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A NEW TYPE OF AGITATED LIQUID/LIQUID EXTRACTION COLUMN WITH ENHANCED 
COALESCENCE PLATES 

L. S t e i n e r  and S .  H a r t l a n d  
Swiss  F e d e r a l  I n s t i t u t e  o f  Technology (ETH) 

ZGrich, S w i t z e r l a n d  

ABSTRACT 

A new t y p e  o f  s t a t o r  p l a t e s  f o r  t h e  s e p a r a t i o n  o f  mix ing  
c e l l s  i n  a g i t a t e d  e x t r a c t o r s  i s  p r e s e n t e d .  These p l a t e s  c o n s i s t  
of t h i n  v e r t i c a l  e l e m e n t s  made of m a t e r i a l s  w e t t e d  by t h e  
d i s p e r s e d  phase .  These e l e m e n t s  form a l a t t i c e  w i t h  a n  e x t r e m e l y  
h i g h  f r e e  a r e a  (ove r  90%) which h i n d e r s  a l l  f lows  o t h e r  t h a n  
t h e  a x i a l  one .  I n  t h i s  way, mixing c e l l s  are e f f e c t i v e l y  
s e p a r a t e d  w h i l e  a t  t h e  same t i m e ,  t h e  p h a s e s  c a n  f l o w  t h r o u g h  
t h e  column w i t h o u t  f l o o d i n g .  The d i s p e r s e d  phase  c o a l e s c e s  on 
t h e  p l a t e  s u r f a c e s  and o c c u p i e s  p a r t  of i t s  f r e e  a r e a ,  so t h a t  
o n l y  t h e  p a r t  n e c e s s a r y  f o r  t h e  f low o f  t h e  c o n t i n u o u s  phase  
r ema ins  f r e e .  Very h i g h  th roughpu t  and good s e p a r a t i o n  
e f f i c i e n c y  were o b t a i n e d  d u r i n g  t h e  p r e l i m i n a r y  e x p e r i m e n t s  i n  
a broad r ange  o f  p h a s e  t h r o u g h p u t s  and r a t i o s .  The r e s u l t s  were 
b e t t e r  t h a n  t h o s e  a c h i e v e d  by comparable  c o n v e n t i o n a l  columns. 

INTRODUCTION 

Coun te r - cu r ren t  e x t r a c t i o n  columns c a n  b e  d i v i d e d  i n t o  two 

t y p e s :  w i t h ,  o r  w i t h o u t ,  mechan ica l  power i n p u t .  Today, columns 

o f  t h e  f i r s t  t y p e  are u s u a l l y  p r e f e r r e d  because  t h e y  a r e  

c o n s i d e r a b l y  s m a l l e r  and more e f f i c i e n t .  Mechan ica l ly  a g i t a t e d  

columns a r e  p rov ided  e i t h e r  w i t h  r o t a t i n g  a g i t a t o r s  o r  p u l s a t o r s  

t o  a c c e l e r a t e  e x t r a c t i o n ,  t h u s  homogenizing t h e  c o n t e n t s  and 

a l l o w i n g  a c o n t i n u a l  f o r m a t i o n  of new i n t e r f a c e s .  I t  i s  

907 

Copyright 0 1980 by Marcel Dekker, Inc. 

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



908 STEINER AND HARTLAND 

imposs ib l e  t o  s a y  a t  p r e s e n t  which o f  t h e  two t y p e s  o f  column i s  

b e t t e r ,  s i n c e  e x c e l l e n t  examples o f  bo th  a r e  a v a i l a b l e .  I t  d o t s  

however appea r  t h a t  t h e  a g i t a t e d  column i s  more wide ly  a p p l i c a b l e  

and i s  t h e r e f o r e  e x t e n s i v e l y  used i n  i n d u s t r y .  

No u n i v e r s a l  e x t r a c t o r  c u r r e n t l y  e x i s t s  which cou ld  be used 

f o r  genera1 a p p l i c a t i o n .  The a v a i l a b l e  t y p e s  a r e  des igned  f o r  

c e r t a i n  s p e c i f i c  c o n d i t i o n s ,  and i t  i s  h a r d l y  p o s s i b l e  t o  m a i n t a i n  

t h e  same arrangement  i f  a n o t h e r  form of e x t r a c t i o n  i s  d e s i r e d .  

The r e q u i r e m e n t s  f o r  a s u c c e s s f u l  e x t r a c t o r  are c l e a r  however; 

i t  should possess  h i g h  s e p a r a t i o n  e f f i c i e n c y  o v e r  a s  wide a n  

e x t r a c t i o n  r a n g e  as p o s s i b l e .  S i n c e  t h e  c o n s t r u c t i o n  of  e x t r a c t o r s  

w i t h  numerous s e p a r a t i o n  s t a g e s  and s m a l l  phase  t h r o u g h p u t s  

p r e s e n t s  no g r e a t  d i f f i c u l t y ,  t h e  demand r ema ins  f o r  good s e p a r a t i o n  

w i t h  t h e  h i g h e s t  p o s s i b l e  th roughpu t .  A s u i t a b l e  index  f o r  t h i s  

i s  t h e  e x t r a c t o r  volume which i s  n e c e s s a r y  f o r  t h e  s e p a r a t i o n  

e f f i c i e n c y  of a t h e o r e t i c a l  s t a g e  a t  u n i t  t o t a l  t h roughpu t  ( t h e  

sum of b o t h  p h a s e s ) .  T h i s  i n d e x  i s  d e f i n e d  a s  t h e  s e p a r a t i o n  volume 

s ,  
S = (HETS)(A), (1) 

where HETS i s  t h e  h e i g h t  e q u i v a l e n t  of  a t h e o r e t i c a l  s t a g e ,  and 

A is t h e  c r o s s  s e c t i o n a l  a r e a  needed f o r  u n i t  t o t a l  t h r o u g h p u t .  

