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SUMVAR IES 

RARE-EARTH REMOVAL USING THE METAL-TRANSFER PROCESS 

We have devised a new p rocess ,  c a l l e d  t h e  me ta l - t r ans fe r  process ,  

f o r  removing r a re -ea r th  f i s s i o n  products  from t h e  f u e l  sa l t  of  a s ing le -  

f l u i d  MSBR. I n  t h e  p rocess ,  bismuth con ta in ing  thorium and l i t h i u m  i s  

used t o  t r a n s f e r  t h e  r a r e - e a r t h  f i s s i o n  products  f r o m t h e  r e a c t o r  f u e l  

salt  t o  an accep to r  salt such as L i C 1 .  

Both thorium and rare e a r t h s  t r a n s f e r  t o  t h e  bismuth; however, 

because of f avorab le  d i s t r i b u t i o n  c o e f f i c i e n t s ,  only a s m a l l  f r a c t i o n  

of t he  thorium t r a n s f e r s  wi th  t h e  rare e a r t h s  from t h e  bismuth t o  the 

L i C I .  The e f f e c t i v e  t h o r i m a r e - e a r t h  s e p a r a t i o n  f a c t o r s  f o r  r a r e  

e a r t h s  f o r  which d a t a  ex i s t  ( i . e . ,  Nd, La ,  and Eu) range from about 1 0  

t o  about 10 . The f i n a l  s t e p  of t h e  process  i s  removal of t h e  r a r e  

e a r t h s  from t h e  L i C l  by e x t r a c t i o n  wi th  bismuth conta in ing  0.05 t o  0.5 

mole f r a c t i o n  l i t h i u m .  The new process  does not  r e q u i r e  an  e l e c t r o l y t i c  

c e l l .  This  i s  an important advantage over  t h e  ear l ier  r educ t ive  e x t r a c t i o n  

process ,  which a l s o  had t h e  disadvantage of ra re-ear th- thor ium sepa ra t ion  

f a c t o r s  near  u n i t y .  
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PROTACTINIUM ISOLP~TION USING FLUORINATION--REDUCTIVE EXTRACTION 

W e  have r e c e n t l y  developed a new process  f o r  removing rare e a r t h s  

from a single-f luid.  MSBR. 

cell. ,which has  l e d  us t o  cons ider  p ro tac t in ium i s o l a t i o n  methods t h a t  

do not  r e q u i r e  e l e c t r o l y z e r s .  One such method i s  f luorinat ion--reduc-  

t i v e  e x t r a c t i o n ,  i n  which most of t h e  uranium would be removed pri-or 

t o  i s o l a t i o n  o f  t h e  pro tac t in ium by r educ t ive  e x t r a c t i o n .  

This  process  does not  r e q u i r e  an e l e c t r o l y t i c  

Calcu la ted  r e s u l t s  i n d i c a t e d  t h a t  an a t t r a c t i v e  process ing  system 

based on f luo r ina t ion - - r educ t ive  e x t r a c t i o n  can be devised and t h a t  t h i s  
system w i l l  be  q u i t e  s t a b l e  wi th  r e s p e c t  t o  v a r i a t i o n s  as l a r g e  as 20% 
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f o r  most of t h e  important ope ra t ing  parameters such as flow r a t e s ,  

reductan t  concen t r a t ions ,  and number o f  e x t r a c t i o n  s t ages .  

AXIAL DISPERSION IN OPEN BUBBLE COLUMNS 

Axial  d i spe r s ion  c o e f f i c i e n t  measurements and gas holdup measure- 

ments were c a r r i e d  out  i n  a 2-in.-ID open column. Aqueous s o l u t i o n s  

of g l y c e r o l  and 2-butanol were used i n  o rde r  t o  determine t h e  e f f e c t  

of l iquid-phase v i s c o s i t y  and su r face  t e n s i o n  on a x i a l  d i spe r s ion .  

At; low gas flow r a t e s ,  i nc reas ing  t h e  Iiquid-phase v i s c o s i t y  from 1 CP 

t o  15 CP r e s u l t e d  i n  a 30% decrease  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 t  

h igher  gas flow r a t e s ,  l i t t l e  e f f e c t  of v i s c o s i t y  on d i spe r s ion  coef- 

f i c i e n t  was noted;  however, only a l i m i t e d  range of gas flow r a t e s  b r a s  

examined. 

SEMICONTINUOUS REDUCTIVE EXTRPlCTION EXPERIMENTS 
IN A MILD-STEEL FACILITY 

Hydrodynamic experiments us ing  t h e  Oe82-in.-diam column packed wi th  

s o l i d  c y l i n d e r s  o f  molybdenum were conti-nued. Only l i m i t e d  u s e f u l  f looding  

d a t a  were obta ined  because of  depos i t i on  of i r o n  i n  t h e  column as well as 

i n  t h e  bismuth e x i t  l i n e  from t h e  column and t h e  salt feed  l i n e  t o  t h e  co l -  

imn.  The d a t a  obta ined  are i n  gene ra l  agreement wi th  p red ic t ions  based on 

d a t a  from a mercury-water system. 

The col.urnn and t h e  a f f e c t e d  l i n e s  were rep laced .  The new column i s  

shnilar t o  t h e  o r i g i n a l  column except  t h a t  it i s  pwked wi th  L/4 -in. 4i .m 
molybdenum Kaschig r i n g s .  

SIMTJLATION 08’ TIE FLOW CONTROL SYSTEMS 
FOR THE REDUCTIVE EXTRACTION FACILITY 

A s tudy of t h e  sal t  and bismuth flow c o n t r o l  systems f o r  the 

Reductive KxtracLion F a c i l i t y  w a s  made i n  order  t o  determine t h e  b e s t  

niode of ope ra t ion  of t h e  e x i s t i n g  equipment, t o  eva lua te  p o s s i b l e  
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equi-pment changes,  m d  t o  v e r i f y  t h e  v a l i d i t y  of f looding  d.ata obtained 

t o  d a t e .  One analog and t h r e e  d i g T t a l  s imula t ions  w e r e  c a r r i e d  ou-t. 

Each s imula t ion  r ep resen ted  a d i f f e r e n t  manner of  c o n t r o l l i n g  flow 

through the column and allowed s e l e c t i o n  of  optimum values  f o r  system 

parameters 

All o f  t h e  systems were found t o  be s t a b l e  and t o  perform sat is-  

f a c t o r i l y ;  t hus  we bel ie-ve t h a t  t h e  a c t u a l  system w i l l  f unc t ion  proper ly .  

CALIBRFI'TION OF AN ORIFICE--HEAD POT FLOWMETER WITH 
MOLTEN SALT AND BISMIJTH 

Addi t iona l  o r i f i c e  c a l i b r a t i o n  d a t a ,  bo th  s t eady- s t a t e  and t r a n s i e n t ,  

were obta ined .  Since t h e s e  d a t a  suggest  t h a t  t h e  o r i f i c e  d r a i n  chamber 

may have been f looded a t  t i m e s ,  p rov i s ions  were made f o r  p r e s s u r i z i n g  t h e  

gas volume above t h e  f l u i d  i n  the  or i f ice--head pot  and d ischarge  chamber 

i n  f u t u r e  experiments,  This  w i l l  ensure t h a t  t h e  o r i f i c e  d r a i n  chamber 

does not  f i l l  wi th  l i q u i d .  

ELECTROLYTIC CELL DEVELOPMENT: STATIC-CELL EXPERIMEJE'S 

Two experiments r e l a t e d  t o  c e l l  development were made i n  a 4-in.-diam 

qua r t z  c e l l .  I n  t h e  f i r s t ,  cu r sen t  w a s  passed between two molybdenum 

e l e c t r o d e s  t o  determine whether a dark  material ,  observed i n  t h e  sal t  i n  

previous t e s t s ,  would be formed. Although t h e  presence of a dark material 

w a s  no ted ,  w e  were not a b l e  t o  i d e n t i f y  t h e  mechanism f o r  i t s  formation.  

I n  t h e  second experiment,  we t e s t e d  a porous carbon anode having a 

much higher  gas permeabi l i ty  than  t h a t  of a g r a p h i t e  anode which had 

previous ly  been observed t o  p o l a r i z e ,  A s  i n  t h e  ear l ie r  t e s t ,  low c u r r e n t  

d e n s i t i e s  were observed. 
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ELECTXOLYTIC CELL DEVETJOPMENT : FORMLlTlON OF ~'KO%F'I\T 
FILMS WITH AQUHOUS ELECTTIOTJYTES 

Formation o f  f rozen salt  f i lms  on s t ruc tura l .  su r f aces  exposed t o  t h e  

iiiolten-sa1.t e l e c t r o l y t e  i n  e l e c t r o l y t i c  eel-1.s i s  being considered as a 

means f o r  p r o t e c t i n g  these  su r faces  from corrosi.on by BiF produced al; the 

c e l l  anode. A s tudy of f rozen f i l m  formation under condi t ions  s i -milar  t o  

those  expected i n  a c e l l  i s  i n  progress .  P a r t  of t h e  work wi.1.l be c a r r i e d  

out  us ing  an aqueous e l e c t r o l y t e  i n  ord-er t o  avoid problems a s soc ia t ed  wi.th 

molten salt--bismut,'n systems. Equipment has ' oem i n s t a 1 l . d  f o r  s tudying 

t h e  formation of  i c e  C i l m s  on sur faces  of a simulated e l e c t r o l y t i c  c e l l  

- tha t  uses  an aqueous s o l u t i o n ,  r a t h e r  than  molten s a l t ,  f o r  t h e  e l e c t r o l y t e .  

A l t e rna t ing  c u r r e n t  wi1.l be used t o  minimize the  e f f e c t s  of e l ec t rode  reac-  

t i o n s  and mass t r a n s f e r .  

3 

DEVELOPMENT OF A BISMlJTH-MOLTEN-SALT INTERFACE DETECT013 

An i n t e r f a c e  d e t e c t o r  based on t h e  p r i n c i p l e  of eddy cu r ren t  gener- 

a t i o n  i n  l i q u i d  metals i s  being developed. It i s  d e s i r e d  t,hat a , l l  su r f aces  

i n  con tac t  wi th  bismuth be made of a r e f r a c t o r y  metal  such as molybdenum, 

which has a r e l a t i v e l y  low e l ec t , s i ca l  permeabi l i ty .  

I n i t i a l  t e s t i n g  of t h e  e l e c t r o n i c  c i r c u i t  p r i o r  t o  i n s t a l l a t i o n  

e s t a b l i s h e d  t h e  need f o r  s e v e r a l  modi f ica t ions .  Prel iminary t e s t s  of 

t h e  system a t  temperatures  above room t empera twe  a r e  i n  progress. 

CONTINUOUS SALT PURIFlCATlON 

A f a c i l i t y  has been designed f o r  t h e  development of continuous 

methods f o r  removing contaminants from molten sal ts .  The system con- 

s i s t s  of a l - l / b - i n . - d i m ,  Bl-in.-long column packed w i t h  l / b - i n .  

Raschig r i n g s ,  feed and r ece ive r  t a n k s ,  a s a l t  f i l t e r ,  a flowing stream 

sal t  sampler,  and the  necessary flow, tempera ture ,  and p res su re  i n s t r u -  
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mentat ion,  In - l ine  ins t ruments  a r e  provided f o r  cont inuously measuring 

t h e  water and EIF con ten t s  of t h e  column e x i t  gas  stream. Systems have 

a l s o  been designed t o  provide p u r i f i e d  hydrogen, argon,  and HF gas .  

PdSRE DISTILLATION EXPERIMENT 

Analyses have been obta ined  f o r  L i ,  B e ,  Z r ,  9 5 Z r 7  144C!e, 

155Eu, ”Y, 90Sr,  89Sr, and 137Cs i n  t h e  11 condensate samples taken  

dur ing  t h e  MSRE D i s t i l l a t i o n  Experiment. 

i t i e s  f o r  each of  t h e s e  materials were tal-culated wi th  r e s p e c t  t o  L i F  

dur ing  the course  of t h e  experiment.  The c a l c u l a t e d  va lues  f o r  Be, Z r ,  

and 9 5 Z r  are i n  agreement with prev ious ly  r epor t ed  values  ; however , 
values  c a l c u l a t e d  €or t h e  r a r e  e a r t h s  a r e  s i g n i f i c a n t l y  h igher  t han  

va lues  measured i n  an equi l ibr ium s t i l l .  

E f f e c t i v e  r e l a t i v e  v o l a t i l -  

7 RECOVERY OF Li FROM “Lj--BISI’.IIJTR--RARE-EAETH SOLUTIONS BY DISTILLATION 

Removal o f  d i v a l e n t  l an than ides  from t h e  L i C l  stream i n  t h e  metal- 

t r a n s f e r  process  produces a bismuth s t ream t h a t  con ta ins  l an than ides  

and has a h igh  concentrati .on of  7 L i  ( 5  to 50 a t .  % ) .  Because 7 L j  i -s 

expensive,  i t s  recovery may be economical. 

The l o w  vapor p re s su res  of t h e  l an than ide  metals r e l a t i v e  t o  l i t h i u m  

and bismuth suggest  t h a t  d i s t i l l a t i o n  might be used e f f e c t i v e l y  to recover  

both  t h e  l i t h i u m  and bismuth. However, l i t h i u m  and bimsuth form an  i i i t e r -  

m e t a l l i c  compound ( L i - B i )  having a high mel t ing  po in t  ( lL)-+5;°C) , which may 

l i m i t  t h e  f r a c t i o n  of t h e  l i t h i u m  t h a t  could be recovered a t  s t i l l - p o l  

temperatures  of  800 t o  900°C. The f r a c t i o n a l  recovery of Lithium w a s  

c a l c u l a t e d  f o r  a range of cond i t ions  t h a t  vould al low reasonably high 

recovery o f  t h e  l i t h ium.  

3 
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PREVENTION OF AXIAL DISPERSION I N  PACKED COLUMNS 

Devices t h a t  w i l l  reduce a x i a l  d i s p e r s i o n  i n  packed columns Lo 

acceptab le  l e v e l s  a r e  being eva lua ted .  Two d i s p e r s i o n  preventers  irere 

t e s t e d  during t h e  countercur ren t  flow of  mercury and water i n  a. 2-in.- 

d i m  colwnn packed wi th  3/8-in.  Xaschig r i n g s .  The preventers  c o n s i s t  

o f  (1) a seal. formed by a reg ion  i n  which the  metal. phase acciumlates 

and prevents  flow o f  t h e  less-dense phase ( s a l t  o r  water) ,  and ( 2 )  

r e s t r i c t i o n s  through which t h e  sal t  flows a t  an increased  v e l o c i t y .  

The f r a c t i o n  of t h e  less-dense phase t h a t  i s  recyc led  through a 

d- ispers ion preventer  depends mainly on ,the water flow ra te  pe-e. r e s t r t c -  

t i o n  and t h e  diameter of t h e  r e s t r i c t i o n .  It appears  that, devices  o f  

t h i s  t ype  w i l l  reduce a x i a l  d i s p e r s i o n  t o  d e s i r e d  l e v e l s ;  however, t h e  

devices  t e s t e d  t o  d a t e  have reduced the column throughput a t  flooding. 

HYDROUYNAMICS OF PACKED COLWIJY OPERnTION WITH BIGR-DENSITY FLUIJIS 

Measurements were made of p re s su re  drop,  holdup, and f looding  during 

t h e  countercur ren t  f low of mercury and water i n  columns packed with  114- 
i n .  s o l i d  c y l i n d e r s ,  3/8-in.  Raschig r i n g s ,  and 1/2- in .  Xaschig r i n g s .  

‘The d a t a  on holdup and f looding  can be c o r r e l a t e d  i n  terms of a cons tan t  

s u p e r f i c i a l  s l i p  v e l o c i t y ,  which i s  a func t ion  of  packing s i z e  only.  A 

simple r e l s t i o n  has not been found for c o r r e l a t i n g  t h e  p re s su re  drop 

da ta .  An expression based on t h e  mercury-water d a t a  i s  given f o r  pre- 

d i c t i n g  f looding  and dispersed-phase holdup i n  packed columns through 

which sal t  and bismuth a r e  i n  countercirrrent  f low. 
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1. II!JTRODLJCTION 

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 

mixt w e  

Several operations associated with MSBR processing are under study. 

The remaining parts of this report describe: 

(called the metal-transfer process) for removing rare earths from an MSBX, 

(2) 2 protactinium isolation process based on fluorination for uranium 

removal, followed by reductive extraction, ( 3 )  measurements of axial dis- 

persion coefficients in open bubble columns, ( h )  experiments carried out 

in a mild-steel reductive extraction facility to study the hydrodynamics 

of packed column operation during countercurrent flow o€ molten salt and 

bismuth, (5) simulation of the flow control. systems for the reductive 
extraction facility, ( 6 )  calibration of an orifice--head pot flowmeter 

with molten salt and bismuth, ( 7 )  experiments related to the development 

or" electrolytic cells f o r  use with molten salt and bismuth, (8) design 

and installation of a -facility for studying the formation of frozen films 

in electrolytic cells, using aqueous solutions to simulate molten salt, 

( 9 )  development of an induction-type bismuth-salt interface detector, 
(LO) design and insta1:lation of a facility for developing continuous 

methods for the purification of molten salt, (11) calculation o f  

effective relative volatilities for various materials present in the 

MSRE Distillation Experiment, (12) calculations concerning the recovery 

of 7Li from 7Li--Bi--rare-earth solutjons by low-pressure di stillation, 

and (13) measurement of axial dispersion coefficients in packed columns 

in which immiscible fluids having large density differences are in countcr- 

current flow, and (14) experiments on the hydrodynamics of packed column 
operation with liquids having high densities and a large density difference. 

This wark was carried out in the Chemical Technology Division during the 

period October-December 1969. 

(1) a newly devised process 
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2 e RmE-E4RTI-I REMOVAL U S I N G  THJ3 METAL-TRANSFER PROCESS 

L. E.  McNeese 

We have devised a new p rocess ,  c a l l e d  t h e  meta l - t ransfer  process ,  

f o r  removing r a re -ea r th  f i s s i o n  products  from t h e  f u e l  sa l t  of a s ing le -  

f l u i d  MSBK. In t h i s  process ,  bismuth conta in ing  thorium and l i t h i u m  i s  

uscd t o  t r a n s f e r  t h e  r a re -ea r th  f i s s i o n  products  from t h e  r e a c t o r  fue l  

sa l i  t o  an acceptor  sa l t  such as L i C l .  

Both thorium and rare e a r t h s  t r a n s f e r  t o  t h e  bismuth; however, be- 

cause of  favorable  d is tx- ibut ion  c o e f f i c i e n t s ,  only a s m a l l  f r a c t i o n  of 

t h e  thorium t r a n s f e r s  wi th  the r a r e  eizrths from t h e  bismuth t o  t h e  L i C 1 .  

The e f fec t i i -ve  thorium-rare-ear th  sepa ra t lon  f a c t o r s  f o r  r a r e  e a r t h s  f o r  

which d a t a  e x i s t  ( i . e . ,  Nd, L a ,  and Eu) range from about 10 

'The f i n a l  s t e p  of  the process  i s  removal of  t h e  rare  e a r t h s  from t h e  LiCl 

by e x t r a c t i o n  w i t h  bismuth conta in ing  0.05 t o  0.50 mole f r a c t i o n  I.ithium, 

The new process  does not  r e q u i r e  an e l e c t r o l y t i c  cell . .  This  i s  an impor- 

t a n t  advantage over t h e  e a r l i e r  r educ t ive  e x t r a c t i o n  process  , which al.so 

had t h e  disadvantage of rare-earth--thorium sepa ra t ion  f a c t o r s  near  u n i t y .  

4 a t o  about 1 0  . 

2 .1  Equi l ibr ium Data arrd Concentrat ions 

1 F e r r i s  and Smith have measured t h e  d i s t r i b u t i o n  of T1h and t h e  r a r e  

e a r t h s  L a ,  Nd, and Eu between L i C l  and blsmuth conta in ing  a reductan t  

and have summarized t h e i r  d a t a  as fol lows:  
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where 

D = d i s t r i b u t i o n  r a t i o  for material A ,  

I x*(si)/xA(Licl)~ 
= mole f r a c t i o n  of A i n  Biy 

= mole fraction of A i n  L i C L ,  

A - 

' A ( S i )  

'Ii(Lic1) 

L i  c1 = l i t h i u m  concen t r a t ion  i n  B i ,  a t .  %. 

The data for a l l  materials except europium were obta ined  a t  640OC; t h e  

europium data were obta ined  a t  630°C. 

makerials being considered between 72-16-12 mole % LiF-BeF -ThF 
bismuth coiitrzining a r educ tan t  have been summarized by F e r r i s  as: 

Data for the  d i s t r i b u t i o n  of  t h e  

and 2 4  

I 
log 1) = n l o g  DLi f l og  KA, A 

where 

DA = d i s t r i b u t i o n  r a t i o  of  material A ,  

n = valenee of A i n  s a l t ,  
I 

log KA = modif ied equ i l ib r ium cons tan t .  

The v a r i a t i o n  of l o g  K w i t h  temperature  is:  
1 

A 

1 

log r(La = -2.005 + 7628/11, 

where T = t empera ture ,  OK, and Th,  La, and Eu have va lences  of 4 ,  3, and 

2 i n  t h e  salt  r e s p e c t i v e l y ,  For Nd, t h e  measured value of t h e  Md-Th 

sepa ra t ion  f a c t o r  ( 3 . 0 )  was t aken  a t  Th s a t u r a t i o n  a t  600°C, and the  
I 

same temperature  dependence w a s  assumed f o r  l o g  as t h a t  f o r  log K, . La 
The der ived  express ion  i s ,  then:  

1 

Log R -1.942 -t- 7628/T, Nd 

and N d  is  assumed t o  be t r i v a l e n t  i n  t h e  s a l t .  
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Using t h e s e  d a t a ,  t h e  c a l c u l a t e d  equi l ibr ium concent ra t ions  i n  Bi 

and L i C l  a t  640"~ are as shown i n  Table 1, where t h e  r a re -ea r th  con- 

c e n t r a t i o n s  in t h e  f u e l  sa l t  a r e  those  r e s u l t i n g  from a 50-day removal 

t i m e  f o r  t h e  rare e a r t h s .  The r educ tan t  concen t r a t ion  i n  t h e  B i  w a s  

chosen such t h a t  t h e  Th concent ra t ion  w a s  approximately 95% of t h e  Th 

s o l u b i l i t y  i n  B i  a t  6hoOc. No c o r r e c t i o n  was made i n  t h e  d a t a  f o r  
europium t o  account f o r  t h e  f a c t  t h a t  t hey  a r e  being used a t  640°C 

(a l though they  were obta ined  a t  6 3 0 " ~ ) .  
given i n  mole f r a c t i o n s ,  

A l l  t h e  concent ra t ions  are 

Table 1. Equil ibr ium Concentrat ions i n  Fuel S a l t ,  
Bismuth, and Li.CI. at 61-cO"C 

Fuel  S a l t  Bismuth L i C l  

= 0.00201 'L i = 0.72 'TJ i F 

XhF* = 0.16 

%hF4 = 0.12 yrh = 0.0025 = 0.331 x 1 0  -7 
'ThC14 

= 0.607 x lom6 -6 
3 

'Lac]. = 0.524 x 10 -6 
'IJa = 10.8 x 10 

3 
'LaF 

-6 = 1.02 x 10 -6 -6 
3 

'NdC I. = 1.47 x IO 'Nd 
= 26.2 x 10  

3 
'NdF 

-6 = 8.22 x io = 0.664 x 'EUC 1 = 0.287 x 
2 

%uF 

T'he d a t a  i n  t h e  t a b l e  show t h a t  t h e  rare e a r t h s  a r e  p re sen t  i n  t h e  LI.Cl 

a t  low concent ra t ions  and a r e  a s s o c i a t e d  w i t h  only a s m a l l  amount of 

thorium. C lea r ly ,  i f  a p r a c t i c a l  means i s  a v a i l a b l e  for removing t h e  

r a r e  e a r t h s  and thorium :From t h e  L i C l  i n  t h e  r e l - a t ive  concen t r a t ion  

r a t i o s  shown, one w i l l  have achieved t h e  d e s i r e d  goa l  of remwing t h e  

r a r e  e a r t h s  wi th  an accep tab le  thorium d i s c a r d  r a t e .  
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2-2 Removal of Rare Ear ths  and Thorium from L i C l  

The minimum ra t e  a t  which t h e  L i C l  s o l u t i o n  must be processed f o r  

removal of t h e  rare e a r t h s  i s  given by the  r a t i o  of t h e  product ion r a t e  

of a g iven  rare e a r t h  t o  i t s  equi l ibr ium concen t r a t ion  i n  t h e  L i C 1 .  

These data, which are shown below, i n d i c a t e  t h a t  t h e  minimum process- 

ing  r a t e ,  as set  by Nd, i s  1 . 2 9  x 1 0  g-moles of  L i C l  pe r  day. This 

i s  equiva len t  t o  1320 f t  of  L i C l  pe r  day, which appears  t o  be a 

h igher  process ing  r a t e  t han  would be p r a c t i c a l  f o r  low-pressure d i s -  

t i l l a t  ion .  

