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ANNULAR CENTRIFUGAL CONTACTORS FOR SOLVENT EXTRACTION 

R. A. Leonard, G .  J .  B e r n s t e i n ,  A. A. Z i e g l e r  
and R. H .  P e l t o  

Chemical Engineer ing D i v i s i o n  
Argonne Nat iona l  Laboratory 

9700 S. Cass Avenue 
Argonne, I l l i n o i s  60439 

ABSTRACT 

Annular c e n t r i f u g a l  c o n t a c t o r s  s u i t a b l e  
f o r  l a b o r a t o r y  use i n  s o l v e n t  e x t r a c t i o n  work 
have been designed and t e s t e d  f o r  bo th  h y d r a u l i c  
performance and mass- t ransfer  e f f i c i e n c y .  
The 2-cm c o n t a c t o r s  have nominal f low r a t e s  of 
80 mL/min and mass- t ransfer  e f f i c i e n c i e s  of a t  
l e a s t  85% a s  measured by t h e  e x t r a c t i o n  of  
uranium. These c o n t a c t o r s  work wel l  f o r  organic-  
to-aqueous (O/A) f low r a t i o s  g r e a t e r  than 0.8. 
Mul t i s tage  u n i t s  a l l o w  proposed f low s h e e t s  t o  be 
t e s t e d  on a cont inuous  b a s i s  i n  the  l a b o r a t o r y .  
Scale-up t o  l a r g e r  p l a n t - s i z e  u n i t s  i s  s t r a i g h t -  
forward. 

INTRODUCTION 

Solvent  e x t r a c t i o n  i s  based on t h e  t r a n s f e r  of a s o l u t e  

between two immiscible  phases .  The amount of s o l u t e  exchanged 

f o r  any such system i s  l i m i t e d  by t h e  r a t i o  of  t h e  s o l u t e  

c o n c e n t r a t i o n  i n  each phase a t  e q u i l i b r i u m .  Mul t ip le  e x t r a c t i o n s  
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926 LEONARD ET AL. 

a r e  used  t o  improve s e p a r a t i o n  f a c t o r s  t o  l e v e l s  o f  commerc ia l  

i m p o r t a n c e .  Equipment t o  c a r r y  o u t  t h e s e  m u l t i s t a g e  e x t r a c t i o n s  

i s  rev iewed by T r e y b a l  (1). The v a r i o u s  d e s i g n s  c a n  b e  d i v i d e d  

i n t o  two m a j o r  c a t e g o r i e s :  c o n t i n u o u s  ( d i f f e r e n t i a l )  c o n t a c t  

equipment  and m i x e r - s e t t l e r s .  The new t y p e  o f  equipment  d i s -  

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

u s e ,  b e l o n g s  t o  t h i s  l a t t e r  c a t e g o r y .  

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

t h i s  pape r  were  f i r s t  d e v e l o p e d  a t  t h e  Savannah R ive r  L a b o r a t o r y  

( S R L ) .  Two b a s i c  d e s i g n s  were u s e d .  I n  a p l a n t - s c a l e  d e s i g n  

( 2 ) ,  a s e p a r a t i n g  r o t o r  and a mix ing  padd le  were  suspended  from 

a common d r i v e  s h a f t .  The o r g a n i c  and aqueous  phases  were  mixed 

by t h e  padd le  i n  a m i x i n g  chamber which a l s o  s e r v e d  a s  a pump t o  

d i s c h a r g e  t h e  m i x t u r e  up  i n t o  t h e  r o t o r .  Here t h e  p h a s e s  were 

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

streams. I n  a d e s i g n  o f  a m u l t i s t a g e  m i n i a t u r e  l a b o r a t o r y  

c o n t a c t o r  ( 3 1 ,  t h e  r o t o r  and t h e  m i x i n g  p a d d l e  were mounted on 

s e p a r a t e  s h a f t s .  

More r e c e n t l y ,  t h e  SRL d e s i g n s  were m o d i f i e d  a t  Argonne 

N a t i o n a l  L a b o r a t o r y  (ANL) t o  a s i m p l e r  d e s i g n  which h a s  lower  

f a b r i c a t i o n  c o s t s  and e a s i e r  remote  m a i n t e n a n c e  ( 4 ) .  The ANL 

d e s i g n  i s  r e f e r r e d  t o  as t h e  a n n u l a r  c e n t r i f u g a l  c o n t a c t o r  

b e c a u s e  o f  i t s  a n n u l a r  m i x i n g  zone which d i s t i n g u i s h e s  t h e  ANL 

c o n t a c t o r  from t h e  SKL c o n t a c t o r .  The ANL c o n t a c t o r  r e t a i n s  t h e  

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

h i g h  s t a g e  e f f i c i e n c y ,  h i g h  t h r o u g h p u t ,  and s h o r t  r e s i d e n c e  

t i m e .  These  c h a r a c t e r i s t i c s  are  p a r t i c u l a r l y  d e s i r a b l e  i n  

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

damage t o  t h e  s o l v e n t  and p e r m i t  p r a c t i c a l  p l a n t - s c a l e  o p e r a t i o n s  

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

The ANL a n n u l a r  c e n t r i f u g a l  c o n t a c t o r  h a s  b e e n  b u i l t  i n  

p l a n t - s c a l e  and l a b o r a t o r y - s c a l e  u n i t s .  S i n g l e - s t a g e  l a b o r a t o r y  

c o n t a c t o r s  p r o v i d e  a means o f  e v a l u a t i n g  i m m i s c i b l e  l i q u i d  p a i r s  

a s  p r a c t i c a l  e x t r a c t i o n  s y s t e m s .  M u l t i s t a g e  l a b o r a t o r y  c o n t a c t o r s  

a l l o w  e v a l u a t i o n  o f  proposed  f l o w  s h e e t s  on a c o n t i n u o u s  c o u n t e r -  
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ANNULAR CENTRIFUGAL CONTRACTORS 927 

c u r r e n t  b a s i s .  T h i s  paper  i s  an accoun t  o f  t h e  work done a t  

ANL on t h e s e  m i n i a t u r e  c e n t r i f u g a l  c o n t a c t o r s .  