Under f a v o r a b l e  c o n d i t i o n s ,  a g i t a t e d  columns can  a c h i e v e  

s m a l l  s e p a r a t i o n  volume v a l u e s ,  b u t  f u r t h e r  development i s  d e s i r a b l e .  

The improvement shou ld  s e r v e  mainly t o  b roaden  t h e  e f f e c t i v e  r e g i o n  

of o p e r a t i o n .  I n  t h i s  c o n n e c t i o n ,  i t  would be  d e s i r a b l e  t o  i n c r e a s e  

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

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

p r i n c i p a l ,  a g i t a t e d  columns work e i t h e r  l i k e  a cascade  of  mixed 

c e l l s ,  o r  as  a c o n t i n u o u s  column which may be  r ega rded  as a n  improved 

type  of  s p r a y  column. The d i f f e r e n c e  between t h e s e  two c a s e s  i s  

whether  o r  n o t  r e p e a t e d  c o a l e s c e n c e  and a new f o r m a t i o n  of  d r o p s  

o c c u r s  i n  each  s t a g e .  It  i s  obv ious  t h a t  m i x e r - s e t t l e r  o p e r a t i o n  

i s  more i n t e n s i v e ,  and mass t r a n s f e r  r a t e s  are h i g h e r ,  because  t h e  
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ENHANCED COALESCENCE PLATES 909 

i n t e r f a c e s  are c o n t i n u a l l y  renewed. On t h e  o t h e r  hand, cont inuous  

columns of t h e  second type  can  handle  h igher  l o a d s .  

The f r e e  area of t h e  s t a t o r  p l a t e s  have c o n s i d e r a b l e  i n f l u e n c e  

on t h e  load  and s e p a r a t i o n  e f f i c i e n c y  of a l l  a g i t a t e d  columns. 

I f  t h e  area is  s m a l l ,  one approaches t h e  m i x e r - s e t t l e r  r e g i o n ,  

w i t h  drops  remaining l o n g e r  i n  each mixing c e l l  and t h e r e f o r e  

b e i n g  more l i k e l y  t o  come i n t o  e q u i l i b r i u m  and, under f a v o r a b l e  

c o n d i t i o n s ,  t o  c o a l e s c e  and re-form. I f  t h e  f r e e  a r e a  i s  l a r g e ,  

drops can c i r c u l a t e  between t h e  mixing c e l l s .  I n  t h i s  c a s e ,  t h e  

p r o b a b i l i t y  of coa lescence  i s  less,  backmixing i n c r e a s e s ,  and t h e  

s e p a r a t i o n  e f f i c i e n c y  f a l l s .  On t h e  o t h e r  hand, a column w i t h  a 

l a r g e r  f r e e  a r e a  can  o p e r a t e  a t  h i g h e r  l o a d s ,  w h i l e  t h e  f l o o d i n g  

l i m i t  is i n c r e a s e d .  Because of t h e  g r e a t  importance of t h e  f r e e  

area of t h e  s t a t o r  t o  t h e  hold-up of  t h e  d i s p e r s e d  phase ,  columns 

have been designed w i t h  v a r y i n g  f r e e  areas a long  t h e i r  h e i g h t s  

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

t h e  phases  dur ing  e x t r a c t i o n .  

THE ENHANCED COALESCENCE (EC) COLUMN 

It  i s  apparent  t h a t  t h e  e f f i c i e n c y  of a n  a g i t a t e d  column 

can be improved i f  s t a t o r  r i n g s  are provided which e f f e c t i v e l y  

s e p a r a t e  t h e  c e l l s  l y i n g  one above t h e  o t h e r  b u t  do n o t  h inder  

t h e  a x i a l  f low of t h e  two phases .  Moreover, they  should promote 

coa lescence ,  because o n l y  by repea ted  coa lescence  and 

r e d i s p e r s i o n  can t h e  mass t r a n s f e r  c o e f f i c i e n t s  be high.  

d e s i g n  has  now been developed. 

are s e p a r a t e d  by means of  a l a t t i c e  made from t a l l ,  t h i n ,  v e r t i c a l  

p l a t e s  o r  from p l a t e s  s l i g h t l y  i n c l i n e d  t o  t h e  v e r t i c a l .  Fur ther -  

more, i t  i s  advantageous t h a t  t h e s e  p l a t e s  b e  made from a material  

( e . g . ,  t e f l o n  o r  t e f l o n i z e d  m e t a l  when o i l  i s  t o  be  d i s p e r s e d )  

which i s  w e t t e d  by t h e  d i s p e r s e d  phase.  The arrangement o f  t h e s e  

u n i t s  can be v a r i e d .  For i n s t a n c e  f l a t ,  t h i n  e lements  can be 

c o n s t r u c t e d  t o  form a q u a d r a t i c  l a t t i c e ,  o r  a webl ike c o n s t r u c t i o n ,  

o r  a system of  c o n c e n t r i c  c y l i n d e r s  can be  used .  

