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0.325 pm pa r t i c l e s  w i t h  1.27 ppm methyl red dye added vs. 
the  previous TRS 10-80 sample but prepared w i t h  the  opposite 
order of mixing ( f i r s t  s a l t  then sur fac tan t ) .  107 

2. Photographs of Texas #1 preparations i n  water and NaCl 
salt-water.  Upper l e f t :  1.29% unsonicated, 0.096%, . . 

0.029%, and 0.0%; upper r igh t :  1.29% - no s a l t ,  0.99%- 
0.88% s a l t ,  and 1.18%-8.0% s a l t ;  lower l e f t :  1.29% unson- 
ica ted,  water (0  ppm), 1.29% sonicated; lower r igh t :  1.19% 
-3.0% s a l t .  108 

3. Photographs of TRS 10-80 preparations i n  water and s a l t -  . . water. Upper l e f t :  0.99%, 0.2633, 0.1%, and 0.0%; upper 
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ABSTRACT 

A major program of u n i v e r s i t y  research, longer-ranged and more funda- 
mental i n  approach than i n d u s t r i a l  research, i n t o  bas ic  mechanisms o f  en- 
hancing petroleum recovery and i n t o  under ly ing  physics, chemistry,  geology, 
app l i ed  mathematics, computation, and engineer ing science has been b u i l t  a t  
Minnesota. The 1982 outputs  o f  t he  i n t e r d i s c i p l i n a r y  team o f  i n v e s t i g a t o r s  
were again ideas, inst ruments,  techniques, data, understanding and s k i l l e d  
peopl e: 

b Forty-one s c i e n t i f i , ~  and engineer ing papers i n  lead ing  j ou rna l s ,  i n -  
c lud ing  a d e f i n i t i v e  s c i e n t i f i c  a r t i c l e  on s t r e s s  and, ls t ructure i n  
f 1 u i  d i n t e r f a c e s .  

b Four p ioneer ing  Ph.D. theses. 

b Numerous presenta t ions  t o  s c i e n t i f i c  and techn ica l  meetings, and t o  
i n d u s t r i a l ,  governmental and u n h t e r s i t y  l abo ra to r i es .  

b Vigorous program of research v i s i t s  t o  and from Minnesota. 

Two outstanding Ph.D.'s t o  research p o s i t i o n s  i n  the  petroleum i n -  
dustry ,  one t o  a u n i v e r s i t y  f a c u l t y  pos i t i on ,  one t o  research leader-  
sh ip  i n  a governmental i n s t i t u t e .  

This  r e p o r t  summarizes the  1982 papers and theses and . features s i x teen  ' 

major accomplishments o f  t he  program du r ing  t h a t  year .  Abs t rac ts  o f  a1 1 f o r t y -  
f i v e  p u b l i c a t i o n s  i n  t he  permanent l i t e r a t u r e  a re  appended. Fur ther  d e t a i l s  
o f , i n f o r m a t i o n  t r a n s f e r  and personnel exchange w i t h  i n d u s t r i a l ,  governmental 
and u n i v e r s i t y  1 abo ra to r i  es appear i n  1982 Quar te r ly .  Reports 'avai  1 ab1 e from 
the  Department o f  Energy and are n o t  reproduced here. 

The Minnesota program cont inues i n  1983, no tw i ths tand ing  e a r l i e r  uncer- 
t a i n t y  about .  t h e  DOE fund ing  which f i n a l l y  m a t e r i a l i z e d  and i s  the  bu l k  .of 
support. Supplemental g ran ts - i n -a id  from n ine  companies i n  t he  petroleum i n -  
d u s t r y  a re  important ,  as a re  the  1 i m i  t ed  U n i v e r s i t y  and departmental c o n t r i  bu- 
t i o n s .  

( x x i  i ) 
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INTRODUCTION 

This  r e p o r t  summarizes the  ou tpu ts  o f  t he  Minnesota research program du r ing  
a l l  f o u r  quar te rs  o f  1982. The goals  o f  t he  program a re  ideas, inst ruments,  
techniques, data, understanding, and s k i l l e d  people f o r  enhancing the  recovery 
o f  petroleum i n  t he  s h o r t  term as w e l l  as i n  t h e  longer  term, and doing so 
e s p e c i a l l y  by e l u c i d a t i n g  bas ic  mechanisms. For then t h e  u n c e r t a i n t i e s  o f  pro-  
cess design, p a r t i c u l a r l y  i n  scale-up, c o n t r o l  and op t im iza t i on ,  a re  reduced, 
and i nnova t i ve  process development i s  promoted. 

The o r i g i n a l  focus was sur factant-based chemical f l ood ing ,  b u t  t h e  approaches 
taken were s u f f i c i e n t l y  fundamental t h a t  t he  research, longer-ranged than most 
i n d u s t r i a l  e f f o r t s ,  has become q u i t e  m u l t i d i r e c t i o n a l .  Many c u r r e n t  ou tpu ts  o f  
the  program a re  bas ic  enough t o  p e r t a i n  t o  petroleum recovery more b road l y  and 
t o  o the r  energy-re lated technologies.  

S c i e n t i f i c  F r o n t i e r s  

A t  t he  l e v e l  o f  engineer ing science and unde r l y i ng  physics, chemistry,  
geology, app l i ed  mathematics and computation the  program i s  c u r r e n t l y  focused 
on th ree  f r o n t i e r s :  

1. SCIENCE OF MICROSTRUCTURED FLUIDS AND APPLICATION TO THEIR PHASE BEHAVIOR, 
INTERFACIAL TENSION, AND RHEOLOGY. Leading examples o f  f l  u i  d m ic ros t ruc tu res  
are the  sur factant-based m ice l l es ,  microemulsions, l i q u i d  c r y s t a l s ,  ves ic les ,  
e tc .  i n  chemical f l o o d i n g  fo rmula t ions .  I n t e r f a c e s  a re  f l u i d  m ic ros t ruc tu res ,  
and s o l i d  sur faces o f t e n  induce m ic ros t ruc tu re  i n  ad jacent  f l u i d .  

Dispersed sm+factant regime of uZtralow in ter fac ia l  tension. Appl i c a t i  ons 
go back t o  a 1976 Soc ie ty  o f  Petroleum Engineers paper i n  which the  Minnesota 
team brought o u t  t h a t  one o r  bo th  o f  two d i s t i n c t  regimes o f  u l t r a l o w  tens ion  
ca'n be a c t i v e  i n  contending chemical f l o o d i n g  processes. The microemulsion 
regime was al 'ready w e l l  i d e n t i f i e d ;  t h e  d ispersed-sur fac tan t  regime they  
subsequently unraveled. They discovered v i r t u a l l y  t ransparent  suspensions o f  
submicroscopic l i , q u i d - c r y s t a l l i t e s  and showed t h a t  these n o t  o n l y  produce 
u l t r a l o w  tens ions  between o i l  and b r i n e  bu t  a l s o  cause the  myster ious labora-  
t o r y  r e s u l t s  t h a t  puzzled researchers i n  t he  petroleum i n d u s t r y  and u n i v e r s i t i e s  
a l i k e .  They d iscovered t h a t  t h e  l i q u i d  c r y s t a l s  can be converted t o  v e s i c l e s  
t h a t  can pass through sedimentary rock,  and w i t h  t he  cooperat ion o f  t h e  
Petroleum Recovery Research Center (New Mexico) they demonstrated t h a t  o i l  can 
be recovered from s h o r t  cores w i t h  f a r  l e s s  r e t e n t i o n  o f  s u r f a c t a n t  t h a t  i s  
ves icu la ted  - thereby r a i s i n g  a new p o s s i b i l i t y  fior cons idera t ion  by i n d u s t r y .  
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Microstructural causes of ultralow tension and low viscosity rheology. 
Current  research inc ludes  concerted a t tack  on the  mic ros t ruc tures  and rheolog- 
i e s  o f  bo th  d ispersed-sur factant  s ta tes  and microemulsion s t a t e s  by a phalanx 
o f  experimental  methods. O f  spec ia l  concern are  the  r e l a t i o n s  among these 
s t i l l  poor' ly understood s ta tes  o f  m a t t e r :  f l n d i n y s  w i l l  l i k e l y  t r a n s l a t e  i n t o  
improved fo rmula t ions  f o r  chemical f l o o d i n g  and new ideas f o r  a l a r g e r  sphere 
o f  technologies.  The leading hypotheses kere p u t  forward by Mi r~r~esota  research- 
e r s  a t  t h e  1975 and 1976 Gordon Research Conferences and i n  f requen t l y  quoted 
fo l low-up letters t o  Nature, the  i n t e r n a t i o n a l  weekly o f  science. 

Thermodynamics of phase behavior. Another main l i n e  o f  Minnesota research 
i s  mo lecu la r l y  based thermodynamic modeling o f  phase s p l i t s  and phase e q u i l i b r i a  
i n  amphiphile-hydrocarbon-brine systems, whether the  amphiphi le i s  a su r fac tan t  
and t h e  l i q u i d s  a re  mic ros t ruc tured,  o r  the  amphiphi le i s  merely a so lvent  such 
as a low molecular  weight  a lcohol  o r  carbon d iox ide .  This  l i n e  can be t raced 
back t o  a 1977 Gordon Conference and SPE presenta t ion  from Minnesota i n  which 
n o t  o n l y  was a new thermodynamic equat ion o f  s t a t e  pu t  forward f o r  microemul- 
s i o n  systems, b u t  a l so  s imple theory and c l i n c h i n g  experiments were repor ted  
t h a t  showed t h e  c r i t i c a l  endpoints demanded by thermodynamics are  indeed pre- 
sent, desp i te  e a r l i e r  c la ims o f  o thers  t h a t  they  are  no t .  Also presented a t  
t he  1977 Gordon Conference was the  i n t e r p r e t a t i o n  o f  u l t r a l o w  tensions as 
n e a r - c r i t i c a l  phenomena, an approach which when publ ished by the  chemical 
p h y s i c i s t s  Fleming and V i n a t i e r i  o f  Phi 11 i p s  Petroleum Company opened the  
door t o  the s t i l l  v igorous research on microemulsions as n e a r - c r i t i c a l  phenom- 
ena. One reason f o r  the  v i g o r  i s  t h a t  n e a r - c r i t i c a l  phenomena are c u r r e n t l y  
prominent i n  physics research and r e s u l t s  t he re  c a r r y  imp1 i c a t i o n s  f o r  micro- 
emu1 s ton  systems, i n c l u d i n g  those systems being f i e l d - t e s t e d  f o r  enhancing 
o i l  recovery. 

Theory of interfacial tension. Another, r e l a t e d  main l i n e  i s  c o r r e l a -  
t i o n  and p r e d i c t i o n  o f  i n t e r f a c i a l  tensions on the  bas is  o f  t h e  most e f f e c t i v e  
molecular  theory  t h a t  i s  ava i l ab le .  It was t h i s  t h a t  l e d  t o  the  n e a r - c r i t i c a l  
i n t e r p r e t a t i o n  o f  u l  t r a l o w  tensions i n  microemul s ion  systems. The ideas were 
based on Minnesota work publ ished i n  1975 i n  Physical Review and i n  1976 i n  
Journal of Colloid and Interface Science; t h i s  same work, which amounts t o  a 
r i go rous  vers ion  o f  the  e a r l y  Van der Waals' theory  o f  sur face and i n t e r f a c i a l  
tension,  a l so  l e d  t o  1978 and 1980 American I n s t i t u t e  o f  Chemical Engineers 
papers on sur face tensions and i n t e r f a c i a l  tensions o f  hydrocarbons and t h e i r  
mix tu res .  The Minnesota group has developed the  theory  f u r t h e r  and used i t  t o  
p r e d i c t  d i f f i cu l t - t o -measure  tensions i n  carbon d iox ide  systems a k i n  t o  those 
used i n  f l o o d i n g  processes - even water-carbon dioxide-hydrocarbon mixtures.  
They have a l so  publ ished a d e f i n i t i v e  s c i e n t i f i c  a r t i c l e  on s t ress  and s t ruc -  
t u r e  i n  f l u i d  i n t e r f a c e s ,  a p o i n t  o f  departure f o r  a d d i t i o n a l  researches ( the  
a r t i c l e  appears as a Supplement t o  t h i s  r e p o r t ) .  
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Sc ien t i f i c  instrument development. An accompaniment t o  these i n t e r -  
f a c i a l  t ens ion  researches has been p e r f e c t i o n  o f  t h e  sp inning-drop technique 
and ins t rumenta t ion  f o r  measuring i n t e r f a c i a l  tens ions.  The e a r l i e s t  paper 
from Minnesota appeared i n  Review o f  S c i e n t i f i c  Inst ruments i n  1977; t h e  
l a t e s t  i s  i n  press a t  t h i s  w r i t i n g .  An improved spinning-drop ins t rument  was 
patented by t h e  U n i v e r s i t y  o f  Minnesota (no manufacturer has ma te r i a l i zed ,  
u n f o r t u n a t e l y ) .  Other new devices and techniques i n c l  ude a convenient mu1 t i  - 
phase r o l l i n g  b a l l  viscometer, a systemat ic  guide f o r  i n t e r p r e t i n g  t h e  appear- 
ance o f  d ispersed systems, and a f a s t - f r e e z e  co l  d-stage t ransmiss ion  e l e c t r o n  
microscopy system f o r  r a p i d l y  f i x i n g  1 i q u i d s  the rma l l y  f o r  s t r u c t u r a l  s tud ies .  
A new and improved system i s  t h e  second genera t ion  o f  t h i s  novel l i n e .  

' 2. SCTENCE O F  POROUS MEDIA AND CHAOTIC COMPOSZTES. Porous media encompass 
sedimentary rocks, so i  1, g ranu la r  so l  i d s  and packed beds, and many o t h e r  
m a t e r i a l s  i n  na tu re  and technology. A porous medium i s  a chao t i c  composite .of 
s o l i d  and ' vo id , '  t h e  v o i d  always con ta in ing  f l u i d  o f  one s o r t  o r  another.  
The science o f  porous media i s  t h e  science o f  d isordered  i n t e r s p e r s i o n s  o f  
s o l i d  w i t h  s o l i d  as w e l l ,  and i t  has r o o t s  i n  t h e  physics o f  d i s o r d e r  more 
genera l l y .  

Physics o f  structure and transport -- percolation theory. As more and 
. ,i more petroleum i s  produced from t h e  porespace o f  r e s e r v o i r  rock, what remains 

i s  i n c r e a s i n g l y  disconnected. The c o n n e c t i v i t y  i s  t h e  key f a c t o r  i n  entrap-  
ment o f  res idua l  o i l  i n  water f lood ing ,  and i n  m o b i l i z a t i o n  o f  res idua l  o i l  
by low tens ion  processes. Th i s  was brought  o u t  e a r l y  by t h e  Minnesota team, 
a t  t h e  1975 Gordon Conference and i n  an i n f l u e n t i a l  l e t t e r  publ ished by 
Nature i n  1977 (delayed by a s k e p t i c a l  London re fe ree ) .  The means o f  explana- 
t i o n  was p e r c o l a t i o n  theory,  t h e  re1  a t i  v e l y  new and then 1 i ttl e-known theo ry  
o f  t r a n s p o r t  on d isordered  networks. Subsequently t h e  Minnesotans have ex- 
tended and app l i ed  t h i s  t heo ry  t o  a v a r i e t y  of t r a n s p o r t  processes i n  r e s e r v o i r  
rock  and o t h e r  porous media, t h e  l a t e s t  be ing a p r e d i c t i v e  theory  o f  c a p i l l a r y  
pressure and r e l a t i v e  permeab i l i t y ,  and mechanisms o f  d i spe rs ion  o r  m ix ing  i n  
f low.  The approach has been taken up i n  recen t  years by others,  p a r t i c u l a r l y  
p h y s i c i s t s  r e c r u i t e d  i n t o  petroleum i n d u s t r y  l a b o r a t o r i e s .  

Topology of porous media. The c o n n e c t i v i t y  o f  f l u i d s  i n  porespace i s  
mediated by t h e  c o n n e c t i v i t y  o r  topology o f  porespace i t s e l f ,  and i t  was soon 
r e a l i z e d  t h a t  t h e  i r r e g u l a r  branching and reconnect ion o f  n o t  o n l y  t h e  pore- 
space bu t  a l s o  t h e  i n t e r p e n e t r a t i n g  m a t r i x  p l a y  c r u c i a l  r o l e s :  topo logy  i s  as 
impor tan t  as geometry i n  chao t i c  composites. P u b l i c l y  enunciated a t  t h e  1979 
DOE Tulsa Symposium on Enhanced O i  1 & Gas Recovery, t h i s  f a c t  has f u e l e d  
a c c e l e r a t i n g  research. One impor tan t  recen t  r e s u l t  i s  t h e  experimental  demon- 
s t r a t i o n  o f  t h e  t h e o r e t i c a l l y  p red i c ted  c l o s e  c o r r e l a t i o n  o f  res idua l  o i l  
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s a t u r a t i o n  w i t h  the  topo log i ca l  genus, o r  holeyness, per  u n i t  volume o f  porous 
rock.  

Geometry of porespace. Though the  r o l e s  o f  pore s i z e  and shape had l ong  
been recognized, t h e  M i  nrlesota researchers were he1 p ing  de l  i neate these r o l  es 
by the  1976 J o i n t  Convention on Enhanced Recovery o f  the  Petroleum Society o f  
t h e  Canadian I n s t i t u l e  o r  Min ing and the  Canadian Society  o f  P e t r n l ~ l ~ m  
Geologis ts  i n  Calgary: behavior o f  o i l - w a t e r  menisci  i n  pores, m o b i l i z a t i o n  
o f  entrapped o i l  blobs, con t ras t  between packed-sphere, polyhedral ,  and o the r  
types o f  porespace. The l a t e s t  developments art! the  ~ l~echanism o f  o i l  choke- 
o f f  i n  pore th roa ts ,  and working concepts o f  subpopulat ions o f  pores de f ined 
by pore e n t r y  c r i t e r i a .  The l a t t e r  a re  c e n t r a l  i n  t he  new theo r ies  o f  c a p i l -  
l a r y  pressure, r e l a t i v e  permeab i l i t y ,  and d i spe rs ion  i n  two-phase flow. Under- 
l y i n g  these developments i s  a systematic method o f  ana lyz ing  both the  geometry 
and topology o f  porespace, a method t h a t  w i l l  be more p r a c t i c a b l e  w i t h  auto- 
mated image ana lys i s  o f  s e r i a l  sec t ions  o f  rock samples. 

Modeling of structure and transport. Among porespace t h a t  have been ana- 
l yzed  a t  Minnesota a r e  those o f  s y n t h e t i c  ' r o c k s '  -- a c t u a l l y  copper s i n t e r s  
c o n t r o l  l e d  t o  s p e c i f i c a t i o n s  -- and computer-generated rocks, t o t a l l y  managed 
though never theless chao t i c  o r  random i n  nature. Prominent among the  l a t t e r  
a re  polyhedral  porous s t r u c t u r e s  generated frurn the  Voronoi t e s s e l l a t i o n  o f  
space, o r i g i n a l l y  in t roduced as a rough model o f  microemulsion m ic ros t ruc tu re  
by t h e  Minnesota team a t  a Nat iona l  Science Foundation Workshop i n  Cleveland 
i n  February 1976. A complementary model , p e r f e c t l y  smooth-wal l e d  porous s t r u c -  
t u res  generated from the  Schwarz-surface d i v i s i o n  o f  space, i s  c u r r e n t l y  under 
s tudy  as w e l l .  

The chaos o f  r e a l  rocks and t h e i r  porespace has been modeled by Monte 
Car lo  sampling o f  computer r e a l i z a t i o n s ,  a powerful  technique t h a t  came i n t o  i t s  
own i n  mathematical physics w i t h  the  advent o f  modern computers. By t h i s  means 
the  Minnesotans have a t tacked a v a r i e t y  o f  t r a n s p o r t  processes -- conduc t i v i t y ,  
f low, deformation, microcracking,  and f r a c t u r e  -- i n  a compaign t o  develop a 
comprehensive theory. To date most o f  t he  research has been w i t h  Voronoi-type 
model s. Because o n l y  r e l a t i v e l y  small models can be t r e a t e d  i n  d e t a i  1 , me- 
thods of s c a l i n g  t h e i r  behavior up i n t o  p r e d i c t i o n s  o f  core- leve l  and f i e l d -  
l e v e l  performance have come under i n c r e a s i n g l y  in tense study. E f f e c t i v e  medium 
theory  i s  promising, and the  l a t e s t  development i n  press a t  t h i s  w r i t i n g ,  i s  
a combination o f  t h a t  theory w i t h  the  more recent  renormal iza t ion  approach 
from s t a t i s t i c a l  physics. 

