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SUMMARIES 

PROPOSED FLOWSHEET FOR PROCE I N G  INGLE - F L U I D  
MSBR BY REDUCTIVE EXTRACTION 

A proposed f l o w s h e e t  f o r  p r o c e s s i n g  a s i n g l e - f l u i d  MSBR i s  based 

on r e d u c t i v e  e x t r a c t i o n ,  and r o u t e s  t h e  r e a c t o r  s a l t  t h rough  t h e  p r o t -  

a c t i n i u m - i s o l a t i o n  and t h e  r a r e - e a r t h - r e m o v a l  systems on 3 -  and 30-day 

c y c l e s ,  r e s p e c t i v e l y .  The f l o w s h e e t  i s  s c a l e d  f o r  a 1000-Mw ( e l e c t r i c a l )  

MSBR. 

I n  a d d i t i o n  t o  t h e  two pr imary o p e r a t i o n s  ( p r o t a c t i n i u m  i s o l a t i o n  

and r a r e  - e a r t h  removal),  t h e  f lowsheet  i n c o r p o r a t e s  means f o r  removing 

m a t e r i a l s  such a s  z i r con ium and n i c k e l .  O the r  o p e r a t i o n s  i i ic ludc 

r ecove ry  of uranium from waste streams, IPF c o l l e c t i o n ,  and f u e l  r e c o n -  

s t i t u t i o n  and c l e a n u p .  
6 

MSBR MATERIAL-BALANCE CALCULATIONS 

The MATADOR s t e a d y - s t a t e  m a t e r i a l - b a l a n c e  computer code h a s  been 

used t o  d e t e r m i n e  t h e  e f f e c t s  of  a number of p r o c e s s i n g - p l a n t  v a r i a b l e s  

on t h e  n u c l e a r  performance of  a 1000-Mw ( e l e c t r i c a l )  MSBR. 

s t u d i e d  were f u e l - s a l t  d i s c a r d  r a t e ,  removal t i m e s  f o r  z i r con ium and 

seminoble  m e t a l s ,  and e f f i c i e n c y  f a r  t h e  removal of p r o t a c t i n i u m .  

V a r i a b l e s  

REMQVAL OF P R O T A C T X N I L J  FROM A SINGLE-FLUID MSBR 

T s o l a t  i o n  sf p r o t a c t i n i u m  by r e d u c t i v e  e x t r a c t i o n  i s  proposed, 

based on t h e  f a c t  t h a t  p r o t a c t i n i u m  i s  i n t e m e d i a c e  i n  n o b i l i t y  between 

uranium and tho r ium.  Ry c o u n t e r c u r r e n t l y  c o n t a c t i n g  a s a l t  s t r eam con-  

t a i n i n g  f l u o r i d e s  of uranium and p r o t a c t i n i u m  wit.h a bismuth s t r e a m  

c o n t a i n i n g  thorium and l i t h i u m ,  t h e  uranium i s  t r a n s f e r r e d  from t h e  s a l t  

t o  a downflowing m e t a l  s t r e a m  and i s  c a r r i e d  o u t  sf t h e  e x t r a c t i o n  column7 



V i  

The p ro tac t in ium,  which i s  t r apped  i n  t h e  c e n t e r  of t h e  column, w i l l ,  

f o r  t h e  most pa r t ,  be held up f o r  decay i n  a t a n k  through which mol ten  

s a l t  i.s c i r c u l a t e d .  Th i s  p r o t a c t i n i u m  i s o l a t i o n  method was analyzed 

ma themat i ca l ly ;  c a l c u l a t e d  r e s u l t s  show i t  t o  be a t t r a c t i v e .  

USE OF THE PROTACTINIUM ISOLATION SYSTEM FOR CONTROLLING THE 
URANIUM CONCENTRATION I N  THE BLANKET OF A SINGLE-FLUID MSBR 

The p r e s e n t l y  env i s ioned  sys tem f o r  p r o t a c t i n i u m  i s o l a t i o n  produces 

a s a l t  s t r e a m  t h a t  i s  f r e e  of uranium and p r o t a c t i n i u m  a t  one p o i n t  i n  

t h e  sys tem.  T h i s  c h a r a c t e r i s t i c  could  be  e x p l o i t e d  t o  d e c r e a s e  t h e  

uranium c o n c e n t r a t i o n  (and hence t h e  uranium i n v e n t o r y )  i n  t h e  b l a n k e t  

r e g i o n  of a s i n g l e - f l u i d  MSBR. We concluded t h a t  t h e  use  o f  t h e  p r o t -  

a c t i n i u m - i s o l a t i o n  sys tem f o r  d e c r e a s i n g  t h e  uranium c o n c e n t r a t i o n  i n  

t h e  b l a n k e t  r e g i o n  t o  10% of  t h a t  i n  t h e  c o r e  r e g i o n  i s  r e s t r i c t e d  t o  

r e a c t o r  d e s i g n s  havihg  a n  exchange r a t e  between t h e  c o r e  and b l a n k e t  

r e g i o n s  of less  t h a n  0.01% of t h e  f l o w  r a t e  th rough t h e  c o r e .  

REMOVAL OF RARE EARTHS FROM A SINGLE-FLUID MSBR 

A r e d u c t i v e  e x t r a c t i o n  method i s  proposed f o r  removing r a r e  e a r t h s  

from a s i n g l e - f l u i d  MSBR. Opera t ion  o f  t h e  sys tem i s  domi.nated by thc  

low s e p a r a t i o n  f a c t o r s  ( 1 . 2  t o  3 .5)  between tho r ium and t h e  r a r e  e a r t h s .  

Ca lcu la t ed  r e s u l t s  f o r  t h e  s t e a d y - s t a t e  performance of  t h e  sys tem 

i n d i c a t e  t h a t  a n  e x t r a c t i o n  column having  approx ima te ly  24 s t a g e s  and 

a bismuth f low r a t e  of 15 gpm w i l l  be r e q u i r e d  f o r  removing t h e  r a r e  

e a r t h s  on a 30-day p r o c e s s i n g  c y c l e ,  which i s  roughly  e q u i v a l e n t  t o  

a 50 -day removal t ime f o r  a l l  r a r e  e a r t h s .  

SEMICONT INUOUS ENGINEE K I N G  EXPE KIMENTS ON REDUCTIVE EXTRACT ION 

Equipment f o r  semicont inuous  e n g i n e e r i n g  expe r imen t s  011 r e d u c t i v e  

e x t r a c t i o n  was i n s t a l l e d ,  and t h e  i n i t i a l  shakedown o p e r a t i o n  was com- 



p l e t e d .  The s a l t  and bismuth feed t a n k s  werc p r e s s u r e  tes ted .  The 

i n t e r n a l  s u r f a c e s  of t h e  sys tem were t r e a t e d  f o r  removal o f  o x i d e s  by 

c o n t a c t  w i t h  hydrogen a t  6GOoC,  and a 184-kg charge  o f  bismuth was 

added t o  t h e  sys tem and t r e a t e d  f o r  ox ide  reinoval. S e v e r a l  expe r imen t s  

planned w i t h  t h i s  sys tem a r e  d e s c r i b e d .  

ELECTROLYTIC CELL DEVELOPMEITC 

The proposed 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 e 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  and r a r e - e a r t h  removal r e q u i r e  e l e c t r o l y t i c  c e l l s  f o r  r e -  

duc ing  l i t h i u m  and tho r ium f l u o r i d e s  i n t o  a bismuth ca thode  t o  p r e p a r e  

t h e  me ta l  s t r e a m s  feld t o  t h e  e x t r a c t i o n  columns and f o r  o x i d i z i n g  

e x t r a c t e d  components from t h e  me ta l  s t r e a m s  Leaving t h e  columns. E x p e r i -  

mental  work i s  r e p o r t e d  on (1) a comparison of c e l l  r e s i s t a n c e s  o b -  

s e r v e d  w i t h  a l t e r n a t i n g  and  d i r e c t  c u r r e n t ,  ( 2 )  t h r  performance o f  a 

g r a p h i t e  anode, aad  ( 3 )  t h e  e v a l u c t i o n  of a n  a l l - m e t a l  c c l l  employing 

f r o z e n  -wa 11. c o r r o s i o n  p r o t e c t  i o n .  

Equipment i s  be ing  i n s t a l l e d  a t  t h e  MSRE f o r  dcrnons t ra t ing  t h e  

h igh - t empera tu re ,  l ow-pres su re  d i s t i l  l a ~ i o n  ol molten  s a l t  a s  a iwans 

f o r  s e p a r a t i n g  the l a n t h a n i d e  f i s s i o n  p r o d u c t s  f rom the components of 

the MSRE f u e l - c a r r i e r  s a l t ,  which I s  a n-tixtme o f  l i t h i u m ,  be ry l l i um,  

and z i rconium f l u o r i d e s ,  M o d i f i c a t i o n s  t h a t  were made a f t e r  t h e  sys tem 

ma3 t e s t e d  w i t h  n o n r a d i o a c t i v e  s a l t  a r e  d i s c u s s e d ;  tlzcy i n c l u d e  a change 

i n  t h e  c o n f i g u r a t i o n  of  t h z  feed l i n e  t o  t h e  s t i l l  p o ~ ,  i n s t a l l a t i o n  of 

e l e c t r i c a l .  in;ulal:ion between res i s ta i - tcc  h e a t e r s  and p r o c e s s  l ines  t o  

p reven t  t112 l i n e s  I r c m  b e i n g  damagpd i n  the  event of a h e a t e r  f a i l u r e ,  

installation of absol i i te  f i l l e r s  ip t-he vacuum l i n e s  from t h e  f eed  t a n k  

and t h e  r e c e i v e r  t o  p r e v e n t  t h e  sp read  o f  r a d i o a c t i v i t y ,  co rnp lc t ion  of 

tlw secondary  containment f o r  t h e  v s l v e  box,  and c o n s t r u c t i o n  of R 

cor-Hdcnsate sampler  s u i t a b l e  f o r  remot 2 o p r a t i m  with r a d i o s e t  ivt: samples. 
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1 . INTRQDUC1.’ION 

A m o l t e n - s a l t  b r e e d e r  r e a c t o r  (MSBR) w i l l  be f u e l e d  w i t h  a molten 

f l u o r i d e  mix tu re  t h a t  w i l l  c i r c u l a t e  th rough t h e  b l a n k e t  and c o r e  re -  

g i o n s  of t h e  r e a c t o r  and through t h e  pr imary  h e a t  exchanger .  We a r e  

deve lop ing  p r o c e s s i n g  methods f o r  u s e  i n  R c lose -coup led  f a c i l i t y  f o r  

removing f i s s i o n  p roduc t s ,  c o r r o s i o n  p roduc t s ,  and fissilc m a t e r i a l s  

from t h e  mol ten  f l u o r i d e  m i x t u r e .  

S e v e r a l  o p r r a t i o n s  a s s o c i a t e d  w i t h  PISBK p r o c e s s i n g  a r e  under  s t u d y .  

The  remain ing  p a r t s  of t h i s  s e c t i o n  d e s c r i b e  (1) a proposed r e d u c t i v e -  

e x t r a c t i o n  f lowshee t  f o r  a s i n g l e - f l u i d  EGSR, ( 2 )  m a t e r i a l - b a l a n c e  c a l -  

c u l a t i o n s  t h a t  show t h e  e f f e c t s  o f  t h e  removal t i m e  f o r  z i rconium, a l k a l i  

m e t a l s  and a l k a l i n e  e a r t h s ,  europium, and p r o t a c t i n i u m  on r e a c t o r  p e r -  

formance and that i n d i c a t e  t h c  magni tudes  of the h e a t  g e n e r a t i o n  and 

mass f l o w s  a s s o c i a t e d  w i t h  t h e  r c a c t o r  o f f - g a s ,  ( 3 )  c a l c u l a t e d  r e s u l t s  

showing t h e  s t e a d y - s t a t e  performance of a p r o t a c t i n i u m  i s o l a t i o n  system, 

(It) a n  e v a l u a t i o n  of t h e  u s e  of t h e  p r o t a c t i n i u m  i s o l a t i o n  sys tem t o  l i m i t  

t h e  uranium c o n c e n t r a t i o n  i n  t h e  b lanket  oE a s i n g l e - f l u i d  MSBR, ( 5 )  c a l -  

c u l a t i o n s  t o  p r e d i c t  t h e  s t e a d y - s t a t e  performance of a r a r e - e a r t h  removal 

sys t em based  on r e d u c t i v e  e x t r a c t i o n ,  ( 6 )  p r e l i m i n a r y  t e s t i n g  of t h e  s e m i -  

con t inuous  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 ,  (7) expe r imen t s  r e l a t e d  t o  t h e  

development of e l e c t r o l y t i c  c e l l s  Tor u s e  With mol ten  s a l t  and bismuth,  

and ( 8 )  i n s t a l l a t i o n  o f  equipment a t  t h e  MSRE f o r  demons t r a t ing  low- 

p r e s s u r e  d i s t i l l a t i o n  of mol ten  s a l t ,  u s i n g  i r r a d i a t e d  MSKE h i e l  c a r r i e r  

s a l t .  T h i s  work was c a r r i e d  o u t  by thi? Chemical Technology D i v i s i o n  d u r i n g  

the pe r iod  January-March 1969. 

2 * PRQPOSED FkCgLhTSREET FOR PRQCESSTK~G A SINGLE-FLUID MSBR 
BY REDUCT W E  EXT l7ACTION 

L. E .  McNeese M. E .  m a t l e y  

The p r o c e s s  f lowshee t  env i s ioned  f o r  a s i n g l e - f l u i d  MSBR i s  based 

on r e d u c t i v e  e x t r a c t i o n ,  and routcbs t h e  r e a c t o r  s a l t  volume th rough  t h e  

p r o t n c t i n i u m - i s o l a t i o n  and t h e  r a r e - e a r t b  removal sys tems on 3- and 



30-day cycles, r e s p e c t i v e l y .  The p r e s e n t  v e r s i o n  of t h e  p r o c e s s  f low- 

s h e e t  ( F i g .  1)  i s  s c a l e d  f o r  a 1 0 0 0 - M w  ( e l e c t r i c a l )  MSBR. The p r o t a c -  

t i n i u m  i s o l a t i o n  and t h e  r a r e - e a r t h  removal systems w i l l  be d e s c r i b e d  

i n  more d c t a i l  i n  a l a t e r  s e c t i o n .  

The p r o t a c t i n i u m - i s o l a t i o n  system e x p l o i t s  t h e  f a c t  t h a t  p r o t a c -  

tiniulil i s  i n t e r m e d i a t e  i n  n o b i l i t y  between uranium and thorium. A 

m o l t e n - s a l t  s t r e a m  i s  withdrawn from t h e  r e a c t o r  on a 3-day c y c l e  (2 .5  
gpm) and i s  f ed  c o u n t e r c u r r e n t  t o  a 5.3-gpm s t r e a m  o f  l i q u i d  bismuth i n  

a 1 2 - s t a g e  e x t r a c t i o n  column. I f  t h e  c o r r e c t  f l ow of r e d u c t a n t  ( t h o r i u m  

p l u s  l i thii irri)  i n  t h e  bismuth s t r e a m  e n t e r i n g  t h e  c o n t a c t o r  i s  used,  t h e  

uranium i n  t h e  s a l t  w i l l  t r a n s f e r  t o  t h e  downflowing bismuth s t r e a m  i n  

t h e  lower p a r t  of t h e  column. The p r o t a c t i n i u m ,  however, w i l l  concen-  

t r a t e  midway up t h e  cascade,  where most o f  t h e  p r o t a c t i n i u m  i n  t h e  

r e a c t o r  system can b c ~  h e l d  up by d i v e r t i n g  t h e  s a l t  through a s u i t a b l y  

l a r g e  volume (200 f t  ). 
t h e  same r a t e  t h a t  i t  e n t e r s  t h e  t a n k  from t h e  r e a c t o r .  The concen-  

3 253 A t  s t e a d y  s t a t e ,  t h e  2331?a decays  t o  U a t  

t r a t i o n s  o f  b o t h  p r o t a c t i n i u m  and uranium i n  the s a l t  l e a v i n g  t h e  column 

a r e  n e g l i g i b l e ;  however, t h e  c o n c e n t r a t i o n  of  r a r e  e a r t h s  a t  t h i s  p o i n t  

i s  approx ima te ly  t h e  same a s  t h a t  i n  t h e  r e a c t o r .  Approximately 10% of  

t h e  s a l t  s t reain l e a v i n g  f h e  p ro tac t i . n i . um- i so la t ion  column ( i . e  . 2  0.25 

gpm) w i l l  be processed f o r  t h e  removal o f  r a r e  e a r t h s .  The reitiaiining 

s a l t  p a s s e s  th rough  a n  e l e c t r o l y t i c  o x i d i z e r - r e d u c e r ,  where l i t h i u m  and 

tho r ium a r e  reduced i n t o  a f lowing  bismuth ca thode  t o  p rov ide  t h e  me ta l  

s t r e a m  t h a t  i s  fed t o  f‘ne column. A t  t h e  anode of t h e  c e l l ,  hi-sniuth i s  

o x i d i z e d  t o  BiF which i s  s o l u b l e  i n  t h e  molten s a l t .  The s a l t  s t ream, 

c o n t a i n i n g  BiF. i s  co1int:ercurren.t-I.y c o n t a c t e d  w i t h  t h e  bismuth s t r e a m  

e x i t i n g  from t h e  e x t r a c t i o n  column i n  o r d e r  t o  o x i d i z e  uraniurn, p r o t -  

ac t in ium,  and o t h e r  m a t e r i a l s ,  which a r e  then t r a n s f e r r e d  t o  the  s a l t  

s t r e a m  and r e t u r n e d  t o  t h e  r e a c t o r .  

3’ 
5’ 

The c o n c e n t r a t i o n  of  uranium o r  p r o t a c t i n i u m  must be known a t  some 

p o i n t  i n  t h e  column i n  o r d e r  t o  c o n t r o l  t h e  c o n c e n t r a t i o n  of r educ tan t  

i n  t h e  bismuth s t r e a m  fcad t o  t h e  column. The uranium c o n c e n t r a t i o n  i s  
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determined by f l u o r i n a t i n g  approx ima te ly  >$ o f  t h e  s a l t  e n t e r i n g  t h e  

p r o t a c t i n i u m  decay i a n k  and a n a l y z i n g  t h e  r c s u l t i n g  g a s  s t r e a m  f o r  1JF 

Means a r e  provided f o r  c o l l e c t i n g  t h e  UF/ from t h i s  o p e r a t i o n  a s  w e l l  

a s  from o t h e r  f l u o r i n a t i o n  o p e r a t i o n s  and f o r  r e t u r i i i n g  t h i s  m a t e r i a l  

t o  t h e  f u e l  s a l t . .  The UF i s  s i m u l t a n e o u s l y  absorbed intrJ the  molten 

s a l t  and reduced l o  UF by a hydrogen s p a r g e .  A bisniuth-removal s t e p  

w i l l  a l s o  be provided b e f o r e  t h e  s a l t  r e t u r n s  t o  t h e  r e a c t o r .  

6' 
0 
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Approximately 1.5% of  t h e  bismuth s t r c a m  l e a v i n g  t h e  e x t i a c t i o n  

column ( i . s . 3  0.08 gpm) w i l l  be h y d r o f l u o r i n a t e d  i n  t h e  pre;eact of a 

s a l t  s t r a a m  f o r  t h e  remoual of t h e  seminoble m e t a l s  (Ga, Ce, Cd, r19, Sn, 

and Sb), v a r i o u s  c o r r o s i o n  p r o d u c t s  (FE, N i ,  and C r ) ,  and f i s s i o n  p rod-  

u c t  z i r con ium.  The s a l t  i s  r e c y c l e d  between t h e  h y d r o f l u o r i n a t o r  and a 

f l u o r i n a t o r ,  where uranium i s  removed. 'The p r i n c i p a l  components t h a t  

b u i l d  u p  i n  t h i s  s a l t  art3 riLiF and Z r E I r ;  t h e  expected s t e a d y - s t a t e  

compos i t ion  i s  '+7-53 mole % LiF-LrF which h a s  a l i q u i d u s  of 52G"C. 

