c e n t r a t i o n  (by abou t  f i v e f o l d )  w i l l  probably 

.1. 

mean t h a t  t h e  quarit..i.ty of UP,; produced p e r  u n i t  t i m e  w i l l  b r  l a r g e r  i.11 

t.he 1)MSii t han  i n  the  MSBR; the q u a n t i t y  produced p e r  u n i t  o f  sa.1-t: w i l l  

obv.i.ous1.y be  h i g h e r ,  and t h i s  may make t h e  :Eucl- r e c o n s t i t u t i o n  s t e p  more 

d i f f i c u l t  i n  prac t i -ce .  

A major  d i f f e r e n c e  from t h e  c o n c e p t u a l  MSBR process m a y  well h e  

necessary t o  effec:t a r e a s o n a b l e  removal of f ission-proc1uc.t z i r c o n i u m  

from the DMSR. Zirconium i s  not a n  irnpo-rtant n u c l e a r  po ison ,  and ZrF4 

a t  l o w  c o n c e n t r a t i o n s  shou ld  a f f e c t  t h e  f u e l  p r o p e r t i e s  t r i v i a l . 1 ~ .  How- 

sver ,  Z r F 4  i n  t.he f u e l  m i u s t  be  reduced and o x i d i z e d  each  t:ime t h e  f u e l  

i s  p rocessed  , and t h e  r e d u c t i o n  requi.res expens ive  77,1. Zirconium i s  

t h e  most r e a d i l y  reduced of  al.1 t h e  p e r t i n e n t  el.ements (sew F'i.g. 6 .1 )  

and i t  can  p robab ly  be s e p a r a t e d  from plutonium and protactiriium wit11  

some d i F f i c . u l t y  by  s e l e c t i v e  e x t r a c t i o n .  I f  :io, i t  can be removed - 

on some reasonab1.e c y c l e  t i m e  ---. by an a d d i t i o n a l .  extcracti-on c i r c u i t .  

Zirconium cannot  be reasonab1.y s e p a r a t e d  from uranium by s e l e c t i v e  ex- 

t r a c t i o n ,  b u t  urani.uni lost .  w i t h  t h e  z i r con ium can readily h e  r ecove red  

_.______..___.____I_ ~ 

J. 

Pl.utonium t i l i d  t h e  tran.suranic.s ( excep t  curium) are more r e a d i l y  
e x t r a c t e d  t h a n  i s  prot:actini.um. Q u a n t i t a t i v e  r ecove ry  of p r o t a c t i n i u m  
w i 1 1. e 11 s u r  e q uan t i t a t  i ve re c ove r y o f p lu t. on i urn. 

i- . .Cf tihe DMSK i s  t o  o p e r a t e  w i t h  T u l O %  of t h e  uranium reduced ,  i t  s e e m s  
r e a s o n a b l e  t o  1.1s~: a p a r t  of t h e  bismuth a l l o y  t o  r educe  [JF4 t o  UF3. 
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by f l u o r i n a t i o n .  T h e r e  i s  l i t t l e  doub t  t l i a i  a b e t t e r  method for removal  

of z i r c o n i u m  i s  d e s i r a b l e  f o r  the  DMSK, and some R&D on t h i s  s h o u l d  be  

done.  P o s s i b l y ,  t h e  v e r y  s t a b l e  int  e r m e t a l l i c  compounds t h a t  z i r c o n i u m  

fo rms  w i t h  p l a t inum-group  m e t a l s  may o i f e r  s u c h  a p o s s i b i l i t y .  
1 3 4 , 1 3 5  

A l l  o t h e r  s e p a r a t i o n s  p r o c e s s e s  - and t h e  a s s o c i a t e d  R&D would 

seem v e r y  s i m i l a r  t o  t h o s e  r e q u i r e d  f o r  t h e  FISBR. A p r e l i m i n a r y  concep-  

t u a l  f l o w s h e e t  for t h e  DMSR’ i s  shown a s  F i g .  6 . 4 .  

P o s s i b l e  p r o c e s s i n 3  ___. al. t e r n a t i v e s  

S m a l l - s c a l e  s t u d i e s ’  a p p e a r e d  t o  show t h a t  p r o t a c t i n i u m  c o u l d  b e  

o x i d i z e d  t o  Pa5+ by t r e a t m e n t  of  t h e  Li.F-BeF2-ThF4 m e l t  w i t h  HF and  t h a t  

t h e  p r o t a c t i - n i u m  c o u l d  t h e n  b e  p r e c i p i t a t e d  as v e r y  insol.ub1.e Pa2O5. 

Thus i t  w a s  p o s s i b l e  t h a t  p r o t a c t i n i u m  c o u l d  b e  sei-ectively removed f rom 

t h e  s a l t  w i t h o u t  p r i o r  removal  of t h e  uran ium.  Removal o f  p r u t a c t i n i u m  

as  Pa205 migh t  have  been a v i a b l e  a l t e r n a t i v e  f o r  t h e  MSBK, where  i s o l a -  

t i o n  of  t h i s  n u c l . i d e  was a ma jo r  r e q u i r e m e n t ,  b u t  p r e c i p i t a t i o n  of o n l y  

Pa205 wou1.d be  of no v a l u e  t o  t h e  DMSK. However, i t  i s  p o s s i b l e  t o  p re -  

c i p i t a t e  a s o l i d  s o l u t i o n  of (Th,U)07, c o n t a i n i n g  a v e r y  h i g h  c o n c e n t r a -  

t i o n  (>95 mo1.e Z) of  UO2, by d e l i b e r a t e  addi.t:ion of o x i d e  i o n  t o  t h e  MSBR 

f u e l  . l 6  I f  t h e  p r o t a c t i n i u m  were o x i d i z e d  t o  Pa5+,  i t s  o x i d e  would ,  of 

c o u r s e ,  a l s o  b e  p r e c i p i t a t e d .  I f ,  i n  a d d i t i o n ,  pl-utonium were o x i d i z e d  

t o  Pu4.+ ( t h i s  o x i d a t i o n  i s  more d i f f i c u l t ; ’  and a s m a l l  c o n c e n t r a t i o n  of 

d i s s o l v e d  F2 might  be r e q u i r e d ) ,  Pu02 would a l s o  b e  i n c l u d e d  i n  t h e  s o l i d  

s o l u t i o n .  Whether  amer ic ium,  neptunium,  and cu r ium c o u l d  b e  made t o  p re -  

c i p i t a t e  as o x i d e s  i s  n o t  y e t  known. 

E n g i n e e r i n g  s t u d i e s  of uran ium o x i d e  p r e c i p i t a t i o n  have  been  car- 

r i e d  o u t ;  ’ 3 8  t h e  s t u d i e s  i n v o l v e d  the c o n t a c t  of 2 l i t e r s  of  MSBR f u e l  

s a l t  w i t h  H20-k g a s  m i x t u r e s  i n  a 1.00-rm-diam n i c k e l  p r e c i p i t a t o r .  Ex- 

p e r i m e n t s  were conduc ted  a t  t e m p e r a t u r e s  r a n g i n g  f rom 540 t o  630°C, and  

t h e  c o m p o s i t i o n  of  t h e  H 2 0 - A r  nii.xture w a s  v a r i e d  f r o m  1 0  t o  35% w a t e r .  

T h e  va1.ue.s f o r  t h e  water u t i l i z a t i o n  w e r e  UniLformly 7.ow (abou t  10 t o  

157,) and d i d  n o t  v a r y  w i t h  t h e  c o m p o s i t i o n  of t h e  g a s  stream. Samples  

o f  t5ie o x i d e  con ta i -ned  a b o u t  90% U O 2  even  though ,  a t  t h e  lower  uran ium 

_I. 

See C h a p t e r  3.  
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c v n c e n t r a t i o n s  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  w i t h  t h e  sa1.t would 

c o n r a i n  50% UO2 o r  l ess .  T h i s  enhancement  of t h e  uran ium c o n c e n t r a t i o n  

i n  t he  s o l i d  phase  a p p e a r s  t o  allow p r e c i p i t a t i o n  of 99% of t h e  uran ium 

3s a sol i.d c o n t a i n i n g  85% U O i  i n  a s i n g l e - s t a g e  b a t c h  p r e c i p i t a t o r .  The 

o x i d e  p r e c i p i t a t e  was o b s e r v e d  t o  s e t t l e  r a p i d l y ,  and more t h a n  90% of 

t h e  s a l t  c o u l d  be  s e p a r a t e d  from t h e  o x i d e  by s i m p l e  d e c a n t a t i o n . '  Thus 

a n  o x i d e  p r e c i p i t a t i o n  scheme c o u l d  p o s s i b l y  r e c o v e r  t o g e t h e r  t h e  U, Pa, 

and Pu, a l o n g  w i t h  a s m a l l  amount of T h ,  as o x i d e s .  These  c o u l d  tllei? b e  

r e t u r n e d  t o  t h e  p u r i f i e d  f u e l  s o l v e n t  (by h y d r o f l u o r i n a t i o n )  f o r  r e t u r n  

t o  t h e  r e a c t o r .  

f rom t h e  f u e l  s o l v e n t  b e f o r e  t h e  r a r e - e a r - t h  removal  s t e p .  I f  p r o c e s s i n g  

o f  a DMSR on a c y c l e  t i m e  of 100 d a y s  o r  more i s  p r a c t i - c a b l e  (p rocess i -ng  

r a t e  o f  - (1 m 3  of  s a l t  p e r  d a y ) ,  s u c h  a n  o x i d e  p r e c i p i t a t i o n  might  b e  

used  as a b a t c h  opera t ion . ; ' ;  

It would be  n e c e s s a r y ,  o f  c o u r s e ,  t o  remove re:;.Ldual 0 ' ' -  

We know of  no method for r a r e - e a r t h  removal  t h a t  is  comparab le  t o  

t h e  i-cdui, t i v e - e x t r a c  t ion~-me t a l  - t r a n s  f e r  p r o c e s s .  Many a t  temp 1:s have  

been  made t o  f i n d  ion -exchange  s y s t e m s  c a p a b l e  of removal  of ra - t -e -ear th  

i o n s  from LiF-BeF2 and LiF-KeF2-ThF4 m i x t u r e s .  A l l  b u t  a v e r y  Ee~w s u c h  

m a t e r i a l s  a r e  unstab1.e i n  c o n t a c t  w i t h  t h e  s a l t s .  'The o n l y  s t a b l e  one 

known t o  have  ion-exchange  c a p a b i l i t i e s  i s  CeF3 ,  which wil~l exchange  

Cc3. '  for o t h e r  r a r e - e a r t h  i o n s ,  

t o  be genuine1  y u s e f u l . '  

rare e a r t h s  b u t  s a t u r a t e d  w i t h  CeF3 ,  c o u l d  p o s s i b l y  be  f r e e d  f rom c e r i u m  

by o x i d a t i o n  t o  Ce4.'- and p r e c i p i - t a t i o n  of  CeO2. 