I n  t h i s  p a p e r ,  a n n u l a r  c e n t r i f u g a l  c o n t a c t o r  o p e r a t i o n  is 

d e s c r i b e d  q u a l i t a t i v e l y .  Then, i n f o r m a t i o n  i s  g i v e n  on  t h e  

h y d r a u l i c  performance of  s i n g l e - s t a g e  and m u l t i s t a g e  u n i t s .  

Nex t ,  t h e  r e s u l t  o f  m a s s - t r a n s f e r  e f f i c i e n c y  and f l o w s h e e t  t e s t s  

a r e  p r e s e n t e d .  F i n a l l y ,  s c a l e - u p  c o n s i d a t i o n s  a r e  r ev iewed .  

F u r t h e r  d e t a i l s  a r e  a v a i l a b l e  e l s e w h e r e  ( 5 ) .  

QUALITATIVE DESCRIPTION OF CONTACTOR OPERATION 

C o n t a c t o r  o p e r a t i o n  may be  q u a l i t a t i v e l y  fo l lowed  u s i n g  t h e  

s c h e m a t i c  shown i n  F i g .  1. Two i m m i s c i b l e  l i q u i d s  f low i n t o  t h e  

C o u e t t e  m i x i n g  zone which i s  t h e  a n n u l a r  r e g i o n  between t h e  

s p i n n i n g  r o t o r  and t h e  s t a t i o n a r y  h o u s i n g .  The more d e n s e  phase 

i s  t y p i c a l l y  an  aqueous phase and t h e  l ess  d e n s e  phase i s  

t y p i c a l l y  an o r g a n i c  phase  so t h a t  t h e  terms aqueous and o r g a n i c  

used th roughou t  t h i s  pape r  mean, i n  a more g e n e r a l  s e n s e ,  t h e  

more d e n s e  phase and t h e  l e s s  dense  p h a s e ,  r e s p e c t i v e l y .  Tne 

l i q u i d - l i q u i d  d i s p e r s i o n  formed i n  t h e  C o u e t t e  mix ing  zone 

f lows  by g r a v i t y  t o  t h e  r o t o r  i n l e t  i n  t h e  bot tom o f  t h e  r o t o r  

and t h u s  i n t o  t h e  c e n t r i f u g a l  s e p a r a t i n g  zone w i t h i n  t h e  r o t o r .  

Here, t h e  d i s p e r s i o n  b r e a k s  r a p i d l y  under t h e  h i g h  c e n t r i f u g a l  

f o r c e .  The s e p a r a t e d  phases  f l o w  o v e r  t h e i r  r e s p e c t i v e  weirs 

and a r e  thrown by c e n t r i f u g a l  f o r c e  from t h e  r o t o r  i n t o  t h e i r  

r e s p e c t i v e  c o l l e c t o r  r i n g s  i n  t h e  hous ing .  Each l i q u i d  l e a v e s  

i t s  c o l l e c t o r  r i n g  th rough  a t a n g e n t i a l  e x i t  p o r t .  A s l i n g e r  

r i n g  p r e v e n t s  t h e  aqueous e x i t  stream from l e a k i n g  down i n t o  t h e  

o r g a n i c  c o l l e c t o r  r i n g .  

To a c h i e v e  good c o n t a c t o r  o p e r a t i o n ,  f i v e  a d d i t i o n a l  d e s i g n  

f e a t u r e s  are  needed.  F i r s t ,  t o  a l l o w  t h e  d i s p e r s i o n  t o  f l o w  by  

g r a v i t y  i n t o  t h e  r o t o r ,  s t a t i o n a r y  r a d i a l  v a n e s  under t h e  r o t o r  

are  r e q u i r e d  t o  b r e a k  up t h e  r o t a t i o n a l  v e l o c i t y  of t h e  d i s p e r -  

s i o n .  Second, t h e  rotor  i n l e t  must b e  made small  enough w i t h  

r e s p e c t  t o  t h e  o rgan ic -phase  w e i r  t o  pump t h e  l i q u i d s  th rough  
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AQUEOUS: 

\BOTTOM VANES 

SECTION B - B  

SECTION A-A 

FIG.  1. Schematic  of t h e  a n n u l a r  c e n t r i f u g a l  c o n t a c t o r  

t h e  r o t o r .  T h i r d ,  a x i a l  v a n e s  w i t h i n  t h e  r o t o r  a r e  r e q u i r e d  t o  

c a u s e  t h e  l i q u i d s  i n  t h e  rotor  t o  s p i n  a t  t h e  same rate  as t h e  

r o t o r .  F o u r t h ,  a d i v e r t e r  d i s k ,  l o c a t e d  i n s i d e  the r o t o r  

above t h e  i n l e t ,  f o r c e s  t h e  e n t e r i n g  d i s p e r s i o n  i n t o  t h e  midd le  

r e g i o n  of  t h e  s e p a r a t i n g  zone.  F i f t h ,  t h e  o r g a n i c  and aqueous  

weirs must have  a p p r o p r i a t e  d imens ions  so  t h a t  t h e  d i s p e r s i o n  
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ANNULAR CENTRIFUGAL CONTRACTORS 929 

band i s  l o c a t e d  i n  t h e  s e p a r a t i n g  zone, t h a t  i s ,  between t h e  

o r g a n i c  w e i r  and t h e  aqueous underflow. 

For m u l t i s t a g e  o p e r a t i o n ,  a s e r i e s  of u n i t s  l i k e  t h a t  shown 

i n  F ig .  1 a r e  connected t o g e t h e r .  T h e ' e x i t i n g  s t reams of each 

s t a g e  f low by g r a v i t y  i n  c o u n t e r c u r r e n t  fash ion  t o  a d j a c e n t  

s t a g e s .  Thus, each r o t o r  a c t s  a s  a mixer ,  a c e n t r i f u g a l  s e t t l e r ,  

and a pump. 