S a l t  t h a t  i s  Er-ee of uranium and p r o t a c t i n i u m  bu t  c o n t a i n s  r a r e  

4 9  

earLins i s  f ed  t o  t h e  c e n t e r  o f  a 2 k - s t a g e  e x t r a c t i o n  column a t  t h e  r a t e  

of  abou t  0.25 gpm, which i s  s u f f i c i e n t  t o  p r o c e s s  t h e  r e a c t o r  volclme i n  

30 d a y s .  Thc3 s a l t  f lows counLercu r ren t  t o  a bismuth s t r e a m  c o n t a i n i n g  

thnriurri and  l i t h i u m . .  

from the s a l t  s t r e a m  i n  t h ~ e  uppe r  column $an e f f e c t i v e  removal t ime of 

50 d a y s ) ,  and ?he r a r e - e a r t h  c o n c e n t r a t i o n  i n  t i l e  lower  column i s  

incrcaased t o  approx ima te ly  0.69 mole $. 'The bismuth f low r a t e  through 

t h e  column i s  15 gpin. P a r t  o f  t h e  s a l t  l e a v i n g  t h e  column i s  r e t u r n e d  

t o  the r e a c t o r ,  wh?reas t h e  remainder  i s  f ed  t o  the e l e c t m l y t i c  c r l l  

complex; t h i s  produces a n e t  e f f e c t  of r educ ing  thorium and Litl3iun-L i n t o  

t h e  bismuth phase  and tra1zsferi: ing the  ex t? -ac t ed  r a r e  e a r t h s  f r o m  t h e  

bismuth phase t u  t h e  r e t u r n i n g  s a l t .  

f l o w i n g  s t r e a v s  of b i s m u i b )  A Bi-Li  s i .L[ .a rn  g e n e r a t e d  a'c the ca thode  o f  

t he  c e l l  i s  f e d  t o  t h e  t h r e e - s t a g e  c o n t a c t o r ,  which removes m o s t  of t t p  

lhFL frnm t h e  incrming s a l t .  

T y p i c a l l y ,  60% o f  i'n ra rc  e a r t h s  a r e  e x t r a c t e d  

(Both t h e  anode and t h e  caihodc3 a r e  

The s a l t  then p i c k s  u p  KiF- a s  it p a s s e s  
3 



5 

t h e  anode .  The s a l t  s t r e a m  c o n t a i n i n g  BiF  i s  passed  c o u n t e r c u r r e n t  t o  

t h e  bismuth s t r e a m  e n t e r i n g  t h e  complex from t h e  r a r e - e a r t h - r e m o v a l  

column i n  o r d e r  t o  o x i d i z e  t h e  r a r e  e a r t h s ,  thorium, and l i t h i u m  from 

t h e  bismuth ., 

3 

S a l t  c o n t a i n i n g  r a r e  e a r t h s  a t  a c o n c e n t r a t i o n  of 0.69 mole $I i s  
7 

withdrawn from t h e  system, a t  t h e  r a t e  of 0.49 ft'/day, th rough a s e t  of 

s e q u e n t i a l l y  a r r anged  40-ft5 t a n k s  a 

(Sr, Cs, Ea, Rb, and Eu)  a r e  a l s o  p r e s e n t  i.n t h e  s t r e a m  a t  a conccn-  

t-raticsn equa l  t o  t h a t  i n  t h e  r e a c t o r ,  and a r e  removed on a 3000-day 

cyc le .  Use of t h i s  sys tem l i m i t s  t h e  r a t e  a t  which r a r c  e a r t h s  could 

i n a d v e r t e n t l y  r e t u r n  t o  t h e  r e a c t o r .  The s a l t  i s  f l u o r i n a t e d  f o r  

uranium recove ry  when necessary e 

The a c t i v e - m e t a l  f i s s i o n  p r o d u c t s  

3 .  MSBR MATERIAL-BALANCE CALCULATIONS 

The MATADOR computer code f o r  c a l c u l a t i n g  s t e a d y - s t a t e  m a t e r i a l  

b a l a n c e s  h a s  been used t o  de t e rmine  t h e  e f f e c t s  o f  a number o f  p r o c -  

e s s i n g - p l a n t  v a r i a b l e s  on t h e  n u c l e a r  performance of a 1000-Mw 

( e l e c t r i c a l )  MSBR, which h a s  a t he rma l  power o f  2250 Piw" 

i a b l e s  i n c l u d e  f u e l - s a l t  d i s c a r d  r a t e ,  removal t i m e s  f o r  z i r con ium 

and seminoble  me ta l s ,  and p r o t a c t i n i u m  removal e f f i c i e n c y .  The 

r e a c t o r  under  c o n s i d e r a t i o n  had a power of 2250-Mw ( t h e r m a l )  and 

c o n t a i n e d  1220 ft' of s a l t  i n  t h e  c a s e  of t h e  s t u d i e s  O f  zircorriunl 

and seminoble  m e t a l  r e q a v a l  and 1463 f t 3  f o r  s t u d i e s  of p r o t a c t i n i u m  

removal and s a l t  d i s c a r d  r a t e .  The  i u e l  - s a l t  composi t ion  w a s  67.7'- 
20.0-12'.0-0.3 mole '$ LiF-FeFg-ThF -UF 

Thcse  v a r -  

7 

4 4' 

3.1 E f f e c t  of F u e l - S a l t  D i sca rd  Cycle 

T h e  a c t i v e  m e t a l s  (Rh, Cs,  Sr, and P a )  a r e  n o t  removed by r educ -  

t i v e  e x t r a c t i o n ,  and t h e i r  c o n c e n t r a t i o n s  i n  t h e  r e a c t o r  sys tem a r e  



main ta ined  a t  a c c e p t a b l e  l e v e l s  by t h e  d i s c a r d  of  s a l t .  A s t u d y  was 

made o f  t h e  e f f e c t  of t h e  r a t e  o f  s a l t  di .scard on t h e  performance of 

t h e  r e a c t o r ,  a s  evidenced by n e u t r o n  a b s o r p t i o n s  by t h e  a c t i v e  m e t a l s .  

The po i son ing  caused by t h e s e  m e t a l s  i s  shown i n  Tab le  1 f o r  s a l t -  

d i s c a r d  c y c l e  t imes  of 800, 1200, 2000, and 3000 days,  and i s  compared 

w i t h  t h e  t o t a l  poisoni-ng f o r  a l l  f i s s i o n  p r o d u c t s .  It i s  e v i d e n t  t h a t  

t h e  po i son ing  produced by the a c t i v e  m e t a l s  i s  a s m a l l  f r a c t i o n  of t h e  

t o t a l  a t  even t h e  l o n g e s t  cycLe t i m e s ,  and that: low d i s c a r d  r a t e s  a r e  

a c c e p t a b l e .  However, t h e  d i s c a r d  s t r e a m  a l s o  c o n t a i n s  c o n c e n t r a t e d  

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 t h e  r a r e - e a r t h  r e d u c t i v e - e x t r a c t i o n  

system, and i s  t h e  means f o r  removing t h e s e  m a t e r i a l s  from t h e  system. 

Cyc1.e t imes  l o n g e r  t h a n  3000 days a r e  n o t  p o s s i b l e  because t h e  s o l u b i l -  

i t y  of t h e  r a r e  e a r t h s  i n  t h e  d i s c a r d  s t r e a m  would be exceeded.  A c y c l e  

t i m e  o f  3000 days  f o r  a r e a c t o r  c o n t a i n i n g  1220 f t 5  of s a l t  co r re sponds  

t o  a s a l t  d i s c a r d  r a t e  of 0 .41  f t  /day.  The approximate c o s t  f o r  t h e  

f u e l  s a l t  i s  $2000/f t  ; t h u s  t h e  c o s t  of  d i s c a r d i n g  s a l t  a t  t h e  above 

r a t e  would be $250,000 a n n u a l l y  ( o r  0.036 m i l l l k w h r ) ,  which i n d i c a t e s  

that :  i t  might be economical t o  p r o c e s s  t h i s  s t r e a m  t o  p a r t i a l l y  r e c o v e r  

t h e  c a r r i e r  s a l t .  

3 
3 

3.2 E f f e c t s  of Removing Zirconium and Seminoble Meta l s  

Zirconium i s  v e r y  s i m i l a r  i n  chemica l  b e h a v i o r  t o  uranium, and w i l l  

be  e x t r a c t e d  i n t o  t\e bismuth stream i n  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 y s -  

tem. I f  means f o r  removing z i r con ium from this bismuth a r c  not  employed, 

t h e  z i r con ium w i l l  be r e t u r n e d  t o  t h e  r e a c t o r  w i t h  t h e  uranium and will 

c o n s t i t u t e  a s e r i o u s  n e u t r o n  p o i s o n .  Ilowever, z i r con ium can be  removed 

from t h e  7ystem by h y d r o f l u o r i n a t i o n  of  p a r t  of  t h e  bismuth i n  t h e  

p re sence  of s a l t ,  fol lowed by f l u o r i n a t i o n  of t h e  s a l t  t o  rpcove r  t h e  

uranium a s  UF This c o n c e n t r a t e s  t h e  z i i con ium i n  a s a l t  stream a s  

ZrFlc,’ w h i c h  is  t h e n  d i s c a r d e d .  
6’ 



Tab le  1. Neutron Absorp t ions  by Ac t ive  Metals a s  a Func t ion  
of the  Salt Disca rd  Cycle 

Di sca rd  Neutron Absorptions per 100 F i s s i l e  Absorp t ionsa  
Cycle T o t a l  T o t a l  

T i m e  Act ive F i s s i o n  
(days)  Rb Sr cs Ba Metals Products 

2.15 800 0 -0000593 0.0174 0.00166 0.00672 0.0264 

1200 0.0000888 0.0253 0.00248 0.00925 0. 0372 2.16 

-2 

2000 o .00015 o .0398 0.0039 o .0159 0.0j98 2.18 

3000 0.00022 0.0561 0.0055 0.0267 0 a885 2.21 

a 2 
Poisoning x 10 , 
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PO i s o n s  

r a t e  of  

g e n e r a t  

r e  iiwv e d 

A s t u d y  was conducted t o  de t e rmine  t h e  e f f e c t  of z i r con ium removal 

t ime on n e u t r o n  po i son ing  by f i s s i o n - p r o d u c t  z i r con ium.  The r e s u l t s  of 

t h i s  i n v e s t i g a t i o n  a r e  summarized i n  Tab le  2, which shows t h e  po i so l~ i r lg  

due t o  z i r con ium i s o t o p e s  f o r  removal t imes  o f  50, 2'00, and 800 days .  

The poisoni.ng by z i r con ium i s  on ly  2% of t h e  combined f i s s i o n - p r o d u c t  

po i son ing  f o r  a 200-day removal ti-me, and i n c r e a s e s  t o  8% f o r  a n  800- 

day removal t i m e .  On t h i s  b a s i s ,  i t  was dec ided  t h a t  t h e  bismuth should 

be p rocessed  on a 200-day c y c l e  t o  keep z i r con ium po i son ing  a t  a n  a c c e p t -  

a b l e  l e v e l .  T h i s  r e q u i r e s  t h e  con t inuous  h y d r o f l u o r i n a t i o n  of 1.5% of 

t h e  circu1.a t i n g  bismuth i n  t h e  p r o t a c t i n i u m  i s o l . a t i o n  system, O T  abou t  

6 .7  f t  3 of bismuth p e r  day.  

H y d r o f l u o r i n a t i o n  of  t h e  bismuth s t r e a m  t o  remove Z r  w i l l  a l s o  

s e r v e  a s  a c l eanup  st:ep t o  remove c o r r o s i o n  p r o d u c t s  (Fe and N i )  and 

may remove f i s s i o n  p roduc t s  t h a t  a r e  i n t e r m e d i a t e  i n  n o b i l i t y  between 

t h e  nob le  m e t a l s  and uranium (Zn, Ga, Ge, Cd, In, and Sn), which 

a r e  d e s i g n a t e d  a s  seminoble  m e t a l s .  I n  t h e  absence  of t h e  zirconium- 

removal s t e p ,  t h e s e  m a t e r i a l s  would accumulate  i n  t h e  bismu.th phase 

u n t i l ,  e v e n t u a l l y ,  s a t u r a t i o n  and p r e c i p i t a t i o n  o c c u r r e d .  Such a n  

e v e n t  might impa i r  t h e  performance of  t h e  p r o t a c t i n i u m  i s o l a t i o n  system. 

Tab le  3 shows t h e  chemical. compos i t ion  of  t h e  mixtu.re of seminoble 

m e t a l s  and t h e  p r o d u c t i o n  r a t e  of  these m a t e r i a l s ,  assuming t h a t  t h e y  

a r e  removed on a 200-day c y c l e .  T h i s  group of f i s s i o n  p roduc t s ,  which 

c o n s i s t s  p r i m a r i l y  of i s o t o p e s  of t i n ,  does  n o t  c o n t a i n  impor t an t  n e u t r o n  

and i s  no t  a s i g n i f i c a n t  sou rce  o f  h e a t .  The h e a t - g e n e r a t i o n  

'This h e a t  t h e  coinbined sem.inoble m e t a l s  i s  about  0.02 Mw. 

on r a t e  i s  sma l l  compared t o  t h a t  o f  the z i r c o n  u m  i s o t o p e s  

i n  t h i s  o p e r a t i o n ,  which i s  0.39 Mw. 

3 -3 E f f e c t  o f  P r o t a c t i n i u m  Removal E f f i c i e n c y  

Another parameter t h a t  was s t u d i e d  i s  t h e  e f f i c i e n c y  o f  t h e  p r o t -  

act-inium i s o l a t i o n  system, which h a s  been d e f i n e d  a s  t h e  r a t i o  of  a 3 -  

day removal t ime f o r  p r o t a c t i n i u m  Lo t h e  a c t u a l  removal t i m e .  These 



a Tab le  2. Neutron A b s o r p t i o n s  by Zirconium I s o t o p e s  
a s  a F u n c t i o n  of Zirconium Removal T i m e  

Removal Time ( d a y s )  
I s o t o p e  50 200 809 

9'Zr 0 .000003 5 0.000017 0.000062 

PIZ,  0.00145 0.00608 0.023 1 

33 Z r  0 .0076 1 0.0305 0.1199 

92 zr 0.00036 0.00148 0 * 00579 

g4 Z r  0.000 12 0.00048 o .00196 
96 Z r  0.0000~8 0 "0002311. 0.000335 

T o t a l  Z r  0.00954 0.0388 0.152 

T o t a l  Fission 
Produc t s  2 .18  2.21 2.32 
a 2 Absorp t ions  p e r  100 f i s s i l e  a b s o r p t i o n s .  Poisoning x 10 . 

Tab le  3. Composition of Seminoble Meta l s  Stream from 22'50-Mw ( t h e r m a l )  
MSBR f o r  a P ~ ~ - d a y  Removal Time 

Produc t ion  Rate 
Element ( mo 1 e /  da y ) Mole F r a c t i o n  

-6 

6.06 x i o  -6 
Zn 2.60 10-7 g .27 x 10 

Ga 1.70 10-'7 

Ge 6.63 x lo-'' 2.36 x 

4.35 x -3 Cd 1 .22  x 10 

I n  1.76 x 6.27 x lo-' 
-1 

Sn 2.60 x 10-' 9 . 2 7  x 10 

Tota 1 2.81 x 1 .00 



s t u d i e s  were performed u s i n g  a combinat ion of  t h e  MATADOR m a t e r i . a l -  

ba l ance  code and t h e  ROD r e a c t o r  o p t i m i z a t i o n  and d e s i g n  code.  The 

combined code, c a l l e d  MODROD, u s e s  the  MODRIC nine-group d i f f u s i o n  

c a l c u l a t i o n  and two-dimensional f l u x  s y n t h e s i s  t o  compute t h e  f i s s i l e  

i n v e n t o r i e s  and a n e u t r o n  b a l a n c e  € o r  a g i v e n  "lumped" f i s s i o n - p r o d u c t  

c o n c e n t r a t i o n  o b t a i n e d  from MATADOR. The f i s s i 1 . e  n u c l i d e  r e a c t i o n  r a t e s  

computed by ROD a r e  then  used by MATADOR t o  o b t a i n  a new e s t i m a t e  of t h e  

lumped f i -ss ion-product  c o n c e n t r a t i o n s .  T h i s  p rocedure  i s  r e p e a t e d  u n t i l  

t h e  lumped f i s s i o n - p r o d u c t  c o n c e n t r a t i o n s  converge.  A few s f  t h e  indi.- 

v i d u a l  p o i n t s  computed by t h e  MODROD code were compared w i t h  t h e  e x a c t  

ROD t r e a t m e n t  of  t h e  same c a s e  and were found t o  he i n  e x c e l l e n t  a g r e e -  

ment.  

The proposed p ro tac1 : in ium- i so la t ion  system w i l l  n o t  perform w i t h  

100% e f f  i - c i ency ;  t h e r e f o r e ,  t h e  e f f e c t i v e  p r o t a c t i n i u m  removal t ime w i l l  

be g r e a t e r  t h a n  t h e  3-day p r o c e s s i n g  c y c l e  t i m e .  F i g u r e  2 p r e s e n t s  t h e  

e f f e c t  of this l o n g e r  c y c l e  t i m e  on t h e  f u e l  y i e l d  and t h e  f u e l - c y c l e  

c o s t  of t h e  r e f e r e n c e  MSHR d e s i g n .  It  i s  obvious from t h i s  f i g u r e  t h a t  

t h e  r e a c t o r  performance v a r i e s  o n l y  s l i g h t l y  f o r  a p r o t a c t i n i u m  removal 

t ime o f  3 t o  5 days,  which i s  t h e  expec ted  o p e r a t i n g  range.  

3.4 Q u a n t i t i e s  of Heat and Mass i n  t h e  MSBR O f f - G a s  System 

A s e r i e s  of i n v e s t i g a t i o n s  conce rn ing  t h e  MSBR o f f - g a s  system h a s  

been c a r r i e d  o u t .  S i g n i f i c a n t  q u a n t i t i e s  of  noble  m e t a l s  and noble  

g a s e s  and t h e i r  d a u g h t e r s  w i l l  be c a r r i e d  i n t o  t h i s  system by a he l ium 

s t r e a m  t h a t  h a s  been c o n t a c t e d  with t h e  f u e l  s a l t .  These m a t e r i a l s  

w i l l  be i n t e n s e l y  r a d i o a c t i v e  and wi.1.1 g e n e r a t e  abou t  30 Mw of h e a t .  

The system iiiust a l s o  be a b l e  t o  accommodate a l l  v o l a t i l e  f i s s i o n  p r o d u c t s  

t h a t  a r e  evolved th roughou t  t h e  p r o c e s s i n g  p l a n t .  Tab le  4 suiwilarizes t h e  

i-mportant v o l a t i l e  r a d i o n u c l i d e s  t h a t  a r e  g e n e r a t e d  i n  t h e  p r o c e s s i n g  

p l a n t  and d e s i g n a t e s  t h e i r  p o i n t  of  o r i g i n .  T h i s  tiable shows t h a t  th . e  

nob le -me ta l  group of f i s s i o n  p r o d u c t s  i s  a n  impor t an t  s o u r c e  o f  v o l a t i l e  
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F i g .  2 .  MSBR Performance a s  a F u n c t i o n  of P r o t a c t i n i u m  P r o c e s s i n g  E f f i c i e n c y .  



T a b l e  + .  P r o d u c t i o n  of V o l a t  11e R a d i o a c t i v e  I s o t o p e s  i n  a n  MSGR ConcLnuous P r o c e s s l n g  P l a n t  
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rad ionucl ides ;  t hus  the  chemical behavior  of t h e  noble meta ls  i n  t h e  

f u e l  s a l t  w i l l  g r e a t l y  inf luence  the  des ign  of the  processing p l a n t .  

Smaller amounts of v o l a t i l e  f i s s i o n  products  w i l l  be evolved i n  t h e  

f l u o r i n a t o r s  and i n  t h e  r a r e - e a r t h  decay t anks .  

