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STUDIES ON HYDRODYNAMIC 
DISTRIBUTION OF TWO IMMISCIBLE 

SOLVENT PHASES IN ROTATING COILS 

Yoichiro Ito 
Laboratory of  Technical Development 

National Heart, Lung, and Blood Institute 
9000 Rockville Pike 

Bethesda, Maryland 20892 

ABSTRACT 

Hydrodynamic d i s t r i b u t i o n  of  two immiscible s o l v e n t  phases  
i n  r o t a t i n g  coils was s t u d i e d  w i t h  a s imple r o t a r y  device .  
Experiments were performed w i t h  1-2 cm I . D .  g l a s s  c o i l s ,  e i ther  
n o n t r e a t e d  or s i l i c o n e  coa ted ,  r a n g i n g  i n  helical  diameter from 
2.5 t o  20 cm. I n  genera l  two s o l v e n t  phases d i s p l a y  
characteristic four-stage d i s t r i b u t i o n  accord ing  t o  t h e  appl ied  
rpm governed by i n t e r p l a y  between the Archimedean screw f o r c e  and 
radial c e n t r i f u g a l  force. Under slow r o t a t i o n  t h e  two s o l v e n t  
phases are evenly  d i s t r i b u t e d  on t h e  head s i d e  of the  c o i l  by t h e  
Archimedean screw effect (Stage I). As t h e  r o t a t i o n a l  speed is 
increased .  one phase, u s u a l l y  t h e  h e a v i e r  phase,  t ends  t o  
dominate on t h e  head s i d e  of the  coi l  and a t  a c r i t i ca l  rpm the  
two s o l v e n t  phases are completely s e p a r a t e d  i n  t he  c o i l ,  one 
phase e n t i r e l y  occupying the head s ide  and t h e  other phase the 
t a i l  s ide (Stage II) .  A t  t h i s  stage,  h igh  i n t e r f a c i a l  t e n s i o n  
b i n a r y  systems such  as c h l o r o f o r d w a t e r  disclosed a t y p i c a l  
e f f e c t  of so lvent -wal l  i n t e r a c t i o n  i n  a narrow-bore c o i l  i n  such 
a way tha t  t h e  aqueous phase d i s t r i b u t e d  on the  head s ide  i n  the 
untreated coi l  whereas the  nonaqueous phase occupied the head 
s ide i n  the s i l i c o n e - c o a t e d  coi l .  With f u r t h e r  i n c r e a s e  of rpm, 
the u n i l a t e r a l  phase d i s t r i b u t i o n  d e c l i n e s  through v a r i e t y  of 
d i s t r i b u t i o n  p a t t e r n s  ( S t a g e  111) and f i n a l l y  a s t r o n g  r a d i a l  
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c e n t r i f u g a l  f o r c e  f i e l d  genera ted  by r o t a t i o n  e s t a b l i s h e s  
h y d r o s t a t i c  phase d i s t r i b u t i o n  through t h e  c o i l  (S tage  IV). The 
present  s t u d i e s  may provide v a l u a b l e  c l u e s  for understanding t h e  
mechanism of unilateral phase d i s t r i b u t i o n  i n  the r o t a t i n g  co i l .  

INTRODUCTION 

Hydrodynamic behavior of two-phase s o l v e n t  systems i n  a 

r o t a t i n g  c o i l  p rovides  a n  e s s e n t i a l  basis f o r  c o u n t e r c u r r e n t  

chromatography (CCC [1,21. Two immiscible  s o l v e n t  phases 

d i s t r i b u t e  themselves  i n  a r o t a t i n g  c o i l  t o  form var ious  p a t t e r n s  

of hydrodynamic e q u i l i b r i u m .  Two phases  may be d i s t r i b u t e d  

evenly  or u n i l a t e r a l l y  a long  t h e  l e n g t h  of t h e  c o i l .  The major 

f a c t o r  which governs t h e s e  hydrodynamic phenomena i s  the 

Archimedean screw f o r c e  where a l l  o b j e c t s  of d i f f e r e n t  d e n s i t y  

are d r i v e n  toward one end of t h e  c o i l  ( t h i s  end i s  c o n v e n t i o n a l l y  

called the  head and the  o t h e r  end is the  t a i l ) .  Other  f a c t o r s  

such  as so lvent -wal l  i n t e r a c t i o n ,  c e n t r i f u g a l  f o r c e  f i e l d ,  e tc .  

also p lay  impor tan t  r o l e s  i n  hydrodynamics under c e r t a i n  c r i t i ca l  

c o n d i t i o n s .  D e s p i t e  apparent  s i m p l i c i t y  of  t h e  system, t h e  

r e s u l t a n t  hydrodynamics i s  q u i t e  complex and hard ly  p r e d i c t a b l e  

by our p r e s e n t  knowledge. 