Such a 

I n  t h i s  d e s i g n ,  t h e  mixing c e l l s  

F igure  1 shows 
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910 STEINER AND HARTLAND 

FIGURE 1. Arrangement of  p l a t e s  i n  column: 1 - a g i t a t o r ,  2 - EC 
p l a t e ,  3 - p o s i t i o n  o f  a g i t a t o r  s h a f t ,  4 - i n p u t  o f  
heavy p h a s e .  5 - d i s c h a r g e  of  heavy p h a s e ,  6 - i n p u t  
o f  l i g h t  p h a s e ,  7 - d i s c h a r g e  of l i g h t  p h a s e ,  8 - a g i t a t o r  
s h a f t  . 

t h e  a r r angemen t  o f  p l a t e s  i n  t h e  column,  whereas  examples  of  

p o s s i b l e  p l a t e  c o n s t r u c t i o n s  a r e  d e p i c t e d  i n  F i g .  2 .  A l l  t h e s e  

d e s i g n s  have  t h e  i m p o r t a n t  f e a t u r e  t h a t  t h e  l a t t i c e  resists a l l  

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

a r e  e s p e c i a l l y  r e t a r d e d ,  as shown i n  F i g .  3. 
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ENHANCED COALESCENCE PLATES 911 

FIGURE 2 .  P o s s i b l e  c o n s t r u c t i o n s  o f  t h e  EC (Enhanced Coa le scence )  
p l a t e ;  a - c o n c e n t r i c  r i n g s  w i t h  r i b s ,  b - s q u a r e  
l a t t i c e ,  c - c y l i n d e r .  

Because t h e  l a t t i c e  u n i t s  are w e t t e d  by t h e  d i s p e r s e d  p h a s e ,  

i t  c o a l e s c e s  i n  t h e  a p e r t u r e s  and b l o c k s  p a r t  of t h e  f r e e  area,  

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

t h e n  r e d i s p e r s e d  by t h e  n e x t  a g i t a t o r .  When t h e  th roughpu t  is 

low,  t h e  g r e a t e r  p a r t  o f  t h e  s t a t o r  i s  b locked  by t h e  c o a l e s c e d  

phase ,  and t h e  f r e e  area rema in ing  is j u s t  s u f f i c i e n t  t o  a l l o w  t h e  

c o n t i n u o u s  phase  t o  p a s s  th rough .  The s t a t o r  t h u s  o p e r a t e s  i n  

a s i m i l a r  way t o  a d i s t i l l a t i o n  p l a t e  w i t h o u t  o v e r f l o w ,  whose 

f r e e  a r e a  a l s o  depends on t h e  l o a d .  

phase rises from t h e  f e e d  p i p e  t o  t h e  f i r s t  s t a t o r  r i n g  and 

I n  an  EC column, t h e  d i s p e r s e d  
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912 STEINER AND HARTLAND 

FIGURE 3 .  

I1 
t I 

I 

Cypes of  f l o w  produced by t h e  a g i t a t o r .  

c o a l e s c e s  i n  i t s  a p e r t u r e s .  When t h e  en t i re  s t a t o r  volume i s  f u l l ,  

l a r g e  d r o p s  are  r e l e a s e d  from t h e  s u r f a c e  and b r o k e n  down t o  smaller 

d r o p s  by t h e  n e x t  a g i t a t o r .  These s m a l l  d r o p s  c i r c u l a t e  i n  t h e  

mixer  c e l l  u n t i l  t h e y  are c a u g h t  by t h e  t o p  o r  bo t tom s t a t o r  r i n g  

and c o a l e s c e d .  By a d j u s t i n g  t he  w i d t h  o f  t h e  l a t t i c e  a p e r t u r e s  

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

e n s u r e  t h a t  only a small f r a c t i o n  o f  t h e  d r o p s  p a s s  t h r o u g h  t h e  

s t a t o r  r i n g  w i t h o u t  c o a l e s c e n c e  o c c u r r i n g .  I n c r e a s e d  c o a l e s c e n c e  

r e t a r d s  backmixing of t h e  d i s p e r s e d  p h a s e ,  wh ich ,  even  a t  h i g h e r  

t h r o u g h p u t ,  c o n t i n u e s  t o  f l o w  i n  t h e  m i x e r - s e t t l e r  r e g i m e .  

I t  i s  n o t  y e t  known t o  what  e x t e n t  backmixing of t h e  d i s p e r s e d  

phase o c c u r s ,  b u t  i t  s h o u l d  n o t  b e  more t h a n  i n  s imi l a r  commercial 

t y p e s .  I n  all p r o b a b i l i t y  t h e  a g i t a t o r s  p l a y  an i m p o r t a n t  p a r t ,  

and t h o s e  t h a t  promote r a d i a l  f l o w  s h o u l d  b e  used .  

t h e  c o n s t r u c t i o n  o f  a s ta tor  l a t t i c e  i s  of  g r e a t  i m p o r t a n c e ,  

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

h o r i z o n t a l  p l a n e .  T h i s  i s  made c l ea r  i n  F i g .  4 .  

