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LOW-PRESSURE DISTILLATION OF MOLTEN FLUORIDE MIXTURES: 
NONRAUIOACTIVE TESTS FOR THE MSRE DISTILLATION EXPERIMENT 

J. R. Hightower, Jr. 
L. E. McNeese 

ABSTRACT 

Equipment w a s  designed and built to demonstrate the 
low-pressure distillation of a 48-liter batch of irra- 
diated fuel salt from the Molten Salt Reactor Experiment. 
The equipment consisted of a 48-liter feed tank, a 12- 
liter, one-stage still reservoir, a condenser, and a 48- 
liter condensate receiver. 
processing six 48-Liter batches of nonradioactive LiF- 
BeF2-ZrF4-NdF 
1000"c. 

The equipment was tested by 

(65-30-5-0.3 mole X) at a temperature of 3 

3 
A distillation rate of 1.5 ft of salt per day per 

square foot of vaporization surface was achieved in the 
nonradioactive tests. Evidences of concentration polari- 
zation and/or entrainment were noted in some runs but 
not in others. Automatic operation was easily maintained 
in each run, although certain deficiencies in the liquid- 
level  measuring devices were noted. 
volatile salt components in the vacuum lines and metal 
deposition in the feed line to the still pot are problems 
needing further attention. Since a postoperational 
inspection of the equipment showed essentially no dimen- 
sional changes, the equipment was judged to be satis- 
factory for use with radioactive material. 

Condensation of 

The results of these nonradioactive tests indicate 
that the application of distillation to MSKK fuel salt 
processing is feasible. 

Low-pressure 

essing of salt fr 

1. INTRODUCTION 

distillation has potential application in the proc- 

m molten salt breeder reactors (MSHR'S). In the sing 

fluid MSBR concept, distillation could be used to adjust the. composi- 

tion of the fuel salt for optimum removal of the Lanthanides by reduc- 

tive extraction or f o r  partial recovery of  valuable components from 

salt streams that are to be discarded. In the two-fluid MSBR concept, 

.e- 
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d i s t i l - l a t i o n  cou1.d b e  used t o  s e p a r a t e  t h e  s l i g h t l y  v o l a t i l e  l a n t h a n i d e  

f l u o r i d e s  from t h e  o t h e r  components of t h e  f u e l  c a r r i e r  salt .  A program 

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

mix tures  from molten s a l t  r e a c t o r s  h a s  been under way f o r  about  t h r e e  

y e a r s .  The  work h a s  i n c l u d e d  t h e  measurement of  r e l a t i v e  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  T,iF, of a number of components of as well 

a s  t h e  o p e r a t i o n  of a r e l a t i v e l y  l a r g e ,  semicont inuous s t i l l  w i t h  non- 

r a d i o a c t i v e  LiF-BeF -ZrF4-NdF3 (65-30-5-0.3 mo7.e %). 

o b t a i n e d  d u r i n g  t h e  n o n r a d i o a c t i v e  t e s t i n g  o f  t h e  s t i l l  are p r e s e n t e d  

i n  this r e p o r t .  

The r e s u l t s  2 

The o b j e c t i v e s  of t h e  n o n r a d i o a c t i v e  tests d e s c r i b e d  i n  t h i s  r e p o r t  

w e r e :  (1 )  t o  t es t  t h e  d i s t i l l a t i o n  equipment t o  de te rmine  whether  i t  

woiild be s u i t a b l e  f o r  use  w i t h  r a d i o a c t i v e  s a l t ,  ( 2 )  t o  g a i n  e x p e r i e n c e  

i n  t:lLe o p e r a t i o n  of l a r g e ,  low-pressure,  h igh- tempera ture  s t i l l s  and t o  

uncover unexpected areas of d i f f i c u l t y ,  (3)  t o  measure d i s t i l l a t i o n  

rates a t t a i n a b l e  i n  l a r g e  equipment,  and (4)  t o  de te rmine  t h e  e x t e n t  to 

which c o n c e n t r a t i o n  p o l a r i z a t i o n  and en t ra inment  occur  i n  t h i s  t y p e  of 

o p e r a t  ion. 

2.  EXPERIXENTAL EQUIPMENT 

2 . 1  Process  Equipment 

The equipment used i n  t h e  n o n r a d i o a c t i v e  tes ts  i n c l u d e d  a 48 - l i t e r  

feed  t a n k  c o n t a i n i n g  t h e  s a l t  t o  be  d i s t i l l e d ,  a 1 2 - l i t e r  s t i l l  from 

which t h e  s a l t  w a s  vapor ized ,  a 10-in.-diam by 5 l - i n . - l o n g  condenser ,  

and a 4 8 - - l i t e r  condensa te  r e c e i v e r .  r h i s  equipment i s  d e s c r i b e d  only  

b r i e f l y  h e r e ;  a complete d e s c r i p t i o n  i s  a v a i l a b l e  e l sewhere .  
3 

The f e e d  t a n k ,  shown i n  F ig .  I ,  w a s  a 15-1/2-in.-diam by 2 6 - i n . - - t a l l  

r i g h t  c i r c u l a r  c y l i n d e r  made from 1/4-in:--thick H a s t e l l o y  N .  It w a s  

des igned  t o  w i t h s t a n d  an e x t e r n a l  p r e s s u r e  o f  1 5  p s i  a t  600°C. 

The condensatle r e c e i v e r ,  shown i n  F i g .  2 ,  w a s  a l6- in . -diam by 

16-1./2-in. - t a l l  r i g h t  c i r c u l a r  cyl- inder  having  s i d e s  o f  1 . /4- in . - thick 
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F i g .  2 .  Molten-Sal t  D i s t i l l a t i o n  Experiment:  Schematic Diagram 
of  the Condensate Rece iver .  Dimensions a r e  g iven  i n  inches. 
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H a s t e l l o y  N and a bot tom of 3 /8- in . - th ick  H a s t e l l o y  N. 

t o  w i t h s t a n d  an e x t e r n a l  p r e s s u r e  of 15 p s i  a t  600°C. 

It was designed 

The s t i l l  and condenser  are shown i n  Fig.  3 .  The s t i l l  p o t  con- 

s i s t e d  of an  a n n u l a r  volume between t h e  vapor  l i n e  and t h e  o u t e r  wall, 

and had a working volume of  about  10 l i t e r s  of s a l t .  Both t h e  s t i l l  

and t h e  condenser  were made of  3 /8- in . - th ick  H a s t e l l o y  N and were 

des igned  f o r  p r e s s u r e s  as low as 0.05 t o  1 .5  t o r r  . 
t u r e  € o r  t h e  s t i l l  pot  and f o r  t h e  condenser  w a s  982°C. 

& 
The d e s i g n  tempera-  

A l l  valves and p i p i n g  t h a t  d i d  n o t  c o n t a c t  t h e  f l u o r i d e  s a l t s  were 

made of s t a i n l e s s  s t ee l  and were housed i n  a s e a l e d  steel  c u b i c l e  which 

c o n t a i n e d  p r e s s u r e  t r a n s m i t t e r s  and vacuum pumps. 

t h e  sys tem w e r e  made of H a s t e l l o y  N. All-welded connec t ions  w e r e  used 

i n  t h e  p o r t i o n  of t h e  p i p i n g  t h a t  was o p e r a t e d  below a tmospher ic  

p r e s s u r e .  

All o t h e r  p a r t s  of 

2 . 2  I n s t r u m e n t a t i o n  

C o r r e c t  o p e r a t i o n  of t h e  molten s a l t  d i s t i l l a t i o n  equipment depended 

e n t i r e l y  on measurements of tempera ture ,  p r e s s u r e ,  and l i q u i d  l e v e l .  

The i n s t r u m e n t a t i o n  used i n  making t h e s e  measurements is  d i s c u s s e d  

below. 

2 . 2 . 1  Measurement and C o n t r o l  of Temperature 

Temperatures  w e r e  measured and c o n t r o l  l e d  o v e r  two ranges  : 500- 

600°C f o r  t h e  feed  tank  and condensa te  receiver,  and 800-1000°C: f o r  t h e  

s t i l l  and condenser .  P la t inum vs platinum-lO% rhodium thermocouples 

were used f o r  t h e  high-temperature  measurements,  whereas less expens ive  

Chromel-Alumel thermocouples were used on t h e  f e e d  t a n k ,  condensa te  

r e c e i v e r ,  and s a l t  t r a n s f e r  l i n e s .  Each of t h e  thermocouples  ( t o t a l ,  

4 8 )  w a s  e n c l o s e d  i n  a l /B-in.-diam s t a i n l e s s  s t ee l  s h e a t h ,  and i n s u l a t e d  

j u n c t i o n s  were used.  Four  12-point  r e c o r d e r s  w e r e  a v a i l a b l e  f o r  r e a d o u t :  

two f o r  t h e  P t  vs Pt-10% Ich thermocouples ,  and two f o r  t h e  Chromel- 

hlumel thermocouples . 
Jr 

"1 t o r r  i s  11760 of a s t a n d a r d  atmosphere.  
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There were n i n e  i n d i v i d u a l l y  h e a t e d  zones on t h e  f e e d  t a n k ,  s t i l l . ,  

condenser ,  and receiver. Heaters on each of t h e s e  zones w e r e  Fnde- 

pendent ly  c o n t r o l l e d  by a Pyrovane "on-off" c o n t r o l l e r ,  and t h e  v o l t a g e  

t o  h e a t e r s  i n  each  zone w a s  c o n t r o l l e d  by Variacs. Heaters on seven 

l i n e s  were manual ly  c o n t r o l l e d  by "on-off" s w i t c h e s  and Variacs. 

- 2.2.2 Measurement and Cont ro l  of P r e s s u r e  

P r e s s u r e  measurements o v e r  t h r e e  ranges  w e r e  r e q u i r e d :  0-15 p s i a  

f o r  moni tor ing  t h e  system pumpdown at t h e  s ta r t  of a run  and f o r  

moni tor ing  t h e  system r e p r e s s u r i z a t i o n  a t  t h e  end of  a run; 0-10 t o r r  

f o r  s u p p r e s s i n g  v a p o r i z a t i o n  w h i l e  t h e  s a l t  w a s  h e l d  a t  o p e r a t i n g  

tempera tures  i n  t h e  s t i l l ;  and 0-0.1 t o r r  d u r i n g  d i s t i l l a t i o n .  

Absolu te-pressure  t r a n s d u c e r s  (Foxboro D/P ce l l s  w i t h  one l e g  

evacuated)  c o v e r i n g  t h e  0- t o  15-ps i  range  were used t o  measure t h e  

p r e s s u r e  i n  t h e  f e e d  t a n k  and i n  t h e  s t i l l - c o n d e n s e r - r e c e i v e r  corrplex. 

An MKS B a r a t r o n  p r e s s u r e  measuring d e v i c e  w i t h  ranges of  0-0.01r3, 

0-O.Ol, 0-0.03, 0-0.1, 0-0.3, 0-1, 0-3, and 0-10 t o r r  was used t o  measure 

very  Low p r e s s u r e  i n  t h e  condensa te  receiver. 