I n  t h e  p a s t  two-phase s o l v e n t  d i s t r i b u t i o n  i n  t h e  r o t a t i n g  

c o i l  has  been e x t e n s i v e l y  s t u d i e d  under cont inuous e l u t i o n  of 

mobile  phase through s t a t i o n a r y  phase r e t a i n e d  i n  t h e  c o i l  13-83. 

The r e p o r t  on t h e  hydrodynamic equi l ibr ium observed i n  a c losed  

c o i l ,  however, i s  l i m i t e d  t o  phase d i s t r i b u t i o n  of 

c h l o r o f o r d a c e t i c  acid/O.lN h y d r o c h l o r i c  a c i d  (2:2:1) i n  a 5 mm 
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HYDRODYNAMIC DISTRIBUTION OF SOLVENT PHASES 3 

I.D. FEP ( f l u o r i n a t e d  e t h y l e n e  propylene)  tube c o i l e d  i n  three 

d i f f e r e n t  h e l i c a l  d iameters  C91. 

The p r e s e n t  paper describes s y s t e m a t i c  s t u d i e s  on 

hydrodynamic e q u i l i b r i u m  i n  r o t a t i n g  g l a s s  coi ls  of var ious  

dimensions u s i n g  a s e t  of two-phase s o l v e n t  systems w i t h  a broad 

spectrum i n  hydrophobici ty .  Effects of so lvent -wal l  i n t e r a c t i o n  

on t h e  hydrodynamic d i s t r i b u t i o n  are c l e a r l y  demonstrated by 

comparison of t h e  phase d i s t r i b u t i o n  p a t t e r n s  o b t a i n e d  from each 

g l a s s  c o i l  before  and a f t e r  s i l i c o n e  c o a t i n g  of t h e  i n t e r n a l  

s u r f a c e  of t h e  c o i l .  

APPARATUS 

A s imple  r o t a r y  device  used i n  t h e  present  s t u d i e s  is shown 

in Fig.  1 .  It c o n s i s t s  of a c y l i n d r i c a l  c o i l  holder h o r i z o n t a l l y  

suppor ted  between a bear ing  block and a motor s h a f t  t o  be d r i v e n  

by a motor around i t s  a x i s .  Rota t iona l  speed is r e g u l a t e d  from 0 

to 500 rpm at high s t a b i l i t y  w i t h  a speed c o n t r o l  u n i t  (Bodine 

Electr ic  Co., Chicago, IL). The c o i l  holder  is i n t e r c h a n g e a b l e  

t o  v a r i o u s  s i z e s  t o  accommodate a set  of g l a s s  c o i l s  wi th  

d i f f e r e n t  h e l i c a l  diameters. 

C o i l s  were made from g l a s s  p ipes  with two d i f f e r e n t  i n t e r n a l  

diameters of about  1 cm and 2 cm by winding each o n t o  b r a s s  p ipes  

w i t h  var ious  O.D. S i z e  and c a p a c i t y  of  seven g l a s s  c o i l s  are 

l i s t e d  i n  Table  1 .  A l l  c o i l s  are r ight-handed and ,  as shown i n  

T a b l e  1 ,  I . D . ' s  of t he  la rge-bore  c o i l  measured a l o n g  t h e  r ad ia l  

dimension are c o n s i d e r a b l y  smaller t h a n  t h e  nominal va lue  of 20 

mm due t o  f l a t t e n i n g  of t h e  tube  on winding. 
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Fig. 1. Rotary c o i l  assembly. 

TABLE 1 

Dimensions of Glass Coi l s  

Core Helical  
Dia. Dia. I . D . *  O.D. 
(cm) (cm) (mm) (mm) 

2.5 3.7 9.3 11.8 
5 6.3 9.5 12.0 

10 11.5 10.7 13.2 
20 21.7 11.6 1 4 . 1  

5 7.0 17.0 19.5 
10 12.1 16.5 19.0 
20 22.2 16.0 18.5 

Vol m e  
P i t c h  No of per Turn 
(cm) Turns (ml) 

1.47 13  a. 6 
1.87 1 2  14 .6  
1.88 10 41 
2.20 12 70 
3.67 9 61 
2.67 10 93 
2.78 9 129 

* Radial 
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HYDRODYNAMIC DISTRIBUTION OF SOLVENT PHASES 

ANALYSIS OF FORCE FIELD 

C e n t r i f u g a l  and g r a v i t a t i o n a l  f o r c e s  a c t i n g  on an a r b i t r a r y  poin t  

(P) on t h e  r o t a t i n g  c o i l  wi th  r a d i u s  r is i l l u s t r a t e d  i n  Fig.  2. 