The normal l i m i t  t o  c o n t a c t o r  throughput  i s  determined by 

t h e  t h i c k n e s s  of t h e  d i s p e r s i o n  band. This  band i s  a c t u a l l y  a 

hol low d i s p e r s i o n  c y l i n d e r .  A t  a g iven  r o t o r  speed,  d i s p e r s i o n -  

band t h i c k n e s s  i n c r e a s e s  a s  throughput i n c r e a s e s  u n t i l ,  a t  

maximum throughput ,  t h e  d i s p e r s i o n  band reaches  e i t h e r  t h e  

organic  w e i r  (wi th  subsequent appearance of aqueous phase i n  t h e  

o r g a n i c  e x i t  s t ream) o r  t h e  aqueous underflow ( w i t h  subsequent  

appearance o f  organic  phase i n  t h e  aqueous e x i t  s t ream) .  

The O / A  flow r a t i o  h a s  an important  e f f e c t  on c o n t a c t o r  

throughput .  A s  t h e  O / A  r a t i o  i n c r e a s e s ,  t h e  l i q u i d  h e i g h t  over  

t h e  o r g a n i c  weir i n c r e a s e s  whi le  t h e  l i q u i d  h e i g h t  over  t h e  

aqueous w e i r  d e c r e a s e s .  This  s h i f t s  t h e  d i s p e r s i o n  band outward 

from t h e  o r g a n i c  wei r  t o  t h e  aqueous underflow. Thus, a t  low 

O / A  r a t i o s ,  phase contaminat ion  (when maximum throughput i s  

exceeded) w i l l  be due t o  aqueous phase i n  t h e  o r g a n i c  e x i t  

s t ream. A t  h igh  O/A r a t i o s ,  phase contaminat ion  (when maximum 

throughput  i s  exceeded) w i l l  be due t o  organic  phase i n  t h e  

aqueous e x i t  s t ream. A t  some i n t e r m e d i a t e  O / A  r a t i o ,  t h e  f u l l  

volume o f  t h e  s e p a r a t i n g  zone w i l l  be used and both e x i t i n g  

phases  w i l l  exper ience  other-phase contaminat ion a t  t h e  same 

t i m e  i f  maximum throughput i s  exceeded. A t  t h i s  O J A  r a t i o ,  t h e  

c o n t a c t o r  c a p a c i t y  i s  the  g r e a t e s t .  

An a d d i t i o n a l  l i m i t a t i o n  may be imposed upon c o n t a c t o r  

c a p a c i t y  by t h e  l e v e l  of the  d i s p e r s i o n  i n  t h e  mixing zone. I f  

t h i s  l e v e l  r i s e s  above t h e  l e v e l  o f  t h e  organic-phase c o l l e c t o r  

r i n g ,  t h e  e f f l u e n t  organic  phase w i l l  be contaminated.  
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HYDRAULIC PERFORMANCE 

LEONARD ET AL. 

H y d r a u l i c  pe r fo rmance  r e s u l t s  are g i v e n  h e r e  f o r  b o t h  

s i n g l e - s t a g e  and m u l t i s t a g e  o p e r a t i o n .  

c o n s i d e r e d  a c c e p t a b l e  o n l y  i f  b o t h  e x i t i n g  streams have  l ess  

than  1% phase  c o n t a m i n a t i o n  ( 6 ) .  I n  a d d i t i o n ,  f o r  s i n g l e - s t a g e  

u n i t s ,  t h e  i n l e t  l i n e  p r e s s u r e s  i n  terms o f  l i q u i d  h e i g h t  

must b e  l e s s  t h a n  t h e  h e i g h t  o f  t h e  o r g a n i c  c o l l e c t o r  r i n g .  

H y d r a u l i c  pe r fo rmance  i s  

Each r o t o r  h a s  a d i a m e t e r  of  20 mm and a s e p a r a t i n g  zone 

l e n g t h  of  33 m m .  Except  a s  n o t e d ,  t h e  r a d i a l  gap  be tween  t h e  

r o t o r  and t h e  h o u s i n g  i n  t h e  C o u e t t e  m i x i n g  zone  i s  5 .0  mm.  A l l  

h y d r a u l i c  pe r fo rmance  t e s t s  were  made w i t h  an  aqueous  phase  o f  

3.0 HNO3 and  a n  o r g a n i c  phase  o f  30 v o l  % t r i b u t y l  p h o s p h a t e  

(TBP)  i n  n-dodecane (nDD). The r o t o r  speed  f o r  a l l  t e s t s  

was 6000 rpm u n l e s s  n o t e d  o t h e r w i s e .  

L i q u i d - l i q u i d  d i s p e r s i o n  i n  t h e  C o u e t t e  m i x i n g  zone i s  

shown i n  F i g .  2 .  For  t h e  a c r y l i c  h o u s i n g  used i n  t h e s e  photo- 

g r a p h s ,  t h e  C o u e t t e  gap  i s  o n l y  3.4 mm. T h i s  h o u s i n g  a l s o  h r s  a 

l a r g e r  i n s i d e  d i a m e t e r  a t  t h e  t o p  o f  t h e  C o u e t t e  mix ing  zone .  

The f low and no- f low c o n d i t i o n s  shown h e r e  a l low t h e  c r a z i n g  o n  

t h e  s u r f a c e  o f  t h e  h o u s i n g  t o  b e  d i s t i n g u i s h e d  from t h e  d i s p e r -  

s i o n  and a l l o w  i t  t o  b e  l o c a t e d  r e l a t i v e  t o  t h e  bo t tom o f  t h e  

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

d i s p e r s i n g  a c t i o n  a s  c a n  b e  s e e n  by  t h e  f o r m a t i o n  o f  t h e  d i s p e r -  

s i o n  e v e n  b e f o r e  t h e  aqueous  phase  (coming i n  from t h e  r i g h t )  i s  

c o m p l e t e l y  o u t  o f  i t s  t a n g e n t i a l  i n l e t  l i n e .  

