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SUMMARIES 

nOWSHEET ANALYSIS: ISOLATION OF PROTACTINIUM BY OXIDE PRECIPITATION 

. 

Two f l o w s h e e t s  t h a t  employ ox ide  p r e c i p i t a t i o n  f o r  p r o t a c t i n i u m  

removal are d e s c r i b e d ,  and t h e  e f f e c t s  of s e v e r a l  o p e r a t i n g  pa rame te r s  

on t h e  performance of t h e  f l o w s h e e t s  have been i n v e s t i g a t e d .  

f i r s t  f l o w s h e e t ,  p r o t a c t i n i u m  i s  s e l e c t i v e l y  p r e c i p i t a t e d  from MSBR 

f u e l  sa l t  on a 3-day c y c l e .  The r e s u l t i n g  ox ide  and a small amount of 

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

secondary f l u o r i d e  sa l t  t h a t  i s  c i r c u l a t e d  through a f l u o r i n a t o r  and 

a p r o t a c t i n i u m  decay t ank .  A s m a l l  f r a c t i o n  of t h e  sa l t  l e a v i n g  t h e  

decay t a n k  i s  r e t u r n e d  t o  t h e  pr imary  r e a c t o r  c i r c u i t  t o  compensate 

f o r  sa l t  t h a t  i s  t r a n s f e r r e d  t o  t h e  decay t a n k  a long  w i t h  t h e  ox ide .  

The uranium i s  removed from 10% of t h e  f u e l  s a l t  l e a v i n g  t h e  p r e c i p i -  

t a t o r  by f l u o r i n a t i o n  o r  o x i d e  p r e c i p i t a t i o n ,  and rare e a r t h s  are 

removed from t h e  r e s u l t i n g  sa l t  by t h e  metal t r a n s f e r  p r o c e s s .  The 

p u r i f i e d  sa l t  l e a v i n g  t h e  metal t r a n s f e r  p r o c e s s  i s  combined w i t h  t h e  

uranium removed earlier,  and t h e  r e s u l t i n g  stream i s  r e t u r n e d  t o  t h e  

r e a c t o r .  

60% of t h e  p r o t a c t i n i u m  i s  s e p a r a t e d  from t h e  sa l t  i n  t h e  p r e c i p i t a t o r ,  

p rovided  t h e  f u e l  s a l t  t ransfer  rate t o  t h e  decay t a n k  i s  as low as 

1 0  t o  20 moles/day, For t h e  same p r o t a c t i n i u m  removal t i m e ,  a pro- 

t a c t i n i u m  removal e f f i c i e n c y  of 80% would be  r e q u i r e d  i n  t h e  p r e c i p i t a t o r  

i f  t h e  f u e l  sa l t  t r a n s f e r  rate t o  t h e  decay t a n k  w e r e  as l a r g e  as 3000 

moles/day. 

I n  t h e  

A p r o t a c t i n i u m  removal t i m e  of 5 days  can b e  r e a l i z e d  i f  

The uranium i n v e n t o r y  i n  t h e  decay t a n k  would be  n e g l i g i b l e .  

I n  t h e  second f l o w s h e e t ,  a f l u o r i n a t o r  i s  n o t  used f o r  removal of 

Fue l  sa l t  i s  withdrawn from uranium from t h e  p r o t a c t i n i u m  decay t a n k .  

t h e  r e a c t o r  on a 3-day c y c l e  and combined w i t h  a s a l t  stream t h a t  i s  

withdrawn from t h e  p r o t a c t i n i u m  decay  t ank .  

i n  t h e  r e s u l t i n g  s a l t  stream i s  removed by p r e c i p i t a t i o n ,  and t h e  pre-  

c i p i t a t e  and a s s o c i a t e d  sa l t  are h y d r o f l u o r i n a t e d  i n  t h e  p re sence  of 

p rocessed  f u e l  carrier sa l t  l e a v i n g  t h e  metal t r a n s f e r  p r o c e s s .  The 

r e s u l t i n g  sa l t  stream t h e n  p a s s e s  through a decay  t a n k ,  from which i t  

P a r t  of t h e  p r o t a c t i n i u m  
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is fed to the protactinium precipitator in order to return the uranium 

to the reactor. Operation of the flowsheet is highly dependent on the 

fraction of the protactinium removed in the precipitator and on the 

amount of fuel salt that accompanies the oxide precipitate. 

FLOWSHEET ANALYSIS: REFERENCE PROCESSING PLANT FLOWSHEET 
BASED ON FLUORINATION, REDUCTIVE EXTRACTION, 

AND THE METAL TRANSFER PROCESS 

Operating conditions that will constitute the reference fluori- 

nation--reductive extraction--metal transfer flowsheet were selected, 

and additional calculations were performed to indicate the operating 

characteristics of the flowsheet. Essentially complete extraction of 

the protactinium is achieved with a 10-day processing cycle, a five- 

stage protactinium extractor, a lithium reductant addition rate of 

200 equiv/day, and a uranium removal efficiency of 99% in the primary 

fluorinator. Rare earths are extracted from the fuel salt with removal 

times ranging from 16 to 50 days in a three-stage extractor. A three- 

stage extractor is also used for the selective transfer of the rare 

earths from the bismuth-plus-thorium phase and the extracted rare earths 

to a LiCl stream. The various waste salt streams produced by the pro- 

cessing system are combined into a single stream havingthe composition 

76.3-12.3-9.8-0.64 mole % LiF-ThF -BeF -2rF 0.864 mole % trivalent 

rare-earth fluorides, and 0.114 mole % divalent rare-earth fluorides. 

The waste salt would be discarded from the processing system at the 

rate of 70 ft3 every 220 days. 

4 2 4’ 

FLOWSHEET ANALYSIS: IMPORTANCE OF URANIUM 
INVENTORY IN AN MSBR PROCESSING PLANT 

The MSBR processing flowsheers considered to date have resulted 

in uranium inventories in the processing plant that are quite low, 

usually less than 1% of the inventory in the reactor. Since several 

potential processing flowsheets may result in uranium inventories as 

large as 10% of the reactor inventory, the importance of increases 

in this inventory was examined. It was found that increasing the 

. 
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. p r o c e s s i n g  p l a n t  i n v e n t o r y  from 0 t o  10% would i n c r e a s e  t h e  f u e l  c y c l e  

c o s t  by on ly  0.03 mill/kWhr and would i n c r e a s e  t h e  sys tem doub l ing  

t i m e  from 22 t o  24.2 y e a r s .  It w a s  concluded t h a t ,  w h i l e  t h e r e  are 

i n c e n t i v e s  f o r  m a i n t a i n i n g  a low i n v e n t o r y ,  i n v e n t o r y  v a l u e s  of 5 t o  

10% would n o t  r u l e  o u t  a n  o t h e r w i s e  a t t r a c t i v e  p r o c e s s i n g  system. 

FLOWSHEET ANALYSIS: REMOVAL OF RARE-EARTH FISSION PRODUCTS 
FROM L i C l  I N  THE METAL TRANSFER PROCESS 

C a l c u l a t i o n s  were made t o  de t e rmine  t h e  e f f e c t  of v a r y i n g  t h e  con- 

c e n t r a t i o n  of l i t h i u m  i n  t h e  bismuth s o l u t i o n  used f o r  removing t h e  

t r i v a l e n t  rare e a r t h s  from t h e  L i C l  i n  t h e  metal t r a n s f e r  p r o c e s s ;  t h e  

r e a c t o r  b reed ing  rati.0 w a s  found t o  d e c r e a s e  on ly  s l i g h t l y  (from about 

1 .063  t o  about  1.060) as t h e  l i t h i u m  c o n c e n t r a t i o n  i n  t h e  b ismuth  w a s  

dec reased  from 5 a t .  % t o  approximate ly  1.67 a t .  %. C a l c u l a t i o n s  w e r e  

a l s o  c a r r i e d  o u t  which i n d i c a t e  t h a t  a s i n g l e - s t a g e  e x t r a c t o r  has  essen-  

t i a l l y  t h e  same removal e f f i c i e n c y  f o r  t h e  d i v a l e n t  rare e a r t h s  i n  the 

r e f e r e n c e  f lowshee t  as a two-stage c o n t a c t o r ;  t h u s  t h e  u s e  of a s i n g l e -  

s t a g e  c o n t a c t o r  w a s  adopted.  

FROZEN-WALL FLUORINATOR DEVELOPMENT: EXPERIMENTS ON INDUCTION 
HEATING I N  A CONTINUOUS FLUORINATOR SIMULATION 

An experiment t o  demons t r a t e  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  by t h e  

use of a l a y e r  of f r o z e n  sa l t  i n  a con t inuous  f l u o r i n a t o r  r e q u i r e s  a 

c o r r o s i o n - r e s i s t a n t  h e a t  s o u r c e  t o  b e  p l aced  i n  t h e  mol ten  sa l t .  High- 

f requency  i n d u c t i o n  h e a t i n g  appea r s  t o  be  a n  a c c e p t a b l e  h e a t i n g  method, 

and equipment h a s  been i n s t a l l e d  f o r  s tudy ing  t h i s  method i n  a simu- 

l a t e d  f l u o r i n a t o r  t h a t  u s e s  a 3 1  w t  % HNO s o l u t i o n  i n  p l a c e  of mol ten  

sa l t .  

t h e  p i p e  su r round ing  t h e  a c i d  column, and i n  t h e  i n d u c t i o n  c o i l  are 

p resen ted  f o r  t h e  f i r s t  e i g h t  r u n s .  

3 
Exper imenta l  r e s u l t s  on h e a t  g e n e r a t i o n  rates i n  t h e  a c f d ,  i n  
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PREDICTED CORROSION RATES IN CONTINUOUS FLUORINATORS 
EMPLOYING FROZEN-WALL PROTECTION 

Nickel is the preferred material of construction for fluorinators 

in MSBR processing plants since it exhibits greater resistance to attack 

by gaseous fluorine than other candidate materials. This resistance 

is due to the formation of a tightly adherent film of NiF2, and it is 

proposed that a layer of frozen salt be used to prevent removal of 

the NiF film via dissolution in the molten fluoride mixture that flows 

through the fluorinator. However, it is expected that the NiF film 

will be removed periodically as the result of deviations from the 

desired mode of operation, and an analysis was carried out for estimating 

the resulting corrosion rate under such conditions. It was found that, 

if the NiF film were destroyed 52 times per year, the average yearly 

corrosion rates at 450°C would be 2.9 mils and 0.97 mil for types 200 

and 201 nickel respectively. It appears that either material will 

show satisfactory corrosion resistance if the NiF film is destroyed 

less frequently than once per week. 

2 

2 

2 

2 

PREDICTED PERFORMANCE OF CONTINUOUS FLUORINATORS 

Previous data on the extent of removal of uranium from a molten 

fluoride salt in a 1-in.-diam, open-column fluorinator and recently 

obtained data on axial dispersion in open bubble columns were used to 

develop a mathematical model for predicting the performance of con- 

tinuous fluorinators having diameters ranging from 6 to 12 in. The 

results of the analysis are encouraging since they suggest that single 

fluorination vessels of moderate size will suffice for removing uranium 

from MSBR fuel salt prior to the isolation of protactinium. The ref- 

erence MSBR processing flowsheet requires fluorination of fuel salt 

at the rate of 170 ft /day and a uranium removal efficiency of 99%; 

the present analysis indicates that an 8-in.-diam fluorinator having 

a height of 17.8 ft will meet these requirements. 

3 

. 
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MEASUREMENT OF AXIAL DISPERSION COEFFICIENTS 
AND GAS HOLDUP I N  OPEN BUBBLE COLUMNS 

. 

Measurements of  gas  holdup and a x i a l  d i s p e r s i o n  were made i n  open 

bubble  columns having  d i a m e t e r s  of 1, 1.5, 2 ,  3 ,  and 6 i n .  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 .  

s u r f a c e  t e n s i o n  of t h e  l i q u i d ,  t h e  s u p e r f i c i a l  gas  v e l o c i t y ,  t h e  g a s  

i n l e t - o r i f i c e  s i z e ,  and t h e  number of g a s  i n l e t s  were de termined .  

These d a t a ,  as w e l l  as d a t a  o b t a i n e d  p r e v i o u s l y ,  were used t o  deve lop  

c o r r e l a t i o n s  f o r  p r e d i c t i n g  gas  holdup and a x i a l  d i s p e r s i o n  i n  open- 

column, g a s - l i q u i d  c o n t a c t o r s  such  as con t inuous  f l u o r i n a t o r s  i n  which 

a molten f l u o r i d e  sa l t  i s  c o u n t e r c u r r e n t l y  c o n t a c t e d  w i t h  a gaseous  

mix tu re  of f l u o r i n e  and UF 

The e f f e c t s  of changes i n  t h e  v i s c o s i t y  and 

6 '  

SEMICONTINUOUS REDUCTIVE EXTRACTION EXPERIMENTS 
I N  A MILD-STEEL FACILITY 

W e  have con t inued  t o  o p e r a t e  a f a c i l i t y  i n  which semicont inuous  

r e d u c t i v e  e x t r a c t i o n  exper iments  can  be  c a r r i e d  out  i n  a m i l d - s t e e l  

system. We are p r e s e n t l y  s t u d y i n g  t h e  mass t r a n s f e r  performance of 

an O082-in.-ID, 24-ine-long column packed w i t h  1 /4 - in .  molybdenum 

Raschig r i n g s .  S e v e r a l  exper iments  were c a r r i e d  ou t  p r e v i o u s l y  i n  

which a sa l t  stream c o n t a i n i n g  UF w a s  c o u n t e r c u r r e n t l y  c o n t a c t e d  

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

I n  o r d e r  t o  measure mass t r a n s f e r  rates i n  t h e  column under c l o s e l y  

c o n t r o l l e d  c o n d i t i o n s  and under c o n d i t i o n s  where t h e  c o n t r o l l i n g  

r e s i s t a n c e  i s  no t  i n  t h e  sa l t  phase  ( a s  w a s  t h e  case i n  p r e v i o u s  exper- 

i m e n t s ) ,  p r e p a r a t i o n s  w e r e  begun f o r  exper iments  i n  which t h e  rate 

of  exchange of z i rconium i s o t o p e s  w i l l  be  measured between s a l t  and 

bismuth phases  o t h e r w i s e  a t  chemica l  e q u i l i b r i u m .  

p roduc t ion  

were developed ,  and about  7 m C i  of 9 7 Z r  w a s  added t o  t h e  sa l t  i n  t h e  

f eed  t ank .  

by a l e a k  i n  t h e  sa l t  e x i t  l i n e  from t h e  f e e d  t ank .  

t o  t h e  f e e d  t a n k  and Calrod h e a t e r s  on t h e  v e s s e l  made s a l v a g e  of t h e  

4 

Techniques f o r  t h e  

and cha rg ing  of 9 7 Z r  ( h a l f - l i f e ,  16.8 h r )  t o  t h e  sa l t  

The f i r s t  experiment u s i n g  t h e  9 7 Z r  tracer w a s  i n t e r r u p t e d  

Because damage 



xii 

t ank  i m p r a c t i c a l ,  a new v e s s e l  w a s  f a b r i c a t e d  and i n s t a l l e d .  Examin- 

a t i o n  of a specimen from t h e  o r i g i n a l  v e s s e l  r evea led  t h a t ,  a l t hough  

some g r a p h i t i z a t i o n  of t h e  steel had occur red ,  no ev idence  of e m b r i t t l e -  

ment w a s  p r e s e n t .  

DEVELOPMENT OF THE METAL TRANSFER PROCESS: 
OPERATION OF EXPERIMENT MTE-2 

The second eng inee r ing  experiment (MTE-2) f o r  development of t h e  

metal t r a n s f e r  p rocess  w a s  completed.  

a t  65OOC i n  a 6-in.-diam carbon s t ee l  v e s s e l  t h a t  w a s  d iv ided  i n t o  two 

compartments i n t e rconnec ted  a t  t h e  bottom by a pool  of thor ium-sa tura ted  

molten bismuth. One compartment conta ined  MSBR f u e l  c a r r i e r  sa l t  (72- 

16-12 mole % LiF-BeF2-ThF4) t o  which were added 7 m C i  of 147Nd and 

s u f f i c i e n t  LaF t o  produce a c o n c e n t r a t i o n  of 0.3 mole %. The second 

compartment conta ined  L i C 1 ,  a 35 a t .  % L i - B i  s o l u t i o n  ( i n  a cup) ,  and 

a pump f o r  c i r c u l a t i n g  t h e  L i C l  through t h e  cup a t  t h e  rate of about  
3 25 cm / m i n .  G a s - l i f t  spa rge  tubes  were used t o  d i s p e r s e  d r o p l e t s  of 

bismuth i n  t h e  s a l t  phase and thereby  improve c o n t a c t  of t h e  phases .  

During a 3-month o p e r a t i n g  p e r i o d ,  i n  which a t o t a l  of 563 l i t e r s  of 

L i C l  w a s  c i r c u l a t e d  through t h e  cup con ta in ing  t h e  L i - B i  s o l u t i o n ,  

more than  85% of t h e  lanthanum and more than  50% of t h e  neodymium were 
removed from t h e  f l u o r i d e  s a l t .  No measurable  accumulat ion of thorium 

i n  t h e  L i - B i  s o l u t i o n  ( < l o  ppm) w a s  noted d u r i n g  t h i s  pe r iod .  The 

observed v a l u e s  f o r  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  lanthanum, neo- 

dymium, thorium, and radium dur ing  t h e  experiment were i n  g e n e r a l  

agreement w i t h  t h e  expected va lues .  

of t h e  rare e a r t h s  charged t o  t h e  system could be accounted f o r  through- 

o u t  t h e  experiment .  A much g r e a t e r  d e c r e a s e  w a s  observed i n  t h e  con- 

c e n t r a t i o n  of l i t h i u m  i n  t h e  L i - B i  s o l u t i o n  than  was expec ted ;  t h e  

reason  f o r  t h i s  d i sc repancy  has  not  been determined.  

b e f o r e  t h e  end of t h e  experiment ,  1 v o l  % of f u e l  c a r r i e r  sa l t  w a s  

added t o  t h e  L i C l  i n  o r d e r  t o  s tudy  t h e  e f f e c t  of contaminat ion  of 

t h e  L i C l  w i t h  f l u o r i d e  s a l t .  

were achieved .  

T h i s  experiment was performed 

3 

From 70 t o  100% of t h e  q u a n t i t i e s  

E igh t  days  

A l l  of t h e  o b j e c t i v e s  of t h e  experiment  

. 

. 
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DEVELOPMENT OF THE METAL TRANSFER PROCESS: 
DESIGN OF EXPERIMENT MTE-3 

. 

Design of  t h e  t h i r d  e n g i n e e r i n g  experiment f o r  development of t h e  

metal t r a n s f e r  p r o c e s s  h a s  been i n i t i a t e d .  Th i s  experiment (MTE-3) w i l l  

u s e  sa l t  and bismuth flow rates t h a t  are 1% of t h e  e s t i m a t e d  f low rates 

r e q u i r e d  f o r  p r o c e s s i n g  a 1000-MW(e) r e a c t o r .  Mechanical  a g i t a t o r s  w i l l  

be  used f o r  promoting m a s s  t r a n s f e r  between t h e  salt  and metal phases  i n  

t h e  experiment.  A mathemat ica l  a n a l y s i s  w a s  c a r r i e d  o u t  i n  o r d e r  t o  

select approximate equipment s i ze s  and t o  de t e rmine  o p e r a t i n g  c o n d i t i o n s  

f o r  t h e  system. The experiment w i l l  u s e  about 35 l i t e r s  of MSBR f u e l  

carrier s a l t ,  6 l i ters  of  Th-Bi s o l u t i o n ,  6 l i t e rs  of L i C 1 ,  and about  

5 l i t e r s  of L i - B i  s o l u t i o n  having  an i n i t i a l  l i t h i u m  c o n t e n t  of abou t  

5 a t .  %. The salt-metal c o n t a c t o r  w i l l  be  a 10-in.-diam, two-compartmented 

vessel having  a mechanica l  a g i t a t o r  i n  each  compartment. 

DEVELOPMENT OF MECHANICALLY AGITATED SALT-METAL CONTACTORS 

A program w a s  i n i t i a t e d  f o r  t h e  development of mechan ica l ly  a g i t a t e d  

salt-metal c o n t a c t o r s  as an a l t e r n a t i v e  t o  packed columns p r e s e n t l y  under 

c o n s i d e r a t i o n  f o r  MSBR p r o c e s s i n g  systems. T h i s  t y p e  of c o n t a c t o r  i s  of 

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

env i s ioned  i n  which t h e  bismuth phase would be a nea r - i so the rma l ,  i n t e r -  

n a l l y  r e c i r c u l a t e d ,  c a p t f v e  phase.  It i s  b e l i e v e d  t h a t  such d e s i g n s  w i l l  

be  less dependent on t h e  technology f o r  molybdenum f a b r i c a t i o n  t h a n  would 

a c o u n t e r p a r t  system based on packed columns. 

hydrodynamics of mechan ica l ly  a g i t a t e d  salt-metal c o n t a c t o r s  were c a r r i e d  

o u t  u s ing  mercury and water.  

t h a t  w a s  ope ra t ed  a t  t h e  water-mercury i n t e r f a c e  i n  a manner des igned  t o  

d i s p e r s e  t h e  mercury i n  t h e  water. 

u s  t o  conclude  t h a t  t h e  c o n t a c t o r  should o p e r a t e  under c o n d i t i o n s  t h a t  

minimize d i s p e r s i o n  of  t h e  mercury. 

t h e  g r e a t e s t  p o t e n t i a l  f o r  a c h i e v i n g  e f f e c t i v e  m a s s  t r a n s f e r  rates w i t h  

minimum d i s p e r s i o n  of  t h e  phases .  I n  t h i s  c o n t a c t o r ,  an a g i t a t o r ,  l o c a t e d  

well away from t h e  i n t e r f a c e ,  i s  p r e s e n t  i n  each phase.  

P re l imina ry  tests on t h e  

I n i t i a l l y ,  tests were made u s i n g  a n  a g i t a t o r  

However, r e s u l t s  of t h e s e  tests l e d  

The L e w i s  c o n t a c t o r  appea r s  t o  have 

Each a g i t a t o r  i s  
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ope ra t ed  i n  a manner such t h a t  t h e  phases  are mixed as v igo rous ly  as 

p o s s i b l e  wi thout  a c t u a l l y  d i s p e r s i n g  one i n  t h e  o t h e r .  

t h e  l i t e r a t u r e  on mass t r a n s f e r  rates i n  Lewis-type c o n t a c t o r s  w a s  

reviewed. It w a s  concluded t h a t  t h e  m a s s  t r a n s f e r  rate c o r r e l a t i o n  

developed by L e w i s  may be a p p l i c a b l e  t o  sa l t -b i smuth  systems,  and t h a t  

adequate  m a s s  t r a n s f e r  rates f o r  MSBR p r o c e s s i n g  a p p l i c a t i o n s  should 

be obta ined .  

Informat ion  i n  

HYDRODYNAMICS OF PACKED-COLUMN OPERATION 
WITH HIGH-DENSITY FLUIDS 

S t u d i e s  of t h e  hydrodynamics of packed column o p e r a t i o n  were con- 

t i n u e d ,  u s ing  f l u i d s  w i t h  h igh  d e n s i t i e s  and a l a r g e  d e n s i t y  d i f f e r e n c e .  

Data were obta ined  i n  a 2-in.-diamY 24-in.-long column t h a t  w a s  packed 

w i t h  3/8-in.  Tef lon  Raschig r i n g s  f o r  de te rmining  t h e  dependence of 

d i spersed-phase  holdup,  p r e s s u r e  drop ,  and f l o o d i n g  on t h e  v i s c o s i t y  

of t h e  cont inuous  phase.  An improved r e l a t i o n s h i p  was developed f o r  

p r e d i c t i n g  packed-column performance du r ing  t h e  c o u n t e r c u r r e n t  f low 

of molten sa l t  and bismuth. The e f f e c t s  of w e t t i n g  of t h e  packing 

by t h e  metal phase on m e t a l  phase holdup,  f l o o d i n g ,  and p r e s s u r e  drop 

were a l s o  eva lua ted  i n  a 2-in.-diam, 24-in.-long column packed w i t h  3/8- 

i n .  copper Raschig r i n g s  t h a t  w e r e  wet ted  by t h e  mercury.  The i n t e r -  

f a c i a l  area between t h e  aqueous and mercury phases  w a s  decreased  sub- 

s t a n t i a l l y  when t h e  packing w a s  we t t ed ,  and t h e  column throughput  a t  

f lood ing  w a s  about  40% g r e a t e r  than  w i t h  nonwetted packing.  

ANALYSIS OF MULTICOMPONENT MASS TRANSFER BETWEEN MOLTEN SALTS AND 
L I Q U I D  BISMUTH DURING COUNTERCURRENT FLOW I N  PACKED COLLJMNS 

The t r a n s f e r  of materials between a molten s a l t  and l i q u i d  bismuth 

r e s u l t s  i n  a c o n d i t i o n  where t h e  f l u x e s  of t h e  t r a n s f e r r i n g  i o n s  are 

dependent on b o t h  c o n c e n t r a t i o n  g r a d i e n t s  and e l e c t r i c  p o t e n t i a l  g ra-  

d i e n t s .  Th i s  g r e a t l y  compl i ca t e s  t h e  mass t r a n s f e r  p rocess  and makes t h e  

des ign  of cont inuous  r e d u c t i v e  e x t r a c t i o n  columns d i f f i c u l t .  A math- 

e m a t i c a l  a n a l y s i s  of  mass t r a n s f e r  du r ing  r e d u c t i v e  e x t r a c t i o n  p rocesses  
. 
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. w a s  c a r r i e d  o u t  t o  f a c i l i t a t e  i n t e r p r e t a t i o n  of r e s u l t s  from p r e s e n t  and 

proposed exper iments  i n  packed columns and as a n  a i d  i n  u s i n g  these d a t a  

f o r  t h e  d e s i g n  of l a r g e r  r e d u c t i v e  e x t r a c t i o n  systems. A c a l c u l a t i o n a l  

procedure  w a s  developed f o r  s o l v i n g  t h e  r e s u l t i n g  r e l a t i o n s  w i t h  as many 

as t e n  t r a n s f e r r i n g  materials. P r o v i s i o n  w a s  made f o r  c a l c u l a t i n g  rates 

of mass t r a n s f e r  between s o l v e n t  and e l e c t r o l y t e  phases  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 .  I n  f u t u r e  work, p a r t i c u l a r  a t t e n t i o n  w i l l  b e  p a i d  

t o  t h e  i n f l u e n c e  of t h e  e l e c t r i c  f i e l d  on t h e  rate of m a s s  t r a n s f e r  and 

t o  t h e  d i f f e r e n c e s  t h a t  r e s u l t  from t h e  case where mass t r a n s f e r  rates 

are assumed t o  b e  dependent o n l y  on c o n c e n t r a t i o n  g r a d i e n t s .  

STUDY OF THE PURIFICATION OF SALT BY CONTINUOUS MIITHODS 

S a l t  p u r i f i c a t i o n  s t u d i e s  u s i n g  66-34 mole % LiF-BeF were t e rmina ted  2 
because  of l e a k s  t h a t  r e s u l t e d  i n  t h e  l o s s  of about  h a l f  of t h e  1 4 - l i t e r  

s a l t  cha rge .  The composi t ion  of t h e  remaining sa l t  w a s  a d j u s t e d  t o  t h e  

approximate  composi t ion  of  t h e  proposed MSBR f u e l  sa l t  (72-16-12 mole % 

LiF-BeF2-ThF4). The newly prepared  s a l t  was then  c o u n t e r c u r r e n t l y  con- 

t a c t e d  w i t h  a H2--10% HF m i x t u r e  i n  t h e  packed column i n  o r d e r  t o  remove 

ox ide  from t h e  sal t .  Although a c o n s i d e r a b l e  q u a n t i t y  of  o x i d e  w a s  

removed from t h e  s a l t ,  a s i g n i f i c a n t  q u a n t i t y  s t i l l  remained i n  t h e  

column. I n  t h e  two f l o o d i n g  r u n s  and one i r o n  f l u o r i d e  r e d u c t i o n  r u n  

t h a t  were c a r r i e d  o u t  du r ing  t h i s  r e p o r t  p e r i o d ,  t h e  p r e s s u r e  drop  

across t h e  column i n c r e a s e d  s u f f i c i e n t l y  t o  make o p e r a t i o n  of t h e  system 

d i f f i c u l t ,  The column w a s  t h e n  f i l l e d  w i t h  mol ten  s a l t ,  and a n  HF-H 

stream w a s  allowed t o  c o n t a c t  t h e  s t a t i c  s a l t  cha rge  f o r  a pe r iod  of 

1 8  h r  i n  o r d e r  t o  remove t h e  ox ide  from t h e  column. A f t e r  t h i s  opera- 

t i o n  had been determined t o  be s u c c e s s f u l ,  e i g h t  a d d i t i o n a l  i r o n  f l u -  

o r i d e  r e d u c t i o n  r u n s  were completed. Opera t ion  of t h e  system w a s  smooth 

i n  each  case, and t h e  p r e s s u r e  drop  a c r o s s  t h e  column remained low. 

ever, t h e  r e s u l t s  of  i r o n  a n a l y s e s  of t h e  sa l t  samples from t h e  r u n s  

w e r e  i n c o n s i s t e n t .  

c o n c e n t r a t i o n  i n  t h e  system, a l though  sample contaminat ion  was suspec ted  

i n  some cases. 

2 

How- 

T h i s  i n c o n s i s t e n c y  w a s  p robably  due t o  t h e  low i r o n  
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1. INTRODUCTION 

. 

A molten-salt breeder reactor (MSBR) will be fueled with a molten 

fluoride mixture that will circulate through the blanket and core 

regions of the reactor and through the primary heat exchangers. We 

are developing processing methods for use in a close-coupled facility 

for removing fission products, corrosion products, and fissile materials 

from the molten fluoride mixture. 

Several operations associated with MSBR processing are under study. 
The remaining parts of this report discuss: 

1. the description and analysis of a flowsheet for isolating 

protactinium from NSBR fuel salt by oxide precipitation, 

2. the description of the reference flowsheet for processing 

MSBR fuel salt by the fluorination--reductive extraction-- 

metal transfer process, 

3 .  an analysis of the importance of the uranium inventory 

in a processing plant, 

4. the results of calculations related to the removal of 

rare earths from molten LiCl in the metal transfer 

process, 

5. experiments conducted in a simulated continuous fluorina- 

tor for studying induction heating in molten salt, 

6. predictions of the rate of corrosion of the nickel 

vessel in continuous fluorinators employing frozen- 

wall corrosion protection, 

7. predictions of the extent of removal of uranium in con- 

tinuous fluorinators, 

8. measurement of axial dispersion coefficients and gas 

holdup in open bubble columns and the development of 

correlations for predicting these quantities, 

9. experiments conducted in a mild-steel reductive 

extraction facility, to increase our understanding 
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of t h e  r a t e  a t  which uranium i s  e x t r a c t e d  from molten 

s a l t  i n t o  bismuth i n  a packed column, 

10. o p e r a t i o n  of experiment MTE-2 f o r  demons t r a t ing  t h e  

me ta l  t r a n s f e r  p rocess  f o r  t h e  removal of r a r e  e a r t h s  

from MSBR f u e l  c a r r i e r  s a l t ,  

11. des ign  of experiment MTE-3 f o r  s t u d y i n g  o p e r a t i o n  of 

t h e  me ta l  t r a n s f e r  process  u s i n g  s a l t  and bismuth 

flow r a t e s  t h a t  a r e  1% of t h o s e  expected f o r  p rocess ing  

a 1000-MW(e) MSBR, 

12. development of mechan ica l ly  a g i t a t e d  s a l t - m e t a l  con-  

t a c t o r s ,  

13. s t u d i e s  of f l ood ing ,  d i spe r sed -phase  holdup, and 

p r e s s u r e  drop du r ing  c o u n t e r c u r r e n t  f l o w  o f  l i q u i d s  

having a l a r g e  d i f f e r e n c e  i n  d e n s i t i e s  i n  packed 

columns, 

14. a n a l y s i s  of multicomponent mass t r a n s f e r  between molten 

s a l t s  and l i q u i d  bismuth d u r i n g  c o u n t e r c u r r e n t  f l ow 

i n  packed columns, and 

15 .  s t u d i e s  of t h e  p u r i f i c a t i o n  of s a l t  by con t inuous  

methods. 

This  work was c a r r i e d  ou t  i n  t h e  Chemical Technology D i v i s i o n  d u r i n g  t h e  

per iod October through December 1970. 
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2. FLOWSHEET ANALYSIS: ISOLATION OF 
BY OXIDE PRECIPITATION 

M. J. Bell L. E. McNeese 

PROTACTINIUM 

1 Ross, Bamberger, and Baes 

2 5  

have shown that protactinium can be pre- 

cipitated selectively as Pa 0 

oxide to salt containing Pa5+, and that Pa4+ can be readily oxidized to 

Pa5+ by hydrofluorination. 

Pa 0 

between 550 and 650OC. 

oxide can be precipitated from protactinium-free fuel salt as a UO -Tho2 

solid solution in which the concentration of UO 
4 dependent on the concentration of UF in the salt. Bell and McNeese 

have used the equilibrium data of Bamberger and Baes to calculate the 

performance of a countercurrent multistage uranium oxide precipitator 

and have found that greater than 99% of the uranium can be removed from 

fuel salt as a UO -Tho solid solution that contains less than 10% Tho2 

by using only a few equilibrium stages in which the salt and oxide are 

countercurrently contacted. These results indicate that oxide precipita- 

tion may be an attractive alternative process to fluorination-reductive 

extraction for isolating protactinium and removing uranium from the fuel 

salt of an MSBR. Two flowsheets that employ oxide precipitation are 

described in the remainder of this section, and the effects of several 

operating parameters on the performance of the flowsheets are discussed. 

from MSBR fuel salt by the addition of 

2 Mailen has measured the solubility of 

at temperatures in MSBR fuel salt that is saturated with UO 2 5  2 
Also, Bamberger and Baes3 have found that uranium 

2 
at equilibrium is 2 

4 

2 2 

2.1 Isolation of Protactinium by Oxide Precipitation, and 
Recovery of Uranium Daughters by Fluorination 

Figure 1 presents a flowsheet and typical operating parameters for 

a process which employs oxide precipitation to isolate protactinium from 

MSBR fuel salt and fluorination to recover uranium produced by decay of 

the protactinium. Fuel salt is withdrawn from the reactor on a 3-day 

cycle, and protactinium is selectively removed by precipitation as Pa 0 

The precipitate and a small amount of salt associated with it are hydro- 

fluorinated in the presence of a secondary salt that is circulated,through 

2 5' 
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. A s m a  a f l u o r i n a t o r  and a p r o t a c t i n i u m  decay  t a n  1 f r a c t i o n  of t h e  

s a l t  l e a v i n g  t h e  decay t a n k  i s  r e t u r n e d  t o  t h e  pr imary  r e a c t o r  c i r c u i t  

t o  compensate f o r  sa l t  accompanying t h e  ox ide  p r e c i p i t a t e .  

The main s a l t  stream e x i t i n g  from t h e  p r e c i p i t a t o r  vessel c o n t a i n s  

most of t h e  f i s s i o n  p r o d u c t s  and uranium, p l u s  5 t o  40% of  t h e  pro- 

t a c t i n i u m  i n  t h e  sa l t  l e a v i n g  t h e  r e a c t o r .  Ten p e r c e n t  of t h i s  stream 

i s  p r o c e s s e d t o  rccouTer a l a r g e  f r a c t i o n  of t h e  uranium, and rare e a r t h s  

are removed from t h e  r e s u l t i n g  sa l t  by t h e  m e t a l  t r a n s f e r  p r o c e s s .  P u r i -  

f i e d  sa l t  l e a v i n g  t h e  metal t r a n s f e r  p r o c e s s  i s  combined w i t h  t h e  recov- 

e red  uranium and t h e n  r e t u r n e d  t o  t h e  r e a c t o r .  Removal of t h e  uranium 

c a n  be  accomplished e i t h e r  by f l u o r i n a t i o n  o r  by ox ide  p r e c i p i t a t i o n .  

A mathemat ica l  a n a l y s i s  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  p o r t i o n  of 

t h e  f lowshee t  w a s  c a r r i e d  o u t  u s i n g  t h e  nomencla ture  shown i n  F i g .  2 .  

The fo l lowing  material b a l a n c e  r e l a t i o n s  can  be  w r i t t e n  f o r  p r o t a c t i n i u m :  

and 

where 

FO = (F + FS)*PEFF'CPl , 
CP2 = CP1' ( 1  - PEFF) , 

(F + X*VR)*CPR = P + F.CP2 Y 

A'(VR*CPR + VT-CPT) = P Y ( 4 )  

FO + FS.CP2 = (FS + A*VT)'CPT Y (5 1 

FO = f low ra te  of ox ide  l e a v i n g  p r e c i p i t a t o r ,  moles/day, 

FS = f low rate of sa l t  accompanying o x i d e  l e a v i n g  p r e c i p i t a t o r ,  

moles /day ,  

F = f low rate of sa l t  l e a v i n g  t h e  r e a c t o r ,  moles /day ,  

PEFF = p r o t a c t i n i u m  removal e f f i c i e n c y  i n  p r e c i p i t a t o r ,  

X = 233Pa decay  c o n s t a n t ,  day-', 

VR = volume of s a l t  i n  r e a c t o r ,  moles ,  

VT = volume of s a l t  i n  p r o t a c t i n i u m  decay t a n k ,  moles,  

CP = c o n c e n t r a t i o n  of p r o t a c t i n i u m  i n  sa l t  a t  p o i n t  denoted by 

s u f f i x  (de f ined  be low) ,  mole f r a c t i o n .  
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The suffixes 1, 2, 3, 4, R, and T refer to the following locations in 

the flowsheet: 1, entering precipitator; 2, entering hydrofluorinator; 

3, leaving hydrofluorinator; 4, entering protactinium decay tank; R, 

leaving reactor; and T, leaving Pa decay tank. In the analysis, the 

quantities F, PEFF, P, VR, VT, and X are k n b w n  and the ratio FS/FO is 

specified. The quantities FO, FS, CP1, CP2, CPR, and CPT are to be 

determined. It should be noted that Eq. (4) implies that a negligible 
fraction of the total protactinium inventory is in the metal transfer 

system and assumes no removal of protactinium except by radioactive 

decay. However, as much as 5% of the protactinium inventory may be 

present in the metal transfer system in an actual processing plant. 

The equations to be solved are nonlinear because of the manner in which 

the unknown quantity FS enters the relations. 

to solve Eqs. (1)-(5) involved assuming a value for FO, which fixes the 

value for FS and also reduces Eqs. (1)-(4) to a set of four linear 

algebraic equations that can be readily solved for the four unknown 

concentrations. Equation ( 5 )  is then used to improve the estimated 
value for FO, and the procedure is repeated until satisfactory con- 

vergence in the value of FO is obtained. 

protactinium throughout the system and the quantities FO and FS have 

been determined, the concentrations of uranium throughout the system 

can be determined by the use of the following analogous set of material 

balance relations: 

The algorithm developed 

After the concentrations of 

(F + FS)*CU1 = F'CUR + FS-CUT , (6) 

FS-CUl + (FPS - FS)*CUT = FPSoCU3 , (7) 

CU4 = (1 - H)*CU3 , (8 1 
and 

FPS*CU4 + X*VT*CPT = FPS-CUT , (9) 

where 

CU = concentration of uranium in salt at point denoted by suffix 

defined above, mole fraction, 

H = uranium removal efficiency in fluorinator, 

FPS = salt flow rate from hydrofluorinator, moles/day. 



a 

The quantities H and CUR are assumed to be fixed quantities. In making 

the analysis, it was assumed that the volumes of all vessels except the 

protactinium decay tank were negligible, and that the flow rates of the 

salt streams entering and leaving the fluorinator were equal. 

The effects of several parameters on the performance of the flow- 

sheet were calculated. A s  shown in Fig. 3, the protactinium removal 

time depends on the precipitator efficiency and the rate at which fuel 

salt is transferred to the protactinium decay tank along with the Pa 0 

A protactinium removal time of about 5 days can be realized if 60% of 

the protactinium is removed from the salt in the precipitator, provided 

the salt transfer rate to the protactinium decay tank is as low as 10 to 

20 moles/day (a salt-to-oxide flow rate ratio of 2 to 4 ) .  If the salt- 

to-oxide flow rate ratio were as high as 600, a precipitator efficiency 

of about 80% would be required in order to obtain the same protactinium 

removal time. The uranium inventory in the decay tank depends on the 

efficiency of the fluorinator in the protactinium isolation loop and on 

the amount of fuel salt that is transferred to the protactinium decay 

tank along with the precipitate, as shown in Fig. 4 .  The uranium inven- 

tory in the decay tank will be only a small fraction of the uranium 

inventory in the reactor, and the associated inventory charge will be 

less than 0.001 mill/kWhr for a wide range of operating conditions. 

2 5’ 

2.2 Isolation of Protactinium by Oxide Precipitation Without the Use 
of Fluorination for Recovering 233U Produced by Decay of 233Pa 

A s  shown in Fig. 5, the isolation of protactinium by oxide precipi- 

tation can also be carried out without the use of a fluorinator for 

recovering uranium that is produced by the decay of the 233Pa. In this 

flowsheet, fuel salt is withdrawn from the reactor on a 3-day cycle and 

combined with a salt stream that is withdrawn from the protactinium decay 

tank. Part of the protactinium in the resulting salt stream is removed 

by precipitation as Pa205. The Pa 0 precipitate is hydrofluorinated 2 5  
in the presence of salt exiting from the metal transfer system, and the 

resulting salt stream then passes through a decay tank, where part of 

the 233Pa decays to 233U. The salt stream leaving the protactinium 
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decay tank is combined with the salt entering the precipitator in order 

to return 233U to the reactor without including a large quantity of 

'33pa. 

A mathematical analysis was carried out for the protactinium iso- 

lation portion of the flowsheet, using the nomenclature shown in Fig. 

6. The concentrations of protactinium at various points in the flow- 
sheet are defined by the following material balance relations: 

(FPS + F ) * C P l  = F'CPR + FPS-CPT , (10) 

FPS'CPJ = (FPS + A.VT).CPT , (13 ) 

CP2 = (1 - PEFF).CPl , (14 ) 

and 

The quantities F, FPS, VR, VT, P, and A are known; the ratio FS/FO is 

specified; and the values of CP1, CP2, CP3, CPR, CPT, FO, and FS are to 

be determined. The equations were linearized by assuming a value for 

FO, and E q s .  (10)-(14) were solved for the five unknown concentrations. 

Equation ( 1 5 )  was then used to improve the estimate of FO. A s  in the 

analysis for the earlier flowsheet, Eq.  (12)  implies that the protac- 

tinium inventory in the metal transfer system is a negligible fraction 

of the protactinium inventory in the total system. Changes in the 

flow rates of the salt streams through the precipitator and the hydro- 

fluorinator as the result of precipitation and dissolution of oxide 

were neglected. 

The concentrations of uranium in the system are defined by the 

following material balance relations: 

FPS.CU3 = FS.CU1 + (FPS - FS)*CU4 , (17 1 
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CU4 = (1 - H ) * C U 1  , 

FPS.CU3 + A.VT.CIPT = FPS*CUT , 

where 

H = uranium removal e f f i c i e n c y  i n  t h e  s t e p  p r i o r  t o  t h e  me ta l  

t r a n s f e r  system, 

and t h e  o t h e r  q u a n t i t i e s  a r e  a s  de f ined  p r e v i o u s l y .  

The mathematical  model d e s c r i b i n g  o p e r a t i o n  of t h e  p r o t a c t i n i u m  

i s o l a t i o n  system was used t o  i n v e s t i g a t e  t h e  e f f e c t s  of s e v e r a l  o p e r a t i n g  

parameters  on t h e  performance of t h e  f lowshee t .  The v a r i a t i o n  of p r o t a c -  

t i n i u m  removal t i m e  w i t h  changes i n  t h e  p r e c i p i t a t o r  e f f i c i e n c y  and t h e  

f r a c t i o n  of t h e  s a l t  from t h e  me ta l  t r a n s f e r  system which i s  f e d  t o  t h e  

p r o t a c t i n i u m  i s o l a t i o n  system a r e  shown i n  F i g .  7 f o r  a p r o t a c t i n i u m  

p rocess ing  c y c l e  t i m e  of 3 days,  a r a r e - e a r t h  p rocess ing  c y c l e  t ime of 

30 days, a decay t a n k  volume of 150 f t  , and a s a l t - t o - o x i d e  molar  r a t i o  

of 40 i n  t h e  s t r eam l e a v i n g  t h e  p r e c i p i t a t o r .  S i n c e  t h e  r a t e  of f l ow of 

s a l t  between t h e  decay t a n k  and t h e  p r e c i p i t a t o r  must be r e l a t i v e l y  

l a r g e  i n  o r d e r  t o  l i m i t  t h e  uranium i n v e n t o r y  i n  t h e  decay tank,  h i g h  

p r e c i p i t a t o r  e f f i c i e n c i e s  a r e  r e q u i r e d  w i t h  t h i s  f l o w s h e e t .  A p r e c i p i -  

t a t o r  e f f i c i e n c y  of about 96% would be necessa ry  i n  o r d e r  t o  o b t a i n  a 

p r o t a c t i n i u m  removal t ime of  5 days.  The uranium i n v e n t o r y  i n  t h e  p r o -  

t a c t i n i u m  decay t a n k  i s  r e l a t i v e l y  s e n s i t i v e  t o  t h e  amount of s a l t  

accompanying t h e  ox ide  i n  t h e  s t r eam l e a v i n g  t h e  p r e c i p i t a t o r ,  a s  shown 

i n  F i g .  8 .  For a s a l t - t o - o x i d e  f low r a t e  r a t i o  of 50 (corresponding t o  

a s a l t  f low r a t e  of - 5000 moles/day), t h e  uranium i n v e n t o r y  w i l l  be 

about 1% of t h e  r e a c t o r  f i s s i l e  i nven to ry  and t h e  a s s o c i a t e d  i n v e n t o r y  

charge w i l l  be  about  0.003 mill/kWhr. However, i f  s e p a r a t i o n  of s a l t  

from t h e  oxide i s  d i f f i c u l t  and s a l t - t o - o x i d e  f low r a t e  r a t i o s  of t h e  

o r d e r  of s e v e r a l  hundred a r e  r e q u i r e d  (corresponding t o  a s a l t  f l ow r a t e  

of about  5 x 10 

decay t a n k  w i l l  be about  5% of t h e  r e a c t o r  f i s s i l e  i n v e n t o r y  and t h e  

a s s o c i a t e d  i n v e n t o r y  cha rge  w i l l  be about  0.015 mill/kWhr. 

3 

4 moles/day),  t h e  uranium i n v e n t o r y  i n  t h e  p r o t a c t i n i u m  
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3. FLOWSHEET ANALYSIS : REFERENCE PROCESSING PLANT FLOWSHEET 
BASED ON FLUORINATION, REDUCTIVE EXTRACTION, 

AND THE METAL TRANSFER PROCESS 

L. E. McNeese 

Previously, we described an improved method for removing rare earths 

from the fuel salt of a single-fluid MSBR and presented calculated results 

on the system performance for a range of operating More 

recently7 we described an improved method for removing protactinium from 

fuel salt. This method is based on the use of fluorination for removing 

uranium and reductive extraction for removing protactinium. The isolated 

233Pa is held for decay to 2331J in a secondary molten fluoride salt. 

also devised a method for combining the various wastes streams produced 

during the isolation of protactinium and during the removal of rare 

earths into a single stream.' 

these three processing methods into a single flowsheet and adopted a 

set of operating conditions that constitute the reference fluorination-- 

reductive extraction--metal transfer flowsheet. 

We 

During this report period, we combined 

The reference flowsheet is shown in Fig. 9. For a 1000-MW(e) MSB% 

fuel salt (71.7-16-12-0.33 mole % LiF-BeF -ThF -UF ) is removed from the 
reactor at the rate of 0.88 gpm, which represents a 10-day processing 
cycle. The salt passes through a delay vessel, which results in an 

average decay period of 30 min, before being contacted with flaorine at 
the rate of 19.3 liters (STP)/min in a continuous fluorinator (employing 

frozen-wall corrosion protection) to remove 99% of the uranium from the 

salt stream. 

required for conversion of the UF4 to UF6. 

leaving the f luorinator is contacted with a 28.3-liter/min hydrogen 

stream in order to remove dissolved fluorine from the salt and to reduce 

the valence of the residual uranium from 5' to 4+. 
then contacted countercurrently with a 0.072-gpm bismuth stream containing 

0.011 equiv of reductant per gram-mole of bismuth in a salt-metal contac- 

tor (which is equivalent to five theoretical stages) in order to extract 

the protactinium and uranium from the salt. The bismuth stream leaving 

2 4 4  

The fluorine feed rate is equivalent to 150% of that 

The fluoride salt stream 

The salt stream is 
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t h e  s a l t - m e t a l  c o n t a c t o r  i s  subsequent ly  con tac t ed  wi th  an  11.8-Iiter/ 

min HF s t ream i n  t h e  presence  of a 0.78-gpm secondary f l u o r i d e  s a l t  

s t r eam i n  o r d e r  t o  t r a n s f e r  t h e  e x t r a c t e d  m a t e r i a l s  (pro tac t in ium,  

uranium, and z i rconium)  t o  t h e  secondary s a l t .  A f t e r  l eav ing  t h e  

h y d r o f l u o r i n a t o r ,  t h e  secondary s a l t  passes  through a f l u o r i n a t o r ,  

where 90% of t h e  uranium i s  removed a s  UF 

min f l u o r i n e  s t ream.  

du r ing  t h i s  s t e p  i s  I - @ . )  

a 2 . 8 - l i t e r / m i n  hydrogen s t ream i n  o r d e r  t o  remove d i s s o l v e d  f l u o r i n e  

and t o  reduce t h e  va l ence  of t h e  r e s i d u a l  uranium from 5+ t o  4+. 
F i n a l l y ,  t h e  s a l t  passes  through t h e  p ro tac t in ium decay tank ,  where 

by c o n t a c t  w i th  a 1 . 5 6 - l i t e r /  6 
(The assumed v a l u e  f o r  t h e  f l u o r i n e  u t i l i z a t i o n  

The secondary s a l t  i s  t h e n  con tac t ed  wi th  

most of t h e  233Pa p r e s e n t  i n  t h e  r e a c t o r  and p rocess ing  p l a n t  i s  h e l d  

f o r  decay t o  233U. 

t h e  h y d r o f l u o r i n a t o r  i s  t aken  from t h e  p ro tac t in ium decay t a n k .  

The 0.78-gpm secondary s a l t  s t r eam t h a t  i s  fed  t o  

The f u e l  c a r r i e r  s a l t  s t r eam l eav ing  t h e  p r o t a c t i n i u m  e x t r a c t i o n  

column i s  e s s e n t i a l l y  f r e e  of uranium, p ro tac t in ium,  and zirconium; 

however, i t s  r a r e  e a r t h  c o n c e n t r a t i o n  i s  about  t h e  same a s  t h a t  i n  t h e  

r e a c t o r .  This  s t r eam i s  fed  counte , rcur ren t  t o  a 12.3-gpm s t r eam of 

bismuth c o n t a i n i n g  l i t h i u m  and thorium (0.011 equ iv  of r e d u c t a n t  p e r  

mole of b i smuth)  i n  a t h r e e - s t a g e  c o n t a c t o r  i n  o r d e r  t o  e x t r a c t  f r a c -  

t i o n s  of t h e  r a r e  e a r t h s  from t h e  s a l t .  The bismuth s t r eam l e a v i n g  

t h e  e x t r a c t o r  c o n t a i n s  t h e  r a r e  e a r t h s ,  thorium, and l i t h i u m ;  t h i s  

s t r eam i s  c o u n t e r c u r r e n t l y  con tac t ed  wi th  a 33.3-gpm L i C l  s t r eam i n  

a t h r e e - s t a g e  sa l t -me ta l  c o n t a c t o r .  Because of h i g h l y  f a v o r a b l e  d i s -  

t r i b u t i o n  r a t i o s ,  t h e  r a r e  e a r t h s ,  a long  wi th  a n e g l i g i b l e  q u a n t i t y  

of thorium, t r a n s f e r  t o  t h e  L i C 1 .  The t r i v a l e n t  r a r e  e a r t h s  a r e  

removed from t h e  L i C l  i n  a s i n g l e - s t a g e  c o n t a c t o r  by c o n t a c t  w i th  an  

8.1-gpm r e c i r c u l a t i n g  bismuth s t r eam t h a t  c o n t a i n s  5 a t .  $J l i t h i u m .  

The n e t  f low r a t e  of t h e  L i - B i  s o l u t i o n  through t h e  c o n t a c t o r  i s  21.5 

l i t e r s / d a y .  Two pe rcen t  of t h e  L i C l  s t ream e x i t i n g  from t h e  t r i v a l e n t  

r a r e - e a r t h  c o n t a c t o r  i s  fed  t o  a two-stage s a l t - m e t a l  c o n t a c t o r ,  where 

t h e  d i v a l e n t  r a r e  e a r t h s  a r e  removed by c o n t a c t  w i t h  a O.67-gpm rec i r -  

c u l a t i n g  bismuth s t r eam t h a t  c o n t a i n s  50 a t .  $I l i t h i u m .  

o f  t h e  L i - B i  s o l u t i o n  through t h e  c o n t a c t o r  i s  2 .2  l i t e r s / d a y .  

t h e  e x t r a c t i o n  o p e r a t i o n s  a r e  c a r r i e d  out  a t  640°C. 

The n e t  f l ow 

A l l  of 
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The bismuth s t r eam e x i t i n g  from the d i v a l e n t  r a r e - e a r t h  c o n t a c t o r  i s  

f ed  t o  t h e  h y d r o f l u o r i n a t o r  below t h e  p r o t a c t i n i u m  e x t r a c t o r  i n  o r d e r  t o  

add l i t h i u m  t o  t h e  p r o t a c t i n i u m  decay t a n k  a t  t h e  r a t e  of about  50 moles/ 

day. With t h i s  a d d i t i o n ,  t h e  composi t ion of t h e  s a l t  i n  t h e  decay t a n k  

i s  79.6-17.7-2.12 mole $I LiF-ThF -ZrF 4 4' 
f l u o r i d e s ,  and 0.247 mole $I of t r i v a l e n t  r a r e - e a r t h  f l u o r i d e s .  

has  a l i q u i d u s  t empera tu re  of about 600°C; a t  t h i s  t empera tu re ,  t h e  r a r e -  

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

removed from t h e  p r o t a c t i n i u m  decay t a n k  a t  t h e  ave rage  r a t e  of 0.094 
f t  /day t o  e l i m i n a t e  t h e  f l u o r i d e s  of l i t h i u m ,  thorium, zirconium, and 

t h e  r a r e  e a r t h s  t h a t  accumulate i n  t h e  secondary f l u o r i d e  s a l t .  About 

0.12% of t h e  f u e l  c a r r i e r  s a l t  l eav ing  t h e  r a r e - e a r t h  e x t r a c t o r  i s  d i s -  

carded a s  a means of removing LiF t h a t  i s  added du r inq  t h e  e x t r a c t i o n  of 

p r o t a c t i n i u m  and t h e  r a r e  e a r t h s .  The d i s c a r d s  of f u e l  c a r r i e r  s a l t  and 

secondary f l u o r i d e  s a l t  from t h e  p r o t a c t i n i u m  decay t a n k  a r e  made on a 

220-day c y c l e .  

s a l t  and 44 .2  f t 3  of t h e  processed f u e l  c a r r i e r  s a l t  a r e  t r a n s f e r r e d  t o  

t h e  w a s t e - s a l t  holdup t ank .  The L i - B i  s t r eam l e a v i n g  t h e  t r i v a l e n t  r a r e -  

e a r t h  s t r i p p e r  i s  h y d r o f l u o r i n a t e d  i n  t h e  p re sence  of t h e  r e s u l t i n g  s a l t  

mix tu re  d u r i n g  t h e  220-day pe r iod  t h a t  i s  a l lowed f o r  decay of t h e  233pa 

i n  t h e  waste  s a l t .  The s a l t  i n  t h e  was te  holdup t a n k  would be f l u o r i n a t e d  

i n  o r d e r  t o  r e c o v e r  t h e  233U b e f o r e  t h e  s a l t  i s  d i s c a r d e d .  The composi- 

t i o n  of t h e  waste  s a l t  would be 76.3-12.3-9.8-0.64 mole % LiF-ThF4-BeF:- 

ZrF4, 0.864 mole % t r i v a l e n t  r a r e - e a r t h  f l u o r i d e s ,  and 0.114 mole % 
d i v a l e n t  r a r e - e a r t h  f l u o r i d e s .  Although t h e  l i q u i d u s  t empera tu re  of t h e  

s a l t  i s  n e a r  5 5 O o C ,  t h e  s a l t  t empera tu re  would have t o  be ma in ta ined  a t  

about 600"c t o  p reven t  p r e c i p i t a t i o n  of t r i v a l e n t  r a r e - e a r t h  f l u o r i d e s .  

Waste s a l t  would be d i s c a r d e d  from t h e  p r o c e s s i n g  system a t  t h e  r a t e  o f  

70 f t  eve ry  220 days .  

0.367 mole $I d i v a l e n t  r a r e - e a r t h  

The s a l t  

3 

During each c y c l e ,  20.7 f t 3  of t h e  secondary f l u o r i d e  

i 

3 

The 0.072-gpm bismuth s t r eam l eav ing  t h e  h y d r o f l u o r i n a t o r  below 

t h e  p r o t a c t i n i u m  e x t r a c t o r  i s  combined w i t h  r e d u c t a n t  (200 moles of 

'Li pe r  day),  and t h e  r e s u l t i n g  s t r eam i s  e f f e c t i v e l y  r e t u r n e d  t o  t h e  

p r o t a c t i n i u m  e x t r a c t o r .  The s t r eam i s  a c t u a l l y  combined w i t h  t h e  12.3- 
gpm bismuth s t r eam t h a t  c i r c u l a t e s  through t h e  r a r e - e a r t h  removal system, 
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and an  equa l  q u a n t i t y  of m a t e r i a l  i s  removed and fed  t o  t h e  p r o t a c t i n i u m  

e x t r a c t o r ;  t h i s  mode of o p e r a t i o n  a l lows  f o r  t h e  removal of m a t e r i a l s  

t h a t  would tend  t o  accumulate  i n  t h e  o the rwise  c a p t i v e  bismuth phase i n  

t h e  r a r e - e a r t h  removal system. 

d a y )  i s  combined wi th  s u f f i c i e n t  7L i  t o  produce a s t r eam c o n t a i n i n g  50 
a t .  % l i t h i u m  f o r  r e t u r n  t o  t h e  d i v a l e n t  r a r e - e a r t h  e x t r a c t o r .  