Fluid d i s t kbu t ion .  I n  petroleum recovery as i n  o the r  processes i n v o l v i n g  
immisc ib le  f l u i d s  i n  porespace, t he  d i s t r i b u t i o n  o f  f l u i d s  can be c r u c i a l .  
I n  many circumstances the  d i s t r i b u t i o n s  are  mediated, o r  even c o n t r o l l e d ,  by 
t h e  degree t o  which each o f  competing f l u i d s  "wets" t he  porewal l ,  as deduced 
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from responses t o  one o r  more t e s t s  t h a t  have def ined wet tab i  1 i t y  syndromes. 
Over the  pas t  several years the  bas ic  physics o f  w e t t i n g  has been under s tudy 
a t  Minnesota, the r e s u l t s  appearing i n  a ser ies  o f  papers i n  j ou rna l s  o f  
chemical physics, sur face and c o l l o i d  chemistry,  and petroleum engineering. 
The key t o  w e t t a b i l i t y  syndromes, and apparent contac t  angles t h a t  a re  some- 
t imes measured, has proved t o  be the  behavior o f  submicroscopical ly  t h i n  f i l m s  
and pockets o f  l i q u i d  -- behavior associated w i t h  what has come t o  be c a l l e d  
d i s j o i n i n g  pressure o r  d i s j o i n i n g  p o t e n t i a l .  A man i fes ta t i on  o f  in termolecu-  
l a r  fo rces  i n  inhomogeneous f l u i d ,  as i s  i n t e r f a c i a l  tens ion  too,  t h i n - f i l m  
behavior f a l l s  under the  molecular  theory  and thermodynamics work o r i g i n a l l y  
addressed t o  tens ion  and phase behavior.  Recent c o n t r i b u t i o n s  i nc lude  papers 
on the  na ture  o f  we t t i ng  t r a n s i t i o n s ,  t he  dynamics o f  wet t ing ,  and the  ways 
i n  which res idua l  we t t i ng  l i q u i d  d i s t r i b u t e s  i n  porespace of va ry ing  roughness. 

A novel experimental  approach t o  v i sua l  i z a t i o n  o f  f l u i d  d i s t r i b u t i o n s  i s  
the f reeze - f rac tu re  cold-stage scanning e l e c t r o n  microscopy system developed 
a t  Minnesota ( i n  the  wake o f  the  t ransmiss ion e l e c t r o n  system f o r  s tudy ing  
m ic ros t ruc tu red  f l u i d s )  , where appl i c a t i o n s  have been made t o  n o t  on l y  petroleum 
and b r i n e  i n  rock, b u t  a l so  d r i l l i n g  f l u i d s ,  p e r s i s t e n t  emulsions, and a 
v a r i e t y  o f  hydrated porous media. I t  has been adapted i n  a t  l e a s t  one petroleum 
i n d u s t r y  l abo ra to ry .  

3 .  SUPERCOMPUTER-SCA L E  THEORETICAL ANALYSES AND MATHEbIATI CAL MODELING. The 
Minnesota group has harnessed app l i ed  mathematics, numerical mathematics, and 
up-to-date s c i e n t i f i c  computers and computer sof tware and i s  s o l v i n g  hereto-  
f o r e  i n t r a c t a b l e  problems. Modern f i n i t e  element mathematics has emerged as 
the  workhorse f o r  the two-dimensional and three-dimensional physics and engin- 
ee r ing  involved.  I n  many cases a supercomputer i s  needed. Late i n  1981 
Minnesota became the  f i r s t  u n i v e r s i t y  t o  i n s t a l l  a supercomputer, a CRAY-1, t o  
t he  g r e a t  advantage o f  t he  research group. The group cont inues t o  pursue ever 
more r e l i a b l e ,  c o s t - e f f e c t i v e  methods, whether on the  CRAY-1, the  o l d e r  CDC-74 
mainframe computer, o r  departmental VAX mid i  -computers. Among the  benef i  t s  
have been uncommon s k i l l  i n  mat r ix -hand l ing  methods, con t i nua t i on  schemes, 
Schwarz-Wendroff approximation ( f o r  i n t e g r a l  and i n t e g r o d i f f e r e n t i a l  systems), 
s t a b i  1 i ty  ana lys is ,  and o u t r i g h t  innovat ion  i n  e f f i c i e n t l y  represent ing  boun- 
dary regions and i n  au tomat i ca l l y  adapt ing d i s c r e t i z a t i o n s  t o  systems w i t h  
sharp f r o n t s  o r  waves. 

One-dimensional chemical f looding s imu la tor .  An e a r l y  vers i on, f o r  1 abora- 
t o r y  core f l oods  and f i e l d  streamtube app l i ca t i ons ,  was used i n  t h e  l a t e  1970's 
a t  Intercomp f o r  ana lys i s  o f  l abo ra to ry  data and f o r  guidance of a two-dimen- 
s iona l  s imu la tor  i n  the  design compet i t ion  f o r  the B e l l  Creek F i e l d  Test  by 
DOE and Gary Operat ing Company. The c u r r e n t  e f f o r t  a t  M i n n e s 0 t a . i ~  on a one- 
dimensional chemical f l o o d i n g  p r e d i c t o r  t h a t  r e l i e s  v i r t u a l l y  e n t i r e l y  on 
t h e o r e t i c a l  l y  generated o r  i n t e r p o l a t e d  wet t ing ,  f low,  d ispers ion ,  and phase 
behavior p rope r t i es .  
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Front-tracking methods, Fol lowing on the  1976 Gordon Research Conf- 
erence t h a t  h i g h l i g h t e d  t h e  need f o r  more e f f e c t i v e  f r o n t - t r a c k i n g  f o r  reser -  
v o i r  s imu la t ion ,  p a r t i c u l a r l y  of  chemical f l o o d i n g  processes, work began a t  
Minnesota on the  novel var iab ly - t imed f l u x  updat ing method f o r  c o n t r o l l i n g  
numerical  d ispers ion ,  a troublesome a r t i f a c t  i n  f i n i t e  d i f ference computa- 
t i o n s .  That research culminated i n  a 1980 Society  o f  Petroleum Engineers 
Paper showing how e f f e c t i v e  the  method can be f o r  two-dimensional s imulat ion,  
and adding impetus t o  the  t rend  o f  i nco rpo ra t i ng  aspects o f  the method of 
c h a r a c t e r i s t i c s  i n t o  f i n i t e  d i f f e r e n c e  approximations. More recent  research 
a t  Minnesota i s  on adapt ive  subdomaining f o r  the  a l t e r n a t i v e  f i n i t e  element 
method, which i s  under widespread i n v e s t i g a t i o n  today. 

' Computation of phase and tension behavior from equations of state. 
One o f  the  main l i n e s  o f  development a t  Minnesota i s  e f f i c i e n t  f i t t i n g  o f  
parameters t o  experimental  data, and c a l c u l a t i o n  o f  phase s p l i t s ,  phase com- 

1 p o s i t i o n s ,  and i n t e r f a c i a l  tensions from thermodynamic equat ions o f  s t a t e  
and associated tens ion  equations. Examples a re  the  Peng-Robinson and recent  
K le in t jen-Kon igsve ld  equat ions f o r  v a p o r - l i q u i d  and l i q u i d - l i q u i d  e q u i l i b r i a ,  
and the  screened Flory-Huggins equat ion f o r  microemulsion systems. Work on 
the  l a s t  began i n  a 1975 research seminar and l e d  t o  a major paper pub1 ished 
i n  the  December 1982 Society of PetroZewn Engineers JournaZ. One of the  
novel f ea tu res  i s  t he  a t t e n t i o n  pa id  t o  metastable s ta tes  t h a t  may i n t rude ,  
and t h e i r  i n t e r p r e t a t i o n  i n  terms o f  thermodynamic energy surfaces. Fur ther  
c o n t r i b u t i o n s  a re  i n  p repara t ion  which i nc lude  making use o f  h igher  o rder  
c r i t i c a l  p o i n t s  as w e l l  as key fea tures  o f  one- and two-component e q u i l i b r i a  
i n  t he  systemat ic  computation o f  multicomponent e q u i l i b r i a  o f  g rea ter  p rac t -  
i c a l  i n t e r e s t .  

MoZecuZar theory calculations. Another long-evo lv ing  l i n e  i s  t he  compu- 
t a t i o n  o f  molecular  d i s t r i b u t i o n s  and m ic ros t ruc tu res  from the d i f f e r e n t i a l  
and i n t e g r a l  equat ions o f  molecular theory, and i n  c e r t a i n  cases by the  
Monte Car lo and molecular  dynamics approaches. Basic i n s i g h t s  from the 
r e s u l t s ,  many o f  them unprecedented i n  t he  l i t e r a t u r e ,  have informed the  
researches on s u r f a c t a n t  phenomena, phase behavior,  i n t e r f a c i a l  tension,  and 
w e t t i n g  f i lms .  Among the  l a t e s t  outcomes i s  t h e  d iscovery,  through formid- 
a b l e  t h e o r e t i c a l  c a l c u l a t i o n s  (backed by ana lys i s  o f  r e l a t i v e l y  s impler  
i d e a l i z a t i o n s ) ,  o f  t h e  f a c t o r s  t h a t  determine w e t t i n g  t r a n s i t i o n s ,  which 
a re  s t i l l  a  sub jec t  o f  s c i e n t i f i c  controversy -- and a re  p o t e n t i a l l y  impor- 
t a n t  t o  sur factant-based enhanced recovery processes. 

Statistical physics of porous media. Here too  the  Minnesota team i s  
on the  f r o n t i e r  o f  computer a p p l i c a t i o n s  t o  cha l leng ing  problems, from the  
e f f i c i e n t  generat ion o f  three-dimensional Voronoi-1 i ke tesse l  1 a t i o n s  and 
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Schwarz-l ike d i v i s i o n s  of space, t o  Monte Car lo c a l c u l a t i o n s  of pe rco la t i on  
p rope r t i es  o f  the networks of pore-occupying f l u i d s ,  t o  f i n i t e  element anal -  
y s i s  o f  mechanical p rope r t i es  and t r a n s p o r t  processes. Recent accomplish- 
ments are  the  d e l i n e a t i o n  of the  r o l e s  and r e l a t i v e  importance o f  t opo log i -  
ca l  d i so rde r  and geometr ical  d isorder ,  e.g. porespace c o n n e c t i v i t y  v i s -a -v i s  
shape.and a t tendant  f l o w  res is tance;  and the  exp lanat ion  o f  the  an iso t ropy  
o f  d ispers ion  when one o r  more f l u i d s  f low,  i . e .  t he  d i f f e r e n t  ra tes  o f  
e f f e c t i v e  f l u i d  mix ing  i n  the  average f l o w  d i r e c t i o n  and a t  r i g h t  angles t o  
t h a t  d i r e c t i o n .  

Technological Challenge 

Though the  approaches taken a re  fundamental, the  research i s  coord i -  
nated and d i r e c t e d  t o  c o n t r i b u t e  t o  enhancing petroleum recovery. Ongoing 
i n t e r a c t i o n s  w i t h  i n d u s t r i a l  researchers and engineers .have helped ensure 
relevance from the beginning o f - t h e  program. Thus the  t o p i c s  a t  Minnesota 
t h a t  cont inue t o  be l a r g e l y  o r  p a r t l y  supported by DOE funds are: 

I .  t h e  c h c t e h  0 6  po tapace  and pohamL& i n  o i l -bean ing 
aedimentahy hocka; 

2 .  ,the dinahiblLt ion 0 6  ~ l u i &  i n  and dinphcement 0 6  one by 
ano thm 6hom petoneable nocka; 

3. t h e  aLtength and L m m p o h t  p n o p e h t i a  0 6  p m e a b l e  h o c b ,  
especially an i ndbenced  by dlLLid contentn; 

4 .  .the oh ig inn  and n.oLa 0 6  p h u e  behavioh and inteh6acia.t 
tennionn i n  c h d c d  blooding phocuaea (cmbon d iox ide ,  
caunLic, a u h ~ a o t a n t ,  miceeeah, e tc .  ); 

5. t h e  phya ica l  chemin&y and hheology 0 6  micnos&umtuhed 
dhids occa)t ing .in .~uch phoccfs~ ea; 

6. t h e  mechardma oh uRtrraeow tennionn aaXained i n  home 
auch p h o c u a a ;  

7. t h e  molecdah d a i g n  0 6  auh6ac/tant/ampkipkiee a g a t m  that 
have W a t o w  tennionn to le t ran t  t o  h o a M e ,  van iab le  
envhonmentn; 

8. t h e  p n i n c i p l a  06  chemical 6looding phocena d u i g n .  
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The r e s u l t s  of t h i s  research w i l l  cont inue t o  g i ve  b e t t e r  understanding o f  why 
convent ional  recovery averages o n l y  about one - th i rd  o f  o r i g i n a l  o i l - i n - p l a c e ,  
and o f  how a d d i t i o n a l  o i l  can be recovered economical ly.  

Kesul t s  a re  repo r ted  i n  ' s c i e n t i f i c  and engineer ing meetings and' pub1 i shed 
i n  the  re fe reed  l i t e r a t u r e  f o r  q u a l i t y  assurance and permanence, as w e l l  as 
t h e  w ides t  d isseminat ion.  Pre l  im ina ry  abs t rac ts  and p r e p r i  n t s  .o f  manuscripts 
a r e  t ransmi t ted  t o  DOEIBETC and can be requested from the re  o r  U n i v e r s i t y  o f  
Minnesota. Abstrac.ts a1 s~ appear i n  Quarter1 y Reports. 

Other impor tan t  ou tpu ts  are the  i n fo rma t ion  t r a n s f e r s  du r ing  v i s i t s  o f  
s c i e n t i s t s  and engineers t o  Minnesota and the  1 i v e l y  ' l ow  tens ion '  seminar 
h e l d  the re  weekly, and du r ing  v i s i t s  o f  Minnesota researchers t o  o the r  l abo r -  
a t o r i e s .  V i s i t s  and seminars a re  repor ted  i n  Q u a r t e r l y  Reports. 

No l ess  impor tan t  a re  the  h i g h l y  qua1 i f i e d  engineers and app l i ed  sc ien-  
t i s t s  produced a t  Minnesota f o r  energy-re lated i n d u s t r i e s ,  government agencies, 
and u n i v e r s i t i e s .  The program i s  b u i l t  on research education, p r i m a r i l y  o f  
Ph.D. candidates b u t  a l so  of  B.S., M.S., and pos tdoc tora l  students, i n  keeping 
w i t h  the  miss ion o f  t he  U n i v e r s i t y .  The nex t  page i s  a r o s t e r  o f  researchers 
i n  t h e  team f u l l t i m e  o r  pa r t t ime  a t  the  s t a r t  o f  1983. 

On t h e  f o l l o w i n g  pages, s i x teen  major accomplishments o f  t he  progranl are 
repo r ted  i n  d e t a i l ,  and abs t rac ts  a re  appended o f  t he  f o r t y - f i v e  pub l i ca t i ons  
associated w i t h  Calendar Year 1982. Many o f  these pub l i ca t i ons  a re  c i t e d  i n  
t h e  main t e x t  o f  t he  r e p o r t .  
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Introduction 

The l i t e ra tu re  on aqueous-surfactant and aqueous-hydrocarbon-surfactant 
systems i s  rich i n  proven and suggested microstructures: single phase and 
multiphase; equilibrium and nonequilibrium. These include, for  example, mo- 
lecular solutions; normal and'inverted micelles; microemulsions; lamellar, 
hexagonal, and cubic ordered phases; dispersions of liposomes and vesicles.  
Our in te res t  in surfactant microstructures came from studies on ul tralow 
mN/m) interfacial  tensions between. hydrocarbon and water induced by the pre- 
sence of low concentrations of surfactants.  In some sulfonate systems we 
found that  the apparent interfacial  tensions (as  measured w i t h  a spinning drop 
tensiometer) depends on the order of mixing components ( I ) ,  on the hydrocarbon 
drop s i ze  ( I ) ,  and on the 1ength.of contact time of hydrocarbon w i t h  aqueous 
surfactant before tension measurement (2) (Figure 1 ) .  Through the use of 
multiple experimental techniques.we were able to  correlate  these unusual ob- 
servations w i t h  the surfactant microstructures present i n  the aqueous phase 
prior to  tension measurement. 

The pure surfactant,  sodl  urn 4- (1 ' -heptyl nony] 1 benzenesuq fonat.e, SHBS, 
together with cosurfactants and cosolvents,~was used fo r  many of our studies.  
In th i s  paper we review the microstructures present, t he i r  s ize  and the i r  
s t a b i l i t y  i n  surfactant systems containing SHBS. 

Nature of Microstructures'in'AquedusSSHBS: 'Phase Behavior 

The progressive addition of surfactant to  water a t  temperatures above 
the Krafft-point typically resul ts  i n  an orderly sequence of microstructures: 
molecular solution, micellar solution and, eventually, 1 iquid crystal 1 ine 
phases. T h i s  occurs both with surfactants having a single hydrocarbon t a i l  
( 3 )  and w i t h  ones having a short double t a i l ,  such as Aerosol OT.. (4,5) and 
the di-a1 kanoyl 1 eci,thins ( 6 ) .  

Our early e f for t s  (1,7) yielded a simp1 e temperature-composi t i  on phase 
diagram for  SHBS i n  water. A t  low concentration a t  25°C SHBS dissolves t o  
form a molecular solution, Conductance d a t a  show deviatior~ from Onsager lim- 
i t ing law behavior, b u t  no evidence of micellization (2,8) .  No Krafft bound- 
ary i s  observed to  90°C, ye t  a t  a l l  temperatures investigated a lamellar l iq -  
u i d  crystal l ine rather than a crystal l ine phase i s  formed (7 ) .  The isotropic 
liquid crystal l ine biphasic region i s  very broad; a t  25OC a 0.06 w t . .  'X SHBS 
solution i s  in equilibrium w i  111 the hydrated lamellar l iquid crystal  (ca.  75 
w t .  % SHBS; 1 mole SHBS to 7.5 mole H,O) . In the resence of NaCl the equi - 
librium isotropic phase contains much less  SHBS (7 ! . 

0 

I t  was recently proposed t h a t  SHRS forms normal micelles O F  17 A radius 
a t  45'C (9,l~). Ina~much as the 45OC conductivity data ( 9 ) ,  on 'which the pre- 
sence of a cmc i s  based, are simiJgr to our 25OC data ( 2 1 ,  we sought to  probe 
for  the existence of a cmc using ' Na nmr. Mi t h  sodium s a l t s  of anionic 
surfactants the chemical s h i f t  of the sodium ion associated w i t h  micelles i s  
well known to d i f f e r  from the s h i f t  in molecular surfactant (11). Due to  rap- 
i d  exchange of the Na from the molecular solution to  the micellar environment, 
the observed chelnical s h i f t  i s  a weighted average. Thus the chemical s h i f t  
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". Figure 1. Spinning drop tension ~casurements against decane of 0.07 w t .  % 
: S'KPS, C.3 w t .  " / n a ~ l  aqueous dispersions as dependent on order of ~ i x i n g  (P.) 

and on contact time before tension measurement (B). 

undergoes a rapid change with concentration a f t e r  the cmc i s  reached, and has 
.', proved to be a re1 iable method for  cmc determination (11). The chemical s h i f t  
:. of the sodium ion i n  a Samellar phase also d i f fe rs  from that in the molecular 

surfactant solution. The sodium ion i s  not exchanged rapidly with the sodium 
i n  the equil ibrium isotropic phase. However, t h e  observed chemical s h i f t  
changes to  tha t  of the lameJiar phase shortly a f t e r  the so lubi l i ty  1 imi t i s  
pas'sed (12) .  The observed N a  chemical s h i f t  a t  47OC for  SHBS in water, Fig- 
ure 2 ,  shows no break when crossing ,the suggested cmc b u t  does reveal the.ap- 
pearance of the lamellar phase. The continuous smooth change i n  the chemical 
s h i f t  up t o  the so lubi l i ty  l fmit  does suggest aggregation, but not classical 
mice3le formation. This i s  consistent w i t h  both t h e  conductivity and neutron 
' scat ter ing data. Thus  over a wide range of surfactant concentration, the 
aqueous 'SHBS tha t  i s  contacted with hydrocarbon for  tension measurement con- 
s i s t s  of the l iquid c rys ta l l ine  phase dispersed i n  a aqueous phase devoid of 
surfactant micelles.  The nature of the dispersed 1 i'quid. crystal l ine phase i s ,  
then, the microstructure of relevance w i t h  respect t o  the observed anoma!ous 
tension behavior. 