S i n g  1 e- S t  a g e  O p e r a t i o n  

S i n g l e - s t a g e  c a p a c i t i e s  are  g i v e n  as a f u n c t i o n  o f  O / A  

r a t i o  i n  F i g s .  3 and 4 .  The r e s u l t s  a r e  s e e n  t o  v a r y  s i g n i f i -  

c a n t l y  i n  t h e  O / A  r a n g e  from 0 . 1  t o  1.0 d e p e n d i n g  o n  whe the r  

t h e  C o u e t t e  m i x i n g  zone  i s  i n i t i a l l y  aqueous-  o r  o r g a n i c -  

c o n t i n u o u s .  This i s  due  t o  a r e s i s t a n c e  t o  phase  i n v e r s i o n  from 

o r g a n i c - c o n t  i nuous  t o  aqueous -con t inuous  i n  t h e  Couet te m i x i n g  

zone .  I n s t e a d  o f  i n v e r t i n g ,  t h e  d i s p e r s i o n  becomes v e r y  
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NO FLOW FLOW OF 4 0 m L / m i n  WITH O / A = I O  
AND A ROTOR SPEED OF 6 0 0 0 r p m  

FIG.  2 .  L iqu id -L iqu id  d i s p e r s i o n  i n  t h e  C o u e t t e  mix ing  zone  o f  
a s i n g l e - s t a g e  c o n t a c t o r .  

v i s c o u s  as t h e  low volume f r a c t i o n  of t h e  c o n t i n u o u s  n r g a n i c  

phase  g i v e s  t h e  d i s p e r s i o n  a h i g h  s t r u c t u r a l  v i s c o s i t y  when t h e  

aqueous  d r o p l e t s  a r e  f o r c e d  t o  move p a s t  each  o t h e r .  T h i s  h i g h  

s t r u c t u r a l  v i s c o s i t y  i n h i b i t s  f l o w  i n t o  t h e  r o t o r  i n l e t  o r i f i c e  

and c a u s e s  t h e  d i s p e r s i o n  t o  back  up i n  t h e  a n n u l a r  mix ing  zone  

u n t i l  some o f  t h e  d i s p e r s i o n  comes o u t  t h e  o r g a n i c  e x i t  s t r e a m .  

I f  t h e  O / A  r a t i o  does  become Low enough,  t h e  phase  i n v e r s i o n  t o  

aqueous -con t inuous  c a n  t a k e  p l a c e .  By c o n t r a s t ,  t h e  aqueous-  t o  

o r g a n i c - c o n t  i nuous  phase  i n v e r s i o n  o c c u r s  e a s i l y .  

O u t s i d e  t h i s  r e g i o n  o f  o r g a n i c -  t o  aqueous -con t inuous  

phase  i n v e r s i o n ,  s i n g l e - s t a g e  h y d r a u l i c  pe r fo rmance  is e x c e l l e n t .  

The phase-contaminat  i o n  d a t a  i n d i c a t e  t h a t  t h e  d i s p e r s i o n  band 

i n s i d e  t h e  r o t o r  s h i f t s  from t h e  o r g a n i c  w e i r  t o  t h e  aqueous  
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240 r" 

0 SATISFACTORY 0 P H A S E  CONTINUOUS 4ob SA:ISFACTOR; , A P H A S E  , CONTINUOUS , , 1 
D UNSATISFACTORY A I N  0 E X I T  S T R E A M  
4 UNSATISFACTORY 0 I N  A E X I T  S T R E A M  

0 
01 0 2  0 5  10  2 5 10 

O / A  RATIO 

F I G .  3 .  E f f e c t  o f  O / A  r a t i o  on s i n g l e - s t a g e  c o n t a c t o r  c a p a c i t y  
w i t h  t h e  C o u e t t e  mix ing  zone i n i t i a l l y  aqueous -con t inuous .  

unde r f low a s  t h e  O / A  r a t i o  i n c r e a s e s .  The d i s p e r s i o n  band 

a p p e a r s  t o  f i l l  t h z  s e p a r a t i n g  zone a t  an  O / A  v a l u e  o f  2 ,  which 

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

t h i s  200-mL/min c a p a c i t y  is i m p r e s s i v e ,  a more c o n s e r v a t i v e  

v a l u e  o f  80 mL/min i s  recommended t o  a l l o w  f o r  reduced p e r f o r -  

mance a t  o t h e r  O / A  r a t i o s .  

F u r t h e r  t e s t i n g  i n d i c a t e s  t h a t  t h e  r e s i s t a n c e  t o  o r g a n i c -  t o  

aqueous-cont  i nuous  phase  i n v e r s i o n  can  be  reduced by i n c r e a s i n g  

t h e  Coue t t e  g a p ,  by i n c r e a s i n g  t h e  bot tom vane h e i g h t ,  and by  

i n c r e a s i n g  t h e  vane - to - ro to r  gap .  I n c r e a s i n g  t h e  r o t o r  l e n g t h  

would a l s o  h e l p  b y  a l l o w i n g  t h e  d i s p e r s i o n  l e v e l  i n  t h e  mix ing  

zone t o  r i s e  t o  a g r e a t e r  h e i g h t  w i t h o u t  r e a c h i n g  t h e  o r g a n i c  

c o l l e c t o r  r i n g .  
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I I I 

SATIS  FACTORY 0 PHASE CONTINUOUS 
SAT I S FACTORY A PHASE CONTINUOUS 
UNSATISFACTORY A IN  0 EXIT  STREAM 
UNSATISFACTORY 0 I N  A EXIT  STREAM 
UNSATISFACTORY HIGH I N L E T  L I N E  P R E S S  

& 

u 
0.1 0.2 
- 

0.5 1.0 2 5 10 
O/A RATIO 

933 

FIG. 4 .  E f f e c t  o f  O/A r a t i o  on s i n g l e - s t a g e  c o n t a c t o r  c a p a c i t y  
w i t h  t h e  C o u e t t e  m i x i n g  zone i n i t i a l l y  o r g a n i c -  
c o n t i n u o u s  . 

I d e n t i f i c a t i o n  o f  t h e  c o n t i n u o u s  phase w a s  done i n  two 

ways. F i r s t ,  t h e  appea rance  o f  t h e  e x i t  streams w a s  n o t e d .  