Accuracy i n  

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

t h e  e n t i r e  column. With t h i s  t y p e  o f  s t a t o r  p l a t e ,  i t  i s  n o t  t h e  

f r e e  area b u t  t h e  t o t a l  s u r f a c e  area o f  t h e  s t a t o r  which d e t e r m i n e s  

t h e  amount of  c o a l e s c e n c e  and c o n t r o l s  t h e  b e h a v i o r  of t h e  column. 
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ENHANCED COALESCENCE PLATES 913 

incorrect correct 

correct 

FIGURE 4 .  O p e r a t i o n a l  p o s i t i o n  of t h e  EC p l a t e  (wi thou t  
c o a l e s c e n c e  of d i s p e r s e d  p h a s e ) .  

I f  t h e  a p e r t u r e s  a r e  t o o  narrow,  t h e y  remain c l o s e d ,  t h u s  

a d v e r s e l y  a f f e c t i n g  the d i s p e r s e d  phase th roughpu t .  I f  t h e  

a p e r t u r e s  are t o o  wide,  c o a l e s c e n c e  and c e l l  s e p a r a t i o n  a r e  

i n a d e q u a t e  f o r  o p e r a t i o n  i n  t h e  mixer-settler regime. I n  

g e n e r a l ,  t h e  load  c a p a c i t y  of t h e  EC column should span a b roade r  

th roughpu t  r e g i o n  t h a n  t h a t  of t h e  u s u a l  commercial  t y p e s .  

EXPERIMENTAL 

Model Column 

I n  o r d e r  t o  v e r i f y  t h a t  t h e  i n t r o d u c t i o n  of we t t ed  s u r f a c e s  

does  i n  f a c t  improve performance,  a model column, 50 mm i n  d i a m e t e r ,  

w a s  c o n s t r u c t e d  t o  o b t a i n  a p r e l i m i n a r y  estimate of  t h e  n e c e s s a r y  

channe l  w id th .  Mass t r a n s f e r  expe r imen t s  were c a r r i e d  o u t  i n  t h e  

toluene-acetone-water  system. S i n c e  a column of such  s m a l l  d i a m e t e r  

canno t  be  compared d i r e c t l y  w i t h  l a r g e r  v e r s i o n s ,  tests w e r e  also 
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914 STEINER AND HARTLAND 

conduc ted  wi tli c o n v e n t i o n a l  p l a t e s  i n  t h e  same a p p a r a t u s .  The column, 

wliich c o n s i s t e d  o f  a g l a s s  t u b e  o f  50 mm d i a m e t e r ,  w a s  f e d  from 

t:inlis. ThcA water and  t o l u e n e  f l o w s  w e r e  measured  w i t h  R o t a m e t e r s .  

P u r e  w a t e r  and  a t o l u e n e - a c e t o n e  mi.xture w e r e  a l w a y s  u s e d ,  so t h a t  

mass t r a n s f e r  w a s  frorr t h e  d i s p e r s e d  t o l u e n e  i n t o  t h e  c o n t i n u o u s  

water pl i , rse .  T h e  w a t e r  WAS n o t  c i r c u l a t e d  b u t ,  a f t e r  p a s s i n g  

t l irough t i l e  column, f lowed d i r e c t l y  i n t o  t h e  d r a i n .  The t o l u e n e  

was mixcd w i t h  a b o u t  5 %  a c e t o n e  i n  a 40-P, s t o r a g e  t a n k .  A f t e r  

f l owing  t t irougli  t h e  col.umn and th rough  a water  s e p a r a t o r ,  i t  was 

coL1ecti.d i n  a second t a n k .  

T h e  column c o n t a i n e d  f o u r  s t a g e s .  The b l a d e  a g i t a t o r s  

i n  each  s t a g e  were  30 mm d i a m e t e r  and  were  mounted on a s h a f t  

a t  60 mm i n t c r v a l s .  ' l 'hroughout t h e  t es t  phases, t h e  s h a f t  and  

a l l  o t h e r  column i t e m s  r ema ined  unchanged;  o n l y  t h e  p l a t e s  be tween 

tlii' a g i t a t o r s  were v a r i e d .  The f i r s t  a r r a n g e m e n t  c o n s i s t e d  o f  

c o n v e n t i o n a l  p l a t e s  siich as t h o s e  used  i n  t h e  Oldshue-Rushton  

column, i . c . ,  a n n u l a r  metal  r i n g s  o f  3 1  mm d i a m e t e r ,  s o  t h e  f r e e  

a r e a  was a b o u t  40%. ( N i t 1 1  a column o n l v  50 mm i n  d i a m e t e r ,  i t  

was n o t  possible t o  c o n s i d e r  v e r y  s o p h i s t i c a t e d  d e s i g n s .  ) A f t e r  

c o m p l e t i n g  t h e  compar i son  t e s t s ,  t h r e e  d i f f e r e n t  EC p l a t e  d e s i g n s  

tiad been  examined .  These  a re  i d e n t i f i e d  i n  F i g .  5. 

