


This report w a s  prepared as an account of work sponsored by the United 
States Government. Neither the United States nor the United States Atomic 
Energy Commission, nor any of their employees, nor any of their contrmtors, 
subcontractors, or their employees, makes anv warranty, express or implied. or 
ass~mies any legal liability or responsihilLty for the accuracy, completeness or 
usefulness of any inforniatton, apparatus, product or process disclosed, or 
represents that i ts  use would not  infringe privately owned rights. 



Cont rac t  No. W-7405-eng-26 

ENGINEERING DEVELOPMENT S T U D I E S  FOR MOLTEN-SALT 
BREEDER REACTOR PROCESSING NO. 3 

L .  E .  M c N e e s e  

MAY 1971 

OAK RIDGE NATIONAL LABORATORY 
Oak R i d g e ,  Tennessee 

opera ted  by 
UNION CARBIDE CORPORATION 

f o r  t he  
U.S. ATOMIC ENERGY COMMISSION 

3 4 4 5 6  0 3 8 2 7 3 2  1 



ii 

Reports  p r e v i o u s l y  i s s u e d  i n  t h i s  series are  as f o l l o w s :  

ORNL-4204 

ORNL-4234 

OIWL,-~ z 3 5 
OKNL-4364 

ORNTJ-4 3 65 

OWL-4 3 6 6 

ORNL-TM-3053 

ORNL-TM-313 7 

Pe r iod  ending  June  1967 

Pe r iod  ending September 1967 

Per iod  ending December 1967 

Pe r iod  ending  March 1968 

Pe r iod  ending June  1968 

Pe r iod  ending September 1968 

P e r i o d  ending December 1968 

Pe r iod  ending March 1969  



CONTENTS 

SUMMAR.IES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 . 
2 . 

3 . 

4 . 

5 . 

6 . 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . .  
REMOVAL OF PROTACTINIUM FROM A SINGLE-FLUID MSBR . . . . . .  
2.1 Steady-State Performance for the Case of an MSBR Fueled 

2.2 Steady-State Performance f o r  the Case of an MSBR Fueled 

with Uranium . . . . . . . . . . . . . . . . . . . . . .  
with Plutonium . . . . . . . . . . . . . . . . . . . . .  

Page 

1 

5 

6 

8 

11 

EFFECT OF CHEMICAL PROCESSING ON THE NUCLEAR PERFORMANCE OF AN 
MSBR . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14 

3.1 Computational Procedure . . . . . . . . . . . . . . . .  16 
3.2 Chemical Behavior of Fission Products and Actinides During 

Processing . . . . . . . . . . . . . . . . . . . . . . .  
3 . 3  Calculated Results . . . . . . . . . . . . . . . . . . .  
3.4  Discussion of Results . . . . . . . . . . . . . . . . .  
REDUCTIVE EXTFUICTION EXPERIMENTS IN A MILD-STEEL FLOW-THROUGH 
FACILITY . . . . . . . . . . . . . . . . . . . . . . . . . .  
4.1  Addition of Thorium. and Subsequent Transfers of Thorium- 

Bismuth Solution . . . . . . . . . . . . . . . . . . . .  
4.2 Addition of S a l t .  and Hydrofluorination of Salt and Bis- 

muth . . . . . . . . . . . . . . . . . . . . . . . . . .  
4 . 3  Hydrodynamic Experiments: Runs BR-1 and -2 . . . . . .  
4 . 4  Hydrodynamic Run HK-3 . . . . . . . . . . . . . . . . .  
DIGITAL SIMULATION OF THE FLOW CONTROL SYSTEMS FOR THE REDUC- 
TIVE EXTRACTION FACILITY . . . . . . . . . . . . . . . . . .  
5.1 Salt and Metal Feed Systems To Be Studied . . . . . . .  
5.2 Mathematical Analysis . . . . . . . . . . . . . . . . .  
5.3 Solution of Equations and Calculated Results . . . . . .  
ELECTROLYTIC CELL DEVELOPmENT . . . . . . . . . . . . . . . .  
6 . 1  Formation of Frozen Salt Layers in Regions of High Heat 

Generation . . . . . . . . . . . . . . . . . . . . . . .  
6.2 U s e  of Beryllium Oxide as an Electrical Insulator . . .  

17 

18 

29  

30 

31 

34 

35 

38 

39 

41 

4 1  

4 5  

50 

50 

54 



i v  

CONTENTS (Continued) 

Page 

7 .  ANALYSIS OF MASS TRANSFER I N  ELECTROLYTIC CELLS . . . . . . . 58 

7 . 1  General. Mathematical  Model . . . . . . , . . . . . . . 59 

7 .2  Assuiiipbions and S i m p l i f i c a t i o n s  . . . . , . . . . . . . 68 

7 . 3  Cathode CurLent E f f i r i e n c i e s  and Maximum Current  D e n s i t i e s  
w i t h  LiF-BeF -BiF Mixtures  . . . . . . . . . . . . . . 69  

8.  AXIAL M I X L N G  11u PtZCKEB CUi,iMN.'i WITH HIGH-DENSITY FLUCDS . . . 7 2  

2 3 

8 . 1  Mathematical. Model . e . . . e . . . . . . . . . . . 73 

8 , 2  Experimental  Equipment . , I I  . . . . . . . . . . . . . 7 4  

78 8 .3  R e s u l t s  a . . . . . .  C P . . . . . . . . . . . . .  

9 . 1  Maximum Col-umn Temperatures,  Pssuming Only Convection of 
Beat . . . C . O B J . O . . . . . . . . . . . . . . .  81 

9 .2  Maximum Col.umn Temperatures ,  Assuming Only Heat Removal 
Through the  Column Wall . . - . . . . . . . . . . . 82 

9 . 3  Conclusion e a . e . . . e . . . . . . . . . . . . 83 

10. MSRE DISTILLATION EXPERIMENT . . . . . . . . . . . . . . . 84 

10 .1  Summary of D i s t i l l a t i o n  Opera t ion  . . . . . . . . . . . 84 

1 0 . 2  Summary of Ava i l ab le  Experimental  Data . . . . . . . . 85 

1 0 . 3  Material Balance C a l c u l a t i o n s  . - . . . . . . . . . . . 86 

10.4 R e s u l t s .  e 0 . 3  I .  0 . . . ,  D . .  * . . . . . .  92 

11. REFERENCES . a . . e . . . . . . . , . . . . . . . . . 96 



SUMMARIES 

REMOVAL OF PROTACTINIUM FROM A SINGLE-FLUID MSBR 

System performance €o r  t h e  proposed f lowshee t  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 i n g l e - f l u i d  MSBR has  been r e c a l c u l a t e d  us ing  c u r r e n t  

d a t a  f o r  r e d u c t i o n  p o t e n t t a l s  and t h e  s o l u b i l i t y  of thorium i n  bismuth. 

T h e  r e s u l t s  i n d i c a t e  t h a t  p r o t a c t i n i u m  can be i s o l a t e d  s a t i s f a c t o r i l y  

from r e a c t o r s  h e l e d  w i t h  uranium o r  plutonium. 

EFFECT OF CHEMICAL PROCESSING ON THE 
NUCLEAR PEWOPMAP\ICE QF AN MSBR 

A series of c a l c u l a t i o n s  has  been performed to i n v e s t i g a t e  t h e  

e f f e c t s  of i n d i v i d u a l  f i s s i o n  product  e lements  on t h e  neu t ron  poisoning  

of a m o l t e n - s a l t  breeder r e a c t o r .  The most impor tan t  e lements  are Nd, 

Sm, and Pm. 

FG3DUCTIVE EXTRACTION EXPERIMENTS IN A MILD-STEEL 
PLOW-THROUGH FACILITY 

-4 A bismuth s o l u t i o n  c o n t a i n i n g  about  10 mole f r a c t i o n  thorium w a s  

f e d  through t h e  r e d u c t i v e  e x t r a c t i o n  f a c i l i t y  i n  o r d e r  t o  complete t h e  

removal of oxides from s u r f a c e s  of t h e  system. Analyses OS samples  of 

bismuth t aken  from v a r i o u s  v e s s e l s  showed,only  small changes i n  t h e  

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

ment of t h e  system had been q u i t e  e f f e c t i v e  i n  removing o x i d e s .  

T h i s  i n d i c a t e s  t h a t  t h e  ear l ier  hydrogen t r e a t -  

Three  exper iments  were performed i n  which bismuth and molten sa l t  
(72-16-12 mole % LiF-BeF2-ThF4) were f e d  t o  t h e  packed e x t r a c t i o n  column. 

I n  t h e  f i r s t  two r u n s ,  t h e  p r e s s u r e  drop  a c r o s s  t h e  column and a s s o c i a t e d  

t r a n s f e r  l i n e s  w a s  g r e a t e r  than expec ted  due t o  i ron d e p o s i t s  i n  the 

bismuth ex i t  l i n e  from t h e  column. 

third run  was made a t  s a l t  and bismuth f l o w  rates of about  75 mllmin. 

A f t e r  t h e  t u b i n g  had been replaced, a 



The f low rates were n o t  s t e a d y ,  a p p a r e n t l y  due t o  bismuth t h a t  w a s  

t rapped  i n  t h e  s a l t  over f low loop  a t  t h e  top  of t h e  column. The l o o p  

w a s  modif ied t o  c o r r e c t  t h i s  c o n d i t i o n .  

D I G I T A L  SIMULATION OF THE FLOW CONTROL SYSTEMS 
FOR THE REDUCTIVE EXTRACTION FACILITY 

A d i g i t a l  s i m u l a t i o n  of t h e  bismuth and s a l t  f low c o n t r o l  systems 

f o r  t h e  r e d u c t i v e  e x t r a c t i o n  f a c i l i t y  w a s  c a r r i e d  o u t  t o  de te rmine  con- 

t r o l l e r  c o n s t a n t s  t h a t  would r e s u l t  i n  s a t i s f a c t o r y  o p e r a t i o n .  We found 

t h a t :  (1) t h e  system i s  s t a b l e ,  ( 2 )  p r o p o r t i o n a l  c o n t r o l  i s  a c c e p t a b l e ,  

and (3) t h e  system can  be  brought  t o  a s t e a d y - s t a t e  c o n d i t i o n  i n  a n  

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

ELECTROLYTIC CELL DEVELOPKENT 

The proposed r e d u c t i v e  e x t r a c t i o n  p rocesses  f o r  i s o l a t i n g  p r o t -  

ac t in ium and removing rare e a r t h s  are  based on t h e  u s e  of e l e c t r o l y t i c  

c e l l s  f o r  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 .  

These c e l l s  w i l l  r e q u i r e  a n  e l e c t r i c a l l y  i n s u l a t i n g  material  t h a t  can 

wi ths t and  the c o r r o s i v e  c o n d i t i o n s  p r e s e n t  a t  t’ne c e l l  anode. Frozen 

l a y e r s  of s a l t  are be ing  cons idered  f o r  t h i s  a p p l i c a t i o n ;  exper iments  

have shown t h a t  such  s a l t  l a y e r s  can be  main ta ined  i n  a r e g i o n  of h igh  

h e a t  g e n e r a t i o n  if s u f f i c i e n t  c o o l i n g  i s  provided .  Bery l l ium ox ide  may 

a l s o  be u s e f u l  i n  ce1.I c o n s t r u c t i o n  s i n c e  i t  i s  a good e l ec t r i ca l  in -  

s u l a t o r ,  h a s  a h igh  thermal  c o n d u c t i v i t y ,  and is  r e l a t i v e l y  i n s o l u b l e  

i n  molten f l u o r i d e  s a l t s  of i n t e r e s t .  We are p r e s e n t l y  assembling t h e  

equipment f o r  a n  experiment  i n  which an anode f a b r i c a t e d  from Be0 w i l l  

be used .  The p o r t i o n  of t h e  Be0 expec ted  to coritact molten s a l t  w i l l  

normally be covered by a layer  of frozen salt. 
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ANALYSIS OF MASS TRANSFER I N  ELECTROLYTIC CELLS 

A study of factors affecting mass transfer in electrolytic cells 

has been initiated to identify important cell parameters and to aid in 

understanding and interpreting experimental data. 

A general mathematical made1 describing ,Tenportant changes in po- 

tential and concentrations throughout a cell was developed. This modelwas 

applied t o  the cathode region of an electrolytic cell containing an L i F -  

BeF -ThF mixture of the composition expected in the electrolytic cell 

for the rare-earth removal system. Calculated results (which are  only 

approximate) indicate that the maximum current density obtainable may 

be about 0.16 amp/cm ; at this current density, reduction of BeE' is 

likely to begin. 

2 4  

2 
2 

AXIAL M I X I N G  I N  PACKED COLUMNS WITH AIGH-DENSITY FLUIDS 

Axial diffusion may be important in determining the performance of 

packed-column contactors in flowsheets proposed for MSBR processing. 

Slnce relatively few data on axial dispersion are available, we have 

initiated a study of axial dispersion in packed columns using mercury 

arid water to simulate bismuth and salt. Preliminary data using a steady- 

state technique indicated that the dispersion coefficient in a 2-in.-diam 

column packed with 3/8-in. Raschig rings is about 3.6 em /sec. 

nificant dependence of the dispersion Coefficient on mercury or water 

flow rate has been observed thus far. 

2 No sig- 

REMOVAL OF HEAT FROM PACKED-COLUMN CONTACTORS USED 
FOR ISOLATING PROTACTINIUM 

Estimates have been made of heat transfer and temperature distribution 

within packed columns used f o r  isolating protactinium under various oper- 

ating conditions. It was concluded that the m a x i m u m  temperature difference 
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between t h e  c e n t e r  l i n e  of t h e  column and t h e  column w a l l  w i l l  be  less 

than  150°C i f  f low of e i t h e r  t h e  s a l t  o r  t h e  bismuth can be  main ta ined .  

Th i s  v a l u e  i s  a c c e p t a b l y  l o w .  The tempera ture  d i f f e r e n c e  between t h e  

c e n t e r  l i n e  of t h e  column and t h e  w a l l .  i s  expected t o  be  s u b s t a n t i a l l y  

lower than  150°C duri-ng p e r i o d s  of normal o p e r a t i o n .  

MSRE DISTILLATION EXPERIMENT 

The experimeilt t o  demonst ra te  h igh- tempera ture ,  low-pressure d i s -  

t i l l a t i o n  of i r r a d i a t e d  MSRE f u e l  c a r r i e r  salt vas s u c c e s s f u l l y  completed 

i n  an uneven t fu l  31-hr o p e r a t i o n .  

d i s t i l l e d ,  and 11 condensa te  samples were c o l l e c t e d .  

Approximately 12 li-ters of sa l t  was 

Pre l imina ry  r e s u l t s  i -nd ica t e  t h a t  t h e  behavior  of t h e  major com- 

ponents  (LiF,  BeF2, and ZrF ) w a s  as expec ted .  

of 144CeF 

'The r e l a t i v e  v o l a t i l i t y  
4 

was h ighe r  by about  two o r d e r s  of magnitude t h a n  t h e  expected 
3 

va lue .  An exp lana t ion  of t h i s  d i sc repancy  i s  n o t  a v a i l a b l e ;  however, as 

o t h e r  d a t a  become a v a i l a b l e ,  i t  may be  r e s o l v e d .  
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1 e INTRODUCTION 

A i no l t en - sa l t  b r e e d e r  r e a c t o r  {MSBR) w i l l  b e  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  t h rcugh  t h e  b l a n k e t  and c o r e  r e 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 are  developing  

p rocess ing  methods f o r  use i n  a close-coupled f a c i l i t y  f o r  removing f i s -  

s i o n  p r o d u c t s ,  c o r r o s i o n  p r o d u c t s ,  and f i s s i l e  materials from t h e  mol ten  

f l u o r i d e  mix tu re .  

S e v e r a l  o p e r a t i o n s  a s s o c i a t e d  w i t h  MSBR p rocess ing  are under  s t u d y .  

The remaining 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) 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 

f o r  r e a c t o r s  f u e l e d  w i t h  uranium o r  plutonium; (2) mate r i a l -ba l ance  cal-  

c a l a t i o n s  showing t h e  e f f e c t  of f i s s i o n  product  removal times on r e a c t o r  

performance f o r  impor t an t  f i s s i o n  p roduc t s ;  ( 3 )  exper iments  on r e d u c t i v e  

e x t r a c t i o n  i n  a m i l d - s t e e l  f l o w t h r o u g h  f a c i l i t y ;  ( 4 )  a s i m u l a t i o n  o f  t h e  

f l o w  c o n t r o l  system f o r  t'he semieont inuour  r e d u c t i v e  e x t r a c t i o n  system; 

(5) exper iments  r e l a t e d  t o  t h e  development o f  e l e c t r o l y t i c  ce l l s  f o r  u s e  

w i t h  mol ten  s a l t  and bismuth; (6) an  a n a l y s i s  of f a c t o r s  l i m i t i n g  t h e  

ra te  of t r a n s f e r  of m a t e r i a l s  i n  e l e c t r o l y t i c  ce l l s ;  (7) measurement of 

a x i a l  d i s p e r s i o n  i n  packed columns i n  which immiscible  f l u i d s  having  

l a r g e  d e n s i t y  d i f f e r e n c e s  are i n  c o u n t e r c u r r e n t  f low; (8) c a l c u l a t e d  h e a t  

g e n e r a t i o n  rates and t empera tu res  i n  a n  e x t r a c t i o n  column i n  which p r o t -  

ac t in ium i s  be ing  e x t r a c t e d  from mol ten  s a l t ;  and {9> o p e r a t i o n  of equip-  

ment a t  t h e  Molten S a l t  Reac tor  Experiment (MSRE) f o r  demons t r a t ion  of 

low-pressure d i s t i l l a t i o n  of mol ten  sa l t  u s i n g  i r r a d i a t e d  MSRE f u e l  

carr ier  s a l t .  T h i s  work was c a r r i e d  o u t  i n  t h e  Chemical Technology 

D i v l s i o n  d u r i n g  t h e  pe r iod  A p r i l  th rough June  1969. 
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2. REMOVAL OF PROTACTINIUM FROM A SINGT,E-FLUID MSBR 

L. E.  McNeese M. E .  Whatley 

System performance f o r  t h e  proposed f lowshee t  f o r  i . s o l a t i n g  p r o t -  

ac t in ium from a s i n g l e - f l u i d  MSRR (F ig .  1 )  h a s  been r e c a l c u l a t e d  u s i n g  

c u r r e n t  d a t a  f o r  r e d u c t i o n  p o t e n t i a l s  and t h e  s o l u b i l i t y  of thorium i n  

bismuth.  C a l c u l a t i o n s  were made f o r  an MSBK f u e l e d  w i t h  uranium, as 

w e l l  as f o r  t h e  i n i t i a l  o p e r a t i o n  o f  an  MSBR f u e l e d  with plutonium. 

According t o  t h e  f lowshee t ,  f u e l  s a l t  from 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  col-umn and f lows c o u n t e r c u r r e n t  t o  a stream of 

bismuth c o n t a i n i n g  reduced metals. I d e a l l y ,  t h e  me ta l  s t r eam 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  Th and L i  t o  e x t r a c t  o n l y  t h e  

U and Pu e n t e r i n g  t h e  system. The system e x p l o i t s  t h e  f ac t  t h a t  Pa i s  

less nob le  than  U and Pu bu t  more nob le  than  Th. Both U and Pu are 

p r e f e r e n t i a l l y  e x t r a c t e d  i n  t h e  lower p a r t  of t h e  col.umn, v h i l e  Pa 

r e f l u x e s  i n  t h e  c e n t e r .  High protactinl .urn c o n c e n t r a t i o n s  are  produced 

i n  t h e  s a l t  and metal streams. Most of t h e  protact i .nium i n  t h e  system 

can  be  i s o l a t e d  by d i v e r t i n g  t h e  s a l t  stream through a tank  of s u f f i c i e n t  

s i z e  (j..e., w i t h  a volume of about  200 f t  ) .  3 

I n  making t h e  c a l c u l a t i o n s ,  t h e  fo l lowing  v a l u e s  w e r e  assumed: f u e l  

s a l t  composi t ian ,  71.7-16-12-0.3 mole % LiF-BeF -ThF -UF r e a c t o r  volume, 

1461 f t  ; process ing  ra te ,  2.5 gpm ( three-day  c y c l e ) ;  o p e r a t i n g  tern- 

p e r a t u r e ,  600°C; r e a c t o r  power, 1000 Mw(el.ectrica1) ; and Pa decay t ank  

volume, 200 f t  . The e x t r a c t i o n  column consi.sted of t h r e e  t h e o r e t i c a l  

s t a g e s  above t h e  decay t ank  and f o u r  s t a g e s  below t h e  decay t a n k .  The 

‘Th and L i  c o n c e n t r a t i o n s  i n  t h e  B i  stream be ing  f e d  t o  t h e  column were 

1 . 6  x and 1 .4  x mole f r a c t i o n  r e s p e c t i v e l y .  I n  t h e  c a l c u l a -  

t:i.ons f o r  an  MSRR f u e l e d  w i t h  plutonium, t h e  s a l t  composit:ion w a s  assumed 

t o  be 71.8-16-12-0.2 mole % Li.F-HeP -ThF -PuF3; o t h e r  v a l u e s  w e r e  t h e  

same as t h o s e  g iven  above. 

