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SUMIVLPRIE S 

SEMICONTIKUOUS REDUCTIVE EXTRACTZDN EXPERIMENTS 
EN A MILD-STEEL FACILITY 

'The f i r s t  hydrodynamic run  (HR-4) a t t empted  a f t e r  t h e  s a l t  over -  

f low l i n e  had been mod i f i ed  was \.u.c s h o r t  by t h e  f a i l u r e  of t ub ing  at 

t h e  base  of t h e  packed column and t h e  r e s u l t a n t  l eakage  of sa l t  and 

bismuth from t h e  ccilumn, Th i s  l i n e ,  as well as a t r a n s f e r  l i n e  on 

which a r e s i s t a n c e  h e a t e r  had f a i l e d ,  was r ep laced ,and  t h e  bismuth and 

t h e  s a l t  were t r e a t e d  wi.rh a B --Wniixtzrre b e f o r e  t h e  hydrodynamic ex- 2 
per iments  were resumed. 

The subsequent  experiment (HR-5) y i e l d e d  u s e f u l  pressure-drop  d a t a ,  

v e r i f i e d  t h e  e f f e c t t v e n e s s  of changes i n  t h e  over f low p i p i n g ,  and showed 

t h a t  au tomat ing  t h e  l e v e l .  con t ro l  f o r  the sa l t  jackleg provided more 

n e a r l y  c o n s t a n t  s a l t  f low rates t o  t h e  c0l.umn. 

MEASUREMENT OF AXIAL DISPERSION COEFFICIENTS 
I N  PACKED CUZUMNS 

We have i n i t i a t e d  an expe r imen ta l  program f o r  measuring 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  i n  parked columns under c o n d i t i o n s  s imilar  t o  t h o s e  

t h a t  will app ly  f n  proposed r e d u c t i v e  e x t r a c t i o n  p r o c e s s e s ;  i n  t h i s  pro- 

gram, mercury and water s i m u l a t e  t h e  bismuth and mol ten  salt. 

u s i n g  a s t e a d y - s t a t e  t echn ique  i n  whfch the  c o n c e n t r a t i o n  p r o f i l e  of a 

tracer is  de termined  photometrically a t  v a r i o u s  p o i n t s  a long  t h e  column. 

R e s u l t s  from seven exper iments  w i t h  3/8-in.-diam Raschig r i n g  packing 

W e  are 

2 i n d i c a t e  t h a t  t h e  d i s p e r s i o n  c o e f f i c i e n t  i s  about  3.5 em / sec  and has  

l i t t l e  dependence on either t h e  d i spe r sed -phase  f low r a t e  o r  t h e  con- 

t inuous-phase  flow rate. 
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A SIMPLIFIED METHOD FOR ESTTWiTING THE EFFECT OF AXIAL DISPERSION 
ON COUNTERCURRENT COT,uM\J PERFORMANCE 

A s imple ,  r a p i d  method has  been developed f o r  e s t i m a t i n g  t h e  ef- 

f e c t  of a x i a l  d i s p e r s i o n  on the performance of c o u n r e r c u r r e n t  contac-  

t o r s .  The column e f f i c i e n c y  ( i . e . ,  the r a t i o  of the h e i g h t  of a con- 

t a c t o r  i n  which no a x i a l  d i s p e r s i o n  occur s  t o  t h e  hei-ght of a c o n t a c t o r  

i n  which axial .  d i s p e r s i o n  i s  p r e s e n t )  i s  g iven  as a s imple  f u n c t i o n  of 

d e s i g n  parameters  ( ex t r ac t - ion  f a c t o r ,  number of t r a n s f e r  u n i t s ,  h e i g h t  

of a p lug  f low t r a n s f e r  u n i t ,  and t h e  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 ) .  

The c o n t a c t o r  e f f i c i e n c y  can be  e s t ima ted  w i t h  a x i a l  d i s p e r s i o n  p r e s e n t  

i n  one phase,  o r  in bo th  phases, f o r  most o p e r a t i n g  c o n d i t i o n s  of i n -  

terest .  The p r e d i c t e d  val-ues f o r  c o n t a c t o r  e f f i c i e n c y  are  i n  sa t i s -  

f a c t o r y  agreement w i t h  v a l u e s  c a l c u l a t e d  from pub l i shed  s o l u t i o n s  t o  

the c o n t i n u i t y  equa t ion  f o r  c o u n t e r c u r r e n t  f low w i t h  a x i a l  d i s p e r s i o n  

and mass t r a n s f e r  between phases .  

EFFECT OF AXIAL DISPERSION I N  PACKED COLUMN CONTACTORS 
USED FOR MSBR PROCESSING 

We have compI.eted ca l cu la t i -ons  t h a t  show t h e  e f f e c t  of a x i a l  d i s -  

p e r s i o n  i n  packed column c o n t a c t o r s  spec i f f -ed  hy  MSBR p rocess ing  flow- 

s h e e t s .  These c a l c u l a t i o n s  i n d i c a t e  that: t h e  e f f i c i e n c y  of t h e  colurnns 

used f o r  i s o l a t i n g  protact ini-urn i s  h igh  and t h a t  ax i a l  d i s p e r s i o n  will 

r e q u i r e  t h e  l e n g t h  of such columns t o  b e  i n c r e a s e d  by less than  10% 

over  t h a t  f o r  columns i n  which no a x i a l  d i s p e r s i o n  i s  p r e s e n t .  The 

c a l c u l a t e d  e f f i c i e n c i e s  f o r  t h e  r a r e - e a r t h  columns a re  q u i t e  low; thus 

conclude  that a x i a l  d i - spe r s ion  p reve i i t e r s  o r  s t a g i n g  would be re- 

qu i r ed  f o r  t h e s e  columns. 
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AXIAL DISPERSION I N  AN OPEN BUBBLE COLUMN 

Axial d i s p e r s i o n  i n  a n  air-water system w a s  s t u d i e d  as a f u n c t i o n  

of g a s  and l i q u i d  f low rates i n  a 2-in.-IT) open bubble  column. The 

degree  of  mixing w a s  c h a r a c t e r i z e d  by a d i s p e r s i o n  c o e f f i c i e n t  d e f i n e d  

i n  a manner ana logous  t o  F i c k ' s  l a w .  

volved con t inuous ly  i n j e c t i n g  Cu(N0 ) tracer and measuring t h e  tracer 

c o n c e n t r a t i o n  g r a d i e n t  a long  t h e  l e n g t h  of t h e  column a t  s t e a d y  s ta te  

by a photometr ic  technique .  Within t h e  r ange  of o p e r a t i n g  c o n d i t i o n s  

s t u d i e d ,  t h e  d i s p e r s i o n  c o e f f i c i e n t  w a s  found t o  b e  independent  of 

l i q u i d  f low rate .  The d i s p e r s i o n  c o e f f i c i e n t  i n c r e a s e d  from 26.9  

c m  /sec t o  35 c m  /see as t h e  vo lumet r i c  gas f low ra te  was i n c r e a s e d  

from 5.2 cm / s e c  t o  44 cm /sec. 

cm /sec, i t  w a s  more dependent  on gas  f l o w  ra te  and i n c r e a s e d  t o  a 
2 3 v a l u e  of 68.7 c m  /sec a t  a g a s  f l o w  ra te  of 107  c m  /see.  

m e n t a l l y  de te rmined  va lues  f o r  t h e  d i s p e r s i o n  c o e f f i c i e n t  are  h i g h e r  

t h a n  t h e  v a l u e s  r e p o r t e d  i n  t h e  l i t e r a t u r e .  

The experimental  t echn ique  in -  

3 2  

2 2 

3 3 A t  gas f low rates h i g h e r  t h a n  44  
3 

The expe r i -  

ELECTROLYTIC CELL DEVELOPMENT : STATIC CELL EXPERIVENTS 

Experiments  d i r e c t e d  toward two problems r e l a t e d  t o  c e l l  develop-  

ment were c a r r i e d  o u t  i n  s t a t i c  cel ls .  R e s u l t s  showed t h a t  a p r o t e c -  

t i ve  1-ayer o f  f r o z e n  s a l t  could  be  main ta ined  on a s u r f a c e  i n  t h e  p re s -  

ence  of h i g h  h e a t  g e n e r a t i o n  rates i n  a d j a c e n t  s a l t .  An experiment  i n  

v h i c h  lead-ac id  b a t t e r i e s  were used t o  p rov ide  d c  power showed t h a t  t h e  

ac r i p p l e  i n  t h e  nominal d c  power i n  p rev ious  exper iments  w a s  n o t  re- 

s p o n s i b l e  f o r  t h e  fo rma t ion  of dark-colored  material  in  t h e  sa l t .  

DESIGN AND INSTALLATION OF THE FLOW ELECTROLYTIC 
CELL FACILITY 

A f a c i l i t y  f o r  continuously circulating molten  sa l t  and bismuth 

through e l e c t r o l y t i c  c e l l s  a t  t empera tu res  up t o  600°C is be ing  i n -  

s t a l l e d .  T h e  equipment a s s o c i a t e d  w i t h  t h i s  f a c i l i t y  w i l l  a l l o w  u s  t o  
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test a v a r i e t y  of c e l l  d e s i g n s  under c o n d i t j o n s  s imilar  t o  t h o s e  e x -  

pec ted  i n  p rocess ing  p l a n t s .  The equipment c o n s i s t s  of a 16-in.-diam 

v e s s e l  t h a t  w i l l  c o n t a i n  t h e  c e l l  t o  be  tes ted ,  a mixer-settler t ank  

i n  which t h e  s a l t  and bismuth streams from the ce l l s  will  be  e q u i l i -  

b r a t e d ,  g a s - l i f t  pumps and or i f ice- -head  pot  f lowmeters  f o r  C iLcu ia t ing  

and meter ing  t h e  streams t o  t h e  c e l l ,  and a vessel c o n t a i n i n g  a graph- 

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

CALIBRATION OF AN ORIFICE-HEAD POT FT,OTdMETER WITH MOLTEN 
SALT AND BISNUTH 

The Flow E l e c t r o l y t i c  Ce l l  FaciEiCy c o n t a i n s  or i f ice- -head  p o t  f low- 

meters f o r  measurdng s a l t  and bfsmuth f low rates .  C a l i b r a t i o n  of t h i s  

equipment i s  be ing  c a r r i e d  o u t  p r i o r  t o  operation of t h e  f a c i l i t y  t o  

e n s u r e  t h a t  u n c e r t a i n t i e s  i n  f l o w  rates wi1.l b e  a c c e p t a b l y  sma1.l. 

t i a l  tests w i t h  mercury and water i n  a L u c i t e  head po t  showed t h e  need 

f o r  a n  en la rged  d r a i n a g e  chamber downstream of the o r i f i c e ,  Subsequent 

experii i ients w i t h  t r a n s i e n c  f lows  r e s i d t e d  i n  average  or i f - ice  coef f i- 

c i e n t s  of 0.663 and 0.709 f o r  mercury and water, r e s p e c t i v e l y .  Experi-  

ments w i t h  t r a n s i e n t  f l o w s  of bi-snuth and mol ten  s a l t  through a rnild- 

s teel  head p o t  a t  600°C resul.ted i n  average  o r i f i c e  c o e f f i c i e n t s  of 

0.646 and 0.402, r e s p e c t i v e l y .  Experi.mcnts w i t h  s t e a d y  bismuth f lows  

r e s u l t e d  i n  an ave rage  o r i f i c e  c o e f f i c i e n t  of 0.654. 

I n i -  

BISNUTH-SALT INTERFACE DETECTOR 

A salt-metal i n t e r f a c e  d e t e c t i o n  d e v i c e  i s  needed f o r  u s e  w i t h  

salt-metal e x t r a c t i o n  columns. A modif ied vers i -on of an i n d u c t i o n  type  

of l i q u i d - l e v e l  probe  i s  under s tudy .  The i-nductanee coil .  c o n s i s t s  of 

a b i f i l a r  winding of 30-gage pl-atinum w i r e  wound i n  grooves on t h e  s u r -  

f a c e  of a l a v i t e  form. For t e s t i n g ,  t h e  d e t e c t o r  c o i l  w i l l  b e  mounted 
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on a t y p e  316 s t a i n l e s s  s teel  t u b e  having a n  o u t s i d e  d i ame te r  of 9.050 
i n .  and a w a l l .  t h i c k n e s s  of 0.065 i n .  P o r t i o n s  of t h e  t u b e  t h a t  are  i n  
c o n t a c t  w-ith bismuth w f l l  he coa ted  1 ~ 7 l f t : b  a 0.005-in. l a y e r  of t ungs t en  

t o  p reven t  a t t a c k  of t h e  stainless s t ee l  $7 t h e  bismuth. 

STRIPPING OF ThF4 FROM MOLTEIJ SALT 
BY WDUC'PIVE EXTRACTION 

E f f i c i e n t  o p e r a t i o n  of t h e  r e d u c t i v e  e x t r a c t i o n  system f o r  rare- 

e a r t h  removal r e q u i r e s  t h a t  on ly  a negl.lg,ihle q u a n t i t y  of ThF remain 

i n  t h e  salt which p a s s e s  through t h e  c l e c c r o l y t i c  c e l l  and r e t u r n s  t o  

t h e  bottom of t h e  e x t r a c t i o n  column. Ca lcu la t ed  r e s u l t s  show t h a t  

ThF can be removed from the  s a l t  t o  t h e  e x t e n t  r e q u i r e d  by r e d u c t i v e  

e x t r a c t i o n ,  u s i n g  t w o  t o  t h r e e  t h e o r e t i c a l  s tages .  

4 

4 
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1. INTRODUCTTON 

A mol ten - sa l t  b reede r  r e a c t o r  (MSRK) w i l l  be_ f u e l e d  w i t h  a molten 

f l u o r i d e  mix tu re  t h a t  w i l l  c i r c u l a t p  through 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  exchangers .  We are develop-  

ing  p rocess ing  methods f o r  m e  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 roduc t s ,  c o r r o s i o n  p roduc t s ,  and f i s s i l c  inaterials from t h e  

molten f l u o r i d e  mixture. 

Several o p e r a t i o n s  a s s o c i a t e d  w i t h  VSBR p rocess ing  are under  s t u d v .  

The remaining p a r t s  of t h i s  r e p o r t  descr:;he: (1) expewfrnents on t h e  

hydrodynan i j .~~  of packed column o p e r a t i o n ,  carr ied o u t  in a m i l d - s t e e l  

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 ,  ( 2 )  measurement of axial- d i s p e r s i o n  i n  

packed columns li.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 -  

ences  are f lowing  c o u n t e r c u r r e n t l y ,  ( 3 )  a s i m p l i f i e d  method f o r  esti-  

mating t h e  e f f e c t  of a x i a l  d i s p e r s i o n  on c o u n t e r c u r r e n t  column perfor-  

mance, ( 4 )  estimates of t h e  e f f e c t  of a x i a l  d i s p e r s i o n  i n  packed co l -  

umn c o n t a c t o r s  used f o r  VSBR p rocess ing ,  (5) measurements of a x h 1  d i s -  

p e r s i o n  c o e f f i c i e n t s  i n  a n  open bubb1.e column, (6)  exper iments  r e l a t e d  

t o  t h e  development of e l e c t r o l y t i c  cel1.s For use  w i t h  molten salt and 

bismuth,  (7)  t h e  d e s i g n  and i n s t a l l a t i o n  of t h e  Flow E l e c t r o l y t i c  C e l l  

F a c i l i t y ,  (8) t h e  c a l i b r a t i o n  of a n  orifice-head p o t  f lowmeter  f o r  u s e  

w i t h  t h e  Flow E l e c t r o l y t i c  C e l l  F a c i l i t y ,  (9)  t h e  development of a n  

i n d u c t i o n  type  of b ismuth-sa l t  i n t e r f a c e  d e t e c t o r  , and (10) cal .culat i .ons 

r ega rd ing  the removal of ThP from mol t en - sa l t  streams by r e d u c t i v e  ex- 

t r a c t i o n .  T h i s  work w a s  carri-ed ou t  i n  t h e  Chemical Technology Divi .s ion 

d u r i n g  t h e  pe r iod  J u l y  through September 1969. 

4 

2 .  SEMICONTINIJOUS REDUCl 1 V E  EXTRACTION EXPERIMENTS 
IN A MJ-LD-STEEL FACILITY 

B.  A .  Hannaford C .  W.  K e e  
L a  E .  McNeese 

The f i r s t  hydrodynamic r u n  (HR-4) a t rempted  a f te r  the s a l t  over-  

f low l i n e  had been modified'. w a s  c u t  s h o r t  by the f a i l u r e  of t u b i n g  a t  



the base oi: t h e  packed column and t h e  r~su1  tant  l r akage  of s a l t  and h i s -  

muth from t h e  column. T h i s  l S n ~ ,  '2s WCS I. as ,I t r a n s f e r  l i n e  or! whjch a 

rc 'sistuncc heat-cr had f 3 i l t ~ r i ,  rerlaced and t h e  b i s m u t h  and salt  were 
t r ea t ed  vi E l i  a H, -HF m i x t u r e  5-fo1-c t-he hvdrndvncmi c experiments were 

resumed. 
2 
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w a l l  t h i c k n e s s  of t h e  s e c t i o n  t h a t  had been i n  s e r v i c e  f o r  t h e  l o n g e s t  

per iod  of t i m e  (>500 h r )  had been reduced from 0.058 i n .  t o  as l i t t l e  

as 0.010 in .  i n  some l o c a t i o n s .  

A second f a i l u r e  occitrrgd i n  tht. 3/8-in.  s t ee l  t r a n s f e r  l i n e  con- 

n e c t i n g  t h e  bismuth r e c e i v e r  and the  t r ea tmen t  vessel;  however, i t  d i d  

n o t  r e s u l t  i n  t h e  l o s s  of s a l t  o r  bismuth.  S h o r t l y  a f t e r  t h i s  l i n e  w a s  

hea t ed  t o  about  700°C i n  o r d e r  t o  m e l t  a suspec ted  s a l t  p lug ,  t h e  re- 

s i s t a n c e  h e a t e r  grounded t o  t h e  tub ing  and burned a h o l e  i n  t h e  tub ing ,  

Examination of t h e  tub ing  r evea led  no c l u e s  as t o  t h e  cause of t he  f o r -  

mat ion of t h e  sa l t  p l u g ;  t h e  i n t e r n a l  s u r f a c e s  were f r e e  of metal o r  

sa l t  d e p o s i t s ,  and bo th  the  i n t e r n a l  and t h e  e x t e r n a l  s u r f a c e s  had su f -  

f e r e d  l i t t l e  c o r r o s i o n .  