The noble-gas and noble -metal f i s s ion-product  groups have been 

examined i n  more d e t a i l  us ing  the  ORIGEN i so tope  gene ra t ion  and decay 

code. It was assumed t h a t  t hese  m a t e r i a l s  migrated t o  c i r c u l a t i n g  

helium bubbles wi th  a TO-sec res idence  time i n  the f u e l  s a l t ,  and t h a t  

the helium bubbles were s t r ipped  from t h e  s a l t  on a 110-sec cyc le .  In  

t h i s  i nves t iga t ion ,  t he  MATADOR mater ia l -ba lance  code w a s  u sed  t o  com- 

pu te  the s t e a d y - s t a t e  compositions of the  noble-gas and noble-metal 

f i s s ion -p roduc t  streams leaving  the f u e l  s a l t .  These s t ream composi- 

t i o n s  were then used a s  input  t o  t h e  ORIGEM code t o  compute t h e  i s o t o p i c  

compositions of each s t ream a s  a func t ion  o f  decay time i n  the o f f - g a s  

system. The r e s u l t s  of these  c a l c u l a t i o n s  a r e  summarized i n  'Tables 5- 
8 and Pigs .  3-6. Tables  5 and 7 and P igs .  3 and 5 g i v e  the f l o w  r a t e s  

of the noble  gases  and t h e  noble meta ls  as  a func t ion  of time a f t e r  

removal from t h e  gas  bubbles .  

the hea t -genera t ion  r a t e s  f o r  t hese  two f i ss ion-product  s t reams a s  a 

func t ion  of decay t ime. The t a b l e s  a r e  based on the  product ion of 

fission products  during a one-day period, and the  f i g u r e s  h a v e  been 

normalized t o  o b t a i n  s p e c i f i c  hea t  -generat ion rates a The h e a t  -gecera - 
t i o n  r a t e s  of both groups of f i s s i o n  products  decrease  cons iderably  

a f t e r  a holdup of about 10 b r .  Large qva r - t i t i e s  of halogen and noble 

gases  a r e  produced by the  decay ~f t h e  nob le  me ta l s .  Sf a large f r a c -  

t i o n  of t h e  noble meta ls  i s  held up i n  the r e a c t o r  system, t h e  same 

q u a n t i t y  of m a t e r i a l  (bu t  daughters  i n  this c a s e )  w i l l  s t i l l  r e q u i r e  

process ing;  however, t h e  heat: load on t h e  of f -gas  system w i l l  be g r e a t l y  

redaced 

Tables  6 and 8 and F i g s .  4 and 6 present  
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T a b l e  6- T o t a l  (0 -+ 7 )  Power of Noble Gases and Their  Daughters i n  the MSBR 
Off-Gas System as a Function of Holdup Time 

(5 -t y )  Power (w )  Afte r  Holdup P e r i o d  o f :  
0.0 h r  0.04 h r  O.L h r  4 h r  40 h r  400 h r  E 1 emen t 

2.98 

1 . ~ ~ X L O - ~  

2 

2 

3 

2 

9 -31x10 

4.97~10 

6 

6 

4 

4.31~10 e 1. ggx10 'T 2.29xlO K r  9.27XlO 

3 . 5 1 ~ 1 0  Rb 0 i.27x10 

L . 49x10 S r  3 2.05x10 2 . 9 8 ~ 1 0  

Y 0 6.86~10 1.4ox10 3 4.24~10 3 I,. &io 

8 

3 . 6 9 ~ 1 0  

2.46~10 

7 8 

L 4 3 2 -33x10 
1 6.6iX10 1 

8 r 2 Lr-  Xe 7.18xlO 2.23xlO 7 4.09~10' 2 .84x104 2 .04~10  2.20x10 s 

7.20 7-19 cs 0 4 . 5 1 ~ 1 0  7 3.43~10 7 7.45~10 5 

Ba 0 1 . 4 6 ~ 1 0 ~  8 . 9 8 ~ 1 0  5 
2 3.1t;xlO 5 

2 

2 

2.54xLO 
2 

2 

5.52~10 5 

5 
1.gox10 

i.9ox10 2.54~10 5 . 5 ~ ~ 1 0  La 0 g.52x10 

Ce 0 

PK 3 

1.54x10-' 1.13 2.21 2.23 1.12 

2 .76~10 -6 2.58xro -4 5 .60~10  -3 -2 4.lOxlO -2 4.64xlc; 
3 4.21x10 4 3.66XlC 6 9.3:i'Xio 8 

1.12xlO 9 6 Tota l  1.65~10' 6 .20~10  
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Table 7. Chemical Composi t ion  o f  the Stream C o n t a i n i n g  Noble Metals and Daughters 
a s  a Function of Holdup Time 

........................... ....................... 
-. ................. F l o w  Pate (&/day) A f t e r  a Holdup pf.c'd-of: 

.. 0.0 h r  0.04 )t~ 0.4 h r  4 ....................... hr __ ...... k hr ! io0 h r  
E 1 erne LI t 

__._I 
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B r  

Kr 

Rb 

Nb 

Mo 

Tc 

Ru 

R h  

Pd 

Ag 

Cd 

I n  

Sn 

Te 

I 

Xt? 

cs 

Ba 

T o t a l  
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2 .76X1O1 

0 

0 

0 

2 
1.90x10 

1 .07x102 

1 

2 .02x1G1 
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1 . '77 

1.58~10 

4 .b:xlO-l 

0 

0 

0 

5 .  17x102 

3 

c 

0 
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1.13 

1 .gjx10 

6 .g5 

1.62 

1 

- 2, 
1.61~xlG ' 
1 .$4x12 

1 .3gx102 

3 .  llrxlU1 

1 .76x1u1 

1.oj 

1.92 

!+ .: 1x10 -1 
2.:3x10-1 

-il 

3 . 3 9 ~ 1 0 - ~  

:.43x13 

3 .OlxlOL 

6 .&>X 10 -'z 

223x10-2 

6.>7xlo-l& 

1 
1.64~10 

2 
6.03~10 



T a b l e 8 .  Total ( E  + y )  Power of Noble Fletals and Their Daughters 
a s  a Function of Holdup Time 

(a -+ 7 )  Power (w) After a Holdup PerLod o f :  
0.3 h r  0.04 h r  0.4 hr 4 h r  $0 hr 40C hr Element  

AS 1.47~10'  2.26x105 " 1 .30x1G5 2.51x104 l . l l X l O 2  1.75~10-1 

6 

Kr 0 1 .e5~10 1.21x10 2 4 .57(x10-1 4. 32x19 4 

Nb 9.52~10 1 .62x107 1-33x10 6 7 . 7 5 ~ 1 2  5 .33x103 4.20~10 

Mo 2 .3iix108 7 .y8xlgT I .nx1o7 9 .96~10 6 . ~ 2 ~ 1 0 ~  1 .64x103 

T C  I. 53x10 

Se 2.48~10 5 .70~10 ' 4.G9x10 6 1. 1oX1o4 2 . 2 6 ~ 1 0 - ~  3.30~10-~ 

B r  0 1 .34x1o7 7.23~10 ~ ; 6 ~ 1 0 5  2.35 0 

E 

4 6 .20~10  4 

3 a 

4 

4 2 
9 ..;MG~ 3.29x107 1.07~10 1 . 21X1O4 e .g-yx1c- 

Ru 5 .64do 3 .4SXio5 1 .3Bxlo5 2.4ex10- i 1. ;jX103 3 .93~10 

2 .Cj-jxlO 

3 

6 

6 

6 

6 

6 

6 2 

-4 

1 

Rh 6 .16~10  4 .'?9x1G5 1.89~10 3 .59x1g3 2 .04~10 

2 .J'7x10 

4 

2 
Pd 2.77~10 7 .95xio5 7 .C3x104 2.55~10~ 3 .$xl0 

Ag b .  03x10 6,61tx103 1 . 2 5 ~ 1 0 ~  2 . 2 L X 1 0  

I n  0 1 .57~10 2.89X10 1. 5 t i x ~ ~ 3  1.27x10- 1.20 

Te 4 .76xic8 y .58x107 5 .34x10" 1 .82x106 3.8*(X10 4 1 .pX103 

I 0 1.73~10 3 .63x1O5 1.2:x10 

Xe 0 2.21x19 2 . O O X ~ O ~  4. 1iiX1o4 I .tiTXlO4 1.91~103 

4 8 . 3 O X 1 0  6 1 .y:x10 

Cd 0 5 .47x103 6. L?x103 2.53Xld 1.97x102 3-13 
2 3 1 

4 6 
1:- .9GxL0 7 1.01x13 ' 6 
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Fig. 4 .  Specific Beat Generation Rates f o r  Noble Gases and Their 
Daughters as a Function of Holdup Time in a 2250-Mw (thermal) MSBR 
Off-Gas System. 
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4. REMOVAL OF PROTACTINIUM FROM A SINGLE-FLUID MSBR 

L. E .  McNeese M.  E .  Whatley 

A method f o r  i s o l a t i n g  p r o t a c t i n i u m  from a s ing1.e-f luid MSBK h a s  
1 been d e s c r i b e d  p r e v i o u s l y .  I n  t h e  proposed f lowshee t  ( F i g .  r ) ,  a s a l t  

s t r eam Erom t h e  r e a c t o r  e n t e r s  t h e  bottom of t h e  e x t r a c t i o n  column and 

f l o w s  c o u n t e r c u r r e n t l y  t o  a s t r e a m  of bismuth c o n t a i n i n g  reduced m e t a l s .  

I d e a l l y ,  t h e  m e t a l  s t r e a m  e n t e r i n g  t h e  t o p  of  t h e  column c o n t a i n s  s u f -  

f i c i e n t  t ho r ium and l i t h i u m  t o  e x t r a c t  o n l y  t h e  uranium e n t e r i n g  t h e  

column. T h e  system e x p l o i t s  th.e f a c t  t h a t  p r o t a c t i n i u m  i s  l e s s  nob le  

t h a n  uranium bu t  more nob le  t h a n  thorium. Bence, i n  the lower p a r t  of 

t h e  column, uranium i s  p r e f e r e n t i a l l y  e x t r a c t e d  f r o m  t h e  incoiiii.ng s a l t ,  

w h i l e  t h e  p r o t a c t i n i u m  p r o g r e s s e s  f a r t h e r  up t h e  column t o  t h e  p o i n t  

where i t  i s  reduced by thorium. In t1ii.s manner, p r o t a c t i n i u m  r e f l u x e s  

i n  t h e  c e n t e r  of t h e  column, and r e l a t i v e l y  h i g h  p r o t a c t i n i u m  concen-  

t r a t i o n s  r e s u l t .  A re t ient i .sn t a n k  i s  provided ai: t h e  c e n t e r  O F  t h e  

column., where t h e  maximum p r o t a c t i n i u m  c o n c e n t r a t % o n  o c c u r s  i n  t h e  s a l t ,  

t o  r e t a i n  t h e  p r o t a c t i n i u m  u n t i l  i t  decays  t o  uranium ( c f .  S e c t .  2)- 

An e s s e n t i a l  p a r t  of  t h e  f l o w s h e e t  i s  a n  e l e c t r o l y t i c  o x i d i z e r -  

r educe r ,  which s e r v e s  t h e  d u a l  purpose of r e c o v e r i n g  t h e  e x t r a c t e d  

uranium from t h e  m e t a l  s t r e a m  l e a v i n g  r h c h  e x t r a c t i o n  column and o f  

p r e p a r i n g  t h e  l i th ium-thor ium-bismcl th  sLream t h a t  i s  Fed t o  t h e  e x -  

t r a c t i o n  column. The m e t a l  phase c o n t a i n i n g  t h e  uranium e x t r a c t e d  i n  

t h e  column can s e r v e  a s  t h e  c e l l  anode, where uranium and l i t h i u m  w i l l  

be o x i d i z e d  t o  UF and LiF, r e s p e c t i v e l y .  S a l t  E r o m  t h e  top of t h e  

e x t r a c t i o n  column s e r v e s  a s  t h e  c e l l  e l e c t r o l y t e  and f i r s t  p a s s e s  over  

a pool of l i q u i d  bismuth, which s e r v e s  a s  t h e  ca thode  i n t o  which 

thorium and l i t h i u m  a r e  reduced.  

4 





4 . 1  Mathematical  A n a l y s i s  o f  a Reduct ive E x t r a c t i o n  System 

Computations hav ing  t o  do w i t h  mass t r a n s f e r  i n  columns i n v o l v i n g  

t h e  c o u n t e r c u r r e n t  f l ow of two f l u i d  phases  c a n  be c a r r i e d  o u t  by one 

of two s t a n d a r d  t e c h n i q u e s :  a d i f f e r e n t i a l  a n a l y s i s  ( t h e  HTU c o n c e p t )  

can  be employed, o r  t h e  col-umn can be assumed t o  be e q u i v a l e n t  t o  a 

sequence o f  t h e o r e t i c a l .  s t a g e s .  I n  o r d e r  t o  u s e  t h e  former,  mass- 

t r a n s f e r  c o e f f i c i e n t s  must be known; f o r  t h e  l a t e r ,  t h e  h e i g h t  of  

column e q u i v a l e n t  t o  a t h e o r e t i c a l  s t a g e  must be known. The t h e o r e t i c a l -  

s t a g e  approach was adopted € o r  t h e  p r e s e n t  a a a l y s i s .  I n  t h i s  approach, 

c a l c u l a t i o n s  proceed from one end of t h e  column, where f low raI:es and 

c o n c e n t r a t i o n s  a r e  known o r  assumed, t o  t h e  o p p o s i t e  end of t h e  column, 

where a n  a p p r o p r i a t e  check i s  made on t h e  c a l c u l a t e d  v a l u e s  ( i f  t h e  

s t a r t i n g  c o n c e n t r a t i o n s  and f low r a t e s  were assumed v a l u e s ) .  

c a s e ,  t h e  c a l c u l a t i o n s  invo lve  t h e  s u c c e s s i v e  a p p l i c a t i o n  of  e q u i l i b r i u m  

and m a t e r i a l - b a l a n c e  r e l a t i o n s  f o r  each of  t h e  t1ieoret: ical  s t a g e s .  

I n  e i t h e r  

I n  s e t t i - n g  up  t h e  e q u i l i b r i u m  r e l a t i o n s  f o r  a system c o n t a i n i n g  

N -1- 1 components t h a t  d i s t r i b u t e  between t h e  mol t en  s a l h  and bismuth 

phases ,  one component i s  c o n v e n i e n t l y  chosen a s  t h e  r e f e r e n c e  component. 

The compos i t ions  of t h e  two phases  a r e  t h e n  r e l a t e d  by t h e  f o l l o w i n g  s e t  

of  e x p r e s s i o n s :  

ni/nr 
n iF 

exp -- (EAi  - E’  ), i =: I...N RT o r  
XMr - XMi -” xsi 
xS r 

N+1 

i%i 
iz 1 

= XMR, 
N v 1  
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whcre Xsi, ICMi- = mole f r a c t i o n  of component i i n  s a l t  and metal ,  

r e  spec t i v e  l y  , 
X, XMr = mole f r a c t i o n  of r e fe rence  camponent i n  s a l t  and 

br3  
metal, r e spec t ive ly ,  

XMR = equ iva len t s  of t r a n s f e r r a b l e  components per  mole of 

bismuth, 

n n = valence  of component i and r e fe rence  component i n  
i9 r 

s a  1 t r e spec t ive ly ,  

F = Faraday 's  cons tan t ,  

R =- gas cons tan t ,  

T =: temperature,  OK, 

EAi - EAr :I d i f f e r e n c e  between modified reduct ion  p o t e n t i a l  of 

component i and re ference  component. 

A m a t e r i a l  balance around s t a g e  j of a column i n  which the  s t a g e s  

a r e  numbered from t h e  t o p  y i e l d s  t h e  r e l a t i o n :  

where F = f l o w  r a t e  of s a l t  l eav ing  s t age  j, 
sj 

w F = flow r a t e  of metal  l eav ing  s t a g e  j ,  

= mole f r a c t i o n  of ccomphsnent i i n  s a l t  l eav ing  s t a g e  j ,  
si, j X 

ysipj L- mole f r a c t i o n  i p i  component i i n  metal  l eav ing  s t a g e  j. 

For the  present  c a l c u l a t i o n s ,  we assumed t h a t  

so that the above reduces t o  



4 #2 C a l c u l a t e d  System Performance 

The t y p i c a l  performance of  t h e  p r o t a c t i n i u m  i s o l a t i o n  system i.s 

shown i n  F i g .  8 f o r  a c a s e  t h a t  w i l l  be t a k e n  a s  t h e  r e f e r e n c e  c a s e .  

Cond i t ions  assumed f o r  t h e  c a l c u l a t i o n s  i n c l u d e  t h e  f o l l o w i n g :  a 
r e a c t o r  s a l t  voliime of 1 .5  )I 10 6 g-moles (-1000 f t  3 ), a decay-tank 

6 3 volume o f  0.3 x 10 g-moles (-200 f t  ), a s a l t  p r o c e s s i n g  r a t e  o f  

0.5 x 1.0 

and below th.e p r o t a c t i n i u m  decay t a n k .  The o p e r a t i n g  t empera tu re  was 

550°C; t h e  d i f f e r e n c e s  between t h e  modif ied r e d u c t i o n  p o t e n t i a l  of  Th 

and t h o s e  f o r  U, Pa, and L i  were -0.18, - O . l h ,  and +0.36 v, r e s p e c -  

t i v e l y ,  and IJ was cons ide red  t o  be t e t r a v a l e n t  i n  t h e  e x t r a c t i o n  col.umns. 

The p r o t a c t i n i u m  p r o d u c t i o n  r a t e  bras assumed t o  be 10.7 g-moleslday f o r  a 

1000-Mw ( e l e c t r i c a l )  r e a c t o r .  

6 g-moles/day (-1.7 gpm), and s i x  t h e o r e t i c a l  s t a g e s  b o t h  above 

The f u e l  c a r r i e r  s a l t  compos i t ion  was 68- 
20-12 tllole $ LiF-BeF -ThF4 * 2 

The minimum r e a c t o r  p r o t a c t i n i u m  concen.t:rati.on i s  o b t a i n e d  when t h e  

bismuth f low r a t e  is j u s t  s u f f i c i e n t  t o  e x t r a c t  t h e  uranium e n t e r i n g  t h e  

system. A t  s l i g h t l y  h i g h e r  bismuth r a t e s ,  p r o t a c t i n i u m  w i l l  a l s o  be 

e x t r a c t e d  s i n c e  i t  i s  t h e  nex t  compon.ent i.n o r d e r  of d e c r e a s i n g  n o b i l i t y .  

A t  bi.smuEh r a t e s  s l i g h t l y  1.ower t h a n  t h e  optimum r a t e ,  some uranium w i l l  

no t  be e x t r a c t e d ;  t h i s  uranium and most of the protacti.ni.um w i l l .  f l o w  

o u t  of t h e  t o p  of t h e  column. I n  e i t h e r  case ,  some p r o t a c t i n i u m  i s  

a l lowed  t o  r e t u r n  Lo t h e  r e a c t o r ,  and t h e  e f f e c t i v e n e s s  of  t h e  system 

i s  d imin i shed .  The p r o t a c t i n i u m  i s o l a t i o n  system becomes i n e f f e c t i v e  

a lmos t  immediately f o r  bismuth f low rates lower t h a n  t h e  optimum r a t e ;  

f o r  bismuth f low r a t e s  h i g h e r  t h a n  t h e  optimum, t h e  r e a c t o r  p r o t a c t i n i u m  

c o n , c e n t r a t i o n  i n c r e a s e s  from t h e  m:i.nimrim v a l u e  of 22 ppiii> a t  t h e  r a t e  of  

28 pprn f o r  each p e r c e n t  i n c r e a s e  i n  m e t a l  f low r a t e  ( f o r  t h e  c o n d i t i o n s  

o f  t h i s  p a r t i c u l a r  c a s e ) .  

t i o n s  i n  s a l t  f l o w  r a t e  o r  i n  t:he t o t a l  c o n c e n t r a t i o n  of  reduced meta ls  

( e q u i v a l e n t s  o f  reduced m e t a l s  p e r  mole of  bismuth) f e d  t o  t h e  column. 

C a l c u l a t e d  c o n c e n t r a t i o n  p r o f i l e s  i n  t h e  e x t r a c t i o n  column a r e  shown i n  

F i g .  9 f o r  s t e a d y - s t a t e  o p e r a t i o n  unde r  optimum c o n d i t i o n s .  The concen-  

t r a t i o n  of uranium i n  t h e  s a l t  d e c r e a s e s  f r o m  t h e  r e a c t o r  c o n c e n t r a t i o n  

S i m i l a r  e f f e c t s  would be produced by v a r i a -  
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F i g .  9 .  C a l c u l a t e d  C o n c e n t r a t i o n  P r o f i l e s  i n  R e d u c t i v e  E x t r a c t i o n  
Tower. 



of 3 x 10"' m o l e  f r a c t i o n  t o  6.3 x lo-' mole f r a c t i o n  a t  t he  i n l e t  t o  the  

pro tac t in ium decay tank, whereas t h e  pro tac t in ium concen t r a t ion  inc reases  
-3 

from t h e  r e a c t o r  concen t r a t ion  of 2.2 x 10-5 mole f r a c t i o n  t o  1.32 x 10 
mole f r a c t i o n  a t  the  i n l e t  t o  the  decay tank.  The concentrations of p r o t -  

ac t in ium and uranium i n  t h e  decay tank  a r e  1.5 x lo-' and 8.3 x IO-* mole 

f r a c t i o n ,  r e s p e c t i v e l y .  Above t h e  decay tank, the  uranium and p ro tac -  

tinicrm concent ra t ions  decrease  s t e a d i l y  t o  n e g l i g i b l e  va lues .  