Nature of   microstructures ' in Aqueous 'SHBS: ' T h e  ' Camel 1 a r  ' Phase 

Optical microscopy of aqueous SHBS dispersions between crossed polars 
shows the Birefringence expected of smectic 1 iquid crystal  ( 7 ) .  . Freeze frac- 
ture  electron microscopy, Figure 3 ,  reveals clearly i t s  lamel Jar  natu e (13). 
X-ray diffract ion,  Figure 4, yields  a limellae repeat distance of 33 1, which 



Figure 2. Sodium-23 nmr chemical s h i f t  as a function of SHBS concentration 
a t  47"C, corn red to  the so lubi l i ty  l imi t  and reported (9)  cmc. The dashed 
l i n e  i s  the 9gNa chemical s h i f t  of NaCl a t  47°C. 

2 3 ~ a  cheaical s h i f t  

i s  independent of added electrolyte  up t o  5 w t .  % NaCl (14). 
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Differential scanning calorimetry (15),  Figure 5, coupled w i t h  temper- 
ature dependent nmr (7,12,15) and x-ray diffract ion (14) data reveals a num- 
ber of features of the molecular dynamics and thermodynamics of the lamellar 
phase: 

----------------------------------- 
a a 

sol. Limit 

- $- a a *  
@ 4  
'cmc' 

- 

1)  the hydrocarbon chain melting occurs a t  ca. -75OC, while the water 
between the surfactant bilayers melts over a broad ranqe from -50 to  -10°C. 

2) the motion of the benzenesulfonate head group i s  highly anisotropic, 
and becomes frozen-in a t  temperatures where the water between bilayers freezes. 

3) the x-ray diffract ion pattern of the lamellar phase below -50°C indi- 
cates tha t  the frozen water i s  not normal hexagonal ice .  The SHBS concentra- 
t ion must be i n  the biphasic region (< 75 w t .  % SHBS) before the normal ice 
l a t t i c e  is observed. 

4 )  the 2 ~ ,  and 2 3 ~ a  nmr 1 ine widths a t  25OC indicate the water be- 
tween bilayers, the sodium ion, and the benzenesul fonate head group are a l l  
moving rapidly though anisotropically while the hydrocarbon t a i l s  are moving 
rapidly and nearly isotropically.  

The gross features of the lamellar phase are i n  common with those of 
long daub1 c- t a i l  surfactants.  A number of the detai 1 s are ,  however, d i  f ferel~ L: 



Flpure 3. Freeze fracture electron aicrograph of a 75 wt. % SHBS sn~act ic  phase 
revealing the 1 amel 1 ar organization. 

Wt. % SHBS 
Figure 4.  Concentratl on dependence of the x-ray spacings of SHBS di spersl ons 
in water. 



Figure 5. Differential scanning calorimetry of 75 w t .  % SHBS. The sharp peak 
a t  0°C i s  due to a trace of extraneous water. 

1) the hydrocarbon chain me1 t i n g  , i . e. the gel ?l iquid crystal 1 ine phase 
transition, occurs a t  a temperature below the freezing of the bilayer water, 
and is the lowest such transition temperature reported. A t  room temperature 
the lamellar phase is about a hundred degrees above the gel-liquid crystalline 
transition temperature. 

2) the equilibr'um amount of water between surfactant bilayers which 
contributes only - 8 A to the lamellar thickness, i s  insensitive to electro- 
lyte (NaC1) concentration, and when frozen i s  not ice-1 ike. The distance be- 
tween sulfonate sheets is so small that simple electrostatic theory cannot be 
used to explain the spacing. 

nature of Microstructures i n  Aqueous SHBS: Vesi cl es 

Sonication of l i q u i d  crystal 1 ine dispersions of double-tailed surfac- 
tants often produces spheroidal vesicles consisting of a fluid core sur- 
rounded by a t  leas t  one surfactant bilayer of lamella (16). The presence of 
vesicles in dilute (< 2 w t .  %) sonicated dispersions of SHBS was f i r s t  re- 
veal ed by fast-freeze col d-stage transmission electron microscopy (17). Fur-  
ther electron microscopy (18) has shown that these vesicle populations have 
approximately a log-normal distribution of sizes. Quasielastic l i g h t  scat- 
tering meas rements (18) indicate t h a t  SHBS vesicles have an average diameter 
of ca. 450 1 i n  water and that the average vesicle diameter decreases when the 
vesicles are prepared i n  0.3 w t .  % NaCl brine or a t  higher surfactant concen- 
trations (5  or 10 w t .  %). A combination of differential scanning calorimetry 
and nmr results,  supported by small-angle x-ray scattering evidence, indicates 
that most of the vesicles contain a single bilayer (Figure 6 )  (18). 

Vesicles are of scientif ic  importance as, for example, simple models of 
biological membranes. However, the thermodynamic and kinetic stabi 1 i ty of ves- 
icular dispersions has not beer1 fully determined. SHBS vesicles are ideally 



Fi ure 6. (A)  Schematic electron density profile for  a StIBS bilayer and water; 
(By comparison of the scattered intensity calculated for  vesicles w i t h  1, 2, 
and 5 bilayers (sol i d  1 ines) w i t h  the measured intensity scattered from a 2.0 
w t .  % vesicle dispersion i n  water (dotted 1 ine) . 
suited for long-term vesicle stabil i ty  shudies because, un l  j ke mast biological 
vesicl e-form4ng surfactants, SHBS Ss chemically stable and biologically inert  
in aqueous solutions a t  room temperature, 

Optical microscopy (17), conductance (17), and l ight  scattering (17,18) 
measurements along w i  t h  electron microscopy (18) were used to fa1 1 ow the sta- 
b i l i t y  of SHBS vesicle dispersions upon aging. Although vesicles were in some 
instances found to be stab1 e for  months when 1 e f t  undisturbed a f te r  son1 cat1 on, 
in a l l  cases a reversion to the smectic phase (present as dispersed liquid 
crystal 1 i tes)  was eventually observed by several techniques. These aging 
studies, as well as those on phospholipid vesicle dispersions i n  the l i tera-  
ture (19), were carried out i n  the presence of some dispersed l i q u i d  crystal- 
1 i tes. Some 1 iquid crystal l i  t e s  remain a f te r  sonication, and our attempts to 
completely remove them failed. Both u l  t r a f i l  tration and u l  tracentrifugation 
were unsuccessful, as was the traditional method of gel permeation chromato- 
graphy (GPC). Indeed, we showed (18) that flow through a glass bead GPC col- 
umn actually hastened the reversion of vesicles to 1 i q u i  d crystal 1 i tes. Thus,  
f t has been impossible to investigate the kinetic s tabi l i ty  of an isolated 
vesicle dispersion in the absence of I iquid crystal 1 i tes  , Nonetheless , the 
reversion of SHBS vesicles to  1 i q u i  d crystal1 i tes  clearly indicates that these 
vesicles are not equilibrium structures i n  water or brine. 



Vesicles s t a b i l i t y  was r a p i d l y  a l t e r e d  by osmotic shocks,  and by c o n t a c t  
wi th  hydrocarbon (8,20) .  Tension behavior  of  v e s i c l e  d i s p e r s i o n s  a g a i n s t  hy- 
drocarbon d i f f e r s  from t h a t  observed wi th  1 iposome d i  spe r s ions  . (20) .  

Nature o f  Micros t ruc tures  i n  Aqueous SHBS: Liposomes 

The s t a t e  o f  t h e  smect ic  phase depends markedly on sample p repa ra t i on  
and h i s t o r y .  Sonica t ion  o f  d i l u t e  d i s p e r s i o n s ,  a s  d i s cus sed  prev ious ly ,  pro- 
duces v e s i c l e s .  Mechanical a g i t a t i o n ,  whether by hand o r  by a vo r t ex  mixer,  
a l t e r s  t h e  mic ros t ruc tu re  even i n  t h e  bulk smect ic  phase.  Our first ind ica-  
t i o n  of t h i s  came from 2~ nmr s t u d i e s  (21,15),  shown i n  Figure 7, where me- 
chanica l  a g i t a t i o n  changed t h e  s p e c t r a l  1 i n e  shape of  a sample a g i t a t e d  a t  
ambient temperature .  Upon s t and ing ,  even f o r  pe r iods  o f  up t o  two y e a r s ,  
t h e  l i n e  shape d id  no t  r e v e r t  t o  t h a t  observed before  shaking.  However, an- 
nea l ing  a t  90°C f o r  a few minutes  r e s u l t e d  i n  a r e t u r n  t o  t h e  o r i g i n a l  l i n e  
shape. S i m i l a r  e f f e c t s  were d i f f i c u l t  t o  observe a t  lower concen t r a t i on ,  
where t h e  system i s  b iphas i c ,  a s  t h e  spectrum was dominated by t h e  water  i n  
t h e  equ i l i b r ium i s o t r o p i c  phase. We con jec tu red ,  however, t h a t  even wi th  
t h e  s ing le -phase  smect ic  sample, a g i t a t i o n  r e s u l t e d  i n  formation o f  s m a l l e r  
domains of  unknown morphology. E lec t ron  microscopy o f  f r eeze - f r ac tu red ,  rep-  
1 i c a t e d  samples shows c l e a r l y  t h a t  t h i s  i s  t h e  c a s e  (14) .  In  t h e  nonagi t a t e d  
sample, f r e e z e - f r a c t u r i n g  revea led  many examples o f  the f r a c t u r e  p lane  running 
through t h e  b i l a y e r  p lane ,  a s ,  f o r  example, Figure 3 .  Upon mechanical ag i  t a -  
t i o n  t h e  t y p i c a l  micrograph i s  a s  i n  Figure 8 ,  where t h e  f r a c t u r e  p lane  has 
run around c losed-she l l  smect ic  p a r t i c l e s ,  1 iposomes, r a t h e r  than through 
them. Thus i n  the a g i t a t e d  samples t h e  smect ic  phase c o n s i s t s  o f  concen t r i c  
s h e l l  l iposomes, t h e  mean s i z e  o f  which depends on t h e  a g i t a t i o n  h i s t o r y .  In  
t h e  concent ra ted  unshaken samples i t  i s  d i f f i c u l t  t o  determine i f  t h e  much 
l a r g e r  p a r t i c l e s  a r e  c losed  s h e l l  l iposomes o r  p l ana r .  

The nmr 1 ineshape i s  e a s i l y  understood (14 ) .  Annealing a t  90°C r e s u l t s  
i n  e l e c t r o n  micrographs s i m i l a r  t o  t h e  unshaken m a t e r i a l ,  i n d i c a t i n g  t h a t  t h e  
liposome s i z e  depends on thermal h i s t o r y  a s  well a s  mechanical t r ea tmen t .  
S i m i l a r  behavior  was observed a t  lower concen t r a t i ons ,  where t h e  system is 
b iphas ic .  The mean s i z e  d i s t r i b u t i o n  o f  t h e  l iposomes is  h ighly  dependent on 
sample p repa ra t i on  (14,18) and can be e a s i l y  a1 t e r e d  by even g e n t l e  handl ing 
techniques.  The s i z e  d i s t r i b u t i o n  can be q u i t e  broad with s i z e s  ranging from 
hundreds o t  angstroms t o  hundreds o f  microns i n  t h e  same sample. 

E f f e c t s  o f  Cosolvents and Cosur fac tan ts  

The a d d i t i o n  o f  shor t -cha in  a l coho l s  t o  d i s p e r s i o n s  o f  SHBS liposomes 
a l t e r s  t h e  mic ros t ruc tu re .  A t  low alcohol-to-SHBS r a t i o s ,  t h e  alcohol  i s  in-  
corpora ted  i n t o  t h e  l a m e l l a r  phase and a l i g n s  i t se l f  w i t h  i t s  p o l a r  hydroxyl 
group near  t h e  mean p lane  of  s u r f a c t a n t  head groups and i t  s h o r t  a lky l  t a i l  
p e n e t r a t i n g  t h e  hydroc bon lamel lae .  Th i s  was determined by a combination 
o f  c e n t r i f u g a t i o n  and ISC nmr (22 ) .  The s i z e  and number o f  liposomes a r e  
a l t e r e d ,  a s  observed by spec t ro tu rb id ime t ry  (2 ,8) .  As t h e  a lcohol  con ten t  
is  increased ,  t h e  l a m e l l a r  phase i s  s o l u b i l i z e d  i n t o  an i s o t r o p i c  phase; t h e  
amount a f  a lcohol  necessary  t o  completely so l  ubi 1 i z e  t h e  1 iposomes decreases  
a s  t h e  l i p o p h i l i c i t y  of  the alcohol  i n c r e a s e s  i n  t h e  series n-butanol , n- 
pentanol , n-hexanol . Conductance da t a  f o r  t h e  i s o t r o p i c  s o l u t i o n  (F igure  9A) 
show marked dev ia t i on  from Onsager l i m i t i n g  law behavior  bu t  no sha rp  break 



Figure 7 .  Deuterium nmr spectra at ambient temperature of the hydrated smec- 
t i c  phase (75 wt. % SHBS, 25 w t .  % D,O) before mechanical agitation, after 
agitation on a vortex mixer, and after heating to 90°C. 
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Figure 8. Electron micrograph of the hydrated lamellar phase after mechanical 
agitation. 

(8) 



to  indicate  the onset of micelles. Low-angle x-ray sca t te r ing  measurements 
confirmed the absence of mice1 1 es  (22).  

Addition of the  cosurfactant  sodium dodecyl su l f a t e  (SDS) t o  a SHBS d i s -  
persion i n  water o r  brine r e su l t s  i n  formation of a mixed lamellar  phase, as  
deduced by conduct5 vi t y  , nmr and calorimetry (2,23).  These mixed 1 iquid crys- 
t a l s  form a t  weight r a t i o s  R of SDS/SHBS below ca. 0.2. A t  R above ca. 2.0, 
a s ingle  i so t rop ic  phase of mixed micelles of SDS and SHBS forms, while f o r  
0.2 < R < 2 both mixed l i q u i d  c ry s t a l s  and mixed mice l les ,a re  present. Fig- 
ure 9B shows tha t  the microstructures formed upon so lub i l i za t ion  of SHBS 
lamellar l iqu id  c ry s t a l l i ne  dispersions by a micelle-forming sur fac tan t  are  
d i f f e r en t  from those formed upon so lub i l i za t ion  by an alcohol. 

.Quas i e l a s t i c  l i g h t  sca t te r ing  measurements indicate  t h a t  the  m.ixed mi- 
c e l l e s  formed by mixtures of SDS and SHBS are  non-spherical i n  both 0.3.M and 
0.6 M NaCl and t h a t  the  apparent molecular weight of the  micelle increases 
as  the r a t i o  R decreases (24)'. 

The phase behavior i n  the  presence of hydrocarbon depends markedly on 
the components present. Wi th  SHBS-H O(NaC1 )-hydrocarbon, and with SHBS-SDS- 
H,O(NaCl )-hydrocarbon formulations wAich a re  t u r b i d ,  frequently opaque, 1 ow 
volume f rac t ion ,  and of h i g h  surfactant  content i s  formed between the water- 
r ich  lower phase and the o i l - r i ch  upper phase (1,8,23).  The microstructures 
present i n  t h i s  t h i r d  phase are  unknown. I t  i s  these systems which display 
the order of mixing and contact time e f f e c t s  shown i n  Figure 1. Similar e f -  
f e c t s  have been observed w i t h  commercial, multicomponent sulfonates (25) .  

The occurrence of apparently ill-behaved tension measurements, the ap- 
pearance of low volume f rac t ion  surfactant- r ich phase a f t e r  contact  with hy- 
drocarbon, and the  presence of l iqu id  c ry s t a l l i ne  dispersions in the aqueous 
surfactant  phase before contact with hydrocarbon a re  re la ted.  The his tory  
dependent tension measurements can be corre la ted w i t h  the s i z e  and type of 
SHBS dispersion i n  the aqueous phase before contact  w i t h  hydrocarbon. The 
dispersed surfactant  must reach the surface of the  hydrocarbon drople t  i n  
the  spinning drop meas~rrment. The delivery time depends on the s i r e  and 
density of the  pa r t i c l e ,  and on the flow times i n  the  spinning drop tube. 
In addit ion,  the  dispersed sur fac tan t  must spread on the hydrocarbon drople t  
and produce a t h i n  coat .  T h u s  the order-of-mixing e f f ec t  i s  a manifestation 
of the  f a c t  t ha t  the  SHBS liposomes a re  l e s s  f i ne ly  dispersed when surfac- 
t an t .  Wllen the Lt~ird phase was present we found ultralow tensions between 
o i l - r i ch  and water-rich phases (1,2) ; otherwise, the tension was not u l t ra -  
low. 

When a low molecular weight alcohol i s  added as  a cosolvent, SHBS-al- 
cohol-brine-hydrocarbon mixtures often y i e ld  microemulsion phases in  equ i l i -  
brium w i t h  excess o i l  o r  brine o r  both (26). These m.icroemulsions can in- 
corporate substant ia l  amounts of both o i l . and  water. They a re  typ ica l ly  
transparent  o r  t ranslucent ,  i so t rop ic ,  and have low v i s cos i t i e s .  Ultralow 
in te r fac ia l  tensions a re  frequently found between these microemulsions and 



Figure 9. ( A )  Equivalent conductivity .as a  function of SHBS concentration 
f o r  SHBS-NAA-water. solut ions;  ( B )  Equivalent conductivity a's a functi'on of 
sur fac tan t  concentrations fo r  aqueous preparations of SDS and SHBS i n  d i f -  
f e r en t  weight r a t i o s .  

the  excess phases w i t h  which they a r e  i n  equilibrium. Because these tension 
measurements are  made on equilibrium systems, no order-of-mixing o r  aging 
e f f e c t s  are  observed. There i s  ample evidence t ha t  the ultralow in t e r f ac i a l  
tension s t a t e s  and the  pat terns  of phase behavior found . i n  microemulsion- 
forming mixtures such as  these r e s u l t  from the  nearness of microemulsions 
t o  c r i t i c a l  points (27-29).  However, the  microstructure of microemulsions 
and the  way i t  changes w i t h  r e l a t i ve  proportions of o i l  and water remain 
open questions, par t icul .ar ly  f o r  microemulsions containing substant ia l  amounts 



of both o i l  and water. 

There is  convincing evidence (30) t h a t  the addit ion of small amounts of 
o i l  t o  an aqueous surfactant  solution of ten produces an oil- in-water micro- 
emulsion containing surfactant  micelles swollen w i t h  o i l .  The analogous 
water-in-oi 1 microemul sion 1 i kewise can contain inverted sur fac tan t  mice1 l e s  
swollen w i t h  water. Both types of micelles are  presumed t o  be s tab i l i zed  by 
surfactant  t ha t  separates the  o i l  ( o r  water)-r ich i n t e r i o r s  from the  conti nu-  
ous water(or o i l ) - r i ch  ex te r io r .  As appreciable amounts of o i l  ( o r  water) 
a r e  incorporated i n to  the microemulsion, the  micelles swell; such micellar  
solut ions  have been described as  equil i b r i u m  dispersions of "droplets" (31).  
This p ic ture  of microemulsion microstructure as  d i s j o in t  "droplets" i s  viable 
a t  low volume f rac t ions  of dispersed component. However, a t  intermediate 
volume f rac t ions  of o i l  and water i t  i s  ~ o s s i b l e  t h a t  microemulsions organize 
in to  equilibrium bicontinuous s t ructures '  in  which both o i l  - r ich  and water- 
r ich  regions span the  sample (32-40). 