2 . 2  Treatment  of Bismuth and S a l t  w i t h  13 -KF 2 

A f t e r  t h e  two t r a n s f e r  l i n e s  had been repl-aced, t h e  sa l t  and b i s -  

muth were t r a n s f e r r e d  t o  t h e  t r ea tmen t  v e s s e l  f o r  p u r i f i c a t i o n .  The 

procedure  w a s  s u b s  t a n t i a l l y  t h e  same as t h a t  d e s c r i b e d  previous ly*;  

t h a t  i s ,  t h e  two phases  were sparged w i t h  a 75-25 mole % H -HF mix tu re  

a t  t h e  r a t e  of 1 6  s c f h  f o r  23 h r  i n  o r d e r  t o  remove ox ides .  The WF 

u t i l i z a t i o n  ranged from 10% i n i t i a l l y  t o  about  1 t o  2% a t  t h e  t i m e  

t r ea tmen t  w a s  t e rmina ted .  The f low of t h e  K --HF mix tu re  w a s  i n t e r r u p t e d  

twice when a small amount of material  ( s a l t - l i k e  i n  appearance)  c o l l e c t e d  

i n  t h e  off-gas l i n e .  

2 

2 

2.3 Hydrodynami-e Run HR-5 

The system m o d i f i c a t i o n s  t h a t  we.-e made p r i o r  t o  Run XR-4 t o  improve 

t h e  c o n t r o l  of t h e  s a l t  and bismuth i - low ra tes  were s h o w  t o  b e  c E f e c t i v e  

du r ing  Run HR-5. The autotuat ic  l e v e l  c o n t r o l  f o r  t h e  s a l t  j a c k l e g  he ld  

t h e  liquid l e v e l  c o n s t a n t  t o  w i t h i n  Ifr 0.05 i n .  The bismuth d r a j n  l i n e  

on t h e  s a l t  over f low loop  prevented  accumulat ion of bismuth a t  t h i s  p o i n t ,  

which had been a source  o f  diff ic ta l . ry  p rev ious ly .  The s a l t  and b i w u t h  
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f low rates remained w i t h i n  about 2 2% of the d e s i r e d  values d u r i n g  

several s e l e c t e d  t i m e  i n t e r v a l s ,  T h e  Freeze valve below t h e  bismuth 

en t r a inmen t  d e t e c t o r  w a s  opera ted  i n  the open p o s i k i o n ,  and no measure- 

ments were made of bismuth a c c u m u h t i o n  r e s u l t i n g  from en t r a inmen t .  

During Run HR-5, s c a b l e  f lows of sa l t  and bismuth were ob ta ined  a t  

s l x  sets  of fiow r a t e s ,  68 s h n v ~  in T a b l e  1. O f  r h e s e  f l o w  rates,  f i v e  

represented  nonfl-ooded ~ a n c l i t ~ o ~ ~  Waecs t h a t  w e r e  i n t e r p r e t e d  as 

f l o o d i n g  ra tes  are those occurr ing  du r ing  per;ods of h i g h  (and fnc reas -  

ing)  appa ren t  bismuth holdup i-n the column. Such a period i s  u s u a l l y  

follot.red by a p e r i o d  of ur is tablc  El057 of both phases. Tab le  1 also shows 

t h e  apparent:  bismuth hoidup i n  rhe column d u r i n g  t h e  p e r i o d s  of  steady 
f l o w .  (There is no provision f o r  meaaur.ing ho l Jup  d i r e c t l y . )  The ap- 

p a r e n t  holdup is d e f i n e d  as t h e  boldup t h a t  i s  n e c e s s a r y  t o  produce the 

observed p r e s s u r e  d r o p ,  T b i s  v a l u e  h i l l  normal ly  be  less t h a n  the ac- 

t u a l  holdup since p a r t  ok r h e  ciefghci of ~ k e  bismuth Is suppor ted  by t h e  

packing and does not c o n t r i b u t e  eo f h e  p r e s s u r e  d r o p  of rhe cnncinvous 

phase  .) 

Apparent holdup seems t o  b e  s t r o n g l y  dependent  upon V t h e  d i s -  d '  
persed-phase s u p c r f  i c i m l .  v e l c c i t y ,  b,it i$ almost independent  of v t h e  

cont inuous-phase auper f  iclal vr~ocity.. 'This is  shown most s t r i k i n g l y  

by a comparison of cime i n t e r v a l s  4 and 5 ,  d u r m g  which t h e  appa ren t  

holdup failed t o  change even though V _  vas doubled.  

C '  

L. 



Table  1. Apparent Bismuth Holdup and %low Rate Data f o r  Hydrodynamic Experiment HR-5 

a Steady S u p e r f i c i a l  V e l o c i t y  Apparent  
Flow Flow R a t e  ( f t / h r )  Bismuth 

I n t e r v a l  Dura t ion  ( n i l  /min) Bismuth, S a l t ,  Holdup 
Number (min) Bismuth S a l t  ( v o l  %> Comments V 

C 'd 
- ~ ~ ~ 

<16 1 12.6 70.: 71.0 40.4 40.6 - 

2 8.0 76.8 71.0 43.8 40.6 % 2 1  

3 21.5 85.4 70.2 48.8 40.1 ~ 2 8  

4 8.5 87.0 70.2 49.7 40.1 %28 

5 6.0 87.3 156.7  49.7 89.5 %28 

6 13.5 93.9 134.7 53.6 76.9 51+7 2 Flooding  

-~ ~~~ 

a 2 
Based on c r o s s - s e c t i o n a l  area of 0.00371 ft f o r  0.824-in.-ID column. 



3 .  MEASUREMENT OF AXIAL DISPERSION COEFPICIENTS IN PACKED COLUMNS 

5, S, Watson L .  E .  NcNeeae 

Axial disye~sisn in :Re co~tinuous (sa1.c.) phase can reduce  t h e  per -  

formance of t h e  packed coiumn contaetors t ha t  are proposed f o r  t h e  MSBR 

f u e l  p r o c e s s i n g  s y s t e m .  Er^€ez.rs ,jf a x m l  d i s p e r s i o n  wFLP be most s e v e r e  

i n  the r a r e - e a r t h  removal columns, where h i g h  f l o w  r a t i o s  are r e q u i r e d .  

We have in- i t iaced  an experimenral prsg-rslm i n  which 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  i n  packed columns a r e  measured under c o n d i t i o n s  sj-milar t o  

t h o s e  i n  t h e  proposed reductEve sx t r ae t ion  p r o c e s s e s ;  i n  t h i s  program, 

mercury and wa%er sirnulare b i s i m t h  and n o l t e n  sa l t .  The measured axial 

d i s p e r s i o n  coef f ic ien ts  will b e  used t o  esrimare column performance i n  

t h e  proposed systems, If the  r e q u i r e d  h e i g h t s  f o r  o r d i n a r y  packed c o l -  

umns are  found t o  be e x c e s s i v e ,  d e v i c e s  f o r  r educ ing  a x i a l  d i s p e r s i o n  

w i l l  be developed e 

3 1 Mathematical. Model 

A s t e a d y - s t a t e  t echn ique  w a s  used i n  making t h e  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  measurements; i t s  t h e o r e t i c a l  development w a s  as follows. 

Consider  a c o l u m  of c o n s t a n t  c ros s  s e c t i o n  i n  which a f l u i d  moves wf th  

c o n s t a n t  s u p e r f i c i a l  velocity, v m  I f  a t r a c e r  material i s  in t roduced  

nea r  t h e  colwrnn e x i t ,  t h e  tracer w i l l  tend t o  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 t a t e ,  t h e  f l u x  

of t h e  tracer due t o  a x i a l  d i s p e r s i o n  is equal  t o  t h e  convec t ive  f l u x ;  

t h a t  i s ,  

where 

E = 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 ,  

C = tracer eoneentrat-,ion 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  along the zolumn. 
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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 t h a t  t h e  c o n c e n t r a t i o n  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 semi loga r i thmic  p l o t  of C / C  

a s t r a i g h t  l i n e  of  s l o p e  -v/E. 

vs Z should y i e l d  1 

3.2 Experimental  Technique and Equipment 

The exper imenta l  reclinique f o r  measuring t h e  c o n c e n t r a t i o n  prof  i l e  

is  i l l u s t r a t e d  i n  F igs .  1 and 2. F igu rc  l i s  a schemat ic  diagram of t h e  

column and sampling system; F i g .  2 i s  a photograph of  t h e  column w i t h  

t h e  a s s o c i a t e d  samplers .  A small stream of water ( f low r a t e ,  approxi -  

mate ly  1 ml/min) i s  withdrawn from t h e  column, c i r c u l a t e d  through a c e l l  

c o n t a i n i n g  a l i g h t  s o u r c e  and a p h o t o c e l l ,  and then  r e t u r n e d  t o  t11e co l -  

umn a t  t h e  same e l e v a t i o n .  The c i r c u l a t i n g  stream i s  d r i v e n  by a s m a l l  

c e n t r i f u g a l  pump t h a t  u s e s  a magne t i ca l ly  coupled i m p e l l e r  (F ig .  3 ) .  

'The p h o t o c e l l s  are c y l i n d r i c a l  i n  shape  and have a 1 /2 - in .  i n s i d e  diam- 

e ter .  The l i g h t  p a t h ,  1 / 2  i n .  i n  l e n g t h ,  l i e s  a long  t h e  a x i s  of t h e  

c e l l .  The l i g h t  s o u r c e  i s  a G . E .  No. 253X lamp, and t h e  d e t e c t o r s  a re  

C l a i r e x  CL707L p h o t o r e s i s t o r s .  Two p h o t o c e l l s  are  shown i n  F ig .  4 .  

The tracer material, which e o n s i s t s  of a n  aqueous s o l u t i o n  of 

C U ( N O ~ ) ~ ,  i s  i n j e c t e d  nea r  t h e  top  of t h e  column w i t h  a s y r i n g e  pump. 

Several sampling p o i n t s  are l o c a t e d  a t  various p o s i t i o n s  down t h e  co i -  

umn. The tracer c o n c e n t r a t i o n  i n  each p h o t o c e l l  is  observed u n t i l  

s t e a d y  s t a t e  i s  r eached ;  w i t h  a 4 - f t  col.umn, t h i s  normally t a k e s  2 t o  

4 h r .  The s o l u t i o n s  t o  be  ana lyzed  are v e r y  d i l u t e ,  and t h e  r e sponse  

of t h e  p h o t o r e s i s t o r s  i s  e s s e n t i a l l y  l i n e a r  ( a  l i m i t i n g  form of Beer's 

law) as confirmed by experiment .  Readings from each  d e t e c t o r  are  taken  

bo th  w i t h  no tracer present-  ( % . e * ,  w i t h  the column c o n t a i n i n g  wa te r )  and 

w i t h  a s i .ngle  c a l i b r a t i o n  s o l u t i o n .  The c a l i b r a t i o n  so lu t i -on  i s  gen- 
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ORNL DWG 69-10321 

WATER Hg 
OUT IN 

- PHOTOCEtL 

PHOTOCELL 

WATER Hg 
IN OUT 

TRACER IN 

F i g .  1. Schematic of Equipment f o r  Studying Axial Dispersion in a 
Packed Column During Countercurrent Flow of Mercury and Water. 
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PHOTO 97029 

I 

I 

Fig .  2. Equipment Used f o r  Study of Axial  D i s p e r s i o n  i n  a Packed 
Column During Coun te rcu r ren t  Flow of Mercury and Water. 
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Fig. 3. Magne t i ca l ly  Driven C e n t r i f u g a l  Pump Used for C i r c u l a t i n g  
S o l u t i o n  from Column Through Photoce l l .  



1 6  

. -  

Fig .  4 .  P h o t o c e l l s  Used f o r  Determining t h e  Concen t r a t ion  of Tracer 
i n  t h e  S o l u t i o n  Withdrawn from t h e  Column. ' 
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e r a t e d  by i n j e c t i n g  a s m a l l  amount of t r a c e r  i n t o  t h e  column when no 

water is  f lowing;  after t h e  tracer h a s  been mixed throughout  t h e  co l -  

umn, each  d e t e c t o r  can  be  c a l i b r a t e d  a t  t h e  same t racer  c o n c e n t r a t i o n .  

Such a c a l i b r a t i o n  i s  made a t  rhe  beginning  of each  run .  

r e q u i r e s  t h a t  on ly  re la t ive  c o n c e n t r h t i o n s ,  r a t h e r  t h a n  a b s o l u t e  con- 

c e n t r a t i o n s ,  h e  measured. 

T h i s  procedure  

3.3 Exper imenta l  R e s u l t s  

The r e s u l t s  of seven runs  w i t h  3/8-fn.-diam R.aschig r i n g s  are shown 

i n  F i g s .  5 through 11; they  are summarized i n  Table  2 and pig. 12.  TTar- 

i o u s  mercury and water tlow ra tes  were used t o  de te rmine  whether  t h e  d i s -  

p e r s i o n  c o e f f i c i e n t  i s  a f u n c t i o n  of e i t h e r  t h e  d ispersed-phase  o r  t h e  

cont inuous-phase f l o w  ra te .  F i g u r e  12 shows t h e  measured v a l u e s  as a 

f u n c t i o n  of t h e  mercury f low r a t e  ( t h e  d ispersed-phase  f low r a t e  was 

cons ide red  more l i k e l y  t o  a f f e c t  a x i a l  d i s p e r s i o n ) .  Althouph cons id-  

erable scat ter  exis ts  i n  t h e  d a t a ,  t h e r e  is  no ev idence  t h a t  t h e  d i s -  

p e r s i o n  c o e f f i c i e n t  is a f f e c t e d  by e i t h m  of t h e  f low ra tes .  The 

sca t te r  of t h e  d a t a  i s  most severe a t  h i g h  mercurv f low rates,  where 

mercury t e n d s  t o  e n t e r  t h e  sample p o r t s ,  and a t  b o t h  h i g h  and low 

water f low ra tes ,  where t h e  c o n c e n t r a t i o n  p r o f i l e  i s  e i t h e r  t oo  s t e e p  

o r  t oo  sha l low f o r  a c c u r a t e  d e t e r m i n a t l o n  of t h e  s l o p e .  ~ l l  of 

t h e s e  d a t a  were t aken  a t  less than  50% of t h e  f l o o d i n g  ra te .  

subsequent  exper iments  may show t h a t  t h e  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  

i s  e s s e n t i a l l y  c o n s t a n t  ove r  a wider  range  of f low ra tes ,  one should  

n o t  p r e s e n t l y  e x t r a p o l a t e  t h e s e  f i n d i n g s  t o  f l o o d i n g  c o n d i t i o n s .  T t  

i s  known t h a t  holdup and d rop  s i z e  change s i g n i f i c a n t l y  j u s t  b e f o r e  

f l o o d i n g  occur s ;  i t  is  p o s s i b l e  t h a t  t h e  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  

may a l s o  change. 

Although 
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2 .o 1 I I I I I I I I I I I I 

WATER SUPERFICIAL VELOCITY 23.1 ft/hr 
MERCURY SUPERFICIAL VELOCITY 87.4 ft/hr - 
CALCULATED DISPERSION COEFFICIENT 3.7 cm2/sec 

ORNL DWG 71-6 

Fig. 5. Steady-State Continuous-Phase Tracer Concentration During 
Countercurrent Flow of Mercury and Water in a 2-in.-diam Column Packed 
with 3/8-in. Raschig Rings. 
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F i g .  6. Steady-State Continuous-Phase Tracer Concen t r a t ion  During 
Coun te rcu r ren t  F low of Mercury and Water i n  a 2-in.-diam Column Packed 
with 3/8-in. Raschig Rings.  
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e 

WATER SUPERFICIAL VELOCITY 4.56 ft /hr 
MERCURY SUPERFICIAL VELOCITY 12.7 f t / h r  
CALCULATED DISPERSION COEFFICIENT 2.68 cm2/sec 

2 4 6 8 10 12 14 I6 18 20 

DISTANCE FROM TOP OF COLUMN 

F i g .  7 .  S t eady-S ta t e  Cont inuous-Phase Tracer 
Coun te rcu r ren t  Flow of Mercury and Water i n  a 2-in 
w i t h  3/8- in .  Raschig Rings.  

22 24 26  2 8  30 

( in )  

Concen t ra t ion  During 
.-diam Column Packed 
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MERCURY SUPERFICIAL VELOCITY 19.1 ft/hr 
CALCULATED DISPERSION COEFFICIENT 3.50 cm*/src 
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Fig .  8 .  S t e a d y - S t a t e  Continuous-Phase Trace r  Concent ra t ion  During 
Coun te rcu r ren t  Flow of Mercury and Water i n  a 2-in.-diam Column Packed 
with 3/8-in. Raschig Rings.  
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F i g .  9 .  Steady-State Continuous-Phase Tracer Concentration During 
Countercurrent Flow of Mercury and Water in a 2-in.-diam Column Packed 
with Raschig Rings. 
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F i g .  10. Variation of Relative Tracer Concentration with Column 
Length During Countercurrent Flow of Water and Mercury in a: 2-in.-diam 
Column Packed with 3/8-in. Raschig Rings. 
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F i g .  11. Steady-Sta te  Continuous-Phase Trace r  Concen t r a t ion  During 
Coun te rcu r ren t  Flow of Mercury and Water i n  a 2-in.-diam Column Packed 
w i t h  318-in. Raschig Rings.  



Table 2. Summary of Axial Dispersion Data f o r  Column 
Packed w i t h  3/8-in. Raschig Rings 

Axial 
Mercury-to- Dispersfon 

C o e f f i c i e n t  Run S u p e r f i c i a l  Velocity (ftjhr) Water 
No. Water Mercury Flow Rat io  (cm2/sec) 

1 1 3 . 1  87 .4  

2 2.33 29.1 

4 4.56 58.3 

5 4.56 87.4  

6 2.28 1 2 1 . 4  

E; 9 .13  29 .1  

11 4 . 5 6  116.6 

6.67 3.7 

1 2 . 5  3.84 

12.7  2.68 

19 .1  3.50 

53 .2  4.33 

3 . 1 9  3.41 

2 5 . 5  2.95 
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MERCURY RATE, f t  / hr 

Fig .  1 2 .  D i s p e r s i o n  C o e f f i c i e n t s  w i t h  Countercurrent Flow of Mercury 
and Water Through 3/8-in.  Raschig Rings.  



3 .  S .  Watson 11. D. Cochran, Jr .  

I n  t he  decade s i n c e  Sierclier , ’ M i  yauchi  and Vermeul en, and Hart1 arid 
4 and Mecklenburgh p u b l i s h e d  soPuf 10115: t o  i h e  c o n t i n u i t y  e q u a t i o n  €or  

coun te rcu r renc  flax i n  ex t r ac t ion  or a b s o r p t i o n  towers  w i t h  a x i a l  d i s -  

p e r s i o n ,  numeiou3 a u t h o r s  have ciLed t h e i r  work, Doubt less ,  many in- 
d u s t r i a l  o r g a n i z a t i o n s  have also ctiiployed their s o l u t i o n s .  Despite this 

a t t e n t i o n  and the  obv ious  pracricaIl impactance of axial d i s p e r s i o n  i n  

many a p p l i c a t i o n s ,  ve ry  f e w  a t t e m p r s  have been made t o  deve lop  a 

s i m p i e ,  r a p i d  method f o r  esrimsting the effect of axial d i s p e r s i o n  f o r  

d e s i g n  purposes  o r  f o r  i n t e r p r e t a t i o n  of expe r imen ta l  d a t a .  Even t h e  

s i m p l i f i e d  methods t ha t  have been proposed are complex. 

