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DEVELOPMENT AND PERFORMANCE OF A HIGH-SPEED 
ANNULAR CENTRIFUGAL CONTACTOR 

G. J. Berns te in ,  D. E. Grosvenor, J. F. Lenc, and N. M. Lev i t z  

ABSTRACT 

A c e n t r i f u g a l  con tac to r  of novel des ign  has  been developed 
f o r  t h e  s o l v e n t  e x t r a c t i o n  process ing  of nuc lea r  f u e l s .  The 
novel  a spec t  is  t h a t  t h e  aqueous and o rgan ic  s o l u t i o n s  are f e d  
d i r e c t l y  i n t o  t h e  annulus between t h e  hollow 4-in.-dia r o t o r  
and t h e  cas ing  and are mixed by s k i n  f r i c t i o n  as they  flow down- 
ward. This des ign  e l i m i n a t e s  t h e  mixing chamber, mixing paddle ,  
and i n j e c t i o n  nozz le  employed i n  t h e  c e n t r i f u g a l  con tac to r  des ign  
developed a t  t h e  A E C ' s  Savannah River (SR) P lan t .  High through- 
put  is  achieved by t h e  h igh  length-to-diameter (L/D) r a t i o  com- 
bined w i t h  high ope ra t ing  speed ( t o  3500 rpm). 

Separa t ing  c a p a c i t i e s  wi th  s y n t h e t i c  Purex-type s o l u t i o n s  
[ i . e . ,  0.5M n i t r i c  a c i d  and 30% t r i b u t y l  phosphate (TBP) i n  
n -dodecaned i luen t ]  ranged from about 5 gpm a t  2000 rpm t o  
about 15 gpm a t  3500 rpm. E s s e n t i a l l y  100% s t a g e  e f f i c i e n c y  
w a s  demonstrated i n  e x t r a c t i o n  and s t r i p p i n g  tests wi th  uranium 
as t h e  s o l u t e .  Mechanical performance w a s  very good through- 
o u t  t h e  tests. 

I. INTRODUCTION 

A program w a s  undertaken t o  adapt t h e  Savannah River (SR) paddle- 
mixer type  c e n t r i f u g a l  con tac to r  t o  a c r i t i c a l l y  f avorab le  c o n f i g u r a t i o n  
s u i t a b l e  f o r  e f f i c i e n t  process ing  of high-plutonium systems. 
are b a s i c  t o  t h e  s o l v e n t  e x t r a c t i o n  process ing  of f a s t  b reede r  r e a c t o r  
f u e l s .  The approach was t o  i n v e s t i g a t e  t h e  performance c h a r a c t e r i s t i c s  
of small-diameter, long-ro tor ,  high-speed u n i t s ,  i n  which i t  i s  necessary  
t o  achieve  c r i t i c a l i t y  s a f e t y  and y e t  main ta in  h igh  capac i ty .  

Such systems 

Earlier i n  t h i s  i n v e s t i g a t i o n ,  a s t a i n l e s s  steel  c e n t r i f u g a l  con tac to r  
w a s  designed, b u i l t ,  and t e s t e d  t h a t  comprises p r i n c i p a l l y  a hollow r o t o r  
suspended from a top s p i n d l e  assembly and r o t a t i n g  w i t h i n  a f i x e d  cas ing .  
No bottom bea r ing  w a s  provided t o  avoid problems t h a t  might be  encountered 
i f  t h e r e  w e r e  a bottom bea r ing  ope ra t ing  i n  t h e  c o r r o s i v e  process  s o l u t i o n s .  
Beneath t h e  r o t o r ,  which has  a 4-in. I D  by 12-in. s e t t l i n g  s e c t i o n ,  i s  a 
mixing chamber. The r o t o r  diameter is  s m a l l  enough t o  provide  c r i t i c a l i t y  
s a f e t y  i n  t h e  process ing  of high-plutonium f u e l s  (e .g . ,  LMFBR f u e l s ) .  



During t h e  design phase of t h i s  i n v e s t i g a t i o n ,  an a l t e r n a t i v e  des ign  
of c e n t r i f u g a l  con tac to r  w a s  conceived-the annular-mixer c e n t r i f u g a l  con- 
tactor--which appeared t o  have t h e  advantages of s i m p l i c i t y  of cons t ruc t ion  
and opera t ion .  
f a b r i c a t e d  and opera ted ,  demonstrat ing t h e  genera l  f e a s i b i l i t y  of t h e  
concept. 
f o r  ope ra t ion  i n  t h e  Savannah River mixing mode w a s  designed so  t h a t  i t  
could r e a d i l y  be  converted f o r  ope ra t ion  i n  t h e  annular  mixing mode. 
Details of t h e  des ign  and development of t h i s  u n i t  when operated i n  t h e  
SR mixing mode are presented  i n  a companion report '  t h a t  complements t h i s  
r e p o r t .  

A p l a s t i c  model of an  annular  c e n t r i f u g a l  con tac to r  w a s  

A s t a i n l e s s  steel  c e n t r i f u g a l  c o n t a c t o r l  subsequent ly  cons t ruc ted  

I n  both des igns ,  t h e  mixture  e n t e r s  an o r i f i c e  i n  t h e  bottom of t h e  
hollow r o t o r ,  and as t h e  phases flow up through t h e  r o t o r ,  they are 
separa ted  by c e n t r i f u g a l  fo rce .  
t h e  r o t o r )  and are discharged i n t o  c o l l e c t i n g  r i n g s  and t h e  e x i t  p ip ing .  

The sepa ra t ed  phases flow over  w e i r s  ( i n  

This  r e p o r t  p re sen t s  a b r i e f  d e s c r i p t i o n  of t h e  ANL adap ta t ion  of t h e  
SR-type c e n t r i f u g a l  con tac to r  and summarizes t h e  mechanical performance, 
s e p a r a t i n g  capac i ty ,  and e x t r a c t i o n  e f f i c i e n c y  tests of t h e  novel  annular- 
mixer u n i t .  The annular  des ign  is  not  l i m i t e d  t o  small-diameter con tac to r s ,  
and i t s  s i m p l i f i e d  cons t ruc t ion  f e a t u r e s  should make i t  p a r t i c u l a r l y  a t t r a c -  
t i ve  f o r  systems r e q u i r i n g  remote maintenance. 

11. DESCRIPTION OF THE LONGROTOR CENTRIFUGAL CONTACTOR 
MODIFIED FOR OPERATION I N  THE PADDLE-MIXING AND 

ANNULAR M I X I N G  MODES 

The des ign  and ope ra t ion  of two modi f ica t ions  of t h e  ANL s t a i n l e s s  
s teel  c e n t r i f u g a l  con tac to r  w i th  a 4-in.-ID r o t o r  are descr ibed  here .  
The f i r s t  modi f ica t ion  i s  f o r  ope ra t ion  i n  t h e  SR mixing mode and t h e  
o t h e r  f o r  ope ra t ion  i n  t h e  annular  mixing mode. The b a s i c  f e a t u r e s  of t h e  
ANL long-rotor  con tac to r  when modified f o r  ope ra t ion  i n  t h e  SR mixing mode 
are shown i n  Fig.  1. Aqueous and organic  phases e n t e r  t h e  mixing chamber 
and are v igorous ly  mixed by a paddle  a t tached  t o  t h e  s h a f t  t h a t  suppor ts  
t h e  r o t o r .  

Mixing i n  t h e  mixing chamber e f f e c t s  t r a n s f e r  of s o l u t e  from one 
phase t o  t h e  o the r .  
openings i n  i ts  per iphery  i n t o  t h e  zone above t h e  chamber. 
r a d i a l  b a f f l e s  d i r e c t  t h e  mixture  through t h e  nozzle  i n t o  t h e  1 3/16-in.- 
d i a  o r i f i c e  a t  the  bottom of t h e  r o t o r .  The d e f l e c t i o n  b a f f l e  above t h e  
o r i f i c e  prevents  t h e  mixture  from bypassing p a r t  of t h e  s e t t l i n g  zone and 
d i r e c t s  i t  t o  t h e  o u t e r  reg ions  of t h e  r o t o r ,  where t h e  c e n t r i f u g a l  f o r c e  
i s  h igher .  Vent ho le s  i n  t h e  b a f f l e  permit  en t r a ined  a i r  t o  escape from 
t h e  mixture  t o  t h e  space  i n s i d e  t h e  r o t o r  ad jacent  t o  t h e  r o t o r  s h a f t .  