Bicontinuous water-oil-surfactant  s t a t e s  have been described i n  de t a i l  
elsewhere ( 32 ,33 ) .  One convenient representation of microemulsion s t ruc ture  
t ha t  can natural ly  incorporate water /oi l ,  bicontinuous, and oil /water equi- 
librium microdispersions i n  the Voronoi model, a random t e s se l l a t i on  of space 
in to  convex polyhedra f i l l e d  by water and o i l  and separated by sur fac tan t  
sheets.  First used by Talmon and Prager (34,35) t o  b u i l d  a f r ee  energy func- 
t ion fo r  microemulsion systems t ha t  predic ts  phase behavior i n  qua1 i t a t i v e  
agreement with experiment, i t  has been extended t o  model the  dynamic and 
s t a t i c  scattering from a bicontinuous microemul sion microstructure (36) and 
to  represent the  e l ec t r i c a l  conductivi ty  of mi croemul sions (37).  Experimen- 
t a l  r e su l t s  show tha t  the representation of a microemulsion as  a bicontinuous 
microstructure i s  appropriate over a wide range of compositions i n  both SHBS 
and other surfactant  mixtures (36-41). 

Concl usi ons 

1) The temperature-composition phase diagram of SHBS w i t h  brine o r  water 
is dominated by a large  biphasic region in  which a lamellar  l iquid  c ry s t a l l i ne  
phase is  i n  equil i h r i u m  w i t h  ,a  d i l u t e  isot ropic  SHRS solut ion.  

2 )  The isot ropic  SHBS solution i s  not mi ce l l  a r ;  however, conductance 
and nmr spectroscopy suggest t ha t  non-micellar aggregates a re  present.  

' 3 )  The lamellar phase i s  very f l u i d ,  e a s i l y  deformable, and can be read- 
i l y  dispersed i n  water t o  form a broad d i s t r ibu t ion  of closed shel l  liposomes. 

4) The s i z e  d i s t r ibu t ion  of liposomes found i n  dispersions depends mark- 
edly on the method o f  preparation. 

2 
5) H ,  13c, and 2 3 ~ a  nmr indicate  t h a t  a t  room temperature the  sodium 

counterions and . the  sulfonate 'head group undergo rapid though anisotropic  mo- 
t ion  in  the  lamellar  phase while the hydrocarbon t a i l  groups move rapidly and 
nearly isot ropical  l y .  

6.) Sonication of d i l u t e  dispersion 1 eads t o  long-1 ived, non-equi 1 i bri um 
ves ic les  which probably consis t  of a s ingle  bilayer.  



7) A d d i t i o n  o f  a s u i t a b l e  a lcoho l  t o  a l iposome d i spe rs ion  s o l u b i l i z e s  
t h e  l a m e l l a r  phase and y i e l d s  an i s o t r o p i c  phase which i s  weakly aggregated 
b u t  n o t  m i c e l l a r .  

8 )  A d d i t i o n  o f  a mice1 le - fo rming cosur fac tan t ,  SDS, produces e i t h e r  
mixed l i q u i d  c r y s t a l s ,  mixed m ice l l es ,  o r  both. 

9) SHBS, 'b r ine ,  and hydrocarbon combine t o  produce an opaque, viscous, 
s u r f a c t a n t - r i c h  t h i r d  phase. 

,- 10) I n t e r f a c i a l  . tension behavior which i s  ' t ime and prepara t ton  depen- 
dent  c o r r e l a t e s  w i t h  the  presence o f  the  viscous t h i r d  phase and t o  the  nature 
o f  t h e  m ic ros t ruc tu re  present  i n  t he  unprecontacted aqueous s u r f a c t a n t  phase. 
. . 

11) With the a d d i t i o n  o f  a s u i t a b l e  a1 coho1 ,' SHBS, b r i ne ,  and hydrocar- 
bon can combine t o  form a microemulsion phase which s o l u b i l i z e s  subs tan t i a l  
amounts of hn th  n i l  and water  and which appears from conductance and smal l -  
angle x - ray  s c a t t e r i n g  measurements t o  be b icont inuous.  
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I I .  TOWARD UNDERSTANDING MICROEMULSION MICROSTRUCTURE : A SMALL-ANGLE 
X-RAY SCATTERING STUDY 

Introduction 

One of many definit ions of microemulsion i s  a thermodynamically s table ,  
opt ical ly  isotropic 1 iquid phase containing hydrocarbon, water (or brine) and 
surfactant (1) .  Usually, though not always, an alcohol or  other amphiphilic 
.cosurfactant i s  necessary for  microemulsion formation. 1t .appears that  the 
surfactant,  by virtue of i t s  tendency to  locate between water-rich and hydro- 
carbon-rich regions, imposes some intermolecular order in microemulsion; none- 
theless,  the long-range order remains stochastic,  and microemulsions are of 
low viscosity. The length scale of the inhomogeneities can vary from the s ize 
of the surfactant molecule upward (1) .  The patterns of phase behavior (2-4) 
i n  the vicini ty  of the ultralow tension s t a t e s  observed between hydrocarbon 
and water phases i n  multiphase systems containing microemulsion phases have 
been postulated to  a r i se  from the nearness of dnicroemul sions to  solution cr i  t- 
ical points or p l a i t  points (5,6). However, the kinds of f l u i d  microstructures 
present in microemulsions and how they change as the re la t ive  amounts of o i l  
and water vary remain open questions, particularly fo r  microemulsions incor- 
porating substantial amounts of both o i l  and water. THese systems are of sci-  
en t i f i c  in te res t  because the microstructure i s  s t i l l  a mystery, and they are 
of industrial  importance because they cari cosolubilize large amounts of o i l  
and water while producing ultralow interfacial  tensions. 

There i s  plentiful evidence ( 7 ) ,  particularly from J ight-scattering and 
small-angle scattering experiments, tha t  addition of small amounts of oi l  to  
an aqueous surfactant solution produces an o i l  -in-water (o/w) microemul sion 
containing surfactant micelles swollen with o i l .  Analogously, the addition 
of small amounts of water to  an o le ic  surfactant solution can resu l t  in water- 
in-oil (w/o) microemul sions (8) containing inverted surfactant micelles swollen 
w i t h  water. In both cases, the swollen mice1 l e s  are presumed to be stabi 1 ized 
by surfactant that  separates the oi 1 (or water)-rich in te r iors  from the water 
(or  o i l  )-rich continuous f luid exter ior .  As' appreciable amounts of oi l  (or  
water) are incorporated into the surfactant solution, the micelles or inverted 
m i  cel l  es swell ; such sol utions have been described (8) as equi 1 i bri um d i  sper- 
sions of microemulsion "droplets". 

There seems l i t t l e  doubt that  the picture of microemulsion structure as 
discrete swollen micelles i s  r e a l i s t i c  a t  low volume fractions of dispersed 
component. As the vol unle f r -dc l iur~  uf o i l  or water fncreases, however, the ,. 
experimental data become much more ambiguous. Several researchers (9-14) have 
claimed that  microemulsion "droplets" simply pack together as the i r  volume 
fraction increases so that  a d i s t inc t  droplet microstructure persis ts  to high 
volume fractions ($ - 0.5) .  In th i s  view, there i s  a concentration of swollen 
micelles above whicR the microemulsion inverts from an o/w to a w/o swollen 
micellar structure o r  vice versa, Such an inversion must be abrupt because 
ojw and w/o structures are mutually exclusive. 

Scriven (15) pointed out the likelihood that  a t  intermediate-volume frac- 
tions of oi 1 and water, microemul sions organize into e q u ~  1 I br~um b~cont~nuous  
structures.  Such structures contain o i l  and water domains that  are sample 
spanning and chaotically intertwined; they are again stabilized by sheet-like 



sur fac tan t  regions i n  the  boundary zones between domains. These sheet- l ike  
s t ruc tu r e s  form because surfactants  tend strongly t o  locate  between water- 
r i ch  and o i l - r i ch  regions. They are  f l u i d ,  y e t  a re  pers i s ten t  enough t o  i m -  
pose topological order i n  the  microemulsion. Bicontinuous s t ruc tures  may be 
viewed a s  f l u i d  analogs of so l id  porous media such as  sponge.and sandstone; 
moreover, they a r e  the  only s t ruc tures  known t h a t  can allow the often observed 
continuous var ia t ion of proper t ies  as  the  microemuls~on changes from rich t o  
lean i n  o i l  o r  water. 

I t  is  important t o  recognize t ha t  the  bicontinuous microemulsion s t ruc-  
tu res  envisioned here a r e  not s t a t i c  arrays  (such as  a r e  l i ke ly  present i n  
ce r t a in  c lasses  of viscous i so t rop ic  lyotropic  1 iquid c ry s t a l s )  i n  which the 
long-range connected networks e x i s t  f o r  long times. Rather, because of the  
f r a g i l i t y  of t he  surfactant- r ich sheets with respect  t o  thermal fluctuations 
the  microstructure i s  dynamic; i . e .  o i l - r i ch  and water-rich domains continu- 
a l l y  form and reform, a s  can be inferred from the  f a c t  t h a t  microemulslon v l s -  
c o s i t i e s  do not g rea t ly  d i f f e r  from tha t  of o i l  o r  water (16) .  Aside from the 
experimental evidence, i t  i s  impossible t o  imagine a continuous t r ans i t i on  
from an en t i r e ly  o/w t o  an en t i r e ly  w/o arrangement without invoking bicontin- 
uous s t ruc tures  a t  intermediate concentratipns. The a l t e rna t ive  i s  a sudden 
inversion,  evidence of which i s  lacking i n  our measurements and i n  careful 
measurements by others .  

The continuous var ia t ion of bicontinuous s t ruc tures ,  and w i  t h  1 esser  
f i d e l i t y  the  o/w arida w/o swollen micelle morphology, can be qua l i t a t ive ly  
modeled a s  a random geometry of o i l  and water generated by a so-called Vor- 
onoi t e s se l l a t i on  (17).  Talmon and Prager (18) used the  Voronoi model t o  
build a f r e e  energy theory which predic ts  phase equ i l i b r i a  pat terns  s imilar  
t o  those observed experimentally i n  microemulsion-forming systems. Scat ter ing 
calcula t ions  f o r  both a s t a t i c  and dynamic Voronoi model compare well with 
experimental r e s u l t s  (19). The model a1 so predic ts  a percolation threshold 
i n  e l e c t r i c a l  conductivity (20) which agrees well w i t h  experiment (16) .  The 
radioactive t r ace r  d i f fus ion  and NMR data of Lindman (21) a l so  indicate  t h a t  
some microemulsions a r e  continuous i n  both o i l  and water. 

We report  here an experimental invest igat ion of microemulsion microstruc- 
t u r e  using ch ie f ly  small-angle X-ray sca t te r ing  (SAXS) techniques. We have 
examined d i  1 ute m i  croemul si ons f o r  w h i  ch swo11 en m i  c e l l  e o r  drop1 e t  model s 
a r e  generally accepted, and we have a l so  studied concentrated microemulsions 
where our data allow us t o  evaluate c r i t i k a l l y  both bicontinuous models and 
"droplet" models of the  microstructure of microemulsions. 

Experimental Materials 

The  commerci.al su r fac tan t  mixture TRS 10-80 was used a s  received from 
the  Witco Chemical Company. Analysis of a s imilar  batch (22) showed i t  t o  
be 79.7 w t .  % sulfonate ,  9.2 w t .  % water and 11.0 w t .  % o i l  with < 0.1 w t .  % 
s a l t .  The surfactant  molecular weight i s  approximately 420. The t e r t i a r y  
amyl alcohol (tAA) and n-octane were reagent grade Aldrich and P h i  1 l i p s  pro- 
ducts respectively.  All brine solut ions  were made w i t h  dr ied,  reagent grade 
NaCl (Fisher Sc i en t i f i c )  and water drawn through a four-stage Mil 1 ipore car-  
t r idge  system. The brine s a l i n i t i e s  a re  given as g NaC1/100 cm3 solut ion.  
Samples w i t h  s a l i n i t i e s  a t  o r  below 1.8 were prepared by mixing equal volumes 
of brine and surfactant-alcohol-oil  stock solut ion containing 0.40 g TRS 10-80, 



0.20 g t A A  and 10 ml n-octane. Microemulsions a t  s a l i n i t i e s  greater than 
1.8 were prepared a t  a l a t e r  date using nominally the same recipe. Any var- 
iation is  due to  differences between supposedly identical commercial surfac- 
tant  samples. A l l  samples were sealed in e i ther  ampules or  glass pipets,  
rocked gently a t  25°C f o r  :at l e a s t  24 hours, and then a l l  owed to s e t t l e  in a 
water bath a t  25" ( fo r  one week or until  there were no fur ther  changes i n  the 
volumes or visual appearance of the phases). 

Experimental' Equipment: Small-Angl e 'X-ray Scattering (SAXS) 

Small-angle x-ray scattering patterns were obtained w i t h  a Kratky cam- 
era modified w i t h  an extended f l i g h t  path to  incorporate a TEC Model 210 po- 
s i t ion  sensit ive x-ray detector '(23). The x-r y source was a fixed-target 
Siemens Model FK60-20 copper x-ray tube (1.54 1 wavelength) operated a t  400 
watts with a nickel f i l t e r .  Approximately 0.2 m1 of the microemulsion phase 
was slowly drawn in t .0  a syringe through a 22-gauge needle and then injected 
into a 1.0 mm diameter glass capillary tube. The sample was maintained a t  
25"C, and the camera, was evacuated to  reduce the background scat ter ing.  The 
x-ray patterns were usually obtained in 3 hours with less  than 1% counting 
error  for  the smallest angles, The scattering from an empty capi l lary was 
subtracted from the data a f t e r  correction for  absorption and detector sensi- 
t i v i ty .  The camera was aligned so that  the approximation of an in f in i t e  col- 
limation s l i t  was valid,  and the collimation ef fec t  was removed by the method 
of Schmidt (24). Only relat ive scattering in tens i t ies  were obtained; these 

' are reported as a function of the magnitude of the scattering vector 

.. where 29 i s  the angle between the incident and scattered radiation and X i s  
the x-ray wavelength. '. 

::: Experimental Equipment: ' Viscosity 

The viscosity of each microemulsion phase was measured u s i n g  the m u l t i -  
phase roll ing ball viscorneter (16,25) i n  which a 1 mrn diameter s ta in less  s teel  
ball (1/6 of pipet diameter) ro l l s  through the l iquid phase of in te res t .  The 
time i t  takes t h e  ball t o  traverse a fixed distance -is 111easured electronica'lly 
and is related to  l iquid viscosity by calibration w i t h  Newtonian o i l s  of known 
viscosity. All reported viscosi t ies  are the average of a t  l e a s t  f ive  measure- 
men t s  . 
Exper'irnen'tal EquPpment: Electrical Condlicti v i  ty 

The ' lectrical  conductivity was measured a t  25°C i n  a 3 cmvones-type 
conductivity ce l l  connected to  a Brinkman E518 d i rec t  indicating conductometer 
operating a t  1000 Hz. Samples were transferred to  the conductivity cel l  a t  
approximately 0.2 cmvsec through a 13-gauge need1 e .  The conductivity was re- 
corded a f t e r  i t  remained constant for  a t  l eas t  4 nlinutes. 

Experimental Equipment: Interfacial  Tension 

The spinning drop method was used t o  measure interfacial  tensions be- 
tween the preequilibrated microemulsion phase and the excess o i l  or brine 

(17) 



phase (26,27). Samples were equilibrated and loaded into the tensiometer in 
an a i r  box a t  25°C to help prevent phase separation. Densities were'measured 
with a  Mettler/Paar DMA40 dig i ta l  density meter a n d  refractive indices with 
a  Bausch and Lomb refractometer. 

Experimental Equipment: Compositional. Analysis . . . . 

Water, alcohol and octane concentrations were measured by gas chromato- 
graphy ( G C )  on a  Porapak-P column operated a t  170°C in a  Hewlett-Packard model 
5730A chromatograph equipped with a  Hewlett-Packard 1110del 3390A integrator.  
Surfactant concentrations were measured by two-phase hyamine t i t r a t i o n  (28) .  

Scattering "I'heory 

. . . . ,111 the absence of mu1 t lp l e  scdl ; ter i .n( j ,  !:.lie intensity of x-rays scattered 
from an .isotropic sample in a  SAXS expe,rinlent i s  ( 2 9 )  . 

< .  

where I ( h )  i s  the intensi ty  of scattering by a sinvle electron, VS i s  the a s c a t t e r ~ n g  volume, <(bp) '>  Is  Lt~e I I I ~ ~ I I  square average of thc electron density 
fluctuations and y ( r )  i s  the electron density correlation function defined as 

.If the x-rays are scattered from electron d.ensity variations generated 
by d i s t inc t  monodispersed par t ic les ,  E q .  (1)  can be rearranged t o  . 

where fi i s  the number of par t ic les  in the scattering volume, V i s  the par t ic le  
volume, and p-p0 i s  the difference in electron density betweenPthe part ic le  
and  the solvent. The s t ructure factor S(h,n) i s  given by (29) 

where n i s  the number density and g ( r )  i s  the radial distribution function for  
the par t ic les .  P ( h )  i s  the par t ic le  form factor ,  which for  a  homogeneous sphere 
of radius R i s  

Regardless of whether E q .  (1)  o r  (3)  i s  used to describe the scattered 
intensi ty ,  we can obtain a  length scale called the apparent radius of gyration 
R defined via the expansion 

g a  



where I ' (o)  i s  the in tens i ty  a t  zero angle.  Both I ( 0 )  and R depend on mi- 
croemulsion composition. We have found the measured valuesg8f both R and 
I ( 0 )  t o  be sens i t ive  t o  small random e r ro r s  introduced in the scat ter$gg curve 
by the desmearing process. More accurate and reproducible values can be ob- 
.tained by f i r s t  f i t t i n g  the uncorrected data t o  

(where the t i  1 de indicates  a quanti ty before coll  imation correct ion)  and then 
employing the r e su l t s  r e l a t i ng  R and I ( 0 )  t o  R and i ( 0 )  derived by Luzzati.  

ga ga 
Another important.SAXS quanti ty i s  the mean square e lec t ron density f luc-  

tuation < ( 6 p ) 2 > ,  a l so  cal led  the invar ian t ,  given by (29) 

< ( 6 p ) 2 >  = 47r2 I ( h )  h2dh = 27r2 I ( h )  hdh . I 
0 

I - 
0 

The invar iant  i s  calculated from the data before collimation correct ion;  E q .  
( 7 )  i s  used t o  ext rapola te  the data t o  h = 0. The extrapolat ion of the data 
t o  i n f i n i t e  h i s  more de l i c a t e  because the standard assumptions (29) leading 
t o  the common r e s u l t  (Porod's  law) t h a t  i ( h )  varies as h - 3  f o r  large  h a re  not 
in  general valid f o r  microemulsions. Instead,  when the microemulsion cons i s t s  

' of o i l - r i ch  and water-rich domains, we have found t ha t  an adequate approxima- 
t ion (31) f o r  use i n  E q .  ( 8 )  i s  simply 

where A i s , a  constant proportional t o  the spec i f i c  surface between o i l - r i ch  
and water-rich domains and Ib  i s  a  background in tens i ty  a r i s ing  from in t e r -  
molecular inhomogeneities in the water-rich and o i l - r i ch  domains. I b  i s  sub- 
t r ac ted  from the data before the invar iant  i s  ca lcula ted.  