The system p r e s s u r e  was c o n t r o l l e d  i n  t h e  0.1-10 t o r r  range by 

f e e d i n g  argon t o  t h e  i n l e t  o f  t h e  vacuum pump. The B a r a t r o n  u n i t  pro- 

duced t h e  s i g n a l  r e q u i r e d  f o r  r e g u l a t i n g  t h e  argon flow. P r e s s u r e  was 

n o t  c o n t r o l l e d  i n  t h e  0-0.1 t o r r  range;  i n s t e a d ,  t h e  argon f low t o  t h e  

vacuum pump i n l e t  was s topped  and t h e  pump developed as low a p r e s s u r e  

as p o s s i b l e  ( u s u a l l y  0.05 t o  0 . 1  t o r r ) .  

It  was n e c e s s a r y  t o  e n s u r e  t h a t  an e x c e s s i v e  i n t e r n a l  p r e s s u r e  d i d  

n o t  develop i n  t h e  system s i n c e ,  a t  o p e r a t i n g  tempera ture ,  p r e s s u r e s  

i n  e x c e s s  o f  2 a t m  would have been unsafe .  T h i s  w a s  accomplished by 

u s i n g  an  a b s o l u t e - p r e s s u r e  t r a n s m i t t e r  i n  t h e  condenser  of f -gas  l i n e  t o  

moni tor  t h e  system p r e s s u r e .  When t h e  p r e s s u r e  exceeded 15 p s i a ,  t h e  

argon s u p p l y  was s h u t  o f f  a u t o m a t i c a l l y .  
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2 . 2 . 3  Measurement: and Cont ro l  o f  Liquid  Level 

The p r e s s u r e  d i € € e r e n t i a l  between t h e  o u t l e t  of an argon-purged d i p  

tube e x i e n d i n g  t o  t h e  bot tom of t h e  vessel atid t h e  gas  space  above t h e  

s a l t  w a s  used to measure t h e  s a l t  l e v e l  i n  t h e  f e e d  t a n k  and i n  t h e  

condensate  r e c e i v e r .  

Two c o n d u c t i v i t y - t y p e  l e v e l  probes were used i n  t h e  s t i l l  f o r  

measuring and c o n L r o l l i n g  t h e  ‘l iquid l e v e l .  These probes  e s s e n t i a l l y  

measured t h e  t o t a l  conductance between t h e  m e t a l  probes ( t h a t  extended 

i n t o  t h e  molten s a l - i )  and t h e  wall of  t h e  s t i l l ;  t h e  t o t a l  conductance 

w a s  a f u n c t i o n  of t h e  immerscd s u r f a c e  a r e a  of t h e  probe. 
4 

The c o n d u c t i v i t y  probes ( s e e  F ig .  4 )  were s imi l a r  to t h e  s i n g l e -  

p o i n t  l e v e l  probes t h a t  were used i n  t h e  MSRE d r a i n  t a n k s .  Tests have 

shown t h a t  t h e  range of  t h i s  type  of  i n s t r u m e n t  i s  l i m i t e d  t o  approxi-  

mately 30% of t h e  l e n g t h  of t h e  s i g n a l  g e n e r a t i n g  s e c t i o n  because t h e  

s i g n a l ,  which i s  n o n l i n e a r ,  becomes ex t remely  i n s e n s i l - i v e  to changes i n  

m o l t e n - s a l t  level  o u t s i d e  t h i s  range .  A G i n .  s e n s i n g  probe was used 

t o  c o n t r o l  t h e  l i q u i d  l eve l  between p o i n t s  t h a t  were 1 i n .  and 3 i n .  

below t h e  s t i l l  pot  over f low;  a l o n g e r  s e n s i n g  probe was used t o  measure 

v e r y  low l i q u i d  l e v e l s  i n  t h e  s t i l l  p o t .  

Metal  d i s k s  w e r e  welded t o  t h e  level .  probes t o  a i d  i n  t h e i r  C a l i - -  

b r a t i o n .  These d i s k s  provided a b r u p t  changes i n  t h e  immersed s u r f a c e  

a r e a  o f  each probe a t  known l i q u i d  l e v e l s .  I n  o p e r a t i o n ,  t h e  s i g n a l  

from a probe changed a b r u p t l y  when t h e  s a l t  l e v e l  reached  one of t h e  

d i s k s .  

The s t i l l - p o t  l i q u i d - l e v e l  c o n t r o l l e r  was a Foxboro Dynalog c i r c u l a r  

c h a r t  r e c o r d e r - c o n t r o l l e r ,  which c o n s i s t s  of  a 1-kRz ac br idge- type  

measuring devi-ce u s i n g  v a r i a b l e  c a p a c i t a n c e  f o r  r e b a l a n c e .  The proper  

c o n t r o l  a c t i o n  ( s e e  Sec t .  3)  w a s  accomplished by having  a v a r i a b l e  dead  

zone imposed on t h e  s e t - p o i n t  ad jus tment  mechanism. With t h e  c o n t r o l l e r  

se t  f o r  t h e  d e s i r e d  average  l i .qu id  l e v e l ,  t h e  a rgon  supply  v a l v e  t o  t h e  

feed  t a n k  was opened when t h e  l ~ e v e l  i n d i c a t o r  dropped 3% below t h e  set: 

poi-nt and w a s  cl-osed when t h e  l e v e l  i n d i c a t o r  r o s e  3% above t h e  s e t  

p o i n t .  
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F i g .  4 .  S i m p l i f i e d  Schematic o f  Conductivity-Type Liquid-Level. 
Probe  Used to Measure S a l t  T,evcl i n  the Still. Pot. 
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3 .  OPER-ATING PROCEDURE 

The f o l l o w i n g  sequence o f  o p e r a t i o n s  was fol lowed d u r i n g  t h e  d i s -  

t i l l - a t i o n  of a 4 8 - l i t e r  b a t c h  of s a l t .  F i r s t ,  t h e  s a l t  w a s  charged t o  

t h e  f e e d  tank  from a d e l i v e r y  v e s s e l  through a temporary h e a t e d  l i n e .  

(This  l.ine was l a t e r  d i s c o n n e c t e d ,  and t h e  opening was s e a l e d . )  Then 

t h e  s t i 1 . l  po t  was h e a t e d  t o  900°C, and t h e  sys tem w a s  evacuated  t o  5 

t o r r .  Subsequent ly ,  t h e  v a l v e  between t h e  f e e d  t a n k  and t h e  vacuum 

pump w a s  c l o s e d  ( s e e  F ig .  5 ) ,  and argon was i -ntroduced ixito t h e  f e e d  

tank  i n  o r d e r  t o  i n c r e a s e  t h e  p r e s s u r e  t o  about  0 . 5  atm; t h i s  f o r c e d  

t h e  sa1.t t o  flow from t h e  feed  rank i n t o  t h e  s t i l l  p o t .  The condenser  

p r e s s u r e  was t h e n  reduced t o  0.05-0.1 t o r r  i n  o r d e r  t o  i n i t i a t e  v a p o r i -  

z a t i o n  a t  an a p p r e c i a b l e  ra te .  A t  t h i s  p o i n t ,  c o n t r o l  o f  t h e  l i q u i d  

l e v e l  i n  t h e  s t i l l  pot  w a s  swi tched  t o  t h e  a u t o m a t i c  mode. In t h i s  mode, 

s a l t  w a s  f e d  t o  t h e  s t i l l  pot  a t  a ra te  s l i g h t l y  g r e a t e r  t h a n  t h e  v a p o r i -  

z a t i o n  r a t e .  The argon feed  v a l v e  t o  t h e  f e e d  t a n k  remained open 

( f o r c i n g  more s a l t  i n t o  t h e   still^ p o t )  u n t i l  the  l i q u i d  l e v e l  i n  t h e  

s t i l l  r o s e  t o  a g iven  p o i n t ;  t h e  v a l v e  t h e n  c l o s e d  and remained i n  t h i s  

p o s i t i o n  u n t i l  t h e  l i q u i d  l e v e l  decreased  t o  a n o t h e r  se t  p o i n t .  I n  

t h i s  manner, t h e  volume i n  t h e  s t i l l  pot  was main ta ined  at 8 . 5  t o  9 . 5  

l i t e r s .  

A s  t h e  s a l t  vapor  flowed through t h e  condenser ,  h e a t  was removed 

from t h e  vapor  by conduct ion  through t h e  condenser  w a l l s  and t h e  i n s u l a -  

t i o n ,  and by convec t ion  t o  t h e  a i r .  The condenser  was d i v i d e d  i n t o  t h r e e  

h e a t e d  zones,  t h e  tempera ture  of  which could  b e  c o n t r o l l e d  s e p a r a t e l y  

when condensa t ion  w a s  n o t  o c c u r r i n g .  Sharp tempera ture  i n c r e a s e s  above 

t h e  se t  p o i n t s  n e a r  t h e  condenser  e n t r a n c e ,  arid g r a d u a l  i n c r e a s e s  n e a r  

t h e  end of t h e  condenser ,  accompanied t h e  beginning  of d i - s t i l l a t i o n  as 

t h e  condenser  p r e s s u r e  w a s  decreased .  Opera t ion  of h e a t e r s  t o  keep t h e  

tempera ture  of t h e  condenser above t h e  condensa te  l iqu i -dus  tempera ture  

w a s  n o t  n e c e s s a r y  d u r i n g  condensa t ion .  

The s a l t  condensate  drai.ned through a sample cup a t  t h e  end 

of t h e  condenser  ( s e e  Fig.  3 )  and flowed i n t o  t h e  condensate  r e c e i v e r .  

SampJ-es o f  condensa te  (10 g)  w e r e  t a k e n  p e r i o d i c a l l y  by u s i n g  a w i n d l a s s  
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F i g .  5 .  Flow Diagram o f  Molten-Salt Distillation.Experiment. 



1.2 

t o  lower a s m a l l  copper  l a d l e  ( i . e . ,  t h e  type  used f o r  t h e  MSREj through 

a 1--1/2-in. p i p e  i n t o  t h e  s a m p l e  cup. F i g u r e  6 shows the  sampler  assembly 

t h a t  was i n s t a l - l e d  d i r e c t l y  above t h e  sample cup a t  t h e  condenser  o u t l e t .  

During sampl ing ,  t h e  sample l a d l e  w a s  lowered i n t o  t h e  sample cup f i - l l e d  

w i t h  mol ten  s a l - t ,  and r e t r a c t e d  i n t o  p o s i t i o n  above t h e  f l a n g e .  A f t e r  

t h e  sample had coo led ,  i t  w a s  removed f o r  a n a l y s i s  by cl-osing t h e  l.ower 

v a l v e  and opening t h e  f l a n g e .  

A f t e r  o p e r a t i o n  had proceeded f o r  approximate ly  4 h r  a t  9OO"C, t h e  

t empera tu re  of  t h e  s t i l l  p o t  w a s  i n c r e a s e d  t o  1000°C. 

w a s  cont inued  u n t i l  about  1 0  l i t e r s  of  s a l t  remained i n  the f eed  t ank .  