2 4 4; 
3 

3 

2 4 
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2 . 1  Steady-State  Performance f o r  t h e  Case of an NSBK 
Fueled w i t 1 1  Tirani 11111 

Typical 1‘31 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 r i c t i o n  column 

are  shown i n  F i p .  2 .  The uranium c o n c m t r n t i o n  i n  t h e  s a l t  i n c r e a s e s  

from t h e  i n l e t  val i ie  of 0.003 mole f r a c t i o n  i o  approximately ‘7.004 n o l e  

f r a c t i o n  i n  t’lir first s t a g e  because  of t h e  rcduc-tioxi of I J ( l V )  t o  U ( T 1 T ) .  

It t hen  ( I ec i e~asc~s  s t e a d i l y  t o  n e g l i g i b l e  values a t  t h e  snlt o u t l e t .  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  t h e  s a l t  i n c r e a s e s  from tbci i n l r t  v a l u e  

of 1 .39 x 10 mole f r a c t i o n  t o  a maximum of 0 .0021 mole f r a c t i o n ,  tkr ,  

d e c r e a s e s  t o  n e g l i g i b l e  v a l u e s  n e a r  t h e  s a l t  o u t l e t .  T h e  c o n c e n t r a t i o n  

of Th i n  t h e  R i  stream d e c r e a s e s  from about  0.00132 mole fraction i n  t h e  

upper p a r t  of t h e  column t o  7 . 9  x 10 mole f r a c t i o n  nea r  t h c l  7ji o u t l e t .  

The c o n c e n t r a t i o n  of  L i  i n  t h e  B i  d e c r e a s e s  from about  0.00124 i iole f r a c -  

t i o n  i n  t h e  upper p a r t  of t h e  column t o  about  0.00011 mole f r , i c t i o n  a t  t h e  

bottom of t h e  column. 
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The c o n c e n t r a t i o n  of  uranium and p r o t a c t i n i u m  i n  t h e  s a l t  m t c r i n g  

t h e  decay t ank  3re  1 . 2 5  x 10 and 1.325 x mole f r a c t i o n  r c c n e c t i v e l y .  

The concen t r , i t ; ons  of  uranium and p r o t a c t i n i u m  i n  t h e  decay tan’, ‘ire 

2.63  x and 1 .312  x L O v 3  mole f r a c t i o n  r e s p e c t i v e l y .  

s t e a d y - s t a t e  o p e r a t i n g  c o n d i t i o n s ,  approximately 93% s f  t h e  prot:u:iinium 

p r e s e n t  i n  t h e  r e a c t o r  system would be he ld  i n  t h e  decay t ank .  ’IoT,~ever, 

i t  is l i k e l y  t h a t  t h e  a c t u a l  amount of p r o t a c t i n i u m  i s o l a t e d  from tlie 

r e a c t o r  w i l l  be  somewhat below t h i s  vali ie because of a n  i n a b i l i t y  t n  

main ta in  o p t  irnum o p e r a t i n g  c o n d i t i o n s .  
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IJndrr i dea l  

The v a r i a t i o n  of t h e  c a l c u l a t e d  s t e a d y - s t a t e  p r o t a c t i n i u m  concen- 

trat:i.on i n  t h e  reac tor  and i n  t h e  decay t ank  w i t h  bismuth f low ra te  is  

shown i n  F ig .  3. 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 e  r e a c t o r  

i s  ob ta ined  when t h e  bismuth € l o w  rate :is j u s t  sufficient 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 f low rates ,  

p r o t a c t i n i u m  will a l s o  be e x t r a c t e d  s i n c e  i t  is  the  n e x t  componc:it 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  bismuth flow ra tes  s l i g h t l y  lower t h a n  

the optimum r a t e  (about  5.3 gpm), some of the uranium will n o t  be. ex- 

t ract&; i n s t e a d  i t  w i l l .  d i s p l a c e  prot:actinium from t h e  decay tank, 
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forcing the latter to flow out the top of the column if the flow rate 

is not corrected. In either case, some protactinium would be allowed 

to return to the reactor, and the effectiveness of the system would be 

diminished. 

The flowsheet has several very desirable characteristics, including 

(1) a negligible holdup of fissile 233U in the isolation system, (2) an 

almost immediate return of newly produced 233LJ to the reactor system, 

and (3) a closed system that precludes l o s s  of protactinium, 233U, or 

other components of the fuel salt. Since the performance of the system 

is sensitive t o  variations in operating conditions, attention has been 

given to methods for controlling the system and for making the performance 

less dependent on operating conditions. The removal of uranium from the 

center of the column makes the system less sensitive to minor changes in 
operating conditions (see  Fig. 4 ) .  For example, removal of 2% of the 

uranium tn the salt entering the decay tank by fluorination results in 

complete stabilization of the system with respect to bismuth flow rate 

variations (below the optimum flow rate) as large as 1.03% of the optimum. 

The uranium concentration in the salt, which is very sensitive to small 

changes in operating conditions near optimum conditions, increases by a 

factor of 5000 for a decrease in bismuth flow rate of only 0.037%. 

2.2 Steady-State Performance for the Case of an MSBR 
Fueled with Plutonfum 

An MSBR may be fueled initially with plutonium, which would remain 
233u in the reactor system during the time required €or the 233Pa and 

inventories t o  build up. Since the value for the Pu-Pa separation 

factor is only about one-half that for the TJ-Pa separation factor, we 

would expect the isolation of Pa from a Pu-fueled system to be more 

d i f f i c u l t  than from a U-fueled system. Typical calculated concentration 

profiles in the extraction column f o r  a Pu-fueled system are shown in 

Fig. 5. It was assumed that the Pa inventory in the salt was the steady- 
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s t a t e  v a l u e  and t h a t  a n e g l i g i b l e  q u a n t i t y  of U was p r e s e n t ;  a l t hough  

t h i s  c o n d i t i o n  w i l l  no t  a c t u a l l y  e x i s t ,  t h e  r e s u l t s  f o r  such  a case 

should  ind ica t e .  t h e  r e l a t i v e  ease o r  d i f f i c u l t y  t o  be  encountered i n  

i s o l a t i n g  Pa froin a system fue led  w i t h  Pu. The plutonium c o n c e n t r a t i o n  

i n  the s a l t  d e c r e a s e s  s t e a d i l y  from t h e  i n l e t  v a l u e  of 0.0002 mole 

f r a c t i o n  t o  n e g l i g i b l e  v a l u e s  a t  t h e  s a l t  o u t l e t .  The Concen t ra t ion  of 

p r o t a c t i n i u m  i n  t h e  s a l t  i n c r e a s e s  from t h e  i n l e t  v a l u e  of 2 . 5  x 1 0  

mole f r a c t i o n  t o  a maximum of 1.244 x 1 0  mole f r a c t i o n ,  t hen  d e c r e a s e s  

t o  n e g l i g i b l e  v a l u e s .  

-5 

-3 

The c o n c e n t r a t i o n  of Th i n  t h e  B i  stream d e c r e a s e s  
-3 from 1 .26  x 10 mole f r ac t j -on  i n  t h e  upper p a r t  of t h e  column t o  

5.6 x mole f r a c t i o n  a t  t h e  B i  o u t l e t .  The c o n c e n t r a t i o n  of l i t h i u m  

i n  t h e  bismuth d e c r e a s e s  from about  1 . 2 3  x 10 mole f r a c t i o n  i n  t h e  

upper  p a r t  o f  t h e  column to  about  3.2 x 1.0 mole f r a c t i o n  ai: t h e  column 

e x i t .  

-3 

-4 

The c o n c e n t r a t i o n s  of plutonium and p ro tac t in ium i n  t h e  s a l t  e n t e r i n g  

t h e  decay t ank  awe 2 .22  x 

'The c o n c e n t r a t i o n  of p ro tac t in ium i n  t h e  decay t ank  i s  1 . 2 3 1  x 10 mole 

f r a c t i o n .  Under i d e a l  s t e a d y - s t a t e  o p e r a t i n g  c o n d i t i o n s ,  approximate ly  

87% of t h e  p ro tac t in ium p r e s e n t  i n  the r e a c t o r  system would be h e l d  i n  

t h e  decay tank.  

and 1.244 x I O m 3  male f r a c t i o n  r e s p e c t i v e l y .  
-3 

The v a r i a t i o n  of t h e  p ro tac t in ium c o n c e n t r a t i o n  i n  t h e  r e a c t o r  and i n  

t h e  decay t ank  w i t h  bismuth f low r a t e  i s  shown i n  P ig .  6 .  The r e s u l t s  

i n d i c a t e  t h a t  t h e  i s o l a t i o n  of protact ini .um i n  a r e a c t o r  f u e l e d  w i t h  

plutonium would b e  f e a s i b l e .  

3 .  EFFECT OF CIIEFTCAL PROCESSING ON THE NUCLEAR 
PERFORMANCE OF AN MSBR 

M. J. Bell. L. E .  McNeese 

A series of c a l c u l a t i o n s  has  been performed t o  i n v e s t i g a t e  t h e  rim- 

por t ance  of i n d i v i d u a l  f i s s i o n  product  e lements  on t h e  neu t ron  poisoning  
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of a molten s a l t  r e a c t o r .  

code,  MODROD, which i s  a combinat ion of 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 and t h e  MATADOR s t e a d y - s t a t e  material  ba l ance  code. 

MODROD a l lows  an  a c c u r a t e  computat ion of t h e  neu t ron  p roduc t ion  and loss 

i n  t h e  r e a c t o r  c o r e  and of t h e  material b a l a n c e s  f o r  4 6 1  f i s s i o n  product  

i s o t o p e s .  The c a l c u l a t i o n s  were performed f o r  a 22.50-Mx4 thermal )  s i n g l e -  

f l u i d  MSBR f u e l e d  w i t h  1680 f t  

71.7-16.0-12,0-0.3 mole % LiF-BeF2-TiiF -UF 

r e a c t o r  concept  are  g iven  i n  r e f .  

These c a l c u l a t i o n s  were made w i t h  a computer 

1 , 2  

3 o f  fuel.  s a l t  of nominal composi t ion 

F u r t h e r  d e t a i l s  o f  t h e  
4 4 '  

3.1 Computat ional  Procedure  

The YODROD computer code employs ROD as a m a i t ?  program t o  Terform 

r e a c t o r  p h y s i c s  ca l cu lac i .ons  t h a t  are used t o  p rov ide  neu t ron  a b s o r p t i o n  

ra tes  for MATADOR, which i s  used as a s u b r o u t i n e .  

energy-group d i f f u s i o n  ca l cu la t i . on  i n  t h e  r a d i a l  and a x i a l  d i r e c t i o n s  and 

a two-dimensional f l u x  s y n t h e s i s .  

r i a l  ba l ance  c a l c u l a t i o n  f o r  a number of  impor tan t  neu t ron  alisorbers i n  

t h e  f u e l  s a l t ,  modera tor ,  and r e a c t o r  vessel .  These c a l c u l a t i o n s  are 

performed f o r  a f i x e d  r e a c t o r  c o n f i g u r a t i o n  ( v a r i a b l e  s p e c i f i e d  o p t i o n )  

f o r  a n  assumed "lumped" f i s s t o n  product  c o n c e n t r a t i o n  i n  o r d e r  t o  o b t a i n  

a se t  of c o n c e n t r a t i o n s  and neu t ron  abso rp t io t i  ra tes  f o r  the f u e l  mater ia l .  

These d a t a ,  a long  w i t h  the r a t i o  of t h e  resonance  f l u x  pe r  u n i t  l e t h a r g y  

t o  the thermal  f l u x  and the spectrum-averaged neu t ron  cross s e c t i o n  f o r  a 

r e f e r e n c e  n u c l i d e ,  are  then  used by the MATADOR s u b r o u t i n e .  The r e f e r e n c e  

n u c l i d e  has  a c r o s s  s e c t i o n  of 1 . 0  ba rn  f o r  2200-m/sec n e u t r o n s ,  and t h i s  

c r o s s  s e c t i o n  v a r i e s  w i t h  neu t ron  energy,  E ,  as 

a b s o r p t i o n  ra te ,  c o n c e n t r a t i o n ,  and average  c r o s s  s e c t i o n  of t h e  r e f e r e n c e  

abso rbe r  t o  compute a mean thermal  f l u x ,  assuming a v a l u e  of 200 Mev f o r  

t h e  average  t h e r m a l  energy r e l e a s e d  in f i s s i o n .  T h i s  f l u x  i s  equa l  t o  the 

q u a n t i t y  €4 which h a s  been de f ined  b y  Alexander e t  a l .  and i s  e q u i v a l e n t  

t o  t h e  thermal  f l u x  o f  Wesco t tq5  

absorp t i -on  ra tes  f o r  t h e  f i s s i o n  p roduc t s  and t h o s e  materials n o t  t r e a t e d  

e x p l i c i t l y  i n  ROD: 

ROB performs a n ine-  

St a l s o  perforras a s t e a d y - s t a t e  mate- 

MATADOR u s e s  t h e  $'-E- * 

4 
2 '  

Ti: i.s used by MA'TAIIOR t o  compute neu t ron  
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- 
u$ = f $ z  [u2200 3- RIFAC * R I I ,  a 

where 
- 
04 = spectrum-averaged neu t ron  a b s o r p t i o n  ra te  i n  g iven  i s o t o p e ,  

f4z  = thermal  f l u x ,  
CT 2200 = cross s e c t i o n  f o r  2200-m/see n e u t r o n s ,  a 

R I F R C  3 resonance  i n t e g r a l  f a c t o r ,  

R I  = resonance  i n t e g r a l  f o r  g iven  i s o t o p e .  

For t h e  i s o t o p e s  232*h > 233 Pa, 233U, 234U, 235U, 236U, and 237Np, which 

are t r e a t e d  s e p a r a t e l y  i n  ROD, MATADOR uses t h e  a b s o r p t i o n  ra tes  c a l -  

c u l a t e d  by ROD d i r e c t l y .  Using t h e s e  neu t ron  a b s o r p t i o n  rates,  t h e  

MATADOR s u b r o u t i n e  computes s t e a d y - s t a t e  i n v e n t o r i e s  f o r  a l l  of t h e  

materials i n  t h e  f u e l  sa l t ,  as d e s c r i b e d  i n  r e f .  2 ,  t a k i n g  i n t o  account  

d i f f u s i o n  of t h e  n o b l e  gases  i n t o  t h e  g r a p h i t e  and mass t r a n s f e r  of  t h e  

noble g a s e s  and metals t o  t h e  c i r c u l a t i n g  helium bubbles .  The s t eady-  

s ta te  c o n c e n t r a t i o n s  as determined by MATADOR are t h e n  used t o  compute 

a new lumped f i s s i o n  p roduc t  po i son ing ,  which i s  used as i n p u t  f o r  ROD 

t o  r e p e a t  t h e  d i f f u s i o n  and neu t ron  b a l a n c e  c a l c u l a t i o n s .  

r epea ted  u n t i l  t h e  change i n  t h e  r a t i o  of t h e  lumped f i s s i o n  product  
c o n c e n t r a t i o n s  f o r  two s u c c e s s i v e  i t e r a t i o n s  is  less t h a n  1%. 

T h i s  c y c l e  i s  

3 . 2  Chemical Behavior of F i s s i o n  P roduc t s  and A c t i n i d e s  
Durfng P r o c e s s i n g  

I n  t h e  c a l c u 1 a t i o n s  t h a t  were performed, t h e  e f f e c t  of chemical 

p r o c e s s i n g  on t h e  neu t ron  po i son ing  by i n d i v i d u a l  f i s s i o n  p roduc t  e lements  

was i n v e s t i g a t e d  by v a r y i n g  t h e  e f f i c i e n c y  w i t h  which t h e s e  e lements  were 
removed from t h e  f u e l  sa l t  about  a r e f e r e n c e  v a l u e .  The r e f e r e n c e  case 

assumed t h a t  ha logens  and rare e a r t h s  were removed on a 50-day c y c l e ,  

z i rconium and seminoble metals on a 200-day cycle, p r o t a c t i n i u m  on a 
f ive-day  c y c l e ,  and t h a t  salt w a s  d i s c a r d e d  on a 3000-day cycle t o  remove 
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t h e  a c t i v e  metals and neptunium. I n  a d d i t i o n ,  t h e  noble  gases  and t h e  

nob le  metals were assumed t o  have a 50-sec r e s i d e n c e  t i m e  i n  t h e  f u e l  

s a l t  and a 110-sec r e s i d e n c e  t i m e  i n  t h e  hel ium bubbles .  The mass t r a n s -  

fe r  c o e f f i c i e n t  f o r  m i g r a t i o n  of t h e  nob le  g a s e s  t o  t h e  g r a p h i t e  w a s  

s e l e c t e d  t o  g i v e  a poisoning  of 0.5% for 135Xe. 

f o r  t h e  i n d i v i d u a l  c lements  wore v a r i e d  from 22 t o  2-6 f o r  a l l  e lements  

from Zn t o  Ho, except  K r  and X e .  The removal e f f i c i e n c i e s  f o r  krypton  

and xenon wese kept  c o n s t a n t .  

The removal e f f i c i e n c i e s  

'The base  case used f o r  t h e s e  c a l c u l a t i o n s  d i f f e r s  s l i g h t l y  from t h a t  

Baurnann assumed t h a t  la used by Baumann t o  op t imize  t h e  r e a c t o r  d e s i g i ~ . ~  

was removed on a 3-day c y c l e ;  Eu w a s  removed on a 500-day c y c l e ;  Z r ,  t h e  

nob le  metals, a.nd t h e  nob le  gases  were removed on a 20-sec c y c l e ;  and t h e  

saltl was d i s c a r d e d  on a 5-year c y c l e .  

assumptions on the  r e a c t o r  performance i s  i l l u s t r a t e d  i n  Tab le  1, which 

compares t h e  neu t ron  ba lance  f o r  Baumann's system w i t h  t h e  neu t ron  ba lance  

f o r  t h e  system d e s c r i b e d  i n  t h i s  r e p o r t .  The removal t i m e s  used i n  our 

work give a lower breed ing  r a t i o  than  t h a t  f o r  Baumann's Case 02-58 

(1,0611 vs 1 ,064S) .  The cor responding  fue l  y i e l d  i s  decreased  from 

3.338% per annum t o  3.214% pe r  annum. 

The e f f e c t  of the d i f f e r e n t  

3 . 3  Calcu la t ed  R e s u l t s  

'The e f f e c t  of chemical. p rocess ing  on t h e  performance of t h e  r e f e r -  

ence MSBR i s  i l . l .us t ra ted  i n  F i g s .  7-15. T h e  q u a n t i t i e s  p l a t t e d  are  t h e  

change i n  f u e l  yie1.d and the  change f n  fi.nel c y c l e  c o s t  as a func t i -on  of 

removal t i m e .  The change i n  f u e l  c y c l e  c o s t  i n c l u d e s  o n l y  t h e  inven to ry  

charges  f o r  t h e  excess  f i s s i l e  material t h a t  would be  r e q u i r e d  i f  a n  

element were removed less e f f i c i e n t l y  than  i n  t h e  base  case f o r  a f i x e d  

p rocess ing  sehcme. The e lements  whose poisoning  is  most s i g n i f i c a n t l y  

a f f e c t e d  by chemical  processi .ng are the rare e a r t h s ,  e s p e c i a l l y  Nd, Sm, 

and Pm. Other  e lements  which are  impor tan t  are Z K ,  Ra, and S r .  A number 

of e lements  , pr imar%ly  nob le  metals and seminoble metals, are n o t  inc luded  

i n  t h e  f i g u r e s .  No s i g n i f i c a n t  v a r i a t i o n  i n  t h e  reactor performance w a s  

observed f o r  t h e s e  linaterials over t h e  r ange  of p r o c e s s i n g  e f f i c i e n c i e s  

inves  i: i g a t e d  . 