The flovsheet lzas s e v e r a l  very  d e s i r a b l e  c h a r a c t e r i s t i c s ,  which 
233 include a n e g l i g i b l e  holdup o f  f i s s i l e  U i n  t'ne p r o c e s s i q  p lan t ,  

3z- 
a n  alinost iinnediate r e t u r n  o€ newly produced L.15U t o  t h e  r e a c t o r  system, 

arid a c losed system t h a t  precludes l o s s  of protact inium, 233U, o r  o t h e r  

components of the r e a c t o r  f u e l  s a l t .  El.owever, t he  e f f i c i e n c y  of p r o t a c -  

t in ium removal i s  undesirabPy s e c s i t i v e  t o  minor v a r i a t i o n s  i n  ope ra t ing  

condi t ions  sisch a s  the  s a l t  o r  bismut-h flow r a t e  and t'ne concen t r a t ion  

o f  reduced metals  i n  the bismimth s t ream t k a t  i s  f e d  t o  the  e x t r a c t i o n  

column. Methods f o r  making system pe r fo rmanc~  l e s s  s e n s i t i v e  t o  minor 

v a r i a t i o n s  i.n ope ra t ing  cond i t ions  have been explored and a r e  discussed 

i n  the  fol lowing sec t ion .  

4.3 S t a b i l i z a t i o n  o f  t he  Protact inium I s o l a t i o n  System 

Methods t h a t  were considered f o r  making the  pro tac t in ium system l e s s  

s e n s i t i v e  t o  changes i n  ope ra t ing  c o n d i t i o m  incl-nrded removal of uranium 

f r o m  ehz c e n t e r  of t he  colirrm by f l u o r i n a t i o n ,  withdrawra1 of s a l t  con- 

t a i n i n g  uranium and pro tac t in ium from t h e  c e n t e r  of t h e  cslumo, r e l o -  

c a t i o n  of the pro tac t in ium decay tank, and p a r t i a l  ox ida t ion  of the  metal  

s t ream a t  t he  c e n t e r  of  t he  ~ ~ I i i h ~ i p .  Pho f i r s t  three of t hese  methods 

were f n a n d  t o  decrease t h e  s e n s i t i v i t y  of t h e  system perforrriance: to  

changes i n  f l o w  r a t e ;  however, o n l y  uranium removal by flraoriraat ion 

appears  t o  be p r a c t i c a l .  In add i t ion ,  cons ide ra t ion  was given t o  us ing  

a h i g k r  s a l t  throughput with t he  o r i g i n a l  f l swshee t  i n  o r d e r  t o  o b t a i n  

tshc des i r ed  time-averaged reactor  prc tac t in ium concent ra t ion  wi th  a sys -  
t e m  a l l o ~ i r r g  some v a r i a t i o n  i n  ope ra t ing  cond i t ions .  E f f e c t s  of these  

changes a r e  discussed in t h e  remainder of t h i s  s e c t i o n .  



E f f e c t  of Uranium Removal by F l u o r i n a t i o n .  - The p r o t a c t i n i u m  

i s o l a t i o n  system c a n  be s t a b i l i z e d  f o r  bismuth f low r a t e s  lower t h a n  

t h e  optimum r a t e  i f  t h e  uranium t h a t  i s  n o t  c a r r i e d  o u t  t h e  bottom of  

t h e  column by t h e  bismuth s t r e a m  i s  removed from t h e  c e n t e r  oT t h e  c o l -  

umn by f l u o r i n a t  i o n .  The a l t e r n a t i v e s  of  f l i i o r i n a t i n g  s a l t  from t h e  

dccay  t a n k  o r  s a l t  from t h e  s t r e a m  e n t e r i n g  t h e  decay t a n k  were coii- 

s i d e r e d  ( F i g .  10). A s  w i l l  be shown l a t e r ,  f l u o r i n a t i o n  of  s a l t  from 

t h e  s t r e a m  e n t e r i n g  t h e  decay t a n k  i s  t h e  p r e f e r r e d  ope rav ing  method. 

The e f f e c t  o.E f l u o r i n a t i - n g  t h e  s t r e a m  t h a t  e n t e r s  t h e  protact ini-urn 

decay t a n k  i s  shown i n  F i g .  11 f o r  a t y p i c a l  c a s e  i n  which 2% of Lhe 

uranium i n  t h e  s t r e a m  i s  removed The p r o t a c t i n i u m  c o n c e n t r a t i o n  i n  

t h e  r e a c t o r  i s  a l s o  shown f o r  t h e  r e f e r e n c e  c a s e  (no  f l u o r i n a t i o n )  a s  

a dashed l i n e .  Removal. of  uranium from t h e  i n l e t  s t r e a m  i s  s e e n  t o  

have no e f f e c t  on t h e  r e a c t o r  p r o t a c t i n i u m  c o n c e n t r a t i o n  f o r  bismuth 

f low r a t e s  h i g h e r  t h a n  the optimum flow r a t e  (5.024 x lo5 g-moles/day 

f o r  t h e  r e f e r e n c e  c a s e ) ,  which w i l l .  be d e s i g n a t e d  a s  E'MB 

bismuth f low r a t e  i.s dec reased  below FMX t h e  r e a c t o r  p ro tac t i -n ium 

c o n c e n t r a t i o n  i n c r e a s e s  s h a r p l y  from 22 ppm t o  236 ppm wi.th no f l u o r -  

i n a t i o n ,  b u t  remains a t  22 ppm u n t i l  t h e  bismuth f low ratie h a s  d e -  

c r e a s e d  t o  4.972 x 10 g-moles/day i f  2% of t h e  uranium f lowing  t o  t h e  

decay t a n k  i s  removed. A s  t h e  bismuth f l o w  r a t e  i s  dec reased  f u r t h e r ,  

t h e  r e a c t o r  P r o t a c t i n i u m  c o n c e n t r a t i o n  i n c r e a s e s  a t  a s lower  r a t e  t han  

i n  t h e  r e f e r e n c e  c a s e  and r e a c h e s  t h e  maximum c o n c e n t r a t i o n  (236 ppm) 

a t  a flow r a t e  o f  I+. ' - (  x 10 g-moles/day. The minimum bismuth f low r a t e  

t h a t  y i e l d s  a r e a c t o r  p r o t a c t i n i u m  c o n c e n t r a t i o n  of 22 ppin w i l l  be 

desi-gnated a s  FMB . The vaI.ue of  FPTB i s  r e l a t e d  t o  t h e  f r a c t i o n  o f  

urani.im removed from t h e  i n l e t  s t r e a m  a s  

. A s  t h e  
o p t  

op t '  

5 

5 

win min 

- FMB 

o p t  
= 0.538 f ,  FMBopt min 

FMB 

where f i s  t h e  f r a c t i o n  of  uranium removed from t h e  s t r e a m  e n t e r i n g  t h e  

p ro  t a c  t i n  ium decay t a  nk . 
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(a) URANIUM REMOVAL FROM SALT ENTERING Pa DECAY TANK 

OXIDIZER - 
to 

Reactor 

FLUOR IN ATOR ON 

REAC?OR 

(b )  URANIUM REMOVAL FROM SALT IN Pa DECAY TANK 
F i g .  10. Uranium Removal f r o m  a P r o t a c t i n i u m  I s o l a t i o n  System by 

F3 u o r i  na t i o n .  
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The v a l u e  o f  FME i s  f ixed  when system parameters o t h e r  than t h e  
o p t  

f r a c t i o n  of uranium removed by f l u o r i n a t i o n  a r e  s p e c i f i e d ;  ttius, f o r  the 

re ference  case,  t he  bismuth flow r a t e  i n t e r v a l  i n  which the  rn in imum reac-  

t o r  pro tac t in ium concen t r a t ion  i s  maintained inc reases  a t  t he  r a t e  of  

0.>38$ (based on FMB ) €or  each percent  of uranium remaved f rom the  

s a l t  s t ream en te r ing  t h e  pro tac t in ium decay tank .  For bismuth f low 

r a t e s  below ‘FMR t he  poin t  a t  which the  maximum r e a c t o r  pro tac t in ium 

concen t r a t ion  i s  reached (for t h e  re ference  c a s e )  i s  given by 

a p t  

opt ’  

where FMB i s  the  bismuth f l o w  r a t e  y i e l d i n g  the  maximum r e a c t o r  p ~ t -  

ac t in ium concen t r a t ion  without  f l u o r i n a t i u n  (5  .Ol6 x 10 
and FMB i s  the  bismuth flow r a t e  y i e ld ing  the  maximum conccnt ra t ion  

w i t h  f Pu o r i na t ion  . 

5 RR 
g-moles/day), 

R 

The v a r i a t i o n  of t h e  UF concen t r a t ion  i n  t h e  f l u o r i n a t o r  o f f - g a s  6 
with the  bismuth flaw r a t e  i s  shown i n  Fig.  12 f o r  several. va lues  of f .  

The r a t e  a t  which f l u o r i n e  i s  fed t o  t b e  f l u o r i n a t o r  and the f r a c t i o n  of 

uranium t h a t  i s  removed from the sa IC passing thrcugh the  f l u o r i n a t o r  

w e r e  assumed t o  be cons t an t .  For b i s m u t h  f low races g r e a t e r  than FM% 

t h e  UF concen t r a t ion  i s  seen t o  be independent of the f r a c t i o n  of 

ciraniuin removed from the  steam eneering the decay tank .  A s  t h e  bismuth 

E low r a t e  decreases  be low FFIBopt, t he  b F c  concen t r a t ion  r a t i o  inc reases  

sharp ly  from about 5 x 6‘ a t  FMB 

t h e  concent ra t ion  of UF i n  t h e  f l u o r i n a t o r  of f -gas  i s  extremely sensi.- 

t i v e  to minor v a r i a t i o n s  i n  bismuth flow r a t e  i n  the  des i r ed  ope ra t ing  

range (FMBmin c: FMB < FMB >. 
tern f o r  c o n t r o l l i n g  the bismuth f l a w  r a t e  ( o r  more l i k e l y ,  cont ro l l i r ig  

the oxid izer - reducer  amperage) w i l l  be based on sensing the  UF 

t r a t i t s n  i n  t h e  f l u o r i n a t o r  o f f -gas .  

opt’ 

6 

s 
t o  abrrgt 0.54 a t  FMB Q P t  min Thus, 

6 

Ir i s  a n t i c i p a t e d  t h a t  the optimnurn s y s -  - opt  - 

concen- 6 
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Fig. 1.2. V a r i a t i o n  of R a t i o  of  UF6 C o n c e n t r s t i o n  i n  the F l u o r i n a t o r  
O f f - G a s  t o  Maximum TJF6 C o n c e n t r a t i o n  i n  F l u o r i n a t o r  w i t h  Bismuth Plow Rate 
and F r a c t i o n  o f  Uraniinn Removed from Styearn E n t e r i n g  Dec2y Tank. 



F l t J o r i n a t i o n  of  s a l t  t h a t  i s  withdrawn from t h e  p r o t a c t i n i u m  decay 

t a n k  [ F i g .  1 0 ( b ) J  produces a n  e f f e c t  s i m i l a r  t o  f l u o r i n a t i o n  of p a r t  of 

the s t r e a m  e n t e r i n g  t h e  tank,  b u t  i s  less  d e s i r a b l e  f o r  s e v e r a l  r e a s o n s .  

A s  shown i n  F ig .  13, t h e  UF c o n c e n t r a t i o n  i n  t h e  f l u o r i n a t o r  o f f - g a s  i s  6 
less s e n s i t i v e  t o  v a r i a t i o n s  i n  bismuth flow r a t e  f o r  t h i s  inode of opcar- 

at iasn t h a n  f o r  f l u o r i n a t i o n  of p a r t  o f  t h e  i n l e t  stream, s i n c e  t h e  

uranium c o n c e n t r a t i o n  i n  t h e  decay t a n k  i s  a p p r e c i a b l y  h i g h e r  ( f o r  FMB 

1 t h a n  i n  t h e  i n l e t  stream. F l u o r i n a t i o n  of s a l t  withdrawn from - PWBw+ 
the  decay t a n k  is also l e s s  d e s i r a b l e  si-rnce a Long time i n t e r v a l  i s  

r c q u i r e d  f o r  t h e  uranium c o n c e n t r a t i o n  i n  t h e  decay t a n k  (and hence t h e  

measured UF 

c o n d i t i o n s  ( t a n k  volume/flow = 0.6 day),  whereas t h e  change i n  uranium 

c u n c e n t r a t i o n  i n  t h e  s t r e a m  e n t e r i n g  t h e  t a n k  w i l l  be almost i n s t a n t a -  

c o n c e n t r a t i o n )  t o  r e f l e c t  minor vari-at ions i n  o p e r a t i n g  6 

1-Leous . 
E f f e c t  of  Withdrawing S a l t  from Center  of E x t r a c t i o n  Column. - The 

p r o t a c t i n i u m  i s o l a t i o n  system carg a l s o  be s t a b i l i z e d  w i t h  respect-  t o  l o w  

bismuth f l o w  r a t e s  by  withdrawing s a l t  c o n t a i n i n g  p r o t a c t i n i u m  and 71ra- 

nium f r o m  t h e  c e n t e r  of t h e  column, a s  shown i n  F i g .  l h .  The s t r e a m  

p a s s e s  t h r m g h  t h e  p r o t a c t i n i u m  decay tank  b e f o r e  i t s  r e t u r n  t o  t h z  

r e a c t o r  system. 

p r o t a c t i n i u m - i s o l a t i o n  system i s  shown i n  Fig. 15 I The minimum p r o t a c -  

t i n i u m  c o n c e n t r a t i o n  i n  t h c  r e a c t o r  i s  (5 ppm f o r  a decay-tank volume 

e q u a l  t o  t h a t  o f  the  r e f e r e n c e  car;5" The c o n c e n t r a t i o n  o f  22 p p ~  i s  

approached a s  a l i m i t  o n l y  a s  t h e  volume of t h e  decay t a n k  becomes 

i n f i n i t e ;  t h e r e f o r e ,  withdrawal  oil' s a l t  from t h e  center  of t h e  column 

i s  n o t  cons idered  t o  b e  a p r t c t  ieaL m e t l m d  of s t a b i l i z a t i o n .  

The e f f e c t  of withdrawing 5% of t h e  s a l t  f lowing t o  t h e  

E f f e c t  o f  t h e  Loca t inn  of t h e  P r o t a c t i n i u m  Decay-Taxk*-- I n  t h e  

r e f e r e n c e  f lowshee t  ( F i g .  7 )  and a l l  m o d i f i c a t  i n n s  c o r ; s i a d d  t h u s  f a r ,  

the p r o t a c t i n i u m  decay tank  i s  l o c a t e d  a t  t h e  c e n t e r  tsf t h e  e x t r a c t i o n  

column, which c o n s i s t s  of s i x  s tages  above and  s ix  s t a g e s  below t h e  t a n k .  

The v a r i a t i o n  o f  the p r o t a c t i n i u m  c o n c e n t r a t i o n  i n  t h e  reactor w i t h  
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F i g  13. Comparison of  UFL C o n c e n t r a t i o n  i n  F l u o r i n a t o r  Off -Gas  f o r  - " 
Sa1.t W i t h d r a w n  f r o m  Pro t .ac t in ium Decay Tank w i t h  UF Concen t ra t ion  For 
S a l t  Taken  f r o m  I n l e t  t o  T a n k .  6 
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bismuth f low r a t e  i s  shown i n  F i g .  16 f o r  s i x  o r  l e s s  s t a g e s  below t h e  

decay t a n k  ( t o t a l  o f  12 s t a g e s  i n  t h e  column). 

becomes less  s e n s i t i v e  t o  v a r i a t i o n s  i n  bismuth f low r a t e  a s  t h e  number 

of s t a g e s  below t h e  decay t a n k  d e c r e a s e s ,  t h i s  e f f e c t  i s  more t h a n  o f f -  

s e t  by a cont inual .  i n c r e a s e  i n  t h e  minimum p r o t a c t i n i u m  c o n c e n t r a t i o n  

i n  t h e  r e a c t o r .  

Although t h e  system 

E f f e c t  o f  P a r t i a l  O x i d a t i o n  o f  t h e  Metal  Stream. - P a r t i a l  o x i d a -  

ti.on of  the  meta l  s t r e a m  a d j a c e n t  t o  the  p r o t a c t i n i u m  decay t a n k  was 

found to d i s p l a c e  t h e  minimum c o n c e n t r a t i o n  of p r o t a c t i n i u m  i n  t h e  

r e a c t o r  i n  t h e  d i r e c t i o n  o f  h i g h e r  meta l  f low r a t e s  w i t h o u t  changing 

the g e n e r a l  behavior  of t h e  system. It produced no tendency toward a 

mere n e s r l y  s t a b l e  system. 

E f f e c t  of IIigher S a l t  Throughput w i t h  I n i t i a l  System. - A  s p e c i f i e d  

p r o t a c t i n i u m  c o n c e n t r a t i o n  i n  the  r e a c t o r  can be o b t a i n e d  even when 

bismuth E low r a t e s  a r e  s l i g h t l y  h i g h e r  than  FNB i f  t h e  c y c l e  t i m e  f o r  

r e a c t o r  p r o c e s s i n g  i s  a p p r o p r i a t e l y  d e c r e a s e d .  I n  t h e  r e f e r e n c e  case ,  

t h e  c o n c e n t r a t i o n  o f  p r o t a c t i n i u m  i n  t h e  r e a c t o r  a t  s t e a d y  s t a t e  in -  

c r e a s e s  from a minimum of 22 ppm, a t  the  r a t e  of 28 ppm f o r  each p e r c e n t  

i n c r e a s e  i n  bismuth f l o w  r a t e  above EWB * t h a t  is, 

o p t  

o p t '  

w h e r e  C == r e a c t o r  p r o t a c t i n i u m  c o c c e n t r a t i o n ,  ppm: 

FMB - rnBU 
T,q= , t h e  f r a c t i o n a l  i n c r e a s e  i n  bismuth f low r a t e  r n B  

above FMB * 
o p t  

L i  a s a l t  throughput  c q u i v a l e n t  t o  a one-day c y c l e  t ine were used i n -  

s t e a d  o f  t h e  tbret?-day c y c l s  time f o r  the r e f e r e n c e  caseg  t h e  s teady-  

s t a t e  c o n c e n t r a t i o n  of p r o t a c t i n i u m  i n  the r e a c t o r  would i n c r e a s e  f rom 

7.76 ppm a t  t h e  r a t e  of 25.1 ppm f o r  each p e r c e n t  i n c r e a s e  i n  f l o w  r a t e .  

Tlbat is, 
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b - k  Trans ien t  Performance 

Calcula t ions  were made t o  de t e rmine  the t r a n s i e n t  behavior of the 

p ro tac t in ium- i so la t ion  system. Since t h e  concent ra t ion  of uranium i n  

the salt en te r ing  the  decay tank had  been shown t o  be very s e n s i t i v e  t o  

ope ra t ing  condi t ions  when these  cond i t ions  were near  optimum, measure - 
inent of t h i s  concent ra t ion  was chosen a s  t h e  means of c o n t r o l l i n g  the 

system (F ig .  l‘(>. 

e n t e r i n g  the  decay tank could be measiireel by f l u o r i n a t i n g  approximately 

5:6 of the stream. The nieasured u ran ium concent ra t ion  would then  be used 

hy a c o n t r o l l e r  having propor t iona l ,  i n r e g r a l ,  and derivative a c t i o n s  t o  

c o n t r o l  t he  f low r a t e  of bismuth through the  columns. For  purposes of 

s imula t ing  t h e  a c t u a l .  system, a random error d i s t r i b u t e d  normally about 

the c o n t r o l l e r  ou tput  and having a s p e c i f i e d  s tandard  devia t io l i  ( u s u a l l y  

r$) was iinposed on the  cont ro l  system. 

for a s p e c i f i e d  time i n l 2 r v a l  (J.f% d a y )  a t  each bismuth f l w w  r a t e  

s e l e c t e d  by  the  control.  system. During t h i s  period, t h e  e x t r a c t i o n  c s l -  

umnS were assumed t o  ope ra t e  a t  s teady  s t a t e ;  however, the  r e a c t o r  and 

decay tank were t r e a t e d  a s  p e r f e c t l y  mixed ves se l s  having i n l e t  concen- 

t r a t i o n s  equal  t o  t h ?  columm e f f  Puemt ctssacerztrations. 