Normally,  t h e  phase  which had been t h e  c o n t i n u o u s  phase i n  t h e  

m i x i n g  zone i s  c l o u d y  a f t e r  s e p a r a t i o n  and t h e  phase  which had 

been  t h e  d i s p e r s e d  phase  i n  t h e  m i x i n g  zone i s  c lear  a f t e r  

s e p a r a t i o n .  However, i f  t h e r e  i s  a s m a l l  amount o f  c o n t i n u o u s  

phase  e x i t i n g  w i t h  t h e  c l e a r  d i s p e r s e d  phase ,  t h i s  c o n t i n u o u s  

phase  c a n  b e  d i s p e r s e d  i n t o  t h e  p r e v i o u s l y  c l e a r  d i s p e r s e d  phase 

and make i t  c l o u d y .  Here a g a i n ,  t h e  d i s p e r s i o n  of  aqueous phase 
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9'34 LEONARD ET AL. 

i r i  t h e  o r g a n i c  phase  o c c u r s  more e a s i l y  t h a n  t h e  r e v e r s e  c a s e  o f  

t h e  d i s p e r s i o n  o f  o r g a n i c  phase  i n  t h e  aqueous  p h a s e .  Second ly ,  

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

m i x i n g  zone  was o b s e r v e a .  The b r e a k i n g  f r o n t  o f  t h e  c o a l e s c i n g  

d L s p e r s i o n  band i s  n e x t  t o  t h e  b u l k  l i q u i d  o f  t h e  p r e v i o u s l y  

d i s p e r s e d  p h a s e .  The b r e a k i n g  f r o n t  o f  t h e  d i s p e r s i o n  band h a s  

t h e  l a r g e s t  d r o p l e t s  and t h e  most  d i s t i n c t  i n t e r f a c e .  The 

volume f r a c t i o n  of  t h e  d i s p e r s e d  phase  i n  t h e  d i s p e r s i o n  band i s  

g r e a t e r  t h a n  0 . 5 .  

E igh t -  S t  age  O p e r a  t i o n  

E i g h t - s t a g e  h y d r a u l i c  pe r fo rmance  t e s t s  were made o n  t h e  

u n i t  shown i n  F i g .  5 .  One moto r  d r i v e s  a l l  e i g h t  s t a g e s  th rough  

a common d r i v e  b e l t .  Except  f o r  e x t e r n a l  f e e d  pumps, t h e  

h y d r a u l i c  l i f t  o f  each  r o t o r  s u p p l i e s  t h e  g r a v i t y  head  needed 

f o r  c o u n t e r c u r r e n t  i n t e r s t a g e  l i q u i d  f low.  The s p i n d l e s  above 

each  r o t o r ,  n o t  b e i n g  s t a i n l e s s  s t e e l ,  a r e  p r o t e c t e d  from a c i d  

fumes by a purge  o f  d r y  a i r  f l o w i n g  downward be low t h e  s p i n d l e  

and e x i t i n g  j u s t  above  t h e  aqueous  e x i t  p o r t .  

C o n t a c t o r  c a p a c i t y  i s  g i v e n  as a f u n c t i o n  o f  O / A  r a t i o  i n  

F i g .  6 .  The r a n g e  of  a c c e p t a b l e  o p e r a t i o n  i s  e s s e n t i a l l y  t h a t  

r e g i o n  of t h e  s i n g l e - s t a g e  o p e r a t i o n  which is  s a t i s f a c t o r y  f o r  

b o t h  aqueous- and o r g a n i c - c o n t i n u o u s  s t a r t u p s .  The m u l t i s t a g e  

c a p a c i t y  a t  any  O / A  r a t i o  i s  80% o f  t h a t  f o r  s i n g l e - s t a g e  

o p e r a t i o n .  In a d d i t i o n ,  a t  low f l o w  r a t e s ,  t h e  0 .12  t o  0 .35  

r ange  o f  i n o p e r a b l e  O / A  r a t i o s  i s  i n c r e a s e d  t o  0 .0  t o  0 . 7 .  

The r e a s o n  f o r  t h e  r educed  o p e r a t i n g  r e g i o n  o f  t h e  m u l t i s t a g e  

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

For a s i n g l e - s t a g e  u n i t ,  t h e  FMI ( F l u i d  M e t e r i n g ,  I n c . ,  O y s t e r  

Bay, N Y )  pumps s u p p l y  a v e r y  c o n s t a n t  f e e d  ra te  f o r  b o t h  p h a s e s .  

F o r  a m u l t i s t a g e  u n i t ,  t h e  i n t e r s t a g e  f l o w  can  f l u c t u a t e  s i g n i f -  

i c a n t l y .  The m a j o r  s o u r c e  o f  t h e s e  f l u c t u a t i o n s  a p p e a r s  t o  b e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ANNULAR CENTRIFUGAL CONTRACTORS 

FIG. 5 .  Eight-s tage m i n i a t u r e  c o n t a c t o r  

9 35 
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A 
D 
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LEONARD ET AL. 

I 
I N I T I A L  

PERFORMANCE PHASE NOTES 

I/ 
HYDRAULIC CONTINUOUS 

0 SATISFACTORY A 0 PHASE CONTINUOUS 
0 I A A II 

0 0 0 $ 3  

0 0 A 11 

a UNSATISFACTORY A A IN o EXIT STREAM 

D o 

160 
E 

E 

\ 
_I 

$ 
40 v 

A HIGH I N L E T  L INE PRE 
0 0 IN A EXIT  S T R E A M  
0 HIGH INLET LINE PRE 

A 

A 

0 
0.1 0.2 0.5 1.0 2 5 10 

O/A RATIO 

FIG. 6 .  E f f e c t  of O / A  r a t i o  on e i g h t - s t a g e  c o n t a c t o r  c a p a c i t y .  

the  c y c l i c  v a r i a t i o n  of d i s p e r s i o n  l e v e l  i n  t h e  mixing zone. 

These flow v a r i a t i o n s  reduce t h e  maximum a c c e p t a b l e  throughput .  