A t  t h i s  t i m e ,  t h e  condenser  p r e s s u r e  was i n c r e a s e d  t o  S mm Hg, which 

reduced t h e  d i s t i l l a t i o n  ra te  t o  a neg1igibl .e  v a l u e .  The s a l t  remaining 

in t h e  f e e d  tank  was t h e n  t r a n s f e r r e d  t o  the  s t i l l  p o t 9  c a u s i n g  some of 

t h e  material a l r e a d y  p r e s e n t  i n  t h e  st i l .1.  p o t  t o  over f low i n t o  t h e  con- 

dense r .  The r e s u l t i n g  mix tu re  i n  t h e  s t i l l  pot  had a s u f f i c i e n t l y  low 

l i q u i d u s  tempera ture  t h a t  t h e  s t i l l - p o t  t empera tu re  could  be  lowered 

t o  about  700°C wi thou t  f r e e z i n g  t h e  4 - - l i t e r  s a l t  "heel"  remain ing  i n  

t h e  s t i l l  pot  ( a f t e r  most o f  t h e  s t i l l - p o t  c o n t e n t s  had been t r a n s f e r r e d  

t o  t h e  f eed  t a n k ) .  

Then d i s t i l l a t i o n  

F i n a l l y ,  t h e  system p r e s s u r e  was i n c r e a s e d  t o  l atm. A t  t h i s  p o i n t ,  

t h e  run  w a s  complete .  

4. EXPERIMENTAL RESTJLTS 

The d i s t i l l a t i o n  exper iments  w e r e  performed i n  Bldg .  3541 , which 

i s  s p e c i a l l y  equipped f o r  c o n t a i n i n g  exper iments  tha t  i n v o l v e  l a r g e  

q u a n t i t i e s  of be ry l l i um.  I n s t a l l a f i o n  of t h e  equipment was s t a r t e d  on 

September 1, 1967 ,  and t h e  f i r s t  48-li ter b a t c h  of  sa l t  w a s  i n t roduced  

i n t o  t h e  system on Deceirher 1 4 ,  1967. During t h e  approximate 5-month 

p e r i o d  from t h e  d a t e  o f  s a l t  i n t r o d u c t i o n  u n t i l  June  J-8, 1968 ,  when t h e  

expe r imen ta l  work w a s  complete ,  s i x  b a t c h e s  of salt were processed  i n  

t he  equipment.  R e s u l t s  from t h e  s i x  runs  are summarized i n  Table  1. 
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F i g .  6. Photograph of Condensate Sampler Assembly. 



Table 1. Summary o f  Nonradioactive Experiments with Molten-Salt Still 

Conditions Volume of 
Run Time 
No. Dates 

(hr) 

Still Condenser Salt 
Temp. Pressure 
("0 (torr) (liters) 

Feed Material Distilled Required Purpose 
(MS S- ) 

Remarks 

C-1 2/5/68- 
2/9/68 

990 0.06-0.5 LiF-BeF -ZrF4 35 83 To gain operating expe- 
rience and to determine 
effect of condenser pres- 
sure on vaporization rate. 

(65-30-? mole X )  

C-2 2126168- 
21281 68 

C-3 3126168- 
3/27/68 

4110168 
C-4 418168- 

C-5 5127168- 
5 1  281 68 

C-6 6111168- 
6/13/68 

1005 0.07 LiF-BeF2-ZrF4 32 
(65-30-5 mole %) 

1004 0.075 LiF-BeF2-ZrF4-NdF3 26.4 
(65-30-5-0.3 mole X )  

980- 1020 0.065 Distilled salt from 28 
MS S- C- 1 

950-1025 0.06 LiF-BeF2-ZrFq-NdF3 32 
(65-30-5-0.3 mole X )  

1000 0.07 LiF-BeF2-ZrF4-NdF3 32 
(65-30-5-0.3 mole %) 

40 Same as MSS-C-1. 

31 To investigate polari- 
zation and entrainment. 

45 To determine the effect 
of temperature on vapor- 
ization rate. 

41 To determine the effect 
of temperature on vapor- 
ization rate. 

53 To determine whether 
polarization becomes 
evident after long 
operating times. 

Metallic deposit 
restricted salt 
feed line. 

ZrF4 condensa- 
tion in vacuum 
line resulted in 
abnormally low 
rates. 

Z rF4 condensation 
in vacuum line 
stopped distilla- 
tion. Heating the 
line to 950-1050°C 
removed the ob- 
s truct ion. 



During t h e  p e r i o d  of o p e r a t i o n ,  the f e e d  t a n k ,  t h e  receiver,  and 

t h e  lower zones of t h e  condenser  w e r e - m a i n t a i n e d  a t  t empera tures  of 

550 t o  600°C f o r  185 days.  A summary of t h e  times d u r i n g  which t h e  

s t i l l  p o t  w a s  main ta ined  a t  v a r i o u s  t e m p e r a t u r e s  r a n g i n g  from 25 t o  1025°C 

i s  g iven  below: 

25'C 12 days 

5OO-650" C 56 days 

750-875 'C 11.0 days 

900-1000" c 100 h r  

1000-1005" C 1.60 h r  

1005-1025 O C 45 hr 

I n  g e n e r a l ,  t h e  performance of t h e  equipment was s a t i s f a c t o r y  and 

a l l  d e s i g n  c r i t e r i a  w e r e  met: o r  s u r p a s s e d .  D i s t i l l a t i o n  ra tes  were 

h i g h e r  t h a n  expec ted ;  a u t o m a t i c  o p e r a t i o n  o f  t h e  equipment w a s  e a s i l y  

niaintained i n  s p i t e  of  ce . r ta in  difficulties w i t h  t h e  s t i l l - p o t  level  

probes.  These d i f f i c u l t i e s  are d i s c u s s e d  i n  S e c t .  4 . 3 .  Alr i n l e a k a g e  

d u r i n g  normal  o p e r a t i o n  was i n s i g n i f i c a n t .  A l l  of t h e  pneumatic 

components of t h e  i n s t r u m e n t a t i o n  system performed r e l i a b l y ,  a l t h o u g h  

t h e  e l e c t r o n i c  components p r e s e n t e d  some problems. 

4 . 1  Measurement of D i s t i l l a t i o n  Rates 

D i s t i l l a t i o n  rates were determined by o b s e r v i n g  t h e  ra te  of r ise  o f  

l i q u i d  leve l  i n  t h e  condensa te  receiver. The measured rates and t h e  

o p e r a t i n g  c o n d i t i o n s  under which t h e y  w e r e  observed  are summarized i n  

Table  2 .  

The d i s t i l l a t i o n  ra te  i s  l i m i t e d  by f r i c t i o n  l o s s e s  i n  t h e  passage-  

way between t h e  v a p o r i z a t i o n  and condensa t ion  s u r f a c e s .  The f o r c e  t h a t  

d r i v e s  t h e  vapor  through t h i s  p a t h  i s  t h e  d i f f e r e n c e  between t h e  vapor 

p r e s s u r e  of  t h e  l i q u i d  i n  t h e  s t i l l  p o t  and t h e  p r e s s u r e  a t  t h e  con- 

d e n s e r  o u t l e t .  Thus ,  the d i s t i l l a t i o n  ra te  can b e  i n c r e a s e d  e i t h e r  by 

increasing the t empera ture  of t h e  s t i l l  p o t  (which, i n  t u r n ,  i n c r e a s e s  

t h e  sa l t  vapor p r e s s u r e )  o r  by d e c r e a s i n g  the condenser  p r e s s u r e  s i n c e ,  
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Table  2 .  Summary of D i s t i l l a t i o n  Rate Measurements 

Run 
No. 

(MSS-) 

S t i 11- Pot  
Temperature 

Condenser 
P r e s s u r e  

("  C) ( t o r r )  

D i s t i l l a t i o n  
Kate 

( f t 3 / f  t 2 *  day) 

c- 1 
c- 1 

c- 1 
c- 2 

c- 3 

c- 4 

c- 5 

c- 5 
c- 5 
C- 6 

990 

990 

9510 

1005 

1004 

1020 

9 50 

1000 

1025 

1000 

0 .5  

0 . 3  

0.055 

0.07 

0.075 

0 .  065a 

0.08 

0.08 

0 .08  

0.08 

1.15 

1.. 20 

1.25 

1.50 

1.56 

1.63 

0.66 

1.21 

1.95 

I. 40 

aThis may n o t  be  t h e  a c t u a l  condenser  p r e s s u r e  s i n c e  a ZrF p l u g  formed 4 
i n  t h e  vacuum l i n e  du r ing  th i - s  run. 

i n  each  case, t h e  d r i v i n g  f o r c e  f o r  t h e  vapor  f low h a s  been i n c r e a s e d .  

I f  t h e  condenser  p r e s s u r e  i s  ve ry  low w i t h  r e s p e c t  t o  the vapor  p r e s s u r e  

of t h e  s a l t ,  t h e  d i s t i l l a t i o n  rate shou ld  re f lec t  t h e  v a r i a t i o n  of  salt 

vapor  p r e s s u r e  w i t h  s t i l l - p o t  t empera tu re .  F i g u r e  7 shows t h e  r f f e c t  

of s t i l l - p o t  te inpera ture  on d i s t i l l a t i o n  r a t e  f o r  t h e  runs  i n  which t h e  

condenser  p r e s s u r e  w a s  below 0.1 t o r r .  The d i s t i l l a t i o n  ra te  i s  expressed  

as c u b i c  f e e t  o f  s a l t  d i s t i l l e d  p e r  day p e r  s q u a r e  f o o t  o f  v a p o r i z a t i o n  

s u r f  ace. 

A more u s e f u l  c o r r e l a t i o n  of  d i s t i l l a t i o n  ra te  i s  one i n v o l v i n g  t h e  

condenser  p r e s s u r e  and t h e  vapor  p r e s s u r e  of  t h e  s a l t ,  s i n c e  t h i s  type  of 

c o r r e l a t i o n  could  be  used t o  estimate L h e  performance o f  t h e  s t i l l  w i t h  

o t h e r  s a l t  sys tems.  Such a c o r r e l a t i o n  i s  shown i n  F ig .  8. The vapor  

p r e s s u r e  of  i:he s a l t  (p ) w a s  assumed t o  be  t h e  vapor  p r e s s u r e  of 90-7.5- 

2.5 mole % LiF-BeP - Z r F  which i s  given in r e f .  5. A mixture of t h i s  

composi t ion produces a vapor  having  a cornposit ion t h a t  i s  approximate ly  

1 

2 4' 
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F i g .  7 .  Effect of S t i l l - P o t  Temperature on D i s t i l l a t i o n  Rate for 
Runs in Which the  Condenser P res su re  Was Below 0 .1  t o r r .  
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Fig. 8. Dependence of Distillation Rate on Estimated Still-Pot 
Pressure (p ) and Pressure at End of Condenser ( p 2 ) .  