6 

3 

Minimum 
Prod-uc t ion  Concentrat  ion  Process ing  

Rare Rate i n  L i C l  R a t  e 
Ealpth (moles/day) (mole f r a c t i o n )  (moles/day) 

6 L a  0.54 0,607 x low6 0.889 x 10 
6 

N d  1.31 1.02 x 1.29 x io 

Eu 0 0144 8.22 x 1.75 lo3 

Fur ther  cons ide ra t ion  sugges ts  t h a t  con tac t  of t h e  L i C l  wi th  a small 

volume of bismuth con ta in ing  a r e l a t i v e l y  h igh  concen t r a t ion  of  l i t h ium 

( 5  t o  50 a t .  % )  would provide t h e  d e s i r e d  removal of t h e  rare e a r t h s  

from t h e  L i C l  as w e l l  as t h e  removal of  t h e  thorium assoc ia t ed  wi th  t h e  

rare e a r t h s ,  This  i s  t h e  method s e l e c t e d  f o r  a d d i t i o n a l  eva lua t ion .  

2 .3  Conceptual Process  Flowsheet and Mathematical Analysis  

The conceptual  process  f lowsheet  c o n s i s t s  of t h r e e  con tac to r s  through 

which t h e  process  f l u i d s  are  c i r c u l a t e d ,  as shown i n  F ig .  1. Fuel  sa l t  

from t h e  Pa i s o l a t i o n  system, which i s  f r e e  of  U and Pa. but  which con ta ins  

t h e  rare e a r t h s  a t  t h e  r e a c t o r  concen t r a t ion ,  i s  coun te rcu r ren t ly  contacted 

wi th  B i  con ta in ing  approximately 0.002 mole f r a c t i o n  L i  i n  con tac to r  1. 

The r a r e  e a r t h s  t ransfer ,  i n  p a r t ,  t o  t h e  downflowing m e t a l  s t ream and 

are c a r r i e d  i n t o  con tac to r  2 by t h e  bismuth stream. I n  con tac to r  2 ,  t h e  

bismuth s t ream i s  con tac t ed  coun te rcu r ren t ly  w i t h  LiCl, and f r a c t i o n s  of 
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TQ XM2 
React o r 

F R S , X S I  
Fuel Sa l t  From 

Pa isolation 

Li C 

FS M 
X M 6  

i 

L i - B i  

L i - B i  
+ Rare Earths 
1- Th  
F M , X M G  

r i g .  1. Sletal-'i'ransfer* Process f o r  Removinc Rare E a r t i i s  from a 
Sinele-: 1 u i d  I\ISBR. 
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t h e  r a r e  e a r t h s  t r a n s f e r  t o  t h e  L i C 1 .  The r e s u l t i n g  LiCl st ream i s  
f i n a l l y  contac ted  wi th  Bi con ta in ing  a h igh  concen t r a t ion  o f  L i  ( 0 . 0 5  

t o  0.5 mole f r a c t i o n )  i n  con tac to r  3, where most of  t h e  rare e a r t h s  and 

thorium t r a n s f e r  from t h e  L i C l  t o  t h e  B i  stream. A small stream of B i  

con ta in ing  Li i s  f ed  t o  t h e  c i r c u l a t i n g  B i  stream i n  con tac to r  3, and 

an equal volume o f  bismuth i s  withdrawn. 

From material ba lance  and equi l ibr ium cons ide ra t ions ,  t h e  fol lowing 

r e l a t i o n s  f o r  a given t r a n s f e r r i n g  m a t e r i a l  can be w r i t t e n  f o r  t h e  t h r e e  

countercur ren t  con tac to r s .  The nomenclature of  Fig.  1 i s  used.  

= KC 

A S NSfl - AS xs3 - xs4 - = KS 

From m a t e r i a l  ba lance  cons ide ra t ions  

xsi - xw = L/FRS 

X M l  - XM2 = L/FMl 

xs3 - xs4 = L F C S  

XM6 - XM5 = L/FSM 

X M ~  = L/FM, 

( 3 )  
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where 

X S 1  = concent ra t ion  of t r a n s f e r r i n g  material i n  f u e l  salt en te r ing  

contac tor  1, mole f r a c t i o n ,  

XS2 = concent ra t ion  of t r a n s f e r r i n g  material .  i n  f u e l  sa1.t l eav ing  

con tac to r  1 , mole f r a c t i o n ,  

xT4l := c0ncen t r a t i .m  of t r a n s f e r y i n g  material 'I.n .Ai l eav ing  con1;actor 

1, mole frac-Lion, 

XM2 = concent ra t ion  of t r a n s f e r r i n g  material i n  B i  l eav ing  con tac to r  

2 ,  mole f r a c t i o n ,  

XS3 = conczn. t ra t ioa o f  t r a n s f e r r i n g  m a t e r i a l  i n  LiCl l eav ing  con tac to r  

2 ,  mole f r a c t t o n ,  

X S ~  = concent ra t ion  of t r a n s f e r r i n g  material i n  L i C l  en t e r ing  con tac to r  

2 ,  mole f r a c t i o n ,  

XM5 r= concent ra t ion  of t r a n s f e r r i n g  material i n  Bi en te r ing  con tac to r  

3, mole f r a c t i o n ,  

XM6 := eoncent ra t ion  of t r a n s f e r r i n g  m a t e r i a l  in Bi. l eav ing  con tac to r  

3, mole f r a c t i o n ,  

DF = d - i s t r i b u t i o n  r a t i o  between f u e l  sa l t  and B i  i n  contac tor  1, 

DC = d i s t r i b u t i o n  r a t i o  between L i C l  and B i  i n  con tac to r  2 ,  

DS = dist r . i .but ion r a t i o  between L i C l  and B i  i n  con tac to r  3, 

A =  
J? 

FMl. * DE' 

FRS 

FMI * DC 

FCS A =  C 

FRS = f ie1  s a l t  flow r a t e ,  moles/unit t i m e ,  

FM1 = metal flow r a t e  in con tac tom 1 and 2 ,  moles/u.nit t i m e ,  

FCS = L i C l  s o l u t i o n  flow r a t e  i n  c o n t a c t o r s  2 a.nd 3 ,  moles/uni- t  t ime ,  

FM = metal  a d d i t i o n  and withdrawal r a t e  , moles/uni't  t i m e  , 
N = nunher of equi l ibr ium stages i.n contac tor  I ,  

N_ = number of equi.li.briurn s t ages  i n  contac tor  2 ,  

NS = number of  equi l ibr ium s t a g e s  i n  contac tor  3,  

U 

J_I 
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KF = cons tan t ,  def ined  above, 

KC = cons tan t ,  def ined  above, 

KS = cons tan t ,  def ined  above, 

L = product ion ra te  o r  l o s s  r a t e  of  t r a n s f e r r i n g  material. 

The d i s t r i b u t i o n  r a t i o s  a r e  assumed t o  be cons tan t  s ince  t h e r e  w i l l  be 

a very s m a l l  change i n  reductan t  concen t r a t ion  in t h e  con tac to r s ;  hence 

t h e  A ' s  and K's d.efined above a r e  cons t an t .  

The e i g h t  r e l a t i o n s  l i s t e d  above d e f i n e  t h e  s t a t e  of  t h e  system 

and can be solved simultaneou.sly f o r  t h e  removal e f f i c i e n c y  f o r  a given 

matmial  i n  eon tac to r  1 as: 

1 1  1 1  AC 1 AC 

E KF AF LC *F KS AF% 
+ - (7- -1) a - (- - 1) + - (g 4), - = -  

where 

E = f r a c t i o n  of  rcaterial removed from f u e l  sa l t  i n  con tac to r  1. 

The removal. t i m e  f o r  a given t r a n s f e r r i n g  m a t e r i a l  i s ,  then :  

( 9 )  

Where 

T = removal times, days ,  

V /FRS = process ing  cyc le  t i m e ,  days.  R 

'2-4 Calcula ted  Rare-Earth Removal Times 

There appears  t o  be g r e a t  l a t i t u d e  i n  choosing opera t ing  cond i t ions  

t h a t  w i l l  y i e l d  a d e s i r e d  r a r e - e a r t h  removal t i m e .  Conditions t h a t  g ive  

r a r e - e a r t h  removal times equal  to, o r  somevhat s h o r t e r  t han ,  removal t i m e s  

p r e s e n t l y  assumed i n  r e a c t o r  eva lua t ion  c a l c u l a t i o n s  w i l l  be g iven  f i r s t .  

Those c a l c u l a t i o n s  assume a 50-day removal time for a11 rare  e a r t h s  except 

europium which i s  removed on a 225-day cyc le .  Tile table below shows the  

removal t imes  ( i n  days) €or t h e  fol lowing cond i t ions :  FRS = 2.94 gpin 



10 

(3-day processing c y c l e  f o r  r e a c t o r ) ;  FM1 = FSM = 8.35 gpm (Bi r a t e s  i n  

c o n t a c t o r s ) ;  FCS = 11.2 gpm ( L i C 1  f low r a t e ) ;  FM = 22.7 I_ i te rs /day  ( L l i  

feed and withdrawal r a t e ) ;  L i  eoncent ra t ion  i n  S i  i n  con tac to r s  1 and 

2 = 0.00201.. mole f r a c t i o n ;  Li concen t r a t ion  i n  Bi i n  contac tor  3 = 0.05 

mole f r a c t i o n ;  and number of  s t a g e s  i n  contac tor  3 = 1. 

Rare No. of Equ i l ib r i im  Sta.ges j.n Contactors  l and 2 

La  $2 * 1. 382 34.0 32.1 31.,0 30.2 

Ear th  1. 2 3 4 5 6 

Nd 58.0 42.7 38.4 36.5 35.4 34.8 
Eu 222.4 219.4. 219.4 21.9.1~ 219.1~ 219.4 

It is apparent  t h a t ,  w i th  two o r  t h r e e  s t a g e s  i n  con tac to r s  1 and 

2 and wi th  volume-Lric flow r a t i o s  near u n i t y ,  one can o'otain s a t i s f a c t o r y  

removal t imes wi th  r e l a t i v e l y  s m a l l  p rocess ing  streams, If packed col-  

U U ~ S  were used as t h e  c o n t a c t o r s ,  t h e  di.ameters would be approximately 

6 i n .  

similar t o  those  being used a t  Argonne Nat iona l  Laboratory should not  be 

d ismissed ,  p a r t i c u l a r l y  f o r  experiments aimed a t  demonstrating t h e  process  

concept.  

Since t h e  number of s t ages  needed i s  low, t h e  use of m i x e r - s e t t l e r s  

The ra te  a t  which 7Li i s  removed from t h e  system i n  t h e  withdrawal 

stream i s  52.4 g-moles/day. 

069 g-mole/day. 

The ra te  3.t which thorium i.s removed. is 

If t h e  B i  withdrawal stream were hydro- l e s s  t han  0 

f 1uori.nat ed 

i n  order  t o  

t o  0.0018 m 

o r  hydrochlor inated i n  t h e  presence of a s u i t a b l e  waste sa l t  

recover  only t h e  Bi, t h e  c o s t  due t o  loss of 7 L i  would amount 

l l /kWhr. 

It i s  apparent  t h a t  one can o b t a i n  removal times much s h o r t e r  than  

those  d iscussed  i n  t h e  previous s e c t i o n  by inc reas ing  t h e  bismuth and 

L i C l  flow rates and hence t h e  s i z e  of  t h e  processing p l a n t .  

-the r e a c t o r  process ing  c y c l e  time i s  3 days (2.94 gpm). 

I n  each case ,  

The removal 

times r e s u l t i n g  from inc reas ing  t h e  bismuth and L i C l  flow r a t e s  t o  t e n  

t irnes t h e i r  previous va lues  are g iven  i n  'Tab12 2 f o r  t h e  fol lowing con- 

d i t i o n s  : 
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FRS = 2.94 gpm (3-day c y c l e ) ,  

FMl = FSM = 83.5 gpm ( B i  f low r a t e  i n  con tac to r s  ) , 
FCS = 112 gpm ( L i C 1  flow r a t e ) ,  

3 FTyl = 16 f t '  /day (Bi-Li f eed  and withdrawal r a t e ) ,  

L i  concen t r a t ion  i n  c o n t a c t o r s  1 and 2 = 0.00201 mole f r a c t i o n ,  

number of s t a g e s  i n  eon tac to r  3 = 1. 

Ta.ble 2. Var ia t ion  of Rare-Earth Removal T i m e  ( i n  days )  wi th  Lithium 
Concentrat ion i n  Contactor  3 and Number 

of Stages i n  Contactors  1 and 2a 

Ear e No. of Stages i n  Contactors  1 and 2 
Ear th  1 2 3 4 5 6 

L i  Concentrat ion i n  Contactor  3 = 0.05 male f r a c t i o n  

La 7.75 5.26 4.43 4.03 3.79 3.54 
Nd 8.36 5.85 5.05 4.67 4.46 4 . 3 4  
Eu 16.6 14.7 1-4 e L 13.8 13.7 13 .6  

L i  Concentrat ion i n  Contactor 3 = 0.20 mole f r a c t i o n  

La 7.59 5 .io 4.28 3.87 3.63 i? 

Ell 8.71 6.81 6.23 5.98 5.86 5 .'Y9 
Nd 8.22 5-71 4.91 4.54 4.33 4.20 

L i  Concentrat ion i n  Contactor  3 = 0.50 mole f r a c t i o n  

La 7.59 5.10 I + .  27 3.87 3.63 3.48 
Nd 8.32 5 -71 4.91 4.53 4.33 4.20 
Eu 8.27 6.37 5.79 5.54 5.42 5.35 

d The bismuth and L i C l  f low rates i n  each ease are assumed t o  be t e n  
t i m e s  t h e  va lues  used t o  produce t h e  d a t a  shown i n  t h e  table  on p .  10 .  

Thus, r a re -ea r th  removal t imes  of 3.5 t o  about 1.5 days can be  ob- 

t a i n e d ,  depending on t h e  concen t r a t ion  of l i t h i u m  used i n  t h e  final 

c o n t a c t o r .  It s h o d d  be noted t h a t  one cannot a f f o r d  t o  Lose the  L i  by  
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a hydro f luo r ina t ion  ope ra t ion  as Se fo re ,  but would have t o  recover  most 

of  t h e  L i  and B i .  

L i - B i  stream a t  t h e  ra te  of about 1.6 i?t /day. 

st, a temperature  of about 800Oc and a pres su re  of approximately 0 . 1  mm Hg, 

and t h e  r a r e  e a r t h s  would be removed i.n a s t i l l -bot*toms volzime of about 

20 l i t e r s / d a y .  The 

thorium would. be discard-ed a t  t h e  ra te  of about 1.4 g-moles/day. 

A possib1.e recovery method c o n s i s t s  of d i s t i l l i n g  t h e  
3 The s t i l l  would ope ra t e  

( T h e  bismuth could be recovered from t h t s  volume.) 

2 .5  Effec t  of  Xaye-Earth Removal T i m e  on Breeding Rat io  

T h e  e f f e c t  of r a re -ea r th  removal. t h e  on breeding r a t i o  has been 

c a l c u l a t e d  by B e l l 2  and i s  shown i n  Fig. 2. 

r e s p e c t  t o  t h e  base case ,  i n  which a removal time of 50 days i s  used 

f o r  a l l  t h e  r a r e  e a r t h s  except europi.iim. 

t i m e .  ) 

or 7 days would r e s u l t  i n  i nc reases  i n  t h e  breeding r a t i o  of 0.0126, 

0 ,014  , and 0.0115 r e s p e c t i v e l y  . 

The cha.nges are gliven wi th  

(Europtim. has a 225-day removal 

It should be noted t h a t  r a re -ea r th  removal t h e s  of 5 days ,  3 days , 

2.6 Miscellaneous Po in t s  Related t o  t h e  Metal-Transfer Process  

T h e  fol lowing observa t ions  r e l a t i v e  t o  t h e  proposed process  have 

been noted.  

1.. According t o  experimental  d a t a  and calculat i .ons made by F e r r i s  

L i B r  would probably be a t  least as s a t i s f a c t o r y  as L i C l  as 

t h e  acceptor  saLt. This  f i n d i n g  may be  important i n  two 

respec- t s  I It o f f e r s  another  material w i t h  which t o  work; 

perhaps more impor tan t ly ,  however, the  use of L i B r  would 

not in t roduce  c h l o r i d e  i n t o  the i-eactor b u t ,  i n s t e a d ,  would 

siaiply inc rease  t h e  concen t r a t ion  o f  bromide a.l.:ready i n  t h e  

system. 

2.  '].'he feed st ream e x i t i n g  from {;he Pa i s o l a t i o n  system w i l l  

have t o  be  e s s e n t i a l l y  free of U and Pa,  s i n c e  t h e s e  mate- 

r i a l s  would likely nccuniulate i.n .Lhe 9f c i rcu la t i .ng  i-n 
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con tac to r s  1 and 2 and t h u s  consume t h e  L i  and Th r educ tan t  

and prevent  t h e  t r a n s f e r  of r a r e  e a r t h s .  It w i l l  probably 

be necessary i o  t r e a t  the sal t  stream leav ing  the  Pa i so l a -  

t i o n  system for f u r t h e r  removal of U and Pa. 

3. Since v i r t u a l l y  a l l  of t h e  p a r t i t i o n i n g  of t h e  rare eai-ths 

from Th i s  a. remit of  t h e  B i - L i C l  equi l ibr ium,  one does 

not  have t o  main ta in  t h e  present  t r e e  f l u o r i d e  conten t  of 

t h e  f u e l  sa l t  and, hence, could a l t e r  t h e  r e a c t o r  f u e l  sa l t  

composition. 

4. While t h e r e  j s no chemical method f o r  t r a n s f e r r i n g  ch lo r ide  

ion  t o  t h e  r e a c t o r  fuel. s a l t ,  entrainment of L i C l  i n  t h e  b is -  

muth l eav ing  the  second contac tor  would t r a n s f e r  c h l o r i d e  t o  

t h e  r e a c t o r .  Foi-tunately,  t h e r e  appears  t o  be l e s s  l i k e l i -  

hood of  t h i s  type of entrainrrient than t h e  entrainment of t h e  

bismuth i n  t h e  s a l t .  It may be necessary t o  t reat  t h e  s a l t  

r e t u r n i n g  t o  t h e  r e a c t o r  by hydro f luo r ina t ion  o r  f l u o r i n a t i o n  

for removal of c h l o r i d e .  Another a l t e r n a t i v e  w0ul.d be t o  pass 

t h e  bismuth from con tac to r  2 through a c a p t i v e  f l u o r i d e  salt 

volume (such as  72-2.6-12 mole 7 LiF-HeF -ThF );  t h i s  would 

probably r e s u l t  i n  removal o f  t h e  en t r a ined  c h l o r i d e  salt. 
2 4  

5 .  Although t h e  inherent  consumption of  reductan t  f o r  t h i s  process  

i s  q u i t e  low (%15 g-moles of l i t h i u m  per  d a y ) ,  t h e  in t roduc t ion  

of ox idants  (or even hydrogen) could inc rease  t h e  l i t h i u m  

consumption s i g n i f i c a n t l y .  

6. The proposed r a re -ea r th  removal process  does not r e q u i r e  an 

e l e c t r o l y t i c  c e l l  , and t h e  ope ra t ion  of pro tac t in ium removal 

systems not r e q u i r i n g  a c e l l  should be kept  i n  mind as a 

d e s i r e d  goa l .  An a l t e rna t ive  t o  us ing  a cell i s  f l u o r i n a t i o n  

of t he  uranium on a 3-day cyc le  followed by reducLive ex t rac-  

t i o n  processing f o r  pro tac t in ium i s o l a t i o n .  The cos t  of t h e  

f l u o r i n e ,  assuming 100% f l u o r i n e  u t i ] - i za t ion  and a f l u o r i n e  

pri-ce of $2 / lb ,  would be 0.02 mill/k!dhr. 



7 ,  Conditions i n  t h e  c i r c u l a t i n g  B i  loops a r e  always reducing 

so t h a t  a co r ros ion  i n h i b i t o r  such as Z r  ~roul-d l i k e l y  remain 

i n  t h e  B i .  This  may a l low Croloy t o  be used as t h e  material 

of cons t ruc t ion ,  a l though t h e  ope ra t ing  temperature  i s  s ig -  

n i f i c a n t l y  h ighe r  t han  t h e  range i n  which t h e  use of Croloy 

wi th  zj.rconium i n h i b i t i o n  was success fu l .  

3. PROTACTINIUM ISOLATION TJSING FLUORINATION--REDUCTIVE EXTRACTION 

1,. E .  McNeese 

W e  have r e c e n t l y  developed a new process  f o r  removing r a r e  e a r t h s  

from a s i n g l e - f l u i d  MSBK. The advantages of t h i s  p rocess ,  which does not 

r e q u i r e  an  e l e c t r o l y t i c  c e l l ,  have l e d  us  t o  cons ider  pro tac t in ium i s o l a -  

t i o n  systems t h a t  do not r e q u i r e  e l e c t r o l y z e r s .  One pro tac t in ium i s o l a -  

t i o n  method i n  which an  e l e c t r o l y z e r  i s  not r equ i r ed  i s  f luo r ina t ion - -  

r educ t ive  e x t r a c t i o n .  I n  t h i s  method, most of t h e  uraniuE would be r e -  

moved from t h e  fuel  s a l t  by f l u o r i n a t i o n  p r i o r  t o  i s o l a t i o n  of t h e  p ro t -  

act inium by r educ t ive  e x t r a c t i o n .  

3.1 Troposed Flowsheet f o r  I so la t ing :  Pro tac t in ium 
by Fluorination--Reductive Ex t rac t ion  

The f luor ina t ion- - reduct ive  e x t r a c t i o n  system for  i s o l a t i n g  p ro t -  

act inium i s  shown i n  i t s  s imples t  form i n  F ig .  3.  The salt s t r e a n  from 

t h e  r e a c t o r  f irst  passes  through a f l u o r i n a t o r ,  where most of t h e  uranium 

i s  removed by f l u o r i n a t i o n .  

f l u o r i n a t o r  i s  f e d  t o  a n  e x t r a c t i o n  column, where it is coun te rcu r ren t ly  

contac ted  wi th  a bismuth stream con ta in ing  l i t h i u m  and thorium. The 

uranium i s  p r e f e r e n t i a l l y  removed from t h e  s a l t  i n  t h e  lower e x t r a c t o r ,  

and t h e  pro tac t in ium i s  removed by t h e  upper con tac to r .  A t ank  through 

which t h e  bismuth flows i s  provided f o r  r e t a i n i n g  most of t h e  pro tac t in ium 

i n  t h e  system. 

Approximately 90% of t h e  sa l t  l eav ing  t h e  
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Extraction. 



The bismuth stream l e a v i n g  t h e  lower con tac to r  con ta ins  some p ro t -  

act inium, as w e l l  as t h e  uranium t h a t  w a s  not  removed i n  t h e  f l u o r i n a t o r  

and t h e  uranium t h a t  w a s  produced by t h e  decay of  protact inium. This  

s t ream i s  contac ted  wi th  a H -1IE’mixture Fn t h e  presence of approximately 

lo$ of  t h e  sa l t  l eav ing  t h e  f l u o r i n a t o r  i n  order  t o  t r a n s f e r  t h e  uranium 

and t h e  p r o t a c t i n i i m  t o  t h e  sa l t .  

PaF4, i s  t h e n  r e tu rned  t o  a p o i n t  upstream of t h e  f l u o r i n a t o r ,  where 

most of t h e  uranium i s  removed. The pro tac t in ium passes  through t h e  

f l u o r i n a t o r  and i s  subsequent ly  e x t r a c t e d  i n t o  t h e  bismut,li:. Reductant 

(Li and Th) i s  added t o  t h e  B i  stream leav ing  the  o x i d i z e r ,  and t h e  

r e s u l t i n g  s t ream i s  r e tu rned  t o  t h e  upper con tac to r .  The salt  s t ream 

l eav ing  t h e  upper eon tac to r  i s  e s s e n t i a l l y  f r e e  of uranium and pro t -  

act inium and would be processed f o r  remova.1 of r a r e  e a r t h s  be fo re  being 

r e tu rned  t o  t h e  r e a c t o r .  

2 

The salt stream, conta in ing  UF4 and 

3 .2  Calcu la ted  System Performance 

Ca lcu la t ions  have shown t h a t  t h e  system i s  q u i t e  s t a b l e  wi th  r e s p e c t  

t o  v a r i a t i o n s  as l a r g e  as 20% for most of t h e  important parameters  ( i . e . ,  

flow rates ,  r educ tan t  concen t r a t ions ,  and number of  e x t r a c t i o n  s t a g e s ) .  