I ( 0 )  i s  i n  general proportional t o  the isothermal compressibil i ty of 
the sca t t e r ing  sample. For the special  case of monodisperse p a r t i c l e s ,  E q .  
( 3 )  appl i e s  and reduces t o  

where xT i s  the osmotic compressibil i ty,  i  . e .  



and Il i s  t he  osmot i c  p ressure .  No rma l i za t i on  o f  I ( 0 )  w i t h  t h e  i n v a r i a n t  e l i m i -  
na tes  t h e  e l e c t r o n i c  d e n s i t y  dependence and y i e l d s  

where @ i s  t h e  volume f r a c t i o n  o f  p a r t i c l e s .  
P  

Resu l t s :  Thermodvnamic and T r a n s ~ o r t  P r o ~ e r t i e s  

The changes i n  t h e  r e l a t i v e  volumes o f  microemuls ion and excess phases 
( F i g .  1) as the h r i n e  sa1 in i t . y  v a r i e s  a r e  s i m i l a r  t o  those r e p o r t e d  by o t h e r s  ( 4 ) .  
I n  p a r t i c u l a r ,  t h e  microemuls ion changes from a  w a t e r - r i c h  lower  phase a t  low 
s a l i n i t y  t o  an i n t e r m e d i a t e  d e n s i t y  middle-phase and then  t o  an o i l - r i c h  upper 
phase as s a l i n i t y  inc reases .  We denote t h i s  phase pro,gression as (32)  2,3,2, 
where t h e  numbers g l v e  the rluinbel- o f  equ i  1  i b r i u m  phases and t . h ~  b a r  i n d i c a t e s  
whether  t h e  m ic roemuls ion  i s  t h e  lower  ( 2 )  o r  upper (7) phase i n  t h e  two-phase 
samples. Here, i n  three-phase samples tFe  microemuls ion phase i s  always i n -  
t .ermediate i n  d e n s i t y  and i s  t he re fo re  t h e  n i idd le  phase. 

SALINITY 

F i g u r e  1. R e l a t i v e  volumes o f  microemuls ions and excess wate r  o r  o i l  phases 
as a f u n c t i o n  o f  s a l i n i t y .  The s o l i d  l i n e s  a re  leas t -squares  f i t s  t o  t h e  
t h e o r e t i c a l  equa t ions  o f  r e f .  33,. 

The GC r e s u l t s  ( F i g .  2 )  show i n  d e t a i l  t h e  s h i f t  f rom w a t e r - r i c h  t o  o i l -  
r i c h  m ic roemuls ion  as s a l i n i t y  inc reases .  The smal l  d i f f e r e n c e s  i n  o i l  and 
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water composition between samples prepared from different  surfactant-alcohol- 
o i l  stock so12utions a t  1.8 sa l in i ty  (Fig. 2A) probably resul t  from differences 
in composition between the supposedly indentical samples of TRS 10-80. The 
GC resul ts  also show (Fig. 2B) t h a t  about 1.0 w t .  % t A A  i s  present in the mi- 
croemulsion phase a t  a l l  b u t  the lowest s a l i n i t i e s .  Hyamine t i t r a t i o n  indi- 
cates that  negligible surfactant i s  solubilized i n  any of the non-microemul- 
sion phases. Combining these resul ts  with the phase volume observations (Fig. 
1) indicates that  the amount of surfactant and alcohol in the microemulsion 
phase never varies by more that  30% over the en t i re  sa l in i ty  range and by 
less  than 5% above approximately 1.4 sa l in i ty .  

0 Water, Se r ies  1 
0 Octane,  Ser ies  1 

- 0 a Water ,  Se r ies  2 - 
Octane,  Ser ies  2 - 

I 
I 

I I I I I 

S A L I  N ITY 

S A L I N I T Y  
Figure 2 .  a )  W t .  % of water and octane in the nicroemulsion phase and b) w t .  
% tert-amyl alcohol in the rr~icroemulsion phase as a function of sa l in i ty .  

The interfacial  tensions between the microemulsion phase and the excess 
o i l  or water phase are presented in Figure 3. Because of the tendency of the 
microemulsion phases taken from the three-phase samples to  phase separate in 
the tcnsiometer due to  uncorltr.ul lable small temperature fluctuations ( l e s s  
than + O.Ol°C), i t  was n o t  possible to  take reproducible data in the three- 
phase regi on. 

The viscosi t ies  (Fig. 4) and e lec t r ica l  conductivities (Fig. 5) are 'qui  t e  
similar t o  those reported previously (16) for  a variety of microemulsion sys- 
tems. In par t icular ,  as the sa l in i ty  increases, the viscosity (Fig. 4) goes 
through a sharp maximum, a local minimum and a second maximum. As noted ear- 
l i e r  (16) the two maxima do not  correlate  with the 2,3 and 3 , 5  phase t ransi-  
t ions.  A t  high s a l i n i t i e s ,  the microemul sion vi scoFi ty approaches , t h a t  of the 
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F i g u r e  3.  I n t e r f a c i a l  t e n s i o n  v a r i a t i o n  w i t h  s a l  i n i  ty. The so l  jci ' l i nes  a re  
l e a s t  s q u a r e s - f i t s  t o  t h e  t h e o r e t i c a l  equa t ions  o f  r e f .  5 .  

s u r f a c t a n t - a l c o h o l - o i l  s tock  s o l u t i o n . '  

The r a t i o  of t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  these mic roe~nu ls ions  t o  t h a t  
o f  t h e  b r i n e  used t o  make t h e  sample inc reases  f r om l e s s  than 0.0007 t o  0.9 
as t h e  s a l i n i t y  decreases and t h e  volume f r a c t i o n  o f  b r i n e  inc reases .  T h i s  
r a t i o  i s  p l o t t e d  i n  F i g u r e  5 as a  f u n c t i o n  o f  t h e  volunie f r a c t i o n  b r i n e  i n  
t h e  microemuls ion.  The da ta  p o i n t s  a re  f rom microemuls ions made from the  
o r i g i n a l  s u r f a c t a n t - a l c o h o l - o i l  s tock  as w e l l  as f rom microemuls ions made 
w i t h  t h e  same r e c i p e  b u t  w i t h  commercia'l s u r f a c t a n t  s tocks  t h a t  may d i f f e r  
s l i g h t l y .  

Small -Angle X-ray S c a t t e r i n g  (SAXS) 

A t y p i c a l *  m i  croemul s i  on s c a t t e r i n g  p a t t e r n  a f t e r  c o r r e c t i o r l  f o r  t h e  c o l -  
l i m a t i o n  e f f e c t  (desmearing) i s  shown i n  F i gu re  6. A l l  o f  t h e  s c a t t e r i n g  curves 
decay mono ton i ca l l y  w i t h  i n c r e a s i n g  ang le .  No secondary s r a t t e r i n g  maxima were 

(22 1 



Figure  4.. ~icroemul sion visc0s.i t y  a s  a function. ,of s a l in i ty  . 

I l l  

0.5 1 .O 2.0 . 
SALINITY 

Figure 5'. Normalized microemul sion phase electr ical  conductivity as a func- 
ti.on o f  - volume fraction brine.' T.he 'solid 1 ine i s  the Voronoi model predic- 
ti on .' 



ever observed i n  these samples. 

The plot  of Xn ? vs. h 2  used t o  determine 6 from the data of Figure 
6 i s  shown in Figure 7 ,  and the var ia t ion of R 8?.l;t1 s a l i n i t y  and octane 
volume f rac t ion  i s  shown in  Figures 8A and 8 ~ . ~ ~ ~ h e  e r r o r  bars a re  estimated 
from dupl ica te  runs of ident ica l  samples; the R g a  calculated from repeated 
runs of the same sample a r e  reproducible w i th in . t he  s i z e  of the data point.  
A s t r i k i n g  fea tu re  in Figure 8  i s  t ha t  the R re~liains nea'rly constant over 
a  large  range of o/w r a t i o s  and, in particu18P, the Rq does not change as the 
2,3 and 3.2 phase boundaries a re  crossed. The value O F  R f o r  the surfac- - 
tant-alcohol-octane stock solution sample i s  22 + 3 a .  ga 

As s ta ted  above, the  Porod region ( h  > 0.12 a- ' )  of a l l  of these micro- 
rlmlrlsions i s  adequately represented by E q .  ( 9 )  (Fig .  9 ) .  We note,  however, 
t h a t  the  sca t t e r ing  i n t e n s i t i e s  are  low in Lt~is region and thus a re  q1.1it.e sen- 
s i t i v e  t o  any e r ro r s  made in the subtraction of background s ca t t e r i ng .  This 
problem i s  pa r t i cu l a r l y  acute f o r  microemulsions containing substant ia l  
amounts of o i l  and water because of the di f f icul  ty  of defining a  "solvent" 
phase, the s ca t t e r i ng  of which should be subtracted from the  microemulsion 
s ca t t e r i ng .  For a l l  of the  microemulsions in t h i s  study, only the sca t t e r ing  
from an empty s ca t t e r i ng  ce l l  i s  subtracted from the microemulsion scatterir lg 
curve. 

. The var ia t ion of 1 ( 0 ) / < ( 6 ~ ) ~ >  with octane voqurne f rac t ion  i s  shown in 
Figure 10. The maximum values of 1 ( 0 ) / < ( 6 ~ ) ~ >  a re  f o r  samples with the 
l a rge s t  R . 

.I) d 

Discussion: Thermodynamic'and .- Transport Propert ies 

Fleming and V i n s t i ~ r i  (5.33) and others  (6,34) have recently proposed 
theor ies  1  inking several physical proper t ies  of mi croeinul siurl, i r 1 ~ 1  uding the 
ul tralow tensions of microernul sions with o i l  - r ich  and water-rich phases, t o  
the nearness of c r i t i c a l  endpoints. The so l id  l i n e s  in Figures 1  and 3 are  
least-squares f i t s  of Fleming and Vinatieri  ' s  (33) theoret ica l  equations fo r  
a  near -c r i t i ca l  microemulsion model t o  our phase volume and i n t e r f ac i a l  ten- 
sion data .  The qua l i t y  of the f i t s  and the ultralow in t e r f ac i a l  tensions mea- 
sured indicate  t ha t  t h i s  microemulsion system conforms t o  the "near -c r i t i ca l "  
concept. 

Macroscopic t ranspor t  proper t ies  of microemulsion such as v iscosi ty  and 
e l ec t r i c a l  conductivi ty must be re la ted  t o  the microstructure of the microe- 
mulsion. Bennett e t  a l .  (16) have exarr~ined the viscosi ty  and e l e c t r i c a l  con- 
duc t iv i ty  of several microemulsion formulations, including one nominally iden- 
t i c a l  t o  the system s tud ies  here (any di f ferences  a re  due to  var ia t ions  in the 
composition of the commercial su r f ac t an t ) .  Their r e su l t s  in almost a l l  cases 
a r e  qua l i t a t i ve ly  s imi la r  t o  ours (Figs .  4  and 5 ) .  In pa r t i cu l a r ,  the normal- 
ized e l ec t r i c a l  conductivi ty ( K  = K / K  . ) remains nearly zero ( K  < 0.007) 
up t o  a  brine volume f rac t ion  (aB)  ofB6&?6een 0.15 and 0 2 0 ,  above which i t  
increases rapidly w i t h  increasing $B. This behavior accords with a  percola- 



Figure 6 .  Scattrrina data from 3.7 s a l in i ty  microemulsion. The sol id curve 
i s  the scattering calculated for  a  sphere (radius R S )  with the same R as the 
mi croemu 1 s i  on.  9 
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Figure 7. Guinier plot of the data shown in Figure 6 .  
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Figure 8. Variation of the apparent radius of gyration w i t h  ( A )  s a l i n i t y  and 
(B )  octane volume f rac t ion .  
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Figure 9. ~ o r o d  p l o t f o r  3.7 i a l i h i t y .  The s o l i d  l i n e  i s  a leas t -squares  
f i t  of t h e  data t o  E q .  ( 9 ) .  

Ffgure 10. Variat ion of 1 ( O ) / < ( b ~ ) ~ >  w i t h  octane volume f r a c t i o n .  ' 
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t i v e  mechanism and has been interpreted (16,22) as evidence for  a smooth 
t rans i t ion  from an oil-continuous, brine-discontinuous structure to  a bicon- 
tinuous one in which both o i l  and brine span the sample. This argument can 
be made more quant i ta t ive by means of the e lec t r ica l  conductivities calcu- 
lated (20) from a Voronoi model of a microemulsion as a random intersper- 
sion of brine-rich and o i l - r ich  domains. The data f a l l  near the predictions 
from tha t  model (sol id  l i ne  i n  Fig. 5 ) .  

An important observation i n  support of the idea tha t  continuous water- 
rich domains are  present i n  the microemulsion a t  a l l  @ above approximately 
0.15 i s  tha t  the conductivity does not re f lec t  the vis@osity undulations 
(Fig. 4 ) .  Because the e lec t r ica l  conductivity depends on the local visco- 
s i t y  around the charge car r ie rs  as well as the tortuosity of the conducting 
path (16), the smooth and monotonic increase of K with $ i r t  Figure 5 indi- 
cates t h a t  charqe car r ie rs  nlove through water-1 i kc chann8ls , the viscosity 
of which is  re la t ive ly  unaffected by the local morpholoyy u f  the intersper- 
sion. This behavior i s  consistent with a bicontinuous model in which sample- 
spanning water channels a re  available i n  a l l  microemulsions with OB greater 
than approximately 0.15. 

Small-Angle X-Ray Scattering (SAXS) 

A1 1 small -angle scat ter ing  measurement.^ of microemulsions reported i n  
the 1 i terature  have heretofore been interpreted with the aid of E q .  ( 3 ) ,  which 
applies s t r i c t l y  only to  systems comprised of monodisperse spheroidal struc- 
tures  i n  a continuous phase. As demonstrated below th i s  model of microemul- 
sion as monodispersed "droplets" or swollen micelles i s  d i f f i c u l t  t o  recon- 
c i l e  w i t h  the SAXS data over the en t i re  composition region. A t  the extremes 
of the sa l in i ty  scan, however, the swollen micelle and inverted micelle pic- 
tures  appear to  be consistent w i t h  the data. We begin w i t h  the d i lu te  water- 
in-oil microemul sions. 

Adding surfactant to  an apolar solvent often produces an equilibrium 
solution of inverted micelles (8) .  Subsequent addition of water leads to  an 
increase i n  micellar s i ze  as water i s  solubilized i n  the cores of the inverted 
micelles. We suspect a similar aggregation process occurs in the commercial- 
surfactant-a1 coho1 -octane solution, w i t h  both water from the surfactant mix- 
ture  and alcohol be'ng solubilized in the in te r ior  of inverted micelles. The 
measured R of 22 A of t h i s  solution confirms the presence of small aggre- 
gates-prk!!hnably swollen inverted mice1 1 es.  The addition of brine to  the 
surfactant-alcohol-o;ctane mixture produces a large increase in the apparent 
radius of gyration, R , which continues to increase w i t h  increasing brine 
volume fract ion (decre$sing octane volume fraction: see Fig. 8 ) .  Calcula- 

- t i on  of a micelle s ize  or  shape from the radius of gyration i s  not s t raight-  
forward, however, because R depends on both the dimensions of the micelle 
and the dis t r ibut ion of electron density within i t .  Nonetheless, we can es- 
timate the swollen micelle or droplet dimensions as follows. 

W i t h  the usual assumptions of monodispersity and negligible interparki- 
c l e  scattering (S(h,n) = 1 i n  E q .  ( 3 ) ) ,  R i s  related to the electron density 
dis t r ibut ion p ( r )  in a spherical structura of outer radius RM by the equa- 
t ion (29) 



where p, i s  the electronic density of the solvent. The variation of electronic 
density with position i s  shown schematically in Figure l l B .  The electron den- 
s i t y  of the surfactant t a i l s  can only be estimated because TRS 10-80 i s  not a 
pure surfactant.  However, because the electron density of straight-chain hy- 
drocarbon homologs varies l i t t l e  with chain length, the difference in electron 
density between the surfactant t a i l s  and octane ( p  . = 0.407 mole e-/cm3) i s  
small compared to  the electron density difference ~ l tween  octane and the core 
materials ( p  = 0.556 mole e-/cm3, ' ~ 8 -  = 1.44 mole e-/cm3 ( r e f .  35),  
p = 0.402~fl&P6 e-/cm3). We can there re neglect the contribution of the 
sSB9actant t a i l s  i n  Eq. (11).  If  we also assume that  the polar core radius 
Rc i s  much greater than the thickness of the regions of high electron density 
near the head groups (Fig. l l ) ,  then R very nearly measures the radius of 
gyration of the polar cores. E q .  ( 11 )~ then  reduces to  

(12) 

S U R F A C T A N T  - A L C O H O L  

Figure 11. A )  Schematic of a swollen inverted micclle. B )  Vai.iatlon o f  elec- 
L;r-onlc density with position (arbi t rary scales) .  



Analysis of the behavior of R with changes' in $ i s  complicated because 
a  change i n  composition can change !he number, shape afid s ize of the microemul- 
sion "droplets". For purposes of modeling the microemulsion as an equilibrium 
dispersion of swollen micelles, we assume here that  a l l  of the surfactant and 
alcohol (volume fract ion $SA) i s  a t  the oil-water interface and that  a l l  of 
the brine (volume fract ion $ ) i s  solubilized in the micelle cores, The vol- 
ume fract ion of the swollen kicel l e s ,  m D ,  i s  then 4, + $SA. 

Experimental constraints on changes in the droplet population in th i s  
system are that  the total  amount of interfacial  material (surfactant and alco- 
hol) remains the same in the microemulsion phase and that  the total  volume of 
tha t  phase remains approximately constant (Fig. 1)  as i t s  composition changes. 
These constraints imply obvious geometric relationships between the core radius 
and the core volume fract ion 4,. These relationships,  together with the assump- 
t ion of monodisperse spherical droplets; lead to 

Here m i s  a  constant that  depends on the area ot t h e  surfdcld~i t  head group, 
b u t  i s  d i f f i c u l t  to estimate without knowledge of the composition of the sur- 
factant-rich fi lm between the oi l - r ich and water-rich domains and thus i s  
l e f t  as an adjustable parameter. This equation and Eq. (12) predict the ob- 
served 1 ifledr' dependence of R on vnl~lmc! fraction in the most d i lu te  cases, 
b u t  f a i l  a t  $D above about 0.93 (Fig. 12). This fa i lure  i s  likely due Lo 
in te rpar t ic le  scat ter ing.  

Accurate representation of the in te rpar t ic le  scattering ef fec t  depends 
on the correct choice of the radial dis t r ibut ion function in E q .  ( 4 ) .  In 
t h i s  model of di lu te  microemulsion microstructure as inverted water-fil led 
swollen mice1 l e s  in an o i l  continuum, e lec t r ica l  repulsions are probably 
negligible in comparison w i t h  hard sphere repulsions, and so a serni-empiri- 
cal extension of the palr  couortlatian functions derived for  hard sphere 
f lu ids  may be useful. Cebula e t  a1 , (11) have demonstrated the uti 1  i ty of 
such a  model in correlating the resul ts  of small-an l e  neutron scattering 
experiments from microemulsion. Agterof e t  a l .  (10 7 and others ( 9 )  have 
shown tha t  the addition of a  van der Waals-type a t t rac t ive  term to the osmo- 
t i c  compressibility predicted by a  hard-sphere model leads to a good f i t  of 
the microemul sion compressibil i  ty as measured with 1 ight scattering (see dis- 
cussion below). We f i r s t  t r e a t  the e f fec t  of hard-sphere repulsions alone. 

The apparent radius of gyration R can be conveniently calculated for  
hard spheres w i t h  the Percus-Yevick ( ~ ~ q ~ a ~ ~ r o x i m a t i  on. Rearranging the Orn- 
stein-Zernicke equation (36) yields 

where C(h,R ) is  the Fourier transform of the d i rec t  correlation function 
and RHS i s  !fie hard-sphere radius. In the PY approximation (37,38) 



w i t h  the  va r iab les  a, 6, and y def ined as 

a ' ( 1  + 2@Hs)2/(1 - '4HS)4 

8 -6@Hs(1 + / - @HS)4 

Y ( 1  + 2(Hs)2/(1 - @HS)4 

where OHS i s  the  volume f r a c t i o n  of hard-spheres, i .e .  