A smal l  q u a n t i t y  of bismuth ( 2 . 2  l i t e r s /  

The processed f u e l  c a r r i e r  s a l t  remaining a f t e r  d i s c a r d  of 0.1% of 

t h e  s a l t  s t r eam e x i t i n g  from t h e  r a r e - e a r t h  e x t r a c t o r  i s  combined wi th  

s u f f i c i e n t  q u a n t i t i e s  of BeF and ThF4 (47.8 and 47 moles/day, r e s p e c -  

t i v e l y )  t o  make up f o r  t h e  d i s c a r d  of t h e s e  m a t e r i a l s  i n  t h e  was te  s a l t  

and burnup of thorium i n  t h e  r e a c t o r .  The r e s u l t i n g  f u e l  c a r r i e r  s a l t  

i s  then  f ed  t o  t h e  f u e l  r e c o n s t i t u t i o n  s t e p ,  which i s  c a r r i e d  ou t  i n  a 

v e s s e l  having two compartments. To t h e  f i r s t  compartment a r e  fed  t h e  

63-37 mole UF6-F2 s t r eam from t h e  f l u o r i n a t o r s  ( a t  t h e  f low r a t e  of 

20.9 l i t e r s / m i n ) ,  t h e  processed f u e l  c a r r i e r  s a l t  ( a t  t h e  r a t e  of 0.88 
gpm), and a 1.7-gpm f u e l  s a l t  s t r eam t h a t  i s  r ecyc led  from t h e  second 
compartment. The r a t e  a t  which f u e l  s a l t  i s  r ecyc led  from t h e  second 

compartment i s  such t h a t  t h e  q u a n t i t y  of UF i n  t h e  r ecyc led  f u e l  s a l t  

i s  s u f f i c i e n t  t o  g i v e  an  average  uranium f l u o r i d e  v a l e n c e  of 4.5 (an 

equimolar  mixture  of UF and UF ) i n  t h e  r e s u l t i n g  2.58-gpm s a l t  s t r eam 

l e a v i n g  t h e  f i r s t  compartment. The 2.58-gpm s a l t  s t r eam l e a v i n g  t h e  

f i r s t  compartment i s  con tac t ed  w i t h  a 12 .8 - l i t e r /min  hydrogen s t r eam 

i n  t h e  second compartment i n  o r d e r  t o  reduce t h e  UF 

u t i l i z a t i o n  of 50% i s  assumed dur ing  t h i s  o p e r a t i o n .  

drawn from t h e  second compartment f o r  r e t u r n  t o  t h e  r e a c t o r  a t  t h e  r a t e  

of 0.88 gpm, and t h e  remaining s a l t  i s  r ecyc led  t o  t h e  f i r s t  compartment. 

2 

4 

4 5 

t o  UF4. A hydrogen 

Fuel s a l t  i s  w i t h -  
5 

Before being r e t u r n e d  t o  t h e  r e a c t o r ,  t h e  f u e l  s a l t  i s  con tac t ed  

wi th  a 1 2 . 8 - l i t e r / m i n  hydrogen s t r eam t o  e f f e c t  r e d u c t i o n  of 1% of t h e  

UF4 t o  UF . The s a l t  i s  a l s o  con tac t ed  wi th  n i c k e l  wool a s  a means of 

removing t r a c e s  of bismuth from t h e  s a l t  b e f o r e  i t s  r e t u r n  t o  t h e  

r e a c t o r .  

3 

The p r o t a c t i n i u m  removal t ime ob ta ined  wi th  t h e  r e f e r e n c e  f lowshee t  

i s  10 days ;  t h e  r a r e - e a r t h  removal times range from 16 t o  50 days .  

c a l c u l a t e d  v a l u e  f o r  t h e  breeding  r a t i o  i s  about  1.065. 
The 
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4. FLOWSHEET ANALYSIS: IMPORTANCE OF URANIUM INVENTORY 
I N  AN MSBR PROCESSING PLANT 

M. J. B e l l  L. E .  McNeese 

The MSBR process ing  f lowshee t s  cons ide red  i n  t h e  p a s t  have u n i -  

formly r e s u l t e d  i n  v e r y  low uranium i n v e n t o r i e s  i n  t h e  p rocess ing  

p l a n t ,  t h a t  i s ,  i n v e n t o r i e s  below 1% of t h e  uranium i n v e n t o r y  i n  t h e  

r e a c t o r  i n  most c a s e s .  S ince  s e v e r a l  p o t e n t i a l  p rocess ing  systems 

might r e s u l t  i n  uranium i n v e n t o r i e s  a s  l a r g e  a s  5 t o  10% of t h e  r e a c t o r  

inventory ,  we have i n v e s t i g a t e d  t h e  importance of i n c r e a s e s  i n  t h e  

uranium inven to ry .  The major  e f f e c t s  of a n  i n c r e a s e d  uranium i n v e n t o r y  

a r e :  

( 2 )  an  i n c r e a s e  i n  t h e  r e a c t o r  doubl ing  t i m e .  The v a r i a t i o n  of each  

of t h e s e  q u a n t i t i e s  w i th  p rocess ing  p l a n t  uranium inven to ry  i s  shown 

i n  F i g .  10. 

p rocess ing  p l a n t )  was assumed t o  be 1504 kg f o r  t h e  r e f e r e n c e  r e a c t o r  

and p rocess ing  p l a n t ,  t h e  v a l u e  of 233U was t a k e n  t o  be $14/g, and 

t h e  c a p i t a l  charge r a t e  was assumed t o  be 10% p e r  y e a r .  

l a t e d  system doubl ing  t i m e  f o r  t h e  l i m i t i n g  c a s e  of a z e r o  uranium 

inven to ry  i n  t h e  p rocess ing  p l a n t  i s  22 y e a r s .  It i s  seen  t h a t  a 

p rocess ing  p l a n t  uranium i n v e n t o r y  of 5% of t h e  system f i s s i l e  inven-  

t o r y  would i n c r e a s e  t h e  f u e l  c y c l e  c o s t  by 0.015 mill/kWhr and w o u l d  

i n c r e a s e  t h e  sys tem doubl ing  t i m e  from 22 t o  23.1 y e a r s .  A uranium 

inven to ry  of 10% of t h e  system f i s s i l e  i nven to ry  would r e s u l t  i n  a 

f u e l  c y c l e  c o s t  i n c r e a s e  of 0 .03  mill/kWhr and a n  i n c r e a s e  i n  doubl ing  

t ime from 22 t o  24.2 y e a r s .  

t a i n i n g  a l o w  uranium inven to ry  i n  t h e  p rocess ing  p l a n t ,  i t  does no t  

appear  t h a t  a uranium inven to ry  a s  h igh  a s  5 t o  10% of t h e  system 

f i s s i l e  i nven to ry  would r u l e  ou t  an  o the rwise  a t t r a c t i v e  p rocess ing  

system. 

(1) a n  i n c r e a s e  i n  inven to ry  cha rges  on f i s s i l e  m a t e r i a l ,  and 

The f i s s i l e  i nven to ry  (which i n c l u d e s  t h e  233Pa i n  t h e  

The c a l c u -  

Thus, whi le  t h e r e  i s  i n c e n t i v e  f o r  main- 
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5. FLOWSHEET ANALYSIS : Rl3MOVAL OF RARE-EARTH FISSION PRODUCTS 
FROM L i C l  I N  THE METAL TRANSFER PROCESS 

M. J. Bel l  L. E .  McNeese 

A f lowsheet  has  been desc r ibed  p r e v i o ~ s l y ~ ' ~  f o r  removing r a r e -  

e a r t h  f i s s i o n  products  from MSBR f u e l  s a l t  u s i n g  t h e  me ta l  t r a n s f e r  

process ,  which employs c o n t a c t  of L i C l  w i t h  L i - B i  s o l u t i o n s  f o r  

removing t h e  r a r e  e a r t h s  and o t h e r  f i s s i o n  p roduc t s .  I n  t h e  r e f e r e n c e  

f lowshee t ,  t h e  t r i v a l e n t  r a r e  e a r t h s  a r e  removed by c o n t a c t i n g  LiCl 

a t  t h e  r a t e  of 33.4 gpm i n  a s i n g l e  e q u i l i b r i u m  s t a g e  wi th  a n  8.1- 
gpm r e c i r c u l a t i n g  bismuth s t ream having a l i t h i u m  c o n c e n t r a t i o n  of 

5 a t .  $. Bismuth c o n t a i n i n g  e x t r a c t e d  r a r e  e a r t h s  i s  withdrawn a t  

t h e  r a t e  of 5.7 ga l /day ,  and an  e q u i v a l e n t  amount of Li-Bi  s o l u t i o n  

i s  added. 

E a r l y  d a t a  i n d i c a t e d  t h a t  mutual s o l u b i l i t y  problems might be 

encountered between thor ium and t r i v a l e n t  r a r e  e a r t h s  i n  bismuth having  

a l i t h i u m  c o n c e n t r a t i o n  a s  h igh  a s  5 a t .  f .  
found no t  t o  be t h e  case,"  we have made c a l c u l a t i o n s  t o  de te rmine  t h e  

e f f e c t  t h a t  va ry ing  t h e  l i t h i u m  c o n c e n t r a t i o n  i n  t h e  l i th ium-bismuth  

a l l o y  has  on t h e  thor ium c o n c e n t r a t i o n  i n  t h e  me ta l  and on t h e  

r e a c t o r  performance. The r e s u l t s  a r e  p re sen ted  i n  F i g .  11, which 

shows t h e  e f f e c t  of i n c r e a s i n g  t h e  f low r a t e  of t h e  L i - B i  wi thdrawal  

s t ream whi l e  ho ld ing  t h e  amount of added r e d u c t a n t  c o n s t a n t .  The 

thor ium c o n c e n t r a t i o n  i n  t h e  meta l  i s  reduced from 420 ppm a t  t h e  

r e f e r e n c e  withdrawal  r a t e  of 1000 moles/day t o  140 ppm a t  t h e  d i s c a r d  

r a t e  of 3000 moles/day. The e f f e c t  on r e a c t o r  performance i s  s l i g h t ;  

t h e  b reed ing  r a t i o  dec reases  from about  1.063 t o  about  1.060. It 

would b e  p o s s i b l e  t o  compensate, i n  p a r t ,  f o r  t h i s  l o s s  i n  b reed ing  

r a t i o  by o p e r a t i n g  t h e  t r i v a l e n t  r a r e - e a r t h  s t r i p p e r  a s  a once-through 

ba tch  c o n t a c t o r  having  more than  one s t a g e .  

Although t h i s  has  been 

I n  t h e  r e f e r e n c e  f lowshee t ,  t h e  d i v a l e n t  r a r e - e a r t h  f i s s i o n  prod-  

u c t s  a r e  removed from t h e  L i C l  by c o n t a c t i n g  2$ of t h e  L i C l  l e a v i n g  

t h e  t r i v a l e n t  r a r e - e a r t h  s t r i p p e r  w i t h  a 50 a t .  $, L i - B i  s o l u t i o n  a t  

t h e  f low r a t e  of 0.56 ga l /day  i n  a two-s tage  c o n t a c t o r .  To accommodate 
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t h e  h igh  h e a t  g e n e r a t i o n  r a t e s  expected i n  t h e  r e s u l t i n g  L i - B i  s o l u t i o n ,  

i t  i s  advantageous t o  o p e r a t e  t h e  c o n t a c t o r  a s  a cont inuous  column 

through which t h e  L i - B i  s o l u t i o n  i s  r ecyc led  a t  a r e l a t i v e l y  h i g h  f low 

r a t e .  A l a r g e  f r a c t i o n  of t h e  f i s s i o n  product  decay h e a t  could  be 

d i s s i p a t e d  by p l a c i n g  a decay t ank  i n  t h e  r e c y c l e  s t r eam.  However, 

t h i s  system would r e s u l t  i n  a c o n t a c t o r  having  only  a s i n g l e  e q u i l i b r i u m  

s t a g e .  A c a l c u l a t i o n  was made of t h e  system performance f o r  a f lowshee t  

i n  which t h e  d i v a l e n t  r a r e - e a r t h  c o n t a c t o r  c o n s i s t e d  of on ly  one e q u i l i b -  

rium s t a g e .  Removal times f o r  t h e  d i v a l e n t  r a r e  e a r t h s  were i n c r e a s e d  

only  s l i g h t l y  over  t h o s e  obta ined  wi th  a two-stage column; t h e  r e s u l t i n g  

dec rease  i n  t h e  b reed ing  g a i n  of t h e  r e a c t o r  was n e g l i g i b l e .  Therefore ,  

t h e  mode of o p e r a t i o n  desc r ibed  above has  been adopted a s  p a r t  of t h e  

r e f e r e n c e  MSBR process ing  f lowsheet .  



6. FROZEN-WALL FLUORINATOR DEVELOPMENT: EXPERIMENTS ON 
INDUCTION HEATING I N  A CONTINUOUS FLUORINATOR SIMULATION 

J. R. Hightower, Jr. C. P. Tung 

An experiment t o  demons t r a t e  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  by t h e  

u s e  of a l a y e r  of f r o z e n  salt  i n  a con t inuous  f l u o r i n a t o r  r e q u i r e s  t h e  

u s e  of a c o r r o s i o n - r e s i s t a n t  h e a t  s o u r c e  i n  t h e  mol ten  s a l t .  High- 

f requency  i n d u c t i o n  h e a t i n g  h a s  been proposed as t h e  s o u r c e  of h e a t ,  and 
t h e  e s t i m a t e d  performance" of a f rozen-wal l  f l u o r i n a t o r  having  a n  induc- 

t i o n  c o i l  embedded i n  t h e  f r o z e n  sa l t  n e a r  t h e  f l u o r i n a t o r  w a l l  has  

i n d i c a t e d  t h a t  t h i s  may be  an a c c e p t a b l e  h e a t i n g  method. However, t h e r e  

are u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  e f f e c t  of bubb les  t h a t  w i l l  be  

p r e s e n t  i n  t h e  mol ten  sa l t  on t h e  h e a t  g e n e r a t i o n  ra te  and i n  t h e  amount 

of h e a t  t h a t  w i l l  b e  gene ra t ed  i n  t h e  metal walls of t h e  f l u o r i n a t o r .  

Equipment h a s  been i n s t a l l e d 1 2  f o r  s t u d y i n g  h e a t  g e n e r a t i o n  i n  a simu- 

l a t e d  f rozen-wa l l  f l u o r i n a t o r  by i n d u c t i o n  methods. 

a 31 w t  % HNO s o l u t i o n  w i t h  e lectr ical  p r o p e r t i e s  similar t o  t h o s e  of 

mol ten  salts  i s  used t o  s i m u l a t e  mol ten  sa l t  i n  t h e  f l u o r i n a t o r  vessel. 

R e s u l t s  of  t h e  f i r s t  e i g h t  exper iments  w i t h  t h e  f l u o r i n a t o r  s i m u l a t i o n  

are d e s c r i b e d  i n  t h e  remainder of t h i s  s e c t i o n .  

I n  t h e  s i m u l a t i o n ,  

3 

6 . 1  Exper imenta l  Procedure  

A s i m p l i f i e d  f low diagram f o r  t h e  con t inuous  f l u o r i n a t o r  s i m u l a t i o n  

i s  shown i n  F ig .  1 2 ;  t h e  sys tem i s  shown i n  g r e a t e r  d e t a i l  i n  F ig .  13. 
The a c i d  d r a i n  t a n k  w a s  f i l l e d  w i t h  28.4 kg of 31 w t  % HN03 t h a t  w a s  used 

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

t h a t  w e r e  c a r r i e d  o u t .  I n  each  r u n ,  t h e  a c i d  r e c i r c u l a t i o n  sys tem w a s  

f i l l e d  w i t h  a c i d  by p r e s s u r i z i n g  t h e  d r a i n  t a n k  t o  abou t  6 p s i g  w i t h  

v a l v e  V-7 open ( s e e  F i g .  1 3 ) .  

i n d i c a t e d  by t h e  l e v e l  i n  t h e  s i g h t  g l a s s )  reached  t h e  l e v e l  of t h e  t o p  

of t h e  j a c k e t e d  p i p e ,  v a l v e  V-7 w a s  c l o s e d  and t h e  p r e s s u r e  i n  t h e  d r a i n  

t a n k  w a s  reduced t o  1 a t m .  The a c i d  r e c i r c u l a t i o n  pump and t h e  c o o l i n g  

water were tu rned  on, and a l l  f l o w  rates were a d j u s t e d  t o  t h e  d e s i r e d  

When t h e  l i q u i d  level  i n  t h e  column ( a s  
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values. The radio frequency (rf) generator was then started, and the 

current to the induction coil was adjusted to a value between 100 and 

160 A (rms value). The flow rates and the coil current were maintained 

at constant levels by manual adjustment until the temperatures around 

the recirculation system became steady. Steady-state temperatures were 

usually achieved within 1 hr of operation with constant values for the 

flow rates and coil current. After steady-state conditions had been 

established, the run was completed by recording the operating conditions. 

The rf power and the acid recirculation pump were then turned o f f ,  and 

the acid was drained from the recirculation system by opening valve V-7. 

6.2 Experimental Results 

Eight runs have been carried out with the continuous fluorinator 

simulation to determine heat generation rates in the acid, in the pipe 

surrounding the acid column, and in the induction coil. 

rates were calculated from the steady-state increase in the temperature 

of the acid as it passed through the column and in the temperature of 

the cooling water as it passed through the coil and the jacketed pipe. 

The experimental results for the first eight runs with the system are 

summarized in Table 1. During these runs, the induction coil consisted 

of 17 smaller coils arranged with alternate coils wound in opposite 

directions. Each coil section consisted of about 6.5 turns of 1/4-in.- 
diam Monel tubing that had been wound on a 5.6-in.-diam mandrel. The 

total length of the 17-section coil was 5 ft. The frequency of the rf 

current was 412 kHz during each of the runs. 

Heat generation 

The heat generation rates in acid in the 5-ft-long column section, 

in the pipe representing the fluorinator wall, and in the induction 

coil were proportional to the square of the total coil current as expected. 

The ratios of the heat generation rates (in watts) to the square of the 

coil current (rms value, in amperes) were designated as effective resist- 

ances that will be used subsequently in circuit calculations for design 

of the rf generator. The average effective resistance for the acid was 

0.0161 R at average acid temperatures of 25 to 29°C and 0.0177 R for 

average acid temperatures of 46 to 51°C. The difference between these 



Tab le  1. Summary of R e s u l t s  from Experiments on I n d u c t i o n  Heat ing  i n  a 
Simulated Continuous F l u o r i n a t o r  

T o t a l  Average 
Run C o i l  Acid Heat Genera t ion  Rate Equ iva len t  R e s i s t a n c e  
No. Cur ren t  Temp. (W) (Q) 

(CFS-) (A) ("C) Acid P ipe  C o i l  Acid P i p e  C o i l  

1 

2 130 

3 150 

4 100 

150 

150 

5 160 

6 150 

7 150 

120 

8 150 

~ 

24.1 

24.6 

26.5 

25.6 

28.1 

29.1 

26.7 

46.5 

28.9 

26.6 

51.4 

242 

409 

316 

141  

378 

383 

448 

393 

377 

23 5 

402 

140 

167 

27 9 

116 

263 

309 

3 08 

282 

273 

178 

27 5 

0.0242 

1442 0.0140 

0.0141 

0.0168 

0.0170 

0.0175 

0.0175 

1356 0.0167 

870 0.0163 

1442 0.0178 

0.0099 

0.0124 0.0641 

0.0116 

0.0117 

0.0137 

0.0120 

0.0125 

0.0121 0.0585 

0.0126 0.060 

0.0122 0.0641 

v a l u e s  may be  w i t h i n  expe r imen ta l  e r r o r .  

t h e  a c i d  should have i n c r e a s e d  by about  25% as t h e  t empera tu re  w a s  

i n c r e a s e d  from t h e  lower t o  t h e  h i g h e r  v a l u e ;  however, t h e  observed 

i n c r e a s e  w a s  on ly  about  10%. 

t a n c e  w i t h  changes i n  t empera tu re  may be  due t o  t h e  use  of s h o r t  c o i l  

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

t o  t h e  s p e c i f i c  conductance f o r  an i n f i n i t e l y  l o n g  c o i l .  

e f f e c t i v e  r e s i s t a n c e  f o r  t h e  s ta inless  steel p i p e  sur rounding  t h e  a c i d  

w a s  0.0123 Q; t h e  ave rage  e f f e c t i v e  r e s i s t a n c e  of t h e  i n d u c t i o n  c o i l  

w a s  0.0617 Q. 

The e f f e c t i v e  r e s i s t a n c e  of 

The smaller v a r i a t i o n  i n  e f f e c t i v e  resis- 

The ave rage  
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The fraction of the total heat generation that occurred in the acid 

can be found by dividing the resistance of the acid by the sum of the 

resistances of the acid, pipe, and coil. About 19% of the total heat 

generation occurred in the acid during these runs. 

nator having a 4.7-in.-diam molten zone would require generation of about 

8 . 3  kW of heat in the molten salt.'' If an efficiency of 19% were 

obtained for heating the molten salt, a 43.7-kW generator would be required. 

A 5-ft-long fluori- 

The calculated values for the resistances of the acid and coil under 

The dis- the experimental conditions are 0.135 and 0.017 n respectively. 
crepancies between the calculated and measured values probably result 

from the use of a coil composed of a number of short sections and the 

use of equations that were derived for infinitely long coils. 

We are presently evaluating alternative coil designs with a view 

toward improving the heating efficiency. 
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7. PREDICTED CORROSION RATES I N  CONTINUOUS FLUORINATORS 
EMPLOYING FROZEN -WALL PROTECTION 

J. R.  Hightower, Jr. 

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

i n  MSBR p rocess ing  p l a n t s  s i n c e  i t  e x h i b i t s  g r e a t e r  r e s i s t a n c e  t o  a t t a c k  

by gaseous  f luo r ine ,  t h a n  o t h e r  c a n d i d a t e  m a t e r i a l s .  T h i s  r e s i s t a n c e  i s  

due t o  t h e  format ion  of a t i g h t l y  adhe ren t  f i l m  of NiF 

p r o d u c t )  th rough which a d d i t i o n a l  f l u o r i n e  must d i f f u s e  i n  o r d e r  t o  

cause  f u r t h e r  c o r r o s i o n  of t h e  n i c k e l .  The r a t e  of a t t a c k  i s  g r e a t l y  

reduced, a l though  n o t  t o  zero ,  once t h e  p r o t e c t i v e  f i l m  of NiF2 i s  

formed on t h e  exposed n i c k e l  s u r f a c e .  I n  t h e  proposed cont inuous  

f l u o r i n a t o r s ,  a l a y e r  of f r o z e n  s a l t  w i l l  be  formed on t h e  f l u o r i n a t o r  

w a l l  i n  o r d e r  t o  prevent  t h e  p r o t e c t i v e  NiF f i l m  from be ing  d i s s o l v e d  

by t h e  molten s a l t .  I n  t h e  p r e s e n t  a n a l y s i s ,  no c r e d i t  i s  t a k e n  f o r  

r e s i s t a n c e  t o  d i f f u s i o n  of f l u o r i n e  which may be a f f o r d e d  by t h e  l a y e r  

of f r o z e n  s a l t .  S ince  t h e  p r o t e c t i v e  NiF f i l m  w i l l  l i k e l y  be des t royed  

s e v e r a l  times dur ing  o p e r a t i o n  of a f l u o r i n a t o r ,  a n  a n a l y s i s  has  been 

c a r r i e d  ou t  f o r  e s t i m a t i n g  t h e  c o r r o s i o n  r a t e  under  c o n d i t i o n s  such  

t h a t  t h e  NiF f i l m  i s  des t royed  p e r i o d i c a l l y .  

(a c o r r o s i o n  2 

2 

2 

2 

7.1 Data on t h e  Rate  of Corros ion  of 
N icke i  i n  Gaseous F l u o r i n e  

Data r e l a t i v e  t o  t h e  c o r r o s i o n  of  Ni-200 and Ni-201 in gaseous 

f l u o r i n e  a t  a p r e s s u r e  of 1 atm were c o l l e c t e d  from t h e  l i t e r a t u r e .  

A summary of t h i s  i n fo rma t ion  i s  g iven  i n  Tab les  2 and 3 .  It has  been 

shownl3 t h a t  t h e  r e a c t i o n  of h i g h - p u r i t y  n i c k e l  w i th  f l u o r i n e  i n i t i a l l y  

fo l lows  a p a r a b o l i c  r a t e  law a t  t empera tu res  of 300 t o  600"c bu t  t h a t ,  

a f t e r  a per iod  of t i m e ,  t h e  r e a c t i o n  r a t e  d e c r e a s e s  and fo l lows  a t h i r d -  

o r  h i g h e r - o r d e r  r a t e  law. The l i t e r a t u r e - d e r i v e d  c o r r o s i o n - r a t e  d a t a  

were used t o  c a l c u l a t e  r a t e  c o n s t a n t s  f o r  t h e  r e a c t i o n  of f l u o r i n e  w i t h  

n i c k e l  i n  t h e  tempera ture  range  of 360 t o  700°C under  t h e  assumption 

t h a t  t h e  r e a c t i o n  r a t e  fo l lows  a p a r a b o l i c  r a t e  law a t  a l l  t imes.  The 

assumption of a p a r a b o l i c  r a t e  law c o r r e c t l y  r e p r e s e n t s  t h e  i n i t i a l  

r e a c t i o n  r a t e  bu t  should  y i e l d  h i g h  e s t i m a t e s  of t h e  c o r r o s i o n  r a t e  

f o r  long pe r iods  of exposure .  
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Table 2. Calculated Pa rabo l i c  React ion Rate Constants  f o r  
Ni-200 Exposed t o  Gaseous F luo r ine  

Calculated Depth of Exposure Pa rabo l i c  Rate Constant 

1 5  Ref erencea 
Temp. Pene t r a t ion  T i m e  
("0 (mils)  (h r )  (mi l s /h r  

362 

4 00 
400 

475 
47 5 
475 

500 

500 
500 
500 
500 
500 
500 

535 

550 
550 

600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
630 
600 
600 
600 
600 
600 
600 

700 
7 00 
700 
7 00 

0.0048 120 0.000438 [14] (5) 

0.00681 33.3 0.00118 [131 
0.00701 50 0.000991 i l 5 l  

0.0187 240 0. 00242b [I61 
[I61 0.0375 480 0. 00342b 

0.0750 9 60 0.00484b [I61 
0.0132 33.3 0.00229 [ I31  
0.0144 5 0.00643 [17] (27) 
1.97 240 0.1272 [17] (25) 
0.0754 50 0.01066 I171 (23) 
0.0206 150 0.00168 [17] (13) 
0.043 150 0.00352 [17]  (13) 
0.0243 9 0.0081 1141 

0.181 120 0.0165 [171 (18) 

0.00299 6 0.00122 114; (2) 
0.192 120 0.0175 [I41 (5) 

0.0616 33.3 0.01067 [I31 
0.00684 5 0.00306 I171 (27) 
0.0657 96 0.00671 [171 (20) 
0.315 96 0.0322 [ I71  (20) 
0.00404 8 0.00143 [ I71  (24) 
0.0931 8 0.0329 [ 1 7 ]  (24) 
0.753 50 0.1065 [171 (23) 
0.00887 13  0.00246 1181 
0.0736 28 0.0139 [I81 
0.0417 28 0.00788 1181 
0.0287 77  0.00327 [I81 
0.0171 77 0.00195 [I81 
0.134 93 0.0139 [181 
0.0744 93 0.00772 [18j  
0.0416 124 0.00374 [I81 
0.0307 124 0.00276 [I81 
0.162 132 0.0141 [181 

[I81 
J.0690 195 0.00494 [I81 
0.0628 195 0.0045 [I81 
9.104 243 0.00666 [I81 
0.103 8 0.0364 [ I 7 1  (24) 
0.0274 8 0.00969 [ I71  (24) 
3.28 240 0.212 [171 (25) 
0.727 5 0.325 [ I71  (27) 

0.3936 132 0.00815 

aThe numbers shown in b r a c k e t s  are primary r e f e r e n c e s ;  t h e  numbers shown i n  parentheses  

bMeasured i n  F2-N2 (50-50%) mixture;  ra te  cons t an t  co r rec t ed  t o  100% F 

a r e  r e fe rence  numbers i n  t h e  primary r e fe rences .  

2 '  
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Table  3. Calcu la ted  Pa rabo l i c  Corrosion Rate Constants  
f o r  Ni-201 Exposed t o  Gaseous F l u o r i n e  

Ca 1 cu 1 a t ed Pa r a  b o 1 i c Depth of Exposure Rate Constant  
a Re f e renc  e 

Temp. P e n e t r a t i o n  Time 
( "c)  (mils  ) (h r  ) (mi ls /hr  

, 3 8 0  0.00085 5 0.000380 

0.00959 
0.00899 

5 
6 

0.00429 

0.00367 

550 0.0115 5 0.00514 

600 
600 

600 

600 

600 

600 

600 

600 

600 

0.00116 

0.00891 

0.01067 

0.0113 

0.0115 

0.00534 

0.0268 

0.0124 

0 e 0139 

0.0266 

0.00259 

0.0471 

0.0283 

0.0936 

0.235 
0. log 
0.111 

0.142 

0.160 

5 
28 

28 

77 
77 
93 
93 

132 

132 

700 0.0595 5 

a The numbers shown i n  b r a c k e t s  a r e  primary r e f e r e n c e s ;  t h e  numbers shown 
i n  pa ren theses  a r e  q f e r e n c e  numbers i n , t h e  primary r e f e r e n c e s .  

For t h e  assumption of a p a r a b o l i c  r a t e  law, t h e  e x t e n t  of c o r r o s i o n  

of n i c k e l  exposed t o  gaseous f l u o r i n e  i s  desc r ibed  by t h e  fo l lowing  

r e l a t i o n  : 

d = k < ,  

where 

d = depth of n i c k e l  a t t a c k e d  by F2, m i l s ,  

t = t ime of exposure of n i c k e l  meta l  t o  f l u o r i n e  a f t e r  a z e r o  

f i l m  t h i c k n e s s ,  h r ,  
-1/2 k = p a r a b o l i c  r a t e  c o n s t a n t ,  m i l  h r  



The r a t e  c o n s t a n t  v a l u e s  c a l c u l a t e d  from t h e  l i t e r a t u r e  d a t a  a r e  shown 

i n  Tables  2 and 3, a long  wi th  in fo rma t ion  on t h e  l e n g t h  of exposure  of 

t h e  n i c k e l  specimens t o  f l u o r i n e ,  t h e  e x t e n t  of a t t a c k  on t h e  specimens,  

and t h e  r e f e r e n c e s  from which d a t a  were ob ta ined .  

It was assumed t h a t  t h e  tempera ture  dependence of t h e  p a r a b o l i c  

r a t e  c o n s t a n t s  would be of t h e  Arrheriius t y p e ;  t h u s  t h e  c a l c u l a t e d  

v a l u e s  were f i t t e d  t o  t h e  fo l lowing  equa t ion :  

I n  k = I3 + A/T 

where 

T = t empera ture ,  OK, 

A , B  = c o n s t a n t s ,  

w i th  t h e  c r i t e r i o n  t h a t  t h e  b e s t  f i t  occur red  when t h e  q u a n t i t y  

I n  k - I n  kobs I' 
was minimized. Th i s  c r i t e r i o n  p l aces  more importance on r e a c t i o n  r a t e  

c o n s t a n t  v a l u e s  r e s u l t i n g  from low c o r r o s i o n  r a t e s  t h a n  does t h e  u s u a l  

c r i t e r i o n  t h a t  t h e  q u a n t i t y  

have a minimum v a l u e .  Th i s  procedure was used s i n c e  i t  was be l i eved  

t h a t  expe r imen ta l  e r r o r s  were l i k e l y  t o  y i e l d  c o r r o s i o n  r a t e s  t h a t  

were t o o  h i g h  r a t h e r  t h a n  r a t e s  t h a t  were t o o  low. 

The r e s u l t i n g  e q u a t i o n s  f o r  t h e  v a r i a t i o n  of t h e  p a r a b o l i c  r a t e  

c o n s t a n t s  f o r  Ni-200 and Ni-201 a r e  a s  fo l lows :  

and 

I n  k = 4.3083 - 7836/T , (23 1 
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where 
4 2  k = parabolic rate constant, mil hr , 

T = temperature, "K. 

The variation of these constants with temperature is shown in Figs. 14 
and 15. 

7.2 Predicted Corrosion Rates 

If it is assumed that the protective NiF film is removed n times 
2 

per year at equal time intervals, the extent of corrosion experienced 

during a 1-year period is given by the expression; 

d = n k-\18760/n , (24 1 

where 

d = corrosion rate, mils/year,, 

n = number of times NiF film is destroyed annually. 

Figure 16 shows the variation of the average corrosion rate with fre- 

quency of destruction of the NiF fiim at 450"C, the approximate wall 

temperature that will be used in a frozen-wall fluorinator. If the 

NiF film were destroyed 52 times annually, the average corrosion 

rates at this temperature would be 2.9 mils/year and 0.97 mil/year 
for Ni-200 and Ni-201 respectively. It appears that Ni-201 is more 

resistant to corrosion by fluorine than Ni-200. However, either of 

these materials will show satisfactory corrosion resistance if the 

NiF2 film is destroyed less frequently than once per week. 

2 

2 

2 
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8. PREDICTED PERFORMANCE OF CONTINUOUS FLUORINATORS 

L. E. McNeese J. S. Watson 
T. 0. Rogers 

Most of the flowsheets 19-22 considered to date for processing MSBR 

fuel salt require fluorination of molten salt for removal of uranium at 

one or more points, These applications include: 

(1) removal of trace quantities of uranium from relatively 

small salt streams prior to discard, 

(2) removal of uranium from a captive salt volume in which 233Pa 
233u is accumulated and held for decay to Y 

removal of most of the uranium from relatively large fuel 

salt streams prior to isolation of protactinium and removal 

of rare earths, and 

containing 233Pa in order to produce isotopically pure 

(3) 

( 4 )  nearly quantitative removal of uranium from a salt stream 
233u 

Not all of these applications require continuous fluorinators; in fact, 

the use of batch fluorinators results in definite advantages in certain 

cases. However, as the quantities of salt and uranium t o  be handled 

increase, the use of continuous fluorinators becomes mandatory in order 

to avoid undesirably large inventory charges on uranium and molten salt 

as well as the detrimental increase in reactor doubling time that is 

associated with an increased fissile inventory. 

We previously estimated23 the performance of continuous fluorinators 

by assuming that the rate of removal of uranium from the salt is first 

order with respect to the concentration of uranium in the salt. 

transfer of uranium in the salt by axial dispersion and by convection 

is taken into account, the concentration of uranium in the salt is 

defined by the following relation: 

If the 

n 

D - - V - - k C = O  dLC dC , 
dX dX2 
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where 

D =  

c =  
z =  
v =  
k =  

2 axial dispersion coefficient, cm /sec, 

concentration of uranium in salt, moles/cm , 
position in column measured from top of column, cm, 

superficial salt velocity, cm/sec, 

reaction rate constant, sec . 

3 

-1 

The terms in Eq. (25) represent the transfer of uranium in the salt by 

axial dispersion, the transfer of uranium in the salt by convection, and 

the removal of uranium from the salt by reaction with fluorine respec- 

tively. The assumption of the first-order reaction does not imply a 

particular rate-limiting reaction mechanism; however, it is consistent 

with the assumption that the rate-limiting step is diffusion of uranium 

in the salt to the gas-liquid interface. In this case, the first-order 

expression would imply that the concentration of uranium in the salt at 

the interface is negligible in comparison with the uranium concentration 

in the salt at points a short distance from the interface. 

The boundary conditions chosen for use with E q .  (25) assume that 

the diffusive flux across the fluorinator boundaries is negligible: 

X = 0 (top of fluorinator), 

at 

and at X = L (bottom of fluorinator), 

where 

= concentration of uranium in salt fed to the fluorinator, 

CW = concentration of uranium in salt at top of the fluorinator. 

‘feed 

Note that CW is not equal to C 

uranium concentration in the salt at the top of the fluorinator where the 

salt enters. 

since there is a discontinuity in feed 
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S o l u t i o n  of E q .  (25) w i t h  t h e  s t a t e d  boundary c o n d i t i o n s  y i e l d s  t h e  

fo l lowing  expres s ion  f o r  t h e  r a t i o  of t h e  uranium c o n c e n t r a t i o n  i n  s a l t  

l eav ing  t h e  f l u o r i n a t o r  t o  t h e  c o n c e n t r a t i o n  i n  t h e  feed  s a l t :  

where 

C ( L )  = c o n c e n t r a t i o n  of  uranium i n  s a l t  l e a v i n g  f l u o r i n a t o r ,  

L = l e n g t h  of f l u o r i n a t o r ,  cm.  

A p p l i c a t i o n  of Eq.  (28) t o  t h e  d e s i g n  and e v a l u a t i o n  of cont inuous  

f l u o r i n a t o r s  r e q u i r e s  v a l u e s  f o r  t h e  r a t e  c o n s t a n t  k 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  D. 

f l u o r i n a t o r  performance, 2o only  l i m i t e d  d a t a  were a v a i l a b l e  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 ;  t h e s e  d a t a  r e s u l t e d  from s t u d i e s  w i t h  

a i r  and wa te r  i n  1.5-,  2-, and 3 - in . - ID  columns. A t  t h a t  t i m e  i t  was 

assumed 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  was r ep resen ted  by t h e  

fo l lowing  r e l a t i o n :  

When we made t h e  e a r l i e r  e s t i m a t e s  of 

D = 5 . 2 2 J G ,  (29 1 

where 
2 

D = 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 m  /sect  
3 G = gas  f low r a t e  a t  t o p  of f l u o r i n a t o r ,  c m  /sec. 

The r a t e  c o n s t a n t ,  k, was e v a l u a t e d  from expe r imen ta l  d a t a  ob ta ined  w i t h  

a 1 - i n .  -diam open-column, cont inuous  f l u o r i n a t o r . 2 0  

d a t a  f o r  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 ,  r e s u l t s  ob ta ined  w i t h  t h e  1.5- 
in . -d iam column were used and no c o r r e c t i o n  was made f o r  t h e  d i f f e r e n c e s  

i n  t h e  p h y s i c a l  p r o p e r t i e s  of mol ten  s a l t  and wa te r .  

a d d i t i o n a l  d a t a  on a x i a l  d i s p e r s i o n  i n  open bubble  columns have been 

I n  c o r r e c t i n g  t h e  

S ince  t h a t  t i m e ,  
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ob ta ined  i n  1-, 1.5-, 2-, 3-, and 6-in.-diam columns u s i n g  wide ly  vary ing  

gas  f low rates and aqueous s o l u t i o n s  having a range  of p h y s i c a l  p r o p e r t i e s .  

One method f o r  c o r r e l a t i n g  t h e  d a t a  y i e l d s  t h e  fo l lowing  r e l a t i o n s :  f o r  

low gas f low rates (bubble f l o w ) ,  

NAr NSu 9 (30) 
0.88 -0.435 -0.075 -0.0475 n Npe = 18.0  NRe 

and a t  h igh  gas  f l o w  rates ( s l u g  f low) ,  

0.4 0.11 -0.38 
N A r  NSu Npe = 0.46 NRe 

where 
dV 

P dV 

= - = P e c l e t  number, 

= - = Reynolds number, 

= dpg = Archimedes number, 

Npe D 

NRe u 

N A r  

3 2  

2 
P 

dP 
2 Su = - = Suratman number, N 

1-I 

d = column d iame te r ,  

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

p = d e n s i t y  of l i q u i d ,  

1.1 = v i s c o s i t y  of l i q u i d ,  

CI = s u r f a c e  t e n s i o n  of l i q u i d ,  

g = a c c e l e r a t i o n  of g r a v i t y ,  

n = number of gas  i n l e t s  i n  d i s p e r s e r .  

The t r a n s i t i o n  from bubble  t o  s l u g  f low occur s  a t  t h e  p o i n t  r e p r e s e n t e d  

by t h e  fo l lowing  r e l a t i o n :  

1 .14 -0.635 0.099 n NSu = 4.81  x N~~ N R e  

These r e l a t i o n 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  d i f f e r  somewhat from 

t h o s e  developed most r e c e n t l y  ( s e e  Sec t .  9 ) ;  however, 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  v a l u e s  p r e d i c t e d  by t h e  two sets of r e l a t i o n s  are i n  good 

. 
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agreement. It is not believed that the use of Eqs. (30)-(32) introduces 

significant error in the calculated performance data for continuous flu- 

orinators given later in this section. 

The reaction rate constant, k, was reevaluated from data from a 1- 

in.-diam continuous fluorinator operated at 525OC with an inlet uranium 

concentration of 0.35 mole %23 by using the mathematical model represented 

by Eqs. (25)-(27) and the data on axial dispersion represented by Eqs. 

(30)-(32). The results, summarized in Table'4, show no trend with salt 

or fluorine flow rate; that is, the values for k are seen to be reasonably 
constant. 

Table 4. Summary of Data for Evaluation of Fluorination Reaction 
Rate Constant from Data Obtained at 525OC in a 

l-in.-diam Continuous Fluorinator 

F2 

(cm/sec) 'feed (cm /sec) (cm 2 /sec) (sec-l) 
Velocity c (L) Flow Rate D k Salt Superficial 

3 

. 

0.0625 0.0257 6.8 

~ 

17.6 0.00805 

0.0445 0.0096 5.0 14.6 0.01033 

0.0225 0.00457 3.82 10.6 0.00886 

Avg 0.00908 

The performance of large open-column, continuous fluorinators (6, 8, 

10, and 12 in. in diameter) was estimated from Eq. (28) using the pre- 

viously discussed estimate of k and the correlations for predicting the 

axial dispersion coefficient, D. 

shown in Figs. 17-20 for fractional uranium removal values of 0.9, 0.95, 

0.99, and 0.999. 

to be 0.0033 mole fraction in each case, and the fluorine flow rate was 

assumed to be 150% of the stoichiometric requirement. These results are 

encouraging since they suggest that single fluorination vessels of moderate 

size will suffice for removing uranium from MSBR fuel salt prior to the 

The required fluorinator heights are 

The uranium concentration in the inlet salt was assumed 
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Fig. 18. Variation of Calculated Fluorinator Height with Salt Flow 
Rate and Fluorinator Diameter for a Uranium Removal Efficiency of 95%. 
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isolation of protactinium by reductive extraction. 

sheet for isolating protactinium by fluorination--reductive extraction 

requires fluorination of fuel salt at the rate of 170 ft /day, which is 

equivalent to a 10-day processing cycle. 

a height of 10.2 ft will be required for a uranium removal efficiency 

of 95%; an 8-in.-diam fluorinator having a height of 17.8 ft will be 

required for a uranium removal efficiency of 99%. 

The reference flow- 
24 

3 

A 6-in.-diam fluorination having 

Fluorinators having a high uranium removal efficiency are required 

in the production of high-purity 233U because incomplete removal of 

uranium from a salt stream containing 233Pa would result in contamination 

of the 233U with other uranium isotopes. 

streams having flow rates of 550 to 1700 ft /day with uranium removal 

efficiencies as high as 99.9% may be required. A s  shown in Fig. 20, a 

column diameter of 10 in. and heights of 42.5 to 60 ft would be required 

if a single,open-column,continuous fluorinator were used. In this case, 

the fluorinator would be divided into several open-column fluorinators 

operating in series. If two columns were used, the required heights of 

each column would be less than half the height required for a single 

column since there would be no axial dispersion across the fluorinator 

inlets and outlets. 

column would be 96.8%; and, as shown in Fig. 21, column heights of 17 t o  

28.3 ft would be required for a 10-in.-diam fluorinator. The use of 

three columns, each with a 90% uranium removal efficiency, would reduce 

the total column height even further. Column heights of 7.8 to 17.2 ft 

would be required for a 10-in.-diam fluorinator in this case. 

Therefore, fluorination of salt a 

3 

The required uranium removal efficiency for each 
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9. MeASUREMENT OF AXIAL DISPERSION COEFFICIENTS AND 
GAS HOLDUP I N  OPEN BUBBLE COLUMNS 

J. S. Watson L. E .  McNeese 

Axial  d i s p e r s i o n  i s  important  i n  t h e  d e s i g n  and performance of 

cont inuous f l u o r i n a t o r s  t o  be used i n  p rocess ing  MSBR f u e l  s a l t .  S i n c e  

molten s a l t  s a t u r a t e d  wi th  f l u o r i n e  i s  c o r r o s i v e ,  t h e  f l u o r i n a t o r s  w i l l  

b e  s i m p l e ,  open v e s s e l s  having a p r o t e c t i v e  l a y e r  of f r o z e n  s a l t  on a l l  

exposed me ta l  s u r f a c e s .  I n  such systems t h e  r i s i n g  gas  bubbles  may 

cause  a p p r e c i a b l e  a x i a l  d i s p e r s i o n  throughout  t h e  s a l t .  For  t h e  pas t  

few yea r s ,  we have been involved i n  a program f o r  measuring a x i a l  d i s -  

p e r s i o n  r e s u l t i n g  from t h e  f low of a i r  through l i q u i d s  i n  open bubble  

columns. The o b j e c t i v e s  of t h i s  program a r e  t o  e v a l u a t e  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 f l u o r i n a t o r  performance and t o  account  f o r  t h i s  

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

9 .1  Previous S t u d i e s  on Axial  D i s p e r s i o n  

I n i t i a l  s t u d i e s  on a x i a l  d i s p e r s i o n  i n  open bubble columns were 

c a r r i e d  ou t  by B a u t i s t a  and M ~ N e e s e , * ~  who s t u d i e d  a x i a l  d i s p e r s i o n  

du r ing  t h e  c o u n t e r c u r r e n t  f l ow of a i r  and w a t e r  i n  a 2-in.-ID, 7 2 - i n . -  

long column. Two r e g i o n s  of o p e r a t i o n  were observed.  The f i r s t  of 

t h e s e  c o n s i s t e d  of a “bubble flow” r e g i o n  a t  low g a s  f low r a t e s  i n  which 

t h e  a i r  moved up t h e  column a s  i n d i v i d u a l  bubbles  and c o a l e s c e n c e  was 

minimal.  The second c o n s i s t e d  of a “ s l u g  flow“ r e g i o n  a t  h i g h e r  g a s  

f l o w  r a t e s  i n  which t h e  a i r  coa le sced  r a p i d l y  i n t o  bubbles  having 

d i ame te r s  e q u a l  t o  t h e  column d iame te r .  A p l o t  of t h e  loga r i thm of 

t h e  d i s p e r s i o n  c o e f f i c i e n t  v s  t h e  loga r i thm of t h e  g a s  f low r a t e  was 

l i n e a r  i n  b o t h  r e g i o n s .  However, t h e  s l o p e  of t h e  l i n e  r e p r e s e n t i n g  

d a t a  i n  t h e  s l u g  f low r e g i o n  was h i g h e r  t h a n  t h a t  f o r  d a t a  i n  t h e  bubble  

f low r e g i o n .  The t r a n s i t i o n  between t h e  two r e g i o n s  was w e l l  d e f i n e d .  

The same column and equipment were used by A .  M. Sheikh and J .  D.  

Dearth,26 of t h e  MIT P r a c t i c e  School, f o r  i n v e s t i g a t i n g  t h e  e f f e c t s  of 

t h e  v i s c o s i t y  and s u r f a c e  t e n s i o n  of t h e  l i q u i d .  The d i s p e r s i o n  c o e f -  

f i c i e n t  was found t o  d e c r e a s e  i n  t h e  bubble  f low r e g i o n  a s  t h e  v i s c o s i t y  
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of t h e  l i q u i d  was i n c r e a s e d  from 1 CP t o  15 CP by t h e  a d d i t i o n  of 

g l y c e r o l  t o  t h e  wa te r ;  l i t t l e  e f f e c t  was noted  i n  t h e  s l u g  f low r e g i o n .  

An i n c r e a s e  i n  t h e  d i s p e r s i o n  c o e f f i c i e n t  was observed a s  t h e  s u r f a c e  

t e n s i o n  of t h e  l i q u i d  was decreased  by t h e  a d d i t i o n  of n -bu tano l  t o  

t h e  wa te r .  
- 

The equipment was a l s o  used by A.  A .  J e j e  and C. R. Bozzuto,27 of 

t h e  MIT P r a c t i c e  School,  who i n v e s t i g a t e d  t h e  e f f e c t s  of g a s  i n l e t  

d i ame te r  and column d iame te r  on a x i a l  d i s p e r s i o n  and ob ta ined  d a t a  on 

g a s  holdup i n  bubble  columns. I n  t h e  s l u g  f low reg ion ,  t h e  d i s p e r s i o n  

c o e f f i c i e n t  appeared t o  be  p r o p o r t i o n a l  t o  t h e  squa re  r o o t  of t h e  

v o l u m e t r i c  gas  f low r a t e ,  b u t  was independent  of column d iame te r .  I n  

t h e  bubble  f low reg ion ,  t h e  d i s p e r s i o n  c o e f f i c i e n t  was dependent  o n l y  

on t h e  vo lumet r i c  g a s  f low r a t e  i n  t h e  c a s e  of columns having  d i ame te r s  

of 2 i n .  o r  l a r g e r .  D i spe r s ion  c o e f f i c i e n t  d a t a  ob ta ined  w i t h  a 1 .5-  
in . -d iam column d e v i a t e d  from t h i s  c o n d i t i o n .  A t  low g a s  f l o w  r a t e s ,  

t h e  g a s  holdup was l i n e a r l y  dependent  on t h e  s u p e r f i c i a l  g a s  v e l o c i t y  

b u t  independent  of column d iame te r .  A t  s u p e r f i c i a l  v e l o c i t i e s  above 

t h e  t r a n s i t i o n  from bubble  t o  s l u g  flow, t h e  gas  holdup d a t a  f o r  t h e  

v a r i o u s  column d iame te r s  d ive rged ;  t h e  holdup was g r e a t e s t  f o r  t h e  

s m a l l e s t  column d i a m e t e r .  

A l l  of  t h e  d i s p e r s i o n  c o e f f i c i e n t  d a t a  ob ta ined  by t h e  above 

i n v e s t i g a t o r s  r e s u l t e d  from measurements of t h e  s t e a d y - s t a t e  a x i a l  

d i s t r i b u t i o n  of a c u p r i c  n i t r a t e  t r a c e r  t h a t  was con t inuous ly  i n j e c t e d  

i n t o  t h e  bottom of t h e  column n e a r  t h e  w a t e r  e x i t .  The s t u d i e s  i n d i -  

c a t e d  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  independent  of bo th  

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

range  of i n t e r e s t .  The s t e a d y - s t a t e  expe r imen ta l  t echn ique  had two 

p r i n c i p a l  d i sadvan tages  : 

s i n c e  about  2 h r  was r e q u i r e d  f o r  t h e  column t o  a t t a i n  s t e a d y  s t a t e ;  

and ( 2 )  a t  h i g h  gas  f low r a t e s ,  a i r  was e n t r a i n e d  w i t h  w a t e r  withdrawn 

from t h e  column f o r  d e t e r m i n a t i o n  of t h e  t r a c e r  c o n c e n t r a t i o n ,  and 

t h e  r e s u l t i n g  e r r o r  i n  t h e  d i s p e r s i o n  c o e f f i c i e n t  d a t a  was unaccep tab ly  

h igh .  I n  o r d e r  t o  c i rcumvent  t h e s e  problems, Baut is ta2 '  developed a 

t r a n s i e n t  t echn ique  f o r  o b t a i n i n g  d a t a  on a x i a l  d i s p e r s i o n .  I n  t h i s  

(1 ) t h e  measurements were time-consuming 
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t echn ique  t h e r e  was no n e t  f l ow of w a t e r  through t h e  column; however, 

d a t a  ob ta ined  wi th  t h e  s t e a d y - s t a t e  t echn ique  i n d i c a t e d  t h a t  t h e  w a t e r  

f low r a t e  d i d  not  a f f e c 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  a t  t h e  w a t e r  

f low r a t e s  of i n t e r e s t .  

was q u i c k l y  i n j e c t e d  i n t o  t h e  t o p  of t h e  column and t h e  c o n c e n t r a t i o n  

of t h e  t r a c e r  was measured con t inuous ly  a t  a p o i n t  n e a r  t h e  bottom of 

t h e  column by u s e  of a c o n d u c t i v i t y  probe. The r e s u l t i n g  d a t a  were i n  

agreement wi th  e a r l i e r  d a t a  ob ta ined  w i t h  t h e  s t e a d y - s t a t e  t echn ique ;  

on t h e  o t h e r  hand, d a t a  ob ta ined  w i t h  t h e  t r a n s i e n t  t echn ique  showed 

minimal s c a t t e r  even a t  h igh  gas  f low r a t e s  and could be ob ta ined  i n  

less  t h a n  10% of t h e  t i m e  r e q u i r e d  f o r  t h e  s t e a d y - s t a t e  t echn ique .  

During t h i s  r e p o r t  per iod,  a d d i t i o n a l  s t u d i e s  were c a r r i e d  o u t  u s ing  

t h e  t r a n s i e n t  t echn ique  i n  o r d e r  t o  de t e rmine  t h e  e f f e c t s  of changes 

i n  column diameter ,  gas  i n l e t  design,  and p h y s i c a l  p r o p e r t i e s  of t h e  

l i q u i d  phase on a x i a l  d i s p e r s i o n  and g a s  holdup.  

A sma l l  amount of e l e c t r o l y t e  t r a c e r  ( K C 1 )  

9.2 Equipment and Experimental  Procedure 

The equipment and expe r imen ta l  procedure used i n  t h e  p r e s e n t  s t u d i e s  

have been d e s c r i b e d  previously.28 The equipment c o n s i s t e d  of a n  open 

bubble  column, a means f o r  i n j e c t i n g  K C 1  t r a c e r  s o l u t i o n  a t  t h e  t o p  of 

t h e  column, a c o n d u c t i v i t y  probe l o c a t e d  a t  an  i n t e r m e d i a t e  a x i a l  p o i n t  

a long  t h e  column f o r  de t e rmin ing  t h e  KC1 c o n c e n t r a t i o n  i n  t h e  aqueous 

s o l u t i o n  a t  t h e  p o i n t ,  an  e l e c t r o n i c s  system and a r e c o r d e r  f o r  r e c o r d i n g  

t h e  ou tpu t  from t h e  c o n d u c t i v i t y  probe, an  a i r  supp ly  and me te r ing  s y s -  

t e m  f o r  f e e d i n g  a i r  a t  a known f low r a t e  t o  a gas  d i s p e r s e r  l o c a t e d  

i n  t h e  base  of t h e  column, and a manometer f o r  o b t a i n i n g  d a t a  on g a s  

holdup i n  t h e  column. E igh t - foo t - long  P l e x i g l a s  columns w i t h  i n s i d e  

d i ame te r s  of 1.0,  1.5, 2, 3, and 6 i n .  were used.  Gas d i s t r i b u t o r  

p l a t e s  having d i f f e r e n t  numbers and s i z e s  of o r i f i c e  openings were 
i n s t a l l e d  a t  t h e  bottom of t h e  column i n  o r d e r  t o  de t e rmine  t h e  e f f e c t  

of gas  i n l e t  d e s i g n  on a x i a l  d i s p e r s i o n  and g a s  holdup.  The a i r  f l ow 

r a t e  was measured a t  t h e  t o p  of t h e  column. A soap bubble  b u r e t  was 

employed f o r  f low r a t e s  below 15 cm3/sec; a wet- tes t  meter  was used f o r  

h i g h e r  flow r a t e s .  The s o l u t i o n s  used i n  t h e  s t u d y  c o n s i s t e d  of 

demine ra l i zed  w a t e r  o r  mix tu res  of demine ra l i zed  w a t e r  and g l y c e r i n  o r  
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n -bu tano l .  - 
t h e  column. Demineral ized w a t e r  could  be in t roduced  a t  t h e  t o p  of t h e  

column t o  f a c i l i t a t e  c l e a n i n g  of t h e  column between r u n s .  

The aqueous s o l u t i o n s  were prepared  i n  a t a n k  and pumped t o  

A f t e r  t h e  column had been f i l l e d  w i t h  l i q u i d  having  t h e  d e s i r e d  

p h y s i c a l  p r o p e r t i e s ,  a s u f f i c i e n t  volume of 2.4 N - KC1 t r a c e r  s o l u t i o n  
(5 t o  15 cm 3 , depending on column s i z e )  was added t o  t h e  l i q u i d  i n  t h e  

column i n  o r d e r  t o  o b t a i n  a r e c o r d a b l e  r ead ing  from t h e  c o n d u c t i v i t y  

probe .  The a i r  f l ow r a t e  was t h e n  a d j u s t e d  t o  t h e  d e s i r e d  va lue ,  and 

a second volume of t r a c e r  was q u i c k l y  i n j e c t e d  a t  t h e  t o p  of t h e  column. 

Subsequent ly ,  t h e  response  of t h e  c o n d u c t i v i t y  probe was recorded  u n t i l  

t h e  t r a c e r  was uni formly  d i s p e r s e d  throughout  t h e  column. The h e i g h t  of 

t h e  g a s - l i q u i d  mix tu re  i n  t h e  column and t h e  h e i g h t  of t h e  l i q u i d  w i t h  

no gas  f low were measured. Samples of t h e  l i q u i d  were t h e n  t a k e n  f o r  

s u r f a c e  t e n s i o n  and v i s c o s i t y  measurements. The v i s c o s i t y  of t h e  

l i q u i d  was determined w i t h  a Ubbelohde v iscometer ,  w h i l e  s u r f a c e  t e n s i o n  

measurements were made u s i n g  t h e  c a p i l l a r y  r i s e  method. V i sua l  obse rva -  

t i o n s  of t h e  gas  and l i q u i d  i n  t h e  column were made du r ing  t h e  c o u r s e  of 

t h e  exper iments .  

9.3 Experimental  Data on Ax ia l  D i spe r s ion  

Exper imenta l  d a t a  on a x i a l  d i s p e r s i o n  i n  open bubble  columns were 

ob ta ined  du r ing  t h i s  r e p o r t  pe r iod  i n  a se r ies  of f o u r  s e p a r a t e  s t u d i e s .  

The f i r s t  s tudy ,  made by a group of s t u d e n t s  a t  t h e  U n i v e r s i t y  of 

Tennessee,  was c a r r i e d  ou t  w i th  a 1- in . - ID,  8 - f t - l o n g  column. The gas  

d i s p e r s e r  a t  t h e  bot tom of t h e  column c o n s i s t e d  of a s i n g l e  i n l e t  having  

a n  i n s i d e  d i ame te r  of 4.3 mm. 

e r a l i z e d  water ,  and t h e  s u p e r f i c i a l  g a s  v e l o c i t y  was v a r i e d  from 0.156 
t o  76.6 cm/sec. The d a t a  ob ta ined  du r ing  t h i s  s t u d y  a r e  summarized i n  

Table  5. 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  v a l u e s  ob ta ined  i n  t h e  1 - i n . -  

diam column f a l l  below t h e  v a l u e s  ob ta ined  p r e v i o u s l y  a t  t h e  same s u p e r -  

f i c i a l  gas  v e l o c i t y  i n  columns having  d i ame te r s  of 1 .5  and 2 i n .  

The s t u d i e s  were c a r r i e d  o u t  w i t h  demin- 

The second s tudy  was c a r r i e d  ou t  by J. C.  Bronfenbrenner ,  L. J.  