The r equ i r ed  uranium removal e f f i c i e n c y  i n  t h e  f l u o r i n a t o r  i s  l e s s  than  

90%. 

and t h e  meta l - to-sa l t  f low r a t i o  (about  0 .26)  i s  i n  a range where t h e  

e f f e c t s  of  a x i a l  d i s p e r s i o n  i n  packed column e x t r a c t o r s  w i l l  be negl i -  

g i b l e .  S ince  t h e  pro tac t in ium removal e f f i c i e n c y  i s  very  high arid t h e  

system i s  q u i t e  s t a b l e ,  materials such as 231Pa, Zr, and Pu should 

accumulate wi th  t h e  233Paa These materials; can be removed by hydroflu- 

o r i n a t i o n  of  a small Trac t ion  of t h e  bismuth stream leav ing  t h e  lower 

e x t r a c t o r  i n  t h e  presence of sa l t  which i s  then  f l u o r i n a t e d  f o r  uranium 

recovery.  S u f f i c i e n t  decay t i m e  would be allowed f o r  most of t h e  233Pa 

t o  decay t o  233U, and t h e  233Pa and 233U l o s s e s  would be  acceptab ly  l o w .  

The number o f  s t ages  r equ i r ed  i n  t h e  e x t r a c t o r s  i s  r e l a b i v e l y  l o w ,  
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Operating condi t ions  t h a t  w i l l  y i e l d  a 10-day protactixiium r, amoval 

t i m e  inc lude  a f u e l  s a l t  flow r a t e  of 0.88 gpm (10-day processing c y c l e ) ,  

a bismuth flow r a t e  oT 0.23 gpm, two s t ages  i n  -the lower contac tor  and 

s i x  t o  e i g h t  s t ages  i n  the upper c o n t a c t o r ,  and a decay tank  vol.ume of 

200 t o  300 f t  . 
equiv/day, which will cos t  0.012 t o  0.015 mill/kWir i f  7 L i  i.s purchased. 

3 The requi red  quan t i ty  of reductan t  i s  340 toj1.30 

The remainder of t h i s  s e c t i o n  i s  devoted t o  8, d i scuss ion  of t h e  

effec Ls of important system parameters .  Unless otherwise s t a t e d ,  t h e  

ope ra t ing  cond i t ions  i.ncl_u.de an opera t ing  temperature  of 640°C, a 

processing cyc le  time of 10 days,  a. reductan t  a.ddi.tion ra te  of  4-29 
eqizi.valents/day, a pro tac t in ium d.ecay t ank  volume of 300 f t3 ,  a ruaxinim 

thorium concen t r a t ion  equiva len t  t o  50% of t h e  thorium s o l u b i l i t y  a t  
64OoC,  and a uranium removal e f f i c i e n c y  dur ing  f l .uor ina t ion  of 98%. 

The e f f e c t  of t h e  number of  equi l ibr ium s t ages  i n  t h e  upper ex- 

t r a c t o r  on pro tac t in ium removal Lime and uranium inventory  i n  t h e  decay 

tank  i s  shown i n  F ig .  4. Less than  two s t ages  are r equ i r ed  i n  the lower 

con tac to r ;  however , inore s t ages  can he used t o  advantage i n  -the upper 

contac Lor. Approximately- f i v e  s t ages  are adequate ; l i t t l e  b e n e f i t  i s  

ob ta ined  f r o m  using addi1;ional ones.  

The e f f e c t  of t h e  f r a c t i o n  of urariiuni t h a t  i s  not  removed during 

f l u o r i n a t i o n  i s  shown i n  Fig.  5 .  High uranium removal e f f i c i e n c i e s  

are not r equ i r ed  s i n c e  the r e t e n t i o n  of as niuch as 12% of t,he i r a n i i m  

i n  t h e  sal t  causes  no harmful consequences. 

The e f f e c t  o f  reductant, a d d i t i o n  rate i s  shown i n  Fig.  6 .  No 

e f f e c t  of  decreas ing  t h e  a d d i t i o n  r a t e  i s  seen u n t i l  one reaches a 

va lue  o f  390 equivldny,  where a gradual b u t  s i g n i f i c a n t  e f f e c t  begins  

t o  be observed. The changes shown a r e  approximately those  changes 

which r e su l t  from v a r i a t i o n s  i n  the bismuth f l o w  ra te  f o r  a. constant; 

inl .e t  reductan t  Concentrat ion.  Hence, t h e r e  i s  l i t t l e  e f f e c t  of 

v a r i a t i o n s  i n  t h e  bismuth f l o w  r a t e .  



TEMPERATURE, 640 *C 
PROCESSING CYCLE, IO DAYS 
Li REQUIREMENT, 429 MOLES L i /DAY 
DECAY TANK VOLUME, 300 f t  3 
METAL TO SALT FLOW RATIO, 0.26 

3 4 5 6 7 8 9 10 
NUMBER OF STAGES IN UPPER COLUMN 

Fig. 4. Varia t ior i  of Prot;aetinium Removal T i m e  and Urtznii-un Inven-Lory 
in I>ecay Tsnk w i t h  Nurnber of Stages in TJpper Cohxnn. 
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Fig. 5. Variation of Pro tac t , i n ium Rmoval  Time ana Uranium Inveniory 
in Decay Tank w i t h  Fraction of Uranium IJot Removed by Fluorination. 
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TEMPERATURE 640'C 
DECAY TANK VOLUME 300 f t 3  
STAGES I N  UPPER COLUMN IO 
STAGES IN LOWER COLUMN 2 
PROCESSING CYCLE 10 DAYS 

I I I I 1 I I 1 I I 0 
300 320 340 360 380 400 420 440 

REDUCTANT FEED RATE T e q  / D A Y )  

Fig .  6. E f f e c t  of Reductant Feed Rate on P r o t a c t i n i . ~ ~ ~  Removal Time 
and. LJr:mium 1nventor.y i n  the Protactinium Decay Tank. 
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The e f f e c t  of process ing  cyc le  t i m e  on pro tac t in ium removal!. t ime 

and uranium inventory i n  t h e  decay tank i s  shown i n  F ig .  7 .  The removal 

t ime i s  equal  t o  t h e  processing cyc le  time (100% removal e f f i c i e n c y )  Tor 

processing cyc le  t i m e s  g r e a t e r  than about 1 0  days.  A s  t h e  process ing  

c y c l e  t ime i s  decreased below t h i s  po in t  ~ however., t h e  system slowly 

l o s e s  e t f i c i e n c y .  Figure 7 shows t h a t  t h e  sys-t,em i s  r e l a t i v e l y  insen- 

sit, .ive t o  minor v a r i a t i o n s  i n  t h e  sa l t  feed  r a t e .  

The e f f e c t  o f  t h e  protact inium decay tank  volume i s  shown i n  F ig .  

No change i .s seen as t h e  tank volume i s  decreased from t h e  nominal 8.  
volume of 300 f t  

t h e  system slowly l o s e s  e f f i c i e n c y .  Smaller tank volimes could be used 

without loss of  removal e f f i c i e n c y  by inc reas ing  t h e  reductan t  concen- 

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

3 3 u n t i l  a va lue  o f  280 f t ’  i s  reached;  a t  t h i s  p o i n t ,  

The e f f e c t s  o f  opera t ing  temperature  and reductan t  a d d i t i o n  r a t e  

on pro tac t in ium removal time a r e  shown i n  Fig.  9. The optimum opera t ing  

temperature  i s  about 6~+ooc, and ‘the system i s  r e l a t i v e l y  i n s e n s i t i v e  t o  

minor temperature v a r i a t i o n s .  The reductan-t  c o s t s  a s soc ia t ed  wi th  t h e  

a d d i t i o n  r a t e s  showri decrease i n  increments of 0.001 mi.3.l./kWhr from ;t 

value  of  0.015 milL/kWhr f o r  an  a d d i t i o n  r a t e  of 429 equiv/day. 

4. AXIAL DISPERSION IN OPEN BUBBLE COLUMNS 

J. S .  Watson L. E .  McNeese 

A-xial mixing or d i spe r s ion  i s  l i k e l y  t o  be important i n  continuous 

f l u o r i n a t o r  design and perforinance. Because molten sal t  satui-ated wit;h 

f l u o r i n e  i s  c o r r o s i v e ,  f l u o r i n a t o r s  w i l l  be s imple,  open v e s s e l s  that ,  

have a p r o t e c t i v e  l a y e r  of f rozen  s a l t  covering a l l  exposed m e t a l  wa1.l~ 

and su r faces .  T h e  r i .sing gas bubbles may cau.se apprec iab le  a x i a l  mixing 

i n  t h e  s a l t .  We have previously3 measured a x i a l  d i spe r s ion  c o e f f i c i e n t s  

i n  a 2-in.-diam column us ing  a i r  and water t o  sirnulate f l u o r i n e  and s a l t .  

Axial. d i spe r s ion  c o e f f i c i e n t s  between 2’5 and 35 cm /see were observed f o r  

gas flow r a t e s  between 3 and 30 cm / s e c  and were independent of the  l i q u i d  

2 

3 
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(wa te r )  flow rate .  

moves up the column i n  Liie form of d j - sc re t e  bubbles .  When t h e  gas  flow 

i n  t h i s  f low range,  termed "bubbly flow," t h e  gas 

3 rate  i s  increased  t o  g r e a t e r  than  30 c m  / s e e ,  "sl.u.gging flow" occurs 
and t h e  gas bubbles coa lesce  and may f i l l  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  column. I n  t h i s  flow range,  t h e  d i f f u s i o n  coeffl.ci.ent i s  more 

dependent on gas flow ra- te ;  it i s  approximately p ropor t iona l  t o  the  

square r o o t  o f  t h e  voliimetric gas  flow r a t e .  

The air-water system d i f f e r s  from t h e  sal t - f l . imrine system i n  two 

s i g n i f i c a n t  r e s p e c t s :  

t han  t h a t  of  water, and (2) t h e  su r face  t e n s i o n  of  water i s  about 7 5  

dynes/cm as compared wi th  about 200 Clyneslcm for sa l t .  

d e n s i t y  of sa l t  i s  about t h r e e  t imes t h a t  of water ,  bu t  t h i s  d i f f e r e n c e  

i s  be l ieved  t o  be of l e s s  importance. The p resen t  s tudy ,  performed by 

a group of MIT P r a c t i c e  School s t u d e n t s ,  w a s  carried out  t o  i n v e s t i g a t e  

the e f f e c t s  of  v i s c o s i t y  and su r face  t e n s i o n  on t h e  d i s p e r s i o n  c o e f f i c i e n t .  

(1) t h e  v i s c o s t t y  of s a l t  i s  1.5 t o  30 t imes h igher  

O f  course ,  t h e  

I+ 

4 . 1  Experimental Technique and Equipment 

The experimental  technique and equipment were t h e  same as  those  

T'ne column was 2 i n .  i n  diameter  and had a l eng th  of used ear l ie r .3  

6 f t .  'The gas i n l e t  w a s  0.04 i n .  I D .  A 0.5 M Cu(N0 ) t r a c e r  w a s  

cont inuously i n j e c t e d  i n t o  t h e  bottom of  t h e  column, and t h e  steady- 

s t a t e  concent ra t ion  o f  t r a c e r  was meamred. photometr ica l ly  upstream 

a t  s e v e r a l  p o i n t s .  A t  each measuring p o i n t ,  a sanqi1..e of  solution w a s  

removed from t h e  col.unm, ci i -culated through a photocell.,  and re turned  

t o  t h e  colwmi a t  t h e  same e leva t ion .  

3 2  I 

The e f f e c t s  of l i q u i d  v i s c o s i t y  and su r face  t e n s i o n  were s tud ied  

sepa ra t e ly .  The v i s c o s i t y  of t h e  l i q u i d  f e d  t o  t h e  colimn w a s  increa.sed 

t o  1 5  cP by adding glycerol. The su r face  t e n s i o n  of t h e  l i q u i d  was 

va.ried between 37.8 and 67.4 dynes/cm by adding E-butanol. t o  water .  

(The su r face  t e n s i o n  of water  i s  75 cP . )  Addition of t h e  g l y c e r o l  



r e s u l t e d  i n  p r o p e r t i e s  c l o s e r  t o  t h e  process  condi t ions ;  hoxever,  t h e  

decrease  i n  su r face  t e n s i o n  r e s u l t e d  i n  p r o p e r t i e s  f a r t h e r  removed from 

process  cond i t ions .  Never the less ,  d a t a  were obtained on t h e  e f f e c t s  of 

v a r i a t i o n s  i n  su r face  t e n s i o n  and v i s c o s i t y .  

4-2 Experimentally Determined Dispersion C o e f f i c i e n t s  

Experimental ly  determined va lues  f o r  t he  d i s p e r s i o n  c o e f f i c i e n t  a r e  

swrunarized i n  Fig.  10 .  A t  low gas f low rates, t h e  d i s p e r s i o n  c o e f f i c i e n t s  

f o r  a glycerol-water  mixture  wi th  a v i s c o s i t y  o f  15 cP ase about 30% belob; 

'chose observed f o r  water a lone .  The t r a n s i t i o n  from bubbly t o  s lugging 
3 flow occurs  a t  a gas  flow rate of  about 26 em / sec .  A t  h igher  r a t e s ,  t h e  

d i s p e r s i o n  c o e f f i c i e n t  va lues  approach t h o s e  observed wi th  water .  Unfor- 

t u n a t e l y ,  t h e  d a t a  f o r  g l y c e r o l  i n  F ig .  10 do not extend t o  h igh  a i r  flow 

r a t e s ;  however, t h e  data a t  t h e s e  ra tes  probably approximate those  ob- 

t a i  ned wi th  w a t e r .  

I n  t h e  bubbly r eg ion ,  t h e  gas bubbles  were smaller than  those  ob- 

served a t  t h e  same gas  f low ra te  wi th  water, and the t e rmina l  r i s e  

v e l o c i t i e s  were lower.  

gas  i n  t h e  h igh  gas flow rate  r eg ion  became independent of v i s c o s i t y ,  

a l though t h e  s lugs  were probably l a r g e r  t han  wi th  water .  This  i s  

because t h e  gas holdup or vo id  f r a c t i o n  increased  wi th  inc reas ing  

v i s c o s i t y  (F ig .  3 . 1 ) .  

However, t h e  t e rmina l  v e l o c i t y  of "slugs" of 

The a d d i t i o n  of ;-butanol t o  water t o  decrease  t h e  su r face  t e n s i o n  

r e s u l t e d  i n  an  inc rease  i n  d i s p e r s i o n  c o e f f i c i e n t ,  as shown i n  F ig .  10. 

These r e s u l t s ,  however, are not  conclus ive  because of p o s s i b l e  concen- 

t r a t i o n  of t h e  E-butanol a t  t h e  gas- l iqu id  i n t e r f a c e s .  Butanol and 

o t h e r  sur face-ac t ive  m a t e r i a l s  may have concent ra ted  a t  t h e  i n t e r f a c e  

so t h a t  t h e  a c t u a l  concen t r a t ions  a t  t h e  i n t e r f a c e  (and t h u s  t h e  su r face  

t e n s i o n )  would not  be known. 

air-water i n t e r f a c e ,  and t h i s  e f f e c t  a lone  could inc rease  t h e  d i s p e r s i o n  

The i n t e r f a c e  could be more r i g i d  than ,an 
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c o e f f i c i e n t .  The same problem could have ex i s t ed  i n  t h e  g lycero l -  

water experiments;  however, t h e  g l y c e r o l  concent ra t ion  w a s  s u f f i c i e n t l y  

high t h a t  t h e  concent ra t ion  of g l y c e r o l  a t  t h e  su r face  i s  no-t bel.j.eved. 

t o  have been s e r i o u s .  Although it i s  d e s i r a b l e  i n  experiments siich as 

t h e s e  t o  use pure components, i t  i s  f r equen t ly ,  as i n  t h i s  c a s e ,  not 

p r a c t i c a l .  

5. SEMICONTINUOUS REDUCTIVE EX'~'LUCTION EXPERIMENTS 
IN A IllILD-STEEL FACILITY 

B. A.  Hannaford C .  W .  Kee 
L. E. McNeese 

Hydrodynamic experiments wi th  t h e  0 .82- in .4 iam column packed with 

1/4- in .  s o l i d  cy l inde r s  of rnolybdenum were cont inued.  0nl.y l i m i t e d  u s e f u l  

f looding  data w e r e  ob ta ined  because of  depos i t i on  of i r o n  i n  t h e  column as 

w e l l  as i n  t h e  bismuth e x t t  l i n e  from the  column and t h e  salt feed l i n e  t o  

t h e  colimm. 

based on da ta  from a mercury-wat,er system. The column al?d t h e  a f f e c t e d  

7.ines were removed f o r  repl.acemftnt. 

T h e  d a t a  obta ined  are i n  genel-a1 agreement wi th  p r e d i c t i o n s  

5 . 1  Hydrodynamic Run HR-6 

Only Limited u s e f u l  f looding  data were obta ined  i n  run m-6 de:;pi.te 

good coni;rol  o f  t h e  r a t e s  of flow of 'oismuth and s a l t  from the r e s p e c t i v e  

f eed  t anks .  Subsequent exaLminat,ion of t r a n s f e r  l i n e s  a t t ached  t o  t h e  cc l -  

umn suggested -thaL t h e  unexpectedly high bismuth holdup may have been due 

t o  a depos i t  of  i r o n  accumulating i n  t h e  t r a n s f e r  I.iiles. 

The schematic diagram o f  t h e  experimental  equipment (Fig. 1 2 )  in -  
d ica tes  the m.etbod by Tihich the pres su re  at the base of the col.umn ( a  

wensiire of t h e  bismuth holdup) w a s  deduced. 

t h e  column, t h e  p re s su re  at  t h e  base  of t he  column i s  equal  t o  t h e  sum 

of (7.) t h e  s t a t i c  column of sa7.t between t h e  column i n l e t  and t h e  jack leg  

A s  long as s a l t  i s  en te r ing  
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bubbler ,  ( 2 )  t h e  v a r i a b l e  sa l t  head i n  t h e  j ack leg ,  and ( 3 )  t h e  v a r i -  

a b l e  argon p res su re  above t h e  sal t  i n  t h e  j ack leg .  Pressure  drop due 

t o  sa l t  flow i n  t h e  l i n e  connecting t h e  j ack leg  and the  column i s  

n e g l i g i b l e  e 

Run HR-6 began wi th  a s a l t  f low to t h e  column of about 75 ml./min; 

however, when bismuth f low was s t a r t e d ,  t h e  p re s su re  a t  t h e  base  of 

t h e  co1i.im.n began t o  inc rease  r a p i d l y  as r e f l e c t e d  by a r a p i d l y  in-  

c reas ing  argon pres su re  i n  t h e  j ack leg ,  By s t epv i se  inc rease  of t h e  

l e v e l  se t -poin t  i n  t h e  j ack leg ,  it w a s  p o s s i b l e  t o  accommodate t h e  in-  

c r eas ing  pressure  drop ac ross  the column. A t  a bismuth flow r a t e  of 

about 1'75 ml/min and a sal t  flow r a t e  of '75 ml/xnin, t h e  p re s su re  a t  

t h e  base  of t h e  column w a s  about 250 i n .  H 0 and was inc reas ing  slowly. 

A t  t h i s  pressure  , t h e  bismuth-sal t  i n t e r f a c e  below t h e  colimin would be 

wi th in  a few inches of -the bottom of  t h e  bismuth d r a i n  loop;  t hus  t h e  

bismuth -flow r a t e  vas reduced i n  order  to prevent  t h e  salt-metal i n t e r -  

f a c e  from being forced  through t h e  d r a i n  loop. Despi te  a high bismuth 

holdup ( % B O % )  i n f e r r e d  from t h e  p re s su re  a t  t h e  base of t h e  column, no 

observable  quan t i ty  of bismuth w a s  c a r r i e d  out  -the t o p  of t h e  column 

with t h e  s a l t ;  t h a t  i s ,  no v a r i a t i o n s  were observed i n  t h e  s i g n a l  from 

t h e  bismuth entrainment d e t e c t o r  (Fig* 1 2 )  t h a t  w a s  being opera ted  wi th  

the f r e e z e  va lve  open. 

2 

5.2  Hydrodynamic Runs IiR-7 and. HR-8 ; Tests f o r  0bst:ructicJns 

Run HR-7 was begun a t  t h e  lowest poss ib l e  flow rates (%SO ml/min 

f o r  each phase ) ;  however, f low of s a l t  through t h e  column was obta ined  

only during a b r i e f  i.nterva1 dur ing  vhich t h e  sal t  j ack leg  showed a 

pressure  equiva len t  t o  a s t a t i c  column of bismuth f i l l i n g  t h e  ex t rac-  

t i o n  column. Bismuth flowed from t h e  column only  by way of the  sa l t  

overflow * 

The presence of suspected plugs i n  l i n e s  a t t ached  t o  t h e  base  o f  

t h e  column w a s  v e r i f i e d  by removing t h e  l i n e s  and sec t ion ing  them. f o r  
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examination a f te r  mel t ing  o u t  t h e  bismuth i n  an argon a h o s p h e r e .  

p o s i t s  of i r o n  c r y s t a l s ,  some of which were ex tens ive  enough t o  con- 

s t l t u t e  impermeable plugs (F ig .  131, were found i n  t h e  l o c u t i o n s  in-  

d i c a t e d  i n  Fig.  1 2 .  

De- 

S a l t  and bismuth we1.e dra ined  from t h e  column i n t o  a temporary 

r e c e i v e r  t o  permit t e s t s  t o  determine the  cond i t ion  of t h e  molybdenum 

packing. Radiographs of t h e  column showed reg ions  of t rapped bismuth 

which might i n d i c a t e  a plug. Measurements showed a presslire drop  about 

2.5  times t h a t  of a, r e f e rence  col-umn packed wi th  polyethylene cyl. inders;  

however, t h i s  w a s  no t  regarded as conclus ive  evidence o f  2 r e s t r i c t i o n ,  

The colimn w a s  reconnected t o  the systen?. wi th  1/2- in . -  and S /h - i a . -  
GL t ub ing  t o  reduce the  l i k e l i h o o d  of  plugging t h e  full c r o s s  s e c t i o n  of  
t h e  t r a n s f e r  l i n e s  with i.ron d e p o s i t s .  I n  mldiiicln,  a quaatity of 

Zircaioy-2 equiva len t  t o  100 ppm of' zirconium i n  bismuth w a s  d d e d  t o  

t h e  bismuth feed tank  in an at tempt  t o  i r i l i ibi t  mass t r a n s f e r  of i r o n .  

I n  t h e  f i n a l  hydrodynamic experiment (HR-8) in t h e  original. column, 

the column flooded a t  salt and 'ojsriiuth flow rates of" '75 ml/min. Sirice 

t h e  col-mn had opera ted  s a t i s f a c t o r i l y  a t  these  flow rates during cun 

HE-5, i t  was apparent  t h v t  the cond i t ion  of t h e  coliuun had changed. 

Therefore ,  the column was removed f o r  examixia1,ion and replarmerit a 

The .Lower half o f  t h e  colurnn w a s  f i l l e d .  w i - L h  epoxy resin i n  order  

t o  preserve  the  packlng arrangement while  t h e  s t e e l  p ipe  v-as being 

s t r i p p e d  %way. Dendr i t ic  i r o n  d e p o s i t s  were no-bed i n  t h e  pxk',ng (Ftg* 

i l c j  i n  an. amount s u f f i c i e n t  t o  inc rease  the r e s i s t a n c e  t o  f low,  t h a t  

i s ,  t o  decrease  t h e  throughput at, f looding .  The i r o n  d e p o s i t s  were not 

uniformly d i s t r i b u t e d  throughout the column bu-t; were located.  pr i rnar i ly  

i n  t h e  lower sec t ion .  

A i r  ox ida t ion  of the carbon-steel  column w a s  severe ,  =aoi ln t ing  t o  

a l o s s  o f  about 0.050 i n .  of w a l l  t h i ckness .  The al.uminurn p a i n t  appl ied  

i n i t i a l l y ,  which was expected to withstand h igh  temperatures  appeared 

t o  have a f forded  l i t t l e  p r o t e c t i o n  a g a i n s t  ox ida t ion .  
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PHOTO 97581 

Fig. 13. Section of Salt Transfer Line Between Salt Jackleg and 
Column Inlet, Plugged with Dendritic Iron. 
occurred during examination, when it was accidentally exposed to air 
while hot .  

Darkening of lower specimen 
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Fig. 14. Sec t ion  of 0.082-in.-ID Column Showing Dendr i t ic  I r o n  
The lower h a l f  o f  t h e  column w a s  po t t ed  Deposit (Upper Photograph).  

i n  epoxy r e s i n ,  and t h e  s t ee l  p ipe  w a s  s t r i p p e d  away. 
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6.  SIMULATION OF THE FLOW CONTROL SYSTEMS FOR THE 
REDUCTIVE EXTRACTION FACILITY 

C .  W. Kee L .  E. McNeese 

The success fu l  ope ra t ion  of t h e  Reductive Ex t rac t ion  F a c i l i t y  (see 

Sec t .  5 )  depends on a flow c o n t r o l  system t h a t  w i l l  a l low salt  and bis- 

muth flow r a t e s  i n  t h e  f a c i l i t y  t o  be quick ly  e s t a b l i s h e d  a t  des i r ed  

va lues  and t o  be maintained r e l a t i v e l y  cons tan t  dur ing  t h e  course  o f  

an experiment. Because of t h e  importance of  t h i s  a spec t  of ope ra t ion ,  

a s tudy  of  t h e  flow c o n t r o l  system i s  i n  progress .  