2 , 3 , 5 , 6  

T h e  o b j e c t i v e  of t h ~ s  s t u d y  w a s  t o  deve lop  an e x p r e s s i o n  f o r  column 

efficiency which coiisisted of a simple funcriori of t h e  d e s i g n  pa rame te r s  

and d i r e c t l y  measurable  quan t l ckes  o n l y .  With such  an  e x p r e s s i o n ,  the 

r e q u i r e d  column he ight  c o u l d  b e  p r e d i c t e d  from conven t iona l  d e s i g n  i n f o r -  

mat ion  (number of transfer dnits reqclired under  p lug  f low c o n d i t i o n s  I 

h e i g h t  of a t r a n s f e r  u n i t  under p lug  f low c o n d i t i o n s ,  and a x i a l  d i s p e r -  

sion c o e f f i c i e n t )  . 

I n  d i s c u s s i n g  mass rransfer in c-ounfsrcurrenr  c o n t a c t o r s ,  it i s  con- 

v e n i e n t  t o  d e f i n e  a e o l m n  efficiency, i~, which relates the performance of 

a c o n t a c t o r  i n  which a x i a l  d i s p e r s i o n  IS p r e s e n t  t o  rhe performance of a 

contactor i n  which no hx1a-L dispsrsion cccux R (1 e . ,  a p l u g  flow contactor) . 
Consider  a system con ta in ing  a reference phase  x, a second phase y ,  

and a s o l u t e  which d i s t r i b u t e s  beLween c h e  phases  i n  a l i n e a r  manner, a s  
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where 

C = c o n c e n t r a t i o n  of s o l u t e  i n  t h e  r e f e r e n c e  phase,  

C = c o n c e n t r a t i o n  of s a l u t e  i n  t h e  second phase,  
X 

Y 
g = i n t e r c e p t  of equ i l ib r ium l i n e ,  

m = s l o p e  of t h e  equ i l ib r ium l i n e .  

For such a system, t h e  performance of a p lug  f low c o n t a c t o r  can be  

desc r ibed  i n  terms of t h e  number of t r a n s f e r  u n i t s  (NTU) produced, as 

fo l lows  . 
X I n  - For F # 1, 

X F + 1 - F ,  NTU = 
P - 1  

where 

NTU = number of o v e r a l l  plug f low t r a n s f e r  u n i t s  based on t h e  

r e f e r e n c e  phase,  x, 

F = e x t r a c t i o n  f a c t o r ,  mVx/Vy, 

= f low rate of t h e  r e f e r e n c e  phase,  
V x  
V = f low ra te  of t h e  o t h e r  phase,  

Y 
and 

CX(OLl t )  - (g 3- mCy(in) 1 
x =  

For F = 1, 

NTU = ..- - 1. X 

( 4 )  

(5) 

Thus, t h e  number of t r a n s f e r  u n i t s  produced i s  based OR a r e f e r e n c e  

phase and is  dependent p r i n c i p a l l y  on t h e  changes i n  s o l u t e  concent ra -  

t i o n  i n  t h e  streams and t h e  d i s t r i b u t i . o n  c o e f f i c i e n t  between t h e  phases .  
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The column e f f i c i e n c y  h a s  been d e f i n e d  by S l e i c h e r  as t h e  r a t i o  of 
t h e  h e i g h t  of a c o n t a c t o r  i n  which a x i a l  d i s p e r s i o n  i s  p r e s e n t  t o  t h e  

h e i g h t  of a pltig f low c o n t a c t o r  t h a t  r e s u l t s  i n  t h e  same mass t r a n s f e r  

performance; t h a t  i s ,  

HTUp NTU 

H 
Y n =  ( 7 )  

where 

rl = column e f f i c i e n c y ,  

P 
H = h e i g h t  of contactor i n  which a x i a l  d i s p e r s i o n  i s  p r e s e n t .  

HTU -- h e i g h t  of a t r a n s f e r  u n i t  i n  a p lug  f low c o n t a c t o r ,  

4 . 2  Colilmn E f f i c i e n c y  f o r  Ax ia l  D i spe r s ion  i n  a S i n g l e  Phase 

3 Miyatichi and Vermeulen ob ta ined  a s o l u t i o n  f o r  mass t r a n s f e r  w i t h  

ax ia l  d i s p e r s i o n  i n  a system having c o n s t a n t  vo lumet r i c  c o u n t e r c u r r e n t  

f l ow rates and a constant :  e q u i l i b r i u m  d i s t r i b u t i o n  c o e f f i c i e n t .  The 

boundary c o n d i t i o n s  used were t h o s e  d e f i n e d  by Danckwerts,  7 

The d i f f e r e n t i a l  equat i -ons d e f i n i n g  t h e  s o l u t e  c o n c e n t r a t i o n s  i n  

t h e  system were 

- ( g  +mcS1= X 
dC 

d% 

X 
d2C -- - vX - - k 
dZ 

a[Cx ox Ex 2 

and 

where 

E = 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  i n  t h e  x and y phases ,  Ex’ y 
r e s p e c t i v e l y ,  

k a = the overall  mass-transfer c o e f f i c i e n t  based on t h e  r e f -  
ox 

e r e n c e  phase x, 

Z = t h e  d i s t a n c e  a long  the column ax is ,  measured f rom t h e  

r e f  erence-phase i n l e t .  
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The boundary conditions at Z = 0 (x-phase inlet) were as fOllOb7S: 

and 

At Z = 1, 

X 

X 

v 
F, 

X 
dC 

dZ = - [CX(l) - CX(O)l - -  
Z=Q 

= 0 .  
- dCY 
dZ 

Z=Q 

and 

= 0. dZ (1-3) 

These boundary conditions result from t.,e assumption that there is 

no dispersive flux across the inlet or outlet boundaries of the column. 

Consequently, they result in an abrupt change in the concentration at 

the entrance. The soJution to these equations is complex; it is dif- 

ficult to use for most design purposes since it cannot be solved ex- 

plicitly for the column height or efficiency. Using the solution, 

values of the column efficiency were evaluated iteratively from several 

hundred cases that cover a range of operating conditions. In the gen- 

eration of these values, the axial dispersion coefficient in the dis- 

persed phase was assumed to be zero. It was found that the results can 

be approximated over a relatively wide range of conditions by the fol- 
lowing simple empirical expression: 
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1 

1 f N  - F -  1 ’  n % l -  

Pex NTU 

where 
V HTU 

X - I 
X 

Npex e 

T h i s  e x p r e s s i o n  p r e d i c t s  column e f f i c i e n c i e s  t h a t  d e v i a t e  from t h e  exac t  

v a l u e s  by no more than  0.06 when 

and q 0.20. (15c) 

It i s  impor tan t  t o  n o t e  t h a t ,  because  t h e  P e c l e t  number is  based 

on  t h e  h e i g h t  of a t r a n s f e r  u n i t  f o r  plug f low,  t h e  t h r e e  r e q u i r e d  var- 

iables--N 

o r  d e s i g n  parameters .  The e q u a t i o n  g i v e s  ex t remely  a c c u r a t e  v a l u e s  f o r  

l a r g e  P e c l e t  numbers where t h e  e f f i c i e n c y  approaches  u n i t y .  

NTU = 1, t h e  e q u a t i o n  is s a t i s f a c t o r y  f o r  N > 1. 

F ,  and NTU--contain o n l y  d i r e c t l y  measurable  q u a n t i t i e s  Pex’ 

Even f o r  

Pex - 
Equat ion  (14) was t e s t e d  f o r  e x t r a c t i o n  f a c t o r s  from 4 t o  0.01, f o r  

NTU = 1, 2 ,  and h ighe r  v a l u e s  up t o  8 o r  16  ( t h e  dependence o n  NTU de- 

creases a t  h i g h  NTU) , and f o r  Npe = 0.1 t o  100 o r  h i g h e r .  S e v e r a l  re- 

p r e s e n t a t i v e  cu rves  comparing t h e  e s t ima ted  e f f i c i e n c y  t o  t h e  e x a c t  e f -  

f i c i e n c y  are  shown i n  F i g .  13.  All of t h e  cu rves  cou ld  n o t  be  inc luded  

s i n c e  some of them l i e  v e r y  nea r  t h e  d i agona l .  One c u r v e  f o r  c o n d i t i o n s  

o u t s i d e  t h e  a l l o w a b l e  r ange ,  namely, F = 4 and NTU = 2 ,  i s  inc luded .  
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Fig .  13. Comparison of Est imated and Exact Contac tor  E f f i c i e n c i e s  
f o r  Ax ia l  D i spe r s ion  i n  Only One Phase.  
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4 . 3  Column E f f i c i e n c y  f o r  Axis1 Di spe r s ion  i n  Both Phases 

A s i m i l a r  e f E o r t  w a s  m a d e  t o  f i t  v a l u e s  of t h e  column e f f i c i e n c y  

gene ra t ed  from the  s o l u t i o n  of Miyauchi and Vermeulen w i t h  a x i a l  d i s -  

p e r s i o n  i n  bo th  phases .  I n  t h i s  c a s e ,  t h e  rc!sul t ing e m p i r i c a l  equa t ion  

w a s  compared w i t h  t h e  t a b u l a t e d  rcsul ts of PIcMullen, Miyauch i ,  and 

Vermeulen; no new c a l c u l a t i o n s  of column performance 1~7ere made. The 

column e f f i c i e n c y  i s  g iven  approxjmate ly  by t h e  f o l l o w i n e  e q u a t i o n :  

T h i s  e q u a t i o n  p r e d i c t s  e f f i c i e n c i e s  t h a t  d e v i a t e  from t h e  e x a c t  v a l u e s  

by no more t h a n  0.07 when 

and when t h e  denominators of bo th  terms on t h e  r i g h t  are p o s i t i v e .  For 

v e r y  l o w  v a l u e s  of N 

0.25, the approximate e q u a t i o n  becomes s l i g h t l y  o v e r c o r r e c t i v e ,  a n d , i n  

t u r n ,  p r e d i c t e d  e f f i c i e n c i e s  a re  too low, 

( l e s s  t h a n  1.5) and f o r  v a l u e s  of F less than  
PeY 

A comparison of e f f j c i e n c y  v a l u e s  p r e d i c t e d  by Eq .  (16)  w i t h  e x a c t  

v a l u e s  from t h e  t a b u l a t e d  r e s u l t s  of ~ a c ~ ~ u P 1 c ~ i ,  Miya.uchi, and Vermeulen 

i s  g iven  i n  F ig .  1 4  f o r  a l l  cases w t i s r v i n q  t h e  s p e c i f i e d  c o n d i t i o n s .  

The agreement is s a t i s f a c t o r y .  A s  i n  F i g .  1 3 ,  t h e  accu racy  of t h e  pre-  

d i c t e d  e f f i c i e n c i e s  i s  found Lo he  h i g h e s t  when t h e  e f f i c i e n c y  i s  

g r e a t e r  t han  0.50. 
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4.4  P r e d i c t i o n  of Required Height  of C o n t a c t o r s  i n  Which 
Ax ia l  D i s p e r s i o n  Ss P r e s e n t  

By combining the r e l a t i o n  d e f i n i n g  con'tacl:or e f f i c i e n c y  [Eq .  ( 1 6 ) ]  

w i t h  the e m p i r i c a l  e x p r e s s i o n s  f o r  c o n t a c t o r  e f f i c i e n c y  when a x i a l  d i s -  

p e r s i o n  i s  p resen t ,one  o b t a i n s  a r e l a t i o n  t h a t  can be  used t o  p r e d i c t  

t h e  r e q u i r e d  h e i g h t  of c o n t a c t o r s  i n  which a x i a l  d i s p e r s i o n  occur s  i n  

one phase  o r  b o t h  phases .  The f i n a l  r e l a t i o n  i s  of the form 

T h i s  r e l a t i o n  i s  easi.1.y used and i s  su f f i c i en t1 .y  a c c u r a t e  f o r  

e s t i m a t i n g  t h e  performance of most c o u n t e r c u r r e n t  a b s o r p t i o n  o r  e x t r a c -  

t i o n  columns of i n t e r e s t .  Moreover, t h e  accu racy  d e c r e a s e s  o n l y  i n  cases 

where t h e  column performance i s  v e r y  poor;  i n  such  cases, t h e  estimate 

w i l l  c l e a r l y  r e v e a l  t h e  need f o r  e x a c t  sol.ut:ions. I n  any e v e n t ,  t h e  

e s t ima ted  e f f i c i e n c y  w i . 1 1  serve t o  i n d i c a t e  whether  a x i a l  d i s p e r s i o n  is  

i inportant  i n  a p a r t i c u l a r  a p p l i . c a t i o n ,  T h e  method i s  b e l i e v e d  t o  he ay- 

p l i c a b l e  under  most c o n d i t i o n s  ericountered i n  p r a c t i c e ,  and t h e  acciiracy 

i s  c o n s i s t e n t  w i t h  t h e  usual. u n c e r t a i n t i e s  i n  v a l u e s  f o r  HTU and N . 
Although t h e  d i s t r i b u t i o n  c o e f f i c i e n t  may n o t  b e  constant:  i n  some a p p l i -  

c a t i o n s ,  t h e  assiimpt:i.on of a c o n s t a n t  d i s t r i b u t i o n  c o e f f i c i e n t  i s  in-  

h e r e n t  i n  t h e  pub l i shed  so l -u t ions  t o  the c o n t i n u i t y  e q u a t i o n .  This 

method of e s t i m a t i o n  should  prove  useful.  i n  many d e s i g n  s t u d i e s  as T,ell 

as i n  making a s ses smen t s  o f  t h e  e f f e c t  of d i s p e r s i o n  on I.aborator-y- and 

p i l o t - s c a l e  experiments .  Although c o r r e l a t i o n s  f o r  a x i a l  d i s p e r s i o n  coef -  

f i c i en t s  are not r e a d i l y  a v a i l a b l e ,  d a t a  ob ta ined  from several  t y p e s  of 

c o n t a c t o r s  have been r e p o r t e d .  In many i n s t a n c e s ,  t h e  Lack of d a t a  on 

a x i a l  d i s p e r s i o n  can  be  used a s  a n  argument f o r  u s i n g  t h e  s imple  re1.a- 

t i o n s h i p s  sugges ted  i n  t h i s  s tudy  r a t h e r  t h a n  t h e  more complex exac t  

s o l u t i o n .  It i s  b e l i e v e d  t h a t  less compl ica ted  p rocedures ,  such  a s  t h e  

one d e s c r i b e d  h e r e ,  w i l l  encourage t h e  i n c l u s i o n  of ax ia l  d i s p e r s i o n  

c o n s i d e r a t i o n s  i n  d e s i g n  problems and s t i m u l a t e  more expe r imen ta l  eva l -  

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

Pe 

8 
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5 .  EFFECT OF AXIAL DISPERSION I N  PACKED COLUMN CONTACTORS 
USED FOR MSBR PROCESSING 

J .  S .  Watson H. D. Cochran, Jr. 

C a l c u l a t i o n s  t h a t  show t h e  e f f e c t  of a x i a l  d i s p e r s i o n  i n  packed co l -  

umn c o n t a c t o r s  s p e c i f i e d  by MSBR p rocess ing  f l o w s h e e t s  have been made 

us ing  t h e  method developed f o r  e s t i m a t i n g  t h e  e f f e c t  of a x i a l  d i s p e r s i o n  

in c o u n t e r c u r r e n t  c o n t a c t o r s  (d i scussed  i n  S e c t .  4 )  and v a l u e s  f o r  t h e  

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  expe r imen ta l ly  determined i n  a 2-in.-diam 

column packed w i t h  3/8- in .  Raschig r i n g s  (Sec t .  3 ) .  'The f lowshee t  c a l l s  

f o r  packed column c o n t a c t o r s  i n  bo th  t h e  p ro tac t in ium i s o l a t i o n  system 

and t h e  r a r e - e a r t h  removal system. The c o n t a c t o r s  i n  each of t h e  systems 

c o n s i s t  of a n  upper s e c t i o n  and a lower s e c t i o n  o p e r a t i n g  under d i f f e r e n t  

c o n d i t i o n s .  I n  each  case, t h e  number of t r a n s f e r  u n i t s  r e q u i r e d  (NTU) ,  

t h e  e x t r a c t i o n  f a c t o r  ( F ) ,  and t h e  P e c l e t  Number (N ) were e s t ima ted  f o r  

t h e  columns from f lowsheet c a l c u l a t i o n s  made by McNeese f o r  t h e  r e f e r e n c e  

f lowshee t  cond i t ions . '  

column e f f i c i e n c y  (TI) and t h e  r e q u i r e d  column l e n g t h  (L ) .  The r e s u l t s  

of t h e s e  c a l c u l a t i o n s  a r e  summarized i n  Table  3 .  

Pe 

These v a l u e s  were then  used i n  c a l c u l a t i n g  t h e  
R 

I n  t h e  c a s e  of t h e  p r o t a c t i n i u m  i s o l a t i o n  columns, where t h e  assump- 

t i o n  of a c o n s t a n t  d i s t r i b u t i o n  c o e f f i c i e n t  (D) i s  poor ,  c a l c u l a t i o n s  were 

made f o r  s e v e r a l  v a l u e s  of t h e  d i s t r i b u t i o n  c o e f f i c i e n t  over i t s  r ange  

of v a r i a t i o n .  I t  w a s  found t h a t  the r e s u l t s  are  l a r g e l y  independent of 

t h e  v a l u e  of D .  The most impor tan t  o b s e r v a t i o n  w a s  t h a t  t h e  e f f i c i e n c i e s  

of t h e  columns are  h igh ;  t h a t  i s ,  d i s p e r s i o n  w i l l  r e q u i r e  t h e  l e n g t h  of 

t h e  column t o  be  i n c r e a s e d  by less than  10% over  t h a t  i n  which no d i s -  

p e r s i o n  occur s .  The e s t i m a t e  of HTU (3.2 f t )  used i n  c a l c u l a t i n g  N 

and L" w a s  t aken  from t h e  expe r imen ta l  r e s u l t s  of Johnson e t  al. 
v a l u e  of 3.5 c m  / s e c  f o r  E was used in c a l c u l a t i n g  N . This  number i s  

based on measurements made w i t h  columns packed w i t h  3/8- in .  Raschig r i n g s  

(desc r ibed  i n  Sect. 3 ) .  The c a l c u l a t e d  column h e i g h t s  are  a c c e p t a b l y  low. 

1 0  p; 

2 
Pe 
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For t h e  r a r e - e a r t h  removal system, rare earth--thorium s e p a r a t i o n  

f a c t o r s  (a )  of 1 . 2 ,  1 . 5 ,  and 2.0 were assumed. The WTU and 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  v a l u e s  ( i . e . ,  3 . 2  f t  and 3.5 cm / s e c ,  r e s p e c t i v e l y )  

t h a t  were used i n  making c a l c u l a t i o n s  f o r  t h e  p r o t a c t i n i u m  system were 

a l s o  assumed t o  app ly  f o r  t h e  r a r e - e a r t h  columns. , I n  t h e  upper column, 

e f f i c i e n c i e s  were qui . te  low and s t r o n g l y  dependent on N and NTIT. It 

appea r s  l i k e l y  t h a t  column h e i g h t s  w i l l  be  excessj-ve i n  t h i s  s e c t i o n .  