A n a l y s i s  o f  t h e  t e s t  d a t a  was made a s suming  p l u g  f l o w  and 

l i n e a r  e q u i l i b r i u m .  S i n c e  t h e  c o n d i t i o n s  o t h e r  t h a n  p l a t e  des i .gn  

were c o n s t a n t ,  t h e  t e s t  d a t a  c o u l d  b e  compared d i r e c t 1 . y .  

I t  was found that: t h e  Type B EC p l a t e  ( F i g .  5)  y i e l d e d  t h e  

b e s t  r e s u l t s  w i t h  r e s p e c t  t o  t h e o r e t i c a l  s t a g e  h e i g h t  and  th rough-  

p u t .  The r e s u l t s  of t h e  Type C EC p l a t e  were  also b e t t e r  t h a n  

t h o s e  of  t h e  Oldshue- l iush ton  compar i son  p l a t e  (Type A ) ,  b u t  t h e  

d i f f e r e n c e  w a s  n o t  g r e a t .  The d a t a  p r e s e n t e d  i n  F i g s .  6 and  7 

show t h e  t h e o r e t i c a l  s t a g e s  a t t a i n e d  p e r  u n i t  1.ength o f  column 

(TS/m) and t h e  dependency  o f  t h e  s e p a r a t i o n  volume S on  t h e  l o a d ,  

I;, which  is d e f i n e d  a:; r a t e  of t o t a l  volume t h r o u g h p u t  ( t i l e  sum 

o f  b o t h  p h a s e s )  p e r  u n i t  area.  
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ENHANCED COALESCENCE PLATES 915 

B 

FIGURE 5.  P l a t e  d e s i g n s  examined on t h e  s m a l l  column model.  

I n t e n s i v e  c o a l e s c e n c e  w a s  obse rved  v i s u a l l y  on t h e  EC p l a t e ,  

even a t  h i g h  s t i r r i n g  s p e e d s .  A t  l ower  and i n t e r m e d i a t e  s p e e d s ,  

t h e  r i v u l e t s  of t h e  c o a l e s c e d  d i s p e r s e d  p h a s e ,  r u n n i n g  from t h e  

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

were c l e a r l y  v i s i b l e .  The t u b e  p l a t e s  (Type C), perhaps  because  

o f  t h e  s m a l l  d i a m e t e r  o f  t h e  column, were n o t  s u i t a b l e ,  as t h e y  

h i n d e r e d  t h e  f low o f  t h e  c o n t i n u o u s  p h a s e .  T h i s  is p r o b a b l y  due 

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

t u b e s  w i t h  t h e  d i s p e r s e d  p h a s e ,  t h u s  c a u s i n g  t h e  water t o  b e  ma in ly  

t r a n s p o r t e d  down t h e  mixer  s h a f t  o r  t h e  column w a l l .  Much b e t t e r  

r e s u l t s  were o b t a i n e d  when t h e  p l a t e  w i t h  v e r t i c a l  p l a n e  s u r f a c e s  w a s  

u s e d .  Loads above 60 m /m h were r e a c h e d ,  and f l o o d i n g  t ended  t o  o c c u r  

i n  t h e  ends  o f  t h e  column r a t h e r  t h a n  i n  t h e  column i t s e l f .  A t  h i g h  

3 2  
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9 16 STEINER AND HARTLAND 

TS/m 

6 

5 

L 
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2 

1 

\ \ 

I I I I I I 

B [m3/dhl 

FIGURE 4 .  R e s u l t s  of mass t r a n s f e r  expe r imen t s  w i t h  t h e  50-mm 
model column. Dashed l i n e s  - P l a t e  A (Oldshue/Rushton);  
s o l i d s  l i n e s  - Type B EC p l a t e .  
on t h e  c u r v e s  d e n o t e  s t i r r i n g  speeds  ( rpm) ,  and t h e  
s o l i d  p o i n t s  d e n o t e  f l o o d i n g .  

The numer i ca l  v a l u e s  

l o a d s  a c lose-packed d r o p l e t  d i s p e r s i o n  formed under  t h e  lowes t  p l a t e  

which e v e n t u a l l y  i n v e r t e d ,  t h u s  c a u s i n g  f l o o d i n g  t o  o c c u r .  Had 

t h e  volume unde r  t h e  f i r s t  p l a t e  been l a r g e ,  even h i g h e r  t h r o u g h p u t s  

cou ld  have been a t t a i n e d .  

Although t h e  number of  s t a g e s  p e r  meter o f  column h e i g h t  

was n o t  v e r y  l a r g e  w i t h  t h e  Type B p l a t e ,  one should n o t  make a 

d i r e c t  comparison between t h i s  r a t h e r  p r i m i t i v e  column and a n  

i n d u s t r i a l  one.  I n  any c a s e ,  e f f i c i e n c y  w a s  up t o  t w i c e  as l a r g e  

a s  t h a t  o b t a i n e d  w i t h  c o n v e n t i o n a l  p l a t e s .  
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B [m3 /dh l  

FIGURE 7 .  Comparison of t h e  dependence of s e p a r a t i o n  volume on 
s t i r r i n g  speed  and l o a d .  Dashed l i n e s  - P l a t e  A ;  
s o l i d  l i n e s  - Type B EC p l a t e .  The numer i ca l  v a l u e s  
on t h e  c u r v e s  d e n o t e  s t i r r i n g  s p e e d s  (rpm),  and t h e  
s o l i d  p o i n t s  d e n o t e  f l o o d i n g .  