It has prev ious ly  been shown5 t h a t  s teady  flow from t h e  sa l t  and 

bismuth feed  tanks  can  be  obta ined  i f  each phase d ischarges  at  a cons t an t  

p re s su re .  This  i s  e s s e n t i a l l y  t h e  case  f o r  t h e  bismuth flow system s ince  

t h e  d ischarge  po in t  i s  a t  t h e  t o p  of t h e  e x t r a c t i o n  column. I n  t h e  c a s e  

of t h e  s a l t ,  however, t h e  d ischarge  p res su re  i s  not cons tan t  s i n c e  t h e  

pressure  i n  t h e  salt  j ack leg  v a r i e s  t o  match t h a t  a t  t h e  bottom of t h e  

column. A t  f low rates near f lood ing ,  changes i n  t h e  sa l t  d ischarge  

pressure  might be  r a p i d  s i n c e  p re s su re  surges  could be t r ansmi t t ed  

between t h e  j ack leg  and column a t  t h e  inherent  resonant  frequency; 

t h e s e  v a r i a t i o n s  could a f f e c t  t h e  rates a t  which salt  and bismuth flow 

through t h e  column. 

It i s  thus  d e s i r a b l e  t o  s imula te  t h e  t r a n s i e n t  behavior  of t h e  flow 

c o n t r o l  systems and equipment i tems such as t h e  j ack leg ,  column, and 

t r a n s f e r  l i n e s ,  which may a f f e c t  ope ra t ion  of t h e  c o n t r o l  system. This  

s tudy w i l l  (1) examine t h e  s t a b i l i t y  of t h e  p re sen t  system, ( 2 )  examine 

t h e  m e r i t s  of va r ious  ope ra t ing  methods f o r  t h e  p re sen t  system, and 

( 3 )  al low eva lua t ion  of  proposed equipment modi f ica t ions .  

and d i g i t a l  s imula t ions  of t h e  system have been c a r r i e d  ou t  and a r e  

descr ibed  i n  t h e  remainder of  t h i s  s ec t ion .  

Both analog 
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6.1 Analog Simulat ion of Jack leg  and Ex t rac t ion  Column 

For t h i s  s imula t ion  a stepwise change i n  bismuth flow r a t e  w a s  i m -  
posed on t h e  s imulated system, which was opera t ing  a t  s teady  s ta te .  The 

rate of  salt flow t o  t h e  salt j ack leg  w a s  assumed t o  remain cons t an t  

dur ing  the ensuing per iod  i n  which the l e v e l  i n  t h e  sa l t  j ack leg  and 

t h e  bismuth holdup i n  t h e  column ad jus t ed  t o  the new s teady-s ta te  

va lues  

Mathematical Analysis . -  The s t eady- s t a t e  bismuth holdup i n  t h e  co l -  

umn w a s  assumed t o  be  g iven  by t h e  r e l a t i o n  

where 

H1 = f r a c t i o n  of column volume occupied by bismuth a t  s teady  

Vd = dispersed.-phase (bismuth)  flow ra te  t o  column, 

V = continuous-phase ( s a l t )  flow rate t o  c o l w ,  

s t a t e  (bismuth holdup) 

C 

,k ,k, = c o n s t a n t s .  'ref 1 C! 

The ins tan taneous  bismuth holdup i n  t h e  column w a s  assumed Lo change a$ 

a ra te  p ropor t iona l  t o  t h e  d i f f e r e n c e  between t h e  ins tan taneous  holdup 

and t h e  s teady  -state holdup. Thus, 

d H  - =  k (H - H), dt 3 1 

where 

H = ins tan taneous  bismuth holdup, 

t = t ime ,  

3 k = cons tan t .  

The pressure at t h e  base of t h e  column w a s  assumed t o  

pressure of the dispersed-phase holdup, and from flow 

d ispersed  phases; t h e  dependence w a s  assumed t o  be as 

result; from t h e  s t a t i c  

of t h e  continuous and 

follows : 
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where 

PA = pres su re  a.t t h e  base of t h e  column, minus t h e  s t a t i c  pressure 

when t h e  column i s  f i l l e d  wi th  s a l t ,  

k k = constanLs. 4’ 5 

The r a t e  of flow o f  s a l t  between t h e  j ack leg  and t h e  colimn was as- 

sumed to correspond t o  laminar flow i n  t h e  l i n e  connecting t h e  two voI.mes 

and i s  given as 

where 

k’ = constant, ,  

PB =: pressure a t  o u t l e t  o f  j ack leg ,  minus s t a t i c  pressure  of the 

sa l t  i n  t h e  column. 

The change i n  p re s su re  wi th  -time a t  t h e  o u t l e t  of t h e  jack leg  i s  r e l a t e d  

t o  t h e  ne t  r a t e  of f l .ow from t h e  j ack leg  as 

where 

p = d e n s i t y  of  t h e  s a l t ,  

a = c ross - sec t iona l  a r e a  of  j ack leg ,  

F = r a t e  a t  which s a l t  f l o w s  t o  j ack leg .  
0 

Scaled Equations and Analog C i r c u i t  .- Equations (11.) through (15 ) 

were sca led  f o r  s o l u t i o n  on an  axia.log computer by in t roduc t ion  of t h e  

fol lowing v a r i a b l e s :  
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v = v v  
C c My 

wher e 

h = sca led  s t eady- s t a t e  holdup, 

HTfl = maximum s t eady- s t a t e  holdup (l.O), 

v = sca l ed  sa l t  f low r a t e  between t h e  j ack leg  and t h e  colimn, 

VM = maximum sal t  flow r a t e  between t h e  j ack leg  and t h e  column 

1 

C 

(10 ml/sec) 

h = sca l ed  ins tan taneous  holdup, 

HM = maximum ins tan taneous  holdup (l-O), 

= sca led  va lue  of  p re s su re  at j ack leg  out le t ,minus  s t a t i c  PI3 
p re s su re  a t  base  of  t h e  column when f i l l e d  wi th  salt ,  

PM = maximum va lue  of  p re s su re  at base  of column,minus s t a t i c  

p re s su re  a t  base  of t h e  column when f i l l e d  wi th  salt  (200 i n .  

H*O) 5 

pA = sca l ed  value of p re s su re  a t  t h e  base  of t h e  column,minus s t a t i c  

p re s su re  a t  base of t h e  column when f i l l e d  wi th  s a l t .  

T'he r e s u l t i n g  equat ions  are : 

klvr ef 

HM 
I r v  

v -  k2Vd 1 M hl = - + -  
C HM HM 

Y 

- k (h - h), dh 
dt 3 1 
- -  
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and 

A schematic diagram of t h e  analog c i r c u i t  used f o r  s o l u t i o n  of Equations 

(16)-(20) i s  shown i n  Fig.  15 .  

Choice of Constants .  - The va lue  of  the cons tan t  k ( 0 . 1  sec/ml)  was 

and 
2 

chosen such t h a t  t h e  s t eady- s t a t e  holdup had a va lue  of 0 . 1  when V 

F were each assumed t o  have a va lue  of 1 ml./sec. The cons tan t  k w a s  
0 1 

given t h e  va lue  of 0.01  sec/ml- on t h e  b a s i s  of observed holdup d a t a  from 

the  mercury-water system and from t h e  sal t -bismuth system (Sec t .  15). 

value  of t h e  cons tan t  k 

through t h e  colurnn t o  t h e  bismuth volume held up i n  t h e  column, and w a s  

ass igned va lues  of 0 . 1  and 1 sec -; t h e  va lue  of 0 . 1  see i s  considered 

t o  g ive  a more accu ra t e  r ep resen ta t ion  of  t h e  a c t u a l  system. The cons tan t  

k which w a s  assumed t o  be equal  t o  t h e  product of the d i f f e r e n c e  i n  

d e n s i t i e s  o f  t h e  sa l t  and bismuth (6 .4  g/cm ) and t h e  column height  (30.25 
i n . ) ,  had a value of 194 i n .  I I  0. 

Lo 20 i n .  H20 * sec/ml.  

r a t e  ( i n  crn3/sec) obtained between t h e  j ack leg  and t h e  column f o r  a pressure  

di'ference of 1 i n .  B 0, was va r i ed  from 0 . 2  t o  1 0  cm3 sa l . t / sec  

A va lue  of 0.5 is considered t o  be iiiost r e p r e s e n t a t i v e  of? t h e  a c t u a l  system. 

The c ross - sec t iona l  area of t h e  jack leg  w a s  v a r i e d  from 0 .25  t o  4 i n .  

r e f  

The 

approxi-mates t h e  r a t i o  of  t h e  bismuth flow r a t e  
3 

-1 -I 

3 5' 

The cons t an t  k w a s  va r i ed  from 0.02 2 1.1 
The cons tan t  k ' ,  which r e p r e s e n t s  t h e  sa l t  flow 

i n .  H20. 

2 

2 

Calculated Resu l t s .  Resul t s  c a l c u l a t e d  for a range of ope ra t ing  

condritions are shown i n  F igs .  16-1.9. The g r e a t e s t  change i n  system 
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response w a s  produced by v a r i a t i o n  of  k tile r a t e  cons tan t  f o r  drainage 

of bismuth from t h e  column. Resul t s  calculat ,ed f o r  t h e  most representa-  
3’ 

t i v e  value of  k 

F i g .  1.6. 
bismuth holdup i n  Lhe column are observed t o  a d j u s t  sxaoothly t o  t h e  

s t eady- s t a t e  va lues  a f te r  an imposed upse t  i n  cond i t ions .  Resul t s  a r e  

( 0 . 1  see-’) and a range of va lues  of  k aye shown i n  3 4 
The sa l t  flow r a t e  between t h e  j ack leg  and the  column and t h e  

-1 shown i n  Fig.  1’9 f o r  a k va lue  of 1 sec , which r e p r e s e n t s  more r a p i d  

drainage of bismuth from t h e  column. A s  expected,  t h e  system response 

i s  f a s t e r  and t h e  s t eady- s t a t e  va lues  are obtained more quickly.  A s  i n  

t h e  former case ,  t h e  system response was smooth and no o s c i l l a t o r y  ’oe- 

havior  w a s  observed. Changes i n  t h e  va lue  o f  k had l i t t l e  e f f e c t  on t h e  

t r a n s i e n t  behavi-or. A s  shown i n  F igs .  16-18, an  inc res se  i n  t h e  va lue  of 

k 

s t eady- s t a t e  va lue .  

3 

4 

r e s u l t e d  i n  a small decrease i n  t h e  maximum dev ia t ion  of  Vc from t h e  4 

A s  expected,  an  inc rease  i n  t h e  j ack leg  diameter (which r ep resen t s  

a decrease i n  t h e  r e s i s t a n c e  t o  flow between t h e  j ack leg  and t h e  c o l ~ u m )  

r e s u l t e d  i n  a h igher  r a t e  of change of  V as showia i n  F ig .  19. lIowe-rrer, 

t h e  r a t e  of change of t h e  bismuth holdup i n  t h e  column was not a f f e c t e d .  

The system remained s t a b l e  f o r  f l o w  r e s i s t a n c e  va lues  much lower than  

those  pyesent  i n  t h e  a c t u a l  system. 

C Y  

Decreases i n  t h e  c ros s - sec t iona l  area o f  t h e  j ack leg  r e s u l t e d  i n  a 

more r a p i d  r e t u r n  of t h e  system t o  s teady  sLate ,  as shown i n  F i g .  19 .  
The system was observed. t o  be s t a b l e  over t h e  range of c ros s - sec t iona l  

2 a reas  of  0 .25  t o  4 i n .  . 

6.2 nig iLa1  S i m u h t i o n  of S a l t  FLOW Control  System, 
Jack leg ,  and Extrac-Lion Column 

Although t he  analog sirnulation discussed previous ly  ind ica t ed  t h a t  

s a t i s f a c t o r y  flow c o n t r o l  shcliild be obtained wi th  t h e  e x i s t i n g  equipment, 

i t  was necessary to  t r e a t  s e v e r a l  a spec t s  of t h e  system i n  a s impl i f i ed  

manner. Therefore ,  a d i g i t a l  s imula t ion  was c a r r i e d  out  i n  order  t o  

ob ta in  a more r e a l i s t i c  r e p r e s e n t a t i o n  of t h e  system. Changes i n  sim- 
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u l a t i o n  of t h e  system cons i s t ed  of t h e  fol lowing:  

ance on sa l t  and bismuth i n  t h e  column was s u b s t i t u t e d  f o r  Eq.  ( 2 )  used 

p rev ious ly  t o  d e f i n e  t h e  ra te  of  dra inage  of bismuth from t h e  column; 

( 2 )  t h e  column w a s  segmented i n t o  s e v e r a l  s e c t i o n s  t o  a l low v a r i a t i o n  
of flow rates and holdup a t  p o i n t s  a long t h e  column; ( 3 )  more accu ra t e  

e s t ima tes  were made of t h e  f r i c t i o n a l  losses i n  t h e  sal t  t r a n s f e r  l i n e s  

(between t h e  salt  feed  t ank  and t h e  jackleg and between t h e  jack leg  and 

t h e  column),  and t h e  diameter of t h e  l i n e s  w a s  v a r i e d ;  ( 4 )  s imula t ion  

of t h e  sa l t  flow c o n t r o l  system w a s  included;  and ( 5 )  t h e  salt  f eed  po in t  

l o c a t i o n  i n  t h e  Jackleg  re la t ive  t o  t h e  salt  level  i n  t h e  j ack leg  w a s  

va r i ed .  

(1) a material bal- 

Three cases  were considered.  I n  Case I t h e  sal t  i n l e t  t o  t h e  jack- 

l eg  w a s  located.  above t h e  sa l t  su r face  i n  t h e  j ack leg .  The gas  p re s su re  

above t h e  sa l t  i n  t h e  j ack leg  was he ld  c o n s t a n t ,  and t h e  salt l e v e l  i n  

t h e  j ack leg  was allowed t o  vary .  

I n  Case I1 t h e  sa l t  i n l e t  t o  t h e  j ack leg  w a s  l oca t ed  below t h e  sa l t  

szlrface i n  t h e  j ack leg .  The gas p res su re  i n  t h e  j ack leg  w a s  he ld  cons t an t ,  

and t h e  sa l t  l e v e l  i n  t h e  j ack leg  w a s  al lowed t o  vary .  I n  Case 111 t h e  sal t  
i n l e t  t o  t h e  j ack leg  was l o c a t e d  below t h e  salt  su r face  i n  t h e  j ack leg .  

The gas  p re s su re  w a s  v a r i e d  i n  o rde r  t o  maintain a cons tan t  sa l t  l eve l  i n  

t h e  j ack leg .  

Cases I1 and I11 r ep resen t  two p o s s i b l e  methods of ope ra t ion  for t h e  

p re sen t  experimental  f a c i l i t y  i n  which t h e  salt  i n l e t  t o  t h e  j ack leg  i s  
l o c a t e d  below t h e  sa l t  su r face  i n  t h e  j ack leg .  

Mathematical Analysis  of Segnented Column. - I n  t r e a t i n g  t h e  ex t rac-  

t i o n  column, t h e  column w a s  d iv ided  i n t o  a number of segments, each of 

which w a s  assumed t o  be a t  s t eady  s ta te  dur ing  a given t ime i n t e r v a l .  

For t h e  i t h  segment (numbered from t h e  t o p  of t h e  column), Eq. (11) w a s  

rear ranged  t o  yrleld t h e  fo l lowing  r e l a t i o n :  
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- -  - -  Hi kl 

k2 k2 
- 

d il-1 V Y ( 21. ) 

where 

= bismuth flow rate leaving 
'd , i+l. 

H. 2 fraction of calm-n volume 
1 

bismuth 

the 5th segment, 

in ith segment occupied by 

V = salt flow rate leaving i t h  segment, c ,i 
kl )k2,Vref = constants. 

This equation is similar to the relation used f o r  the analog simulat,ion, 

except that the continuous-phase flow ra te  is important only for f3.ow 

rates near flooding. 

The relati-on used for determining pressure within the column 

segments, similar to Eq. (13), is: 

- P. = (kb Hi V c y i  + k Ri)/N, 
1 5 

where 

P. = pressure a t  t h e  top of ith seginen-t, miniis pressure due to 
1 

static head of salt in column above ith segment, 

N = number of segments in column, 

k k = constants. 4' 5 

Values used for the constants kl, k2) k4' k5, and V 

used previously in the anal.og simulation. 

are the same as ref 

A material balance on the dispersed phase in segment i yields the 

relation 



where 

t = t ime, 

= volume of column. 
% O l  

If one assumes t h a t  t h e  salt  and bismuth phases a r e  incompressible,  one 

ob ta ins  t h e  r e l a t i o n  

Du-ring a given t i m e  i n t e r v a l ,  Eqs. ( 2 1 )  through (24) were solved by 

t r i a l  and e r r o r  t o  determine pressure ,  holdup, and flow rates throughout 

t h e  column i n  t h e  fol lowing manner. A value was assumed for t h e  rate of 

sa l t  flow from t h e  top  o f  t h e  column ( t o p  segment); t h i s  value was used 

wLth t h e  known flow r a t e  a t  which bismuth e n t e r s  t h e  t o p  of t h e  column 

t o  c a l c u l a t e  va lues  f o r  each column segment. These values  inc lude  t h e  

sal t  flow r a t e  i n t o  t h e  bottom of t h e  column (bottom segment) as we l l  

as the pressure  a t  t h i s  l o c a t i o n .  The pressure  value was then used t o  

c a l c u l a t e  a value f o r  t h e  sal t  flow r a t e  between the  jack leg  and t h e  

column which could be compared with t h e  ca l cu la t ed  r a t e  o f  salt flow 

i n t o  t h e  bottom of t h e  column. When t h e  two va lues  d id  not  agree ,  t h e  

assumed sa l t  flow r a t e  a t  t h e  t o p  of t h e  column w a s  ad jus ted  and t h e  

c a l c u l a t i o n  w a s  repeated t o  ob ta in  a b e t t e r  approximation. 

Mathematical Descr ipt ion of Jackleg .  - I n  Cases I and I1 t he  pressure  

above t h e  salt su r face  i n  t h e  jack leg  w a s  assumed t o  be constant  s o  t h a t  

changes i n  pressure  a t  t h e  jack leg  o u t l e t  were r e l a t e d  only t o  changes 

i n  t h e  l e v e l  of sa l t  i n  t h e  jack leg .  Thus, t h e  v a r i a t i o n  of pressure  a t  

the jackleg  o u t l e t  with t ime i s  given by t h e  r e l a t i o n  

where 

P = pressure  at jackleg o u t l e t ,  minus s t a t i c  head of salt  i n  t h e  B 
column , 



t = t i m e ,  

p = d e n s i t y  of t h e  s a l t ,  

a = c ross - sec t iona l  area o f  t h e  jack.l.eg, 

F = s a l t  flow r a t e  t o  j ack leg ,  
0 

= salt flow r a t e  between jackleg  and column. vN-.i.l 

I n  Case I11 t h e  pressure above t h e  salt su r face  i n  t h e  j ack leg  was 

c o n t r o l l e d  i n  a inaniier such t h a t  t h e  sal t  I.eve1 i n  t h e  jack leg  remained 

cons t an t .  Hence, t h e  p re s su re  i n  'the gas  space above t h e  sal t  sur face  

i n  t h e  j ack leg  w a s  t h a t  r equ i r ed  t o  o b t a i n  a sa l t  flow r a t e  between t h e  

j ack leg  and column which was equal  t o  t h e  sal t  flow r a t e  t o  t h e  jack leg  

The r e s i s t a n c e  t o  flow between t h e  j ack leg  and column w a s  due t o  f r i c -  

t i o n a l  l o s s e s  i n  t h e  l i n e  between t h e  j ack leg  and column; t h e  mannsr of  

c a l c u l a t i n g  such losses i s  d iscussed  i n  t h e  fol lowing sec t ion .  

Calcu la t ion  of F r i c t i o n a l  Losses i n  S a l t  Transfer  Lines .  -The 

f r i c t i o n a l  l o s s e s  in t h e  sa l t  t r a n s f e r  l i n e s  (one connecting t h e  s a l t  

feed Lank t o  t h e  j ack leg ,  and one connecting t h e  j ack leg  to t h e  column) 

were c a l c u l a t e d  from t h e  P o i s e u i l l e  equat ion f o r  laminar  flow a~zd from 

t h e  Blas ius  equat ion f o r  t u rbu len t  f low. These equat ions are given i n  

Eqs  ( 26) and (2 '1 )  r e s p e c t i v e l y :  

4 
7~ ( A P ) D  ' 128pL ' 

where 

Q = salt  flow r a t e ,  

D = diameter of' l i n e ,  

p = v i s c o s i t y  of s a l t ,  

L = l eng th  of l i n e ,  

AP = pres su re  d i f f e r e n c e ,  ci.niis s t a t i c  head between ends of l i n e ;  

and 



5 1  

The t r a n s i t i o n  between laminar and t u r b u l e n t  f low w a s  assumed t o  occur 

at; a Reynolds number of 2200, where Reynolds number i s  def ined  as 

I n  Case I ,  s a l t  was allowed t o  flow only  from t h e  sa l t  feed  tank t o  t h e  

j ack leg  s i n c e  t h e  sa l t  i n l e t  t o  t h e  j ack leg  w a s  l o c a t e d  above t h e  s a l t  

su r face  i n  t h e  j ack leg .  For t h e  remaining l i n e s ,  salt  was allowed t o  

flow i n  t h e  d i r e c t i o n  ind ica t ed  by t h e  p re s su re  d i f f e r e n c e  a c r o s s  t h e  

l i n e  i n  ques t ion .  

Mathematical Desc r ip t ion  o f  S a l t  Flow Control  System. - A  math- 

emat ica l  d e s c r i p t i o n  of  t h e  salt  flow c o n t r o l  system has been given 

previous ly  f o r  a c o n t r o l l e r  having only  p ropor t iona l  a c t i o n .  I n  t h e  

p re sen t  s imula t ion ,  bo th  p ropor t iona l  and i n t e g r a l  a c t i o n s  were assumed. 

The fo l lowing  r e l a t i o n  f o r  t h e  c o n t r o l  a c t i o n  w a s  used: 

5 

where 

G = rate a t  which argon flows t o  salt  feed  t ank ,  

B' = r a t e  a t  which argon i s  b l ed  from s a l t  feed  t ank ,  p l u s  one- 

h a l f  o f  maximum argon f eed  ra te ,  
3 G = maximum argon f low rate  t o  f eed  tank  (1 s t d  f t ' / h r ) ,  max 

PE = propor t iona l  band, 

RT = r e s e t  t i m e ,  min, 

.t; = t ime ,  

= c o n t r o l l e r  set po in t  generated by ramp genera tor  t o  r ep resen t  s ,set  v 
a l i n e a r l y  decreas ing  sal t  volume i n  feed  t ank ,  

Vs = sa l t  volume i n  feed  tank  dur ing  c u r r e n t  t i m e  i n t e r v a l .  
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Calculated Resul t s .  - R e s u l t s  cal .culated f o r  Case I f o r  s eve ra l  jack- 

l e g  diameters  and f o r  two s a l t  t r a n s f e r  l i n e  diameters  a r e  shown i n  F ig .  

20. It; i s  observed t h a t  an upse t  r e s u l t s  i n  a r e l a t i v e l y  r a p i d  response 

i n  a l l  cases .  A s  expected, i n c r m s e s  i n  t h e  j ack leg  diameter r e s u l t  i.xi 

a slower approach to s teady  s t a t e .  The approach t o  s teady  s t a t e  i s  also 

more r a p i d  wi th  3 /8- in . -d im sa l t  t r a n s f e r  lines than  wi th  ,l/l+-in.-diani 

l i n e s .  

Results c a l c u l a t e d  f o r  Case I1 a r e  shown i n  F ig .  21.. The optimum 

cont ro l l . e r  s e t t i n g s  appear t o  be as fol lows : proportional.  band., 4 0 ; 

and r e s e t  tJme, 0.5 min. The use of  a gas b leed  stream from t h e  feed  

tank i s  seen t o  be q u i t e  hene f i c i - a l  s ince  it al.lows t h e  feed  tank 

p res su re  t o  qu ick ly  decrease without t h e  t r a n s f e r  of l a r g e  volumes of  

sa l t  from t h e  feed  tank .  

Resul t s  calcul-ated f o r  Case 111 are shown i n  F ig ,  22. Here t h e  

approach t o  be s teady  s t a t e  appears  t o  be s l i g h t l y  more s luggish  than 

i n  t h e  previous cases .  