I n  t h e  lower p a r t  of t h e  r a r e e a r t h  system, low e f f i c i e n c i e s  and t h e  

need f o r  v e r y  long columns are  c e r t a i n  s i n c e  t h e  P e c l e t  number i s  low 

and t h e  number of r e q u i r e d  t r a n s f e r  u n i t s  i s  h igh .  It i s  concluded t h a t  

a x i a l  d i s p e r s i o n  p r e v e n t e r s  o r  s t aged  columns will be n e c e s s a r y  i n  the 

r a r e - e a r t h  removal system, A s t u d y  o f  d e v i c e s  f o r  r educ ing  a x i a l  dis- 

p e r s i o n  i n  columns has  been i n i t i a t e d .  

2 

Pe 

6. AXTAT, DISPERSION I N  AN OPEN RUBBLE COLTIYX 

M. S .  B a u t i s t a  L .  E .  McNeese 

Bubble r e a c t o r s  are commonly used i n  i n d u s t r i a l  p r o c e s s e s  t o  c a r r y  

Th i s  t y p e  of re- o u t  r e a c t i o n s  between a gas  phase and a l i q u i d  phase,  

a c t o r  is be ing  developed f o r  r e c o v e r i n g  uranium from molten s a l t  streams. 

I n  o p e r a t i o n ,  f l u o r i n e  gas i s  bubbled c o u n t e r c u r r e n t l y  through t h e  molten 

sa l t  i n  an open column. 

r e a c t s  w i t h  t h e  uranium t o  form UF6. 

t h e  column i n  t h e  gas stream. One problem a s s o c i a t e d  w i t h  a bubble  re- 

a c t o r  i s  t h e  i n h e r e n t  a x i a l  d i s p e r s i o n  caused by t h e  ascending  bubbles .  

The e f f e c t  of a x i a l  d i s p e r s i o n  i s  an ave rag ing  of c o n c e n t r a t i o n s  over  

t h e  l e n g t h  of t h e  column and hence a d e c r e a s e  i.n t h e  performance achiev-  

a b l e  w i t h  a c o u n t e r c u r r e n t  system. The purposp. of t h i s  i n v e s t i g a t i o n  

w a s  t o  measure 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  i n  a bubble  column f o r  a 

r ange  of l i q u i d  and gas  f low rates. 

F l u o r i n e ,  which i s  absorbed i n  t h e  mol ten  s a l t ,  

The v o l a t i l e  UF6 is  c a r r i e d  ou t  of 
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The expe r imen ta l  approach c o n s i s t e d  o f  mrosur inp  p h o t o m e t r i c a l l y  

t h e  a x i a l  c o n c e n t r a t i o n  g r a d i e n t  of R t r a c e r ,  C U ( N O ~ ) ~ ,  which 'i\~as addpd 

t o  t h e  bottom of d collirnn i n  which rmtPr and a i r  were i n  c o u n t e r c u r r e n t  

f low.  The a x i a l  d i spc- rs ion  c o e f f i c j m t  was t hen  c a l c u l a t e d  froin t h e  

measured c o n c e n t r d t i o n  g r a d i e n t .  In  a p rev ious  i n v e s t i g a t i o n ,  t h e  

tracer c o n c e n t r a t i o n  was determined bv measuring t h e  t r a n s m i t t a n c e  of 

t h e  aqueous phase c o n t a i n i n g  the Lracer d i r e c t l y  through the g l a s s  c o l -  

umn by p o s i t i o n i n g  a l i g h t  source ana a l i g h t - d e t e c t i n g  d e v i c e  (photo- 

r e s i s t o r )  d i a m e t r i c a l l y  o p p o s i t e  each o t h e r  a t  p o i n t s  a long  t h e  column; 

t h e  g r a d j e n t  ~7as deterriifriecl by p o s j  t i n n i n g  t h e  l i g h t  SOUKCC arid photo- 

res is tor  a t  known ptssj1:ions a lony  t'ie lengt ' i  of t b e  coluvn. However, 

t h e  r i s i n g  bubbles  and the  variation of t h e  o p t i c a l  p r o p e r t i e s  of t h e  

column w a l l  made accurate t r a n s m i t t a n c e  measurements d i f f i c u l t .  To 

e l i m i n a t e  t h e s e  problems,  w e  dev i sed  a t echn ique  f o r  measuring, t h e  

tracer c o n c e n t r a t i o n  by s lowly  withdrawing a SPIRII amount of s o l u t j o n  

from t h e  column, pumping t h e  solrit ion t'-.i-oug:h a p h o t o c e l l  f o r  a n a l y s i s ,  

and r e t u r n i n g  the sol-ution t o  the coliimii a t  t h e  same elevation. 

T h c  mathematjcnl  model used f o r  def  i n i n g  the  ax ia l  d i s p e r s i o n  coef -  

f i c i e n t  i s  ana logous  t o  F i c k ' s  law. A t  stt-ady s ta te ,  a m a s s  ba l ance  on 

t h e  t r a c e r ,  performed on a d i f f e r e n t i a l  hpigli t  of column, y i e l d s  t h e  

r e l a t i o n  

dC 
rlz ' 

2 d c n - -  
dZ 

-u - - 

vher c 

C 5f: t r a c e r  concentration a t  !?eight Z, 

u = s u p e r f i c i a l  l i q u i d  v e l o c i t y ,  

D = axial d i s p e r s i o n  c o e f f i c i e n t ,  

Z = hejght above reference p o i n t .  
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The assumptions t h a t  were used i n  d e r i v i n g  t h i s  equa t ion  were as fo l lows :  

1. The t r a c e r  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  angu la r  and r a d i a l  

d i r e c t i o n s  are n e g l i g i b l e .  

2. The d i s p e r s i o n  c o e f f i c i e n t  is  independent of column l e n g t h .  

3 .  The e f f e c t  of molecular  d i f f u s i o n  i s  n e g l i g i b l e .  

The boundary c o n d i t i o n s  employed t o  s o l v e  t h i s  d i f f e r e n t i a l  e q u a t i o n  

were: 
(1) a t  Z = 0,  C = Co; 

(2) at Z = L, UC = -D 
Z=L 

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

i s  : 

C uz - = exp(- T I ,  
cO 

where 

Co = t r a c e r  c o n c e n t r a t i o n  a t  r e f e r e n c e  p o i n t ,  Z = 0. 

Thus, t h e  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  can be determined by pl .ot t ing 

t h e  loga r i thm of (C/Co) vs Z ,  which should produce a s t r a i g h t  l i n e  

having t h e  s l o p e  -u/D. 

6 . 2  Experimental  Equipment 

A schemat ic  f low diagram of t h e  expe r imen ta l  system is  shown i n  

F i g .  15.  Labora tory  a i r  e n t e r e d  t h e  bottom of t h e  column through a 

0.04-in.-ID s ta in less  steel tube ,  and d i s t i l l e d  water was pumped t o  

t h e  top of t h e  column through a d i s p e r s e r  t h a t  was used t o  d i s t r i b u t e  

t h e  water uni formly  a c r o s s  t h e  column c r o s s  s e c t i o n .  The l i q u i d  l e v e l  

i n  t h e  column w a s  c o n t r o l l e d  by a d j u s t i n g  t h e  h e i g h t  of t h e  j a c k l e g  

through which t h e  water e x i t e d  from t h e  column. Tracer w a s  i n j e c t e d  

i n t o  t h e  bottom of t h e  column through a s t a i n l e s s  s t ee l  t u b e .  



41 

ORNL DWG 71-12 

/ 

F G 

N 
K 

A COLUMN END PIECES 
8 PHOTOGRAPHIC BLOCKS 
C LUCITE TUBE 
D SAMPLE TAPS 
E SURGE TANK 
F SYRINGE PUMP 
G TRACER RESERVOIR 
H WATER ROTAMETER 

1 AIR ROTAMETER 

J AIR ROTAMETER 

K 1/8 Hp EASTERN PUMP 
L WATER LINE 
M TRACER LINE 

6,,,=13.5 ec/sec at  STP 

Gma87 .O l/rnin at STP 

Fig. 15. 
sion Coefficients i n  an Open Column i n  Which A i r  and Water Are in Counter- 
c u r r e n t  Flow. 

Flow Disgraln €or  Equipment Used i n  Measuring Axial Disper-  
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6 .2 .1  Bubble Column; and A i r ,  Water, and Tracer Feed Systems 

The bubble  column c o n s i s t e d  of t h r e e  secti.ons: a L u c i t e  tube  

( 2  i n .  i n  i n s i d e  d iameter  and 7 2  i n .  long), two T,ucite photographic  

b locks  l o c a t e d  a t  t h e  ends of t h e  tube ,  and two g lass  end pieces at- 

tached t o  t h e  b locks .  Twenty sampling t a p s ,  spaced 3.5 i n .  a p a r t  

a long t h e  l e n g t h  of the tube ,  were used f o r  measuring tile t r a c e r  

concent ra t i -on  p r o f i l e .  The f i r s t  t a p  was p o s i t i o n e d  17 ,75  i.n. above 

t h e  bottom of t h e  column. Each tap c o n s i s t e d  of two L u c i t e  t ubes  10- 

ca ted  d i a m e t r i c a l l y  o p p o s i t e  each o t h e r .  One tube  w a s  used f o r  with- 

drawing s o l u t i o n  from t h e  column, and t h e  o t h e r  w a s  used f o r  r e t u r n i n g  

s o l u t i o n .  

h o l e  through a 3 x 3 x 3 i n .  Lucitti. b lock .  Photographs could be  taken  

through t h e  blocks t o  de te rmine  t h e  average  bubble  d i ame te r .  

The photographic  b locks  were made by d r i l i j n g  a 2-im.-diam 

Labora tory  a i r  en te red  t h e  bottom of t h e  column through a 0.04-in.  

s t a i n l e s s  s t ee l  tube.; t h e  gas  i n l e t  p o i n t  was approximately 4 - 5 / 8  i n .  

above t h e  bottom of t h e  column. The g a s  flow ra te  was measured by one 

of two ro t ame te r s  p laced  i n  p a r a l l e l .  The maximum vo lumet r i c  flow r a t e  

w a s  1 1 7  cm /sec f o r  t h e  l a r g e s t  ro t ame te r ,  while t h e  maximum f l o w  r a t e  

t.ras 13.5 c m  / s e e  f o r  t h e  o t h e r  ro t ame te r .  To r e g u l a t e  t h e  gas f low rate ,  

a v a l v e  was l o c a t e d  upstream of each r o t a m e t e r ,  A l l  a i r  f low rates given  

i n  t h i s  r e p o r t  are vo lumet r i c  f low ra tes  measured a t  t h e  tempera ture  and 

p r e s s u r e  a t  t h e  top  of t h e  column. 

3 

3 

D i s t i l l e d  water was pumped t o  t h e  top  of t h e  column by a I./8-hp 
5; 

E a s t e r n  pump. Water was d i s t r i b u t e d  uni formly  over  t h e  column cross 

s e c t i o n  by a d i s p e r s e r  made by d r i l l i n g  f o u r  1iol.e~ through t h e  s i d e s  of 

a s e a l e d  1/8-ln.-ID s t a i n l e s s  s t ee l  tube .  The l i q u i d  f low r a t e  was meas- 

ured  by a ro t ame te r  w i t h  a 

t r o l l e d  by two v a l v e s ,  one 

of t h e  ro t ame te r .  

3 maximum flow ra te  of 3.5 cm / s e c  and w a s  con- 

lacat.ed upstream and one l o c a t e d  downstream 

* 
Eas te rn  I n d u s t r i e s ,  I n c . ,  100 S k i f f  S t ree t ,  Hamden, Connect icu t .  
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The tracer was i n j e c t e d  through a s ta in less  s teel  t u b e  i n t o  the 

bottom of t h e  column by a Harvard V a r i a b l e  Speed Continuous Automatic 

I n f u s i o n  Pump. 

of t h e  column. 

The p o i n t  of  i n j e c t i o n  w a s  11-7/8 i n .  above t h e  bottom 

6.2.2 S o l u t i o n  Sampling and Ana lys i s  System 

A t y p i c a l  pump and p h o t o c e l l  u t i l i z e d  € o r  measuring t h e  t r a c e r  con- 

c e n t r a t i o n  i n  t h e  s o l u t i o n  withdrawn from t h e  column are shown i n  F i g .  

1 6 .  Details  of t h e  pump des ign  are shown i n  F i g .  1 7 .  Each of t h e  pumps 

w a s  f a b r i c a t e d  from L u c i t e  and had a 0.445-in.-long, 2-in.-diam pump 

body. The chamber i n  which t h e  i m p e l l e r  ope ra t ed  c o n s i s t e d  of a l5 /16-  

in.-diam, 3/8-in.-deep h o l e  d r i l l e d  a long  t h e  axis o f  t h e  pump body. 

The chamber w a s  sealed by a 3 /8 - in . - th i ck ,  1-in.-diam Lucrite seal p l a t e  

t h a t  w a s  machined t o  a d i ame te r  o f  15/16 i n .  over  a d i s t a n c e  of 1 / 8  i n .  

The machined end of t h e  seal p l a t e  w a s  i n s e r t e d  i n t o  t h e  pump body 

chamber. 

on t h e  a x i s  of t h e  seal p l a t e .  The o u t e r  l / 4  i n .  of t h e  i n l e t  w a s  

d r i l l e d  and tapped t 'o  r e c e i v e  a 1/8-in.-TD, 1- in . - long  s e c t i o n  of s t a i n -  

less s tee l  t u b i n g .  

th rough t h e  pump body; t h e  o u t l e t  was t a n g e n t i a l  t o  t h e  s u r f a c e  of t h e  

pump chamber. 

in.-diam s t a i n l e s s  steel t u b i n g .  

i n . - long ,  Teflon-coated magnet, which w a s  m a g n e t i c a l l y  coupled t o  t h e  

pump d r i v e  system. 

The i n l e t  t o  t h e  pump c o n s i s t e d  of a 1/8-in.-diam hole d r i l l e d  

The pump o u t l e t  c o n s i s t e d  of a 1/8-in.-diam h o l e  

The o u t l e t  was a l s o  provided  w i t h  a 1-in. s e c t i o n  of 1/8- 

The pump i m p e l l e r  c o n s i s t e d  of a 3/4- 

Details  of t h e  p h o t o c e l l  d e s i g n  are  shown i n  F ig .  18. The c e l l  body, 

f a b r i c a t e d  from L u c i t e ,  w a s  1 i n .  i n  d i a n e t e r  and 1 . 7 5  i n .  long.  A 0.438- 

i n . - d i m  h o l e  w a s  d r i l l e d  from both  ends of t h e  c e l l  body i n  such a man- 

n e r  t h a t  a 1 / 8 - i n . - t h i c k  p a r t i t i o n ,  0.5 i n .  from one end of t h e  c e l l  body, 

was formed. The cel l  compartment w a s  formed by g l u i n g  a 0.438-in.-diam, 

1 /8 - in . - th i ck  L u c i t e  d i s k  (shaded a r e a )  l n s i d e  t h e  d r i l l e d  h o l e ,  0.5 i n .  

from t h e  o t h e r  end of t h e  c e l l  body. The i n l e t  and t h e  o u t l e t  of the  
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Fig. 16. Pump and P h o t o c e l l  Used €or Measuring Trace r  Concen t r a t ion  
i n  S t u d i e s  of Axial D i s p e r s i o n  i n  Open Col 
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c e l l  were formed by d r i l l i n g  two 1/14--in.  h o l e s  through t h e  s o l i d  por- 

Lion o f  t h e  body, t a n g e n t i a l  t o  t b c  i n n e r  c i r c u l a r  s u r f a c e  of t h e  c e l l  

compartment. Two s h o r t  s e c t i o n s  o f  i / l 6 - in . -T '>  L u c i t e  t-ubing were i n -  

s e r t e d  i n t o  t h e s e  h o l e s .  

A r r n p  was provided bet.itJeen each sample  o u t l e t  and t h e  pump i-nl.et 

t o  p reven t  accumula t ion  of bubbles  i n s i d e  t h e  pump. These t r a p s  con-  

sis.;ed of Pyrex tees t h a t  were p o s i t i o n e d  i n  such  a manner t h a t  one of 

t h e  l e g s  po in t ed  upward. A s m a l l  s e c t i o n  of clamped rubber tubi.ng tms 

i i t t c x i  ove r  t h e  l e g  p o i n t i n g  upward, and a i r  wa.s removed from the  t r a p  

by open ing  t h e  c l a m p .  To p u r g e  the  cel l .  and t h e  pump of air, another: 

Pyrex tee  c o n s t r u c t e d  i n  t h e  same manner was p laced  between t h e  photo- 

ce1.S. o u t l e t  and the  sanp1.ing t a p .  31"le sampling tubes ,  t r a p ,  pump, photo- 

c e l l ,  and purge kee were connected w-ith rubber tubi-ng. 

The l i g h t  sou rce  Cor t h e  p h o t o c e l l  was R GE 253X bulb ,  and t h e  

transmi t r a n c e  of t h e  c e l l  w a s  measured by a C 1  a i r e x  707L p h o t o r e s i s t o r ,  

which has maximum s e n s i t i v i t y  at. a wavelength of 6150 8 .  To c o l l i m a t e  

t h e  1 i g h t  pas s ing  through thc c e l l ,  t h e  l i g h t  s o u r c e  ant1 the  p h o t o r e s i s t o r  

were mounted i n s i d e  0.436-in.-OD, 6-in.-long brass tubes  t h a t  were in-  

s e r t e d  i n t o  t h e  outer compartruents of "Lit3 c e l l .  

The pump drive a p p a r a t u s ,  shaim i n  F i g -  1 6 ,  c o n s i s t e d  of a permanent: 

i r o n  magnet f i r m l y  a t t a c h e d  t o  an i r o n  rod ,  a chuck employcd t o  a d i u s t  the 

h e i g h t  of t h e  magnet above t h e  pump, and a s p r o c k e t  wheel b o l t e d  t o   lie 

i r o n  s h a f t  t h a t  suppor ted  t h e  chuck. 

The n7ain dr ive  system f o r  t h e  pumps c o n s i s t e d  of two d r i v e  s h a f t s ,  

one o f  which w a s  l o c a t e d  on ea@\ s l d e  of the column. The s h a f t s  were 

d r i v e n  a t  t h e  same speed by a va r i ab le - speed  e l ec t r i c  motor.  Drive 

s p r o c k e t s  were mounted on  t h e  s 'nafcs,  and n o n s l i p  s p r o c k e t  b e l t s  con- 

nec ted  ~Eie d r i v e  s p r o c k e t s  id ith the pump s p r o c k r t 9 .  
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6.2.3 Electronics System 

The electrical schematic diagram of a cell circuit is shown in 

Fig. 19. 

a transistorized operational amplifier circuit and displayed on a 

Honeywell Brown recorder (voltage range, -0.5 to 10.5 mV). Basically, 

the span adjustment regulates the amplifier feedback, and the zero ad- 

justment controls the amplifier input voltage. The 20 electrical cir- 

cuits for the cells were connected to the recorder by two 10-position 

selector switches that allowed the desired cell reading to be displayed. 