The column w a s  a l s o  o p e r a t e d  w i t h  s t a t i o n a r y  a g i t a t o r s ;  in 

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

b e  r e a d i l y  obse rved .  Had t h e  p l a t e s  been  p r o p e r l y  des igned  and 

spaced  f a r t h e r  a p a r t ,  i t  would have  been  p o s s i b l e  t o  d e v e l o p  a n  

e f f e c t i v e  column which would work w i t h o u t  mechanical  power i n p u t ,  

o p e r a t i n g  i n  a mode somewhere between a non-pulsed p e r f o r a t e d  

p l a t e  and a packed column. 

S r eached  w i t h  t h i s  column i s  a l r e a d y  v e r y  encourag ing ,  e s p e c i a l l y  

The v a l u e  o f  t h e  s e p a r a t i o n  volume 
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918 STEINER AND HARTLAND 

s i n c e  t h e  column had been d e s i g n e d  e x p r e s s l y  f o r  u s e  w i t h  a g i t a t o r s .  

A s  i s  seen  from t h e  d a t a  p r e s e n t e d  i n  F i g .  7 ,  t h e  b e s t  v a l u e  was 

0.OLh m3 <it 58 m / m  11. 

about 0.015 m was a c h i e v e d  w i t h  a s p e c i a l  column p a c k i n g ,  

"Znterpdck,"  h u t  w i t h  a l o a d  o f  20 m / m  h .  

t k i t  t h e  p l a t e s  must be s y m m e t r i c a l  i n  t h e  h o r i z o n t a l  p l a n e ;  

c i r c u l a t i n g  f l o w s  caused  by i n a c c u r a c i e s  c o u l d  b e  r e a d i l y  o b s e r v e d .  

P l a t e 4  hav ing  two s e c t i o n s  s l i g h t l y  i n c l i n e d  t o  e a c h  o t h e r ,  as  

Sh0Wn i n  r i g .  4 ,  shou ld  produce even more f a v o r a b l e  r e s u l t s .  

3 2  Accord ing  t o  R e i s s i n g e r  ( I ) ,  a v a l u e  of  
3 

3 2  It  w a s  also conf i rmed  

P i l o t  P l a n t  Column --.________ 

I n  v i ew o f  t h e  e n c o u r a g i n g  r e s u l t s  shown above ,  a n  a c t u a l  

column 80 mm i n  d i a m e t e r  was c o n s t r u c t e d  and e x h i b i t e d  a t  ACHEMA 

1979  in F r a n k f u r t  ( 2 ) .  The column was f i t t e d  w i t h  55-mm d i a m e t e r  

b l a d e  a g i t a t o r s  and Type B EC p l ~ a t e s .  

The to luene -ace tone -wa te r  s y s t e m  was a g a j n  u s e d ,  and an 

a u t o m a t i c  d e n s i t y  measu r ing  d e v i c e  w a s  i n s t a l l e d .  I n  t h i s  

o p e r a t i o n ,  t h e  t o l u e n e  was d i r e c t e d  from t h e  column hack  t o  t h e  

f eed  c o n t a i n e r ,  t h e n  r e t u r n e d  th rough  a pump and Rotameter  i n t o  t h e  

column a g a i n .  A m e t e r i n g  pump c o n t i n u a l l y  i n j e c t e d  a c e t o n e  i n t o  

t h e  f e e d  t o  compensate  € o r  t h a t  which w a s  washed o u t  w i t h  w a t e r  

i n s i d e  t h e  column. To a t t a i n  t h i s  s t a b i l i z a t i o n  w i t h  r e s p e c t  t o  

nci.tc)ne c o n c e n t r a t i o n  r e q u i r e d  a b o u t  30 min,  depend ing  upon t h e  f low;  

a f t e r  t h i s ,  t h e  column o p e r a t e d  a t  s t e a d y - s t a t e  c o n d i t i o n s .  The 

a t t a i n m e n t  o f  s t e a d y - s t a t e  c o n d i t i o n s  w a s  i n d i c a t e d  by m o n i t o r i n g  

t h e  d e n s i t i e s  of t h e  e x i t  streams. The water  t h a t  w a s  d i s c h a r g e d  

from t h e  column w a s  d i r e c t e d  i n t o  t h e  d r a i n .  