Table 1. Comparison o f  Neutron Ba laxes  i n  Reference MSBR Design wiKh Those 
Calculated f o r  Assumed Processing Conditions 

a Baumann Case CC-58 
Absorption Capture F i s s i o n  

0.9689 0.9658 0.0031 
232 Tt: 

2 3 3 ~ a  
2331, 

235" 

234u 

U 236 

237 
NP 

0.0017 0.0017 0.0000 

0.9248 0.1001 0.8247 

0.0809 0.0805 0.0004 

0.0612 0.0752 0.0140 

0.0085 0.0085 0 * 0000 
0.0059 0,005(, 0.0000 

9Be 0.0055 0.0009 0.0046 

ki 0.0160 0.0160 

9Be (n,a) 0.0016 0.0016 0.0 

0.0 
P 

Graphit  e 

F i s s i o n  product 

Leakage 

refe.reiice element 

Delayed neu t rons  

Fixed poison f r a c t i o n  

"Lumped" f i s s i o n  

Chromium 

Lron 

Nickel  

Xolybdenum 

p roduc t s  

I? E 
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0.0023 

0.0522 

0.0000 

0.0018 

0.0032 

0.0050 

0.0146 

0.001.4 

0,0007 

0.0183 

0.0023 

2.2316 

0.0206 
0.0023 

0.O52.2 

0.0000 

O.UO18 

0.  GO32 

0.0050 

0.9146 

il" 0014 

0.0007 

0.0183 

0.@023 

0.0 

0.0000 

0.0 

0.0 

0.0 

0 - 0  

0.0000 

0.0 

0.0000 
0.0000 

0.0000 

0.0000 

~ 

T f ; i s  Riport  
Absorption C a p t u r e  F i s s i o n  

0,0031 0.9847 0.9816 

0.0026 0.0026 0.0000 

0,9230 0.0999 0.8230 

0.0826 0.0522 0 0004 

0.0770 0.0143 0 * 0623 

0.0089 0.0089 0.0000 

0.0070 0.0070 0. 0000 

0.0055 0.0009 0.004b 

0.0016 0.0016 0 .0  

0,0159 0.0159 0.0 

0.0205 0.0205 0 .0  

0 s 0021 

0.0510 0.0520 0.0 

0. 9GOO 0 0000 0.0 

0.0019 0. no19 0.0 

0.0032 0 0032 0.0 

0.0050 0,0050 0.0000 

0.0147 0.0147 0.0 

0.0000 O.OOl4 
0 * 0000 0.0007 

O.Did3 0.0183 0*0000 

0.00'3 0.0O23 0.0000 

2.2310 

0 * 0021 0 .oooo 

0,6014 

0.0007 

a 
MSR Program Semiann. Progr .  Rep t , ,  Feb. 28, 1969, ORNL-4396, pp. 77-79. 
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3 . 4  Discuss ion  of R e s u l t s  

We have i n v e s t i g a t e d  t h e  e f f e c t  of t h e  removal e f f i c i e n c i e s  f u r  

f i s s i o n  p roduc t  e lements  on t h e  perEomance  of an MSBR. Experimental  

d a t a  a v a i l a b l e  f o r  a number of e lements  i n d i c a t e  t h a t  t h e  removal t i m e s  

of t h e s e  e lements  w i l l  d i f f e r  s i g n i f i c a n t l y  from t h e  times se t  f o r  t h e  

r e f e r e n c e  casea6 

magnitude of t h e  change i n  f u e l  y i e l d  and f u e l  c y c l e  c o s t  as a r e s u l t  

of such d i f f e r e n c e s .  The d a t a  are a l s o  useful.  f o r  e s t i m a t i n g  t h e  

change i n  power cos t  due t o  f i s s i l e  i n v e n t o r y  cha rges  and changes i n  

b reed ing  r a t i o  f o r  a l t e r n a t i v e  p rocess ing  schemes. 

The p r e s e n t  r e s u l t s  a l l o w  estimates t o  be made of t h e  

The p r e s e n t  i n v e s t i g a t i o n  shows no e f f e c t  of p rocess ing  of t h e  noble  

metals (Nb through Ag, Se, and T e )  on t h e  performance of t h e  r e a c t o r .  

This  r e s u l t s  from t h e  assumed removal of t h e s e  e lements  on a s h o r t  ( S O -  

s e c )  c y c l e  as a smoke o r  m i s t .  Th i s  t r e a t m e n t  is  c o n s i s t e n t  w i t h  re- 

po r t ed  noble-metal  behavior  i n  t h e  MSREe7 

MSBR a re  s u f f i c i e n t l y  d i f f e r e n t  from t h o s e  i n  t h e  MSRE ( t h e r e b y  r e s u l t i n g  

i n  longe r  removal t i m e s ) ,  t h e  chemical p rocess ing  of t h e s e  e lements  w i l l  

have a n  impor tan t  e f f e c t ,  

However, i f  c o n d i t i o n s  i n  an 

A s i m p l i f i c a t i o n  made i n  thi.s s t u d y  w a s  t h e  t r e a t m e n t  of t h e  c r o s s  

s e c t i o n s  of t h e  i s o t o p e s  of samar ium i n  the same manner as t h o s e  of t h e  

o t h e r  f i s s i o n  products.  However, i n  a t y p i c a l  ROD c a l c u l a t i o n ,  t h e  

i s o t o p e s  14'Sm and '''Sin are cons ide red  s u f f i c i e n t l y  impor t an t  as  neu- 

t r o n  a b s o r b e r s  t o  be inc luded  e x p l i c i t l y  i n  t h e  n u c l e a r  c a l c u l a t i o n s  e 

S e v e r a l  c a l c u l a t i o n s  were performed us ing  a more p r e c i s e  t r e a t m e n t  of  

samarium i n  order  t o  de te rmine  t h e  magnitude of t h e  e r r o r  i n t roduced  i.n 

t h e  p r e s e n t  s tudy .  For sarriariurn removal t i m e s  of less t han  100 days,  

t h e  agreement between the two t r e a t m e n t s  i s  q u i t e  s a t i s f a c t o r y  (:,e,, 

- -4- 2% i n  t h e  p r e d i c t e d  changes) I A t  l onge r  t i m e s ,  t h e  two-group t r ea tmen t  

of t h e  c r o s s  s e c t i o n  used h e r e  o v e r e s t i m a t e s  t h e  samarium po i son ing ,  The 

po i son ing  i s  ove res t ima ted  by 20% a t  800 days ,  t h e  l o n g e s t  removal t i m e  f o r  

which t h e  comparison w a s  made. However, t h e  o p e r a t i n g  c o n d i t i o n s  f o r  t h e  
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MSBR a n t i c i p a t e  t h a t  samarium w i l l  be  removed e f f i c i e n t l y  al: times 

less t h a n  800 days;  t h e  r e s u l t s  are a p p l i c a b l e  i n  t h e  expected range  of 

o p e r a t i n g  c o n d i t i o n s .  A f e w  of t h e  d a t a  p o i n t s  were a l s o  checked f o r  

neodymium and promethium, u s i n g  t h e  complete  ROD t r ea tmen t  of t h e  f i s s i o n  

p roduc t s .  

ROD and MODROD showed e x c e l l e n t  agreement over  t h e  e n t i r e  range  of removal 

~ i m e s  . 

For t h e s e  e lements ,  t h e  v a l u e s  f o r  po isoning  computed by bo th  

A .  

4 REDUCTIVE EXTrCACT:CON EXPERIbENTS I N  L4 MILD-STEETA 
FLOW-THROUGH FAC II,T.TY 

R .  A .  Hannaford H.  D e  Cochran 
L .  E .  McNeese C .  W. Kee 

8 Equipment f o r  t h e  s tudy  of r e d u c t i v e  e x t r a c t i o n  i n  a m i l d - s t e e l ,  

f low-through f a c i l i t y  h a s  been i n s t a l l e d .  P re l imina ry  t e s t i n g  of t h i s  

equipment and t h e  a d d i t i o n  and p u r i f i c a t i o n  of a bismuth charge  (184 kp,) 

have been d e s c r i b e d .  Fol lowing p u r i f i c a t i o n  of t h e  bismuth,  s u f f i c i e n t  

meta l l ic  thorium w a s  added t o  t h e  system t o  produce a thorium concen- 

t r a t i o n  o f  mole f r a c t i o n .  

9 

The bismuth-thorium s o l u t i o n  w a s  f e d  through t h e  system i n  o r d e r  

The small t o  remove r e s i d u a l  ox ides  from t h e  s u r f a c e s  of t h e  system. 

changes i n  t h e  thorium c o n c e n t r a t i o n  i n  t h e  s o l u t i o n  i n d i c a t e d  t h a t  th(.; 

e a r l i e r  hydrogen t r ea tmen t  of t h e  system had thoroughly reduced o x i d e s  

p r e s e n t  on the s teel  s u r f a c e s ,  A 52.8-kg charge of  s a l t  (72-16-12 mole 

% LiF-Bel: -ThF ) w a s  t hen  t r a n s f e r r e d  t o  t h e  t r e a t m e n t  vessel conta in i -ng  

t h e  bismuth charge  f o r  a 30-hr t r ea tmen t  w i t h  HF-H t o  remove trace 

q u a n t i t i e s  of oxygen and t o  ax:i.dize t h e  thorium metal t o  ‘l’hE’ . 
2 4  

2 
4 

Three exper iments  were performed i.n which bismuth and sal t  were f e d  
to the column. I n  t h e  f i r s t  two r u n s ,  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  col.- 

umn and a s s o c i a t e d  t r a n s f e r  l i n e s  w a s  greater than expec ted ;  i t  prevented  

t h e  f low of bismuth from t h e  col.unn i n  t h e  second run .  The bismuth d r a i n  

l i n e  was found t o  b e  blocked by i r o n  c r y s t a l s ,  which r e s u l t e d  from t h e  
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mass t r a n s p o r t  of i r o n  from t h e  h o t t e r  r e g i o n s  o f  t h e  system. A f t e r  

t h e  blocked t u b i n g  had been r e p l a c e d ,  a t h i r d  run  was made a t  f low rates 

of about  75 ml/min f o r  each  phase.  However, f low rates were n o t  s t e a d y ,  

a p p a r e n t l y  due t o  bismuth t h a t  w a s  t r apped  i n  t h e  sa l t  over f low loop  a t  

t h e  t o p  of t h e  column. The loop  was modif ied  t o  a l low bismuth t o  d r a i n  

from t h e  loop  t o  t h e  l i n e  c a r r y i n g  bismuth from t h e  bottom o f  t h e  column. 

Th i s  work i s  d e s c r i b e d  i n  g r e a t e r  d e t a i l  i n  t h e  s e c t i o n s  t h a t  follow. A 

d i g i t a l  s i m u l a t i o n  of t h e  au tomat i c  f low c o n t r o l  systems f o r  t h e  salt and 

bismuth was c a r r i e d  o u t  t o  de t e rmine  whether t h e  c o n t r o l  system w a s  s t a b l e  

o r  whether i t  might i n t r o d u c e  o s c i l l a t i o n s  i n t o  t h e  f low rates;  t h i s  work 

i s  d i s c u s s e d  i n  S e c t .  5 ,  

4 . 1  Add i t ion  of Thorium, and Subsequent T r a n s f e r s  of 
Thorium-Bismuth S o l u t i o n  

A t o t a l  of 201.5 g of  thorium metal i n  t h e  form of i r r e g u l a r l y  

shaped s l u g s  was added t o  t h e  bismuth i n  t h e  t r e a t m e n t  vessel (F ig .  16)  

i n  u r d e r  t o  remove t h e  o x i d e  i m p u r i t i e s  t h a t  remained a f t e r  hydrogen 

t r ea tmen t .  Samples of  bismuth w e r e  t aken  f o r  thorium a n a l y s i s  by  with- 

drawing t h e  metal i n t o  a sample c a p s u l e  through a porous metal f i l t e r .  

Tht-1 thorium c o n t e n t s  of t h e s e  samples,  shown i n  F i g .  1 7 ,  are i n d i c a t i v e  

of t h e  ra te  of d i s s o l u t i o n  of the thorium i n  bismuth. The d i s s o l u t i o n  

ra te ,  which w a s  lower than  expee ted ,  was probably  l i m i t e d  by t h e  ra te  

a t  which t h e  d i s s o l v e d  material  d i f f u s e d  away from t h e  s u r f a c e  of t h e  

remain ing  thorium m e t a l .  

The bismuth-thorium s o l u t i o n ,  prepared  as d e s c r i b e d  above, w a s  

t r a n s f e r r e d  through a. f r i t t e d - m e t a l  f i l t e r  t o  the metal f e e d  t a n k  by 

p r e s s u r i z i n g  t h e  t r e a t m e n t  v e s s e l .  The metal s o l u t i o n  was t h e n  r o u t e d  

through t h e  column and t h e  f l o w i n g s t r e a m  bismuth samplers  t o  t h e  b i s -  

muth c a t c h  tank by p r e s s u r i z i n g  t h e  metal f e e d  t ank ;  t h i s  o p e r a t i o n  

se rved  t o  remove r e s i d u a l  ox ide  from t h e  m e t a l  s u r f a c e s  by r e d u c t i o n  

w i t h  thorium. The presstire required t o  p a s s  argon t h r o u g h  t h e  salt 

f eed  l i n e  t o  t h e  column i n d i c a t e d  t h a t  about  1 2  i n ,  of bismuth remained 
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ORNL DWG 71-104 

F i g .  17. D i s s o l u t i o n  of Thorium i n  Bismuth as a Funct ion  o f  T i m e .  
Thorium metal (301.5 g) qdded t o  200 kg of bismuth a t  600°C; s t i r r i n g  
by a rgon  sparge  0.3 scfh .  
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i n  t h e  column, w h i l e  t h e  l a c k  of a s t a t i c  p r e s s u r e  r e q u i r e d  t o  p a s s  

a rgon  through t h e  s a l t  r e t u r n  l i n e  from t h e  column i n d i c a t e d  t h a t  t h i s  

l i n e  w a s  free of bismuth.  The remaining bismuth w a s  t r a n s f e r r e d  from 

t h e  column, t h e  s a l t  feed  l i n e ,  and t h e  bismuth r e t u r n  l i n e  i n t o  t h e  

bismuth c a t c h  t ank  by p r e s s u r i z i n g  t h e  s a l t  feed  t ank  and t h e  column. 

The e f f l u e n t  bismuth was then  t r a n s f e r r e d  from t h e  bismuth c a t c h  t ank  

t o  t h e  t r ea tmen t  vessel .  

Samples of bismuth were taken  from t h e  bismuth feed  t ank ,  t h e  b i s -  

muth f lowing-stream sampler ,  t h e  bismuth c a t c h  t ank ,  and t h e  t r ea tmen t  

v e s s e l .  Analyses  of t h e s e  samples showed no a p p r e c i a b l e  change i n  

thorium c o n t e n t  and i n d i c a t e d  t h a t  most of t h e  ox ides  t h a t  had formed 

on t h e  p i p i n g  had been removed from t h e s e  s u r f a c e s  by hydrogen t reat-  

ment p r i o r  t o  t h e  t r a n s f e r  of t h e  bismuth-thorium s o l u t i o n  through t h e  

system. 

4 . 2  R d d i t i o g  of S a l t ,  and H y d r o f l u o r i n a t i o n  
of S a l t  and Bismuth 

S i x t e e n  l i t e r s  of s a l t  (72-1.6-12 mole X LiF-BeF -ThF ) was t r a n s -  
2 4  

f e r r e d  from a s a l t  sh ipp ing  vessel  t o  t h e  t r ea tmen t  vessel v i a  a t e m -  

porary hea ted  l i n e .  'The weight  of t h e  sa l t  added ta t h e  t r ea tmen t  

v e s s e l  (52.8 kg) was determined from t h e  d e c r e a s e  i n  weight  of t h e  

sh ipp ing  v e s s e l .  

The bismuth and s a l t  i n  t he  t r ea tmen t  v e s s e l  w e r e  t h e n  sparged  

w i t h  a H -HE' mix tu re  i n  o r d e r  t o  remove ox ides  from t h e  s a l t  and d i s -  

so lved  s o l u t e s  (Th, L i ,  and Pe)  from t h e  bismuth.  I n  o r d e r  t o  p reven t  

excessive a t t a c k  oa t h e  c o n t a i n e r s  and p i p i n g ,  t h e  HF c o n c e n t r a t i o n  w a s  

kep t  below 30 mole %, a l though  an  a t t empt  w a s  made t o  keep the concen- 

t r a t i o n  as n e a r  30% as p o s s i b l e  in o r d e r  t o  o b t a i n  t h e  maximum ox ide  

removal ra te .  The nominal t o t a l  El.uw ra te  w a s  3 3  s c f h .  The EIF f low w a s  

se t  by c o n t r o l l i n g  t h e  p r e s s u r e  drop  a c r o s s  a c a p i l l a r y ;  t h e  H2  f l ow was 

se t  by use  of a ro t ame te r  and w a s  checked by a wet-test meter. 

2 
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From t h e  treatment vessel t h e  H -HF stream passed s u c c e s s i v e l y  2 
th rough a NaF bed ( t o  remove HF) and t h e n  through a wet-test meter ( t o  

measure t h e  t o t a l  H2 f low) .  

lowed by measuring t h e  t empera tu re  a long  t h e  l e n g t h  of the bed. The 

weight of un reac ted  H F  l e a v i n g  t h e  t r e a t m e n t  v e s s e l  w a s  de te rmined  by 

changes i n  t h e  weight of t h e  bed. 

Accumulation of HF i n  t h e  NaF bed was f o l -  

The t o t a l  weight of H F  f e d  t o  t h e  system was determined. by weigh- 

ing t h e  BF supply  t ank .  The system a l s o  con ta ined  a n  aqueous sc rubbe r  
3 and a smaller (0.05 f t  / r e v >  w e t - t e s t  meter i n  p a r a l l e l  w i t h  t h e  NaF 

t r a p  f o r  sampling t h e  gas  f e d  t o  t h e  t r e a t m e n t  v e s s e l  o r  l e a v i n g  t h e  

v e s s e l .  The c o n c e n t r a t i o n  of HF i n  the gas stream was determined by 

p a s s i n g  t h e  gas  through 250 m l  of a 0.4 g NaOEl s o l u t i o n  i n  t h e  s c r u b b e r .  

When 0.05 f t  

was s topped  and t h e  s o l u t i o n  w a s  removcd f o r  a n a l y s i s .  

t r a t i o n  i n  t h e  g a s  was determined by t i t r a t i n g  s m a l l  samples  of t h e  

sc rubb ing  s o l u t i o n  w i t h  0.1 HC1.  Both t h e  feed and t h e  d i s c h a r g e  

streams were monitored i n  t h i s  manner. U t i l i z a t i o n  of t h e  HF w a s  c a l -  

c u l a t e d  from t h e  f e e d  and d i s c h a r g e  c o n c e n t r a t i o n s .  A p l o t  of t h e  

r e s u l t s  ( s e e  F i g .  18) showed t h a t  t h e  MF u t i l i z a t i o n  q u i c k l y  dec reased  

from a n  i n i t i a l  v a l u e  of about  80% t o  about  15%, where i t  remained f o r  

a s i g n i f i c a n t  p e r i o d  o f  t i m e .  

3 of H2 had passed through t h e  wet-test meter, t h e  g a s  f l o w  

The H F  concen- 

4 . 3  Hydrodynamic Experiments:  Runs HR- l  and -2 

I n  r u n  HR-1, bismuth and mol ten  s a l t  ~7ere Eed c o u n t e r c u r r e n t l y  

through a packed column a t  a low f l o w  r a t e  (0.05 l i t e r l m i n  f o r  each  

phase). The purpose  of t h i s  r u n  w a s  t o  demons t r a t e  s a t i s f a c t o r y  op- 

e r a t i o n  of t h e  system i n  g e n e r a l  and of t h e  f l o w  c o n t r o l  system i n  

p a r t i c u l a r .  

Run HR-1 w a s  s t a r t e d  by f i l l i n g  t h e  column w i t h  mol ten  s a l t .  

However, when t h e  bismuth f low t o  t h e  column was i n i t i a t e d ,  s a l t  w a s  

fo rced  ou t  of t h e  column toward t h e  salt f e e d  tank and r e s u l t e d  i n  a 
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F i g .  18. 
t i o n  of 20 liters of bismuth and 16 l i t e r s  o f  LiF-BeF2-ThF4 (72-16-12 
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U t i l i z a t i o n  of HF as a Function of Time. Hydrofiuorina- 

a t  approx ima te ly  600°C. 2 
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n e g a t i v e  sa l t  f eed  ra te .  During t h e  remainder  of t h e  r u n ,  a k ind  of 

quas i - coun te rcu r ren t  o p e r a t i o n  w a s  main ta ined  f o r  only 30 min. 

t h i s  30-min p e r i o d ,  t h e  s a l t  f low reve r sed  d i r e c t i o n  t h r e e  t i m e s ,  

cor responding  t o  small s u r g e s  i n  t h e  bismuth f l o w  ra te .  Approximately 

1 . 5  of  t h e  3 l i t e rs  of bismuth f e d  t o  t h e  column overf lowed t o  t h e  s a l t  

c a t c h  tank .  Subsequent runs  provided t h e  e x p l a n a t i o n  f u r  t h i s  behav io r ,  

namely, t h a t  t h e  sa l t  over f low loop  w a s  p a r t i a l l y  f i l l e d  w i t h  bismuth 

and t h e  bismuth ex i t  l i n e  a t  t h e  base  of t h e  column w a s  p a r t i a l l y  

plugged w i t h  i r o n  d e p o s i t s  and/or  f r o z e n  sa l t .  I t  was concluded t h a t  

t h e  f low me te r ing  sys tem ope ra t ed  s a t i s f a c t o r i l y ;  mol ten  sa l t  w a s  

metered t o  t h e  colunin a t  a uniform ra te  f o r  about  90 min, w h i l e  bismuth 

wa.s metered f o r  a s h o r t e r  t i m e .  

In 

Run HR-2 was made t o  de t e rmine  t h e  cause  of t h e  low bismuth through- 

put  d u r i n g  the  f i r s t :  run .  I n  t h i s  run ,  t h e  column was f i l l e d  w i t h  sa l t ,  

and t h e  s a l t  over f low l i n e  from t h e  column w a s  s e a l e d  by f r e e z i n g  sa l t  i n  

t h e  e x i t  f r e e z e  v a l v e .  When bismuth w a s  t h e n  f e d  t o  t h e  column, much 

of t h e  s a l t  was d i s p l a c e d  and f o r c e d  back i n t o  t h e  s a l t  feed t ank .  During 

t h e  period i n  which bismuth was f ed  t o  t h e  column a t  t h e  rate of about  

50 m l l m i n ,  b ismuth flowed through t h e  column, o u t  t h e  s a l t  i n l e t  l i n e ,  

and i n t o  t h e  s a l t  f e e d  catch tank. Very l i t t l e  bismuth flowed through 

t h e  bismuth o u t l e t  l i n e  t o  t h e  btsmuth c a t c h  tank. F i n a l l y ,  t h e  bismuth 

f low w a s  s topped ,  and t h e  column w a s  p r e s s u r i z e d  from t h e  s a l t  Feed t ank .  