LiP-l3eF2-ThFk would a g a i n  have  t o  b e  t r e a t e d  t o  remove excess 0" -  b e f o r e  

i t s  r e t u r n  ( w i t h  the v a l u a b l e  f i s s i l e  and f e r t i l e  c o n s t i t u e n t s )  t o  t h e  

r e a c t o r .  

1 %  b u t  i t  i s  t o o  s o l u b l e  i n  LiF-BePZ-ThFh 

The f u e l  s o l v e n t ,  p a r t i a l l y  f r e e d  f rom o t h e r  

If s o ,  t h e  r e s u l t i n g  

S e v e r a l  c o m b i n a t i o n s  of the p r e f e r r e d  p r o c e s s e s  w i t h  some of t h e  

a l t e r n a t i v e s  are p o s s i b l e .  T h e i r  a t t r a c t i v e n e s s  i n c r e a s e s  as the p e r -  

m i s s i b l e  p r o c e s s i i i g  c y c l e  t i m e  l e n g t h e n s .  I t  s e e m s  c e r t a i n ,  however ,  

t h a t  a l l  are l e s s  a t t r a c t i v e  t h a n  t h a t  r e p r e s e n t e d  by t h e  r e f e r e n c e  XSBR 

u n i t  p r o c e  cces. .... 
.r- 

S o l i d s  h a n d l i n g  i s a x i o m a t i c a l l  y more d i f f  i c u l t  t h a n  f l i i i  ds hand-  
l i n g ,  e s p e c i a l l y  i n  c o ~ t  i nuous  o p e r a t  i o n s .  

Cerium i s  a n  a p p r p c i a b l e  n e u t r o n  a b s o r b e r .  
t 



1.0 7 

The  p r imary  n e e d s ,  w i t h  r e l a t i v e l y  few e x c e p t i o n s ,  are f o r  souiid 

e n g i n e e r i n g  tests of i n d i v i d u a l  p r o c e s s  5teps and u l t i m a t e l y  f o r  rela- 

t i v e l y  long-term and n e a r  ful-1-scale  i n t e g r a t e d  t e s t s  of t h e  system as 

T i  whole. For  t h e  former tests the f a c i l i t i e s  needed are r e l a t i v e l y  mod- 

e s t ,  though t e s t  equipment and instruirient a t i o n  are q u i t e  conipl ex. F o r  

t h e  i n t e g r a t e d  tests a s p e c i a l  enginc e r i r ig  l a b o r < > t o r y  w i l l  be  r e q u i r e d  

arid a n  i n t e g r a t e d  p r o c e s s  t e s t  f a c i l i t y  must bz p rov ided  w i t h  a p p r o p r i a t e  

c o n s i d e r a t i o n  of t h e  need t o  demons t r a t e  remote maintenance.  S p e c i f i c  

needs  i n c l u d e  

1. 

2. 

3 .  

4 .  

5. 

6 .  

7. 

8. 

9 .  

Dete rmina t ion  by computer c a l c u l a t i o n ,  i n  c l o s e  coordinat-ion w i t h  

r e a c t o r  n e u t r o n i c s  s t u d i e s ,  t h e  p e r m i s s i b l e  r ange  of (and the op- 

timum) p r o c e s s i n g  cy( le t i m e s  and removal times. 

Demonstrat  i o n  of f rozen-wa l l  f l u o r i n a t i o n  of uranium on ‘1 b a t c h ,  

and,  h o p e f u l l y ,  on a c o n t i n u o u s ,  b a s i s .  De te rmina t ion  of behav io r  

of neptunium i n  t h i s  f l u o r i n a t i o n .  

Demonstrat ion of  adequa te  UF,, a b s o r p t i o n  i n  L ~ F - B ~ F L - T ~ F ~ - U F I +  mix- 

t u r e  and s u i t a b l e  r e d u c t i o n  t o  WI+ and t o  7 t o  10% U F 3 .  D e t e r m i n a -  

t i o n  of b e h a v i o r  of an NpF6 i l l  a b s o r p t i o n  system. 

Development and demons t r a t ion  of a method f o r  removal (by s e l e c t i v e  

e x t r a c t i o n  o r  o t h e r w i s e )  of f i s s i o n - p r o d u c t  z i r con ium from t h e  f u e l .  

Demonstrat ion of q u a n t i t a t i v e  r ecove ry  of p r o t a c t i n i u m  and plutonium 

by se lec t ive  e x t r a c t i o n  on a scale a t  least  2.52 of t h a t  r e q u i r e d  

f o r  a DMSK. De te rmina t ion  of e f f i c i e n c y  of r ecove ry  of americium, 

neptunium, arid curium i n  t h a t  e x t r a c t i o n .  

De te rmina t ion  of behav io r  of TeF6, SeFs,  I F s ,  e t c . ,  i n  t h e  UF6 ab- 

s o r p t i o n  stcip. 

Demonstrat ion of r e t e n t i o n  of TeFG, S e F e ,  1 2 ,  e tc .  , from t h e  IJFs 

a b s o r p t i o n  o f f -gas .  

Demonstrat ion of adequa te  removal of r a r e - e a r t h ,  a l k a l i n e - e a r t h ,  and 

a l k a l i - m e t a l  f i s s i o n  p r o d u c t s  in a complete  m e t a l - t r a n s f e r  system. 

Demonstrat ion of  h y d r o f l u o r i n a t i o n  of z i r con ium,  r a r e - e a r t h ,  e t c . ,  

f i s s i o n  p r o d u c t s  i n t o  waste s a l t  f o r  s t o r a g e .  
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10. Demons t r a t ion  of  t h e  a p p l i c a t i o n  of b i smuth  c o n t a i n i n g  U, Z r ,  Pa, 

Pu, Th, L i ,  e t c . ,  f o r  v a l e n c e  a d j u s t m e n t  of f u e l  s a l t .  

11. Demons t r a t ion  of  a d e q u a t e  removal  of b i smuth  (by a b s o r p t i o n  on 

n i c k e l  o r  g o l d  wool) f rom salt  f o r  r e t u r n  t o  t h e  r e a c t o r .  

1 2 ,  O p e r a t i o n  of  t h e  e n t i r e  i n t e g r a t e d  s y s t e m  r e l i a b l y  f o r  modera t e  t o  

1 ong t i m e s  w i t h  r e a l - i i s t i c  c o n s t r u c t i o n  materials and r e a s o n a b l e  con- 

c e n t r a t i o n s  of s p e c i e s  a t  tracer leve l  a c t i v i t y  (where p o s s i b l ~ e ) .  

Assessment  of o v e r a l l  pe r fo rmance ,  a c h i e v a b l e  o x i d e  c o n c e n t v a t i o n ,  

e f f e c t :  of sys t em upset: on f i s s i l e  l o s s e s  t o  waste, e t c .  

-_ E s t i m a t e s  of Schedul- ing I.-.__ and C o s t s  

P r e l i m i n a r y  estimates o f  t h e  n e c e s s a r y  s c h e d u l e  and of i t s  o p e r a t i - n g  

and c a p i t a l  f u n d l n g  r e q u i r e m e n t s  are p r e s e n t e d  below f o r  t h e  f u e l  yro- 

c e s s i n g  development  d e s c r i b e d  above .  A s  e l s e w h e r e  i n  t h i s  document ,  i.t 

h a s  been  assumed t h a t  (1) t h e  program would b e g i n  a t  s t a r t  of FY 1980,  

( 2 )  i t  would l e a d  t o  a n  o p e r a t i n g  DMSR i n  1995 ,  and (3) t h e  R&D program 

wil.1. p roduce  no  g r e a t  s u r p r i s e s  and no ma jo r  changes  i n  program d i r ec . -  

t i o n  w i l l  be  r e q u i r e d .  

The s c h e d u l e ,  a l o n g  w i t h  t h e  d a t e s  on which key  developments  must 

b e  f i n i s h e d  and ma jo r  dec i - s ions  made, i s  shown i n  Tab le  6 . 1 .  It seems 

c e r t a i n  t h a t  t h e  o v e r a l l  R&U programs ( inc3udi .ng t h o s e  d e s c r i b e d  else- 

w l i r r e  i n  t h i s  document) w i l l  p r o v i d e  some minor  s u r p r i s e s  and t h a t  some 

changes  i n  t h i s  development  e f f o r t  w i l l  be  r e q u i r e d .  No s p e c i f i c  p ro -  

v i s i o n s  f o r  t h i s  are  i n c l u d e d ;  b u t ,  unl-ess major  r e v i s i o n s  become neces -  

s a r y  i n  t h e  midd le  198Os, i t  a p p e a r s  l i k e l y  t h a t  s u i K a b l e  c h e m i c a l  pro-  

ces,ses and p r o c e s s i n g  equipment  c o u l d  b e  recommended on t h i s  s c h e d u l e .  