The electrical signal from the photoresistor is amplified by 

6.3 Calibration of Photocells 

6.3.1 Relation Between Relative Tracer Concentration and Cell Reading 

A relation between the relative tracer concentration (C./C ) and 
1 0  

the photocell readi-ng displayed on the recorder was developed from the 

limiting case of Beer's law. 

the transmittance of the cell as 

Beer's law can be expressed in terms of 

T = exp(-abc) , 

where 

T = transmittance, 

a = molar extinction coefficien:, 

b = cell length, 

c = tracer concentration. 

By a Taylor expansion of the exponential, (1 - T) can be shown to be 
directly proportional to the tracer concentration €or dilute concentra- 
tions. It is assumed that the photocell reading is proportional t o  

(1 - T) and, therefore, proportional to the tracer concentration. Using 

this approximation and assumption, the fol.lowing equation can be derived: 
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6 1  
-15 +I5 

Fig. 19. Electrical Schematic Diagram of a Cell C i r c u i t .  
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where 

Ci/Co = re la t ive  t r a c e r  c o n c e n t r a t i o n  a t  column h e i g h t  Z, 

R = exper imenta l  c e l l  r e a d i n g ,  

R = s t a n d a r d i z e d ,  c a l i b r a t e d  c e l l  r e a d i n g ,  

R = c e l l  r ead ing  w i t h  d i s t i l l e d  water, 

e 

S 

W 
i = i t h  c e l l  ( s u b s c r i p t ) ,  

o = r e f e r e n c e  c e l l  ( s u b s c r i p t ) .  

The advantage  of t h i s  approach i s  t h a t  a d i r e c t l y  determined r e l - a t i o n  

between t h e  ce l l  r e a d i n g  and t h e  tracer c o n c e n t r a t i o n  i s  n o t  requjrecl .  

6 .3 .2  Method f o r  C a l i b r a t i n g  Photocel1.s 

I n  c a l i b r a t i n g  t h e  p h o t o c e l l s ,  i t  was necessa ry  (1) t o  de te rmine  

t h e  maximum tracer c o n c e n t r a t i o n  f o r  which t h e  l inear  approximation 

between t h e  f r a c t i o n  of i -ncident  l i g h t  absorbed (absorbance) and tlie 

tracer c o n c e n t r a t i o n  would be v a l i d ,  and (2) t o  confirm t h e  assumption 

of a l i n e a r  r e l a t i o n s h i p  between t h e  c e l l  r e a d i n g  and the t r a c e r  con- 
c e n t r a t i o n .  F i g u r e  20 shows r e s u l t s  which v e r i f y  that  behavior  cor- 

responding  t o  Beer’s l a w  w a s  observed .  

i n f r a r e d  spec t rophotometer  and q u a r t z  c e l l s  (1 cn i n  l e n g t h )  were used.  

The d a t a  were ob ta ined  by v a r y i n g  t h e  wave]-ength of t h e  i n c i d e n t  l i g h t  

f o r  several t r a c e r  c o n c e n t r a t i o n s  and r e c o r d i n g  t h e  t r a n s m i t t a n c e  €or 

each. The maximum 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  occur red  a t  a wave- 

l e n g t h  of 6150 1. A t  t h i s  wavelength,  a Cu(N03)2 t r a c e r  concentrat . ion 

I n  t h i s  examinat ion ,  a Beckman 
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of 0.045 r e s u l t e d  i n  a n  absorbance  of 0.13 .  The absorbance based on 

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

t h e  molar e x t i n c t i o n  c o e f f i c i e n t  a t  6150 A; t h e  e r r o r  i n  absorbance  

caused by t h e  l i n e a r  approximation was on ly  6% of t h e  a c t u a l  absorbance .  

The t r a c e r  c o n c e n t r a t i o n  of 0.045 

l i n e a r  approximat ion .  The assumption of a l i n e a r  r e l a t i o n  between t h e  

c e l l  r e a d i n g  and t h e  t r a c e r  c o n c e n t r a t i o n  is  v e r i f i e d  by t h e  data shown 

i n  F i g .  2 1 ,  I n  o b t a i n i n g  t h e s e  d a t a ,  t h e  r e a d i n g s  of two c e l l s  were 

measured a t  f o u r  t r a c e r  c o n c e n t r a t i o n s .  

0 

w a s  chosen as t h e  upper l i m i t  f o r  t h e  

The 20 p h o t o c e l l s  were c a l i b r a t e d  i n i t i a l l y  at: tracer c o n c e n t r a t i o n s  

below t h e  expe r imen ta l ly  determined c o n c e n t r a t i o n  l i m i t  by t h e  fo l lowing  

procedure .  F i r s t ,  t h e  column w a s  f i l l e d  w i t h  d i s t i l l e d  water. Then t h e  
3 pumps were a c t i v a t e d ,  and the i rpumping  ra tes  were a d j u s t e d  t o  0.12 c m  / s e c .  

A 15-min pe r iod  w a s  allowed € o r  t h e  c e l l s  t o  r e a c h  thermal  e q u i l i b r i u m .  

The c e l l  r e a d i n g s  w i t h  d i s t i l l e d  water were zeroed on t h e  r e c o r d e r  by ad- 

j u s t i n g  t h e  v o l t a g e  i n p u t  t o  each  cel’l. a m p l i f i e r .  Next,  t h e  bottom c e l l  

w a s  d i sconnec ted  from t h e  column and f i l l e d  w i t h  a 0.041 Cu(N0 ) s a l u -  

t i o n .  The a m p l i f i e r  feedback of t h e  c e l l  was a d j u s t e d  so t h a t  t h e  c e l l  

r ead ing  on t h e  r e c o r d e r  was 95% of f u l l  scale. The bottom c e l l  w a s  re- 

connected t o  t h e  system. A i r  f l o w  through t h e  column was t hen  s t a r t e d  

a t  a vo lumet r i c  f l o w  r a t e  of 4.30 c m  / s e c .  

and t h e  tracer flow r a t e  w a s  a d j u s t e d  t o  0.407 cm /set. 
tracer was t e rmina ted  when t h e  bottom c e l l  r ead ing  on t h e  r e c o r d e r  w a s  

80% of f u l l  s c a l e .  A uniform t r a c e r  c o n c e n t r a t i o n  w a s  assumed t o  be  

p r e s e n t  i n  t h e  column when t h e  top  c e l l  r ead ing  main ta ined  a c o n s t a n t  

v a l u e  f o r  15 min, The a m p l i f i e r  feedback  of t he  1 9  ce l l s  was then  ad- 

j u s t e d  so  t h a t  a l l  c e l l  r e a d i n g s  were e q u a l  t o  t h e  reading of t h e  bottom 

c e l l .  F i n a l l y ,  t h e  column w a s  d r a i n e d ,  f l u s h e d ,  and r e f i l l e d  w i t h  d i s -  

t i l l e d  water i n  p r e p a r a t i o n  f o r  expe r imen ta l  work. 

3 2  

3 The i n f u s i o n  pump w a s  s t a r t e d ,  
3 I n j e c t i o n  of 
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6.3.3 P r e p a r a t i o n  of Tracer S o l u t i o n  

P r e p a r a t i o n  of t h e  tracer involved  d i s s o l v i n g  230 g of l a b o r a t o r y -  

g rade  C U ( N O ~ ) ~  - 3 H 2 0  c r y s t a l s  i n  a 2- l i ter  vo lumet r i c  f l a s k  h a l f - f i l l e d  

w i t h  d i s t i l l e d  water, adding  29 m l  of concen t r a t ed  n i t r i c  a c i d ,  and 

d i l u t i n g  t o  volume w i t h  d i s t i l l e d  water. 

approximate ly  0.48 E. 
The Cu(N0 ) c o n c e n t r a t i o n .  was 

3 2  

The n i t r a t e  an ion  w a s  s e l e c t e d  t o  p reven t  r e d u c t i o n  of the c u p r i c  

i on .  The tracer w a s  a c i d i f i e d  w i t h  concen t r a t ed  n i t r i c  a c i d  t o  f u r t h e r  

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

6.4 Exper imenta l  Procedure  

The c e l l s  were c a l i b r a t e d  at t h e  beginning  of each day. The c a l i -  

b r a t i o n  procedure  can  be  d e s c r i b e d  as f o l l o w s .  D i s t i l l e d  water w a s  passed 

through t h e  column w i t h  t h e  c e l l  pumps o p e r a t i n g  a t  t h e  r a t e  of 0.12 c m  / 
sec. A per iod  of approximate ly  30 min was al lowed t o  ensu re  complete  re- 

moval of  tracer from p r e v i o u s  r u n s  and t o  o b t a i n  thermal  e q u i l i b r i u m  i n  
t h e  ce l l s .  Cel l  r e a d i n g s  f o r  d i s t i l l e d  water  were then  recorded .  Next ,  

t h e  second se t  of r e a d i n g s  r e q u i r e d  f o r  c a l i b r a t i n g  t h e  c e l l s  w a s  obtained. 

Air f low was s t a r t e d  through t h e  column a t  a vo lumet r i c  f low r a t e  of 4 . 5  

l i t e r s / m i n ,  t h e  water f low w a s  t e rmina ted ,  and tracer w a s  i n j e c t e d  i n t o  

t h e  column by o p e r a t i n g  t h e  i n f u s i o n  pump a t  t h e  ra te  of 0 .41  cm / s e c .  

The i n j e c t i o n  of tracer w a s  s topped when t h e  r e c o r d e r  r ead ing  of t h e  bot- 

tom c e l l  reached 80% of f u l l  s c a l e ,  and t h e  t racer  s o l u t i o n  w a s  a l lowed 

t o  mix i n  t h e  column. A uniform traces c o n c e n t r a t i o n  w a s  assumed t o  be 

p r e s e n t  when t h e  r e a d i n g  of t h e  t o p  c e l l  main ta ined  a c o n s t a n t  v a l u e  f o r  

10 min. ,Cell r e a d i n g s  f o r  t h e  s t a n d a r d i z e d  tracer c o n c e n t r a t i o n  were 

then  recorded .  

3 

3 

A t  t h e  beginning  of an  experiment ,  the  d e s i r e d  air and water f low 

ra tes  were set .  A l s o ,  t h e  l i q u i d  l e v e l  i n  t h e  column was a d j u s t e d  t o  
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p reven t  e x c e s s i v e  l i q u i d  en t ra inment  i n  t h ~  a i r  stream 1 paving t h e  top  

of t h e  column. Arr a p p r o p r i d i c  s e t t i n g  f o r  t h e  f l o r 6 ~  ra te  of t h e  ~ - ~ - : I c P T  

'ims chosen t o  cnsiire that the tracer c o n c e n t r a t i o n  a t  t h e  bnttoln of t:le 

rolumn would have the d c s i r c d  v a l u e  when s t e a d y  s t a t e  was reached .  'ro 
avoid  gas bu i ldup  i n s i d e  the punps,  t h e  t r a p s  were p e r i o d i c a l l y  purged 

of a i r .  

f o r  t h e  t o p  c e l l  main ta ined  a c o n s t a n t  value f o r  1 0  min. To enslire t h a t  

s t e a d y - s t a t e  c o n d i t i o n s  e x i s t e d ,  t h e  s t a b i l i t y  of t h e  r e a d i n p  f o r  t h e  bo t -  

tom c e l l  w a s  a l s o  observed.  

t h e  subsequent  expe r imen ta l  r u n  w a s  s t a rLed  by r e a d j u s t i n g  t h e  water, a i r ,  

and t racer  f low ra tes .  

S teady  s t a t e  was assumed t o  have been reached when t h e  r ead ing  

The c e l l  r e a d i n g s  were t h e n  r eco rded ,  and 

A t  t h e  end of ea.ch day ,  ,the pumps w e r 2  sropped and t h e  column w a s  

d r a i n e d  and r e f i l l e d  w i t h  d i s t i l l e d  w a t e r ,  

column f o r  30 min w i t h  t h e  pumps a c t i v a t ~ d  i n  o r d e r  to remove t h e  tracer 

from t h e  cel ls .  C e l . 1  readings t aken  a t  this t i m e  were compared w i t h  t h o s e  

recorded  a t  the beginning  of t h e  2xperi.men.t:. I f  the f i n a l  v a l u e  f o r  a 

p a r t i c u l a r  c e l l  d e v i a t e d  by more than  5% from t h e  i n i t i a l  v a l u e ,  data 

from t h a t  p a r t i c u l a r  ce l l  w e r e  d i sca rded .  

Water ~7as f e d  through t h e  

6.5 Exper imenta l  R e s u l t s  

Exper imenta l  d a t a  ob ta ined  d u r i n g  t h i s  s t u d y  are p resen ted  i n  F i g s .  

22-42 ,  which a re  p l o t s  of t h e  measured v a l u r s  of t h e  t racer  c o n c e n t r a t i o n  

a t  v a r i o u s  p o i n t s  a long  t h e  column f o r  a r ange  of o p e r a t i n g  c o n d i t i o n s .  

Tn g e n e r a l ,  t h e  d a t a  p o i n t s  d e v i a t e  on ly  s l i g h t l y  from t h e  expec ted  linear 

r e l a t i o n s h i p ;  t h i s  d e v i a t i o n  f s  be l i eved  t o  be t h e  r e s u l t  of random s c a t t e r  

i n  t h e  d a t a .  The a x i a l  d i s p e r s i o n  c o e f f i c i c a t  f o r  each experiment  w a s  cal-  

c u l a t e d  by a l e a s t - s q u a r e s  method. 

Values  f o r  t h e  a x i a l  di-spelfsirxi c o e f f i c i e n t  are suiimarized i n  F i g .  

4 3 ,  where the d i s p e r s i o n  c o e f f i c i e n t  is  p l -o t t ed  as a f u n c t i o n  of tlie 

vo lumet r i c  gas  f l o w  rate a t  t h e  top  of t h e  column. 
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6 . 6  Discuss ion  of R e s u l t s  

6 .6 .1  E f f e c t s  of Gas and Liquid  Flow F a t e s  on Axia l  D i spe r s ion  Coef- 
f i c  i en t  

The 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  was n o t  i n f luenced  hy t h e  super-  

f i c i a l  v e l o c i t y  of t h e  l i q u i d  a t  t h e  f low rates used (0.131 and 0.080 

cm/sec> ( s e e  F ig .  4 3 ) .  The results i n d i c a t e  t h a t  t h e  mlxtng regime i n  

t h e  column w a s  t h e  same f o r  t h e  two l i q u i d  v e l o c i t i e s  and t h a t  t h e  water 

v e l o c i t i e s  were n o t  h igh  enough t o  a f f e c t  t h e  bubble  format ion  o r  t o  

a t t e n u a t e  t h e  sa te  of r ise  of t h e  bubhles .  

The e f f e c t  of t h e  gas  f low rate  on t h e  ax ia l  d j s p e r s i o n  c o e f f i c i e n t  

is  a l s o  shown i n  F ig .  4 3 .  Two d i s t i n c t  o p e r a t i n g  r cg ions ,  which are d i s -  

t i ngu i shed  by a sha rp  change i n  t h e  dependence of d i s p e r s i o n  c o e f f i c i e n t  

on g a s  f low ra te  a t  a f low ra te  of 4 4  cm / s e c ,  are ohserved i n  t h e  f i g u r e .  

V i s u a l  o b s e r v a t i o n s  and photographs i n d i c a t e  a d i f f e r e n c e  i n  bubble  be- 

hav io r  i n  t h e s e  two o p e r a t i n g  r e g i o n s .  A t  t h e  lower gas rates, t h e  

bubbles  rise independent ly  of each o t h e r  as seen  i n  F ig .  4 4 ,  which shows 

t h e  bubble  d i s t r i b u t i o n  a t  t h e  bottom photographic  b lock  a t  a gas f low 

r a t e  of 16.0 ern /sec. 
3 F igu re  45 shows t h e  bubble  d i s t r i b u t i o n  a t  a gas  f low r a t e  of 58 cm / s e e :  

a range  of bubble  s i z e s  is  observed.  The l a r g e r  bubbles  ascend more 

r a p i d l y  than  t h e  smaller ones ,  and a c o n s i d e r a b l e  amount of coa le scence  

occurs .  The coa lesced  bubbles  grow i n  s i z e  u n t i l  t h e i r  d iameter  equa l s  t h a t  

of the  column, and t h e  l e n g t h  of  t h e  r e s u l t i n g  bubbles  i n c r e a s e s  as t h e  
gas  f low rate is  inc reased .  

I n  s l u g  f low,  a c i r c u l a t o r y  f low of l i q u i d  deve lops  around each buhble  

and r e s u l t s  i n  inc reased  mixing as a r e s u l t  of t h e  l a r g e  bubble  s i z e s .  

From v i s u a l  o b s e r v a t i o n s ,  bubble  coa lescence  appea r s  t o  beg in  a t  a gas 

flow r a t e  of about  4 4  cm / see .  

3 

3 This  type  of f low is  denoted as "bubbly flow." 

I t  This  type  of f l o w  i s  denoted as s l u g  flow." 

3 
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Fig. 4 4 .  A i r  Bubble D i s t r i b u t i o n  During Countercurrent  Flow of A i r  
and Water i n  a 2-in.-diam Open Bubble Column. 
water s u p e r f i c i a l  v e l o c i t y ,  0.130 cm/sec. 

Gas flow ra te ,  16 cm3/sec; 
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I 

Fig .  45.  A i r  Bubble D i s t r i b u t i o n  During Coun te rcu r ren t  Flow of A i r  
and Water i n  a 2-in.-diam Open Bubble Column. 
water s u p e r f i c i a l  v e l o c i t y ,  0.130 cm/sec. 

G a s  f low ra te ,  58 crn3/sec; 
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6 . 6 . 2  Comparison of Measured D i s p e r s i o n  C o e f f i c i e n t s  w i t h  L i t e r a t u r e  
Values  

The d i s p e r s i o n  c o e f f i c i e n t s  t h a t  w e  measured i n  t h i s  work a re  h ighe r  

t han  c o e f f i c i e n t s  r e p o r t e d  i n  t h e  l i t e r a t u r e  ( s e e  F i g .  4 6 ) .  Argo and 

Cova’l and S i e m e s  and Weiss12 ussd  m u l t i p l e - o r i f  ice  g a s  d i s p e r s e r s  , which 

may account  f o r  t h e  d i f f e r e n c e  i n  t h e  r e s u l t s .  However, t h e  t r a n s i t i o n  

from bubbly f low t o  s l u g  f low r e p o r t e d  by S iemes  and Weiss appea r s  t o  

c o i n c i d e  w i t h  t h a t  observed i n  our  s tudy .  

6 .7  V e r i f i c a t i o n  of Assumptions i n  Mathematical  Model 

S e v e r a l  assumpt ions  were made i n  d e r i v i n g  t h e  mathemat ica l  model 

used f o r  c o r r e l a t i n g  t h e  d a t a ;  v e r i f i c a t i o n  of t h e  more impor t an t  as- 

sumptions i s  d i s c u s s e d  below. 