We assumed t h a t  t h c  uranium concent ra t ion  i n  t he  s a l t  

The system was assumed t o  opera te  

The  c a l c u l a t e d  system response i s  sl-eown i n  F ig .  18 l o r  a n  i c i t i a l  
4 protac t in ium concen t r a t ion  of  10 mole f r a c t i o n  i n  the r e a c t o r .  The 

r e a c t o r  volume used  t o r  the t r a n s i e n t  c a l c u l a t i s n ?  was PO00 ft?, and  

thc  o t h e r  cond i t ions  were i d e n t i c a l  t o  those used f o r  t he  s t e a d y - s t a t e  

c a l c u l a t i o n s .  Resul t s  sliow t h a t  the pro tac t in ium c o n c e n t r a t i m  decreases  

t o  approximately 14 x 10 mcsle f rac t i s r? ,  which i s  acceptab ly  l o w  (This  

v a l u e  w o 3 ~ l d  be  expected t o  be even lower for a l a r g e r  r e a c t o r  volume.) 

Tkerefore,  c o n t r o l  of the p ro tac t  iniwrn isulat iora  system i n  t h e  manner 

suggeated i s  be l ieved  t o  be p r a c t i c a l .  

-5 
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F i g .  17. Schematic Diagz-ain Showing Method f o r  C o n & r o l l i n g  Metal  
Flow Kate by Measurement of  Uranium C o n c e n t r a t i o n  i n  S a l t  E n t e r i n g  P r o t -  
a c t i n i u m  Decay Tank. 
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Fig. 18. Control of Protactinium Isolation Process Through 
Measurement of Uranium Concentration in Salt Entering Decay Tank. 



5 .  USE OF THE PROTACTINIUM-ISOLATION SYSTEM FOK CONTROLLING THE 
URANIUM CONCENTRATION I N  THE BLANKET OF A SINGLE-FLUID MSBR 

L .  E .  McNeese 

A c h a r a c t e r i s t i c  of t h e  system f o r  p r o t a c t i n i u m  i s o l a t i o n ,  a s  

p r e s e n t l y  env i s ioned ,  i s  t h a t  i t  produces s a l t  t h a t  i s  f r e e  of  uraai.um 

and p r o t a c t i n i u m  a t  one p a r t  of t h e  system. T h i s  c h a r a c t e r i s t i c  could 

be exp lo i - t ed  t o  d e c r e a s e  t h e  uranium c o n c e n t r a t i o n  i n  t h e  b l a n k e t  of a 

s i n g l e - f l u i d  MSBR, and t h e r e b y  d e c r e a s e  t h e  i n v e n t o r y  o f  uranium i n  t h e  

r e a c t o r  system. A p o s s i b l e  o p e r a t i n g  method i s  shown i n  F i g .  19. 

Assurne t h a t  t h e  c o r e  and b l a n k e t  r e g i o n s  a r e  s e p a r a t e d  by a mem- 

brane t h a t  a l l o w s  l i m i t e d  exchange of s a l t  i n  t:he Iiws r e g i o n s  and t h a t  

t h e  c o r e  and b l a n k e t  volumes have s e p a r a t e  h e a t  exchange r s  arid s e p a r a t e  

s a l t - c i r c u l a t i o n  systems.  The sa1.t f l o w  r a t e  t h rough  t h e  c o r e  t o  t h e  

p r o c e s s i n g  p l a n t  i s  sma l l  a s  compared w i t h  t h e  Elow r a t e  through t h e  

c o r e  h e a t  exchanger;  l i k e w i s e ,  t h e  f l o w  r a t e  through t h e  b l a n k e t  t o  tile 

p r o c e s s i n g  system i s  sma l l  a s  compared w i t h  t h e  f low r a t e  t h rough  t h e  

b l a n k e t  h e a t  exchanger .  S a l t  c o n t a i n i n g  UF and PaF i s  withdrawn from 

t h e  c o r e  f o r  removal of  p r o t a c t i n i u m ;  s a l t  i s  a l s o  wi.thdrawn from t h e  

b l a n k e t .  These two s t r e a m s  a r e  f e d  t o  t h e  bot tom O E  a n  e x t r a c t i o n  c o l -  

umn t h a t  i s  a p a r t  of  t h e  c o n v e n t i o n a l  p ro tac t i . n ium- i - so la t ion  system. 

I n  t h e  lower p a r t  of  t h F s  column, t h e  uranium i s  e x t r a c t e d  i n t o  t h e  

downflowing m e t a l  s t ream, and t h e  p r o t a c t i n i u m  i s  i s o l a t e d  i n  t h e  p r o t -  

actini.uru decay t a n k .  P a r t  o f  t h e  s a l t  s t r e a m  f lowing  o u t  o f  t h e  t o p  of 

t h e  e x t r a c t i o n  column ( i . e . ,  a s t r e a m  t h a t  c o n t a i n s  e s s e n t i a l l y  no pi-ot- 

a c t i n i u m  o r  urani-urn) i s  r e t u r n e d  t o  t h e  b l a n k e t .  The remaining s a l t  

f lows t o  t h e  ca thode  s i d e  of  t h e  e l e c t r o l y t i c  c e l l  t o  p rov ide  l i t h i a m  and 

tho r ium f l u o r i d e s ,  which a r e  reduced i n t o  t h e  bismuth ca thode  t o  for-m the  

m e t a l  s t r e a m  t h a t  i s  f ed  t o  t h e  column. Uranium f lowing  o u t  t h e  bottom 

of  t h e  column i s  o x i d i z e d  a t  t h e  cel.1. anode and t r a n s f e r r e d  t o  t h e  s a l t  

s t r e a m  flowing t h rough  t h e  c e l l .  

4 4 
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Because of l eakage  between t h e  c o r e  and b l a n k e t  volumes, uranium 

t e n d s  t o  f low from t h e  c o r e  t o  t h e  b l a n k e t .  The  proposed system would 

l i m i t  t h e  c o n c e n t r a t i o n  of uranium i n  t h e  b l a n k e t  by purging t h i s  v o l -  

ume w i t h  s a l t  c o n t a i n i n g  LIO uranium o r  p r o t a c t i n j u m .  Uranium e x t r a c t e d  

from b o t h  t h e  b l a n k e l  and c o r e  s t r eams  would be  r e t u r n e d  e x c l u s i v e l y  t o  

t h e  c o r e  r e g i o n  i n  s a l t  f lowing o u t  o f  t h e  c e l l  anode.  A s t u d y  was made 

t o  examine t h e  e x t e n t  of exchange t h a t  cou ld  be  t o l e r a t e d  between t h e  

c o r e  and b l a n k e t  volumes w i t h o u l  unduly a f f e c t i n g  t h e  p r o t a c t i n i u m -  

i s o l a t i o n  system. The r e s u l t s  a r e  g i v e n  below. 

S ince  t h e  uranium and p r o t a c t i n i u m  c o n c e n t r a t i o n s  i.n t h e  s a l t  l e a v -  

i ng  t h e  upper  coluinri a r e  assumed t o  be n e g l i g i b l e ,  a uranium m a t e r i a l  

b a l a n c e  around t h e  b l a n k e t  volume y i e l d s  : 

LU = LUb 
C 

-t- kFUb, 

where L = r a t e  of  exchange o f  c o r e  and b l a n k e t  f l u i d s ,  

U = uranium c o n c e n t r a t i o n  i n  co re ,  

Ub = uranium c o n c e n t r a t i o n  i n  b l a n k e t ,  
c 

F = f low r a t e  t h rough  c o r e  from protact iniuin-removal  system, 

k == r a t i o  of b l a n k e t  p r o c e s s i n g  r a t e  t o  c o r e  p r o c e s s i n g  r a t e .  

L=-------. 
'b 1 -  - 
uC 

The r a t i o  o f  t h e  exchange r a t e  t o  t h e  t o t a l  f low r a t e  t h rough  t h e  c o r e  

can  t h e n  be o b t a i n e d  by d i v i d i n g  th rough  by F t h e  f low r a t e  through 

t h e  c o r e  h e a t  exchanger,  t o  g i v e :  
C' 

'b _I_ 

U 
c. 



Values f o r  t he  rat ioL/FC a r e  given i n  P i g .  20 a s  a func t ion  of k 

and t h e  r a t i o  ub/Uc f o r  an  assumed co re  h e a t  exchanger f l o w  r a t e  of 

128 f t  3 / sec  and an  assumed core processing r a t e  of 487 f t  5 /day. This  

f i g u r e  shows tha t ,  i f  t he  uranium concent ra t ion  i n  t h e  b lanket  is  t o  

be 10% of t h a t  i n  the  core,  then approximately 0.05% and 0.5% of t h e  

flow through the  core  can cxchange between t h e  core  and b lanket  when 

t h e  va lues  of k a r e  10 and 100 r e spec t ive ly .  Also, t b r  a l lowable 

exchange r a t e s  a r e  less than  1% per  pass  through t h e  core  f o r  k va lues  

of 100 O K  less. 

From a m a t e r i a l  balance on uranium i n  the  core,  one c b t a i n s  t h e  

re1a t ion  : 

FU + LU - LU -+ FUc, P b -  C (4) 

where u i s  t h e  uranium concen t r a t ion  i n  the  s a l t  s t r ~ a m  ret-urning t o  

t h e  core .  Combining Eqs .  (1) and (11)  y i e l d s  the  fol lowing r e l a t i o n  f o r  
P 

u p c  : 

w h k h  a l s o  r ep resen t s  t he  r a t i o  of t h e  r a t e  a t  which uranium i s  reduced 

i n  the  present  system t o  t h e  r a t e  s f  uranium reduct ion  in. the  csnvent iona l  

p ro rac t in ium- i so la t ion  system. If  t he  concen t r a t ion  of uranium i n  the  

b lanket  i s  10% of the  concent ra t ion  of uranium i n  the  core,  the  va lue  of 

t h e  r a t i o ,  Up/Uc, i s  2 f o r  k 1= 10 and 11 f o r  k = 100. That is, i n  the  

f i r s t  case, t w i c e  a s  much uranium must :  be reduccd i n  t h i  protact inium- 

i s o l a t i o n  system a s  compared with t h e  convent ional  p ro tac t in ium- i so la t ion  

system, and t h e  s t ream re tu rn ing  t o  the  core  w i l l  have a uran ium concen- 

t r a t i o n  twice t h a t  a€ t he  core .  I n  t he  second case9  11 t imes a s  much 

uranium m u s t  be reduced i n  the pro tac t i r i iu lm- iso1at ion  dystem, and the  

uranium concen t r a t ion  i n  t h e  s t ream returni-rig t o  t he  co re  i s  11 times 

t he  concen t r a t ion  i n  t h e  core .  



k 

F i g .  20. V a r i a t i o n  of R a t i o  of A l l o w a b l e  Core -Blanke t  Exchange Ra te  
t o  Core Flow Ra te  for Given B l a n k e t - t o - C o r e  Uranium C o n c e n t r a t i o n  R a t i o s  
a n d  B l a n k e t  - t o -Core  P r o c e s s i n g  Ra te  R a t i o s .  
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Of primary i n t e r e s t  is  the  e f f e c t  of t he  increased s a l t  flow r a t e  

(and t h e  a t t e n d a n t  requirements €or  increased uranium reduct ion)  on the 

p ro tac t in ium- i so la t ion  system. We w i l l  assume t h a t  the permiss ib le  f l o w  

r a t e s  of s a l t  and metal  i n  the  packed-column e x t r a c t o r  a r e  given by the  
2 r e  l a  t ion  

where v i s  t h e  s u p e r f i c i a l  v e l o c i t y  of the  continuous ( s a l t )  phase and 

v i s  the  s u p e r f i c i a l  v e l o c i t y  of the  d iscont inuous  (meta l )  phase, bo th  

expressed i n  f e e t  per  hour.  We w i l l  f u r t h e r  assume t h a t  the metal  s t ream 

e n t e r i n g  t h e  column con ta ins  0.0016 mole f r a c t i o n  thorium, and thatr t h e  

concen t r a t ion  of  uranium i n  the  core i s  0.005 mole f r a c t i o n .  Since a l l  

t h e  uranium i s  removed from the  s a l t ,  t he  requi red  q u a n t i t i e s  of uran ium 

and reductan t  a r e  s t o i c h i o m e t r i c a l l y  r e l a t e d ;  t h u s d t h e  r a t i o  of the super-  

C 

d 

f i c i a l  v e l o c i t y  i n  t h e  d iscont inuous  phase 

phase ( a f t e r  i n s e r t i n g  a conversion f a c t o r  

l i n e a r  v e l o c i t i e s )  i s :  

t o  t h a t  i n  the  continuous 

t o  convert  molar r a t e s  t o  

u 1  = 1.98 -..,E - . 
uC 

1 +k 

S u b s t i t u t i n g  Eq. (7) i n t o  Eq. (6)  and so lv ing  f o r  the  square root of t h e  

s u p e r f i c i a l  v e l o c i t y  o f  t h e  cont inuous phase y i e l d s :  



The r e q u i r e d  column d i a m e t e r  i s  r e l a t e d  t o  t h e  s u p e r f i c i a l  v e l o c i t y  of  

t h e  con t inuous  phase by 

S u b s t i t u t i o n  of  E q s .  ( 3 ) ,  (5), and (8) i n t o  t h i s  r e l a t i o n  y i e l d s  t h e  

requi-red column d i a m e t e r ,  D, a s  a f u n c t i o n  o f  t h e  r e l a t i v e  exchange r a t e  

between t h e  c o r e  and b l a n k e t  volumes (L/F ) and  t h e  r a t i o  o f  t h e  uranium 

c o n c e n t r a t i o n  i n  t h e  b l a n k e t  t o  t h a t  i n  t he  c o r e :  
C 

l / 2  
'b 

F L  

F F  

. *  Ii 1/2 

- 1 - -  C C 
F L U  

C 1 1 . -  - - - 1  + 1-98 1 t - 
Fc vb ., C ' c  

l / 2  F 
D =  4F 

21 . G  TT 

(10 1 
F i g u r e  21 shows t h e  r e q u i r e d  column d i a m e t e r s  a s  a f u n c t i o n  of L/Fc and 

t h e  r a t i o  Ub/Uc.  

F, i s  487 f t  /day ( i  .e. ,  a t h ree -day  c y c l e  w i t h  r e s p e c t  t o  t h e  combined 

COL-P and b l a n k e t  volumes) and t h e  c o r e  f low r a t e ,  

The f i g u r e  shows t h a t ,  f o r  a U /U r a t i o  of  0.1, t h e  r e q u i r e d  column 

d i a m e t e r s  f o r  L/F 

3.3, 20.0, and 58.9 i n . ,  r e s p e c t i v e l y .  

'En this case ,  t h e  r a t e  of s a l t  w i thd rawa l  from t h e  co re ,  
5 

3 i s  128 f t  / s e c .  
FC.' 

b c  - 4 v a l u e s  of 10-5, 10 , and I O m 3  a r e  approx ima te ly  
C 

The p r a c t i c a l  range of column d i a m e t e r  v a l u e s  i s  b e l i e v c d  t o  be 

20 i n .  o r  less, f o r  which t h e  a c c e p t a b l e  exchange r a t e s  a r e  q u i t e  low i f  

t h e  uranium concen t r a t - ion  i n  t h e  b l a n k e t  i s  t o  h c  10% of t h a t  i n  t h e  

c o r e .  Hence, we conclude t h a t  t h e  use  of t lw  p r o t a c t i n i u m - i s o l a t i o n  

system f o r  d e c r e a s i n g  t h e  uranium c o n c e n t r a t i o n  i.n t h e  b l a n k e t  of  a 

s i n g l e - i l u i d  MSBR i s  p r a c t i c a b l e  o n l y  f o r  r e a c t o r  d e s i g n s  hav ing  a n  ex -  

change r a t e  between t h e  c o r e  and b l a n k e t  r e g i o n s  of l ess  than  abou t  0.01% 

of  t h e  c o r e  f low raLe.  
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RATIO OF EXCHANGE RATE BETWEEN CORE AND BLANKET TO CORE FLOW RATE, L/Fc 

F i g .  21. V a r i a t i o n  of Required Ex t rac t ion  Column Diameter w i t h  Rat io  of Uranium Concen- 
t r a t i o n  i n  Blanket  t o T h a t  i n  Core and R a t i o  of Exchange Rate Between Core and 3 l a n k e t  t o  
Core Flow Rate.  



6. REMOVAL OF RARE EARTHS FROM A SINGLE-FLUID MSBR 

L .  E. McNeese 

The r a r e - e a r t h  f i s s i o n  p r o d u c t s  a r e  among t h e  more impor t an t  neu-  

t r o n  a b s o r b e r s  i n  a n  MSBR, and s u c c e s s f u l  o p e r a t i o n  of  t h i s  t ype  of 

r e a c t o r  r e q u i r e s  t-he removal of  such m a t e r i a l s  on a c y c l e  of  a p p r o x i -  

ma te ly  50 days .  Reinoval of r a r e  e a r t h s  froin a s i n g l e - f l u i d  MSBR i s  

compl i ca t ed  by t h e  need f o r  s e p a r a t i n g  t h e  r a r e  e a r t h s  from thorium, 

a major component of  t h e  s a l t ,  s i n c e  thorium f l u o r i d e  and t h e  r a r e -  

e a r t h  f l u o r i d e s  a r e  chemica l ly  s i m i l a r .  

6.1 Proposed Rare-Earth Removal Flowsheet 

The proposed method f o r  removing r a r e  e a r t h s  from a s i n g l e - f l u i d  

MSBR i s  based on d i f f e r e n c e s  i n  t h e  e x t e n t  t o  which t h e  r a r e  e a r t h s  and 

tho r ium d i s t r i b u t e  between molten s a l t  and l i -quid bismuth c o n t a i n i n g  a 

r e d u c t a n t .  The removal system i s  shown i n  i t s  s i m p l e s t  form i n  P i g .  22.  

A m o l t e n - s a l t  s t r e a m  t h a t  c o n s i s t s  of f l u o r i d e s  of  l i t h i u m ,  be ry l l i um,  

and tho r ium a s  we1.1 a s  r a r e - e a r t h  f l u o r i d e s  i.s f e d  t o  a n  e x t r a c t i o n  

column. The s a l t  f lows c o u n t e r c u r r e n t  t o  a s t r e a m  of l i q u i d  bismuth 

c o n t a i n i n g  tho r ium and l i t h i u m .  I n  t h e  upper  p a r t  of .the column, a 

l a r g e  f r a c t i o n  of  t h e  r a r e  e a r t h s  i s  reduced and t r a n s f e r s  t:o t h e  down- 

f lowing  m e t a l  stream. Below t h e  feed p o i n t ,  t h e  r a r e - e a r t h  c o n t e n t  o f  

t h e  s a l t  and m e t a l  s t r eams  i s  i n c r e a s e d  i n  o r d e r  t o  produce a concen-  

t r a t i o n  s u i t a b l y  h i g h  f o r  d i s p o s a l .  

Molten s a l t  l e a v i n g  t h e  t o p  of t h e  column c o n t a i n s  r a r e  e a r t h s  a t  

a low c o n c e n t r a t i o n .  P a r t  o f  t h i s  s a l t  i s  r e t u r n e d  t o  t h e  r e a c t o r ,  and  

t h e  remainder  i s  s e n t  t o  a n  e l e c t r o l y t i c - c e l l -  complex. The complex i s  

used  t o  add tho r ium and l i t h i u m  t o  bismuth f o r  u s e  a s  e x t r a c t a n t  and  t o  

reLurn t h e  e x t r a c t e d  rare e a r t h s ,  which e n t e r  t he  complpx with bismuth 

from t h e  bottom o f  Lhe cascade,  t o  t h e  cascade  a s  r e f l u x  by o x i d i z i n g  
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Fig. 22 .  Removal of Rare E a r t h s  from a S i n g l e - F l u i d  Reactor by  
Reduct ive E x t r a c t i o n .  



them o u t  o f  t h e  bismuth and t r a n s f e r r i n g  them t o  t h e  r e t u r n i n g  s a l t  

s t ream.  The e l e c t r o l y t i c - c e l l  complex c o n s i s t s  of a n  e l e c t r o l y t i c  

c e l l  w i t h  c o n t a c t o r s  above and below i t .  Both t h e  anode and t h e  

cathode of t h e  c e l l  a r e  p o o l s  of f lowing bismuth, and t h e  e1ect : rolyte  

i s  s a l t  t h a t  does n o t  c o n t a i n  l a r g e  amounts of  r a r e  e a r t h s  o r  thorium. 