The o p e r a t i n g  f u n d s  (Tab1.e 6 . 2 )  and t h e  c a p i t a l .  equipment  r e q u i r e -  

ments  (Tab le  6 . 3 )  are shown on a year -by-year  basis i n  t housands  of  1 9 7 8  

d o l ~ l - a r s .  N o  a l lowance  f o r  c o n t i n g e n c i e s ,  ma jo r  program changes ,  and 

i n f l a t i o n  d u r i n g  t h e  i n t e r v a l  have  been  p r o v i d e d .  A s  w i t h  t h e  deve lop -  

ment of ma te r i a l s  f o r  c h e m i c a l  p r o c e s s h g  (Chap. 5 ) ,  much of t h i s  e f f o r t  

c o u l d  be  d e f e r r e d  i f  a d e c i s i o n  w e r e  made t o  d e l a y  t h e  development  of a 

break.-even fuel. c y c l e  f o r  t h e  DMSR. 



T a b l e  6.1. S c h e d u l e  f o r  f u e l  g r o c e s s i n g  d e v e l o p m e n t  

F lcwshee  t deve lo?ment  

F l u o r i n a t o r  deve lopment  

F u e l  r e c o n s t i t u t i o n  

P a ,  Pu,  e t c . ,  r e c o v e r y  

R a r e - e a r t h  reiuoval 

V a l e n c e  adj u s  tnwnc and 
p u r i f  i c  a t  i o n  

MSK P r o c e s s  L a b o r a t o r y  

I n t e g r a t e d  P r o c e s s  'lest 
Fa c i 1 i t y 

V' v2 v3 v 4  
v5 'J6 v7 

V6 v9 v7 
vi* 7'' Vi2 

0' VI4 

0 1 7  

v'* v'9 

1. 

2. 
3 .  

&. 
5. 
6. 

7 .  

8.  

9 .  

D e f i n e  r a n g e  of p o s s i b l t ?  v a l u e s  f o r  p r o c e s s i n g  c y c l e  t i n e  
and removal  t imes.  
D e f i n e  optimum p r o c e s s i n g  t i m e .  
D e c i d e  on s y s t e m  f o r  r e m o v a l  oi z i r c o n i u m  Cor e n g i n e e r i n g  
t e s t s .  
CompleLe f l o w s h e e t s  f o r  c a n c e p t u a l  DXSK. 
Te s t b a i c Ir f r il z e n-wa 1 1 f 1 uo r i ii a t o r  . 
Complete s t u d i e s  o f  c o n t i n u o u s  f i u o r i n a t i o n  in e n g i n e e r i n g  
f ac i I i t  y . 
Comple te  s t u d i e s  of combined fluorination-reco:nbination i n  
e n g i n e e r i n g  s y s t e m  on 25 t o  50X DMSR s c a l e .  
Complete  e n g i n e e r i n g  s t t i d i e s  of f u e l  r e c o n s t i t u t i o n  neces- 
s a r y  f o r  d e s i g n  of  'luorination-Kecunstitution h g i n e e r i n g  
Exper iment .  
Comple te  e n g i n e e r i n g  s t u d i e s  of r r d u c t i v e  e x t r a c t i o n  i n  Ke- 
duc  Live E x t r a c t  i o n  P r o c e s s  F a c i l i t y .  

10. 

11. 

1 2 .  

13. 
1 4 .  
15. 
1 b . 
17 .  

18. 
1 9 .  

Conpletc e n g i n e e r i n g  s t u d i e s  oi r e d u c t i v e  extr:ic t i s r i  i n  2 
m i i d - s t t . c l  f luw-throug!i  s y s t e m .  
Demoiis:rate re t -overq  of  p r o t a c t i n i u m  b:? r e d u c c i v e  e x t r a c t i o n  
u s i n g  gr:lm q i i i l n t i  t-ies of  
D e n o n s t r a t e  r e c o v e r y  o f  Pu, Am, Cn, ~ t c . ,  us i r lg  srant  c iuant1-  
t i e s  of  Pu.  
E x t e n d  e s p c r i m e n t s  i n  i i i i l d - s t r c .1  s y l s t p n i  a: 17; of  r) 
(umpleke e n g i n e e r i n g  experiment 5 tl> !OZ TIHSR s c a l e .  
h i n o i i s t r a t e  r e m o v a l  of  t race q u a n t i t i e s  of b i s m u t h .  
D e m o n s t r a t e  c o n t i n u o u s  a d j u s t m e n t  of u r a n i u m  v i i l  price. 

Conp 1 e t  e c uii s i r u c  t io ti r) f MS ?. P r o  c'e n g E: I g i n e e  ring L a  b o r a -  
t u p .  
Cootplrti.  instai  l a t i o n  of I n t e g r a t e d  ?recess T e s t  Facility. 
Comple te  o p e r a t i o n s  and tes ts  u i t h  Integrated Prc icess  'Tesc 
F a c i l i t y  . 
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7 .  STRUCTURAL METAL FOR PRLMAKY AND SECONDARY CIRCUITS 

The material used i n  c o n s t r u c t i n g  the p r imary  c i r c u i t  of  an MSR 

w i l l  o p e r a t e  a t  t e m p e r a t u x e s  up t o  700°C. The i n s i d e  of t h e  c i r c u i t  

w:i . l] .  be exposed t o  s a l t  c o n t a i n i n g  f i s s i o n  p r o d u c t s  and w i l l  r e c e i v e  a 

maximum the rma l  f luence  of abou t  1. X 10’’ neu t rons / cm2  o v e r  t h e  o p e r a t -  

i n g  l i f e t i m e .  of about  30 y e a r s .  T h i s  f l u e n c e  w i l l  c a u s e  embri t t lemeri t  

d u e  t o  he l ium formed by  t r a n s m u t a t i o n  b u t  w i l 1  n o t  c.aiise s w e l l i n g  suc-li 

as  i s  noted  a t  h i g h e r  f a s t  f l u e n c e s .  ‘I’l-ic! o u t s i d e  of t h e  pr imary c i r c u i t  

w i l l  be exposed t o  n i t r o g e n  c o n t a i n i n g  s u f f i c i e n t  a i r  from inl.eakage t o  

make i t  o x i d i z i n g  t o  the  metal.. Thus t h e  metal m u s t  have moderate ox i -  

d a t i o n  resi.starice, must resist c o r r o s i o n  by t h e  s a l t ,  and must n o t  be 

s u b j e c t  t o  s e v e r e  embri t t lemeri t  by thermal  n e u t r o n s .  

I n  t h e  secondary  c.:i.rcuit t h e  m e t a l .  w i l l  be exposed t o  t h e  c o o l a n t  

s a l t  under much t h e  s a m e  c o n d i t i o n s  d e s c r i b e d  for t h e  p r i m a r y  c i r c u i t .  

The mai.11 d i f f e r e n c e  w i l l  be t h e  absence of fission prodclcts and uranium 

i n  t h e  cool ant s a l t  and t he  much I.ower neut:ron f l u e n c e s .  This material 

must have moderate  o x i d a t i o n  r e s i s t a n c e  a n d  must resist corrosion by a 

s a l t  n o t  c o n t a i n i n g  f i s s i o n  p r o d u c t s  o r  urani.uin. 

The pr.i.mary and secondary c i r c u i t s  i n v o l v e  numerous s t r u c t : u r a I  shapes  

r a n g i n g  from a f e w  inches t h i c k  t o  t u b i n g  hav ing  w a l l .  t h i c k n e s s e s  of only 

a few thousandt .hs  of an inch. T h e s e  shapes  must be  f ab r i . ca t ed  and  , j o ined ,  

p r i m a r i l y  by w e l d i n g ,  i n t o  an i n t e g r a l .  eng inee r i r ig  s t r u c t u r e .  The  s t r u c -  

ture must be d e s j g n e d  and b u i l t  by  tec1in.i.ques approved  by t h e  ASME B o i l e r  

and P r e s s u r e  Vessel Code. 

S t a t u s  i.n 1972. 

E a r l y  mater ia l s  s t u d i e s  l e d  t o  t.he development. o f  a ni.c.ke1.-base 

a l l o y ,  H a s t e l l o y  N ,  f o r  use w i . t l i  fIuori.tlc! s a l t s .  As shown -in T a b l e  7 .  1, 

the a l l o y  c o n t a i n e d  16% mol.ybdenum f o r  s t r e n g t h e n i n g  and chromium S U E -  

f i c i e n t  t.o impar t  moderate o x i d a t i o n  r e s i s t a n c e  in air  b u t  IIiIt: enough t o  

l e a d  t o  h i g h  c o r r o s i o n  ra tes  i n  salt:. T h i s  a l : l oy  was t h e  s o l e  s t r u c t u r a l  

material  used in  t h e  MSRE and  c o n t r i b u t e d  .sign.i.f:i.cant:ly t o  t h e  s u c c e s s  

of t h e  experiment .  Hcwwer,  two probl.ems were n o t e d  w i t h  Hastel l -oy N 



Tab1 e 7 . 1 .  ChcmT-cal compos i t ion  of H a s  t e l l o y  N 

Content  (% by w e i g h t )  a 
............................... ~ ..................................... 