Under a p r e s s u r e  of about  20 p s i ,  o n l y  about  500 m l  of bismuth flowed 

th rough t h e  b ismuth  o u t l e t  l i n e  i n  a n  hour ;  t h i s  made i t  obvious t h a t  

a n  o b s t r u c t i o n  e x i s t e d  i n  t h e  l i n e  between t h e  column and t h e  bismuth 

c a t c h  t ank .  

The p o r t i o n  of t h e  bismuth l i n e  between t h e  column and t h e  f lowing-  

stream sampler  was removed and c u t  i n t o  approximate ly  6-in.-long s e c t i o n s ,  

which were suspended i n  a n  a rgon  atmosphere a t  about  600°C p r i o r  t o  

examinat ion .  The b u l k  of t h e  bismurh and sa l t  i n  t h e  l i n e  d r a i n e d  from 

the s e c t i o n s ,  l e a v i n g  f o u r  p a r t i a l  o b s t r u c t i o n s  a t  l i k e l y  c o l d  s p o t s .  

These d e p o s i t s  c o n s i s t e d  o f  c l u s t e r s  o f  wh i ske r - l i ke  c r y s t a l s  t h a t  w e r e  



shown t o  be  p r i m a r i l y  i r o n  by s p e c t r o g r a p h i c  a n a l y s i s .  

the  f lowing-stream sampler and t k c  'aismuth r e c e i v e r  conta ined  a s i n g l e  

d e p o s i t  t h a t  comple te ly  f i l l e d  t h e  CKOSS s e c t i o n  o f  t h e  0.26-in.--ID 

t ub ing  a t  t h e  l o c a t i o n  01 a probable  c o l d  s p a t .  Elsewhere a long  t h e  

l i n e ,  t h e  s t ee l  tub ing  w a s  h e a v i l y  a i r -ox id ized  confirming t h a t  t h e s e  

p o r t i o n s  of t h e  l i n e  had been exposed t o  tempera tures  cons ide rab ly  i n  

excess  of t h e  600-650°C range  i n d i c a t e d  by a few thermocouples.  A t  one 

p o i n t ,  t h e   all t h i c k n e s s  had decreased  from i ts  i n i t i a l  v a l u e  of 0.058 

i n .  t o  0.042 i n .  

The l i n e  between 

The p o r t i o n  of t h e  l i n e  t h a t  w a s  r ep laced  was p a i n t e d  w i t h  a n  

o x i d a t i o n - r e t a r d i n g  p a i n t ,  and t h e  numl:,er of thermocouples on t h e  l i n e  

w a s  i nc reased  i n  o r d e r  t o  prevent  loca l - ized  ove rhea t ing .  More impor- 

t a n t l y ,  t h e  tempera ture  of t h e  bismuth f e e d  t ank  w a s  reduced from 600'C 

Lo 540°C i n  o r d e r  t o  r educe  t h e  s o l u b i l - i t y  of d i s s o l v e d  i r o n  from about  

70 ppm t o  about  25 ppm. C a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  tempera ture  

o €  the  bismuth could  b e  i n c r e a s e d  t o  600°C d u r i n g  i t s  passage  through 

a:,Jut 5 f t  of hea t ed  l i n e  between t h e  feed  t ank  and t h e  column. 

4 . 4  Hydrodynamic Run HR-3 

Run I-IK-3 w a s  t h e  t h i r d  a t t e m p t  t o  ach ieve  c o u n t e r c u r r e n t  c o n t a c t  

of s a l t  and bismuth i n  a packed column. During a pe r iod  of about  2-1/2 

h r ,  t h e r e  was no ev idence  of i n c i p i e n t  p lugging  i n  any of t h e  l i n e s ;  

however, t h e  s a l t  and bismuth f low ra tes  were n o t  c o n s t a n t .  Although 

t h e s e  f low rates  were programmed t o  be  90 ml/min and 7 5  mllrnin, respcc-  

t i v e l y ,  f l o w  w a s  i n t e r m i t t e n t  throughout  most of the run .  I t  appeared 

t h a t  t h e  s a l t  over f low l o o p  a t  t h e  top  of t h e  column con ta ined  some b i s -  

muth - e i t h e r  from t h e  i n i t i a l  t r a n s f e r  of bismuth through t h e  system or  

f . r o m  en t ra inment  o r  f l o o d i n g  a t  t h e  t o p  of t h e  column. Subsequent ly ,  t h e  

s a l t  leve l .  i n  t h e  column periodica1.I.y inc reased  s u f f i c i e n t l y  t o  overcome 

t h e  bismuth seal ;  t h i s  r e s u l t e d  i n  a sudden f low of sa l t  from the top  of 

t h e  column and,  perhaps ,  rep]-enishment of bismuth,  which may have heen 

c a r r i e d  o u t  of t h e  Loop. 
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The s o l u t i o n  t o  t h i s  problem w a s  to i n s t a l l  a l i n e  t o  d r a i n  bismuth 

from t h e  l o w  p o i n t  in t h e  s a l t  e x i t  l i n e .  

bismuth e n t r a i n m e n t ,  a s m a l l  chamber and a f r e e z e  v a l v e  were i n s e r t e d  

in t h e  d r a i n  line ( F i g .  1 9 ) .  

of bismuth p a s s i n g  through t h e  chamber would be d e t e c t e d  by changes i n  

p r e s s u r e  between a p a i r  of a rgon  b u b b l e r s  spaced about  3 i n .  apar t  ( i n  

e l e v a t i o n ) .  By f r e e z i n g  a seal i n  t h e  d r a i n  l i n e ,  t h e  rate o f  bismuth 

accumula t ion  i n  the chamber could be measured ove r  a pe r iod  of t ime 

and t h u s  p rov ide  d a t a  on the rate of bismuth en t r a inmen t .  

For t h e  purpose  of obse rv ing  

With t h e  f r e e z e  v a l v e  open, l a r g e  q u a n t i t i e s  

These i n i t i a l  experTments showed t h a t  it was sometimes necessa ry  to 

p r e s s u r i z e  t h e  s a l t  j a c k l e g  (T-6) w i t h  a rgon  i n  o r d e r  t o  ma in ta in  t h e  

s a l t  f low t o  the column. Manual c o n t r o l  of che argon p r e s s u r i z i n g  valve 

arid b l eed  valve proved t o  be d i f f i c u l t ;  t h e r e f o r e ,  we i n s t a l l e d  a n  auto- 

m a t i c  c o n t r o l  system t h a t  main ta ined  a c o n s t a n t  level  i n  'T-6 by va ry ing  

t h e  f l o w  of a rgon  as r e q u i r e d .  A f t e r  t h e  au tomat i c  c o n t r o l l e r  had been 

added, o p e r a t i o n  of t h e  j a c k l e g  became quite s a t i s f a c t o r y .  

5 .  DIGITAL SIMULATION OF THE FLOW CONTROL SYSTEMS FOR THE 
REDUCTIVE EXTRACTION FACILITY 

C .  W. Ree 1,. E. McNeese 

The ra tes  a t  which t h e  s a l t  and metal. flow o u t  of the f e e d  t a n k s  i n  
t h e  semicont 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  (see Sect. 4 )  are se t  by 

us ing  a ramp g e n e r a t o r  t o  con t inuous ly  change t h e  set p o i n t  of a conven- 

t i o n a l  l e v e l  c o n t r o l l e r .  

t i o n a l  t o  t h e  rate of change o f  t h e  l eve l  sugges t s  t h a t  optimum c o n t r o l l e r  

c o n s t a n t s  f o r  t h i s  a p p l i c a t i o n  may be q u i t e  d i f f e r e n t  from rhose f o r  s imple  

l e v e l  c o n t r o l .  I n  a d d i t i o n ,  t h e  t i m e  l a g  i n  p r e s s u r i z a t i o n  o r  dep res su r -  

i z a t i o n  of t h e  gas volume above t h e  l i q u i d  s u g g e s t s  t h e  p o s s i b i l i t y  of an 

u n s t a b l e  system. A d i g i t a l  s i m u l a t i o n  w a s  carried out  t o  i n v e s t i g a t e  t h e  

s t a b i l i t y  of t h e  c o n t r o l  system ove r  var ious r anges  of controller settings 

and t o  determine the most d e s i r a b l e  s e t t i n g s .  

The fact:  t h a t  f low from t h e  t a n k s  i s  propor- 
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Packed s e c t i o n  of column, 0 , 8 2 4  i n .  C D  x 24 i n .  long ,  f i l l e d  
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5.1  S a l t  and Metal Feed Systems To B e  S tudied  

The system t h a t  was i n v e s t i g a t e 2  i s  showr, s c h e m a t i c a l l y  i n  F i g .  16 .  

It c o n s i s t s  of a 2 0 - l i t e r  t ank  f i l l e d  i n i t i a l l y  w i t h  15 l i t e rs  of l i q u i d  

( s a l t  o r  b i smuth) .  During o p e r a t i o n ,  the l i q u i d  f l o w s  o u t  of the t ank  

through a d i p  t u b e  and LO f t  of 3/8--in.-diam tub ing  t o  a d i s c h a r g e  p o i n t  

about  125 c m  above t h e  e n t r a n c e  t o  t h e  d i p  tube .  The bismuth flows i n t o  

t h e  t o p  of t h e  column a t  t h e  off-gas  header  p r e s s u r e ,  wh i l e  t h e  s a l t  i s  

rou ted  t o  a tank i n  which t h e  p r e s s u r e  a t  t h e  sa l t  i n l e t  p o i n t  i s  se t  by 

t h e  p r e s s u r e  d r o p  through the  column+ The p r e s s u r e  d r o p  of t h e  s a l t  

through t h e  column i s  a lmost  e n t i r e l y  dependent on t h e  bismuth holdup in 

t h e  column and i s  approximate ly  equa l  t o  t h e  s t a t i c  head produced by the 

bismuth. 

The r a t e  a t  which a rgon i s  f e d  to t h e  vapor space  above t h e  l i q u i d  

i n  t h e  f e e d  t anks  is determined by n l e v e l  c o n t r o l l e r .  

t h e  l e v e l  c o n t r o l l e r  is  changed l i n e a r l y  w i t h  t i m e  and is  p r o p o r t i o n a l  

t o  the ou tpu t  of a ramp g e n e r a t o r  whose ramp t i m e  i s  a d j u s t a b l e .  

t h e  l e v e l  c o n t r o l l e r  ma in ta ins  the l e v e l  i n  t h e  t ank  a t  a po in t  equa l  t o  

t h e  s e t  p o i n t .  I n  t h i s  c a s e ,  t h e  flow r a t e  o u t  of t h e  f eed  tanks is  

c o n s t a n t  and p r o p o r t i o n a l  t o  t h e  o u t p u t  from the ramp g e n e r a t o r .  

p r o p o r t i o n a l i t y  c o n s t a n t  between t h e  f l o w  rate and t h e  ra te  of change of 

t h e  ramp g e n e r a t o r  ou tpu t  i s  then t h e  t ank  c a l i b r a t i o n  c o n s t a n t .  

The set p o i n t  of 

Ideal l .y ,  

The 

5 .2  Mathematical Analysis 

Consider  a f eed  t ank  of volume V which C Q ~ S ~ S ~ S  of a gas volume, t ’  
V 

i s  t hen  r e l a t e d  to t h e  ra te  o f  change of t h e  gas volume as fo l lows:  

and a l i q u i d  volume, Us. T t e  rate of f l o ~  of l i q u i d  from t h e  t ank  
g’ 

dV 

d t  2, F. 

I f  one assumes idea l  gas  behav io r ,  the fo l lowing  r e l a t i o n  i s  o b t a i n e d :  

nRT p. . -  
17 ’ 
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where 

P = p r e s s u r e  i n  t h e  gas space  of t h e  vesselp 

n = number of m o l e s a f  gas  i n  t h e . v e s s e 1 ,  

R = gas c o n s t a n t ,  

T = a b s o l u t e  tempera ture .  

If i t  i s  assumed t h a t  t h e  tempera ture  i s  c o n s t a n t ,  P is  a f u n c t i o n  of two 

v a r i a b l e s  (n  and V ) ,  and a n e , c a n  w r i t e  
g 

A l s o  y 

ap RT 
an  v 
- = -  

R 

dn GP - = -  a t  RT 

S 
dV dV 
A,--.- - F,  a t  a t  

(5) 

( 7 )  

where 

G = volui i ie t r ic  f l o w  ra te  of the gas i n t o  t h e  v e s s e l .  

The rate a t  which gas i s  f e d  ta  t h e  v e s s e l  w a s  assumed t o  b e  propor- 

t i o n a l  t o  t h e  d i f f e r e n c e  heliween t h e  volume of l i q u i d  i n  t h e  vessel ,  vs , 
and t h e  cor responding  c a n t r o l l e r  se t  p o i n t  v a l u e ,  v Thus 

s ,set  



4 3  

where 

K3 = c o n t r o l l e r  c o n s t a n t .  

A s  noted earlier,  v a l u e s  of V s ,set  were provided by a ramp g e n e r a t o r  and 

r e s u l t  from t h e  r e l a t i o n  

- Fset’ = v  s,set s ,  i n i t  V 

where 
= i n i t i a l  l i q u i d  volume, 

= set f l o w  ra te .  
s ,  i n i t  

Fset 

v 

S u b s t i t u t i n g  Eqs .  (5)-(8) i n t o  Eq .  ( 4 )  y i e l d s  

Since V = Vt  - Vs, one can then  write 
g 

dP P (G - F) 
d t  
I- - 

Vt - Vs 

T h e  t o t a l  p r e s s u r e  a t  t h e  e n t r a n c e  t o  the d i p  t u b e  i n  t h e  f e e d  t ank  i s  

the sum of t h e  gas  p r e s s u r e  above t h e  Liquid  and t h e  h y d r o s t a t i c  p r e s s u r e  

due t o  the weight  of the l i q u i d ,  Thus t h e  p r e s s u r e  a t  t h e  e n t r a n c e  t o  

t h e  d i p  t u b e  i s  

where 

= p r e s s u r e  a t  the e n t r a n c e  t o  t h e  d i p  t u b e ,  ‘i 
A = c r a s s - s e c t i o n a l  area of the  vessel,  
p = d e n s i t y  of l i q u i d ,  

g = g r a v i t a t i o n a l  c o n s t a n t .  
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I f  a t ank  c a l i b r a t i o n  conscan t ,  KO, i s  d e f i n e d  as 

Ey. (11) becomes 

P = P 4- Vs/Ko. i g  

The r e s i s t a n c e  t o  t h e  f l o w  of l i q u i d  through t h e  l i n e  i s  due t o  t h r e e  

e f f e c t s :  (1) i n l e t  and e x i t  f r i c t i o n a l  l o s s e s ,  (2)  v e l o c i t y  losses 

caused by bends i n  t h e  l i n e ,  and (3) viscous losses i n  t h e  equivalent .  

l e n g t h  of s t r a i g h t  l i ne .  For laminar  f low,  the func t iona l .  form of all.  

t h e s e  r e s i s t a n c e s  i s  t h e  same a i d  i s  

- 
F = K AP, 

2 

(1-4) 

where 

K2  = a c o n s t a n t ,  

AP = dynamic p r e s s u r e  drop  through t h e  l i n e .  

It w a s  assumed t h a t  the e n t r a n c e  and e x i t  l o s s e s  corresponded t o  1 ve loc -  

i t y  head each and t h a t  the bends corresponded t o  7 .5  v e l o c i t y  heads .  The 

v i s c o u s  losses were found t o  r e p r e s e n t  about  0.5 v e l o c i t y  head.  

i ng ly ,  t h e  t o t a l  res is tance t o  f low through t h e  l i n e  was taken  t o  be 1 0  

v e l o c i t y  heads ,  which then  sets the  value of K 

t o  d i s c h a r g e  from the Line i n t o  a volume having  an  a b s o l u t e  p r e s s u r e  o f  

1 atm, Iicnce, t h e  p r e s s u r e  drop  across the l i n e ,  AP, i s  g iven  by: 

Accord- 

The l i q u i d  was assumed 2' 

P P .  -- Pe - hpg,  (1.6) 
I. 

Where 

= d i s c h a r g e  p r e s s u r e  (1 a t m  a b s o l u t e ) ,  pe 
11 = d i s c h a r g e  he ight  above t h e  i n l e t  t o  t h e  d i p  tube .  
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Hence, Eq. (15) becomes 
E 

The final set of equations that  was solved consists of the following: 

dp ~ P(G - F) 
d t  V t  - V 

s 

V s,set = v  s,init - Fset (21) 

5.3 Solution of Equations and Calculated Results 

The set of equations listed above was solved by numericE1- integra- 

t i o n ,  using a trapezoidal-rule approximation.  Values for the constants 

and initial conditions are given in Table 2. 

and F 

is, a small gas volume and a h i g h  set p o i n t  for t he  liquid flow rate. 

The initial pressure in the vessel (P ) was varied over the  ranges 
2.0 to 3.5 psig and 6.0 to 9.0 p s i g  f o r  salt and bismuth f l o w s ,  respec- 

tively. 
3 

t o  0 .2  s e c  

The values used f o r  V 
s , init 

are believed t o  result in the least stable control. action, t ha t  
Set 

init 

The c o n t r o l l e r  constant (K ) was varied over the ranges 0.04 

f o r  salt flow and 0.1 to 0.45 sec-' f o r  bismuth flow. -1 
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Table  2 .  Cons tan t s  and I n i t i a l  Condiiri.ons Used 
f o r  S imula t ion  of Flow Cont ro l  Systems 

Cons tan t  Value 
~ 

20 l i ters  Vt 

15 l i t e r s  s i n i t  v 

Fsetr 
3 150 cm /min 

90.9 l i t e r u l a t m  f o r  s a l t ,  o r  
31.5 l i t e rs /a tm f o r  bismuth 0 

K 

1.1 2 7.536 l i t c r s / m i n  (atm) K2 

One of  t h e  most d i f f i c u l t  c o n t r o l  s i t u a t i o n s  i s  r e p r e s e n t e d  by 

s t a r t u p  c o n d i t i o n s  i n  which t h e  i n i t i a l  p r e s s u r e  i n  t h e  tank i s  i n s u f -  

f i c i e n t  t o  overcome t h e  s t a t i c  head of l i q u i d  i n  t h e  e x i t  l i n e  from t h e  

tank .  S ince  t h e  a v a i l a b l e  volumes of s a l t  and bi.smuth are l i m i t e d ,  w e  

a re  p r i m a r i l y  i n t e r e s t e d  i.n r a p i d l y  ach iev ing  s t e a d y  f low r a t h e r  t h a n  i n  

damping o u t  d i s t u r b a n c e s  a f t e r  s t e a d y  f low i s  achieved .  

t h e  c o n t r o l . l e r  c o n s t a n t  on t h e  approach t o  s t e a d y  f l o w  f o r  t h e  s a l t  and 

bismuth systems i s  shown i n  F i g s ,  20 and 21, r e s p e c t i v e l y .  Opera t ion  

of t h e  sa l t  system w a s  i n v e s t i g a t e d  more e x t e n s i v e l y  s i n c e  d i s t u r b a n c e s  

are more l i k e l y  t o  occur  i n  i t .  

The e f f e c t  of 

A s  can be  seen  i n  F i g .  20,  t h e  c r i t i c a l  v a l u e  of the c o n t r o l l e r  
-1 c o n s t a n t  appea r s  t o  b e  about  0 .1  ser f o r  t h e  s a l t  phase.  The n a t u r e  

of t h e  response changes r a t h e r  s lowly  from a n  underdamped t o  a s l i g h t l y  

overdamped s i t u a t i o n  as the c o n t r o l l e r  c o n s t a n t  i n c r e a s e s  from 0 . 1  t o  

0 .2  sec . l J i t h  h ighe r  c o n t r o l l e r  c o n s t a n t  v a l u e s ,  t h e r e  would be  a n  

inc reased  tendency f o r  t h e  f low t o  b e  comple te ly  s topped .  T h i s  i s  

u n d e s i r a b l e  because  bismuth could e n t e r  t h e  s a l t  feed  l i n e  and f u r t h e r  

u p s e r  t h e  system. In a d d i t i o n ,  h ighe r  v a l u e s  f o r  t h e  c o n t r o l l e r  c o n s t a n t  

i n t r o d u c e  i n s t a b i l i t y  and do n o t  a l low the  system t u  be brought  t o  s teady-  

.- 1. 
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Fig .  20. Calculated Salt-Phase Controller Response to a Stepwise 
Disturbance. Salt flow rate is shown as a function of salt tank deple- 
tion. 
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Fig .  21. Calculated Bismuth-Phase Controller Response to a Step- 
wise Disturbance. Bismuth f l o w  rate is shown as a function of bismuth 
tank dep le t ion .  Controller constants are given in sec-1 units. 
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s t a t e  o p e r a t i o n  w i t h  s i g n i f i c a n t l y  less t ank  d e p l e t i o n .  We t h u s  con- 

c l u d e  t h a t  v a l u e s  above 0.2 a r e  t o  b e  avoided .  

t r o l l e r  c o n s t a n t s  below 0 . 1  sec p rov ide  s l o w  response ;  t h e r e f o r e ,  

v a l u e s  below 0.05 sec a re  a l s o  cons ide red  u n d e s i r a b l e .  As shown i n  

F i g .  2 1 ,  s a t i s f a c t o r y  o p e r a t i o n  of t h e  bismuth f low c o n t r o l  sys tem can 

On the. o t h e r  hand, con- 
-1 

-1 

-I be  ob ta ined  w i t h  a c o n t r o l l e r  c o n s t a n t  of about  0 .1  see . 
A f t e r  s t e a d y - s t a t e  o p e r a t i o n  has  been ach ieved ,  t h e  bismuth f low 

ra te  i s  more l i k e l y  t o  be  s t a b l e  than  t h e  sa l t  f low rate s i n c e  bismuth 

d i s c h a r g e s  from t h e  t r a n s f e r  l i n e  a t  a c o n s t a n t  p r e s s u r e .  

p r e s s u r e  f o r  t h e  s a l t  varies because  of bismuth holdup i n  t h e  column. 