For convenience i n  a n a l y s i s ,  t h e  t o t a l  f o r c e  f i e l d  may be 

expressed  i n  two components, i.e., r a d i a l l y  a c t i n g  f o r c e ,  Fr ,  and 

t a n g e n t i a l l y  a c t i n g  f o r c e ,  F t ,  as fo l lows:  

F, = g cos e + r u 2  = g ( c o s  e + rw*/g) 

Ft = - g s i n  0 

The sum of these f o r c e s  is given by 

F = {(Fr12  + (Ft)*}'/,  = g 11 + 2(rw2/g) cos 8 + (rw2/g)2}% 

5 

(3) 

Fig.  2. Diagrams f o r  a n a l y s i s  of f o r c e  f i e l d  a c t i n g  on a 
r o t a t i n g  c o i l .  
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a c t i n g  a t  a n g l e  

Figs .  3 A  and B show d i s t r i b u t i o n  of f o r c e  v e c t o r s  on t h e  r o t a t i n g  

co i l s  a t  w = 5 ( A )  and w = 10 ( B ) .  These diagrams i n d i c a t e  t h a t  

t h e  f o r c e  f i e l d  t e n d s  t o  d iverge  as r a d i u s  r and/or  angular  

v e l o c i t y  w i n c r e a s e s .  

created by r o t a t i o n  cance ls  t h e  g r a v i t y  a t  t h e  t o p  of t h e  

r o t a t i n g  co i l  and w i t h  f u r t h e r  i n c r e a s e  of t he  c e n t r i f u g a l  f o r c e  

a l l  v e c t o r s  become r a d i a t i n g  outwardly from the  c i r c l e .  

When rw2/g = 1 ,  the  c e n t r i f u g a i  f o r c e  

EXP ER :MENTAL 

Reagents 

Organic  s o l v e n t s  i n c l u d i n g  n-hexane, e t h y l  acetate,  

chloroform,  n-butanol ,  see . -butanol ,  and methanol were obta ined  

from Burdick and Jackson L a b o r a t o r i e s ,  Inc . ,  Nuskegon, M I  and 

g l a c i a l  acet ic  acid from J. T. Baker Chemical Co.; P h i l l i p s b u r g ,  

N J .  Sudan III and acid f u c h s i n  were purchased from Sigma 

Chemical Co., S t .  Louis, MO. 

Two-Phase Solvent  Systems 

From t h e  above o r g a n i c  s o l v e n t s ,  f o l l o w i n g  n i n e  two-phase 

s o l v e n t  systems were prepared:  n-hexane/water , n-hexane/methanol, 

e t h y l  a c e t a t e / w a t e r  , e t h y l  acetate/acetic ac id /water  ( 4 : l  : 4 ) ,  

chloroform/water ,  c h l o r o f o r m / a c e t i c  acid/water (2 :2 :1) ,  

n-butanol /water ,  n -butanol /ace t ic  acid/water ( 4 : l  : 5 ) ,  and 

sec.-butanol /water  . Each s o l v e n t  system was thoroughly  
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o = 5 (47.7 rpm) - 

w = 10 (95.5 rpm) 

Fig. 3 .  Force d i s t r i b u t i o n  diagrams of r o t a t i n g  co i l  
rpm) ( A )  and low (96  rpm) (B). 
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e q u i l i b r a t e d  i n  a s e p a r a t o r y  f u n n e l  a t  room temperature .  I n  

o r d e r  t o  f a c i l i t a t e  o b s e r v a t i o n ,  a small amount of Sudan 111 was 

added t o  t h e  nonaqueous phase of each s o l v e n t  p a i r  except  t h a t  

acid f u c h s i n  was used t o  c o l o r  t h e  heavier  phase of 

n-hexane/methanol which p a r t i t i o n s  Sudan 111 rather evenly  

between t h e  two phases. 