A f t e r  combining Eqs. (14) and (15) w i t h  the  form fac to r  f o r  a  spher ica l  swol len 
m i c e l l e  o f  rad ius  RD (Eq. 5), expanding Eq. (3)  about t he  s c a t t e r i n g  vec tor  
h  = 0  y i e l d s  

The d r o p l e t  rad ius  (F ig.  11) i s  t he '  sum o f  the  core rad ius  and the  sur- 
f a c t a n t  t a i l  l eng th  t. Thus, w i t h  our  prev ious approximation f o r  R, (Eq. (13) )  
we have 

De f in ing  

a l lows Eq. (16) t o  be more compactly w r i t t e n  as 

where m, t, and, E are parameters. We can independently est imate the  hydrocar- 
bon t a i l  l e n  t h  from the  molecular  s t r u c t u r e  of the  s u r f a c t a n t  t o  be o f  t he  W order  of 10 ; thus o n l y  m and E need t o  be f i t  t o  data. A non l inear  l e a s t -  
squares f i t  o f  Eq. (16) t o  t he  data below @ = 0.23 i s  shown by the  dashed 
l i n e  i n  F ig.  12 f o r  t f i xed  a t  10 1. ~owev@r,  n e i t h e r  t he  f i t  values o f  m = 
4100 o r  E = 0.88 nor  the  q u a l i t y  o f  the  fit are  s e n s i t i v e  t o  values o f  t. 
chosen bet.ween 5 and 20 a.  



The i n i t i a l  r i s e  of R with @ and the subsequent f a l l  beyond $D-O. 15 
are  qual i ta t ively p r e d i c t e d g t ~ i g .  127 by the P Y  approximation, b u t  the pre- . ' 

dicted R continues to  decrease as @ increases beyond 0.20 in disagreement 
w i t h  exp$Biment. Also, the scat ter in8 curve calculated fo r  the PY hard-sphere 
model (Eqs. (3,5,14)) f i t s  poorly the data for  O D  = 0.17 (Fig. 13) except a t  
the smallest angles. Agreement for  the smallest angles i s  of course expected 
since R was determined' by f i t t i n g  theory to  experiment in th i s  range.. Our 
resul tsg%!hus indicate clear ly tha t  the PY hard-sphere model i s  inadequate to  
describe the scat ter ing from these microemulsions a t  higher volume fract ions;  
this implies e i ther  tha t  a t t rac t ive  forces between "droplets" are important 
a t  these volume fract ions or tha t  the concept of d-istinct microemulsion 
droplets i s  no longer v a l i K  We note that  the theory of .scat ter ing from in- 
teracting polydisperse spheres . (39 ) ,  shows tha t  various dis t r ibut ions of ': 

"droplet" s izes  could perhaps account for  the experimental scattering curve 
i n  Fig. 13, but there a re  a t  present no physical grounds for  selecting a dis- 
tri bution. 

Dashed 
f i t  of 
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Figure  13. Experimental ' s c a t t e r i n g  curve f o r  9 = -0.17 ( p o i n t s )  w l  t h  the 
s c a t t e r i n g  curves p red i c t ed  f r o m t h e  PY model ( g o l i d  curve)  and from a sphere 
o f  t h e  same apparen t  R 

9 ' 

Before t r e a t i n g  t h e  e f f e c t  o f  a t t r a c t i v e  i n t e r a c t i o n s  on the R model, 
we f i n d  i t  useful t o  examine t h e  v a r i a t i o n  o f  I ( 0 ) / < ( 6 p ) 2 >  w i t h  comp8ti t ion.  
E q .  (10) i n d i c a t e s  t h a t  1 ( 0 ) / < ( 6 ~ ) ~ >  depends on both V and 9 . We make the 
same approximation here a s  above, namely t h a t  the micr8emulsiln c o n s i s t s  of  
"d rop le t s "  t h a t  a r e  s p h e r i c a l  and thus  V = 4/3n(rnRc + t )  '. The most accu- 
r a t e  r e p r e s e n t a t i o n  of  hard-sphere osmotyc p re s su re  i s  (40)  t h e  combination 
o f  the P Y hard-r  he re  compressibril  i ty  and v i r i a l  p r e s su re  given by Carnahan 
and S t a r l i n g  (41r:  



Unfortunately, x calculated from t h i s  equation of s t a t e  when combined with 
the  assumed V cinnot p red ic t  t h e  course of the  data i n  Figure 10. However, 
a s  mentioned gbove, Agterof e t  a l .  (10) have shown t h a t  the addition of an 
a t t r a c t i v e  term t o  the  osmotic pressure permits a quan t i t a t ive  f i t .  

In t h e i r  theory, a van der Waal s-1 i ke correction t o  nHS is  introduced 
via 

where the a t t r a c t i v e  port ion of the osmotic pressure TIA can be semiempirically 
modelled as  

B i n  p r inc ip le  can be estimated from the weak in te rac t ion  approximation, 

where U ( r )  i s  the  a t t r a c t i v e  portion of the in teract ion potential  between the  
"drople ts" .  B u t  because knowledge about UA(r) i s  lacking, the  only option a t  
present i s  t o  determine B empirically. 

W i t h  the  a t t r a c t i v e  in teract ion approximation, E q .  (10) y i e ld s  (10) 

A least-squares f i t  of the  data up t o  $ = 0.5 of I ( 0 ) / < ( 8 p ) 2 > ,  ($I ; m,~ ,B , t )  
w i t h  t again f ixed a t  10 1 i s  shown in  ?igure 14; the f i t t e d  paraMeters are  
m = 793, B = 20.87 and E = 1.00. The values of B and E are  i n  the range of 
those reported by Cazabat e t  a l .  ( 9 )  f o r  d i , f f e r en t  microemulsion systems ex- 
amined w i t h  s t a t i c  1 igh t  sca t te r ing  techniques. 

Although the model f i t s  the  data qu i te  well ,  the  or igin  of the  a t t r ac -  
t i v e  portion of t he  drople t  in te rac t ion  i s  not well understood. One possible 
source of a t t r a c t i o n  i s  van der Waals in teract ions  between aqueous drople t  
cores (10). W i t h  this model, t he  magnitude of B (Eq. (17))  i s  d i rect ly ,  pro- 
port ional  t o  the  Hamaker constant AH. Unfortunately, there a r e  no estimates 
ava i lab le  f o r  the  value of AH in t h i s  model. Nonetheless, as noted ea r l  i e r  
(9,10), AH calcula ted from the  f i t t e d  value of B i s  over 100 times l a rger  than 
the  value calcula ted from Lifshi t z  theory f o r  polystyrene spheres in teract ing 
through heptane (42).  

The contribution of a t t r a c t i v e  in te rac t ions  t o  the  apparent radius'  of 
gyration i s  d i f f i c u l t  t o  evaluate because a complete model of the radial  dis-  



Figure 14. I ( O ) / < ( ~ P ) ~ >  vs.  4 f o r .  4 l e s s  than 0.5.  The s o l i d  curve is a 
l ea s t - squa res  f i t  o f  t h e  da t a  ?o Eq. y18). 

. . 

t r i b u t i o n  func t ion  is  lacking .  The e f f e c t  can be e s t ima ted ,  however. From 
t h e  Taylor  s e r i e s  expansion of  Eq. ( 3 )  about  h  = 0 ,  

  ere S(0 ,n)  = nkT x . SU(O,n) i s  r e l a t e d  t o  t h e  d i r e c t  c o r r e l a t i o n  func t ion  
C( r )  through Eq. ( I$) ,  and i t  fol lows t h a t  

whet-;' C, = 4 n ~ ~ ~ ( r ) r ' d r . .  1f t h e  a t t r a c t i v e  i n t e r a c t i o n <  a r e  again approxi- 
n 

niated a s  van d e r  Waal s - type  c o r r e c t i o n s  t o  hard-sphere i n t e r a c t i o n s  , C, i s  
t h e  sum of two . terms : 



The f i r s t  term can be gotten from the  PY hard-sphere model (Eq. 15) and the 
second from the  weak in te rac t ion  approximation of the long-range a t t r a c t i v e  
forces ,  viz.  

W i t h  U ( r )  = A/rm, B (Eq. 17) can be evaluated i n  terms of A and combined with 
E q .  (2d) to  y i e ld  

v is an addit ional  parameter. Then 

which, when combined with Cqs. (10) and (18) I n  Eq. (19), ylelds  R (+ ;III, 
~ , B , t ? v ) .  W i t h  the  values of m ,  B arid E f i t  t o  the  1 ( 0 ) / < ( 6 p ) ~ >  d@a, !his 
equation cannot account even qua l i t a t i ve ly  fo r  the form of the observed R 
data .  A least-squares f i t  of the equation t o  the  data (v  = 4.8) i s  showngas 
the  so l id  l i n e  in  Figure 12-a r e s u l t  no c loser  t o  predicting the R 'behav- 
i o r  above mD - 0.2 than the  or iginal  PY hard-sphere model. g a 

In summary, i t  appears t ha t  though a model of in teract ing hard spheres 
can be made t o  adequately model microemulsion compressibil i ty by adjusting 
the  parameter B ,  t he  magnitude of B necessary t o  f i t  the  data corresponds t o  
a surpr i s ing ly  l a rge  value of the Hamaker constant. The same theory i s  un- 
ab le  t o  account f o r  the  var ia t ion of R w i t h  composition (Fig.  12) ,  and does 
not predic t  the  form of the  s c a t t e r i  nggeurve. 

Alternative microemulsion morphologies a re  the  bicontinuous s t ruc tures  
proposed fo r  intermediate volume f rac t ions  of o i l  and water i n  the  microemul- 
s ions .  Voronoi t e s s e l l  a t ions  have been used t o  qua1 i t a t i  vely model random 
interspers ions  of o i l - r i ch  and water-rich domains. The sca t te r ing  curves 
calculated f o r  the Voronoi t e s se l l  a t ion model of bicontinuous microemul sions 
(19) dep.end only on the  t e s se l l a t i on  parameter c ( t he  number of generating 
points per un i t  volume) which i s  i t s e l f  a function of microemulsion composi- 
t ion  and temperature. The model predic ts  t ha t  the apparent radius of gyration 
var ies  a s  

There i s  as y e t  no comprehensive theory f o r  the  composition dependence of c ,  
ard so the dependence of R and I (0 ) /<(6p)2> on composition cannot presently 
be quan t i t a t ive ly  model 1 ed?a We can compare the  en t i  r e  sca t te r ing  curve, 
though, f i t  t o  data w i t h  Eq. (23).  Figure 15 shows the  agreement between the 



s c a t t e r i n g  curve p red i c t ed  by t h e  Voronoi theory  and a t y p i c a l  s c a t t e r i n g  
curve from a microemulsion inco rpo ra t i ng  comparable 'amounts o f  o i l  and water .  
In a d d i t i o n ,  t h e  Voronoi model p r e d i c t s  

f o r  every microemulsion, r e g a r d l e s s  of composition. The d a t a  i n  F igures  8 
and 10 c l e a r l y  show p r o p o r t i o n a l i t y  between I ( 0 ) / < ( S p ) 2 >  and R . a l e a s t -  
squares  f i t  o f  a l l  t h e  da t a  (F ig .  16)  t o  Eq. (24)  y i e l d s  an a c e a i l  R e x p o -  
nent  o f  4.5 i n s t e a d  o f  t h e  p red i c t ed  va lue  o f  3.0. The hard-sphere 48de ls  
f a i l  t o  p r e d i c t  any p r o p o r t i o n a l i t y  because they inadequate ly  account  f o r  t h e  
measured dependency o f  R on composition. : 

ga 

Figure 15. Comparison o f  t h e  s c a t t e r e d i r i t e n s i  t y  measured ' f o r  QOctane  = 0.7 
( d o t s )  wi th  t h a t  c a l c u l a t e d  f o r  t h e  Voronoi model. 

I t  i s  important  t o  no t e  t h e  e l e c t r i c a l  conduc t iv i t y  r e s u l t s  (F ig .  5 )  i n  
t h e  l i g h t  of t h e  s c a t t e r i n g  r e s u l t s .  The pe rco l a t i on  th reshold  of  t h e  Voronoi 
model ( 4  ca. 0.16) is  very near  t h e  p o i n t  where both t h e  PY and a t t r a c t i v e  
hard7sph#re models begin t o  f a i l  t o  p r e d i c t  t h e  course o f  R wi th  @ D  (Fig.. 
1 2 ) .  A model admi t t ing  bi cont inuous s t r u c t u r e s  can expl a ingeoth  t h e  conduc- 
t i v i t y  and s c ' a t t e r i n g  behavior  abovc 4 - 0 .2 ,  wher.eas models r e l y i n g  on 
d i  s c r e t e ,  d i scont inuous  drop1 e t s  canno!. ~ . .  



Figure 16. 1 ( 0 ) / < ( 6 ~ ) ~ >  vs. R including a l l  data points. Pashed l ine  i s  
the ~ r e d l c t i o n  hased on the ~oF8noi model. 

Concl uding Remarks 

We have presented SAXS, e lec t r ica l  conductivity, viscosity,  i ntertacial  
tension and compositional data from microemulsions made from the commercial 
surfactant TRS 10-80, t A A ,  octane and a progression of NaCl brines. Models 
based on monodi sperse populations of swol 1 en mi ce l l  es o r  mi croemul s i  on "drop- 
l e t s "  adequately represent the SAXS data a t  low volume fractions of brine. 
Simple models of the dependence of "droplet" s ize on volume fraction and the 
representation of hard-sphere interactions with the PY approximati on a1 1 ow 
prediction of the scattering behavior up to  brine volume fractions near a 
percolation threshold in e lec t r ica l  conductivity. Above the percolation 
threshold, addition of an a t t rac t ive  interaction (10) produces a model ade- 
quate for  the composition dependence of I (0)/< ( 6 ~ )  2 > ;  however, the same 1 eve1 
of approximation f a i l s  to' model R above OD ca. 0.18. 

ga 
Near the percolation threshold a break i n  the viscosity curve and changes 

i n  the SAXS data as well as t:he conductivity resu l t s  support our hypothesis 
- 

t ha t  a bicontinuous microstructure i s  present. Such a bicontinuous regime i s  
necessary i f  the surfactant sheets maintain topological order in the microemul- 
sion through a continuous evolution from swollen inverted mice1 l e s  to swol len 
micelles. We hypothesize tha t  these bicontinuous s t a t e s  are dynamic and thus 
a re  of low viscosity. They are geometrically disordered, ye t  are topologi- 
ca l ly  ordered because of the surfactant 's  tendency to  form sheets between o i l -  



r ich and water-rich domains. In t h i s  view, i t  i s  the  absence of geometric 
order t ha t  dist inguishes microemulsions from ordered, viscous i so t rop ic  li-i: 
quid crysta l  phases. The hypothesis of pers i s ten t  topological order i n  m i -  
croemulsions i s  ver i f ied  by the  absence of secondary sca t te r ing  maxima i n  
the  SAXS patterns.  The var ia t ion of microemul~ion viscosi ty  with.composi- 
t i  on indicates  t ha t  the rheol ogi cal propert ies of the m i  croemul sion a r e  
determined by the nature of the  surfactant  sheets ( i . e ,  by t h e i r  s t rength  ... 

and spacing). 

The evidence indicates  t h a t  bicontinuous s t ruc tures  a r e  present over a 
broad range of compositions. In the bicontinuous region SAXS and e l ec t r i c a l  
conductivity data a re  well described w i t h  a Voronoi model of a random in t e r -  
spersion of o i l  and water. 
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111. MICROEMULSION PHASE BEHAVIOR: 
FOUR PHASE PROGRESSION I N  FIVE-COMPONENT MIXTURES 

I n  t h i s  r e p o r t  we .expand upon an e a r l  i e r  observat ion ( 1 ) .  t h a t  some mic'ro- 
emulsions formed w i t h  an isomer ica l l y -pure  s u r f a c t a n t  show a systematic pro- 
g ress ion  from three phases t o  f o u r  phases, two o f  them m.icroemu1 sion. phases, t o  
t h r e e  phases ( i  .e., a  3,4,3 progression)  as temperature or .  sa l  i n i  t y  i s  increased. 
Previous researchers (2-6) have mentioned the  occasional presence o f  f o u r  coex- 
i s t i n g  1 i qu id  phases apparent ly  a t  equi 1 i br ium i n  microemul s ion  formulat ions,  
b u t  on ly  w i t h  multicomponent commercial su r fac tan ts  f o r  which such occurrences 
a r e  n o t  unexpected. Furthermore, i n  on ly  one case ( 4 )  was the composit ion 
r e g i o n  noted i n  which f o u r  phases were seen. 

The s u r f a c t a n t  used here was sodium 4- ( 1  ' -hepty l  nonyl Ibenzenesul fonate  
(SHBS), a l so  known as Texas No. 1. I t  was p u r i f i e d  (1,7), t o  remove the  
ch lo ro fo rm- inso lub le  i m p u r i t i e s  which were about 1% o f  the s r f a c t a n t  as Y received.  To prepare a sample, 1 cm3 o f  NaCl b r i n e  and 1 cm o f  su r fac tan t1  
a l c o h o l / o i l  stock s o l u t i o n  were mixed and sealed i n  a p ipe t .  The stock solu- 
t i o n  was prepared from 0.325 g SHBS, 0.650 g secondary b u t y l  alcohol (sBA) , and 
8.327 g hexadecane (nC16 1. Samples were thoroughly mixed a t  each temperature. 

' Phase volumes usua l l y  s t a b i l i z e d  w i t h i n  two days a f t e r  mixing. A l l  observat ions 
were made through a window i n  the  s ide  o f  a constant-temperature (+  0.03OC) 

. water  bath. Selected measurements o f  phase volumes, p a r t i c u l a r l y  i n  the four -  
phase regions, were rechecked a f t e r  temperature cyc l  i ng t o  bo th  h i  gher and 1 ower 
temperatures than the datum. Deta i  1  s  are given e l  sewhere (1,8). A1 though 
phase composit ions were n o t  measured i n  these experiments, analyses i n  t h i s  
1 aboratory and e l  sewhere (5,6) o f  mix tu res  s i m i l a r  i n  amounts o f  sur fac tan t ,  

. a l coho l ,  o i l  and b r i n e  t o  those s tud ied  here, i n d i c a t e  t h a t  only  the  phase o r  
phases t h a t  s c a t t e r  l i g h t  con ta in  a s i g n i f i c a n t  amount o f  sur fac tan t .  

The SHBSlsBAInC~~l (2 .1  g NaC1 1100 cn3 b r i n e )  f o rmu la t i on  has th ree  equi-  
1 i b r i u m  phases a t  18.5OC and f o u r  e q u i l i b r i u m  phases a t  18.8OC. The f o u r  
c o e x i s t i n g  phases are a c lea r ,  b r i n e - r i c h  lower phase; a c lea r ,  o i l - r i c h  upper 
phase; and two s u r f a c t a n t - r i c h  "middle" phases, the upper one being 1130th the  
volume and s c a t t e r i n g  much more l i g h t  than the lower one. The r e l a t i v e  volume 
o f  each e q u i l i b r i u m  phase i s  shown as a f u n c t i o n  o f  temperature i n , F i g .  1. As 
temperature increases f u r t h e r ,  t h e  new (upper) s u r f a c t a n t - r i c h  phase grows a t  
t h e  expense o f  the lower s u r f a c t a n t - r i c h  phase u n t i l  a t  22.!i0C the fo rmula t ion  
once again has th ree  e q u i l i b r i u m  phases. No f u r t h e r  phase t r a n s i t i o n s  are 
observed up t o  45OC, the  h ighes t  temperature studied. Throughout the four-  
phase reg ion  the  upper s u r f a c t a n t - r i c h  phase s c a t t e r s  much more l i g h t  than the 
lower s u r f a c t a n t - r i c h  phase, suggesting t h a t  the two phases have s u b s t a n t i a l l y  
d i f f e r e n t .  composit ions. 