1 
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65-30-5 mole % LiF-BeF,-ZrF 

t i o n  o f  t h e  material  i n  t h e  s t i l l  p o t  a t  s t e a d y  s ta te .  

and hence s h o u l d  approximate t h e  composi- L . 4  

The c o r r e l a t i o n  i n  F ig .  8 w a s  thought  t o  b e  a p p l i c a b l e  because  a 

s t e a d y - s t a t e  mechanical  energy b a l a n c e  f o r  t h e  i s o t h e r m a l  f low of an  

i d e a l  g a s  through a c o n d u i t  of c o n s t a n t  c r o s s  s e c t i o n  shows t h a t  t h e  

f l o w  o f  gas  i s  a f u n c t i o n  of t h e  d i E f e r e n c e  between t h e  s q u a r e s  of t h e  

ups t ream and downstream p r e s s u r e s .  T h i s  can be  s e e n  from t h e  f o l l o w i n g  

development.  A s t e a d y - s t a t e  mechanical  energy  b a l a n c e  f o r  a f lowing  

f l u i d  y i e l d s  : 

2 
( 1  1 ~ d v + - d p + ~ d Z = O  1 , 

P D 

where v = v e l o c i t y  of f l u i d ,  

p = d e n s i t y ,  

P =  p r e s s u r e ,  

f = Fanning f r i c t i o n  f a c t o r ,  

D = diameter  of d u c t ,  

Z = d i s t a n c e  a long  duc t .  

By assuming t h a t  t h e  f l u i d  i s  a n  i d e a l  g a s ,  t h a t  i s ,  

P = PM/RT , 

where T = a b s o l u t e  t e m p e r a t u r e ,  

M = molecular  weight  of  t h e  gas ,  

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

and by u s i n g  t h e  macroscopic  mass b a l a n c e  e q u a t i o n  which r e q u i r e s  t h a t  

where t h e  s u b s c r i p t  1 r e f e r s  t o  the e n t r a n c e  t o  the d u c t ,  Eq .  (1) becomes: 

2f dZ . +-=  RT dp 
d p + -  

M 2 D 
1 _ -  
P (PI VI) 

( 4 )  
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S i n c e  t h e  f r i c t i o n  f a c t o r ,  f ,  depends only  upon t h e  Reynolds number 

(which would b e  c o n s t a n t  f o r  an i d e a l  gas  a t  c o n s t a n t  t e m p e r a t u r e ) ,  

Eq. ( 4 )  can b e  i n t e g r a t e d  between t h e  e n t r a n c e  t o  t h e  duc t  ( p o i n t  1) 

and t h e  end of t h e  d u c t  ( p o i n t  2)  t o  y i e l d :  

where L i s  the  l e n g t h  of  d u c t .  By s o l v i n g  Eq .  (5 )  f o r  v and m u l t i p l y i n g  

i t  by p t h e  f o l l o w i n g  expressi-on f o r  t h e  m a s s  f l o w  ra te  i s  o b t a i n e d :  
1 

1’ 

G =  

This  e x p r e s s i o n  shows t h e  dependence of  m a s s  f low ra te  on t h e  d i f f e r e n c e  

between t h e  s q u a r e s  of t h e  upstream and downstream p r e s s u r e s .  

Although t h e  tempera ture  w a s  n o t  eo i i s tan t  and t h e  c r o s s  s e c t i o n  of 

flow was n o t  uniform i n  t h e  runs  made t o  measure d i s t i l l a t i o n  rates 

(Table  2 ) ,  a f a i r  c o r r e l a t i o n  of a l l  t h e  d a t a  w a s  o b t a i n e d  ( s e e  F i g .  8 ) .  

ranged from 0.70 t o  1 . 2 8  The c a l c u l a t e d  vapor p r e s s u r e  of  t h e  s a l t ,  

t o r r ,  and t h e  measured condenser  p r e s s u r e ,  p3 ,  ranged from 0.055 t o  0 . 5  

t o r r .  The r e s u l t s  sugges ted  Lhat an  exponerit of 0 . 4 1  might f i t  t h e  

e x p r e s s i o n  f o r  m a s s  f l o w  r a t e  somewhat b e t t e r  t h a n  t h e  v a l u e  of 0 .5  

sugges ted  by  Eq.  ( 6 ) ;  t h i s  d i screpancy  i s  probably t h e  r e s u l i  of n o t  

i n c l u d i n g  t h e  l o g a r i t h m i c  1 - e r m  i n  t h e  c o r r e l a t i o n .  

5. ’ 
- 
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4 . 2  Measurement of t h e  Degree of S e p a r a t i o n  
of NdF from LiF-KeF -ZrF4 Carrier S a l t  

3 2 

I n  t h r e e  r u n s  (MSS-C-3, - 5 ,  and -6), a number of condensa te  samples 

w e r e  t a k e n  and were ana lyzed  for  a l l  sa l t  components t o  de termine  t h e  

e f f e c t i v e n e s s  of t h e  s t i l l  f o r  s e p a r a t i n g  1,i.F-BeF -ZrF car r ie r  s a l t  

from NtlF 

The ease w i t h  which NdF can  b e  s e p a r a t e d  from t h e  carr ier  salt is  

conven.iently expressed  i n  terms of t h e  re la t ive  v o l a t i l i t y  of NdF 
3 

r e s p e c t  t o  t h e  least  v o l a t i l e  carrier s a l t  component, LIF. The r e l a t i v e  

v o l a t i l i t y  of NdF3 with r e s p e c t  t o  LiF  i s  d e f i n e d  as: 

2 4 
which i s  r e p r e s e n t a t i v e  o f  t h e  l a n t h a n i d e  f i s s i o n  p r o d u c t s .  

3' 

3 
w i t h  

'NdF 3/XNdE' 

>t k 

YLiF/Xl,iI? 

Y (7 )  

Jc it 
and y are t h e  mole f r a c t i o n s  of NdP and TLF, i n  vapor  

NdF3 LiF 3 .L 

where y 

which i s  i n  e q u i l i b r i u m  w i t h  l i q u i d  c o n t a i n i n g  x 

f r a c t i o n s  of NdF and LiF,  r e s p e c t i v e l y .  The a s t e r i s k s  emphasize t h a t  

t h e  c o n c e n t r a t i o n s  are t o  be  measured under e q u i l i b r i u m  c o n d i t i o n s .  

R e l a t i v e  v o l a t i l i t i e s  f o r  the o t h e r  components of t h e  system are d e f i n e d  

s i m i l a r l y .  S e p a r a t i o n  of a component from LiF  by d i s t i l l a t i o n  i s  poss i -  

b l e  i f  t h e  r e l a t i v e  v o l a t i l i t y  o f  t h e  component w i t h  r e s p e c t  t o  LiF i s  

n o t  e q u a l  t o  1; t h e  s e p a r a t i o n  becomes easier a s  t h e  d e v i a t i o n  of t h e  

r e l a t ive  v o l a t i l i t y  from 1 i n c r e a s e s .  

w i t h  r e s p e c t  t o  L i F  h a s  a v a l u e  of 1.4 x 10 , which i n d i c a t e s  t h a t  

t h e s e  two components could  b e  s e p a r a t e d  e a s i l y  i n  a s t i l l  t h a t  is  

e q u i v a l e n t  to a s i n g l e  e q u i l i b r i u m  s t a g e .  I n  p r a c t i c e ,  a s i n g l e  p h y s i c a l  

s t a g e  (such as t h e  still which w a s  o p e r a t e d  i n  t h i s  s tudy)  may n o t  b e  

e q u i v a l e n t  t o  a n  e q u i l i b r i u m  s t a g e  because  of e n t r a i n m e n t ,  c o n c e n t r a t i o n  

p o l a r i z a t i o n ,  o r  o t h e r  f a c t o r s .  

* 
and x" mole 

NdF 3 LiF  

3 

The r e l a t ive  v o l a t i l i t y  of NdF3 
-4 

In  a s s e s s i n g  t h e  effectiveness of a s t i l l ,  i t  is  convenient  t o  

d e f i n e  a n  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  t h a t  r e f l e c t s  nonequi l ibr ium 

c o n d i t i o n s  p r e s e n t  d u r i n g  the s t i l l  o p e r a t i o n ,  as f o l l o w s  : 



2 2  

- - YNdF3’xNclF3 (avg)  
- 

YLiF’XLiF(avg) ’ OBS 
CY 

where t h e  y ‘ s  a r e  mole f r a c t i o n s  determined from condensa te  a n a l y s e s  

and t h e  x ’ s  a r e  mole f r a c t i o n s  i n  t h e  s t i l l  p o t  averaged over  t h e  

e n t i r e  s t i l l - p o t  volume. The performance of: t h e  s t i l l  can b e  judged 

by t h e  r a t i o  of t h e  e f f e c t i v e  re la t ive  v o l a t i l i t y  (a ) t o  t h e  r e l a t ive  

v o l a t i l i t y  (a), which w i l l  b e  denoted as R. Then t h e  d e v i a t i o n  of R 

from 1 i s  a m e a s u r e  of t h e  d e v i a t i o n  from e q u i l i b r i u m  c o n d i t i o n s  i n  

t h e  s t i l l .  

OBS 

The q u a n t i t y  R may d e v i a t e  from 1 because  of several r e a s o n s ,  

i n c l u d i n g :  (1) c o n c e n t r a t i o n  g r a d i e n t s  i n  t h e  s t i l l - p o t  l i q u i d  (concen- 

t r a t i o n  p o l a r i z a t i o n ) ,  ( 2 )  en t ra inment  of d r o p l e t s  of s t i l l - p o t  l i q u i d  

i n t o  t h e  vapor  l e a v i n g  t h e  s t i l l  p o t ,  o r  (3) contaminat ion  of t h e  con- 

d e n s a t e  samples by s m a l l  amounts of mater ia l  having  h i g h  NdF concen- 

t r a t i o n s .  These p o s s i b i l i t i e s  are d i s c u s s e d  below. 
3 

Entrainment  of s m a l l  amounts of s t i l l - p o t  l i q u i d  i n t o  t h e  vapor  

3 
l e a v i n g  t h e  s t i l l  p o t  would c a u s e  t h e  observed c o n c e n t r a t i o n  of NdP i n  

t h e  vapor t o  b e  much h i g h e r  t h a n  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n .  T h i s ,  

i n  t u r n ,  would cause  t h e  v a l u e  of R t o  b e  g r e a t e r  than  1. I n  t h e  absence 

of c o n c e n t r a t i o n  p o l a r i z a t i o n  o r  o t h e r  e f f e c t s ,  a m a t e r j a l  b a l a n c e  g i v e s  

tlie f o l l o w i n g  r e l a t i o n s h i p  between t h e  v a l u e  of K and t h e  f r a c t i o n  of 

t h e  condensa te  t h a t  i s  e n t r a i n e d  l i q u i d :  

R (9)  

where f -.- moles of e n t r a i n e d  l i q u i d  p e r  mole of v a p o r i z e d  mater ia l ,  

X = mole f r a c t i o n  of LiF i n  t h e  l i q u i d ,  
LiF 

Y L i F  
= mole f r a c t i o n  of L i F  i n  t h e  v a p o r ,  

a = r e l a t i v e  v o l a t i - l i t y  of NdF w i t h  r e s p e c t  t o  LiF,  al: 
3’ 

e q u i l i b r i u m ,  as g iven  by  Eq. ( 7 ) .  
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For  t h e  p r e s e n t  system, t h e  val-ue of t h e  x /y  r a t i o  i s  about  1.6. 

With t h i s  v a l u e  f o r  t h e  r a t i o ,  en t ra inment  of o n l y  0.001 mole of l i q u i d  

p e r  mole of vapor  would r e s u l t  i n  a v a l u e  of about  1 2  for  R. 