The cathode adds 1ithi.um t o  t h e  bismuth s t ream t h a t  flows i n t o  t h e  

lower c o n t a c t o r  and ex t rac t : s  e s s e n t i a l l y  a l l  (about  99$) of t h e  thorium 

o u t  of t h e  e n t e r i n g  s a l t .  The anode r e l e a s e s  BiF. i n t o  t h e  s a l t  t h a t  

f lows i n t o  t h e  upper  c o n t a c t o r  and o x i d i z e s  e s s e n t i i a l l y  a l l .  of t h e  r a r e  

e a r t h s  o u t  of t h e  e n t e r i n g  bismuth. 

3 

E f f i c i e n c i e s  f o r  removal of r a r e  e a r t h s  were c a l c u l a t e d  f o r  a 

range of o p e r a t i n g  condi.ti.ons t o  e s t a b l i s h  t h e  irnporllance of  t h e  r a r e -  

e a r t h - - t h o r i u m  s e p a r a t i o n  f a c t o r ,  t h e  f r a c t i o n  of ThF t h a t  i s  reduced 4 
i n  t h e  e l e c t r o l y t i c  c e l l ,  t h e  l o c a t i o n  o:E t h e  feed p o i n t ,  t h e  number 

o f  s t a g e s  i n  t h e  e x t r a c t i o n  column, t h e  m e t a l / s a l t  f low r a t i o ,  and t h e  

c o n c e n t r a t i o n  of r a r e  e a r t h s  i n  t h e  d i s c a r d  s t seam.  A r e a c t o r  volume 

o.E 1461 f t  , a n  o p e r a t i n g  tempera ture  of 600°C, and a r e a c t o r  power 

of 1000 Mw ( e l e c t r i c a l )  were assumed. The thorium and l i t h i u m  con-  

c e n t r a t i o n s  i n  t h e  bismuth s t r e a m  t h a t  was fed  t o  t h e  e x t r a c t i o n  c o l -  

umn were each 0.0016 mole f r a c t i o n .  Within t h e  range of i n t e r e s t ,  t h e  

c o n c e n t r a t i o n  of t h e  r a r e - e a r t h  f l u o r i d e s  i n  t h e  withdrawn s a l t  si:rean 

had no e f f e c t ,  and a c o n c e n t r a t i o n  of 0.0069 iniole f r a c t i o n  was assumed 

i n  aL1. c a s e s .  This  i s  less  t h a n  50% of t h e  r a r e - e a r t h  f l u o r i d e  sn1.u- 

b i . l i t y  i n  t h e  f u e l  c a r r i e r  s a l t  a t  600"c. 

3 

6.2 E f f e c t  of Rare-Earth--Thorium S e p a r a t i o n  F a c t o r  and Bismuth Flow Rate  

Ca 1 cu l a  t ed re su 1 t s showing t h e  e f f ec t s o f ra  r e  -e a r t  h - - thorium 

s e p a r a t i o n  f a c t o r ,  bismuth f low r a t e ,  and f e e d - p o i n t  l o c a t i o n  a r e  g iven  

i n  F i g s .  23-30 f o r  a SO-day p r o c e s s i n g  c y c l e  and a t o t a l  of 211 s t a g e s  

i n  t h e  e x t r a c t i o n  coluoin. It was assumed t h a t  99% of t h e  thor ium w a s  

reduced f r o m  t h e  s a l t  a s  i t  passed through t h e  e l e c t r o l y t i c  c e l l ,  and 
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t h a t  t he  concen t r a t ion  of r a r e - e a r t h  f l u o r i d e s  i n  the  withdrawn s a l t  

s t ream was 0.69 mole $-  The system i s  seen t o  be r e l a t i v e l y  e f f i c i e n t  

f o r  s epa ra t ion  f a c t o r s  of 2 o r  g r e a t e r  but  r e l a t i v e l y  i n e f f i c i e n t  f o r  

s epa ra t ion  f a c t o r s  lower than  1 .5 .  

6.3 Ef fec t  of Locat ion of Feed Point 

F igure  31 shows t h e  e f f e c t  of feed-point  l o c a t i o n  f o r  ope ra t ing  

cond i t ions  t h a t  inc lude  a bismuth flow r a t e  of 15 gpm, a t o t a l  of 24 
s tages ,  99% reduction, of thorium i n  t h e  e l e c t r o l y t i c  c e l l ,  a r a r e -  

e a r t h  f l u o r i d e  concen t r a t ion  of  0.0069 mole f r a c t i o n  i n  the withdrawn 

s a l t  stream, and a processing cyc le  time of 30 days.  It i s  seen t h a t  

t he  optimum feed-point  l o c a t i o n  depends on the  ra re-ear th- - thor ium 

sepa ra t ion  f a c t o r  and s h i f t s  from t h e  c e n t e r  of t h e  column f o r  a 

s epa ra t ion  f a c t o r  of 2.0 t o  near  t he  top  of t he  column f o r  s epa ra t ion  

f a c t o r s  near  1.0. The me ta l / s a l t  flow r a t i o s  a r e  r e l a t i v e l y  high f o r  

t h e  cond i t ions  given, t h a t  i s ,  34 and 85.4 f o r  t he  upper and lower 

columns, r e s p e c t i v e l y .  

6.4 Ef fec t  of t h e  F rac t ion  of ThF That Is Reduced i.n t he  4 E l e c t r o l y t i c  Ce l l  

Figure 32 shows t h e  e f f e c t  of t h e  f r a c t i o n  o€  ThF t h a t  i s  reduced 

i n  the  e l e c t r o l y t i c  c e l l  f o r  a ra re-ear th- - thor ium sepa ra t ion  f a c t o r  of 

2, a 24-stage column, and a r a r e - e a r t h  concen t r a t ion  i n  the  withdrawal 

s t ream oE 0.0069 mole f r a c t i o n .  

of t h i s  parameter i s  equal  to ,  i f  not g r e a t e r  than, t h a t  o f  t h e  o t h e r  

parameters considered.  I f  t he  f r a c t i o n  of ThF t h a t  i s  reduced i s  

decreased from 93 t o  904, a s i g n i f i c a n t  decrease  i n  removal e f f i c i e n c y  

r e s u l t s ;  t he  system becomes i n e f f e c t i v e  i f  l e s s  than  50% of the  ThF 

i s  reduced. 

4 

It should be noted t h a t  t he  importance 

4 

4 
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6.5  E f f e c t  of Number o f  S t a g e s  i n  t h e  E x t r a c t i o n  Colurnn 

Calc-ula'ied r a r e - e a r t h  removal t imes  f o r  systems h a v i n g  a t o t a l  of 

24, 18, and 12 s t a g e s  a r e  shown i.n P i g s .  28, 33, and 34 f o r  a feed p o i n t  

a t  t h e  c e n t e r  of  t h e  col.umn. Assumed o p e r a t i n g  c o n d i t i o n s  i n c l u d e  a 

30-day p r o c e s s i n g  c y c l e  t ime, a c o n c e n t r a t i o n  of rare-eartill.  f l . uo r ides  o f  

0.0069 mo1.e f r a c t i o n  i n  t h e  witlidrawn s a l t  s t ream, and 99% r e d u c t i o n  o f  

t h e  ThFIL i n  t h e  e l e c t r o l y t i c  c e l l .  

From t h e  p r e v i o u s  s e c t i o n s ,  i t  i s  apparenL t h a t ,  f o r  a r a r e - e a r t h - -  

thorium s e p a r a t i o n  f a c t o r  o f  abou t  1 .2 ,  about- 20 s t a g e s  a r e  r e q u i r e d  

below Liie feed p o i n t  i n  o r d e r  t o  a c h i e v e  a m a r g i n a l l y  a c c e p t a b l e  r a r e -  

e a r t h  removal t i m e .  The e f f e c t s  of  t h e  bismuth f low r a t e  and t h e  number 

of s t a g e s  i n  t h e  upper  column a r e  shown i n  F i g s .  24 and 35-37. The 

e f f e c t  of  [ h e  number of s t a g e s  i n  the uppe r  column f o r  a bisinuth f l o w  

r a t e  of 15 gpm i s  shown i n  F i g .  38. 

6.6 E f f e c t  of P rocess ing  Cycle TFme 

F i g u r e  39 shows the e f f e c t s  of t h e  p r o c e s s i n g  c y c l e  t i m e  and t h e  

r a r e - e a r t h - - t h o r i u m  s e p a r a t i o n  f a c t o r  f o r  a bismuth f low r a t e  of 15 gpm 

and j s t a g e s  above and 19 s t a g e s  below t h e  feed p o i n t .  A s  expected,  t h e  

r a r e - e a r t h  removal t imes  were i n s e n s i t i v e  t o  processi-ng c y c l e  t ime f o r  

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

'The r f f e c t s  o f  r a r e - e a r t h - - t h o r i u m  s e p a r a t i o n  f a c t o r  and bismuth 

f l o w  r a t e  on t h e  r a r e - e a r t h  removal t i m e  a r e  shown i n  F i g s .  2 5  and 

40-Ik2 f o r  p r o c e s s i n g  c y c l e  t i m e s  of 6, 7.5, 15, and 30 days i n  t h e  

c a s e  of a system hav ing  j s t a g e s  above and 19 s t a g e s  below t h e  f e e d  

p o i n t .  
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Thorium S e p a r a t i o n  F a c t o r  and Number of  S t a g e s  i n  U p p e r  Column When the  
Lower  Column C o n t a i n s  20 S t a g e s .  

4 6 8 IO 

NUMBER OF STAGES IN UPPER COLUMN 



‘73 

ORNL-DWG-70- 100 

SALT FEED RATE, ( g p r n l  

0 0.2 0.4 0.6 0.e 1.0 1.2 I .4 

30 15 IO 7.5 6 

PROCESSING CYCLE TIME, (DAYS) 

F i g .  39.  V a r i a t i o n  of Rare-Earth R e m o v a l  T i m e  w i t h  Process Cycle 
Time and Rare-Earth--Thorium S e p a r a t i o n  Fac to r  f o r  a B i s m i u t f i  Flow Rate 
of I> g p m  and a T o t a l .  of 24 S t a g e s .  
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6.7 Rare-Earth Removal T i m e s  f o r  Reference Condi t ions  

Reference o p e r a t i n g  c o n d i t i o n s ,  which have been s e l e c t e d  on t h e  

b a s i s  of t h e  prev ious  d a t a ,  i n c l u d e  a bismuth f low r a t e  of  15 gpm, a 

t o t a l  of 24 s t a g e s  (5  above t h e  feed  p o i n t ) ,  a 30-day p r o c e s s i n g  cyc le ,  

99$ r e d u c t i o n  of ThF4 i n  t h e  e l e c t r o l y t i c  ce l l ,  and l i t h i u m  and thorium 

c o n c e n t r a t i o n s  i n  t h e  m e t a l  fed  t o  t h e  column of 0.0016 mole f r a c t i o n .  

The thorium c o n c e n t r a t i o n  i n  t h e  bismuth i n  t h e  e x t r a c t i o n  columns i s  

about  90% of t h e  thor ium s o l u b i l i t y  a t  t h e  o p e r a t i n g  tempera ture  o f  600°C. 

The s e p a r a t i o n  f a c t o r s  f o r  s e v e r a l  of t h e  r a r e  e a r t h s  have been 

determined f o r  t h o r i u m - s a t u r a t e d  bismuth i n  c o n t a c t  w i t h  73-16-12 mole 

$I LiF-BeF -ThF4. The  s e p a r a t i o n  f a c t o r s 3  and t h e  removal t imes  f o r  Eu, 

Pm, La, Sm, Nd, and C e  a t  t h e  r e f e r e n c e  c o n d i t i o n s  a r e  g i v e n  i n  Table  9. 
T h e  removal t i m e s  range from 155 days f o r  Eu t o  approximate ly  33 days 

f o r  Nd and Ce, and a r e  c o n s i d e r e d  a d e q u a t e .  

2 

a 
T a b l e  9. Removal Times f o r  Various Rare E a r t h s  a t  Reference Condi t ions  

Removal T i m e  
Rare E a r t h  S e p a r a t i o n  F a c t o r  (days 1 

Pm 1.7 64 
Nd 

Srn 

3 .O 

2 .o 
33 -8 
48.2 

La 1.8 60 
E U  1.3 155 
Ce 3.5 32 

a Bismuth f l o w  r a t e ,  15 gpm; p r o c e s s i n g  c y c l e ,  30 d a y s ;  number of s t a g e s  i n  
e x t r a c t i o n  column, 24 (5  above t h e  feed p o i n t ) ;  f r a c t i o n  of ThF)+ reduced 
i n  t h e  e l e c t r o l y t i c  ceLL, 99%; l i t h i u m  and thorium c o n c e n t r a t i o n s  i n  t h e  
metal fed  t o  the col.umn, 0.0016 mole f r a c t i o n .  
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7 .  SEMICONTINUOUS ENGINEERING EXPERIMENTS ON REDUCTIVE EXTRACTION 

H.  D .  Cochran, J r .  B.  A .  Hannaford 
L .  E .  McNeese 

J- c EquFpment h a s  been i n s t a l l e d  f o r  s emicon t inuous  e n g i n e e r i n g  e x p e r -  

imen t s  on r e d u c t i v e  e x t r a c t i o n .  The i n s t a l l a t i o n  was t r e a t e d  t o  remove 

ox ides ,  and i n s p e c t e d  t o  t h e  maximum f e a s i b l e  d e g r e e .  Before load ing  

t h e  bismuth and s a l t  i n t o  t h e  t r e a t m e n t  v e s s e l ,  t h e  s a l t  and bismuth 

f e e d  t a n k s  were s t r e s s - r e l i e v e d ,  h e a t e d  t o  normal o p e r a t i n g  t empera tu re  

( abou t  6 O O " C ) ,  and p r e s s u r i z e d  t o  r a t e d  p r e s s u r e s  t o  t e s t  t h e i r  i -nteg-  

r i t y .  The p r o c e s s  system was hea ted  and evacua ted  t o  remove a i r  and 

degas t h e  g r a p h i t e  c r u c i b l e .  A f i n a l  hydrogen t r e a t m e n t  reduced most 

of  t h e  r u s t  on c a r b o n - s t e e l  s u r f a c e s .  

t o  t h e  t r e a t m e n t  v e s s e l ,  where t h e  molten bismuth was t r e a t e d  w i t h  hy -  

drogen f o r  o x i d e  removal.  Planned expe r imen t s  a r e  d e s c r i b e d  i n  S e c t .  

7 .5 .  

Then, bismuth (184 k g )  was charged 

' r . 1  P r e s s u r e  T e s t s  of t h e  Feed-and-Catch Tanks 

The m i l d - s t e e l  c o n c e n t r i c  t a n k s  used f o r  feedj-ng and r e c e i v i n g  t h e  

bismuth and s a l t  were s t r e s s - r e l i e v e d  a t  650"c and 1 atm p r e s s u r e .  

Fol lowing s t r e s s  r e l i e f ,  t h e  i n n e r  and o u t e r  s h e l l s  were proof  - t e s t e d  

twic.e a t  50 p s i  and 25 p s i ,  r e s p e c t i v e l y ,  a t  600"c .  Subsequent dimen- 

s i o n a l  measurements o f  t h e  v e s s e l s  were somewhat ambiguous. The a p -  

p a r e n t  changes were b o t h  p o s i t i v e  and n e g a t i v e ,  and amounted t o  l.ess 

t h a n  0.54 s t r a i n  i n  each c a s e .  

e f f e c t  o f  s t r e s s  r e l i e f .  A d d i t i o n a l  measurements were made on t h e  more 

a c c e s s i b l e  p a r t s  of t h e  v e s s e l s  t o  s e r v e  a s  a b a s e  l i n e  f o r  f u t u r e  

measurements which w i l l  be made t o  de t ec l :  and measure c r e e p .  

These changes were a s c r i b e d  t o  t h e  



7.2 I n i t i a l  Cleanup o f  Experimental  System 

I n  o r d e r  t o  r educe  oxygen c o n t a m i n a t i o n  of t h e  p r o c e s s  system 110 a 

low l e v c ~ l ,  t h e  system was tho rough ly  f l u s h e d  w i t h  a r g o n  and h e l d  a t  a n  

nbsnlutc-  p r e s s u r e  of 0.35 mm Hg a t  room t e m p e r a t u r e  f o r  a p e r i o d  o f  abou t  

100 h r .  T h i s  treettnent was fol lowed by a p e r i o d  of approx ima te ly  100 h r  

a t  ~ O O ' C ,  d u r i n g  which t h e  p r e s s u r e  rose b r i e f l y  ( p r o b a b l y  duc t o  o u t -  

g a s s i n g  oE t h e  g r a p h i t e  c r u c i b l e )  and  t h e n  f e l l  t o  0.35 mm Hg a g a i n .  

The  system was t r e a t e d  w i t h  hydrogen. i n  o r d e r  t o  reduce t h e  r u s t  

t h a t  was p r e s e n t  on t h e  i n t e r i - o r  s u r f a c e s .  The quant.i.ty of  rust was 

e s t i m a t e d  t o  be approx ima te ly  400 g, based on a n  assumed 0.5-mil. l a y e r  

of' Fe20, on t h e  v e s s e l s  and t u b i n g .  The f low p a t h  of  hydrogen was 

nomina1l.y from t h e  t r e a t m e n t  ves se l ,  through t h e  process system, and 

i n t o  t h e  o f f - g a s  h e a d e r .  A con t inuous  sample drawn from t h e  o f f - g a s  

h e a d e r  th rough  a hygrometer p rov ided  a means f o r  €allowing t h e  r a t e  of  

Fe O3 r e d u c t i o n *  A l 6 - s c f h  f low o f  30$1 hydrogen i n  a r g o n  produced a 3% 

w a t e r  c o n t e n t  i n  t h e  off-gas,  c o r r e s p o n d i n g  t o  t h e  r e d u c t i o n  o f  abou t  32 

g of Fe 0 p e r  h o u r .  Measurement of  t h e  m o i s t u r e  l e v e l  d u r i n g  t h e  e n t i r e  

12-br t r e a t m e n t  was not pcassible because  of t-he f a i l u r e  of  t h e  hygromete r .  

,J 

2 

2 3  

7.3 Loading and Treatment  o f  B i  smut:h 

Following t he  hydrogen t r e a t m e n t  of t h s  p r o c e s s  system, t h e  temper- 

a t u r e  o f  t h e  t r e a t m e n t  vessel  was reduced t o  350°C. Bisnmth was i n t r o -  

duced i.nto t h e  g r a p h i t e  crucib1.e i n  E . 5 - k g  ba tches ,  whiclm provided a 

volurne c a l i b r a t i o n  of t h e  c r u c i b l e .  

which abou t  145 kg (15 l i t e r s )  c a n  he t r a n s f e r r e d  t o  the f eed  t a n k .  

The bismuth was sparged w i t h  hydrogen at: the r a t e  of  10 s c f h  f o r  approx-  

i m a t e l y  12 h r  a t  a t empera tu re  of  abou t  625"~. 
w a s  i n o p e r a t i v e ,  t h e  p r o g r e s s  o f  t h e  t r e a t m e n t  was fol lowed by v i s u a l  

o b s e r v a t i o n  th rough  n temporary 2 - i n .  - d i m  s i g h t  g l a s s  e 14ydrogen t r e a t -  

ment was i n t e r n i p t e d  ( a f t e r  1.25 s t d  ft3 had been f e d )  by ;I s t e a d i l y  

Th.e t o t a l  c h a r g e  was 181.1 kg, o f  

Because the hygrometer  



i n c r e a s i n g  back p r e s s u r e  i n  t h e  o f f  -gas system, whi.ch was cal.1sed by 

t h e  c o l l e c t i o n  of s e v e r a l  grams of s o l i - d s  (probah1.y c a r b o n )  i n  t h e  s m a l l  

o f f - g a s  f i l t e r .  The T e f l o n  c l o t h  f i l t e r  was r e p l a c a d  w i t h  a f r i t t e d  

I n c o n e l  bayonet f i l t e r  hav ing  a n  a r e a  of  abou t  40 i n .  

t r e a t m e n t  w i l l  be fol lowed by a d d i t i o n  of thorium metal. t o  t h e  bismuth 

and c i r c u l a t i o n  of  the  s o l u t i o n  through p a r t s  of  t h e  p r o c e s s  systeiil for 

f u r t h e r  ox ide  removal p r i o r  t o  c h a r g i n g  s a l t  t o  t h e  system. 