When bismuth f l o w  i s  i n i t i a t e d ,  c o n t r o l  of t h e  s a l t  f low r a t e  w i l l .  be  

d i f f i c u l t  (assuming t h a t  a s a l t  f low r a t e  h a s  been e s t a b l i s h e d ) .  T h e  

a s s o c i a t e d  change i n  d i s c h a r g e  p r e s s u r e  is b e l i e v e d  t o  b e  Less severe 

t h a n  a s t e p w i s e  change of 30 c m  of  s a l t ,  which is e q u i v a l e n t  t o  suddenly  

imposing a bismuth holdup of abou t  30% on t h e  column. 

t h e  s a l t  f l o w  c o n t r o l  system t o  such  a change w a s  i n v e s t i g a t e d  1)y choos- 

i n g  a n  i n i t i a l  t ank  p r e s s u r e  of 2 p s i g  ( s e e  pig, 20) .  

The d i s c h a r g e  

T h e  response 01 

S e v e r a l  o t h e r  f a c t o r s  a s s o c i a t e d  w i t h  t h e  c o n t r o l  system w e r e  con- 

s i d e r e d  b r i e f l y .  R e s u l t s  u s i n g  p r o p o r t i o n a l ,  i n t e g r a l  c o n t r o l  d i f f e r e d  

l i k t l e  from t h o s e  u s i n g  p r o p o r t i o n a l  control alone,, excep t  t h a t  a s lower  

r e sponse  w a s  observed .  

small  e f f e c t  s i n c e  t h e  system p rov ides  i t s  own i n t e g r a l  a c t i o n ;  t h a t  i s ,  

t h e  i n t e g r a l  of t h e  f low ra te ,  r a t h e r  t h a n  t h e  fl.ob7 ra te ,  i s  con t ro l l - ed .  

The a d d i t i o n  o f  i n t e g r a l  c o n t r o l  had o n l y  a 

Continuous removal. of t h e  p re s su r i - z ing  g a s  from t h e  f e e d  t ank  was 

a l so  cons ide red .  T h i s  p r o v i s i o n  w a s  found t o  have no a p p r e c i a b l e  e f f e c t  

011 t h e  system re sponse  as long as t h e  r e q u i r e d  gas  a d d i t j o n  rate was well 

below t h e  d i f f e r e n c e  between t h e  f low c a p a c i t y  of t h e  c o n t r o l  v a l v e  and 

t h e  b l e e d  ra te .  When t h e  r e q u i r e d  gas f low approached t h e  c a p a c i t y  of 

t h e  f l o w  c o n t r o l  valve, t h e  u s e  of t h e  g a s  b l e e d  decreased  t h e  ra te  of 

r e sponse  of t h e  c o n t r o l  system and hence i n c r e a s e d  t h e  volume of  l i q u i d  

r e q u i r e d  t o  a c h i e v e  s t e a d y - s t a t e  o p e r a t i o n .  However, a b l eed  s t r eam i s  



d e s i r a b l e  because  i t  i n c r e a s e s  t h e  r e sponse  t o  a d e c r e a s e  i n  p r e s s u r e  

drop.  We concluded t h a t  a s m a l l  b l eed  stream, o r  no b l eed  stream a t  

a l l ,  should  be  used a t  t h e  h ighe r  f low ra tes ,  w h i l e  a p r o g r e s s i v e l y  

l a r g e r  b l eed  stream is d e s i r a b l e  f o r  t h e  lower f l o w  rates. From t h e  

s t a n d p o i n t  of p r a c t i c a l i t y ,  t h e  b l eed  r a t e  should  be such  t h a t  the 

c o n t r o l  valve o p e r a t e s  a t  about  a 30 t o  40% open p o s i t i o n .  

I n  summary, w e  conclude  t h a t :  ( I )  t h e  system is  stable, ( 2 )  pro- 

p o r t i o n a l  c o n t r o l  i s  adequa te ,  and ( 3 )  the  system can be brought  t o  a 

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

6 .  ELECTROLYTIC CELL DEVELOPMENT 

M .  S .  L in  J .  R. Hi-ghtower, Jr .  
L.  E. McNeese 

The proposed r e d u c t t 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  t h 2  u s e  of e l e c t r o l y t i c  ce l l s  f o r  

reducing  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  

t h e  metal streams f e d  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  m e t a l  streams l e a v i n g  t h e  columns. The ce l l s  w i l l  rc- 

q u i r e  t h e  use of a n  e l e c t r i c a l i y  i n s u l a t i n g  material  that can wi ths t and  

t h e  c o r r o s i v e  c o n d i t i o n s  p r e s e n t  a t  t h e  c e l l  anode. I n  t h e  exper iments  

r e p o r t e d  i n  t h e  remainder  of t h i s  s e c t i o n ,  f r o z e n  s a l t  was used t o  

p rov ide  i n s u l a t i o n  as w e l l  as p r o t e c t i o n  a g a i n s t  c o r r o s i o n .  T h e  u s e  of 

B e O ,  an  i n s u l a t o r ,  i s  a l s o  under  s t u d y ,  

6.1 Formation of Frozen S a l t  Layers  i n  Regions of High Beat  Genera t ion  

An experiment  f o r  s tudy ing  t h e  fo rma t ion  of f r o z e n  s a l t  i n  r e g i o n s  

of h igh  h e a t  g e n e r a t i o n  was c a r r i e d  o u t  p r e v i o u s l y  i n  a c e l l  c o n s t r u c t e d  

from metal r a t h e r  t han  q u a r t z .  Although viewing p o r t s  were p rov ided ,  

i t  w a s  v e r y  d i f f i c u l t  t o  estimate t h e  I’riickness of the f r o z e n  s a l t  l a y e r  

formed around the anode ,  e s p e c i a l l y  nea r  t h e  s a l t - g a s  i n t e r f a c e .  1.n o r d e r  

9 
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t o  s t u d y  t h e  fo rma t ion  and maintenance of  a f r o z e n  s a l t  l a y e r  i n  a 

r e g i o n  o f  h i g h  h e a t  g e n e r a t i o n  under  c o n d i t i o n s  of improved v i s i b i l i t y ,  

a q u a r t z  c e l l  having a q u a r t z  d i v i d e r  w a s  used .  

c o o l i n g  t u b e  w a s  l o c a t e d  about  1 / 4  i n .  above t h e  d i v i d e r ,  as shown i n  

F i g .  22 ,  i n  o r d e r  t o  form a f r o z e n  s a l t  l a y e r  a l o n g  t h e  top  of t h e  d i v i d e r .  

A U-shaped, 1/4-in.-diam 

I n  our  f i r s t  a t t e m p t  t o  o p e r a t e  t h i s  t ype  of c e l l ,  t h e  bismuth was 
hydrogen- t rea ted  a t  700°C w i t h  t h e  c o o l i n g  tube  i n  p l a c e .  Subsequent ly ,  

a f t e r  a d d i t i o n  of t h e  molten s a l t ,  n i t r o g e n  ( coo lan t )  was observed t o  be 

l e a k i n g  i n t o  t h e  c e l l  from t h e  unde r s ide  of t h e  U-tube (Fig.  2 3 ) .  
We b e l i e v e  t h a t  t h e  m i l d - s t e e l  t u b e  w a s  p r e f e r e n t i a l l y  a t t a c k e d  by b i s -  

mutrh, caus ing  i r o n  t o  b e  d i s s o l v e d  a t  p o i n t s  where bismuth w a s  he ld  

between the tube  and t h e  d i v i d e r  du r ing  t h e  hydrogen t r ea tmen t  pe r iod .  

The c o n t i n u a l  s p l a s h i n g  of bismuth from t h e  main bismuth pool  a g a i n s t  

t h e  s m a l l  q u a n t i t y  of bismuth i n  c o n t a c t  w i t h  t h e  t u b e  would have al lowed 

t h e  d i s s o l u t i o n  o f  a s u f f i c i e n t  q u a n t i t y  of i r o n  t o  s a t u r a t e  a l l  of t h e  

bismuth a t  t h e  o p e r a t i n g  tempera ture  of 700°C. 

c o o l i n g  tube  w a s  n o t  lowered i n t o  p o s i t i o n  u n t i l  a f t e r  hydrogen t r ea tmen t  

w a s  complete .  

I n  t h e  second t r i a l ,  t h e  

With no c u r r e n t  f lowing  through t h e  c e l l  and w i t h  bo th  e l e c t r o d e s  

be ing  sparged w i t h  a rgon  a t  0 . 1  t o  0 . 2  s c fh ,  a f r o z e n  s a l t  f i l m  was 

e a s i l y  formed on t h e  c o o l i n g  tube ;  a mix tu re  of N and water w a s  used 

as t h e  c o o l a n t .  

t h e  c e l l  w a s  about  510°C. A s  expec ted ,  t h e  f r o z e n  sa l t  f i l m  w a s  t h i c k e r  

a t  t h e  two 90" bends i n  t h e  t u b e  t h a n  along t h e  s t r a i g h t  s e c t i o n s  of t h e  

tube .  It w a s  a l s o  t h i c k e r  a t  t h e  c o l d e r  end of t h e  h o r i z o n t a l  t ube  than  

a t  t h e  warmer end (5/16 i n .  vs 3/16 i n . ) .  

2 
The t empera tu re  of t h e  salt (66-34 mole X LiF-BeF2) i n  

When ac power w a s  a p p l i e d  t o  t h e  ce l l ,  t h e  s a l t  tu rned  a brownish 

c o l o r  i n i t i a l l y  and t h e n  b l a c k  ( w i t h i n  a few minu tes ) ,  as i n  p rev ious  

exper iments .  With a l o w  power i n p u t  t o  t h e  cell (37.5 w), the t h i c k n e s s  

of t h e  f r o z e n  s a l t  w a s  p r a c t i c a l l y  unchanged (about  1 / 4  i n . ) .  With t h e  

a p p l i e d  v o l t a g e  main ta ined  a t  3 v ,  t h e  current decreased from 1 2 . 5  amp t o  

11.4 a m p  i n  4 m i n .  
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PHOTO 95837 

Fig. 22. Quartz  E l e c t r o l y t i c  C e l l  Vessel ( 4  in. OD) with 1/4-in.- 
d i a m  C o o l i n g  Tube Along Top of Quartz  E l e c t r o d e  D i v i d e r .  
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A t  h ighe r  c u r r e n t s ,  t h e  sa l t  became opaque; consequent ly ,  i t  w a s  

n o t  p o s s i b l e  t o  obse rve  t h e  f r o z e n  s a l t  l a y e r  on t h e  tube  above t h e  

d i v i d e r .  

17 .8  amp and decreased  t o  8.8 amp over  a pe r iod  of 15  min. 

v o l t a g e  w a s  i nc reased  t o  6 v, t h e  c u r r e n t  i n c r e a s e d  s l i g h t l y  from about  

13.8 amp t o  1 4 . 2  amp (85 w) ove r  a pe r iod  of about  3 min even though t h e  

f low r a t e  of  t h e  c o o l i n g  water w a s  i n c r e a s e d .  

power t o  t h e  ce l l  and t h e  c o o l a n t  w e r e  tu rned  o f f ;  subsequen t ly ,  t h e  

q u a r t z  c e l l  c racked ,  a l lowing  t h e  sa l t  t o  d r a i n  o u t  of t h e  ce l l .  

examinat ion  r e v e a l e d  t h a t  a r a t h e r  uniform s a l t  l a y e r  (about  1 / 2  i n .  

t h i c k )  remained on t h e  c o o l i n g  tube  (F ig .  2 4 ) .  The observed t h i c k n e s s  

i s  be l i eved  t o  be  t h e  a c t u a l  t h i c k n e s s  of t h e  f r o z e n  sa l t  l a y e r  a t  t h e  

t i m e  t h a t  t h e  power w a s  tu rned  o f f  s i n c e  t h e  sa l t  d r a i n e d  from t h e  c e l l  

i n  less t h a n  30 sec. 

be  main ta ined  i n  a r e g i o n  of h igh  h e a t  g e n e r a t i o n .  

With 4 v between t h e  e l e c t r o d e s ,  t h e  c u r r e n t  was i n i t i a l l y  

When t h e  

A t  t h i s  t i m e ,  b o t h  t h e  

Later ,  

It w a s  concluded t h a t  a f r o z e n  l a y e r  of s a l t  can 

6 . 2  Use of Bery l l ium Oxide as a n  E lec t r i ca l  I n s u l a t o r  

S e v e r a l  of t h e  p r o p e r t i e s  of Be0 sugges t  t h a t  t h i s  material might  

be  u s e f u l  i n  c o n s t r u c t i n g  a n  e l e c t r o l y t i c  c e l l .  Bery l l ium ox ide  i s  a 

good e l ec t r i ca l  i n s u l a t o r ,  h a s  a h i g h  thermal  c o n d u c t i v i t y ,  and is rel- 

a t i v e l y  i n s o l u b l e  i n  molten f l u o r i d e  s a l t s  of i n t e r e s t .  However, s i n c e  

3 Be0 would tend  t o  d i s s o l v e  s lowly  as w e l l  as t o  be  a t t a c k e d  by t h e  BiF 

p r e s e n t  i n  t h e  s a l t ,  a l a y e r  of f r o z e n  s a l t  would be  used t o  p r o t e c t  it 

from c o n t a c t  w i t h  t h e  mol ten  s a l t .  I n  t h e  event t h a t  t h e  sa l t  l a y e r  mel ted 

d u r i n g  an u p s e t  i n  c e l l  o p e r a t i o n ,  a low r a t e  of a t t a c k  on t h e  B e 0  would be  

a n t i c i p a t e d ;  t h u s  s u f f i c i e n t  t i m e  would be  available t o  form a new f r o z e n  

s a l t  l a y e r .  During t h i s  p e r i o d ,  t h e  B e 0  would serve as t h e  e l ec t r i ca l  

i n s u l a t o r  i n  t h e  c e l l .  

W e  have f a b r i c a t e d  an  anode i n  which a B e 0  cup i s  used as t h e  elec- 

t r i c a l  i n s u l a t o r  and serves t o  s e p a r a t e  t h e  two m i l d - s t e e l  l i n e r s  of t h e  

anode (F ig .  25) .  The assembled c e l l  is  shown i n  F i g .  2 6 .  T h e  t o p  edge 
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Fig. 24.  Frozen Salt Film Remaini 
Divider After the Cell V 

on Cooling Tube Above Quartz 



56 

a 

.?' b 

9, 

1 PHOTO 96227 

i 
c 

A 
Fig. 25. Anode Cup Assembly Cons i s t ing  of I n n e r  and Outer Carbon 

S tee l  Cladding Separa ted  by Be0 I n s u l a t o r .  
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PHOTO 96226 

Fig. 26. Assembled Electrolytic Cell Incorporating the BeO-Insu- 
lated Anode Cup Assembly. 
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of the inner liner is cooled by coolant that enters the annulus of the 

two concentric tubes ( 3 / 4  x 3/8 in.) and exits through the center tube. 

The Be0 cup is attached to the inner cup by means of four pins on the 

liner and four grooves inside the cup. 

on the Be0 cup which prevents the two metal liners from contacting each 

other. 

frozen salt layer is formed around the cooling tube. 

used to test the stability of a frozen salt layer that is in contact 

with molten bismuth and that is subjected to localized heating which 

results from high current densities between the two electrodes. 

of two different sizes (2-1/2 in. OD and 4 in. OD) have been fabricated. 

The resulting gross anode areas are 13.8 cm2 and 49.5 cm2. 

anodes will be used in 4-in.-OD and 7-in.-ID quartz cells, respectively. 

The outer liner is supported 

The Be0 w i l l  contact the bulk of the molten salt only before the 

The anode will be 

Cups 

The two 

7. ANALYSIS OF MASS TRANSFER IN ELECTROLYTIC CELLS 

J. S. Watson L. E. McNeese 

In the proposed reductive extraction processes for removing prot- 

actinium and rare earths from moltenaalt reactor fuels, an electrolytic 

cell is required (1) to provide lithium and/or thorium metal reductant 

for the liquid bismuth entering the extraction column, and (2) to oxidize 

extracted materials from the bismuth after it leaves the column. A 

study of factors affecting mass transfer in electrolytic cells has been 

initiated to identify important cell parameters and to aid in under- 

standing and interpreting experimental data. 

In principle, one could use the bismuth stream leaving the bottom 

of the column as the anode and selectively oxidize uranium and other 

extracted materials from the metal. 

be essentially pure bismuth, which could then be used as the cathode 

from which the metal would flow to the top of the extraction column. 

The salt stream flowing through the cell would serve as the cell elec- 

trolyte. Since molten salts of interest are not good conductors, the 

anode and cathode would have to be located relatively close to each 

The bismuth leaving the anode would 
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o t h e r  i n  o r d e r  t o  l i m i t  t h e  r a t e  O€ h e a t  g e n e r a t i o n  i n  t h e  e l e c t r o l y t e ,  

I f  t h e  e x t r a c t e d  materials were s e l e c t i v e l y  o x i d i z e d  from t h e  bismuth 

stream a t  t h e  anode, t h e  current :  d e n s i t y  o b t a i n a b l e  a t  the  anode surEace  

would be l i m i t e d  by the r a t e  a t  which t h e  e x t r a c t e d  materials were t r a n s -  

po r t ed  t o  t h e  anode. 

S i n c e  the e x t r a c t e d  materials are  p r e s e n t  a t  l o w  c o n c e n t r a t i o n s ,  a 

low anode c u r r e n t  d e n s i t y  would be o b t a i n e d ;  t h i s  would r e q u i r e  t h e  u s e  

of a l a r g e  anode area. 

a t  t h e  anode and the reby  g e n e r a t i n g  BIF which would he s o l u b l e  i n  t h e  

s a l t .  The BIF could  t h e n  b e  used t o  o x i d i z e  e x t r a c t e d  materials from 

t h e  bismuth b e f o r e  it enters t h e  e l e c t r o l y t i c  c e l l ,  

T h i s  problem can be  avoided by o x i d i z i n g  bismuth 

3' 

3 

A second c o n s t r a i n t  on c e l l  o p e r a t i o n  arises because of t h e  rela- 

t i v e l y  l o w  s o l u b i l i t y  of thorium i n  t h e  bismuth. High ca thode  c u r r e n t  

d e n s i t i e s  can cause  thorium c o n c e n t r a t i o n s  a t  t h e  ca thode  s u r f a c e  t o  be 

h i g h e r  t h a n  t h e  s o l u b i l i t y  of thorium i n  b i smuth ;  t h i s  would r e s u l t  i n  

t h e  fo rma t ion  of s o l i d  chorium metal. 

7,1 Genera l  Mathematical  Model 

The geometry chosen f o r  a s i m p l i f i e d  a n a l y s i s  of a mol t en - sa l t  

e l e c t r o l y t i c  c e l l  i s  shown in F i g .  2 7 .  I n  t h i s  f i g u r e ,  t h e  bismuth anode 

i s  on t h e  Left and t h e  bismuth ca thode  i s  on the  r i g h t .  

and t h e  ca thode  are s e p a r a t e d  by a mol ten - sa l t  m i x t u r e  c o n t a i n i n g  L i F ,  

The anode 

4 '  

3' 

BeF2, EiP3' and p ~ s f i f b l y  ThF 

e n t e r s  the s a l c  phase as BiF 

are reduced t o  metals and e n t e r  

able) c o n d i t i o n s ,  B e  can a l s o  2+ 

Bismuth i s  o x i d i z e d  a t  t h e  anode and 

A t  t h e  ca thode ,  L i  , Th4', and Bi 

t h e  metal phase.  Under some ( u n d e s i r -  

be reduced a t  t h e  ca thode .  Both t h e  

+ " 34- 

salt and. t h e  metal forming the e l e c t r o d e s  flow th rough the cell, and 

a l l  c o n c e n t r a t i o n  changes are  assumed t o  occur  a c r o s s  a l i q u i d  film 

that  i s  p r e s e n t  on both s i d e s  of t h e  i n t e r f a c e .  S i n c e  t h e  anode is  a 

single? component (iaee, b i smuth ) ,  no c o n c e n t r a t i o n  g r a d i e n t  i s  assumed 

t o  e x i s t  i n  t h e  anode metal .  
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Bi 
ANODE SA bT 

Fig. 27.  Schematic Representation of Model Used f o r  Prediction of 
Mass Transfer Rates in Electrolytic Cells.  
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Decreases i n  p o t e n t i a l  may occur  a c r o s s  t h e  anode surface ( A $  ). A 
t h e  anode sa l t  f i l m  ( A $ A F ) ,  t h e  b u l k  s a l t  ( A $ s ) ,  t h e  ca thode  s a l t  f i l m  

and t h e  ca thode  i n t e r f a c e  ( A $ c ) .  A d e s c r i p t i o n  o f  each  of 

t h e s e  r e g i o n s  and of t h e  ca thode  metal f i l m ,  a long  w i t h  e q u a t i o n s  

d e f i n i n g  p o t e n t i a l  and c o n c e n t r a t i o n  changes,  is  g iven  i n  t h e  s e c t i o n s  

t h a t  fo l low.  S impl i fy ing  assumpt ions  t h a t  w i l l  a l l o w  t h e  problem t o  be 

a t t a c k e d  a t  v a r i o u s  l e v e l s  of d i f f i c u l t y  are a l s o  p r e s e n t e d .  