The mixture  is  e j e c t e d  from t h e  mixing chamber through 
Four f i x e d  

Figure 2 shows t h e  r o t o r  i n  p o s i t i o n  below t h e  support  p l a t e .  The 
d e f l e c t i o n  b a f f l e  i s  p a r t i a l l y  v i s i b l e  through t h e  r o t o r  o r i f i c e ,  The 
small ho le  i n  t h e  b a f f l e  is one of s e v e r a l  f o r  vent ing  a i r  en t r a ined  wi th  
t h e  mixed phases.  The func t ion  of t h e  Teflon seals a t  t h e  top  of t h e  
r o t o r  are t o  p r o t e c t  t h e  s p i n d l e  bear ing  a g a i n s t  co r ros ive  reagent  fumes. 
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FIG. 1. Experimental Long-Rotor Centrifugal Contactor 
(Savannah River Type) 
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FIG. 2. Rotor and Mounting P l a t e  
(ANL Neg. No. 308-2365) 

The volume above t h e  seals is  purged wi th  a i r  t o  remove any fumes t h a t  
p e n e t r a t e  t h e  seals. 
s i n c e  i t  w a s  d e s i r e d  t o  keep t h e  r o t o r  as c l o s e  as p o s s i b l e  t o  t h e  s p i n d l e  
i n  o rde r  t o  i n c r e a s e  i t s  c r i t i c a l  speed. In  a product ion model, a l i g h t e r  
r o t o r  and a longer  s h a f t  would be used and t h e  mounting assembly would be 
designed t o  permi t  removal of t h e  e n t i r e  r o t o r  and s p i n d l e  assembly by a 
d i r e c t  upward motion. 

This  seal design w a s  used i n  t h e  exper imenta l  model 

Four v e r t i c a l  vanes on t h e  r o t o r  s h a f t  a c c e l e r a t e  t h e  mixture  t o  
r o t o r  speed. A s  t h e  f l u i d  flows through t h e  r o t o r ,  t h e  heavy (aqueous) 
phase moves outward, d i s p l a c i n g  t h e  l i g h t  (organic)  phase inward. 
Separa t ion  of t h e  mixed phases  under c e n t r i f u g a l  f o r c e  (about 450 9 a t  
3500 rpm) achieves a much more r ap id  s e p a r a t i o n  than  could be  achieved 
under t h e  fo rce  of 1 grav i ty .  

The aqueous phase then  flows through a system of w e i r s  (see Fig.  3) 
t o  t h e  upper d ischarge  p o r t s ,  whi le  t h e  organic  phase flows over  an i n n e r  
w e i r  and i s  discharged through fou r  passages b u i l t  i n  t h e  form of a hollow 
cross .  
phase. The e f f l u e n t  streams are discharged i n t o  c o l l e c t i n g  r i n g s  and leave 
through t a n g e n t i a l  o u t l e t  l i n e s .  If a number of con tac to r s  should be 
arranged i n  series f o r  countercur ren t  so lven t  e x t r a c t i o n ,  t he  e f f l u e n t  
streams would become i n l e t  streams t o  t h e  ad jacent  con tac to r s .  

Any a i r  en t r a ined  i n  t h e  mixture  is  discharged wi th  t h e  organic  

n 
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FIG. 3 

I sometr ic  V i e w  of  Air-Control led Weir 

The a i r - con t ro l l ed  w e i r  system w a s  developed a t  Savannah River and 
is  descr ibed  i n  d e t a i l  i n  t h e i r  r e p o r t . 2  
ope ra t ion  of t h e  con tac to r  w i t h  a broader  range of flow rates, flow r a t i o s ,  
dens i ty  r a t i o s ,  and r o t o r  speeds than could be employed w i t h  simple f ixed-  
dimension w e i r s .  Appl ica t ion  of t h e  a i r - con t ro l l ed  w e i r  t o  t h e  ANL con- 
t a c t o r  is descr ibed  i n  t h e  companion r e p o r t .  

The a i r - con t ro l l ed  w e i r  permi ts  

1 

A s  t h e  volume of emulsion f ed  t o  t h e  r o t o r  i nc reases  ( a t  cons tan t  
r o t o r  speed) ,  t h e  q u a n t i t y  of unseparated emulsion i n  t h e  r o t o r  a l s o  
inc reases .  Ul t imate ly ,  t h e  emulsion band becomes so  wide t h a t  i t  is  not  
poss ib l e ,  by f u r t h e r  s h i f t i n g  of i ts p o s i t i o n ,  t o  prevent  some emulsion 
from discharg ing  wi th  both  sepa ra t ed  phases.  When contamination of each 
e f f l u e n t  stream by t h e  o t h e r  reaches 1%, t h e  con tac to r  is a r b i t r a r i l y  s a i d  
t o  be ope ra t ing  a t  i t s  maximum sepa ra t ing  capac i ty .  

To ope ra t e  the  con tac to r  i n  t h e  annular  mixing mode, t h r e e  b a s i c  
modi f ica t ions  of t h e  con tac to r  are made: (1) t h e  mixing chamber, paddle ,  
r a d i a l  b a f f l e  p l a t e ,  and nozz le  p l a t e  are removed; (2) a bottom s e c t i o n  is 
a t t ached  t h a t  is  f i t t e d  wi th  a modified r a d i a l  b a f f l e  p l a t e ;  and (3) t h e  
o rgan ic  and aqueous i n l e t  l i n e s  are a t t ached  t o  t h e  s i d e  i n l e t s  on t h e  
s t a t o r  ( o r  cas ing) .  The modified design i s  shown i n  Fig.  4 .  

Mixing occurs  as the  s o l u t i o n s  flow downward through t h e  annulus 
between t h e  sp inn ing  r o t o r  and t h e  casing.  
p a s t  t h e  bottom b a f f l e  p l a t e  i n t o  t h e  o r i f i c e  i n  t h e  bottom of t h e  r o t o r .  
The rea f t e r ,  f low and phase s e p a r a t i o n  occur  as descr ibed  above f o r  
ope ra t ion  wi th  SR-type mixing. 

The mixture  then  flows 
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FIG. 4 .  Schematic Drawing of Annular Centrifugal Contactor 
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111. TEST FACILITY 

The same test f a c i l i t y  w a s  used f o r  t h e  annular  mode of con tac to r  
ope ra t ion  as w a s  used f o r  t h e  SR design. 
vided i n  Reference 1. 

A d e t a i l e d  d e s c r i p t i o n  i s  pro- 

I V .  PERFORMANCE TESTS 

A. Pre l iminary  Tests wi th  a P l a s t i c  Contactor  

As p a r t  o f  t h e  eva lua t ion  of t h e  annular  mixing mode, pre l iminary  
tests w e r e  made wi th  w a t e r  i n  s e v e r a l  p l a s t i c  con tac to r s ,  each w i t h  a 
p l a s t i c  r o t o r  ope ra t ing  i n  a p l a s t i c  casing.  
capac i ty  of a 4-in.-OD r o t o r  ope ra t ing  a t  var ious  speeds w i t h  a v a r i e t y  
of o r i f i c e  s i z e s ,  annular  gaps,  and depths  of water  i n  t h e  annulus w a s  
measured. With a 1/4-in.-wide annulus f i l l e d  t o  a 9 3/4-in. depth ,  r o t o r  
throughput rates were 9.9, 9.6,  and 6.6 gpm wi th  r o t o r  o r i f i c e s  of 1 1/2-,  
1-, and 3/4-in.-dia,  r e spec t ive ly .  These throughput rates were e s s e n t i a l l y  
cons tan t  over  a r o t o r  speed range from ~1000 t o  ~ 1 6 5 0  rpm. 
water i n  t h e  annulus rose  wi th  throughput.  