Marquez, and J. F. Mayer, of t h e  MIT P r a c t i c e  School,  who determined 

t h e  e f f e c t s  on a x i a l  d i s p e r s i o n  caused by changes i n  column d iameter ,  
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T a b l e  5. Summary of Data on Axial  D i s p e r s i o n  Obtained i n  a 1 . 0 - i n . - I D  
Open Bubble Column Containing Demineralized Water a t  25OC 

3 Trace r  i n j e c t i o n  volume: - 5 c m  
a R e l a t i v e  probe  p o s i t i o n  : 0.825 

Gas i n l e t :  one o r i f i c e ,  4.3 mm i n  d i a m e t e r  

Gas Flow S u p e r f  i c i a  1 D i s p e r s i o n  
Run Rateb Gas V e l o c i t y  Coef f i c i en t  
N o .  (cm/sec ) (cm/sec ) (cm'/sec) 

1 
2 

7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

33 
34 
35 
36 
37 
38 

94.6 
387 * 9 
387.9 
331 1 
378.4 
283.8 
189.2 
94.6 

141.9 
236.5 
52.0 
94.6 

146.6 
118.2 
70.9 

165.6 
189.2 
236.5 
321.7 
227.0 

5-91. 
5-51 
5.12 
4.73 
4.33 
3-94  
3.55 
0.79 
6.33 
5-17 
3-95 
2-37 
0.79 
6.74 
5.12 
3.56 
1.98 
0.79 

18.7 
76.6 
76.6 
65.4 
74.7 
56.0 
37.3 
18.7 
28.0 
46.1 
10.3 
18.7 
28.9 
23.3 
14.0 
32.7 
3793 
46.7 
63.5 
44.8 

1.166 
1.088 
1.011 
0 * 933 
0.855 
0 - 778 
0.700 
0.156 
1.25 
1.02 
0.78 
0.468 
0.156 
1-33 
1.01 
0.702 
0.390 
0.156 

82.3 
319.0 
261.8 
255.2 
182.3 
319.0 
170.2 
63.8 

170.2 
232.0 
52.0 

102.6 
61.1 

92.8 
128.3 

146.6 
213 -8 
185.5 

181.1 
20.8 
18.3 
17.1 
22.5 
17.1 
15.5 
14.1 

14.8 
24.6 
19-7 
14.8 

22.4 
17.8 
14.5 

285.1 

5.84 

7.04 

10.7 
6.42 

a 

b 

R a t i o  of d i s t a n c e  of probe  from s u r f a c e  of g a s - l i q u i d  mixture  t o  t o t a l  
h e i g h t  of g a s - l i q u i d  m i x t u r e .  
Measured unde r  c o n d i t i o n s  a t  t o p  of column. 
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v i s c o s i t y  of t h e  l i q u i d  phase, and s u p e r f i c i a l  g a s  v e l o c i t y .  T l , e  columns 

used i n  t h i s  s tudy  c o n s i s t e d  of l . 5 - ,  2-, and 6- in . - ID L u c i t e  t uhes ,  each 

having a l e n g t h  of 8 f t .  A c o n d u c t i v i t y  c e l l  was i n s e r t e d  i n  t h e  columns 

a t  a h e i g h t  o f  70.5 cm from t h e  bottom of t h e  column. The l i q u i d  i n  t h e  

column c o n s i s t e d  of mix tu res  of d i s t i l l e d  w a t e r  and g l y c e r i n  i n  which t h e  

g lyce r i r l  c o n c e n t r a t i o n s  were 0, 25, and 65 w t  $. The p h y s i c a l  p r o p e r t i e s  

of t h e s e  s o l u t i o n s  a r e  summarized i n  Table  6. A i r  e n t e r e d  t h e  column 

through a s i n g l e  o r i f i c e  a t  t h e  bottom of t h e  column; t h e  o r i f i c e  I D  was 

0.04 i n .  f o r  t h e  two s m a l l e r  columns and 0.4 i n .  f o r  t h e  6- in . -diam 

column. The s u p e r f i c i a l  g a s  v e l o c i t y  was v a r i e d  from 0 .26  t o  40 cm/sec 

i n  t h e  s m a l l e r  columns and 0.27 t o  9 .5  cm/sec i n  t h e  6- in . -diam column. 

Data on a x i a l  d i s p e r s i o n  ob ta ined  d u r i n g  t h e  second s t u d y  a r e  summarized 

i n  Tab les  7-9. The r e s u l t s  ob ta ined  w i t h  w a t e r  i n  a 1 .5- in . -diam column 

a r e  i n  good agreement w i t h  t h o s e  ob ta ined  p rev ious ly ;28  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  shows l i t t l e  change a s  t h e  v i s c o s i t y  of t h e  l i q u i d  i s  

i n c r e a s e d  from 0.9 c p  t o  1.8 cp .  S i m i l a r l y ,  t h e r e  i s  l i t t l e  d i f f e r e n c e  

i n  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  v a l u e s  ob ta ined  i n  a 2-in.-diam 

column w i t h  a l i q u i d  having a v i s c o s i t y  of 0 . 9  CP  and t h o s e  ob ta ined  

wi th  a l i q u i d  having a v i s c o s i t y  of 1.8 cP. 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  ob ta ined  w i t h  a l i q u i d  having a v i s c o s i t y  of 1 2 . 1  CP  a r e  about 

53 t o  70% of t h o s e  ob ta ined  wi th  l i q u i d s  having v i s c o s i t i e s  of 0.9 and 

1.8 cP.  E s s e n t i a l l y  no d i f f e r e n c e  was observed i n  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  v a l u e s  ob ta ined  i n  a 6- in . -diam column f o r  l i q u i d s  

having v i s c o s i t i e s  of 0.9, 1.8, and 1 2 . 1  cP .  

Tab le  6. P h y s i c a l  P r o p e r t i e s  of Water-Glycerin S o l u t i o n s  
Used During Second Study of Ax ia l  D i s p e r s i o n  

and Gas Holdup i n  Bubble Columns 

G 1  yc e r i n  S u r f a c e  
Dens i ty  Tens i o n  Concen t r a t ion  Viscos i t y  

( w t  % I  (4 (g/cm3 1 (dyne s/  c m  ) 

0 0.89 0 * 997 73 
25 1.8 1.05 72  

65 12.1 1.16 67.9 
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Table  7. Summary of Data on Axia l  D i spe r s ion  Obtained i n  a 
1 .5- in . - ID Column During Second Study 

a R e l a t i v e  probe p o s i t i o n  : 0.69 
Gas i n l e t :  one o r i f i c e ,  1.0 mm i n  d i ame te r  

Gas Flow S u p e r f i c i a l  G 1  yce r  i n  Axia l  D i spe r s ion  
Run Rateb Gas Ve loc i ty  Conc . C o e f f i c i e n t  
NO (cm3/sec ) (cm/sec ) ( w t  k )  (cm'/sec) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

187.0 
97.8 

140.2 
112.8 

403.6 

403.6 
34.1 
58.2 
10.4 
255 * 4 
118.6 
191 5 
155.0 
118.6 
18.9 
372.8 
566.6 
372.8 
46.3 
118.6 
249.7 
149.4 
118.6 
75.5 

19.6 

7-87 

16.4 
8.58 
12.3 
9.89 
1.72 
35 -4 
0.69 
35.4 
2.99 
5.11 
0.912 
22.4 
10.4  
16.8 

10.4 

32.7 
49.7 
32.7 

10.4 
21.9 
13.1 

13.6 

1.66 

4.06 

10.4 
6.62 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

138.5 
85.6 

93.4 
31.6 

114.8 

482.2 
20.8 
380.5 
39.0 
65.  o 
24.8 
177.0 
149.0 
136.0 
95.2 
88.9 
24.9 
813.9 
655-9 
155.1 
44.6 
88.9 
115.3 
131.4 
56.2 
62.2 

- 

a 
Ra t io  of d i s t a n c e  of probe from s u r f a c e  of g a s - l i q u i d  mixture  t o  t o t a l  
h e i g h t  o f  g a s - l i q u i d  mix tu re .  

Measured under c o n d i t i o n s  a t  t o p  of column. 
b 
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T a b l e  8. Summary of Data on Axial  Dispers ion  Obta ined  i n  a 
2.0-in.-ID Column During Second S t u d y  

a Re la t ive  probe  p o s i t i o n  : 0.69 
Gas i n l e t :  one o r i f i c e ,  1.0 mm i n  d i a m e t e r  

Gas Flow S u p e r f i c i a l  G 1  yce r i n  Axial  D i s p e r s i o n  
Run Rate  Gas Veloci ty  Conc . Coef f i c i en t  
NO (cm3/sec ) (cm/sec ) (wt $1 (cm'/sec 

1 
2 
3 
4 
I'. 
6 
7 
8 
9 

10 
11 
12 

13 
14 
15 
16 
17 
18 
19 
20 

21 
22 
23 
24 
25 
26 
27 
28 

29 
30 
31 
32 

81.1 
411.4 
482.4 
291.9 

11.4 
78.6 

120.8 
117.2 

177.3 
210.8 
377 * 0 
553-3 
56.5 
81.3 
10.7 

15.2 
8.31 

24.5 
44.8 
18.4 
9.93 
6.28 

25.1 
47.6 
60.8 
83.3 

116.9 
184.4 
208.8 
326.3 
504.7 
758.0 

4.0 
20.3 
23.8 
14.4 
0.56 
3.88 
5 -96 
5 -78 
8-75 

10.4 
18.6 
27.3 
2.79 
4.01 
0.53 
0.41 
0.75 
1.21 
2.21 
0.91 
0.49 
0.31 
1.24 
2.35 
3.0 
4.11 
5 e77 
9.1 

10.3 
16.1 
2 1 i . L  9 
37.4 

0 
0 
0 
0 

0 
0 
0 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 

51.0 
206.0 
172.7 
144.9 
22.3 
58.7 
67.5 
72.2 
97.8 

119.7 
178.3 
427.0 
45-3 
52.1 
26.5 
26.5 
31.2 
34.5 

27.6 

18.9 

48.2 

21.4 

27.8 
34.1 
37-51 
44.4 
51.0 
75.3 
79.2 

105 *3 
144.2 
213.6 

a R a t i o  of d i s t ance  of probe from su r face  of g a s - l i q u i d  mixture  t o  t o t a l  
he igh t  of g a s - l i q u i d  mixture .  

bMeasured under  c o n d i t i o n s  a t  t o p  of column. 
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Tab le  9. Summary of Data on Axial  Dispers ion  Obtained i n  a 
6.0-in. - I D  Column During Second S t u d y  

R e l a t i v e  probe  p o s i t i o n a :  0.69 
Gas i n l e t :  one o r i f i c e ,  10 mm i n  d i a m e t e r  

Gas Flow S u p e r f i c i a l  Glycerin Axial  Dispers ion  
Run Rate Gas Ve loc i ty  Conc . Coef f i c i en t  
No. (cmJ/sec (cm/sec ) (wt ?a (cm'/sec ) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

13 
14 
15 
16 
17 
18 
19 
20 
21 

22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

1530 
561.8 

94.8 
94.8 

271.8 
394.0 

1299 
113.1 

698.6 
195.2 
60.2 

286.4 

899 * 3 
479 * 8 

145 -9 

1665 

1372 
1757 
1757 
474.3 
923 * 0 

58.4 
372- 1 
217.1 
543 - 6 
707 * 8 
543 * 6 

220.7 
295 * 5 
49.2 

727 * 8 
521 - 7  
361.2 

1096 

1572 

1094 

8-39  
3.08 
0.8 
0.52 
0.52 
1.49 
2.16 
7.12 
0.62 
3-83 
1.07 
0.33 
1.57 
9-13 
4.93 
2.63 
7-52  
9-63  
9.63 

5.06 

0.32 

1.19 
2.98 

2.6 

8.62 

2.04 

3.88 
2.98 
6.0 
1.21 

1.62 
0.27 
3.99 
2.86 
1.98 
6.01 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

25 
25 
65 
65 
65 
65 
65 
65 
65 

207.0 

152.1 
156.6 
160.7 
183.2 
161.3 
370- 8 
173.4 
156.9 
123.1 

280.6 

178.8 

146.0 
146.2 

245.8 
141.0 
231.5 
265 - 9  
303.0 
169.5 
262.0 
229 * 3 
124.7 
187.7 
180.5 
184.0 
210.8 
181.1 
215.9 
152.8 
148.6 
161.8 
181.1 

179-6 
145.6 
215.6 



Table 9. (cont inued ) 

R e l a t i v e  probe p o s i t i o n a :  0.69 
Gas i n l e t :  one o r i f i c e ,  10 mm i n  d i a m e t e r  

Gas Flow S u p e r f i c i a l  G lyce r in  Ax ia l  D i s p e r s i o n  
Run Rate Gas V e l o c i t y  Conc . C o e f f i c i e n t  
NO * (cm3/sec) (cm/sec ) (wt  $4 (cm'/sec 

37 1532 
38 9 3 . 0  
39 136.8 

8.4 
0.51 
0.75 

65 
65 
65 

254.2 
157.2 
172.6 

a 
R a t i o  of d i s t a n c e  of probe from s u r f a c e  of g a s - l i q u i d  mix tu re  t o  t o t a l  
h e i g h t  of g a s - l i q u i d  mix tu re .  

Measured under c o n d i t i o n s  a t  t o p  of column. b 

The t h i r d  s t u d y  c a r r i e d  ou t  d u r i n g  t h i s  pe r iod  was made by A .  K. 

Padia,  G .  T .  Marion, and R.  H. McCue, o f  t h e  MIT P r a c t i c e  School, who 

s t u d i e d  t h e  e f f e c t s  of changes i n  t h e  number and s i z e  of g a s  i n l e t  

o r i f i c e s ,  column diameter ,  s u p e r f i c i a l  a i r  v e l o c i t y ,  and v i s c o s i t y  

and s u r f a c e  t e n s i o n  of t h e  l i q u i d  phase on 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  and gas  holdup.  The ranges of t h e  independent  parameters  t h a t  

were v a r i e d  i n  t h i s  s t u d y  a r e  summarized i n  Table  10. Column d iame te r s  

of 1.5, 2, and 3 i n .  were used w i t h  both s i n g l e  and m u l t i p l e  o r i f i c e s  

r ang ing  i n  s i z e  from 0.4 t o  6 .4  mm. 

was v a r i e d  from 0.9 t o  11.3 cP, and t h e  s u r f a c e  t e n s i o n  of t h e  l i q u i d  

was v a r i e d  from 27 t o  70 dynes/cm. 

v a r i e d  from 0.0318 t o  20 cm/sec i n  1 2  t o  17 increments  f o r  each v a l u e  

of colurrn diameter ,  g a s  d i s t r i b u t o r  des ign ,  and p r o p e r t y  of t h e  l i q u i d  

phase.  

The v i s c o s i t y  of t h e  l i q u i d  phase 

The s u p e r f i c i a l  gas  v e l o c i t y  was 

Data ob ta ined  d u r i n g  t h e  t h i r d  s t u d y  a r e  summarized i n  Tab les  
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Table  10. Ranges of Parameters  During Th i rd  Study 
of Axia l  D i spe r s ion  i n  Open Bubble Columns 

Parameter Values Used 

Column Diameter, i n .  1.5, 2, 3 
Number of O r i f i c e s  i n  Gas I n l e t  1, 5, 19, 37 
Gas I n l e t  O r i f i c e  Diameter, mm 0.4, 1, 2, 4, 6.4 
Sur face  Tension of Liquid,  dynes/cm 27, 45, 70 
V i s c o s i t y  of Liquid,  C P  0.9, 2.05, 10.7, 11.3 
S u p e r € i c i a l  Gas Veloc i ty ,  cm/sec 0.0318 t o  20 

11-19. The v a r i a t i o n  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  w i t h  changes 

i n  t h e  s u p e r f i c i a l  gas  v e l o c i t y  and o r i f i c e  d i ame te r  f o r  a 2- in . - ID 

column Cor which t h e  gas  d i s t r i b u t o r  c o n s i s t e d  of f i v e  o r i f i c e s  i s  i n  

g e n e r a l  agreement w i t h  t h a t  ob ta ined  p r e v i o u s l y  f o r  a 2-in.-diam 

column opera ted  w i t h  a s i n g l e  gas  i n l e t .  The v a r i a t i o n  i n  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 n  t h e  s l u g  f l o w  r e g i o n  wi th  changes i n  t h e  d i ame te r  of t h e  

gas  i n l c t  o r i f i c e s  i s  no t  b e l i e v e d  t o  be s i g n i f i c a n t .  However, t h e  

d i f f e r e n c e s  observed i n  t h e  bubble  f low r e g i o n  a r e  probably meaningfu l .  

Data of t h e  same type ,  ob ta ined  wi th  a g a s  d i s p e r s e r  c o n s i s t i n g  of 37 
o r i f i c e s ,  show even less d e v i a t i o n  from previous  v a l u e s  ob ta ined  w i t h  

a s i n g l e  gas  i n l e t .  For  a column d iame te r  of 2 i n .  and gas  d i s t r i b u t o r  

o r i f i c e  d i ame te r s  of 1 mm, o n l y  s l i g h t  d i f f e r e n c e s  i n  t h e  d i s p e r s i o n  

c o e f f i c i e n t  a r e  noted  i n  t h e  s l u g  f low r e g i o n ;  however, i n  t h e  bubble  

f low reg ion ,  a p r o g r e s s i v e  i n c r e a s e  i n  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  

observed a s  t h e  number of o r i f i c e s  i s  i n c r e a s e d .  The v a r i a t i o n  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  w i t h  changes i n  t h e  v i s c o s i t y  of t h e  l i q u i d  

phase and t h e  s u p e r f i c i a l  g a s  v e l o c i t y  f o r  column d iame te r s  of 1 . 5  and 



Table 11. Summary of Data on Axial  D i s p e r s i o n  Obtained 
i n  a 1 .5- in . - ID Column Containing 

Water During Third Study 

T r a c e r  i n j e c t i o n  volume: i-f 5 c m  3 
a R e l a t i v e  probe p o s i t i o n  : 0.79 

Gas i n l e t :  one o r i f i c e ,  1 mm I D  

Gas Flow S u p e r f i c i a l  Axia l  D i s p e r s i o n  
Run Rat eb  Gas V e l o c i t y  C o e f f i c i e n t  
N o .  (cm3/sec) (cm/sec ) (cm'/sec ) 

1 

2 

3 
4 
5 
6 
7 
8 
9 

10 

11 

11.9 
2.42 

5.14 
8.20 

15 .2  

19.2 

25.2 
4-1c. 0 

74.6 
101.8 

242.8 

1 045 

0.212 

0.451 

0.719 

1-33 
1.68 
2.21 

3.86 
6.54 
8-93 

21.3 

25.8 

12.9 

18.9 
24.4 

32 .9  
31.6 
39.5 
50.0 

69.4 
85-9 

242.0 

a R a t i o  of d i s t a n c e  of probe from s u r f a c e  of g a s - l i q u i d  mix tu re  t o  t o t a l  
h e i g h t  of gas  - l i q u i d  mix tu re  e 

bMeasured under c o n d i t i o n s  a t  t o p  of column. 
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Table  12.  Summary of Data on Axia l  D i spe r s ion  i n  a 
1 .5- in . - ID Column Containing Aqueous 

I sopropanol  During Thi rd  Study 

3 T r a c e r  i n j e c t i o n  volume: - 5 c m  

R e l a t i v e  probe p o s i t i o n a :  0 .79  

Sur face  t e n s i o n  of l i q u i d :  45.3 dynes/cm 

Gas i n l e t :  one o r i f i c e ,  0.638 cm I D  

Gas Flow Superf i c i a  1 Axia l  D i spe r s ion  
Run Rateb Gas Ve loc i ty  C o e f f i c i e n t  
NO (crn3/sec ) (cm/sec ) (cm2/sec 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

11.9 

8.09 

6. i o  

2.87 

1.06 

16.6 

17.7 

29.4 

49.1 

66.0 

84.9 

1.045 

0.710 

0.535 

0.252 

0.0930 

1.456 

1-55  

2.58 

4.31 

5.79 

7.45 

20.9 

23.3 

20.5 

17.3 

14.6 

23.1 

26.7 

33.7 

40.6 

50.0 

58.0 

a R a t i o  of d i s t a n c e  of probe from s u r f a c e  of g a s - l i q u i d  mixture  t o  t o t a l  
h e i g h t  of gas  - l i q u i d  mixture .  

Measured under  c o n d i t i o n s  a t  t o p  of column. 
b 



Table 13. Summary of Data on Axial  D i spe r s ion  i n  a 1 . 5 - i n . - I D  
Column Containing Aqueous I s o b u t a n o l  During Thi rd  Study 

3 T r a c e r  i n j e c t i o n  volume: - 5 cm 
a R e l a t i v e  probe p o s i t i o n  : 0.79 

Surface  t e n s i o n  of l i q u i d :  27.3 dynes/cm 

Gas i n l e t :  one o r i f i c e ,  0.638 cm I D  
-~ 

Gas Flow S u p e r f i c i a l  Axial  D i s p e r s i o n  
Run Rateb Gas V e l o c i t y  C o e f f i c i e n t  
NO * (cm3/sec ) (cm/sec ) (cm2/sec) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

11.6 

1 .52  

0.804 

2.44 

5.63 

8.70 

15.6 

23 .6  

40.6 

73.0 

98.0 

1 .02  

09 133 

0.0705 

0.214 

0.494 

0.763% 

1-37 

2.07 

3.56 

6.4 

8.6 

21.9 

15.0 

11.9 

15.8 

20.6 

22.2 

22.3 

27.9 

3 6 . 2  

51.5 

65.7 

a R a t i o  of d i s t a n c e  of probe from s u r f a c e  of g a s - l i q u i d  mix tu re  t o  t o t a l  
h e i g h t  of gas  - l i q u i d  m i x t u r e .  

bHeasured under c o n d i t i o n s  a t  t o p  of column. 
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T a b l e  14. Summary of Data on Axia l  Dispersion Obta ined  
i n  a 1.5-in.-ID Column Containing a Water-Glycerin 

Mixture  During T h i r d  S tudy  

Trace r  i n j e c t i o n  volume: - 5 c m  3 

R e l a t i v e  probe pos i t i ona :  0.79 
Gas i n l e t :  one o r i f i c e ,  0.638 c m  I D  

Gas Flow S u p e r f i c i a l  G l y c e r i n  Axial D i s p e r s i o n  
Run Rate Gas V e l o c i t y  Conc . Coeff ic ien t  
NO (cm3/sec) (cm/sec ) (wt $1 (cm2/sec ) 

b 

1 

2 

3 
4 
5 
6 
7 
8 
9 

10 

11 

12 

13 
14 
15 
16 
17 
18 
19 
20 

0.727 
2.13 

3.80 
6.02 

10.2 

14.2 
18.5 
29.8 
65.9 
92.0 

2.44 
1.01 

3.57 
5-13  
7.42 

11.4 
15.7 
19.8 
33.1 
66.0 

0.0638 
0.187 
0 333 
0.528 
0 895 
1.25 
1.625 
2.61 
5 -78  
8.07 
0.214 
0.0888 
0.313 

0.651 
1.0 

1.38 
1.74 
2.9 
5 -79  

0.45 

7 -65  
12.5 
24.6 
26.4 
28.4 
36.4 
36.4 
43.5 
60.6 

10.6 
7.45 

12.3 
15.2 

21.3 
21.8 

27.3 
27.7 
34.7 
55.6 

81.0 

a R a t i o  of d i s t a n c e  of p robe  from s u r f a c e  of g a s - l i q u i d  mixture  t o  t o t a l  
h e i g h t  of gas - l i q u i d  mixture .  

Measured u n d e r  c o n d i t i o n s  a t  t o p  of column. b 
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Table  15. Summary of Data on Axia l  D i spe r s ion  Obtained i n  a 
2 .0 - in .  - I D  Column Containing Water During Thi rd  Study 

3 T r a c e r  i n j e c t i o n  volume: - 5 cm 
a R e l a t i v e  probe p o s i t i o n  : 0.79 

Gas i n l e t :  one o r i f i c e ,  1 mm I D  
~~~ 

Gas Flow S u p e r f i c i a l  Ax ia l  D i spe r s ion  
Run Rateb Gas V e l o c i t y  C o e f f i c i e n t  
NO - (cm3/ s e c ) (cm/sec) (cm2/sec ) 

9 

10 

11 

1 2  

13 

0.896 

0.255 

4.24 

5.98 

8.21 

10.4 

12 .5  

16.2 

19 .2  

30 .8  

59.2 

92.8 

145 09 

0.0442 

0.0126 

0.209 

0.295 

0.405 

0.515 

0.618 

0- 798 

0.95 

1.52 

2.92 

4.58 

7.2 

19.6 

28.1 

28.9 

31.1 

37.6 

40.5 

43.4 

45.5 

48 .2  

52.7 

60.8 

72 .6  

81.5 

a R a t i o  of d i s t a n c e  of probe from s u r f a c e  of g a s - l i q u i d  mix tu re  t o  t o t a l  
h e i g h t  o f  g a s - l i q u i d  mix tu re .  

bMeasured under  c o n d i t i o n s  a t  t o p  of column. 



Table  I t .  Summary of  L)at'i on Axial D i s p e r s i o n  Obtained i n  a , , - i n . - I D  Column C o n t a i n i n g  Water During T h i r d  S tudy  

Number of  o r i f i c e s :  > 
T r a c e r  i n j e c t i o n  volume: - j cm' 

R e l a t i v e  probe  p o s i t i o n a :  Runs 1-12 - 0.767 
Runs 15-68 - 0.790 

Gas Flow S u p e r f i c i a l  Gas I n l e t  A x i a l  D i s p e r s i o n  
Run R teb Gas V e l o c i t y  O r i f i c e  I D  C o e f f i c i e n t  
N O .  (cm 3 / s e c )  (cm/sec)  1 (cm2/sec 

1 

i 
i 

' I  

b 
i 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

29 
40 
31 
52 
33 
54 

2a 

'(. ho 
0. ~126 
2.50 
4.90 
10.y 
15.2 
19.4 
34.4 
65.3 
97.1 
141.9 
1-71.> 
13.y 
1.>5 
3.20 
5.2.i 
7.05 
9-30 
11.9 
18.6 
30.8 
'13.8 
86.; 
113.5 
14'7.8 
280 
88.2 

57 
16.2 
>(I.'( 

185.4 
458 
2.23 
4.01 

u .  1 P ' ~  
3. (14ij7 
0. 123) 
0.242 
0.537 
0. '(49 
0.96 
1 .'( 
5.22 

-( . 00 
8.46 
0.68e 
0.0767 
0.158 
0.26 
0.34.i 
0.451, 
r i .  
0.<)2 
1.:2 
J. :I> 
4.Y( 
r > .  :,'I 
7 .2?? 
13.8 

4.312 
11.26,) 
0.80 
2.5 
1.lj 

21.6 
0.11 
0.1548 

4. '(3 

0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
u.4 
3.4 
0.4 
0.4 
0.4 
0.4 
i 0 
1.0 
1.0 
1 .o 
1.0 
1.0 
1.0 
1.0 

1.0 
1 .0 
1.0 
1.0 
1.0 
2 . 0  
2.0 
2.0 
2. u 
2.0 
2.0 

2.0 

1. (J  

L .I, 

40.6 
15.4 
16.4 
22.8 
33- 1 
3; .4 
36.1, 
41.1, 
5.(. 6 
60.P 
'(2.6 
Pj .6  
37.2 
31.7 
51.5 
44.8 
47.0 
37.9 
55.5 
39.0 
55.1 
5-r . 5 
63.5 
92.4 
111.1 
137 * 0 
'(1.6 
55.8 
23.P 
57.4 
159.0 
200.0 
29.6 
30.5 

Gas Flow S u p e r f i c i a l  Gas I n l e t  A x i a l  D i s p e r s i o n  
Coef i c i e n t  5 Run Rateb Gas V e l o c i t y  O r i f i c e  I D  

NO. (cm3/sec)  (cm/sec (m 1 ( cm ./sec ) 

35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 

4.76 
10.2 
20.3 

10.3 
31.2 
84.5 

45.8 
111.5 
450 
282 

5-13 

1 .go 
10.4 

19.7 
2.45 
26.3 
14.6 
7-56 
1.54 
1.04 
2-53 
4.09 
6.16 
8.21 
10.6 

15.4 
18.7 
30.9 

89.2 
117.8 
144.5 
330 

13.2 

63.8 

0 * 235 
0.503 
1.0 
0.253 
0- 509 
1.54 
4.17 
O.Og38 
0.512 
2.26 
5.5 
22.2 
13 9 
0.97 
0.121 
1-3 

0.373 
0.72 

0.076 
0.0512 
0.125 
0.202 
0.304 
0.405 
0.525 
0.65 
0.76 
0 - 923 
1-525 
3-15 
4.4 
5.81 
7.13 
16.3 

2.0 
2.0 
2.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4. r? 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

35.8 
30.0 
44.0 
27.1 
41.2 
41.8 
65.5 
30.8 
38-3 
54.0 
6 9 . 5  
326.0 
1 q . o  
33.7 
26.4 
41.8 
36.8 
32.5 
25.5 
20.8 
41.0 
45.6 
37.0 
36.5 
49.2 
57.0 
62.7 
52.2 
46.8 
59.5 
69.5 
75.2 
96-5 
87.2 

a R a t i o  of d i s t a n c e  o f  probe  from s u r f a c e  of g a s - l i q u i d  m i x t u r e  t o  t o t a l  h e i g h t  of  g a s - l i q u i d  m i x t u r e .  

bMeasured u n d e r  c o n d i t i o n s  a t  t o p  of column. 



Table  17. Summary of Data on Axia l  D i spe r s ion  Obtained i n  a 
2.O-in.-ID Column Containing Water During Thi rd  Study 

Gas i n l e t :  19 o r i f i c e s ,  1 mm I D  

T r a c e r  i n j e c t i o n  volume: - 5 cm 3 
a R e l a t i v e  probe p o s i t i o n  : 0.808 

~ 

Gas Flow Superf i c i a  1 Axia l  D i spe r s ion  
Run Rateb Gas Ve loc i ty  C o e f f i c i e n t  
NO 0 (cm3/sec) (cm/sec ) (cm2/sec ) 

1 

2 

3 
4 
5 
6 

7 
8 

9 
10 

11 

12 

13 
14 

15 

1.02 

2.31 

6.10 

4.22 

8.19 
10.8 
12.8 
14.7 
18.6 
30.0 
6 ~ 2  

85 -9 
115.7 
149.6 
280.0 

0.0505 
0.114 
0.208 

0.301 

0.404 

0.535 
0.632 
0.726 

0.919 
1.48 
3.02 
4.24 
5-71 
7 - 3 8  
13.8 

26.4 

36.7 
38.5 
39.7 
40.1 
44.5 
46.5 
47.0 
44.9 

54.4 
62.5 

421.8 

80.4 
124.0 

155.0 

a R a t i o  of d i s t a n c e  of probe from s u r f a c e  of g a s - l i q u i d  mixture  t o  t o t a l  
h e i g h t  of g a s - l i q u i d  mix tu re .  

Measured under  c o n d i t i o n s  a t  t o p  of column. b 



Table 18. Summary of Data on Axial d i spers ion  Obtained i n  a Z.O-in.-ID 
Column Containing Wa:er During Third Study 

Gas i n l e t :  37 o r i f i c e s  

Tracer in jec t i tm volume: Q 5 c m  3 

Relat ive probe *)osi t iona:  0.738 

G a s  F low Super f ic ia l  Gas I n l e t  Axial Dispersion 
Run Rate' Gas Velocity O r i f i c e  I D  Coef f ic ien t  
No. (cm31sec) (cml sec)  (mm ) (cm'lsec) 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

41 
42 
43 
44 
45 

46 

1.06 
2.41 
3.46 
5.86 
7.96 

10.7 
13.9 
15.8 
19.2 
30.8 

60.2 
88.4 
113.5 
149. C 
259 

503 
746 
2.27 
7.62 
i3.6 

1.12 
5.31 
9.69 
17.7 
27.8 

44.8 

72.6 
101 

3.59 
148 

590 
11.9 
1.25 
3.00 
5.09 

6.71 
8.17 
11.8 
20.5 
30.2 

53.9 
73.4 
94.4 
118 
150 

537 

0.0525 
0.119 
0.171 
0.289 
0.393 

0.529 
0.687 
0.78 
0.945 
1.52 

2.97 
4.36 
5.6 
7.35 
12.8 

24.8 
36.8 
0.112 
0.376 
0.67 

0.3703 
3.262 
0.478 
0.875 
1.37 

2 . 2 1  
5.0 
3.58 
:.I62 
7.28 

29.12 
0.737 
3.5618 
3.148 
G .  251 

0.331 
0.403 
0.585 
i. 01 
1.49 

2.66 
3.62 
4.66 
5.8 
7.43 

26.5 

1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
1 .0  
1 .0  
1 .0  
1.0 

1 .0  
1 .0  
1 . 0  
1.0 
1.0 

1 . 0  
1 . 0  
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 

2.0 
4.0 
4.0 
4.0 
4.0 

4.0 
4.0 
4.0 
4.0 
4.0 

4.0 
4.0 
4.0 
4.0 
4.0 

4.0 

27.3 
33.3 
40.4 
37.8 
33.7 

34.2 
45.0 
48.0 
48.0 
44.4 

58.2 
121.0 
95.0 

101.0 
136.0 

214.0 
228.0 
36.7 
34.7 
39.3 

20.5 
35.5 
33.2 
38.0 
49.5 

61.0 
91.8 
80.8 
33.9 

100.0 

269.0 
33.4 
28.2 
33.1 
31.9 

30.0 
33.7 
32.4 
51.3 
50.0 

59.7 
61.0 
72.2 
79.5 
77.5 

164.0 

aRatio of  d i s tance  of proSe from surface of gas-liquid mixture t o  t o t a l  height 

b?leisured under condi t ions a t  top of colusn. 

o f  g a s - l i q u i d  mixture. 



T a b l e  19 .  Summary of Data on Axial Dispers ion  Obtained i n  a 3.0-in.-ID 
Column Containing a Water-Glycerin Mixture  During Third Study 

Gas I n l e t :  one o r i f i c e ,  0.638 c m  I D  

3 

Runs 15-27, Q 1 . 5  cm 
Tracer  i n j e c t i o n  volume: Runs 1-14, % 4.5 c m  

a 

3 

R e l a t i v e  probe p o s i t i o n  : 0.79 

Gas Flow S u p e r f i c i a l  G lyce r in  Axial D i spe r s ion  
Run R a t  eb G a s  Ve loc i ty  Concent ra t ion  C o e f f i c i e n t  
No. (cm3/sec) (cm/ sec )  (wt X) (cm2/ s ec 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  
13  
14 
1 5  
16 
1 7  
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

36.9 
1.60 
3.50 
5.56 
8.94 

13.0 
19.4 
25.2 
46.7 
84.8 

130.0 
258 
377 

1.47 
1.45 
3.51 
4.92 
7.07 

10.6 
15.4 
19.3 
30.8 
76.2 
57.0 

104 
13  5 
245 

0.81 
0.0352 
0.0768 
0.122 
0.196 
0,285 
0.425 
0.553 
1.025 
1.86 
2.85 
5.66 
8.26 
0.0323 
0.0318 
0.0769 
0.108 
0.155 
0.232 
0.338 
0.424 
0.675 
1.67 
1.25 
2.28 
2.96 
5.37 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25  
25 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 

50.0 
28.1 
43.2 
38.2 
48.9 
51.8 
45.0 
48.7 
46.2 
64.0 
66.4 
89.1 
92.2 
30.2 
27 .O 
29.1 
42.4 
56.0 
41.4 
47.4 
45.0 
52.8 
47.4 
56.3 
57.2 
64.3 
86.7 

Ra t io  of d i s t a n c e  of probe from s u r f a c e  of gas- l iqu id  mixture  t o  t o t a l  
h e i g h t  of gas- l iqu id  mixture .  

a 

bMeasured under cond i t ions  a t  t o p  of column. 



3 i n .  shows t h a t  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  obta ined  wi th  t h e  

3 - i n .  column a r e  h i g h e r  t h a n  those  ob ta ined  wi th  t h e  l . 5 - i n .  column a t  

a g iven  s u p e r f i c i a l  gas  v e l o c i t y ,  p a r t i c u l a r l y  i n  t h e  c a s e  of bubble  

flow. I n  g e n e r a l ,  t h e r e  i s  a p r o g r e s s i v e  dec rease  i n  t h e  v a l u e  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  a s  t h e  v i s c o s i t y  of t h e  l i q u i d  i s  i n c r e a s e d .  

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  i s  observed t o  dec rease  a s  t h e  s u r f a c e  

t e n s i o n  i s  decreased  i n  a 1 .5- in . -diam column. 

The f i n a l  s tudy  c a r r i e d  ou t  du r ing  t h i s  r e p o r t  pe r iod  was made t o  

de te rmine  t h e  e f f e c t  of u s i n g  a s i d e  gas  i n l e t ,  which c o n s i s t e d  of a 

1- in . - ID tube  a t t a c h e d  t o  t h e  s i d e  of t h e  column a t  a n  a n g l e  of  45" wi th  

r e s p e c t  t o  t h e  column a x i s .  This  t ype  of gas  i n l e t  i s  env i s ioned  f o r  

use  i n  cont inuous  f l u o r i n a t o r s  having  f rozen-wa l l  c o r r o s i o n  p r o t e c t i o n  
a s  a means f o r  a l s o  p r o t e c t i n g  t h e  i n l e t  gas  nozz le  from c o r r o s i o n .  29 

Demineralized wa te r  was used du r ing  t h e  s tudy ,  which was c a r r i e d  ou t  

w i th  a 3 - in . - ID  column. Data on a x i a l  d i s p e r s i o n  obta ined  du r ing  t h i s  

s tudy  a r e  summarized i n  Table  20. Comparison of t h e  d a t a  wi th  o t h e r  

d a t a  on a x i a l  d i s p e r s i o n  i n  a 3- in . -diam column f o r  which t h e  g a s  d i s t r i b -  

u t o r  c o n s i s t e d  of a s i n g l e ,  0.432-cm-diam o r i f i c e  shows v e r y  l i t t l e  d i f -  

f e r e n c e  between t h e  two se t s  of d a t a .  

9.4 Experimental  Data on Gas Holdup 

Experimental  d a t a  on gas  holdup i n  open bubble  columns were ob ta ined  

du r ing  t h i s  r e p o r t  per iod  i n  t h e  f i r s t ,  second, and t h i r d  s t u d i e s .  The 

ranges  of o p e r a t i n g  parameters  used du r ing  t h e s e  two s t u d i e s  a r e  summa- 

r i z e d  i n  Table  21. Column d iame te r s  of 1.0, 1.5, 2, 3, and 6 i n .  were 
used wi th  gas  in l e t :  d i spe r se r s  t h a t  c o n s i s t e d  of b o t h  s i n g l e  and m u l t i p l e  

o r i f i c e s  having d i ame te r s  t h a t  ranged from 0.4 t o  6.4 mm. The v i s c o s i t y  

of t h e  l i q u i d  phase was v a r i e d  from 0.9 t o  12 .1  cP, and t h e  s u r f a c e  t en -  
s i o n  of t h e  l i q u i d  was v a r i e d  from 27 t o  73 dynes/cm. 

gas  v e l o c i t y  was v a r i e d  from 0.013 t o  50 cm/sec. 

t h e  s t u d i e s  a r e  summarized i n  Tables  22-34. 

The s u p e r f i c i a l  

Data ob ta ined  d a r i n g  
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T a b l e  20. Summary of Data on Axia l  Dispers ion  Obtained i n  a 3 - in . - ID  
Column Having a 1- in . - ID S i d e  I n l e t  J o i n e d  t o  t h e  Column a t  a n  

Angle of 45" w i t h  Respect t o  t h e  Column Axis 

Tracer i n j e c t i o n  volume: - 5 c m  3 
a Re la t ive  probe p o s i t i o n  : 0.79 

Gas Flow S u p e r f i c i a l  Dispers ion  
Run Rateb Gas Veloc i ty  Coef f i c i en t  
NO * (cm3/sec) (cm/sec ) (cm2/sec ) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

852.8 
706.8 
579.2 
483.4 
367.6 
277 - 7 
118.8 
98.0 

192. o 
162.3 

94.4 

72.0 
67.9 
40.4 
20.0 
26.2 
18.0 
13.5 

141.8 
124.0 

89.4 

9.62 
5.88 
2-79 

97.1 
141.8 
91.2 
21.9 

218.9 
5.65 

18.7 
15 - 5  
12.7 
10.6 
8.06 

4.14 

4.21 

6.09 

2.15 

3-56  
3.11 
2.72 
2.07 
1.96 
1.58 
1.49 
0.887 
0 438 
0.574 
0 395 
0.296 
0.211 
0.129 
0.0612 
2.13 
3.11 
2.00 
0.481 
4.80 
0.124 

111 .g 
159.2 
137.2 
132.6 
114.9 
91.1 
67.3 
74.3 
70.7 
74.4 
65.0 
68.4 
53 -7 
58.0 
49.0 
$9.1 
56.8 
47 -3  
67.8 
37.6 
39.9 
47.1 
31 -8 
28.1 
60.7 
65.3 
54.9 
42.0 
71.8 
29.5 

a R a t i o  of d i s t a n c e  of probe  from su r face  of g a s - l i q u i d  mixture  t o  t o t a l  
he ight  of gas  - l i q u i d  mixture .  

Measured unde r  c o n d i t i o n s  a t  t o p  of column. b 
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Table 21. Ranges of Parameters  During S t u d i e s  of 
Gas Holdup i n  Open Bubble Columns 

Parameter  

~- 

Values Used 

Column Diameter, i n .  

~ ~- 

1.0, 1.5, 2 ,  3, 6 

Number of O r i f i c e s  i n  Gas I n l e t  1, 5, 19 ,  37 

Gas I n l e t  O r i f i c e  Diameter, mm 0.4, 1, 2,  4 ,  6 .4  

S u r f a c e  Tens ion  of L iqu id ,  27 ,  45,  70, 73 
dynes /cm 

V i s c o s i t y  of L i q u i d ,  CP 0.9,  1 .8 ,  2.05, 10.7,  11.3, 12 .1  

Gas S u p e r f i c i a l  V e l o c i t y ,  cm/sec 0.013 t o  49.7 

9.5 C o r r e l a t i o n  of Data on Gas Holdup 

The d a t a  on gas  holdup ob ta ined  i n  t h e  second and t h i r d  s t u d i e s  of 

t h i s  r e p o r t  per iod  and i n  s t u d i e s  by Baut i s ta2 '  were c o r r e l a t e d  by t h e  

method of l e a s t  s q u a r e s .  These da t a ,  a t o t a l  of 349 holdup de termina-  

t i o n s ,  cover  column d iame te r s  from 1.5 t o  6 i n .  and i n c l u d e  a range of 

v a l u e s  f o r  t h e  s u p e r f i c i a l  gas  v e l o c i t y  and p h y s i c a l  p r o p e r t i e s  of t h e  

l i q u i d .  The r e s u l t s  ob ta ined  f o r  t h e  1- in . -diam column i n  t h e  f i r s t  

s tudy  were no t  used i n  deve loping  t h e  c o r r e l a t i o n  s i n c e  t h e s e  v a l u e s  a r e  

be l i eved  t o  be of a lower q u a l i t y  t h a n  t h e  remaining ones. It was found 

t h a t  gas  holdup could be r ep resen ted  by t h e  r e l a t i o n  

where 

h = f r a c t i o n  of column volume occupied by gas ,  

g 
v = s u p e r f i c i a l  gas  v e l o c i t y ,  cm/sec, 

2 g = a c c e l e r a t i o n  of g r a v i t y ,  cm/sec , 
d = column d iameter ,  c m .  

C 
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Table 22. Summary of Data on Gas Holdup Obtained in a 1.0-in.-ID 
Open Bubble Column Containing Demineralized Water at 25°C 

Gas inlet: one orifice, 4.3 mm in diameter 

Gas Flow Superficial Bubble Rise 
Run Ratea Gas Velocity Gas Ve loci t y 
NO - (cm3/sec) (cm/sec ) Holdup (cm/sec ) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

94.6 
387 - 9 
387.9 
331 * 1 
378.4 
283 8 
189.2 

236.5 
52.0 

94.6 
141.9 

94.6 
146.6 
118.2 
70.9 
165.6 
189.2 
236.5 
321.7 
227.0 
5-91 
5-51 
5.12 
4.73 
4.33 
3 -94 
3-55 
0.79 
6.33 
5-17 
3 e95 
2-37 
0.79 
6.74 
5.12 
3-56 
1.98 
0.79 

18.7 
76.6 
76.6 

74.7 
56.0 
37.3 
18.7 
28.0 
46.1 
10.3 
18.7 
28.9 
23.3 
14.0 
32.7 
37.3 
46.7 
63 * 5 
44.8 

65.4 

1.166 
1.088 
1.011 
0 933 
0 - 855 
0.778 
0.700 
0.156 
1.25 
1.02 
0.78 
0.468 
0.156 
1.33 
1.01 
0.702 
0 * 390 
0.156 

0.492 
0.719 
0.719 
0 - 707 
0.719 
0.713 
0.641 
0.513 
0.6 
0.686 
0.309 
0 450 
0.529 
0.492 
0 0 372 
0.568 
0.575 
0.587 
0.642 
0.584 
0.0658 
0.0598 

0.d516 
0.0523 

0.0486 
0.0412 
0 - 0387 
0.0098 
0 e 0645 

0.0451 
0.0254 
0.00645 

0.0387 

0.068 
0.056 

0.023 
0.015 

0.045 

38.0 
106.5 
106.5 
92.5 
103.9 
78.5 
58.2 
36.5 
46.7 
67.2 
33 - 3  
41.6 
54.6 
47.4 
37.6 
57.6 
64.9 
79.6 
98.9 
76.7 
17.7 
13.2 
19.3 
18.1 
17.6 
18,9 
18.1 
15.9 
19.4 
26.4 
17.3 
18.4 
24-2 
19.6 
18.0 
15.6 
17.0 
10.4 

a Measured under conditions at top of column. 



Table  23. Summary of Data on Gas Holdup Obtained i n  a 1.5-in.-ID 
Column During Second Study 

Gas Flow S u p e r f i c i a l  Glycer in  Bu b b 1 e 
Run R a t  ea Gas Ve loc i ty  Concent ra t ion  Gas R i s e  Ve loc i ty  
NO. (cm3/sec) (cm/sec) (wt %> Holdup (cm/sec> 

1 
2 

3 

4 

5 
6 

7 
8 
9 

10 

11 

12  

13  

14 

15  
1 6  

1 7  
18 
19 
20 

2 1  

22 

23 

24 

25 

26 

187.0 

97.8 

140.2 
112.8  

19.6 

403.6 

7.87 

403.6 

34.1 

58.2 

10.4 

255.4 
118.6 

191.5 

155.0 
118.6 

18.9 

372.8 
566.6 

372.8 

46.3 

118.6 

249.7 

149.4 

118.6 

75.5 

16.4 

8.58 

12.3 

9.89 

1.72 

35.4 

0.69 

35.4 

2.99 

5.11 

0.912 

22.4 
10.4 

16.8 

13.6 
10.4 

1.66 

32.7 
49.7 

32.7 

4.06 

10.4 

21.9 

13 .1  

10.4 

6.62 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
25 

25 

25 
25 

25 

25 

25 

25 

25 

25 

25 

0.328 

0.211 

0.272 

0.233 

0.052 

0.516 

0.022 

0.523 
0.09 

0.14 

0.03 

0.394 
0.242 

0.333 

0.291 
0.307 

0.056 

0.598 

0.675 
0.598 

0.149 

0.307 

0.514 

0.281 

0.262 

0.161 

50.0 

40.7 

45.2 

42.4 

33.1 

68.6 

31.4 

67.7 

33.2 

36.5 

30.4 

56.9 
43 .O 

50.5 

46.7 

33.9 
29.6 

54 .7  
73.6 

54.7 
27.2 

33.9 

42.6 
46.6 

39.7 

41.1 

%easured under cond i t ions  a t  top  of column. 
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T a b l e  24. Summary of Data  on Gas Holdup Obtained i n  a 
2 .0- in . - ID Column During Second S tudy  

~~ 

Gas Flow S u p e r f i c i a l  Glycer in  Bubble Rise 
Run Ratea  Gas Veloc i ty  Conc . Gas Ve  1 oc i t  y 
NO. (cm3/sec (cm/s ec ) (wt %) Holdup (cm/sec ) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

29 
30 
31 
32 

81.1 
411.4 
482.4 
291.9 

11.4 
78.6 

120.8 
117.2 
177.3 
210.8 
377.0 
553 -3 

56.5 
81.3 
10.7 
8.31 

15.2 
24.5 
44.8 
18.4 
9.93 
6.28 

25.1 
47.6 
60.8 
83 *3 

184.4 
208 e 8 

116.9 

326.3 
504.7 
758.0 

4.0 
20.3 
23.8 
14.4 
0.56 
3.88 
5.96 
5 -78 
8-75 

10.4 
18.6 
27.3 

2.79 
4.01 
0.53 
0.41 
0.75 
1.21 
2.21 
0.91 
0.49 
0.31 
1.24 
2.35 
3.0 
4.11 
5 477 
9.1 

10.3 
16.1 

37.4 
24.9 

0 
0 
0 
0 

0 
0 
0 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 

0.108 
0.359 
0.378 
0.239 
0.012 
0.098 
0.136 
0.159 
0.207 
0.233 
0.35 
0.466 
0 9 075 
0.106 
0.009 
0.009 
0.02 
0.035 
0.063 
0.021 
0.012 
0.009 
0.035 
0.054 
0 - 073 
0.095 
0.124 
0.18 

0.199 
0.254 
0.325 
0.4 

37.0 
56.5 
63.0 
60.3 

39.6 
46.7 

43.8 
36.4 
42.3 
44.6 
53.1 
58.6 
37.2 
37.8 
58.9 
45.6 
37.5 
34.6 
35.1 
43 -3 
40.8 
34.4 
35 -4  
43.5 

43.3 

50.6 
51.8 
63.4 
76.6 
93.5 

41.1 

46.5 

a Measured under cond i t ions  a t  t o p  of column. 



78 

Table  25. Summary of Data on Gas Holdup Obtained i n  a 6.0-in.-ID 
Column During Second Study 

~ 

Gas Flow S u p e r f i c i a l  Glycer in  Bubble 
Run Ratea Gas Ve loc i ty  Concent ra t ion  Gas R i s e  Ve loc i ty  
NO. (cm3/sec) (cm/sec) (wt X )  Holdup (cm/  s ec )  

Y' 

1 
2 
3 

4 
5 
6 

7 
8 
9 

10  
11 
12  

13  
14 
15 
16 
1 7  
18 

19 
20 
21 
22 
23 
24 

25 
26 
27 
28 
29 
30 

31  
32 
33 

34 
35 
36 

37 
38 

1530 
561.8 
145.9 

94.8 
94.8 

271.8 

394.0 

113.1 

698.6 
195.2 

60.2 

286.4 

899.3 

479.8 

1299 

1665 

137 2 
1757 

1757 
474.3 
923.0 

1572 
58.4 

372.1 
217.1 
543.6 
707.8 

543.6 

220.7 

295.5 
727.8 
521.7 

361.2 

1094 

1096 
1532 

93.0 
136.8 

8.39 
3.08 
0.8 

0.52 
0.52 
1.49 

2.16 
7.12 
0.62 

3.83 
1.07 
0.33 

1.57 
9.13 
4.93 

2.63 
7.52 
9.63 

9.63 
2.6 
5.06 
8 .62  
0.32 
2.04 
1.19 
2.98 
3.88 

2.98 
6.0 
1 . 2 1  

1.62 
3.99 
2.86 

1.98 
6.01 
8.4 

0.51 
0.75 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 
0 

25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 

25 
25 
65 

65 
65 
65 

65 
65 
65 

65 
65 

0.146 
0.071 
0.021 

0.016 
0.016 
0.036 

0.054 
0.128 
0.016 

0.081 
0.028 
0.009 

0.034 
0.156 
0.089 

0.056 
0.16 
0.217 

0.217 
0.076 
0.126 
0.196 
0.008 
0.06 
0.032 
0.074 
0.09 

0.074 
0.118 
0.028 

0.038 
0.081 
0.066 

0.052 
0.105 
0.13 

0.013 
0.017 

57.5 
43.4 
38.1 

32.5 
32.5 
41.4 

40.0 
55.6 
38.8 

47.3 
38.2 
36.7 

46.2 
58.5 
55.4 
47.0 
47.0 
44.4 

44.4 
34.2 
40.2 
44.0 
40.0 
34.0 
37.2 
40.3 
43.1 
40.3 
50.8 
43.2 

42.6 
49.3 
43.3 

38.1 
57.2 
64.6 

39.2 
44.1 

~~ - ~ ~~~ 

%easured under c o n d i t i o n s  a t  top  of column. 
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T a b l e  26. Summary of Data on Gas Holdup Obtained i n  a 1.5-in.-ID 
Column Containing Water During T h i r d  S tudy  

Gas i n l e t :  one o r i f i c e ,  1 mm I D  
~~~ ~~~ ~ 

Gas Flow S u p e r f i c i a l  Bubble Rise 
Run Ratea Gas Veloc i ty  Ga s Ve 1 oc it y 
NO (cm3/sec) (cm/sec ) Holdup (cm/sec ) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

2.42 
8.20 

15.2 
19.2 
25.2 
44.0 
74.6 

101.8 
242.8 

0.212 
0.719 
1-33 
1.68 
2.21 
3.86 
6.54 
8-93  

21.3 

0.00862 
0.0308 
0.0424 
0.0531 
0.0675 
0.121 
0.183 
0.250 
0.427 

24.6 
23-3 
31.4 
31.6 
32.7 
31.9 
35.7 
35.7 
49.9 

a Measured under cond i t ions  a t  t o p  of column. 

Table  27. Summary of Data on Gas Holdup i n  a 1.5-in.-ID Column 
Containing Aqueous I sopropanol  During T h i r d  Study 

Surface  t ens ion  of l i q u i d :  45.3 dynes/cm 

Gas i n l e t :  one o r i f i c e ,  0.638 c m  I D  

Gas Flow S u p e r f i c i a l  Bubble Rise  
Run Ratea Gas Veloc i ty  Gas V e  1 oc i t y 
N o .  ( c d / s e c )  (cm/sec ) Holdup (cm/sec ) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

11.9 
8.09 
6.10 

1.06 
2.87 

16.6 
17.7 
29.4 
49.1 
66.0 
84.9 

1.045 
0.710 
0.535 
0.252 
0.0930 
1.456 
1.55 
2.58 
4.31 
5-79  
7.45 

0.0344 
0.0247 
0.019 
0.00976 

0.0567 
0.089 

0.167 

0.00423 
0.0487 

0.149 
0.183 

3084 
28.7 
28.2 
25.8 
22.0 
29.9 
27.3 
29.0 
28.9 
31.6 
44.6 

a Measured under  cond i t ions  a t  t o p  of column. 



Table 28. Summary of Data on Gas Holdup i n  a 1.5-in.-ID Column 
Containing Aqueous IsoLutanol  During Third Study 

Surface  t ens ion  of l i q u i d :  27.3 dynes/cm 

Gas i n l e t :  one o r i f i c e ,  0.638 c m  I D  

Gas Flow S u p e r f i c i a l  Bubble Rise 
Run Ratea Gas Veloc i ty  Gas Veloc i ty  
No. (crn3/ sec ) (cm/sec ) Holdup (cm/sec ) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

11.6 
1.52 
0.804 
2.44 
5-63 
8.70 

15.6 
23.6 
40.6 
73.0 
98.0 

1.02 
0.133 
0.0705 
0.214 
0.494 
0.763 

2.07 

6.4 
8.6 

1-37 

3-56 

0.0328 
0.00463 
0.00278 
0.0088 
0.0174 
0.0276 
0.052 
0.081 
0.141 
0.247 
0.38 

31.1 
28.7 
25.4 
24.3 
28.4 
27.6 
26.3 
25.6 
25.2 
25.9 
22.6 

a Measured under cond i t ions  a t  t o p  of column. 

Table  29. Summary of Data on Gas Holdup Obtained i n  a l .5- in . - ID 
Column Containing a Water-Glycerin Mixture During Third Study 

Gas i n l e t :  one o r i f i c e ,  0.638 crn I D  

Gas Flow S u p e r f i c i a l  Glycer in  Bubble Rise 
Run Ratea Gas Veloc i ty  Conc . Gas V e  1 oc i t y 
No. (crn3/sec ) (crn/sec ) (wt  4 )  Holdup (crn/sec ) 

1 
2 
3 
4 

7 e 
3 

1 i' 
11 
12 
13 
14 
15 
16 
17 

2.13 
3.80 
6.02 

10.2 
14.2 
18.5 
29.8 

92.0 
65.9 

3.57 
5.13 
7.42 

11.4 
15.7 
19.8 
4 3 . 1  
66.0 

0.187 
0 * 333 
0.528 
0.895 
1.25 
1.625 
2.61 
5.78 
8.07 
0.313 
0.45 
0.651 
1.0 
1.38 
1.74 
2 - 9  
5.79 

25 
25 
25 
25 
25 
25 
25 
25 
25 
65 
65 
65 
65 
65 
65 
65 
65 

0 00793 
0.0126 

0.0298 

0.052 

0.171 

0.0194 

0.0387 

0.0732 

0.204 
0.0101 
0.016 
0.0216 

0.0435 
0.0554 
0.0925 

0.0335 

0.227 

23.6 

27.2 
30.0 
32.3 
31.3 
35.7 
33.8 
39.6 
31.0 
28.1 
30.1 
29.9 
31.7 
31.4 
31.4 
25.5 

26.4 

. 
~ ~~~~ 

aMeasured under cond i t ions  a t  t op  of column. 
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Table  30. Summary of Data on Gas Holdup Obtained i n  a 2.O-in.-ID 
Column Containing Water During T h i r d  S t u d y  

Gas i n l e t :  one o r i f i c e ,  1 mm I D  

Gas Flow S u p e r f i c i a l  Bubble Rise 
Run Ratea Gas Veloci ty  Gas Ve l o c i  t y 
NO (cm3/sec) (cm/sec ) Holdup (cm/sec ) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

0.896 

2.55 

4.24 

5 -98 

8.21 

10.4 

12.5 

16.2 

19.2 

30.8 

59.2 

92.8 

145.9 

0.0442 

o,i 126 

0.209 

0.295 

0.405 

0.515 

0.618 

0.798 

0.95 

1.52 

2.92 

4.58 

7.2 

0.00225 

0.0045 

0.00625 

0.00936 

0.012 

0.0146 

0.0186 

0.0216 

0.0252 

0.0437 

0.07 

0.107 

0.152 

19.6 

28.0 

33 -4  

31.5 

33.8 

35 -3 

33.2 

36.9 

37.7 

34.8 

41.7 

42.8 

47.4 

a Measured unde r  cond i t ions  a t  t o p  of column. 