Experimental Procedure 

Before experiment ,  t h e  to ta l  c a p a c i t y  of each c o i l  was 

determined by  measuring t h e  d i f f e r e n c e  i n  weight between t h e  

empty c o i l  and t h e  coil  f i l l e d  w i t h  water. f n  each exper iment ,  

the  c o i l  was f i r s t  f i l l e d  w i t h  about  equal  volumes of t h e  l i g h t e r  

and t h e  h e a v i e r  phases .  T h i s  may be done i n  t h e  f o l l o w i n g  

manner: one end ( f i r s t  t e r m i n a l )  of t h e  coil  is connected t o  a 

vacuum l i n e  through a f i n e  t u b i n g  t o  produce g e n t l e  s u c t i o n  a t  

t h e  o p p o s i t e  end (second t e r m i n a l )  of t h e  ccil.  The h e a v i e r  

phase measuring one ha l f  volume of t n e  t a t a l  c a p a c i t y  of the c o i l  

is t h e n  cont inuous ly  poured i n t o  t h e  coi l  through t h e  second 

te rmina l  by t h e  a i d  of a f u n n e l .  After a l l  s o l v e n t  i s  sucked 

i n t o  t h e  c o i l ,  t h e  s u c t i o n  t u b e  is d isconnec ted  f r m  t h e  f i r s t  

t e rmina l  which is then  t i g h t l y  c l o s e d  w i t h  a g l a s s  s t o p p e r .  The 

l i g h t e r  phase is then poured i n t o  t h e  c o i l  through t h e  second 

t e r m i n a l  u n t i l  i t  n e a r l y  f i l l s  t h e  te rmina l  segment of t h e  c o i l .  

After t e m p o r a r i l y  c l o s i n g  t h e  second t e r m i n a l  w i t h  a s t o p p e r ,  t h e  

coi l  is s lowly  r o t a t e d  i n  such a d i r e c t i o n  t h a t  t h e  second 

t e r m i n a l  becomes t h e  head. T h i s  causes  movement of t h e  a i r  

p r e s e n t  i n  t h e  c o i l  toward the second t e r m i n a l  of t he  c o i l .  
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HYDRODYNAMIC DISTRIBUTION OF SOLVENT PHASES 9 

After  one complete r o t a t i o n ,  t h e  s t o p p e r  is removed from t h e  

second t e r m i n a l  to  d e l i v e r  more s o l v e n t  i n t o  t h e  c o i l .  By 

r e p e a t i n g  t h e  above process ,  a l l  t he  a i r  p r e s e n t  i n  t h e  c o i l  is 

r e p l a c e d  by t h e  l i g h t e r  phase. F i n a l l y .  t h e  second t e r m i n a l  is 

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

Then, t h e  coi l  was r o t a t e d  a t  t h e  lowes t  speed of 10 rpn .  

After a s t e a d y  s t a t e  hydrodynamic equi l ibr ium was reached ,  t h e  

r o t a t i o n  was s topped  t o  a l low t h e  two s o l v e n t  phases t o  s e t t l e  i n  

each h e l i c a l  t u r n .  The l e n g t h  of t h e  phase segment occupying 

each h e l i c a l  t u r n  was measured f o r  s e v e r a l  t u r n s  on t h e  head s i d e  

of the  c o i l .  Time r e q u i r e d  t o  e s t a b l i s h  t h e  hydrodynamic 

e q u i l i b r i u m  was found t o  vary widely ranging  from a few minutes  

t o  many hours depending on t h e  phys ica l  p r o p e r t i e s  of t h e  s o l v e n t  

system. Therefore ,  i t  w a s  necessary  t o  check phase d i s t r i b u t i o n  

a t  a p p r o p r i a t e  i n t e r v a l s  before  t h e  f i n a l  measurement was made. 

G e n e r a l l y  speaking ,  under t h e  e q u i l i b r i u m  c o n d i t i o n  t h e  phase 

d i s t r i b u t i o n  becomes uniform on t h e  head s i d e  of t h e  c o i l .  

However, i n  t h e  t r a n s i t i o n a l  r p n  r i g h t  a f t e r  t h e  u n i l a t e r a l  

d i s t r i b u t i o n  starts t o  d e c l i n e ,  t h e  two s o l v e n t  phases 

o c c a s i o n a l l y  form g r a d i e n t  volume d i s t r i b u t i o n  from t h e  head 

toward t h e  t a i l .  The experiment was r e p e a t e d  by g r a d u a l l y  

i n c r e a s i n g  t h e  r o t a t i o n a l  speed ,  u n t i l  t he  two s o l v e n t  phases  

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

evenly  throughout  t h e  c o i l  due t o  a s t r o n g  radial  c e n t r i f u g a l  

force produced by r o t a t i o n  of t h e  c o i l .  A f t e r  a l l  s o l v e n t  

sys tems were t e s t e d  w i t h  a p l a i n  g l a s s  co i l ,  t h e  i n t e r n a l  wall 
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s u r f a c e  of the  coi l  was s i l i c o n i z e d  ( S i l i c l a d  o b t a i n e d  from Clay  

Adams, Pars ippany,  NJ) t o  r e p e a t  t h e  same series of experiments  

t o  s t u d y  t h e  e f f e c t  of so lvent -wal l  i n t e r a c t i o n  on t h e  phase 

d i s t r i  b u t i  on. 