I n  t h e s e  tests,  throughput 

The l e v e l  of 

Inc reas ing  t h e  annular  gap t o  1 / 2  i n .  by s u b s t i t u t i n g  a 5-in.-ID 
cas ing  r e s u l t e d  i n  a throughput of 1 1 . 7  gpm w i t h  a 1 1/8-in.-dia o r i f i c e  
i n  t h e  r o t o r .  Throughput w a s  cons tan t  over  t h e  range of r o t o r  speeds 
t e s t e d  w i t h  t h i s  s e t u p ,  sugges t ing  t h a t  throughput w a s  be ing  l i m i t e d  by 
flow through t h e  o r i f i c e ,  r a t h e r  than by t h e  pumping capac i ty  of t he  r o t o r  
(which would i n c r e a s e  as t h e  r o t o r  speed inc reased ) .  
t h a t  t h e  throughput w a s  dependent on t h e  he igh t  of l i q u i d  i n  t h e  annulus;  
t h e  h ighe r  t h e  level i n  t h e  annulus ,  t h e  g r e a t e r  t h e  head a v a i l a b l e  t o  
f o r c e  l i q u i d  through t h e  o r i f i c e .  

It w a s  a l s o  observed 

On t h e  b a s i s  of t hese  tes ts ,  i t  w a s  decided t h a t  t h e  r o t o r  o r i f i c e  
f o r  t h e  s t a i n l e s s  steel  unit  should have a 1 3/16-in. d i a  and t h a t  t h e  
bot tom edge (upstream edge) of the o r i f i c e  should  b e  rounded off t o  reduce  
p re s su re  drop through i t .  

To o b t a i n  an i n d i c a t i o n  of t h e  i n t e n s i t y  of mixing t h a t  could be 
developed i n  t h e  annular  space,  mixing power tests w e r e  performed on a 
p l a s t i c  u n i t ,  A dynamometer test s t and  w a s  used i n  which t h e  torque 
de l ive red  by t h e  d r i v e  motor w a s  balanced by an app l i ed  t a n g e n t i a l  weight .  
Power inpu t  w a s  c a l c u l a t e d  from t h e  measured speed and torque.  I n  t h e s e  
tests, t h e  r o t o r  o r i f i c e  w a s  pluggedtomake t h e  system nonflowing s o  t h a t  
no power w a s  consumed i n  pumping f l u i d  through t h e  r o t o r .  Since t h e  level 
of l i q u i d  i n  t h e  annulus d i f f e r s  a t  d i f f e r e n t  f low rates, power i n p u t  w a s  
measured a t  two levels of water i n  t h e  annulus.  

3 

With t h e  4 1/2-in.-ID cas ing  i n s t a l l e d ,  tests were made over  a range 

I n  o t h e r  tests w i t h  a 
of r o t o r  speeds wi th  Q9-in. water depth i n  t h e  annulus.  
from 0.01 hp a t  910 rpm t o  0.07 hp a t  1870 r p m .  
water l e v e l  of Q5 i n .  i n  the annulus ,  t h e  power i n p u t  w a s  about 70% of t hese  
va lues  over t h e  same range of r o t o r  speeds.  A test w a s  performed wi th  a 
5-in. depth of a 50-50 mixture  of water and r e f i n e d  kerosene i n  t h e  annulus 

Power inpu t  ranged 



t o  measure t h e  power consumed i n  mixing an emulsion. 
were about 50% higher  than  f o r  water alone. I n  t h e s e  tests, t h e  inc rease  
i n  power inpu t  w i th  speed w a s  somewhat less than a third-power rise. This  
depa r tu re  w a s  a t t r i b u t e d  t o  vor tex ing  of l i q u i d  i n  t h e  annulus ,  which re- 
duced t h e  area of con tac t  between t h e  r o t o r  and t h e  l i q u i d  a t  h igh  speeds,  

Power i n p u t  va lues  

, 
I n  tests wi th  t h e  5-in.-ID cas ing  i n s t a l l e d ,  e s s e n t i a l l y  t h e  same 

power inpu t  va lues  were found as w i t h  t h e  4 1/2-in.-ID casing.  
given flow rate, res idence  t i m e  i n  t h e  annulus wi th  t h e  l a r g e r  cas ing  
would be about twice t h e  res idence  t i m e  w i th  t h e  smaller. Therefore ,  t h e  
i n t e n s i t y  of mixing a d i s c r e t e  volume of l i q u i d  i n  t h e  l a r g e r  annulus 
would be lower than i n  t h e  smaller annulus,  and t h e  mixing t i m e  would be  
longer .  The lower mixing i n t e n s i t y  might decrease  t h e  degree of emuls i f i -  
c a t i o n  of a two-phase system and thereby f a c i l i t a t e  subsequent s epa ra t ion .  

A t  a 

An i n d i c a t i o n  of t h e  e f f e c t i v e n e s s  of mixing i n  t h e  annular  p l a s t i c  
con tac to r  w a s  found by comparing our  power inpu t  measurements w i t h  Treybal ' s4  
c o r r e l a t i o n .  
con tac t ing  v e s s e l  and der ived  a r e l a t i o n s h i p  f o r  p r e d i c t i n g  t h e  e f f e c t i v e -  
ness  of con tac t ing  f o r  achiev ing  e f f i c i e n t  mass t r a n s f e r .  
p r e d i c t s  t h a t  con tac t ing  is good when 

Treybal  r e l a t e d  t h e  mixing power inpu t  t o  throughput i n  a 

The formula 

P/Q 'L 200 

where P = power i n p u t ,  f t - l b / s e c  
Q = flow rate, f t 3 / s e c  , 

3 For a t o t a l  throughput of mixed phases of 10 gpm (0.022 f t  / s ed  and 
wi th  a power inpu t  of about 0 .1  hp (55 f t - lb / sec )  a t  2000 rpm, 

2500. 55 
0.022 

This high va lue  suggested t h a t  i n t e n s i v e  phase con tac t ing  i s  achieved 

P / Q  E - = 

w i t h i n  t h e  annular  space of t h e  annular  con tac to r  and t h a t  e f f e c t i v e  mass 
t r a n s f e r  should occur  when ope ra t ing  wi th  a two-phase system. 

B. Separa t ing  Capacity f o r  Stainless  Steel Contactor  

Prel iminary s e p a r a t i n g  capac i ty  tests w e r e  made a f t e r  t h e  experimental  
SR type of con tac to r  w a s  modified f o r  t e s t i n g  i n  t h e  annular  mode. 
tests were made wi th  Purex-type solutions--0.5M HNO 
and 30% TBP i n  n-dodecane as t h e  organic  phase. The pre l iminary  tests 
showed t h a t  e x c e l l e n t  phase mixing and s e p a r a t i o n  could be  achieved. 
eve r ,  due t o  flow r e s t r i c t i o n  through t h e  narrow (0.275-in.) annular  gap, 
t h e  maximum f e a s i b l e  throughput w a s  about 5 gpm a t  r o t o r  speeds of 1500 
t o  3000 rpm. When t h e  inpu t  exceeded 5 gpm, t h e  level of t h e  emulsion 
i n  t h e  annulus r o s e  u n t i l  t h e  emulsion overflowed t h e  i n n e r  w a l l  of t h e  
organic  phase c o l l e c t o r  r i n g  ( j u s t  i n s i d e  t h e  organic  phase o u t l e t ,  Fig.  4 ) ,  
contaminating t h e  e f f l u e n t  organic  phase. 