T a b l e  11 .  Summary of D a t d  on Gas H o l d u p  O b t a i n e d  i n  a L - i n .  -ID Column Con ta in ing  Water Dur ing  T h i r d  S t u d y  

Number of o r i f i c e s  : 'j 

S u p e r f i c i a l  D u b o l e  Gas F l o w  
R a t e a  Ga s Gas I n l e t  R i s e  

V e l o c i t y  O r i f i c e  I D  Gas V e l o c i t y  Run 
N O .  (cm-'/sec ) (cm/sec ) (mm ) Holdup (cm/sec ) 

1 

3 
4 

6 
( 
8 
9 

10 
11 
12 
13 
111 
1, 
16 
17 
18 
19 
20 
21 
22 
25 
24 
25 
26 
27 
28 
29 
50 
31 
52 
33 
34 

'( .?I0 
0.326 
2. :I0 
4. '10 

lo.:] 
15.2 
19.4 
34.4 
65.3 
97.1 

141.9 
171.5 

13.9 ;.>> 
5.20 
j.?( 
7.03 
9. j 0  

11.3 

j0 .e  
j9.8 
86. > 

113.3 
147.8 
280 
88.5 

16.2 
50.7 

185.4  
I+ 38 

1?>.6 

5.37 

2.25 
4 . 0 1  

0. 5h' ,  
0. 0 I 4 l j ' (  

0.1231) 
0.242 
0. :lj '( 

0.,(4!, 
11 .96 
1 .'( 
3.22 
4 . 
'( . 00 
t ! .  46 
0.688 
0.9767 
0.15e 
0.26 
0.347 
0.459 
0. '183 
0.32 
1 .52  
2.35 
4 . 2 r  
5.59 
7 . 3  

4.35 
0.265 
0.80 
2.5 
').lo 

21.6 

u. 198 

15.8 

I). 11 

0.4 
u.4 
0.4 
0.4 
0 . 4  
t j .4  
O . h  
0 .4  
0.4 
0.4 
0.4 
0.4 
1.0 
1.0 
1 .L) 

1 .0  
1.0 
1.0 
1.0 
1.0 
1.0 
1 .o 
1.0 
1 .o 
1 .0  
1.0 
2 .0  
2. 0 
2.0  
2.0 
2 . 0 
2.0 
' . 0 
2 . 0 

0.0142 
0.00283 
0.0O4'(j 
0.00388 
0.0186 
0.0776 
3.0544 
0.0632 
0.101 
0.127 
0.157 
0.176 
0.0205 

0.00615 
0.00835 

0.00264 
0.0048; 

0.0114 
0.014 
0.0255 
0.0405 
0.07'38 
0.10 
0.124 
0.127 
0.228 
0.107( 
0.311j 
0.0343 
11.061 
0.18 
0. 329 
0.0052 
0.0082 

2-r.1 
16.1 
26.1 
24. 'I  

28.9 
F(.l 
27.9 
26.3 
31.9 
37.7 
44.6 
48.1 
33.6 
2y. 1 
32.6 
42.3 
41.6 
40.3 
42.1 
36.4 
37.5 
40.0 
42.7 
45.1 
57.4 
60.5 
40.7 
23.5 
23.3 
41  .O 
50.8 
65. ' T  
21.2 
24.1 

~~ ~~ 

Gas Flow buper r ic ia l  Bubble  
Gas Gas I n l e t  R i s e  

Ve loc i ty  O r i f i c e  I D  Gas Veloci ty  
(m 1 Holdup (cm/sec ) 

Rat ea 
3 Run 

NO.  (cm /sec ) (cq'sec ) 

35 
36 
37 
38 
39 
40 
4 1  
42 
43 
44 
45 
46 
47 
46 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
6 7  

4.76 
10.2 
20.3 

10.3 
31.2 

5-13 

84.5 

10.4 
45.8 

111.5 

282 

1.90 

450 

LY.  ( 

26.3 
2.45 

14.6 
7.56 
1.04 
2.53 
4 . w  
6.16 
8.21 

10.6 
13.2 
15.4 
18.7 
30.9 
63.8 
89.2 

117.8 

330 
144.5 

0.235 
0.503 
1 .o 
0.253 
0.509 
1.54 
4.17 
0.0938 
0.512 
2.26 
5.5 

22.2 
13.9 

u. Y'f 
0.121 
1.3 
0.72 
0.373 
0.0 7 1 2  
0.1;.5 
0.202 
0.304 
0.405 
0.525 
0.65 
0.76 
0-923 
1 * 525 
3-15  
4.4 
5.81 
7-13 

16.3 

2.0 
2.0 
2.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
?.O 
2.0 

0.0129 

0.0302 

0.0219 
0.0376 
0.098 
0 * 00335 
0.0159 
0.0713 
0.125 
0.339 
0.247 
0.0265 
0.00418 
0.0346 
0.0188 
0.0368 

0.0044 
0.0057 

0.018 

0.0175 
0.0145 
0.0247 
0.0413 
0.0745 
0.0982 
0.127 
0.155 
0.26 

0.0237 

0.0075 

0.00176 

0.0105 

0.0219 

18.2 
21.2 
3 3 - 1  
33.7 
23.2 
41.0 
42.6 
28.0 
32.2 
39.7 
44.0 
65-5 

56.4, ril 
28.9 
3 7 - 6  
38.3 
LO. 1 
29.1 
28.4 
35 - 4  
28.9 
22.5 

56.3 CD 

24.0 

52.4 
37.1 

37.4 
36-9  
42.3 
44.8 
45.7 
ir6. n 
62.7 

aMeasured u n d e r  c o n d i t i o n s  a t  t o p  of column 

t c 



Table 32. Summary of  Data on Gas Holdup Obtained i n  a 2.0-in.-ID 
Column During Thi rd  Study 

Gas i n l e t :  19 o r i f i c e s ,  1 mm I D  

Gas Flow S u p e r f i c i a l  Bubble 
Run Ratea Gas Ve loc i ty  Gas R i s e  Ve loc i ty  
No. (cm3/sec> (cm/ s e c )  Holdup (cm/ s e c )  

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

11 

12 

13 

14  

15  

1.02 

2.31 

4.22 

6.10 

8.19 

10.8 

1 2 . 8  

14.7 

18.6 

30.0 

61.2 

85.9 

115 .7  

149.6 

280 

0.0505 

0.114 

0.208 

0.301 

0.404 

0.535 

0.632 

0.726 

0.919 

1 . 4 8  

3.02 

4.24 

5 . 7 1  

7.38 

13.8 

0.00219 

0.00392 

0.0061 

0.0087 

0.0117 

0.0156 

0.0173 

0.021 

0.0253 

0.0353 

0.0748 

0.11 

0.133 

0.158 

0.249 

23.1 

29.1 

34.1 

34.6 

34.5 

34.3 

36.5 

34.6 

36.3 

41.9 

40.4 

38.5 

42.9 

46.7 

55.4 

%easured under cond i t ions  a t  top  of column. 



T a b l e  33. Summary of  Da ta  on  Gas Holdup O b t a i n e d  i n  a 2 .0 - in . - ID  Column 
C o n t a i n i n g  Water Dur ing  T h i r d  S t u d y  

Gas i n l e t :  37 o r i f i c e s  

Gas Flow S u p e r f i c i a l  G a s  I n l e t  Bubble  
Run Rat@ Gas V e l o c i t y  O r i f i c e  I D  Gas R i s e  V e l o c i t y  
No. ( c m 3 / s e c )  ( c m / s e c >  (mm) Holdup (cm/ s e c )  

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

41 
42 
43 
44 
45 

46 

1.06 
2.41 
3.46 
5.86 
7.96 

10.7 
13.9 
15.8 
19.2 
30.8 

60.2 
88.4 
113.5 
149.0 
259 

503 
746 

2.27 
7.62 
13.6 

1.42 
5.31 
9.69 
17.7 
27.8 

44.8 
101  
72.6 
3.69 

148 

590 
14.9 
1.25 
3.00 
5.09 

6.71 
8.17 
11.8 
20.5 
30.2 

53.9 
73.4 
94.4 
118 
150 

537 

0.0525 
0.119 
0.171 
0.289 
0.393 

0.529 
0.687 
0.78 
0.945 
1.52 

2.97 
4.36 
5.6 
7.35 
12.8 

24.8 
36.8 
0.112 
0.376 
0.67 

0.0703 
0.262 
0.478 
0.875 
1.37 

2.21 
5.0 
3.58 
0.182 
7.28 

29.12 
0.737 
0.0618 
0.148 
0.251 

0.331 
0.403 
0.585 
1 .01  
1.49 

2.66 
3.62 
4.66 

7.43 
5.8 

26.5 

1 . 0  
1 . 0  
1 . 0  
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 

1 . 0  
1 .0  
1.0 
1.0 
1.0 
1.0 
1.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 

2.0 
4.0 
4.0 
4.0 
4.0 

4.0 
4.0 
4.0 
4.0 
4.0 

4.0 
4.0 
4.0 
4.0 
4.0 

4.0 

0.00307 
0.00438 
0.00788 
0.00918 
0.0118 

0.0144 
0.0195 
0.0282 
0.0288 
0.0474 

0.0895 
0.097 
0.144 
0.174 
0.233 

0.325 
0.395 
0.0039 
0.0112 
0.0185 

0.00175 
0.00825 
0.0148 
0.024 
0.0372 

0.0592 
0.12 
0.0895 
0.0065 
0.16 

0.385 
0.0218 
0.0026 
0.00488 
0.00574 

0.00795 
0.015 
0.0185 
0.0282 
0.0424 

0.071 
0.0876 
0.109 
0.131 
0.155 

0.34 

~ ~~~ 

17.1 
27.2 
21.7 
31.5 
33.3 

36.7 
35.2 
27.7 
32.8 
32.1 

33.2 
44.9 
38.9 
42.2 
54.9 

76.3 
93.2 
28.7 
33.6 
36.2 

40.2 
31.8 
32.3 
36.5 
36.8 

37.3 
41.7 
40.0 
28.0 
45.5 

75.6 
33.8 
23.8 
30.3 
43.7 

41.6 
26.9 
31.6 
35.8 
35.1 

37.5 
41.3 
42.8 
44.3 
47.9 

77.9 

J 

aMeasured u n d e r  c o n d i t i o n s  a t  t o p  of column.  



Table 34. Summary of Data on Gas Holdup Obtained i n  a 3.0-in.-ID 
Column Containing a Water-Glycerin Mixture  During Third Study 

Gas i n l e t :  one o r i f i c e ,  0.638 c m  I D  

Gas Flow S u p e r f i c i a l  Glycer in  Bubble 
R i s e  Ve loc i ty  Run Ratea Gas Ve loc i ty  Concent ra t ion  Gas 

NO. (cm3/sec> (cm/sec) (wt X )  Holdup (cm/ s ec ) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
1 2  
1 3  
14 
15  
16 
1 7  
18 
19  
20 
2 1  
22 
23 
24 
25 
26 

36.9 
1.60 
3.50 
5.56 
8.94 

13.0 
19.4 
25.2 
46.7 
84.8 

130.0 
258 
37 7 

1.47 
3 .51  
4.92 
7.07 

10.6 
15.4 
19.3 
30.8 
76.2 
57.0 

104 
13  5 
245 

0.81 
0.0352 
0.0768 
0.122 
0.196 
0.285 
0.425 
0.553 
1.025 
1.86 
2.85 
5.66 
8.26 
0.0323 
0.0769 
0.108 
0.155 
0.232 
0.338 
0.424 
0.675 
1.67 
1.25 
2.28 
2.96 
5.37 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 
65 

0.0252 
0.000928 
0.0045 
0.004 
0.0056 
0.01 
0.0107 
0.0162 
0.0295 
0.0492 
0.0765 
0.113 
0.171 
0.00141 
0.00188 
0.00327 
0.00468 
0.00658 
0.00889 
0.0117 
0.0199 
0.043 
0.0316 
0.0628 
0.0701 
0.114 

3 2 . 1  
37.9 
1 7 . 1  
30.5 
35.0 
28.5 
39.7 
34.1 
34.7 
37.8 
37.3 
50.1 
48.3 
22.9 
40.9 
33.0 
33.1 
35.3 
38.0 
36.2 
33.9 
38.8 
39.6 
36.3 
42.2 
47.1 

a Measured under c o n d i t i o n s  a t  top of column. 
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A comparison of t h e  expe r imen ta l  d a t a  wi th  v a l u e s  p r e d i c t e d  by t h e  c o r r e -  

l a t i o n  i s  shown i n  F ig .  22. 

should  be e s s e n t i a l l y  p r o p o r t i o n a l  t o  s u p e r f i c i a l  g a s  v e l o c i t y  a t  low 

g a s  f low r a t e s  and t h a t  t h e  dependence should  dec rease  a s  t h e  g a s  f l o w  

r a t e  i s  i n c r e a s e d .  

p r e d i c t e d .  

Equat ion  (33) p r e d i c t s  t h a t  gas  holdup 

A l i m i t i n g  v a l u e  f o r  g a s  holdup of about  0.68 i s  

The fo l lowing  e x p r e s s i o n  f o r  t h e  bubble  r i s e  v e l o c i t y ,  V /h, can  be 
g 

ob ta ined  from Eq. (33 ) :  

V 
A = 1.468 v + 0 . 4 o T i \ / g b  . h g C (34 ) 

This  r e l a t i o n  p r e d i c t s  t h a t  t h e  bubble  r i s e  v e l o c i t y  should be e s s e n -  

t i a l l y  c o n s t a n t  a t  low gas  f low r a t e s  and should depend on t h e  squa re  

r o o t  of t h e  column d iame te r .  The bubble  r i s e  v e l o c i t y  should i n c r e a s e  

a t  a r a t e  t h a t  i s  e s s e n t i a l l y  p r o p o r t i o n a l  t o  t h e  s u p e r f i c i a l  gas  

v e l o c i t y  a t  h igh  gas  f low r a t e s  and should show l i t t l e  dependence on 

t h e  column d iame te r .  The p h y s i c a l  p r o p e r t i e s  of t h e  l i q u i d  a r e  of 

n e g l i g i b l e  importance i n  de te rmining  e i t h e r  g a s  holdup o r  bubble  r i s e  

v e l o c i t y .  

Comparisons of t h e  p r e d i c t e d  and e x p e r i m e n t a l l y  determined v a l u e s  

The f o r  gas  holdup and bubble  r i s e  v e l o c i t y  a r e  shown i n  F i g s .  23-40. 
measured and t h e  p r e d i c t e d  v a l u e s  a r e  seen  t o  be i n  good agreement .  

Most of t h e  p r e d i c t e d  v a l u e s  l i e  w i t h i n  15% of t h e  measured v a l u e s .  

F igu res  23-32 show t h e  v a r i a t i o n s  of g a s  holdup and bubble  r i s e  v e l o c i t y  

r e s u l t i n g  from changes i n  t h e  v i s c o s i t y  of t h e  l i q u i d  phase and t h e  

s u p e r f i c i a l  gas  v e l o c i t y  f o r  columns having  d i ame te r s  of 1.0, 1.5, 2, 

3, and 6 i n .  I n  t h e  bubble  f low regime, t h e  bubble  r i s e  v e l o c i t y  i s  

e s s e n t i a l l y  c o n s t a n t  a t  about  25 t o  40 cm/sec, and t h e  g a s  holdup 

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

I n c r e a s e s  i n  t h e  column d iameter  r e s u l t  i n  sma l l  i n c r e a s e s  i n  t h e  bubble  

r i s e  v e l o c i t y  and smal l  dec reases  i n  t h e  gas  holdup.  I n  t h e  s l u g  f low 

regime, t h e  bubble  r i s e  v e l o c i t y  i n c r e a s e s  w i t h  i n c r e a s e s  i n  t h e  s u p e r -  

f i c i a l  gas  v e l o c i t y  and t h e  gas  holdup i s  n o t  l i n e a r l y  dependent  on 

t h e  s u p e r f i c i a l  gas  v e l o c i t y .  

i 
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Fig. 22. Comparison of Experimentally-Determined and Calculated 
Data on Gas Holdup in Open Bubble Columns Having Diameters Ranging from 
1.5 to 6 in. 
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Ve loc i ty  and V i s c o s i t y  of Liquid i n  a 2.O-in.-ID Bubble Column. 
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Ve loc i ty  and V i s c o s i t y  of  Liquid i n  a 3.O-in.-ID Bubble Column. 
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Fig. 35. Variation of Gas Holdup with Changes in Superficial Gas 
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Bubble Column Filled with Water. The gas distributor consisted of five 
orifices of the diameter indicated. 
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F i g .  37. V a r i a t i o n  of Gas Holdup w i t h  S u p e r f i c i a l  Gas Ve loc i ty  i n  
a 2.O-in.-ID Bubble Column F i l l e d  wi th  Water.  The g a s  d i s t r i b u t o r  con-  
s i s t e d  of 19 o r i f i c e s ,  each having a d i ame te r  of 1 . 0  mm. 

C 
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F i g .  38. V a r i a t i o n  of Bubble Rise Ve loc i ty  w i t h  S u p e r f i c i a l  Gas 
Ve loc i ty  i n  a 2 .0 - in . - ID  Bubble Column F i l l e d  w i t h  Water. The g a s  
d i s t r i b u t o r  c o n s i s t e d  of 19 o r i f i c e s ,  each having a d i a m e t e r  o f  1.0 
mm . 
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F i g .  39. V a r i a t i o n  of Gas Holdup w i t h  Changes i n  S u p e r f i c i a l  Gas 
Ve loc i ty  and Diameter of O r i f i c e s  i n  Gas D i s t r i b u t o r  i n  a 2.O-in.-ID 
Bubble Column. 
d iameter  i n d i c a t e d .  

The g a s  d i s t r i b u t o r  c o n s i s t e d  of 37 o r i f i c e s  of t h e  
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F i g .  40. V a r i a t i o n  of Bubble Rise V e l o c i t y  w i t h  Changes i n  Super-  

The g a s  d i s t r i b u t o r  c o n s i s t e d  of  37 o r i f i c e s  
f i c i a l  Gas Ve loc i ty  and Diameter of O r i f i c e s  i n  Gas D i s t r i b u t o r  i n  a 
2 .0 - in . - ID  Bubble Column. 
having t h e  i n d i c a t e d  d i ame te r .  



106 

The v a r i a t i o n s  of g a s  holdup and bubble  r ise  v e l o c i t y  w i t h  changes 

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

a r e  shown i n  F i g s .  33 and 34 f o r  a column d iame te r  of  1.5 i n .  
i n  t h e  s u r f a c e  t e n s i o n  tend  t o  i n c r e a s e  t h e  g a s  holdup, t o  d e c r e a s e  t h e  

bubble  r i s e  v e l o c i t y ,  and t o  cause  t h e  t r a n s i t i o n  from bubble  f low t o  

s l u g  f low t o  occur  a t  h i g h e r  s u p e r f i c i a l  gas  v e l o c i t i e s ;  on t h e  o t h e r  

hand, t h e  importance of changes i n  t h e s e  parameters  i s  v e r y  s l i g h t .  

Decreases  

Data on gas  holdup and bubble  r i s e  v e l o c i t y  ob ta ined  i n  a 2-in.-diam 

column w i t h  m u l t i p l e  gas  i n l e t s  having  d i ame te r s  of 0.4, 1.0, 2.0, and 

4.0 mm a r e  shown i n  F igs .  35-40. 
i s  no dependence of gas  holdup o r  bubble  r i s e  v e l o c i t y  on t h e  number o r  

d iameter  of t h e  o r i f i c e s  i n  t h e  gas  d i s t r i b u t o r  except  i n  t h e  c a s e  of 

t h e  s m a l l e s t  o r i f i c e  d iameter  s t u d i e d  (0.4 mm).  

observed wi th  t h e  0.4-mm-diam o r i f i c e  i s  a p p r e c i a b l y  lower, and t h e  gas  

holdup i s  h ighe r ,  t h a n  f o r  t h e  l a r g e r  o r i f i c e  d i a m e t e r s .  

Within t h e  accuracy  of t h e  da t a ,  t h e r e  

The bubble  r ise  v e l o c i t y  

9 .6  Compilat ion of Data on Ax ia l  Mixing 

A compi l a t ion  was made of t h e  a x i a l  d i s p e r s i o n  d a t a  t h a t  have been 

accumulated i n  exper iments  made t h u s  f a r .  Th i s  was done i n  p r e p a r a t i o n  

f o r  developing a g e n e r a l  c o r r e l a t i o n  f o r  p r e d i c t i n g  a x i a l  d i s p e r s i o n  i n  

open bubble columns. The informat ion ,  which c o n s i s t s  of  about  420 

measurements 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  i n  columns w i t h  d i ame te r s  

ranging  from 1.0 t o  6.0 i n . ,  was d iv ided  i n t o  34 d a t a  se t s  ( a s  shown i n  

Table  35).  The r e s u l t s  ob ta ined  i n  t h e  i n d i v i d u a l  runs  wi th  column 

d iame te r s  of 1.0, 1 .5 ,  2.0, 3.0, and 6.0 i n .  a r e  summarized i n  Tab les  36, 
37, 38, 39, and 40, r e s p e c t i v e l y .  

9.7 C o r r e l a t i o n  of Data on Axia l  D i s p e r s i o n  

The a x i a l  d i s p e r s i o n  d a t a  were ana lyzed  u s i n g  d imens iona l  a n a l y s i s  

and were f i t t e d  by t h e  method of l e a s t  squa res  t o  t h e  r e s u l t i n g  power- 

law e x p r e s s i o n .  The power-law e x p r e s s i o n  i s  of t h e  form 



Table  35. D e s c r i p t i o n  of Data S e t s  f o r  Data on Axia l  D i s p e r s i o n  i n  Open Bubble Columns 

Data Column 
S e t  Diameter 
N o .  ( i n .  ) 

- 
1 
2 
3 
4 
5 

h 
7 
8 
9 
10 

11 
12 
I 3  
14 
15 

16  
17 
18 
19 
10 

2 1  

13 
14 
25 

I 6  
2 7  
18 
lY 
10 

i I  
i’ 
i )  
3: 

7 7  _ _  

1 . 5  
2.0 
6 .0  
2.0 
2 .0  

2 .0  
2 .0  
2.0 
2 .0  
2 .0  

2 .0  
2 .0  
1 . 5  
1 . 5  
1 . 5  

1 . 5  
1 . 5  
3.0 
3 .0  
2 .0  

2 .0  
1 . 5  
6 .0  
6 . 0  
2.0 

?.n 
2. 0 
2.0 
2 . 0  
2.0 

1 . 5  

3.0 
I .  0 

2.0 

Or i f  ice Number F lu id  S u r f a c e  Number 
Diameter of  V i s c o s i t y  Tens ion  Dens i ty  of Data 

(cm) O r i f i c e s  (CP) (dynes/cm) (g/cm3) P o i n t s  Reference  

0.432 
0.432 
0.432 
0 .1  
0 .04  

0 .1  
0 .2  
0 .4  
0 . 1  
0 .1  

0 .2  
0 .4  
0.432 
0.432 
0.432 

0.432 
0.432 
0.432 
0.432 
0.432 

0.432 
0.432 
0.432 
0 .432  
0.102 

0.102 
0.102 
0.102 
0.102 
0.102 

0.432 
0 .432  
0.432 
0.432 

1 
1 
1 
1 
5 

5 
5 
5 

19  
37 

37 
37 
1 
1 
1 

1 
1 
1 
1 
1 

1 
1 
1 
1 
1 

1 
1 
1 
1 
1 

1 
1 
1 
1 

0.894 
0.894 
0.89.i 
0.894 
0.891 

0.895 
0.894 
0.894 
0.894 
0.894 

0.894 
0.894 
0.894 
1 .07  
1 .09  

2.05 
11 .3  

2.05 
10.7 

1 . 8  
1 2 . 1  

1 . 8  
1 . 8  

12 .1  
0.894 

0.89 I 

0.894 

0.89‘1 
0.894 

0.894 
0.89’1 
0.894 
0.89+ 

15 .0  

73 .0  
73.0 
73 .0  
73 .0  
73 .0  

73.0 
73.0 
73 .0  
73 .0  
73.0 

73.0 
73.0 
73 .0  
45.3 
27 .3  

71 .5  
70.0 
71.5 
70.0 
71.8 
6 7 . 9  
71 .8  
7 1 . 8  
67 .9  
37.6 

53 .2  
73.0 
65 .2  
67.4 
73 .0  

73 .0  
73.0 
73 .0  
73 .0  

0.997 
0.997 
0.997 
0.997 
0.997 

0.997 
0.997 
0.997 
0.997 
0.997 

0.997 
0.997 
0.997 
0.995 
0.996 

1 .04  
1 .15  
1 .04  
1 .15  
1 .05  
1 .16  
1 .05  
1 .05  
1 .16  
0.997 

0.997 
0.997 
1 .15  
0.997 
0.997 

0.997 
0.997 
0.997 
0.997 

1 5  
7 

16  
1 3  
12 

14  
26 
16  
1s 
1 7  

14  
15  
11 
11 
11 

1 0  
10 
1 4  
1 3  
12  
1 3  
11 
1 3  
10 

6 

4 
5 
5 
1 

21 

7 
13 

9 
38 

a 
a 
a 
b 
b 

b 
b 
b 
b 
b 

b 
b 
b 
b 
b 

b 
b 
b 
h 
a 
a 

a 

23 

2 3  
23 
23 
2 3  

1 

J 

1 )  _ _  
2 5  
‘5 
> \  

‘‘l)cita ob ta ined  d u r i n g  second s t u d y .  

I),itci ob ta ined  d u r i n g  t h i r d  s t u d y .  IT  

‘ ! h t , i  ob ta ined  d u r i n g  f i r s t  s t u d y .  



Table 36. Experimentally Determined Valuesa f o r  t h e  Axial Dispers ion  
C o e f f i c i e n t  i n  a 1.0-in.-ID Open Bubble Column F i l l e d  w i t h  Water 

Sa;& set  N o .  34 

S u p e r f i c i a l  Axial Dispers ion  
Run G a s  Veloc i ty  Coef f i c i en t  
No. (cm/  sec) (cm2/ se c) 

1 

2 

3 

4 

5 
6 

7 

8 

9 

10  

11 

12 

1 3  

14 

15 
16 

17 

18 

19 

18.7 

76.6 

76.6 

65.4 

74.7 

56.0 

37.3 

18.7 

28.0 

46.1 

10.3 

18.7 

28.9 

23.3 

14.0 

32.7 

37.3 

46.7 

63.5 

82.3 

319.0 

261.8 
255.2 

182.3 

319.0 

170.2 

63.8 
170.2 

232.0 

52.0 

92.8 

128.3 

102.6 

6 1 . 1  

146.6 

213.8 

185.5 

285.1 

a Data obta ined  du r ing  f i r s t  s tudy.  

~~ ~ ~ __ ~ 

S u p e r f i c i a l  Axial Dispers ion  
Run G a s  Ve loc i ty  C o e f f i c i e n t  
No .  (cm/ sec) (cm2/ s ec) 

20 

21  

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 
32 

33 

34 

35 

36 

37 

38 

44.8 

1.166 

1.088 

1 .011  

0.933 

0.855 

0.778 

0.700 

0.156 

1 .25  

1.02 

0.78 

0.468 

0.156 

1.33 

1 . 0 1  

0.702 

0.390 

0.156 

181.1 

20.8 

18.3 

17 .1  

22.5 

17 .1  

15.5 
14 .1  

w 
0 
0 3  

5.84 

14.8 

24.6 

19.7 

14.8 

7.04 
22.4 

17.8 

14.5 

10.7 

6.42 



Table 37. Experimentally Determined Values f o r  t h e  Axial Dispers ion  C o e f f i c i e n t  
i n  a 1.5-in.-ID Open Bubble Column 

Gas P r o p e r t i e s  of  Liquid Axial 
Data S u p e r f i c i a l  Disperser  Sur face  Di spe r s ion  
S e t  Run G a s  Veloc i ty  D i a m e t  era Dens i ty  V i s c o s i t y  Tension C o e f f i c i e n t  
No. No. (cm/sec) ( cm) ( g/cm3 1 (CP) (dynes/cm) ( cm2 / s ec ) Ref. 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

13 
13 
1 3  
1 3  
13 
1 3  
13 
1 3  
13 
13 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
12 
13 
14  
15 
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  

16.4 

12.3 
8.58 

9.89 
1.72 

0.69 

2.99 
5.11 
0.912 

35.4 

35.4 

22.4 
10.4 
16.8 
13.6 

1.045 
0.212 
0.451 
0.719 
1.33 
1.68 
2.21 
3.86 
6.54 
8.93 

0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 

0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 

0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 

0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 

0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 

0.89 
0.89 
0.89 
0.89 
0.89 
0.89 
0.89 
0.89 
0.89 
0.89 

73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 

72.0 
72.0 
72.0 
72.0 
72.0 
72.0 
72.0 
72.0 
72.0 
72.0 

138.5 
85.6 

114.8 
93.4 
31.6 

482.2 
20.8 

380.5 
39.0 
65.0 
24.8 

177.0 
149.0 
136.0 

95.2 

25.8 
12.9 
18.9 
24.4 
32.9 
31.6 
39.5 
50.0 
69.4 
85.9 

b 
b 
b 
b 
b 
b 
b 
b 
b \o 

b 
b 
b 
b 
b 
b 

w 
0 

C 

C 
C 
C 

C 
C 

C 

C 
C 

C 



Table 37 ( con t inued)  

Gs s P r o p e r t i e s  of Liquid  Ax ia l  
Data S u p e r f i c i a l  D i spe r se r  S u r f a c e  D i s p e r s i o n  
S e t  Run Gas V e l o c i t y  D i m e  t era Dens i ty  V i s c o s i t y  Tension C o e f f i c i e n t  
No. No. (cm/sec> (4 (g/cm3> (CP) (dynes/cm) Ref. (cm 2 /sec) 

13 

14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 

15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 

16 
16 
16 

11 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

1 
2 
3 

21.3 

1.045 
0.710 
0.535 
0.252 
0.0930 
1.456 
1.55 
2.58 
4.31 
5.79 
7.45 

1.02 
0.133 
0.0705 
0.214 
0.494 
0.763 
1.37 
2.07 
3.56 
6.4 
8.6 

0.0638 
0.187 
0.333 

0.635 

0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 

0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 

0.635 
0.635 
0.635 

0.997 

0.995 
0.995 
0.995 
0.995 
0.995 
0.995 
0.995 
0.995 
0.995 
0.995 
0.995 

0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 
0.996 

1.04 
1.04 
1.04 

0.89 

1.07 
1.07 
1.07 
1.07 
1.07 
1.07 
1.07 
1.07 
1.07 
1.07 
1.07 

1.09 
1.09 
1.09 
1.09 
1.09 
1.09 
1.09 
1.09 
1.09 
1.09 
1.09 

2.05 
2.05 
2.05 

72.0 

45.3 
45.3 
45.3 
45.3 
45.3 
45.3 
45.3 
45.3 
45.3 
45.3 
45.3 

27.3 
27.3 
27.3 
27.3 
27.3 
27.3 
27.3 
27.3 
27.3 
27.3 
27.3 

71.5 
71.5 
71.5 

242 

20.9 
23.3 
20.5 
17.3 
14.6 
23.1 
26.7 
33.7 
4G.6 
50.0 
58.0 

21.9 
15.0 
11.9 
15.8 
20.6 
22.2 
22.3 
27.9 
36.2 
51.5 
65.7 

7.65 
12.5 
24.6 

C 

C 
C 

C 
C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 

C 
C 

C 
C 

C 
C 

C 

C 

C 
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Table 37 (cont inued)  

Gas P r o p e r t i e s  of Liquid Axial 
Data S u p e r f i c i a l  Disperser  Sur face  Di spe r s ion  
S e t  Run Gas Ve loc i ty  Diameter a Dens i ty  V i s c o s i t y  Tens i o n  C o e f f i c i e n t  
No .  No. (cm/ s e c )  (cm) (g / a 3  1 (CP) (dynes/cm) (cm2 / s ec Ref. 

16 
1 6  
16 
16 
16  
16  
16 

1 7  
1 7  
1 7  
1 7  
1 7  
1 7  
1 7  
1 7  
1 7  
1 7  
22 
22 
22 
22 
22 
22 
22 
22 
22 

4 
5 
6 
7 
8 
9 
10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  

1 
2 
3 
4 
5 
6 
7 
8 
9 

0.528 
0.895 
1.25 
1.625 
2.61 
5.78 
8.07 

0.214 
0.0888 
0.313 
0.45 
0.651 
1 . 0  
1.38 
1.74 
2.9 
5.79 

10.4 

32.7 
49.7 
32.7 

10.4 
21.9 
1 3 . 1  

1.66 

4.06 

0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 

0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 

0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 
0.635 

1.04 
1 .04  
1 .04  
1.04 
1.04 
1 .04  
1 .04  

1.15 
1.15 
1.15 
1.15 
1 .15  
1.15 
1.15 
1.15 
1 .15  
1 .15  

1 .05  
1.05 
1 .05  
1.05 
1.05 
1 .05  
1.05 
1.05 
1 .05  

2.05 
2.05 
2.05 
2.05 
2.05 
2.05 
2.05 

11.3 
11.3 
11.3 
11.3 
11.3 
11.3 
11.3 
11.3 
11.3 
11.3 

1.8 
1 .8  
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 

71.5 
71.5 
71.5 
71.5 
71.5 
71.5 
71.5 

70.0 
70.0 
70.0 
70.0 
70.0 
70.0 
70.0 
70.0 
70.0 
70.0 

71.8 
71.8 
71.8 
71.8 
71.8 
71.8 
71.8 
71.8 
71.8 

26.4 
28.4 
36.4 
36.4 
43.5 
60.6 
81.0 

10.6 

12 .3  
15.2 
21.3 
21.8 
27.3 
27 .7  
34.7 
55.6 

88.9 
24.9 

7.45 

814 
656 
155 

44.6 
88.9 

115 
131  

C 

C 
C 

C 

C 

C 

C 
C 

C 
C 
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Tab le  38. Exper imenta l ly  Determined Values  f o r  t h e  Axial  
D i s p e r s i o n  Coef f i c i en t  i n  a 2.O-in.-ID Open Bubble Column 

S u p e r f i c i a l  Gas Disperser Design P r o p e r t i e s  of L i q u i d  Axia 1 
Data Gas Numb e r I n l e t  Su r face  D i s p e r s i o n  

Dens i ty  V i scos i ty  Tensicn Coef f i c i en t  
2 

S e t  Run Ve  1 oc i t y of Diameter 
No. No. (cm/sec ) I n l e t s  (cm 1 (g/cm3) (cp) (dynes/cm) (cm /sec)  R e f .  

2 
2 
2 
2 
2 
2 
2 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
5 
5 
5 
5 
5 

1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
1 
2 
3 
4 
5 

4.0 
20.3 
23.8 
14.4 
0.56 
3.88 
5 -96 
0.0442 
0.126 
0.209 
0.295 
0.405 
0.515 
0.618 
0.798 
0.95 
1.52 
2.92 
4.58 
7.2 
0.385 
0.0457 
0.124 
0.242 
0.537 

1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

5 
5 
5 
5 
5 

0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.7 
0.1 
0.1 

0.04 
0.04 
0.04 
0.04 
0.04 

0 * 997 
0 997 
0.997 
0 997 
0.997 
0.997 
0.997 
0 * 997 
0 * 997 
0 * 997 
0 * 997 
0 * 997 
0 997 
0.997 
0.997 
0 - 997 
0 997 
0.997 
0 - 997 
0.997 
0.997 
0.997 
0 * 997 
0 - 997 
0.997 

0.894 
0.894 
0.894 
0 894 
0.894 
0.894 
0 894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 

73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
72.0 
72.0 
72.0 
72.0 
72.0 
72.0 
72.0 
72.0 
72.0 
72.0 
72.0 
72.0 
72.0 
73.0 
73.0 
73.0 
73.0 
73.0 

51.0 
206.0 
172.7 
144.9 
22.3 
58.7 
67.5 
19.6 
28.1 
28.9 
31.1 
37.6 
40.5 
43.4 
45.5 
48.2 
52.7 
60.8 
72.6 
81.5 
40.6 
15.4 
16.4 
22.8 
33.1 

a 
a 
a 
a 
a 
a 
a 

b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 

b 
b 
b 
b 
b 



T a b l e  38 (continued ) 

Axia 1 S u p e r f i c i a l  Gas Disperser  Design P rope r t i e s  of L i q u i d  
Da ta  Ga s Numb e r I n l e t  S u r f a c e  D i s p e r s i o n  
S e t  Run V e l o c i t y  of D i  ame t e r D e n s i t y  V i s c o s i t y  Tens ion  C o e f f i c i e n t  
No. No. (cm/sec ) I n l e t s  ( c m  1 (g/cm3) (CP) (dyne s/cm ) (cm2/sec ) R e f .  

5 
5 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 

6 
7 
8 
9 

10 
11 
12 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
1 
2 
3 
4 

0.749 
0.96 
1.7 
3.22 
4.79 
7.00 
8.46 
0.688 
0.0767 
0.158 
0.26 
0.347 
0.459 
0.589 
0.92 
1.52 
2.95 
4.27 
5.59 
7-29  

13.8 
4-35 
0.265 
0.80 
2-5  

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.04 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

0.2 
0.2 
0.2 
0.2 

0 997 
0.997 
0 - 997 
0 - 997 
0.997 
0.997 
0.997 
0 * 997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0 - 997 
0.997 
0 997 
0.997 
0 997 
0.997 
0 997 

0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0 894 

73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 

35 * 4  
36.4 
41.5 
57.8 
60.8 
72.6 
83.6 
37.2 
31.7 
31.5 
44.8 
47.0 
37.9 
35.5 
39.0 
55.1 
57.5 
63.5 
92.4 

111.1 
137.0 
71.6 
35.8 
23.8 
57.4 

b 
b 
b 
b 
b 
b 
b 

b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 

b 
b 
b 
b 



t 

Tab le  38 ( c o n t i n u e d )  

S u p e r f i c i a l  Gas Disperser Design P r o p e r t i e s  of  Liquid  Axia 1 
Data Ga s Number I n l e t  Su r f  a c e  D i s p e r s i o n  
S e t  Run V e l o c i t y  of Diameter D e n s i t y  V i s c o s i t y  Tens ion  C o e f f i c i e n t  
N O .  NO.  (crn/sec) I n l e t s  ( c m  1 (g/cm3) (4 (dyne s/cm ) (cm2/sec ) Ref.  

7 
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
8 

8 
8 
8 
8 
8 
8 
8 
8 
7 
7 
7 

a 

5 
6 
7 
8 
9 
10 
11 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
12 
13 
14 

9.15 

0.11 
0.198 
0.235 
0.503 

0.253 
0.509 
1.54 
4.17 
0.0938 
0.512 
2.26 
5.5 
22.2 
13.9 
0.97 
0.121 
1.3 
0.72 
0.373 
0.076 
0.0512 
0.125 

21.6 

1.0 

0.202 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.2 
0.2 
0.2 

0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0 * 997 
0.997 
0.997 
0.997 
0 - 997 
0 997 
0 997 
0 997 
0.997 
0.997 
0 997 
0 * 997 
0 * 997 
0 997 
0 997 
0.997 
0 - 997 
0.997 

0.894 
0.894 
0.894 
0.894 
0.894 
0 894 
0.894 
0 894 
0 894 
0.894 
0.894 
0 894 
0.894 
0.894 
0.894 
0 894 
0.894 
0 894 
0.894 
0.894 
0 894 
0.894 
0.894 
0.894 
0 894 
0.894 

139 0 
200.0 
29.8 
30.5 
35.8 
30.0 
44.0 
27.1 
41.2 
41.8 
65.5 
30.8 
38.3 
54.0 
69.5 

33.7 
26.4 
41.8 
36.8 
329 5 
25.5 
20.8 
41.0 
45.6 

326 
129 

b 
b 
b 
b 
b 
b 
b 

b w 

b u 
w 

b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 

b 
b 
b 



Table 38 (cont inued ) 

S u p e r f i c i a l  Gas Di spe r se r  Design P r o p e r t i e s  of Liquid Axia 1 
Data Ga s Numbe r I n l e t  S u r f a c e  D i s p e r s i o n  
Se t  Run V e l o c i t y  of Diame t e r Dens i ty  V i s c o s i t y  Tension C o e f f i c i e n t  
N O .  N O .  (cm/sec) I n l e t s  ( c m  (g/cm3> (4 (dynes/cm ) (cm2/sec ) Ref.  

7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 

15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

0.304 
0.405 
0.525 
0.65 
0.76 
0 923 
1 * 525 
3.15 
4.4 
5.81 
7-13 
16.3 
0.0505 
0.114 
0.208 
0.301 
0.404 
0.535 
0.632 
0.726 
0.919 
1.48 
3.02 
4.24 
5 -71 
7-38 
13.8 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
19 
19 
19 
19 
19 
19 
19 
19 
1-9 
19 
19 
19 
19 
19 
19 

0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

0.997 
0 997 
0.997 
0.997 
0 - 997 
0.997 
0.997 
0 997 
0 997 
0 - 997 
0.997 
0.997 
0 - 997 
0 - 997 
0.997 
0 997 
0.997 
0 * 997 
0.997 
0.997 
0 997 
0.997 
0.997 
0 - 997 
0 - 997 
0 * 997 
0.997 

0.894 
0.894 
0 894 
0.894 
0.894 
0 894 
0 894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0 894 
0 894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 

37.0 
36.5 
49.2 
56.0 
62.7 
52.2 
46.8 
59.5 
69.5 
75.2 
96.5 
87.2 
26.4 
36.7 
38.5 
39.7 
40.1 
44.5 
46.5 
47.0 
44.9 
42.8 
54.4 
62.5 
80.4 
124 
155 

b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 

b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 



T a b l e  38 (continued ) 

Data  
Super f i c ia l  Gas Dispersor  Design Properties of Liquid Axia 1 

Ga s Number I n l e t  Surface D i  s pe rs ion  
S e t  Run Veloc i ty  of Diameter Density Vi scos i ty  Tension Coeff ic ient  
N O .  N O .  (cm/sec) Inlets (cm 1 (g/cm3) ( C P )  (dyne s/cm ) (cm2/sec ) Ref. 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

11 
11 
11 
11 
11 
11 
11 
11 
11 
11 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

0.0525 
0.119 
0.171 
0.289 
0.393 
0.529 
0.687 
0.78 
0 945 
1.52 
2-97 
4.36 
5.6 
7.35 
12.8 
24.6 
36.8 
0.112 
0.376 
0.67 

0.262 
0.0703 

0.478 
0.875 
1 a37 
2.21 
5.0 

37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

0.894 
0.894 
0.894 
0 894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
O., 894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 

0.894 
0.894 
0.894 
0.894 

0 894 

27.3 
33 -3 
40.4 
37.8 
33.7 
34.2 
45.0 
48.0 
48.0 
44.4 
58.2 

95.0 
121 

101 

214 
228 

136 

36.7 
34.7 
39.3 
20.5 
35.5 
33.2 
38.0 
49-5 
61.0 
91.8 

b 
b 
b 
b 
b 
b 
b 
b 
b + 
b 
b 
b 
b 
b 
b 
b 
b 

b 
b 
b 
b 
b 
b 
b 
b 
b 
b 

+ 
-4 



T a b l e  38 (cont inued  ) 

S u p e r f i c i a l  Gas Disperser Design P r o p e r t i e s  of Liquid Axia 1 
Data Gas Numb e r I n l e t  S u r f a c e  Di spe r s ion  
S e t  Run V e l o c i t y  o f  Diameter Dens i ty  V i s c o s i t y  Tens ion  C o e f f i c i e n t  
N O .  N O .  (cm/sec) I n l e t s  ( c m  1 ( d c m 3 )  ( c p )  (dyne s / c m  ) (cm2/sec ) Ref. 

11 
11 
11 

11 

12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 

20 
20 
20 
20 
20 
20 
20 

11 
12 
13 
14 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
1 
2 
3 
4 
5 
6 
7 

3 - 5 8  
0.182 
7.28 

29.1 
0.737 
0.0618 
0.148 
0.251 
0.331 
0.403 
0 - 585 
1.01 
1.49 
2.66 
3.62 
4.66 
5 -8 
7.43 

5-78  
8-75 

26.5 

10.4 
18.6 
27.3 

2-79 
4.01 

37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 

1 
1 
1 
1 
1 
1 
1 

0.2 
0.2 
0.2 

0 .2  

0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 

0 * 997 
0.997 
0 * 997 
0.997 
0.997 
0 997 
0 997 
0 997 
0 997 
0.997 
0.997 
0.997 
0 * 997 
0 997 
0 - 997 
0.997 
0.997 
0 * 997 
0.997 
1.047 
1.047 
1.047 
1.047 
1.047 
1.047 
1.047 

0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 

73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
71.8 
71.8 
71.8 

71.8 
71.8 

71.8 
71.8 

80.0 
33 e9 
100 

269 
33.4 
28.2 
33.1 
31.9 
30.0 
33.7 
32.4 
51 -3  
50.0 
59.7 
61 .O 
72.2 
79.5 
77.5 

72.2 
1 64 

97 -8  
120 
178 
4 27 
45 -3  
52.1 

b 
b 
b 

b 

b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 

a 
a 
a 
a 
a 
a 
a 



T a b l e  38 (continued ) 

S u p e r f i c i a l  Gas Dispersei Design P r o p e r t i e s  of L i q u i d  Axia 1 
Data Ga s Number I n l e t  Sur face  D i s p e r s i o n  
S e t  Run Veloc i ty  of Diameter Densi ty  Viscos i ty  Tension Coef f i c i en t  
N O .  NO. (cm/sec) I n l e t s  (cm ) (g/cm3) (CP) (dyne s / c m  ) (cm2/sec ) Ref.  

20 
20 
20 
20 
20 

21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 
21 

30 
30 
30 
30 
30 
30 
30 
30 
30 

8 
9 

10 
11 
12 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
1 
2 
3 
4 
5 
6 
7 
8 
9 

04 53 
0.41 
0.75 
1.21 
2.21 

0.91 
0.49 
0.31 
1.24 
2-35 
3.0 
4.11 
5.77 
9.1 

10.3 
16.1 
24.9 
37.4 

0. bo5 
0.493 
0.74 
1.50 
2.55 
3.64 
0.256 
0.404 
0.405 

1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 

0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 

0.432 
0.432 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 

0.432 

1 . GI47 
1.047 
1.047 
1.047 
1 047 
1.163 
1.163 
1.163 
1.163 
1.163 
1.163 
1.163 
1.163 
1.163 
1.163 
1.163 
1.163 
1.163 
0 * 997 
0 - 997 
0 - 997 
0 * 997 
0 997 
0 997 
0 997 
0 * 997 
0 * 997 

1.e .-  
1.8 
1.8 
1.8 
1.8 

12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 

0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 

26.5 
26.5 
31.2 
34.5 

27.6 

18.9 
27.8 
34.1 
37-2  
44.4 
51.0 
75 -3  
79.2 

48.2 

21.4 

105 
144 
214 

29.6 
27.3 
29 
33.3 
39.1 
52.0 
26.9 

28.6 
28.4 

a 
a 
a 
a 
a 

a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 

22 
22 
22 
22 
22 
22 
22 
22 
22 



Table 38 (cont inued ) 

S u p e r f i c i a l  Gas D i s p e r s e r  Design P r o p e r t i e s  of Liquid Axia 1 
Data Ga s Numb e r I n l e t  Su r face  D i s p e r s i o n  
S e t  Run V e l o c i t y  of Diameter D e n s i t y  V i s c o s i t y  Tension C o e f f i c i e n t  
No. No. (cm/sec ) I n l e t s  (cm 1 (g/cm3) (4 (dynes/cm ) (crn2/sec ) R e f .  

10 
11 
12 
1-3 
14 
15 
16 
17 
18 
19 
20 
21 

1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
1 
2 
3 
4 

0.47 
0.582 
0.671 
0.784 
0.918 
1.159 
1.50 
1-55 
2.26 
2.91 
3-69  
5.28 
0.432 
3-31 
3 -31 

18.7 
10.9 
0.432 
3.31 
2.28 
1-77 
1.25 
0.432 
1.25 
2.28 
3.31 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 

1 
1 
1 
1 
1 

1 
1 
1 
1 

0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 
0.102 

0.102 
0.102 
0.102 
0.102 
0.102 

0.102 
0.102 
0.102 
0.102 
0.102 

0.102 
0.102 
0.102 
0.102 

0.997 
0.997 
0.997 
0.997 
0 - 997 
0 * 997 
0 997 
0.997 
0 * 997 
0 * 997 
0.997 
0.997 
0.997 
0 * 997 
0.997 
0.997 
0.997 
1.15 
1 .15  
1.15 
1.15 
1.15 
0 997 
0 9 997 
0.997 
0 997 

0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 

0.894 
0.894 
0 894 
0.894 
0.894 
0.894 
0.894 

G .894 

1-5 
15 
15 
15 
15 
0.894 
0 894 
0.894 
0.894 

26.4 
31.4 
28.9 
29.6 
28.9 
32.1 
32.6 
35.6 
35 
43.6 
48 
68.7 
28.5 
49.7 
61.7 
67.7 
76.8 
19.1 
49.7 
42.7 
28.2 
23.6 
38.8 
44.6 
45.6 
57.1 

22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 

23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 



e . 

Tab le  38 (cont inued  ) 

S u p e r f i c i a l  Gas Disperser Design P r o p e r t i e s  of Liquid  Axia 1 
Data Ga s Numb e r I n l e t  S u r f a c e  Di spe r s ion  
S e t  Run V e l o c i t y  of Diameter  Dens i ty  V i s c o s i t y  Tens ion  C o e f f i c i e n t  
N O .  NO. (cm/sec) I n l e t s  ( c m  1 (g/cm3) ( c p )  (dynes/cm) (cm2/sec) Ref.  

25 5 
25 6 
26 1 
26 2 
26 3 
26 4 
29 1 

32 1 
32 2 
32 3 
32 4 
32 5 
32 6 
32 7 
32 8 
32 9 
32 i o  
32 11 
32 12 
32 13 

0.201 
4.48 
0.201 
3-31 
0.432 
4.48 
1.25 

10.2 
15.0 
18.5 
23.3 
2100 
24.4 
25.4 
37.7 
29.8 
0 3 8 4  
2.83 
1-59 
0- 380 

1 
1 

1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

0.102 
0.102 

0.102 
0.102 
0.102 
0.102 

0.102 

0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0.432 
0 e 432 

0 997 
0.997 
0 997 
0.997 
0 * 997 
0 997 
0 997 
0.997 
0 0 997 
0 * 997 
0.997 
0.997 
0.997 
0 0 997 
0 * 997 
0.997 
0 997 
0.997 
0 0 997 
0 997 

0.894 
0.894 
0.894 
0.894 
0 894 
0.894 
0.894 
0 894 
0 894 
0 894 
0.894 
0 894 
0.894 
0 - 894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 

37.9 
89.1 
37.9 
55.0 
40.2 
79.4 
39.0 

113 
148 
139 
176 
145 
282 
192 
265 
258 
21.4 
46.0 
33.1 
31.0 

23 
23 
23 
23 
23 
23 
23 
25 E 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

+ 

a 

bData ob ta ined  du r ing  t h i r d  s tudy .  

Data ob ta ined  du r ing  second s tudy .  



_ -  

Data 
Set Kun 
No. No. 

18 1 
18 2 
18 3 
18 4 
18 5 
18 6 
18 7 
18 8 
18 9 
18 10 
18 11 
18 12 
18 13 
18 14 

19 1 
19 7 

19 3 
19 4 
19 5 
19 6 
19 7 
19 8 
19 9 
19 10 
19 11 
19 12 
19 13 

33 1 
33 2 
33 3 
33 4 
33 5 
33 6 
33 7 
33 8 
33 9 
33 10 

Gas disperser: one orifice, 0.432 c m  ID 

T a b l e  3 Y .  I : \per i i : l en t , i I Iy  l k t v r m i n e d  Values for the Axial Dispersion Coefficient in a 3.O-in.-ID Open Bubble Column 

~~ 

____ Properties __.___ of Liquid Axial 
Superficial Surface Dispersion 
Gas Velocity Density Viscosity Tension Coefficient 

Reference (cm/sec) (g/cm3) (CP) (dyneslcm) (cm2Isec) 

0.81 
0.0352 
0.0768 
0.122 
0.196 
0.285 
0.425 
0.553 
1.025 
1.86 
2.85 
5.66 
8.26 
0.0323 

0.0318 
0.976? 
0.108 
0.155 
0.232 
0.338 
0.424 
0.675 
1.67 
1.25 
2.28 
2.96 
5.37 

10.7 
18.3 
19.3 
3.70 
7.32 
0.700 
4.78 
11.6 
11.1 
26.5 

1.04 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04 

1.15 
1.15 
1.15 
1.15 
1.15 
1.15 
1.15 
1.15 
1.15 
1.15 
1.15 
1.15 
1.15 

0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 

2.05 
2.05 
2.05 
2.05 
2.05 
2.05 
2.05 
2.05 
2.05 
2.05 
2.05 
2.05 
2.05 
2.05 

10.7 
10.7 
10.7 
10.7 
10.7 
10.7 
10.7 
10.7 
10.7 
10.7 
10.7 
10.7 
10.7 

0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 

71.5 
71.5 
71.5 
71.5 
71.5 
71.5 
71.5 
71.5 
71.5 
71.5 
71.5 
71.5 
71.5 
71.5 

70.0 
70.0 
70.0 
70.0 
70.0 
70.0 
70.0 
70.0 
70.0 
70.0 
70.0 
70.0 
70.0 

73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 

50.0 
28.1 
43.2 
38.2 
48.9 
51.8 
45.0 
48.7 
46.2 
64.0 
66.4 
89.1 
92.2 
30.2 

27.0 
23.1 
42.4 
56.0 
41.4 
47.4 
45.0 
52.8 
47.4 
56.3 
57.2 
64.3 
86.7 

124 
164 
207 
74 
94.2 
43.0 
78.9 
132 
119 
239 

a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 

a 

a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

a 

. 