LiF LiF 

C o n c e n t r a t i o n  p o l a r i z a t i o n  would a l s o  c a u s e  R t o  have a v a l u e  g r e a t e r  

t h a n  1. T h i s  can b e  e x p l a i n e d  as f o l l o w s .  A s  t h e  m o r e - v o l a t i l e  materials 

are v a p o r i z e d  from t h e  s u r f a c e ,  t h e  NdF which is o n l y  s l i g h t l y  v o l a t i l e ,  

i s  l e f t  behind.  Thus,  t h e  NdF will have  a h i g h e r  c o n c e n t r a t i o n  a t  t h e  

s u r f a c e  t h a n  i n  t h e  bulk  of t h e  l i q u i d .  In t u r n ,  t h e  c o n c e n t r a t i o n  of t h e  

s l i g h t l y  v o l a t i l e  NdF3 w i l l  g r a d u a l l y  i n c r e a s e  i n  t h e  vapor  s i n c e  f u r t h e r  

v a p o r i z a t i o n  o c c u r s  from l i q u i d  w i t h  s u c c e s s i v e l y  h i g h e r  NdF concent ra -  

t i o n s .  Hence, t h e  c o n c e n t r a t i o n  of NdF i n  t h e  vapor w i l l  b e  h i g h e r  t h a n  

would b e  t h e  c a s e  under  e q u i l i b r i u m  c o n d i t i o n s ,  and R w i l l  have a v a l u e  

g r e a t e r  t h a n  1. 

3’ 

3 

3 

3 

The e x t e n t  t o  which R d e v i a t e s  from 1 because  of c o n c e n t r a t i o n  p o l a r i -  

z a t i o n  depends on t h e  d imens ionless  group D/vL, which q u a l i t a t i v e l y  r e p r e -  

s e n t s  t h e  r a t i o  of t h e  ra te  of d i f f u s i o n  of s l i g h t l y  v o l a t i l e  NdF away 

from the l iqu id-vapor  i n t e r f a c e  t o  t h e  r a t e  a t  which t h i s  material  i s  

t r a n s f e r r e d  t o  t h e  i n t e r f a c e  by convec t ion .  I n  t h e  d imens ionless  group,  

D i s  t h e  e f f e c t i v e  d i f f u s i v i t y  of NdF i n  t h e  l i q u i d  and i s  a measure of 

t h e  amount of mixing i n  t h e  l i q u i d ,  v i s  the a v e r a g e  v e l o c i t y  of t h e  

l i q u i d  moving toward t h e  i n t e r f a c e ,  and L i s  t h e  d i s t a n c e  between t h e  

v a p o r i z a t i o n  s u r f a c e  and t h e  p o i n t  a t  which f e e d  i s  i n t r o d u c e d .  As t h e  

v a l u e  of  t h i s  group i n c r e a s e s ,  t h e  v a l u e  of K w i l l  approach I, as shown 

i n  F ig .  9. The method f o r  c a l c u l a t i n g  t h e s e  c u r v e s  i s  g i v e n  i n  Appendix 

A. 

3 

3 

Contaminat ion of t h e  condensa te  samples by s m a l l  amounts of material 

c o n t a i n i n g  h i g h  c o n c e n t r a t i o n s  of NdF could  also r e s u l t  i n  R v a l u e s  

g r e a t e r  t h a n  1. Contaminat ion of t h e  samples  d u r i n g  a n a l y s i s  i s  no t  

c o n s i d e r e d  l i k e l y .  However, i t  i s  p o s s i b l e  t h a t  sa l t  having  a h i g h  

l i q u i d u s  tempera ture  and a h i g h  NdF c o n c e n t r a t i o n  could  have remained 3 
on t h e  condenser  w a l l  a f t e r  t h e  s t i l l - p o t  f l u s h i n g  o p e r a t i o n  (see Sect .  3) 

at t h e  end of r u n s  MSS-C-3 through MSS-C-6. I f  t h i s  had been t h e  case, 

t h e  material  would have been washed from t h e  condenser  w a l l s  d u r i n g  

t h e  f o l l o w i n g  r u n  and would have contaminated t h e  condensa te  samples - 

3 
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V. NO. OF STILL POT VOLUMES OF CONDENSATE COLLECTED 

Fig .  9 .  
V o l a t i l . i t y  t o  t h e  A c t u a l  Re la t i -ve  V o l a t i l i t y  of  NdF 3 w i t h  Respec t  t o  
L i F ,  as Measured i n  Run MSS-C-3. 

D i s t i l l a t i o n  R a t e  and R a t i o  of  t h e  Observed R e l a t i v e  
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Exper imenta l  v a l u e s  f o r  NdF c o n c e n t r a t i o n s  i n  t h e  condensa te  do 

n o t  e n a b l e  one t o  d i s t i n g u i s h  unambiguously between c o n c e n t r a t i o n  p o l a r i -  

z a t i o n  and en t r a inmen t ;  however, t h e y  do a l low assessment  of t h e  impor tance  

of t h e s e  e f f e c t s  i f  t h e  l e v e l  of condensa te  con tamina t ion  is  n o t  t o o  g r e a t .  

3 

Figures  9 th rough 11 show c a l c u l a t e d  R v a l u e s  f o r  r u n s  MSS-6-3, -C-5, 

and -C-6, r e s p e c t i v e l y .  I n  c a l c u l a t i n g  R ,  t h e  v a l u e s  of n w e r e  ca l cu -  

l a t e d  from Eq. ( 7 ) ,  u s i n g  a n a l y s e s  of t h e  condensa te  samples .  The v a l u e s  

f o r  y were measured v a l u e s ;  t h e  v a l u e s  f o r  x w e r e  c a l c u l a t e d  f r o m  

a material  b a l a n c e  on N d F  i n  t h e  s t i l l  p o t  i n  which i t  was assumed t h a t  a 

n e g l i g i b l e  amount of NdF w a s  removed i n  t h e  vapor .  The v a l u e  of x 

w a s  e s t i m a t e d  by c a l c u l a t i n g  t h e  l i q u i d  composi t ion  i n  e q u i l i b r i u m  w i t h  

t h e  measured vapor  compos i t ions ,  assuming t h a t  the r e l a t i v e  v o l a t i l i t i e s  

(wi th  r e s p e c t  t o  LiF) of BeF and ZrF w e r e  4 . 7  and 10 .9 ,  r e s p e c t i v e l y .  

T h e  r e l a t i v e  v o l a t i l i t y  f o r  BeF w a s  o b t a i n e d  f r o m  measurements made 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 .  

w a s  measured i n  r u n  MSS-C-1 and i s  probably  only  v a l i d  f o r  a s t i l l - p o t  

composi t ion  of 65-30-5 mole 2 LiF-BeF -2 rF  

i s  t h e  v a r i a t i o n  of d i s t i l l a t i o n  r a t e  w i t h  time dur ing  each of t h e  t h r e e  

runs .  

OB S 

NdF3(avd 

3 

3 L i F  (avg) 

2 4 

2 

4 
The r e l a t i v e  v o l a t i l i t y  f o r  ZrF 

Also shown i n  t h e s e  f i g u r e s  2 4' 

Values of t h e  group D/vL which b e s t  r e p r e s e n t e d  t h e  c a l c u l a t e d  R 

v a l u e s  from each of t h e  r u n s  (F igs .  9-11) w e r e  chosen by t r i a l  and e r r o r  

by  assuming t h a t  any d e v i a t i o n  of R from 1 w a s  caused e n t i r e l y  by concen- 

t r a t i o n  p o l a r i z a t i o n .  As s e e n  i n  F ig .  9 ,  a v a l u e  of 0.286 f o r  D/vl w a s  

found t o  g e n e r a t e  a smooth c u r v e  t h a t  b e s t  represe-n ted  t h e  measured K 

v a l u e s  i n  r u n  MSS-C-3. Contaminat ion of t h e  condensa te  was n o t  p o s s i b l e  

i n  t h i s  run  s i n c e  no NdF had been used i n  t h e  p r e v i o u s  run .  I n  r u n  

MSS-C-5, t h e  i n c r e a s e  i n  t h e  R v a l u e s  when t h e  d i s t i l l a t i o n  r a t e  was 

suddenly  i n c r e a s e d  w a s  most c l o s e l y  r e p r e s e n t e d  by t h e  assumpt ion  t h a t  

D/vL changed from 0.227 t o  0.0215 when t h e  r a t e  i n c r e a s e d .  The low 

i n i t i a l  R v a l u e s  i n d i c a t e  t h a t  con tamina t ion  of t h e  condensa te  from 

material on t h e  condenser  w a l l s  w a s  n o t  impor t an t  d u r i n g  t h i s  r u n .  

3 

I n  r u n  MSS-C-6, t h e  las t  s i x  expe r imen ta l  p o i n t s  cor respond to a v a l u e  

of 0.051 f o r  D/vL. 

f o r  t h e  h i g h  v a l u e s  of R observed  i n  t h e  f i r s t  f o u r  samples  t a k e n  d u r i n g  

There a p p e a r s  t o  h e  no s t r a i g h t - f o r w a r d  e x p l a n a t i o n  



26 

O R N L  DWG 70 4563R1 

V. NO. OF S T I L L - P O T  VOLUMES OF CONDENSATE C O L L E C T E D  

Fig. 10. 
Volatility to the Actual Relative Volatility of NdF 3 with Respect to 
LiF, as Measured in Run MSS-C-5. 

Distillation Rate and Katio of the Obscrved Relative 
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V. NO. OF S T I L L - P O T  VOLUMES OF CONDENSATE COLLECTED 

Fig. 11. Distillation Rate and Ratio of the Observed Relative 
Volatility to the Actua l  Relative Volatility of NdF with Respect to 
L i F ,  as Measured in Run MSS-C-6. 3 



thi.s run.  The v a l u e  of R w a s  about  1000 i n  t h e  f i r s t  sample (0.8 s t i l l -  

pot  volume d i s t i l l e d )  and decreased  t h e r e a f t e r .  The v a p o r i z a t i o n  ra te  

w a s  very  h i g h  i n i t i a l l y  and may have caused b o t h  c o n c e n t r a t i o n  p o l a r i z a -  

t i o n  and entrai .nment.  I f  w e  assume t h a t  t h e  h i g h  R v a l u e  i n  t h e  Eirst 

saiirple was t h e  r e s u l t  of c o n c e n t r a t i o n  p o l a r i z a t i o n  o n l y ,  t h e  e f f e c t i . v e  

d i f f u s i v i t y  i n  t h e  s t i l l - p o t  l i q u i d  wou1.d b e  3.4  x 10 c m  /sec,  which 

i s  an o r d e r  of magnitude lower t h a n  r e p o r t e d  values '  of molec.ul.ar 

d i f f u s i v i t i e s  i n  molten s a l t  a t  t empera tures  less than  750°C.  Thus, 

c o n c e n t r a t i o n  p o l a r i z a t i o n  a l o n e  cannot  account  f o r  t h e  h i g h  R Val-ues 

observed. O f  c o u r s e ,  i t  i s  p o s s i b l e  t h a t  t h e s e  h i g h  v a l u e s  r e s u l t e d  

froin contaminat ion  of t h e  condensate .  I f  s a l t  w i t h  a h i g h  l i q u i d u s  

tempera ture  and a h i g h  NdF c o n c e n t r a t i o n  had remained on t h e  condenser  

walls a f t e r  t h e  c o n t e n t s  o f  t h e  s t i l l  pot: w e r e  f l u s h e d  o u t  a t  t h e  end 

of r u n  MSS-C-5, t h i s  material  would have been washed i n t o  t h e  sample 

r e s e r v o i r  e a r l y  i n  r u n  MSS-C-6. 