The 
as t h e  aqueous phase 3 

How- 
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I n  o rde r  t o  i n c r e a s e  t h e  capac i ty  of t h e  contac tor ,  t h e  bottom s e c t i o n  
of t h e  cas ing  w a s  removed, and a new bottom s e c t i o n  w a s  a t t ached  a t  a f l ange ,  
as shown i n  Fig.  5 .  The f langed connection allowed experimentat ion t o  be 
done a l t e r n a t e l y  wi th  t h e  annular  and SR-type bottom s e c t i o n s .  
of t h e  new, lower cas ing  s e c t i o n  w a s  l a r g e r  than i n  t h e  o r i g i n a l  s e c t i o n ,  
provid ing  an annular  gap of 0.55 i n .  Also,  t h e  s i z e  of t h e  i n l e t  l i n e s  
w a s  i nc reased  and they w e r e  a t t ached  c l o s e r  t o  t h e  bottom of t h e  casing.  
The i n l e t  l i n e s  w e r e  connected t a n g e n t i a l l y  t o  t h e  cas ing  t o  t ake  advantage 
of  any drag e f f e c t s  by t h e  r o t a t i n g  f l u i d ,  which would reduce en t r ance  
p res su re  head l o s s e s .  The base  of t h e  lower cas ing  s e c t i o n  w a s  tapped t o  
permit  b a f f l e  p l a t e s  of d i f f e r e n t  designs t o  be a t tached .  Fig. 6 shows a 
p l a t e  w i th  s t r a i g h t  b a f f l e s  and Fig.  7 shows a p l a t e  w i th  curved b a f f l e s .  

The diameter  

A l i m i t e d  number of s e p a r a t i n g  capac i ty  tests were made us ing  0.5g 
"0 as t h e  aqueous phase and 30% TBP i n  n-dodecane as t h e  organic  phase.  
Rotor speeds ranged from 2000 t o  3500 rpm and aqueous-to-organic (A/O) 
r a t i o s  from 0.25 t o  4 .  
w i t h  uranium i n  t h e  feed s o l u t i o n ,  The presence of uranium is  assumed t o  
have l i t t l e  e f f e c t  on a c t u a l  s e p a r a t i n g  capac i ty . )  

3 
(The sepa ra t ing  capac i ty  tests a t  A/O = 4 were made 

Separa t ing  c a p a c i t i e s  increased  as a r e s u l t  of t he  h igher  flow rates 
permi t ted  by t h e  l a r g e r  annular  gap, and a t  a l l  ope ra t ing  cond i t ions  
c a p a c i t i e s  were not  l i m i t e d  by flow r e s t r i c t i o n  i n  t h e  annulus ,  as had 
been t r u e  wi th  t h e  ear l ie r  design.  Resu l t s  are shown i n  Fig.  8. I n  
gene ra l ,  c a p a c i t i e s  were about t h e  same as those  found when t h e  u n i t  w a s  
opera ted  i n  t h e  SR mixing mode, except t h a t  minimum c a p a c i t i e s  a t  a l l  speeds 
w e r e  found a t  A/O = 2 r a t h e r  than a t  A/O = 1. I n  t h i s  r e s p e c t ,  t h e  per- 
formance of t h e  ANL annular  u n i t  conformed c l o s e l y  t o  t h a t  of t h e  l a r g e  SR 
con tac to r .2  The d i f f e r e n c e  i n  performance of t h e  ANL con tac to r  i n  t h e  two 
mixing modes is  a t t r i b u t e d  t o  d i f f e rences  i n  t h e  n a t u r e  of t h e  emulsion 
formed by t h e  two types of mixing. 

C.  Hydraul ic  Performance 

During t h e  s e p a r a t i n g  capac i ty  tests, p res su re  t a p s  i n  t h e  con tac to r  
cas ing  w e r e  used t o  measure s t a t i c  and dynamic pressures  a t  va r ious  po in t s .  
Two t a p s  were loca ted  near  t h e  bottom of t h e  cas ing  j u s t  above . the  r a d i a l  
vanes;  one w a s  i n s t a l l e d  pe rpend icu la r ly  t o  t h e  circumference t o  measure 
s t a t i c  p res su re ,  and t h e  o t h e r  t a n g e n t i a l l y  t o  measure-the k i n e t i c  energy 
of t h e  f l u i d  sp inning  i n  t h e  annulus when converted t o  p re s su re  head. 
t h i r d  t a p  w a s  l oca t ed  i n  t h e  bottom p l a t e  j u s t  below t h e  r o t o r  o r i f i c e  t o  
measure t h e  n e t  p re s su re  of t h e  f l u i d  e n t e r i n g  t h e  o r i f i c e .  These t a p s  
were connected t o  polyethylene s tandpipes  t o  permit observa t ion  of t h e  
l i q u i d  head. Standpipes  were a l s o  connected t o  t h e  o r i g i n a l  s i d e  i n l e t s  
(at t h e  h ighe r  e l e v a t i o n )  t o  a l low observa t ion  of t h e  level  of f l u i d  i n  t h e  
annulus. 

The 

Observation of t h e  s tandpipes  dur ing  t h e  va r ious  runs  showed t h a t  (as 
expected)  t h e  s ta t ic  head (pressure)  w a s  s l i g h t l y  g r e a t e r  than t h e  he igh t  
of f l u i d  i n  t h e  annulus ,  and t h e  l e v e l  of f l u i d  r ep resen t ing  t h e  t a n g e n t i a l  
p re s su re  w a s  about twice as high. The p res su re  head developed below t h e  
r o t o r  o r i f i c e  w a s  about equal  t o  t h e  he ight  of f l u i d  i n  t h e  annulus.  Some- 
what h ighe r  p re s su res  had been a n t i c i p a t e d  a t  t h e  r o t o r  o r i f i c e  s i n c e  t h e  



1 4  

FIG. 5 

Experimental Annular-Mixer 
C e n t r i f u g a l  Contactor w i t h  
Large Bottom Sec t ion  (ANL Neg. 
NO. 308-2848) 

FIG. 6. B a f f l e  P la te - -S t ra ight  
Ba f f l e s  (ANL Neg. No. 308-2846) 

FIG. 7 .  B a f f l e  Plate--Curved 
B a f f l e s  (ANL Neg. No. 308-2962) 
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r a d i a l  v a n e s ' a t  t h e  bottom w e r e  expected t o  convert  some of t h e  k i n e t i c  
energy of t h e  r o t a t i n g  l i q u i d  i n  t h e  annulus i n t o  p r e s s u r e  head t o  d r i v e  
t h e  f l u i d  emulsion through t h e  r o t o r  o r i f i c e .  
found may i n  p a r t  have been due t o  s k i n  f r i c t i o n  between t h e  bottom s u r f a c e  
of t h e  r o t o r  and t h e  emulsion,causing t h e  p a r t  of t h e  emulsion above t h e  
b a f f l e s  t o  r o t a t e  and develop a c e n t r i f u g a l  f o r c e  s o  t h a t  t h e  f l u i d  w a s  
thrown away from t h e  o r i f i c e .  
annulus caused a i r  t o  be whipped i n t o  t h e  emulsion, r e s u l t i n g  i n  a lower 
f l u i d  dens i ty .  The n e t  e f f e c t  of t h e s e  f a c t o r s  w a s  t h a t  t h e  f l u i d  level 
i n  t h e  annulus w a s  higher  than  expected. 
i n  t h e  annulus rose  not  on ly  when throughput increased  bu t  a l s o  when t h e  
r o t o r  speed increased .  Consequences of t h e  rise of f l u i d  i n  t h e  annulus 
wi th  increased  flow rate were an inc rease  i n  mixed volume and an i n c r e a s e  
i n  mixing e f f e c t i v e n e s s ,  r a t h e r  than  a decrease ,  as occurs  i n  t h e  SR des ign  
wi th  i t s  fixed-volume mixing chamber. 
speed are inc reased ,  t h e r e  may be a tendency t o  overmix, and phase separa- 
t i o n  i n  t h e  r o t o r  may then  become more d i f f i c u l t .  

The lower p re s su re  head 

I n  a d d i t i o n ,  vigorous a g i t a t i o n  i n  t h e  

I n  a d d i t i o n ,  t h e  level of f l u i d  

When both t h e  flow rate and t h e  r o t o r  

The curved b a f f l e s  (Fig. 7) were somewhat more e f f e c t i v e  than  t h e  
s t r a i g h t  b a f f l e s  (Fig. 6)  i n  conver t ing  k i n e t i c  energy i n t o  pressure .  Use 
of t h e  curved b a f f l e s  r e s u l t e d  i n  s l i g h t l y  lower f l u i d  levels i n  t h e  annulus.  