Conclusions. -The performance of t h e  flow c o n t r o l  system appears  

t o  be l i m i t e d  by t h e  kime requtred.  for p r e s s u r i z a t i o n  and depressur iza-  

t i o n  of t h e  gas  space i r i  t he  sa l t  reed tank .  The b e s t  mode of  ope ra t ion  

appears t o  be wi th  a cons tan t  gas pres su re  i n  t h e  sa l t  jack leg  and wi th  

t h e  sal..t i n l e t  t o  t h e  jackleg l oca t ed  above the  salt  su r face  i n  t h e  jack-- 

l e g ,  as i l l u s t r a t e d  by Case I. However, t h e  a,ctual system w i l l  be m G r e  

s luggish  than shown i n  Case 1 because considerab1.e t i m e  w i l l  be requi red  

f o r  t h e  feed tank  o u t l e t  f low rate  t o  become cons tan t  dur ing  start-up, 

even though it i s  not a f f e c t e d  by v a r i a t i o n s  i n  Lhe column and s a l t  

jack leg .  It i s  be l ieved  t h a t  t h e  a c t u a l  system will func t ion  we1.3. s i nce  

t h e  s imulated system w a s  s t a b l e  and performed s a t i s f a c t o r i l y  i n  a l l  the 

cases  considered.  
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arid lower curves aye for a 3/8-in.-diCm l ine .  

Upper curves are f o r  a l/b-in.-diam l ine ,  
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7 .  CALIBRATION OF AN ORIFICE--HEAD POT FLOhJMETER WITH 
MOLYEN SALT AND BISTJUTH 

C.  Id. Kee 6, A. hmnaford  

6 Use of an orifice-head pot  flowmeter, descr ibed  previous ly ,  i s  

being considered for detcrmining f l o w  r a t e s  f o r  molten sal t  and bismuth 

streams i n  systems used i n  engineer ing development work. Since t h e  fJ-or~.- 

meters  under cons ide ra t ion  a r e  not of a s tandard des ign ,  experimental  

de te rmina t ion  of  t h e  o r i f i c e  d ischarge  c o e f f i c i e n t  i s  i n  progress .  'I 

Addit ionnl  c a l i b r a t i o n  d a t a  were obtaj-ned during both s t eady- s t a t e  

snd t r a n s i e n t  experiments wi th  molten s a l t  and bismuth i n  a flowmeter 

ha-ving a 0.118-in.-dia.m o r i f i c e .  Results of t hese  t e s t s  a r e  given i n  

t h e  remainder of  t h i s  s e c t i o n ,  The d a t a  suggest  t h a t  t h e  o r i f i c e  d i s -  

charge chamber. w a s  f looded p a r t  of  t h e  t ime;  t h i s  would prodirce a sig- 

n i f i c a n t  e r r o r  i n  t h e  measus-ed p res su re  drop across t h e  o r i f i c e .  The 

remaining d a t a  appear t o  have been obta ined  under condi t ions  WheY"e t h e  

d ischarge  chamber was not f looded.  I n  f u t u r e  experiiiie:nts, the or i f i ce - -  

head pot  and d ischarge  chamber w i l l  be pressur ized  t o  ensure t h a t  t h e  

o r i f i c e  d ischarge  chamber does not  f i l l  wi th  Liquid.  

7.1. Data from Steady-State Flow Experiments 

Three c a l i b r a t i o n  experiments were made i n  which a s teady  bismuth 

flow was maintained through t h e  mi ld- -s tee l  head p o t ,  and. one experiment 

w a s  c a r r i e d  out  wi th  a s teady  s a l t  flow. Resul t s  from -these experiments 

a r e  given i n  Tables 3 and 4. 
that  higher  o r i f i c e  c o e f f i c i e n t s  a r e  a s soc ia t ed  wi th  higher  Reynolds 

numbers. The Val-ues f o r  the o r i f i c e  c o e f f i c i e n t  a l s o  appear t o  approach 

a cons tan t  val-ue n-t high l3eynol.d.s numbers. 'The o r i f i c e  c o e f f i c i e n t  i s  

def ined  as 

The d a t a  f o r  sa l t  flaw appear t o  i.ndica.te 

- -  QP 
c D - A f z G y  



Table 3. Orifice Ijischarge Coef f i c i en t  Data Obtained 
with Salt Flow During R i m  OP-5 

F1 ow Per iod  of 
Rate Reynolds Ori r ice  Ste:idy Flow 

( r i l l  !m i n ) Number a Coeff ic ien t  (min)  

132 27 8 0.28 8.3 

194 4 07 0.31r 5 . 3  

24 5 515 0.36 4.3 

29 6 623 0.37 3 .‘7 

a Based or? o r i f i c e  di:meter. 

Tzb.Le 4. O r i f i . c e  Discharge Coef f i c i en t  Data Obtained w i t h  B i s r m t h  Flow - 
Flow P e r i o d  O Y  
Rate Reynolds O r i f i c e  Steady Flow 

Fur! (ml /min ) Number a Cce f f I.c ient ( m i n  j - 

,7 L’-- 18 5 12070 0.77 3.75 

jp-6 1.27 8283 0.68 3.7 
182 I 1840 0.76 6.7 
256 1.6644 0.74 1.7 
330 18870 0.811- 3 
282 18363 0.81 8 .2  

17 5 11 41 0 0.734 13 
222 1 L 4 It 0 0.773 9 
397 25830 1.114 3 
368 23940 0.773 1 

a Eased or1 o r i f i c e  diameter. 



whei- e 

CD = o r i f i c e  c o e f f i c i e n t ,  

Q = l i q u i d  flow r a t e ,  

p = dens i ty  of l i q u i d ,  

A = c ross - sec t iona l  area. of t h e  o r i f i c e ,  

hP = pressure  drop ac ross  o r i f i c e .  

Data from t h e  experiment wi th  bismuth flow do not show t h e  t r e n d  

observed wi th  salt flow; however, t h e  Reynolds numbers dur ing  t h e s e  ex- 

periments are about two orders of magnitude higher  than  i n  t h e  experimen-t 

wi th  sa l t .  One of t h e  cal.cula.ted va lues  fo r  t h e  o r i f i c e  c o e f f i c i e n t  

( l . . l l h )  i s  much h ighe r  t han  expected. 

be t h e  r e s u l t  of t h e  o r i f i c e  d ischarge  I.ine being filled with  bismu-Lh, 

which l e d  t o  a decreased p res su re  below t h e  o r i f i c e .  

This  higher  va lue  i s  be l i eved  t o  

7.2 Data from Trans ien t  Flow Experiments 

Resul t s  are shown i n  Fig.  23 f o r  an  experiment (OP-5) i n  which 

dyainage of  sa l t  from t h e  or i f ice--head pot  was observed. A s  seen i n  

ear l ie r  experiments,  t h e  o r i f i c e  coef f i -c ien t  appears  t o  decrease as the 

pressure  drop a c r o s s  t h e  o r i f i c e  decreases .  This i s  be l ieved  t o  r e s u l t  

from submergence of t h e  o r i f i c e .  

Some of  -the d a t a  obtained during di-ainage of bismuth from t h e  o r i f i ce - -  

head pot  are shown i n  Fig.  211.. 

pected f o r  t h e  o r i f i c e  c o e f f i c i e n t .  

by the f i l l i n g  o f  t h e  o r i f i c e  d ischarge  chamber. 

These d a t a  i n d i c a t e  lower va lues  than ex- 

The lower values  a r e  probab1.y caused 

The remainder of the d a t a  obta ined  dur ing  dra inage  of bismuth from 

t h e  head pot  i s  shown i n  F ig .  25. These d a t a  a r e  be l ieved  t o  be more 

re l iable  than  those shown i n  Fig. 24. 
charge c o e f f i c i e n t  a r e  i n  good agreement wi th  t h e  expected va lues  and 

wi th  each o the r .  

The values f o r  tile o r i f i c e  d i s -  
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8,  ELECTROLYTIC CELL DEVELOPMENT : ST'A'I'IC CELL EXPERIMENTS 

J. R .  Hightower, Jr . M. S. Lin 
L. E. McNeese 

The proposed flowsheet for process ing  a molten-sal t  b reeder  r e a c t o r  

recpj.res t h e  use  of e l e c t r o l y t i c  c e l l s  f o r  reducing l i t h i m -  and thor4im 

f l u o r i d e s  a t  a bismuth cathode and for oxiclizing m a t e r i a l s  from bismuth 

s o l u t i o n s  a t  a bismuth anode. Two experiments re la ted .  t o  c e l l  develop- 

ment were made i n  a h-in.-diam quartz  c e l l .  

passed between two molybdeniim e l ec t rodes  t o  determine whether t h e  usua l  

dark  material wou1.d be formed when bismuth w a s  not present  i n  tile system. 

The second experiment was a t e s t  of  a porous carbon anode having a much 

higher  gas  permeabi l i ty  than  t h e  g r a p h i t e  anode t h a t  had been used i n  an 

earl.i.er experiment in which poor r e s u l t s  had. been obtained.  It was 

4 
believed. t h a t  a h igher  gas permeabi l i ty  might a l low removal of the C F  

formed a t  t h e  anode (by flow through t h e  g r a p h i t e )  and therreby prevent  

t h e  e l ec t rode  su r face  from being in su la t ed  by a layer of  t h i s  materi.al.. 

The s a l t  (66-34 mo1.e % LiF-BeF, ) and bismuth were sparged wi th  H 

being t r a n s f e r r e d  t o  t h e  quartz, v e s s e l .  

I n  t h e  f i r s t ,  cu r ren t  was 

before  2 2 

For t h e  f i r s t  t e s t ,  t h e  depth of sa l t  i n  t h e  ce l l .  w a s  3 i n . ;  t h e  c e l l  

contained no bismuth. 

t o  a dep-th of 1 i n .  zt t h e  cenLer of  t h e  c e l l .  The cathode w a s  a 1/4.-in.  

molybdenum t u b e  i n s e r t e d  t o  wi th in  ahout I i n .  of t h e  bottom of t h e  c e l l  

and l o c a t e d  about 1/2 i n .  from t h e  c e l l  wa.l.le 

t h e  cathode,  and only  about 1/h i n .  of t h e  molybdenum t u b e  was exposed 

s i n c e  i t  was t o  be used as t h e  e3.ectr ical  l e a d  i n  t h e  second experiment.  

I n i t i a l l y ,  an a l t e r n a t i n g  cu r ren t  of  about 2 A w a s  passed between t h e  

e l ec t rodes  f o r  approximately 2 min wi th  a c e l l  temperature  of approximately 

600Oc. A t  t h e  end of this t , i m e ,  a small anounl; of black material  vas ob- 

served near t h e  e l e c t r o d e  having the quar tz  shea th  around it. A d i r e c t  

cu r ren t  of  about 5 A w a s  then passed between t h e  e l e c t r o d e s .  There was 

a rap id  formation of  b lack  m a t e r i a l  i n  t h e  v i c i n i t y  o f  tine anode, and t h e  

The anode w a s  3 I / b i n . - d i a m  molybdenim rod immersed 

A quartz  t u b e  surrounded 



6 3  

salt  became opaque w i t h i n  1 min. A f t e r  s tanding  ove rn igh t ,  most of t h e  

material had s e t t l e d  o u t ,  a l though a f e w  l a r g e  p a r t i c l e s  ( W 8  i n .  i n  

d iameter )  were still .  suspended i n  t h e  sa l t  phase.  

w a s  aga in  passed,  arid t h e  c e l l  r a p i d l y  became opaque aga in ;  t h e  b lack  

m a t e r i a l  t h a t  formed a t  t h e  anode r o s e  along t h e  anode, spread out  a t  

t h e  s a l t  su.rface,  and d i spe r sed  throughout t h e  s a l t  from t h e  su r face .  

A.nalysis of  some of t h e  s o l i d  m a t e r i a l  suspended i n  t h e  sa l t  i nd ica t ed  

t h a t  s i l i c o n  might have been p r e s e n t .  It w a s  concluded from t h i s  experi-  

ment t h a t  t h e  presence of  bismuth i s  not  necessary  f o r  formation of t h e  

b lack  r a t e r i a l .  

Current ( 5  A ,  d c )  

After t h e  test  wi th  t h e  molybdenum e l e c t r o d e s ,  su f fTc ien t  bismuth 

w a s  t r a n s f e r r e d  t o  t h e  c e l l  t o  produ-ce a 3 - in .  depth  of t h i s  me ta l ,  and 

t h e  molybdemm rod  a t  t h e  c e n t e r  of t h e  c e l l  w a s  r ep laced  wi th  a 1-in.-  

diam porous carbon e l e c t r o d e  ( d e n s i t y  = 0 . 1  g / c c )  immersed t o  a depth  

of 1 i n .  i n  t h e  sa l t .  

With t h e  c e l l  a t  600°C, a p o t e n t i a l  of 5 V was app l i ed  between t h e  

bismuth cathode and t h e  carbon anode. The i n i t i a l  c u r r e n t ,  approximately 

4 A ,  decayed r a p i d l y  t o  a s teady  va lue  of about 0.2 A (corresponding t o  

a c u r r e n t  d e n s i t y  of 0.04 A/crn2, based on t h e  area of  t h e  end o f  t h e  

carbon anode) .  

less  than  29 i n .  Hg without  a f f e c t i n g  t h e  c u r r e n t  d e n s i t y .  Sparging t h e  

c e l l  p e r i o d i c a l l y  produced short- term inc reases  i n  c u r r e n t ,  but cont inuous 

sparging d i d  not  h e l p  apprec iab ly .  If t h e  CF had escaped from t h e  carbon 

r e a c t i o n  s u r f a c e  a t  a ra te  l i m i t e d  only by r e s i s t a n c e  t o  gas  flow through 

t h e  porous e l e c t r o d e ,  a c u r r e n t  d e n s i t y  of 1 2  t o  29 A/cm would have been 

obta ined .  Apparent ly ,  an  i n s u l a t i n g  f i l m  of gas w a s  formed on t h e  anode. 

A l t e r n a t i v e l y ,  w i t h  such a h igh  pe rmeab i l i t y ,  t h e  sal t  may have pene t r a t ed  

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

t h e  s a l t - f r e e  porous carbon and n u l l i f y i n g  t h e  b e n e f i t  of t h e  low resist-  

ance t o  gas  flow o f f e r e d  by t h i s  material. 

The e e l 1  was then  evacuated t o  an abso lu te  p re s su re  of 

4 

2 

We are cont inuing  experi-nients i n  s t a t i c  c e l l s  i n  o rde r  t o  i d e n t i f y  the 

b lack  material. We a r e  i n s t a l l i n g  a n  all-metal c e l l  -to determine whether 

t h e  m a t e r i a l  forms i n  t h e  absence of s i l i c a .  
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9 .  ELECTROLYTIC cmr, DEVELOPMENT : FORMATTON OF FROZEN 
FITIMS WITH AQUEOUS ELECTROLYTES 

J. R .  Hightower, Jr. C .  W .  Kee 

Formation of f rozen  sa l t  f i lms  on s t r u c t u r a l  su r f aces  exposed t o  t l ie 

molten-sal t  e l e c t r o l y t e  i n  ce l - l s  is being considered as a means f o r  pro- 

t e c t i n g  t h e s e  surfaces from co r ros ion  by BiF. produced a t  t h e  cell .  anode. 

A s tudy of f rozen  film foymation under cond i t ions  similar t o  those  ex-- 

pected i n  a c e l l  i s  i n  progress .  Part, of t h e  work w i l l  be  c a r r i e d  out  

us ing  an aqueous e l - ec t ro ly t e  i n  order  t o  avoid problems a s soc ia t ed  with 

mol ten  salt--bismuth systems. 

3 

Equipment has  been i n s t a l l e d  f o r  s tudying t h e  formation o f  i c e  f i l m s  

on su r faces  of a s imulated e l e c t r o l y t i c  c e l l  t h a t  uses  an  aqueous s o l u t i o n  

r a t h e r  than  molten s a l t  as t h e  e l e c t r o l y t e .  A l t e rna t ing  current w i l l  be 

used t o  minimize t h e  e f f e c t s  o f  elec-Lrode reac-Lions and. mass t r a n s f e r .  

The rernainder o f  t h i s  s e c t i o n  will desc r ibe  t h e  equipment t h a t  has 

been b u i l t ,  and outI.ine a mathematical  a n a l y s i s  f o r  use  i n  designing 

c e l l s  and in t e rp re t , i ng  r e s u l t s .  

9 . 1  Mathematical Anal.ysis 

Average Current Densi ty_and Power Di s s ipa t ion .  - One conceptual  

design f o r  an e l e c t r o l y - t i c  c e l l  cons i s%s  of flowing molten bismuth 

electrod.es ( a l t e r n a t e l y  anodic and cat1iodi.c ) i n  long, narrow t r a y s  

t h a t  are c l o s e l y  spaced and are  submerged i n  t h e  e l e c t r o l y t e .  The 

d i v i d e r  between t h e  e l e c t r o d e s  inus-L be e lec t r ica l1 .y  i n s u l a t i n g ,  and 

t h e  t o p  edge of  it must be pro.tected from cor ros ion  by a f l . I m  of 
frozen sa l t .  

Figure 26 i s  a diagram of a half-anode--half-cathode combination 

and shows a conveni-en-L i d e a l i z a t i o n  of an a c t u a l  c e l l  t h a t  w i l l  be ? x e d  

i n  c e l l  des ign .  The cu r ren t  i s  assumed t o  be confined t o  an e l e c t r o l y t e  

r eg ion  bounded by t h e  frozen film a t  a r a d i u s  of i- and by a hypo the t i ca l  1 
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insiil.ating sur face  a t  a r a d i u s  of r 

e l ec t rode  t r a y ) .  

t o p  of t h e  e l ec t rode  d i v i d e r  and i s  covered wi th  a f rozen  f i l m  of 

t h i ckness  r - r 
i n s u l a t i n g .  

(which i s  h a l f  t h e  width of an  2 
A cool ing  tube  of r a d i u s  r i s  pos i t ioned  a t  t h e  

0 

The cool ing  t u b e  i s  assumed t o  be e l e c t r i c a l l y  1 0' 

The c u r r e n t  dens i ty  i n  t h e  conductirlg reg ion  i s  given by Ohm's 

1-aw as: 

where 
2 +- 

3 = vector  cu r ren t  d e n s i t y ,  A/m 
+ 
E = vec to r  e l e c t r i c  f i e l d  s t r e n g t h ,  V/m, 

ohm-l -1 
g = conductivi . ty of  t h e  e l - e c t r o l y t e ,  m . 

With no s o u x e s  of emf i n  t h e  conducting r eg ion ,  t h e  f i e l d  s t r e n g t h  
i s  de r ivab le  from a s c a l a r  p o t e n t i a l :  8 

> E = -grad U ,  
-f 

where 

U = e l e c t r i c  p o t e n t i a l ,  V ,  

grad U = grad ien t  of  U .  

I n  c y l i n d r i c a l  p o l a r  coord ina te s ,  Eq. (32)  becomes 

-f -+ au +- 1 au E = (a - + a  --), r ar 0 r 36 

(32) 

( 3 3 )  

+ -+ 
where a 

S u b s t i t u t i o n  of E q .  (33)  i n t o  Eq.  (31) yie1.d.s t h e  r e l a t i o n  

and a a r e  u n i t  vec to r s  i n  t h e  r and 2 d i r e c t i o n s  r e s p e c t i v e l y .  - r 0 



a I n  t h e  conduct ing r eg ion ,  i f  one assumes t h a t  g i s  cons t an t ,  

t e n t i a l  U satisfies t h e  d i f f e r e n t i a l  equat ion 

t h e  po- 

2 V TJ = 0 ,  

which may be s t a t e d  i n  c y l i n d r i c a l  p o l a r  coord ina te s  as fo l lows:  

a au a2u 
a e 2  ar r - ( r  5) + - =  0 .  

The boundary c o n d i t i o n s  assumed for t h e  model shown i n  F ig .  26 are: 

1. The radial c u r r e n t  component a t  r = r i s  0 ,  so t h a t  
1 

2. The r a d i a l  c u r r e n t  component r =: r i s  0 ,  so t h a t  
2 

3. The p o t e n t i a l  a t  t h e  anode ( e  = 0 )  i s  V and the  p o t e n t i a l  1' 
a t  t h e  cathode ( 0  = n) is 0 .  

0 Equation (37 ) , 
u = Vl (1 - --I, 

j s  a s o l u t i o n  t o  Eq.  (36) in t h e  r e g i o n  r 

end satisfies t h e  boundary cond i t ions .  S u b s t i t u t i o n  of Eq. (37) i n t o  

Pq. (34)  r e s u l t s  i n  t h e  fol lowing equat ion  f o r  c u r r e n t  densi ty:  

< r L r 2  and 0 - -  < e <  IT/^ 1 -  

(35 1 

( 3 6 )  

( 3 7 )  

From Eq. (38) 
d i r e c t i o n ;  t h e  r a d i a l  component i s  everywhere zero.  This  r e l a t i o n  will 

be used t o  c a l c u l a t e  the average c u r r e n t  d e n s i t y  i n  t h e  c e l l  and t o  

c a l c u l a t e  t h e  power Loss due t o  t h e  r e s i s t a n c e  of t h e  e l e c t r o l y t e .  

it; can be seen t h a t  c u r r e n t  f l o w s  on ly  i n  t h e  angular  
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The power l o s s  can be c a l c u l a t e d  by i n t e g r a t i n g  t h e  s p e c i f i c  power 

d i s s i p a t i o n  over t h e  volume of t h e  c e l l .  

i s  g;iven by: 

The s p e c i f i c  power d i s s i p a t i o n  

1. J2 3 P = g  , i n  w/m , 

where J i s  t h e  magnitude o f  t h e  cu r ren t  d e n s i t y ;  and t h e  t o t a l  power d i s -  

s i -pa t ion  i s  given by 

P =j p dV, 

V 

where V i s  t h e  volume of t h e  r eg ion  ca r ry ing  c u r r e n t .  The average c u r r e n t  

P2 d e n s t t y  i s  g iven  by 

3 d r  gV n. 
. i r R  ' I J =  avg r - r 

2 1  I n  
(41.) 

where R 

The power d i s s i p a t e d  i n  t h e  c e l l  i s  c a l c u l a t e d  from Eq.  ( 4 0 )  and i s  given 

by : 

= (r2 - r l ) / l n  (r  /r  ) .  I n  2 1. 

where H = 1 / 2 ( r 2  + rl). 
avg 

(42) 

~f a coolant  a t  temperature T ( T ~  < T f ,  t h e  f r eez jng  temperature  of 
C 

t h e  e l e c t r o l y t e )  f lows through t h e  cool ing  tube  along t h e  e l e c t r o d e  d i v i d e r  , 
a f rozen  film w i l l  form and grow u n t i l  t h e  t o t a l  r e s i s t a n c e  t o  hea t  flow 

f r o m  t h e  bulk  of t h e  e l e c t r o l y t e  causes  t h e  rate a t  which heat  flows into 

t h e  tube  t o  be equal  to t h a t  a t  which hea t  i s  c a r r i e d  away by t h e  coo lan t .  

A t  s teady  s ta te ,  t h e  h e a t  c a r r i e d  away wi1.1. be  equal  t o  t h a t  generated i n  

the bulk of t h e  elec- t l 'o lyte ,  mi.nus t ha t  l o s t  through o t h e r  su r faces  ( e . g . ,  

t h e  t o p  su r face  of the  e l e c t r o l y t e ) .  For these  c a l c u l a t i o n s ,  w e  w i l l  



assume t h a t  a known f r a c t i o n  of hea t  generated i n  t h e  semiannular r eg ion  

between r and r ( s e e  F ig .  26) i s  removed through t h e  cool ing  tube .  We 

w i l l  assume t h a t  a l l  hea t  flow through t h e  f rozen  f i l m  and tube  w a l l  i s  

i n  t h e  r a d i a l  d i r e c t i o n .  W e  w i l l  a l s o  assume t h a t  t h e  r e s i s t a n c e  t o  hea t  

flow through t h e  tube  wall and through t h e  coolan t  i s  n e g l i g i b l e  when 

compared t o  t h e  r e s i s t a n c e  t o  heat  f l o w  through t h e  f rozen  f i l m  on t h e  

o u t s i d e  of  t h e  tube ,  Under these  assumptions,  t h e  equat ion r e l a t i n g  t h e  

f rozen  f i l m  th i ckness  t o  t h e  h e a t  gene ra t ion  i s :  

1 2 

where 

Q = h e a t  t r a n s f e r r e d  through t h e  f rozen  f i l m ,  W ,  

L = l e n g t h  of coo l ing  tube ,  cm, 

T~ = f r e e z i n g  temperature  of e l e c t r o l y t e ,  O c ,  

k = thermal  conduc t iv i ty  of the  f rozen  fi lm, IJ/°C-cm, 

'r 
r = o u t s i d e  r a d i u s  of coolan t  t u b e ,  cm, 

= temperature  of coo lan t ,  O c ,  
C 

0 
t = f rozen  fi lm t h i c k n e s s ,  em. 