S i m i l a r l y ,  t h e  range of O / A  r a t i o s  fed t o  t h e  c o n t a c t o r  m u s t  be 

more l i m i t e d  s o  t h a t  the  a c c e p t a b l e  s i n g l e - s t a g e  range i s  not 

exceeded a s  a r e s u l t  of  t h e  i n t e r s t a g e  flow v a r i a t i o n s .  

As seen a t  an O / A  r a t i o  of 0 . 1 ,  the  flow v a r i a t i o n s  a t  low 

throughputs  a r e  more s i g n i f i c a n t  than a t  h i g h e r  throughputs  so 

t h a t  t h e  c o n t a c t o r  runs b e t t e r  i f  the  flow r a t e  is  not  too  low. 

Away from the  reg ion  of troublesome organic-  t o  aqueous-continuous 

phase i n v e r s i o n ,  l o w  f low r a t e s  a r e  no problem. 
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ANNULAR CENTRIFUGAL CONTRACTORS 937 

I n  a m u l t i s t a g e  c o n t a c t o r ,  o p e r a t i n g  a t  an  u n f a v o r a b l e  O / A  

r a t i o ,  the r e s i s t a n c e  t o  phase  i n v e r s i o n  from o r g a n i c -  t o  

aqueous -con t inuous  i s  s e e n  as t h e  backup of  l i q u i d  i n  t h e  

i n t e r s t a g e  f eed  l i n e s  t o  a s t a g e .  J u s t  b e f o r e  a phase i n v e r s i o n  

o c c u r s ,  t h e  i n t e r s t a g e  back-p res su re  may become so h i g h  t h a t  

l i q u i d  i s  f o r c e d  o u t  t h e  s t a g e  p u r g e - a i r  e x i t  p o r t  j u s t  above 

t h e  aqueous e x i t  p o r t .  A s  t h e  r e s i s t a n c e  t o  phase  i n v e r s i o n  i s  

b e i n g  overcome i n  t h i s  f a s h i o n ,  t h e  r e s i s t a n c e  t o  phase i n v e r s i o n  

c a n  be i n i t i a t e d  i n  t h e  a d j a c e n t  s t a g e s ,  e s p e c i a l l y  t h a t  

s t a g e  which i s  f ed  by  the aqueous e x i t  stream. Thus,  t h i s  

r e s i s t a n c e  t o  phase  i n v e r s i o n  can  g i v e  r i s e  t o  a f l o w  regime 

where f l o w  pe r fo rmance  i s  e r r a t i c  and t h e  c o n t a c t o r  i s  e s s e n -  

t i a l l y  i n o p e r a b l e .  

Tests have  been  made w i t h  o t h e r  r o t o r  s p e e d s  and o t h e r  

l i q u i d  p a i r s .  C o n t a c t o r  c a p a c i t y  i n c r e a s e s  as ro to r  speed  

i n c r e a s e s  from 3600 t o  6000 rpm. However, between 6000 and 9000 

rpm, c o n t a c t o r  c a p a c i t y  i s  unchanged. Bes ides  t h e  p a i r s  ment ioned 

be low d u r i n g  t h e  m a s s - t r a n s f e r  t e s t s ,  t h e  f o l l o w i n g  two i m m i s c i b l e  

l i q u i d  p a i r s  show good h y d r a u l i c  pe r fo rmance  r e l a t i v e  t o  t h e  

pe r fo rmance  of 3 

HNO3 w i t h  15 v o l  % t r i c a p r y l m e t h y l  ammonium n i t r a t e  (TCMA.NO3) 

i n  d i e t h y l b e n z e n e  (DEB) and ( 2 )  3 

p h o s p h o r i c  a c i d  (HDHoEP) i n  DEB. 

HNO3 w i t h  30 vol % TBP i n  nDD: (1) 4 g 

HNO3 w i t h  0 .5  & d i h e x o x y e t h y l  

MASS-TRANSFER EFFICIENCY 

S i n g l e - s t a g e  e x t r a c t i o n  e f f i c i e n c y  tests were made w i t h  t h e  

same p a i r  o f  immisc ib l e  l i q u i d s  used i n  t h e  h y d r a u l i c  pe r fo rmance  

t e s t s  d e s c r i b e d  above.  To t h e  3 HNO3 aqueous phase w a s  

added 0.050 & u r a n y l  n i t r a t e  (12.9 g U/L). 

i s  d e f i n e d  as  t h e  amount o f  uranium a c t u a l l y  e x t r a c t e d  d i v i d e d  

by  t h e  amount o f  uranium t h a t  would be  e x t r a c t e d  i f  t h e  two 

phases  were i n  e q u i l i b r i u m .  

uranium t e s t s  w a s  t y p i c a l l y  9 4 % ,  w i t h  t h e  r ange  b e i n g  from 90 t o  

97%. A l l  t e s t s  were made w i t h  t h e  o r g a n i c  phase  c o n t i n u o u s .  

E x t r a c t i o n  e f f i c i e n c y  

The e x t r a c t i o n  e f f i c i e n c y  f o r  t h e  
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938 LEONARD ET AL. 

The th roughpu t  was v a r i e d  between 40 and 100 mL/min; t h e  

O/A r a t i o ,  from 0.9 t o  2 . 5 ;  and t h e  r o t o r  s p e e d ,  from 4000 t o  

7500 rpm. The s m a l l  changes  i n  e x t r a c t i o n  e f f i c i e n c y  t h a t  were 

s e e n  co r re sponded  t o  changes  i n  t h e  l i q u i d  l e v e l  i n  t h e  C o u e t t e  

mix ing  zone.  A s  t h e  mixing-zone l i q u i d  l e v e l  r o s e  a s  a r e s u l t  

o f  h i g h e r  t h r o u g h p u t ,  lower O / A  r a t i o ,  o r  h i g h e r  r o t o r  s p e e d ,  

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

I n  a d d i t i o n ,  s e v e r a l  uranium s t r i p p i n g  t e s t s  were made w i t h  

30 v o l  % TBP i n  nDD which c o n t a i n e d  0.020 2 u r a n y l  n i t r a t e  and 

0.56 M H N O 3 .  The aqueous phase  w a s  d i s t i l l e d  water .  A l l  

s t r i p p i n g  e f f i c i e n c i e s  were g r e a t e r  t h a n  95%. 