A l s o  t e s t e d  w a s  t h e  e f f e c t  of a small paddle a t t ached  t o  t h e  r o t o r  
s h a f t  j u s t  above t h e  o r i f i c e .  This  paddle ,  by tending  t o  pump f l u i d  from 
t h e  zone immediately above t h e  o r i f i c e  toward t h e  pe r iphe ry ,  enhanced t h e  
flow of f l u i d  i n t o  t h e  r o t o r .  This  change r e s u l t e d  i n  f u r t h e r  r educ t ion  
i n  t h e  l e v e l  of f l u i d  i n  t h e  annulus.  (A r o t o r  designed s p e c i f i c a l l y  f o r  
an annular  c e n t r i f u g a l  con tac to r  would have t h e  r o t o r  vanes extended t o  
t h e  o r i f i c e ,  avoiding t h e  need f o r  t h i s  paddle . )  

I n  o rde r  t o  i n v e s t i g a t e  more f u l l y  t h e  e f f e c t s  of d i f f e r e n t  l e v e l s  
of l i q u i d  i n  t h e  annulus ,  a bypass l i n e  w a s  i n s t a l l e d  as shown i n  Figs .  4 
and 5. This  l i n e  permi t ted  some of t he  f l u i d  t o  flow from t h e  annulus 
d i r e c t l y  i n t o  t h e  r o t o r  o r i f i c e .  Its use has  a dua l  e f f e c t ,  t o  reduce 
the  l e v e l  of f l u i d  i n  t h e  annulus and t o  reduce t h e  o v e r a l l  mixing i n t e n s i t y .  
The e f f e c t  of t h e  bypass l i n e  is d iscussed  f u r t h e r  below. 

D. E f fec t  of So l ids  on Contactor  Operat ion 

The usua l  p r a c t i c e  i n  p l a n t s  f o r  process ing  f u e l  by so lven t  e x t r a c t i o n  
methods i s  t o  c l a r i f y  by cen t r i fug ing  t h e  s o l u t i o n  prepared i n  t h e  a c i d  
d i s s o l v e r .  This  removes t h e  l a r g e r ,  undissolved p a r t i c u l a t e  s o l i d s .  How- 
ever, two kinds of s o l i d s  may remain i n  t h e  cent r i fuged  s o l u t i o n  f ed  t o  a 
contactor--( l )  f i n e ,  heavy p a r t i c l e s  and (2) i n s o l u b l e  r e a c t i o n  products  
gene ra l ly  c a l l e d  " i n t e r f a c e  crud." Accumulation of such s o l i d s  i n  t h e  
r o t o r  of a c e n t r i f u g a l  con tac to r  might make it  inoperable .  

A t  Savannah River ,2  t h e  behavior of s o l i d s  i n  t h e  feed  t o  t h e  c e n t r i -  
f u g a l  con tac to r s  was eva lua ted  by us ing  feed  s o l u t i o n s  conta in ing  va r ious  
q u a n t i t i e s  of manganese dioxide.  
f l occu len t  and t o  se t t le  very slowly i n  an aqueous medium. Because t h e  
amount of Mn02 t h a t  w i l l  c o l l e c t  i n  a r o t o r  is s e n s i t i v e  t o  i t s  p h y s i c a l  
form, widely vary ing  amounts can accumulate i n  a c e n t r i f u g a l  con tac to r .  

Freshly made Mn02 tends t o  be q u i t e  
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Thus, i n  a test of t h e  m u l t i s t a g e  10-in.-dia SR con tac to r  us ing  f eed  con- 
t a i n i n g  5000 ppm of MnO , approximately 2 kg had accumulated i n  each u n i t  
when s t eady- s t a t e  condigions were reached, whereas only  25 g of Mn02 had 
c o l l e c t e d  i n  s imilar  s ing le-s tage  tests. However, t h e  presence  of even 
t h e  l a r g e  bulk  of s o l i d s  i n  t h e  r o t o r  i n  m u l t i s t a g e  tests d i d  n o t  i n t e r -  
f e r e  w i t h  t h e  hydrau l i c  performance of t h e  con tac to r s .  

- Two tests w e r e  made i n  t h e  experimental  ANL annular  con tac to r  w i t h  
MnO i n  t h e  aqueous feed. The MnO w a s  prepared by adding NH OH t o  a 
s o l u t i o n  of KMn04. Two concen t r a t ions  of MnO were used, 1406 ppm and 
1600 ppm, and both  tests w e r e  made a t  an A/O r a t i o  of 1 us ing  0.5g HN03 i- 
Mn02 as t h e  aqueous feed  and 30% TBP i n  n-dodecane as t h e  o rgan ic  feed .  
One run (123A) w a s  made a t  2000-rpm r o t o r  speed and 4-gpm t o t a l  throughput 
and t h e  o t h e r  run (123B) a t  3500 rpm and 7-gpm throughput. (During t h e s e  
tests, t h e  f i l t e r  w a s  absent: from t h e  aqueous supply l i n e  s o  t h a t  Mn02 
would n o t  be  sepa ra t ed  from t h e  c i r c u l a t e d  aqueous phase.) 

2 2 
2 

It w a s  observed t h a t  MnO appeared i n  t h e  aqueous e f f l u e n t  stream 
immediately a f t e r  s t a r t u p ,  i n i i c a t i n g  t h a t  a t  no t i m e  w a s  a l l  suspended 
material sepa ra t ed  from t h e  aqueous phase. 
MnO i n  t h e  aqueous e f f luent :  stream w a s  determined p e r i o d i c a l l y  by c e n t r i -  
fuging 115-ml samples and observing t h e  level of s e t t l e d  s o l i d s .  A f t e r  
about 30 min of ope ra t ion ,  t h e  q u a n t i t y  of MnO i n  t h e  e f f l u e n t  stream 
became uniform and appeared t o  be equal  t o  t h e  q u a n t i t y  i n  a feed-so lu t ion  
sample. A f t e r  about 1 h r  of ope ra t ion ,  1- l i ter  samples of t h e  feed  
s o l u t i o n  and t h e  aqueous phase e f f l u e n t  stream w e r e  t aken  and f i l t e r e d .  
The s o l i d s  w e r e  subsequent ly  d r i e d  and weighed, e s t a b l i s h i n g  t h a t  an 
equ i l ib r ium condi t ion  had been achieved. No MnO s o l i d s  w e r e  observed 

t e s t ,  t h e  MnO accumulated i n  t h e  r o t o r  was removed by f l u s h i n g  w i t h  
w a t e r  f o l l o w e i  by f l u s h i n g  w i t h  o x a l i c  a c i d  and n i t r i c  a c i d  s o l u t i o n s .  

The r e l a t i v e  concen t r a t ion  of 

2 

2 

i n  t h e  o rgan ic  phase e f f l u e n t  stream i n  any of t z e tests.  Following each 

Resu l t s  are t a b u l a t e d  i n  Table 1. The q u a n t i t i e s  of Mn02 found i n  
t h e  r o t o r  i n  t h e s e  runs were about h a l f  as g r e a t  as had been found i n  
similar runs wi th  t h e  ANL con tac to r  opera ted  i n  t h e  SR mode wi th  feed  
con ta in ing  about 2500 ppm MnO These r e s u l t s  show tha t  even w i t h  t he  
very  h igh  s o l i d s  loading  i n  t i e  feed ,  r e l a t i v e l y  l i t t l e  mater ia l  w a s  
r e t a i n e d  i n  the r o t o r .  N o  ope ra t ing  d i f f i c u l t i e s  w e r e  encountered i n  t h e s e  
runs ,  and i t  i s  q u i t e  reasonable  t o  assume t h a t  t h e  much lower concentra- 
t i o n s  of i n t e r f a c e  crud l i k e l y  t o  be found i n  Purex-type p rocess  soLutions 
would cause no d i f f i c u l t i e s .  