- 

aData obtained during third study 
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Table  40. E x p e r i m e n t a l l y  Determined Valuesa 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  
i n  a 6.0- in . - ID Open Bubble Column 

Gas d i s p e r s e r :  one  o r i f i c e ,  0.432 cm I D  

P r o p e r t i e s  of Liquid  A x i a l  
Data S u p e r f i c i a l  S u r f a c e  D i s p e r s i o n  
S e t  Run Gas V e l o c i t y  D e n s i t y  V i s c o s i t y  
No. No. (cmf s e c )  (g/cm3) (CP) (dynes  /cm) (cm2/sec)  

Tens ion  C o e f f i c i e n t  

. 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

23 
23 
23 
23 
23 
23  
23 
23 
23 
23 
23 
23 
23 

24 
24 
24 
24 
24 
24 
24 
24 
24 
24 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
1 3  
1 4  
15 
1 6  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
1 3  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  

8.39 
3 .08  
0 .8  
0.52 
0 .52  
1 . 4 9  
2.16 
7.12 
0.62 
3 .83  
1.07 
0 .33  
1 .57  
9 . 1 3  
4 .93  
2 . 6 3  

7.52 
9 . 6 3  
9 .63  
2 . 6  
5 .06  
8 .62  
0 .32  
2.04 
1 . 1 9  
2 .98  
3 .88  
2 .98  
6 . 0  

1 . 2 1  
1.62 
0.27 
3 .99  
2 . 8 6  
1 . 9 8  
6 . 0 1  
8 . 4  
0.51 
0 . 7 5  

0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 
0.997 

1.047 
1 .047  
1 .047  
1 .047  
1.047 
1.047 
1 .047  
1 .047  
1.047 
1 .047  
1 .047  
1.047 
1 .047  

1 .16  
1 . 1 6  
1 . 1 6  
1 . 1 6  
1 . 1 6  
1 . 1 6  
1 .16  
1 . 1 6  
1 .16  
1 .16  

0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0.894 
0 .894  
0.894 
0.894 
0.894 
0.894 

1 . 8  
1 .8  
1.8 
1.8 
1 . 8  
1 . 8  
1 . 8  
1 .8  
1.8 
1 . 8  
1 . 8  
1.8 
1.8 

1 2 . 1  
1 2 . 1  
1 2 . 1  
1 2 . 1  
1 2 . 1  
1 2 . 1  
1 2 . 1  
1 2 . 1  
1 2 . 1  
1 2 . 1  

73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73.0 
73 .0  
73 .0  
73.0 
7 3 . 0  
73.0 

71.8 
71.8 
71.8 
71.8 
71.8 
71 .8  
71.8 
71.8 
71 .8  
71.8 
71.8 
71 .8  
71.8 