-6 2 

3 

Values were c a l c u l a t e d  f o r  t h e  e f f e c t i v e  d i f f u s i v i t y  i n  t h e  s t i l l -  

pot  l i q u i d  by u s i n g  v a l u e s  of t h e  group D/vL g iven  above and v a l u e s  f o r  

v and L. Values f o r  t h e  average  v e l o c i t y  (v) were determined from d i s -  

t i l . l . a t i o n  ra tes ,  whereas t h o s e  f o r  t h e  d i s t a n c e  (L)  between t h e  feed  

i n l e t  and t h e  l i q u i d  s u r f a c e  i n  t h e  sti1.l. p o t  were known. The range  of 

d i f f u s i v i t y  v a l u e s  w a s  1 . 4  x 10 t o  1 6  x cm / s e c ;  t h e s e  v a l u e s  are 

one t o  two o r d e r s  of magnitiide g r e a t e r  than  r e p o r t e d  v a l u e s  of molecular  

d i f f u s i v i t i e s  i n  mol t sn  salts  and are  e q u i v a l e n t  t o  t h o s e  which would b e  

expec ted  i f  c o n v e c t i v e  mixing w e r e  o c c u r r i n g  i n  t h e  s t i l l  p o t .  

-4 2 

It i s  cons idered  l i k e l y  t h a t  c o n c e n t r a t i o n  p o l a r i z a t i o n  a n d / o r  

entrainment: e f f e c t s  were observed d u r i n g  t h e  o p e r a t i o n  of t h e  s t i l l ,  

a l though contaminat ion  of t h e  samples w i t h  NdF from t h e  condenser walls 

p r e v e n t s  one from drawing f i r m  conclus ions .  There w e r e  some p e r i o d s  of 

o p e r a t i o n  i n  t h e  experiments  d e s c r i b e d  h e r e  i n  which t h e s e  e f f e c t s  were 

w i t h i n  t o l e r a b l e  l i m i t s  ( i n  run  MSS-C-3, R w a s  never  h i g h e r  than  5, and 

i.n t h e  e a r l y  p a r t  of t h e  r u n  MSS-C-5, R w a s  a l s o  below 5) ;  t h u s  t h e r e  i s  

ev idence  t h a t ,  by  carefu l .  equipment d e s i g n  and proper  c h o i c e  of o p e r a t i n g  

c o n d i t i o n s ,  c o n c e n t r a t i o n  p o l a r i z a t i o n  and en t ra inment  can  b e  h e l d  t o  

a c c e p t a b l e  levels .  F u r t h e r  i n v e s t i g a t i o n  would b e  r e q u i r e d  t o  determine  

t h e  proper  o p e r a t i n g  c o n d i t i o n s  and equipment des ign .  

3 



4 . 3  D i f f i c u l t i e s  

S u r p r i s i n g l y  few o p e r a t i o n a l  problems w e r e  exper ienced  d u r i n g  t h e  

e x p e r i m e n t a l  program. However, c e r t a i n  s i g n i f i c a n t  d i f f i c u l t i e s  w e r e  

encountered ,  as d i s c u s s e d  below. 

The condensa t ion  of  ZrF and u n i d e n t i f i e d  molybdenum compounds 

o b s t r u c t e d  t h e  vacuum l i n e  on two o c c a s i o n s .  The f irst  r e s t r i c t i o n  

o c c u r r e d  d u r i n g  t h e  f o u r t h  r u n  and w a s  removed by c u t t i n g  i n t o  t h e  

vacuum l i n e ;  t h e  second r e s t r i c t i o n  o c c u r r e d  d u r i n g  t h e  l a s t  run and 

w a s  removed by h e a t i n g  t h e  vacuum l i n e  t o  950-1O5O0C, t h e r e b y  r e d i s t r i b -  

u t i n g  the material. 

showed i t  t o  c o n t a i n  39.4% z i rconium and 11 .6% molybdenum, w i t h  f l u o r i d e  

and o x i d e  b e i n g  t h e  major a n i o n s .  

4 

Analys is  of t h e  material from t h e  f i r s t  d e p o s i t  

During t h e  second run, t h e  s a l t  f e e d  l i n e  t o  t h e  s t i l l  became 

o b s t r u c t e d .  A f t e r  t h e  run had been completed,  t h e  l i n e  w a s  cut: and a 

5- t o  10-g metallic d e p o s i t ,  c o n s i s t i n g  mainly of n i c k e l  and i r o n ,  w a s  

found a t  t h e  p o i n t  where t h e  f e e d  l i n e  e n t e r e d  t h e  s t i l l .  ThLs l i n e  was 

r e p l a c e d ,  and t h e  s t i l l  w a s  o p e r a t e d  for  f o u r  a d d i t i o n a l  runs .  A t  t h e  

end of  t h e  series of exper iments ,  t h e  f e e d  l i n e  was a g a i n  removed and 

a n o t h e r  m e t a l l i c  d e p o s i t  w a s  found a t  t h e  same p o i n t .  The composi t ion and 

t h e  appearance of t h e  second d e p o s i t  w e r e  s imilar  t o  t h o s e  of t h e  f i r s t ;  

however, the open c r o s s - s e c t i o n a l  area a t  t h e  p o i n t  of t h e  second d e p o s i t  

w a s  s t i l l  about  50% of t h a t  of t h e  u n o b s t r u c t e d  t u b i n g .  

The cause  f o r  t h e  metal d e p o s i t i o n  i n  t h e  f e e d  l i n e  i s  n o t  known. 

Two p o s s i b l e  s o u r c e s  of t h e  d e p o s i t e d  material  are:  (1) suspended metals 

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

products .  

The p o s s i b i l i t y  t h a t  c o r r o s i o n  of t h e  system components may have been 

a f a c t o r  i s  sugges ted  by the composi t ion of t h e  d e p o s i t s  [approximate ly  

0.9 w t  % c o b a l t  and 0 .7  t o  2 w t  % molybdenum ( b o t h  e lements  appear  i n  
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H a s t e l l o y  N)], and of the. p l u g  i n  t h e  vacuum l i n e  (h igh  molybdenum con- 

 ten^). 

duce such d e p o s i t s  would n o t  have been d e t e c t e d  by wall t h i c k n e s s  measure- 

ments ( s e e  Sec t .  6 )  i f  t h e  c o r r o s i o n  were g e n e r a l  i n  n a t u r e .  A p o s s i b l e  

method f o r  reducing  and depos i t i -ng  d i s s o l v e d  f l u o r i d e s  i s  based on t h e  

o b s e r v a t i o n  t h a t  h igher -va lence  f l u o r i d e s  are,  i.n g e n e r a l ,  more v o l a t i l e  

than  lower-valence f l u o r i d e s  of t h e  same element .  This  condri.tion could  

cause  t h e  s t i l l  p o t  t o  be reducing  w i t h  r e s p e c t  t o  t h e  f e e d  s a l t  and,  

i n  t u r n ,  t o  promote r e d u c t i o n  and d e p o s i t i o n  o f  r e l a t i v e l y  nob1.e metals 

a t  t h e  e n t r a n c e  tc:, t h e  s t i l l  p o t .  

The e x t e n t  of  c o r r o s i o n  t h a t  would be  n e c e s s a r y  i n  o r d e r  t o  pro- 

Because t h e  l e v e l  probes were unexpectedly s e n s i t i v e  t o  changes i n  

s a l t  tempera ture  and s t i l l - p o t  p r e s s u r e ,  they could n o t  b e  ca l - ibra ted  f o r  

e x a c t  s t i l l - - p o t  c o n d i t i o n s .  To e n s u r e  t h a t  t h e  s t i l l  p o t  d i d  n o t  over -  

f low d u r i n g  t h e  f i l l i n g  o p e r a t i o n ,  we added sa l t  u n t i l  t h e  level.  reached 

one of  t h e  c a l i b r a t i o n  d i s k s  and a d i s c o n t i n u i t y  i n  t h e  r e c o r d e r  s i g n a l  

was noted .  T h i s  provided a d e f i n i t e  measurement of t h e  sa1.t l e v e l ,  a l -  

though i t  was lower than t h e  nominal. operat i -ng l e v e l .  S a t i s E a c t o r y  

au tomat ic  o p e r a t i o n  i n  t h e  v i c i n i t y  of t h i s  s i g n a l  d i s c o n t i n u i t y  w a s  

then p o s s i b l e .  

5. CORROSION TESTS 

Corros ion  specimens of Alloy 8 2 ,  H a s t e l l o y  N ,  TZM, IIaynes Alloy No. 

25 ,  and Grade AXF-5QBG g r a p h i t e  (see nominal composi t ions i n  Table  3 ) ,  

s u p p l i e d  by t h e  Metals  and Ceramics D i v i s i o n ,  were suspended i n  t h e  vapor  

and i n  t h e  l i .quid i n  t h e  s t i l l  p o t  d u r i n g  t h e  s i x  r u n s .  The specimens,  

1 / 1 6  i n .  t h i c k  x 318 i n .  wide x 3 / 4  t o  2-1/2 i n .  l o n g ,  were ar ranged  i n  

two s t r i n g e r s  mounted on a H a s t e l l o y  N s u p p o r t  f i x t u r e  t h a t  was tack-  

welded t o  t h e  H a s t e l l o y  N d i p  l i n e  of t h e  s t i l l  p o t .  The arrangement 

and p o s i t i o n  o f  each  s t r i n g e r  were such t h a t  specimens of each material 

were exposed t o  b o t h  vapor  and l i q u i d ;  a Hastelloy N specimen w a s  c e n t e r e d  

a t  t h e  v a p o r - l i q u i d  i n t e r f a c e .  F igure  1 2  shows t h e  two s t r i n g e r s  on 

removal from t h e  s t i l l  pot  a f t e r  tihe n o n r a d i o a c t i v e  tests. An unexposed 

s t r i n g e r  i s  also shown f o r  comparison. 