E. Determination of Ex t rac t ion  Ef f i c i ency  

Ex t rac t ion  e f f i c i e n c y  of t h e  c e n t r i f u g a l  c o n t a c t o r  w a s  determined 
by t h e  t r a n s f e r  of uranium between an aqueous n i t r i c  a c i d  s o l u t i o n  and 30% 
TBP i n  n-dodecane. S ince  only  a s ing le - s t age  con tac to r  w a s  being t e s t e d ,  
no a t tempt  w a s  made t o  d u p l i c a t e  Purex p rocess  ope ra t ing  cond i t ions .  

I n  t h e  f i r s t  set of tests, t h e  t r a n s f e r  of uranium from t h e  aqueous 
phase t o  t h e  o rgan ic  phase w a s  t e s t e d .  
stream w a s  0.41M uranium and 0.88M - HN03; t h e  o rgan ic  stream conta ined  
0.100M - uranium and 0.046M - HN03; t h e  r o t o r  was opera ted  over  t h e  range  

The composition of t h e  aqueous 
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TABLE 1. Summary of Contactor Runs with Mn02 Solids 
(Annular Mixing Mode) 

Run No. 123A 123B 

Mn02 Conc. in Feed, ppm 1600 1400 

Total Feed Rate (A/O = I), gpm 4 7 

Rotor Speed, rpm 2000 3500 

Running Time, min 75 45 

Aqueous Throughput, gal 150 155 

Retained Mn02, g 53 50 

2000 to 3500 rpm. 
set followed immediately after the preceding test. 

Tests were conducted in sets of five. Each test in a 

Stock solutions were prepared in the supply tanks of the test facility. 
Approximately 20 gal of each phase was pumped into its overhead tank, which 
then served as a supply tank. 
by gravity through the rotameters to the contactor and out into collecting 
tanks. Flowrates were regulated by the inlet line valves. Flowrates, 
weir pressure, and rotor speed were adjusted as specified for a given run. 
Since the contactor achieves steady-state operation in well under one 
minute, it was possible to make a set of five runs in about five minutes. 
At each run condition, samples of effluent streams were taken before 
changing to the operating conditions for the next run. Equal-volume 
aliquots of effluent samples from each run were equilibrated by vigorous 
shaking to obtain data on uranium concentrations in the aqueous phase at 
equi 1 ibr i um. 

During the tests, the inlet streams flowed 

Stage efficiencies, EA, were determined on the basis of aqueous com- 
positions using the equation: 

x 100 0 
Ai - A 

EA Ai - A e 

e 

where Ai = U concentration, E,  in aqueous feed, 
= U concentration, E ,  in aqueous effluent, 
= U concentration, 5, in aqueous effluent after equilibration 
with an equal volume of organic effluent. 

3) e 

All samples were analyzed using colorimetric analyses; results are accurate 
within about 2-3%. 
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EO , Ext rac t ion  e f f i c i e n c i e s  based upon organic  sample compositions,  
w e r e  determined us ing  t h e  equiva len t  formula: 

- Oi x 100 OO 

O 'e - O i  
E =  

where Oo = U concent ra t ion ,  M ,  i n  organic  e f f l u e n t ,  
Oi = U concent ra t ion ,  M, i n  organic  feed ,  
Oe = U concent ra t ion ,  1, i n  organic  e f f l u e n t  a f t e r  e q u i l i b r a t i o n  wi th  

an equal  volume of aqueous e f f l u e n t .  

Values of E and EA and average E va lues  are summarized i n  Table 2.  
0 

TABLE 2. Stage E f f i c i e n c i e s  i n  Uranium Ex t rac t ion  
(Annular Mixing Mode) 

Aqueous Phase: 0.410M U, 0.88M "03 
Organic Phase: 0.lOOE U ,  0.04TM HNO 
Aqueous-Organic (A/O)T 1 

i n  30% TBP i n  n-dodecane - 3  

~ 

Run Rotor Speed, rpm To ta l  Flowrate ,  gpm EA, % Eo, % EAve' % 

UXA-la 2000 

UXA-lb 2500 

UXA-lc 3000 

UXA-ld 3000 

UXA- l e  3500 

113 100 10 7 

105 98 101 

105 97 101  

98 94 96 

97  97 97 

Examination of t h e  d a t a  i n  t h e  t a b l e  shows t h a t  s t a g e  e f f i c i e n c y  i n  
every run w a s  e s s e n t i a l l y  100%. It is  clear t h a t  e x c e l l e n t  phase mixing 
w a s  achieved,  even under cond i t ions  of r e l a t i v e l y  low r o t o r  speed. 
r e s idence  t i m e s  i n  t h e  mixing chamber were about 2 o r  3 sec, t h e s e  tests 
demonstrate t h e  very r ap id  a t ta inment  of equ i l ib r ium i n  uranium e x t r a c t i o n .  
Material ba lances  based upon t h e  assumption of equal  s o l u t i o n  flow rates 
ranged between 97 and 104% i n  runs UXA-la through UXA-le,  i n d i c a t i n g  t h a t  
t h e  A/O r a t i o  of 1 w a s  very c l o s e l y  maintained dur ing  t h e s e  runs.  

Since 

Two sets of runs  (USA-1 and USA-2) were made t o  measure s t a g e  e f f i c i e n c y  
of t h e  c e n t r i f u g a l  con tac to r  i n  t h e  t r a n s f e r  of uranium from an organic  phase 
i n t o  a n  aqueous phase ( s t r i p p i n g ) .  
was  30% TBP i n  n-dodecane d i l u e n t  conta in ing  0.304M U and 0.42M W03. 
(This material was t h e  product  stream from t h e  uraf;ium e x t r a c t i o n  runs  
r epor t ed  above.) The aqueous s t r i p p i n g  s o l u t i o n  w a s  0.049M HNO The 

I n  a l l  runs ,  t h e  inpu t  organic  phase 

3' - 
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A/O r a t i o  was he ld  a t  1 f o r  a l l  runs;  t h e  t o t a l  f low rate w a s  4 gpm i n  
t h e  f i r s t  t h r e e  runs of a set and 7 gpm i n  t h e  l as t  two runs.  
ranged from 2000 t o  3500 rpm. 
down t h e  equipment so t h a t  a set of 5 runs w a s  completed i n  about 5 min, 
as above i n  t h e  e x t r a c t i o n  experiments.  
samples were taken s imultaneously f o r  a n a l y s i s  of e f f l u e n t  compositions. 
Equal-volume por t ions  of t h e s e  samples were a l s o  e q u i l i b r a t e d  by vigorous 
shaking t o  ob ta in  d a t a  on uranium concent ra t ions  i n  t h e  aqueous and organic  
phases a t  equi l ibr ium.  

Rotor speeds 
Run condi t ions  were changed without  s h u t t i n g  

Aqueous and organic  e f f l u e n t  

The f i r s t  set of tes ts  (USA-1) w a s  made wi th  t h e  t a n g e n t i a l  bypass 

In  USA-1, t he  l e v e l  of l i q u i d  i n  t h e  annulus rose  from ~5 i n .  t o  

I n  USA-2, w i th  t h e  bypass open, 

l i n e  s h u t  (see Figs .  4 and 5)  and t h e  second se t  (USA-2) wi th  t h e  l i n e  
open. 
%ll i n .  above t h e  cas ing  bottom as condi t ions  changed from 4 gpm t o t a l  
f low a t  2000 rpm t o  7 gpm a t  3500 rpm. 
t h e  level rose  from 3.5 i n .  t o  7.5 i n .  f o r  t h e  same flow rates and r o t o r  
speeds.  
bottom. 
of phase mixing. 
sets of runs,  i n d i c a t i n g  t h a t  t h e  reduced mixing i n  USA-2 had no s i g n i f i c a n t  
e f f e c t .  