67 .9  
67 .9  
67 .9  
67 .9  
67 .9  
67.9 
67 .9  
67 .9  
67.9 
67.9 

~~~~ ~~ 

207 
1 7  9 
152 
15 7 
1 6 1  
18 3 
161 
371 
173 
157 
1 2 3  
146 
146 
281 
246 
1 4 1  

232 
266 
303 
169.5 
262 
229 
125 
188 
180 
184 
211 
18 1 
216 

1 5 3  
149 
162 
181 
1 8 0  
146 
216 
254 
157 
173 

‘Data o b t a i n e d  d u r i n g  second s t u d y .  



a (6/d )d ne ( l - h ) f  , 
NPe = NRe NSu N A r  C 

(35 1 

d V  where 

NPe = P e c l e t  number = 3 D ’  

dCVgPQ 
NRe = Reynolds number = 

IJ.Q 
Y 

d C V  NSu = Suratman number = - 2 ,  
% 

3 2  
dc ?E 

2 ,  = Archimedes number = NA r 

d = column d iameter ,  cm, 
C 

v = s u p e r f i c i a l  gas  v e l o c i t y ,  cm/sec, 
g 
D = 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 m  /sec, 

a 

2 

p = d e n s i t y  of l i q u i d ,  g/cm 3 , 
= v i s c o s i t y  of l i q u i d ,  g/cm*sec,  

pa 

0 = s u r f a c e  t e n s i o n  of l i q u i d ,  dynes/cm, 

6 = gas  d i s t r i b u t o r  d iameter ,  cm, 

n = number of openings i n  gas  d i s t r i b u t o r ,  

h = f r a c t i o n  of column volume occupied by gas ,  and 

a ,  by  cy d, e, f ,  and K a r e  c o n s t a n t s  t o  be determined by t h e  method of 

l e a s t  s q u a r e s .  

The q u a l i t y  of t h e  d a t a  from t h e  1- in . -d iam column was cons ide red  t o  

be  lower t h a n  t h a t  f o r  t h e  l a r g e r - d i a m e t e r  columns; hence only  d a t a  

obta ined  wi th  column d iame te r s  of 1 .5 ,  2, 3,  and 6 i n .  were used i n  d e t e r -  

mining t h e  f i n a l  c o r r e l a t i o n .  Because of t h e  observed d i f f e r e n c e  i n  

behavior  i n  t h e  bubble-  and s lug - f low reg ions ,  t h e  d a t a  were d iv ided  i n t o  

two se t s  cor responding  t o  t h e  two f low regimes;  each  d a t a  set  was then  



. 

c o r r e l a t e d  s e p a r a t e l y  us ing  t h e  g e n e r a l  power-law e x p r e s s i o n  g iven  by 

Eq. (351. 
d i v i s i o i i  should r e s u l t  i n  t h e  b e s t  p o s s i b l e  f i t  of t h e  d a t a  t o  t h e  two 

r e s u l t i n g  power-law expres s ions .  

a l l  te rms  shown i n  Eq. (35) w e r e  cons ide red ;  however, on ly  t h o s e  terms 

were r e t a i n e d  f o r  which t h e  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  exponent 

w a s  less t h a n  30% of t h e  v a l u e  of t h e  exponent ,  o r  which, when n e g l e c t e d ,  

r e s u l t e d  i n  a poorer  f i t  of t h e  d a t a  as i n d i c a t e d  by t h e  F f a c t o r .  The 

F f a c t o r  i s  d e f i n e d  as: 

The c r i t e r i o n  f o r  s e p a r a t i n g  t h e  d a t a  w a s  t h a t  t h e  manner of 

I n  de te rmining  t h e  f i n a l  e x p r e s s i o n s ,  

where 
In  N = n a t u r a l  l oga r i thm of an e x p e r i m e n t a l l y  determined v a l u e  Pe 

f o r  t h e  P e c l e t  number, 
-- 
I n  Npe = average  of a l l  v a l u e s  f o r  t h e  n a t u r a l  l oga r i thm of t h e  

e x p e r i m e n t a l l y  determined v a l u e s  of t h e  P e c l e t  number, 

C In  Npe = p r e d i c t e d  v a l u e  f o r  t h e  n a t u r a l  l oga r i thm of t h e  P e c l e t  

number, 

and t h e  i n d i c a t e d  summations are over  a l l  d a t a  p o i n t s  cons ide red .  The 

v a l u e s  f o r  t h e  F f a c t o r  f o r  E q s .  (37) and (38) w e r e  1200 and 125 

r e s p e c t i v e l y .  Both of t h e s e  v a l u e s  imply t h a t  t h e  agreement between 

t h e  e x p e r i m e n t a l l y  de te rmined  v a l u e s  and t h e  p r e d i c t e d  v a l u e s  i s  v e r y  

good. The f i n a l  c o r r e l a t i o n s  r e s u l t i n g  from t h e  a n a l y s i s  are as 

f o l l o w s  : 

f o r  bubble  flow, 

-0.44 -0.094 . n Npe = 8.30 NRe 9 
0.82 

NAr 

f o r  s l u g  f low,  

3.10 (1 - h) . 0.802 -0.422 
NSu Npe = 0.70 NRe 

(37)  
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The expres s ion  f o r  bubble  f low i s  based on 190 d a t a  p o i n t s ;  a comparison 

of t h e  expe r imen ta l  and c a l c u l a t e d  v a l u e s  i s  shown i n  F i g .  41. The 

e x p r e s s i o n  f o r  s l u g  f low i s  based on 122 d a t a  p o i n t s ;  a comparison of 

t h e  expe r imen ta l  and c a l c u l a t e d  v a l u e s  i s  shown i n  F i g .  42. 
p o i n t s  i n  t h e  t r a n s i t i o n  r e g i o n  between t h e  bubble  and s l u g  f low reg ions  

were excluded from c o n s i d e r a t i o n  i n  o r d e r  t o  f a c i l i t a t e  f i t t i n g  of  t h e  

d a t a .  

Seven d a t a  

Comparisons of t h e  p r e d i c t e d  and expe r imen ta l ly  determined 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  a r e  shown i n  F i g s .  43-54 f o r  

columns having d i ame te r s  of 1, 1.5, 2, 3,  and 6 i n .  I n  g e n e r a l ,  good 

agreement i s  observed.  The p r e d i c t e d  v a l u e s  f o r  t h e  1- in . -d iam column 

a r e  about  twice t h e  expe r imen ta l ly  determined v a l u e s  (which were n o t  

used i n  developing t h e  c o r r e l a t i o n ) .  and show t h e  g r e a t e s t  d ive rgence  

from t h e  expe r imen ta l ly  determined v a l u e s .  The p o i n t s  a t  which t h e  

t r a n s i t i o n  from bubble  f low t o  s l u g  f low occurs  a r e  i n d i c a t e d  i n  t h e  

f i g u r e s .  These p o i n t s  a r e  i n  good agreement w i t h  v i s u a l  o b s e r v a t i o n s  

on t h e  changes i n  f low mode. 

9.8 Discuss ion  of Data on Axia l  Mixing and Gas Holdup 

The fo l lowing  o b s e r v a t i o n s  can be made w i t h  regard  t o  t h e  g e n e r a l  

f low behavior  i n  open bubble  columns and t o  t h e  e f f e c t s  on a x i a l  d i s -  

pe r s ion  and gas  holdup caused by v a r i a t i o n s  i n  column d iameter ,  v i s c o s i t y  

and s u r f a c e  t e n s i o n  of t h e  l i q u i d ,  gas  i n l e t  o r i f i c e  d iameter ,  and 

number of o r i f i c e s  i n  t h e  gas  i n l e t .  

9.8.1 Flow Regimes and E f f e c t  of Gas S u p e r f i c i a l  V e l o c i t y  

Three d i f f e r e n t  f l ow regimes can be i d e n t i f i e d  by v i s u a l  o b s e r v a t i o n  

of t h e  mixing p a t t e r n s  i n  open bubble  columns and by examinat ion  of t h e  

a s s o c i a t e d  d a t a  on a x i a l  mixing and gas  holdup.  These regimes - b u b b l e  

flow, t r a n s i t i o n  flow, and s l u g  f low - a r e  observed s u c c e s s i v e l y  a s  t h e  

s u p e r f i c i a l  gas  v e l o c i t y  i s  inc reased  from low t o  h igh  v a l u e s .  

For  s u p e r f i c i a l  gas  v e l o c i t i e s  below about  1 cm/sec, t h e  bubbles  

r i s e  a s  d i s c r e t e  e n t i t i e s  and do no t  occupy t h e  e n t i r e  c r o s s  s e c t i o n  of  

t h e  colurrn. The gas  holdup i n c r e a s e s  l i n e a r l y  w i t h  i n c r e a s e s  i n  t h e  

. 
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F i g .  46. V a r i a t i o n  of Axial  D i s p e r s i o n  C o e f f i c i e n t  w i th  Changes i n  

The t r a n s i t i o n  p o i n t s  between bubb le -  and s l u g - f l o w  regimes a r e  
S u p e r f i c i a l  Gas Ve loc i ty  and V i s c o s i t y  of Liquid i n  a 2.O-in.-ID Bubble 
Column. 
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s u p e r f i c i a l  gas  v e l o c i t y .  

n e g l i g i b l e  l i q u i d  s u p e r f i c i a l  v e l o c i t y )  i s  determined by t h e  r a t i o  of 

t h e  s u p e r f i c i a l  gas  v e l o c i t y  t o  t h e  gas  holdup and remains e s s e n t i a l l y  

c o n s t a n t  a t  a v a l u e  i n  t h e  range  of about  25 t o  40 cm/sec. 

regime i s  des igna ted  a s  bubble  f low.  Bubble s i z e  and bubble  s i z e  

d i s t r i b u t i o n  i n  t h i s  f l ow regime a r e  a complex f u n c t i o n  of g a s  i n l e t  

o r i f i c e  d iameter ,  g a s  f low r a t e ,  and p r o p e r t i e s  of t h e  l i q u i d  phaseo  

For  a i r - w a t e r  systems,  bu,bble r i s e  v e l o c i t i e s  of 25 t o  30 cm/sec have 

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

The bubble  r i s e  v e l o c i t y  ( f o r  t h e  c a s e  of a 

Th i s  f low 

30,31 

A s  t h e  s u p e r f i c i a l  g a s  v e l o c i t y  i s  inc reased ,  bubble-bubble  i n t e r -  

a c t i o n s  become impor t an t  and some coa le scence  i s  observed a t  t h e  t o p  

of t h e  column, r e s u l t i n g  i n  t h e  fo rma t ion  of l a r g e r  bubb les .  T h i s  marks 

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

g a s  v e l o c i t y  l ead  t o  g r e a t e r  coa le scence  and t h e  fo rma t ion  of bubble  

p l a t e l e t s  having  a s i z e  i n  t h e  h o r i z o n t a l  d i r e c t i o n  equa l  t o  about  90% 

of t h e  column d iame te r  and l e n g t h s  of  about  1 t o  2 cm.  F u r t h e r  i n c r e a s e s  

i n  t h e  s u p e r f i c i a l  gas  v e l o c i t y  r e s u l t  i n  s t i l l  g r e a t e r  coa le scence  and 

t h e  fo rma t ion  of b u l l e t - l i k e  bubbles  whose d i ame te r s  a r e  a lmost  e q u a l  

t o  t h e  column d iame te r .  These l a r g e - d i a m e t e r  bubbles ,  o r  "slugs",  a r e  

i n i t i a l l y  formed n e a r  t h e  t o p  of t h e  column; however, t h e  p o i n t  of s l u g  

fo rma t ion  g r a d u a l l y  moves downward w i t h  i n c r e a s e s  i n  t h e  s u p e r f i c i a l  

gas  v e l o c i t y .  Thus, i n  t h e  t r a n s i t i o n  reg ion ,  p a r t  of t h e  column may 

be c h a r a c t e r i z e d  by bubble  f low and p a r t  by s l u g  flow, 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  beg ins  t o  i n c r e a s e  a t  a h i g h e r  r a t e  w i t h  i n c r e a s e s  

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

I n  t h e  s l u g  f low regime, bubbles  t h a t  have a smooth, s p h e r i c a l  cap  

and a f l a t  t r a i l i n g  edge a r e  p r e s e n t  th roughout  t h e  column. The bubbles  

o r  s l u g s  a r e  u s u a l l y  2 t o  7 c m  i n  length, a l though  even g r e a t e r  l e n g t h s  

a r e  observed a t  v e r y  h i g h  g a s  v e l o c i t i e s .  I n  t h i s  f l ow regime, 

a c c e l e r a t i o n  of t h e  l i q u i d  n e a r  t h e  column w a l l  occu r s  s i n c e  t h e  l i q u i d  

must pass  through a narrow, a n n u l a r  channel  between t h e  g a s - l i q u i d  i n t e r -  

f a c e  and t h e  column w a l l .  Vigorous mixing i s  produced a t  t h e  r e a r  of 

each  s lug ,  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  i n c r e a s e s  r a p i d l y  w i t h  

i n c r e a s e s  i n  t h e  s u p e r f i c i a l  gas  v e l o c i t y .  I n  s l u g  flow, t h e  dependence 
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of g a s  holdup on s u p e r f i c i a l  gas  v e l o c i t y  d i v e r g e s  from t h e  l i n e a r  

r e l a t i o n s h i p  observed a t  low s u p e r f i c i a l  gas v e l o c i t i e s .  

The mixing p a t t e r n s  observed i n  a 6- in . -diam bubble  column f o r  

s u p e r f i c i a l  g a s  v e l o c i t i e s  g r e a t e r  t han  6 cm/sec were d i f f e r e n t  from 

those  observed f o r  s m a l l e r  columns. No pronounced t r a n s i t i o n  t o  s l u g  

f low was observed;  i n s t e a d ,  v e r y  t u r b u l e n t  c i r c u l a t i o n  and mixing 

p a t t e r n s  were s e e n .  Three types  of bubble  motion were no ted :  sma l l  

bubble  swirls t h a t  c i r c u l a t e d  downward a long  t h e  column w a l l ;  long, 

extended bubbles  t h a t  s p i r a l e d  up t h e  column a c r o s s  t h e  e n t i r e  c r o s s -  

s e c t i o n ;  and a c o r e  of bubbles  t h a t  ascended up t h e  c e n t e r  of t h e  

column. 

- a l  .32 i n  l a rge -d iame te r  bubble  columns. 

S i m i l a r  c i r c u l a t i o n  p a t t e r n s  have been observed by Towel1 - e t  

The v a r i a t i o n  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  w i t h  changes i n  

t h e  s u p e r f i c i a l  gas  v e l o c i t y  i s  shown i n  F i g .  55 f o r  w a t e r - f i l l e d  

columns having d i ame te r s  of 1, 1.5, 2, 3) and 6 i n .  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 found t o  depend on t h e  s u p e r f i c i a l  gas  v e l o c i t y  

t o  t h e  0 .12  and 0.63 powers i n  bubble  and s l u g  f low,  r e s p e c t i v e l y ,  

r e g a r d l e s s  of t h e  column d iame te r .  

9 .8 .2  E f f e c t  of Column Diameter 

The v a r i a t i o n  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  w i th  changes i n  

column d iame te r  i s  shown i n  F ig .  56 f o r  s u p e r f i c i a l  gas  v e l o c i t i e s  of 

0 .5  cm/sec (bubble f l o w )  and 25 cm/sec ( s l u g  f low) .  

two f low regimes,  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 n c r e a s e s  r a p i d l y  

wi th  i n c r e a s e s  i n  t h e  column d iame te r .  I n  bubble  flow, t h e  a x i a l  d i s -  

pe r s ion  c o e f f i c i e n t  shows a 1 .5  power dependence on column d iame te r .  

A ~ y a m a ~ ~  and Imafukuj‘ a l s o  r epor t ed  a 1.5 power dependence of t h e  

I n  each 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  on column d iame te r .  

e m p i r i c a l  r e l a t i o n s  which sugges t  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  

dependent on t h e  column d iame te r  t o  t h e  2.0 power i n  bubble  f low.  The 

power dependence of t h e  d i s p e r s i o n  c o e f f i c i e n t  on column d iameter ,  a s  

p r e d i c t e d  by Eqs. (33) and (38 ) ,  i s  no t  c o n s t a n t  b u t  h a s  a v a l u e  of 

about  0.64. 
power dependence of 1.0. 

Ohki” d e r i v e d  semi- 

The semiempir ica l  r e l a t i o n s  d e r i v e d  by Ohki35 sugges t  a 
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Although t h e  t r a n s i t i o n  from bubble  t o  s l u g  f low i n  t h e  p r e s e n t  

s t u d i e s  d i d  no t  occur  a t  a s i n g l e  v a l u e  of t h e  s u p e r f i c i a l  gas  v e l o c i t y ,  

c e r t a i n  q u a l i t a t i v e  conc lus ions  can be i n f e r r e d .  A s  t h e  column d iame te r  

i s  inc reased ,  t h e  s u p e r f i c i a l  gas  v e l o c i t y  a t  which s l u g  f low i s  

obta ined  i n c r e a s e s  r a p i d l y .  Slug f low was obta ined  i n  t h e  l .5-,  2-, 

and 3 - i n .  columns a t  s u p e r f i c i a l  gas  v e l o c i t i e s  of 0.005, 1.14, and 

5.54 cm/sec, r e s p e c t i v e l y ,  f o r  bubble  columns f i l l e d  wi th  wa te r ;  how- 

ever ,  s l u g  f low was n o t  ob ta ined  i n  t h e  6- in . -diam column a t  v e l o c i t i e s  

a s  h igh  a s  9.5 cm/sec. 

9.8.3 E f f e c t  of V i s c o s i t y  of t h e  Liquid Phase 

The v a r i a t i o n  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  w i th  changes i n  

t h e  v i s c o s i t y  of t h e  l i q u i d  and t h e  s u p e r f i c i a l  gas  v e l o c i t y  i s  shown 

i n  F i g s .  44, 46, 47, 53, and 54 f o r  columns having  d i ame te r s  of 1.5, 
2, 3, and 6 i n .  I n  each case,  nd obse rvab le  change was noted i n  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  a s  t h e  v i s c o s i t y  of t h e  l i q u i d  was 

inc reased  from 0.9 C P  t o  about  2 cP. A f u r t h e r  i n c r e a s e  i n  v i s c o s i t y  

t o  about  11 CP r e s u l t e d  i n  a dec rease  of about  207; i n  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  f o r  t h e  s m a l l e r  columns (1.5 and 2 i n .  i n  d i ame te r ) ,  

wh i l e  t h e  e f f e c t  was l e s s  pronounced f o r  t h e  3- in . -d iam column. How- 

ever ,  i n c r e a s i n g  t h e  v i s c o s i t y  of t h e  l i q u i d  by a s  much a s  a f a c t o r  of 

12 produced no obse rvab le  change i n  t h e  d i s p e r s i o n  c o e f f i c i e n t  f o r  t h e  

6-in.-diam column. 

f o r  t h e  more v i s c o u s  s o l u t i o n s  were lower, t h e  observed dependence 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  on t h e  s u p e r f i c i a l  gas  v e l o c i t y  was 

t h e  same a s  t h a t  observed f o r  columns f i l l e d  wi th  w a t e r .  These o b s e r -  

v a t i o n s  a r e  i n  agreement wi th  t h e  c o r r e l a t i o n s  shown i n  Eqs. 

(38), which p r e d i c t  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  depends on t h e  

v i s c o s i t y  of t h e  l i q u i d  phase t o  t h e  -0.057 and -0.072 powers f o r  bubble  

and s l u g  f low r e s p e c t i v e l y .  

Although 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  v a l u e s  

(37) and 

The v a r i a t i o n  of gas  holdup and bubble  r ise  v e l o c i t y  w i t h  changes 

i n  t h e  v i s c o s i t y  of t h e  l i q u i d  i s  shown i n  F i g s .  25-32 f o r  l.5-, 2-, 

3-, and 6- in . -diam columns. An i n c r e a s e  i n  t h e  v i s c o s i t y  of t h e  l i q u i d '  

r e s u l t s  i n  a s l i g h t  i n c r e a s e  i n  t h e  gas  holdup f o r  t h e  sma l l e r -d i ame te r  
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columns. However, t h e  gas  holdup v a l u e s  f o r  t h e  l a r g e r  columns appea r  

t o  be u n a f f e c t e d  by changes i n  v i s c o s i t y .  The r e l a t i o n  used f o r  c o r r e -  

l a t i n g  t h e  holdup d a t a  [Eq. (33 ) ]  shows no dependence of holdup on 

v i s c o s i t y  of t h e  l i q u i d  phase.  

9.8.4 E f f e c t  of Su r face  Tension of t h e  Liquid Phase 

The e f f e c t s  of changes i n  t h e  s u r f a c e  t e n s i o n  of t h e  l i q u i d  on 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  and t h e  gas  holdup i n  a 1 .5- in . -d iam column 

a r e  shown i n  F i g s .  45 and 33 r e s p e c t i v e l y .  

t e n s i o n  of t h e  l i q u i d  from about  72 dynes/cm t o  about  27 dynes/cm r e s u l t e d  

i n  a 25% dec rease  i n  t h e  d i s p e r s i o n  c o e f f i c i e n t  du r ing  s l u g  f low; how- 

ever ,  e s s e n t i a l l y  no change was observed du r ing  bubble  f low.  A s l i g h t  

i n c r e a s e  i n  t h e  gas  holdup was noted  a s  t h e  s u r f a c e  t e n s i o n  was decreased  

f o r  a g iven  v a l u e  of t h e  s u p e r f i c i a l  g a s  v e l o c i t y .  The c o r r e l a t i o n s  f o r  

t h e  a x i a l  d i s p e r s i o n  d a t a  i n d i c a t e  no dependence of d i s p e r s i o n  c o e f f i -  

c i e n t  on s u r f a c e  t e n s i o n  du r ing  bubble  f low and a O.43-power dependence 

du r ing  s l u g  f low.  The c o r r e l a t i o n  f o r  g a s  holdup i n d i c a t e s  t h a t  holdup 

i s  n o t  a f f e c t e d  by changes i n  s u r f a c e  t e n s i o n .  Decreases  i n  t h e  s u r -  

f a c e  t e n s i o n  of t h e  l i q u i d  delayed t h e  change from t r a n s i t i o n  f low t o  

s l u g  f low; t h a t  i s ,  t h e  change i n  f low regime occurred  a t  p r o g r e s s i v e l y  

h i g h e r  v a l u e s  of t h e  s u p e r f i c i a l  gas  v e l o c i t y  a s  t h e  s u r f a c e  t e n s i o n  of 

t h e  l i q u i d  was dec reased .  

A d e c r e a s e  i n  t h e  s u r f a c e  

9.8.5 E f f e c t  of Gas I n l e t  O r i f i c e  Diameter 

The v a r i a t i o n  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  w i t h  a change i n  

t h e  gas  i n l e t  d i ame te r  i s  shown i n  F ig .  49 f o r  a 2- in . -diam column 

f i l l e d  w i t h  water .  The gas  d i s t r i b u t o r  c o n s i s t e d  of a s i n g l e  o r i f i c e  

having a d i ame te r  of e i t h e r  0.1 o r  0 .432 c m .  

low s u p e r f i c i a l  gas  v e l o c i t i e s  was noted .  

Only a minor e f f e c t  a t  

The e f f e c t  of t h e  d iameter  of t h e  g a s  i n l e t  o r i f i c e  on 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 n  a 2- in . -d iam column employing a g a s  d i s t r i b u -  

t o r  c o n s i s t i n g  of f i v e  o r i f i c e s  i s  shown i n  F i g .  50. The gas  i n l e t  o r i -  

f i c e  d i ame te r  was v a r i e d  from 0.4 t o  4 mm, which cor responds  t o  a range 

of 13 t o  127 f o r  t h e  column d i a m e t e r / o r i f i c e  d i ame te r  r a t i o .  For  gas  
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d i s t r i b u t o r s  c o n t a i n i n g  m u l t i p l e  o r i f i c e s ,  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  v a l u e s  i n  t h e  t r a n s i t i o n  f low regime e x h i b i t  an anomalous 

behavior ,  which i s  probably  due t o  complex bubble-bubble i n t e r a c t i o n  

e f f e c t s .  

who cons ide red  i t  t o  be  a h inde red  mixing e f f e c t  caused by bubble 

coa le scence .  

A s i m i l a r  behav io r  was observed by two o t h e r  i n v e s t i g a t o r s ,  369 37 

I n  t h e  s l u g  f low regime, 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  v a l u e s  

show no dependence on gas  i n l e t  o r i f i c e  d i a m e t e r .  Th i s  i s  t o  be 

expec ted  s i n c e  t h e  l a r g e  bubbles  o r  s l u g s  formed by coa le scence  of 

s m a l l e r  bubbles a r e  independent of t h e  i n i t i a l  bubble popu la t ion .  I n  

t h e  bubble f low regime, however, t h e  s m a l l e s t  o r i f i c e  d i ame te r  (0.4 mm) 

produced 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  t h a t  were s i g n i f i c a n t l y  

lower t h a n  t h o s e  produced by t h e  o t h e r ,  l a r g e r  o r i f i c e s .  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  v a l u e s  f o r  t h e  l a r g e r  o r i f i c e s  were e s s e n t i a l l y  t h e  

same (wi th in  t h e  accu racy  of t h e  d a t a ) .  

1.0-, 2.0-, and 4.0-mm-diam o r i f i c e s  were i d e n t i c a l ,  w h i l e  t h e  v a l u e s  

ob ta ined  by us ing  a 0.4-mm-diam o r i f i c e  were h i g h e r .  

imply a lower bubble r ise  v e l o c i t y .  Thus, excep t  i n  t h e  c a s e  of v e r y  

sma l l  o r i f i c e  d iameters ,  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  independent of 

o r i f i a e  diain@&?evf,as i s  assumed by t h e  d i s p e r s i o n  c o e f f i c i e n t  c o r r e -  

l a t i o n s .  

The gas  holdup v a l u e s  f o r  t h e  

The h i g h e r  v a l u e s  

Data were a l s o  ob ta ined  w i t h  gas  d i s t r i b u t o r  p l a t e s  c o n t a i n i n g  37 
o r i f i c e s .  N o  e f f e c t  on a x i a l  d i s p e r s i o n  c o e f f i c i e n t  was observed 

( w i t h i n  t h e  accuracy  of t h e  d a t a )  when t h e  o r i f i c e  d i ame te r  was v a r i e d  

from 1 t o  4 mm, a s  shown i n  F i g .  51. 
d i ame te r  on a x i a l  d i s p e r s i o n  du r ing  s l u g  f low; d u r i n g  bubble flow, t h e  

a x i a l  d i s p e r s i o n  appeared t o  be marg ina l ly  a f f e c t e d ,  a l though  no q u a n t i -  

t a t i v e  dependence was r e p o r t e d .  For c o l u m n - t o - o r i f i c e  d i ame te r  r a t i o s  

less t h a n  80, Ohki35 observed a v e r y  sma l l  i n f l u e n c e  of o r i f i c e  d i ame te r  

on a x i a l  d i s p e r s i o n .  However, f o r  h i g h e r  v a l u e s  of t h i s  r a t i o ,  a marked 

dec rease  i n  t h e  d i s p e r s i o n  c o e f f i c i e n t  was observed .  

Reith38 found no e f f e c t  65 o r i f i c e  



9.8.6 E f f e c t  of Number of O r i f i c e s  i n  Gas D i s t r i b u t o r  

The e f f e c t  of t h e  number of o r i f i c e s  i n  t h e  g a s  d i  t r i b u t  r on 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  shown i n  F i g .  52 f o r  a 2-in.-diam bubble  

column f i l l e d  wi th  wa te r .  The o r i f i c e  d i ame te r  was 1 mm i n  each c a s e .  

I n  t h e  bubble  f low regime, 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 n c r e a s e d  

a s  t h e  number of o r i f i c e s  i n  t h e  g a s  d i s t r i b u t o r  was i n c r e a s e d  from 1 

t o  37. I n  t h e  t r a n s i t i o n  f low regime, no c l e a r  dependence on number 

of o r i f i c e s  i s  appa ren t .  I n  t h e  s l u g  f low regime, 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  v a l u e s  a r e  e s s e n t i a l l y  independent  of t h e  number of o r i f i c e s  

i n  t h e  gas  d i s t r i b u t o r .  This  i s  t o  be expec ted  s i n c e ,  f o r  a g iven  s u p e r -  

f i c i a l  gas  v e l o c i t y ,  t h e  number of o r i f i c e s  w i l l  o n l y  a l t e r  t h e  i n i t i a l  

s i z e  and number of bubbles ,  and t h e  e f f e c t s  of t h e s e  q u a n t i t i e s  a r e  

e l i m i n a t e d  by coa le scence  and s l u g  format ion .  The c o r r e l a t i o n s  of t h e  

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

weakly dependent (0.098 power) on t h e  number of o r i f i c e s  i n  t h e  gas  

d i s t r i b u t o r  du r ing  bubble  f low and independent  of t h e  number of o r i f i c e s  

du r ing  s l u g  f low.  

9.9 F u t u r e  Work 

It i s  be l i eved  t h a t  s u f f i c i e n t  expe r imen ta l  d a t a  on g a s  holdup and 

a x i a l  d i s p e r s i o n  have been ob ta ined ;  hence no f u r t h e r  expe r imen ta l  work 

i n  t h i s  a r e a  i s  planned.  I n  t h e  f u t u r e ,  e f f o r t s  w i l l  b e  made t o  deve lop  

r e l a t i o n s  t h a t  c o r r e l a t e  t h e  d a t a  on gas  holdup s a t i s f a c t o r i l y  and a l s o  

e x t r a p o l a t e  w e l l  t o  known l i m i t i n g  cases ,  such a s  t h e  r a t e  of r i s e  of 

i n d i v i d u a l  bubbles  i n  v e s s e l s  having ve ry  l a r g e  d i ame te r s .  A t t e m p t s  

w i l l  a l s o  be made t o  c o r r e l a t e  t h e  d i s p e r s i o n  d a t a  ob ta ined  du r ing  s l u g  

f low wi thou t  i nc lud ing  gas  holdup dependence s i n c e  such a c o r r e l a t i o n  

would probably  be much s i m p l e r .  



10. SEMICONTINUOUS REDUCTIVE EXTRACTION EXPERIMENTS 
I N  A MILD-STEEL FACILITY 

B .  A.  Hannaford C. W. Kee 
L. E .  McNeese 

We have cont inued  o p e r a t i o n  of a f a c i l i t y  i n  which semicontinuous 

r e d u c t i v e  e x t r a c t i o n  exper iments  can  be c a r r i e d  out i n  a m i l d - s t e e l  

system.39 

d a t a  on t h e  hydrodynamics of t h e  c o u n t e r c u r r e n t  f low of mol ten  s a l t  

and bismuth i n  a 0.82-in.-ID, 24- in . - long  column packed w i t h  1 /4 - in .  

molybdenum Raschig r i n g s .  We have been a b l e  t o  show t h a t  f l o o d i n g  d a t a  

ob ta ined  wi th  t h i s  column a r e  i n  agreement wi th  p r e d i c t i o n s  from a 

c o r r e l a t i o n 4 '  based on s t u d i e s  of t h e  c o u n t e r c u r r e n t  f low of mercury 

and aqueous s o l u t i o n s  i n  packed columns. We have c a r r i e d  out  s e v e r a l  

exper iments  f o r  de t e rmin ing  t h e  mass t r a n s f e r  performance of t h e  packed 

column i n  which a s a l t  s t r eam c o n t a i n i n g  UF was c o u n t e r c u r r e n t l y  con- 

t a c t e d  w i t h  bismuth c o n t a i n i n g  r e d u c t a n t  over  a range  of o p e r a t i n g  

c o n d i t i o n s .  During t h e  second uranium mass t r a n s f e r  run (UTR-2), 95% 
of t h e  uranium was e x t r a c t e d  from t h e  s a l t  du r ing  a 40-min pe r iod  i n  

which t h e  bismuth and s a l t  were c o u n t e r c u r r e n t l y  c o n t a c t e d  a t  f l ow r a t e s  

of 247 and 52 cm / m i n  r e s p e c t i v e l y .  

t r a n s f e r  runs (UTR-3 and -4)  were c a r r i e d  out  under c o n d i t i o n s  such 

t h a t  t h e  uranium e x t r a c t i o n  f a c t o r  remained h i g h  throughout  t h e  column. 

The f r a c t i o n  of uranium e x t r a c t e d  from t h e  s a l t  phase i n c r e a s e d  from 

0.63 t o  0 .91 as t h e  m e t a l - t o - s a l t  f low r a t e  r a t i o  was v a r i e d  from 0.75 
t o  2.05. It was found t h a t  t h e  r a t e  a t  which uranium t r a n s f e r r e d  t o  

t h e  bismuth was c o n t r o l l e d  by t h e  d i f f u s i v e  r e s i s t a n c e  i n  t h e  s a l t  f i l m ,  

and t h a t  t h e  e x t r a c t i o n  d a t a  could  be c o r r e l a t e d  i n  terms of t h e  h e i g h t  

of an o v e r a l l  t r a n s f e r  u n i t  based on t h e  s a l t  phase.  The HTU v a l u e s  

ranged from 0.77 t o  2.1 f t  a s  t h e  b i s m u t h - t o - s a l t  f l o w  r a t e  r a t i o  was 

I n  o r d e r  t o  measure mass t r a n s f e r  r a t e s  decreased  from 2.05 t o  0.75. 
i n  t h e  column under more c l o s e l y  c o n t r o l l e d  c o n d i t i o n s  and under cond i -  

t i o n s  where t h e  c o n t r o l l i n g  r e s i s t a n c e  i s  n o t  n e c e s s a r i l y  i n  t h e  s a l t  

phase, p r e p a r a t i o n s  were begun f o r  exper iments  i n  which t h e  r a t e  of 

exchange of z i rconium i s o t o p e s  w i l l  be measured between s a l t  and bismuth 

I n i t i a l  work w i t h  t h e  f a c i l i t y  was d i r e c t e d  toward o b t a i n i n g  

4 

Two a d d i t i o n a l  uranium mass 3 41 

42 
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phases  o the rwise  a t  chemical  e q u i l i b r i u m .  I n  p r e p a r a t i o n  f o r  t h e s e  

experiments ,  r e d u c t a n t  was removed from most of t h e  bismuth by hydro-  

f l u o r i n a t i o n  of t h e  s a l t  and bismuth wi th  a 70-30 mole % H -HF mix tu re .  

A f t e r  h y d r o f l u o r i n a t i o n ,  t h e  s a l t  and bismuth were t r a n s f e r r e d  through 

t h e  system (dur ing  run  UTR-5) i n  o r d e r  t o  o b t a i n  uni form c o n c e n t r a t i o n s  

i n  t h e  s a l t  and bismuth phases  throughout  t h e  system. There was a s u r -  

p r i s i n g l y  l a r g e  v a r i a t i o n  ( 3 5 % )  i n  t h e  r e p o r t e d  c o n c e n t r a t i o n s  of 

uranium i n  s a l t  samples removed from t h e  column e f f l u e n t  du r ing  t h e  run .  

2 
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10.1 Run UTR-6 

The o b j e c t i v e s  of run  UTR-6 were: (1) t o  o b t a i n  a d d i t i o n a l  in forma-  

t i o n  r e l a t i v e  t o  t h e  v a r i a t i o n  i n  t h e  r epor t ed  uranium c o n c e n t r a t i o n s  i n  

samples t a k e n  from t h e  s a l t  s t r eam l e a v i n g  t h e  e x t r a c t i o n  column, because 

of t h e  l a r g e  v a r i a t i o n  (235%) i n  t h e s e  v a l u e s  du r ing  run  UTR-5;  and ( 2 )  

t o  o b t a i n  a d d i t i o n a l  hydrodynamic d a t a  on t h e  c o u n t e r c u r r e n t  f l ow of s a l t  

and bismuth i n  t h e  packed column by o p e r a t i n g  under  c o n d i t i o n s  where 

f lood ing  was p r e d i c t e d  by t h e  c o r r e l a t i o n  based on c o u n t e r c u r r e n t  f l ow 

of mercury and wa te r  i n  packed columns. Fol lowing run  UTR-5, t h e  s a l t  

and bismuth were r e tu rned  t o  t h e  t r ea tmen t  v e s s e l ,  from which t h e  s a l t  

and bismuth phases  were t r a n s f e r r e d  t o  t h e i r  r e s p e c t i v e  feed  t a n k s .  

A f t e r  t h e  t r a n s f e r s ,  t h e  bismuth feed  t a n k  con ta ined  about  17 l i t e r s  of 

bismuth i n  which t h e  thorium c o n c e n t r a t i o n  was about  6 ppm- The s a l t  

feed  t a n k  con ta ined  about  15 l i t e r s  of s a l t  having  a uranium c o n c e n t r a -  

t i o n  (as  UF ) of  about  3100 ppm. E s s e n t i a l l y  no e x t r a c t i o n  of uranium 

from t h e  s a l t  du r ing  t h e  run  would be expec ted  because  of t h e  n e g l i g i b l e  

c o n c e n t r a t i o n  of r e d u c t a n t  i n  t h e  bismuth.  A s  shown i n  F i g .  57 t h e  run  

was i n i t i a t e d  by s t a r t i n g  a s a l t  f l ow through t h e  column; then ,  a few 

minutes  l a t e r ,  a bismuth f low was begun. Constant  s a l t  and bismuth f low 

r a t e s  of 125 and 117 c m  /min, r e s p e c t i v e l y ,  were a t t a i n e d  a f t e r  a s h o r t  

t i m e ,  and seven p a i r s  of bismuth and s a l t  samples were withdrawn from 

t h e  s a l t  and bismuth s t reams l e a v i n g  t h e  column. Subsequent ly ,  t h e  

f lows of s a l t  and bismuth t o  t h e  column were s topped,  snd t h e  f r e e z e  

va lve  below t h e  s p e c i f i c  g r a v i t y  pot  was c l o s e d  by c o o l i n g  t h e  l i n e  t o  

a tempera ture  below t h e  s a l t  l i q u i d u s  t empera tu re .  The run  was t h e n  

4 

3 
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Fig .  57. Volume of Bismuth and S a l t  Remaining i n  Feed Tanks v s  Run 
Time, Run UTR-6. 
v a l  was i n f e r r e d  from t h e  s l o p e .  

Volumetric f low r a t e  (ml/min) f o r  each  i n d i c a t e d  i n t e r -  



resumed w i t h  s a l t  and bismuth f low r a t e s  of 150 and 209 cm3/min. 

combinat ion of s a l t  and bismuth f low r a t e s  was selected i n  o r d e r  t o  

f u r t h e r  t e s t  t h e  p r e d i c t i o n  of f l o o d i n g  by t h e  c o r r e l a t i o n  based on 

c o u n t e r c u r r e n t  f l ow of mercury and aqueous s o l u t i o n s  i n  packed columns 

(see Secc. 14) .  
remainder  of t h e  run  f o r  bismuth a n a l y s e s .  S h o r t l y  a f t e r  t h e  s a l t  and 

bismuth f lows were resumed, t h e  appa ren t  d i spe r sed -phase  holdup (as  

i n d i c a t e d  by column p res su re  d r o p )  s t a b i l i z e d  a t  30%. 
r a t e  was t h e n  inc reased  s l i g h t l y  ( t o  151 c m  /min) .  

appa ren t  d i spersed-phase  holdup t o  i n c r e a s e  u n t i l  i t  reached a v a l u e  

of about  6076, a t  which po in t  t h e  s p e c i f i c  g r a v i t y  pot  began t o  f i l l  

w i t h  bismuth (which c l e a r l y  i n d i c a t e d  t h a t  t h e  column was f l o o d e d ) .  

The c o n d i t i o n s  under  which t h e  column f looded  a g r e e  r easonab ly  w e l l  

w i th  t h e  v a l u e s  p r e d i c t e d  from t h e  c o r r e l a t i o n  s i n c e  t h e  r a t i o  of t h e  

observed column throughput  t o  t h e  p r e d i c t e d  th roughput  a t  f l o o d i n g  was 

T h i s  

Seven a d d i t i o n a l  s a l t  samples were t aken  du r ing  t h e  

The s a l t  f l ow 
3 This  caused t h e  

1.13. 

R e s u l t s  o f  t h e  a n a l y s e s  of t h e  s a l t  and bismuth samples t aken  

du r ing  t h e  f i r s t  p a r t  of t h e  run a r e  shown i n  Table  41. 
i cance  i s  a t t a c h e d  t o  t h e  a n a l y s e s  of t h e  bismuth phase;  t h e  i n d i c a t e d  

i n c r e a s e  i n  t h e  c o n c e n t r a t i o n  of reduced m e t a l s  i s  probably t h e  r e s u l t  

of s l i g h t  contaminat ion  of t h e  samples w i t h  s a l t  o r  may s imply r e p r e s e n t  

a n a l y t i c a l  e r r o r s .  The uranium c o n c e n t r a t i o n  i n  t h e  s a l t  samples should 

have remained c o n s t a n t  a t  a v a l u e  of 3 l O O  ppm; n e v e r t h e l e s s ,  t h e  d a t a  

show c o n s i d e r a b l e  s c a t t e r .  The average  of t h e  uranium c o n c e n t r a t i o n s  

i n  t h e  f lowing s a l t  samples i s  only 2714 ppm; however, t h e  uranium 

con ten t  of t h e  s a l t  sample removed from t h e  r e c e i v e r  t a n k  i s  i n  a g r e e -  

ment w i t h  t h e  expec ted  v a l u e .  The v a r i a t i o n  of uranium c o n c e n t r a t i o n s  

i n  samples removed from t h e  s a l t  s t r eam dur ing  t h i s  run i s  s i m i l a r  t o  

t h a t  observed du r ing  run  UTR-5; on t h e  o t h e r  hand, a much s m a l l e r  

v a r i a t i o n  i n  r epor t ed  uranium c o n c e n t r a t i o n s  was observed du r ing  an  

e a r l i e r ,  s i m i l a r  run  (UTR-1 ). 

L i t t l e  s i g n i f -  

41 

Bismuth c o n c e n t r a t i o n s  i n  t h e  s a l t  samples t aken  du r ing  t h e  second 

h a l f  of run  UTR-6 a r e  g iven  i n  Table  42. These c o n c e n t r a t i o n s  a r e  

r e l a t i v e l y  low, ranging  from 0.8 t o  15 ppm. It should  be noted  t h a t  
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Table 41. Summary of Results for Samples Taken During Run UTR-6 

Materials in Uranium Conc. 
Sample Source Bismuth Samples (ppm) in Salt 

Li Th U (PPm) 

Feed tanks 

Flowing stream 

1 

2 

3 

4 

5 

6 

7 

0.052 

0.42 

0.060 

0.046 

0.046 

0.055 

0.042 

0.035 

0.063 

<2 

6 

9 

15 

5 

14 

4 

6 

53 

<1 

1 

Avg . 

Receiver tanks 0.043 <2 <8 

3100 

32 00 

2700 

3200 

2400 

3100 

2300 

2500 

2800 

2714 

3100 



Table  42. T e s t s  f o r  Bismuth Entrainment  i n  Flowing 
S a l t  Samplesa Taken i n  Run UTR-6 

Flow r a t e s :  150 ml/min s a l t ,  209 ml/min bismuth 

b Sample Bismuth Concent ra t ion  Equiva len t  Bismuth Entrainment  
(FS- 1 ( P P m )  (vo l  $)  

8 

9 
10 

11 

12 

13 
14 

0.8 
6.4 
6.9 
9.4 

15 
11 

8 

- -  
0.00015 

0.00017 

0.00026 

0.00032 

0.00046 

0.00021 

a A 0 .042-in.-diam h o l e  d r i l l e d  i n  t h e  s i d e  of a s t anda rd  f r i t t e d  sample 
capsu le  permi t ted  c o l l e c t i o n  of u n f i l t e r e d  samples .  

Corrected f o r  t h e  average c o n c e n t r a t i o n  of bismuth r epor t ed  f o r  b lank  
sample (2.0 ppm). 

b 

some of t h e  bismuth e n t r a i n e d  i n  s a l t  l e a v i n g  t h e  column may have been 

sepa ra t ed  from t h e  s a l t  i n  t h e  s p e c i f i c  g r a v i t y  pot be fo re  t h e  s a l t  

s t ream e n t e r e d  t h e  sampler .  

10 .2  P repa ra t ion  f o r  Run UTR-7; I n s t a l l a t i o n  of Molybdenum 
Dra f t  Tube i n  Treatment Vessel  

A f t e r  run  UTR-6, t h e  s a l t  and bismuth phases 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  s o  t h a t  r educ tan t  could be added t o  t h e  bismuth 

phase and produce t h e  d e s i r e d  uranium and zirconium d i s t r i b u t i o n  c o e f -  

f i c i e n t  v a l u e s  i n  p r e p a r a t i o n  f o r  t h e  zirconium mass t r a n s f e r  e x p e r i -  

ments.  It was d e s i r e d  t h a t  about  h a l f  of t h e  uranium and z i rconium be 

reduced i n t o  t h e  bismuth phase i n  o r d e r  t o  g i v e  a d i s t r i b u t i o n  c o e f -  

f i c i e n t  of about  1 f o r  t h e  zirconium. A p e r f o r a t e d  m i l d - s t e e l  baske t  

(shown i n  F ig .  58)  c o n t a i n i n g  95.3 g of thorium meta l  was lowered i n t o  

t h e  bismuth i n  t h e  t r ea tmen t  v e s s e l ,  which was he ld  a t  a tempera ture  of 



. . 
1 . . 



600°C. The thor ium 

had d i s s o l v e d  a f t e r  

d i s s o l u t i o n  r a t e  was low; on ly  70 g of t h e  me ta l  

50 h r .  I n  o r d e r  t o  improve mixing w i t h i n  t h e  b i s -  

muth phase and c o n t a c t  between t h e  bismuth and s a l t  phases,  a molyb- 

denum d r a f t  t ube  (shown i n  F i g .  58)  was i n s t a l l e d  i n  t h e  t r e a t m e n t  

v e s s e l .  A s  shown i n  F i g .  59, t h i s  t u b e  had a d i ame te r  of 1 i n .  and a 

l e n g t h  of 8 i n .  

d r a f t  t ube  i n  o r d e r  t o  d e f l e c t  t h e  d i scha rged  bismuth i n t o  t h e  s a l t  

phase.  The l e n g t h  of  t h e  d r a f t  t ube  was chosen such  t h a t  bismuth from 

t h e  bottom of t h e  bismuth pool would be  c o n t a c t e d  w i t h  t h e  s a l t  phase.  

A f t e r  i n s t a l l a t i o n  of t h e  d r a f t  tube ,  a n  a d d i t i o n a l  lo5  g of thor ium 

meta l  was placed i n  a new r e d u c t a n t  a d d i t i o n  baske t  and was lowered 

i n t o  t h e  bismuth phase.  S a l t  samples t aken  a f t e r  17 h r  of o p e r a t i o n  

of t h e  d r a f t  t ube  a t  a n  argon f low r a t e  of 1 . 5  s c f h  showed t h a t  t h e  

uranium c o n c e n t r a t i o n  i n  t h e  s a l t  had decreased  from 2800 ppm t o  2000 

pprn and i m p l i e d  t h a t  t h e  thor ium d i s s o l u t i o n  r a t e  was s t i l l  r e l a t i v e l y  

low. 

and t h e  a rgon  f low r a t e  t o  t h e  d r a f t  t ube  was i n c r e a s e d  t o  2 .5  s c f h  

(which i s  about  t w i c e  t h e  r a t e  t h a t  had produced good pumping i n  e a r l i e r  

q u a l i t a t i v e  t e s t s  w i t h  t h e  d r a f t  t ube  us ing  mercury and w a t e r ) .  

90 h r  t h e  p e r f o r a t e d  baske t  was removed and weighed; r e s u l t s  showed 

t h a t  about  86 g of thor ium had d i s s o l v e d .  The thor ium d i s s o l u t i o n  

r a t e  was only  about  1 g/hr ,  and it  a p p a r e n t l y  was n o t  i n c r e a s e d  by 
use  of t h e  d r a f t  t ube  o r  t h e  h i g h e r  t empera tu re .  Bismuth samples 

removed a t  t h e  end of t h e  thor ium a d d i t i o n  pe r iod  w e r e  found t o  be 

contaminated w i t h  s a l t ,  t h u s  p reven t ing  a d i r e c t  measurement of t h e  

uranium and z i rconium d i s t r i b u t i o n  c o e f f i c i e n t s .  However, a s a l t  sample 

conta ined  1580 ppm of uranium, which i n d i c a t e s  a uranium d i s t r i b u t i o n  

c o e f f i c i e n t  of 1.11 and a z i rconium d i s t r i b u t i o n  c o e f f i c i e n t  of 1-01, 

assuming t h a t  t h e  s a l t  and bismuth phases  were homogeneous and t h a t  

chemical  e q u i l i b r i u m  had been a t t a i n e d  b e f o r e  t h e  s a l t  and bismuth 

phases were sampled. 

A 1 .5- in . -diam b a f f l e  was p laced  d i r e c t l y  above t h e  

The tempera ture  of  t h e  t r ea tmen t  v e s s e l  was i n c r e a s e d  t o  650"c, 

A f t e r  

Fol lowing e q u i l i b r a t i o n  of t h e  s a l t  and bismuth i n  t h e  t r e a t m e n t  

v e s s e l ,  t h e  phases  w e r e  t r a n s f e r r e d  t o  t h e i r  r e s p e c t i v e  f e e d  t a n k s  and 

run  UTR-7 was c a r r i e d  out  i n  o r d e r  t o  o b t a i n  more n e a r l y  c o n s t a n t  
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c o n c e n t r a t i o n s  of materials i n  t h e  sa l t  and bismuth throughout  t h e  sys-  

t e m .  During t h e  r u n ,  t h e  p r e s s u r e  drop  through t h e  column w a s  errat ic  

and a n  abnormally h igh  p r e s s u r e  w a s  r e q u i r e d  i n  t h e  sa l t  j a c k l e g .  No 

hydrodynamic d a t a  were ob ta ined  d u r i n g  t h e  run  because  of v a r i a t i o n s  i n  

t h e  f low c o n d i t i o n s .  Post-run examination of t h e  system i n d i c a t e d  t h a t  

t h e  bismuth r e t u r n  l i n e  between t h e  column and t h e  bismuth c a t c h  t a n k  

w a s  s l i g h t l y  r e s t r i c t e d  and t h a t  a s m a l l  r u p t u r e  had occur red ,  caus ing  

t h e  release of abou t  20 g of bismuth. 

10.3 P r e p a r a t i o n  f o r  Mass T r a n s f e r  Run ZTR-1; P roduc t ion  of 
9 7 Z r  by I r r a d i a t i o n  of 96Zr 

P l a n s  have been made t o  c a r r y  o u t  a series of mass t r a n s f e r  e x p e r i -  

ments i n  which t h e  rate of exchange of z i rconium i s o t o p e s  between sa l t  

and bismuth phases  c o n t a i n i n g  n a t u r a l  z i rconium w i l l  be  measured. The 

r e s u l t s  t h a t  are ob ta ined  w i l l  pe rmi t  t h e  mass t r a n s f e r  performance of 

t h e  packed column t o  be  eva lua ted .  Zirconium-97, which has  a 16.8-hr 

h a l f - l i f e ,  i s  thought t o  be t h e  b e s t  z i rconium i s o t o p e  f o r  t h e s e  e x p e r i -  

ments s i n c e  i t s  u s e  would n o t  r e s u l t  i n  t h e  s u c c e s s i v e  bu i ldup  of  r a d i o -  

a c t i v i t y  i n  t h e  expe r imen ta l  f a c i l i t y .  I n  ou r  i n i t i a l  a t t e m p t  a t  pro- 

duc ing  t h e  tracer,  20 mg of 96Zr0 w a s  s e a l e d  i n  a q u a r t z  ampul (Super 

Seal) ,  which w a s  t h e n  i r r a d i a t e d  f o r  5 h r  a t  a thermal  f l u x  of 2 x 10  

n e u t r o n s  cm s e c  i n  t h e  Oak Ridge Research Reac to r .  The Zr02 had 

t h e  fo l lowing  i s o t o p i c  a n a l y s i s :  

' l Z r ,  1.41%; and 'OZr ,  7.25%. 

i n g  9 7 Z r  a c t i v i t y  w a s  about  f o u r  t i m e s  t h e  c a l c u l a t e d  v a l u e .  The d i s -  

crepancy w a s  t r a c e d  t o  t h e  u s e  of an ou tda ted  v a l u e 4 3  f o r  t h e  the rma l -  

neu t ron  c r o s s  s e c t i o n  of 9 6 Z r  (0.05 ba rn )  as compared w i t h  a more 

r e c e n t  v a l u e  2 
r e i r r a d i a t e d  f o r  a pe r iod  of  2 h r  i n  o r d e r  t o  produce a c a l c u l a t e d  9 7 Z r  

a c t i v i t y  of 6.9 m C i .  The measured a c t i v i t y  a f t e r  i r r a d i a t i o n  was about  

100% h ighe r  than  expec ted  b u t  w a s  w e l l  w i t h i n  t h e  l i m i t s  r e q u i r e d  f o r  

s a f e  hand l ing  a f t e r  an 18-hr decay p e r i o d ,  d u r i n g  which t h e  a c t i v i t y  

of 31Si ( h a l f - l i f e ,  2.62 h r )  r e s u l t i n g  from a c t i v a t i o n  of t h e  q u a r t z  

14 2 

-2 -1 

9 6 Z r ,  85.25%; 9 4 Z r ,  3.85%; 9 2 Z r ,  2.24%; 

A f t e r  t h e  i r r a d i a t i o n  p e r i o d ,  t h e  r e s u l t -  

44 of 0.2 ba rn .  A f t e r  a p e r i o d  of 20 days  t h e  9 6 Z r 0  w a s  

ampul w a s  allowed t o  d e c r e a s e  t o  a low l e v e l .  

95Zr produced d u r i n g  i r r a d i a t i o n  of t h e  Z r O  w a s  c a l c u l a t e d  t o  be about  

The a c t i v i t y  of 65-day 

2 
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0.1% of t h a t  observed i n i t i a l l y  f o r  97Zr ;  t h e r e f o r e ,  t h e  cumula t ive  95Zr  

a c t i v i t y  t h a t  w i l l  r e s u l t  from s e v e r a l  t r a c e r  exper iments  i s  expec ted  t o  

be n e g l i g i b l e .  

The i r r a d i a t e d  Z r O  powder was t r a n s f e r r e d  from t h e  q u a r t z  ampul t o  2 

2 
a 3/4-in.-diam c a r b o n - s t e e l  capsu le ,  which was used f o r  adding t h e  Z r O  

t o  t h e  s a l t  feed t ank .  

i n  F i g .  58. 
argon was f e d  through t h e  c a p s u l e  a t  t h e  r a t e  of N 1 s c f h  i n  o r d e r  t o  

d i s s o l v e  t h e  Z r O  i n  t h e  molten s a l t .  Samples of t h e  s a l t  were t aken  

p e r i o d i c a l l y  fo l lowing  t h e  a d d i t i o n  of t r a c e r  and were counted f o r  97Zr 

a c t i v i t y .  These measurements i n d i c a t e d  t h a t  a d d i t i o n  of t h e  t r a c e r  t o  

t h e  15 - l i t e r  s a l t  volume was 75% complete w i t h i n  a 2 -h r  p e r i o d .  The 97,r 

coun t ing  r a t e  i n  a sample t aken  10 h r  a f t e r  t h e  a d d i t i o n  of t r a c e r  t o  t h e  

s a l t  feed t a n k  was about  200,000 counts/min, which i n d i c a t e s  t h a t  t h e  

coun t ing  p r e c i s i o n  i n  t h e  planned t r a c e r  exper iments  should be s a t i s f a c -  

t o r y .  

The des ign  of t h e  c a p s u l e  i s  shown s c h e m a t i c a l l y  

A f t e r  t h e  c a p s u l e  had been lowered i n t o  t h e  s a l t  f eed  tank, 

2 

When t h e  s a l t  feed t a n k  was p r e s s u r i z e d  p r i o r  t o  s t a r t i n g  experiment 

ZTR-1, s a l t  d id  no t  beg in  t r a n s f e r r i n g  from t h e  feed t a n k  a t  t h e  expec ted  

t a n k  p r e s s u r e .  A f t e r  a s a l t  f low was e s t a b l i s h e d ,  i t  soon became appa r -  

e n t  t h a t  a l e a k  e x i s t e d  i n  t h e  s a l t  e x i t  l i n e  a t  a p o i n t  n e a r  t h e  t ank .  

Therefore ,  t h e  experiment was cance led  and an a t t empt  was made t o  t r a n s -  

f e r  t h e  s a l t  t o  t h e  s a l t  r e c e i v e r  t a n k  v i a  a bypass;  however, t h i s  

r e s u l t e d  i n  a second s a l t  leak,  which caused t h e  Cal rsd  h e a t e r s  on t h e  

s a l t  feed-and-ca tch  t a n k  t o  f a i l .  R e s u l t s  of examinat ion  of t h e  tank, 

a long  w i t h  d e t a i l s  on equipment maintenance, a r e  g iven  i n  t h e  fo l lowing  

s e c t  i on .  

10.4 I n s p e c t i o n  of S a l t  Feed-and-Catch Tank, 
and Equipment Maintenance 

I n s p e c t i o n  of t h e  s a l t  feed-and-ca tch  tank,  a f t e r  c o o l i n g  t o  room 

tempera ture ,  showed t h a t  t h e  f a i l u r e s  i n  t h e  t r a n s f e r  l i n e s  l e a v i n g  t h e  

t a n k  we're i d e n t i c a l ,  a l t hough  t h e y  had occurred  i n  d i f f e r e n t  l i n e s .  I n  

each case,  t h e  3 /8 - in .  -diam m i l d - s t e e l  t u b i n g  ( i n i t i a l  w a l l  t h i c k n e s s ,  

0.59 i n . )  had f a i l e d  due t o  s e v e r e  a i r  o x i d a t i o n  i n  a narrow band on 



160 

t h e  e x t e r i o r  of t h e  t u b i n g  a d j a c e n t  t o  a compression f i t t i n g ;  of course ,  

t h i n n i n g  of t h e  t u b i n g  caused by t h e  f e r r u l e s  i n  t h e  compression f i t t i n g  

may have a l s o  c o n t r i b u t e d  t o  t h e  f a i l u r e s .  

Damage t o  t h e  p r o t e c t i v e  c o a t i n g  of  n i c k e l  a luminide  on t h e  v e s s e l  

e x t e r i o r  and t o  t h e  Calrod h e a t e r s  made sa lvage  of t h e  v e s s e l  i m p r a c t i c a l .  

(The o u t s i d e  of t h e  v e s s e l  was coa ted  i n i t i a l l y  wi th  15 t o  20 m i l s  of 

n i c k e l  a luminide  i n  o r d e r  t o  dec rease  t h e  r a t e  of e x t e r n a l  a i r  o x i d a t i o n . )  

The p r o t e c t i v e  c o a t i n g  appeared t o  be i n t a c t  over  a s i g n i f i c a n t  a r e a  of 

t h e  tank,  bu t  i t  was e i t h e r  nonadherent  o r  had comple te ly  s p a l l e d  from 

t h e  s u r f a c e  i n  a number of a r e a s  where e x t e n s i v e  a i r  o x i d a t i o n  had 

occur red .  A 1 .5- in . -diam me ta l  specimen t h a t  was removed from t h e  t a n k  

w a l l  w i th  a h o l e  saw was examined by t h e  Meta ls  and Ceramics D i v i s i o n .  

The v e s s e l  had ope ra t ed  f o r  about  16,000 h r  i n  t h e  t empera tu re  range  of 

600 t o  700°C and had been cooled t o  room t empera tu re  t h r e e  o r  f o u r  t imes.  

The w a l l  of t h e  v e s s e l  had been c o n s t r u c t e d  from 12-in.-diam, 3 /8- in . -  

wa l l - th i ckness ,  seamless  ASTM-A106 Grade B S t e e l  [Fe--0.3% C (max)--0.29 

t o  1.06% Mn--0.048$ P (max)--0.58$ S (max)--0.1% S i  (min) ] .  

45 

A c r o s s  s e c t i o n  of t h e  specimen from t h e  v e s s e l  w a l l  was mounted so  

t h a t  t h e  i n s i d e  and o u t s i d e  s u r f a c e s  could  be observed .  F i g u r e  60 p r e -  

s e n t s  photomicrographs of t h e  i n s i d e  s u r f a c e .  I n t e r g r a n u l a r  vo ids  t h a t  

extend 2 t o  3 m i l s  i n t o  t h e  me ta l  a r e  appa ren t  i n  F ig .  6 0 ( a ) .  

marks n e a r  t h e  s u r f a c e  i n  F i g .  6 0 ( b )  a r e  d i r e c t i o n a l  p o l i s h i n g  marks and 

have no s i g n i f i c a n c e .  The i n s i d e  of t h e  v e s s e l  appeared t o  be i n  good 

c o n d i t i o n ,  w i t h  l i t t l e  ev idence  of c o r r o s i o n .  F i g u r e  61 p r e s e n t s  photo-  

micrographs of t h e  e x t e r n a l  s u r f a c e  of t h e  v e s s e l .  The n i c k e l  a luminide  

c o a t i n g  and most of t h e  oxide  c o r r o s i o n  product  s p a l l e d  from t h e  spec i -  

men dur ing  i t s  p r e p a r a t i o n .  The predominant f e a t u r e  noted i n  t h e  photo- 

micrographs i s  t h e  absence of f i n e  b l a c k  p r e c i p i t a t e s  t o  a depth  of 

about  10 m i l s .  These p r e c i p i t a t e s  a r e  probably sma l l  g r a p h i t e  f l a k e s ,  

and t h e i r  absence n e a r  t h e  s u r f a c e  i s  i n d i c a t i v e  of d e c a r b u r i z a t i o n ,  

which would be  expected under  t h e  h i g h l y  o x i d i z i n g  environment i n  which 

t h e  v e s s e l  had ope ra t ed .  

The 

It was of p a r t i c u l a r  i n t e r e s t  t o  de te rmine  whether  t h e  s t e e l  had 

g r a p h i t i z e d .  S t e e l s  normally c o n t a i n  carbon i n  t h e  form of Fe C ;  however, 3 
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PHOTO 1632-73 

( a  l 

( b l  
F i g .  60. Photomicrographs of t h e  Inne r  Sur face  of t h e  S a l t  Feed-and- 

Catch Tank i n  t h e  ( a )  A s  Pol i shed  and ( b )  Etched Condi t ion  A f t e r  Exposure 
t o  S a l t  a t  600 t o  700°C f o r  16,000 h r .  Magn i f i ca t ion ,  1OOX. Etchant ,  
2% N i t a l .  
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Fig .  61. Photomicrographs of t h e  Outer Sur face  of t h e  S a l t  Feed-and- 
Catch Tanks i n  t h e  ( a )  A s  Pol ished and ( b )  Etched Condit ion A f t e r  Exposure 
t o  A i r  a t  600 t o  700°C f o r  16,000 h r .  
N i t a l .  

Magni f ica t ion ,  1OOX. E tchant ,  2% 



. 

t h i s  c a r b i d e  w i l l  o f t e n  decompose du r ing  prolonged exposure a t  e l e v a t e d  

tempera tures  t o  i r o n  and g r a p h i t e .  Decomposition i s  in f luenced  s t r o n g l y  

by t h e  chemical  composi t ion  of t h e  s teel ,  w i t h  t h e  presence  of N i ,  

and C f avor ing  t h e  format ion  of g r a p h i t e ,  Fe and S ( i f  no t  p r e s e n t  a s  

a s u l f i d e )  f avor ing  t h e  s t a b i l i t y  of Fe C, and Mn having l i t t l e  e f f e c t  

on t h e  s t a b i l i t y  of t h e  c a r b i d e  i f  p r e s e n t  i n  c o n c e n t r a t i o n s  below 14. 

Only t h e  nominal composi t ion  of t h e  specimen i s  known. The most i n f l u -  

e n t i a l  e lements  a r e  carbon and s i l i c o n , a n d  bo th  would encourage g r a p h i t e  

format  i on .  

S i ,  

3 

Examination of t h e  m i c r o s t r u c t u r e  shown i n  F i g .  62 i n d i c a t e s  t h a t  

two types  of p r e c i p i t a t e  a r e  p r e s e n t .  The long s t r i n g e r s ,  which a r e  

gray,  a r e  t y p i c a l  o f  Fe C. The b l a c k  p r e c i p i t a t e  i s  i n  t h e  form of 

f l a k e s  t h a t  a r e  t y p i c a l  of t h e  appearance of g r a p h i t e .  The photomicro- 

graphs  i n  F i g s .  60(a ) and 61 (a ) show t h a t  t h e  mixed c a r b i d e - g r a p h i t e  

s t r u c t u r e  i s  t y p i c a l  of most of t h e  c r o s s  s e c t i o n .  The g r a p h i t e  f l a k e s  

may have been p r e s e n t  b e f o r e  t h e  v e s s e l  was put  i n t o  s e r v i c e ,  o r  t h e y  

may have formed dur ing  i t s  o p e r a t i o n .  

3 

The impor tan t  e f f e c t s  of g r a p h i t e  format ion  a r e  r e d u c t i o n s  i n  

s t r e n g t h  and d u c t i l i t y  of t h e  s t ee l .  The specimen was no t  of s u f f i c i e n t  

s i z e  f o r  s t r e n g t h  measurements; however, a t e s t  t h a t  would i n d i c a t e  t h e  

d u c t i l i t y  of t h e  m a t e r i a l  was made. A sma l l  piece (about 1.5 i n .  long, 

3/8 i n .  t h i ck ,  and 5/16 i n .  w i d e )  o f  t h e  specimen was bent  180" i n  a 

v i s e  wi thou t  fo rma t ion  of c racks ,  a s  shown i n  F ig .  63. Thus, no ev idence  

f o r  embr i t t l ement  of t h e  m a t e r i a l  i s  a p p a r e n t .  

Dimensional measurements by t h e  I n s p e c t i o n  Engineer ing  D i v i s i o n  on 

t h e  s a l t  feed-and-ca tch  t a n k  and on t h e  bismuth feed-and-ca tch  t a n k  

w e r e  i nconc lus ive ,  p a r t l y  a s  a r e s u l t  of a i r  o x i d a t i o n  of t h e  r e f e r e n c e  

p o i n t s  on t h e  v e s s e l s  and p a r t l y  because of i n a c c e s s i b i l i t y  o f  t h e  

p o i n t s .  The observed s t r a i n ,  based on comparison wi th  measurements made 

on t h e  t a n k s  a f t e r  a n  i n i t i a l  s t ress  r e l i e f ,  showed a v a r i a t i o n  of 

approximate ly  2 15, wi th  t h e  mean v a l u e  be ing  n e a r  ze ro .  

A new s a l t  feed-and-ca tch  t a n k  of  t h e  i n i t i a l  d e s i g n  was f a b r i c a t e d  

and i n s t a l l e d  i n  t h e  system. Thermal i n s u l a t i o n  was removed from a l l  
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Fig. 62. Photomicrograph Showing Microstructure of Steel from Salt 
Feed-and-Catch Tank in the As-Polished Condition After Operation at 600 
to 700°C for 16,000 hr. Magnification, 5OOX. 



Fig .  63. Photograph of a Sample of S t e e l  from t h e  S a l t  Feed-and- 
Catch Tank A f t e r  Being Bent 180" a t  Room Temperature. 
a r e  remnants of t h e  o r i g i n a l  s u r f a c e  oxide.  
600 t o  700°C f o r  16,000 h r .  
i s  a p p a r e n t .  

The da rk  s p o t s  
The t a n k  was ope ra t ed  a t  

N o  ev idence  f o r  embr i t t l emen t  of t h e  s t e e l  



t r a n s f e r  l i n e s  t o  a l l o w  i n s p e c t i o n  of t h e  l i n e s ,  and l i n e s  t h a t  w e r e  

more t h a n  modera te ly  oxid ized  were r e p l a c e d .  The s a l t  t r a n s f e r  l i n e  

from t h e  f e e d  t a n k  t o  t h e  s a l t  j a c k l e g  was r e r o u t e d  t o  a p o i n t  11 i n .  

h i g h e r  t h a n  i n  t h e  o r i g i n a l  des ign  i n  o r d e r  t o  improve c o n t r o l  of t h e  

s a l t  feed  r a t e  and t o  prevent  backflow of  bismuth i n t o  t h e  s a l t  f eed  

t a n k  du r ing  column u p s e t s .  

. 

. 
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11. DEVELOPMENT OF THE METAL TRANSFZR PROCESS: 
OPERATION OF EXPERIMENT mE-2 

E. L. Youngblood L. E. McNeese 

. 

It has  been found t h a t  rare e a r t h s  d i s t r i b u t e  s e l e c t i v e l y  i n t o  mol- 

t e n  L i C l  from bismuth  s o l u t i o n s  c o n t a i n i n g  rare e a r t h s  and thorium, and 

an improved r a r e - e a r t h  removal p r o c e s s  based on t h i s  o b s e r v a t i o n  has  

been dev i sed .  Work t h a t  w i l l  demons t r a t e  a l l  phases  of t h e  improved 

r a r e - e a r t h  removal method, which i s  known as t h e  metal t r a n s f e r  p r o c e s s ,  

i s  p r e s e n t l y  under way. 

We p r e v i ~ u s l y ~ ~  c a r r i e d  o u t  a n  eng inee r ing  experiment (MTE-1) f o r  

s tudy ing  t h e  removal of rare e a r t h s  from s i n g l e - f l u i d  MSBR f u e l  salt  by 

t h i s  p rocess .  During t h i s  exper iment ,  approximate ly  50% of t h e  l a n t h a -  

num and 25% of  t h e  neodymium o r i g i n a l l y  p r e s e n t  i n  t h e  f l u o r i d e  sa l t  were 
removed a t  about  t h e  expec ted  ra te .  S u r p r i s i n g l y ,  however, t h e  lanthanum 

and neodymium removed from t h e  f l u o r i d e  sa l t  d i d  no t  accumula te  i n  t h e  

L i - B i  s o l u t i o n  used f o r  removing t h e s e  materials from L i C 1 .  It i s  

b e l i e v e d  t h a t  r e a c t i o n  of i m p u r i t i e s  i n  t h e  system w i t h  t h e  rare e a r t h s  

caused t h i s  unexpected behav io r .  

A second e n g i n e e r i n g  experiment (MTE-2) w a s  des igned  and p u t  i n t o  

T h i s  exper iment ,  completed d u r i n g  t h i s  r e p o r t  o p e r a t i o n  p r e v i o u s l y .  47 
p e r i o d ,  was c a r r i e d  o u t  i n  a v e s s e l ,  made of 6-in.-diam c a r b o n - s t e e l  

p i p e ,  which w a s  d i v i d e d  i n t o  two compartments by a p a r t i t i o n  t h a t  extended 

t o  w i t h i n  1 / 2  i n .  of t h e  bottom of t h e  v e s s e l .  The compartments w e r e  

i n t e r c o n n e c t e d  by a 2-in.-deep poo l  of mol ten  bismuth, s a t u r a t e d  w i t h  

thor ium,  which formed a seal between t h e  two compartments. One com- 

par tment  con ta ined  MSBR f u e l  carrier sa l t  (72-16-12 mole % LiF-BeF2- 

ThF4) t o  which were added 7 m C i  of 147Nd and s u f f i c i e n t  LaF3 t o  pro- 

duce  a lanthanum c o n c e n t r a t i o n  of 0 .3  mole %. The o t h e r  compartment 

con ta ined  L i C 1 ,  a cup c o n t a i n i n g  a L i - B i  s o l u t i o n ,  and a pump f o r  

r e c i r c u l a t i n g  t h e  L i C l  th rough t h e  cup a t  t h e  r a t e  of about  25 c m  /min. 

The c o n c e n t r a t i o n  of r e d u c t a n t  (35 a t .  % l i t h i u m )  i n  t h e  L i - B i  so lu -  

t i o n  w a s  s u f f i c i e n t l y  h igh  t h a t  e s s e n t i a l l y  a l l  of t h e  lanthanum and 

neodymium would be  e x t r a c t e d  from L i C l  i n  e q u i l i b r i u m  w i t h  t h e  L i - B i  

s o l u t i o n .  I n  o r d e r  t o  o b t a i n  mixing i n  t h e  main bismuth poo l ,  abou t  

3 
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10% of t h e  metal volume w a s  forced t o  flow back and f o r t h  through t h e  

1/2-in.  s l o t  below t h e  p a r t i t i o n  between t h e  f l u o r i d e  and c h l o r i d e  com- 

par tments  every 7 min. G a s - l i f t  sparge tubes  were used t o  d i s p e r s e  drop- 

l e t s  of bismuth i n  t h e  sa l t  phase t o  improve c o n t a c t  between t h e  sa l t  and 

bismuth phases i n  each compartment. P r o v i s i o n s  were made f o r  o b t a i n i n g  

f i l t e r e d  samples of t h e  salt  and bismuth phases i n  t h e  experiment.  

The remainder of t h i s  s e c t i o n  d e s c r i b e s  t h e  experimental  procedure 

followed i n  t h e  experiment,  g i v e s  a mathematical  a n a l y s i s  of f a c t o r s  

a f f e c t i n g  t h e  ra te  of t r a n s f e r  of t h e  rare e a r t h s ,  and p r e s e n t s  t h e  

r e s u l t s  of t h e  experiment. 

11.1 Experimental Procedure 

47 A f t e r  t h e  materials had been charged t o  t h e  experiment,  t h e  sys- 

t e m  w a s  allowed t o  s t and  f o r  76 h r  a t  o p e r a t i n g  temperature  (65OOC) 

b e f o r e  c i r c u l a t i o n  of t h e  L i C l  w a s  i n i t i a t e d .  The sequence of opera- 

t i o n s  pursued du r ing  t h e  experiment c o n s i s t e d  i n  pumping t h e  L i C l  

through t h e  L i - B i  c o n t a i n e r  f o r  a 3-hr pe r iod  a t  t h e  rate of 25 cm /min. 

C i r c u l a t i o n  of t h e  L i C l  was then  s topped,  and t h e  s a l t  and bismuth 

phases were allowed t o  approach chemical e q u i l i b r i u m  dur ing  a 4-hr 

per iod b e f o r e  f i l t e r e d  samples  w e r e  taken of t h e  sal t  and bismuth. 

This  sequence w a s  repeated on a three-shif t -per-day b a s i s  du r ing  t h e  
first week and a two-shift-per-day b a s i s  du r ing  t h e  second week. For 

t h e  remainder of t h e  three-month o p e r a t i n g  pe r iod ,  t h e  L i C l  w a s  c i r c u -  
l a t e d  f o r  about 7 h r  du r ing  t h e  day s h i f t  and t h e  salt  and bismuth w e r e  

allowed t o  approach chemical equ i l ib r ium dur ing  t h e  o f f - s h i f t s  and on 
week-ends. During t h e  pumping p e r i o d s ,  t h e  Th-Bi phase w a s  fo rced  back 

and f o r t h  between t h e  f l u o r i d e  and L i C l  compartments a t  t h e  rate of 10% 

of t h e  metal volume every 7 min t o  promote mixing of t h e  bismuth phase.  

The g a s - l i f t  sparges  w e r e  k e p t  i n  o p e r a t i o n  almost con t inuous ly  except  
wher? samples were being withdrawn. 

3 

Eight  days b e f o r e  t h e  end of t h e  experiment,  1 v o l  % of f l u o r i d e  

sa l t  (72-16-12 mole % LiF-BeF2-ThF ) w a s  added t o  t h e  L i C l  compartment 4 
i n  o r d e r  t o  determine t h e  e f f e c t  of entrainment  of small amounts of 

f l u o r i d e  sa l t  i n t o  t h e  L i C l  v i a  c i r c u l a t i o n  of t h e  bismuth. 



The filtered samples taken during the experiment were prepared for 

The 147Nd activity in 

analysis by cutting off the filter section with tubing cutters and 

cleaning the external surfaces with emery cloth. 

a sample was determined by direct counting of the 0.53-MeV gamma radia- 

tion emitted by the sample. The lanthanum concentration in a sample 

was determined by neutron activation. The activity in the samples 

was determined by counting the 0.9-MeV gamma radiation emitted by the 

228Ac after a delay of about 24 hr to ensure that the 228Ac was in secu- 

lar equilibrium with the 228Ra. 

11.2 Mathematical Analysis of Transfer Rate 

A mathematical analysis was carried out to determine the removal 

rate for a fluoride salt contaminant which could transfer between the 

salt and bismuth phases in experiment MTE-2. In making the analysis, 

it was assumed that equilibrium was maintained between the three phases 

present in the system: the fluoride salt, bismuth that is saturated 

with thorium, and the portion of the LiCl that is in contact with the 

Th-Bi phase. Under these conditions, the concentrations of the trans- 

ferring material in these phases are related by the following distri- 

bution ratios: 

where 

D =  F 

D =  
C 

distribution coefficient for the material transferring 

between the fluoride salt and the bismuth, 

distribution coefficient for the material transferring 

between the chloride salt and the bismuth, 

concentration of the transferring material in the main 

bismuth pool, mole fraction, 

(39 1 



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

s a l t ,  mole f r a c t i o n ,  

= c o n c e n t r a t i o n  of  t h e  t r a n s f e r r i n g  m a t e r i a l  i n  t h e  LiC1,  

mole f r a c t i o n .  

I f  i t  i s  assumed t h a t  a p o r t i o n  of t h e  t r a n s f e r r i n g  m a t e r i a l  i s  removed 

from t h e  L i C l  du r ing  i t s  passage through t h e  cup c o n t a i n i n g  t h e  Li-Bi  

s o l u t i o n  and t h a t  a n  a d d i t i o n a l  p o r t i o n  i s  removed from t h e  system by 

r a d i o a c t i v e  decay, a m a t e r i a l  ba lance  on t h e  t r a n s f e r r i n g  m a t e r i a l  con-  

t a i n e d  w i t h i n  t h e  t h r e e  phases  t h a t  a r e  assumed t o  be i n  e q u i l i b r i u m  

y i e l d s  t h e  fo l lowing  r e l a t i o n :  

where 

I = i n v e n t o r y  of t h e  t r a n s f e r r i n g  m a t e r i a l  i n  t h e  t h r e e  phases  

t h a t  a r e  assumed t o  be i n  equ i l ib r ium,  moles, 

t = t i m e ,  sec, 

A = decay c o n s t a n t  f o r  t h e  t r a n s f e r r i n g  m a t e r i a l ,  sec , -1 

FCS = r a t e  a t  which LiCl i s  c i r c u l a t e d  through t h e  cup c o n t a i n i n g  

t h e  L i - B i  s o l u t i o n ,  moles/sec,  

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

t h e  L i C l  du r ing  i t s  c o n t a c t  w i th  t h e  L i - B i  s o l u t i o n ,  

Xcs = c o n c e n t r a t i o n  of t h e  t r a n s f e r r i n g  m a t e r i a l  i n  L i C l  t h a t  i s  

i n  e q u i l i b r i u m  wi th  t h e  Bi-Th s o l u t i o n ,  mole f r a c t i o n .  

The inven to ry  of t h e  t r a n s f e r r i n g  m a t e r i a l  i n  t h e  t h r e e  phases  t h a t  a r e  

assumed t o  be i n  e q u i l i b r i u m  i s  g iven  by t h e  fo l lowing  r e l a t i o n :  

I = %s%s + %T%T + M ~ ~ X ~ ~  J 

(42 1 

where 

%s = q u a n t i t y  of f l u o r i d e  s a l t ,  moles, 

%T = q u a n t i t y  of Bi-Th s o l u t i o n ,  moles, 

MCS = q u a n t i t y  of LiCl  t h a t  i s  i n  e q u i l i b r i u m  wi th  Bi-Th s o l u t i o n ,  

moles .  

c 



. 

17 1 

S u b s t i t u t i o n  of E q s .  (39), (40), and (42)  i n t o  Eq. (41)  y i e l d s  t h e  

fo l lowing  r e l a t i o n :  

- -  - d$S - 
d t  

DF F f -  
CS D, 

I \  1 

DF 
%s + % T ~ F  + Mcs P C 

I n t e g r a t i o n  of Eq. (43) between t h e  l i m i t s  i n d i c a t e d  i n  Eq. (44), 