As the  s a l i n i t y  decreases t o  2.05 and then t o  1.95 g NaC11100 cm3 b r ine ,  
t h e  temperature range o f  four-phase equi 1 i b r i  a  narrows and moves t o  h i  gher tem- 
peratures,  as shown i n  Figs. 2a and 2b, and the two e q u i l i b r i u m  s u r f a c t a n t - r i c h  
phases resemble each o the r  inore c lose ly .  There i s  a 2,3,4,3 progression w i t h  
i nc reas ing  temperature a t  a s a l i n i t y  o f  1.95 (F ig.  2bT; the 2,3,. .. mnemonic 
n o t a t i o n  o f  Knickerbocker e t  a1 . (9) g ives the number o f  equT1 i b r i u m  phases 
and, f o r  a two-phase s y s t e K X d i c a t e s  whether t h e  s u r f a c t a n t  i s  p r i m a r i l y  i n  
t h e  lower, b r i n e - r i c h  (2 )  - o r  upper, o i l - r i c h  (3 phase. The - 2,3 t r a n s i t i o n  a t  



TEMPERATURE ("C) 

Figure  1. The e v o l u t i o n  o f  a  four-phase reg ion  w i t h  i nc reas ing  temperature. ; 

SHBS/sBA/nC l ( 2 . 1  g NaC1/100 cm3 b r i n e ) .  The t e s t  tubes show t h e  upper o i l -  : 
r i c h  phase 6 )  t he  middle one o r  two microemulsion phases (ME, shaded); and . . 
t he  lower.  b r i n e - r i c h  phase (Y ) .  The v e r t i c a l  dashed 1 ines  mark the  tempcra- 
t u r e s  o f  t h e  3,4 and 4,3 phase t r a n s i t i o n s .  

TEMPERATURE ("C) 

F igu re  2. Phase volume progress ions vs. temperature: SHBS/sBA/nC, / b r i ne .  
a) 2.05, b )  1.95, c )  1.90, d) 1.85 g NaC1/(100 cm3 b r i n e ) .  The v e r t i c a l  
dashed l i n e s  mark t h e  temperatures o f  phase t r a n s i t i o n s .  BME means b i r e f r i n -  
gent; microemul sion. 



29°C i s  the reverse o f  the  3,2 t r a n s i t i o n  normal ly repor ted  w i t h  increas ing  
temperature o f  microemul sionsmade w i t h  an i o n i c  su r fac tan t  (3,4). 

A t  a  s a l i n i t y  o f  1.9 a new phenomenon appears. I n  a d d i t i o n  t o  the 2,3,4,3 
progression, there  i s  a 3 reg ion  (3 denot ing th ree  e q u i l i b r i u m  phases; si i r fac- 
t a n t - r i c h  lower and middTe phases)-below 21°C (Fig. 2c).  I n  t h i s  region, the  
midd le  phase i s  b i r e f r i n g e n t ,  unl i k e  any o f  t he  o ther  phases observed i n  t h i s  
study. The b i r e f r i n g e n t  middle phase grows i n  volume and i s  present over a 
w ider  temperature range as the b r i n e  s a l i n i t y  i s  reduced t o  1.85, as shown i n  
F ig .  2d. A t  s a l i n i t i e s  o f  1.9 and 1.85 the temperature range o f  four-phase 
e q u i l i b r i a  i s  narrow, and the two s u r f a c t a n t - r i c h  phases are near ly  i d e n t i c a l  
i n  appearance a1 though separated by a sharp, c l e a r l y  v i s i b l e  i n te r face .  The 
temperatures o f  the  - -  3,2; - 2,3; 3,4; and 4,3 t r a n s i t i o n s  i n  the  above systems are 
g i ven  i n  Table 1. 

TABLE I: Temperatures ( O C )  at Phase Transitions for SHBS/sBA/nC,,/Brine Mixtures 
- - 

phase transition width of four-phase 
salinitya 392 2 3  3,4 4-3 region, O C  

a Units: g of NaC1/(100 cm%f brine). 

What topo log i ca l  features must a phase diagram have i n  order t o  y i e l d  the 
above progressions? C lear ly ,  there  must be a four-phase region, i.e., a  se- 

ib quence of four-phase t i e  tetrahedra, accompanied by cont iguous progressions o f  
three-phase t i e  tri angl es, b i  nodal 1 obes w i t h  two-phase t i e  1 i nes, and p l a i t -  
p o i n t  curves.' To v i sua l  i z e  the  s a l i e n t  fea tures  o f  these progressions, i t .  i s  
convenient t o  t r e a t  b r i n e  as a pseudocomponent and t o  consider  a te t rahedra l  
phase diagram which has br ine,  o i l ,  a lcohol ,  and su r fac tan t  a t  the v e r t i c e s  and 
which evolves c o n t i  ~ U O U S ~ Y  w i t h  changing temperature. One p l  anar s l  i c e  o f  t h i  s  
diagram a t  each temperature suf f ices f o r  i l l u s t r a t i o n ;  t h i s  s l i c e  i s  chosen 
(except  i n  F ig.  3c) t o  conta in  the mix ing-po in t  composit ion and the  t i e  t r i a n g l e  
( o r  s l i c e  o f  the t i e  te t rahedron)  o f  i n t e r e s t .  

One poss ib le  sequence o f  s l i c e s  o f  t e t rahedra l  phase diagrams t h a t  would 
account f o r  the observed 3,2,3,4,3 behavior i s  shown i n  Figs. 3a t o  3. .  Each 
diagram shows. a t i e  t r i anT15  o r  t i e  tetrahedron, and i nd i ca tes  the mix ing p o i n t  
x  as we l l  as the associated phase volumes and appearances. The lower l e f t  and 
r i g h t  corners o f  each phase diagram represent  b r i n e  and o i l ,  respect ive ly .  The 
two-phase regions are  n o t  shown because the t i e  l i n e s  genera l l y  are no t  coplanar 
w i t h  the  t i e  t r i a n g l e .  

The o v e r a l l  m ix ing  p o i n t  o f  a 3 system l i e s  w i t h i n  a t i e  t r i a n g l e  de f ined 
by an o i l - r i c h  phase con ta in ing  1 i t T l e  su r fac tan t  and two s u r f a c t a n t - r i c h  phases 
as shown i n  F ig.  3a. With increas ing  temperature the  t i e  t r i a n g l e  sweeps over 
t h e  mix ing p o i n t  (Figs. 3b and 3c) r e s u l t i n g  i n  a - 3,2 - t r a n s i t i o n .  (The t i e  



( f )  3 

BME BME 

F igu re  3. A sequenc'e o f  phase diagrams t h a t  g ives  - 3,2,3,4,3 - behavior  f o r  t he  
, m ix ing  p o i n t  x, toge ther  w i t h  t he  associated phase volumes (shaded reg ions  a re  

microemulsion) and mnemonic n o t a t i o n  f o r  t he  phase counts. The lower l e f t  and 
r i g h t  corners o f  t he  phase diagrams represent  b r i n e  and o i l ,  respectively. BME 
means b i r e f r i n g e n t  microemulsion. 

t r i a n g l e  and mix ing  p o i n t  i n  Fig. 3c might  never be coplanar.  ) A t  t h i s  stage 
t h e  t i e  t r i a n g l e  can e i t h e r  co l l apse  t o  a c r i t i c a l  t i e  l i n e  (10-11) ( r e f e r r e d  
t o  by some authors as a c r i t i c a l  endpoint  t i e  l i n e  (12)  o r  a c r i t i c a l  endpoint  
( 1 3 ) )  i n  a two-phase reg ion  (F ig.  3d), i.e., t he  t i e  l i n e  t h a t  terminates i n  a 
c r i t i c a l  endpoint, and then reemerge from a d i f f e r e n t  c r i t i c a l  t i e  l i n e  ( n o t  
shown), o r  i t  can remain open, sk ipp ing  Fig. 3d. The former p o s s i b i l i t y  i s  
more l i k e l y  s ince  the  f i r s t  three-phase reg ion  has a b i r e f r i n g e n t  phase, b u t  a 
more d e t a i l e d  scan o f  m ix ing  p o i n t s  and temperatures would be needed t o  d i s -  
t i n g u i s h  unequivocal ly  the  possi  b i l  i t i e s .  When the  t i e  t r i a n g l e  once again 
sweeps over the  mix ing p o i n t  (F ig.  3e) t he re  i s  a 2,3 t r a n s i t i o n .  A t  some tem- 
pe ra tu re  a four-phase reg ion  ( n o t  shown) forms wi t l i i r r  the t e t rahed ra l  phase 
diagram b u t  need no t  enclose the mix ing  po in t .  With i nc reas ing  temperature, 
t h e  t i e  t r i a n g l e  enclos ing the  mix ing  p o i n t  grows (F ig .  3 f )  and then becomes 
one s ide  o f  a  four-phase t i e  te t rahedron (F ig .  39). Th i s  te t rahedron then 
sweeps over (F igs.  3h t o  3k) and passes by (F ig.  3  ) t he  mix ing  po in t ,  genera- 
t i n g  a 3,4,3 progression; i n  Figs. 39 t o  3k the  m ix ing  p o i n t  ( f i x e d )  l i e s  i n  
t h e  plane de f ined  by the  t i p s  o f  the  th ree  arrows. 

The fea tures  o f  the  phase diagram change p ropo r t i ons  w i t h  changing b r i n e  
s a l i n i t y ,  As s a l i n i t y  f a l l s ,  the t i e  te t rahedron most 1 i k e l y  narrows down as 
evidenced by the  reduc t i on  o f  the  temperature range over which there  are f o u r  
phases (Table 1 )  and by the  approach i n  appearance o f  t he  two microenul s i on  
phases. I f  t h i s  narrowing process cont inues w i t h  decreasing sal  i n i  t y ,  the  t i e  
te t rahedron w i l l  co l l apse  t o  a t i e  t r i a n g l e  as shown i n  F ig.  4a. We c a l l  t he  
co l l apsed  te t rahedron a c r i t i c a l  t i e  t r i a n g l e ,  i.e., a  t i e  t r i a n g l e  i n  which 
one of t he  phases ( v e r t e x  C i n  F ig .  4) i s  c r i t i c a l .  



F igu re  4. A four-phase tet rahedron co l lapses  t o  a c r i t i c a l  t i e  t r i a n q l e  
(A  ABC) i n  a three-phase region.  a) Only the  four-phase tet rahedron i s  
shown; b )  t h ree  o f  t h e  four  three-phase regions t h a t  surround the four-phase 
te t rahedron  (shaded a r e   show^ The dashed 1 ines  a r e ' t h e  l o c i  o f  v e r t i c e s  of 
t h e  three-phase t r3annles.  A I D  and E ' E  a re  c r i t i c a l  t i e  l i n e s .  

The t i e  te t rahedron i s  surrounded by f o u r  three-phase regions o f  which 
t h r e e  are  shown i n  F ig.  4b. The two three-phase regions associated w i t h  the 
c o l l  apsi  ng s ides o f  the tet rahedron te rminate  i n  c r i t i c a l  t i e  1 i nes 7i"3 and 
I B E. As these two three-phase regions disappear, the  c r i t i c a l  t i e  l i n e s  become 
t h e  c r i t i c a l  s ides AC and o f  the c r i t i c a l  t i e  t r i a n g l e ,  i .e., the  col lapsed 
tet rahedron.  Simultaneously, c r i t i c a l  endpoints D and E (F ig.  4b), which are 
t h e  two ends o f  a p l a i t  p o i n t  curve ( n o t  shown), and tet rahedron v e r t i c e s  C' 
and C'' (F ig.  4a) merge t o  form c r i t i c a l  ver tex  C. The co l lapse o f  a t i e  t e t r a -  
hedron t o  a c r i t i c a l  t i e  t r i a n g l e  i n  a three-phase reg ion  i s  analogous t o  the 
c o l l a p s e  o f  a t i e  t r i a n g l e  t o  a c r i t i c a l  t i e  l i n e  i n  a two-phase reg ion  (Figs. 
3a t o  3d). The t h e o r e t i c a l  p o s s i b i l i t y  o f  such a progression has been remarked 
e l  sewhere ( 13). 

The two three-phase regions t h a t  do n o t  co l l apse  merge i n t o  a s i n g l e  three-  
phase reg ion  con ta in ing  the  c r i t i c a l  t i e  t r i a n g l e .  What would be the topology 
o f  the  phase diagram i f  c r i t i c a l  t i e  l i n e s  terminated these three-phase regions? 
Knickerbocker -- e t  a1 . (14) discuss the th ree  poss ib le  phase diagrams t h a t  r e s u l t  
when no four-phase reg ion  i s  present, i.e., when there  i s  a s i n g l e  three-phase 
r e g i o n  te rm ina t i ng  i n  two c r i t i c a l  t i e  l i n e s .  As i s  discussed elsewhere (8) 
these th ree  cases g i ve  r i s e  t o  s i x  t o p o l o g i c a l l y  d i s t i n c t  con f i gu ra t i ons  o f  
three-phase regions and c r i t i c a l  t i e  l i n e s  about a t i e  tetrahedron; an addi- 
t i o n a l  twenty- two d i s t i n c t  con f i gu ra t i ons  are  poss ib le  i f  the  fou r  three-phase 
reg ions  can te rminate  i n  t r i c r i t i c a l  p o i n t s  o r  c r i t i c a l  t i e  l i n e s ,  a1 though n o t  
a1 1 o f  these con f i gu ra t i ons  e x i  s t  immediately a f t e r  the  t i e  te t rahedron emerges 
from a c r i t i c a l  t i e  t r i a n g l e .  The o ther  ways i n  which a four-phase reg ion  can 



co l l apse  (8,131 - e.g., i n  a t i e  l i n e  j o i n i n g  two c r i t i c a l  points ,  i n  a t i e  
1 i n e  j o i n i n g  a non-cr i  t i c a l  phase and a t r i c r i t i c a l  po in t ,  o r  i n  a t e t r a c r i t i -  
c a l  p o i n t  - do n o t  change the  number o f  d i s t i n c t  con f i gu ra t i ons  o f .  three-phase 
reg ions  about the t i e  tetrahedron. 

I n  summary, there  are 3,4,3 and 3*2,3,4,3 phase progress,ions w i t h  increas- 
i ng temperature i n  five-component m i  xTuTes o f  SHBS/sBA/nC16/( NaC1 br.i ne) over a 
range o f  b r i n e  concentrat ions. These progressions can be i n t e r p r e t e d  w i t h '  
pseudo-quaternary phase diagrams i n f e r r e d  from them. P a r t i c u l a r l y  i n t e r e s t i n g  
a re  the co l l apse  o f  a four-phase t i e  te t rahedron t o  a c r i t i c a l  t i e  t r i a n g l e  and 
the  topology o f  the progression o f  phase dlagrams. 

,Four-phase regions have been observed (8)  i n  s imi  1 a r  formulat ions t h a t  
con ta in  the  a lcohol  d i e t h y l  ene g l y c o l  monohexyl e the r  [CH3(CH2)50( CH2CH20)2H] 
i ns tead  o f  sBA. Presumably, f i n e  enough temperature and composit ion scans 
would reveal  many o ther  microemulsion fo rmula t ions  having regu lar  four-phase 
progressions. 

References C i t e d  i n  Sect ion 111 

1. Bennett, K. E., Phelps, C. H. K., Davis, H. T. and Scriven, L. E., Soc. 
Pet. Eng. J. - 21, 747 (1981). 

2. Healy, R. N. and Reed, R. L., Soc. Pet. Eng. J., - 14, 491 (1974). 

3 .  Healy, R. N., Reed, R. L. and Stenmark, D. G. Soc. Pet. Eng. J., - 16, 147 
(1976). 

4. Anderson, D. R., Bidner, M. S., Davis, H. T., Manning, C. D. and Scriven, 
L. E., SPE Paper No. 5811, Tulsa; OK, March 22-24, 1976. 

Reed, R. L. and Healy, R. N., i n  Improved O i l  Recovery by Sur fac tan t  and 
Polymer Flooding, Eds., D.' 0. Shah and R. S. Schechter (Academic Press, 
I n e . ,  NCYork,  1977) 383. 

Nelson, R. C. and Pope, G. A., Sac. Pet. Eng. J., - 18, 325 (1978). 

Franses, E. I., Ph.D. Thesis, U n i v e r s i t y  o f  Minnesota (1979). 

Bennett, K. E., Ph.D. Thesis, U n i v e r s i t y  o f  Minnesota (1982). 

Knickerbocker, B. M., Pesheck, C. V . ,  Davis, H. T. and Scriven, L. E., J. 
Phys. Chem., - 03, 1984 (1979). 

Vogel, R., D ie  heterogenen Gleichgewichte, Akademische Ver lagsgesel lschaf t  
Geest & P o r t i g  K.-G. (1937 and 1959). 

Rossen, W. R., Brown, R. G., Davis, H. T., Prager, S. and Scriven, L. E., 
SPE Paper No. 10062, San Antonio, TX, Oct  5-7, 1.982. 



12. Lang, J. C . ,  J r .  and widom, B. ,  Physica, - 81A, 190 (1975) .  

13: Furman, D . ,  Dattagupta,  S. and G r i f f i t h s ,  R.  B . ,  Phys. Rev. B, 15, 441 
( 1977 1.  - 

14., Knickerbocker, B . . M . ,  Pesheck, C. V . ,  Davis, H. T. and Scr iven , 'L .  E . ,  
J .  Phys. Chem., - 86,  393 (1982) .  



I V .  THERMODYNAMIC'MODELLING OF QUATERNARY SYSTEMS: 
OIL-BRINE-SURFACTANT-ALCOHOL 

A f t e r  secondary o i l  recovery, a m a j o r i t y  o f .  t he  res idua l  o i l  i s  heJ d i n  
place, i n  the r e s e r v o i r  pore space by c a p i l l a r y  forces. The s t rength  o f  t he  
fo rces  i s  d i c t a t e d  by the  i n t e r f a c i a l  tens ion between coex is t i ng  o l e i c  and 
aqueous phases. . In  one method o f  t e r t i a r y  o i l  recovery the  c a p i l l a r y  fo rces  
a r e  .reduced' by i n j e c t i o n  o f  formulat ions conta in ing  su r fac tan t  and a lcohol  
which form w i t h  o i l  and b r i n e  a microemulsion phase having, under the  r i g h t  
condi t ions,  u l  t ra low  i n t e r f a c i a l  tensions aga ins t  coex is t i ng  o i l  - r i c h  and 
water - r ich  phases. When u l t r a l o w  tensions occur, f l ood ing  w i t h  the  surfac- 
t a n t  and alcohol fo rmula t ion  can r e s u l t  i n  substant ia l  o i l  recovery (5,6). 
Whether u l t r a l o w  tensions occur depends c r u c i a l l y  on the e q u i l i b r i u m  phase 
behavior o f  the  su r fac tan t  and alcohol mixtures w i t h  the  r e s e r v o i r  o i l  and 
b r i n e  (5,7-9). 

A1 though r e s e r v o i r  o i l ,  b r i n e  and commercial su r fac tan t  are mu1 ticompo- 
nent  substances, i t  i s  common t o  t r e a t  the o i l  - b r i  ne-surfactant-a1 cohol sys- 
tem as a pseudoternary mix ture  i n  which the su r fac tan t  and alcohol,  t he  o i l ,  
and the  b r i n e  p a r t i  t i o n  as pseudocomponents (1,4,5,7-13). Th is  approach has 
been q u i t e  usefu l  f o r  qual i t a t i v e l y  understanding t h e  general pa t te rns  o f  
phase behavior, b u t  i t  s u f f e r s  the  q u a n t i t a t i v e  disadvantage t h a t  alcohol and 
su r fac tan t  p a r t i t i o n  q u i t e  d i f f e r e n t l y  between o i l - r i c h  and water - r ich  phases 
and are the re fo re  poor pseudocomponents (3,4). The purpose o f  t h i s  paper i s  
t o  improve the  s i t u a t i o n  by model 1 i n g  o i  1 - b r i  ne-surfactant-a1 cohol systems as 
a quaternary mix ture  i n  which su r fac tan t  and alcohol are independent components. 

Two methods show promise i n  the co r re la , t i on  and p r e d i c t i o n  o f  phase 
sp l  i t s  and composition data f o r  o i l  -br ine-sur factant-a lcohol  systems. One 
method, a t t r a c t i v e  because o f  i t s  s i m p l i c i t y  and ease o f  use, i n  r e s e r v o i r  
s imulat ion,  i s  t o  take l i m i t e d  data and i n t e r p o l a t e  and ex t rapo la te  them w i t h  
a mathematical curve f i t  which i s  thermodynamical l y  consistent .  Th is  approach 
has been appl i e d  t o  pseudoternary systems (1,Z). The o ther  method, a t t r a c t i v e  
because i t  i s  based on the  physics o f  the  molecular const i tuents ,  i s  t o  f i t  
t h e  l i m i t e d  data t o  the parameters o f  a f r e e  energy equation o f  s ta te .  Taking 
t h i  s  approach, a modi f ied  vers ion.  o f  the  F l  ory-Huggi ns equation o f  s ta te  has 
been app l ied  t o  pseudoternary o i  1 - b r i  ne-sur factant  systems (14) and succeeds 
i n qual i t a t i  ve l y  represent ing phase behavior. We be1 i eve the  quaternary ver- 
s i o n  . o f  the  model w i l l  prove usefu l  f o r  q u a n t i t a t i v e  p red ic t i ons  o f  phase 
sp l  i t s  and compositions. 