J t  should  be  noted  t h a t ,  i n  t h e  s a l t  r e g i o n s ,  an e l e c t r i c a l  charge  

m u s t  be  assumed f o r  each  ion  o r  species. 

a s t r o n g l y  i o n i z e d  s a l t ,  y i e l d i n g  only L i  

However, thor ium and b e r y l l i u m  appear  t o  form f l u o r i d e  complexes. The 

behav io r  of bismuth f l u o r i d e  is  n o t  w e l l  unders tood;  t h u s  t h e  f l u o r i d e  

complex could  have a cha rge  between 0 and 3-k i n  t h e  s a l t  phase.  In the 

fo l lowing  s e c t i o n s ,  t r a n s p o r t  i n  t h e  sa l t  r e g i o n s  w i l l  b e  d e s c r i b e d  

assuming t h a t ,  though LiF i s  comple te ly  i o n i z e d ,  BeF and ThF are com- 

plexed and B i F  i s  e i t h e r  i o n i z e d  o r  complexed. The proposed models can 

be  a p p l i e d  o n l y  i f  t h e s e  c a t i o n s  form s i n g l e  f l u o r i d e  complexes; t h a t  is,  

e q u i l i b r i a  between s e v e r a l  complexes may n o t  b e  assumed. For example, 

one can  assume t h a t  B e ,  Th, and B i  are e i t h e r  comple te ly  i o n i z e d  o r  com- 

p l e t e l y  complexed; however, t h e  assumpt ion  t h a t  t h e s e  metals are p a r t i a l l y  

ccmplexed t o  form s e v e r a l  s p e c i e s  i s  n o t  p o s s i b l e .  

Lithium f l u o r i d e  i s  probably  
+ and F- i o n s  i n  s o l u t i o n .  

2 4 

3 

Anode I n t e r f a c e .  - Bismuth i s  o x i d i z e d  t o  t h e  t r i v a l e n t  s t a t e  a t  the 

anode i n t e r f a c e .  I f  bismuth f l u o r i d e  is comple te ly  i o n i z e d ,  t h e r e  w i l l  be  

no n e t  f l u x  of f l u o r i d e  ions  a c r o s s  t h e  anode sa l t  f i l m ;  i n  t h i s  ease, t h e  

d e c r e a s e  i n  p o t e n t i a l  a c r o s s  t h e  i n t e r f a c e  (A$*) can  be  approximated by t h e  

p o t e n t i a l  a t  e q u i l i b r i u m :  

B i A  a 

B i  sat  

RT A$, = EBi 4 - v F  B i  
Y 
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where 

= r e d u c t i o n  p o t e n t i a l  of B i F  ( i n  v o l t s ) ,  

= v a l e n c e  of bismuth (= 3 ,  
E B i  3 
v B i  

F = Faraday c o n s t a n t ,  

R = gas c o n s t a n t ,  

T = t empera tu re  (abso1.ute) 
34- 

.3+ 
= a c t i v i t y  of R i  a t  t h e  anode i n t e r f a c e ,  B i A  a 

B i  s a t  3' 
a = a c t i v i t y  of Bi i n  sa l t  s a t u r a t e d  w i t h  B i F  

Replacement of t h e  a c t i v i t y ,  a ,  w i t h  t h e  product of  mole f r a c t i o n  and 

a c t i v i t y  c o e f f i c i e n t ,  YC, in E q ,  ( 2 4 )  y i e l d s :  

'RiA 'RIA , 
In KT 

B i  F 
A + A  I- EBi + 

'B i  sa t  'Bi sa t  

where 
3+ = a c t i v i t y  c o e f f i c i e a t  of B i  a t  t h e  anode i n t e r f a c e ,  
3-1- 

= a c t i v i t y  c o e f f i c i e n t  of B i  i n  s a l t  saturated w i t h  R i F  
.3c 

= niole f r a c t i o n  of Bi a t  the anode i n t e r f a c e ,  

= s o l u b i l i t y  of B i F  i n  salt, mole f r a c t i u n .  

'BiA 

'Bi  s a t  3' 

C B i A  

%i s a t  3 

11 we assume t h a t  t h e  a c t i v i t y  c o e f f i c i e n t s  c o n s t a n t  and n o t e  that 

t h e  s o l u b i l i t y  of RIF i n  salt is  a c o n s t a n t ,  w e  can r e a r r a n g e  t h i s  

equa t ion  as f o l l o w s :  
3 

Corubining the first two torms on the right-hand s ide  yie7.ds: 
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where 
11 

EBi = constant defined above, 

If BiF is no t  ionized, there will be a net flux of fluoride ions 3 
at the anode salt film and t h e  concentration of fluoride i o n s  at the 

anode surface will be dependent on current density and anode film thick- 

ness. In t h i s  case, the decrease in potential across the anode can be 

written approximately as: 

where C is the fluoride concentration at the anode surface and n is 

the number of fluorine atoms in the complex. 
FA 

Anode S a l t  Film. - If bismuth fluoride is ionized, t h e  only i on  

transferring across t h e  anode salt film is Bi3+ .  

from both concentration and potential gradients, as described by the 

Nernst-Flanck equation: 

This transfer results 

where 

Jk = flux of Lon k across anode salt film, 

Dk = diffusivity of i on  k in salt film, 

C = concentration of ion k in salt film, 

n = valence of ion k i n  salt film, 

Q@ = gradient of potential in salt film. 

k 

k 

In determining the flux of a given component, one must actually solve 

slmultanecusly the s e t  of equations consisting of expressions of t h e  
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form of Eq .  ( 2 7 )  for all i on ized  s p e c i e s  i n  t h e  salt a long  w i t h  t h e  

fo l lowing  r e l a t i o n ,  which s ta tes  tha t .  a t  any p o i n t  i n  the f i . l m  t h e  n e t  

e l e c t r i c  charge is  n e g l i g i b l e :  

If bismuth f l . uo r ide  i s  i o n i z e d ,  t h e  f l u x  of o n l y  one s p e c i e s ,  Bi .3+ , 
i s  nonzero.  

Thus, 

where 

.J = f l u  B i  
3+ of B i  a c r o  s anode s a l t  f i l m ,  

T = c u r r e n t  d e n s i t y  i n  s a l t  f i l m ,  

v = va lence  of R i  i n  s a l t  (= 3 ) .  B i  

I f  bismuth f l u o r i d e  i s  n o t  i o n i z e d ,  t h e  current across the anode 

s a l t  f i l m  i s  c a r r i e d  by f l u o r i d e  i o n s .  Thus, 

where 

J~ = f l u x  of  F- across s a l t  f i l m ,  

1 = c u r r e n t  d e n s i t y  i n  s a l t  f i l m ,  e q u i v a l e n t s  p e r  u n i t  t i m e  pe r  

u n i t  area.  

A l s o ,  f o r  t h i s  case, E q s .  ( 2 7 j  a i d  (28)  must be  solved s imul t aneous ly .  

However, bismuth f l u o r i d e  can be t r e a t e d  s e p a r a t e l y  s ince  i t  i s  an un- 

charged component a t  1 ow concentration. Thus, 
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where 

JBi = f l u x  of RiF a c r o s s  anode s a l t  f i l m ,  
3 

I = c u r r e n t  d e n s i t y  i n  s a l t  f i l m ,  

= d i f f u s i v i t y  of R i F  i n  s a l t  f i l m ,  

= c o n c e n t r a t i o n  of BiF i n  s a l t  a t  anode i n t e r f a c e ,  mole f r a c t i o n ,  
%i 3 

3 

3 

c 
CBiB = c o n c e n t r a t i o n  of BiF 
I3 i L 4  

i n  b u l k  s a l t ,  mole f r a c t i o n ,  

= t h i c k n e s s  of anode s a l t  f i l m .  <AF 

Bulk S a l t .  -All c o n c e n t r a t i o n s  w i t h i n  the b u l k  s a l t  are assumed t o  

be uniform; however, a d e c r e a s e  i n  a p o t e n t i a l  w i l l  occu r .  T h i s  d e c r e a s e  

is  assumed t o  b e  s imply  

= I L J R ,  

w1ie-r e 

= d e c r e a s e  i n  p o t e n t i a l  a c r o s s  b u l k  s a l t ,  

1: = c u r r e n t  d e n s i t y  i n  b u l k  s a l t ,  

L = d i s t a n c e  between e l e c t r o d e s ,  

R = r e s i s t i v i t y  of b u l k  s a l t .  

Cathode S a l t  Pf lm.  - T r a n s p o r t  a c r o s s  t he  ca thode  s a l t  f i l m  is much 

l i k e  t r a n s p o r t  across t h e  anode f i l m ,  excep t  t h a t  t h e  c u r r e n t  i s  carried 

by a l l  r e d u c i b l e  i o n s .  I f  bismuth f l u o r i d e  is  p a r t i a l l y  i o n i z e d ,  or i f  

thorium and b e r y l l i u m  are complexed, t h e r e  w i l l  be a f l u x  of f l u o r i d e  

I'ons from t h e  ca thode  s u r f a c e  as w e l l  as a f l u x  of r e d u c i b l e  i o n s  toward 

the cathode.  The f l u x  of each i o n  is  d e f i n e d  by E q .  (27 ) .  These t r a n s -  

p o r t  e q u a t i o n s  must be so lved  s imul t aneous ly  w i t h  t h e  c o n d i t i o n  of elec- 

t r i c a l  neutrality [ E q .  (2811 and a n  e q u a t i o n  e x p r e s s i n g  o v e r a l l  conser -  

v a t i o n  of charge, 

h k J k  = I, 

where 

v = v a l e n c e  of i o n  k ,  

Jk = flux of i o n  k. 
k 



Furthermore,  c o n s e r v a t i o n  of each  component r e q u i r e s  t h a t  each J b e  

c o n s t a n t  a t  a l l  p o i n t s  w i t h i n  t h e  f i l m .  
k 

I f  bismuth f l u o r i d e  i s  n o t  i o n i z e d ,  i t s  t r a n s p o r t  can  be  d e s c r i b e d  

by t h e  r e l a t i o n  

where 

= f l u x  of BiF i n  ca thode  s a l t  f i l m ,  

= d i f f u s i v i t y  of R I F  i n  ca thode  s a l t  f i l m ,  

= c o n c e n t r a t i o n  of  BiF i n  bu lk  s a l t ,  

= c o n c e n t r a t i o n  of BiF i n  s a l t  a t  ca thode  i n t e r f a c e ,  

JB i 3 

D B i  3 

‘BiB 3 

‘B i c  3 
6CF = thi .ckness of ca thode  s a l t  film. 

I f  one assumes t h a t  t h e  c o n c e n t r a t i o n  of BiF i n  the: s a l t  a t  t h e  ca thode  

i n t e r f a c e  i s  n e g l i g i b l e ,  t h e  above r e l a t i o n  becomes 
3 

/ A  - 
J r j i  D ~ i  CF 

I n  most cases, b e r y l l i u m  can be  t r e a t e d  as i f  i t  I J ~ K ~  n o t  reduced 

a t  t h e  ca thode .  When the p o t e n t i a l  d rop  a c r o s s  t h e  ca thode  becomes 

s u f f i c i e n t l y  l a r g e ,  b e r y l l i u m  w i l l  be  reduced;  however, i t  w i l l  n o t  go 

i n t o  s o l u t i o n  i n  t h e  bismuth.  S i n c e  t h i s  i s  probably  an u n d e s i r a b l e  

s i t u a t i o n ,  b e r y l l i u m  -fs t reated as i f  i t  i s  n o t  reduced.  When t h e  

d e c r e a s e  i n  p o t e r i t i a l  a t  the ca thode  s u r f a c e  i s  c a l c u l a t e d ,  one m u s t  n o t e  

whether  b e r y l l i u m  would h e  reduced s i n c e  w e  are  i n t e r e s t e d  i n  c e l l  opera-  

t i o n  wi thou t  b e r y l l i u m  r e d u c t i o n .  

Cathode  Surface .  - A d e c r e a s e  i n  p o t e n t i a l  s u f f i c i e n t  t o  r educe  

l i t h i u m  and thoriuin i n t o  bismuth w i l l  occur  a t  t h e  ca thode  s u r f a c e .  I f  

t h e  d e c r e a s e  i n  p o t e n t i a l  a t  t h e  ca thode  is  s u f f i c i e n t l y  l a r g e ,  be ry l l i um 
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wi.11 also be  reduced to pure metal. 

a function of the lithium and thorium concentrations on both s i d e s  o f  

the salt-metal interface, 

cathode surface, the decrease in potential will be given by the r e l a t i o n  

The decrease in potential will be 

If equilibrium exists at the kMi and C 'ks i  

+ E k ,  
'mi In - 

'kF c l C S i  

- RT 
A(bc - - ( 3 3 )  

where 

A$9, = decrease in potential at the cathode surface, 

v = valence of ion k, k 
= concentration of componentk in the metal at the cathode ckMi 
surface, 

Cksi = concentration of i on  k in t h e  salt at the cathode surface,  

Ek = reduction potential f o r  ion k required to transport component 

k between salt and metal phases having the same concentration 

of component k. 

This equation, similar to Eq.  ( 2 5 ) ,  must be applied to both lithium and 

thorium if both materials are reduced. 

Cathode Metal Film. - A  decrease in the concentration of all reduc- 

ible components occurs across t he  metal film in t h e  cathode. The dif- 

fusion of lithium and thorium across the film is described by the rela- 

t ion 

cwi - cm - _I- 

CM Jk - 'kM 
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where 

J = flux of component k i n  ca thode  metal f i l m ,  

= d i f f u s i v i t y  of component k i n  ca thode  metal f i l m ,  

= c o n c e n t r a t i o n  of component k i n  metal a t  ca thode  s u r f a c e ,  

= c o n c e n t r a t i o n  of component k i n  b u l k  m e t a l  i n  ca thode ,  

k 

I)kM 

ckM 

k M i  c 

6CM = t h i c k n e s s  of ca thode  metal fi.1.m. 

For  t h e  p r e s e n t  case, w e  w i l l  assume t h a t  t h e  c o n c e n t r a t i o n s  of b o t h  

l i t h i u m  and thorium i n  t h e  b u l k  metal are negligil3l.e. 

r e l a t i o n  becomes 

Then t h e  above 

7 . 2  Assumpt:ions and S i m p l i f i c a t i o n s  

The model ( a s  s t a t e d  ahove) i n v o l v e s  t h e  fo l lowing  s i m p l i f i c a t i o n s :  

1. The geometry of the model i s  less complicated than  t h a t  of 

a real. system. 

2.  A r a t h e r  s i m p l e  stagnanic f i l m  t heo ry  i s  used.  A c t u a l l y ,  f l ow 

nea r  t h e  in te r facr  causes  the " f iCt ive l '  s tagnant  f i l m  t h i c k -  

n e s s  t o  be  a func-tion of the d i f f u s i o n  c o e f f i c i e n t  or Schmidt 

nusber  e 

3 .  The a c t i v i t y  c o e f f i c i e n e s  i n  bo th  metal and s a l t  are  assumed 

t o  b e  constanc,  T h i s  assumption is  most impor t an t  when t h e  

dec rpases  in po ten t i a l  d rops  a c r o s s  t h e  salt-metal i n t e r f a c e s  

are  c a l c u l a t e d  I 

4 .  Each impor tan t  metal i s  assumed t o  form on ly  one ion .  

5. Changes i n  p o t e n t i a l  a c r o s s  i n t e r f a c e s  are approximated from 

e q u i l i b r i u m  c o n d i t i o n s .  
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These s i m p l i f i c a t i o n s ,  as well as many of t h o s e  l i s t e d  below, are  

probably  n o t  impor tan t  when w e  remember t h a t  many of the c o n s t a n t s  i n  

t h e  model ( e s p e c i a l l y  d i f f u s i o n  c o e f f i c i e n t s )  are  n o t  known and, t h e r e f o r e ,  

have been e s t i m a t e d .  We b e l i e v e  t h a t  t h e  model w i l l  q u a l i t a t i v e l y  d e s c r i b e  

t h e  c e l l  behavior  and t h a t  t h e  p a r t i c u l a r  v a l u e s  assumed f o r  t h e  c o n s t a n t s  

w i l l  n o t  a f f e c t  t h e  g e n e r a l  behav io r  of t h e  system. 

I n  de t e rmin ing  t h e  s o l u t i o n  t o  t h e  set of e q u a t i o n s  developed ear- 

l i e r ,  s e v e r a l  c o n s t r a i n t s  must be  t aken  i n t o  accoun t .  F i r s t ,  t h e  f l u x  

of each  component i n  t h e  v a r i o u s  r e g i o n s  and a c r o s s  t h e  boundar i e s  of 

t h e  r e g i o n s  must be  c o n s t a n t .  Also ,  t h e  change i n  c o n c e n t r a t i o n  a c r o s s  

boundar i e s  must have p r e s c r i b e d  v a l u e s ;  hence ,  a t r i a l - a n d - e r r o r  approach 

must be  used.  Thorium s a t u r a t i o n  i n  t h e  metal ca thode  a t  t h e  salt-metal 

i n t e r f a c e  must be checked. 

a f f e c t  t h e  n a t u r e  of t h e  :CLculations, a l though  i t  does  p l a c e  a limit on 

t h e  o p e r a t i n g  c o n d i t i o n s  i f  t h e  p roduc t ion  of thorium m e t a l  i s  t o  be 

avo i d  ed . 

A s  w i t h  b e r y l l i u m  r e d u c t i o n ,  t h i s  w i l l  not 

To make t h e  c a l c u l a t i o n s  p r a c t i c a l ,  s e v e r a l  a d d i t i o n a l  s i m p l i f i c a -  

t i o n s  w i l l .  be made t o  p rov ide  models w i t h  v a r y i n g  degrees  of complexkty, 

In g e n e r a l ,  we w i l l  look a t  t h e  s i m p l e s t  models f i r s t .  Then, a f t e r  com- 

p a r i s o n s  are made w i t h  expe r imen ta l  d a t a ,  t h e  more e l a b o r a t e  models r a n  

b e  developed i f  r e q u i r e d  

7 . 3  Cathode Cur ren t  E f f i c i e n c i e s  and Maximum Cur ren t  D e n s i t i e s  

2 3 w i t h  LiF-BeF -BIF Mixtures  

The ca thode  r e g i o n  of a n  e l e c t r o l y t i c  c e l l  c o n t a i n i n g  a mix tu re  of 

LiF-ReF -BiF was the f i r s t  s p e c i f i c  r e g i o n  s t u d i e d .  T h e  composi t ions  

chosen for t h e  b u l k  s a l t  were approximate ly  t h o s e  expec ted  i n  t h e  e l e c -  

t r o l y t i c  c e l l  f o r  the r a z e - e a r t h  removal system. Most of t h e  impor tan t  

t r a n s p o r t  parameters f o r  t h e  system, such  as d i f f u s i o n  c o e f f i c l e n t s  

and t h e  e f f e c t i v e  f i l m  (boundary l a y e r )  Lhickness,  were n o t  known, 

N e v e r t h e l e s s ,  some impor tan t  behavioral .  aspects of the system can be 

p r e d i c t e d  by u s i n g  estimates f o r  t h e s e  pa rame te r s .  

2 3  
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The v a l u e s  f o r  t h e  c u r r e n t  e f f i c i e a c y  and t h e  maximum a l l o w a b l e  

ca thode  c u r r e n t  d e n s i t y  are  of g r e a t e s t  i n t e r e s t .  

ca thode  p o r t i o n  of t h i s  c e l l  i s  t o  r educe  l i t h i u m  i n t o  the bismuth 

metal .  Thus, any bismuth f l u o r i d e  t h a t  is reduced a t  the ca thode  de- 

c r e a s e s  t h e  c u r r e n t  e f f i c i e n c y  based ou L i F  r e d u c t i o n .  A maximum 

a l l o w a b l e  c u r r e n t  d e n s i t y  a t  t h e  ca thode  is  imposed i f  one does n o t  

a l l o w  BeF t o  b e  reduced.  Beryl l iuin metal i s  i n s o l u b l e  i n  bismuth,  

and the i n t r o d u c t i o n  o f  t h i s  t h i r d  pliasp i s  cons ide red  u n d e s i r a b l e .  

Reduct ion of be ry l l i um w i l l  n o t  occur a t  l o w  c u r r e n t  d e n s j t i e s  and l o w  

bismuth r e d u c t a n t  l o a d i n g s .  

The purpose of t h e  

7 

A B i F  -JAib'-BeF sa l t  composi t ion of 20.8-62.5-16-7 mole % w a s  

chosen as typi -ca l  f o r  C l r e  r a r e - e a r t h  c e l l *  The d i f f u s i o n  c o e f f i c i e n t s  

f o r  l i t h i u m  and bismuth i n  t h e  s a l t  were assumed t o  be  10 crn / s e c  and 

3 2 

-5 2 

2 c m  /set, r e s p e c t i v e l y .  These v a l u e s  were esr i h a t e d  from mcasure- 

ments made w i t h  c h l o r i d c  s a l t s .  The molar volume o f  bismuth fluoride 

was assumed t o  be 0.04 l i t e r / g - m o l e .  