Elernen  t Modified al~J.oy,  Modif ied  a l l o y ,  
197% 1 9 7 6  

Stand . l rd  a l l o y  

Nicke l  
Molybdenum 
Chr onium 
l ro i l  
MaiigdiIe S e 

- 

S i 1  icoli 
Phosphorus 
S u l f u r  
Boron 
T i l  anium 
Niobium 

Bas? 
155: 8 
6- 8 
5 
l 
I 
0.015 
0.020 
0.01 

Base 
11-13 
6-Bb 
0.1 
0.15--0. 25 
0.1 
0.01 
0.01 
0.001 
2 
0...2 

b 

Base 
11-1 3 

0.1 
0.154.25 
0.1 
0.01 
0.01  
0.001 

S---Bb 

b 

1-2 

u 
S i n g l e  v a l u e s  are maximum amounts a l lowed .  T h e  a c t u a l  

c o n c e n t r a t i o n s  of thPne e lemen t s  i n  an  a l l o y  can bp nuch lower .  

These e l emen t s  are n o t  i ~ l t  i o  be  very  i m p o r t a n t .  A l loys  
b 

ai-^ 10"' h c : ' n q  piiicilased w i t h  t h ?  s m a l l  c o n c e n t r a t i o n s  s p e c i f i e d ,  
h i i t  t h e  c :pc r i f i ca t ion  may be chang7d i n  ihe  f u t u r e  t o  allow a 
I i igh - r  conrcr i t r  a t  ion. 

whicll i i eedrd  f u L  tlier a t t e n t j o n  b e f o r e  rmre advanced  r e a c t  ors c o u l d  be 

b i i i l t .  F i r s t ,  i t  W A S  found t h a t  H a s t e l l o y  N was t w i ) i i r t l e d  by he l ium 

p r o d u c ~ d  from 'B and d i r e c L l q  irorn ~ ~ i c k e l  by a two-step r c a c i  i o ~ i .  This 

t y p e  o f  i < j d i a i i o i i  e m b r i t t l e m e n t  i s  r ~ i r i i i m i l  t o  m o s t  i r o n -  and n i c k e l - b a s e  

a l l o y s ,  i r i p  ~ ; e c o ~ i d  problem arose from t h e  f i s s i o n - p r o d u c t  t ~ l l u r i u m  c l i f -  

f i i s jng  a s : ior t  d i s t a n c e  i n t o  tlir ,letal a long  Ehe g r a i n  b o u n d a r i e s  anJ  

e m b i i t t l i n g  tlic 5Jiindaries.  

Vhcn o u r  s t u d i e s  weiP I er ininr i ted i n  e a r l y  1 9 7 3 ,  c o n s i d e r a b l c  Frog-  

res5 had been  made i n  f i n d i n g  solutions t o  b o t h  problems.  S i n c e  {_he two 

problems were d i s c o v e r e d  a fc7w y e a r s  a p a r t ,  t h e  research on thc i w o  prob-  

I ~ r n  1rca.s a p p r a r s  t o  have proceeded  i n d e p e n d e n t l y .  However, t h e  work 

must be  b r o u g h t  t o g e t h e r  for t h c  p r o d u c t i o n  of  a s i n g l e  m a t e r i a l  t h a t  

would be r e s i s t A . u i -  t u  b o t h  problems.  I t  w a s  found t h a t  t h e  c a r b i d r  p r p -  

c i p i t a t e  that norma l ly  ocriurs i n  Haste1 l o y  N c o u l d  be m o d i f i e d  t o  o b t a i n  

r e s i s t a n c e  t o  t he  e m b r i t t l e m e n t  by he l ium.  The prec,ence of 16% 1 ~ ~ 1 y b d e -  

num and 0.5% s i l i c o n  l e d  t o  t l i r  f o r m a t i o n  of a c o a r s e  c a r b i d e  t h a t  was 
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, 

o f l i t t l e  bet1efi.t.. Reduc t ion  of t h e  mol-ybdenum conc.entrati.on t o  1 2 %  and 

t h e  s i l i c o n  c o n t e n t  t o  0.1% and the a d d i t i o n  of  a react ive ca rb ide .  former  

s u c h  B S  t : i  t ;m iu rn  l e d  t o  the f o r m a t i o r r  of ii f i n e  c a r b i d e  p r e c i p i . t < a t e  and 

a n  a l l o y  w i t h  good r e s i s t ance  t o  t.iiibri11t1r._merlt by he.Lium. The des i . r ed  

J.eve3. o f  t i t a n i u m  w a s  abou t  2 % ,  and the phenoinenon had been  checked o u t  

thr63ugh ili~~iii~iroiis sii1all. lal,ot-;ttiory and commercial melts by 1 9 7 2 .  

Hc2cau : ; e  the i n t e r g r a n u l a r  en ib r i t t l e rnen t  of H a s t e l l o y  N by t e l l u r i u m  

was n o t e d  i n  1970 ,  o u r  u n d e r s t a n d i n g  of  the phenornenozl was not very ad- 

vanced at t:he concl.usrion 1:) C t h r .  program i.n 19713" Numerous p i~ r t r t j  o f  irhe 

MSRE w e r e  examined,  and all s u r f a c e s  exposed  t o  f u c l  s a l t  formc.d s h a l l o w  

i n t e r g r m u l a r  cracks when s t r a i n e d .  Some l a b o r a t o r y  e x p e r i m e n t s  had 

been performed i n  which Hnste lLoy N s;pec.imcns had been  exposed t o  Low 

par t ia l  ~ ~ P - S S U K Z S  o f  t e l l u r i u m  m e t a : l  vapor  a n d ,  when s t r a i n e d ,  formed 

i . r i t e rg ra r tu l a r  c.racks v e r y  sirnil-ar t o  t h o s e  n o t e d  in p a r t s  t'rorn the  NSKE. 

S e v e r n l  f i - t id ings  i ad i i . . a t ed  that t e l l u r i u m  w a s  the likely c a u s e  of  t h e  

i n t e r  g r anu  1.a r emb r i t t 1 e m e n  tr , and t h e  S E :  l e  c t ive d i  f f u s  i o n  o f t e I l u r  i urn 

a l o n g  t h e  g r a i r i  boundaries o f  H a s t e l l o j i  N was i l eu ions t ra ted  ~~..1)"1':LintlriIral 1.y. 

One i n - r e a c t o r  fuel c a p s u l e  was o p e r a t e d  f.n which the g r a i n  b o u n d a r i e s  o f  

Hast:i?l.loy N were euibt-i.t:cled arid t h o s e  o f  :Cnconel- 60:L ( N i ,  2 2 %  C r ,  I 2 2  Fe) 

w e r e  n o t .  These  findings w e r e  i n  agreement  w i t h  1.aboratory e x p e r i m e n t s  

i n  which t1ier;e sa~iie merals were exposed t o  1.o-w part :i.a1. p r e s s u - r e s  of  Le].- 

lur i .um 1iiet :aL v a p o r .  T h u s ,  at t h e  c l o s e  of t h e  program i n  e a r l y  1.970, 

t : e l l u r i u m  had been  identified as t:he :Likely cause of the i n t e r g r a n u l a r  

embr i t t l e rnent : ,  and several  l a b o r a t o r y  and i n - r e a c t o r  methods w e r e  de- 

vised for studying the phenomenon. .f.:xperirtiental r e s u l t s  had been ob- 

t a i n e d  w h i c h  showed var:i.aI:ioris i n  s e n s i t i v i t y  t o  e m b r i t  t1emci r i . t  o f  

varicms rne~a1.s and of feretl encouragement that  A s t r u c t u r a l  m a t e r i a l  

con1.d b e  found which  resisted embr-i tt:  l e m e n t  by te:l I . u r i i i m .  

The a l l o y  compositi.on f a v o r e d  a t  t h e  c loi j r  oE t h e  program i.1-t 1973  

is given -in 'I'able 7 .  1. w i t h  the c.ornposition of s t a . n d a r d  H a s t e l . l o y  N. The 

r m s o n i i i g  a t  t h a t  t i m e  w a s  t h a t  the 2X t i t a n i u m  a d d i t i o n  would i m p a r t  

good r e s i s t a n c e  t o  i r r a d i a t i o n  eiiibritt:l.einent and t'riat t h e  0 t o  2 %  aio- 

b iurn :rdtli t i o c  w0ul.ci i.nipnrt good 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  t e l l u r i u m  

ernbrit.tlt.inei-lt:. Nei t.her of these chemical a d d i t i o n s  w a s  expec ted  t o  

cause pro3l.erns w i t h  respec . t  t o  f a b r i c a t l i o n .  
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S t a t u s  i n  1976 

When t h e  program was r e s t a r t e d  i n  1974, top p r i o r i - t y  was g iven  t o  

The t e l l u r i u m - e m b r i t t l e m e n t  problem. A s m a l l  p i e c e  of H a s t e l l o y  N f o i l .  

from t h e  MSKE had been p rese rved  f o r  f u r t h e r  s t u d y .  The f o i l  WRS broken 

i n s i d e  an Auger s p e c t r o m e t e r  and the  f r e s h  s u r f a c e  ana lyzed .  Te l lu r ium 

was found i n  abundance, and no o t h e r  f i s s i o n  p roduc t  was p r e s e n t  i ~ n  de- 

t e c t a b l e  qua t i t i - t i e s .  Th i s  showed even more posi t ive1.y tihat t e l l u r i u m  

r e s p o n s i b l e  f o r  t h e  e m b r i t t l e m e n t .  