E x t r a c t i o n  e f f i c i e n c y  tes ts  were a l s o  made w i t h  a m o d i f i e d  

s i n g l e - s t a g e  c o n t a c t o r  i n  which t h e  r a d i a l  v a n e s  were r e p l a c e d  

w i t h  a d i s k  t o  i n c r e a s e  h y d r a u l i c  c a p a c i t y  by l o w e r i n g  t h e  

l i q u i d  l e v e l  i n  t h e  mix ing  zone. However, a t  t h e  h i g h e s t  O / A  

r a t i o  of  2 . 5 ,  where t h e  mixing-zone l i q u i d  l e v e l  i s  t h e  l o w e s t ,  

t h e  e x t r a c t i o n  e f f i c i e n c y  dropped t o  78%. T h i s  is a t t r i b u t e d  t o  

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

r o t o r  when t h e  d i s p e r s i o n  l e v e l  i n  t h e  mix ing  zone i s  low. 

During t h i s  f r a c t i o n  of  a second ,  t h e  d i s p e r s i o n  s e t t l e s  i n t o  a 

Pool below t h e  r o t o r ,  and t h e  i n l e t  s t r e a m s  f l o w  unmixed 

i n t o  t h e  p o o l .  Such h y d r a u l i c  b e h a v i o r  h a s  been obse rved  

v i s u a l l y  i n  o t h e r ,  s imilar t e s t  c o n d i t i o n s .  The r a d i a l  vanes  

cause  phase mix ing  e v e n  a t  v e r y  low f low rates  and a r e  c o n s i d e r e d  

more s u i t a b l e  than  t h e  d i s k  f o r  low f low- ra t e  o p e r a t i o n .  

M u l t i s t a g e  mass t r a n s f e r  e f f i c i e n c i e s  were measured u s i n g  

f low s h e e t s  based  on t h e  Purex  f l o w  s h e e t  f o r  n u c l e a r  f u e l  

r e p r o c e s s i n g  ( 7 ) .  The a c t u a l  f l o w  s h e e t s  used and t h e  o v e r a l l  

r e s u l t s  a r e  shown i n  F ig .  7 .  For t h e  e x t r a c t i o n  s e c t i o n ,  s t a g e -  

t o - s t a g e  aqueous uranium e x i t  c o n c e n t r a t i o n s  a r e  l i s t e d  i n  

Tab le  1 a l o n g  w i t h  t h e  c a l c u l a t e d  s t a g e  e f f i c i e n c i e s .  These 

r e s u l t s  show t h a t  t h e  uranium e x t r a c t i o n  e f f i c i e n c y  i s  

85 + 2% o v e r  a f o u r f o l d  r ange  o f  uranium c o n c e n t r a t i o n s .  For 

t h e  s t r i p p i n g  t e s t ,  t h e  uranium c o n c e n t r a t i o n  f o r  t h e  aqueous 
- 
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AF 

2969 UIt(1.24y) 

AW 

0.0078g ~ ~ 3 . 3  
0.2M HNO3 

939 

A S  

3.01 HNO3 
8.25 mUrnin 

EXTRACTIONlSCRUB TEST (A-BANK) 

1 2 3 4 5 6 7 8  

I AX I 
30 vol % TBP i n  nOD 
70.1 mumin 83.69 UlL (0.35 1M) 

0.26M HNO3 
71.0 mumin 

STRIPPING TEST (C-BANK1 

I AP I 
30 vol  % TBP in nDD 
83.69 UlL(O.351MI 
0.261 HNOj 
40.3 rntlmin 

cw 
30 vol % TEP in nD0 
2.539 U/ L (0.0106_M I 
0.M)Ob i 0.00031 HNO3 
38.2 mumin 

0.225 i 0.0151 HNO3 
44.9 m l l m i n  

FIG. 7. Purex f low s h e e t s  f o r  e ight -s tage  mass t r a n s f e r  
e f f i c i e n c y  t e s t s .  

e x i t  s t ream a t  each s t a g e  i s  shown i n  Fig.  8 .  The e q u i v a l e n t  

r e s u l t s  f o r  100% s t a g e  e f f i c i e n c y ,  c a l c u l a t e d  with t h e  SEPHIS 

code ( 8 ) ,  a r e  shown i n  the  same f i g u r e  f o r  comparison. Hand 

c a l c u l a t i o n  of s t r i p p i n g  e f f i c i e n c y  g i v e s  85 15% which r e f l e c t s  

t h e  l a r g e r  v a r i a t i o n s  i n  t h i s  t e s t .  These v a r i a t i o n s  inc lude  

( 1 )  t h e  p o s s i b i l i t y  t h a t  the  u n i t  was not  q u i t e  a t  s teady  s t a t e  

when s t a g e  sampling was s t a r t e d ,  ( 2 )  uneven withdrawal of  the  

i n t e r s t a g e  samples ,  and ( 3 )  t h e  g r e a t e r  s e n s i t i v i t y  of the  

s t r i p p i n g  e f f i c i e n c y  measurement t o  t h e  uranium a n a l y s i s .  
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940 LEONARD ET AL. 

TABLE 1 
Stage-to-Stage Resul t s  f o r  Uranium E x t r a c t i o n  Tes t  

Uran i urn 
Conc e n t  r a t ion ,  
M ,  i n  Aqueous 

S t  age 
E f f i c  i enc y , - 

Stage E x i t  Stream % 

2 2 .2  10-4 87 

- 
1 3.3 10-5 86 

1 .6  10-3 

5.55 x 10-2 

8.8 x LOW3 

2.5 x 10-1 

83  

86 

83  

87 

85 + 2 Average s tage  e f f i c i e n c y  - 

A t h i r d ,  l e s s  d e t a i l e d ,  m u l t i s t a g e  mass- t ransfer  e f f i c i e n c y  

t e s t  was made u s i n g  Aralex (Argonne Alcohol E x t r a c t i o n )  flow 

s h e e t s  proposed f o r  t h e  recovery  of a c t i n i d e s  from sodium 

carbonate  was te  s t reams produced i n  nuc lear  f u e l  r e p r o c e s s i n g  

( 9 ) .  The e x t r a c t a n t ,  a water- immiscible  a l i p h a t i c  a l c o h o l ,  i s  

2-ethyl-1-hexanol (2-EHOH) . The o v e r a l l  uranium decontaminat ion 

f a c t o r  f o r  t h e  e x t r a c t i o n / s c r u b  p o r t i o n  of t h e  flow s h e e t  

i n d i c a t e s  an 85% s t a g e  e f f i c i e n c y  f o r  uranium back-ext rac t ion .  