j'bs,p $s, i 

D 
F F f -  CS D- 
c; A +  

DF 
%s + % T ~ F  + M~~ 

r P d t  0 , 

(43 ) 

(44 1 

where 

= c o n c e n t r a t i o n  of t h e  t r a n s f e r r i n g  m a t e r i a l  i n  t h e  f l u o r i d e  %s, i 

xFsY P 

s a l t  a t  t i m e  t = 0, when c o n t a c t  of t h e  L i C l  w i th  t h e  L i - B i  

s o l u t i o n  i s  i n i t i a t e d ,  mole f r a c t i o n ,  

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

s a l t  a t  t i m e  t when c o n t a c t  of t h e  L i C l  w i th  t h e  L i - B i  

s o l u t i o n  i s  s topped,  mole f r a c t i o n ,  
P Y  

t = l e n g t h  of t i m e  t h a t  t h e  L i C l  i s  c i r c u l a t e d ,  sec, 
P 

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

m a t e r i a l  i n  t h e  f l u o r i d e  s a l t  a f t e r  t h e  L i C l  h a s  been con tac t ed  wi th  

t h e  L i - B i  s o l u t i o n  f o r  t h e  i n d i c a t e d  t i m e  pe r iod :  

-[/ + 

DF F f -  CS D, 

DF 
%s + % T ~ F  + M~~ 

(45 1 



During experiment  MTE-2, s e v e r a l  c y c l e s  of o p e r a t i o n  were c a r r i e d  

out  i n  which t h e  LiCl  was con tac t ed  w i t h  t h e  L i - B i  s o l u t i o n  f o r  a cer -  

t a i n  per iod  of t i m e .  On conc lus ion  >f t h i s  c o n t a c t i n g  per iod ,  no c i r c u -  

l a t i o n  c f  t h e  L i C l  was al lowed t o  occur .  The r e l a t i v e  c o n c e n t r a t i o n  of 

t h e  t r a n s f e r r i n g  m a t e r i a l  i n  t h e  f l u o r i d e  s a l t  a f t e r  a pe r iod  i n  which 

t h e  L i C l  was c i r c u l a t e d  i s  g iven  by 9q. (45), and t h e  r e l a t i v e  concen- 

t r a t i o n  of t h e  t r a n s f e r r i n g  m a t e r i a l  a f t e r  a pe r iod  du r ing  which no 

c i r c u l a t i o n  occurred  i s  g iven  by t h e  r e l a t i o n :  

= exp ( -A t s )  , %s, s 

5% P 

where 

= c o n c e n t r a t i o n  of t h e  t r a n s f e r r i n g  m a t e r i a l  i n  t h e  f l u o r i d e  ‘FS, s 
s a l t  a t  t i m e  t mole f r a c t i o n ,  

S’ 
t = l e n g t h  of t i m e  du r ing  which no L i C l  c i r c u l a t i o n  occurs ,  
S 

sec. 

Combination of Eqs .  (45)  and (46) y i e l d s  t h e  fo l lowing  r e l a t i o n  € o r  t h e  

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

one c y c l e  of o p e r a t i o n  i n  which t h e  L i C 1  i s  c i r c u l a t e d  f o r  p a r t  of t h e  

t ime per iod  and no c i r c u l a t i o n  occurs  du r ing  t h e  remainder  of t h e  

per iod  : 

xFs,s = exp [ - h ( t s  + tP)] exp ( - K t p )  , 
$s, i 

where 
DF F f -  CS DC 

K =  
D, - r 

%s + % T ~ F  + M~~ P 
C 

(47 1 

S i m i l a r l y ,  t h e  r e l a t i v e  c o n c e n t r a t i o n  of t h e  t r a n s f e r a b l e  m a t e r i a l  i n  

t h e  f l u o r i d e  s a l t  a f t e r  n c y c l e s  i n  which both  pumping and e q u i l i b r a -  

t i o n  occur  i s  g iven  by t h e  fo l lowing  e x p r e s s i o n :  

. 
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n n 
= exp (48) 

%s, s n  

XFS, i j=1 j=1 

where 

= c o n c e n t r a t i o n  of t h e  t r a n s f e r a b l e  m a t e r i a l  i n  t h e  f l u o r i d e  

s a l t  a f t e r  n c y c l e s  i n  which LiCl  c i r c u l a t i o n  and e q u i l i -  

b r a t i o n  occur ,  mole f r a c t i o n ,  

SS, s n  

t = l e n g t h  of t i m e  du r ing  which no L i C l  i s  c i r c u l a t e d  du r ing  
s j  

p j  

c y c l e  j ,  sec, 

t = l e n g t h  of t i m e  du r ing  which L i C l  i s  c i r c u l a t e d  du r ing  

c y c l e  j ,  sec. 

It should be noted,  however, t h a t  t h e  two t i m e  summations i n  Eq. (48) 
have t h e  fo l lowing  meanings: 

n 

where 

= l e n g t h  of t i m e  between t h e  beginning  of t h e  experiment  and t h e  tn  
end of t h e  n t h  c y c l e ,  sec, 

t = l e n g t h  of t i m e  t h a t  L i C l  c i r c u l a t i o n  has  occurred  between t h e  
Pn 

beginning  of t h e  experiment  and t h e  end of t h e  n t h  c y c l e ,  sec.  

S u b s t i t u t i o n  of E q s .  (49) and ( 5 0 )  i n  Eq. (48)  y i e l d s  t h e  fo l lowing  r e l a  

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

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

'FS, s n  = exp (-A t n )  exp ( - K t  ) . XFS, i Pn 

exp ( A t , )  v s  XFs, s n  

'FS, i 
T h i s  r e l a t i o n  i n d i c a t e s  t h a t  a p l o t  of t h e  q u a n t i t y  

t h e  l e n g t h  of t i m e  t h a t  t h e  L i C l  h a s  been c i r c u l a t e d  should y i e l d  a 

s t r a i g h t  l i n e  having a s l o p e  of -K. The q u a n t i t y  f can  b e  c a l c u l a t e d  

a f t e r  t h e  v a l u e  of K h a s  been determined from a p l o t  of t h i s  t y p e .  



11.3 Experimental Results 

11.3.1 Rates of Transfer of Neodymium and Lanthanum 

During the experiment, the lanthanum and 147Nd that were added to 

The rates of accumu- the fluoride salt initially behaved as expected. 

lation of these two rare earths in the Li-Bi solution during the experi- 

ment are summarized in Table 43 and shown in Fig. 64. 

no accumulation of either of the rare earths in the solution prior to 

operation of a gas-lift sparge tube in the cup (about 50 liters of LiCl 

was circulated through the Li-Bi compartment before operation of the 

sparge tube was initiated). After 400 liters of LiCl had been circulated 

(about two-thirds through the run),approximately 50% of the lanthanum and 

approximately 30% of the neodymium originally in fluoride salt were found 

to be in the Li-Bi solution. During the last one-third of the run the 

rare earths continued to accumulate in the Li-Bi solution, but the rate 

of accumulation could not be determined accurately because of a leak that 

developed in the lithium-bismuth cup. 

the solution to flow into the area between the cup and the holder. 

There was essentially 

This leak allowed about 30% of 

The extent of removal of lanthanum and neodymium from the fluoride 

salt is summarized in Tables 44 and 45 and shown in Figs. 65 and 66. 

seen in the figures, more than 85% of the lanthanum and more than 50% 
of the neodymium had been removed from the fluoride salt at the end of 

the experiment. 

the cup containing the Li-Bi solution, the concentrations of lanthanum 

and neodymium decreased in the manner suggested by Eq. (51). There is 

some uncertainty in the f values that correspond to the lines shown in 

the figures because of uncertainty in the values f o r  the distribution 

coefficients, as will be discussed later. The concentration of thorium 

in the Li-Bi solution in which the rare earths were accumulated remained 

below the limit of detection throughout the experiment (< 10 ppm). 

A s  

After about 50 liters of LiCl had been circulated through 

Data on the distribution of lanthanum and neodymium between the 

fluoride salt, the thorium-saturated bismuth, and the LiCl are summarized 

in Tables 46 and 47. The distribution coefficient data were generally 
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Table 43. Rate of Accumulation of La and Nd in the Li-Bi 
Solution During Metal Transfer Experiment ME-2 

~~ ~ ~ 

Volume of 
Pumping LiCl La Nd 
Time Circulated Concentration Concentrationa 
(hr) (liters) ( m d d  (dpm/g) x lo7 

0 

6 

12 

18 

24 

27 

30 

36 

44.5 

47.5 

53.5 

59.5 

65.5 

94.2 

101.3 

0 

9.6 

19.6 

29.1 

39.0 

44.0 

48.8 

59.0 

73.2 

77.9 

87.6 

97.1 

107.0 

153.2 

164.0 

0.0 

0.005 

0.023 

0.058 

0.092 
-- 
0.11 

0.82 

1.40 

1.66 

2.26 

2.70 

2.67 

3.74 

4.27 

0.0 

0.0 

0.001 

0.003 
-- 
0.003 

0.004 

0.037 

0.050 

0.067 

0.083 

0.089 

0.106 

0.131 

0.129 

Volume of 
Pumping LiCl La Nd 
Time Circulated Concentration Concentratiopa 
(hr) (liters) ( w / d  (dpm/g) x 107 

108.2 173.8 -- 0.149 

124.2 195.3 4.46 0.180 

137.6 211.2 4.91 0.200 

150.1 226.5 4.80 0.199 

156.1 233.4 5.42 0.214 

169.1 250.7 6.05 0.202 

185.3 273.9 5.97 0.225 
212.6 319.6 6.25 -- 
219.2 330.5 6.75 -- 
250.5 384.3 7.17 0.290 

273.5 421.0 -- 0.345 

302.7 471.2 -- 0.568 

309.7 482.8 10.53 0.584 
343.9 538.8 10.31 -- 
358.1 563.2 11.17 -- 

aCorrected f o r  radioactive decay during the run. 
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Table  44. Concen t r a t ion  of Lanthanum i n  F l u o r i d e  S a l t  
During Metal T r a n s f e r  Experiment MTE-2 

Pumping Volume of L i C l  L a  Concen t r a t ion  
T i m e  C i r c u l a t e d  i n  F l u o r i d e  S a l t  
(hr  ( l i t e r s )  (mg/g> 

Pumping Volume of L i C l  L a  Concent ra t ion  
Time C i r c u l a t e d  i n  F l u o r i d e  S a l t  
( h r )  ( l i t e r s )  (mg/s> 

0 0 6.54 
6 9.6 6.15 

12 19.6 5.78 
18 29.1 6.26 
27 44.0 6.33 
30 48.8 6.20 
36 59.0 6.72 
44.5 73.2 5.54 
47.5 77.9 5.63 
53.5 87.6 5.75 
59.5 97.1 5.65 
65.5 107.0 5.30 
94.2 153.2 4.31 

101.3 164.0 4.84 

124.2 195 .3  4.14 
137.6 211.2 3.70 
150.1 226.5 3.93 
156 .1  233.4 2.96 

185.3 273.9 3.09 --J 

212.6 319.6 2.04 
219.2 330.5 1.94 
250.5 384.3 1.42 
273.5 421.0 1.38 
309.7 482.8 1.17 
343.9 538.8 1.10 
358.1 563.2 0.86 

P 169.1 250.7 3.40 4 



Tab le  45. C o n c e n t r a t i o n  of Neodymium i n  F l u o r i d e  S a l t  
During Meta l  T rans fe r  Experiment MTE-2 

Pumping Volume of L i C l  Nd Concent ra t iona  
Time C i r c u l a t e d  i n  F l u o r i d e  S a l t  
(hr ) ( l i t e r s  ) (dpm/g)  x 107 

0 
3 
6 
9 

12 
15 
18 
21 
27 
30 
33 
36 
44.5 
47.5 
50.5 
53.5 
56.5 
59.5 
62.5 
65.5 

0 
4.7 
9.6 

14.7 
19.6 
24.5 
29.1 
33.9 
44.0 
48.8 
54.1 
59.0 
73.2 
77-9 
82.7 
87.6 
92-3  
97.1 

102.1 
107.0 

0.508 
0.545 
0.487 
0.531 
0.474 
0.473 
0.458 
0.458 
0.492 
0.463 
0.450 
0.517 
0.493 
0.477 
0.471 
0 478 
0.458 
0.441 
0.469 
0.434 

Pumping Volume of L i C l  Nd Concentrat iona 
i n  F l u o r i d e  S a l t  C i r c u l a t e d  Time 

(hr 1 ( l i t e r s  ) (dpm/g) x lo7 

80.0 
94.2 

101.3 
108.2 
114.9 
124.2 
130.7 
137.6 
143.5 
150.1 
156.1 
162.6 
169.1 
175 - 9  
185 - 3  
250.5 
273 - 5 
302.7 
309.7 

130.4 
153.2 
164.0 
173-8 
183 5 
195 -3 
202.3 
211.2 
218.2 
226.5 
233 * 4 
241.2 
250.7 
258.5 
273.9 
384.3 
421.0 
471.2 
482.8 

0.422 
0.390 
0.387 
0.383 
0.358 
0.397 
0 329 
0.313 0 2  

0.323 
0.347 
0.289 
0.310 
0.268 
0.300 
0.315 
0.278 
0.251 
0.114 
0.138 

P 
4 

~ ~~ ~~~ 

a 
Corrected f o r  r a d i o a c t i v e  decay d u r i n g  t h e  run.  

. 
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Surge Tank wi th  Time During Metal T r a n s f e r  Experiment MTE-2. 
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F i g .  66. V a r i a t i o n  of t h e  Neodymium Inven to ry  i n  t h e  F l u o r i d e  S a l t  
Surge Tank w i t h  T i m e  During Metal  T r a n s f e r  Experiment MTE-2. 
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Table 46. V a r i a t i o n  of  Lanthanum D i s t r i b u t i o n  C o e f f i c i e n t  
w i t h  T i m e  During Metal T r a n s f e r  Experiment MTE-2 

Volume of  D i s t r i b u t i o n  D i s t r i b u t i o n  
Pumping L i C l  C o e f f i c i e n t  a t  C o e f f i c i e n t  a t  

Time C i r c u l a t e d  F l u o r i d e  Sa l t - -  LiC1--Bi-Th 
(hr  1 ( l i ters)  Bi-Th I n t e r f a c e  Interface 

0 
6 

1 2  
18 
27 
30 
36 
44.5 
47.5 
53.5 
59.5 
65.5 
94.2 

124.2 
124.2 
137.6 
150.1 
156.1 
169 .1  
185.3 
212.6 
219 2 
250.5 
273.5 
309.7 
343.9 
358.1 
358.1 

0 
9.6 

19 .6  
29.1 
44.0 
48.8 
59.0 
73.2 
77.9 
87.6 
97.1 

107.0 
153.2 
195.3 
195.3 
211.2 
226.5 
233.4 
250.7 
273.9 
319.6 
330.5 
384.3 
421.0 
482.8 
538.8 
563.2 
563.2 

0.045 
0.046 
0.042 
0.043 
0.052 
0.039 
0 e 034 
0.044 
0.038 
0.039 
0.023 
0.034 
0.056 
0.055 
0.078 
0.045 
0.045 
0.055 
0.055 
0.054 
0.071 
0.083 
0.058 
0.056 
0.046 
0.036 
0.048 
0.051 

4.54 
2.78 
5.97 
2.04 

3.67 
4.49 
9.28 
2.18 
1.84 
1.17 
0.93 
2.07 
4.17 
3.51 
1.88 
2.00 
2.45 
0.93 

7.54 

3.14 
2.69 
2.24 
2.32 
2.27 
3.56 

-- 

-- 
-- 
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Table  47. V a r i a t i o n  of Neodymium D i s t r i b u t i o n  C o e f f i c i e n t  
w i t h  T i m e  During Metal T r a n s f e r  Experiment MTE-2 

Volume of D i s t r i b u t i o n  D i s t r i b u t i o n  
Pumping LiCl  C o e f f i c i e n t  a t  C o e f f i c i e n t  a t  

(h r  1 ( l i t e r s )  Bi-Th I n t e r f a c e  Interface 
T i m e  C i r c u l a t e d  F l u o r i d e  Sal t - -  LiC1--Bi-Th 

0 
3 
6 
9 

1 2  
1 5  
1 8  
2 1  
27 
30 
3 3  
36 
44.5 
47.5 
50.5 
53.5 
56.5 
59.5 
62.5 
65.5 
80.0 
94.2 

101.3  
108.2 
114.9 
124.2 
130.7 
137.6 
143.5 
150.1  
156.1 
162.1  
169.1  
175.9 
185.3  
185.3 
250.5 
250.5 

0 
4.7 
9.6 

14.7 
19 .6  
24.5 
29 .1  
33.9 
44.0 
48.8 
5 4 . 1  
59.0 
73.2 
77.9 
82.7 
87.6 
92.3 
97 .1  

1 0 2 . 1  
107.0  
130.4 
153.2 
164.0 
173.8  
183.5 
195.3 
202.3 
211.2 
218.2 
226.5 
233.4 
241.2 
250.7 
258.5 
273.9 
273.9 
384.3 
384.3 

0.066 
0.055 
0.064 
0.062 
0.062 
0.064 
0.067 
0.078 
0.051 
0.062 
0.063 
0.063 
0.052 
0.058 
0.056 
0.059 
0.058 
0.057 
0.054 
0.058 
0.069 
0.063 
0.060 
0.071 
0.071 
0.063 
0.083 
0.093 
0.085 
0.048 
0.076 
0.082 
0.092 
0.070 
0.058 
0.069 
0.052 
0.038 

2.88 
6.98 
4.94 
4.56 
4.54 
4.83 
4.12 
5 .10  
3.02 
3.39 
2.60 
3.72 
6.00 
5.73 

10.59 
6.50 
4.85 
4.17 
4.89 
3.49 
5.96 -- 

4.52 
4.42 
5.76 
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o b t a i n e d  from samples t aken  a f te r  c i r c u l a t i o n  of t h e  L i C l  had been stopped 

and t h e  phases  had been allowed t o  approach chemical e q u i l i b r i u m  f o r  f o u r  

o r  more hours .  The v a r i a t i o n  of t h e  c o e f f i c i e n t  f o r  t h e  d i s t r i b u t i o n  of 

lanthanum between t h e  f l u o r i d e  s a l t  and t h e  Th-Bi phase  d u r i n g  t h e  e x p e r i -  

ment i s  shown i n  Fig.  67. Although t h e r e  i s  some v a r i a t i o n  i n  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  v a l u e s ,  t h e  average  v a l u e  (0.05) i s  r e l a t i v e l y  c l o s e  

t o  t h e  v a l u e  of 0.06 t h a t  was c a l c u l a t e d  from p r e v i o u s l y  r e p o r t e d  e q u i l i b -  

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

lanthanum between t h e  L i C l  and t h e  tho r ium-sa tu ra t ed  bismuth d u r i n g  t h e  

run  i s  shown i n  Fig.  68. The ave rage  v a l u e  (3.1)  i s  somewhat h i g h e r  t h a n  

t h e  v a l u e  p r e d i c t e d  by e q u i l i b r i u m  r e l a t i o n s  r e p o r t e d  ea r l i e r  ( i . e . ,  0 . 9 ) .  

Data on t h e  c o e f f i c i e n t  f o r  t h e  d i s t r i b u t i o n  of  neodymium between t h e  

f l u o r i d e  sa l t  and t h e  tho r ium-sa tu ra t ed  bismuth d u r i n g  t h e  r u n  are shown 

i n  P ig .  69. The ave rage  v a l u e  f o r  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  (0.06) 

i s  i n  good agreement w i t h  t h e  expec ted  v a l u e  (0.062).  

t h e  c o e f f i c i e n t  f o r  t h e  d i s t r i b u t i o n  of neodymium between t h e  L i C l  and 

t h e  thor ium-sa tura ted  bismuth d u r i n g  t h e  experiment i s  shown i n  F ig .  70. 

The ave rage  v a l u e  f o r  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  ( 4 . 8 )  i s  s l i g h t l y  

h i g h e r  t h a n  t h e  expec ted  v a l u e  of 3 . 5 .  The u n c e r t a i n t i e s  i n  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  v a l u e s  f o r  lanthanum and neodymium d u r i n g  t h e  expe r i -  

ment r e s u l t  i n  some u n c e r t a i n t i e s  of t h e  v a l u e s  f o r  f ,  t h e  f r a c t i o n s  

of t h e  lanthanum o r  neodymium t h a t  are removed from t h e  L i C l  d u r i n g  i t s  

passage  through t h e  cup c o n t a i n i n g  t h e  L i - B i  s o l u t i o n .  The v a l u e s  of f 

f o r  lanthanum and neodymium are 0.27 and 0.21, r e s p e c t i v e l y ,  based on t h e  

ave rage  v a l u e s  f o r  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s ,  and 0.08 and 0.26 

based on t h e  p r e d i c t e d  v a l u e s  f o r  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s .  

The v a r i a t i o n  of 

The v a r i a t i o n s  of t h e  neodymium and lanthanum i n v e n t o r i e s  i n  t h e  

From 70 t o  100% of sys tem d u r i n g  t h e  experiment are shown i n  Fig.  71. 

each  of t h e  rare e a r t h s  i n i t i a l l y  charged t o  t h e  system could  be  accounted 

f o r ,  based on f i l t e r e d  samples.  

t h e  rare e a r t h s  remained i n  s o l u t i o n  d u r i n g  t h e  exper iment .  

T h i s  i n d i c a t e s  t h a t  e s s e n t i a l l y  a l l  of 
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Decrease i n  Concen t r a t ion  of Li th ium i n  t h e  L i - B i  S o l u t i o n .  - D u r i n g  

t h e  exper iment ,  t h e  c o n c e n t r a t i o n  of l i t h i u m  i n  t h e  L i - B i  s o l u t i o n  dec reased  

from a n  i n i t i a l  v a l u e  of 1 . 8  w t  % t o  0.5 w t  % (0.35 t o  0.13 mole f r a c t i o n ) ,  

as summarized i n  Tab le  48 and shown i n  F ig .  72. A d e c r e a s e  of abou t  0.2 

w t  % i n  l i t h i u m  c o n c e n t r a t i o n  w a s  expec ted  as t h e  r e s u l t  of e x t r a c t i o n  of 

t h e  rare e a r t h s  i n t o  t h e  L i - B i  s o l u t i o n ;  however, t h e  observed d e c r e a s e  

w a s  about  s i x  times t h i s  v a l u e .  The r eason  f o r  t h e  d e c r e a s e  has  n o t  been 

de termined  a t  t h i s  t i m e ;  i t  may have r e s u l t e d  from a s l i g h t  s o l u b i l i t y  of 

l i t h i u m  o r  a l i th ium-bismuth  i n t e r m e t a l l i c  i n  t h e  L i C l  o r  from t r a n s f e r  of 

l i t h i u m  i o n s  th rough  t h e  L i C l  due t o  t h e  d i f f e r e n c e  i n  emf between t h e  two 

bismuth phases  i n  t h e  system. 

t o  have occur red  o n l y  w h i l e  L i C l  w a s  be ing  c i r c u l a t e d  through t h e  L i - B i  

cup s i n c e  no d e c r e a s e  w a s  no ted  d u r i n g  long  p e r i o d s  i n  which no c i r c u l a t i o n  

occur red  ( e . g . ,  weekends). 

The d e c r e a s e  i n  l i t h i u m  c o n c e n t r a t i o n  appea r s  

D i s t r i b u t i o n  of Radium Between t h e  S a l t  and Metal Phases .  - Radium 

w a s  p r e s e n t  i n  t h e  system as a decay p roduc t  of thorium, which w a s  a con- 

s t i t u e n t  of t h e  f l u o r i d e  s a l t  and of t h e  bismuth phase  ( t h o r i u m - s a t u r a t e d ) .  

Data on t h e  d i s t r i b u t i o n  of radium i n  t h e  sys tem d u r i n g  t h e  exper iment  a re  

summarized i n  Tab le  49 and shown i n  F ig .  73. A t  t h e  end of t h e  76-hr 

e q u i l i b r a t i o n  pe r iod  b e f o r e  c i r c u l a t i o n  of t h e  L i C l  w a s  begun, abou t  60% 
of t h e  radium had t r a n s f e r r e d  t o  t h e  p o r t i o n  of t h e  L i C l  t h a t  w a s  i n  con- 

tact  w i t h  t h e  tho r ium-sa tu ra t ed  bismuth; t h e  remaining 40% w a s  p r e s e n t  i n  

t h e  f l u o r i d e  sal t .  No radium w a s  p r e s e n t  i n  t h e  L i - B i  s o l u t i o n  p r i o r  t o  

c i r c u l a t i o n  of t h e  L i C 1 ,  and t h e  radium c o n c e n t r a t i o n  i n  t h e  thorium- 

s a t u r a t e d  bismuth remained below t h e  l i m i t  of d e t e c t i o n  throughout  t h e  

run.  The radium s lowly  t r a n s f e r r e d  i n t o  t h e  L i - B i  s o l u t i o n  as t h e  L i C l  

w a s  c i r c u l a t e d  through t h e  L i - B i  cup. 

s p a r g e  t u b e  i n  t h e  L i - B i  cup w a s  i n i t i a t e d  ( a f t e r  about  50 l i ters  of L i C l  

had been c i r c u l a t e d ) ,  t h e  c o n c e n t r a t i o n  of 228Ra i n  t h e  L i - B i  s o l u t i o n  

i n c r e a s e d  a b r u p t l y  and t h e  c o n c e n t r a t i o n  of radium i n  t h e  L i C l  dec reased  

s imul t aneous ly .  A f t e r  a s h o r t  p e r i o d  of t i m e ,  t h e  c o n c e n t r a t i o n s  of 

radium throughout  t h e  system appeared t o  have reached  e q u i l i b r i u m  v a l u e s ,  

w i t h  abou t  40% of  t h e  radium i n  t h e  L i - B i  s o l u t i o n ,  40% i n  t h e  L i C 1 ,  and 

20% i n  t h e  f l u o r i d e  sa l t .  During t h e  remainder of t h e  exper iment ,  t h e  

radium s lowly  t r a n s f e r r e d  o u t  of t h e  L i - B i  s o l u t i o n  as t h e  c o n c e n t r a t i o n  

of l i t h i u m  i n  t h e  s o l u t i o n  dec reased .  

When o p e r a t i o n  of t h e  g a s - l i f t  



T a b l e  48. V a r i a t i o n  of L i t h i u m  Concentrat ion i n  t he  L i - B i  S o l u t i o n  
During Meta l  T rans fe r  Experiment MTE-2 

Pumping Volume of L i C l  L i t h i u m  Conc. 
T ime  C i r c u l a t e d  i n  L i - B i  
(hr ( l i t e r s  ) (wt %) 

Pumping Volume of L i C l  L i t h i u m  Conc. 
T ime  C i r c u l a t e d  i n  L i - B i  
(hr ( l i t e r s  ) (wt %) 

0 
6 

12 
18 
24 
30 
44.5 
47.5 
53.5 
59.5 
65.5 
94.2 

124.2 

0 
9.6 

19.6 
29.1 
39.0 
48.8 
73.2 
77.9 
87.6 
97.1 

107.0 
153.2 
195 -3 

1.80 
1.94 
1.76 
1.76 

1.70 
1.72 
1.62 
1.52 
1.63 
1.56 
1.45 
1 *35 

1.81 

137 * 6 
150.1 
156.1 
169.1 

212.6 
219.2 
250.5 
273 * 5 
309.7 
343 -9  
358-1 
433 - 6 

185 -3  

211.2 
226.5 
233 - 4 
250.7 
273 9 
319.6 
330.5 
384.3 
421.0 
482.8 
538.8 
563.2 
690.2 

1.29 

1.23 
1.13 
1.08 
1.03 
1.03 
0.95 
0.89 
0.83 
0.80 
0.76 
0.5 

1.20 



2.0 

< 

I .5 

I .o 

0.5 

0 
I 

ORNL D W G  7 1 - 6 S R 2  
D 

I 1 1 I I I 

0 
0 0  

1 I I I I I 

VOLUME O F  LiCl PUMPED ( l i t e r s )  
100 200 300 400 500 600 1 

F i g .  72. V a r i a t i o n  of Li thium Concen t ra t ion  i n  t h e  L i - B i  S o l u t i o n  
wi th  Time During Metal T r a n s f e r  Experiment MTE-2. 



T a b l e  h ' l .  V a r i a t i o n  of the D i s t r i b u t i o n  of Radium w i t h  
T i m e  Dur ing  Meta l  T r a n s f e r  Experiment  M E - 2  

Volume of  R a d i u m  ConL. Rad iuin Rad ium 
Pumping L i C l  i n  F l u o r i d e  Conc . Conc. 
Time C i r c u l a t e d  S a l t  i n  L i C l  i n  L i - B i  
( h r )  ( l i t e r s  ) (c pm/g )a (cpm/g )a (cpm/g )a 

0 0 )$ I 1565 (1 
3 4.7 4P7 1500 103 

1410 216 
- -  285 9 14. ( 455 

12 19.6 422 1511 4 06 
15, 24. 348 1311 384 
18 29.1 409 1540 5 08 
21 33.9 349 1506 5 13 
24 3 3 . 3  - -  1361 621 
27 44.0 3 65 1310 617 

33 54.1 316 1371 6(2 2 
53.0 "75 1029 1100 

39 63.9 90 i 1057 
36 

44.5 7 3 - 2  278 950 1235 
47.5 7.7 * 3 j 6  966 1261 

53.5 87.6 188 82, 1213 

59.5 ' i ' i .  1 185 701 1151 
62.5 102.1 226 "79 1117 

94.5 153.2 153 1010 1197 

124.2 195.3 92 1220 1012 ( 
130.7 202.3 Bo  111 ( l l / j  
137 * 6 211.2 _ -  10611 102') 

L ,  

6 'I . 6 45 1 

_ -  30  48.8 318 1>08 

_ _  

50.5 82. ( 197 l58E 1184 

56.5 j2.3 200 316 1154 

65.5 107.0 22 ( 850 1163 
80.0 130.4 183 1032 1286 

108.2 l'(j. Fc ( (  1 h4 1084 
114.9 183. ' i  1186 l l j 4  

aCoun t s  per  m i n u t e  p e r  gram.  

bSamples  t a k e n  f r o m  L i - B i  alloy c o n t a i n e r .  

'Af t e r  1 v o l  '$ f l u o r i d e  s a l t  was  a d d e d  t o  L i C 1 .  

Volume of Radium Conc. Rad ium Radium 
L i C l  i n  F l u o r i d e  Conc . Conc . Pumping 

T i m e  C i r c u l a t e d  S a l t  i n  L i C 1  i n  L i - B i  
( h r )  ( l i t e r s  ) ( w / g  )a (CPdg )a (CPdg )" 

143.5 
150.1 
156.1 
162.6 
175 -9  
185.3 
250.5 
250.5 
250.5 
250.5 
273-5 
273-5 
302.7 
309.7 
509. i 
343 *9 
343.9 
343 -9 
343.9 
358-1  
3 5 8 - 1  
358.1 
358-1  
391.1 
591.1 
413.5 
413.3 

41 1.2 
415.3 

218.2 
226.5 
253.4 
241.2 
258.5 
273.9 
384.3 
384.3 
384.3 
384.3 
421 .O 
421.0 
471.2 
482.8 
482.8 
538.8 
538.8 
538.8 
538-8 
563-2  
563.2 
563.2 
563.2 
619.1 

656.0 
656.0 
656.0 
665.2 

619.1 

1028 
1107 
1103 
1010 
1241 

898 
137Zb 
1846 

-- 

130gb 
1356 

1153 
1176 

1296 

1177 

1 135b 

1362b 
1486 
141gb 

1676b 
1463 
1570b 

1318b 

1311 

1367 

1549c 
1 739c 
1424' 
1378' 

901 
964 
885 
856 
997 
907 
77 1 

977 

733 
700 

- -  

- _  

w 
6; 1 \5, 628 Iu 

. 
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Add i t ion  of F l u o r i d e  S a l t  t o  t h e  L i C 1 .  - D u r i n g  o p e r a t i o n  of t h e  

metal t r a n s f e r  p r o c e s s ,  i t  i s  p o s s i b l e  t h a t  small q u a n t i t i e s  of f l u o r i d e  

sal t  w i l l  be t r a n s f e r r e d  t o  t h e  L i C l  by en t ra inment  of sa l t  i n  t h e  bismuth 

t h a t  c o n t a c t s  t h e s e  sa l t  streams. 

t h e  thorium d i s t r i b u t i o n  r a t i o  between t h e  L i C l  and t h e  bismuth i s  q u i t e  

s e n s i t i v e  t o  t h e  c o n c e n t r a t i o n  of f l u o r i d e  i n  t h e  L i C 1 ,  and hence t h a t  

t h e  thorium--rare-earth s e p a r a t i o n  f a c t o r  i n  t h e  p r o c e s s  d e c r e a s e s  markedly 

as t h e  Concen t r a t ion  of f l u o r i d e  i n  t h e  L i C l  i s  i n c r e a s e d .  

t h e  exper iment ,  v e r y  l i t t l e  f l u o r i d e  w a s  t r a n s f e r r e d  t o  t h e  L i C 1 ,  as 

i n d i c a t e d  i n  Table  50; a f i n a l  f l u o r i d e  c o n c e n t r a t i o n  of 1174  ppm w a s  

no ted .  E igh t  days b e f o r e  t h e  end of t h e  exper iment ,  1 v o l  % f l u o r i d e  

s a l t  (72-16-12 mole % LiF-BeF2-ThF4) w a s  added t o  t h e  L i C l  i n  o r d e r  t o  

s i m u l a t e  en t ra inment  of f l u o r i d e  sa l t  i n  t h e  c i r c u l a t i n g  bismuth. The 

c o n c e n t r a t i o n s  of b e r y l l i u m ,  thorium, and f l u o r i d e  i n  t h e  L i C l  were d e t e r -  

mined p e r i o d i c a l l y  a f t e r  t h e  a d d i t i o n  of t h e  f u e l  c a r r i e r  s a l t ,  as shown 

i n  Table  51. During t h e  93-hr pe r iod  i n  which t h e  L i C l  was no t  c i r c u l a t e d  

through t h e  L i - B i  c o n t a i n e r ,  t h e  b e r y l l i u m  c o n c e n t r a t i o n  remained c o n s t a n t  

a t  t h e  i n i t i a l  v a l u e  of 490 ppm and t h e  thorium c o n c e n t r a t i o n  d e c r e a s e d ,  

as expec ted ,  from t h e  i n i t i a l  v a l u e  of 9480 ppm t o  a v a l u e  of 644 ppm 

because of  t r a n s f e r  of  thorium i n t o  t h e  Th-Bi s o l u t i o n .  When c i r c u l a t i o n  

of t h e  L i C l  w a s  resumed, t h e  b e r y l l i u m  c o n c e n t r a t i o n  i n  t h e  L i C l  began 

t o  d e c r e a s e ,  p robably  because  of r e d u c t i o n  of Be2+ by the Li-Bi solution. 

A f t e r  27 h r  of L i C l  c i r c u l a t i o n ,  3 b e r y l l i u m  c o n c e n t r a t i o n  of 135 w a s  

observed i n  t h e  LiC1.  The thorium c o n c e n t r a t i o n  i n  t h e  L i C l  w a s  1 7 1  ppm 

a t  t h i s  t i m e .  

It h a s  been determined p r e v i o u s l y  t h a t  

Throughout 

P 

. 
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Table  50. V a r i a t i o n  of t h e  F l u o r i d e  Concen t r a t ion  i n  t h e  
L i C l  and t h e  C h l o r i d e  Concen t r a t ion  i n  t h e  F l u o r i d e  

S a l t  During Metal T r a n s f e r  Experiment MTE-2 

Volume of C h l o r i d e  F l u o r i d e  

T i m e  C i r c u l a t e d  i n  F l u o r i d e  S a l t  i n  L i C l  
Pumping L i C l  Concen t r a t ion  Concen t r a t ion  

( h r  1 ( l i ters ) ( P P d  ( P P d  

0 0 
9 14.7 

56.5 92.3 

101.3 164.0 

273.5 421.0 

413.3 656.0 

-- 
175 

1 2 1  
-- 
392 

77 
530 
-- 
517 

2 05 

1174 

Tab le  51. V a r i a t i o n  of Bery l l ium,  Thorium, and F l u o r i d e  
Concen t r a t ions  i n  t h e  L i C l  A f t e r  Add i t ion  of 

1 v o l  % Fue l  Carrier S a l t  

T i m e  A f t e r  Pumping 
Add i t i o n  T i m e  F l u o r i d e  Bery l l ium Thorium 

( h r  1 ( h r )  (wt  W )  ( P P d  ( P P d  

0 0 0 98a 490a 9480a 

19.8 0 1.49 490 7200 

45.4 

69.7 

93 

115.9 

0 

0 

1.08 500 1100 

1 . 8 1  320 -- 
0 2.03 490 644 

5.9 2.34 470 -- 
163.9 20.3 1.07 120 1400 

188.8 27.4 0.91 -- 350 

188.8 27.4 1 . 7  b 135b 1 7  lb 

C a l c u l a t e d  v a l u e s  based on t h e  amount of f l u o r i d e  s a l t  added. a 

b S a l t  t aken  from vessel a f t e r  experiment was concluded. 



12. DEVELOPMENT OF THE METAL TRANSFER PROCESS: 
DESIGN OF EXPERIMENT MTE-3 
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W. F. S c h a f f e r ,  Jr .  E. L.  Youngblood 

It h a s  been found t h a t  rare e a r t h s  d i s t r i b u t e  s e l e c t i v e l y  i n t o  

mol ten  L i C l  from bismuth s o l u t i o n s  c o n t a i n i n g  rare e a r t h s  and thorium, 

and a n  improved r a r e - e a r t h  removal p r o c e s s  based on t h i s  o b s e r v a t i o n  

has  been dev i sed .  

demonst ra te  a l l  phases  of t h e  improved r a r e - e a r t h  removal method, which 

i s  known as t h e  metal t r a n s f e r  p r o c e s s .  

experiment (MTE-1) ,46 w e  s t u d i e d  t h e  removal of rare e a r t h s  from s i n g l e -  

f l u i d  MSBR f u e l  sa l t  by t h i s  p rocess .  During t h e  exper iment ,  approxi -  

ma te ly  50% of t h e  lanthanum and 25% of t h e  neodymium o r i g i n a l l y  p r e s e n t  

i n  f l u o r i d e  sal t  were removed a t  about  t h e  p r e d i c t e d  rate. S u r p r i s i n g l y ,  

however, t h e  lanthanum and neodymium t h a t  were removed from t h e  f l u o r i d e  

salt d i d  n o t  accumulate i n  t h e  L i - B i  s o l u t i o n  used f o r  removing t h e s e  

materials from t h e  L i C 1 .  Reac t ion  of i m p u r i t i e s  i n  t h e  system w i t h  t h e  

rare e a r t h s  i s  b e l i e v e d  t o  have caused t h i s  unexpected behav io r .  A 

second e n g i n e e r i n g  experiment (MTE-2) h a s  been des igned  and pu t  i n t o  

o p e r a t i o n  ( s e e  S e c t .  11). The d e s i g n  of t h e  t h i r d  e n g i n e e r i n g  e x p e r i -  

ment i s  c u r r e n t l y  under way. The t h i r d  experiment (WE-3) w i l l  u s e  

s a l t  and bismuth f low ra tes  t h a t  are about  1% of t h e  e s t i m a t e d  f low 

rates r e q u i r e d  f o r  p rocess ing  a 1000-+lW(e) r e a c t o r .  

exper iments ,  t h e  salt  and bismuth phases  w e r e  on ly  s l i g h t l y  a g i t a t e d ,  

r e s u l t i n g  i n  a low rate  of t r a n s f e r  of rare e a r t h s  from t h e  f u e l  c a r r i e r  

s a l t  t o  t h e  L i - B i  s o l u t i o n .  I n  experiment MTE-3, t h e  sa l t  and metal 

phases  w i l l  be mechan ica l ly  a g i t a t e d  i n  o r d e r  t o  i n c r e a s e  t h e  rate of 

t r a n s f e r  of materials between t h e  phases .  I n  t h e  remainder of t h i s  

s e c t i o n ,  r e s u l t s  from a mathemat ica l  a n a l y s i s  c a r r i e d  o u t  f o r  e s t i m a t i n g  

t h e  performance of t h e  system are p r e s e n t e d  and t h e  experiment i s  b r i e f l y  

d e s c r i b e d .  

W e  are c u r r e n t l y  engaged i n  exper iments  des igned  t o  

I n  a p r e v i o u s  e n g i n e e r i n g  

I n  t h e  two p r e v i o u s  
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12.1 Mathematical Analysis of Metal Transfer Experiment MTE-3 

A mathematical analysis of experiment KCE-3 was performed in order 

to determine the approximate operating conditions for the system and to 

aid in setting values for parameters such as flow rates, solution volumes, 

etc. In considering the conceptual design for the experiment, it was 

concluded that the salt-metal contactor should be of the two-compartmented, 

stirred-interface type. A s  pointed out in the following section of this 

report (Sect. 13), such a contactor is of interest because, with it, 

adequate mass transfer rates can apparently be achieved without dispersal 

of either the salt or bismuth phases. Contact of the salt and metal 

streams without dispersion of the phases should considerably diminish 

the problem of entrainment of bismuth in the processed fuel carrier salt 

and the subsequent transfer of bismuth to the reactor, which is con- 

structed of a nickel-base alloy that is subject to damage by metallic 

bismuth. The bismuth in a salt-metal contactor of the type being 

considered would be a near-isothermal, internally circulated phase, 

which is a desirable condition. Also, it is believed that a processing 

system employing this type of contactor may be more easily fabricated 
from molybdenum and graphite than one employing packed columns. 

major equipment items considered in the mathematical analysis are shown 

in Fig. 74. 

taining rare-earth fluorides would be circulated between the fluoride 

salt surge tank and the side of the salt-metal contactor containing 

fluoride salt. Lithium fluoride would be circulated between the other 

side of the contactor and a vessel containing a Li-Bi solution having 

a lithium concentration of about 5 at. %. During operation of the 

system, the rare earths would be extracted from the fluoride salt and 

would accumulate in the Li-Bi solution. 

The 

Fuel carrier salt (72-16-12 mole % LiF-BeF2-ThF4) con- 

In carrying out the mathematical analysis, it was assumed that the 

salt and bismuth phases in the salt-metal contactor remain at equilibrium 

at all times. 

operation of the experiment, such an assumption will allow a useful 

representation of the salt-metal contactor. 

rare earth in the salt and bismuth phases in the salt-metal contactor 

at time t are then related by the following expressions: 

Although this condition will clearly not be met during 

The concentrations of a 
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B i  

F 

X 
DF = - 9 

X 

where 

DF = r a r e - e a r t h  d i s t r i b u t i o n  r a t i o  between f l u o r i d e  sa l t  and 

bismuth c o n t a i n i n g  r e d u c t a n t  a t  t i m e  t y  

x = e q u i l i b r i u m  c o n c e n t r a t i o n  of rare e a r t h  i n  b ismuth  i n  con- B i  
t a c t o r  a t  time t ,  mole f r a c t i o n ,  

x = e q u i l i b r i u m  c o n c e n t r a t i o n  of  rare e a r t h  i n  f l u o r i d e  sal t  F 
i n  c o n t a c t o r  a t  t i m e  t ,  mole f r a c t i o n ,  

and 

X B i  D I- 

C X 
C 

Y ( 5 3 )  

where 

D = r a r e - e a r t h  d i s t r i b u t i o n  r a t i o  between L i C l  and b ismuth  
C 

c o n t a i n i n g  r e d u c t a n t  a t  t i m e  t ,  

x = e q u i l i b r i u m  c o n c e n t r a t i o n  of rare e a r t h  i n  L i C l  i n  con- 
C 

t a c t o r  a t  t i m e  t ,  mole f r a c t i o n .  

Combination of Eqs. ( 5 2 )  and ( 5 3 )  y i e l d s  t h e  fo l lowing  e x p r e s s i o n :  

C 
X x = -  

D 

F DF c Y 
( 5 4 )  

which relates t h e  c o n c e n t r a t i o n  of rare e a r t h  i n  t h e  f l u o r i d e  sal t  t o  

t h a t  i n  t h e  L i C l  i n  t h e  c o n t a c t o r  a t  t i m e  t .  The rate a t  which t h e  

rare e a r t h  i s  t r a n s f e r r e d  through t h e  c o n t a c t o r  i s  t h e n  g iven  by t h e  

exp r es s i o n  

rate = Fc xc ( 1  - f )  , ( 5 5 )  

where 

F = f low rate of L i C l  between t h e  c o n t a c t o r  and t h e  vessel con- 
C 

t a i n i n g  t h e  L i - B i  s o l u t i o n ,  mo les / secy  

f = f r a c t i o n  of rare e a r t h  removed from L i C l  d u r i n g  i t s  pas- 

s a g e  through t h e  v e s s e l  c o n t a i n i n g  t h e  L i - B i  s o l u t i o n .  
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The rate of transfer is also equal to the instantaneous rate at which 

rare earths are removed from the fluoride salt surge tank, which is 

given bq the expression 

rate = F(x - xF) 9 (56) 
where 

F = flow rate of fluoride salt between the contactor and the 

fluoride salt surge tank, moles/sec, 

x = concentration of rare earth in fluoride salt surge tank at 

time t, mole fraction. 

If it is assumed that the rate of accumulation of rare earth in the 

salt and metal phases in the salt-metal contactor is negligible, Eqs. 

(55) and (56) can be equated. Substituting Eq. (54 )  in the resulting 

relation and solving for xF, the concentration of rare earth in the 

fluoride salt in the contactor at time t, yields the following expression: 

X x =  

(1 - f) Fc D? F 
1 + -- F D  

C 

(57 1 

A material balance on the rare earth in the fluoride salt surge tank 

yields the following relation: 

-V * = F(x - xF) ¶ (58) dt 

where 

V = volume of fluoride salt in the surge tank, moles. 

Combination of E q s .  (57)  and (58) yields the following differential 
equation : 

‘1 - f) Fc DF 

I V c L t d t  , ( 5 9 )  
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where 

x = i n i t i a l  c o n c e n t r a t i o n  of r a r e - e a r t h  f l u o r i d e  i n  f l u o r i d e  s a l t  
0 

s u r g e  t a n k ,  mole f r a c t i o n .  

T h i s  e q u a t i o n  can  b e  i n t e g r a t e d  between t h e  i n d i c a t e d  limits t o  y i e l d  

t h e  fo l lowing  e x p r e s s i o n  f o r  t h e  c o n c e n t r a t i o n  of r a r e - e a r t h  f l u o r i d e  

i n  t h e  f l u o r i d e  sal t  s u r g e  t a n k  a t  t i m e  t :  

where 

(1 - f )  
-- Fc DF 

F Dc K = -  

(1 - f )  
Fc DF 1 + - -  

I f  i t  assumed t h a t  t h e  f low rates f o r  t h e  f l u o r i d e  sa l t  and t h e  L i C l  are, 
i n  each  c a s e ,  1% of t h e  expec ted  f low rates r e q u i r e d  f o r  removing rare 

e a r t h s  from a 1000-MW(e) MSBR (see Sec t .  3 )  and i f  t h e  c o n c e n t r a t i o n  of 

r e d u c t a n t  i n  t h e  bismuth i n  t h e  salt-metal c o n t a c t o r  co r re sponds  t o  a 

thorium c o n c e n t r a t i o n  equa l  t o  90% of t h e  s o l u b i l i t y  of thor ium i n  

bismuth a t  t h e  o p e r a t i n g  t empera tu re  of 640°C, t h e  f o l l o w i n g  v a l u e s  are 

ob ta ined  f o r  t h e  pa rame te r s  i n  Eq . (60 )  f o r  t h e  t r a n s f e r  of neodymium: 

v 
Dc 

DF = 0.0564 , 
Dc = 3.5 , and 

F 

F 25.1 . C - =  

I f  i t  assumed t h a t  50% of t h e  neodymium i s  e x t r a c t e d  from t h e  L i C l  

as i t  p a s s e s  through t h e  vessel c o n t a i n i n g  t h e  L i - B i  s o l u t i o n ,  t h e  

e x p r e s s i o n  f o r  t h e  q u a n t i t y  K can  be  w r i t t e n  as: 

(61) 
F 

K = 0.168 - v *  
I f  i t  i s  d e s i r e d  t o  reduce  t h e  c o n c e n t r a t i o n  of neodymium i n  t h e  f l u o r i d e  

sa l t  s u r g e  t ank  by 20% d u r i n g  a 24-hr o p e r a t i n g  p e r i o d ,  t h e  q u a n t i t y  K 

must have t h e  v a l u e  0.223, which t h e n  sets t h e  v a l u e  f o r  t h e  q u a n t i t y  V/F 
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a t  0.753 day. 

t ank  i s  36 .1  l i ters .  
which are dependent on t h e  fo l lowing  assumpt ions :  

metal phases  i n  t h e  salt-metal c o n t a c t o r  remain a t  e q u i l i b r i u m  a t  a l l  

times, (2) s a l t  and metal f low rates e q u a l  t o  1% of t h e  expec ted  rates 
r e q u i r e d  f o r  p rocess ing  a 1000-MW(e) MSBR are used ,  (3) neodymium i s  

t h e  t r a n s f e r r i n g  rare e a r t h ,  and (4)  t h e  c o n c e n t r a t i o n  of neodymium 

f l u o r i d e  i n  t h e  f l u o r i d e  sal t  s u r g e  t a n k  i s  t o  b e  reduced by 20% d u r i n g  

a 24-hr o p e r a t i n g  p e r i o d .  

The r e s u l t i n g  volume of t h e  f l u o r i d e  salt  i n  t h e  s u r g e  

Tab le  52 summarizes t h e  r e s u l t i n g  d e s i g n  pa rame te r s  
(1) t h e  sa l t  and 

Table  52. C a l c u l a t e d  Values of t h e  Design 
Parameters f o r  Experiment MTE-3 

Quan t i ty  Value 

DF 0.0564 

F 

F 
C 

3.5 
3 33 c m  /min 

1.25 l i t e r s / m i n  

V 36 .1  l i ters  

12.2 P re l imina ry  Design of Metal T r a n s f e r  Experiment MTE-3 

The planned exper iment ,  shown s c h e m a t i c a l l y  i n  F ig .  75 ,  w i l l  u s e  

mechanical a g i t a t o r s  t o  promote e f f i c i e n t  c o n t a c t  of t h e  sa l t  and metal 

phases .  Fue l  carrier s a l t  c o n t a i n i n g  r a r e - e a r t h  f l u o r i d e s  w i l l  be c i r c u -  

l a t e d  between one s i d e  of t h e  salt-metal c o n t a c t o r  and a f l u o r i d e  sa l t  

r e s e r v o i r .  

c u l a t e d  between t h e  o t h e r  s i d e  of t h e  salt-metal c o n t a c t o r  and a rare- 

e a r t h  s t r i p p e r ,  where t h e  rare e a r t h s  w i l l  be e x t r a c t e d  i n t o  a L i - B i  

s o l u t i o n .  

Li th ium c h l o r i d e  c o n t a i n i n g  r a r e - e a r t h  c h l o r i d e s  w i l l  be  c i r -  

The experiment w i l l  u s e  approximate ly  35 l i t e r s  of MSBR f u e l  c a r r i e r  

s a l t ,  6 l i ters of Th-Bi s o l u t i o n ,  6 l i t e r s  of L i C 1 ,  and about  5 l i ters  

of L i - B i  s o l u t i o n  having  a n  i n i t i a l  l i t h i u m  c o n t e n t  of abou t  5 a t .  %. 
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The system will require three process vessels, each of which will be 

made of carbon steel. 

reservoir, which will contain approximately 32 liters of fuel carrier 
salt. The remaining 3 liters of fluoride salt will be contained in the 
salt-metal contactor. 

from the reservoir to the contactor at the rate of about 33 cm /min by 
a pump similar to the one used in the second metal transfer experiment. 

The salt-metal contactor will be a 10-in.-diam, two-compartmented vessel 

having a mechanical agitator in each compartment. The agitator will 

consist of two paddles mounted on a common shaft with a paddle operating 

in each of the salt and metal phases in a manner such that neither of 

the phases is dispersed. Each paddle will consist of 4 blades that are 
canted at a 45" angle in a manner such that the salt and bismuth will be 

forced to flow toward the salt-metal interface in the area around the 

agitator shaft. The Th-Bi solution will be captive in the salt-metal 

contactor and will form a seal to isolate the fluoride salt from the LiC1. 

The Th-Bi solution will be recirculated between the two compartments of 

the salt-metal contactor by utilizing the pumping capability of the 

agitators. 

compartment of the salt-metal contactor, will contain the Li-Bi solution. 

The LiCl will be circulated between the salt-metal contactor and the 

rare-earth stripper at the rate of about 1.25 liters/min by varying the 

gas pressure above the LiCl in the rare-earth stripper. All of the 

vessels will be operated at 650OC. 

the system will be protected from external air oxidation by the use of 

a nickel aluminide coating. 

The largest vessel will be the fluoride salt 

The fluoride salt will be recirculated continuously 
3 

48 

The third vessel, which will be similar in design to one 

The carbon steel used for fabricating 



13. DEVELOPMENT OF MECHANICALLY AGITATED 
SALT-METAL CONTACTORS 

H. 0. Weeren L. E .  McNeese 
J. S .  Watson 

A program has  been i n i t i a t e d  f o r  t h e  development of mechanica l ly  

a g i t a t e d  s a l t - m e t a l  c o n t a c t o r s  a s  a n  a l t e r n a t i v e  t o  packed columns pres -  

e n t l y  under  c o n s i d e r a t i o n  f o r  MSBR process ing  sys tems.  

c o n t a c t o r  i s  of p a r t i c u l a r  i n t e r e s t  f o r  t h e  me ta l  t r a n s f e r  p rocess  s i n c e  

des igns  can  be  env i s ioned  i n  which t h e  bismuth phase would be  a n e a r -  

i so the rma l ,  i n t e r n a l l y  r e c i r c u l a t e d ,  c a p t i v e  phase.  It i s  be l i eved  t h a t  

such des igns  w i l l  r e q u i r e  a less h i g h l y  developed technology f o r  molyb- 

denum f a b r i c a t i o n  t h a n  would a c o u n t e r p a r t  system based on packed columns. 

During t h i s  r e p o r t  per iod ,  we c a r r i e d  ou t  p r e l i m i n a r y  t e s t s  on t h e  hydro-  

dynamics of mechanica l ly  a g i t a t e d  s a l t - m e t a l  c o n t a c t o r s  u s i n g  w a t e r  and 

mercury and reviewed in fo rma t ion  i n  t h e  l i t e r a t u r e  r e l a t i v e  t o  mass t r a n s -  

f e r  r a t e s  i n  c o n t a c t o r s  i n  which t h e  phases  a r e  no t  d i s p e r s e d .  R e s u l t s  

of work i n  t h e s e  a r e a s  a r e  summarized i n  t h e  remainder  of t h i s  s e c t i o n .  

T h i s  t y p e  of 

13.1 Hydrodynamic S t u d i e s  

S t u d i e s  of t h e  hydrodynamics of  mechanica l ly  a g i t a t e d  s a l t - m e t a l  

c o n t a c t o r s  c a r r i e d  ou t  t h u s  f a r  have been concerned p r i m a r i l y  w i t h  t h e  

s e l e c t i o n  of a c o n t a c t o r  d e s i g n  f o r  experiment  MTE-3 (d i scussed  i n  S e c t .  

12), which w i l l  have s a l t  and bismuth f low r a t e s  t h a t  a r e  about  1% of 

t h e  e s t ima ted  r a t e s  f o r  p rocess ing  a 1000-MW(e) MSBR. 

t e s t s  were c a r r i e d  ou t  w i th  wa te r  and mercury i n  4- t o  7- in . -d iam v e s -  

se l s ,  and a mockup of t h e  c o n t a c t o r  proposed f o r  experiment  MTE-3 was 

b u i l t  f o r  a d d i t i o n a l  s tudy  w i t h  mercury and w a t e r .  The mockup c o n s i s t s  

of a n  8- in . -diam v e s s e l  having  a c e n t r a l  p a r t i t i o n  t h a t  ex tends  t o  

w i t h i n  1/2 i n .  of t h e  bottom of t h e  v e s s e l .  

mockup were made wi th  a f l a t ,  four -b laded  paddle  l o c a t e d  i n  t h e  mercury- 

wa te r  i n t e r f a c e .  The paddle ,  1 .5  i n .  i n  d iameter ,  was l o c a t e d  i n s i d e  

a 3 - i n .  -diam, 3 - i n .  -high shroud c o n t a i n i n g  f o u r  0 .3- in .  -wide, 3 - i n .  - long 

b a f f l e s .  The d e s i g n  of t h e  proposed c o n t a c t o r  was chosen t o  maximize 

S e v e r a l  s c o u t i n g  

The f i r s t  t e s t s  w i t h  t h e  
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t h e  e x t e n t  of d i s p e r s i o n  of t h e  mercury i n  t h e  water ,  t he reby  maximizing 

t h e  i n t e r f a c i a l  a r e a  between t h e  two phases .  The mockup of t h e  MTE-3 

system was t e s t e d  w i t h  a g i t a t o r  speeds up t o  1600 rpm. 

t h a t  a s t a b l e  d i s p e r s i o n  of ve ry  sma l l  mercury d r o p l e t s  was f r e q u e n t l y  

formed under t h e s e  o p e r a t i n g  c o n d i t i o n s .  A l s o ,  a d i s p e r s i o n  of wa te r  

d r o p l e t s  was formed i n  t h e  mercury a t  a l l  b u t  t h e  lowest mixer speeds,  

and t h e s e  d r o p l e t s  were pumped from one chamber of t h e  c o n t a c t o r  t o  t h e  

o t h e r .  Such pumping of molten s a l t  s o l u t i o n s  cannot be t o l e r a t e d  i n  

t h e  me ta l  t r a n s f e r  p rocess  s i n c e  i t  would lead t o  mixing of t h e  c h l o r i d e  

and f l u o r i d e  s a l t s .  The tendency of t h e  s a l t - b i s m u t h  system t o  form 

emulsions may be  q u i t e  d i f f e r e n t  from t h a t  of t h e  water-mercury system; 

however, i t  was concluded t h a t  t h e  c o n t a c t o r  should o p e r a t e  under cond i -  

t i o n s  t h a t  minimize t h e  l i k e l i h o o d  of emulsion fo rma t ion .  

It w a s  found 

The c o n t a c t o r  des ign  t h a t  has t h e  g r e a t e s t  p o t e n t i a l  f o r  a c h i e v i n g  

e f f e c t i v e  mass t r a n s f e r  r a t e s  wi th  minimum d i s p e r s i o n  of t h e  phases 

appears  t o  be t h e  L e w i s  c e l l . 4 9  This  c o n t a c t o r  has  a paddle i n  each 

phase, l o c a t e d  w e l l  away from t h e  i n t e r f a c e  a s  shown i n  F i g .  76. Each 

a g i t a t o r  i s  opera ted  i n  a manner such t h a t  t h e  phases a r e  a g i t a t e d  a s  

v igo rous ly  a s  p o s s i b l e  wi thout  a c t u a l l y  d i s p e r s i n g  one phase i n  t h e  

o t h e r .  The c o n t a c t o r  c e l l  mockup desc r ibed  p r e v i o u s l y  was modified i n  

o r d e r  t o  s tudy  t h e  hydrodynamics of t h i s  t ype  of c o n t a c t o r .  The shroud 

was removed, and paddles  having a range of d i ame te r s  w e r e  t e s t e d  a t  

s e v e r a l  p o s i t i o n s  i n  b a f f l e d  c e l l s  and a l s o  i n  c e l l s  c o n t a i n i n g  no b a f f l e s .  

A s i g n i f i c a n t  amount of en t ra inment  of wa te r  v i a  c i r c u l a t i o n  of t h e  mercury 

between t h e  compartments was noted a t  a g i t a t o r  speeds  above 180 r p m  when 
3-in.-diam, fou r -b l aded  v e r t i c a l  paddles were used.  The a g i t a t o r  speed 

a t  which en t ra inment  began t o  occur  could be i n c r e a s e d  s l i g h t l y  ( t o  about 

220 r p m )  when b a f f l e s  were used i n  t h e  c e l l ,  when t h e  lower paddle was 

loca ted  w i t h i n  0.25 i n .  of t h e  bottom of t h e  c e l l ,  o r  when t h e  dep th  of 

t h e  mercury i n  t h e  c e l l  was i n c r e a s e d  by about 0.5 i n .  When s m a l l e r -  

d iameter  a g i t a t o r s  were used ,  t h e  speed a t  which en t r a inmen t  was noted 

i n c r e a s e d ;  however, t h e  Reynolds number based on t h e  paddle d i ame te r  was 

almost t h e  same i n  each c a s e .  
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F i g .  76. Mechanically Agitated Salt-Metal Contactor Proposed for 
Use with Metal Transfer Experiment MTE-3. 



I n v e s t i g a t i o n  showed t h a t  use  of a 5- in . -diamJ four -b laded  paddle  

having b l a d e s  can ted  a t  a 45" a n g l e  d i d  n o t  r e s u l t  i n  en t r a inmen t  of 

wa te r  u n t i l  an  a g i t a t o r  speed  of 400 rpm was reached .  It i s  be l i eved  

t h a t  t h e  f low p a t t e r n s  i n  t h e  wa te r  and mercury t h a t  a r e  c r e a t e d  by t h e  

use of canted  b l a d e s  i n h i b i t  t h e  fo rma t ion  of a v o r t e x  around t h e  a g i t a -  

t o r  s h a f t  and the reby  reduce t h e  e x t e n t  of d i s p e r s i o n  of w a t e r  i n  t h e  

mercury phase.  

13.2 Survey of L i t e r a t u r e  R e l a t i v e  t o  Mechanical ly  Ag i t a t ed ,  
Nondispersing Sa l t -Meta l  Contac tors  

Various i n v e s t i g a t i o n s  have been c a r r i e d  o u t  f o r  de te rmining  t h e  

r a t e  of mass t r a n s f e r  between aqueous and o r g a n i c  phases  i n  mechanica l ly  

a g i t a t e d  c o n t a c t o r s  i n  which t h e  phases a r e  n o t  d i s p e r s e d .  

i n v e s t i g a t e d  mass t r a n s f e r  r a t e s  i n  s i x  so lven t -wa te r  systems and two 

nonaqueous systems.  The s o l v e n t s  used were a n i l i n e ,  e t h y l  a c e t a t e ,  e t h y l  

a c e t o a c e t a t e ,  e t h y l  formate,  f u r f u r a l ,  and i s o b u t a n o l ;  formic  acid--benzene 

and an i l i ne -cyc lohexane  were t h e  nonaqueous sys tems.  A s k e t c h  of t h e  

appa ra tus  used, w i t h  r epor t ed  dimensions,  i s  g iven  i n  F i g .  77. The s p e e d  

and d i r e c t i o n  of r o t a t i o n  of t h e  a g i t a t o r s  were c o n t r o l l e d  i n d i v i d u a l l y ;  

m o s t  of t h e  d a t a  were t a k e n  w i t h  t h e  a g i t a t o r s  c o n t r a r o t a t i n g ,  bu t  i t  was 

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

L e w i s  c o r r e l a t e d  h i s  d a t a  by t h e  expres s ion :  

Lewis'' ha s  

where 
k = i n d i v i d u a l  mass t r a n s f e r  c o e f f i c i e n t ,  cm/sec, 

2 1 
= kinemat ic  v i s c o s i t y  (p/p), c m  /sec, v1 

Re = nd*/V, d imens ionless  , 
1-1 = v i s c o s i t y ,  po i se s ,  
p = d e n s i t y ,  g/cm 3 , 
d = a g i t a t o r  d iameter ,  cm, and 

n = a g i t a t o r  speed ,  r p s .  
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The s u b s c r i p t s  1 and 2 r e f e r  t o  phases  1 and 2, r e s p e c t i v e l y .  I n  a sub-  

sequent  paper, Lewis” r e p o r t e d  r e s u l t s  f o r  t h e  r a t e  of t r a n s f e r  of a 

t h i r d  component between t h e  two phases of s e v e r a l  s o l v e n t - w a t e r  systems.  

He s t a t e d  t h a t  t h e  r e l a t i o n  g iven  by Eq. (62) a l s o  c o r r e l a t e d  t h e  d a t a  

on the  r a t e  of t r a n s f e r  of t h e  t h i r d  component. 

McManamey’l c o r r e l a t e d  Lewis’ r e s u l t s  and h i s  own d a t a  (ob ta ined  i n  

a c e l l  s i m i l a r  t o  t h a t  used by Lewis)  by t h e  e x p r e s s i o n :  

60 kl -0.3 

v1 1 
(63 1 -- - 0.1 c m - 1  [ g) 

where 

D = d i f f u s i v i t y  of t h e  t r a n s f e r a b l e  m a t e r i a l  i n  t h e  phase i n d i c a t e d ,  
2 cm / sec .  

M a y e r ~ ~ ~  c o r r e l a t e d  L e w i s ’  r e s u l t s  and h i s  own d a t a  (ob ta ined  i n  a 

c e l l  s i m i l a r  t o  t h a t  used by L e w i s )  by t h e  e x p r e s s i o n :  

Gordon and S h e r w ~ o d ~ ~  determined i n d i v i d u a l  mass t r a n s f e r  c o e f f i -  

c i e n t s  i n  t h e  system i s o b u t a n o l - w a t e r  w i t h  and wi thou t  a t h i r d  s o l u t e .  

A s k e t c h  of t h e i r  a p p a r a t u s  i s  giveri i n  F i g .  77. The a g i t a t o r s  i n  each 

phase were mounted on a common s h a f t .  No c o r r e l a t i o n  was s u g g e s t e d .  

Olander54 determined mass t r a n s f e r  c o e f f i c i e n t  v a l u e s  i n  s e v e r a l  

s o l v e n t - w a t e r  systems (many of which were i d e n t i c a l  t o  t h o s e  used by 

L e w i s )  i n  t h e  a p p a r a t u s  shown i n  F i g .  77. 
were mounted on a common s h a f t .  The suggested c o r r e l a t i o n  was: 

The a g i t a t o r s  f o r  each  phase 

0.44 0.67 (:)(?) = 0.046 (t) , 
where 

d = a g i t a t o r  speed, r a d i a n s / s e c .  
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Prozhazka and B ~ l i c k a ~ ~  determined mass t r a n s f e r  c o e f f i c i e n t  v a l u e s  

i n  wa te r - - e thy l  a c e t a t e  and wa te r - i sobu tano l  systems.  A s k e t c h  of t h e i r  

appa ra tus  i s  shown i n  F i g .  77. The a g i t a t o r s  were c o n t r o l l e d  s e p a r a t e l y ,  

and t h e  a g i t a t o r  b l a d e s  were canted  a t  an  a n g l e  of 45". 
c o r r e l a t i o n  f o r  t h e i r  mass t r a n s f e r  c o e f f i c i e n t  d a t a  was: 

The sugges ted  

The magnitudes of t h e  i n d i v i d u a l  mass t r a n s f e r  c o e f f i c i e n t s  ob ta ined  

by most of t h e  i n v e s t i g a t o r s  were approximate ly  t h e  same - -  from about  

0.007 cm/sec f o r  e t h y l  ace t a t e - -wa tec  systems t o  about  0.001 cm/sec f o r  

i sobu tano l -wa te r  systems.  The v a l u e s  f o r  t h e  i n d i v i d u a l  mass t r a n s f e r  

c o e f f i c i e n t s  r epor t ed  by Prochazka and Bulicka,  however, were two o r d e r s  

of magnitude g r e a t e r  - -  from about  1 , l  cm/sec f o r  e t h y l  a c e t a t e  --water 

systems t o  about  0.1 cm/sec f o r  i sobu tano l -wa te r  sys tems.  It was l a t e r  

found t h a t  a decimal  po in t  has  been misplaced i n  t h e i r  l i t e r a t u r e  a r t i -  

A f t e r  t h e  a p p r o p r i a t e  c o r r e c t i o n  had been made, t h e  r epor t ed  

r e s u l t s  were found t o  be c o n s i s t e n t  w i th  t h e  d a t a  of o t h e r  i n v e s t i g a -  

t o r s .  

Although t h e  magnitudes of t h e  i n d i v i d u a l  mass t r a n s f e r  c o e f f i -  

c i e n t s  ob ta ined  by d i f f e r e n t  i n v e s t i g a t o r s  w e r e  about  t h e  same, t h e  

r epor t ed  dependence of t h e  mass t r a n s f e r  c o e f f i c i e n t  on t h e  a g i t a t o r  

s p e e d  v a r i e d  wide ly .  

d i f f e r e n t  r e l a t i o n s  used t o  c o r r e l a t e  t h e  d a t a ,  and p a r t  i s  due t o  a 

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

of equipment a t  a g iven  a g i t a t o r  speed .  

d a t a  i s  shown i n  F i g s .  78-80. I n  F i g .  78 t h e  d a t a  from a l l  t h e  i n v e s t i -  

g a t o r s  a r e  p l o t t e d  i n  t h e  manner sugges ted  by L e w i s ;  i n  F i g .  79 t h e  

d a t a  a r e  p l o t t e d  acco rd ing  t o  t h e  c o r r e l a t i o n  sugges ted  by Olander;  and 

i n  F i g .  80  t h e  d a t a  a r e  p l o t t e d  a s  sugges ted  by Prochazka and Bu l i cka .  

P a r t  of t h i s  d i f f e r e n c e  i s  a p p a r e n t l y  due t o  t h e  

The s c a t t e r  i n  t h e  r e p o r t e d  
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Fig. 78. Correlation of Data on Mass Transfer Coefficients in Stirred- 
Interface Contactors in the Manner Suggested by Lewis. The operating con- 
ditions that will be obtained at the various interfaces in metal transfer 
experiment MTE-3 with an agitator speed of 3 rps are shown on the abscissa. 
The notation F-Bi denotes transfer from fluoride salt t o  a bismuth phase; 
LiC1-Bi, transfer from molten LiCl to d bismuth phase; Bi-LiC1, transfer 
from a bismuth phase to molten LiC1; and Bi-F, transfer from a bismuth 
phase to fluoride salt. 
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F i g .  79. C o r r e l a t i o n  of Data on Mass T r a n s f e r  C o e f f i c i e n t s  i n  
S t i r r e d  I n t e r f a c e  Con tac to r s  i n  t h e  Manner Suggested by Olander.  The 
operati-ng c o n d i t i o n s  t h a t  w i l l  be  ob ta ined  a t  t h e  v a r i o u s  i n t e r f a c e s  
i n  metal  t r a n s f e r  experiment MTE-3 w i t h  an a g i t a t o r  speed o f  3 r p s  a r e  
shown on t h e  a b s c i s s a .  The n o t a t i o n  F-Bi deno tes  t r a n s f e r  from f l u o -  
r i d e  s a l t  t o  a bismuth phase; LiC1-Bi, t r a n s f e r  from molten L i C l  t o  a 
bismuth phase; Bi-LiC1, t r a n s f e r  from a bismuth phase t o  molten L i C 1 ;  
and Bi-F, t r a n s f e r  from a bismuth phase t o  f l u o r i d e  s a l t .  
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F i g .  80. C o r r e l a t i o n  of Data on Mass T r a n s f e r  C o e f f i c i e n t s  i n  
S t i r r e d  I n t e r f a c e  Contac tors  i n  t h e  Manner Suggested by Prochazka and 
Bu l i cka .  The o p e r a t i n g  c o n d i t i o n s  t h a t  w i l l  be  ob ta ined  a t  t h e  v a r i o u s  
i n t e r f a c e s  i n  meta l  t r a n s f e r  experiment  MTE-3 w i t h  an a g i t a t o r  s p e e d  of 
3 r p s  a r e  shown on t h e  a b s c i s s a .  The n o t a t i o n  F-Bi deno tes  t r a n s f e r  
from f l u o r i d e  s a l t  t o  a bismuth phase; L i C 1 - B i ,  t r a n s f e r  from mol ten  
L i C l  t o  a bismuth phase;  Bi-LiC1, t r a n s f e r  from a bismuth phase t o  
molten L i C 1 ;  and Bi-F, t r a n s f e r  from a bismuth phase t o  f l u o r i d e  s a l t .  
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Examination of t h e  t h r e e  methods f o r  c o r r e l a t i n g  t h e  d a t a  shows 

t h a t  t h e  Olander c o r r e l a t i o n  has  s e r i o u s  shor tcomings .  This  c o r r e l a -  

t i o n  assumes t h a t  t h e  i n d i v i d u a l  mass t r a n s f e r  c o e f f i c i e n t  i n  one phase 

i s  independent of t h e  l e v e l  of t u r b u l e n c e  i n  t h e  second phase.  

eve r ,  d a t a  of Lewis and d a t a  of Prochazka and Bul icka  show t h a t  t h e  

i n d i v i d u a l  mass t r a n s f e r  c o e f f i c i e n t  i n  one phase i s  d e f i n i t e l y  depen- 

den t  on t h e  l e v e l  of t u r b u l e n c e  i n  t h e  o t h e r  phase.  The Prochazka- 

Bulicka r e l a t i o n s h i p  does no t  seem t o  adequa te ly  c o r r e l a t e  d a t a  from 

d i f f e r e n t  systems; f o r  i n s t a n c e ,  t h e  d a t a  f o r  w a t e r - i s o b u t a n o l  and 

i sobu tano l -wa te r  do not  f a l l  on t h e  same l i n e .  Of t h e  t h r e e  c o r r e l a -  

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

How- 

The o p e r a t i n g  c o n d i t i o n s  t h a t  w i l l  be ob ta ined  wi th  an  a g i t a t o r  

speed of 3 r p s  f o r  t h e  phases t o  be used i n  experiment MTE-3 a r e  i n d i -  

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

The v a l u e s  f o r  t h e  Reynolds-number grouping  l i e  o u t s i d e  t h e  range  of 

t h e  d a t a  ob ta ined  by Lewis b u t  i n s i d e  t h e  range of t h e  d a t a  ob ta ined  by 

Prochazka and Bu l i cka .  The Prochazka-Bulicka c o r r e l a t i o n  i n d i c a t e s  a 

probable  v a l u e  f o r  t h e  i n d i v i d u a l  mass t r a n s f e r  c o e f f i c i e n t  i n  t h e  

f l u o r i d e  s a l t  of about  0.0015 cm/sec; e x t r a p o l a t i o n  of t h e  L e w i s  c o r r e -  

l a t i o n  i n d i c a t e s  a probable  v a l u e  of 0.05 cm/sec. 

i n d i v i d u a l  mass t r a n s f e r  c o e f f i c i e n t s  from t h e  MTE-2 experiment i n d i c a t e d  

a c o e f f i c i e n t  of about  0.001 cm/sec under c o n d i t i o n s  where p r a c t i c a l l y  

no a g i t a t i o n  occur red .  

seems much more l i k e l y  t o  r e f l e c t  o p e r a t i n g  c o n d i t i o n s  t h a t  w i l l  be used 

i n  experiment MTE -3. 

Es t ima tes  of t h e  

The v a l u e  ob ta ined  from t h e  Lewis  c o r r e l a t i o n  
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14. HYDRODYNAMICS OF PACKED-COLUMN OPERATION 
WITH HIGH-DENSITY FLUIDS 

J .  S .  Watson L. E.  McNeese 

The hydrodynamics of packed-column o p e r a t i o n  w i t h  f l u i d s  having  

h igh  d e n s i t i e s  and a l a r g e  d e n s i t y  d i f f e r e n c e  i s  be ing  s t u d i e d  i n  o r d e r  

t o  e v a l u a t e  and t o  d e s i g n  c o u n t e r c u r r e n t  c o n t a c t o r s  f o r  u s e  i n  MSBR 

process ing  systems based on r e d u c t i v e  e x t r a c t i o n .  Mercury and w a t e r  

a r e  be ing  used t o  s i m u l a t e  bismuth and molten s a l t  i n  t h e s e  s t u d i e s .  

E a r l i e r  e ~ p e r i m e n t s ~ ~  c a r r i e d  ou t  w i th  1/8- and 1 /4- in .  s o l i d  c y l i n d e r s  

and w i t h  3/16- and 1 /4- in .  Raschig r i n g s  i n  a 1- in . - ID column demon- 

s t r a t e d  t h a t  a t r a n s i t i o n  i n  mode of f low of t h e  d i s p e r s e d  phase occurs  

between t h e  packing s i z e s  of 3/16 and 1/4 i n .  Th i s  t r a n s i t i o n  appeared 

t o  be  a f u n c t i o n  of t h e  packing s i z e  on ly  and was n o t  r e l a t e d  t o  packing 

shape ( s o l i d  c y l i n d e r s  o r  Raschig r i n g s ) .  

mercury was d i s p e r s e d  i n t o  smal l  d r o p l e t s ,  which produced a l a r g e  i n t e r -  

f a c i a l  a r e a .  With t h e  s m a l l e r  packing, t h e  mercury flowed down t h e  

column i n  cont inuous  channels  and r e s u l t e d  i n  a much s m a l l e r  i n t e r f a c i a l  

a r e a .  A l a r g e  i n t e r f a c i a l  a r e a  (and hence l a r g e - s i z e d  pack ing)  i s  

d e s i r e d  i n  o r d e r  t o  o b t a i n  h igh  mass t r a n s f e r  r a t e s  between t h e  s a l t  

and meta l  phases .  A 2-in.-diam column was i n s t a l l e d  i n  t h e  expe r imen ta l  

system i n  o r d e r  t o  carry out  s t u d i e s  w i th  packing o f  l a r g e r  s i z e s ,  and 

measurements were made of f l o o d i n g  r a t e s ,  d i spe r sed -phase  holdup, and 

p r e s s u r e  drop wi th  1 /4- in .  s o l i d  c y l i n d e r s  and w i t h  3 / 8 -  and 1 /2- in .  

Raschig r ings .58  

persed-phase holdup and t h e  column throughputs  a t  f l o o d i n g  can  be  c o r r e -  

la ted58 on t h e  b a s i s  of a c o n s t a n t  s u p e r f i c i a l  s l i p  v e l o c i t y  i n  t h e  

f o 11 owing manner : 

With t h e  l a r g e r  packing t h e  

The r e s u l t s  of t h e s e  s t u d i e s  have shown t h a t  t h e  d i s -  

+ - -  - v  - 'c 'd 
1-x x s ,  



where 

= superficial velocity of continuous phase, ft/hr, Vc 
Vd = superficial velocity of dispersed phase, ft/hr, 

V = superficial slip velocity, ft/hr, and 
S 

X = dispersed -phase holdup. 

The subscript f denotes conditions at flooding. 

These relations were previously58 extended to cover dispersed-phase 

holdup and throughput at flooding with salt-bismuth systems by assuming 

that, for a given packing size, the slip velocity was (1) independent of 

the viscosity of the continuous phase, 

in the densities of the phases, and (3) proportional to the packing void 
fraction. Although the resulting relations predicted flooding rates that 

were in excellent agreement with flooding rates measured with molten salt 

and bismuth, it was realized that the agreement did not constitute veri- 

fication of the assumed effects of the continuous-phase viscosity and the 

difference in the densities of the phases. 

(2) proportional to the difference 

During this reporting period, data showing the dependence of slip 

velocity on continuous-phase viscosity were obtained by a group of 

students from the MIT Practice School. 59 
column packed with 3/8-in. Teflon Raschig rings, which were not wetted 

by either the continuous phase or the'dispersed phase, was used in the 

study. Results of this study and the development of an improved rela- 

tion for predicting packed column performance during the countercurrent 

flow of molten salt and bismuth are discussed later in this section. 

Studies for evaluating the effect of wetting of the packing by the 

nominally dispersed phase were also carried out. 

A 2-in. -diam, 24-in. -long 

14.1 Equipment and Experimental Technique 

The experimental facility used in the present study has been 

However, the system (shown in Fig. 81) was 58 described previously . 
modified for the present studies so that water or water-glycerin solu- 

tions could be circulated through the column at constant temperature 

by installation of a heat exchanger and aqueous-phase surge tank. 

During the study in which the effect of the viscosity of the continuous 
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Fig. 81. Flow Diagram of Equipment Used for Determining Dispersed- 
Phase Holdup, Flooding Rate, and Pressure Drop in a Packed Column During 
the Countercurrent Flow of Mercury and Aqueous Solutions. 



phase on s l i p  v e l o c i t y  was determined,  t h e  column c o n s i s t e d  of a 2 - i n . -  

I D ,  24- in . - long g l a s s  t u b e  t h a t  was packed w i t h  3 / 8 - i n e  po lye thy lene  

Raschig r i n g s  having a vo id  f r a c t i o n  of 0.66. 
f o r  de te rmining  t h e  e f f e c t  of w e t t i n g  of t h e  packing by t h e  nominal ly  

d i s p e r s e d  phase, t h e  column was packed w i t h  3 /8- in .  copper  Raschig r i n g s  

(void f r a c t i o n ,  0.81) t h a t  had been t r e a t e d  w i t h  n i t r i c  a c i d  i n  o r d e r  t o  

promote w e t t i n g  of t h e  packing by t h e  mercury.  

above t h e  column was packed w i t h  0 .5 - in .  Raschig r i n g s  i n  o r d e r  t o  d i s -  

t r i b u t e  t h e  mercury uni formly  over  t h e  column c r o s s  s e c t i o n .  B a l l  

v a l v e s  having i n t e r n a l  d i ame te r s  equa l  t o  t h a t  of t h e  column were pro-  

v ided  above and below t h e  column f o r  use  du r ing  measurements of d i s p e r s e d -  

phase holdup.  The holdup measurements were e f f e c t e d  by s imul t aneous ly  

c l o s i n g  bo th  b a l l  v a l v e s  and subsequent ly  d r a i n i n g  t h e  mercury i n t o  a 

graduated  c y l i n d e r .  It was found t h a t  approximate ly  35 m l  of mercury 

remained i n  t h e  column dur ing  t h e  d r a i n i n g  o p e r a t i o n .  The mercury f low 