The bismuth s p e c i e s  which will be  p r e s e n t  :i.n t h e  s a l t  are  n o t  

known. Two s p e c i e s  were cons ide red :  .fig.. and BiF . Equat ions  (20), 

(21), and (25) were i n t e g r a t e d  numer i ca l ly  f o r  the f o u r  i o n s  invol.ved 

(Lj .  , BeF4 , %' ,and e i t h e r  Bi o r  R.iF5 ) .  Calcu la t ed  c u r r e n t  den- 

s i t i e s  were lower when B i  rather than BiF was assumed t o  be the  

bismuth s p e c i e s  because t h e  e l e c t r i c  p o t e n t i a l  g r a d i e n t  a c r o s s  t h e  

ca thode  s a l t  f i l t n  h i n d e r s  t h e  t r a n s p o r t  of n e g a t i v e  i o n s  and enhances 

t h e  t ransport :  of p o s i t i v e  i o n s  - 'The p r e d i c t e d  current e f f i c i e n c i e s  

wi th  B i  are  shown i n  F i g .  28 f o r  s a l t  and metal f i l m  t h i c k n e s s e s  
2 

of 0.05 c m  ( s t agnan t )  each.  With c u r r e n t  d e n s i t i e s  sf 0.1  amp/cm o r  

g r e a t e r ,  t h e  c u r r e n t  effeciency i s  p r e d i c t e d  ts b e  approximate ly  50% 

o r  g r e a t e r  and would become 90% a t  0.5 amp/crn ~ 

. .3+ 2- 
5 

+ 2 "" - 34- 2- 

31- 2- 
5 

3+ 

2 

The c o n d i t i o n s  l e a d i n g  t o  t h e  r e d u c t i o n  of BeF were a l s o  e s t i m a t e d ;  

The p a i n t  a t  0.65 amp/cmz i n d i c a t e s  t h e  
2 

t h e y  are  i l l u s t r a t e d  i n  F i g .  28. 

c u r r e n t  d e n s i t y  and currel i t  e f f i c i e n c y  a t  which the salt a t  t h e  ca thode  
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O R N L - D W G  69-12633 

L 

0.05 

~ , i  = id5 cm'/sec 
D , ~  = io-6 cm2/sec 

"B i 
6 = 0.05 cm 

= 0.04 l i t e r /mo le  

20.8 mole "I, BiF,  
62.5 mole % LiF 

I 

0. i 0.2 0.5 

CURRENT DENSITY (omp/crn2j  

F i g .  28.  Calculated Current  E f f i c i ency  w i t h  an LiF-BeF2-BiF 3 Salt. 
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i n t e r f a c e  becomes (under  t h e  s i m p l i f i c a t i o n s  of t h e s e  c a l c u l a t i o n s )  pu re  

BeF Beryl l ium w i l l  c e r t a i n l y  be reduced w i t h  c u r r e n t  d e n s i t i e s  h ighe r  
2 t han  t h i s .  

which t h e  r e d u c t i o n  of beryl.l.ium i s  more l i k e l y  t o  begin ;  t h i s  v a l u e  was 

estimated by assuming t h a t  t h e  s a l t  and metal are i n  e q u i l i b r i u m  a t  t h e  

ca thode  i n t e r f a c e  and t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t s  and boundary-layer  

t h i c k n e s s e s  are  the same i n  the m e t a l  and the s a l t  phases .  

2 '  
The p o i n t  a t  0.16 amp/cm r e p r e s e n t s  t h e  c u r r e n t  d e n s i t y  a t  

Experimental  measurements w i t h  s t a t i - c  e l e c t r o l y t i c  ce l l s  have in- 
2 d i c a t e d  t h a t  c o n s i d e r a b l y  h i g h e r  c u r r e n t  d e n s i t i e s  (5 amp/cm ) can be 

achieved wi thou t  r e d u c t i o n  of be ry l l i um.  Some s o l i d  material h a s  been 

obse-rved i n  t h e  static:  eel-ls, b u t  t h i s  i s  n o t  b e l i e v e d  t o  have r e s u l t e d  

from reduct ion  of lmryl l iuni .  Iiowever , one should  keep t h e  l i m i t a t i o n s  

of t h e s e  c a l c u l a t i o n s  i n  mind, Although a l l  of the assumed parameters  

will. a f f e c t  t h e  r e s u l t s ,  t h e  most i .mportsnt (and probably  the most  un- 

c e r t a i n )  parameter  i s  t h e  f i.lm t h i c k n e s s  s i n c e  t h i s  v a l u e  de t e rmines  

t h e  h o r i z o n t a l  scale on Fig .  28. Thus, i f  a smaller f i l m  t h i c k n e s s  i s  

assumed, a h ighe r  d l o w a h l e  current d e n s i t y  w i l l  be  e s t i m a t e d .  The 

g e n e r a l  shape  of t h e  cu rve  i n  F ig .  '28 i s  probably more r e l i a b l e  t h a n  

p a r t i c u l a r  numer ica l  values,  e s p e c i a l l y  estimates of c u r r e n t  d e n s i t i e s ,  

h t  p r e s e n t ,  no expe r imen ta l  da ta  on c u r r s n t  e f f i c i e n c y  are a v a i l a b l e .  

When d a t a  on c u r r e n t  e f f i c i e n c y  become a v a i l a b l e ,  F i g .  2 8  may b e  used 

to determine  how e f f i c i e n c y  will v a r y  w i t h  c u r r e n t  d e n s i t y  and when 

r e d u c t i o n  of be ry l l i um i s  l i k e l y  t o  occur .  

8 .  AXIAL M I X I N G  IN PACKED COLUMPJS WITH HIGH-DENST'I'Y FEUIDS 

J. S .  Watson I,. E. McNeese 

Axia l  d i f f u s i o n  may b e  impor t an t  i n  derermining  t h e  performance o f  

r e d u c t i v e  e x t r a c t i o n  c o n t a c t o r s  i n  Elowsheets proposed f o r  p r o c e s s i n g  a 

mol t en - sa l t  b reede r  r e a c t o r  (MSBR). T h i s  i s  e s p e c i a l l y  impor tan t  i n  t h e  

proprjsed rare-e.2rth removal. system, i n  whi rh  h igh  m e t a l - t o - s a l t  vel- 
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uimetric f low r a t i o s  are r e q u i r e d .  It is  l i k e l y  t h a t  packed-column 

c o n t a c t o r s  w i l l  be  used and t h a t  sa l t  w i l l  b e  t h e  cont inuous  phase.  

Under t h e s e  c o n d i t i o n s ,  t h e  s a l t  w i l l .  f l ow through t b e  column w i t h  a 

low v e l o c i t y ,  and a x i a l  mixing is  l i k e l y  t o  s e v e r e l y  d e c r e a s e  t h e  pe r -  

formance of t h e  column. Data on a x i a l  d i s p e r s i o n  are needed i n  o r d e r  

tu estimate t h e  importance of t h i s  e f f e c t .  

R e l a t i v e l y  f e w  d a t a  on a x i a l  d i s p e r s i o n  c o e f f i c i e n t s  are a v a i l a b l e ;  

no d a t a  are a v a i l a b l e  f o r  h igh -dens i ty ,  non-wetting f l u i d s .  To supp ly  

t h e  needed i n f o r m a t i o n ,  a s tudy  of a x i a l  d i f f u s i o n  c o e f f i c i e n t s  has 

been i n i t i a t e d  u s i n g  mercury and water t o  s i m u l a t e  bismuth and s a l t .  

8.1 Mathematical  Model 

A s t e a d y - s t a t e  t echn ique  w a s  used f o r  t h e  a x i a l  d i f f u s i v i t y  measure- 

ments;  i t s  t h e o r e t i c a l  development i s  as fo l lows .  Consider a column of 

c o n s t a n t  c r o s s  s e c t i o n  i n  which a f l u i d  moves w i t h  c o n s t a n t  s u p e r f i c i a l  

v e l o c i t y ,  1). I f  a tracer material is  in t roduced  n e a r  t h e  column e x i t ,  
t h e  t r a c e r  w i l l  tend to d i f f u s e  upstream, and a c o n c e n t r a t i o n  p r o f i l e  

will be e s t a b l i s h e d .  A t  s t e a d y  s ta te ,  t h e  f l u x  of t h e  tracer due t o  

a x i a l  d i f f u s i o n  is  e q u a l  t o  t h e  convec t ive  f l u x ;  t h a t  i s ,  

dC 
dZ -E - = vc, 

where 

E = a x i a l  d i f f u s i v i t y ,  

C = t r a c e r  c o n c e n t r a t i o n  a t  p o s i t i o n  Z, 

v = s u p e r f i c i a l  f l u i d  v e l o c i t y ,  

Z = p o s i t i o n  a long  t h e  column. 
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I n t e g r a t i o n  of t h i s  r e l a t i o n ,  assuming that:  t h e  c o n c e n t r a t i o n  o f  tracer 

a t  p o i n t  Z i s  C y i e l d s  t h e  r e l a t i o n  1 1’ 

which i n d i c a t e s  t h a t  a semilogari- thmic p l o t  of C / C  

a s c r a i g h t  l i n e  of s l o p e  - v / E .  

vs 2 sl-rould y i e l d  l 

8 . 2  Experimental  Equipment 

The exper imenta l  equipmenl: f o r  t h e  s t u d y  i s  shown s c h e m a t i c a l l y  i n  

F i g .  29. While t h e  packed column i s  o p e r a t i n g  w i t h  mercury and water i n  

c o u n t e r c u r r e n t  f low,  a tracer s o l u t i o n  of c u p r i c  n i t r a t e  i s  in t roduced  

nea r  t h e  top  of t h e  column a t  a c o n s t a n t  ra te .  

t r a t i o n  p r o f i l e  of tracer i s  then  measured p h o t o m e t r i c a l l y  a t  severa l .  

p o i n t s  upstream (i.ee2 down t h e  column) i n  t h e  aqueous phase .  At each 

measuring p o i n t ,  a small stream of water (approximate ly  I rnl./min) i s  

removed from t h e  column by a s m a l l  c e n t r i f u g a l  pump and c i r c u l a t e d  

through a photocel l .  and r e t u r n e d  t o  t h e  column. 

are shown in F i g .  29;  howeves, as many as t e n  loops  have been used i n  

t h e  a c t u a l  system, 

The s t e a d y - s t a t e  concen- 

Only t h r e e  sample loops  

A photograph of a p h o t o c e l l  i s  i n  F i g .  30. The c e l . 1 ~  are made of 

L u c i t e .  L igh t  from a s m a l l  i ncandescen t  lamp (shown on t h e  ].eft) p a s s e s  

through t h e  c e l l  t u  a C l a i r e x  Model CL70IL p h o t o r e s i s t o r  (shown on t h e  

r i g h t ) .  No f i l t e r s  are used ta r e s t r i c t  t h e  spectrum of l i g h t  p a s s i n g  

through t h e  c e l l  o r  int-o the p h o t o r e s i s t o r ;  however, t h e  s e n s i t i v i t y  of 

t h e  p h o t o r e s i s t o r s  r eaches  a maximum a t  a s a t i s f a c t o r y  wavelength f o r  

c u p r i c  n i t r a t e .  

A t y p i c a l  c i r c u l a t i o n  pump i s  shown i n  F i g .  31. Th i s  pump i s  also 

made of Z u c i t e ;  however, t h e  i n l e t  and o u t l e t  p a r t s  a re  made of s t a i n l e s s  
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F i g .  29 .  Schematic of Axial Diffusion Column. 
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PHOTO 97025 

Fig. 30. Photocell Used in Measurements of Axial Dispersion in 
Packed Columns. 
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A 

F i g .  31. 
i n  Packed Columns. 

C i r c u l a t i o n  Pump Used f o r  Measurements of Axial  D i spe r s ion  
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steel  f o r  extra s t r e n g t h .  The i m p e l l e r  i s  a Teflon-coated magnet ic  

stirrer d r i v e n  by a r o t a t i n g  magnet l o c a t e d  o u t s i d e  t h e  pump. 

The assembled column is  shown i n  F ig .  32. The c i r c u l a t i o n  pumps 

are mounted on t h e  r a c k  shown on t h e  r i g h t .  The d r i v i n g  magnets are 

r o t a t e d  by a s i n g l e  motor .  The column, made of  L u c i t e ,  h a s  a n  i n s i d e  

d iameter  of 2 i n .  and a h e i g h t  of 4 f t .  

8.3 R e s u l t s  

Typ ica l  d a t a  from t h e  system are shown i n  F ig .  33 ,  where t h e  log-  

a r i t h m  of t h e  tracer c o n c e n t r a t i o n  is  p l o t t e d  as a f u n c t i o n  of d i s t a n c e  

down t h e  column ( 2 )  from t h e  tracer i n l e t .  The r e s u l t i n g  cu rve ,  ob ta ined  

by u s i n g  3/8- in .  Raschig r i n g s ,  a mercury f low ra te  of  29.1 f t / h r  ( super -  

f i c i a l  v e l o c i t y ) ,  and a water f low r a t e  of 9 .1  f t l h r ,  is  e s s e n t i a l l y  

l i n e a r .  T h i s  i n d i c a t e s  t h a t  t h e  a x i a l  d i f f u s i o n  i s  independent  of t h e  

d i s t a n c e  down t h e  column and s u g g e s t s  t h a t  t h e  e x t e n t  of mercury d i s p e r -  

s i o n  has  reached a s t e a d y - s t a t e  c o n d i t i o n  i n  t h i s  s e c t i o n  of t h e  column. 

The d i s p e r s i o n  c o e f f i c i e n t  measured i n  t h i s  experiment  was 3.4 c m  /sec. 

No s i g n i f i c a n t  v a r i a t i o n  i n  t h i s  c o e f f i c i e n t  w a s  d e t e c t e d  when several 

o t h e r  mercury and water f low rates  were used;  t h e  average  v a l u e  w a s  

approximate ly  3.6 cm Isec. However, t h e s e  f low rates d i d  n o t  i n c l u d e  

rates c l o s e  t o  f l o o d i n g ,  where changes i n  f low p a t t e r n s  are known t o  

occur .  

2 

2 

9 .  REMOVAL OF HEAT FROM PACKED-COLUMN CONTACTORS 
USED FOR ISOLATING PROTACTINIUM 

J. S .  Watson L .  E .  McNeese 

Packed-column c o n r a c t o r s  are be ing  cons ide red  f o r  u s e  i n  r e d u c t i v e  

e x t r a c t i o n  p rocess ing  systems.  Heat t r a n s f e r  and tempera ture  d i s t r i b u -  

t i o n  w i t h i n  t h e s e  columns are  impor tan t  s i n c e  s i g n i f i c a n t  q u a n t i t i e s  of 
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Fig .  32. 
in Packed Columns. 

Experimental  Equipment Used f o r  Study of Axial Dispe r s ion  
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Fig. 33. Axial Diffusion Measurements Made with 3/8-in. Raschig 
Rings. 



81 

h e a t  w i l l  be gene ra t ed  as a r e s u l t  of r a d i o a c t i v e  decay. 

d e r  of t h i s  s e c t i o n ,  estimates are made of t empera tu res  i n  columns used 

f o r  i s o l a t i n g  p r o t a c t i n i u m  under v a r i o u s  o p e r a t i n g  c o n d i t i o n s .  

I n  t h e  remain- 

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

p r i m a r i l y  from t h e  decay of 233Pa, a l though  s i g n i f i c a n t  q u a n t i t i e s  of h e a t  

are produced by t h e  decay of f i s s i o n  p roduc t s .  

d l t i o n s ,  t h e  Concen t r a t ion  of p r o t a c t i n i u m  i n  the s a l t  r eaches  a rnaxbmn 

v a l u e  midway up t h e  column; a t  t h i s  p o i n t ,  t h e  h e a t  r e s u l t i n g  from t h e  

decay of bo th  f i s s i o n  p r o d u c t s  and p r o t a c t i n i u m  i s  gene ra t ed  a t  t h e  r a t e  

of abou t  37 kw p e r  cubic f o o t  of s a l t .  

umn, t h e  rate a t  which h e a t  i s  gene ra t ed  from t h e  decay of f i s s i o n  p r o d u c t s  

i n  t h e  s a l t  d e c r e a s e s  from an i n l e t  v a l u e  of 16  kw p e r  c u b i c  f o o t  of s a l t  to 

an e x i t  v a l u e  of abou t  4 kw p e r  c u b i c  f o o t  o f  sa l t .  

of s a l t  having  a h igh  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  will be he ld  up i n  t h e  

p r o t a c t i n i u m  decay t ank ;  t h e  t o t a l  g e n e r a t i o n  ra te  i n  t h i s  sa l t  is  about  

29 kw per  c u b i c  f o o t  of s a l t .  

Under normal o p e r a t i n g  con- 

A s  t h e  salt flows th rough t h e  col-  

A s i g n i f i c a n t  q u a n t i t y  

The most d i f f i c u l t  h e a t - t r a n s f e r  s i t u a t i o n  l i k e l y  t o  be encountered  

i s  b e l i e v e d  t o  be  r e p r e s e n t e d  by c o n d i t i o n s  i n  which t h e  e x t r a c t i o n  column 

c o n t a i n s  s a l t  having  a h e a t  g e n e r a t i o n  r a t e  e q u a l  t o  t h a t  i n  t h e  decay 

t ank  (29 kwPft 1 .  Two s i m p l i f i e d  h e a t - t r a n s f e r  s i t u a t i o n s  r e l a t e d  t o  t h i s  

c o n d i t i o n  w e r e  examined. I n  t h e  f i r s t ,  it w a s  assumed t h a t  ne h e a t  w a s  

removed through t h e  walls of the column, and t h e  r e s u l t i n g  e x i t  sa l t  and 

metal t empera tu res  were c a l c u l a t e d .  I n  t h e  second case, i t  w a s  assumed 

t h a t  a l l  of t h e  h e a t  w a s  removed through t h e  walls of t h e  column, and t h e  

d i f f e r e n c e  between t h e  t empera tu re  of t he  column w a l l  and t h e  t empera tu re  

of t h e  c e n t e r  l i n e  of t h e  column was c a l c u l a t e d .  

3 

9-1 Maximum Column Temperarures, Assuming Only Convection of Heat 

5 
The r a t e  at which sa l t  f lows  through t h e  column will be  7 . 1  x 10  

-1 g-moles/day, or 525 g / s e c ,  The heat c a p a c i t y  of s a l t  i s  0.33 cal. g 
0 -1 LO 6 3 

C . The metal f low rate i s  1 . 4  x 10 g-moles/day, o r  3.39 x PO 
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-1 -1. g / sec .  The h e a t  c a p a c i t y  of l i q u i d  bismuth i s  0.035 c a l  g O C  . It  

w i l l  be  assumed t h a t  t h e  e x t r a c t i o n  column is 8 i n .  i n  d i ame te r  arid 20 

f t  long.  Tf  packed w i t h  Raschig r i n g s ,  i t  would have a vo id  f r a c t i o n  of 

approximate ly  0.75 and thc t o t a l  heac g e n e r a t i o n  r a t e  would be  3.08 x 10  

cal /sec.  L f  t h e r e  is  no h e a t  loss througli t h e  wall and i f  t h e  s a l t  and 

m e t a l  streams e n t e r  t h e  column a t  tlte same tempera ture ,  t h e  tempera ture  

increase d u r i n g  t h e i r  passage  through Lhe columns w i l l  be  106°C. 

metal a l o n r  was f lowing  through t h e  column, t h e  i n c r e a s e  i n  tempera ture  

would amourit t o  260'C; i f  s a l t  a l o n e  w a s  f lowing through t h e  column,  t h e  

i n c r e a s e  would be 178°C. 

4 

If 

9 . 2  Maximum Column Temperatures ,  Assuming Only H e a t  Removal 
Through t h e  Column Wall. 

Heat can be  t r a n s f e r r e d  r a d i a l l y  i n  t h e  column, and hence through t h e  

column ~ r a l I . ,  by t h e  combined e f f e c t s  of conduct ion  and convec t ion .  No d a t a  

were found on e f f e c t i v e  thermal  c o n d u c t i v i t i e s  i n  packed beds du r ing  two- 

phase c o u n t e r c u r r e n t  f low.  In t h e  absence  of such d a t a ,  e f f e c t i v e  thermal  

c o n d u c t i v i t i e s  i n  packed beds wi th  s ing le -phase  f low were used.  W e  f e e l  

t h a t  t h i s  approach probably g i v e s  a c o n s e r v a t i v e  estimate of t h e  conduc- 

t i v i t y ,  t h a t  i s ,  a v a l u e  lower than  woul-d a c t u a l l y  be  observed.  Data of  

Bernard arid Wilhelm were cons idered  most r e l e v a n t  because t h e s e  a u t h o r s  

s t u d i e d  m a s s  t r a n s f e r  ( d i f f u s i o n )  through packed beds ,  a s i t u a t i o n  i n  which 

110 c r e d i t  could be taken  f o r  conduct ion  through t h e  packing.  Most d a t a  

r e l a r e d  t o  conduct ion  through packed b e d s  were ol i ta ined by u s i a g  gases f o r  

t h e  f l u i d s ;  i n  such  cases, t h e  c o n d u c t i v i t y  of the packing may be  impor t an t .  