Cons ide rab le  e f f o r t  was s p e n t  i n  s e e k i n g  b e t t e r  methods of exposing 

tes t  specimens t o  t e l . l u r ium.  I n  t h e  NSRE t h e  f l u x  of t h e  t e l lu r i . um a t o m  

r e a c h i n g  t h e  iiiet:al- w a s  l o 9  a t o m s  cm-’ sec 

atoms s e c  f o r  a high-performance b r e e d e r .  Even t h e  v a l u e  f o r  a 

high-performance b r e e d e r  i s  v e r y  s m a l l  from t h e  expe r imen ta l  s t andpo i -n t .  

For example, t h i s  f l u x  woiild r e s u l t  i n  a t o t a l .  of 7 . 6  X l o v 6  g of 

t e l l u r i u m  t r a n s f e r r e d  t o  a sample having a s u r f a c e  area of 10  cm2 i n  

1000 h r .  E ~ e c t r o c h e m i c a l .  p robes  w e r e  immersed d i r e c t l y  i n  s a l t  melcs 

known t o  c0ntai .n t e l l u r i u m ,  and t h e r e  was neve r  any evi-dence of R sol-uble  

t e l l u r i d e  s p e c i e s .  However, t h e r e  was c o n s i d e r a b l e  ev idence  t h a t  te1.- 

Iur ium “moved1’ through s a l ~ t  from one p o i n t  t o  ariother i n  a s a l t  system. 

It w a s  hypo thes i zed  t h a t  t h e  t e l l u r i u m  a c t u a l l y  moved as a low-pressure,  

pure-metal  vapor  and n o t  as a r e a c t e d  speci-es. The m u s t  r e p r e s e n t a t i v e  

expe r imen ta l  system developed f o r  exposing m e t a l  specimens t o  t :ellurium 

invo lved  suspending t h e  specimens i n  a s t i r r e d  v e s s e l  of s a l t  w i t h  gran- 

u l e s  of Cr3Te4 and C r g T e g  l y i n g  on t h e  bottom of t h e  s a l t .  Te l lu r ium,  

at: a v e r y  l o w  p a r t i a l  p r e s s u r e ,  w a s  i n  e q u i l i b r i u m  w i t h  t h e  C r 3 T e i +  and 

C r 5 T e 6 ,  and exposure of H a s t e l l o y  N specimens t o  t h i s  m i x t u r e  r e su l . t ed  

i n  c r d r k  seve r i - t i i e s  s i m i l a r  t o  t h o s e  noted i n  sampl-es froiil t h e  MSRE. 

Numerous samples were exposed t o  salt c o n t a i n i n g  t e l l u r i u m ,  and 

-1 and t h i s  v a l u e  would be l .O1  
.-- 1 

t l i e  iil(>St impor t an t  € i n d i n g  ‘illas t h a t  mod i f i ed  Hastel- loy N c o n t a i n i n g  1 

t o  2 %  niobium had good r i s t a n c e  t o  e m b r i t t l e m e n t  by t e l l u r i u m  ( F i g .  

7 . 1 ) .  An almost  e q u a l l y  impor t an t  fi.ndi.ng w a s  t h a t  t he  p re sence  of ti- 

tanium nega ted  t h e  b e n e f i c i a l  e f fec ts  of niobium. Thus, an a l l o y  con- 

t a i n i n g  t i t a n i u m ,  t o  i m p a r t  r e 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  , and 

niobium, t o  impar t  r e s i s t a i i c e  t o  t e l l u r i u m  e m b r i t t l e m e n t ,  d i d  n o t  have 
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F i g .  1.1.  V a r i a t i o n s  of  s e v e r i t y  of c r a c k i n g  w i t h  n iob ium c o n t e n t .  
Samp1 c s  were cxposed f o r  i n d i c a t e d  t i n i r s  L O  sal t c o n t a i n i n g  C r  3 l ' e h  and 
C r 5 T f ? 6  at 700°C.  
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a c c e p t a b l e  r t s i ~ s t a n c e  t o  t e l l u r i u m  e m b r i t t l e m e n t  ~ even  though t h e  mech- 

a n i c a l  p r o p e r t i e s  i n  t h e  i r r a d i a t e d  c o n 3 i t i o n  were e x c e l l e n t .  A s  a re- 

s u l t ,  i.t became n e c e s s a r y  t o  d e t e r m i n e  whe the r  a l l o y s  c o n t a i n i n g  n iobium 

( w i t h o u t  t i t a n i u m )  had a d e q u a t e  r e s i s t a n c e  t o  i r r a d i a t i o n  e m b r i t t l e m e n t .  

There was t i m e  o n l y  t o  o b t a i n  t h e  a l l o y s  and r u n  one i r r a d i a t i o n  e x p e r i -  

ment ,  b u t  t h e  resiilts looked  v e r y  p r o m i s i n g .  An a l l o y  c o n t a i n i n g  2 %  

n iob ium and i r r a d i a t e d  a t  704°C w a s  a b o u t  30% s t r o n g e r  t h a n  stand3x-d 

Rast .e l - l~oy N and had  a f r a c t u r e  s t r a i n  of  a b o u t  3% compared w i t h  < I %  f o r  

s t a n d a r d  Hastt .Lloy N .  Even though a l l o y s  m o d i f i e d  so1.el.y w i t h  ni~ohii.im 

do  n o t  have  as good p o s t i r r a d i a t i o n  p r o p e r t i e s  as a l l o y s  m o d i f i e d  w i t h  

t i ta i i i . l in  o r  t i t a n i u m  p l u s  n iobium,  t h e i r  propert i .c?s  arc p r o b a b l y  a d e q u a t e .  

The niobium-modif ied a l l o y s  were n o t  made i n  melts l a r g e r  t h a n  50 

lb, b u t  no probl-erns were e n c o u n t e r e d  i n  t h i s  s i z e  w i t h  n iobium conceii- 

t r a t i o n s  up t o  and i n c l - u d i n g  4 . 4 % .  Test w e l d s  made i n  t h e  1 / 2 - i n . - t h i c k  

p l a t e  pas sed  t h e  bend and t e n s i l e  t e s t s  r e q u i r c d  by t h e  ASMC B o i l e r  and 

P r e s s u r e  Vessel Code. Prom t h e  chemica l  a n a l y s i s  of t h e  n iobium-modif ied  

a l l o y ,  no s c a l e u p  problems are a n t i  c - ipa t ed  

One series o f  e x p e r i m e n t s  was c a r r i e d  o u t  t o  i n v e s t i g a t e  t h e  c f -  

f e c t s  of  o x i d a t i o n  s t a t e  on t h e  t endency  f o r  c r a c k  t o  be  formed i n  

t e l l u r i u m - c o n t a i n i n g  sa!.t, on t h e  s u p p o s i t i o n  t h a t  t h e  s a l t  mi-ght h e  

made r e d u c i n g  enough t o  t i c  t h e  t e l l u r i u m  up i n  some innocuous  metal 

coiiigl~ex. The s a l c  w a s  made more oxidizing by a d d i n g  NiF2 and inore re- 

d i ic ing  by a d d i n g  b e r y l l i u m .  The expe r imen t  had  electrochemical^ p r o b e s  

f o r  d e t e r m i n i n g  t h e  r a t i o  of uran ium i n  t h e  +4 s t a t e  (UFt,) t o  t h a t  i n  

the 4-3 s t a t e  ( U F 3 ) .  T e n s i l e  spec imens  of s t a n d a r d  H a s t e l l o y  N w e r e  

suspendc:d i n  t h e  s a l t  f o r  a b o u t  260 h r  a t  700°C.  The o x i - d a t i o n  s t a t e  

of  t h e  s a l t  w a s  s t a b i - l i z e d ,  and the speci.mens were i n s e r t e d  so t h a t  e a c h  

s e t  of spec imens  was exposed  t o  one  c o n d i t i o n .  A f t e r  e x p o s u r e ,  t h e  spec.--  

imens w e r e  s t r a i n e d  t-o f a i l u r e  and were examined ine t a l~ log rap l i i  c a l l y  t o  

d e t e r m i n e  t h e  e x t e n t  of c r a c k i n g .  T h e  r e s u l - t s  of rneasiircments a t  seve ra l .  

o x i d a t i o n  s t a t e s  are  shown i n  F i g .  7 . 2 .  A t  U 4 + / U 3 +  r a t i o s  of  60 o r  less, 

there  was v e r y  l i t t l e  c r a c k i n g ,  and a t  r a t i - o s  above  80 t h e  c r a c k i n g  was 

v e r y  e x t e n s i v e .  These o b s e r v a t i o n s  o f f e r  encouragement  t:hat. a r e a c t o r  

c o u l d  be  o p e r a t e d  i n  a chemical. r eg ime  where  the t e l l u r i u m  would n o t  be 

e rnbr i t : t l iug  even  t o  s t a n d a r d  H a s t c l l o y  N. A t  l e a s t  1.6% of the uranium 
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F i g .  7 . 2 .  Cracking 1xt:havior of Hastelloy N exposed 260 h r  a t  700°C 
t o  MSER f u e l  s a l t  c o n t a i n h g  Cr3Te~; a n d  C c 5 T c - 6 .  

woul cl need  t o  be i n  t h e  +-3 o x i d a t i o n  s t a t e  (IJF '3)  ~ and this c o n d i t i o n  seciiis 

q u i t e  reasonal2l.e f rom chem-ical and p r a c t i c a l  cionsidri-at:ion:;. 