6 .7 .1 I n v a r i a n c e  of D i s p e r s i o n  C o e f f i c i e n t  Along t h e  Length of t h e  
C o lumn 

The assumption of i n v a r i a n c e  of d i s p e r s i o n  c o e f f i c i e n t  a long  t h e  

l e n g t h  of t h e  column i s  v e r i f i e d  by t h e  f a c t  t h a t  s t r a i g h t  l i n e s  are 

produced when t h e  loga r i thm of t h e  reduced t r a c e r  c o n c e n t r a t i o n  i s  

p l o t t e d  vs column h e i g h t  ( s e e  F i g s .  22-42). 

6.7.2 E f f e c t  of P h o t o c e l l  Pumping Rate 

D i s p e r s i o n  i n  t h e  column could  b e  a f f e c t e d  by t h e  wi thdrawal  of 

s o l u t i o n  from, and r e t u r n  of s o l u t i o n  t o ,  t h e  column. The magnitude of 

t h i s  e f f e c t  w a s  checked by comparing 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  meas- 

ured  a t  two pumping ra tes  (0.18 c m  /sec arid 0.12 c m  / s e c )  b u t  a f i x e d  3 3 

3 s u p e r f i c i a l  l i q u i d  v e l o c i t y  (0.13 cm/sec) and g a s  f low r a t e  (8.2 cm / s e c ) .  
2 2 The measured d i s p e r s i o n  c o e f f i c i e n t s  w e r e  28.6 c m  /sec and 28.4 c m  /sec 

3 3 f o r  pumping rates of 0.12 c m  /sec and 0.18 c m  /sec,  r e s p e c t i v e l y ;  t h e  

d e v i a t i o n  of  t h e s e  c o e f f i c i e n t s  from t h e i r  ave rage  w a s  less t h a n  1%. 
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GAS FLOW RATE (cms/sec) 

Fig.  4 6 .  Comparison of Measured D i s p e r s i o n  C o e f f i c i e n t s  w i t h  
L i t e r a t u r e  Values. 
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6.7.3 ^__- E f f e c t  of T r a c z F e e d  R a 2  

The e f f e c t  of t r a c e r  feed rate w a s  determined by comparing d i s p e r s i o n  

c o e f f i c i e n t s  measured at two d i f f e r e n t :  tracer f eed  ra tes  b u t  a t  t h e  same 

l i q u i d  and g a s  f low rates.  T h i s  e f f e c t  must be consi.dcred s i n c e  t h e  lop7er 

t r a c e r  feed r a t e  of 0 .081  cm / s e c  was used  a t  t h e  s u p e r f i c i a l  l i q u i d  ve loc -  

i t y  of 0.08 cm/sec i n  order t o  avoid exceeding t h e  tracer c o n c e n t r a t i o n  

l imi t :  at t h e  bottom of 6he column. The d i s p e r s i o n  c o e f f i c i e n t s  were 28.4 

cm /sec and 26.7 cm / s e c  f o r  t r a c e r  f eed  r a t e s  of 0.407 c m  / s e e  and 0.163 

cm f s e c ,  r e s p e c t i v e l y ;  t h e  d e v i a t i o n  of each o f  t h e s e  v a l u e s  from t h e i r  

average v a l u e  was less than 4 % .  

3 

2 2 3 

3 

6.7.4 Comparison of T race r  Concen t r a t ion  P r o f i l e s  Measured P h o t o m e t r i c a l l y  
and Determined by Chemical Ana lys i s  

A comparison was made of t h e  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  determined 

by t h e  t echn ique  employed i n  t h e s e  s t u d i e s  and t h e  c o e f f i c i e n t s  determined 

from a t r a c e r  c o n c e n t r a t i o n  p r o f i l e  that w a s  ob ta ined  by withdrawing so lu-  

t i o n  a t  d i f f e r e n t  p o i n t s  a long  t h e  column and chemica l ly  analyzing t h e  

samples  f o r  copper .  The r e s u l t s  are  shown i n  F i g .  47. The samp1.e~ were 

withdrawn a t  a r a t e  s u f f i c i e n t l y  low t h a t  t h e  p h o t o c e l l  r e a d i n g s  d i d  n o t  

change. The d i s p e r s i o n  c o e f f i c i e n t  values were 23.1 c m  / s e c  and 30.3 

cn / s e e  f o r  t h e  p h o t o c e l l  and t h e  copper a n a l y s i s  d a t a ,  r e s p e c t i v e l y .  

The d e v i a t i o n  of t h e  va lue  Sased on t h e  p h o t o c e l l  d a t a  from t h e  v a l u e  

based on copper a n a l y s i s  w a s  less t h a n  8%. 

2 

2 

7 .  ELECTROLYTIC CELL DEVELOPMENT: STATIC c E u  EXPERIMENTS 

J R.  Hightower Jr. M. S.  L in  
L. E .  McNeese 

The proposed flowsheet f o r  p rocess ing  a mol t en - sa l t  b reede r  r e a c t o r  

r e q u i r e s  t h e  use  of eLec t ro l .y t i c  c e l l s  for reducing  l i t h i u m  and thorium 

fluorides a t  a bismuth cathode and for o x i d i z i n g  materials f r o m  bismuth 

s o l u t i o n s  a t  a bismuth anode. Experiments d i r e c t e d  toward two problems 
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COLUMN HEIGHT (cm) 

Fig. 47 .  Comparison of T r a c e r  Concen t r a t ion  P r o f i l e  Measured Photo- 
i i i e t r i ca l ly  w i t h  That Measured by A n a l y s i s  of Samples Withdram Along the 
Column. 



r e l a t e d  t o  c e l l  devel-opment were carried o u t  i n  stati-c ce l l s .  The ob- 

j ec t ives  were: (1) d e t e r m i n a t i o n  of c o n d i t f o n s  under  vhi.ck a p r o t e c t i v e  

f r o z e n  sa l t  f i l m  can be  main ta ined  on e l e c t r o d e  divid.ers  i n  the presence  

of h i g h  h e a t  g e n e r a t i o n  i n  t h e  s a l t ,  and (2) i d e n t i f i c a t i o n  of a black. 

material  which has  formed i n  the s a l t  du r ing  a1.l s t a t i c - c e l l  exper iments  

c a r r i e d  o u t  t o  d a t e .  I n  one exper iment ,  f r o z e n  s a l t  f i l m s  were formed 

around t h e  t o p  of  a. B e 0  e l e c t r o d e  d i v i d e r  l o c a t e d  i n  a r e g i o n  of h igh  

c u r r e n t  d e n s i t y .  I n  t h e  second exper iment ,  lead-acid. b a t t e r i e s  were 

used t o  p r o v i d e  a c o n s t a n t  v o l t a g e  i n  o r d e r  t o  de t e rmine  Fhe the r  a n  

ac component i n  t h e  nominal dc  power cont r i -buted  t o  t h e  fo rma t ion  of 

t h e  b l a c k  material i n  t h e  s a l t .  

7 . 1  Formation of Frozen S a l t  Fi lms on a Be0 E l e c t r o d e  Div ide r  

Because Be0 has several  p r o p e r t i e s  t h a t  would h e  u s e f u l  i n  con- 

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 ,  j t s  u s e  is be ing  exp lo red .  An e x p e r i -  

ment u t i l i z i n g  a Be0 e l e c t r o d e  d i v i d e r  w a s  c a r r i e d  o u t  i n  a 4-in.-diam 

o u a r t z  c e l l ,  which h a s  been d e s c r i b e d  p r e v i o u s l y .  l3 The anode f o r  t h e  

experiment  c o n s i s t e d  of a 2-1/2-in.-diam by l -1/4- in . -high cup made of 

BeO. The cup w a s  c l a d  w i t h  metal on t h e  i n n e r  and o u t e r  s u r f a c e s  and 

had p r o v i s i o n s  f o r  forming a f r o z e n  f i l m  of sa l t  around t h e  upper  r i m  

of t h e  cup. During t h e  exper iment ,  t h e  Be0 was used as t h e  c l e c t r i c a l  

i n s u l a t o r  between t h e  anode and ca thode ;  i t  w a s  n o t  exposed t o  molten 

s a l t .  The anode area w a s  1 5  cin b e € o r e  a f r o z e n  sal t  l a y e r  w a s  formed 

on t h e  r i m  of t h e  Be0 cup.  

2 

The bismuth t h a t  w a s  used i n  t h e  experiment  w a s  t r e a t e d  with hy- 

drogen in a s e p a r a t e  m i l d - s t e e l  vessel a t  70r)OC b e f o r e  be ing  t r a n s f e r r e d  

t o  t h e  c e l l  vessel. The molten s a l t  used i n  t h e  experiment  had t h e  

composi t ion  66-34 mole % LiF-BeF 2' 

Although t h e  c e l l  w a s  ope ra t ed  f o r  about  25 min, s a t i s f a c t o r y  
2 o p e r a t i o n  w a s  n o t  ob ta ined .  

on i n i t i a l  anode a r e a )  were observed w i t 1 7  a n  a p p l i e d  p o t e n t i a l  of about  

Cur ren t  d e n s i t i e s  of 2 t o  5 A / c m  (based 
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2 .1  V. The c e l l  r e s i s t a n c e  was i n  t h e  range  0.2 t o  0.5 ohm, The op- 

e r a t i o n a l  d i f f i c u l t i e s  t h a t  were encountered ,  and t h e  methods t h a t  were 

used t o  c o r r e c t  them d u r i n g  t h e  second experiment c a r r i e d  o u t  i n  t h i s  

t y p e  of c e l l ,  are d i scussed  below. 

1. The s a l t  i n  t h e  c e l l  remained t r a n s p a r e n t  on ly  a s h o r t  t i m e  

a f t e r  i t s  i n t r o d u c t i o n  i n t o  t h e  c e l l .  There was some i n d i c a -  

t i o n  t h a t  t h e  sa l t  con ta ined  IIF, which a t t a c k e d  t h e  mi ld - s t ee l  

components of t h e  anode. I n  t h e  second exper iment ,  t h e  s a l t  

was sparged w i t h  hydrogen i n  a s e p a r a t e  v e s s e l  p r i o r  t o  be ing  

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

2. The anode w a s  t oo  l a r g e  f o r  t h e  4-in.-OD q u a r t z  c e l l .  

i n  t h e  small a n n u l a r  space  between t h e  anode and t h e  c e l l  w a l l  

f r o z e  comple te ly ,  caus ing  t h e  q u a r t z  v e s s e l  t o  b reak .  T h i s  

problem w a s  so lved  i n  t h e  second experiment by u s i n g  a 6-in.- 

diam q u a r t z  c e l l  v e s s e l .  

The s a l t  

3 .  Bismuth d r o p l e t s  c l i n g i n g  t o  t h e  i n n e r  and o u t e r  m i l d - s t e e l  

cups caused s h o r t i n g  between t h e  anode and t h e  cathode.  I n  
t h e  second exper iment ,  t h e  o u t e r  s teel  cup was removed. 

4 .  The f r o z e n  sa l t  l a y e r  a t  the c o o l a n t  o u t l e t  was v e r y  t h i n .  

t h e  second exper iment ,  an a u x i l i a r y  c o o l a n t  i n l e t  was p laced  

a t  t h e  o u t l e t  of t h e  c o o l i n g  r i n g  t o  p rov ide  f r o z e n  s a l t  on 
t h e  c o o l a n t  o u t l e t .  

In  

5. A t  t h e  end of the r u n ,  t h e  Be0 cup was found t o  b e  cracked.  

The c r a c k i n g  probably  occur red  due  t o  f r e e z i n g  of t h e  bismuth 

and s a l t  t h a t  were t rapped  between t h e  steel  c l a d d i n g  and t h e  

Be0 cup. Holes were d r i l l e d  i n  t h e  i n n e r  cup f o r  t h e  n e x t  ex- 
periment to reduce  t h e  p o s s i b i l i t y  of material becoming trapped 

between t h e  B e 0  and t h e  s teel  cup. 
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'The c e l l  used i n  t h e  second experiment was similar t o  t h a t  used i n  

t h e  f i r s t  experiment excep t  f o r  i n c o r p o r a t i o n  of t h e  changes mentioned 

above. The c e l l  used a 2-1/2-in.-OD Be0 cup t o  c o n t a i n  bismuth f o r  t h e  

anode (Fig.  48) and t o  e l e c t r i c a l l y  i n s u l a t e  t h e  anode from t h e  cathode.  

The cup was suppor ted  by a c o o l i n g  r i n g ,  made of low-carbon s tee l ,  t h a t  

was l o c a t e d  j u s t  above t h e  cup and w a s  used t o  cover  i t s  r i m  w i t h  3 pro- 

t e c t i v e  f r o z e n  s a l t  f i l m .  

from i t  through t u b e s  t h a t  s e rved  as t h e  anode e l e c t r i c a l  l e a d .  The 

anode, which had an i n i t i a l  c r o s s  s e c t i o n  of about  15 cm2,  w a s  p laced  i n  

t h e  6-in.-diam q u a r t z  v e s s e l  t h a t  con ta ined  t h e  bismuth ca thode  pool.. 

The assembled c e l l  i s  shown i n  F i g .  4 9 .  The c e l l  was charged w i t h  16 kg 

of p u r i f i e d  bismuth and 2.4 kg of s a l t  (66-34 mole b LiF-BeF -ThF ).  T h e  

s a l t  had been spargecl w i t h  hydrogen a t  609°C i n  a s e p a r a t e  t r e a t m e n t  ves- 

s e l  t o  remove r e s i d u a l  d i s s o l v e d  HF. Two s u c c e s s f u l  r u n s  were made i n  

which a f r o z e n  s a l t  f i l m  w a s  main ta ined  on t h e  p o r t i o n  of t h e  Be0 cup i n  

c o n t a c t  w i t h  salt. The s t e p s  i n  t h e  o p e r a t i n g  procedure  w e r e  as fo l lows .  

1. The s a l t  and bismuth t empera tu res  were set between 465 and 

Coolant was in t roduced  t o  the r i n g  and removed 

2 4  

470°C.  

458'C. ) 

(The l i q u i d u s  t empera tu re  of 66-34 mole Z LiF-ReF, i s  - 

2.  With t h e  c o o l i n g  r i n g  l o c a t e d  about: 1 / 4  in .  above the normal 

c e l l  o p e r a t i n g  p o s i t i o n  and comple te ly  i n  t h e  sa l t  phase ,  t h e  

n i t r o g e n  c o o l a n t  f low was s t a r t e d  (see f i r s t  diagram i n  P i g .  

50) a t  about  1 scfm. T h i s  f l o w  of c o o l a n t  caused a 'Layer of 

f r o z e n  salt: t o  form on t h e  c o o l i n g  r i n g  and on t h e  c o o l a n t  

i n l e t  and o u t l e t  t u b e s .  

3. When frozen sa l t  had comple te ly  covered t h e  c o o l i n g  r i n g  and 

inlet and o u t l e t  t u b e s ,  t h e  Be0 CUP was lowered t o  a p o s i t i o n  

about  1/8 t o  1 / 4  i n .  below t h e  o p e r a t i n g  l e v e l .  Th i s  allowed 

f r o z e n  s a l t  t o  form on t h e  c o o l a n t  i n l e t  and o u t l e t  t ubes  and 

ensured  that they would be comple te ly  i n s u l a t e d  ( s e e  t h e  second 

diagram i n  F ig .  50).  
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F i g .  48 .  Unclad Be0 Cup Used t o  Hold Anodic Bismuth Pool.  
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Fig .  50. 
Frozen S a l t  Film. 

S t e p s  i n  S t a r t u p  of Cell  w i t h  Anode Cup P r o t e c t e d  w i t h  
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4 .  During s t e p s  2 and 3 ,  s a l t  w a s  p revented  f rom f r e e z i n g  com- 

p l e t e l y  ove r  t h e  bismuth s u r f a c e  i n  t h e  anode cup by moving 

a 3/8- ina-diam s teel  rod up and down a t  t h e  center of t h e  

cup * 

5. On comple t ion  of s t e p  3 ,  t h e  anode cup w a s  r a i s e d  s l i g h t l y  

t o  move any b a r e  metal  a t  t h e  top  of t h e  c o o l a n t  t u b e s  o u t  

of t h e  sa l t  phase  ( s e e  t h i r d  diagram i n  F ig .  50) .  T h i s  

f i n a l  p o s i t i o n  al lowed t h e  bismuth i n  t h e  ca thode  pool  t o  

c o n t a c t  t h e  metal c o o l i n g  r i n g  i n  case t h e  f r o z e n  sa l t  on 

t h e  c o o l i n g  r i n g  mel ted .  T h i s  would cause  a s h o r t  c i r c u i t ,  

an unmis takable  i n d i c a t i o n  of removal of t h e  f r o z e n  f i l m .  

6.  Vol tage  w a s  t h e n  a p p l i e d  t o  t h e  c e l l ,  and w a s  i nc reased  s t e p -  

w i s e  u n t i l  t h e  d e s i r e d  v a l u e  w a s  reached .  A s  t h e  c e l l  c u r r e n t  

i n c r e a s e d ,  t h e  r a t e  of c o o l a n t  f low w a s  a l s o  inc reased .  

I n  t h e  f i r s t  r u n ,  n i t r o g e n  w a s  used as  t h e  c o o l a n t  a t  f low rates 
of 1 t o  6 scfm. I n  t h e  second r u n ,  water was atomized i n t o  t h e  n i t r o g e n  

stream i n  o r d e r  t o  i n c r e a s e  t h e  c o o l i n g  c a p a c i t y  and t o  a l l o w  o p e r a t i o n  

f a r  a longe r  pe r iod  b e f o r e  exhaus t ion  of t h e  n i t r o g e n  supply .  The second 

r u n  used ac power r a t h e r  t han  d e  power. I n  each  r u n ,  t h e  c u r r e n t  w a s  in -  

c r eased  s t epwise ,  a l lowing  s t e a d y - s t a t e  c o n d i t i o n s  t o  be a t t a i n e d  b e f o r e  

proceeding  f u r t h e r .  The maximum c u r r e n t  d e n s i t i e s  reached  i n  t h e  f i r s t  

and second r u n s  were 1 . 9  A/cm2 and 2 , 8  A / c m  , r e s p e c t i v e l y .  

summarizes t h e  d a t a  from t h e s e  runs .  