Equations (hl), ( I - c ~ ) ,  and (43 )  a r e  only  approximate and. t h u s  can  be 

used only as guides i n  t h e  des ign  of equipment and f o r  p r e d i c t i n g  i t s  

performance 

9.2 Experimental  Equipment 

Coolant System. - A  flow diagram of t h e  coolan t  system i s  shown i n  

P ig .  27. 

e l e c t r o l y t i c  c e l l )  f o r  removing hea t  from t h e  c e l l ,  a c h i l l e r  for removing 

t h i s  hea t  from t h e  system and c h i l l i n g  t h e  coolan t  ( t r i c h l o r o e t h y l e n e )  

below t h e  f r eez ing  po in t  of water ,  a pump t o  r e c i r c u l a t e  t h e  c o o l a n t ,  and 

This  system c o n s i s t s  of cool ing  tubes  ( t h a t  pas s  through t h e  
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flowmeters and valves t o  c o n t r o l  t h e  flow. There are t h r e e  coolan t  c i r -  

c u l a t i n g  loops t h a t  a l low t h e  temperature  o f  t h e  coolan t  a t  t h e  c e l l  i n l e t  

and t h e  flow rate o f  t h e  coolan t  through t h e  c e l l  t o  be ad jus t ed  inde- 
peadent ly . 

The c h i l l e r  c o n s i s t s  of a 55-gal s t a i n l e s s  s tee l  drum conta in ing  a 

c o i l  made of  50 f t  o f  3/4-in.-diam copper tub ing .  

i n  a t r ich loroe thylene- -dry  i c e  ba th ,  t h e  temperature  of  which should be  

a t  l eas t  as Low as - 5 O * C .  

minute pe r  k i lowa t t  o f  hea t  genera ted  by t h e  c e l l  and pump. 

The tub ing  i s  immersed 

Dry i c e  w i l l  be added a t  a r a t e  of 0.24 l b  per  

Experimental  C e l l  Vessel.-- The f i r s t  c e l l  v e s s e l  t o  be used i n  t h e s e  

experiments i s  made of P l e x i g l a s  and con ta ins  two t r a y s  (1-7/8 i n a  wide x 

12 i n .  long x 2 i n .  deep)  separa ted  by a l / b - in . - th i ck  d i v i d e r ;  t h e  t r a y s  

w i l l  con ta in  mercury pools f o r  e l e c t r o d e s .  A diagram of t h e  c r o s s  s e c t i o n  

of t h e  c e l l  i s  shown i n  F ig .  '28; a photograph of t h e  c e l l  vessel  i n s t a l l e d  

i n  t h e  coc l ing  loop  i s  shown i n  F ig .  29. 
OS t h e  c e l l  v e s s e l  accommodate i n s t a l l a t i o n  o f  t h e  cool ing  tubes .  The 

maximum h e a t  gene ra t ion  r s te  o f  i n t e r e s t  corresponds t o  an  average c u r r e n t  

d e n s i t y  of 5 A/cm2 i n  molten sal t  having a r e s i s t i v i t y  o f  0.65 oh-cm ('72- 

16-12 mole % LiF-BeF2-ThFlc) a t  600"~. 

w t  $, r e s p e c t i v e l y )  a r e s i s t i v i t y  of about 8 o:m-cm can h e  obtained wi th  

a f r eez ing  po in t  of -1O'C. 

of" i n t e r e s t  cou.1d be obiained w i t h  an average c u r r e n t  d e n s i t y  of about 

1.5 A/cm . Calcu la t ions  show t h a t ,  i f  t h i s  h e a t  i s  removed through t h e  

e l e c t r o d e  d i v i d e r  cool ing  tube ,  an i c e  f i l m  having a t h i ckness  of only 

about 0.05 i n .  w i l l  f o m .  Consequently, o t h e r  cool ing  tubes  were added 

along t h e  walls of t h e  c e l l  vessel  t o  reduce t h e  hea t  load on each t u b e .  

I n  an a c t u a l  e l e c t r o l y t i c  c e l l  t h e s e  su r faces  would r e q u i r e  co r ros ion  

p r o t e c t i o n  also. 

The wider s e c t f o n s  a t  each end 

For ICBr o r  KI s o l u t i o n s  (27 zlnd 33 

With t h e s e  s o l u t i o n s ,  t h e  h e a t  gene ra t ion  ra te  

2 

9.3 Expected Mode of Operat ion 

Temperature measurements of t h e  e l e c t r o l y t e ,  e l e c t r o d e s ,  and coolant  

f l u i d ,  and measurements o f  c u r r e n t  and v o l t a g e ,  w i l l  be made i n  o rde r  t o  
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Fig. 28. D i a g r a m  of Cross Sec t i -on  of Electrclytic Cell to Ae Used 
w i t h  Aqueous Electrolytes i n  Stud3-ing F o r m a t i o n  o f  Ice F i l m s .  
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make energy ba lance  c a l c u l a t i o n s  on t h e  system. Measurements of t h e  

amount of hea t  t h a t  i s  removed by each cool ing  tube  should a i d  i n  

determining h e a t  gene ra t ion  rates a t  va r ious  p o i n t s  i n  t h e  c e l l .  

The c e n t e r  t ube  w i l l  have t h e  g r e a t e s t  hea t  removal rate and the  

t h i n n e s t  i c e  f i l m .  Observations of  f rozen  f i l m  t h i ckness ,  shape, and 

s t a b i l i t y  w i l l  be  made. I n  a d d i t i o n ,  q u a l i t a t i v e  observa t ions  w i l l  be 

made of t h e  behavior  of  t h e  i c e  l a y e r  below t h e  su r face  of t h e  m e t a l  

e l ec t rodes .  

10. DEVELOPMENT OF A BISMUTH--MOLTEN SALT INTERFACE DETECTOR 

* 
J.  Roth L. E. McNeese 

An i n t e r f a c e  d e t e c t o r  based on t h e  p r i n c i p l e  of eddy cu r ren t  genera- 

t i o n  i n  l i q u i d  metals i s  being developed f o r  use a t  molten sa l t - - l i qu id  

bismuth o r  gas-liquid bismuth i n t e r f a c e s .  It i s  d e s i r e d  t h a t  a l l  su r faces  

con tac t ing  bismuth be made o f  a r e f r a c t o r y  metal such as molybdenum; however, 

t h e s e  materials have a r e l a t i v e l y  low e l e c t r i c a l  permeabi l i ty ,  which makes 

t h e i r  use d i f f i c u l t .  The device  under development i s  a modi f ica t ion  of a 

l i q u i d - l e v e l  induct ion  probe developed a t  Argonne Nat iona l  Laboratory 

and has  been descr ibed  previous ly .”  

has  been modified so t h a t  a l l  l e a d  wires are a c c e s s i b l e  from one end; 

t h i s  s i m p l i f i e s  t h e  replacement of  l e a d  w i r e s .  

9 

The des ign  of t h e  inductance c o i l  

1 0 . 1  Tes t ing  and Modif icat ion of E lec t ron ic  C i r c u i t  
P r i o r  t o  I n s t a l l a t  i on  

I n i t i a l  t e s t i n g  of t h e  e l e c t r o n i c  c i r c u i t  p r i o r  t o  i n s t a l l a t i o n  

e s t a b l i s h e d  t h e  need f o r  several modi f ica t ions .  An at tempt  w a s  made t o  

e s t a b l i s h  component c o m p a t i b i l i t y  us ing  t h e  expected materials of con- 

s t r u c t i o n .  Core m a t e r i a l s  t e s t e d  i n  t h e  inductance c o i l  included aluminum, 

Woods m e t a l ,  and bismuth, i n  a i r ,  i n  a 304 s t a i n l e s s  s tee l  s i g h t  tube,and 

i n  t h e  r equ i r ed  347 s t a i n l e s s  steel--molybdenum duplex s i g h t  t ube  t h a t  i s  

n 
On loan  from Combustion Engineering. 
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descr ibed  below. The modi f ica t ions  involved changes i n  s i g n a l  ampli- 

f i c a t i o n ,  as w e l l  a s  s t a b i l i z a t i o n  of t h e  s i g n a l  rece ived  from t h e  

d e t e c t i o n  c o i l .  

The e l e c t r o n i c  a m p l i f i c a t i o n  f a c t o r  w a s  f irst  increased  by a f a c t o r  

of 10 ,  which %hen n e c e s s i t a t e d  replacement of t h e  dc a m p l i f i e r  wi th  one 

gene ra t ing  a "(:leaner" signal. A f t e r  t h e s e  modi f ica t ions  had been com- 

p l e t e d ,  it w a s  found t h a t ,  wi ih  t h e  347 s t a i n l e s s  steel--molybdenum s i g h t  

Lube, i n s e r t i o n  of  a Woods metal rod i n t o  t h e  c o i l  caused a pen d e f l e c t i o n  

of 90% of f u l l  s c a l e ,  

pen d e f l e c t i o n  o f  on ly  24% of F u l l  s c a l e ;  however, t h i s  d e f l e c t i o n  i s  

be l i eved  t o  be s u f f i c i e n t l y  h igh  if t h e  s ignal- to-noise  r a t i o  can be 

increased .  Toward t h i s  end, several a d d i t i o n a l  modi f ica t ions  were made. 

All e l e c t r i c a l  lead wires were sh ie lded .  The d e t e c t o r  c o i l  w a s  sh i e lded  

from t h e  furnace  element by a sched 40 t ype  347 s t a i n l e s s  s t e e l  p ipe ,  which 

e s s e n t i a l l y  e l ini inated induced s i g n a l s  generated by t h e  furnace  element.  

A I 1  segments of t h e  e l e c t r o n i c  c i r c u i t  were connected t o  a common ground, 

which reduced t h e  s i g n a l  v a r i a t i o n s  caused by d i r f e r i n g  ground p o t e n t i a l s .  

Al.1 e l e c t r o n i c  components, w i th  t h e  except ion  of t h e  furnace element,  were 

connectcd t o  a l-kva Sola  cons tan t -vol tage  t ransformer .  F i n a l  t e s t i n g  of 

t h e  system at room temperature  revea led  t h e  presence of  a 2-V impressed 

s j g n a l  tha t (  could  not  be e l imina ted  e l e c t r o n i c a l l y .  
t o  be dependent on l e a d  wire  l o c a t i o n  and was e l imina ted  by p ~ o p e r -  place-  

ment of t h e  l e a d  w i r e s .  

found t h a t  no i se  l e v e l  had been reduced from about 20% of f u l l  s c a l e  t o  
&out 6% of f u l l  s c a l e .  

I n s e r t j o n  of  a bismuth rod  i n t o  t h e  c o i l  caused a 

This  s i g n a l  w a s  found 

Upon completion of t h i s  phase of t h e  work, it was 

Tes t ing  of  the system a t  tempera tures  above room temperature  w a s  

t hen  s t a r t e d  by f Y r s t  h e a t i n g  t h e  coil slowly t o  about ?5OoC i n  an 

at tempt  t o  dl-y out  t h e  d e t e c t o r  c o i l  and t o  determine t h e  e f f e c t s  o f  bo th  

heat and c u r r e n t  f low through t h e  furnace  c o i l s  on bhe d e t e c t o r  c o i l .  The  

fol lowing conclusions were drawn as a result of these t e s t s :  

1. Loss of  ground connect ion t o  t h e  s t a i n l e s s  s t ee l  furnace  

s h i e l d  caused a pen d e f l e c t i o n  o f  9% of  f u l l  s c a l e .  

i n d i c a t e s  t h e  need for good ground connect ions on a l l  

p o r t i o n s  o f  t h e  system, 

This  



2. The r eco rde r  responses  r e s u l t i n g  from f u l l  inser-Lion of a 

bismuth rod i n t o  t h e  det,ector c o i l  were 11% and 20% of  f u l l  

s c a l e  a t  mom temperature  and a t  220°C, r e s p e c t i v e l y .  

These d a t a  i n d i c a t e  t h a t  t h e  s e n s i t i v i t y  of the s y s t a i  i nc reases  wi th  

inc reas ing  tempera-t-ure and t h a t  a f u l l - s c a l e  pen d e f l e c t i o n  might be 

observed at. t h e  0pera.tin.g temperature  of 600°C. 

p r o p e r t i e s  of bismu-Lh e x h i b i t  a d i s c o n t i n u i t y  a t  t h e  mel t ing  p o i n t ,  which 

may decrease  t h e  s e n s i t i v i t y .  It w a s  decided t o  modify t h e  e l e c t r o n i c  

c i r c u i t  such t h a t  t h e  output  stgnal. w i l l .  be  a;mpl.ified by an a d d i t i o n a l  

f a c t o r  o f  10, 

However, t k  e l e c t r i c a l  

The opiirnum c o i l  ope ra t ing  frequency inc reases  w i t h  i nc reas ing  t e m -  

p e r a t u r e ;  however, t h e  corresponding output  s i g n a l  decreases  with increas-  

ing  frequency. I n  a d d i t i o n ,  t h e  e l e c t r o n i c  zero i s  a l s o  dependent on the 

frequency. A t  room tempera ture ,  t h e  optimum frequency w a s  47 kHz, and an 

output  o f  8 V was observed. 

59 kIIz,  w i th  a corresponding output  of 6 V .  The e l e c t r o n i c  zero d r i f t e d  

over a per iod  of t i m e .  A Zener diode feedback c i r c u i t  w i l l  be i n s t a l l e d  

i n  t h e  system i n  an  at tempt  t o  s t a b i l i z e  it. 

A t  450 t o  5OO0C t h e  optimum fr.eqi.iency was 

10.2 Fabr i ca t ion  of S ight  Tube 

The second at tempt  by t h e  Me'Lals and Ceramics Div is ion  t o  coa t  t h e  

i n t e r n a l  sur face  of a O.5OO-in.-diam ty-pe 347 s t a i n l e s s  s t ,eel  t ube  wi th  

0.005 .Lo 0.010 i n .  of tungs ten  by chemical vapor depos i t i on  was success- 

f u l .  However, repea ted  a t tempts  t o  c o a t  t h e  e x t e r n a l  su r f ace  of t h e  tube  

f a i l e d  because of an i n a b i l i t y  t o  produce a cont inuous bond between t h e  

i n t e r n a l  and e x t e r n a l  coa t ings .  F a i l u r e  of t h i s  technique 'LO e s t a b l i s h  

a s u i t a b l e  bond between the two su r face  coa t ings  was a t t r i b u t e d  to the 

high stress l e v e l s  t h a t  are inherent  wi th  t h i s  type  of  j o i n t .  These 

stress l e v e l s  a r e  caused p a r t i a l l y  by t h e  d i f f e r e n t i a l  thermal  expansion 

c h a r a c t e r i s t i c s  of tungs ten  and s t a i n l e s s  s t ee l  and partia.1I.y by t h e  

f a i l u r e  o f  t h e  vapor-deposited tungs t en  t o  bond t o  t h e  s t a i n l e s s  s t e e l  

s u b s t r a t e .  No f u r t h e r  a t tempts  w i l l  be made t o  prepare si.ght t ubes  by 

t h i s  method. 
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The s i g h t  tubes  r equ i r ed  f o r  t h e  t e s t  appara tus  have been produced 

by machining t l ie e x t e r n a l  s u r f a c e s  of s e v e r a l  36-in.-long p i eces  of 

molybdenum tub ing ,  which were o r i g i n a l l y  0,375 i n .  OD wi th  a 0.040-in. 

w a l l ,  t o  produce a w a l l  t h i ckness  of 0.02 i n .  Although t h i s  t h i ckness  

i s  cons iderably  g r e a t e r  t han  a n t i c i p a t e d ,  t es t s  i n d i c a t e  t h a t  s a t i s f a c t o r y  

r e s u l t s  can s t i l l  be obta ined .  

11 e COMTINUOUS SALT PURIFICATION 

R. B. Lindauer E .  1,. Youngblood 
L. E .  McNeese 

Molten salt  f o r  t h e  MSRE and f o r  development work i s  p r e s e n t l y  pur i -  

f i e d  from contaminants (mainly s u l f i d e s ,  ox ides ,  and iron f l u o r i d e )  by a 

ba tch  process." The to t a l .  c o s t  of s a l t  ( n a t u r a l  l i th iurn)  t hus  produced 

has mounted  t o  about $1600/ft3,  of  which less  than  40% i s  m a t e r i a l  c o s t ,  
3 3 In -4pri l  1968, a commercial vendor b i d  $2660/f t -  on a 280-ft 

It i s  be l i eved  t h a t  t h e  labor c o s t s  could be reduced cons iderably  by use 

or" a continuous process  for t h e  most time-consuming ope ra t ion  (hydrogen 

r educ t ion  of i r o n  f l u o r i d e ) .  

by t h e  b a t c h  process  is f a i r l y  r a p i d ,  a 4 d i t i o n a l  advantages would probably 

be  gained by performing t h i s  ope ra t ion  cont inuously.  

q u a n t i t y .  

Although t h e  removal of s u l f i d e s  and oxides 

Pre l iminary  experiments on the  r educ t ion  of i r o n  f l u o r i d e  i n  molten 

sa l t  weye performed by MIT P r a c t i c e  School s tuden t s  i n  1968 wi th  encouraging 

r e s u l t s .  A s u b s t a n t i a l  r educ t ion  i n  t h e  concen t r a t ion  of i r o n  f l u o r i d e  w a s  

ob ta ined ,  a l though most of t h e  ope ra t ion  w a s  c a r r i e d  out  a t  l e s s  than  2% o r  

t h e  c a l c u l a t e d  f lood ing  ra te .  For t h e  p re sen t  s t u d i e s ,  t h e  column diameter  

has been reduced from 3.375 i n .  t o  1.38 i n .  (1 .25-in. ,  sehed 40 p i p e )  t o  

al-low ope ra t ion  nearez. t h e  f lood ing  point; .  The column is 81 i n .  long  and 

i s  packed wi th  1 /4- in .  Haschig r i n g s .  

supply p u r i f i e d  hydrogen, argon,  and HF gas i n  s u f f i c i e n t  q u a n t i t i e s  

t o  ope ra t e  a t  the higher ra tes .  Figure 30 i s  a s impl i f i ed  flowsheet of 

the system. Molten s a l t  i s  charged Co tlie r e c e i v e r  t.ank and then  t r a n s -  

f t , r red  via p r e s s u r i z a t i o n  t o  t h e  feed t ank ,  which 5s e l eva ted  about 5-1/2 

Equipment has  been designed t o  
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f t  t o  red.uce t h e  argon p res su re  r equ i r ed  t o  reed salt t o  the  coli.lmn. 

The salt  feed r a t e  i s  eon-troll.ed by a d j u s t i n g  the argon flow rz1;e t o  

t h e  feed. t ank .  I n  order  t o  1.imi.t t h e  stress on t h e  feed t ank ,  the t ank  

i s  maintained a t  650Oc; a d d i t i o n a l  hea t  i s  supplled t o  i : ? ~  feed  l i n e  t o  

inc rease  the temperature  o f  t h e  salt  t o  t h e  coliunn ope ra t ing  teniperature 

of 700°C. 

bottom of t h e  c o l m n .  Hydrogen I.ea7ii.ng the t o p  of’ t h e  coli:.mn flows 

throug!i 2 presswe contro l  valve in order to mainta in  t h e  t;a.l.t-gss inter- 

f a c e  a t  t h e  bottom. of t h e  eal.imn below the gas i n l e t .  Sa1.t l eav ing  t h e  

bottom of t h e  colunn passes f i r s t  through a liqii..id. s e d  l aog  and, t hen ,  

t’mo~igh EL f ih rous  meta l  filter t o  remove p a r t i c u l z t e  i r o n  a The f i l t e r e d  

salt passes  t’nro1.1.gh a. f lowing s-tiremfi ss..mpler anci i s  sii’oseqiuenLly routed  

t o  the r e c e i v e r  Bydrogen f l u o r i d e  t na t  j.s produced dur ing  r.eduction i s  

removed tiy a NaF t rap .  

The hydmgen i s  also preheat;ed to 700°C before  3 . t  e n t e r s  t h e  

I n s t  rumentat i on  i s provided t o  measure the d. i  :Werent i. ?in. p r  e B su re  

ilci:oss t h e  coluriin, the  p res su re  u t  the  t o p  oJs khe col.1.m.fi, a,nd t h e  salt 

head above the s d t  f i l t e r .  A n  a n a l y s i s  for water i n  the system off- 

gas i s  Imde dur ing  ox.ide remova:L t o  determine the r a t e  a t  which oxide 

i s  removed, and an a n a l y s i s  f o r  fl.uori.de 5.n t h i s  stream i s  mmde during 

i;he i.ron r educ t ion  s t e p  t G  provi.de a cheek on t h e  ra te  of r educ t ion  as 

i nd ica t ed  by t h e  a n a l y s i s  of  f i l t e r e d  salt samples. Per iodic  examination 

of t h e  f i l t e r  (and p ~ s s i . % l y  of  t h e  column packing)  will provide informa- 

t i o n  on the p a r t i c l e  s i z e ,  f i l t e r a b i l i t y ,  and d i s p o s i t i o n  of the i r o n .  

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

Resul t s  of f inal .  ana lyses  have been obta ined  f o r  Li, Be, Zr, 95Zr, 
(.I 9 ’’‘‘Pm, 155Eb, 91Y, ”ST, S r ,  and 137Cs i n  t h e  1.1 condensate 1-44 

Ce, 

samples taken during t h e  MSRE D i s t i l l a t i o n  Experiment. These r e s u l t s  

(shown i n  Table 5 )  have been used t o  c a l c u l a t e  t h e  e f f e c t i v e  r e l a t i v e  

v o l a t i l i t y  of each component, with  r e s p e c t  t o  LiF, d w i n g  t h e  course 

of t h e  experiment by methods descr ibed  previous ly .  1% 
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The e f f e c t i v e  r e l a t i v e  v o l a t i l i t y  of each component, wi th  r e spec t  

t o  LiF, i s  shown i n  F igs .  31-34 as a funct ion  of t h e  volume of c o l l e c t e d  

condensate. The most s e l f - cons i s t en t  va lues  were obtained when t h e  car- 

r i e r  s a l t  composition i n  t h e  feed was assumed t o  be 65-30-5 mole % LiF- 
BcF2-ZrP’4 r a t h e r  than a s l i g h t l y  d i f f e r e n t  composition as i nd ica t ed  by 

the ana lys i s  of t h e  sa l t  from the f u e l  s torage  tank.  The d i f f e r e n c e  be- 

tween t h e  a n a l y t i c a l  values  and t h e  va lues  used i s  probably due t o  t h e  

presence of zirconium m e t a l  i n  t h e  f u e l  s torage  tank .  The zirconium was 

f i l t e r e d  a u t  when t h e  sa l t  was t r a n s f e r r e d  t o  the  s t i l l  feed tank.  

The e f f e c t i v e  r e l a t i v e  v o l a t i l i t i e s  of t h e  major salt  components 

3eF  and ZrF arid of  t h e  f i s s i o n  product 95ZrF a r e  shown i n  F ig .  31. 
The e f f e c t i v e  r e l a t i v e  v o l a t i l i t y  of Bel? which was e s s e n t i a l l y  constant  

during t h e  run ,  had an average value of 3.8. This value agrees  favorably 

with the  va lue  of 3.9 repor ted  by Smith, F e r r i s ,  and T h o ~ n p s o n , ~ ~  but  i s  

lower than  t h e  va lue  of 4.7 measured by Nightower and McPJeese.l4 

inaccurac ies  i n  c a l c u l a t i o n s  ( e s p e c i a l l y  t h e  material balance c a l c u l a t i o n s  

descr ibed ear l ier)  and analyses  probably account f o r  t hese  d i f f e rences .  

Tihe e f f e c t i v e  r e l a t i v e  v o l a t i l i t i e s  of f i s s i o n  product 95Zrl?  

2 4 4 
2’ 

S l i g h t  

and of 4 
n z t u r a l  ZrF are i n  agreement. 

ssl t  was used i n  the r e l a t i v e  v o l a t i l i t y  c a l c u l a t i o n ,  t h e  r e s u l t i n g  r e l a t i v e  

v o l a t i l i t i e s  of t h e  n a t u r a l  ZrF were about a f a c t o r  of  2 lower than  the 

va.lues f o r  95ZrFb. Figure 31 shows t h a t  a ZrF4-LiF decreased from an i n t i a l  
value near 4 at t h e  s t a r t  of t h e  Tun t o  about 1 a t  t h e  end of t h e  run.  

These values  bracke t  t h e  value of 2.2 measured by Smith and co-workers i n  

salt mixtures  having a ZrFk concent ra t ion  about 2% of t h a t  used i n  our 

sy st em. 