I n  comparison, t h e  top of t h e  i n l e t  l i n e s  is  6 i n .  above t h e  cas ing  
The e f f e c t  of t h e  open bypass w a s  e s s e n t i a l l y  t o  reduce t h e  e x t e n t  

However, s t a g e  e f f i c i e n c i e s  were uniformly h igh  i n  both 

Stage e f f i c i e n c i e s  f o r  s t r i p p i n g  runs USA-1 and USA-2 are shown i n  
Tables 3 and 4 ,  r e spec t ive ly .  
w i t h i n  t h e  accuracy of sample ana lyses .  
e f f i c i e n c i e s  seem a b i t  unusual.  
Karlsruhe5 wi th  the  SR type  of design have gene ra l ly  shown s t r i p p i n g  
e f f i c i e n c i e s  of %95% al though e x t r a c t i o n  e f f i c i e n c i e s  w e r e  found t o  be very 
c l o s e  t o  100%. This  d i f f e r e n c e  w a s  a t t r i b u t e d  t o  s t r i p p i n g  k i n e t i c s  be ing  
somewhat slower than e x t r a c t i o n  k i n e t i c s  a t  room temperature  and t o  
res idence  t i m e s  being too  s h o r t  f o r  100% equ i l ib r ium i n  t h e  s t r i p p i n g  
runs.  I n  t h e  ANL annular  con tac to r ,  res idence  times are es t imated  t o  b e  
almost t w i c e  as long i n  t h e  annular  mixing mode as i n  t h e  SR mixing mode 
when t h e  t o t a l  throughput i s  4 gpm and more than twice as long when t h e  
throughput is  7 gpm. S ince  t h e  volume of t h e  ANL SR-mode mixing chamber 
is 0.13 g a l ,  t h e  r e s idence  t i m e  is  $2 s e c  a t  4 gpm throughput and Q~1.l sec 
a t  7 gpm. The volume of t h e  mixing chamber i n  t h e  annular  mode is  less 
p r e c i s e l y  determined, s i n c e  t h e  he igh t  of l i q u i d  i n  t h e  annulus depends on 
the  f lowra te ,  as w e l l  as t h e  r o t o r  speed. I f  t h e  he igh t  i n  t h e  annulus 
is es t imated  t o  be $4 i n .  a t  a flow of 4 gpm, t h e  es t imated  r e s idence  t i m e  
is $3.2 sec. The e f f e c t i v e  he ight  of l i q u i d  i s  6 in .  a t  7 gpm and t h e  
res idence  t i m e  is  ~ 2 . 5  sec. (The "e f f ec t ive"  he igh t  of t h e  annulus is  
l i m i t e d  t o  ~6 i n . ,  which is  t h e  e l e v a t i o n  of t h e  top  of t h e  i n l e t  l i n e s .  
Although t h e  l e v e l  of l i q u i d  i n  the  annulus can rise above t h i s  p o i n t ,  
t h e  l i q u i d  above t h e  top of t h e  i n l e t  l i n e s  i s  somewhat i s o l a t e d  and t h e  
volume below t h e  top of t h e  i n l e t s  r ep resen t s  more nea r ly  t h e  a c t u a l  mixing 
zone volume). 

E f f i c i e n c i e s  were a l l  e s s e n t i a l l y  loo%, 

Experience a t  Savannah River2 and 
A t  f i r s t  glance,  t h e s e  h igh  s t a g e  

Based on t h e  assumption of equal  aqueous and organic  volumetr ic  
f lowra te s ,  material balances i n  USA-1 ranged from 97 t o  100.3%, except 
f o r  USA-la. This  shows t h a t  t h e  A/O r a t i o  of 1 w a s  maintained c l o s e l y  
i n  a l l  bu t  one case. I n  USA-2, material ba lances  ranged from 98 t o  101.5%. 
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TABLE 3. S tage  E f f i c i e n c i e s  i n  Uranium S t r i p p i n g  
(bypass l i n e  c losed ,  annular  mixing mode) 

Aqueous Phase: 0.049M HN03 
Organic Phase: 
Aqueous-to-Organic (ATO) Ratio:  1 

0.304E U and 0.42M - HN03 i n  30% TBP i n  n-dodecane 

%c ave ’ %a E ,Xb E EA’ 0 
Run Rotor Speed, rpm T o t a l  Flowrate,  gpm 

USA-la 2000 

USA-lb 2500 

USA-lc 3000 

USA- 1 d 3000 

USA-le 3500 

4 

4 

104 100 102 

96 103  99 

11 3 105 109 

1 1 4  100 10 7 

10 2 106 104 

a Stage  e f f i c i e n c y  based on aqueous samples. 
bStage e f f i c i e n c y  based on o rgan ic  samples. 
Average of E and E . A 0 

C 

TABLE 4. S tage  E f f i c i e n c i e s  i n  Uranium S t r i p p i n g  
(bypass l i n e  open, annular  mixing mode) 

Aqueous Phase: 0.049M HN03 
Organic Phase: 
Agueous-to-Organic (ATO) Rat io :  1 

0.304z U and 0.42M “ 0  i n  30% TBP i n  n-dodecane - 3  

%c ave ’ %a Eo, %b E EA’ Run Rotor Speed, rpm T o t a l  Flowrate,  gpm 

USA-2a 2000 

USA-2b 2500 

usA-2~  3000 

USA-2d 3000 

USA-2e 3500 

100 94 96 

105 10 3 104 

10  3 101  102 

104 106 105 

102 107 104 

a 
b S tage  e f f i c i e n c y  based on aqueous sample ana lyses .  

S tage  e f f i c i e n c y  based on o rgan ic  sample ana lyses .  
Average of E and Eo. C 

A 



22 

V. DISCUSSION AND CONCLUSIONS 

The ope ra t ing  tests of t h e  annular  c e n t r i f u g a l  con tac to r  have demon- 
s t r a t e d  t h a t  i t  is a h igh ly  e f f e c t i v e  u n i t  w i t h  r e s p e c t  t o  mechanical and 
e x t r a c t i o n  performance. 
ment i n  t h e  cons t ruc t ion  of c e n t r i f u g a l  contac tors .  
t h e  s e p a r a t e  mixing chamber should e l i m i n a t e  any of t h e  Droblems of flow 
surg ing  noted i n  Reference 1. Because of t h e  r e l a t i v e l y  s h o r t  t i m e  devoted 
t o  t h e  s tudy  of t h i s  u n i t ,  i t s  ope ra t ing  p o t e n t i a l  w a s  n o t  f u l l y  eva lua ted ,  
and i t s  des ign  w a s  no t  optimized. The fo l lowing  comments r ep resen t  t h e  
more important  observa t ions  and conclusions drawn from t h e  work. 

The unique design r e p r e s e n t s  a s i g n i f i c a n t  improve- 
The e l imina t ion  of 

Experience t o  d a t e  has been inadequate  t o  determine t h e  optimum width 
f o r  t h e  annular  gap. The o r i g i n a l  gap of 0.275 i n .  appeared t o  be too  s m a l l  
f o r  f lows above Q5 gpm; t h e  p re sen t  gap of 0.55 i n .  can handle  flows up t o  t h e  
s e p a r a t i n g  capac i ty  of t h e  r o t o r  (~1% gpm). 
t h e  e l e v a t i o n  of t h e  i n l e t  l i nes  w a s  a l s o  changed from Q9 i n .  above t h e  
cas ing  bottom i n  t h e  o r i g i n a l  des ign  t o  %5 i n .  above t h e  bottom. 
o r i g i n a l  f low pa th  w a s  longer  as w e l l  as narrower. P r e c i s e  de te rmina t ion  
of "optimum" gap is unimportant un le s s  t h e  o b j e c t i v e  i s  t o  des ign  a r o t o r  
having t h e  maximum diameter permi t ted  by c r i t i c a l i t y  cons ide ra t ions .  
servative design sugges t s  t h e  use  of a gap somewhat g r e a t e r  than  t h e  ba re  
minimum needed f o r  adequate  flow capac i ty .  