Table  3 .  Nominal Compositions of t h e  Corros ion  Specimens 
Exposed i n  t h e  MSRE Vacuum D i s t i l l a t i o n  Experiment 

~ ~~ 

Element 

co N i  MO Cr W Fe T i  Z r  C E.ln 
Material 

0.2 -- -- -- -- Alloy 82 -- Bal. 18 0.05 -- 
-- -- 0.06 -- 

-- -- B a l .  -- -- -- 0.5 0 .1  0.01 -- 
5 -- Has te l loy  N Trace 72 1 6  7 

TZM 

Haynes Al loy  No. 25 B a l .  l o  20 15 3 

Grade AYF-5QBG 

0.10 1.5  -- -- -- 
-- -- -- -- -- -- -- -- lo@ -- 

i s o t r o p i c  g r a p h i t e  
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ORNL DWG 69-98 

Fig. 12. Corrosion Specimens Removed from Still Pot in MSRE 
Distillation Experiment. Unexposed specimens are shown for comparison. 
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A t  t h e  c o n c l u s i o n  of t h e  n o n r a d i o a c t i v e  tes ts ,  t h e  specimens were 

r e t u r n e d  t o  t h e  Metals and Ceramics D i v i s i o n  f o r  examinat ion .7  The 

r e s i s t a n c e  of t h e  m e t a l s  t o  a t t a c k  i n  b o t h  t h e  vapor  and t h e  l i q u i d  

zones w a s  found t o  b e  i n  t h e  f o l l o w i n g  o r d e r :  

TZM > Haynes Alloy No. 25 > Grade AXF-5QBG g r a p h i t e .  The specimens 

exposed i n  t h e  l i q u i d  zone appeared t o  have been a t t a c k e d  more s e v e r e l y  

t h a n  t h o s e  l o c a t e d  i n  t h e  vapor  zone. The Al loy  8 2 ,  H a s t e l l o y  N ,  and 

TZM specimens appeared t o  b e  e s s e n t i a l l y  unchanged. These o b s e r v a t i o n s  

are o n l y  q u a l i t a t i v e  because  (1) t h e y  are based o n l y  on v i s u a l  examina- 

t i o n ,  and ( 2 )  oxygen i n  t h e  system ( i n t r o d u c e d  as a r e s u l t  of a h e a t e r  

f a i l u r e  d e s c r i b e d  below) probably  modi f ied  some of t h e  c o r r o s i o n  r e s u l t s .  

Al loy  82 > H a s t e l l o y  N > 

The f o l l o w i n g  o b s e r v a t i o n s  were made r e g a r d i n g  t h e  materials l o c a t e d  

i n  t h e  l i q u i d  zone. Some r e a c t i o n  between t h e  s a l t  and t h e  Alloy 8 2  

and H a s t e l l o y  N specimens i s  sugges ted  because t h e i r  s u r f a c e s  w e r e  

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

Haynes Alloy No. 25 appeared t o  b e  s e v e r e l y  c r a c k e d ,  and i t  broke  e a s i l y .  

The g r a p h i t e  specimens i n  t h e  l i q u i d  zone w e r e  m i s s i n g .  C r y s t a l - l i k e  

m e t a l l i c  d e p o s i t s  appeared t o  b e  c l i n g i n g  t o  t h e  j o i n i n g  w i r e s  i n  t h i s  

r e g i o n .  

The p r e s e n c e  of a i r ,  which w a s  i n t r o d u c e d  i n t o  t h e  sys tem when a 

t u b u l a r  h e a t e r  f a i l e d  ( i n  such a manner t h a t  a h o l e  w a s  mel ted i n  a n  a rgon  

d i p  l i n e  w h i l e  t h e  system w a s  a t  low p r e s s u r e ) ,  accounts  f o r  t h e  poor  

performance of t h e  g r a p h i t e .  The a i r  t h a t  w a s  i n t r o d u c e d  w h i l e  t h e  

system w a s  p r e s s u r i z e d  remained i n  t h e  system f o r  about  500 h r ;  t h e  s t i l l -  

p o t  tempera ture  d u r i n g  t h i s  p e r i o d  w a s  n e a r  700°C. (No o t h e r  a i r  w a s  

i n t r o d u c e d  d u r i n g  t h i s  p e r i o d . )  The a t t a c k  on t h e  g r a p h i t e  specimens i s  

probably t h e  r e s u l t  of o x i d a t i o n  d u r i n g  t h i s  p e r i o d .  The loss of t h e  

g r a p h i t e  specimens i n  t h e  l i q u i d  zone ( b u t  n o t  i n  t h e  vapor  zone) i s  

probably due t o  a "washing e f f e c t ' '  of t h e  mol ten  s a l t  on t h e  damaged 

specimens as t h e  s t i l l  w a s  f i l l e d  and emptied.  Although t h e  H a s t e l l o y  

N specimens a t  t h e  d e s i g n  v a p o r - l i q u i d  i n t e r f a c e  had g r a y  m a t t e  s u r f a c e s ,  

no changes i n  t h e  appearances  of t h e  specimens w e r e  c l e a r l y  a t t r i b u t a b l e  

t o  t h e  presence  of a v a p o r - l i q u i d  i n t e r f a c e .  
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6. POSTOPERATIONAL INSPECTION 

Since the equipment employed in the nonradioactive tests described 

in this report was to be used later with radioactive materials, it was 

inspected thoroughly after completion of the tests. Radiographic and 

ultrasonic measurements of wall thickness were made at 225 points on 

the vessel surface. In addition, length and diameter measurements 

were made between selected locations. (Center-punched tabs at these 

locations were provided for these measurements.) 

measurements were compared with similar measurements made on the equip- 

ment before operation. Measurements were concentrated in regions where 

the highest stresses were expected. 

The postoperational 

Drawings M-12173-CD-019Dy M-12173-CD-020Dy and M-12173-CD-021D 

(Appendix B) show the locations o f  the 225 points where wall thickness 

measurements were made, as well as the locations of points between 

which length and diameter measurements were made. 

pre- and postoperational measurements. A comparison of the two sets 

of thickness measurements showed an average decrease of 1.6 mils in wall 

thickness, with both positive and negative deviations from the original 

thickness. The largest differences were +9 mils and -8 mils. The change 

in distance between two points about 50 in. apart was 0.026 in., which 

is not considered significant. There was some indication that the still 

pot had dropped to a slightly lower position, although the rotation of  

lines between points on opposite ends of the condenser was less than 

0.5'. 

Also shown are the 

Visual inspection of the inside of the still pot showed the metal 

to be in good condition; the walls were shiny, and no pitting or cracking 

was evident. Radiography also showed no evidence of physical change. 

We concluded that the equipment was in satisfactory condition for 

use with radioactive materials. 
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7. CONCLUS LONS 

The f o l l o w i n g  c o n c l u s i o n s  have been drawn as a r e s u l t  of t h e  exper i -  

mental. work d i s c u s s e d  above: 

A r e l a t i v e l y  l a r g e  m o l t e n - s a l t  d i s t i l l a t i o n  system 
h a s  been  o p e r a t e d  s u c c e s s f u l l y .  
problems must b e  s o l v e d  b e f o r e  a d i s t i l l a t i o n  u n i t  
can be i n c o r p o r a t e d  i n t o  a n  MSBR p r o c e s s i n g  p l -an t ,  
t h e  d i s t i l l a t i o n  of i r r a d i a t e d  m i x t u r e s  of  mol ten  
f l u o r i d e s  h a s  been demonstrated t o  b e  f e a s i b l e .  

Although some 

The measured d i s t i l l a t i o n  rates a r e  adequate  t o  per-  
m i t  t h e  u s e  of d i s t i l l a t i o n  as a p r o c e s s  s t e p .  For 
o p e r a t i o n  under c o n d i t i o n s  i n  which t h e  vapor  p r e s s u r e  
of t h e  s t i l l - p o t  material i s  1 mm Hg o r  g r e a t e r ,  
d i s t i l l a t i o n  rates of a t  l eas t  1.5 f t 3  of s a l t  p e r  
day p e r  s q u a r e  f o o t  of v a p o r i z a t i o n  s u r f a c e  can be 
o b t a i n e d .  The d i s t i l l a t i o n  r a t e  w a s  l i m i t e d  by 
f r i c t i o n a l  l o s s e s  i n  t h e  vapor  passageway; t h e r e -  
f o r e ,  h i g h e r  rates might b e  a t t a i n a b l e  under t h e  
s a m e  o p e r a t i n g  c o n d i t i o n s  by c a r e f u l  d e s i g n  of t h e  
s a l t  vapor  f l o w  pa th .  

Evidences of  c o n c e n t r a t i o n  p o l a r i z a t i o n  and/or  
en t ra inment  w e r e  s e e n  d u r i n g  some r u n s  i n  t h e s e  
experiments .  The f a c t  t h a t  t h e y  were n o t  s e e n  i n  
all r u n s  i n d i c a t e s  t h a t  f u r t h e r  i n v e s t i g a t i o n  could 
disc]-ose t h e  condi t i .ons  under  which a s t i l l  could  
b e  o p e r a t e d  w i t h  c o n c e n t r a t i o n  p o l a r i z a t i o n  and 
en t ra inment  h e l d  t o  a c c e p t a b l e  levels .  

A p o s t o p e r a t i o n a l  i n s p e c t i o n  of t h e  s t i l l  showed 
only  minor changes as t h e  r e s u l t  of o p e r a t i o n  and 
i n d i c a t e d  t h a t  t h e  equipment w a s  i n  s a t i s f a c t o r y  
c o n d i t i o n  f o r  u s e  w i t h  r a d i o a c t i v e  materials. 

The c a u s e  of r e p e a t e d  meta l l ic  d e p o s i t s  i n  t h e  s a l t  
f e e d  l i n e  must b e  determined since such d e p o s i t i o n s  
would d i s r u p t  t h e  long-term o p e r a t t o n  of d i s t i l l a t i o n  
systems.  

The condensa t ion  o f  v o l a t i l e  s a l t  components and 
c o r r o s i o n  p r o d u c t s  i n  t h e  vacuum l i n e s  must b e  
prevented  i f  long-term o p e r a t i o n  i s  t o  b e  f e a s i b l e .  



( 7 )  More- re l iab le  level-measuring d e v i c e s  € o r  c o n t r o l l i n g  
t h e  s t i l l - p o t  l i q u i d  level  shoi.11.d b e  provided .  A 
method more d e s i r a b l e  t h a n  t h e  one used f o r  t h i s  
experiment  would c o n s i s t  o f  several probes  (of 
t h e  t y p e  d e s c r i b e d  i n  t h i s  r e p o r t )  used a t  v a r i o u s  
s a l t  d e p t h s  g i v i n g  a c o n t r o l  s i g n a l  which would 
change s t e p w i s e  r a t h e r  t h a n  smoothly.  A number of 
such p r o b e s ,  1oc.ated a t  c l o s e l y  spaced i n t e r v a l s ,  
would permit  s u f f i c i e n t l y  a c c u r a t e  measurement and 
c o n t r o l  of l i q u i d  leve l  t o  make o p e r a t i o n  o f  a 
s t i l l  f e a s i b l e .  
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10.1  Appendix A. D e r i v a t i o n  and S o l u t i o n  of 
Equat ions  D e s c r i b i n g  C o n c e n t r a t i o n  P o l a r i z a t i o n  

A s  a sal t  mixture  i s  v a p o r i z e d  from t h e  s u r f a c e  of t h e  s t i l l - p o t  

l i q u i d ,  t h e  c o n c e n t r a t i o n  of t h e  l e s s - v o l a t i l e  component: ( e . g .  NdF3) a t  

t h e  i n t e r f a c e  w i l l  i n c r e a s e  above i t s  a v e r a g e  c o n c e n t r a t i o n  i n  t h e  s t i l l  

p o t .  T h e r e f o r e ,  t h e  e f f e c t i v e n e s s  of a s t i l l  f o r  s e p a r a t i n g  NdF from 

a f e e d  s a l t  w i l l  g r a d u a l l y  d e c r e a s e ,  s i n c e  t h e  c o n c e n t r a t i o n  o f  NdF i t 1  

t h e  vapor  w i l l  i n c r e a s e  as t h e  c o n c e n t r a t i o n  of NdF a t  t h e  s u r f a c e  

i n c r e a s e s .  R e l a t i o n s h i p s  d e f i n i n g  t h e  e x t e n t  of s e p a r a t i o n  t o  b e  

expec ted  w i t h  c o n c e n t r a t i o n  p o l - a r i z a t i o n  have been d e r i v e d ,  and a method 

f o r  tal-culating R, t h e  r a t i o  oE t h e  c o n c e n t r a t i o n  of NdF i n  t h e  vapor  

t o  t h a t  i n  t he  l i q u i d ,  i s  e x p l a i n e d .  