Phase D i s t r i b u t i o n  Diagram 

The l e n g t h  of t h e  phase segments measured i n  t h e  above 

experiment  does not  a c c u r a t e l y  correspond t o  t h e  volume of t h e  

two s o l v e n t  phases p r e s e n t  i n  t h e  coil :  The d iscrepancy  becomes 

g r e a t e r  as one phase occupies  more s p a c e  i n  t h e  h e l i c a l  t u r n .  

T h i s  error was corrected by d i r e c t l y  c a l i b r a t i n g  t h e  v o l m e  of 

t h e  phase s e m e n t  f o r  each c o i l  by i n j e c t i n g  known amounts of 

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

with t h e  h e a v i e r  phase and measuring t h e  l e n g t h  of t h e  l i g h t e r  

phase segment c o l l e c t e d  a t  t h e  t o p  of t h e  c o i l .  The se t  of t h e  

c o r r e c t e d  exper imenta l  d a t a  f o r  each measurement was averaged and 

t h e  phase d i s t r i b u t i o n  diagram was produced by p l o t t i n g  

percentage volume d i s t r i b u t i o n  of the  h e a v i e r  phase a g a i n s t  t h e  

a p p l i e d  r o t a t i o n a l  speed i n  rpm for each s o l v e n t  p a i r  i n  each 

g l a s s  c o i l .  The data o b t a i n e d  from t h e  same c o i l ,  nont rea ted  and 

s i l i c o n e  c o a t e d ,  are expressed i n  t h e  same diagram wi th  s o l i d  and 

broken curves  t o  e v a l u a t e  t h e  e f f e c t  of solvent-wal l  i n t e r a c t i o n .  

RESULTS AND DISCUSSION 

Phase D i s t r i b u t i o n  Diagram 

Fig. 4 shows a t y p i c a l  phase d i s t r i b u t i o n  diagram of 

ch loroform/ace t ic  acidlwater (2:2:1) obta ined  from a 20 mm I.D. 
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100 

f "  a 

8 
s 5 

I 

0 

Fig. 4. Phase d i s t r i b u t i o n  diagrams f o r  c h l o r o f o r m / a c e t i c  
a c i d / w a t e r  ( 2 : 2 : 1 )  sys t em i n  20 mm I.D. c o i l  w i t h  5 an 
h e l i c a l  diameter. 

u n t r e a t e d  g l a s s  c o i l  w i t h  5 cm c o r e  d i ame te r .  A s  mentioned 

ea r l i e r ,  t h e  o r d i n a t e  i n d i c a t e s  pe rcen tage  volume d i s t r i b u t i o n  o f  

t h e  h e a v i e r  phase and t h e  abscissa, t h e  a p p l i e d  r o t a t i o n a l  speed 

i n  rpm. O v e r a l l  shape  of t h e  phase d i s t r i b u t i o n  c u r v e  is q u i t e  

similar t o  t h o s e  o b t a i n e d  w i t h  a 5 mm I . D .  FEP ( f l u o r i n a t e d  

e t h y l e n e  p ropy lene )  coi ls  p r e v i o u s l y  r e p o r t e d  and t h e  e n t i r e  

cu rve  may be d i v i d e d  i n t o  four s t a g e s  191. 

A t  slow r o t a t i o n  of 10-20 rpn, two s o l v e n t  phases  are r a t h e r  

e v e n l y  d i s t r i b u t e d  i n  t h e  coil  (S tage  I ) .  As t h e  r o t a t i o n a l  

s p e e d  i n c r e a s e s ,  t h e  h e a v i e r  phase q u i c k l y  o c c u p i e s  more s p a c e  on 

the head s i d e  o f  t h e  c o i l  and a t  t h e  c r i t i ca l  speed  r ange  o f  

60-100 rpnz t h e  s o l v e n t  phases  are comple t e ly  s e p a r a t e d  a l o n g  t h e  

l e n g t h  of t h e  co i l  w i t h  t h e  h e a v i e r  phase on t h e  head s i d e  and 
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t h e  l i g h t e r  phase on t h e  t a i l  s ide  (Stage 11). After t h i s  

c r i t i ca l  range ,  t h e  amount of t h e  heavier  phase on t h e  head s i d e  

decreases s h a r p l y  r e a c h i n g  s u b s t a n t i a l l y  below t h e  50% l e v e l  a t  

160 rpm (Stage  111). F u r t h e r  i n c r e a s e  of the  r o t a t i o n a l  speed 

a g a i n  d i s t r i b u t e  t h e  two s o l v e n t  phases  f a i r l y  evenly  throughout  

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

f i e l d  produced by r o t a t i o n  of t h e  c o i l  ( S t a g e  I V ) .  The phase 

d i s t r i b u t i o n  curve of ch loroform/ace t ic  acid/water (2:2:1) 

described above is a l s o  fol lowed by many o t h e r  s o l v e n t  sys t ems  

w i t h  var ious  minor m o d i f i c a t i o n s  i n  S tages  11 and 111. 