Bernard and Wilhelm r e p o r t e d  t h a t  

11. 

= D U/E % 10, NPe p 
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where 

= Peclet number, 

D = packing diameter, 
N~ e 

P 
U = superficial fluid velocity, 

E = effective diffusion coefficient (of heat or mass). 

With 318-in. packing and a salt velocity oE 62.7 ft/hr, the effective 

diffusivity given by this relation is 0.20 ft /hr, which yields an 
effective thermal conductivity value of 7.75 Btu hr ft . The 

difference between the temperature of the wall and that of the center 

line of a cylinder of infinite length having a volumetric heat source 

of uniform strength is: 

2 

-1 -I y l  

.2 
Tc - T -A - 

e 16 k wall (39) 

where 

cr = volumetric heat generation rate, 

d = diameter of the cylinder, 

e k = effective conductivity of the cylinder. 

The calculated difference between the center-line and the wall temperatures 

is 147°C. 

9 3 Conclusion 

Since heat w i l l  be removed from the column by conduction through 

the wall, as w e l l  as by the materials flowing through the column, the 

maximum temperature rise in the columns should be less than 150°C if 

salt from the decay tank fills the reductive extraction col.umn. However, 

in order to h o l d  t h e  temperature increases to this value, it will be nec- 
essary to maintain at least  the normal metal flow rate. Actually, the 

increase in temperature will be  tolerable if the normal flow rate of 

ei-ther one of the phases I s  maintained. 



l o .  MSRE DISTILLATION EXPERIMENT 

L .  E .  McNeese S .  R. Hightower,  Jr .  

Equipment f o r  t h e  MSRE D l s t i L l a t i o n  Experiment and i ts  i n s t a l l a t i o n  
9 a t  I.he MSRE s i t e  have been d e s c r i b e d  ear l ie r .  T h i s  sec.tion summarizes 

o p e r a t i o n  of t h e  equipment,  d e s c r i b e s  t h e  d a t a  o b t a i n e d ,  and p r e s e n t s  

t h e  r e s u l t s  of some of t h e  performance c a l c u l a t i o n s .  

1 0 . 1  Summary of D i s t i l l a t i o n  Opera t ion  

The experiment  t o  demonst ra te  the high-temperature  , low-pressure 

d i s t i l l a t i o n  of i r r a d i a t e d  MSRE f u e l  c a r r i e r  salt h a s  been s u c c e s s f u l l y  

completed.  

( i n s t e a d  of t h e  a n t i c i p a t e d  48 l i t e r s ) ,  a l l  o b j e c t i v e s  of t h e  experiment  

were m e t  i n  an uneven t fu l  31-hr o p e r a t i o n .  

Although t h e  q u a n t i t y  of sa l t  processed  was o n l y  1 2  l i t e r s  

On May 1, 1969, we a t t empted  t o  t r a n s f e r  48 l i ters of i r r a d i a t e d  

MSRE f u e l  s a l t  ( c o n t a i n i n g  no uranium) from t h e  f u e l  s t o r a g e  t ank  (FST) 

t o  t h e  s t i l l  feed  ‘cank. The t r a n s f e r  wa.s i n i t i a t e d  by evacua t ing  t h e  

f eed  tank., which conta ined  about  2 l i ters  of u n i r r a d i a t e d  s a l t ,  t o  about  

1 . 5  p s i a .  A f t e ~  1 2  I . i t e r s  o f  s a l t  had been t r a n s f e r r e d  from %ST, the 

p r e s s u r e  i n  t h e  feixl tank rose  qu ick ly  (over  a pe r iod  of 2 miti) from 

about  4 p s i g  t o  atinospheric. p r e s s u r e ,  which i n d i c a t e d  t h a t  gas  was flow- 

i n g  from t h e  FST t o  the f eed  tank .  Al.thoug11 t h e  bubbler  i n  t h e  FST 

i n d i c a t e d  t h a t  more. s a l t  was p r e s e n ~ ,  we made o n l y  nne a d d i t i o n a l  a t t empt  

t o  t r a n s f e r  s a l t  because of the poten t i -a1  danger  of removing t h e  s a l t  

from t h e  f r e e z e  v a l v e  between the two vessels. A f t e r  i t  was e s t a b l i s h e d  

t h a t  a r i g h t  seal  could be made i n  the f reeze v a l v e ,  we decided  t o  pro- 

ceed w i t h  the experiment  u s ing  t h e  s a l t  a l r e a d y  t r a n s f e r r e d .  

A t  the s t a r t  ot: t h e  d i s t i l l a t i o n ,  7 l i t e rs  of sa l t  was t r a n s f e r r e d  

frum t h e  f eed  t ank  t o  t h e  s t i l l  pot. Thn, still po t  was hea ted  t o  900°C, 

an3 d i s t i l - l a t i o n  w a s  . i n i t i a t e d  by s lowly  d e c r e a s i n g  t h e  condenser  p r e s s u r e  
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t o  0 . 2  mm Hg. The remain ing  sa l t  i n  t h e  f e e d  t ank  was f e d  t o  t h e  s t i l l  

p o t  w i t h  t h e  control.  system m a i n t a i n i n g  a nea r -cons t an t  s a l t  l e v e l  i n  

t h e  s t i l l  po t .  During t h i s  p a r t  of t h e  r u n ,  t h e  s t i l l - p o t  t empera tu re  

w a s  s lowly i n c r e a s e d  s i n c e  t h e  c o n c e n t r a t i o n s  of v o l a t i l e  BeF and ZrF 

were s t i l l  f a i r l y  h i g h ;  a lso,  i t  appeared t h a t  t h e  c a p a c i t y  of t h e  

condenser would be  exceeded s i n c e  t h e  t empera tu re  a t  t h e  end of t h e  

condenser w a s  becoming abnormally h igh .  We reduced t h e  d i s t i l l a t i o n  

r a t e  t o  a p o i n t  where t h e  condenser t empera tu re  remained a t  a c o n s t a n t  

and a c c e p t a b l e  l e v e l  (about  700°C) by i n c r e a s i n g  t h e  p r e s s u r e  of t h e  

condenser t o  0 , 8  mm Hg. 

4 2 

When t h e  remain ing  sa l t  i n  t h e  f eed  t ank  (7  l i t e r s )  had been d i s -  

t i l l e d ,  s a l t  i n  t h e  f e e d  l i n e  t o  t h e  s t i l l  po t  w a s  f r o z e n ;  t h e n  4 of t h e  7 
l i ters  of s a l t  i n  t h e  s t i l l  p o t  w a s  d i s t i l l e d  by b a t c h  d i s t i l l a t i o n .  The 

s t i l l - p o t  t empera tu re  d u r i n g  t h i s  p a r t  of t h e  r u n  was 980°C; t h e  condenser 

p r e s s u r e  w a s  about  0 .1  mm Hg. 

During t h e  f i r s t  p a r t  of t h e  exper iment ,  t h e  ave rage  d i s t i l l a t i o n  

r a t e  was 0.71 l i t e r l h r ;  d u r i n g  t h e  l a s t  p a r t ,  i t  w a s  abou t  0.30 l i t e r l h r .  

Eleven condensa te  samples were t aken  a t  approximate ly  90-min i n t e r v a l s  

d u r i n g  t h e  run.  When t h e s e  samples were removed a t  t h e  end of t h e  expe r i -  

ment, t h e  r a d i a t i o n  r e a d i n g s  ranged from 4 r / h r  a t  c o n t a c t  f o r  t h e  f i r s t  

s ample  t o  500 mr/hr  a t  c o n t a c t  f o r  t h e  l a s t  sample. 

a c t i v i t y  i n  a l l  samples  was 137~s.  

The predominant 

10 .2  Summary of A v a i l a b l e  Exper imenta l  Data 

The fo l lowing  q u a n t i t i e s  w e r e  measured d u r i n g  t h i s  experiment:  t h e  

c o n c e n t r a t i o n  of each  component i n  t h e  f e e d  s a l t  t o  t h e  s t i l l  and i n  t h e  

ccndensa te  ( s e v e r a l  times), t h e  volume of  l i q u i d  f e d  t o  t h e  s t i l l  p o t ,  and 

the volume of l i q u i d  c o l l e c t e d  i n  t h e  r e c e i v e r ,  A l l  c o n c e n t r a t i o n s  were 

c a l c u l a t e d  as of May 7 ,  1969. The volumes of s a l t  i n  t h e  f eed  t a n k ,  s t i l l  

g o t ,  and condensa te  r e c e i v e r  were de termined  by measuring t h e  weight  of 
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l i q u i d  ove r  t h e  end of a bubb le r ,  d i v i d i n g  by a s a l t  d e n s i t y  of 2 .2  

g/cm3 t o  o b t a i n  t h e  dep th  of l i c p i d ,  and m u l t i p l y i n g  t h i s  v a l u e  by t h e  

c r o s s - s e c t i o n a l  area of t h e  p a r t i c u l a r  v e s s e l  t o  o b t a i n  t h e  volume. W e  

assumed t h a t  t h e  inass d e n s i t y  of t h e  l i q u i d  w a s  independent  of composi- 

t i o n  and t h a t  t h e  volume of l i q u i d  i n  t h e  s t i l l  p o t  could  t e  c a l c u l a t e d  

by s u b t r a c t i n g  the volume of condensa te  c o l l e c t e d  from t h e  t o t a l  volume 

of s a l t  f e d  t o  t h e  s t i l l  from t h e  f eed  t ank .  Assuming molar volumes 

can be  added (which i s  a f a i r l y  good assumpLion f o r  f l u o r i d e  s a l t s ) ,  

we c a l c u l a t e d  d e n s i t i e s  f o r  l i q u i d s  i n  t h e  c o n c e n t r a t i o n  range  seen  i n  

t h i s  experiment  and found only  a 52 v a r i a t i o n  i n  mass d e n s i t y ;  hence,  

our  assumption of c o n s t a n t  d e n s i t y  i s  a c c e p t a b l e .  Table  3 summarizes 

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

f i s s i o n  p roduc t s  have n o t  been r e c e i v e d ;  t h u s  a n a l y s e s  are g iven  o n l y  

f o r  '-44Ce and 9 5 Z r .  

10.3 Material Balance C a l c u l a t i o n s  

One of t h e  most c o n c i s e  ways t o  e x p r e s s  t h e  s e p a r a t i o n  performance 

of the d i s t i l l a t i o n  equipment i s  t o  c o n v e r t  the condensa te  a n a l y s e s  t o  

e f f e c t i v e  r e l a t ive  v o l a t i l i t i e s  w i t h  r e s p e c t  t o  LiF. The e f f e c t i v e  

r e l - a t i v e  v o l a t i l i t y  of component i w i t h  r e s p e c t  t o  L i F  i s  de f ined  as 

 he I-<? 

y -I mole fraction i n  the condensa te ,  

x = mole f r a c t i o n  i n  the s t i l l  p o t .  

A l t h o u g h  che composition of each component i n  the s t i l l  po t  w a s  n o t  meas- 

used d i r e c t l y  du r ing  t h e  run ,  t h e  d a t a  allow the composi t ion  of t h e  s t i l l  



Table 3. Summary of Data from Distillation Experiment 

Volume of 
Salt Fed Volume of 
from Condensate Condensate Analyses (mole f r ac t ion )  
Feed Tank Collected 
(liters) (liters) LiF BeF, Zr F,, 95zr 144~e 

Start of 
run 

FDE-1 

FDE-2 

FDE-3 

FDE-4 

FDE-5 

FDE-6 

Start:  of batch 
distillation 

FDE-7 

FDE-8 

FDE-9 

FDE-10 

FDE-11 

Feed 
composition 

7.75 

7.9 

10.0 

11.2 

12.6 

13.4 

1 3 . 6  

13.8 

13.8 

13.8 

13.8 

13.8 

13.8 

-- 

0 

0.42 

1.93 

2.96 

3.81 

4.35 

4.95 

5.07 

5.80 

6.34 

6.89 

7.49 

7.85 

-- 

-- 
0.284 

0.385 

0.439 

0.466 

0.489 

0.455 

-- 
0.497 

0.546 

0.599 

0.740 

0.741 

0.663 

-- 
0.629 

0.539 

0.512 

0.484 

0.463 

0.494 

-- 
0.452 

0.407 

0 I) 361 

0.224 

0.224 

0.273 

-- -- -- 
0.0873 2.03 x - < 1.80 x I f 8  
0.0756 2.07 x 2.03 x 

0.0489 1.31 x 1.14 x 

0.0494 1.36 x 2.49 x 

0.0479 1.35 x IOm8 -- 
03 1.25 x -4 

0.0515 1 .43  x 

-- -- -- 
9.21 I O - ~  0.0509 1.35 x 

1.33 x 1.41 x 0.0466 

0.0405 1.09 x 2.32 x 

0.0357 9.83 x LO-’ 1.79 x 

0.0344 9.47 2.51 x 

0.0637 1.24 x l o q 8  1.16 x lo-‘ 



88 

p o t  t o  b e  e s t i m a t e d  from a material  b a l a n c e  f o r  each component. In t h e  

remainder  of t h i s  s e c t i o n ,  we d e r i v e  t h e  material  b a l a n c e  equat ions  and 

o u t l i n e  t h e  c a l c u l a t i o n a l  procedure .  

For t h e  semicont inuous mode of o p e r a t i o n ,  a d i f f e r e n t i a l  mole ba l -  

a n c e  f o r  component i gives:  

where 

1 = t o t a l  moles f e d  t o  the sti.1-l pot ,  

0 = t o t a l  moles removed f rom the still p o t ,  

M .  = moles of component i i n  t h e  s t i l l  p o t ,  

f .  = mole f r a c t i o n  of component i i n  t h e  f e e d ,  

Yi 

1 

1 

= mole f r a c t i o n  of component i i n  t h e  condensa te .  

Since volume was t h e  measured q u a n t i t y ,  we can  make t h e  f o l l o w i n g  sub- 

s t i t u t i o n s  : 

dVout ~ 

N dO = Y 

where 

= volume of salt f e d  t o  the s t i l l  p o t ,  l i t e rs ,  

= volume of condensa te  c o l l e c t e d ,  l i t e r s ,  

v = molar volume of component j 9  litess/mole. 

'in 

vout  

j 

-k 
Assumed t o  be independent: of l i q u i d  c o n c e n t r a t i o n .  
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When we substitute the quantities in E q .  ( 4 2 )  into Eq. ( 4 1 ) ,  we obtain 

dV = dMi. i - 'i f 
N d V i n  N out 

f .v 
j =1 J j  

Integration of Eq. ( 4 3 )  yields 

j =1 'j vj 

vout 
- dVout - Mi 9 

i yi f 

N v -  N in 
f .v Y . V j  

j =1 ~j 0 j=l J 

( 4 3 )  

( 4 4 )  

= M .  = 0 at the start of the experiment Vout 1 
where the conditions V = 

were wed. 

f o r  M. for each component. 

in 
The composition in the still pot can be determined by s o l v i n g  

This equation is valid up to the point where 
3. 

= 5.07 liters (the end of the semicontinuous distillation). 

During the batch distillation, if M. moles of component i are present: 

Vout 

1 

in the still. p o t  and dM. moles of component i are vaporized, the mole 

fraction sf component i in the vapor is given by 
1 

similarly, for component j (i # j ) ,  

dMg - 
Yj - N 

dMlc k= 1 

( 4  6 )  
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From Eqs. ( 4 5 )  and ( 4 6 ) ,  we obtain the expression 

'i dMi = - dM . 
j 'j 

Assuming that the molar volumes v are independent of: composition (as 

w e  did b e f o r e ) ,  w e  multiply both sides of Eq.  ( 4 8 )  by vi and sum both 

sides over a l l  i to obtain the following equation: 

i 

N N dM; 
J 

, (YiVi) - Y 
- - 

yJ 
v.dMi I -- dVstill 

i=l i- 1 

= volume of salt in the still pot, l i t er s .  sti l l  where V 

Solving E q .  ( 4 9 )  for dM. yields: 
J 

Integrating Eq.  (50) yields : 

( 4 7 )  

( 4 9 )  
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where 

I4 = moles of component j preserit in the still pot at the start 
10 

of the batch distillation, 

V = volume of salt in still pot at: start of batch distillation. 
0 

The quantity PI in Eq.  (51) is calculated by evaluating Eq. (44) using 
the values of V and V correspondin: LO the end of the semicontinuous 

distillation. A s  previously, the composition of the still got is deter- 

mined by evaluating Eq.  (51) for each component present. 

10 
in out 

The integrals in E q s .  ( 4 4 )  and (51) were evaluated by plotting 
Yil , N  yjvj vs the valume of condensate collected in the receiver during 

j =I 
N the semicontinuous distillation and yi/ y v vs the still-pot volume 

(calculated as explained in the previous section) during the batch dis- 

tillation. 

functions of the appropriate values and then integrating these equatioi2s. 

For any component, a fairly wide range of equation parameters fit the 

scattered data equally well; however, the values of the integrals were not 

significantly sensitive t o  these variations in the parameters. The sums 

jtl j j 

The evaluation was made by fitting the data to simple empirical 

N 
fivi were adequately represented by considering only the  

N v  
'i i and i=I. i=l 

major salt components LiF, BeF2, and ZrF 

fission products were negligible as compared with the mole fractions of 

these components. 

s ince  the mole fractions of the 
4 

Using Eqs. ( 4 4 )  and (5l), we calculated the number of moles of each 

component present in the still pot at the time each condensate sample 

was taken. The mole fraction of each component in the still pot at that 

tim was calculated using the following equation: 

M 
i x =  i N  
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The c a l c u l a t e d  x. v a l u e s  are  sunmarized i n  T a b l e  4 .  The measured v a l u e s  

of yi from Table  3 and t h e  c a l c u l a t e d  v a l u e s  of x were used i n  E q ,  ( 4 0 )  

t o  c a l c u l a t e  t h e  e f f e c t i v e  relat.ive v o l a t i l i t y  of each  component, w i t h  

r e s p e c t  t o  LiF, f o r  each sample.  

1 

i 

10.4 R e s u l t s  

C a l c u l a t i o n s ,  as d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n ,  have been 

c a r r i e d  o u t  f o r  t h e  majoc salt components LFP,  BeF2, and ZrF 

t h e  f i s s i o n  p r o d u c t s  9 5 Z r  and 

r e l a t i v e  v o l a t i l i t y  of ReF 

t h e  semicont inuous d i s t i l l a t i o n ,  b u t  i n c r e a s e d  g r a d u a l l y  t;o 8 . 4  d u r i n g  

t h e  h a t c h  d i s t i l l a t i o n .  The v a l u e  measured d u r i n g  t h e  semicont inuous 

p o r t i o n  of t h e  r u n  i s  n e a r  t h e  v a l u e  ( 4 . 7 )  t h a t  was measured i n  recir-  

c u l a t j n g  e q u i l i b r i u m  s t i l l s  i n  LiF-BeF systems.  
13  the b a t c h  d i s t i l l a t i o n  i s  i n  q u a l i t a t i v e  agreement w i t h  measurctnents 

made i n  LiF-BeF -ThP systems.  These measurements showed t h a t ,  as t h e  

mole f r a c t i o n  of BeF i n  the l i q u i d  became v e r y  s m a l l ,  t h e  r e l a t i v e  

v o l a t i l i t y  of BeF i n c r e a s e d .  

and f o r  lUCe 4’ . A s  shown in Fig .  3 4 ,  t h e  e f f e c t i v e  

remained c o n s t a n t  a t  a v a l u e  of 5 . 4  d u r i n g  2 

The i n c r e a s e  d u r i n y  1 2  
2 

2 4  

2 

2 

The re la t ive  v o l a t i l i t y  of  ZrF  ( b o t h  s t a b l e  z i rconium and f i s s i o n  
4 

, which w a s  approximate ly  4 a t  t h e  start  of t h e  exper iment ,  p roduct  95z,) 

d e c r e a s e d ,  and then became c o n s t a n t  a t  a v a l u e  n e a r  2 about  halfway t h r o u g l  

t h e  semicont inuous mode of o p e r a t i o n .  It t h e n  decreased  f u r t h e r  d u r i n g  

the  b a t c h  d i s t i l l a t i o n  t o  about  I, These v a l u e s  are  c o n s i s t e n t :  w i t h  

v a l u e s  measured under e q u i l i b r i u m  c o n d i t i o n s .  

3 
A s  shown i n  F i g .  35, t h e  e f f e c t i v e  r e l a t i v e  v o l a t i l i t y  o f  1 - 4 4 C e F  

-2 had an i n i t i a l  v a l u e  of about  3 .5  x 1.0 and d e c r e a s e d  s t e a d i l y  u n t i l  i t  
-2 reached a v a l u e  of about  1 x 1 0  a t  the end of  t h e  exper iment .  These 

v a l u e s  are  about  t w o  o r d e r s  of magnitude higher t h a n  the v a l u e  measured 

i n  s m a l l  r e c i r c u l a t i n g  e q u i l i b r i u m  s t i l l s  i n  LiF-BeF sys tems.  Although 

an expl-anation of t h i s  d i s c r e p a n c y  i.5 n o t  p r e s e n t l y  a v a i l a b l e ,  c o n s i s t e n t  

e x p l a n a t i o n s  may emerge as the anal .yses  f o r  t h e  o t h e r  f i s s i o n  p r o d u c t s  

become available.. 

2 
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