‘hen  t h e  ana lys i s  of  t h e  f u e l  s to rage  tank 4 

4 

The e f f e c t i v e  r e l a t i v e  v o l a t i l i t i e s  f o r  t h e  lan thanide  f i s s i o n  producta ,  

h F 3 ,  and 155EuF2, are shown i n  F ig .  32. The -value of t h e  e f fec-  14 4CeI: 147 
-4 3’ 

t i v e  y e l a t i v e  v o l a t i l i t y  of 144CeF 

time of t h e  f i r s t  sample t o  about 1 .0  x I O w 2 ,  where it remained f o r  near ly  

all the subsequent samples. The fifth sample,  however, w a s  lower than 1 . 0  

x lom2 by a f a c t o r  of  3. 
va.1-ue measured i n  an equi l ibr ium still;’* t h e  h igher  va lues  were 24 t o  56 
t i m e s  the  va lue  measured i n  t h e  equi l ibr ium s t i l l .  

increased  sharp ly  froin 6 . 1  x 1 0  at t h e  3 

The l o w  i n i t i a l  value was 1 . 5  to 3.4 times t h e  
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Pig. 31.4. E r fcc t ive  F?elative Vola- t i l i . ty  of 137CsF in YSI?E D i s t i l l a t i o n  
Experiment, Showing Effect of Variation of A s s u m e d  Feed Concentration. 
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The e f f e c t i v e  r e l a b i v e  v o l a t i . l i t y  f o r  147PmF i s  based on a computed 
'3 

feed  concent ra t ion ,  which i s  bel. ieved t o  be 3 more accu ra t e  va lue  than  

t h e  measu.red feed  concent ra t ion  ( s i n c e  measured concent ra t ions  of o the r  

l an than ide  f i s s i o n  products  were i n  good agreement wi th  computed concen- 

t r a t i o n s  and s i n c e  t h e  measured concent ra t ion  i s  i n  doub t ) .  

case  o f  

f i r s t  sample w a s  low--less t han  7.8 x 

A s  i n  t h e  

t h e  r e l a t i v e  v o l a t i l i t y  of 14''hF,. a t  t h e  t ime of  t h e  14 1.1 eF 
3' 3 

it r o s e  sharp ly  t o  about 
144  eF 3' t h e  3.4 x low3 for t h e  o the r  samples. Again, as i n  t h e  case  of 

r e l a t i v e  v o l a t i l i t y  of t h e  f i f t h  sample w a s  low. 

measured va lues  of t h e  r e l a t i v e  v o l a t i l i t y  of  PmF 

t h e s e  r e s u l t s .  It i s  f n t e r e s t i n g  t o  note  t h a t  when t h e  e f f e c t i v e  r e l a - -  

t i v e  v o l a t i l i t y  of llr7F'mF was c a l c u l a t e d  based on t h e  measured concen- 

t r a t i o n  of Pm i n  the f u e l  s to rage  tank  ( i n s t e a d  of a c a l c u l a t e d  con- 

c e n t r a t i o n ) ,  t h e  r e l a t i v e  v o l a t i l i t y  va lue  f o r  each sample except t h e  

f i r s t  near1.y coincided wi th  t h e  r e s p e c t i v e  va lue  f o r  CeF 

The v a r i a t i o n  of the r e l a t i v e  v o l a t i l i t y  of 155EuF 

There were no previous ly  

wi th  which t o  compare 3 

1.47 3 

1 4 4  
3 '  

dur ing  the  Fun 
1 4 4  147 ' c l o s e l y  p a r a l l e l e d  t h e  v a r i a t i o n s  far CeF, and PmF,. The val-ue 

J J -5 f o r  t h e  f i r s t  sample w a s  low ( l e s s  than  1 . 5  x 10 ) '  bu t  t h e  va lues  

f o r  a l l  o the r  samples except for t h e  f i f t h  sample were a g r e a t  d e a l  

higher  (about  2.2 x 10  The va lue  f o r  t h e  f i f t h  sample w a s  lower by 

a f a c t o r  of 2.6.  These c a l c u l a t e d  e f f e c i f v e  r e l a t f v e  v o l a t i l i t i e s  (which 

were based on a computed feed  concent ra t ion  of were lower than  

-4 
) . 

t h e  va lue  of l.1 x lo-' measured i n  r e c i r c u l a t i n g  equi l ibr iuui  s t i l l s .  

However, t h e  va lues  f o r  lS5Eu i n  t h e  condensate are suspected of  being 

inaccura t e  s i n c e  d i f f i c u l t y  w a s  experienced i n  t h e  ana lyses ;  t h e r e f o r e ,  

a l l  155Eu ana lyses  f o r  t h e  condensate smples were r epor t ed  as approxi- 

mate va lues  ( s e e  Table 5 ) .  On t h e  o the r  hand, it i s  s i g n i f i c a n t  t h a t  

t h e  varia-Lion i n  t h e  r e l a t i v e  v o l a t i I . i t y  of  155Eu dur ing  t h e  run c l o s e l y  

p a r a l l e l e d  t h e  r e l a t i v e  v o l a t i l i t i e s  of "'"CeF and 147h1F (and,  as 

seen l a t e r ,  "YF and "SrF2). 
3 3 

3 

Figure 33 shows t h e  e f f e c t i v e  r e l a t i v e  v o l a t i l i t i e s  of "YF, aria 

2 '  

-3 
"SrF 

d-uring t h e  run  of  1.14 x 1.0 

r e c i r c u l a t i n g  equi l ibr ium s t i l l s .  The v a r i a t i o n  of t h e  'lYF r e l a t i v e  

The e f f e c t i v e  r e l a t i v e  v o l a t i l i t y  of "YF had ax1 average va lue  
3 -2 , about 410 -times t h e  va lue  measured i n  

3 



v o l a t i l i t y  during t h e  run resembled v a r i a t i o n s  i n  t h e  r e l a t i v e  v o l a t i l i -  

t i e s  of t h e  lan thanides ;  t h e  low va lue  f o r  t h e  f i f t h  s m p l e  w a s  t h e  most 

no t i ceab le  similari t,y. 

During t h e  run ,  t h e  e f f e c t i v e  r e l a t i v e  v o l a t i l i t y  of 90SrFg (based 

on t h e  measured concent ra t ion  i n  t h e  f e e d )  had an average value of h . 1  
x lom3, which i s  about 84 t imes Lhe value measured i n  r e c i r c u l a t i n g  

equi l ibr ium s t i l l s .  Although not  shown i n  Fig.  33, t h e  average va lue  

of t h e  re la t ive v o l a t i l i t y  of 89SrF (based on a computed concent ra t ion  
2 

i n  t h e  f e e d )  was 0.193, about 3900 t imes t h e  va lue  measured i n  equi l ib-  

rium s t i l l s ;  and t h e  r a t i o  of t h e  8gSr a c t i v i t y  t o  t h e  90Sr a c t i v i t y  i n  

t h e  condensate samples, which should have been about 0.002 f o r  each 

sample, va r i ed  from 0.22 t o  g r e a t e r  than  LO. 

The concent ra t ion  of  137Cs i n  t h e  feed s a l t  w a s  not  measured; i n s t ead ,  

c a l c u l a t i o n  of t h e  e f f e c t i v e  r e l a t i v e  v o l a t i l i t y  w a s  based on an es t i -  

mated feed concent ra t ion .  Since has a f a i r l y  long-lived gaseous 

pyecursor (137Xe, h a l f - l i f e  of 3.9 min),  i t s  a c t u a l  concent ra t ion  i n  t h e  

sa l t  w i l l  be lower than  t h a t  ca l cu la t ed  i f  we assume t h a t  a l l  t h e  pre- 

cu r so r s  remained i n  t h e  sal t .  Also,  because t h e  a c t u a l  r e l a t i v e  vola- 

t i l i t y  of CsF i s  f a i r l y  high,  t h e  r e s u l t s  of t h e  c a l c u l a t i o n s  of t h e  

e f f e c t i v e  r e l a t i v e  v o l a t i l i t y  are  s e n s i t i v e  t o  t h e  assumed feed concen- 

t r a t i o n  of 137Cs. 

137CsF for two assumed feed  concent ra t ions*  

Figure 34 shows ca l cu la t ed  r e l a t i v e  v o l a t i l i t i e s  of 

The po in t s  around t h e  lower 

curve r e s u l t  from t h e  feed concent ra t ion  t h a t  would ar ise  as a conse- 

qlJence of a l l  precursors  s t ay ing  i n  t h e  s a l t  during MSRE opera t ion  and 

r ep resen t  lower l i m i t s  f o r  t h e  r e l a t i v e  v o l a t i l i t y ;  t h e  po in t s  around 

t h e  upper l i n e  r e s u l t  from a feed  concent ra t ion  j u s t  high enough t o  

prevent t h e  computed concent ra t ion  of "'Cs i n  t h e  still pot  l i q u i d  from 

falling t o  zero ,  and. r ep resen t  upper l i m i t s  f o r  t h e  e f f e c t i v e  r e l a t i v e  

v o l a t i l i t y  of 137CsE'. The h ighes t  e f f e c t i v e  r e l a t i v e  v o l a t i l i t y  of L37CsF 

seen i n  t h e s e  c a l c u l a t i o n s  w a s  only about 20% of t h e  va lue  measured i n  

LiF-BeF mixtures  by Smith and eo-workers. 
2 

A s  seen from t h e  previous r e s u l t s ,  a l l  components except BeF and 2 
ZrF had e f f e c t i v e  r e l a t i v e  v o l a t i - l i t i e s  t h a t  d i f f e r e d  s i g n i f i c a n t l y  4 



( i n  some cases ,  d r a s t i c a l l y )  from va lues  p red ic t ed  from work wi th  equi- 

librium systems. Poss ib l e  explana,t ions f o r  t h e s e  d i sc repanc ie s  are 

being examined. 

13. RECOVEIiY OF 7 L i  FTOM 7Li--BIS~TH--~RE-EARTH 
SOLUT I ON S BY D I ST ILLATI ON 

J. R .  Hightower, 3r. L.  E. McNeese 

Removal of  d i v a l e n t  l an than ides  from the  L i C l  s t r e a m  i n  t h e  metal-  

t r a n s f e r  process  produces a bismuth stream t h a t  contai.ns l an than ides ,  

a long w.i.th a h igh  concent ra t ion  of 7L5 (on t h e  order  of 10 to $0 a t .  
7 % ) .  Because of t h e  high c o s t  of L i ,  i t s  recovery may be economi.ca1. 

The low vapor p re s su res  of  t h e  l an than ide  me ta l s ,  as compa.red wi-LIi 

t hose  of  L i  and Bi ,suggest  t h a t  d i s % i l l a t i o n  might be used e f f e c t i v e l y  

t o  recover  L i  and Hi. However, s i n c e  L i  and Ui form an  i n t e r m e t a l l i c  

compound ( L i  R i )  having a h igh  mel t ing  p o i n t  (1145'C), t h e  Li concen- 

t r a t i o n  i n  t h e  s t i l l  could become high enough i n  t h e  course  o f  d i s -  

t i l l a t i o n  t h a t  s o l i d  L i  Bi would. be formed i n  t h e  s t i l l  po t .  Calcu- 

l a t e d  r e s u l t s  t h a t  i n d i c a t e  t h e  expected perfosmance of a one-stage 

continuous equi l ibr ium s t i l l  are d iscussed  i n  t h i s  s e c t t o n .  The 

f r a c t i o n a l  recovery of l i t h i u m  i s  c a l c u l a t e d  f o r  a set  of conditrions 

that,  allow a reasonably h igh  recovery.  The ex ten t  of s epa ra t ion  of 

t h e  recovered l i t h i u m  from t h e  l an than ides  was assumed to be adequate 

and w a s  not considered.  

3 

3 

1 3 . 1  Ma,thematical Analysis  

Ma-Lerial Balance b o u n d  a Continuous S t i l l .  - Consider a single- 

s t a g e  equi l ibr ium s t i l l .  t o  which a bismuth stream conta in ing  l i t h i u m  

i s  fed ( t h e  l an than ide  f i s s i o n  products  a r e  assimed t o  be nonvo la t i l e  

and w i l l  be neg lec t ed )  and from which an  overhead stream and a, bottoms 

stream a r e  drawn (each  stream con ta ins  bismu.th and 3.ithiu.m). A steady- 

s ta te  m a t e r i a l  balance around t h e  s t i l l  y i e l d s  t h e  fol lowing equat ion:  



z = (1 - f)X 4 fY , 
where 

Z = atom f r a c t i o n  o f  Li i n  t h e  feed stream, 

X = atom f r a c t i o n  of L i  i.n t h e  s t i l l  bottoms stream, 
Y = atom f r a c t i o n  of L i  i n  t h e  overhead stream from t h e  s t i l l ,  

f = f r a c t i o n  of t h e  feed stream vaporized i n  t h e  s t i l l ,  moles 

vapor pe r  mole of l i q u i d  f e d .  

(44 1 

The vapor phase and t h e  l i q u i d  phase l eav ing  t h e  s t i l l  are assumed t o  be 

i n  eq.uilibrim; t h e  concen t r a t ions  of t h e s e  phases a r e  r e l a t e d  through 

t h e  relatirre v o l a t i l i t y  of l i t h i u m  wi th  r e s p e c t  t o  bismuth, which i s  

def ined  as:  

IT Y ( 1  - x> 
L i - B i  - X ( l  - Y )  ' a (45) 

where a i s  a func t ion  of system tempera ture ,  p re s su re ,  and compo- 

s i t i o n .  

S u b s t i t u t i o n  of Eq. ( 4 5 )  i n t o  Eq.  ( 4 4 )  y i e l d s  t h e  fol lowing equat ion ,  

wliich r e l a t e s  t h e  s t i l l - p o t  composition t o  t h e  f r a c t i o n  of material d i s -  

t i l l e d  

Li-Bi 
(The eva lua t ion  of aLi - Bi w i l l  be  d iscussed  i n  a Is-ter s e c t i o n . )  

Because a depends on X ,  t h i s  equat ion  must be solved i t e r a t i v e l y .  L i - B i  

The r e l a t i . ve  v o l a t i l i t y  of l i t h i u m  wi th  r e s p e c t  t o  bismuth i s  r e l a t e d  

t o  t h e  vapor p re s su res  of  t h e  two components through t h e  r e l a t i o n  

where 
and y are t h e  l iqu id-phase  a c t i v i t y  c o e f f i c i e n t s  of  L i  and 

Bi, r e s p e c t i v e l y ,  a t  the  temperature ,  p re s su re ,  and 

composition of t h e  l i q u i d  i n  t h e  s t i l l ;  

PLi and PBi a r e  t h e  vapor p re s su res  of L i  and B i ,  r e s p e c t i v e l y ,  

'Li B i  

a t  t h e  temperature  of t h e  s t i l l .  
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Eva,l.uation of .the a c t i v i t y  c o e f f i c i e n t s  f o r  use  i n  Eq. (1.~7) i s  

d iscussed  i n  t h e  fol lowing s e c t i o n .  

Evalua t ion  of A c t i v i t y  Coef f i c i en t s  for t h e  L i - B i  System. -The  
a c t i v i t y  c o e f f i c i e n t  fo r  l i t h i u m  i n  L i - B i  s o l u t i o n s  has  been measured. 1 5  

and i s  expressed by t h e  fol lowing equat ion:  

where 
2 

2 
A(T) = 9397 I- 18.16~ - 0.010g'I' 
R(T) = 7103 - 19.442' I- 0.0068~~ 

ca l /mole ,  

cal /mole,  
-1 OK-l R = gas cons tan t  = 1.987 c n l  sole 

T = abso lu te  temperature ,  O K .  

Y 

T h i s  equat ion i s  v a l i d  fo r  the  composition range 0.05 < X < 0.60, i n  t h e  

temperature  range 775OK 2 T 2 l l O O ° K  and a t  a p res su re  of 1. atm. 
- -  

The a c t i v i t y  c o e f f i c i e n t  of bikmuth i s  obtained from Eq. (48)  through 

t h e  Gibbs-Duhem eqiiatj-on f o r  a b ina ry  system at  constarit  temperature ,  

i n  t h e  fol lowing 

where 

16 form : 

v = volume of one mole of  L i - B i  a l l o y ,  - 
V = molar vol.ume of pure L i ,  

= molar volume of pure  B i ,  

P = t o t a l  pressure of system. 

2, i - 

When Eq.  0 + 9 )  i s  i n t e g r a t e d  w i t h  r e spec t  t o  X from X = 0 t o  
va lue ,  t l  LC- fol lowing equat i on i s ohta i  ned : 

. 

ClP 
__. ax * 

t h e  d e s i r e d  



= -  

X 

a I n  y 
Li dx f X 

1 - x  ax 

0 

P a t X = X  - 
[v - xvLi - (1 - X)YBJ 

dP . ( 5 0 )  RT (1 - X )  

P a t X = O  

-4 The l a s t  term w i l l  he  neglected s ince  i t s  value i s  less than  6 x 10  

which i s  neg l ig ib l e  as compared with t h e  value of t h e  next- to- las t  term 

( i . e . ,  > 0 . 1 ) .  

w i l l  be used t o  eva lua te  y - B i  * 

, 

Thus, t h e  following r e l a t i o n ,  v a l i d  f o r  low pressures, 

X 

3 I n  y- 
ax . hi 

l n y  B i  = - [  (1 - XI ax (51) 

3 I n  YLi 
can be evaluated from E q .  (48) ;  s u b s t i t u t i n g  ax The quan t i ty  

t h i s  quan t i ty  i n t o  Eq. ( 5 1 )  and in t eg ra t ing  t h e  r e s u l t i n g  expression 

r e s u l t s  i n :  

Equations ( 5 2 )  and (48) can be combined with Eq. ( 4 7 )  t o  g ive  t h e  following 

r e l a t i o n  f o r  t h e  r e l a t i v e  v o l a t i l i t y  of  l i t h ium,  with respect t o  bismuth: 

The vapor pressure  of l i t h ium i s  given by t h e  following equat ion,  which 

was derived from data given i n  r e f .  17: 
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16746 = 16.81.3 - - 1n P E i  T '  ( 5 4 )  
where 

P = vapor p re s su re  of L i ,  mm H g ,  

T = abso lu te  temperature ,  OK. 

L i  

The equat ion f o r  t h e  vapor pres su re  of bismuth used i n  t h e s e  c a l c u l a t i o n s  

was obtained from r e f .  18 and i s  as follows: 

9150.3 
T loglo PBi = 7.6327 - Y (55 )  

where 

P = vapor p re s su re  of Bi, mm Hg, 

T = abso lu te  temperature ,  OK. 

B i  

Method for S o l v i N  -- Equations.  - The method f o r  so lv ing  t h e  equat ion  

f o r  t h e  s t i l l - p o t  composition (assumed t o  be t h e  same as t h e  s t i l l  bottom 

stream) cons i s t ed  of t h e  fol lowing s t e p s  : 

1. A s t i l l - p o t  temperature  im,s chosen; t h i s  a,llowed t h e  

eva lua t ion  of t h e  fol lowing terms i n  Eq.  ( 5 3 ) :  P 

PQi, A(T)/XT, B(T)/RT- 
L i  , 

2 .  The above terms were s u b s t i t u t e d  i n t o  Eq.  (53) t o  

which was dependent g ive  a n  express ion  for c1 

only  on X. 
L i - R i  

3. The express ion  f o r  a was s u b s t i t u t e d  i n t o  Eq. ( 4 6 ) .  

4. 
L i - B i  

Equation (46 ) was solved us ing  t h e  New-ton-Naphson algo- 

r i t ?~n '~  f o r  a range of  va lues  of  f and Z.  

5 .  Once t h e  stj.l-l-pot composition was determined, t h e  

l i q u i d u s  temperature f o r  t h i s  composition could be 

determined from t h e  L i -B i  phase diagram. * O  

f r a c t i o n a l  recovery of l i t h i u m  i n  t h e  overhead stream 

w a s  ca l cu la t ed  from t h e  fol lowing equat ion:  

The 

x R = 1 - (1 - f ) 7 , ,  
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where R is the number of moles of lithium in the 

overhead stream per mole of lithium in the feed 

stream. 

13.2 Calculated Results 

Still-pot compositions, liquid temperatures, and fractional lithium 

recoveries were calculated for still-pot temperatures of 800°C and 9 O O 0 C ,  

feed compositions of 5, 10, and 20 at. % lithium, and values of f from 
0,7O to 0 .99 .  Figure 35 shows the liquicius temperature of the still-pot 

liquid for an operating temperature of 8oo0c, the three feed composi- 
tions, and vaporizatioG of up to 95% of the incoming Bi-Li stream. 

a feed composition of 10 or 20 at. 

would be less than 36%. 
lithium recovery of greater than 50% could be achieved before solid Li Bi 

would be formed in the still pot. 

For 

lithium, the maximum lithium recovery 

For a feed composition of 5 Et. % lithium, a 

3 

Figure 36 shows the liquidus temperature of the still-pot liquid 
for an operating temperature of gOO°C, the three feed compositions, and 

vaporization of up to 95% of the incoming Bi-Li stream. 
fraction vaporized and a given feed  composition, distillation at 900°C 

produces a still-pot composition with a slightly lower liquidus tempera- 

ture - The lower liquidus temperature, combined with the higher still- 

pot temperature, allows higher recovery of lithium than distillation at 

8130Oc does. With a feed composition of 10 at. % lithium, a maximum 
lithium recovery of 66% can be obtained. 
at. % lithium, very high lithium recoveries can be achieved, as shown 
in Fig. 37. 

99% of the incoming Bi-Li stream; the liquidus temperature of the still- 

p a t  material in this case would be only about 630'~. 

For a given 

With a feed composition of 5 

About 90% of the lithium could be recovered by vaporizing 

The following difficulties with recovery of 7Li from bismuth by 

distillation became apparent as a result of these calculations: 

will be difficult to find materials of construction that can withstand 
(1) It 

the high temperatures necessary to achieve high lithium recoveries. 

(2) 

tures around 900°C (for example, for recovery of 90% of the lithium, a 
The vapor pressures of the Bi-Li mixtures are low even at tempera- 
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I ,  craction Distilled 

Fig. 35. 
~ i - ~ i  S t l l ;  Operatirig a t  8 0 0 O c .  
o f  feed vaporized.  

L iqu idus  Tenpera tJ re  o f  S ' , i l l -Pot  Yaterik; ir, Cocticuous 
E f f e c t s  of feec composition and f r a c t i o n  
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vspor p re s su re  of on ly  0.2 t o  0 .3  mm Hg w a s  c a l c u l a t e d  f o r  t h e  s t i l l -  
pot mater ia l ) ;  t h e  low vapor p re s su res  would r e s u l t  i n  low vapor i za t ion  

f luxes .  Consequently, l a r g e  vapor i za t ion  areas would be needed. ( 3 )  
Because t h e  l i t h i u m  concen t r a t ion  i n  t h e  feed must be low t o  prevent  t h e  

formation of L i  B i  i n  t h e  s t i l l  p o t ,  a d d i t i o n a l  process ing  complexi t ies  

must be added t o  d i l u t e  t h e  B i - L i  stream coming from t h e  e x t r a c t i o n  

column. Although t h e s e  d i f f i c u l t i e s  are not  insurmountable,  t h e y  pro- 

v ide  i n c e n t i v e  t o  search  f o r  a l t e r n a t i v e  methods f o r  recover ing  t h e  'Li.  

3 

14. PREVICM'TION OF AXIAL DISPERSION IN PACKED COLUMNS 

J. S. Watson L .  E. McMeese 

The use of  packed column c o n t a c t o r s  i n  MSBR f u e l  process ing  systems 

i s  being considered.  

s i g n i f i c a n t l y  reduce t h e  performance of  t h i s  t ype  of  con tac to r  under 

ope ra t ing  cond i t ions  of i n t e r e s t .  A s  p a r t  of our con tac to r  development 

program, we are eva lua t ing  mod i f i ca t ions  t o  packed columns t h a t  w i l l  

reduce t h e  e f f e c t  of ax ia l  d i s p e r s i o n  t o  an  accep tab le  l eve l .  The pro- 

posed mod i f i ca t ions  c o n s i s t  of i n s e r t i n g  devices  at p o i n t s  a long t h e  

column t o  reduce d i s p e r s i o n  a c r o s s  t h e  column a t  t h e s e  p o i n t s .  If t h e  

devi-ces are sepa ra t ed  by a column l e n g t h  equ iva len t  t o  one t h e o r e t i c a l  

s t a g e  ( an  e x t e n t  of s e p a r a t i o n  t h a t  can  be achieved even i f  t h e  f l u i d s  

between t h e  devices  are completely mixed) ,  t h e  s t a g e  e f f i c i e n c y  of t h e  

column segment w i l l  be g r e a t e r  t han  75% if 15% o r  less  of t h e  s a l t  

flowing through the segment i s  recyc led  t o  t h e  prev ious  segment. 

A s  shown previously,21 a x i a l  d i s p e r s i o n  can 

The type  of device  under invest igat ion i s  shown i n  F ig .  38. The 

metal stream flows down an  annular  s e c t i o n  i n  t h e  upper p o r t i o n  of t h e  

device  i n t o  t h e  p o r t i o n  t h a t  i s  e f f e c t i v e l y  a n  i n v e r t e d  annular  bubble 

cap.  The accumulated meta l  forms a seal and f o r c e s  t h e  less -dense  phase 

t o  flow upward through r e s t r i c t i o n s  i n  a sieve p l a t e .  A s i g n i f i c a n t l y  

h igher  s a l t  v e l o c i t y  i s  obta ined  through t h e  r e s t r i c t i o n s ,  and a con- 

s i d e r a b l y  diminished r e c y c l e  of  salt should occur  ac ross  t h e  device .  