Fig. 5 illustrates a set of phase d i s t r i b u t i o n  diagrams 

o b t a i n e d  from n i n e  v o l a t i l e  s o l v e n t  systems w i t h  a broad range i n  

phys ica l  p r o p e r t i e s .  These diagrams are ar ranged  from l e f t  t o  

r i g h t  i n  the o r d e r  of hydrophobic i ty  of the major o r g a n i c  

s o l v e n t s  as l a b e l l e d  a t  t h e  t o p  of each column whereas I.D. and 

core  diameter of t h e  c o i l s  are i n d i c a t e d  on the  l e f t  f iargin of 

t h e  f i g u r e .  Each diagram g e n e r a l l y  c o n t a i n s  a p a i r  of phase 

d i s t r i b u t i o n  curves:  The s o l i d  curve was obta ined  from t h e  

u n t r e a t e d  c o i l  and t h e  broken c u r v e  from t h e  same c o i l  after 

s i l i c o n e  c o a t i n g .  Thus ,  any d i f f e r e n c e  between these two curves  

i n d i c a t e s  t h e  effects of so lvent -wal l  i n t e r a c t i o n .  Absence of 

one o r  b o t h  d i s t r i b u t i o n  curves  i n  t h e  des igna ted  space  i n d i c a t e s  

t h a t  t h e  two s o l v e n t  phases fa i led t o  move or  d isp layed  s l u g g i s h  

motion i n  t h e  coi l  and,  t h e r e f o r e ,  t h e  measurement could n o t  be 

com pl  et ed . 
Various p a t t e r n s  of phase d i s t r i b u t i o n  curves  may be 

convenient ly  described on the  basis of two phys ica l  forces which 
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p l a y  a major r o l e  i n  hydrodynamic motion of the  two s o l v e n t  

phases i n  a r o t a t i n g  co i l ,  i.e., so lvent -wal l  i n t e r a c t i o n  and 

Archimedean screw f o r c e .  

1 )  Strong so lvent -wal l  i n t e r a c t i o n :  I n  t he  hydrophobic 

b i n a r y  s o l v e n t  systems movement of t h e  two s o l v e n t  phases through 

a narrow-bore coi l  is l a r g e l y  i n t e r f e r e d  by s t r o n g  so lvent -wal l  

i n t e r a c t i o n .  I n  t h i s  case segments of one phase w i t h  less wall 

surface a f f i n i t y  t e n d s  t o  plug t h e  opening of t h e  co i l  and t h e  

Archimedean screw force f a i l s  t o  break t h e  s o l v e n t  i n t e r f a c e .  

Consequent ly ,  t h e  movement of t h e  two s o l v e n t  phases in t h e  

r o t a t i n g  coil  becomes v e r y  s l u g g i s h  o r  completely i n t e r r u p t e d  

u n l e s s  a p p l i c a t i o n  of a h igh  r o t a t i o n a l  speed produces a s t r o n g  

c e n t r i f u g a l  f o r c e  f i e l d  which establishes h y d r o s t a t i c  phase 

d i s t r i b u t i o n  i n  t h e  r o t a t i n g  c o i l .  Because of a s t r o n g  molecular  

cohes ive  f o r c e  of t h e  aqueous phase,  t he  above effect  is enhanced 

i n  s i l i c o n i z e d  c o i l s  as observed i n  hexane/water and other b i n a r y  

s o l v e n t  systems i n  t he  narrow-bore c o i l s .  

2 )  Combined effects: I n  t h i s  t r a n s i t i o n a l  case, two-phase 

f low induced by t h e  Archimedean screw f o r c e  i s  l a r g e l y  a f f e c t e d  

by so lvent -wal l  i n t e r a c t i o n  t o  form completely r e v e r s e d  modes of 

unilateral phase d i s t r i b u t i o n  between t h e  u n t r e a t e d  and 

s i l i c o n e - c o a t e d  coi l :  The aqueous phase d i s t r i b u t e s  on the head 

s ide  i n  t h e  u n t r e a t e d  c o i l  while  i t  d i s t r i b u t e s  on t h e  t a i l  s i d e  

i n  t h e  s i l i c o n i z e d  coi l .  T h i s  peculiar phenomenon is  o n l y  

observed i n  few cases, i .e.,  chloroform/water i n  10 mm I . D .  co i l  

wi th  5 cm core diameter  and hexane/water i n  20 mm I.D. c o i l  w i t h  

10 cm core diameter. 