2 . F u r t h e r  hydrogen 

'7.4 O p e r a t i o n  o f  Gas R i r i f i c a t i o n  and Supply Systems 

O p e r a t i o n  o f  t h e  S e r f a s s "  hydrogen p u r i f i c a L i o n  u n i t  was not  com- 

p l - e t e ly  s a t i s f a c t o r y .  The actiual. c a p a c i t y  o f  t h e  p u r i f i e r  was l e s s  thmn 

'(5% of i t s  r a t e d  capaci.t.y of 15 s c f h .  

t h e  u n i t  was r e p l a c e d  w i t h  a s p a r e  because of a f low o b s t r u c t i o n  iil t h e  

1i.ne used .€or removing i m p u r i t i e s .  

A f t e r  abou t  50 h r  of  o p e r a t i o n ,  

O p e r a t i o n  of t h e  a rgon  p u r i f i c a t i o n  system was g e n e r a l l y  good i n  

terms o f  w a t e r  removal.  The m o i s t u r e  l e v e l  reached a s t e a d y  v a l u e  of  

1 t o  2 p p m  a t  a usage r a t e  of abou t  1 . 5  t o  2 s c f h .  The in s t rumen t  f o r  

r e a d i n g  oxygen c o n c e n t r a t i o n  i s  n o t  y e t  i n  u s e .  

'1.5 Planned Fxperimentzs 

Two t y p e s  of  experiment  a r e  planned w i t h  t h e  f a c i l i t i e s  d e s c r i b e d  

above.  The f i r s t  expe r imen t s  w i l l  c o n s i s t  of hydrodynamic s t u d i e s  i n  

which t h e  s a l t - p h a s e  p r e s s u r e  d r o p  th rough  t h e  column w i l l  be measured 

under  v a r i o u s  f low c o n d i t i o n s .  A range o f  f low r a t e s  from 0.05 t o  0.5 

l i t e r / m i n  i s  a v a i l a b l e  f o r  each phase .  It i s  hoped t h a t  l i m i t i n g  f low 

r a t e s  ( f l o o d i n g )  and bismuth holdup may be i n f e r r e d  from t h e  p r e s s u r e  

d rop  by ana logy  t o  expe r imen t s  w i t h  a water-mercury system. P r e l i m i n a r y  

c a l c u l a t i - o n s  u s i n g  a m u d i f  i e d  Ergun e q u a t i o n  i.mdicate t h a t  a p r e s s u r e  

drop a s  h i g h  a s  3 t o  6 f t  of s a l t  may be  observed a t  maximum flow r a t e s .  

-X- 
S e r f a s s  Hydrogen Puri .f i .er;  p roduc t  o f  Mil toi i  Roy Co., S t .  P e t e r s b u r g ,  F l a .  
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A f t e r  t h e  f i r s t  few hydrodynamic experiments ,  uranium t e t r a f l u o r i d e  

w i l l  be added t o  t h e  s a l t  phase,  and thor ium metal. w i l l  be added t o  t h e  

bismuth, so  t h a t  m a s s - t r a n s f e r  performance may be observed .  It i s  

expec ted  t h a t  t h e  h e i g h t  e q u i v a l e n t  o f  a t h e o r e t i . c a 1  s t a g e  w i l l  be 1 t o  

2 E t  i n  t h i s  system. S ince  t h e  packed column i s  2 I t  long, we e x p e c t  t o  

observe  Lhe performance of  t h e  e q u i v a l e n t  of perhaps one to t h r e e  s t a g e s .  

S t a g e - t o - s t a g e  c a l c u l a t i o n s  were made f o r  one, two, and t h r e e  s t a g e s ,  

assuming v a r i o u s  e x p e r i m e n t a l  c c n d i t i o n s ,  i n  o r d e r  t o  p r e d i c t  t h e  nuss- 

t r a n s f e r  performance of t h e  sys tem and t o  choose the b e s t  e x p e r i m e n t a l  

c o n d i t i o n s  f o r  o b s e r v i n g  m a s s - t r a n s f e r  performance a 

metric  f low r a t i o s  from 10 t o  0.1 were s t u d i e d  w i t h  UF c o n c e n t r a t i o n s  

from 0.0001 t o  0.003 mole f r a c t i o n  i n  t h e  sg l t  and thorium c o n c e n t r a -  

t i o n s  from 0.0002 t o  0.002 mole f r a c t i o n  i n  t h e  bismuth. 

M e t a l / s a l t  v o l u -  

14- 

The most obvious r e s u l t  of t h e s e  c a l c u l a t i o n s  i s  t h a t  i t  w i l l  be 

v e r y  d i f f i c u l t  t o  d i s t i n g u i s h  between one-, two-, o r  t h r e e - s t a g e  perform- 

a n c e .  I n  f a c t ,  i t  w i l l  probably be p o s s i b l e  t o  make t h i s  d i s t i n c t i o n  

o n l y  under  c a r e f u l l y  s e l e c t e d  c o n d i t i o n s  The most s u i t a b l e  e x p e r i m e n t a l  

c o n d i t i o n s  a r e  m e t a l / s a l t  f low r a t i o s  from 5 t o  1 w i t h  0.000g t o  0.001 

mole f r a c t i o n  of  UF i n  t h e  s a l t  and s i m i l a r  concentrat i .ot-s  of  thorium 

i n  t h e  bisinuth.  Under the b e s t  c o n d i t i o n s ,  t h e r e  w i l l  be about  a f a c t o r  

o f  2 d i f f e r e n c e  in t h e  UF c o n c e n t r a t i o n  i n  t h e  e f f l u e n t  sa1:t between one 

and two s t a g e s  and less  t h a n  20$ d i - f f e r e n c s  between two and t h r e e  s t a g e s .  

C o n c e n t r a t i o n s  of  UFL; i n  t h e  e f f l u e n t  s a l t  between 10 and 200 molar  ppm 

a r e  expec ted  under  t h e s e  c o n d i t i o n s  F u r t h e r  e a l c u . l a t i o n s  t o  de te rmine  

the  s e n s i t i v i t y  of t h e s e  r e s u l t s  t o  small errors  i n  t h e  i n p u t  v a r i a b l e s  

and c o n s t a n t s  a r e  now under  waye 

4 

4 
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8. ELECTROLYTIC CELL DEVELOPMENT 

M. S .  L i n  L. E .  McNeese 

The proposed r e d u c t i v e  e x r r a c t i o n  p r o c e s s e 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  and r a r e - e a r t h  removal r e q u i r e  t h e  use  o f  e l e c t r o l y t i c  c e l l s  Ear 

r educ ing  l i t h i u m  and thorium f l u o r i d e s  i n t o  a bismuth ca thode  t o  p r e p a r e  

the m e t a l  s t r eams  t h a t  a r e  f ed  t o  t h e  e x t r a c t i o n  columns and f o r  o x i d i z i n g  

e x t r a c t e d  compoiwnts from t h e  m e t a l  s t r e a m s  l e a v i n g  t h e  coIumns. To d a t e ,  

r e s u l t s  of expe r imen t s  w i t h  s t a t i c  c e l l s  have indi.cated t h e  need f a r  a n  

e l e c t r i c a l l y  i n s u l a t i n g  m a t e r i a l  t h a t  can  w i t h s t a n d  ?he c o r r o s i v e  c o n d i -  

t i o n s  a t  t h e  c e l l  anode and t h e  need f o r  s t u d y i n g  h e a t  g e n e r a t i o n  and 

removal i n  c e l l s .  The use  of  a l a y e r  of f r o z e n  s a l t ,  which i s  known t o  

be a good e l e c t r i c a l  i n s u l a t o r  and wi.l.1 no t  be a t t a c k e d  by t h e  sa1.t o r  by 

mol t en  bismuth, h a s  been proposed a s  a means of  c o r r o s i o n  p r o t e c t  Lon. 

The heat-removal  problem could be s t u d i e d  w i t h o u t  t h e  c o m p l i c a t i o n s  of 

e l ec t rochemica l .  r e a c t i o n s  i f  a n  a c  sou rce  weTe u s e d .  A comparison o f  c e l l  

performance w i t h  ac  and dc power w i l l  r e v e a l  any s i g n i f i c a n t  d i f f e r e n c e s .  

A s  a n  a l t e r n a t i - v e  t o  a bismuth anode, g r a p h i t e  cou1.d be  u s e d .  

4 

Experimental  work i s  r e p o r t e d  on (1) a comparison o r  c e l l  r e s i s t -  

a n c e  w i t h  a l l e r n a t i n g  and d i r e c t  c i i r r en t ,  ( 2 )  t h e  perrormance of  a 

g r a p h i t e  anode, and { 3 )  p r o t e c t i o n  of a n  a l l - m e t a l  c e l l  f r o m  c o r r o s i o n  

by a f r o z e n  l a y e r  of  s a l t .  

8.1 Comparison of C e l l  R e s i s t a n c e  w i t h  A C  and DC Powei 

We performed a n  experiment  t h a t  was e s s e n t i a l l y  a d u p l i c a t i o n  of  

t h e  s t a t i c - c e l l  expe r imen t s  r e p o r t e d  p r e v i o u s l y ;  however, a c  r a t h e r  t han  

dc power was used d u r i n g  m o s t  o f  t h e  expe r imen t .  During t h e  a c  p o r t i o n  

of t h e  run, b o t h  t h e  v o l t a g e  and t h e  curreniz  ere r e c o r d e d ;  t h e  r e s u l t s  

o b t a i n e d  durimg t h i s  p a r t  of t h e  experiment  c a n  be summarized a s  f o l l o w s :  



1. The q u a r t z  e l e c t r o d e  d i v i d e r  was a t t a c k e d ,  b u t a t :  a much lower 

r a t e  t h a n  i n  t h e  cor responding  d c  p o r t i o n  of  t h e  r u n .  There 

was no v i s i b l e  g a s  e v o l u t i o n .  

2.  Both o f  t h e  e l e c t r o d e  s u r f a c e s  l o s t  t h e i r  m e t a l l i c  l u s t e r  a s  

soon a s  t h e  power was turned  0 1 1 ~  A t  f i r s t ,  t h e y  turned  a 

brownish c o l o r ;  l a t e r ,  dark-colored  m a t e r i a l  was observed on 

t h e  s u r f a c e .  

3 .  The c a l c u l a t e d  c e l l  r e s i s t a n c e  was 0.16 ohm a t  500°C for t h e  a c  

p o r t i o n  of t h e  run,  a s  compared w i t h  0.15 o h m  a t  515°C f o r  t h e  

subsequent  d c  p o r t i o n  of t h e  r u n  i n  t h e  same c e l l .  

4. A r e s i d u a l  dc v o l t a g e  of 0.2 v, which i n d i c a t e d  t h a t  some 

r e c t i f i c a t i o n  had occurred,  was measured a f t e r  t h e  a c  p o r t i o n  

of  t h e  r u n .  T h i s  may have r e s u l t e d  from sparging o f  one of 

t h e  two e l e c t r o d e s  ., 

5 .  When one o f  t h e  two e l e c t r o d e s  was sparged w i t h  argon,  c u r r e n t s  
7 2 

of 87.5 amp (2.6 amplcm-) and 100 amp (3 .2  amp/cm 

t o  m a i n t a i n  ceI-1 t e m p e r a t u r e s  of 640"~ and 750"C, r e s p e c t i v e l y .  

The c e l l  was o p e r a t e d  a t  each  tempera ture  f o r  about  2 h r .  

h i g h e s t  average  c u r r e n t  d e n s i t y  achieved  was 5.2 amp/cm . 

were r e q u i r e d  

The 
2 

6. The  amount of b l a c k  suspended m a t e r i a l  was less  t h a n  t h a t  i n  
t h e  comparable d c  p o r t i o n  of t h e  r u n .  The n m t e r i a l  d i sappeared  

when t h e  c e l l  was main ta ined  at: 66Q°C o r  h i g h c r  and reappeared  

when the c e l l  tempera ture  w a s  lowered t o  about  500°C; t h i s  

suggest-s t h a t  a change i n  t h e  s o l u b i l i t y  of the  b l a c k  m a t e r i a l  

i n  t h e  s a l t  w i t h  tempera ture  was being  observed .  

8.2 Experiments i n  a Quar tz  S t a t i c  C e l l  w i t h  a G r a p h i t e  Anode 

An experiment  was c a r r i e d  o u t  i n  a simple,  f l a t - b o t t o m e d  q u a r t z  tube,  

4 i n .  OD and 20 i n .  long, of t h e  same d e s i g n  a s  the q u a r t z  s t a t i c  c e l l  
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d e s c r i b e d  p r e v i o u s l y .  

1.5 kg of molten s a l t  (66-34 mole f~ LiF-BeF ) .  The bismuth pool ,  which 

had been t r e a t e d  w i t h  hydrogen a t  700°C o v e r n i g h t  p r i o r  t o  c h a r g i n g  t h e  

c e l l  wi.th molten s a l t ,  served a s  t h e  c a t h o d e .  The anode was a 1 - in . -d i am 

g r a p h i t e  rod w i t h  t h e  lower end c u t  a t  a n  a n g l e  of 10" from t h e  h o r i z o n t a l  

t o  promote disengagement of  g a s  t h a t  formed on i:he eiid of t h e  r o d .  The 
2 2 a r e a  o f  t h e  cathode was 71 cm , whereas t h e  a r e a  of tile anode  was 5 cm 

( c o n s i d e r i n g  t h e  bottom of t h e  rod o n l y ) .  The d i s t a n c e  betTcJeen t h e  t w o  

e l e c t r o d e s  was about: l / l t  i n .  

The c e l l  was charged w i t h  6.7 kg of  bismuth and 

2 

A Has t ing  mass flowmeter w i t h  a nominal f u l l - s c a l e  f low r a t e  of 1 

l i t e r / m i n  was i n s t a l l e d  i n  t h e  o f f - g a s  l i n e  downstream from t h e  

p h t h a l a t e  b u b b l e r .  A w e t - t e s t  me te r  w i t h  a c a p a c i t y  of 0.05 f t  p e r  

r e v o l u t i o n  was connected t o  t h e  mass flowmeter f o r  m o n i t o r i n g  t h e  r a t e  

of g a s  e v o l u t i o n .  

d i b u t y l  
3 

The r e s u l t s  of  t h e  experiment  can  be summarized a s  f o l l o w s :  

1. A s  soon a s  t h e  c e l l  was charged w i t h  s a l t ,  a n  amber c o l o r  was 

observed i n  t h e  s a l t  phase .  The c o l o r  darkened and f i n a l l y  

became b l a c k .  The b l a c k  m a t e r i a l ,  whish c o l l e c t e d  overnigh(-  

a t  t h e  s a l t  -metal  i n t e r f a c e ,  cou ld  e a s i l y  be d i s p e r s e d  th rough-  

o u t  t h e  s a l t  by a n  a rgon  s p a r g e .  The m a t e r i a l  s e t t l e d  q u i c k l y  

when t l i ~  s p a r g e  g a s  was t u r n e d  o f f ,  whish i n d i c a t e s  t h a t  t h e  

m a t e r i a l  had a r e l a t i v e l y  h i g h  d e n s i t y .  

2 .  During d c  o p e r a t i o n ,  a c o n s t a n t  vol . tage was appli-ed t o  t h e  

c e l l .  The c u r r e n t  surged t o  a maximum v a l u e  and t h e n  decayed 

r a p i d l y ,  showing smal'l-er i n t e r m i t t e n t  peaks .  Ti1 a t y p i c a l  ca se ,  

15 v was a p p l i e d  a c r o s s  t h e  e l e c t r o d e s ;  t h e  maximum c u r r e n t  was 

45 amp (9 amp/cm The c u r r e n t  quick1.y dec reased  

t o  22.5 amp a f c e r  5 s e c  and to 4.5  a m p  a f t e r  17 s e c ;  i t  reached 

a n e a r - s t e a d y  v a l u e  between 0 .2  and 0.11 amp, wi.th i . n t e r m i t t e n t  

i n c r e a s e s .  

2 
a t  t h e  a n o d e ) .  



3. I I imt~d ia t e ly  a f t c r  t h e  powcr was r u r n r d  o € f ,  t h c  c e l l  p o t e n t i a l  

was  about  1 .3 v ;  t h e  p o t e n t i a l  t h e n  i n c r e a s e d  t o  1.6 v i n  about 

j s c c  and t o  abou t  1.7 v i n  about  30 s e c .  The p o t e n t i a l  remained 

s t e a d y  f o r  a w h i l e  and t h e n  dec reased  v e r y  s l o w l y .  T h i s  behav io r  

and t h e  maximum c e l l  p o t c > n t i a l  (1.7 v s  ?.2 v )  a r c  q u i t e  d i f f e r e n t  

from d a t a  o b t a i n e d  w i t h  a bismuth anodf.. 

4. The g a s  t h a t  evolved frotn t h e  anode produced o n l y  R momentary 

s u r g e  on t h e  flowmeter,  on the o r d e r  o f  10 L o  20 cc lmin .  

t h e  end of tht3 run,  t h e  o f f - g a s  was d i v e r t e d  t o  a s t a r c h - K I  

s o l u t i o n  b u b b l e r .  The c o l o r  of the  s o l u l i o n  i n  the b u b b l e r  

t u rned  f a i n t  y e l l o w  a i - t e r  a few minu tes  of c o n t a c t .  

Toward 

5 .  During a c  opclration, tkLc1 c u r r e n t  v a r i e d  l i n e a r l y  frotn 12 t o  

1 F O  amp f o r  a p p l i e d  v o l t a g e s  o f  1. t o  8 v ;  aL t h e  end of t h e  run, 

the c e l l  r e s i s t a n c e  was 0.065 ohm a s  compared w i t h  abour  68 ohms 

i n  t h e  c a s e  of d c  o p e r a t i o n .  

thP c e l l  t empera tu re  i n c r e a s e d ,  r e s u l t i n g  i n  a lower cell 

r e s i s t a n c e  and hence a 1iighr.r c u r r e n t  ( f rom 120 t o  26U amp). 

A t  h i g h e r  v o l t a g c s  ( 8  t o  20 v ) ,  

6 .  A f t e r  t h e  r u n  was completed,  t h e  g r a p h i t e  e l e c t r o d e  was removed 

and i n s p e c t e d .  No s i g n  o f  a t t a c k  w a s  a p p a r e n t .  

8.3 S t u d i e s  of Frozen-Wall  Corrosi.on P r o t e c t i o n  i n  a n  All.-Metal Cell  

The f i r s t :  a t tc inpt  t o  use a l a y e r  o f  f r o z e n  s a l t  a s  a means of  p r o -  

t e c t i o n  f o r  t h e  anode was c a r r i e d  o u t  i n  a n  a l l - m e t a l  c e l l .  The main 

body o f  the c e l l  was a 6 - i n .  sched m i l d - s t e e l  p i p e  t h a t  was 18 i n .  

long and had  a f l a t ,  1 / 4 - i n . - t h i c k  bot tom. The c e l l  body was t h e  ca thode  

coni a i n e r .  The upper  p a r t  of t h e  cc.11 was f l anged ,  and the  uppei  f l a n g e  

w a s  e l e c t r i c a l l y  i n s u l a t e d  f r o m  the c e l l  body by a T e f l o n  g a s k e t .  The 

anode of t h e  c e l l ,  b e f o r e  and a f t c r  assembly, i s  shown i n  F i g s .  13 and 

r e s p e c t i v e l y .  I t  c o n s i s t e d  of  8 double-wal lcd,  f l u i d - c o o l e d  cup h a v i n g  
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F i g .  44. Double-Walled, Fluid-Cool  y for Ins ta l la t  



2 a n  i n n e r  d i a m e t e r  of 1-75 i n .  ( a  g r o s s  anode a r e a  o f  15.5 c m  ) and a n  

o u t e r  d i a m e t e r  of  2.75 i n .  The cup was suspended from t h e  t o p  f l a n g e  

by two 1 / 4 - i n .  t u b e s ,  which served as t h e  c o o l a n t  ( N  and w a t e r )  i n l e t  

and o u t l e t  a s  w e l l  a s  t h e  anode l e a d .  P r o v i s i o n  was made f o r  r a i s i n g  

and lowering t h e  anode cup.  Viewing p o r t s  were provided on t h e  t o p  

f l a n g e ,  and p r o v i s i o n  w a s  made f o r  sampling t h e  s a l t  o r  bismuth w i t h o u t  

i n t r o d u c i n g  a i r  i n t o  t h e  system. A t u b e  was i n s t a l l e d  t o  spa rge  t h e  

c e n t e r  of t h e  anode.  