O n e  fiu-r~:lier accompl.:i !jhiii~;n 1: dur - lng  the p e r i o d  1974-76 was the  iise csf 

a v a i  1abI.e d a t a  to predi.c,t  lie heI.ium yi.ci:Id f rom i n t e - a c t i o n  of  n i c l w l .  

w i t t i  thermal .  n e u t r o n s .  It has been kriowri for some t i m e  t h a t  i r o n -  a n d  

11-base al .I.oys c a n  be embr i . t t . l ed  i n  a tilierrrial n e u t r o n  i l u x  by the 

t r ans rnu ta t . i ons  of "tramp" ' "I3 t o  lie1ium and l.i.t:hi.u[ri. 

c2ral ly  results; i n  t h e  t r a n s m u t a t i o n  of most of  t h e  '"I3 by f l u e n c e s  of 

thcrmal n e u t r o n s  on the order of 1 O2 /c.rn2 and usua1.ly y: i .e lds  f r o m  1. to 

1.0 at ). ppiii o E  lw.3 i-irm. W:i.th nickel. t h e r e  is n f u r t h e r  thermal .  t w o - s t e p  

t r a n s m u t a t i o n  i n v o l v i n g  tlit?:;e r e a c t i . o n s  : 

'%h i s  process gen- 

c 5"Fe . 

T h i s  seqlsc.ncc of r e a c t i o n s  d o e s  n o t  s a t u r a t e ,  and al t l iuug 'n  tht? c ross  

scctions arc' 8 t i l l  i n  q u e s t i o n ,  it would p roduce  'I maximum of 40 a t .  ppm 

of bt . l ium i n  t h e  vessel  over  a 30-year MSKK l i i e t ime.  T h i s  is n o t  m 

iinreasonnbl e c t m o l l t i t  o f  hel ium LO accommod,ite i n  the type o f  micro5 truc- 

turc b e i n g  deve loped  i n  m o d i f i e d  Hastelluy N .  
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C u r r e n t  S t a t u s  __ 

At t h e  c l o s e  o f  t h e  program i n  1 9 7 6  (and a t  t h e  p r e s e n t  t i m e ) ,  t h e  

thj .rd a l l o y  composi- t ion shown i n  Tab le  7.1. bras f a v o r e d .  C o n s i d e r n b l e  

p r o g r e s s  had been  made i n  e s t a b l i s h i n g  t e s t  methods f o r  e v a l u a t i r i g  a ma-- 

t e r i a l ’  s r e s i s t a n c e  t o  e m b r i t t l e m e n t  by t e l l u r i u m .  Modi f i ed  Has te l . loy  N 

c o n t a i n i n g  f rom 1 t o  3% niobium w a s  found t o  o f f e r  improved r e s i s t a n c e  t o  

ernl,rittl .ement by t e l l u r i u m ,  b u t  t h e  test c o n d i t i o n s  were n o t  suff i c i e n t l - y  

l o n g  o r  d i v e r s i f i e d  t o  show t l i a t  t h e  al.l.oy t o t a l l y  resists e m b r i t t l e m e n t .  

O n e  i r r a d i a t i o n  e x p e r i m e n t  showed t h a t  t h e  niobium-modif ied a l l o y  o f f e r e d  

a d e q u a t e  r e s i s t a n c e  t o  i r r a d i a t i o n  e m b r i t t l e m e n t ,  b u t  more d e t a i l e d  t e s t s  

are  needed .  Several  s m a l l  me1.t~ contaici inp,  up  t o  4 . 4 %  niobium were found 

t o  f a b r i c a t e  and weld w e l l ;  so p r o d u c t s  c o n t a i n i n g  I. t o  2 %  n iob ium c a n  

p r o b a b l y  be  produced  w i t h  a rriini.mum of  s c a l e - u p  3 i f  f i c u l t - i . e s .  

l ’echnology Needs and Development P l a n  ____ - - _I I___ 

‘The  overall^ developmenl  rieeds w e r e  d e s c r i b e d  p r e v i o u s l y ,  b u t  t h e  

new f i n d i n g s  slii.ft t h e  emphas is  from a l l o y s  m o d i f i e d  w i t h  t i t a n i u m  and 

rare  e a r t h s  t o  t h o s e  modif i c d  w i t h  n iobium.  The spec i fLC technol .ogy 

needs a re  i d e n t i f i e d  i n  Tab le  7 . 2 ,  a l o n g  w i t h  a p o t e n t i a l .  s c h e d u l e  f o r  

t h e i r  deve lopment .  The f i r s t  t a s k  w i l l .  i n v o l v e  i r r a t l i . a t i o n ,  c o r r o s i o n ,  

t e l  l u r i u m  e x p o s u r e ,  mechanical. p r o p e r t y ,  and f a b r  i c a t i o n  t es t s  t o  final.- 

i z e  t h e  c o m p ~ ~ s i . t i o n  f o r  s c a l e - u p .  

t es t s  have  a l r e a d y  been  e s t a b l i s h e d .  

The t e c h n i q u e s  f o r  do ing  most: o f  these 

The second t a s k  w i . 1 1  irlvul.ve p r o c u r i n g  l a r g e  commercial  h e a t s  of t h e  

r e f e r e n c e  a l l o y .  The ma te r i a l  would be p r o c u r e d  i n  s t r u c t u r a l  s h a p e s  

rangi-ng from p l a t e  t o  thin-wal.1 t u b i n g ,  t y p i c a l  of  tile p r o d u c t s  t o  b e  

used  i n  a r e a c t o r .  

a l . ~  by mechan ica l  p r o p e r t y  and c o r r o s i o n  tes ts  of  a t  l e a s t  10 ,000-h r  

duration. The t w o  main p u r p o s e s  o f  t h e s e  t es t s  would be  t o  c o n f i r m  t h e  

adequacy  of t h e  new a l l o y  f o r  r e a c t o r  a p p l i c a t i o n s  and t o  g a t h e r  t h e  

d a t a  needed  f o r  r e a c t o r  d e s i g n .  The f o u r t h  t a s k  would b e  t o  d e v e l o p  

libe d e s i g n  methods and ru l .es  needed  t o  d e s i g n  a r e a c t o r  t o  be  b u i . l t  o€  

tihe m o d i f i e d  1-Iastell.oy N .  

comple ted  by ASME P r e s s u r e  Vessel Code work c u r r e n t l y  i n  p r o g r e s s .  

The t h i r d  h a k  c o n s i s t s  i n  e v a l u a t i n g  t h e s e  materi- 

T h i s  task w i l l  have  a l r e a d y  been  p a r t i a l l y  

The 



T a b l e  7 . 2 .  S c h e d u l e  f o r  d e v e l o p m n t  of s t r u c t u r a l  m e t a l  f o r  p r i m a r y  and s e c o n d a r y  c i r c u i t s  

F i s c a l  year 
Task  

1580 1481 1 9 8 1  1983 1985 1985 1986 1587 1988 1989 1990 19Yl 

D e t e r m i n a t i o n  of a l l o y  c o m p o s i t i o n  'vv2Y7 v4vJ 
Procurement  of  cummercial  h e a t s  v6v7 

Eva 1 ua t i o n  o f c oinme r c i a 1 he a t s 

Development of  a n a l y t i c a l  d e s i g n  
methods - A S M  Code 

v v'3 vj4 12 

Lo iig- t e r m materia 1 

A l l o y  o p t  i i i i i zd  t i o n  

X i l e s t o i i e s  : v3 

t e s L s v'5 
P 

i--1 

1. 

2. 

3 .  

4 .  

5.  

6.  

7 .  

R e c e i p t  o f  s n i a l l  commercia! h e a t s  c o n t a i n i n g  1 t o  
2 %  Wb. Begin meckianical  p r o p e r t y  and c o m p a t i b i l -  
i t y  ce s t s  on h e a t s .  
R e c e i p t  of  p r o d u c t s  of 10,000-1b heat of 22 Nb- 
m o d i f i e d  l i a s t e l l o y  N .  Begin  mechai>ica l  p r o p e r t y  
and  c o m p a t i b i l i t y  t e s t s  on 10 ,000- lb  h e a t .  
S t a r t f o r c e d - c onv e c t i o n  c o r  ro  s i o n  1 O o p  c ons t I-uc t e d 
of  10 ,000- lb  h e a t  f o r  b a s i c  f u e l  s a l t  c o r r o s i o n  
s t u d i e s .  B e g i n  Owl-year i r r a d i a i i o n  of f u e l  
p i n s  made of niost d e s i r a b l e  a l l o y .  
S t a r t  f o r c e d - c o n v e c t i o n  c o r r o s i o n  l o o p  c o n s t r u c t e d  
of  19,000-1b h e a t  f o r  f u e l  salt- ' re c o r r o s i o n  s t u d -  
i e s .  
S t.ar t f o r c e d -  convec t i o n  c o r r o s i o n  loop  (b'CL-5) coi-i- 
s t r u c t e d  of 10 ,000- lb  h e a t  f o r  c o o l a n t  s a l t  c o r r o s i o n  
s t u d i s s  . 
P r e p a r e  s p e c i f  i c - a t i o n s  and s o l i c i t  b i d s  f rom p o t e n -  
t i a l  s e n d o r s  f o r  f o u r  h e a t s  cvf d e s i r e d  c o m p o s i t i o n .  
Begin r e c e i p t  of  p r o d u c t s  f rom f o u r  l a r g e  h e a t s .  

8. 

9. 

10. 

1:. 

1 2 .  
13. 

1 4 .  
15.  

1 6 .  