. .  
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HYDRODYNAMIC DISTRIBUTION OF SOLVENT PHASES I5 

3)  Archimedean Screw E f t e c t :  I n  t h e  rest of t he  cases where 

t h e  so lvent -wal l  i n t e r a c t i o n  is less s i g n i f i c a n t ,  t h e  Archimedean 

screw f o r c e  p lays  a major role i n  d i s t r i b u t i o n  of two s o l v e n t  

phases  i n  t h e  r o t a t i n g  co i l .  Under t h e s e  c i r c u n s t a n c e s ,  two 

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

curve  c o n s i s t i n g  of f o u r  s t a g e s  as previous ly  d e s c r i b e d  f o r  

ch lorofor rn /ace t ic  acid/water (2:2:1): even d i s t r i b u t i o n  a t  slow 

r o t a t i n g  ( S t a g e  I ) ,  u n i l a t e r a l  d i s t r i b u t i o n  a t  the  c r i t i ca l  speed  

range  (S tage  I f ) ,  r e v e r s e d  d i s t r i b u t i o n  (S tage  I I I ) ,  and f i n a l l y  

t h e  h y d r o s t a t i c  d i s t r i b u t i o n  under a high r o t a t i o n a l  speed ( S t a g e  

I V ) .  A s  t h e  h e l i c a l  diameter of t h e  c o i l  is i n c r e a s e d ,  a l l  these 

s t a g e s  become p r o p o r t i o n a l l y  s h o r t e r  and s h i f t  toward t h e  low rpn 

range a p p a r e n t l y  due t o  enhancement of t h e  r a d i a l l y  a c t i n g  

c e n t r i f u g a l  f o r c e  F i e l d .  

Among t h e s e  f o u r  stages, Stages  I and I V  are r a t h e r  

uniformly observed throughout  a l l  d i s t r i b u t i o n  c u r v e s ,  whereas 

Stages  II  and 111 d i s p l a y  var ious  p a t t e r n s  of d i s t r i b u t i o n  curves  

a c c o r d i n g  t o  t h e  phys ica l  p r o p e r t i e s  of t h e  s o l v e n t  system. I n  

S t a g e  11 most of t h e  s o l v e n t  s y s t e m  show u n i l a t e r a l  phase 

d i s t r i b u t i o n  wi th  t h e  heavier  phase on t h e  head s i d e .  Few 

e x c e p t i o n s  are seen  i n  chloroform/water  and hexane/water which 

d i s t r i b u t e  t h e  l i g h t e r  phase toward t h e  head s i d e  of t h e  c o i l .  

These two s o l v e n t  systems have common f e a t u r e s  of high 

i n t e r f a c i a l  t e n s i o n  associated with a l a r g e  d i f f e r e n c e  i n  d e n s i t y  

between t h e  two phases .  I n  a d d i t i o n  t o  t h e  above r e v e r s a l  of t he  

head phase,  t h e  u n i l a t e r a l  d i s t r i b u t i o n  shows a v a r i e t y  of shapes  
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i n  t h e  l a t e r  p o r t i o n  of t h e  curve.  Over t h e  t r a n s i t i o n a l  zone 

between Stages II and 111, many s o l v e n t  systems d i s p l a y  a 

shoulder  or an i n d e n t a t i o n  which g r a d u a l l y  merges t h e  f l a t  50% 

l i n e  at  Stage I V .  Hydrophi l ic  s o l v e n t  systems such  as 

n- but a n o l / a c e t i  c aci  d/water ( 4 : 1 : 5 

t o  form a minor peak which i s  completely i s o l a t e d  from t h e  

preceding  major peak of S tage  II. It i s  i n t e r e s t i n g  t o  n o t e  t h a t  

t h e s e  minor peaks are observed a t  t h e  c r i t i ca l  rpm where t h e  

c e n t r i f u g a l  f o r c e  produced by r o t a t i o n  j u s t  cance ls  t h e  g r a v i t y  

a t  t h e  t o p  of t h e  r o t a t i n g  co i l  o r  r u 2  = g as i n d i c a t e d  by  t h i n  

v e r t i c a l  l i n e s  i n  each diagram. 