2 Tab le  4 

These exper iments  i n d i c a t e d  t h a t  a l a y e r  of f r o z e n  s a l t  can  be  main- 

t a i n e d  i n  t h e  presence  of h igh  c u r r e n t  d e n s i t i e s  i f  s u f f i c i e n t  c o o l i n g  i s  

provided.  It i s  a l s o  necessa ry  f o r  t he  i n i t i a l  s a l t  and bismuth temp- 

e r a t u r e s  ts be wi th in  about  10°C of t h e  l i q u i d u s  tempera ture  of t h e  s a l t .  
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7 . 2  Experiment IJs-Enq Lead-Acid S t o r a g e  Batteries f o r  Power Supply 

The r e c t i f i e r  that is normally u s e d  t o  ~ u n p l y  dc nnwcl: i o r  e l e r r r o i -  

y s i s  e x p e r i m e ~ t s  produces c u r r e n t  w i t h  a n  a p p r e c i a b l e  ac r i p p l e  d u e  to 

incomple te  f i l t e r i n g .  

fo rma t ion  of a dark-colored  marerial ,  wh.ich has been r e p e a t e d l y  observed 

i n  the  sa l t  fn a19 s ta t fc -ce1 . l  experiments t o  d a t e ,  s i n c e  i t  has been 

reported" t h a t  s o l s  of e l e c t r o d e  metals can be  produced i n  mol ten  s a l t s  

The ac component h a s  been suspec ted  t o  cause  the 

by u s e  of a l t e r n a t i n g  c u r r e n t .  The re fo re ,  a n  experiment  was c a r r i e d  o u t  

t o  de t e rmine  whether  t h e  dark-colored material would b e  formed w i t h  d i r e c t  

c u r r e n t  having no ac  component. The ce l l  used f o r  t h i s  experiment  w a s  

made from a 4-ln.-di.am q u a r t z  t uhe  and con ta ined  a 3-In,-hfgh q u a r t z  d i -  

v i d e r ,  which s e p a r a t e d  two h e m i c y l f n d r i c a l  bismuth e l e c t r o d e s  having a 

s u r f a c e  area of about  30 c m  each.  The c e l l  con ta ined  bismuth t h a t  had 

been p u r i f i e d  by hydrogen sparginl;: and molten s a l t  (66-34 mole % LIF- 

BeF ) t h a t  had been sparged  with hydrogen t o  remove r e s i d u a l  HP. The 

power supply c o n s i s t e d  of f i v e  6-17 l ead-ac id  s t o r a g e  b a t r e r i c s ,  each of 

2 

2 

which was r a t e d  a t  200 A-hr. 

T h e  c e l l  w a s  ope ra t ed  i n i t i a l l y  a t  5017°C with a c u r r e n t  of 3 A .  

Dark-colored m a t e r i a l ,  accompanied by some gas  e v o l u t i o n ,  could  be seen 

r i s i n g  from t h e  anode s u r f a c e ;  w i e h i n  9 min, t h e  salt hecame opaque. 

The s a l t  cleared up after being al lowed t o  s t a n d  o v e r n i g h t .  I n  a n o t k e r  

r u n  made a t  600°C w i t h  a c u r r e n t  of 2 A ,  the. s a l t  became opaque w i t h i n  

6 niin as a r e s u l t  of material emanating from t h e  anode. Apain, the  s a l t  

became clear a f t e r  s t a n d i n g  ove rn igh t .  

Two a d d i t i o n a l  runs  were made: one with a c e l l  t empera tu re  of 6 7 5 " C  

and a c u r r e n t  of  2 .5  A,  and t h e  o t h e r  a t  a c e l l  t empera tu re  of 68fl°C w i t h  

c u r r e n t s  as h igh  z ~ s  45 A. No d a r k  material w a s  formed d u r i n g  t h e s e  r u n s .  

Another run w a s  a t t empted  a t  50O"C, but: t h e  p re sence  of a large amount of 

p r e c i p i t a t e  i n  t h e  sa l t  ( a p p a r e n t l y  produced dur ing  t h e  p rev ious  runs )  

obscured v i s i b i l i t y  t o  such  a n  e x t e n t  t h a t  w e  could n o t  t e l l  whether  any 

o f  the dark-co7 u r e r l  matertal w a s  formed 
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The conc lus ions  drawn from t h i s  experiment  a r e :  (1) ac r i p p l e  i n  

t h e  power supply  is  n o t  r e s p o n s i b l e  f o r  p roduc t ion  of t h e  dark-colored 

material, and ( 2 )  t h e  dark-colored material. may n o t  be formed a t  h i g h  

tempera tures .  The black-colored inaterial may be B i E  (an anode r e a c t i o n  

product ) ,which  may react w i t h  q u a r t z .  A t  h igh  t empera tu res ,  t h e  dark-  

co lo red  material  i s  e i t h e r  comple te ly  s o l u b l e  o r  i t  is  n o t  v i s i b l e  due 

t o  t h e  h igh  ra te  a t  which i t  reacts  w i t h  q u a r t z .  

3 

8. DESIGN AND INSTALTATION OF THE PI;OW ELECTROLYTIC CELL FACLLI'ICY 

J. R. Hightower,  Jr. I,. E .  McNeese 
E .  L. Nicholson W. F. S c h a f f e r ,  3r. 

A f a c i l i t y  f o r  con t inuous ly  c i r c u l a t i n g  mol ten  sa l t  and bismuth 

through e l e c t r o l y t i c  c e l l s  a t  tempera tures  up t o  600°C i s  be ing  i n s t a l l e d  

i n  Bldg. 3 5 4 1 .  The equipment a s s o c i a t e d  w i t h  t h i s  f a c i l i t y  w i l l  a l l o w  u s  

t o  test a v a r i e t y  of c e l l  d e s i g n s  under c o n d i t i o n s  s imilar  t o  t h o s e  ex- 

pected  i n  p rocess ing  p l a n t s .  The equipment c o n s i s t s  of a 16--in.-diam 

vessel t h a t  w i l l  c o n t a i n  t h e  c e l l  t o  be  t e s t e d ,  a m i x e r - s e t t l e r  t ank  i n  

which t h e  s a l t  and bismuth streams from t h e  c e l l  will. be e q u i l i b r a t e d ,  

g a s - l i f t  pumps and or i f ice- -head  p o t  f lowmeters  f o r  c i r c u l a t i n g  and 

me te r ing  t h e  streams to t h e  c e l l ,  and a vessel  co i i ta in ing  a g r a p h i t e  

c r u c i b l e  f o r  p u r i f y i n g  t h e  s a l t  and bismuth. Also provided are  a g a s  

supply  s t a t i o n  f o r  me te r ing  HF, hydrogen, a rgon ,  and n i t r o g e n ;  a system 

f o r  d i s p o s i n g  of  un reac ted  [IF'; a 750-A d c  power supply ;  and ins t rumenta-  

t i o n  f o r  r eco rd ing  p r e s s u r e s ,  t empera tu res ,  c u r r e n t ,  and v o l t a g e .  

A d e t a i l e d  d e s c r i p t i o n  of t h i s  equipment i s  g iven  i n  t h e  remainder 

of t h i s  sect  i o n  a 

8.1 F l o w  Diagram 

h f low diagram f o r  t h e  system i s  shown i n  F i g .  51. Bismuth and s a l t  

are c i r c u l a t e d  by g a s - l i f t  pumps a t  nominal f l o w  rates of 0.5 and 0.25 gpm, 
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F i g .  51. FLOW D i a g r a m  of S a l t  and Bismuth R e c i r c u l a t i o n  System f o r  
Flow E l e c t r o l y t i c  C e l l  T e s t  F a c i l i t y ,  
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r e s p e c t i v e l y .  The bismuth f l o w s  i n t o  t h e  ca thode  compartment of t h e  

c e l l ,  and t h e  s a l t  f lows  i n t o  t h e  r e g i o n  a d j a c e n t  t o  t h e  anode and 

ca thode .  A f t e r  e x i t i n g  €rom t h e  c e l l ,  t h e  s a l t  and bismuth flow t o  a 

m i x e r - s e t t l e r  t a n k ,  where they  a re  e q u i l i b r a t e d  i n  o r d e r  to r e v e r s e  

the r e a c t i o n  carr ied out: i n  t h e  c e l l .  F i g u r e s  52 and 53 show t h e  

equipment b e f o r e  thermal  i n s u l a t i o n  w a s  a p p l i e d ,  w h i l e  F ig .  54 shows 

i t  a f t e r  i n s t a l l a t i o n  i n  a walk-in hood i n  Bldg. 3541. 

8 . 2  Cel l  Containment Vessel 

The c e l l  coiitairunent v e s s e l  (F ig .  52) i s  a 16--in.-diam, 21-in.-  

h igh  vessel c o n s t r u c t e d  of 1 /4- in . - th ick  s t a i n l e s s  s t e e l ,  The u s a b l e  

space  i s  15-1/2 i n .  i n  d iameter  and 1 6  i n .  deep.  The nominal o p e r a t i n g  

tempera ture  i s  600°C. Two s i g h t  g l a s s e s ,  p laced  180" a p a r t  i n  the ves- 

sel  wall, a l l o w  v i s u a l  o b s e r v a t i o n  OC t h e  c e l l .  P o r t s  i n  t h e  top  f l a n g e  

a l low t h e  c e l l  e f f l u e n t  streams t o  be sampled. An argon atmosphere i s  

provided.  

8 .3  Mixer-Settler Vessel 

The m i x e r - s e t t l e r  v e s s e l  (F ig .  55) i s  a ca rbon- s t ee l  h o r i z o n t a l  

t ank ,  8 i n .  i n  d iameter  w i t h  d i shed  heads ,  and h a s  a t o t a l  c a p a c i t y  

of abou t  960 i n .  . This  vessel  is  d i v i d e d  i n t o  a mixing chamber and 

a s e t t l i n g  chamber by an i n t e r n a l  p a r t i t i o n .  The mixing chamber con- 

t a i n s  a motor-dr iven a g i t a t o r  surrounded by f o u r  f i x e d  b a f f l e s  f o r  

e f f i c i e n t  mixing. A hermetica1.I.y s e a l e d  magnet ic  c l u t c h  couples  a 

va r i ab le - speed  motor t o  t h e  t ank  a g i t a t o r .  The a g i t a t o r  b l a d e s  and 

sliaf t are c o n s t r u c t e d  o f  molybdenum. Thermocouple w e l l s  and bubbler  

t ubes  f o r  measuring t h e  l i q u i d  l e v e l  are provided;  bo th  are  made of 

molybdenum. 

3 

8 .4  Gas-Lif t  Pumps 

T e s t s w i t h  mercury have shown t h a t  g a s  l i f t s  a re  s u i t a b l e  f o r  pump- 

ing  dense  l i q u i d s  l5 a t  l o w  f low rates .  T ~ 7 0  g a s - l i f t  t u b e s  (% 0 . 3  i n .  
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P HOT0 96092 

Fig. 52. Flow Electrolytic Cell Test Facility During Construction. 
View of cell containment vessel and gas-liquid separator vessels. 
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96093 

Fig. 53. Flow E l e c t r o l y t i c  C e l l  T e s t  F a c i l i t y  During Cons t ruc t ion .  
V i e w  of m i x e r - s e t t l e r  v e s s e l .  
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Fig. 55. D i a g r a m  of M i x e r - S e t t l e r  V e s s e l .  
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1 D )  a r e  used i n  p a r a l l e l  f o r  pumping t h e  bismuth;  one tube  is  used f o r  

pumping s a l t .  The salt pump and t h e  bismuth pump have submergences of 

about  58% and about  54% of t h e  l i f t  h e i g h t ,  r e s p e c t i v e l y ,  

8 . 5  Orifice--Head P o t  Flowmeters 

The g a s - l i q u i d  mix tu res  from t h e  g a s - l i f t  pumps d i s c h a r g e  i n t o  two 

4-in.-diam by 7-in.-long c a r b o n - s t e e l  disengagement vessels (F ig .  5 2 ) ,  

which s e p a r a t e  t h e  g a s  and t h e  l i q u i d  phases  as w e l l  as damp s u r g e s  i n  

t h e  l i q u i d  f low ra te  t o  t h e  c e l l  vessel .  

i n  F ig .  56 and i n  d e t a i l  i n  F i g .  57) i s  d i v i d e d  i n t o  two c o n c e n t r i c  com- 

pa r tmen t s .  The ou te r  compartmeuI: c o n t a i n s  b a f f l e s  f o r  s e p a r a t i n g  t h e  g a s  

and l i q u i d  phases; t h e  i n n e r  compartment i s  des igned  t o  produce a pool  of 

q u i e s c e n t  l i q u i d  over  t h e  o r i f i c e  through which t h e  l i q u i d  d i s c h a r g e s .  

The d e p t h  of l i q u i d  above t h e  o r i f i c e  i s  measured t o  p rov ide  an i n d i c a t i o n  

of 1iqui.d f l o w  rate. The o r i f i c e  i s  l o c a t e d  i n  a p l a t e  a t t a c h e d  t o  a 

spr ing-loaded c a r t r i d g e .  

d i f f e r e n t  s i z e  is  d e s i r e d .  

d e s i g n  i s  d i s c u s s e d  i n  Sect .  9. 

Each vessel (shown s c h e m a t i c a l l y  

Th i s  p l a t e  can  be removed i f  an o r i f i c e  of a 
C a l i b r a t i o n  of o r i f i c e s  i n  a head po t  of t h i s  

8.6 Sa l t -Meta l  Treatment  Vessel 

The s a l t  and t h e  bismurh used i n  t h e  system must be  p u r i f i e d  by 

spa rg ing  w i t h  HF and hydrogen p r i o r  t o  i n t r o d u c t i o n  t o  t h e  sys t em,as  

w e l l  as p e r i o d i c a l l y  d u r i n g  t h e  expe r imen ta l  program. 

removes ox ide  impur - f t i e s  and r educes  c o r r o s i o n  product  f l u o r i d e s  t o  

t h e  cor responding  metals, which can  be removed by f i l t r a t i o n .  The 

t r ea tmen t  vessel  i s  a 16-in.-OD by 17-1/2-in.-high vessel c o n s t r u c t e d  

of 1 /4 - in . - th i ck  304 t y p e  s t a i n l e s s  s t ee l .  

c r u c i b l e  f o r  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 .  Thermowells, spa rge  l i n e s ,  

a t r a n s f e r  l i n e ,  and bubb le r  t u b e s  made of molybdenum are provided .  

The t r a n s f e r  l i n e  from t h e  treatment vessel  c o n t a i n s  a f i l t e r  t h a t  con- 

sists of  a 4-in.-diam by 1/8-in.-thic:k porous molybdenum d i s k  having a 

mean pore  d iameter  of about  30 u. 

Such t r e a t m e n t  

It c o n t a i n s  a g r a p h i t e  

.... 
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F i g .  5 6 .  
Flow Measurement. 

Diagram of Vessel f o r  Liquid-Gas  S e p a r a t i o n  and L i q u i d  
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8.7  E l e c t r o l y t i c  C e l l  

A p o r t i o n  of t h e  f i r s t  e l e c t r o l y t i c  c e l l  t o  be t e s t e d  i s  shown i n  

F i g .  58. The vessel ,  which w i i l  c o n t a i n  bo th  the  bismuth ca thode  p o o l  

and t h e  e l e c t r o l y t e  pool ,  i s  f a b r i c a t e d  of s e c t i o n s  of 5-in.  and 8- in .  

sched 40 ca rbon- s t ee l  p ipe .  The i n l e t  r e s e r v o i r s  f o r  t h e  bismuth and 

t h e  s a l t  streams, made of 1- in .  sched 40 p ipe ,  a r e  connected t o  t h e  

main c e l l  v e s s e l  by 1- in . - long s e c t i o n s  of 3/4- in .  tub ing .  

and t h e  metal l eve ls  a re  set  by t h e  h e i g h t  of a vented  1/2-in.-diam 

over f low l i n e  f o r  each  stream. 

The s a l c  

P re l imina ry  tests wi rh  a L u c i t e  model of t h e  vessel  (F ig .  59) were 

made w i t h  mercury and wa te r .  

mercury through t h e  c e l l  vessel  a t  f low r a t e s  up t o  0.35 gpm ( s l i g h t l y  

below t h e  non ina l  bismuth f low r a t e ) .  

f l ow measurement w e r e  e f f e c t e d  by a L u c i t e  model of t h e  or i f ice- -head  

p o t s  desc r ibed  ea r l i e r .  I n  g e n e r a l ,  t h e  L u c i t e  model performed sat is-  

f a c t o r i l y  w i t h  wa te r  flow ra tes  up t o  0.25 gpm. These tests r e s u l t e d  

i n  t h e  fo l lowing  o b s e r v a t i o n s ,  and t h e  i n d i c a t e d  changes were incor -  , 

pora ted  i n  t h e  d e s i g n  of t h e  v e s s e l  shown i n  F i g .  58. 

An a i r - l i f t  pump w a s  used t o  c i r c u l a t e  

Gas disengagement and mercury 

1. The s m a l l  amount of s p l a s h i n g  i n  t h e  metal i n l e t  r e s e r v o i r  

could be  conta ined  e a s i l y  w i t h  a l o o s e - f i t t i n g  s p l a s h  s h i e l d  

a t  t h e  top  of t h e  i n l e t  r e s e r v o i r .  I n  t h e  a c t u a l  v e s s e l ,  

s p l a s h i n g  a t  t h e  over f low l i n e s  %.ill b e  prevented  by ter- 

mina t ing  t h e  end of t h e  over f low l i n e  below t h e  l e v e l  of 

l i q u i d  i n  t h e  over f low s t ream sampling r e s e r v o i r .  

2 .  F r i c t i o n a l  l o s s e s  i n  t h e  1 /2- in .  i n l e t  l i n e s  and 3/8- in .  

over f low l i n e s  of t h e  mock-up caused t h e  l e v e l s  i n  t h e  
i n l n t  ~ P C : Q Y T ~ ~ ? Y C  tn  hP pxrpqqivplv h i e h .  T h e s e  lines were 
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PHOTO 98322 

e- 

F i g .  58. C e l l  Vessel f o r  Flowing S a l t  and Bismuth Streams Through 
t h e  Bismuth Cathode Pool  and t h e  E l e c t r o l y t e  Pool .  



Fig .  59. L u c i t e  Mock-up of C e l l  Vessel f o r  T e s t i n g  t h e  C a p a b i l i t y  of 
t h e  C e l l  Vessel f o r  Handl ing t h e  Flowing Streams.  
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8.8 Power Supply 

The dc power supply has  an  o u t p u t  of 0 t o  24 V ,  a maximum c u r r e n t  

of 750 A ,  and a 4.2% r m s  a c  component. The u n i t ,  which can be  c o n t r o l l e d  

remote ly ,  h a s  p r o v i s i o n s  f o r  au tomat ic  v o l t a g e  c o n t r o l  as  w e l l  a s  auto-  

ma t i c  c u r r e n t  c o n t r o l .  (Or, if d e s i r e d ,  i t  can be  c o n t r o l l e d  manual ly . )  

The au tomat i c  v o l t a g e  c o n t r o l  w i l l  ma in ta in  c o n s t a n t  v o l t a g e  w i t h i n  2 2% 

i n  t h e  0- t o  24-V range;  t h e  au tomat ic  c u r r e n t  c o n t r o l  w i l l  m a i n t a i n  

c o n s t a n t  c u r r e n t  w i t h i n  2 2% i n  t h e  range  75 t o  750 A. 