We have t e s t e d  two devices  of t h i s  t y p e ,  us ing  mercury and water t o  
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2’I.g. 38. Schematic Diagram of an Axla1 DisIJersion P r e v c n t e r .  



s imula te  bismuth and salt .  One o r  more d i s p e r s i o n  p reven te r s  were 

i n s e r t e d  near t h e  middle of a 2-in.-diam c o l m  t h a t  w a s  packed wi th  

3/8-in.  Easchig r i n g s .  

The experimental  technique cons i s t ed  of e s t a b l i s h i n g  a counter-  

c u r r e n t  f low of mercury and water through t h e  column and i n j e c t i n g  a 

s teady  f low of t r a c e r  s o l u t i o n  ( cupr i c  n i t r a t e )  a t  a p o i n t  near t h e  

t o p  of t h e  column, The t r a c e r  concen t r a t ion  w a s  determined a t  s e v e r a l  

p o i n t s  along t h e  column. When t h e  logar i thm of t h e  t r a c e r  concen t r a t ion  

w a s  p l o t t e d  as a f i n e t i o n  of  d i s t a n c e  along t h e  column, a d i s c o n t i n u i t y  

i n  t r a c e r  concen t r a t ion  w a s  observed a t  t h e  preventer  l o c a t i o n ,  as sho%m 

i n  F ig .  39. The r a t i o  of t h e  concen t r a t ions  a t  t h e  d i s c o n t i n u i t y  i s  a 

measure of  t h e  f r a c t i o n  of t h e  water t h a t  w a s  recyc led  through t h e  pre- 

ven te r .  

The f r a c t i o n  of  t h e  water recyc led  through a preventer  apFears t o  

depend mainly on t h e  water f low r a t e  per  sieve opening and t h e  diameter 

oP t h e  s i e v e  opening. No dependence on t h e  mercury flow rate was evi-  

d e n t ,  a l though t h e  s m a l l  number of  d a t a  g o i n t s  and t h e  usua l  d a t a  s c a t t e r  

make t h i s  conclus ion  t e n t a t i v e .  The e f f e c t  of metal Tlow r a t e  i s  

expected t o  become q u i t e  l a r g e ,  however, f o r  m e t a l  f low rates s u f f i -  

c i e n t l y  h igh  t o  prevent  complete meta l  coalescence i n  t h e  downcomer. 

The f irst  preventer  t o  undergo t e s t i n g  cons i s t ed  of a 1/2-in.-deep 

bubble cap and a l / b - in . - th i ck  s i e v e  p l a t e  con ta in ing  four  3/32-ine-diam 

h o l e s .  

t h i s  dev ice ;  however, t h e  f r a c t i o n  of water t h a t  i s  recyc led  i s  observed 

t o  decrease  wi th  inc reas ing  water f low ra te .  Less t han  15% of t h e  water 

was recyc led  f o r  a water flow rate g r e a t e r  t h a n  90 ml/min (22 m l  per  

minute pe r  h o l e ) .  

1 / 2 1  i n .  

tlie f r a c t i o n  of water recyc led  d id  not reach  an  acceptab ly  low l e v e l  i n  

any of t h e s e  experiments.  By e x t r a p o l a t i n g  t h e  curve ,  one can e s t ima te  

that the  f r a c t i o n  of w a t e r  recycled would be l e s s  than 15% a t  a water 

f low r a t e  between 150 and 200 ml/min (approximately 50 r n l  p e r  minute per  

h o l e )  . 

A s  shown i n  F ig .  40,  only t h r e e  data p o i n t s  were obta ined  wi th  

The openings were then  d r i l l e d  out  to a diameter  of  

A s  shown i n  F ig .  40, s imilar  r e s u l t s  were obta ined ,  a l though 
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A second d i s p e r s i o n  p reven te r ,  which had a 2-in.-deep bubble cap 

and only a s i n g l e  1/16-in.-diam opening i n  t h e  s i eve  p l a t e ,  w a s  a l s o  

t e s t e d .  No r ecyc le  could be de t ec t ed  a t  t h e  lowest measurable water 

r a t e  (23 .5  ml/min).  

i n . ,  and aga in  no r ecyc le  w a s  de t ec t ed .  When t h e  o r i f i c e  diarnet,er w a s  

increased  t o  l / j +  i n . ,  t h e  r e s u l t s  shown i n  Fig.  40 were obtained.  The 

f r a c t i o n  of water recyc led  is less t han  S.s% i f  t h e  water flow r a t e  is 

g r e a t e r  t han  50 ml/min. Note t h a t  t h i s  va lue  ag rees  wi th  t h e  r e s u l t s  

es t jmated by ex t r apo la t ing  resul ts  from t h e  f i r s t  preventer  wi th  four  

1 /4- in .  ho le s .  The o r i f i c e  diameter was f u r t h e r  increased  t o  3/8 i n .  

t o  o b t a i n  t h e  r e s u l t s  shown i n  F ig .  40. 

w a s  increased  cons iderably  by t h i s  change i.n diameter ;  aga in ,  however, 

t h e  f r a c t i o n  of water recyc led  could be reduced t o  any des i r ed  v a . l . 1 ~  

a t  s u f f i c i e n t l y  high w a t e r  f low r a t e s .  

T'ne diameter of t h e  opening was increased  t o  1./8 

The f r a c t i o n  o r  water recycl-ed 

An undes i rab le  f e a t u r e  of d i spe r s ion  prevei i ters  of  t h e  type  d i s -  

cussed above i.s t h a t  t h e  column capac i ty  o r  f looding  r a t e  i s  reduced. 

This  i s  t o  be expected, and i t  i s  u n l i k e l y  t h a t  a device which w i l l .  

reduce t h e  column capac i ty  by less than  50% w i l l  be  develope&. The 

devices  t e s t e d  have operated s a t i s f a c t o r i l y  wi th  mercury flow r a t e s  as 

high  as 15% of t h e  f looding  r a t e  f o r  a column packed wi th  3/8-i11. 
Raschig r i n g s .  

15. HYDRODYNAMICS OF PACKED COLUMN OPERATION 
WITH HIGH-DENSITY FLUID8 

J. S. Watson 1,. E .  McNeese 

The hydrodynamics of packed colwnn ope ra t  ion  wi th  flu.ids having high 

deus i - t i e s  and a l a r g e  dens i ty  d i f f e r e n c e  i s  being s tudied  i n  order  t o  

eva lua te  and des ign  countercurrent contactors f o r  use in MSBR processing 

systems based on r educ t ive  e x t r a c t i o n .  Mercury and water are bei-ng used 

t o  sirriulate bismuth and molten salt i n  t h e s e  s t l i l i e s  , Earlier exper i -  

ments,22 carr i -ed out  w i t h  1 /8- in .  and 1/4- i .n .  s o l i d  cy l inde r s  and w i t h  

3/16-i.n. and 1/4- in .  Raschig r i n g s  i n  a 1-in.-ID column,demonstrated 

t h a t  a t r a n s i t i o n  i n  mode o f  f low of t h e  d ispersed  phase occurs  brbween 
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t h e  packing s i z e s  of 3/16 i n .  and 1/4 i n .  The t r a n s i t i o n  appeared t o  

be a func t ion  of  t h e  packing s ize  only  and w a s  no 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 w a s  d i spe r sed  i n t o  s m a l 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  area. With t h e  smaller packing, t h e  mercury flowed down t h e  column 

i n  continuous channels  and r e s u l t e d  i n  a much smal le r  i n t e r f a c i a l  area. 

With t h e  l a r g e r  packing, t h e  

i?l l a r g e  i n t e r f a c i a l  area (and hence l a r g e  packing) i s  d e s i r e d  i n  

order  t o  o b t a i n  h igh  rates of  mass t r a n s f e r  between t h e  sa l t  and metal 

phases-.  Since only  one packing diameter  above t h e  c r i t i c a l  s i z e  had 

been s t u d i e d ,  :t was considered d e s i r a b l e  t o  s tudy  s e v e r a l  larger packing 

materials. This  r equ i r ed  two mod i f i ca t ions  t o  the experimental  system: 

(I) i n s t a l l a t i o n  of  a column l a r g e r  t han  t h e  l-in,--diam u n i t  used 

p rev ious ly ,  and ( 2 )  i n s t a l l a t i o n  of a mercury pump having a higher  

pimping c a p a c i t y  than  t h a t  used p rev ious ly .  

having a l e n g t h  of 24 i n .  w a s  cons t ruc t ed ,  and a Lapp 

i n s t a l l e d .  

s tudents23  f o r  measuring f lood ing  ra tes ,  dispersed-phase holdup, and 

p res su re  drop wi th  1/4- in .  s o l i d  c y l i n d e r s  and wi th  3/8-in0 Raschig 

r i n g s .  We l a t e r  obta ined  d a t a  wi th  1/2- in .  Raschig r i n g s .  Results of 

t h e s e  s t u d i e s  and development of a r e l a t i o n  for p r e d i c t i n g  packed 

column performance dur ing  countercur ren t  I"1.o~ of molten sa l t  and bismuth 

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

A 2-in.-ID Luc i t e  column 

CPS-3 pump w a s  * 
The system was used by a group of MIT P r a c t i c e  School 

1 5  .I Experimental  Technique and Resu l t s  

22 

darFng s t u d i e s  wi th  t h e  1 - i n . - d i m  column. P res su re  drop through t h e  

packed column w a s  determined from displacement of  t h e  mercury-water 

i n t e r f a c e  a t  t h e  bottom of t h e  column. Dispersed-phase holdup w a s  

measured by s imultaneously c l o s i n g  t w o  b a l l  va lves ,  thereby  i s o l a t i n g  

a s e c t i o n  of  t h e  column and al lowing de termina t ion  of t h e  t rapped  
mercury volume 

The experimental  technique i s  t h e  same as t h a t  used p rev ious ly  

- 
w Lapp Process  Eqiaipment, In t e rpace  Corp., North S t  e ,  Le Roy, New York 
:L4482. 



Experimental d a t a  showing t h e  v a r t a t i o n  of column p res su re  drop 

wi th  continuous-phase (water) s u p e r f i c i a l  v e l o c i t y  f o r  s e v e r a l  d i spersed-  

phase s u p e r f i c i a l  v e l o c i t i e s  a r e  shown i n  F igs .  41. and 42 f o r  1./4-in. 

s o l i d  cy l inde r s  and 3/8-i.n. 8aschi.g r i n g s  r e s p e c t i v e l y .  

v a r i a t i o n  of dispersed-phase holdup wi th  continuous-phase s u p e r f i c i a l  

v e l o c i t y  f o r  s e v e r a l  dispersed-phase v e b o c i t i e s  are shown in Figs .  143- 

1-15 f o r  t h r e e  packing inaterials studied.. 

F i g s .  46 and 4'7 f o r  l / b - i n .  s o l i d  cyl.i.nders and 3/8-in.  Raschig r i n g s  

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

Data on t h e  

Flooding d a t a  afe  shown is 

15 .2  Pressure  Drop Across t h e  Col.wnn 

Surp r i s ing ly ,  t h e  p re s su re  drop ac ross  t h e  colimn w a s  observed t o  

decrease  wi th  inc reases  i n  water flow rate a t  high mercury f low rates  

and low water flow rates .  A t  h igh water f low r a t e s ,  t h e  pressure drop 

i-ncreased with inc reases  i n  water r a t e  as expected. This  e f f e c t  was 

most apparent  wi th  1 /2- in .  Raschig r i n g s ,  a l though t h e  same behavior  

i s  a l s o  observed t o  some ex ten t  wi th  3/8-in. Raschig r i n g s .  

example, wi th  1./2-in. Xaschig r i n g s  and a s u p e r f i c i a l  mercury v e l o c i t y  

of 380 f t / h r ,  t h e  column p res su re  drop  d-ecreased from 1.1 p s i  t o  0.2'1 

p s i  as t h e  water v e l o c i t y  was increased  from 0 t o  12  f t / h r .  

phenomenon was checked c a r e f u l l y  and w a s  found t o  be reproducib le .  

'The present  d a t a  f o r  p re s su re  drop with 1/2-in. Raschig r i n g s  a r e  con- 

fus ing  and d i f f i c u l t  t o  r e p r e s e n t .  

t h a t  t h e r e  w a s  no s i g n i f i c a n t  decrease  i n  dispersed-phase holdup when 

water flow w a s  i n i t i a t e d .  

For 

This 

1.t i s  i n t e r e s t i n g  t o  note  (F ig .  4 5 )  

On t h e  average,  t h e  mercury i s  not being acce le ra t ed  while flowing 

through t h e  col-umn. Thus, t h e  weight of t h e  mercury must be suppor-Led 

by i n t e r a c t i o n  wi th  t h e  continuous phase and w i t h  the packing. If 

i n t e r a c t i o n  with t h e  packing were n e g l i g i b l e ,  t h e  pressure  drop i n  

t h e  continuous phase would be equal  t o  the sum o f  t h e  f o r c e  on t h e  

column wa1.l. and t h e  q u a n t i t y  ( A p ) X ,  where Ap i s  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  o f  t h e  two f l u i d s  and X i s  t h e  f r a c t i o n  of the column void  

volurne t.kat; i s  occupied by t h e  d ispersed  phase.  The observed p res su re  
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drop i s  l e s s  t han  t h e  quan t i ty  ( A p ) X ,  which i n d i c a t e s  t h a t  a s u b s t a n t i a l  

f r a c t i o n  of  t h e  mercury i s  supported by t h e  packing. A decrease  i n  

pressure drop without  a corresponding decrease  i n  dispersed-phase holdup 

i n d i c a t e s  t h a t  t h e r e  i s  an  inc rease  i n  t h e  i n t e r a c t i o n  between t h e  mercury 

and t h e  packing. 

One can q u a l i t a t i v e l y  v i s u a l i z e  t h e  mercury as flowing through a l l  

of t h e  channels  between t h e  packing when t h e r e  i s  no water flow. When 

a water flow i s  s t a r t e d ,  i t  lis p o s s i b l e  thai; the  mercury will flow 

p r e f e r e n t i a l l y  through on1.y p a r t  of the channels .  I n  such a case ,  

higher  mercury v e l o c i t i e s  would. be obtained and increased  i n t e r a c t i o n  

of t h e  d ispessed  phase wi th  t h e  packing would occur .  

t rea tment  of t h i s  phenomenon has not  been developed. 

A q u a n t i t a t i v e  

15.3 Dispersed-Phase Boldup 

24 
Severa l  methods, inc luding  an  express ion  used by Prati ;  and a 

22 r e l a t i o n  developed e a r l i e r  by Lhe au tho r s ,  have been suggested f o r  

c o r r e l a t i n g  holdup d a t a .  The present  data i n d i c a t e  t h a t  holdup can 

be c o r r e l a t e d  i n  terms of a cons tan t  s1.i;~ v e l o c i t y ,  Vs ,  which i s  

def ined  as: 

C vd 
v 

v z- 6 -  
s 3 . - x  x , (57) 

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 

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

Vd = dispersed-phase s u p e r f i c i a l  v e l o c i t y ,  

X = dispersed-phase holdup. 

C 

The curves drawn through t h e  holdup data i n  F igs .  43, 44, and IC5 
correspond t o  a cons tan t  s l i p  velocLty for each packing material .  For 

a given packing, t h e  s l i p  vel.ocity w a s  ob ta ined  by averaging s l i p  

v e l o c i t y  va lues  c a l c u l a t e d  for each data p o i n t  from Eq. ( 5 7 ) .  

standard dev ia t ions  of t h e  average s l i p  v e l o c i t y  t h u s  c a l c u l a t e d  F E T ~  

10 t o  l 5 $ ,  which i s  est imated t o  he the experimental  e r r o r  j.n the  

The 
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holdup d a t a .  'There are s i g n i f i c a n t  dev ia t ions  between the  c a l c u l a t e d  

and measured holdup d a t a  f o r  holdup va lues  below lo%, Otherwj-se, t h e  

d a t a  for 1/4- in .  and 3/8-in.  packing show no t r e n d  away from t h e  pre- 

d i c t e d  holdup va lues .  

r i n g s  a r e  higher  than  t h e  measured va lues  a t  low mercury s u p e r f i c i a l  

v e l o c i t i e s .  T h i s  t r e n d  i s  not considered t o  be s i g n i f i c a n t  s i n c e  it 
i o  not  confirmed by d a t a  from o t h e r  packing materials. 

The p red ic t ed  holdup va lues  f o r  1/2- in .  Raschig 

Average va lues  were a l s o  c a l c u l a t e d  f o r  t h e  c h a r a c t e r i s t i c  v e l o c i t y ,  
24 suggested. by P r a t t  and def ined  as vo> 

U + 
x(l -x) v =  

(1 - X I 2  0 

The s tandard  dev ia t ion  r e s u l t i n g  from assumption of a cons t an t  charac- 

t e r i s t i c  v e l o c i t y  was l a r g e r  t han  t h a t  r e s u l t i n g  from assumption of  a 
cons tan t  s l i p  v e l o c i t y ,  and a dependence of V on holdup ( o t h e r  t han  

t h a t  shown above) was noted.  
0 

The holdup d a t a  f o r  1 /4- in .  Raschig r i n g s  and 1/4- in .  s o l i d  c y l i n d e r s  

i n  1- and 2-in.-diam columns suggest  t h a t  t h e  s u p e r f i c i a l  s l i p  v e l o c i t y  

i s  p ropor t iona l  t o  t h e  packing void f r a c t i o n ,  as shown i n  F ig .  48. The 

s x p e r f i c i a l  s l i p  v e l o c i t y  i s  a l s o  expected t o  be dependent on packing 

s i z e ,  The s l i p  v e l o c i t y  f o r  3/8-in.  Raschig r i n g s  (819 f t / h r )  i s  not 

s i g n i f i c a n t l y  higher  t han  t h a t  f o r  1/4-in0 packfng when a c o r r e c t i o n  

i s  made f o r  the d i f f e r e n c e  i n  packing void f r a c t i o n .  

v e l o c i t y  f o r  1 /2- in ,  Raschig s i n g s  (1530 f t / h r )  i s  considerably higher  

than  t h a t  f o r  t h e  smaller packing s i z e s .  

However, t h e  s l i p  

1 5 . 4  CorrelaLion of Flooding Rates  

The observa t ion  t h a t  t h e  dispersed-phase holdup d a t a  can be cor re-  

l a t e d  on t h e  b a s i s  of a cons t an 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 s  e s p e c i a l l y  

important s i n c e  t h i s  sugges ts  a method f o r  c o r r e l a t i n g  f lood ing  d a t a .  

A t  f l ood ing ,  it i s  assumed t h a t  t h e  following cond i t ions  e x i s t :  



114 

RASCH 
RINGS 

B 

0. I 0.2 0.3 0.4 8.5 0.6 8.7 
Pnekinn V o i d  F r a c t i o n  . --..,..- .-.- . 

- 7 ,  f i g .  48. V a r i a t i o n  of Superficial S l i p  Velocity wi-ih Packi.ng Void 
I. 'ract.ion f o r  1/4-j .n.  Packing i n  I-in. and ?--in.-diam Colirmns. 
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- - - -  - 0 .  a 'd I avC 

ax ax ( 5 9 )  

Partial differentiation of Eq. (57) with respect to X, the dispersed- 
phase holdup, yields the relation 

av vd 1 c 
x ax + -  - = o .  C 

av 1 + -  - - - C 
V 

(1 - x ) 2  - x  ax X2 

If the conditions stated by Eq. (59) are met at flooding, Eq. (60) reduces 
to 

, f lood  

(1 - x y  
'd,flood 

X2 

Multiplying Eq. (57) by 1/(1 -X) and combining the resulting equation 

wlth Eq.  (61) yields the following relation: 

S 
V Vd,flood + 'd,flood - 

x ( l  - x) 1 - x ' X2 

which reduces to 

Multiplying Eq. (57) by 1 / X  and combining the resulting equation with 

Eq. (61) yields the relation 

v 'c f lood Vc,flood = -  s 
lY=T-E+ (1 - X F  , 

(62) 

which reduces to 



116 

1 - x =  
S 

El imina t ion  of X from E q s ,  ( 6 3 )  and ( 6 5 )  y i e l d s  t h e  f i n a l  r e l a t i o n  

= continuous-phase s u p e r f i c i a l  v e l o c i t y  a t  f looding ,  

= dispei-sed-phase s u p e r f i c i a l  v e l o c i t y  a t  f looding .  

' c  , f lood  vher e 

'd , f lood  

Thus, i f  t h e  s u p e r f i c i a l  s l i p  v e l o c i t y  remains cons tan t  up t o  f lood. ing,  

a p l o t  of  (v  )1/2 vs ('d,flood )l/* should produce a s t r a i g h t  l i n e  

having a s lope  of -1. S b i l a r  f looding  curves w i t h  s lopes  near -3 have 

been observed i n  t h e  l i t e r a t u r e , 2 5  and our e a r l i e r  ( lata f o r  1 / 4 -  and 

3/8-in.  Raschig r i n g s  and 1/4- in .  so1i.d c y l i n d e r s  were correl.ated i n  

t h i s  manner e 

3/8-in. Raschig r i n g s ,  s h o ~ n  i n  F igs .  1.16 and 47, a r e  al.so representet l  

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

c , f lood  

Recent r e s u l t s  obtained wi th  1 / 4 - i n .  sol.id cy l inde r s  and 

15.5 P r e d i c t i o n  of Molten-Salt--Bismuth Flooding Rates 
i n  Packed Columns 

We have at tempted t o  extend t h e  c o r r e l a t i o n s  developed f o r  Lhe 

mercury-water system i n  order  t o  o b t a i n  r e l a t i o n s  that are a p p l i c a b l e  

t o  molten-salt--bismuth systems. 

were not va r i ed  i n  t h e s e  s t u d i e s .  S i g n i f i c a n t  d i f f e r e n c e s  i n  p r o p e r t i e s  

ex i s t  between t h e  mercury-water system and molten-salt--bismuth systems; 

p o t e n t i a l l y  important d i f f e rences  inc lude  t h e  v i s c o s i t y  of the contlinuous 

phase,  t h e  d t f f e rence  i n  t h e  d e n s i t i e s  of t h e  phases ,  and t h e  i n t e r f a c i a l  

t e n s i o n .  The c o r r e c t i o n  a s soc ia t ed  wi th  d i f f e r e n c e s  i n  i n t e r f a c i a l  

t e n s i o n  i s  be l ieved  t o  be s m a l l  s i n c e  t h e  i n t e r f a c i a l  t ens ion  f o r  the 

mercury-xater system i s  approximately equal. t o  t h a t  f o r  a molten-salt--  

btsmuth system. 

The phys ica l  p r o p e r t i e s  of the  f l u i d s  



A s  t h e  d ispersed  phase f lows down t h e  column, it i n t e r a c t s  wi th  

both  t h e  packing and t h e  cont inuous phase. 

t i nuous  phase i s  i n e r t i a l  i n  na tu re ,  and t h e  continuous-phase v i s c o s i t y  

i s  expected t o  have only  a s l i g h t  e f f e c t .  If t h e  p r i n c i p a l  i n t e r a c t i o n  

were between t h e  two f l u i d s ,  t h e  s l i p  v e l o c i t y  would be p ropor t iona l  

t o  t h e  square r o o t  of t h e  d i f f e r e n c e  i n  d e n s i t i e s  of t h e  f l u i d s .  A s  

noted e a r l i e r ,  however, t h e  metal phase i s  more nea r ly  supported by 

i n t e r a c t i o n  wi th  t h e  packing; for t h i s  cond i t ion ,  it i s  es t imated  

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

I n t e r a c t i o n  wi th  t h e  con- 

On t h e  b a s i s  of t h e s e  cons ide ra t ions ,  t h e  s u p e r f i c i a l  s l i p  veloc- 

i t y  w a s  assumed t o  be p ropor t iona l  t o  bo th  t h e  packing void f r a c t i o n  

arid t h e  d i f f e r e n c e  i n  d e n s i t i e s  of t h e  phases .  

f o r  t h e  f looding  rates i n  a sal t -bismuth system i s ,  then :  

The r e s u l t i n g  r e l a t i o n  

)1/2 
('c , f lood  

- - 
'c , f l ood  

'd,flood 

's,Bg-H 2 0 

where 

- - 

- - 

AD = 

- - E ref 

continuous-phase s u p e r f i c i a l  v e l o c i t y  a t  f lood ing ,  

dispersed-phase s u p e r f i c i a l  v e l o c i t y  a t  f looding ,  

s u p e r f i c i a l  s l i p  v e l o c i t y  f o r  mercury-water system 

with  t h e  type  packing t o  be used ,  

d i f f e r e n c e  i n  d e n s i t i e s  of  t h e  phases ,  

d i f f e r e n c e  i n  d e n s i t i e s  of mercury and. water, 

packing void f r a c t i o n ,  

void f r a c t i o n  of packing f o r  which Vs 
determined. 

w a s  
9 g-H20 
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