and sec. - butanol lwater  t e n d  

Some S p e c u l a t i o n  on t h e  Mechanism of U n i l a t e r a l  Phase 

D i s  t r i  but i o n  

O v e r a l l  results of t h e  p r e s e n t  experiments  revea led  t h a t  a 

v a r i e t y  of two-phase s o l v e n t  systems form u n i l a t e r a l  phase 

d i s t r i b u t i o n  i n  t h e  r o t a t i n g  c o i l .  Although t h e  mechanism 

involved  i n  t h i s  hydrodynamic phenomenon is highly  complex and 

i n e x p l a i n a b l e  w i t h  our p r e s e n t  knowledge, t h e  present  s t u d i e s  

provide  some v a l u a b l e  clues f o r  s p e c u l a t i o n  on t h i s  hydrodynamic 

mechani s m  . 
The f o r c e  d i s t r i b u t i o n  diagrams i l lus t ra ted  i n  Fig. 3 g ive  

i n t e r e s t i n g  a n a l o g i e s  t o  t h o s e  produced by two d i f f e r e n t  types  of 

synchronous p l a n e t a r y  motions shown i n  Fig. 6 C51. Type I 

(Scheme I) synchronous p l a n e t a r y  motion (F ig .  6 ,  l e f t )  y i e l d s  a 

homogeneous f o r c e  d i s t r i b u t i o n  similar t o  t h a t  produced by slow 

coil r o t a t i o n  i n  t he  u n i t  g r a v i t y  (Fig.  3A) w h i l e  both motions 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
4
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



HYDRODYNAMIC DISTRIBUTION OF SOLVENT PHASES 17 

TYPE I (SCHEME 1) ) TYPE J (SCHEME I V )  
SYNCHRONOUS PLANETARY MOTION) SYNCHRONOUS PLANETARY MOTION) 

A 

B 0 

Fig.  6. Two t y p i c a l  modes cjf synchronous p l a n e t a r y  motions ( A )  
and t h e i r  f o r c e  d i s t r i b u t i o n  diagrams ( B ) .  

d i s t r i b u t e  two s o l v e n t  phases  evenly  on the head s ide  of t h e  c o i l .  

On t h e  o t h e r  hand, Type J (Scheme IV) synchronous p l a n e t a r y  

motion (F ig .  6,  r i g h t )  y i e l d s  a h ighly  complex heterogeneous 

d i s t r i b u t i o n  of c e n t r i f u g a l  force v e c t o r s  which c l o s e l y  resembles  

t h o s e  produced by s imple coil r o t a t i o n  a t  a critical speed  range  

(F ig .  3 B ) .  I n t e r e s t i n g  enough, t h e s e  two motions e s t a b l i s h  

unilateral d i s t r i b u t i o n  of two s o l v e n t  phases  i n  the coi l .  The 

above a n a l o g i e s  between t h e  s imple  c o i l  r o t a t i o n  and two 

synchronous p l a n e t a r y  motions s t r o n g l y  sugges t  t h a t  the  
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u n i l a t e r a l  phase d i s t r i b u t i o n  may be caused by t h e  c h a r a c t e r i s t i c  

heterogeneous f o r c e  d i s t r i b u t i o n  which s u b j e c t s  t h e  upper (or 

proximal)  and t h e  lower (or d i s t a l )  p o r t i o n s  of t h e  r o t a t i n g  c o i l  

t o  uneven f o r c e  f i e l d s  which, i n  t u r n ,  provide f a v o r a b l e  

hydrodynamic c o n d i t i o n  f o r  one of the  s o l v e n t  phases t o  move 

toward the  head of t he  coi l  t o  e s t a b l i s h  a u n i l a t e r a l  phase 

d i s t r i b u t i o n .  Under a given f o r c e  f i e l d ,  which phase g a i n s  t h e  

f a v o r a b l e  hydrodynamic c o n d i t i o n  may be determined by the  

combined e f f e c t s  of var ious f a c t o r s  i n c l u d i n g  phys ica l  p r o p e r t i e s  

of the  two s o l v e n t  phases ,  so lvent -wal l  i n t e r a c t i o n ,  e tc .  

If the above s p e c u l a t i o n  proves t o  be the  case, t h e  sound 

hypothes is  e s t a b l i s h e d  on t h e  hydrodynamics f o r  the  s imple  coi l  

r o t a t i o n  may b e  f u r t h e r  extended t o  t h e  synchronous p l a n e t a r y  

motions which c u r r e n t l y  provide wide a p p l i c a t i o n  t o  t h e  advanced 

CCC technology.  
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