8 . 9  S t a t u s  of Equipment 

Except f o r  t h e  power supply ,  a l l  of t h e  equipment f o r  t h e  Flow 

E l e c t r o l y t i c  C e l l  F a c i l i t y  has  been i n s t a l l e d .  The power supply  has  

been r ece ived .  A l l  of t h e  e l e c t r i c a l  work a s s o c i a t e d  w i t h  thermocouples 

and h e a t e r  power s u p p l i e s  has  been completed.  

9 .  CALIBRATION OF AN ORIFICE--HEAD POT FLOWMETER 
WITH MOLTEN SALT AND BISMUTH 

C .  W .  Kee B. A. Hannaford 

The Flow E l e c t r o l y t i c  C e l l  F a c i l i t y  (FECF) d i scussed  i n  S e c t .  8 

c o n t a i n s  or i f ice- -head  pot  f lowmeters  f o r  measuring t h e  rates a t  which 

sa l t  and bismuth f low through t h e  tes t  c e l l .  C a l i b r a t i o n  and s t u d y  of 

t h e s e  u n i t s ,  which a re  of a nonstandard d e s i g n  (Sec t .  8 . 5 ) ,  are be ing  

c a r r i e d  o u t  p r i o r  t o  o p e r a t i o n  of t h e  FECF t o  ensu re  t h a t  u n c e r t a i n t i e s  

i n  f low rates w i l l  be  a c c e p t a b l y  small. 

The i n i t i a l  tests were c a r r i e d  o u t  w i t h  t r a n s i e n t  f lows  of bo th  

water and mercury through a L u c i t e  model. Subsequent ly ,  tes ts  were 

c a r r i e d  o u t  w i t h  b o t h  t r a n s i e n t  and s t e a d y  f lows  of sa l t  and bismuth 

i n  a metal or i f ice--head po t  f lowmeter.  Details  of t h e  tests and t h e  

d a t a  t h a t  were ob ta ined  a re  d i scussed  i n  t h e  remainder  of t h i s  s e c t i o n .  
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9 . 1  Mathematical  Ana lys i s  

Flow through a s t anda rd  sharp-edged o r i f i c e  can  be  p r e d i c t e d  from 

t h e  r e l a t i o n  

--_. -r 

Qp = Cd A -  2pAP,  

where Q = f low r a t e  of t h e  l i q u i d ,  

p = d e n s i t y  of t h e  l i q u i d ,  

A = c r o s s - s e c t i o n a l  area of t h e  o r i f i c e ,  

AP = p r e s s u r e  drop  a c r o s s  t h e  o r i f i c e ,  

Cd = o r i f i c e  c o e f f i c i e n t .  

The o b j e c t i v e s  of t h e  p r e s e n t  s t u d i e s  are  twofold: 

a p p l i c a b i l i t y  of t h i s  r e l a t i o n  t o  t h e  or i f ice- -head  pot  f lowmeters ,  and 

( 2 )  t o  de t e rmine  t h e  o r i f i c e  c o e f f i c i e n t .  The o r i f i c e  c o e f f i c i e n t  can  

be  c a l c u l a t e d  d i r e c t l y  from Eq. ( 2 4 )  by u s i n g  d a t a  ob ta ined  d u r i n g  s t e a d y  

f low,  o r  from a more conven ien t  r e l a t i o n  t h a t  w a s  d e r i v e d  f o r  u s e  w i t h  

t r a n s i e n t  f low. 

(1) t o  v e r i f y  t h e  

I n  t h e  t r a n s i e n t  f low tests, t h e  head p o t  w a s  f i r s t  f i l l e d  w i t h  

mol ten  sa l t  o r  bismuth t o  t h e  d e s i r e d  l e v e l .  Then t h e  f l u i d  w a s  allowed 

t o  d r a i n  from i t ,  and t h e  l i q u i d  l e v e l  w a s  determined s e v e r a l  times d u r i n g  

t h e  d r a i n a g e  p e r i o d .  S ince  t h e  head p o t  i s  of c o n s t a n t  c r o s s  s e c t i o n ,  t h e  

d i s c h a r g e  r a t e  is  r e l a t e d  t o  changes i n  t h e  l i q u i d  l e v e l  i n  t h e  head p o t  

du r ing  t h e  d r a i n a g e  pe r iod  as f o l l o w s :  

( 2 5 )  
d l  
d t  h’ Q = - A  

where Q = l i q u i d  d i s c h a r g e  rate,  

e = l i q u i d  level  above o r i f i c e ,  

t = t i m e ,  

h A = c r o s s - s e c t i o n a l  area of head po t .  
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The p r e s s u r e  drop  a c r o s s  t h e  o r i f i c e  is  re la ted  t o  t h e  l i q u i d  l e v e l  as 

f o l l o w s  : 

wh.ere g = g r a v i t a t i o n a l  c o n s t a n t .  

‘rhus, E q .  (25) can be writ ten as  

*h dAP Q 5 -I- 

Pg d t  * 

Combining E q s .  ( 2 4 )  and (26)  y i e l d s  

The s o l u t i o n  t o  Eq. (27) ,  w i t h  t h e  i n i t i a l  c o n d i t i o n  t h a t  

is 

Thus, a p l o t  of “JT? vs  t should  yield a s t r a i g h t  l i n e  having a s l o p e  of 

(- CdAg 5/29/2 9,) 
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9.2 Data Obtained from T r a n s i e n t  Flow i n  a L u c i t e  
Orifice--Head Po t  Flowmeter 

During t h e  i n i t i a l  experiments  w i t h  water i n  t h e  L u c i t e  head po t ,  

i t  w a s  observed t h a t  t h e  o r i f i c e  d r a i n  chamber became f i l l e d  w i t h  water 

when t h e  level  i n  t h e  head p o t  was g r e a t e r  than  about  0.5 i n .  A sub- 

merged o r i f i c e  i s  u n d e s i r a b l e  f o r  t h i s  or i f ice- -head  p o t  d e s i g n  s i n c e  

t h e  p r e s s u r e  downstream of t h e  o r i f i c e  w i l l  n o t  be  known u n l e s s  t h e  

downstream chamber i s  f i l l e d  w i t h  gas .  Th i s  problem was so lved  by 

e n l a r g i n g  t h e  o r i f i c e  d r a i n  chamber and conduct ing  a l l  subsequent  ex- 

per iments  w i t h  a n  unsubmerged o r i f  ice .  

The times r e q u i r e d  f o r  t h e  head-pot level  t o  r e a c h  c e r t a i n  pre-  

determined p o i n t s  were measured i n  t e n  r u n s  w i t h  water and t h r e e  r u n s  

w i t h  mercury.  The measured v a l u e s  were averaged f o r  each  head-pot 

l eve l ;  t h e  r e s u l t i n g  d a t a  f o r  water and mercury are  shown i n  F i g s .  60 

and 61, r e s p e c t i v e l y .  

Over most of t h e  range  of f low rates  s t u d i e d ,  c o n s t a n t  o r i f i c e  

c o e f f i c i e n t s  were observed w i t h  b o t h  water and mercury. As expec ted ,  

a d e c r e a s e  i n  o r i f i c e  c o e f f i c i e n t  occur red  a t  low f low rates.  However, 

one would n o t  normally o p e r a t e  i n  t h i s  r e g i o n ,  s i n c e  s i g n i f i c a n t  e r r o r s  

i n  p r e s s u r e  d rop  could  r e s u l t  from u n c e r t a i n t i e s  i n  t h e  d i f f e r e n t i a l  

p r e s s u r e  t r a n s m i t t e r  zero  and i n  t h e  d i s t a n c e  between t h e  o r i f i c e  and 

t h e  bubbler  t ube  used f o r  measuring t h e  upstream p r e s s u r e .  

9 .3  Data Obtained from T r a n s i e n t  Flow i n  a Metal 
Orifice--Head P o t  Flowmeter 

Four experiments  were r u n  i n  which t h e  d r a i n a g e  of mol ten  s a l t  o r  

bismuth from a m i l d - s t e e l  head pot  w a s  observed.  The d a t a  ob ta ined  w i t h  

bismuth (F igs .  62 and 6 3 )  i n d i c a t e  a c o n s t a n t  o r i f i c e  c o e f f i c i e n t  having 

a v a l u e  of 0.646,  which i s  approximate ly  e q u a l  t o  t h e  o r i f i c e  c o e f f i c i e n t  

ob ta ined  w i t h  mercury (0 .663) .  Dev ia t ion  of t h e  p o i n t s  from t h e  l i n e  i n  

t h e  e a r l y  p a r t  o f  t h e  experiment  ( s e e  F ig .  6 3 )  r e s u l t s  from the f a c t  t h a t  

bismuth w a s  s t i l l  f lowing  i n t o  the head pot  d u r i n g  t h i s  p e r i o d .  
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The d a t a  o b t a i n e d  w i t h  s a l t  (P igs .  64 and 65) a l s o  show a c o n s t a n t  

o r i f i c e  c o e f f i c i e n t .  The v a l u e  of t h i s  c o e f f i c i e n t  (0.402) i s  lower than 

t h a t  ob ta ined  w i t h  water (0.709) and r e f l e c t s  t h e  h ighe r  v i s c o s i t y  of 

t h e  molten sa l t .  

9 .4  Data Obtained from Steady Flow of Bismuth i n  a Metal 
Orifice--Head Po t  Flowmeter 

Three c a l i b r a t i o n  exper iments  were made i n  which a s t e a d y  f low of 

bismuth w a s  main ta ined  through t h e  m i l d - s t e e l  head p o t .  O r i f i c e  c o e f f i -  

c i e n t s  c a l c u l a t e d  from d a t a  ob ta ined  d u r i n g  f o u r  p e r i o d s  of c o n s t a n t  

p r e s s u r e  drop  a c r o s s  t h e  0.118-in.-diam o r i f i c e  are g iven  i n  Table  5. 
Although t h e  o r i f i c e  c o e f f i c i e n t  v a l u e s  a g r e e  f a v o r a b l y  w i t h  t h e  ave rage  

v a l u e  o b t a i n e d  w i t h  t r a n s i e n t  f low ( 0 . 6 4 6 ) ,  a d d i t i o n a l  d a t a  a r e  needed 

t o  reduce  t h e  Level of u n c e r t a i n t y  i n  t h e  v a l u e  of t h e  o r i f i c e  c o e f f i -  

c i s n t .  The o r i f i c e  was removed p e r i o d i c a l l y  f o r  i n s p e c t i o n  d u r i n g  t h e s e  

exper iments .  No ev idence  of c o r r o s i o n ,  p lugging ,  o r  d e p o s i t i o n  w a s  noted.  

Table  5. Data Obtained from C a l i b r a t i o n  of a 0.118-in.-diam 
O r i f i c e  w i t h  S teady  Flows of Bismuth a t  600°C 

Dura t ion  of O r i f  i c e  
S teady  Flow Reyno Id  s Orif  i c e  

(min) Number C o e f f i c i e n t  
-.-. 

16.5 20 9 200 0.G 
12.0 29,800 0.623 

2 .25  47,300 0.82 
8.25 49 ,800  0.68 

LO.  BISMUTH-SALT INTEIU’ACE DETECTOR 

J .  Roth L.  E .  McNeese 

A salt-metal  i n t e r f a c e  d e t e c t i o n  d e v i c e  i s  needed f o r  t h e  d e t e c t i o n  

and c o n t r o l  of t h e  i n t e r f a c e  l o c a t i o n  i n  salt-metal e x t r a c t i o n  col.umns. 

Such a d e v i c e  may a l s o  pe rmi t  the d e t e c t i o n  of uncoalesced  bismuth i n  
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t h e  v i c i n i t y  of t h e  i n t e r f a c e .  

i n d u c t i o n  probe developed a t  Argonne N a t i o n a l  Laboratory” h a s  been 

b u i l t ,  and a s t u d y  of t h i s  probe  i s  p r e s e n t l y  under way. 

A modi f ied  v e r s i o n  of a l i q u i d - l e v e l  

10 .1  Inductance  C o i l  

The induc tance  c o i l ,  shown i n  F i g .  66, c o n s i s t s  of a 12-in.-long 

The platlinum w i r e  is  wound b i f i l a r  winding of 30-gage p la t inum w i r e .  

i n  grooves ,  which have been machined i n t o  t h e  s u r f a c e  of a t u b u l a r  

l a v i t e  form having a n  o u t s i d e  d iameter  of 15/16 i n .  and a n  i n s i d e  

d iameter  of 9/16 in .  These grooves  a re  0.015 i n .  wide,  0.015 i n .  deep 

w i t h  a round bottom, and a re  s e p a r a t e d  by 0.035 i n .  of l a v i t e .  The c o i l  

c o n t a i n s  ten t u r n s  per  i nch .  P r o t e c t i v e  c o l l a r s ,  1 i n .  wide by 1-7/16 i n .  

i n  d i ame te r ,  are l o c a t e d  a t  each  end of t h e  c o i l .  The c o i l  l e a d s  are 

twi s t ed  p a i r s  t o  ensu re  minimal connec t ing  l e a d  inductance .  The e n t i r e  

assembly has  been coa ted  with a ceramic g l a z e  

of e x t e r n a l  s h o r t i n g  of t h e  c o i l s .  

% 
t o  reduce  t h e  p o s s i b i l i t y  

1.0.2 E l e c t r o n i c s  System 

The i n p u t  t o  t h e  pr imary c o i l  i s  supp l i ed  by a Wavetek Funct ion  
ik k 

Genera tor  Model 110 and is  t y p i c a l l y  20 kc a t  2 V.  The o u t p u t  of t h e  

secondary  c o i l  is  a m p l i f i e d  t o  about  6 V, r e c t i f i e d ,  and f i l t e r e d .  The 

r e s i d u a l  c u r r e n t  i s  suppressed  t o  e l i m i n a t e  t h e  ze ro - l eve l  s i g n a l ,  and 

t h e  d i f f e r e n t i a l  v o l t a g e  ( e . g . ,  10 mV dc)  is  a m p l i f i e d  and f e d  t o  a 

s t r i p - c h a r t  r e c o r d e r .  When t h e  e l e c t r o n i c s  f o r  t h i s  system have been 

t e s t e d  under c o n d i t i o n s  s i m i l a r  t o  t h o s e  which w i l l  b e  encountered i n  

a c t u a l  p r a c t i c e ,  t h e  wi r ing  diagram w i l l  b e  f i n a l i z e d  and r e p o r t e d .  

* 
0-900 g l a z e  marketed by t h e  Phys ica l  Sc iences  Corpora t ion ,  a sub- 
s i d i a r y  of t h e  F r i d e n  S inge r  Co., Arcadia ,  C a l i f .  

** 
Obtained from Wavetek Corpora t ion ,  San Diego, C a l i f .  
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F ig .  66. B i s m u t h - S a l t  Interface D e t e c t o r  C o i l .  
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10.3 A u x i l i a r y  Equipment 

A l i q u i d  bismuth r e s e r v o i r  h a s  been des igned  and w i l l  b e  f a b r i c a t e d  

from carbon s tee l .  C a p a b i l i t i e s  f o r  i n  s i t u  p u r i f i c a t i o n  of t h e  bismuth 

and f o r  c o n t r o l  of t empera tu re ,p re s su re ,  and cover  g a s  have been provided .  

The i n t e r f a c e  d e t e c t o r  w i l l  be  mounted f o r  t e s t i n g  on a seamless type  

316 s t a i n l e s s  s t ee l  tube  having a 0.065-in.  w a l l  and a n  o u t s i d e  d iameter  

of 0.500 i n .  The p o r t i o n  of t h e  i n s i d e  l e n g t h  of t h e  tube  t h a t  w i l l  be  

i n  c o n t a c t  w i t h  l i q u i d  bismuth i s  be ing  coa ted  w i t h  a 0.005-in. l a y e r  of 

t ungs t en .  S i m i l a r l y ,  t h e  p o r t i o n  of t h e  o u t s i d e  d iameter  of t h e  tube  

t h a t  w i l l  be  l o c a t e d  i n s i d e  t h e  l i q u i d  bismuth r e s e r v o i r  w i l l  be  coa ted  

w i t h  a 0.005-in. l a y e r  of t u n g s t e n  t o  p rec lude  t h e  p o s s i b i l i t y  of a 

r e a c t i o n  t ak ing  p l a c e  between t h e  bismuth and t h e  s t a i n l e s s  s t e e l .  

11. STRIPPING OF ThF4 FROM MOLTEN SALT BY REDUCTIVE EXTRACTION 

L .  E .  McNeese C .  P. Tung 

E f f i c i e n t  o p e r a t i o n  of t h e  r e d u c t i v e  e x t r a c t i o n  system f o r  rare- 

e a r t h  removal r e q u i r e s 1 6  t h a t  o n l y  a n e g l i g i b l e  q u a n t i t y  of ThF 

i n  t h e  s a l t  which p a s s e s  through t h e  e l e c t r o l y t i c  c e l l  and r e t u r n s  t o  

t h e  bottom of t h e  e x t r a c t i o n  column. It h a s  been proposed t h a t  t h i s  low 

ThF c o n c e n t r a t i o n  b e  main ta ined  by s t r i p p i n g  t h e  ThF from s a l t  t h a t  is  

f e d  t o  t h e  c e l l  by c o u n t e r c u r r e n t  c o n t a c t  w i t h  a l i thium-bismuth stream 

produced a t  t h e  c e l l  ca thode .  We have made c a l c u l a t i o n s  showing t h e  

e x t e n t  t o  which ThF can  be  removed from t h e  s a l t  w i t h  a column c o n t a i n i n g  

one t o  f o u r  t h e o r e t i c a l  s t a g e s .  It  w a s  assumed t h a t  t h e  s a l t  e n t e r i n g  t h e  

s t r i p p i n g  column had t h e  composi t ion  72-16-12 mole % LiF-BeF -ThF and 

t h a t  t h e  metal e n t e r i n g  t h e  column c o n s i s t e d  of a l i thium-bismuth mix tu re  

having a l i t h i u m  c o n c e n t r a t i o n  of 0.008 mole f r a c t i o n .  The me ta l - to - sa l t  

molar f low r a t e  r a t i o ,  based on t h e  f e e d  streams, w a s  74.6.  

remain 4 

4 4 

4 

2 4  

The f r a c t i o n  of t h e  ThF remaining i n  t h e  s a l t  stream t h a t  l e f t  t h e  4 
column i s  shown i n  F ig .  67 as  a f u n c t i o n  of t h e  number of t h e o r e t i c a l  

s t a g e s  used.  With one t h e o r e t i c a l  s t a g e ,  t h e  f r a c t i o n  of ThF remaining 4 
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i n  t h e  s a l t  stream i s  approximate ly  0 . 1 2 ;  t h e  f r a c t i o n s  f o r  two, t h r e e ,  

and f o u r  s t a g e s  a r e  0.013, 0.96 x 10 , and 2 .16  x 10 , r e s p e c t i v e l y .  

S ince  the  r e q u i r e d  f r a c t i o n a l  ThF removal is  about  0 .99 ,  t w o  t o  t h r e e  

t h e o r e t i c a l  s t a g e s  w i l l  be  s u f f i c i e n t  t o  ma in ta in  t h e  d e s i r e d  f r a c t i o n a l  

removal of ThF4. 

-4 -7 

4 
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