F 

Begin  c o n s t r u c t i o n  and c h e c k o u t  of e q u i p n e n t  re- 
q u i r e d  f o r  m e c h a n i c a l  p r o p e r t y  tes ts  01-1 f u u r  l a r g e  
h e a t s .  
Begin e v a l u a t i o n  c?f f o u r  l a r g e  h e a t s  by w e i d a b i l i t y ,  
i i iechai i icai  p r o p e r t y ,  and c o m p a t i b i l i t y  t e s t s .  
Begin o p e r a t i o n  of f o r c e d - c i r c u l a t i o n  l o o p s  (FCL-6 
and 7 )  c o n s t r u c t e d  01' m o d i f i e d  a l l o y  and c i r c u l a t -  
i n g  fuel s a l t .  
Begin  o p e r a t i o n  of f o i - c e d - c i r e u l z t  i o n  looi?s (FCL-S 
arid 9 )  c o n s t r u c t e d  of  m o d i f i e d  a l l o y  a:id c i r c u l a t i n g  
c c o l a n t  s a l t .  
Begin  d e t a i l e d  a n a l y s i s  of mechanical p r o p e r t y  d a t a .  
Begiii developnient  of d e s i g n  methods  f o r  m o d i f i e d  

Submit  d a t a  p a c k a g e  f o r  ASME Code A p p r o v a l .  
Begin  s t u d i e s  t o  r a i s e  s l l o w a b l e  t m p e r a t u r e  f o r  u s e  
of  m o d i f i e d  a l l o y .  
B s g i n  l o n g - t e r m  m e c h a n i c a l  p r o p e r t y  a n d  cornpat i b i l -  
i t y  r e s t s  on m o d i f i e d  a l l o y .  

R I l r J S ' .  



1 3 2  

f i n a l  p r o d u c t  o i  t h i s  t a s k  would be  i n c l u s i o n  of mudi f i e d  Haste1 l o y  X 

i n i  o the h i g h - t e m p e r a t u r e  Code. 

A l though  t h e  d a t d  g a t h e r e d  i n  t h e  t h i r d  t a s k  ( t c s t s  of 1 0 , 0 0 0 - h r  

d u r a t i o n )  w i l l  probably be  a d e q u a t e  f o r  Code a p p r o v a l ,  i t  vi11 be  d e  

s i r n b l  P t o  corit inue some o f  t h e  m- rhan ica l  p r o y p r t y  a n d  c o r r o s i o n  tes ts  

f o r  1 0 ~ 1 ~ ~ 1 -  t iiiics. The c o n t i n i l a t i o n  of t l 1 ~ 5 , ~  ipsts i n  t h e  Eifth t a s k  w i l l  

inpruve c o n f i d e n c e  i n  tl..-,Ign r u l e ‘  a n d  wi I 1  a1 low 1,ist r i l - i a t e  t l inng:cs  i n  

ce‘dctor ~ p e r ~ t i n g  paramctc’rs i f  TIP 

Al though t h e  work i n  the first f i v e  t a s k s  s h o u l d  r s ; u l i  i n  a n  ~1 

loy a d e q u a t e  {or c o n s i r u ~ ~ i o n  of MSRs, i t  i s  l i k e l y  thal j-ui tiler rll l o y  

d e v e l  opiiicrit would l e a d  t o  mater ia l s  h a v i n g  improved cha r a c  t p r i s t i c s  

which  allow a h i g h e r  r e a c t o r - o u t l e t  sal ‘I I t?IliperatclLe of s i g n i f i c a n t  

s e l a x a t i o n  of  d e s i g n  and apcrn t - ing  c o n s t r a i n t s .  It i s  t h i s  f u r t h e r  31- 

l o y  o p t i m i z a t i o n  which w i l l  compr i se  t h e  s i x t h  tasi,. 

T h e  o p e r a t i n g  and c a p i t a l  c o s t s  f o r  t h e s e  a c t i v i t i e s  <ire summarized 

i n  T a b l e s  7 . 3  and 7 . 4 ,  re:;pet t i v e l v .  
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8 e GUPWZTE FOR PIOL'I'CN-SAJ,'I' REACTORS 

T h e  g r a p h i t e  i n  a s i n g l e - f l u i d  PER serves i-to s t r u c t u r a l  pu.rpose?; 

o t h e r  t h a n  t o  define ti.ie f b w  p a t t e r n s  of t i le  sa1 t 31id, of  cotir3e, t o  

s u p p o r ~  i.t.s own w e i g h t .  T h e  requirements on t:he rriater-ial a r e  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 the mate- 

r i d  against r a d i a t i o n - i n d u c e d  d i s t o r t i o n  arid ~-ic,i-ipenetral?ility by the 

fuel.-bc~ari.ng molten s a l t .  The prnc t .  i.cal l i m i t a t i o n s  of  mee t ing  t:Eiese 

r e q u i r e m e n t s ,  i n  t u r n ,  -Lmpose c:.unciitions on the core d e s i g n ,  spec.:ifi- 

tally tihe n e c e s s i t y  t o  l i r i i i t .  the CrQSS-seCtioila1- area o E t:his l;.,r-aphite 

pr isms.  Tlie r e q u i r e m e n t s  of p u r i t y  and iinp~-cmc.al,:i.I.ity t o  sa1.t are 

easi-1.y m e t  by s e v e r a l -  h i g h - q u a l i t y  , f i . ne -g ra i  ned g r a p h i t r s  arid the 

main p r o  b 1 e m s  a r  l is 12 f rofn t h e  req ui.renien t of s t a b  i.1 i t  y agai n s  I: r s d i a  t f on-- 

inductld d i s t o r t . i o - n .  

S t a t u s  i n  1 9 7 2  .- 

By t h e  t i m e  the MSBli Program w a s  ca-n(.elled i.n enr1.y 1 ~ 9 7 3 ,  t:he di- 

mens iona l  changes of  graphite d u r i n g  i r r n d i a t  i o n  had  been s t . i i c l  ied f o r  

a number of y e a r s .  'I'hctse ctranges depend 1-argely 1 x 1  the degree o f  cr-ys--- 

t a l l i n t ~  i . so t ropy ,  b-tit t h e  volume c:hanges fall i n t o  a r a t h e r  con:;;i.stcnir 

p a t t e r n .  A s  shown i n  F i g .  8 .19  t h e r e  i s  first: a p e r i ~ o d  of d e n s i f i c , n t i o n  

duri.iig w1ii.c:h t h e  volume decreasc2s a n d  t h e n  n p e r i o d  of  s w e l 1 . i r i g  i.n which 

t h e  vol~ume increases T h e  f i c s t  period i s  of c o n c e r n  o n l ~ y  hec;iiu.r;e of the 

d i m e n s i o n a l  changes that  o c ( x r ,  and tiie second per:i~od i s  of concern be- 

cause o f  t h e  d i m e n s i o n a l  changes a i i d  the f o r m a t i o n  of cracks e The f o r m a -  

t ion o f cracks would e v e n t u a l - l y  nl  l o w  sa1.t t o  penetrate t:he g r a p h i t e  - 
'The d a t a  shown i n  F i g .  8.1 are  f o r  715"C, and t h c i !  damage ra te  i n c r e a s e s  

w i t h  i n c r e a s i n g  t e m p e r a t u r e .  T h u s  the grap1ii.t.c: s e c t i o n  s i .ze  s h o u l d  be 

k e p t  smr-ill. enc,ugh t o  p r e v e n t  t e m p e r a t u r e s  i.n the graphite from excecrd-i.rig 

t h o s e  i n  t h e  s a l t  by a w i d e  marg in .  

I n  the breeder c o n c e p t  t h e  n e u t r o n  flux is s u f f i c i e n t l y  h i g h  i n  the 

cent ra? .  reg ion  of the c.ore to r e q u i r e  that  t h e  g raph  i.te be rep;lac:ecl about 

e v e r y  E o u r  y e a r s .  1.t was furt1ie.r requ:i.red that t h e  g r a p h i t e  be s u r f a c e  

___ -. 
A 
I ts  p r i m a r y  fu t i c t io i i  i s ,  of course, t o  provi .de n e u t r ~ n  m o d e r a t i o n .  
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F i g .  8.1. Volume changes f o r  c o n v e n t i o n a l  g r a p h i t e s  i r r a d i a t e d  a t  
715°C. 

s e a l e d  t o  p r e v e n t  p e n c i r a t i o n  of  xenon i n t o  t h e  g r a p h i t e .  S i n c e  re- 

p l a c e w n t  o: t h e  g r a p h i t e  would r e q u i r e  c o n s i d e r a b l e  downtime, t h e r e  

w a s  s t r o n g  i n c e n t i v e  t o  i n c r e a s e  t h e  f l u e n c e  l i m i t  of t h e  g i - aph i t e .  

c o n s i d e r a b l e  p a r t  of t h e  ORNL g r a p h i t e  program w a s  s p e n t  i n  i r r a d i a t i n g  

commrrcial  g r a p h i t e s  and s a m p l e s  of s p e c i a l  g r a p h i t e s  w i t  ii p u t e n t i a l l y  

improved i r r a d i a t i o u  r e s i s t a n c e .  

g r a p h i t e  w a s  s u r f a c e  s c a l i n g  w i t h  pyrocarbon.  Because of t h e  n e u t r o n i c  

A 

The approach t aken  t o  s e a l i n g  t h e  
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r e q u i r e m e n t s ,  o t h e r  s u b s t a n c e s  could  n o t  be i n t r o d u c e d  i n  s u f f i c i e n t  

q u a n t i t y  t o  seal t h e  s u r f a c e .  

The i r r a d i a t i o n  s t u d i e s  w i t h  several grades  of g r a p h i t e  r e v e a l e d  

t h a t  t h e  s o - c a l l e d  b i n d e r l e s s  g r a p h i t e s ,  e.g., POCO AXF, had improved 

dimensi-onal s t a b i l i t y  over  most of t h e  c o n v e n t i o n a l  g r a p h i t e s  (Fig. .  8 . 2 ) .  