I n  the  s t r i p p i n g  t e s t ,  a p r e c i p i t a t e  was formed i n  t h e  sodium 

carbonate  s t r i p p i n g  s e c t i o n .  This  i n t e r f a c i a l  p r e c i p i t a t e  

f i l l e d  80% of one s e p a r a t i n g  zone wi thout  u p s e t t i n g  h y d r a u l i c  

performance a t  a 20-mL/min flow r a t e .  Based on t h i s  s t r i p p i n g  

t e s t ,  the  flow shee t  was modif ied s o  t h a t  t h e  p r e c i p i t a t e  i s  not  

formed ( 9 )  

While 

e f f i c i e n c y  

not c l e a r ,  

v a t i v e  bas  

t h e  reason  f o r  t h e  s l i g h t l y  lower mass- t ransfer  

i n  m u l t i s t a g e  t e s t s  r e l a t i v e  t o  s i n g l e - s t a g e  t e s t s  i s  

t h i s  lower v a l u e  of  85% i s  recommended a s  a conser-  

s f o r  any process  des ign  us ing  c e n t r i f u g a l  c o n t a c t o r s .  
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:\ 1 
i 

0 EXPERIMENTAL O\, I 
x COMPUTER (SEPHIS) 

L L L L L - L L d  
' 0 1 2 3 4 5 6 7 8 9  

STAGE NUMBER 

FIG. 8 .  R e s u l t s  of e i g h t - s t a g e  s t r i p p i n g  tes t .  

SCALE-UP CONSIDERATIONS 

Scale-up of l a b o r a t o r y  (2-cm) c o n t a c t o r  performance t o  

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

based on t e s t s  on 9-cm and 25-cm c o n t a c t o r s ,  which have nominal 

c a p a c i t i e s  of 8 and 120 L/min, r e s p e c t i v e l y .  F i r s t ,  t h e  l a r g e r  

u n i t s  have h i g h e r  mass- t ransfer  e f f i c i e n c i e s ,  g r e a t e r  than  95% 

and t y p i c a l l y  98 2 % .  Secondly, i n  t h e  l a r g e r  u n i t s ,  the  

r e s i s t a n c e  t o  t h e  organic-  t o  aqueous-continuous phase i n v e r s i o n  

i s  i n s i g n i f i c a n t  so t h a t  they show good performance a t  a l l  O / A  

r a t i o s .  T h i r d l y ,  t h e  volume f l u c t u a t i o n s  i n  t h e  Couet te  mixing 

zone of t h e s e  l a r g e r  u n i t s  are much smaller r e l a t i v e  t o  t h e  

t o t a l  l i q u i d  volume than i n  t h e  2-cm c o n t a c t o r s .  Thus,  t h e  l o s s  

of c a p a c i t y  i n  m u l t i s t a g e  o p e r a t i o n  r e l a t i v e  t o  s i n g l e - s t a g e  

o p e r a t i o n  should be much l e s s  as  c o n t a c t o r  s i z e  i n c r e a s e s .  

F o u r t h l y ,  p a r t i c u l a t e s  have less e f f e c t  a s  t h e  s i z e  of the flow 
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942 LEONARD ET AL. 

c h a n n e l s  i n c r e a s e .  F i n a l l y ,  an a i r - c o n t r o l l e d  aqueous w e i r  is  

used i n  t h e  l a r g e r  u n i t s  and a l l o w s  t h e  d i s p e r s i o n  band t o  he 

p o s i t i o n e d  i n  t h e  s e p a r a t i n g  zone o f  the r o t o r .  Thus,  t h e  f u l l  

volume o f  t h e  r o t o r  s e p a r a t i n g  zone c a n  be  used a t  a l l  O / A  

r a t i o s .  

A f u r t h e r  a i d  t o  c o n t a c t o r  s c a l e - u p  i s  t h e  development  of 

a d i m e n s i o n l e s s  d i s p e r s i o n  number ( 1 0 ) .  T h i s  number,  N D ~ ,  i s  

d e f i n e d  a s  

where a = a v e r a g e  a c c e l e r a t i o n  on t h e  d i s p e r s i o n ,  m / s 2  

t R  = nominal  r e s i d e n c e  time i n  t h e  s e p a r a t i n g  zone ,  s 

A 2  = t h i c k n e s s  o f  t h e  d i s p e r s i o n  band,  m 

T h i s  d i s p e r s i o n  number a l l o w s  t h e  d e g r e e  o f  mix ing  i n  t h e  

Coue t t e  zone t o  be r e l a t e d  t o  t h e  c a p a c i t y  o f  t h e  s e p a r a t i n g  

zone .  For t h e  work r e p o r t e d  h e r e ,  the o r g a n i c - c o n t  i nuous  

d i s p e r s i o n  number i s  8 . 4  x 

1 . 6 3 1  s a t  a maximum th roughpu t  o f  200 mL/min and a s e p a r a t i n g  

zone volume o f  5.43 cm3, an  a v e r a g e  a c c e l e r a t i o n  o f  

2 .40  x L O 3  m / s 2  (245 g ' s )  a t  a r o t o r  speed  o f  6000 rpm, 

and a d i s p e r s i o n  band t h i c k n e s s  of  4.52 x m. I n  p r a c t i c e ,  

N D ~  a p p e a r s  t o  b e  a l m o s t  i ndependen t  o f  t h e  mix ing  i n t e n s i t y .  

based  on a r e s i d e n c e  t i m e  o f  
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