r a t e  was measured du r ing  t h e  s t u d i e s  by c l o s i n g  t h e  lower b a l l  v a l v e  

and de termining  t h e  t i m e  r e q u i r e d  f o r  f i l l i n g  a 10- in . - long  s e c t i o n  of 

t h e  column which had been c a l i b r a t e d .  

During subsequent  t e s t s  

A 6- in . - long  s e c t i o n  

During t h e  f l o o d i n g  measurements, t h e  w a t e r  f low r a t e  was inc reased  

inc remen ta l ly  wi th  a f i x e d  mercury f low r a t e  u n t i l  f l o o d i n g  was observed .  

S t e a d y - s t a t e  c o n d i t i o n s  were normally reached w i t h i n  30 min a f t e r  each 

ad jus tment  of t h e  aqueous-phase f low r a t e .  

t o  be  f looded  when it  became imposs ib le  t o  m a i n t a i n  f i x e d  f low r a t e s  

w i thou t  a c o n s t a n t l y  i n c r e a s i n g  p r e s s u r e  drop.  With t h e  p a r t i c u l a r  

equipment used i n  t h i s  experiment ,  t h e  cont inuous-phase f low r a t e  and 

t h e  p r e s s u r e  drop a c r o s s  t h e  column f l u c t u a t e d  wide ly  under  " f looding"  

c o n d i t i o n s .  

wa te r  f l ow was e s s e n t i a l l y  b locked .  

column, and t h e  w a t e r  f low r a t e  would r e t u r n  t o  t h e  d e s i r e d  v a l u e .  

behav io r  was r epea ted  i n  a c y c l i c  manner. 

The column was cons ide red  

Mercury could  be seen  accumula t ing  i n  t h e  column u n t i l  t h e  

Mercury would t h e n  d r a i n  from t h e  

T h i s  

14.2 R e s u l t s  

Data were ob ta ined  on d i spe r sed -phase  holdup, column p r e s s u r e  drop, 

and f looding ,  using v i s c o s i t i e s  of 1, 7.5, and 15 C P  f o r  t h e  cont inuous  

phase.  Tab le s  53-55 and F i g s .  82-84 p r e s e n t  d a t a  on holdup and p r e s s u r e  
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Table 53. Exper imenta l ly  Determined Values f o r  Dispersed-Phase 
Holdup and P res su re  Drop During Countercur ren t  Flow of 

Packed wi th  3 /8- in .  Tef lon  Raschig Rings 
Mercury and Water Through a 2-in.-diam Column 

Continuous-phase v i s c o s i t y ,  1 C P  

S u p e r f i c i a l  Veloc i ty  ( f  t / h r  ) Dispersed - Pressure 
Dispersed Continuous Phase Drop a 

Phase Pha s e Holdup (mm Hg-mm H,O) 

145 
145 
145 
145 
145 

188 
188 
188 
188 
188 

36.3 
50.3 
65.4 

144 
206 
272 
340 

0 
67 

144 
205 * 7 
27 1 
339 

0 
144 
205 * 7 
27 1 
339 

0 
144 
206 
27 1 
339 

0.0506 
0.0678 

0.0666 

0.0826 
0.0838 

0.0801 

0.136 
0.183 
0.160 
0.174 
0.183 

0.183 
0.206 
0.217 

0.271 
0.247 

-0 
1 
1 
2 
3 
4 
6 

18 
18 
16 
19 
24 
35 

35 
26 
39 
50 
52 

49 
39 
52 
79 

102 

a Mi l l ime te r s  of l i q u i d  having a d e n s i t y  of 12 .6  g/cm 3 . 

drop f o r  a range of v a l u e s  of t h e  cont inuous-phase s u p e r f i c i a l  v e l o c i t y .  

The p o i n t s  a t  which f lood ing  was observed a r e  i n d i c a t e d  i n  t h e  f i g u r e s .  

Table  56 and F i g .  85 g i v e  v a l u e s  of holdup and pressure  drop  obta ined  

dur ing  o p e r a t i o n  wi th  a cont inuous-phase v i s c o s i t y  of 1 C P  f o r  t h e  c a s e  

i n  which t h e  packing was wet by t h e  d i spe r sed  phase.  Data on f lood ing  

a r e  presented  in F i g s .  86-89, where t h e  squa re  r o o t  of t h e  d ispersed-phase  
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Table 54. Experimentally Determined Values for Dispersed-Phase 
Holdup and Pressure Drop During Countercurrent Flow of 

Mercury and a Water-Glycerin Solution Through a 
2-in. -diam Column Packed with 3/8-in. 

Teflon Raschig Rings 

Continuous-phase viscosity, 7.5 CP 

Superficial Velocity ffC/hr) ' Dispersed- Pres sure 
Dispersed Continuous Pha s e Drop a Phase Phase Holdup (W Hg-m H20) 

13 -9 
24.1 
33.9 
81.1 
136.2 
198.4 
259 * 5 
3 03 
3 73 
431 -5 
484 
5 68 
0 
81.1 
136.2 
198.4 
172 
218 
259 
284 
0 
81.1 
33-9 
136.2 
198.4 
160 
150 
23 0 
0 
33.9 
81.1 
136.2 
172 

- -  
- -  
- -  
-,- 
- -  
- -  
- -  
- -  
-- 
- -  
-- 
- -  

0.0716 
0.0900 

0.0839 
0.0962 
0.122 
0.131 
0.128 
0.154 
0.154 
0.148 

0.143 
0.138 

0.181 
0.154 
0.174 
0.181 

0.211 

0.0998 

0.168 

0.127 

0.192 

1 
1.5 
2 
3 
4 

5 -7 
8-13 
11-14 
15-18 
22-25 

31 
37 
28 
33 
40 
48 
43 
61 
70 
60 
26 
44 
27 
33.5 
63 
50 
38 
67 
40 
61 
50 
65 
72 

a 3 Millimeters of liquid having a density of 12.6 g/cm . 



Table  55. Exper imenta l ly  Determined Values f o r  Dispersed-Phase 
Holdup and P res su re  Drop During Coun te rcu r ren t  Flow of 

Mercury and a Water-Glycerin S o l u t i o n  Through a 
2 - i n .  -diam Column Packed w i t h  3 /8 - in .  

Te f lon  Raschig Rings 

Continuous-phase v i s c o s i t y ,  15 C P  

S u p e r f i c i a l  Ve loc i ty  ( f t / h r )  D i s p e r s e d  - Pressu re  
Dispersed Continuous Phase Drop 

Phase Phase Holdup (W Hg-W H20)a 

0 
0 
0 
0 
0 
0 
0 
0 
71 
71 
71 
71 
85 
85 
85 
85 
85 
85 
85 
126 
126 
126 
126 

22.4 
51.2 
116.5 
167 
216.2 
270 
330 
397 

0 
100 
200 
220 
0 
22.4 
51.2 

110.5 
167 
196 
228 
0 
22.4 
51.2 

110.5 

- -  
0.107 
0. log 
0.141 
0.174 
0.131 
0.157 
0.143 
0.158 
0.181 
0.220 
0.253 
0.204 
0.195 
0 - 197 
0.217 

-0 
1 
9 
12 
15 
19 
24 
28 
5 
9.5 
12 
62 

0 

a Mi l l imeters  of l i q u i d  having a d e n s i t y  of 12.6 g/cm 3 . 
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Raschig Rings.  The v i s c o s i t y  o f  t h e  cont inuous (aqueous)  phase was 
7.5 C P .  
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F i g .  84. V a r i a t i o n  of Dispersed-Phase Holdup and Column Pres su re  
Drop During t h e  Countercur ren t  Flow of Mercury and a Water-Glycerin 
S o l u t i o n  i n  a 2- in . - ID,  24- in . - long  Column Packed wi th  3 /8 - in .  Te f lon  
Raschig Rings.  
CP. 

The v i s c o s i t y  of t h e  cont inuous  (aqueous)  phase was 1-5 



Table  56. Experimental ly  Determined Values f o r  Dispersed-Phase Holdup and P res su re  
Drop During Countercur ren t  F low of Mercury and Water Through a 2- in . -d iam 

Column Packed wi th  3 /8 - in .  Copper Raschig Rings 

Continuous -phase v i s c o s i t y ,  1 CP 

S u p e r f i c i a l  Veloc i ty  ( f t / h r  ) Dispersed -Phase P res su re  Drop, 
(mm Hg-mm H20) D i s p e r s e d  Phase Continuous Phase Holdup 

113 
113 
11-3 
113 
315 
315 
315 
315 
315 
315 
315 

0 

144 
272 
406 

0 

144 
206 

339 
406 
440 
380 

0.108 

0.106 
0.113 

0.119 

0.201 

0.204 

0.194 

0.215 

0.270 

0 308 
0.233 

15 
46 
40 
14 
33 
36 

41-50 
75 

103 

58 

10 
10 cn 

a Mill imeters of l i q u i d  having a d e n s i t y  of 12 .6  g/cm 3 . 
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F i g .  8 5 .  V a r i a t i o n  of Mercury Holdup and Column Pres su re  Drop During 
t h e  Coun te rcu r ren t  Flow of Mercury and Water i n  a 2-in.-ID, 24-in.- long 
Column Packed w i t h  3/8- in .  Copper Raschig Rings.  
t h e  merciiry . 

The packing was w e t  by 
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Fig .  87. Flooding Data Obtained During t h e  Coun te rcu r ren t  F l o w  of 
Mercury and a Glycerin-Water S o l u t i o n  Through a 2 - in . - ID ,  24 - in . - long  
Column Packed wi th  3 / f? - in .  Te f lon  Raschig Rings.  
cont inuous (aqueous)  phase was 7.5 cP .  

The v i s c o s i t y  of t h e  
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F i g .  88. Flooding Data Obtained During t h e  Coun te rcu r ren t  Flow of  
Mercury and a Glycerin-Water  S o l u t i o n  Through a 2 - i n .  -ID,  24 - in .  - long 
Column Packed w i t h  3/8-in. Tef lon  Raschig Rings.  
con t inuous  (aqueous)  phase was 15 cP.  

The v i s c o s i t y  of t h e  
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F i g .  89. Flooding Data Obtained During t h e  Coun te rcu r ren t  Flow of 
Mercury and Water i n  a ;I-in.-ID, 24 - in . - long  Column Packed w i t h  3 / 8 - i n .  
Copper Raschig Rings.  The packing was wet by t h e  mercury.  
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superficial velocity is plotted vs the square root of the continuous- 

phase superficial velocity. The conditions for which the system was 

operated in a nonflooded state, as well as conditions for which flooding 

was observed, are indicated. The results obtained during this study 

were similar to those observed previously for mercury and water. 

data on dispersed-phase holdup involving nonwetted packing could be 

correlated in terms of a constant superficial slip velocity, as shown 

in Table 57. 

were about +lo%; no dependence of slip velocity on the flow rate of 

either phase was noted. 

continuous-phase viscosity is shown in Fig. 90, which indicates that 

the superficial slip velocity is proportional to the -0.167 power of 

the continuous-phase viscosity. As expected, the dependence is not 

large; however, neglect of this effect was significant in the earlier 

extrapolation of data from a mercury-water system to a salt-bismuth 

system since the continuous-phase viscosity differs by a factor of 12. 

The 

The relative standard deviations for the slip velocities 

The variation of slip velocity with the 

The effect of wetting of the packing by the metal phase on dispersed- 

phase holdup, flooding, and pressure drop was also evaluated by packing 

the column with 3/8-in. copper Raschig rings that had been etched with 

nitric acid (to promote wetting of the packing by the mercury). 

plete wetting of the packing was obtained. 

saturated with copper, the solubility of copper in mercury is quite low 

and no important changes in other physical properties should occur. 

After a few hours of operation, solids were observed at the water-mercury 

interface below the column; these solids were believed to be copper 

oxide that was formed as the result of the reaction of dissolved copper 

with oxygen in the water. Periodic additions of nitric acid to the 

aqueous phase quickly removed the solids. 

Com- 

Although the mercury was 

The interfacial area between the aqueous and mercury phases was 

decreased substantially when the packing was wetted by the mercury, as 

noted by comparing Figs. 91 and 92, which show operation with nonwetted 

and wetted packing respectively. 

observed with the wetted packing, and the interfacial area was essentially 

equal to t5e packing surface area. The superficial slip velocity (and 

hence the flooding rates) was considerably greater with wetted packing 

No dispersion of the mercury was 
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Table  57. V a r i a t i o n  of S u p e r f i c i a l  S l i p  Ve loc i ty  wi th  
Continuous-Phase V i s c o s i t y  and Wetting of t h e  

Packing f o r  a Column Packed wi th  3 /8- in .  Raschig Rings 

S l i p  Continuous - Packing Standard Veloc i ty ,  Pe r c  en t Phase Void Devia t ion ,  Devia t ion ,  TY Pe 
0 

d V s  
of V i s c o s i t y  F r a c t i o n ,  vS 

Packing ( c p )  E ( f t / h r  ) ( f t / h r )  

Nonwet t ed 1 0.66 1129 - +io5 9 . 3  

Nonwe t t ed 15 0 .66  674 - +49 - +7.3 

Nonwe t t ed 7.5 0.66 848 - +88 - +10.4 

Wet ted  1 0 .82  1583 - +268 - +16.9 

t h a n  w i t h  nonwetted packing, a s  shown i n  Table  57. It was no t  c l e a r  

whether  t h e  d a t a  on metal-phase holdup w i t h  w e t t e d  packing could be 

c o r r e l a t e d  on t h e  b a s i s  of a c o n s t a n t  s u p e r f i c i a l  s l i p  v e l o c i t y .  Only 

n i n e  me ta l  holdup measurements were made, and a q u a n t i t a t i v e  a n a l y s i s  

of t h e  r e l a t i o n  between mercury holdup and t h e  wa te r  and mercury supe r -  

f i c i a l  v e l o c i t i e s  was n o t  p o s s i b l e .  

14.3 P r e d i c t i o n  of Flooding Rates  and Dispersed-  
Phase Holdup i n  Packed Columns 

A f t e r  t h e  dependence of s l i p  v e l o c i t y  on t h e  cont inuous-phase v i s -  

c o s i t y  had been determined,  i t  was p o s s i b l e  t o  r e e v a l u a t e  t h e  dependence 

of s l i p  v e l o c i t y  on t h e  d i f f e r e n c e  of t h e  d e n s i t i e s  of t h e  two phases by 

u s i n g  t h e  two d a t a  p o i n t s  a f fo rded  by t h e  mercury-water  d a t a  and s a l t -  

bismuth d a t a .  The s a l t - b i s m u t h  da ta  i n d i c a t e d  a s u p e r f i c i a l  s l i p  v e l o c i t y  

of 388 f t / h r  w i th  a cont inuous-phase  v i s c o s i t y  of 1 2 . 1  cP, a d e n s i t y  

d i f f e r e n c e  of 6 .28 g/cm , and a packing vo id  f r a c t i o n  of 0.84. It was 

assumed t h a t  t h e  dependence of s l i p  v e l o c i t y  on t h e  d i f f e r e n c e  i n  den- 

s i t i e s  i s  a power-type dependence, and t h e  r e s u l t i n g  power v a l u e  was 0.5. 
This  r e s u l t  i s  i n t e r e s t i n g  because i t  i s  t h e  same a s  t h e  dependence of 

3 
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* Fig .  91. Countercur ren t  Flow of Mercury and Water i n  a 2-in.-diam 
Column Packed wi th  3 /8- in .  Te f lon  Raschig Rings.  
wet ted by t h e  me ta l  phase, and t h e  i n t e r f a c i a l  a r e a  i s  much g r e a t e r  
t h a n  t h e  s u r f a c e  a r e a  of t h e  packing.  

The packing i s  no t  
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. 
Fig .  92. 

Column Packed w i t h  3 /8- in .  Copper Raschig Rings.  
by t h e  meta l  phase, and t h e  i n t e r f a c i a l  a r e a  i s  e s s e n t i a l l y  equal  t o  
t h e  s u r f a c e  a r e a  of t h e  packing. 

Countercur ren t  Flow of Mercury and Water i n  a 2- in . -diam 
The packing i s  wet ted a 
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drop  t e r m i n a l  v e l o c i t y  on t h e  d i f f e r e n c e  i n  d e n s i t i e s  f o r  c o n d i t i o n s  

under  which i n e r t i a l  f o r c e s  predominate and t h e  d rag  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 .  

of s u p e r f i c i a l  s l i p  v e l o c i t y  w i t h  packing vo id  f r a c t i o n ,  t h e  d i f f e r e n c e  

i n  t h e  d e n s i t i e s  of t h e  phases,  and t h e  cont inuous-phase  v i s c o s i t y  i s ,  

The f i n a l  r e l a t i o n  f o r  p r e d i c t i n g  t h e  v a r i a t i o n  

then  : 

where 

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

= s l i p  v e l o c i t y  f o r  mercury-water f o r  t h e  packing s i z e  be ing  
's , Hg -H20 

used, 

E = packing void  f r a c t i o n ,  
= vo id  f r a c t i o n  f o r  packing f o r  which V was d e t e r -  

Re f S, Hg -H20 E 

mined, 

p = v i s c o s i t y  of cont inuous  phase, 

= v i s c o s i t y  of wa te r  a t  2 0 " ~ ~  
%o 

rp = d i f f e r e n c e  i n  t h e  d e n s i t i e s  of t h e  phases,  and 

= d i f f e r e n c e  i n  t h e  d e n s i t i e s  of mercury and wa te r  a t  20°C. 
4 ' ~ g  - H ~ O  

S l i p  v e l o c i t y  v a l u e s  c a l c u l a t e d  from Eq. (67) 
and (68) f o r  de te rmining  bo th  t h e  d i spe r sed -phase  holdup and throughputs  

of t h e  cont inuous  and d i s p e r s e d  phases  a t  f l o o d i n g .  

(69) can be  used wi th  Eqs. 



15. ANALYSIS OF MULTICOMPONENT MASS TRANSFER BETWEEN MOLTEN SALTS 
AND LIQUID BISMUTH DURING COUNTERCURRENT FLOW I N  PACKED COLUMNS 

C .  P. Tung J. S .  Watson 

Reduct ive e x t r a c t i o n ,  a n  impor tan t  o p e r a t i o n  i n  t h e  removal of p r o t -  

ac t in ium and r a r e  e a r t h s  from I G B R  f u e l  s a l t ,  i nvo lves  t h e  exchange of 

meta l  i o n s  i n  t h e  s a l t  phase w i t h  n e u t r a l  ( r educed)  me ta l  atoms i n  t h e  

bismuth phase.  S ince  no n e t  e l e c t r i c  c u r r e n t  f lows  between t h e  s a l t  and 

meta l  phases,  t h e  r a t e  a t  which meta l  i o n s  a r e  reduced must e q u a l  t h e  

r a t e  a t  which me ta l  atoms a r e  oxid ized  ( t a k i n g  i n t o  c o n s i d e r a t i o n  d i f f e r -  

ences  i n  t h e  charges  of t h e  ions  invo lved) .  

f l u x e s  of t h e  t r a n s f e r r i n g  atoms a r e  dependent on ly  on c o n c e n t r a t i o n  

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

gene ra t ed  nea r  t h e  s a l t - m e t a l  i n t e r f a c e  a s  t h e  r e s u l t  of d i f f e r e n c e s  i n  

t h e  m o b i l i t i e s  and/or  charges  of t h e  v a r i o u s  d i f f u s i n g  i o n s .  

i n  a c o n d i t i o n  where t h e  f l u x e s  of t h e  t r a n s f e r r i n g  i o n s  a r e  dependent on 

bo th  c o n c e n t r a t i o n  g r a d i e n t s  and e l e c t r i c  p o t e n t i a l  g r a d i e n t s .  These 

e f f e c t s  g r e a t l y  compl i ca t e  t h e  mass t r a n s f e r  p rocess  and make t h e  d e s i g n  

of cont inuous  ( d i f f e r e n t i a l )  r e d u c t i v e  e x t r a c t i o n  columns d i f f i c u l t .  We 

have begun a mathematical  a n a l y s i s  of mass t r a n s f e r  du r ing  r e d u c t i v e  

e x t r a c t i o n  p rocesses  t o  f a c i l i t a t e  i n t e r p r e t a t i o n  of t h e  r e s u l t s  from 

p resen t  and proposed experiments  i n  packed columns, and a s  a n  a i d  i n  

u s i n g  t h e s e  da t a  f o r  t h e  des ign  of l a r g e r  r e d u c t i v e  e x t r a c t i o n  sys tems.  

The r e s u l t s  from t h i s  s tudy  w i l l  a l s o  be a p p l i c a b l e  t o  s e v e r a l  o t h e r  s o l -  

v e n t  e x t r a c t i o n  o p e r a t i o n s  t h a t  i nvo lve  exchange r e a c t i o n s  between 

uncharged s p e c i e s  i n  a s o l v e n t  and i o n s  i n  an  e l e c t r o l y t e .  The e x t r a c -  

t i o n  of m e t a l s  from aqueous s o l u t i o n s  by use  of " l i q u i d  i o n  exchange" 

s o l v e n t s  such a s  amines i s  a t y p i c a l  example of such an  o p e r a t i o n .  

I n  t h e  bismuth phase, t h e  

This  r e s u l t s  

15.1 L i t e r a t u r e  Review 

60 It has  been recognized f o r  some time t h a t  t h e  d i f f u s i o n  of i o n s  i n  

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

The i n t e r d i f f u s i o n  of charged species  a s  a r e s u l t  of c o n c e n t r a t i o n  g r a d -  

i e n t s  produces a n  e l e c t r i c  p o t e n t i a l  g r a d i e n t ,  which, i n  tu rn ,  a l t e r s  t h e  

i o n i c  f l u x e s  and p reven t s  f u r t h e r  d e v i a t i o n  from e l e c t r o n e u t r a l i t y .  An 

e l e c t r i c a l  p o t e n t i a l  g r a d i e n t  i n  a n  e l e c t r o l y t e  w i l l  produce a f l u x  of 
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i o n  i, which depends on t h e  c o n c e n t r a t i o n  of  t h e  i o n  i n  t h e  e l e c t r o l y t e  

and on t h e  va l ence  and m o b i l i t y  of t h e  ion,  a s  i n d i c a t e d  by t h e  r e l a t i o n  

J .  = u . Z . C .  1 1 1  grad  @ , 
1 

where 

J .  = f l u x  of i o n  i, 

u = m o b i l i t y  of i o n  i i n  e l e c t r o l y t e ,  

Z .  = va lence  of i o n  i, 

C .  = c o n c e n t r a t i o n  of i o n  i, and 

1 x  

i 

1 

1 

grad  @ = e l e c t r i c a l  p o t e n t i a l  g r a d i e n t .  

The m o b i l i t y  of an  i o n  i s  r e l a t e d  t o  i t s  d i f f u s i o n  c o e f f i c i e n t  i n  t h e  

e l e c t r o l y t e  by t h e  Nerns t -E ins t e in  e q u a t i o n  a s  fo l lows :  

DiF 
u = -  
i RT ' 

where 

= d i f f u s i o n  c o e f f i c i e n t  of i o n  i i n  t h e  e l e c t r o l y t e ,  Di 
F = Faraday c o n s t a n t ,  

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

T = a b s o l u t e  t empera tu re .  

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

t i o n a l  f l u x ,  which i s  d e s c r i b e d  by F i c k ' s  F i r s t  Law, i s  produced; t h e  

f l u x  r e s u l t i n g  from t h i s  e f f e c t  i s  g iven  by t h e  r e l a t i o n  

= - D ~  g rad  Ci - 
Ji 

The n e t  f l u x  of i o n  i w i l l  be t h e  sum of t h e s e  c o n t r i b u t i o n s ,  which i s  

known a s  t h e  Nerns t -P lanck  e q u a t i o n :  

ZiCiF 
C i + - RT J .  1 = -D.(grad 1 grad  @ )  . 

Severa l  s t u d i e s  r e l a t e d  t o  mass t r a n s f e r  du r ing  r e d u c t i v e  e x t r a c t i o n  

The e f f e c t s  of e l ec t r i c  o p e r a t i o n s  have been r e p o r t e d  i n  t h e  l i t e r a t u r e .  

f i e l d s  on t h e  r a t e  of d i f f u s i o n  of i o n s  were cons ide red  by Schlb'gl and 

H e l f f e r i c h .  Copeland, Henderson, and Marchel lo  de r ived  a n  a n a l y t i c a l  

s o l u t i o n  f o r  t h e  r a t e  of t r a n s f e r  of i o n s  through t h e  l i q u i d  f i l m  s u r -  

rounding s o l i d  ion  exchange r e s i n  beads f o r  t h e  c a s e  i n  which t h e  

60 61 
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exchanging i o n s  have t h e  same cha rge .  

r e s u l t s  t o  cover  t h e  c a s e  i n  which t h e  exchanging i o n s  have d i f f e r e n t  

v a l e n c e s .  Kataoka, Sato,  N i sh ik i ,  and Ueyama s t u d i e d  systems i n v o l v i n g  

two d i f f e r e n t  co ions  (e .g . ,  i o n s  having  e l ec t r i c  cha rges  o p p o s i t e  i n  s i g n  

t o  t h a t  of t h e  exchanging i o n s ) .  

p rev ious  s t u d i e s  i n  t h r e e  impor tan t  ways: 

Turner  and Snowdon“ extended t h e s e  

63 

This  s tudy  w i l l  a t t empt  t o  extend t h e  

1. Countercur ren t  l i q u i d - l i q u i d  columns w i l l  be  t r e a t e d  
r a t h e r  t h a n  p o r t i o n s  of f i x e d  beds .  

2. D i f f u s i o n  r e s i s t a n c e s  may e x i s t  i n  bo th  phases .  Previous  
s t u d i e s  have t r e a t e d  e i t h e r  r e s i s t a n c e  t o  d i f f u s i o n  i n  
s o l i d  i o n  exchange r e s i n s  o r  r e s i s t a n c e  t o  d i f f u s i o n  
through a l i q u i d  f i l m  sur rounding  t h e  r e s i n .  The c a s e  
f o r  which s i g n i f i c a n t  r e s i s t a n c e  occur s  i n  each phase 
i s  cons ide rab ly  more complex t h a n  e i t h e r  of t h e s e .  

3 .  Any number of t r a n s f e r r i n g  i o n s  may be cons ide red .  The 
r e s u l t s  w i l l  no t  be l i m i t e d  t o  t h e  c a s e  i n  which only  
one i o n  exchanges f o r  a n o t h e r  i o n .  The method t h a t  w i l l  
be  developed w i l l  be  g e n e r a l ,  and any number of i o n s  can  
be t r e a t e d .  However, p r o v i s i o n s  a r e  be ing  made f o r  on ly  
a s  many a s  t e n  i o n s  i n  computer programs t h a t  a r e  be ing  
developed.  

15.2 Mathematical  Analys is  

The model s e l e c t e d  f o r  t h e  mathematical  a n a l y s i s  i n  t h e  p r e s e n t  s tudy  

i s  based on a model s i m i l a r  t o  t h e  Whitman two-f i lm model; t h a t  i s ,  a n  

e f f e c t i v e l y  s t a g n a n t  f i l m  of l i q u i d  i s  assumed t o  e x i s t  on bo th  s ides  of 

t h e  i n t e r f a c e ,  and a l l  c o n c e n t r a t i o n  g r a d i e n t s  and a l l  e l e c t r i c  p o t e n t i a l  

g r a d i e n t s  a r e  assumed t o  l i e  w i t h i n  t h e s e  two f i l m s .  The phases  a r e  

assumed t o  be i n  chemical  e q u i l i b r i u m  a t  t h e  i n t e r f a c e .  The r a t e s  of d i f -  

f u s i o n  of species i n  t h e  s o l v e n t  f i l m  a r e  c o n t r o l l e d  by F i c k ‘ s  F i r s t  Law 

s i n c e  t h e  t r a n s f e r r i n g  m a t e r i a l s  have no e l e c t r i c  charge  i n  t h e  s o l v e n t  

(bismuth) .  Thus, a t  a p o i n t  w i t h i n  a packed column, t h e  f l u x  of compo- 

nent  i a c r o s s  t h e  s o l v e n t  f i l m  i s  g iven  by t h e  r e l a t i o n  

where 

= f l u x  of component i a c r o s s  t h e  s o l v e n t  f i l m ,  

= d i f f u s i o n  c o e f f i c i e n t  of  component i i n  s o l v e n t  phase,  
Js i 

Ds i 



24 1 

& = t h i c k n e s s  of t h e  s o l v e n t  f i lm ,  
S 

= c o n c e n t r a t i o n  of component i i n  t h e  b u l k  s o l v e n t ,  and 

= c o n c e n t r a t i o n  of component i i n  t h e  s o l v e n t  phase a t  t h e  
‘s i B  

‘s iI i n t e r f a c e .  . 
The r a t e  of t r a n s f e r  of i o n s  i n  t h e  e l e c t r o l y t e  f i l m ,  however, i nvo lves  

e l e c t r i c a l  t r a n s f e r e n c e  a s  w e l l  a s  d i f f u s i o n ,  and b o t h  c o n c e n t r a t i o n  and 

e l e c t r i c a l  p o t e n t i a l  g r a d i e n t s  a r e  impor t an t .  For  t h i s  case ,  t h e  f l u x  i s  

g iven  by t h e  Nerns t -P lanck  e q u a t i o n :  

ZiCeiF 

RT 
= -D [grad C + Je i e i  e i  

where 

Z .  = va lence  ( e l ec t r i c  c h a r g e )  of component i, 
1 

Q = e l e c t r i c  p o t e n t i a l  i n  t h e  s l e c t r o l y t e  phase,  

D = d i f f u s i o n  c o e f f i c i e n t  of t r a n s f e r r i n g  component, 

F = Faraday c o n s t a n t ,  

C = c o n c e n t r a t i o n  of t r a n s f e r r i n g  component, 

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

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

The s u b s c r i p t  i r e f e r s  t o  component i, and t h e  s u b s c r i p t  e deno tes  t h e  

e l e c t r o l y t e  phase.  

S ince  t h e  f i l m s  a r e  t h i n ,  i t  i s  assumed t h a t  t h e  r a t e  of accumulat ion 

of m a t e r i a l s  i n  t h e  f i l m s  i s  n e g l i g i b l e  i n  comparison w i t h  t h e  f l u x  of 

t h e  m a t e r i a l s  through t h e  f i l m s .  Thus, t h e  f l u x  of component i i s  con-  

s t a n t  a c r o s s  t h e  f i l m s  so  t h a t  

Jei - - Jsi - (72 ) 

The f l u x e s ,  however, w i l l  va ry  w i t h  a x i a l  p o s i t i o n  i n  t h e  column; t h i s  

e f f e c t  w i l l  be  cons ide red  subsequen t ly .  There i s  no n e t  t r a n s f e r  of 

e l e c t r i c  charge  between phases  (e .g . ,  no n e t  e l e c t r i c  c u r r e n t ) ;  t h i s  

i s  expressed  by t h e  r e l a t i o n  

cJei i Zi = CJsi i Zi = 0 . (73 ) 

Also, t h e  accumulat ion of e l e c t r i c  cha rge  a t  any p o i n t  can  be  neg lec t ed ,  
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so  t h a t  a t  a l l  p o i n t s  i n  t h e  e l e c t r o l y t e  f i l m  

" 

where ttle s u b s c r i p t  Y r e f e r s  t o  t h e  p o n t r a n s f e r r i n g  i o n .  I f  t h e  t r a n s -  

f e r r i n g  i o n s  have a p o s i t i v e  charge  (as  i s  t h e  c a s e  w i t h  reductiTle e x t r a c -  

t i o n ) ,  a t  l e a s t  one o t h e r  i o n  i n  t h e  e l e c t r o l y t e  phase must have a n  

oppositcl ( n e g a t i v e )  cha rge .  ( Ions  t h a t  a r e  charged o p p o s i t e l y  t o  t h e  

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

a r e  n e g z t i v e l y  charged,  t h e  co ions  would be p o s i t i v e l y  charged .  The 

r a t e  of t r a n s f e r  of co ions  between t h e  phases  i s  assumed t o  be n e g l i g i b l e .  

I f  t h e  t r a n s f e r r i n g  i o n s  

It w i l l  be convenient  t o  deve lop  two g e n e r a l  e x p r e s s i o n s  from Eqs.  

(71) anti (74)  which w i l l  b e  used subsequen t ly .  M u l t i p l i c a t i o n  of Eq. (71) 
by t h e  q u a n t i t y  Z . D  and summation of t h e  r e s u l t i n g  e x p r e s s i o n  ove r  t h e  

1 e i  
i t r a n s f e r r i n g  ions  y i e l d s  

3 
F L 

grad  @ * (75) 'i 'ei 
= - zi grad  cei - RT J e i  'i 

i D e i  i i 

Taking t h e  g r a d i e n t  of Eq. (74) y i e l d s  

cZi grad  C e i  = - Z Y grad  C Y . (76 1 
i 

For most aqueous s o l u t i o n s ,  t h e  c o n c e n t r a t i o n s  of a l l  i o n s  w i l l  be 

smal l  compared t o  t h e  c o n c e n t r a t i o n  of wa te r  molecules ;  hence i t  i s  

assumed t h a t  no s o l u b i l i t y  l i m i t s  a r e  reached a t  any p o i n t  i n  t h e  e l e c -  

t r o l y t e  phase.  For  t h i s  case ,  t h e  co ion  c o n c e n t r a t i o n  w i l l  va ry  a c r o s s  

t h e  e l e c t r o l y t e  f i lm ,  bu t  t h e r e  w i l l  b e  no n e t  t r a n s f e r  of c o i o n s .  Th i s  

c o n d i t i o n  i s  desc r ibed  by t h e  r e l a t i o n  

" grad  RT 
J = O = - D  
Y e Y  

where t h e  s u b s c r i p t  Y r e f e r s  t o  t h e  co ion .  

f i l e  f o r  co ion  Y i s  independent  of t h e  d i f f u s i o n  c o e f f i c i e n t  of t h e  co ion .  

Kataoka, Sato,  and Ueyama have so lved  Eqs. ( T l ) ,  ( 7 3 ) ,  (74), and (77a )  

a n a l y t i c a l l y  f o r  t h e  c a s e  where t h e r e  a r e  two d i f f e r e n t  c a t i o n s  

Thus, t h e  c o n c e n t r a t i o n  p ro -  



( t r a n s f e r r i n g  ions ) .63  Combination of Eqs. (76) and (77a )  y i e l d s  t h e  

r e l a t i o n  3 

Zyc Cy F 

RT grad  @ , C Z.  grad  cei = 
1 i 

and s u b c t i t u t i o n  of Eq. (78) i n t o  Eq. (75) y i e l d s  t h e  f i n a l  r e l a t i o n  which 

d e s c r i b e s  t h e  e l e c t r i c  p o t e n t i a l  g r a d i e n t  i n  t h e  e l e c t r o l y t e  f i l m .  The 

r e s u l t i n g  r e l a t i o n  i s  

E- 
RT grad  @ = -  

E J e i  'i 

i De i 

For  t h e  c a s e  i n  which t h e r e  a r e  more t h a n  two t r a n s f e r r i n g  ions ,  Eq. (71) 
must be  i n t e g r a t e d  numer i ca l ly  f o r  each i o n .  

I f  t h e  e l e c t r o l y t e  phase i s  a molten s a l t ,  t h e  c o n c e n t r a t i o n  of 

t r a n s f e r r i n g  i o n s  i n  t h e  e l e c t r o l y t e  f i l m  r e l a t i v e  t o  t h e  t o t a l  concen- 

t r a t i o n  of i o n s  can  be h igh ,  and t h e  volume of each i o n  should  be t aken  

i n t o  accoun t .  For  molten s a l t  systems of immediate i n t e r e s t ,  t h i s  e f f e c t  

can  be t r e a t e d  approximate ly  by a s imple  t echn ique  I n  t h e  c a s e  of MSBR 

f u e l  s a l t ,  t h e  e l e c t r o l y t e  phase w i l l  c o n s i s t  of a mix tu re  of t h e  f l u o -  

r i des  of Th, L i ,  Be, U, Pa, Z r ,  and r a r e  e a r t h s .  I n  r e d u c t i v e  e x t r a c t i o n  

o p e r a t i o n s  invo lv ing  molten LiC1, t h e  e l e c t r o l y t e  phase w i l l  c o n s i s t  of 

a mix tu re  of t h e  c h l o r i d e s  of t h e s e  m a t e r i a l s  (except  f o r  b e r y l l i u m )  and 

of t h e  r a r e - e a r t h  and a l k a l i n e - e a r t h  f i s s i o n  p roduc t s .  I n  bo th  cases ,  

on ly  c a t i o n s  w i l l  exchange between t h e  bismuth and s a l t  phases .  

i n  Tables  58 and 59, t h e  e q u i v a l e n t  volumes of most of t h e  s a l t s  i n  each 

i n d i v i d u a l  group a r e  approximate ly  t h e  same (12.1 cm /equiv f o r  f l u o r i d e s  

A s  shown 

3 
3 and 27.1 c m  /equiv  f o r  c h l o r i d e s ) .  

a l e n t  volumes a r e  l i n e a r l y  a d d i t i v e  f o r  f l u o r i d e  mix tu res  c o n t a i n i n g  t h e  

e lements  of i n t e r e s t .  

f l u o r i d e  (o r  c h l o r i d e )  i o n  w i l l  be  assumed t o  be c o n s t a n t  th roughout  t h e  

e l e c t r o l y t e  f i l m .  Thus 

It has  a l s o  been found t h a t  t h e  equ iv -  

I n  view of t h e s e  f a c t o r s ,  t h e  c o n c e n t r a t i o n  of 64 

c = c o n s t a n t  = I / U  , (773 1 Y 
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Table 58. Empirical Molar and Equivalent Volumes 
of Fluorides at 600"Ca 

Molar Volume Equivalent Volume 
Material (cm 3 /mole) (cm 3 /equiv) 

~~ 

LiF 13.46 13.46 

BeF2 23.6 11.8 

ThF4 46.6 11.65 

UF4 45.5 11.38 

ZrF4 47 11.75 

YF3 34.6 11.53 

LaF3 37.7 12.57 

CeF3 36.3 12.1 

PrF3 36.6 12.2 

SmF 3 39.0 13.0 

SrF2 30.4 15.2 

BaF2 35.8 17.9 

a Data taken from ref. 64. 

Table 59. Molar and Equivalent Volumes 
for Chlorides at 650°C 

Molar Volume Equivalent Volume 
Material (cm 3 /mole) (cm 3 /equiv) 

LiCl 28.6 28.6 

SrC12 55.5 27.8 

BaC12 61.5 30.7 

YC13 76.7 25.6 

LaC13 72.7 24.3 

CeC13 72.5 24.2 

ThC14 112.6 28.2 
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. 

where u = e q u i v a l e n t  volume of s a l t ,  c m  3 /equiv .  Th i s  assumption w i l l  no t  

be u n i v e r s a l l y  v a l i d  f o r  a l l  molten s a l t  systems, b u t  i t  i s  be l i eved  t o  

be r easonab le  f o r  c a t i o n  exchange between molten s a l t  and bismuth s i n c e  

t h e  an ions  i n  t h i s  i n s t a n c e  w i l l  u s u a l l y  be  much l a r g e r  t han  t h e  c a t i o n s .  

Equat ions  (75), (76), and (77b)  may Le combined t o  o b t a i n  a n  e x p r e s s i o n  

t h a t  d e s c r i b e s  t h e  e l e c t r i c  poten t ia l -  g r a d i e n t  f o r  t h e  c a s e  where t h e  

e l e c t r o l y t e  i s  a molten s a l t .  The r e s u l t i n g  r e l a t i o n  i s  

J e i  ‘i 
L 
i De i 

2 grad  @ = - RT C z i  cei  
i 

I n  summary, t h e  r e l a t i o n s  which d e f i n e  t h e  r a t e  a t  which components 

t r a n s f e r  between an  aqueous and a n  o r g a n i c  phase a r e  a s  fo l lows :  

and 

D 
s i  - Jsi = - 
6S 

‘i ‘ei F 

RT = -D [grad Cei + J e i  e i  

Jei - - Jsi 7 

Z.  = Jsi Zi , 
i Je i  1 i 

y J e i  ‘i 
U 

F i e i  - grad  @ = - 
RT 2 

i 

(73 ) 

S i m i l a r l y ,  t h e  r e l a t i o n s  which d e f i n e  t h e  r a t e  a t  which components t r a n s f e r  

between a molten s a l t  and bismuth phase c o n s i s t  of Eqs. (TO), (71), (72),  

(73) ,  anc‘ t h e  r e l a t i o n  
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J e i  ‘i 

F & D  i e i  - grad Q, = - RT 2 c i Zi cei 

Equ i l ib r ium r e l a t i o n s  f o r  t h e  d i s t r i b u t i o n  of s o l u t e s  between s a l t -  

meta l  o r  aqueous-organic  phases can  t a k e  many forms, and i n  p r i n c i p l e ,  

a lmost  any type  could  be  used w i t h  t h e  c a l c u l a t i o n a l  procedure be ing  con-  

s i d e r e d .  A mass a c t i o n  type  of e q u i l i b r i u m  r e l a t i o n  was chosen, which 

can  be expressed  a s  

- ‘i 

- -  cei [:sr) zr = Qi , 
‘si e r  

where Q i s  t h e  e q u i l i b r i u m  c o n s t a n t  and t h e  s u b s c r i p t  r r e f e r s  t o  a 

r e f e r e n c e  component. 

rium d i s t r i b u t i o n s  of s e v e r a l  m a t e r i a l s  between molten s a l t s  and b ismuth .  

T h e i r  s t u d i e s  have shown t h a t  t h e  a c t i v i t y  c o e f f i c i e n t s  f o r  t h e  s p e c i e s  

i n  bo th  phases  a r e  e s s e n t i a l l y  independent  of composi t ion ;  hence,  t h e  

e q u i l i b r i u m  q u o t i e n t s  Q a r e  e s s e n t i a l l y  c o n s t a n t .  Equat ion  (80) i s  

b e l i e v e d  t o  be a p p r o p r i a t e  f o r  s e v e r a l  aqueous systems a l s o .  

1 
F e r r i s  and c o - ~ o r k e r s ~ ~  have measured t h e  e q u i l i b -  

i 

15.3 C a l c u l a t i o n a l  Procedure 

The r a t e s  of t r a n s f e r  of m a t e r i a l s  between two l i q u i d  phases  a t  a 

g iven  a x i a l  p o s i t i o n  i n  a packed column a r e  c a l c u l a t e d  by a t r i a l - a n d -  

e r r o r  i n t e g r a t i o n  of Eq. (71) a c r o s s  t h e  e l e c t r o l y t e  f i l m .  

two t r a n s f e r r i n g  i o n s  a r e  p re sen t ,  t h e  i n t e g r a t i o n  can  b e  made a n a l y t i -  

When o n l y  

c a l l y  i n  a manner s i m i l a r  t o  t h a t  shown by Kataoka, Sato,  and Ueyama. 63 
When more than  two t r a n s f e r r i n g  i o n s  a r e  p re sen t ,  a numer ica l  procedure 

such a s  t h e  one d i scussed  below i s  recommended. The bulk  c o n c e n t r a t i o n s  

of t h e  t r a n s f e r r i n g  m a t e r i a l s  i n  bo th  phases ,  t h e  mass t r a n s f e r  c o e f -  

f i c i e n t  (D./6 ) f o r  each component i n  bo th  phases ,  and t h e  e q u i l i b r i u m  

c o n s t a n t s  [de f ined  by Eq .  (80)l a r e  r e q u i r e d  f o r  t h e  c a l c u l a t i o n s .  The 

t r a n s f e r  r a t e  f o r  each ion  and t h e  c o n c e n t r a t i o n  of each i o n  i n  t h e  

e l e c t r o l y t e  a t  t h e  i n t e r f a c e  a r e  computed by t h e  fo l lowing  procedure :  

1 s  
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1. 

2. 

3 .  

4. 

5.  

6. 

A v a l u e  i s  assumed f o r  t h e  f l u x  of each t r a n s f e r r i n g  
i o n  through t h e  e l e c t r o l y t e  f i l m .  

The e l e c t r o l y t e  f i l m  i s  d iv ided  i n t o  s e v e r a l  t h i n  i n c r e -  
ments.  Equat ions  (79b)  and (71) a r e  used t o  c a l c u l a t e  
t h e  e l e c t r i c  p o t e n t i a l  g r a d i e n t  and c o n c e n t r a t i o n  g r a d i -  
e n t s  of a l l  components i n  t h e  increment  a d j a c e n t  t o  t h e  
r eg ion  where t h e  b u l k  c o n c e n t r a t i o n s  occur .  

The c o n c e n t r a t i o n s  of t h e  t r a n s f e r r i n g  m a t e r i a l s  a t  t h e  
boundary between t h e  f i r s t  and second increments  of t h e  
e l e c t r o l y t e  f i l m  a r e  c a l c u l a t e d  u s i n g  t h e  c a l c u l a t e d  
v a l u e s  f o r  t h e  c o n c e n t r a t i o n  g r a d i e n t .  

S t eps  2 and 3 a r e  r epea ted  u n t i l  v a l u e s  f o r  t h e  concen- 
t r a t i o n s  of t h e  t r a n s f e r r i n g  m a t e r i a l s  a r e  e s t a b l i s h e d  
throughout  t h e  e l e c t r o l y t e  f i l m .  

A v a l u e  i s  assumed f o r  t h e  c o n c e n t r a t i o n  of t h e  r e f e r e n c e  
component (which can  be  any one of t h e  t r a n s f e r r i n g  
i o n s )  i n  t h e  s o l v e n t  phase a t  t h e  i n t e r f a c e .  
(80) and t h e  c o n c e n t r a t i o n s  of t h e  t r a n s f e r r i n g  mate- 
r i a l s  i n  t h e  e l e c t r o l y t e  phase a t  t h e  i n t e r f a c e  (from 
s t e p  4 )  a r e  used t o  c a l c u l a t e  c o n c e n t r a t i o n s  of a l l  o t h e r  
t r a n s f e r r i n g  m a t e r i a l s  i n  t h e  s o l v e n t  phase a t  t h e  i n t e r -  
f a c e .  

The r a t e  of t r a n s f e r  of each i o n  a c r o s s  t h e  s o l v e n t  f i l m  
i s  c a l c u l a t e d  us ing  Eq. (TO). The sum of t h e  products  
of t h e  t r a n s f e r  r a t e s  and t h e  v a l e n c e s  of t h e  components 
should be  zero ,  a s  shown i n  Eq. (73). I n  g e n e r a l ,  t h i s  
w i l l  no t  be t h e  c a s e  f o r  t h e  f i r s t  v a l u e  assumed f o r  t h e  
c o n c e n t r a t i o n  of t h e  r e f e r e n c e  component i n  t h e  s o l v e n t  
phase a t  t h e  i n t e r f a c e .  The nex t  v a l u e  f o r  t h e  concen- 
t r a t i o n  of t h e  r e f e r e n c e  component i s  ob ta ined  by u s i n g  

Equat ion  

Newton's method w i t h  Eqs. (73) and (80), 
For  t h e  e x p r e s s i o n  

€ should have t h e  v a l u e  of z e r o  when t h e  
i s  found. The d e r i v a t i v e  of f w i th  'srI 

is: " 
L 2 s i 1  f '  = 1 Zi Dsi  

i r 'srI 

The next  v a l u e  t o  be assumed f o r  C i s  
t h e  r e l a t i o n  s r I  

a s  fo l lows .  

proper  va lue  of  
respect  t o  C s r I  

t h e n  g i v e n  by 
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7. S t e p s  5 and 6 a r e  r epea ted  wtil  t h e  c o n c e n t r a t i o n  of 
t h e  r e f e r e n c e  component i n  t h e  s o l v e n t  phase a t  t h e  
i n t e r f a c e  i s  k own w i t h i n  t h e  s p e c i f i e d  convergence 
c r i t e r i o n  (lo-% has been used t h u s  f a r  i n  t h i s  s t u d y ) .  

The c a l c u l a t e d  v a l u e s  f o r  t n e  f l u x  of each  t r a n s f e r r i n g  
component a c r o s s  t h e  s o l v e n t  f i l m  a r e  compared w i t h  t h e  
assumed v a l u e s  f o r  t h e  r e s p e c t i v e  f l u x e s  a c r o s s  t h e  
e l e c t r o l y t e  f i l m .  I f  t h e  v a l u e s  a r e  no t  equa l ,  a new 
s e t  of v a l u e s  i s  assumed f o r  t h e  f l u x e s  of t h e  t r a n s -  
f e r r i n g  m a t e r i a l s  th rough t l e  e l e c t r o l y t e  f i l m .  The new 
v a l u e  f o r  t h e  f l u x  of compoLient i i s  t a k e n  t o  be t h e  
a r i t h m e t i c  average  of t h e  p r e v i o u s l y  assumed v a l u e  and 
t h e  f l u x  of component i a c r c x s  t h e  s o l v e n t  f i l m  t h a t  was 
c a l c u l a t e d  u s i n g  t h i s  v a l u e .  S t e p s  1 through 7 a r e  
r epea ted  u n t i l  t h e  d i f f e r e n c e  between t h e  v a l u e s  f o r  each  
m a t e r i a l  i s  l e s s  t h a n  a S p e c i f i e d  q u a n t i t y  (l$ of t h e  
average  of t h e  f l u x  v a l u e s  has  been used t h u s  f a r  i n  t h i s  
s tudy  ). 

The c a l c u l a t i o n a l  procedure o u r l i n e d  above was found t o  co rve rge  

8 .  

r a p i d l y ;  however, i t  i s  no t  n e c e s s a r i l y  t h e  optimum procedure  f o r  s o l v i n g  

Eqs - (70)-(80). 
A f t e r  a procedure had been developed f o r  c a l c u l a t i n g  t h e  c o n c e n t r a -  

t i o n s  and f l u x e s  f o r  t h e  t r a n s f e r r i n g  components i n  t h e  e l e c t r o l y t e  and 

s o l v e n t  phases a t  a g iven  a x i a l  l o c a t i o n  i n  a packed column, i t  was 

necessa ry  t o  deve lop  a c a l c u l a t i o n a L  procedure  t h a t  could  be used th rough-  

out t h e  column. The column was divf-ded a x i a l l y  i n t o  a number of i n c r e -  

ments; t h e  c o n c e n t r a t i o n  of each component was assumed t o  be  c o n s t a n t  

th roughout  a g i v e n  increment .  It w a s  assumed t h a t  t h e  e l e c t r o l y t e  and 

s o l v e n t  phases  were i n  c o n s t a n t  v o l u m e t r i c  f low throughout  t h e  column 

and t h a t  no d i s p e r s i o n  occur red  i n  e i t h e r  phase.  The i n t e r f a c i a l  area 

p e r  u n i t  column volume and t h e  v a l u e s  f o r  t h e  f i l m  t h i c k n e s s  i n  t h e  

s o l v e n t  and e l e c t r o l y t e  phases  were assumed t o  be c o n s t a n t  th roughout  

t h e  column. 

ment t h e n  r e s u l t e d  i n  t h e  fo l lowing  r e l a t i o n s :  

Material b a l a n c e s  f o r  each phase  i n  a g iven  column i n c r e -  



where 

C .(Z) = concentration of component i in the solvent at height s1 
Z in the column, 

Cei(Z) = concentration of component i in the electrolyte at 

height 2 in the column, 

Vs = volumetric flow rate of solvent, 

V = volumetric flow rate of electrolyte, e 
S = cross-sectional area of column, and 

a = interfacial area per unit column volume. 

In deriving these relations, it was assumed that transfer of material 

from the solvent phase to the electrolyte phase resulted in a positive 

value for the flux, 

ference form as follows: 

These relations can be expressed in finite dif- 

n-1 

j =O 

n-1 

j = O  

where 

At = SaL, total interfacial area in column, 

j = column increment number, (j = 0, ... n), 
n = number of increments in column 

= L/AZ, 

AZ = height of column increment, and 

= flux of component i in increment j . Ji j 

These relations were used in the fol1,owing manner for calculating concen- 

trations and fluxes for the transferring materials throughout a column: 

(1) Values were assumed for the concentration of each component 

in the solvent phase in the increment from which the solvent 

phase exits the column. Equations (70)-(79) were used for 



c a l c u l a t i n g  t h e  f l u x e s  of t h e  t r a n s f e r r i n g  materials between 

t h e  s o l v e n t  and e l e c t r o l y t e  phases  i n  t h e  increment .  

(2)  Equat ions  (86) and (87) were used f o r  c a l c u l a t i n g  t h e  con- 

c e n t r a t i o n s  of t h e  t r a n s f e r r i n g  materials i n  t h e  s o l v e n t  and 

e l e c t r o l y t e  phases  i n  t h e  nex t  increment  of t h e  column. The 

f l u x e s  of t h e  t r a n s f e r r i n g  components were a g a i n  c a l c u l a t e d  

i n  t h i s  increment ,  u s i n g  Eqs. (74) - (79) .  T h i s  procedure  

w a s  r e p e a t e d  u n t i l  c o n c e n t r a t i o n s  and f l u x e s  f o r  each  t r a n s -  

f e r r i n g  material had been c a l c u l a t e d  i n  each  increment  of 

t h e  column. 

(3)  The c a l c u l a t e d  v a l u e s  f o r  t h e  c o n c e n t r a t i o n s  of t h e  t r a n s -  

f e r r i n g  components i n  t h e  s o l v e n t  phase e n t e r i n g  t h e  column 

were compared w i t h  v a l u e s  t h a t  were s p e c i f i e d  by t h e  o p e r a t i n g  

c o n d i t i o n s .  Usua l ly ,  d i f f e r e n c e s  between t h e  c a l c u l a t e d  

and s p e c i f i e d  v a l u e s  were observed .  When t h e  d i f f e r e n c e  

w a s  g r e a t e r  t h a n  d e s i r e d ,  a new se t  of v a l u e s  w a s  assumed 

f o r  t h e  c o n c e n t r a t i o n s  of t h e  t r a n s f e r r i n g  materials i n  t h e  

s o l v e n t  stream l e a v i n g  t h e  column. Each new v a l u e  w a s  cal- 

c u l a t e d  by summing t h e  v a l u e s  f o r  t h e  c o n c e n t r a t i o n s  of 

component i i n  t h e  e x i t  s o l v e n t  stream w i t h  one-half of t h e  

d i f f e r e n c e  between t h e  s p e c i f i e d  c o n c e n t r a t i o n  of component 

i i n  t h e  i n l e t  s o l v e n t  stream and t h e  c a l c u l a t e d  v a l u e  

f o r  t h e  c o n c e n t r a t i o n  of component i i n  t h e  i n l e t  s o l v e n t  

stream from t h e  l a s t  i t e r a t i o n .  

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

c e n t r a t i o n s  of t r a n s f e r r i n g  materials i n  t h e  i n l e t  s o l v e n t  

stream were i n  agreement. 

T h i s  procedure  w a s  r e p e a t e d  

I n  t h e  f u t u r e ,  work w i l l  be  c a r r i e d  o u t  f o r  c a l c u l a t i n g  rates of 

mass t r a n s f e r  between s o l v e n t  and e l e c t r o l y t e  phases  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 .  

ence  of t h e  e l e c t r i c  f i e l d  on t h e  rate of mass t r a n s f e r ,  and t o  t h e  

d i f f e r e n c e s  t h a t  r e s u l t  from t h e  c a s e  where mass t r a n s f e r  rates are 

assumed t o  be dependent on ly  on c o n c e n t r a t i o n  g r a d i e n t s .  

P a r t i c u l a r  a t t e n t i o n  w i l l  be  paid t o  t h e  i n f l u -  



16.  STUDY OF THE PURIFICATION OF SALT BY CONTINUOUS METHODS 

R. B. Lindauer L. E. McNeese 

W e  have p r e v i o u s l y  d e s c r i b e d  equipment f o r  s t u d y i n g  t h e  p u r i f i c a t i o n  

of sa l t  by con t inuous  methods.66 

d i r e c t e d  a t  t h e  measurement of  t h e  f l o o d i n g  rates i n  a 1.25-in.-diamY 

7-ft-long column packed w i t h  1 /4 - in .  n i c k e l  Raschig r i n g s .  F looding  

d a t a  were ob ta ined  d u r i n g  t h e  c o u n t e r c u r r e n t  f low of mol ten  salt (66-34 

mole % LiF-BeF ) and hydrogen o r  a rgon .67  The o b j e c t i v e  of t h e  p r e s e n t  

work i s  t o  s t u d y  t h e  con t inuous  r e d u c t i o n  of i r o n  f l u o r i d e  i n  mol ten  

s a l t  by c o u n t e r c u r r e n t  c o n t a c t  of t h e  sa l t  w i t h  hydrogen i n  a packed 

column. We r e p o r t e d  p rev ious ly68  on t h e  f i r s t  two i r o n  f l u o r i d e  reduc- 

t i o n  r u n s  ( r u n s  1 and 2 ) ,  which were c a r r i e d  o u t  a t  a t empera tu re  of 

700OC. Reasonable v a l u e s  f o r  t h e  mass t r a n s f e r  c o e f f i c i e n t  f o r  t h e  

t r a n s f e r  of i r o n  f l u o r i d e  from t h e  b u l k  sa l t  t o  t h e  g a s - s a l t  i n t e r f a c e  

were o b t a i n e d .  Opera t ion  of t h e  column d u r i n g  t h e s e  r u n s  w a s  errat ic ,  

and t h e  p r e s s u r e  drop  a c r o s s  i t  i n c r e a s e d  t o  t w i c e  t h e  i n i t i a l  v a l u e .  

The i n c r e a s e d  r e s t r i c t i o n  w a s  b e l i e v e d  t o  have r e s u l t e d  from p r e c i p i -  

t a t i o n  of Be0 on t h e  column packing  as t h e  r e s u l t  of  a n  accumula t ion  

of  ox ide  i n  t h e  system. 

I n i t i a l  work w i t h  t h i s  system w a s  

2 

During t h i s  r e p o r t  p e r i o d ,  sa l t  p u r i f i c a t i o n  s t u d i e s  u s i n g  66-34 

mole % LiF-BeF were t e rmina ted  because  of l e a k s  t h a t  r e s u l t e d  i n  

t h e  l o s s  of abou t  h a l f  of t h e  1 4 - l i t e r  salt  charge.  The composi t ion  

of t h e  remain ing  s a l t  w a s  a d j u s t e d  t o  t h e  approximate  composi t ion  of 

t h e  proposed MSBR f u e l  s a l t  (72-16-12 mole % LiF-BeF,-ThF4) by a d d i t i o n  

of s u f f i c i e n t  q u a n t i t i e s  of  salt  having  t h e  composi t ion  72.6-27.4 mole 

% LiF-ThF and L iF  powder t o  produce 1 7  l i t e r s  of  salt  having  the com- 

p o s i t i o n  72.0-14.4-13.6 mole % LiF-BeF2-ThF The newly p repa red  LiF- 

BeF -ThF 

m i x t u r e  i n  t h e  column i n  o r d e r  t o  remove ox ide  from t h e  sa l t .  

c o n s i d e r a b l e  o x i d e  w a s  removed, t h e  p r e s s u r e  drop  a c r o s s  t h e  packed 

column w a s  reduced on ly  s l i g h t l y .  

q u a n t i t y  of o x i d e  s t i l l  remained i n  t h e  column. 

2 

L 

4 

4'  
sa l t  was t h e n  c o u n t e r c u r r e n t l y  c o n t a c t e d  w i t h  a H2--10% HF 2 4  

Although 

T h i s  i n d i c a t e d  t h a t  a s i g n i f i c a n t  

Two f l o o d i n g  r u n s  and 



one iron fluoride reduction run were then made. During these runs, the 

pressure drop across the column increased to the point where operation 

of the system became difficult. The packed column was then filled with 

molten salt, and an HF-H stream was allowed to contact the static salt 

charge for a period of 18 hr in order to remove the oxide from the column. 

This operation was successful in reducing the pressure drop across the 

column to approximately the value observed after the first two iron 

fluoride reduction runs. Eight additional iron fluoride reduction runs 

were subsequently completed. During these runs, operation of the system 

was smooth, and there was no increase in pressure drop. The results 

obtained by analyzing salt samples from the runs for iron were incon- 

sistent, probably because of the low iron concentration in the system 

although sample contamination was suspected in some cases. 

ations are described in greater detail in the remainder of this section. 

2 

These oper- 

16.1 Removal of Oxide from Salt by Countercurrent Contact 
with an HF-H2 Gas Stream 

We have found that routine measurement of the pressure drop across 

the packed column is a useful means for detecting the buildup of mate- 

rials such as metallic iron or insoluble oxides in the column. A s  

shown in Fig. 93, the pressure drop across the column with an argon 

flow rate of 5 liters/min increased from 5.6 in. H20 to 12.0 in. H 0 2 
during previously reported68 experiments with the LiF-BeF 

(flooding runs No. 3-10). Since less than 6 g of iron would have been 
reduced during this time, the restriction is believed to have been due 

mainly to an accumulation of insoluble Be0 on the column packing. The 

oxide in the salt could have originated from several sources. 

the gas purification and supply equipment for the hydrogen and argon 

was used throughout all the experiments, the purification traps were not 

regenerated before the experimental work was initiated. Instrumentation 

for monitoring the moisture content of the gases was installed after 1 

month of operation, and an oxygen analyzer was installed 3 months after 

operation of the system began. 

the unpurified gases were 15 ppm and 2 ppm, respectively, and are much 

salt 2 

Although 

Typical water and oxygen contents of 
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t o o  low t o  account  f o r  t h e  q u a n t i t y  of o x i d e  ( s e v e r a l  hundred ppm) t h a t  

had accumulated i n  t h e  sa l t  d u r i n g  t h e  s i x  months of o p e r a t i o n .  

contaminat ion  undoubtedly occurred  d u r i n g  r e p a i r  of plugged v e n t  l i n e s  

and p o s s i b l y  as t h e  r e s u l t  of i n s u f f i c i e n t  purge  rates when t h e  system 

w a s  vented  t o  t h e  atmosphere between runs .  

t o  c l o s e  t h e  system v e n t  v a l v e  between expe r imen t s ,  w h i l e  m a i n t a i n i n g  

a s u f f i c i e n t  purge  rate t o  keep t h e  system a t  a few p s i  of p o s i t i v e  

p r e s s u r e  ( a  s m a l l  amount of gas  l eakage  o c c u r s  th rough t h e  v e n t  valve). 

Some 

Recent p r a c t i c e  h a s  been 

I n  o r d e r  t o  remove t h e  ox ide  t h a t  had accumulated i n  t h e  s a l t ,  t h e  

s a l t  w a s  c o n t a c t e d  w i t h  a 10-90 mole % HF-H2 gas  stream f o r  165 min a t  

average  s a l t  and g a s  f low rates of 103 c m  /min and 5 l i t e r s / m i n  respec-  

t i v e l y .  

sample f low r a t e  t o  t h e  a n a l y z e r  used f o r  de t e rmin ing  t h e  c o n c e n t r a t i o n  

of H 0 i n  t h e  g a s  stream l e a v i n g  t h e  column; however, d u r i n g  a pe r iod  

of s t e a d y  f low n e a r  t h e  end of t h e  run ,  t h e  a n a l y z e r  i n d i c a t e d  t h a t  100  

ppm of o x i d e  w a s  be ing  removed from t h e  s a l t  as i t  passed through t h e  

column. The HF u t i l i z a t i o n  a t  t h i s  p o i n t  w a s  15%. Treatment of t h e  

s a l t  w i t h  t h e  HF-H stream reduced t h e  p r e s s u r e  drop  a c r o s s  t h e  column 

from 1 2 . 0  i n .  H20 t o  1 0 . 3  i n .  H20 w i t h  an a rgon  f low rate of 5 l i ters /  

min, which i n d i c a t e d  t h a t  t h e  column s t i l l  con ta ined  an a p p r e c i a b l e  

q u a n t i t y  of ox ide .  

3 

Some d i f f i c u l t y  w a s  exper ienced  i n  ma in ta in ing  a c o n s t a n t  g a s  

2 

2 

1 6 . 2  Removal of Oxide from Column 

Following t h e  c o u n t e r c u r r e n t  c o n t a c t  of t h e  s a l t  w i t h  an H -HF 2 
g a s  stream, two f l o o d i n g  r u n s  and one i r o n  f l u o r i d e  r e d u c t i o n  r u n  (No. 

3) were c a r r i e d  o u t .  During t h e  second f l o o d i n g  r u n ,  i t  was n e c e s s a r y  

t o  h e a t  t h e  mol ten  sal t  (downstream from t h e  column) t o  a much h i g h e r  

t empera tu re  (650°C on t h e  bottom of t h e  f i l t e r  housing) t h a n  u s u a l  i n  

o r d e r  t o  m a i n t a i n  t h e  f low of sa l t  through t h e  f i l t e r .  T h i s  cou ld  have 

been due t o  t h e  p re sence  of ox ide  i n  t h e  s a l t  s i n c e  t h e  s o l u b i l i t y  of 

Be0 i n  s a l t  i n c r e a s e s  as t h e  t empera tu re  i s  i n c r e a s e d .  During t h e  

r e d u c t i o n  r u n ,  t h e  p r e s s u r e  drop  a c r o s s  t h e  column i n c r e a s e d ,  as had 

been observed i n  t h e  two p rev ious  r u n s  made w i t h  sa l t  having t h e  
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composi t ion  66-34 mole % LiF-BeF2. However, a test w i t h  a rgon  a f t e r  

r e d u c t i o n  r u n  No. 3 showed an even h i g h e r  column p r e s s u r e  drop  ( s e e  

F ig .  93) t han  had been observed d u r i n g  t h e  run.  An HF-H2 g a s  stream 
w a s  t h e n  passed  through a s t a t i c  cha rge  of mol ten  sa l t  i n  t h e  column 

i n  o r d e r  t o  p r o v i d e  more o p p o r t u n i t y  f o r  t h e  d i s s o l u t i o n  and hydro- 

f l u o r i n a t i o n  of i n s o l u b l e  oxide.  

t h e  top  of t h e  packing (about  1-1/2 l i ters) by obse rv ing  t h e  hydro- 

s t a t i c  p r e s s u r e  a t  t h e  bottom of t h e  column. For t h e  f i r s t  6.5 h r ,  

t h e  column was h e l d  a t  650°C and a 29-71 mole % HF-H2 g a s  m i x t u r e  w a s  

passed  through t h e  column a t  t h e  rate of 8.3 l i t e r s l m i n .  The concen- 

t r a t i o n  of HF i n  t h e  stream was h i g h e r  t h a n  planned because  of a n  

e r r o r  i n  t h e  s i z e  of t h e  c a p i l l a r y  used f o r  measuring t h e  HF f low rate 

(2.4 l i t e r s / m i n ) .  

f low rate,  and ox ide  w a s  removed from t h e  column a t  t h e  rate of 0.024 

mole/hr.  Passage  of t h e  HF-H2 stream th rough  t h e  column w a s  cont inued  

f o r  6.5 h r ,  a f t e r  which i t  w a s  t e rmina ted  a t  t h e  end of t h e  day s h i f t .  

When t h e  t r e a t m e n t  w a s  resumed t h e  fo l lowing  day, t h e  column w a s  cooled  

t o  590°C i n  o r d e r  t o  i n c r e a s e  t h e  c o n c e n t r a t i o n  of HF i n  t h e  s a l t ,  and 

t h e  HF f l o w  rate w a s  reduced t o  750 c m  /min. The ox ide  removal r a t e  
( a s  i n d i c a t e d  by t h e  water a n a l y z e r  i n  t h e  of f -gas  stream) w a s  abou t  

t h e  same as had been observed p r e v i o u s l y ,  and t h e  HF u t i l i z a t i o n  i n c r e a s e d  

t o  about 5%. 

c o u n t e r c u r r e n t  f l o w  of salt and gas  through t h e  column ( i . e . ,  15%). 
The t r e a t m e n t  w a s  resumed on t h e  t h i r d  day w i t h  a column t empera tu re  

of 700°C t o  f a c i l i t a t e  t h e  d f s s o l u t i o n  of any remaining ox ide .  

o u t p u t  from t h e  water a n a l y z e r  dec reased  t o  a v a l u e  below t h e  r e f e r e n c e  

v a l u e ,  which i n d i c a t e d  t h a t  t h e  NaF t r a p  i n  t h e  sample stream had become 

s a t u r a t e d  and w a s  a l lowing  HF t o  r each  t h e  sample e l e c t r o d e .  S ince  t h e  

rate of ox ide  removal could  no longe r  be  measured, t h e  ox ide  removal 

o p e r a t i o n  w a s  t e rmina ted  a f t e r  t h e  sa l t  had been c o n t a c t e d  w i t h  the 

HF-H2 gas  stream f o r  a t o t a l  of 18 h r .  

s a l t  w a s  t h e n  passed  c o u n t e r c u r r e n t  t o  a 10-90 mole % HF-H2 gas  stream 

i n  t h e  column. 

t h e  column had been reduced t o  14.8 i n .  H20. 

The column w a s  f i l l e d  w i t h  sa l t  t o  

Only about  1.5% of t h e  HF w a s  u t i l i z e d  a t  t h i s  HF 

3 

T h i s  compares f a v o r a b l y  w i t h  t h e  v a l u e  o b t a i n e d  d u r i n g  

The 

The remainder of t h e  b a t c h  of 

On comple t ion  of t h e s e  o p e r a t i o n s ,  t h e  p r e s s u r e  d rop  a c r o s s  

A f t e r  two a d d i t i o n a l  i r o n  



f l u o r i d e  r e d u c t i o n  r u n s  ( r u n s  No. 4 and 5) ,  t h e  column p r e s s u r e  d rop  

had decreased  t o  9 t o  1 0  i n .  H20 (probably  from d i s s o l u t i o n  of i n s o l u b l e  

ox ide  remain ing  on t h e  packing)  and remained i n  t h i s  r ange  f o r  t h e  rest 

of t h e  r e p o r t  pe r iod .  

16.3 I r o n  F l u o r i d e  Reduct ion  Runs 

During t h i s  r e p o r t  p e r i o d ,  n i n e  i r o n  f l u o r i d e  r e d u c t i o n  r u n s  were 

c a r r i e d  ou t  w i t h  sa l t  having  t h e  composi t ion  72.0-14.4-13.6 mole % LiF- 

BeF2-ThF 

d a t a  from t h e  two p rev ious  r e d u c t i o n  r u n s  (Nos. 1 and 2) made w i t h  sa l t  

having  t h e  composi t ion  66-34 mole % LiF-BeF2. 

r u n s ,  t h e  c o n c e n t r a t i o n  of i r o n  f l u o r i d e  i n  t h e  sa l t  was dec reased  from 

220 ppm t o  70 ppm o r  less. Opera t ion  of t h e  equipment w a s  s a t i s f a c t o r y  

fo l lowing  run  3 ( a f t e r  removal of o x i d e  from t h e  column); however, 

a n a l y s e s  of t h e  r e s u l t i n g  sa l t  samples f o r  i r o n  produced i n c o n s i s t e n t  

d a t a .  The r e p o r t e d  d a t a  f o r  f o u r  of t h e  l a s t  e i g h t  r u n s  showed an 

i n c r e a s e  i n  t h e  i r o n  f l u o r i d e  c o n t e n t  of t h e  sa l t .  Two of t h e  r e p o r t e d  

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

(276 ppm). 

t a m i n a t i o n  of t h e  samples d u r i n g  t h e i r  removal from t h e  n i c k e l  samplers  

o r  by t h e  d iminished  accuracy  of t h e  a n a l y t i c a l  method as t h e  i r o n  con- 

c e n t r a t i o n  i s  dec reased .  

Table  60 summarizes t h e  d a t a  from t h e s e  r u n s ,  a long  w i t h  t h e  4' 

During t h e  n i n e  c u r r e n t  

These unusua l ly  h igh  a n a l y s e s  may have been caused by con- 

16.4 Ca lcu la t ed  Values f o r  t h e  Mass T r a n s f e r  C o e f f i c i e n t  and 

of I r o n  F l u o r i d e  
t h e  Reac t ion  Rate Cons tan t  During t h e  Reduct ion  

The rate of r e d u c t i o n  of FeF2 by r e a c t i o n  w i t h  hydrogen can  be  

a f f e c t e d  by a number of f a c t o r s .  

work i s  t o  de t e rmine  t h e  r a t e - c o n t r o l l i n g  s t e p s  involved  i n  t h e  r e d u c t i o n  

of FeF 

W e  have p rev ious ly68  c a r r i e d  ou t  mathemat ica l  a n a l y s e s  f o r  two l i m i t i n g  

One of t h e  o b j e c t i v e s  of t h e  p r e s e n t  

i n  a packed column, and t o  e v a l u a t e  t h e  a s s o c i a t e d  rate c o n s t a n t s .  2 

cases : 
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T a b l e  60. Data From I r o n  F l u o r i d e  Reduct ion  Runs 

Column Tempera ture ,  700°C 

Gas Flow Analyses  of 
Rate S a l t  Flow F i l t e r e d  Samples P e r c e n t  of 

Run ( s t d .  l i t e r s / m i n )  
No. Date  H, AI- 

Ratea (ppm i r o n )  
(cm’/min) Feed Product  

Batch 
Contac ted  

1 7 / 2 7  20.0 _ _  100 425 307 

2 7 / 2 8  1 3 . 5  -- 100 307 228 

3 10122 1 6 . 6  -- 100 220  158 

4 1 1 / 3  1 4 . 6  _ _  210 158 37 3 

5 1114 1 8 . 2  _- 1 6 1  373 137 

6 1 1 / 5  4 . 5  4 . 5  106 137 110 

7 11/6 3.9  3 .9  142 110 70 

8 1119 24 .0  _- 103 70 75 

9A 1 1 / 1 3  4 . 5  4 .5  93 

9B 11/13 3 . 5  3 . 5  136  
75 s5b 

1 0  11/17  1 4 . 1  -- 105 6gd 77b 

11 11/19  3 .1  4.5 1 1 7  207 339 

104b 

68.5 

27 .6  

75 .3  

84.7 

68 .8  

81.8 

81.8 

8 6 . 5  

79.4c 

81.8 

81 .2  

aThe f i r s t  two runs  used LiF-BeFZ s a l t ;  t h e  remain ing  r u n s  used  LiF-BeF 2 -ThF4 s a l t .  

bAverage o f  f lowing-s t ream samples .  

‘A v a l u e  of 100% i s  used i n  c a l c u l a t i n g  k a s i n c e  samples  a r e  of  f lowing-s t ream t v p e .  

dc :a lcu la ted  from f lowing-s t ream samples  from p r e v i o u s  r u n .  

9. 
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(1) t h e  case i n  which t h e  rate of r e d u c t i o n  i s  l i m i t e d  by t h e  

rate of t r a n s f e r  of FeF2 t o  t h e  g a s - s a l t  i n t e r f a c e  from 

t h e  b u l k  s a l t ,  and 

t h e  case i n  which t h e  rate of r e d u c t i o n  i s  l i m i t e d  by t h e  

rate of r e a c t i o n  between H2 and FeF2 d i s s o l v e d  i n  t h e  s a l t  

a t  t h e  g a s - s a l t  i n t e r f a c e .  

(2)  

The a s s o c i a t e d  rate c o n s t a n t s  can b e  e v a l u a t e d  by t h e  r e l a t i o n s  g i v e n  

below, For t h e  case i n  which t h e  rate of r e d u c t i o n  i s  l i m i t e d  by t h e  

ra te  of t r a n s f e r  of FeF2 from t h e  b u l k  sa l t  t o  t h e  g a s - s a l t  i n t e r f a c e ,  

t h e  p roduc t  of t h e  mass t r a n s f e r  c o e f f i c i e n t  k and t h e  i n t e r f a c i a l  

area a (which i s  no t  known) i s  g iven  as: 
R 

-? 

i n 
I n  - L 

AH 9 

0 
X k ta  = - 

where 

kt = mass t r a n s f e r  c o e f f i c i e n t  f o r  t h e  t r a n s f e r  of FeF2 from t h e  

b u l k  sal t  t o  t h e  s a l t - g a s  i n t e r f a c e ,  moles / sec  cm2, 
2 3  a = g a s - s a l t  i n t e r f a c i a l  area p e r  u n i t  column volume, c m  / c m  , 

A = c r o s s - s e c t i o n a l  area of t h e  column, c m  , 2 

L = sa l t  f low ra te ,  moles / sec ,  

H = column h e i g h t ,  cm, 

= c o n c e n t r a t i o n  of  FeF i n  sa l t  f e d  t o  column, mole f r a c t i o n ,  xi 2 
X = c o n c e n t r a t i o n  of FeF i n  sa l t  l e a v i n g  column, mole f r a c t i o n .  
0 2 

This  r e l a t i o n  i s  v a l i d  on ly  under c o n d i t i o n s  such t h a t  t h e  c o n c e n t r a t i o n  

of FeF i n  sa l t  t h a t  would be i n  e q u i l i b r i u m  w i t h  t h e  HF-H m i x t u r e  2 2 
a d j a c e n t  t o  t h e  s a l t  be ing  cons ide red  (X*) i s  small i n  comparison w i t h  

t h e  c o n c e n t r a t i o n  of FeF i n  t h e  bu lk  sa l t  i n  t h e  r e g i o n  be ing  cons ide red .  2 
For t h e  case i n  which t h e  ra te  of r e d u c t i o n  i s  l i m i t e d  by t h e  r a t e  of 

r e a c t i o n  between FeF i n  mol ten  sa l t  and H i n  t h e  gas  a t  t h e  g a s - s a l t  

i n t e r f a c e ,  t h e  rate c o n s t a n t  i s  g iven  by t h e  r e l a t i o n  
2 2 
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where 
-1 k = r e a c t i o n  rate c o n s t a n t ,  s e c  , 

% = Henry's l a w  c o n s t a n t  f o r  hydrogen i n  s a l t ,  moles/cm B a t m ,  
3 S 

p ~ 2  = p a r t i a l  p r e s s u r e  of hydrogen i n  g a s ,  a t m ,  
and t h e  o t h e r  q u a n t i t i e s  are as d e f i n e d  above. 

Values f o r  t h e  mass t r a n s f e r  c o e f f i c i e n t  and t h e  r e a c t i o n  rate con- 

s t a n t  were c a l c u l a t e d  f o r  t h e  c u r r e n t  r u n s  f o r  which meaningful r e s u l t s  

could  be  o b t a i n e d .  These v a l u e s ,  a long  w i t h  v a l u e s  from t h e  two r u n s  

r e p o r t e d  p r e v i o u s l y ,  are summarized i n  Table  61. 

S ince  t h e  v a l u e  f o r  X* i s  n e g l i g i b l e  compared w i t h  t h e  FeF con- 2 
c e n t r a t i o n  i n  t h e  b u l k  of t h e  s a l t  f o r  t h e  r u n s  cons ide red ,  t h e  e x p r e s s i o n  

used f o r  c a l c u l a t i n g  k R a  should  be v a l i d .  

p r e s s u r e  of hydrogen (p ) i s  n e a r l y  c o n s t a n t  th roughout  t h e  column, t h e  

e x p r e s s i o n  g iven  above f o r  c a l c u l a t i n g  k should be  v a l i d .  Although 

t h e  i n l e t  hydrogen p a r t i a l  p r e s s u r e  w a s  reduced t o  0.5 a t m  i n  t h e  l as t  

t h r e e  r u n s  f o r  which ra te  c o n s t a n t s  are shown, t h e  v a r i a t i o n  i n  t h e  c a l -  

c u l a t e d  c o n s t a n t s  i s  n o t  s u f f i c i e n t l y  l a r g e  t o  de t e rmine  whether  t h e  

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

of FeF2 t o  t h e  g a s - s a l t  i n t e r f a c e  o r  by t h e  rate of r e a c t i o n  between 

FeF2 and hydrogen a t  t h e  i n t e r f a c e .  

a f t e r  a d d i t i o n a l  d a t a  are o b t a i n e d .  

Also ,  s i n c e  t h e  p a r t i a l  

H2 
S 

T h i s  q u e s t i o n  w i l l  b e  r e s o l v e d  



Table 61. Calculated Values for the Mass Transfer Coefficient 
and the Reaction Rate Constant for Runs R-1 and R-2 

Reaction Rate Controlled 

''2 (atm) 

Mass Transfer Controlled 

ks h a  3 X* 
Run (mole fraction x 10 ) (moles/sec. cm (mole fraction (sec-1 
No. Xi XO 105) 104)~ 104) Inlet Exit Equilibriumb 

4 FeF2 Concentration 

R- 1 5.13 3.70 2.4 0.033 2.4 1.0 0.9987 0.9850 

R- 2 3.70 2.75 5.4 0.198 5.4 1.0 0.9967 0.9959 

R- 3 2.65 1.90 1.9 0.035 1.9 1.0 0.9993 0.9974 V 

R- 6 1.65 1.33 1.2 0.042 2.5 0.5 0.4995 0.4969 

R- 7 1.33 0.84 2.9 0.170 5.7 0.5 0.4989 0.4975 

R-9A 0.90 0.66 1.8 0.032 3.7 0.5 0.4995 0.4978 

Iu 
a\ 

aCalculated from the composition of the exit gas. 

bCalculated from the FeF2 cowposition in the salt leaving the column. 
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