The POCO g r a p h i t e s  are p r e s e n t l y  a v a i l a b l e  only  i n  small s e c t i o n s ,  b u t  

t h e  GLCC H-364 grade  i s  a v a i l a b l e  i n  l a r g e  s e c t i o n s .  The GLCC H-364 grade 

h a s  a lmost  as h i g h  an a l l o w a b l e  f l u e n c e  as POCO AXF. F u r t h e r  work on 

several s p e c i a l  g rades  of g r a p h i t e  made a t  O&TL showed t h a t  g r a p l i i t e s  

could  be developed w i t h  f l u e n c e  l i m i t s  even g r e a t e r  than t h o s e  of t h e  

POCO g r a d e s .  

The p y r o l y t i c  s e a l i n g  work w a s  on ly  p a r t i a l l y  s u c c e s s f u l .  It w a s  

found t h a t  extreme care had t o  be taken  t o  seal t h e  material before  ir- 

r a d i a t i o n .  

expansion t o  begin  a t  lower f l u e n c e s  than  t h o s e  a t  which i t  would occur  

i n  t h e  absence  of t h e  c o a t i n g .  Thus the c o a t i n g  task w a s  faced w i t h  ‘3 

number of c h a l l e n g e s .  

During i r r a d i a t i o n  t h e  i n j e c t e d  pyrocarbon a c t u a l l y  caused 

OHNL-DWG 71-6915R2 
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F i g .  8 .2 .  Volume changes f o r  m o n o l i t h i c  g r a p h i t e  i r r a d i a t e d  

I 

a t  715°C. 
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S t a t u s  i n  1.976 

No work was unde r t aken  on g r a p h i t e  d u r i n g  t h e  last  segment of  t h e  

program. Thus t h e  s t a t u s  i n  1976 w a s  the s a m e  as t h a t  i n  1 9 7 2 .  

Cur ren t  S t a t u s  

With t h e  rei-axed requirements+< f o r  b r e e d i n g  performance i n  nonpro- 

l i f e r a t i n g  MSRs r e l a t i v e  t o  t h e  MSBR, t h e  r equ i r emen t s  f o r  t h e  g r a p h i t e  

have dimi-nished. F i r s t ,  t h e  peak n e u t r o n  f l u x  i n  t h e  c o r e  can be  re- 

duced t o  l e v e l s  such t h a t  t h e  g r a p h i t e  w i l l  l.ast f o r  t h e  l i f e t i m e  of 

t h e  r e a c t o r  p l a n t .  Secondly,  t h e  s a l t  f low r a t e  through t h e  c o r e  i s  

reduced from t h e  t u r b u l e n t  regime,  and t h e  s a l t  f i l m  a t  t h e  g r a p h i t e  

s u r f a c e  may o fEer  s u f f i c i e n t  r e s i s t a n c e  t o  xenon d i f f u s i o n  so t h a t  i.t 

w i l l  n o t  be n e c e s s a r y  t o  seal  t h e  g r a p h i t e .  The l e s s e n e d  g a s  permea- 

b i l i t y  r equ i r emen t s  a1.so mean t h a t  t h e  graph-i.te damage I.i.mits can be 

raised ( F i g s .  8.1. and 8 . 2 ) .  The l i f e t i m e  c r i t e r i o n  adopted f o r  the 

b r e e d e r  w a s  t h a t  t h e  al.lowable f l u e n c e  would be about  3 x loz2 n e u t r o n s /  

cm . T h i s  w a s  e s t i m a t e d  t o  be t h e  f l u e n c e  a t  which t h e  s t r u c t u r e  i n  

advanced g r a p h i t e s  would c o n t a i n  s u f f i c i e n t  c r a c k s  t o  be  permeable t o  

xenon. Experience has shown tha t  even a t  volume changes of  about  10% 

t h e  g r a p h i t e  i s  not  c r acked  b u t  i s  un i fo rmly  d i l a t e d .  For n o n p r o l i f e r -  

a t i n g  d e v i c e s  where xenon p e r m e a b i l i t y  w i l l  n o t  b e  of conce rn ,  t h e  I i i n i - t  

wil.1. h e  e s t a b l i s h e d  by  t h e  fo rma t ion  of c r a c k s  s u f f i c i e n t l y  l a r g e  f o r  

s a l t  i n t r u s i o n .  It i s  like1.y that  c u r r e n t  technology g r a p h i t e s  l i k e  

GLCC and t h a t  improved 

g r a p h i t e s  wi.th a l i m i t  of 4 X 10” neutrons/cm2 cou ld  b e  developed.  

2 

t 2 H-364 could be used t o  3 x 10” neu t rons l cm 

__I_ F u r t h e r  Technolorn - ._ Needs and Ilevelopment P l a n  

The near- term g o a l  of t h e  f u t u r e  devel.opment program ( see  Table 8.1) 

w i l l  be t o  e v a l u a t e  c u r r e n t  commercial g r a p h i t e s  f o r  MSR u s e  (Task 1). 

J- 

These are man i fe s t ed  as lower c o r e  power d e n s i t y  and h i g h e r  f i s s i l e  
s p e c i f i c  i n v e n t o r y  i n  d e n a t u r e d  MSRs.  

.I- 
Great Lakes Carbon Company. 



Tab le  8.1. Schedule  f o r  g r a p h i t e  development 

F i s c a l  y e a r  

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1932 1993 1994 
Task 

E v a l u a t i o n  o f  commercial  V’ V 2  
g r a p h i  t e s  

Development of improved 
g r a p h i  t e s  

n 3  

Procurement of commercial  
l o t s  of improved 
g r a p h i t  es  

E v a l u a t i o n  of  commercial  
l o t s  of improved 
g r a p h i  tes 

v4 

M i l e s t o n e s  : 

1. E s t a b l i s h  program f o r  development of improved g r a p h i t e s .  4. Begin procurement  of p r o d u c t i o n  l o t s  of improved commer- 
Def ine  v a r i a b l e s  t o  be i n v e s t i g a t e d .  c i a 1  g r a p h i t e s .  

2 .  Complete e v a l u a t i o n  of commercial  g r a p h i t e s .  P r e p a r e  5. Begin long-term e v a l u a t i o n  of  improved commtrc i a l  qraph- 
document s p e c i f i c a t i o n .  i t e s .  E v a l u a t i o n  t o  i n c l u d e  mechan ica l  and p h y s i c a l  

3. Develop procurement  s p e c i f i c a t i o n  f o r  improved commercial  p r o p e r t i e s  b e f o r e  and a f t e r  i r r a d i a t i o n .  
g r a p h i t e s .  

V5 
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This  w i l l  involve i r r a d i a t i o n  of promising commercial g r a p h i t e s  w i t h  

subsequent  measurements of d imens iona l  s t a b i l i t y  and the rma l  and elec- 

t r i c a l  c o n d u c t i v i t y .  

A l onge r - r ange  g o a l  w i l l  be  t h e  development of a g r a p h i t e  w i t h  a n  

i.mproved fl.uence l i m i t .  E f f o r t s  t o  d a t e  show t h a t  g r a p h i t e s  can be 

t a i l o r e d  t o  have improved d imens iona l  s t a b i l i t y .  I n  Task 2 t h i s  work 

w i l l .  be con t inued  t o  o b t a i n  s e v e r a l  improved p r o d u c t s ,  which w i l l  be  

i r r a d i a t e d  and eval-uated.  'The technology f o r  making t h e  most desi.rab1.e 

p r o d u c t s  w i l l  be pas sed  on t o  commerci.al. vendors ,  and l a r g e  l o t s  of 

t h e s e  g r a p h i t e s  w i l l .  be o b t a i n e d  (Task 3 ) .  The conimercial g raph i . t e s  

w i l l  be  i r r a d i a t e d  t o  h i g h  El.uences, and the changes i n  dimensions,  p o r e  

s p e c t r a ,  t he rma l  c o n d u c t i v i t y ,  t he rma l  expans ion ,  and e l ec t r i ca l  conduc- 

t i v i t y  w i . 1 1  be measured (Task 4 ) .  

The o p e r a t i n g  and c a p i t a l  equipment c o s t s  for t h i s  work are  sum-- 

marized i n  'Tables 8 . 2  and 8.3,  respect ive1.y.  



Table 8.2. Operating fund requirements for graphitc development 

~~ ~~ ~~ ~~ 

Cost (in thousands of 1978 dolldrs) f o r  fiscal year - 
Task 

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991  1992 1 9 9 3  1994 

Evaluation of commercial 300 300 300 300 300 
graphites 

Development of improved 
graphites 

lots of improved 
graphite 

Procurement of commercial 

150 300 300 500 500 i5U 

100 200 150 

Evaluation of commercial 300 500 500 400 400 303 300 300 
lots of improved 
gr aphi t es 

- - _ _ _ _ _ _ - - - - - - ~ - - -  
Total funds" 300 300 450 600 600 S O 0  600 650 550 500 400 L O O  300 300 300 

Tota l  funds through 1994: $6750. 
0 



T a b l e  8.3. C a p i t a l  equipment  fund  requiremen:s f o r  g r a p h i t e  development  

Task 
Cost ( i n  t h o u s a n d s  of 1978 d o l l a r s )  f o r  f i s c a l  y e a r  - 

~~ ~~ ~~~~ 

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 

E v a l u a t i o n  of commercial  100 75 50 50 50 
g r a p h i t e s  

Development of improved 
g r a p h i t e s  

50 100 130 i o 0  100 50 

Procurement  of commercial  l o t s  
of improved g r a p h i t e s  

of improved g r a p h i t e s  
E v a l u a t i o n  of c o m e r c i a l  l o t s  50 I00 75 75 75 50 50 50 

- - _ _ _ _ _ _ _ _ _ _ _ _ ~ - - ~ - ~ ~  
T o t a l  funds' 100 75 100 150 150 100 100 100 i00 75 75 75 50 50 50 

~~ 

a T o t a l  f u n d s  through 1994: $1350. 
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