'Throughputs,  end c o n c e n t r a t i o n s ,  h o l d - u p ,  and backmixing i n  

t h e  c o n t i n u o u s  p h a s e  w e r e  d e t e r m i n e d  f o r  t h i s  column. Mass 

t r a n s f e r  measurements  i n d i c a t e d  t h a t  there is an o p t i m a l  a g i t a t o r  

speed  f o r  e v e r y  l o a d ;  t:oo low o r  excessive s p e e d s  r e s u l t e d  i n  t h e  

mass t r a n s f e r  b e i n g  less ,  as d i s p l a y e d  by t h e  d a t a  p r e s e n t e d  i n  
3 2  Fig. 8. The optimum c o u l d  n o t  b e  r e a c h e d  a t  l o a d s  above 30 m /m h 

b e c a u s e  f l o o d i n g  o c c u r r e d  unde r  t h e  lower  p l a t e  of t h e  column. 
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FIGURE 8 .  Mass t r a n s f e r  r e s u l t s  measured on t h e  80-mm column; 
t h e  n u m e r i c a l  v a l u e s  a s s o c i a t e d  w i t h  t h e  i n d i v i d u a l  
c u r v e s  d e n o t e  column l o a d ,  whereas  t h e  s o l i d  d a t a  p o i n t s  
d e n o t e  f l o o d i n g  i n  t h e  lower  dome o f  t h e  column. 

T h i s  f l o o d i n g  i s  caused  by t h e  f i r s t  a g i t a t o r  p r o d u c i n g  streams 

t h a t  are  n o t  compensated by a n  a d j a c e n t  a g i t a t o r .  The d i s p e r s e d  

p h a s e  i s  c o n s e q u e n t l y  d r i v e n  i n t o  the  lower  s e c t i o n  of t h e  

column, where i t  c o a l e s c e s ,  and p o s s i b l y  c a u s e s  an  i n v e r s i o n  of  

t h e  p h a s e s  and hence  f l o o d i n g .  ( I n  s u b s e q u e n t  r e s e a r c h ,  a n  a t t e m p t  

w i l l  be  made t o  d e s i g n  t h e  e n d s  o f  t h e  column so t h a t  t h e y  c o u n t e r -  

a c t  t h e  e f f e c t s  o f  t h e  f i r s t  and l a s t  a g i t a t o r s . )  

A t  l ower  t h r o u g h p u t s ,  t h e  streams of  c o a l e s c e d  d i s p e r s e d  

p h a s e  l e a v i n g  t he  p l a t e s  and b e i n g  r e d i s p e r s e d  by the a g i t a t o r s  

c o u l d  b e  o b s e r v e d .  A t  h i g h e r  s p e e d s ,  t h e  column w a s  c o m p l e t e l y  
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920 STEINER AND HARTLAND 

f i l l e d  w i t h  s m a l l  d r o p s ,  r e n d e r i n g  f u r t h e r  o b s e r v a t i o n  i m p o s s i b l e .  

From t h e  dependence of  t h e  s e p a r a t i o n  e f f i c i e n c y  on t h e  a g i t a t o r  

speed ,  i t  may be i n f e r r e d  t h a t  when speeds  are t o o  h i g h ,  less 

c o a l e s c e n c e  and more mixing o c c u r s .  The r e s u l t s  of t h e  mass 

t r a n s f e r  expe r imen t s  a r e  p r e s e n t e d  i n  F i g .  9 .  The lower c u r v e s  

were o b t a i n e d  a t  c o n s t a n t  a g i t a t o r  speed .  For t h e  uppe r  c u r v e ,  

t h e  speed w a s  v a r i e d  u n t i l  t h e  maximum e f f i c i e n c y  was o b t a i n e d .  

The l a s t  two v a l u e s  were l i m i t e d  by c o a l e s c e n c e  i n  t h e  lower p a r t  

of t h e  column, bu t  t h e  r ema in ing  v a l u e s  r e p r e s e n t  t h e  a c t u a l  

7 

0 

TS I r  
5 

L 

3 

2 

1 

0 

- 240 

10 20 30 LO 50 60 

Totai loading Im3/m2hl 

F I G U R E  9 .  Summary of mass t r a n s f e r  measurements on t h e  80-mm 
column. The numer i ca l  v a l u e s  a t t e n d i n g  t h e  c u r v e s  and 
t h e  i n d i v i d u a l  s o l i d  d a t a  p o i n t s  r e p r e s e n t  a g i t a t o r  
speeds  (rpm). 
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ENHANCED COALESCENCE PLATES 921 

maximum g i v e n  by t h e  c h a r a c t e r i s t i c s  o f  t h e  p l a t e s  t h e m s e l v e s .  

I f  t h e  column w e r e  c o r r e c t l y  d e s i g n e d .  t h e  s h a r p  d e c r e a s e  i n  

e f f i c i e n c y  between 30 and 40 m / m  h would b e  e l i m i n a t e d .  

mix ing  i n  t h e  c o n t i n u o u s  p h a s e  w a s  a b o u t  t h e  same as t h a t  found i n  

o t h e r  a g i t a t e d  columns and ,  as e x p e c t e d ,  was dependen t  upon 

a g i t a t o r  speed  and t h r o u g h p u t .  More r e s u l t s  a r e  needed ,  however ,  

b e f o r e  a r e l i a b l e  c o r r e l a t i o n  can  b e  o b t a i n e d .  I n  t h e  meant ime,  

a r e l a t i o n s h i p  s u g g e s t e d  by Bauer  ( 3 )  f o r  t h e  Kchni column may be 

used .  T h i s  r e l a t i o n  i s  g i v e n  by  

3 2  Back- 

- =  0.59 + 0.0249 ( d / h )  0 .33.  (d2n/Du),  
E 

u * h  

where J i 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  i n  t h e  c o n t i n u o u s  p h a s e ,  2 

i s  t h e  a c t u a l  r a t e  of f l o w  of t h e  c o n t i n u o u s  p h a s e  i n  t h e  column, 