2 

The c e l l  was charged w i t h  16.3 kg of bismuth, which w a s  s u b s e q u e n t l y  

t r e a t e d  w i t h  hydrogen a t  700°C f o r  16 h r .  The c e l l  was t h e n  charged w i t h  

mol t en  s a l t  ( 4 . 5  kg of  66-34 mole $ LiF-BeF ) t h a t  had been p u r i f i e d  by 2 
hydrof l u o r i n a t  ion,  hydrogen r e d u c t  ion,  and f i l t r a t i o n .  

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

anode cup .  The cup w a s  t h e n  lowered i n t o  t h e  bismuth pool  t o  be f i l l e d  

w i t h  molten bismuth.  F i n a l l y ,  t h e  anode was r a i s e d  so t h a t  t h e  bismuth 

l e v e l  i n  r h e  cup would be a b o u t  114 i n .  above t h e  bismuth l e v e l  of  t h e  

c a t h o d e .  

subsequen t  o p e r a t i o n s . )  A f t e r  a few t r i a l s  and some m o d i f i c a t i o n  of t h e  

fu rnace ,  we could m a i n t a i n  a f r o z e n  s a l t  l a y e r  on t h e  anode i n  t h e  o p e r -  

a t i n g  p o s i t i o n .  However, t h e  t h i c k n e s s  of t h e  s a l t  l a y e r  cou ld  n o t  be 

e a s i l y  c o n t r o l l e d .  It was e i t h e r  t o o  t h i c k ,  which l e f t  no room f o r  b i s -  

muth, o r  i t  was t o o  t h i n  and melted away when power was a p p l i e d  t o  t h e  

c e l l .  

(It was e s s e n t i a l  t o  keep t h e  s a l t  f r o z e n  i n  a l l  of t h e s e  and 

During o u r  a t t e m p t s  t o  form f r o z e n  s a l t  l a y e r s ,  t h e  s a l t  t empera tu re  

was c o n t r o l l e d  a t  abou t  490"C, and t h e  s a l t  s p a r g e  tube  was l o c a t e d  j u s t  

above t h e  c a t h o d e - s a l t  i n t e r f a c e .  The anode was sparged by a r g o n ;  t h e  

lower h e a t i n g  s e c t i o n  of  t h e  fu rnace ,  which surrounded t h e  cathode,  was 

t u r n e d  o f f ;  and, t h e  c o o l i n g - w a t e r  r a t e  was a d j u s t e d  so t h a t  t h e  w a t e r  

e x i t  t empera tu re  was abou t  400°C. 



Direc t  c u r r e n t  was a p p l i e d  t o  the c e l l  t h r e e  t i m e s .  I n  t h e  f i r s t :  

per iod ,  about  2.6 v d c  was a p p l i e d  t o  the c e l l  and a back EMF of  about  

l . 5  v was observed;  t h i s  should be compared w i t h  2*2 v i n  t h e  q u a r t z  

c e l l .  The c e l l  r e s i s t a n c e  was 0.1 ohm. The c e l l  s h o r t e d  soon a f t e r  

the t e s t  began. I n  t h e  fo l lowing  two runs,  t h e  measured c e l l  r e s i s t a n c e s  

were 1.35 and 6 ohms, r e s p e c t i v e l y .  T h i s  v a r i a t i o n  i n  r e s i s t a n c e  was due 

mainly t o  changes i n  t h e  e f f e c t i v e  a r e a  o f  t h e  anode ( t h e  c r o s s  s e c t i o n  

o f  t h e  i .nner cup, which i s  n o t  covered by f r o z e n  s a l t ) .  

ahorit 1.5 v f o r  t h e  second r u n ,  and only  0.2 v f o r  t h e  t h i r d  run.  Tb.e 

h:i.gh r e s i s t a n c e  and t h e  low c e l l  p o t e n t i a l  i n  t h e  l a s t  run  could mean 

t h a t  t h e  bismuth was f u l l y  covered by f r o z e n  salt. and t h a t  on ly  a s m a l l  

u n p r o t e c t e d  m i l d - s t e e l  p o r t i o n  of  t h e  anode was exposed i n  t h i s  ins tance .  

I n  t h e  l a s t  run, c o o l i n g  w a t e r  was noted i n  t h e  c e l l  a f t e r  about  1 h r ;  

t h e r e f o r e ,  t h e  r u n  was t e r m i n a t e d +  Examination revealed ‘chat t h e  c o o l i n g -  

w a t e r  e x i t  tube ,  which was covered by a r e l a t i v e l y  t h i n  l a y e r  af f r o z e n  

s a l t ,  had cor roded  (probably  by a n o d i c  o x i d a t i o n )  and had ruptured  e 

The back EMF was 

9 .  MSRE: DISTILLATION EXPERIMENT 

J. R .  Hightower, Jr. L .  E .  McNeese 

T h e  MSRE d i s t i l l a t i o n  experiment  will .  c o n s i s t  of a dcrmonstraticpn of 

tb.e high.-temperature,  low-pressure d i s t i l l a t i o n  of molten s a l t  a s  a means 

f o r  s e p a r a t i n g  t h e  l a n t h a n i d e  f i s s i o n  products  from t h e  components of the 

MSLW f u e l - c a r r i e r  s a l t ,  which i s  a mixture: of l i t h i u m ,  bery l l ium,  and 

z i rconium f l u o r i d e s .  O r i g i n a l l y ,  t h e  experiment  was planned a s  a demon- 

s t r a t i o n  o f  t h e  l a n t h a n i d e  removal s t e p  i n  the  f u e l - s t r e a m  processing of 

a two-f lu id  NSBR. Although t h e  two-f1ui.d MSBR concept  ha5 been deempha- 

s i z e d  i n  f a v o r  of a o n e - f l u i d  concept ,  the d i s t i l l a t i o n  oE f l u o r i d e  s a l t s  

st.i.1.l has  p o t e n t i a l  a p p l i c a t i o n  a s  a feed  -adjustmen.t. s t e p  f o r  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 e s  and a s  a means f o r  p a r t i a l l y  r e c o v e r i n g  l i t h i u m  and 

b e r y l l i u m  f l u o r i d e s  from waste  s t r e a m s .  



The e x p e r i m e n t a l  work i s  d i v i d e d  i n t o  two phases :  (1) n o n r a d i o a c t i v e  

t e s t i n g  of  t h e  equipment u s i n g  s a l t  t h a t  h a s  t h e  MSRE f u e l - c a r r i e r  compo- 

s i t i o n  and c o n t a i n s  NdF and (2 )  demons t r a t ion ,  a t  t h e  MSRE, of  t h e  d i s -  

t i l l a t i o n  of  i r r a d i a t e d  f u e l - c a r r i e r  s a l t  from which t h e  U h a s  been 

removed. 

3' 23 5 

The f i r s t  phase of  t he  experiment  h a s  been s u c c e s s f u l l y  completed.  

Equipment h a s  been i n s t a l l e d  a t  t h e  MSRE f o r  t h e  second phase of t h e  

expe r imen t .  

9 .1  Ins t rumen t  Panel 

The in s t rumen t  pane l ,  from which t h e  p r o c e s s  i s  o p e r a t e d ,  c o n t a i n s  

a l l  p r e s s u r e ,  t empera tu re ,  and l e v e l  r e c o r d e r s  and c o n t r o l l e r s ,  v a l v e -  

o p e r a t o r  swi t ches ,  e l e c t r i c a l  power-supply c o n t r o l s ,  and v a r i o u s  temper-  

a t u r e  and p r e s s u r e  a l a r m s  ( F i g .  45) .  The i n s t r u m e n t  pane l  was i n s t a l l e d  

a t  t h e  MSKE i n  t h e  h i g h  bay a r e a  a long  t h e  e a s t  wall., s o u t h  o f  t h e  s p a r e  

c e l l  where t h e  s t i l l  was i n s t a l l e d .  

9.2 Main Process V e s s e l s  

The main p r o c e s s  v e s s e l s 5  - t h e  feed tank,  t h e  s t i l l  pot ,  t he  con-  

dense r ,  and t h e  r e c e i v e r  a r e  mounted i n  a n  a n g l e - i r o n  frame t o  f a c i l i t a t e  

t h e i r  t r a n s f e r  between Bu i ld ing  3541 and t h e  MSPE, a s  w e l l  a s  i n s t a l l a t i - o n  

a t  t h e  MSRE. S ince  t h e  equipment i s  i n s t a l l e d  i n  a c e l l  thmt i s  n o t  much 

l a r g e r  t h a n  t h e  equipment frame, a l l  e x t r a  p ip ing ,  thermocouples ,  h e a t e r s ,  

and i n s u l a t i o n  were i n s t a l l e d  on t h e  equipment b e f o r e  i t s  placement i n  t h e  

c e l l .  F i g .  46 shows thcl equipment a Eter p i p i n g ,  thermocouples,  and h e a t e r s  

were i n s t a l l e d ,  b u t  b e f o r e  t h e  the rma l  i .nsulati .on was added. A s t a i n l e s s  

s t e e l  pan was placed under  t h e  equipment t o  c a t c h  t h e  mol t en  s a l t  i n  th.e 

e v e n t  t h a t  a v e s s e l  should r u p t u r e .  The equipment i s  shown i n  F i g .  47 
a f t e r  i n s t a l l a t i o n  i n  t h e  c e l l .  
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Some minor a l t e r a t i o n s  were made on t h e  b a s i s  of e x p e r i e n c e  from 

t h e  n o n r a d i o a c t i v e  t e s t s .  The c o n f i g u r a t i o n  of  t h e  f eed  l i n e  t o  t h e  s t i l l  

pot  was changed t o  reduce t h e  l e n g t h  o f  l i n e  t h a t  would be h e a t e d  t o  

n e a r l y  1000°C by t h e  s t i l l - p o t  h e a t e r s  and t o  p rov ide  a l o n g e r  h o r i z o n t a l  

s e c t i o n  j u s t  ahead of  t h e  s t i l l  p o t .  Both c o n d i t i o n s  should reduce t h e  

p r o b a b i l i t y  of  plugging t h e  l i n e  w i t h  n i c k e l  and i r o n  d e p o s i t s .  With 

more of t h e  l i n e  a t  a lower t empera tu re ,  t h e  r a t e  o f  d e p o s i t i o n  may be 

l e s s ;  and, w i t h  t h e  l o n g e r  h o r i z o n t a l  s e c t i o n ,  more m a t e r i a l  must be 

d e p o s i t e d  b e f o r e  t h e  l i n e  can  be o b s t r u c t e d  (assuming t h a t  t h e  m a t e r i a l  

w i l l  sp read  o u t  a l o n g  t h e  complete  h o r i z o n t a l  s e c t i o n ) .  

r a d i o a c t i v e  runs,  a Calrod h e a t e r  on a n  a r g o n  l i n e  f a i l e d  and damaged t h e  

t u b i n g .  I n  o r d e r  t o  p r e v e n t  a s i m i l a r  f a i l u r e  d u r i n g  t h e  r a d i o a c t i v e  

experiment ,  e l e c t r i c a l  i n s u l a t i o n  ( g l a s s  t a p e )  w a s  i n s t a l l e d  between a l l  

Ca l rods  and t h e  l i n e s  t h a t  t h e y  h e a t .  

I n  t h e  non- 

* 
Abso lu te  f i l t e r s  were i n s t a l l e d  i n  t h e  vacuum l i n e s  from the f eed  

t a n k  and from t h e  r e c e i v e r  i n  o r d e r  t o  p r e v e n t  f i s s i o n  p r o d u c t s  such a s  

9 5 Z r  and 95Nb from e n t e r i n g  t h e  v a l v e  box. 

found t h a t  t hey  removed 99.997 $ of  0.3-p DOP p a r t i c l e s .  

can  be seen  i n  F i g s .  46 and 47. 

On t e s t i n g  t h e  f i l t e r s ,  we 

These f i l t e r s  

9.3 Valve Box 

The v a l v e  box ( F i g .  48)  c o n t a i n s  a l l  d i f f e r e n t i a l  and a b s o l u t e -  

p r e s s u r e  t r a n s m i t t e r s ,  a l l  v a l v e s  t h a t  hand le  p o t e n t i a l l y  r a d i o a c t i v e  

gaseous  m a t e r i a l ,  and two vacuum pumps - one t o  e v a c u a t e  t h e  r e f e r e n c e  

s i d e  of  a d i f f e r e n t i a l - p r e s s u r e  t r a n s m i t t e r  and t h e  o t h e r  t o  e v a c u a t e  

t h e  d i s t i l l a t i o n  p r o c e s s  v e s s e l s .  

Be fo re  t h e  v a l v e  box was i n s t a l l e d  a t  t h e  MSRE, we added a bypass  

v a l v e  t o  t h e  d i f f e r e n t i a l - p r e s s u r e  t r a n s m i t t e r  a s s o c i a t e d  w i t h  t h e  l i q u i d  

l e v e l  i n  t h e  condensa te  r e c e i v e r .  The h a n d l e  f o r  t h i s  v a l v e  was extended 

th rough  t h e  w a l l  o f  the v a l v e  box t o  a l l o w  i t s  o p e r a t i o n  when t h e  v a l v e  

* 
F l a n d e r s  High P u r i t y  f i l t e r s ;  p roduc t  of F l a n d e r s  F i l t e r s ,  I n c  ., 
Washington, N . C .  



O R N L  P H O T O  9 2 8 4 5 A  
A B S O L U T E  - P R E S S U R E  

T R A N S M I T T E R  '/A I * ' -- 

V A C U U M  1 
PUMP 
F O R  

BARATRON I 
RE F E  RE NCF 

L 

1 
E L E C T R I C A L  

C O N N E C T I O N S  
F O R  

VALVE - 
P O S l  TI0  N 

INDICATORS 

...- E NCLOSU RE 

S ECO N DARY 
C O N T A I N M E N T  I 

I t 

F i g .  48. Valve BOX Befo re  Being  S e a l e d .  



box was s e a l e d .  F igure  48 does n o t  show t h e  meta l  p l a t e s  t h a t  were l a t e r  

b o l t e d  t o  t h e  f r o n t  and t h e  back of t h e  box t o  complete  t h e  secondary con- 

t a i n m e n t .  A f t e r  t h e  c o n n e c t i o n s  were made between t h e  v a l v e  box and t h e  

s t i l l ,  t h e s e  c o v e r s  were put  i n  p l a c e  and t h e  box was s e a l e d .  With t h e  

box under  a p r e s s u r e  of 15 i n .  30, t h e  l e a k  r a t e  was 0.1 s c f h .  During 

o p e r a t i o n ,  t h e  p r e s s u r e  i n  t h e  box d i d  no t  exceed 0.5 i n .  H20;  t h e  l e a k  

r a t e  was n e g l i g i b l e  a t  t h i s  p r e s s u r e .  

9 .4  Condensate Sampler 

The condensa te  sampler ( F i g .  49) i s  t h e  most important  p i e c e  of  

equipment f o r  o b t a i n i n g  i n f o r m a t i o n  from t h e  d i s t i l l a t i o n  exper iment .  

T h i s  sampler  i s  p a t t e r n e d  a f t e r  t h e  equipment t h a t  was used t o  add 

t o  t h e  f u e l  d r a i n  t a n k s  and t o  t a k e  s a l t  samples from t h e  d r a i n  t a n k s .  

233u 

M o d i f i c a t i o n s  were made t o  a l l o w  t h e  sampler  t o  be evacuated t o  a p p r o x i -  

mate ly  0.5 mm Hg so t h a t  condensate  samples can be withdrawn w i t h o u t  

i n t e r r u p t i n g  t h e  run .  

F i g u r e  50 i s  a cutaway diagram of t h e  sampler .  The main components 

(1) t h e  containment  v e s s e l  i n  which t h e  samples a r e  of  t h e  sampler  a r e :  

s t o r e d ,  

w i t h  t h e  h a n d l i n g  t o o l  and a l s o  w i t h  t h e  removal t o o l ,  (3) t h e  c a p s u l e -  

h a n d l i n g  t o o l ,  w i t h  which empty c a p s u l e s  a r e  a t t a c h e d  t o  t h e  c a b l e  i n  

o r d e r  t o  be lowered i n t o  t h e  sample r e s e r v o i r ,  and ( 4 )  t h e  r e e l  assembly, 

w i t h  which empty c a p s u l e s  a r e  lowered and f i l l e d  c a p s u l e s  a r e  r a i s e d .  

(2)  t h e  t u r n t a b l e ,  which a l l o w s  t h e  sample c a p s u l e s  t o  be a l i g n e d  

The f o l l o w i n g  sequence was fol lowed i n  withdrawing a condensate  

sample.  With HV-62 ( t h e  v a l v e  between t h e  containment  v e s s e l  and t h e  

s t i l l )  c l o s e d  and t h e  containment  v e s s e l  a t  a tmospher ic  p r e s s u r e ,  t h e  

sample-handl ing t o o l  was r a i s e d  t o  i t s  h i g h e s t  p o s i t i o n .  The c a b l e  was 

a t t a c h e d  about  20 i n .  from t h e  t o p  of t h e  t o o l  so t h a t ,  w i t h  t h e  c a b l e  

r e e l e d  t o  t h e  h i g h e s t  p o s i t i o n ,  t h e  t o p  end of t h e  t o o l  pro t ruded  through 
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F i g .  50. Cutaway Diagram of Condensate Sampler.  



HV-66; w i t h  t h i s  arrangement ,  t h e  samples on t h e  t u r n t a b l e  could pass  

under  t h e  lower end of t h e  t o o l .  With the t o o l  i n  i t s  h i g h e s t  p o s i t i o n ,  

a n  empty c a p s u l e  was r o t a t e d  undernea th  t h e  t o o l ' s  lower end.  The t o o l  

was t h e n  lowered onto t h e  s t e m  of  t h e  c a p s u l e  and locked i o  p l a c e  by a n  

ad jus tment  a t  t h e  end of  t h e  t o o l  t h a t  pro t ruded  through HV-66. The t o o l  

( w i t h  c a p s u l e  a t t a c h e d )  was r a i s e d  aga in ,  t h e  t u r n t a b l e  was r o t a t e d  u n t i l  

t h e  sampling notch  was under  t h e  t o o l ,  and t h e  tool.  was lowered below 

v a l v e  HV-66. 
a t  t h i s  t i m e ,  and t h e  containment  v e s s e l  was evacuated .  Mien t h e  p r e s s u r e  

i n  t h e  containment v e s s e l  was 0.5 mm HI, v a l v c  ~ V - 6 2  was opened, and t h e  

sample-handl ing t o o l  and t h e  empty c a p s u l e  were lowered unt  i 1 t h e  sample 

c a p s u l e  r e s t e d  on t h e  bottom of t h e  sample r e se rvo i r  a t  t h e  end of t h e  

condenser .  

which was subsequent ly  c l o s e d .  The containment  v e s s e l  was p r e s s u r i z e d  

t o  a tmospher ic  p r e s s u r e  w i t h  a rgon .  

sample-handl ing t o o l  w a s  r a i s e d  t o  i t s  h i g h e s t  p o s i t i o n .  The empty 

sample h o l d e r  was r o t a t e d  undernea th  t h e  sample -hand l ing  too l ;  t he  

sample was lowered i n t o  i t s  h o l d e r  and r e l e a s e d  from t h e  t o o l .  The 

sample t o o l  was a g a i n  r a i s e d ,  a n o t h e r  s a m p l e  c a p s u l e  was r o t a t e d  under -  

n e a t h  it, and t h e  p r o c e s s  was repeat iJd.  

This: v a l v e  was t h e n  c losed -  The vacuuni pump was tu rned  on 

The t o o l  and t h e  c a p s u l e  were t h e n  r a i s e d  above v a l v e  HV-62, 

valve HV-66 was opened, and t h e  

The t u r n t a b l e  had p r o v i s i o n  f o r  11 s a m p l e  c a p s u l e s .  The samples  

were stored i n  t h e  containment  v e s s e l  u n t i l  the  end of the experiment ,  

a t  which time t h e y  were removed and s e n t  f o r  a n a l y s i s .  

A blower t h a t  induced a f l o w  of a i r  into t h e  t o p  o f  t h e  l i n e  a t  

t h e  reel. assembly was provided t o  p r e v e n t  contaminat ion  o f  the  h i g h  bay 

a r e a  when HV-66 was open. 

f i l t e r e d  and exhausted i n t o  t h e  cell. 

The a i r  t h 3 t  w a s  l-aanclled by the  blower was 
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