3 

3 

3 

3 

W e  w i l l  assume t h a t  the s a l t  m i x t u r e  i n  t h e  s t i l l  p o t  is  composed 

( A c t u a l l y ,  t h e  s t e a d y - s t a t e  composi t ion w i l l  be of  o n l y  L i F  and NdF 

about 90% L i F ,  w i t h  t he  remainder  b e i n g  BeF2, Z r F 4 ,  and NdF .) 

t i o n s  are s i m p l i f i e d  c o n s i d e r a b l y  f o r  t h i s  assumed b i n a r y  m i x t u r e .  

3' 
Calcula-  

3 

E'i-gure A - l  is  a s c h e m a t i c  diagram of t h e  model used f o r  e s t i m a t i n g  

t h e  effect of c o n c e n t r a t i o n  p o l a r i z a t i o n .  A t  any leve l ,  z,  i n  t h e  s t i l l .  

p o t ,  the c o n c e n t r a t i o n  of NdF i s  determined by t h e  fo l lowing  e q u a t i o n :  
3 

- -- R 
ac 

a t  
- 

32 

3' where c = molar c o n c e n t r a t i o n  o f  NdF 
R 

NRz = molar  f l u x  of NdF i n  t h e  z d i r e c t i o n ,  3 -  

t = t i m e .  

i s  r e l a t e d  t o  t h e  c o n c e n t r a t i o n  of NdF by t h e  
3' NRz' 3 

The fl.ux of NdF 

f o l l o w i n g  e q u a t i o n  : 8 

R 
xR(NRz C NL2) - CD - 

a x  
R Z  az 

N 
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ORNL OWG 67-11699 

Vapor removal stream 
moles 

sec XR ( I ,  0 )  = mdc fracti 
of rare-eclrth flootid 
at liquid surface rare- earth fluoride 

o(Xn ( I ,  e )  = mole fraction of 

in vapor 

L 

I XR ( 0 ,  e) mole traction of 
rare- earth fluoride 
at bottom of still Feed I 

Xizmoie fraction o f  
rare- earth fluoride 
i n  feed  stream 

F i g .  A-1. Diagram of Model TJsed for Estimating Effect of Concen- 
tration Polarization. 
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where N = molar f l u x  of LiF  i n  t h e  z d i r e c t i o n ,  
Lz  

R 3 ’  
= mole f r a c t i o n  of NdF X 

c = molar d e n s i t y  of m i x t u r e ,  

D = e f f e c t i v e  d i f f u s i v i t y  of  NdF i n  an LiF-NdF mixture .  
3 3 

S u b s t i t u t i n g  Eq. (11) i n t o  Eq. (10) and d i v i d i n g  by t h e  molar  d e n s i t y ,  

c ,  which i s  assumed t o  b e  c o n s t a n t ,  y i e l d s :  

2 
a XR a x  

az 
_ _ -  - 1- 

2 ’  
---- v - aXR 

a t  
az  

N C N  
RZ v = , t h e  v e l o c i t y  of s a l t  riiixturs i n  t h e  s t i l l  p o t .  

C 

Equat ion ( 1 2 )  must b e  s o l v e d  w i t h  t h e  f o l l o w i n g  boundary c o n d i t i o n s :  

(I) A t  t = 0 ,  xR = x = t h e  i n i t i a l  NdF c o n c e n t r a t i o n ,  which 
i 3 

i s  e q u a l  t o  t h e  f e e d  composi t ion .  

3 
( 2 )  A t  z = 0 ,  an NdF b a l a n c e  o v e r  t h e  boundary between t h e  

f e e d  stream and t h e  s t i l l  p o t  g i v e s :  

( 3 )  A t  z = L ,  an NdF b a l a n c e  o v e r  the v a p o r - l i q n t d  i n t e r f a c e  
3 

g i v e s  : 

where a = t h e  r e l a t ive  v o l a t i l - i t y  of NdF w i t h  r e s p e c t  t o  LiF. 
3 

I n  d e r i v i n g  t h e  thi . rd  boundary c o n d i t i o n ,  the f o l l o w i n g  approximation 

i s  used: 

R ’  
a x  I 

Y R  - 
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where y is the mole fraction of NdF in the vapor phase. 

This approximation is valid for a binary system in which the low- 

volatility component is present at low concentrations. 

R 3 

Equation (12) and its associated boundary conditions can be put in 

dimensionless form by making the following substitutions: 

x - x  R i  

i 
CT = = dimensionless NdF concentration, 

X 3 

dimensionless time, which is also equal to the number 
of volumes processed by the still in time t (to see 
this, multiply numerator and denominator by A the 
cross section of the still), 

vt a =  -- = 
L 

C' 

z 5 = - = dimensionless distance. 
L 

With these substitutions, the differential equation and its boundary 

conditions become : 

3 

a 0  a"0 a 0  

ac a e  -=a--- 
at2 

e = o :  O = O ,  

a 0  

a5 E = O :  - = b o ( 0 ,  0 )  , 
1 c=o 

a 0  5 = 1: -- = c[0(1,  e )  + 1 3  , 
at- l5=1 

I) where a = - VL 

b = lfa , 

c = (1 - a)b . 
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With t h e  s u b s t i t u t i o n s  shown above, the q u a n t i t y  R d e s c r i b e d  i n  S e c t .  

4 . 2  i s  g iven  b y :  

or 

’ 0  

where 

I__._._.__- Method of Solv ing  Equat ions .  F o r  t h e  s o l u t i o n  of Eq.  ( 1 5 ) ,  w i t h  

E q s .  [15(a)-15(c)] as boundary c o n d i t i o n s ,  t h e  parameters  a ,  b ,  and c 

a r e  assumed t o  b e  c o n s t a n t .  

By t a k i n g  t h e  Iztplace t r a n s f o r m  of Eqs .  (15), and E q s .  [ 1 5 ( a ) - l S ( c ) ] ,  

t h e  f o l l o w i n g  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n  and boundary c o n d i t i o n s  are  

o b t a i n e d  : 
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00 - S  0 .- 

where a ( S ,  s )  = lo o ( S ,  0 ) e  

and s = ehe Laplace t r a n s f o r m  v a r i a b l e .  Equat ion (17) has  t h e  s o l u t i o n :  

d e ,  the Laplace  t r a n s f o r m  of o ( S ,  e ) ,  

- Y I E  y2s  a(<, s )  = A e  + Be Y 

where 

- 1 ......... .- J 1  + 4as 
y 2  - 2a 

When Eq. (18) i s  s u b s t i t u t e d  i n t o  E q s .  [ 1 7 ( a ) ]  and [ 1 7 ( b ) ] ,  t h e  c o n s t a n t s  

A and B can be determined;  t h e n  u(E, s)  i s  found t o  b e :  
- 

1 
S i n c e  w e  a l s o  d e s i r e  u 

t ransfor iu  of this q u a n t i t y  by i n t e g r a t i n g  E q .  (19)  w i t h  r e s p e c t  t o  5. 

This  i n t e g r a t i o n  y i e l d s :  

( 0 )  = Io u(E ,  e )  d S ,  w e  can € i n d  t h e  Laplace 
av g 

The q u a n t i t y  u ( 0 )  i s  o b t a i n e d  from E q .  (20) by performing t h e  f o l l o w i n g  

i n t e g r a t i o n  i n  t h e  complex p l a n e :  
avg 

(21.) 
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where i = G, and E > 0 and c o n s t a n t .  

Equat ion (21)  can be w r i t t e n  i n  t h e  f o l l o w i n g  e q u i v a l e n t  form by recog-  

n i z i n g  t h a t  s = E + i o  and d s  = idw: 

(5 ( e )  = - r~ ( E  + i w ) [ c o s  ( w e )  + i s i n  (we)] d w  . (22)  
avg 

Because t h e  i n t e g r a l  i n  Eq. ( 2 2 )  converges t o  z e r o  when 8 < 0 ( r e f .  9 ) ,  

i t  can b e  shownl0 t h a t  a ( e )  i s  given by a p a i r  of e q u a t i o n s :  
avg 

(23b)  

where 

~ m [ c i  ( E  + i w ) ]  = t h e  imaginary p a r t  of t h e  f u n c t i o n  a (E + i w ) ,  
avg avg 

Re[; ( E  + iw)]  = t h e  real  p a r t  o f  t h e  f u n c t i o n  0 
avg avg 

( E  3. iw) .  

Equat ion  [ 2 3 ( a ) ]  was chosen f o r  e v a l u a t i n g  CJ ( e ) .  The i n t e g r a l  i n  t h i s  

e q u a t i o n  w a s  computed n u m e r i c a l l y  by u s i n g  t h e  CDC 1604-A computer t o  
avg 

e v a l u a t e  Im[b 

be found i n  ref. 10. 

( E  f i w ) ] .  The d e t a i l s  of t h e  numer ica l  i n t e g r a t i o n  can 
avg 

T h e  q u a n t i t y  R i s  c a l c u l a t e d  by f i n d i n g  o(1,  e )  and u ( 9 )  f o r  t h e  

s a m e  v a l u e  of 0 and s u b s t i t u t i n g  i n t o  Eq.  (16).  The q u a n t i t y  ~ ( 1 ,  0 )  i s  

found by i n v e r t i n g  t h e  t r a n s f o r m  given  by Eq. (19) w i t h  5 = 1, and t h e  

q u a n t i t y  (5 (8) i s  found by  i n v e r t i n g  t h e  t r a n s f o r m  given  by Eq. (20 ) .  

The d e s c r i b e d  i n v e r s i o n  t e c h n i q u e  i s  r e q u i r e d  f o r  b o t h  t ransforms.  

avg 

avg 
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1 0 . 2  Appendix B .  Drawihgs Showing P o s t o p e r a t i o n a l  
Wall- 'l 'hickness and Dimensional Measurements 

The drawings i n c l u d e d  i n  this appendix c o n t a i n  a complete t a b u l a t i o n  

of the w a l l -  t h i c k n e s s  and dimensional. measurements made i n m e d i a t e l y  a f t e r  

t h e  s t i l l .  assembly w a s  c o n s t r u c t e d  and a f t e r  t h e  n o n r a d i o a c t i v e  t e s t i n g  

of t h e  equipment.  was concluded.  
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