When t h e  gap width w a s  changed, 

Thus, t he  

Con- 

A s  noted previous ly ,  use of t h e  bypass l i n e  permi ts  d i r e c t  i n j e c t i o n  
of some of t h e  l i q u i d  from t h e  annulus i n t o  t h e  r o t o r  be fo re  i t  has  been 
subjec ted  t o  t h e  f u l l  mixing experience i n  t h e  annulus. I n  a d d i t i o n ,  t h e  
l i q u i d  c a r r i e d  through t h e  bypass r e t a i n s  some of i t s  k i n e t i c  energy,  which 
is  then  converted i n t o  p re s su re  f o r  i n j e c t i o n  i n t o  t h e  r o t o r  o r i f i c e .  
a r e s u l t ,  less hydrau l i c  head is  requi red  i n  t h e  annulus f o r  supply ing  
t h i s  p re s su re ,  and t h e  level of l i q u i d  i n  t h e  annulus is lower than  when 
t h e  bypass i s  closed. 
of emulsion from t h e  annulus i n t o  t h e  organic-phase c o l l e c t i n g  r i n g  a t  high 
f lowra te s  o r  h igh  r o t o r  speeds.  
bypass l i n e  is  u s e f u l  i n  an  experimental  model, a similar e f f e c t  can be 
r e a d i l y  obta ined  i n  a production-model con tac to r  by f u r t h e r  lowering t h e  
e l e v a t i o n  of t h e  i n l e t  l i n e s .  

A s  

This  e f f e c t  can be  s i g n i f i c a n t  i n  prevent ing  backup 

Although t h e  f l e x i b i l i t y  provided by t h e  

Tangent ia l  i n l e t  l i n e s  were used i n  t h e  experimental  model s o  t h a t  
t h e  drag  of t h e  f l u i d  i n  t h e  annulus would reduce t h e  p re s su re  drop 
ac ross  t h e  i n l e t .  Our l i m i t e d  experience sugges ts  t h a t  t h i s  p o t e n t i a l  
b e n e f i t  does not  j u s t i f y  t h e  h igher  c o s t  of t h i s  type  of cons t ruc t ion  i n  
comparison t o  perpendicular  j u n c t i o n s  of t h e  i n l e t  l i n e s  and cas ing .  
The t a n g e n t i a l  type of connection may have an a p p l i c a t i o n  i n  a bank of 
con tac to r s  i f  t h e  presence of a i r  i n  e f f l u e n t  streams from ad jacen t  
con tac to r s  r e s u l t s  i n  excess ive  flow r e s i s t a n c e  i n  t h e  i n l e t  l i n e s .  

Although no d e t a i l e d  des ign  eva lua t ion  has  been made, i t  is  apparent  
t h a t  t h e  annular  design is much more r e a d i l y  adaptab le  t o  remote maintenance 
than  is  t h e  Savannah River  design. I n  a product ion p l a n t  annular  u n i t ,  i t  
is assumed t h a t  t h e  r o t o r  w i l l  be  dr iven  by d i r e c t  coupl ing t o  t h e  d r i v e  
motor as i n  t h e  Savannah River product ion u n i t s .  I n  t h e  SR des ign ,  t h e  
presence of t h e  mixing paddle  i n  t h e  mixing chamber prevents  removal 
of t h e  r o t o r  assembly. A complex s p i n d l e  bear ing  and r o t a r y  a i r  sea l  are 
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r equ i r ed  t o  permit  remote removal of t h e  d r i v e  motor. 
des ign ,  a much s impler  r o t a r y  seal can be used (similar t o  t h e  one used 
i n  t h e  ANL experimental  u n i t ) ,  and t h e  motor, s p i n d l e ,  and r o t o r  assembly 
can be  removed d i r e c t l y  as an i n t e g r a l  u n i t .  
replacement of t h e  only movable p a r t s  of a bank of con tac to r s  wi thout  
d i s t u r b i n g  t h e  cas ing  assemblies  o r  i n t e r s t a g e  piping.  The annular  des ign  
r e t a i n s  a l l  of t h e  d e s i r a b l e  f e a t u r e s  of t h e  SR design--small holdup, 
s h o r t  r e s idence  t i m e  (and thus  reduced so lven t  damage as a r e s u l t  of 
i r r a d i a t i o n ) ,  r a p i d  at ta inment  of s t eady- s t a t e  ope ra t ing  cond i t ions ,  and 
r a p i d  f lu shou t  a t  t h e  end of a process ing  campaign. 

I n  t h e  annular  

This  would permit  easy 

Addi t iona l  advantages of t h e  annular  des ign  are der ived  from t h e  f a c t  
t h a t  t h e  c e n t e r  s h a f t  and overhung paddle are e l imina ted .  A s  a r e s u l t ,  
t h e  r o t o r  has a l i g h t e r  weight and s h o r t e r  o v e r a l l  l eng th  than  does a 
r o t o r  of t he  SR design and equiva len t  s i z e .  Consequently, t h e  c r i t i c a l  
speed would be h igher  and i t  should be p o s s i b l e  t o  produce a r o t o r  t o  
ope ra t e  a t  a d e s i r e d  speed wi th  less p r e c i s e  dynamic ba lanc ing  ( a l t e rna -  
t i v e l y ,  a longer  r o t o r  o r  a higher-speed r o t o r  could be employed). Fab- 
r i c a t i o n  c o s t s  f o r  an annular  con tac to r  should be s u b s t a n t i a l l y  less than  
t h e  cos t  of an SR paddle-mixer contac tor .  

The advantages of t h e  annular  design a l s o  apply t o  c e n t r i f u g a l  c n- 
t a c t o r s  smaller than  t h e  ANL u n i t .  A minia ture  c e n t r i f u g a l  con tac to r  
w a s  used a t  Savannah River  f o r  so lven t  e x t r a c t i o n  process  s t u d i e s .  This 
m u l t i s t a g e  u n i t  had a s e p a r a t e l y  d r iven  mixing chamber f o r  each 1-in.-dia 
s e p a r a t i n g  u n i t .  
s e p a r a t e  mixing chambers could have been e l imina ted  and phase mixing could 
t ake  p l a c e  i n  an annulus around t h e  s e p a r a t i n g  r o t o r .  

8 

I f  t h e  annular  mixing chamber des ign  had been used, 

Some f e a t u r e s  of t h e  annular  c e n t r i f u g a l  con tac to r  were no t  f u l l y  
explored.  These f e a t u r e s ,  which are uniquely c h a r a c t e r i s t i c s  of sho r t -  
res idence-t ime con tac to r s ,  were d iscussed  i n  t h e  companion r e p o r t  .1 It 
w a s  po in ted  out  t h a t  t h e  use  of short-residence-t ime con tac to r s  opens t h e  
p o s s i b i l i t y  of employing %on-quilibrium" e x t r a c t i o n ,  as r epor t ed  by t h e  
Russians.  7 
might be p o s s i b l e  t o  e f f e c t  a s e p a r a t i o n  on t h e  b a s i s  of s i g n i f i c a n t  
d i f f e r e n c e s  i n  r e a c t i o n  k i n e t i c s ,  as w e l l  as d i f f e r e n c e s  i n  d i s t r i b u t i o n  
c o e f f i c i e n t s .  
would be p o s s i b l e  t o  s e l e c t  r e s idence  t i m e s  t h a t  are optimum f o r  a given 
sepa ra t ion .  Another op t ion  would be t o  use  con tac to r s  w i t h  d i f f e r e n t  s i z e s  
of mixing zones i n  t h e  same bank of contac tors .  For example, i n  a Purex 
process ,  t h e  con tac to r s  i n  t h e  e x t r a c t i o n  s e c t i o n  could have smaller 
mixing zones t o  d e t e r  e x t r a c t i o n  of f i s s i o n  products ;  t h e  con tac to r s  i n  
t h e  scrub  s e c t i o n  could have l a r g e r  mixing zones t o  enhance removal of 
f i s s i o n  products  from t h e  organic  product phase. 

I n  t h i s  technique,  when a number of species are p r e s e n t ,  i t  

By proper  s e l e c t i o n  of t h e  volume of t h e  mixing zone, i t  
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