- h r e p r e s e n t s  t h e  s t a g e  h e i g h t ,  & is t h e  d i a m e t e r  o f  t h e  a g i t a t o r ,  

- n r e p r e s e n t s  t h e  s t i r r i n g - s p e e d  of t h e  a g i t a t o r ,  and g d e n o t e s  

t h e  d i a m e t e r  o f  t h e  column. The f r e e  area of t h e  p l a t e  i s  n o t  

i n c l u d e d  i n  t h i s  c o r r e l a t i o n  b e c a u s e  i n  t h i s  case i t  h a s  no 

s p e c i f i c  meaning. A comparison w i t h  t h e  o r i g i n a l  e q u a t i o n  f o r  a 

Kchni column w i t h  a f r e e  area o f  40% i s  g i v e n  i n  F i g .  10. I t  

i s  e v i d e n t  t h a t  backmixing i s  s imi l a r  i n  t h e  two cases. 

I n  o r d e r  t o  examine t h e  c h a r a c t e r i s t i c s  of  the  column w i t h  

o t h e r  s y s t e m s ,  a few e x p e r i m e n t s  ( w i t h o u t  m a s s  t r a n s f e r )  were 

conduc ted  w i t h  t h e  sys t em me thy l  i s o b u t y l  k e t o n e  and water. I n  

c o n t r a s t  t o  t h e  to luene -wa te r  sys t em,  t h i s  s y s t e m  had a much lower 

i n t e r f a c i a l  t e n s i o n ;  as a consequence ,  column pe r fo rmance  w a s  

improved.  Throughputs  up to  100 m fm h w e r e  a t t a i n e d  and f ewer  

d i f f i c u l t i e s  a r o s e  a t  t h e  lower  end o f  t h e  column. D i s p e r s i o n  

w a s  e a s i l y  a c h i e v e d  and s m a l l ,  r e g u l a r - s i z e d  d r o p s  were produced 

e v e n  a t  lower  a g i t a t o r  s p e e d s .  It w a s  a l s o  obse rved  t h a t ,  w i t h  

a l o a d  of  60 m3/m h and p h a s e  r a t i o s  betwee,! L:20 and 20:1,  t h e  

column o p e r a t e d  w i t h o u t  d i f f i c u l t y .  From t h i s  one c a n  c o n c l u d e  

t h a t  a sys t em w i t h  a h i g h e r  i n t e r f a c i a l  t e n s i o n  y i e l d s  

c o n s e r v a t i v e  v a l u e s  which a re  exceeded by t h o s e  o f  o t h e r  s y s t e m s .  

3 2  

2 
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FTGURI: 10 .  Backmixing i n  t h e  c o n t i n u o u s  phase  compared w i t h  t h a t  
of  a Kghni column h a v i n g  p l a t e s  w i t h  40% f r e e  a r e a .  

An a d d i t i o n a l ,  r a t h e r  s i g n i f i c a n t  o b s e r v a t i o n  t h a t  w a s  made 

w a s  t h a t  all of t h e  EC p l a t e s  o p e r a t e d  v i r t u a l l y  i d e n t i c a l l y ,  so 

t h a t  t h e  u s e  of a d d i t i o n a l  p l a t e s  t o  o b t a i n  a un i fo rm d i s p e r s i o n  

w a s  u n n e c e s s a r y .  This r e s u l t  w a s  t o  be  e x p e c t e d ,  s ince  e a c h  

a g i t a t o r  i s  f e d  by c o n t i n u o u s  streams o f  the phase  t o  b e  

d i s p e r s e d  and b r e a k s  them down i n t o  d r o p s .  A s  a consequence ,  

t h e  o p e r a t i o n  o f  a l l  o f  t h e  a g i t a t o r s  i s  e q u a l ,  and  t h e  column 

o p e r a t e s  more u n i f o r m l y  t h a n  o t h e r  t y p e s .  

CONCLUSIONS 

P r e l i m i n a r y  e x p e r i m e n t s  have  conf i rmed  t h a t  t h e  enhanced 

c o a l e s c e n c e  p l a t e s  p r o v i d e  b e t t e r  s e p a r a t i o n  e f f i c i e n c y ,  and much 

h i g h e r  t h r o u g h p u t s ,  t h e n  c o n v e n t i o n a l  p l a t e s .  They e f f e c t i v e l y  

s e p a r a t e  t h e  mix ing  r e g i o n s  e v e n  though t h e i r  f r e e  area is abou t  
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90% and increase the efficiency of the stages through repeated 

coalescence and redispersion of the dispersed phase. The 

experiments carried out confirm that the column is more efficient 

than existing agitated columns. In fact, t h e  efficiency of practi- 

cally every type of column could be increased by the insertion of 

wetted surfaces of the type described. In this way the improvement 

claimed could be clearly demonstrated. It should also be possible 

to develop a large diameter EC column without mechanical power 

input. The results obtained so far suggest that such a column 

should be able t o  compete with existing non-pulsating perforated 

plate columns. 
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