Th'e b e n e f i t s  o f  a thermodynamic equation o f  s t a t e  desc r ip t i on  o f  phase 
behavior are many:. [l] t he  f ree  energy o f  the  model d i c t a t e s  the number o f  
phases and ' the  dri'vi ng for.ce f o r  nuc leat ion  o f  poss ib ly  long-1 i ved  metastable 
states,  [Z ]  the  parameters o f  the  model l i n k  d i r e c t l y  the  phase behavior and 
the  molecul a r  fo rces  between cons t i t uen t  mol ecules, [3] the  topography o f  the  
f r e e  energy f u n c t i o n  i n  composition space i s  the  pr imary determinant o f  
i n t e r f a c i a l  tension [see reference 15 and c i t a t i o n s  therein] ,  and [41 recent  
experimental (16) and theo re t i ca l  (17) evidence i n d i c a t e  t h a t  the w e t t a b i l  i t y  



r e l a t i o n s  t o  which f r a c t i o n a l  f l ow  i s  so s e n s i t i v e  depend s t rong ly  on the  
f r e e  energy topography. 

We present  here a quaternary vers ion  o f  the  Flory-Huggins equat ion o f  
s t a t e  mod i f i ed  t o  account f o r  t e rna ry  i n t e r a c t i o n s  between amphiphi l e y  o i l ,  
and b r i n e  and which t r e a t s  su r fac tan t  and a lcohol  as d i s t i n c t  components. 
.The computat ional s t ra tegy  f o r  e x t r a c t i n g  phase e q u i l i b r i a  from a quaternary 
thermodynamic model re1 i e s  on known equ i l  i b r i a  f o r  b ina ry  and te rnary  systems 
which then serve as i n i t i a l  guesses f o r  quaternary e q u i l i b r i a .  The unfo ld -  
i n g  o f '  phase behavior  i s  aided by d i r e c t  computation o f  the l i m i t  o f  thermo- 
dynamic s t a b i l i t y  -, t h e  spinodal surface i n  a quaternary - and a l l  c r i t i c a l  
po in t s ,  which n o t  on l y  p i n p o i n t  spots o f  poss ib le  numerical d i f f i c u l t y  i n  
a t tempt ing  t o  c a l c u l a t e  phase e q u i l i b r i a  b u t  a1 so determine q u a l i t a t i v e l y  the  

. p a t t e r n  o f  g loba l  phase behavior which rnust e x i s t  (24) .  

The. computational s t ra tegy  and methods wes descr ibe are ra the r  general and 
r e a d i l y  extend t o  quaternary thermodynamic mode l l ing  o f  C02- l igh t  hydrocarbon- 
medium hydrocarbon-heavy hydrocarbon Systems w l  t n  s ta te -o f - t he -a r t  BVT equa- 
t i o n s  o f  s t a t e  such as the  Redlich-Kwong, Peny-Robinson, and Soave equations. 

Thermodynamics o f  Phase Behavior 

I n  our approach, phase e q u i l i b r i a  c a l c u l a t i o n s  i n  rnulticomponent compo- 
s i t i o n  space begin w i t h  i n fo rma t ion  about b ina ry  edges and te rnary  faces and 
proceed by numerical c o n t i  nuat ion  i n t o  the  des i red  h igher  dimensional quater- 
nary  phase space. (The advanced reader on heterogeneous phase equi 1 i b r i  a i s  
r e f e r r e d  t o  the c l a s s i c a l  t e x t  by Gibbs (18) w h i l e  t he  u n i n i t i a t e d  may wish 
t o ,  draw f i r s t  from Pr igog ine  and Defay (19) o r  Model1 and Reid (20) .) 

Ternary Phase Behavior 

The l i m i t  o f  s t a b i l i t y  o f  any one-phase s t a t e  i s  known as the spinodal.  
When the composit ion moves from a s t a b l e  one-phase s t a t e  across the spinodal 
two o r  more phases must spontaneously separate. I n  a te rna ry  system a t  
cons tan t  temperature T and pressure P, the  equat ion d e f i n i n g  the spinodal, 
cu rve  i s  g i ven  by 

where I Q  I denotes the  determinant o f  t he  m a t r i x  Q, g t he  molar Gibbs f r e e  - 
energy,-and X i  and X j  t he  independent c o m p o s i t i o ~  dens i ty  va r i ab les  f o r  the  
t e r n a r y  system (e.g., two mole o r  volume f r a c t i o n s ) .  



C r i t i c a l  p o i n t s  are those one-phase s ta tes  on the spinodal curve f o r  
which the  d i  r e c t i o n a l  d e r i v a t i v e  o f  t he  sp i  nodal equatiori a1 ong the sp i  nodal 
curve vanishes: 

where x0 i s  t he  e i  genvector corresponding t o  the  zero eigenval ue o f  0. Ther- 
modynamic s t a b i l  i ty o f  the c r i t i c a l  p a i n t s  i s  g iven by the  nex t  high;r order  
g r a d i e n t  o f  Q. Loca l l y  s tab le  c r i t i c a l  p o i n t s  a re  those s ta tes  which s a t i s f y  
equat ions (17 and (2 )  as wel l  as the i n e q u a l i t y  c o n s t r a i n t :  

C 

Once the l i m i t  o f  s t a b i l i t y  along w i t h  the c r i t i c a l  p o i n t s  and t h e i r '  sta- 
b i l  i t y  has been ca lcu la ted ,  the  g loba l  phase behavior i s  qua1 i t a t i v e l y  
determined. Mu1 ti phase regions are  then ca l  c u l  a ted  us ing  chemical p o t e n t i  a1 
equations. The chemical p o t e n t i a l  o f  species i i n  an n-component system i s  
g iven by: .. . 

The composit ions o f  phases cx and B i n  e q u i l i b r i u m  are given by: 

The l ocus  o f  p o i n t s  i n  composit ion space determined by equat ion (5 )  i s  c a l l e d  
t h e  b inodal  - i t  i s  the  locus  o f  the  ends o f  two-phase t i e -1  ines. S i m i l a r l y ,  
t h e  composition's o f  three-phase equi 1 i b r i  urn are g i  ven by : 

Three-phase e q u i l i b r i a  may a r i s e  i n  one o f  two ways: e i t h e r  a c r i t i c a l  
t i e - l i n e  opens a t  one endpoint t o  form a three-phase t r i a n g l e  o r  a t r i c r i t i c a l  
p o i n t  opens i n t o  a small three-phase t r i a n g l e  (21-24). The equat ions s a t i s -  
f i e d  by a c r i t i c a l  endpoint and a t r i c r i t i c a l  p o i n t  a re  q u i t e  d i f f e r e n t .  A 
c r i t i c a l  endpoint l i e s  a t  the end o f  a c r i t i c a l  t i e - 1  i n e  and thus must s a t i s f y  
t h e  th ree  chemical p o t e n t i a l  equat ions ( i n  a te rna ry  system) f o r  two-phase 
e q u i l  i b r i a  (equat ion ( 5 )  ) . I n  add i t ion ,  the  c r i t i c a l  endpoint must s a t i s f y  
t h e  c r i t i c a l  equat ions (1)  and (2) .  A t r i c r i t i c a l  po in t ,  on the  o ther  hand, 
i s  a h igher  order  c r i t i c a l  p o i n t  and i n  a d d i t i o n  t o  s a t i s f y i n g  c r i t i c a l  
equat ions ( 1 )  and (2)  must s a t i s f y  two a d d i t i o n a l  c r i t i c a l  equat ions and an 
i nequal i ty f o r  l o c a l  s t a b i l  i ty: 



For  a te rna ry  system, equat ions (7 ) - (9 )  a re  f a i r l y  complicated and become 
t r u l y  unwieldy f o r  quaternary systems. However, once the spinodal equat ion 
( 1 )  i s  determined, numerical d e r i v a t i v e s  o f  IQ 1 may always be taken t o  ob ta in  
equat ions (7 ) - (9 )  t o  the  desi red degree o f  acturacy. 

Quaternary Phase Behavior 

The spinodal i n  a quaternary system a t  constant  T and P i s  a surface, 
r a t h e r  than a curve as i n  a te rna ry  system. The determinant equat ion d e f i n i n g  
t h e  spinodal i s  now t h i r d  order:  

C r i t i c a l  p o i n t s  s a t i s f y  equat ion (10) and the  quaternary form o f  equat ion (2) .  
L o c a l l y  stab1 e c r i t i c a l  p o i n t s  must a1 so s a t i s f y  the inequal i t y  c o n s t r a i n t  (3 ) .  

, Chernical p o t e n t i a l s  o f  the  f o u r  components and two- and three-phase equi-  
.l i b r i a  are g iven by equat ions (4 ) - (6 )  w i t h  n=4. Three phase e q u i l i b r i a  a r i s e  
f rom c r i t i c a l  endpoints and t r i c r i  t i c a l  p o i n t s  as i n  the te rna ry  system b u t  
now the  p o s s i b i l i t y  f o r  four-phase e q u i l i b r i a ,  which are  no t  j u s t  acc idents 
o f  symmetry (25) e x i s t .  Four-phase e q u i l i b r i a  must s a t i s f y  

Four-phase equi 1 i b r i a  can a r i s e  i n  one o f .  f o u r  d i f f e r e n t  ways (21,26,27) : 
1) through a c r i t i c a l  t i e - t r i a n g l e  where one o f  the v e r t i c e s  o f  the three- 
phase t r i a n g l e  becomes c r i t i c a l ,  2) from a doubly c r i t i c a l  t i e - 1  i n e  where 
b o t h  endpoints o f  t he  ti e-1 i ne are c r i  t i c a l  , 3) from a c r i  t i c a l  t i e -1  i ne 
where one o f  the endpoints i s  t r i c r i t i c a l  , and 4) from a t e t r a c r i t i c a l  po in t .  

A c r i t i c a l  ti e - t r i  angl e must s a t i  s f y  the c r i  t i c a l  equat ions ( ( 10) and 
( 2 )  ) a t  one o f  t he  v e r t i c e s  and the  e i  gh t  equat ions (6) f o r  th ree  phase equi - 



1 i b r i a .  Thus ten equations must be s a t i s f i e d  f o r  n ine independent-composi t i o n  
va r iab les  ( t h e  3 composit ion var iab les  f o r  each o f  the  3 t r i a n g l e  v e r t i c e s ) .  
Therefore, one o f  the parameters o f  the model must be var ied  cont inuously  t o  
o b t a i n  a c r i t i c a l  t i e - t r i a n g l e .  

A doubly c r i t i c a l  t i e - l i n e  must s a t i s f y  the c r i t i c a l  equations (10) and 
( 2 )  a t  both ends o f  a t i e - l i n e  as we l l  as the f o u r  equat ions (5)  f o r  two- 
phase e q u i l i b r i a .  Thus e i g h t  equations i n  s i x  composit ion va r iab les  must be . 
s a t i  s f i e d  which requ i res  e i t h e r  symmetry which reduces the number o f  equat ions 
t o  be s a t i s f i e d  o r  continuous v a r i a t i o n  t o  unique values o f  two independent 
parameters. A t r i c r i  t i c a l  t i e - 1  i n e  a1 so requ i res  simul taneous sol u t i o n  o f  
e i g h t  equat ions i n  s i x  cornposi t i o n  var iab les .  

A t e t r a c r i  t i c a l  p o i n t  must s a t i s f y  the f o u r  t r i c r i  t i c a l  equations - (101, 
(21, ( 7 ) ,  and (8) - and two add i t i ona l  c r i t i c a l  equations: 

and a h igher  order  g rad ien t  i n e q u a l i t y  co 'ns t ra in t  f o r  l o c a l  s t a b i l i t y .  Th is  
c o n s t i t u t e s  s i x  equat ions i n  th ree  independent composit ion var iables,  a degree 
o f  freedom de f i c i ency  o f  three. It i s  c l e a r  from t h i s  equat ion and unknown 
count ing  t h a t  the most common method o f  a four-phase tet rahedron evo l v ing  i s  
through a c r i t i c a l  t i e - t r i a n g l e  wh i le  the r a r e s t  method i s  from a t e t r a c r i t i -  
c a l  poi  n t  (which has never been observed experi lnental l y  1. 

The Gibbs phase r u l e  mod i f ied  t o  account f o r  c r i t i c a l i t y  (18,28) inc ludes  
an a d d i t i o n a l  term: 

where P i s  the number o f  phases, F the  degrees o f  freedom, C the number o f  
components, and n the order  o f  the c r i t i c a l  po in t .  An "ord inary"  c r i t i c a l  
p o i n t  i s  f i r s t  order,  a t r i c r i t i c a l  p o i n t  i s  second order,  and a t e t r a c r i t i c a l  
p o i n t  i s  t h i r d  order  (22,29,30). Table 1 summarizes the ways i n  which three- 
and four-phase e q u i l i b r i a  can a r i s e  i n  quaternary systems. O f  course, Table 
1 does n o t  account f o r  specia l  cases o f  symmetry which in t roduce c o n s t r a i n t s  
on the  unknown composit ions and thus increase the a v a i l a b l e  degrees o f  freedom 
(31).  We draw on the most common methods f o r  e rup t i on  o f  three- and four -  
phase equ i l  i b r i a ,  c r i t i c a l  t i e - 1  ines  and c r i t i c a l  t i e - t r i a n g l e s ,  i n  ill us- 
t r a t i n g  the phase e q u i l i b r i a  one observes i n  the quaternary system. 

Therinody nalni c Model 

The thern~odynarnic equat ion o f  s t a t e  we .used t o  model te rnary  su r fac tan t -  
o i  1 -b r i ne  and a1 cohol - o i  1 -b r i ne  and quaternary o i  1 - b r i  ne-surfactant-a1 cohol 
systems i s  a mod i f ied  vers ion  o f  the Flory-Huggins equat ion o f  s t a t e  (see 
Rossen e t  a1 . ( 14) and references t h e r e i n  f o r  an ana lys is  o f  the devel op~nent 
o f  the E d x ) .  Jn a d d i t i o n  t o  the ord inary  en t rop i c  +i t n  +i ter l rs,  +i be ing 



Table 1 

Three- and Four-Phase Equi l ibr ia  i n  Quaternary Systems 

F  3 C - P + 2  - 2n Phase Rule (Xodified for  C r i t i c a l i t y )  
(C = 4)  

G e n e s e s o f  Three-Phase Regions: 

Degrees of  Freedom 
Type i n  Quaternary F ixed  T , e  

C r i t i c a l  T i e l i n c  F = 4 - 2 + 2 . 2 - 2  0 

T r i c r i t i c a l  Point q - 4 - 1 + 2 - 4 = 1  - 1 

Geneses of  Four-Phase Regions: 

Type Degrees of Freedom Fixed T , p  

C r i t i c a l  Tie-Triangle F a 4 - 3 + 2 - 2 - 1  - 1 

Double C r l ~ l c a l  Tic-Line  P - - 2  + 7 - I fl -2 

T r i c r i t i c a l  Tie-Line F m 4 - 2 + 2 - 4 - 0  -* ] 

Te t r a c r i t i c a l  Point P - 4 - 1 + 2 - 6 1 - 1  -3 

t h e  volume f r a c t i o n  o f  component i, and the en tha lp i c  a. .g.+. terms o f  tne 
1J 1 J 

F l  ory-Huggi ns model, where 9 i s the b i  nary energy o f  i n t e r a c t i o n  parameter, 
we model those s p e c i f i c  i n t e r a c t i o n s  o f  s u r f a c t a n t  and alcohol r e s u l t i n g  from 
t h e i r  amphiphi'l i c i t y .  I n  pa r t l cu ld r - ,  along w i t h  the  usual b inary  i n t e r a c t i o n s  
between amphiphi le w i t h  o i l  o r  b r ine ,  t he  model conta ins  te rnary  i n t e r a c t i o n s  
rep resen t i ng  the  amphiphi 1 e ' s  tendency t o  o r i e n t  1 t s e l  f between o i  1 and b r i n e  
w i t h  i t s  hydroph i l  i c  moiety i n t e r a c t i n g  w i t h  b r i n e  and i t s  l i p o p h i l  i c  moiety 
i n t e r a c t i n g  w i t h  hydrocarbon. The s imp les t  embodiment o f  the te rnary  i n t e r -  
a c t i o n  i s - a  t r i l i n e a r  term, - ~ ~ g ~ + ~ h ,  where B~ i s  the  te rnary  i n t e r a c t i o n  
parameter and gA, go, and gW are the volume f r a c t i o n s  o f  amphiphile, o i l ,  and 
b r i n e ,  respec t i ve l y .  The e f f e c t  o f  the te rnary  i n t e r a c t i o n  on phase equ i l  i b -  
r i a  can be strengthened by combining the b ina ry  o i l - b r i n e  i n t e r a c t i o n  term 
and the te rna ry  o i  1 -br ine-amphiphi l  e i n t e r a c t i o n  term i n t o  a s i  ngl e exponen- 
t i a l  enthal  p i c  c o n t r i b u t i o n :  

The f i r s t  two terms of t he  Taylor  expansion o f  t h i s  exponential  term g ive  the 
b i n a r y  and t r i l i n e a r  i n t e r a c t i o n s  and f o r  small values o f  fiA, the l i n e a r  
approximation holds. Large values o f  oA r e f l e c t  a s t rong tendency f o r  amphi- 
ph i . l e  t o  o r i e n t  i t s e l f  between o i l  and .b r i ne  domains which imp l i es  the  a b i l i t y  



t o  sheet, t h a t  i s  t o  form a coherent l a y e r  o f  s u r f a c t a n t  ~no lecu les  a l l  o r i e n t e d  
i n  a p a r t i c u l a r  d i r e c t i o n  (hyd roph i l i c  groups towards b r i ne ) .  It i s  the  -es- 
sence of t h i s  "sheet ing" o r  t opo log i ca l  o rde r ing  o f  su r fac tan t  (32,331 which 
i s  captured w i t h  the  exponential  "screening" o f  o i l  and b r i n e  by amphiphile. 

The quaternary form o f  the exponenti a1 l y  screened F l  ory-Huggi ns (ESFH) 
equat ion o f  s t a t e  i s :  

- 
where g i s  the dimensionless molar Gibbs f r e e  energy o f  mixing, VM i s  the 
molar volume o f  water, n  the  molar dens i ty  o f  so lu t i on ,  the  dimensional 
molar Gibbs f r e e  energy, RT has i t s  usual s ign i f i cance ,  2 / m 0 ,  Q /m and 
m /m are  aggregate molecular weight r a t i o s  and r e f l e c t  t e r e l a t i v e  tendency w A o f  o i l ,  sur fac tan t ,  and a lcohol  t o  associate over water, aij i s  the  b ina ry  
i n t e r a c t i o n  parameter represent ing  the  n e t  d i f f e r e n c e  between i-is j-j, and 
i - j  i n t e r a c t i o n s  (341, ,qS and B~ are  the screening parameters f o r  su r fac tan t  
and a1 coho1 , and $i i s  the vol  urne f r a c t i o n  o f  component i . One simp1 i f y i  ng 
assun~ption which i s  made t o  reduce the number o f  parameters o f  the  model i s  
t o  s e t  $/% t o  u n i t y  t o  r e f l e c t  no tendency f o r  o i l  t o  associate r e l a t i v e  t o  
b r i ne .  The mettiods f o r  handl ing the o ther  parameters are  discussed i n  the 
f o l l  owing sect ions. 

Numerical Techniaues and Com~uta t i ona l  A1 q o r i  thm 

The so l v ing  o f  equat ions (1 )  o r  (10) and (2) f o r  c r i t i c a l  p o i n t s  and o f  
equat ions (5), (61 ,  and (11) .  f o r  mu1 ti phase e q u i l  i b r i  a  r e q u i r e  the  simultane- 
ous s o l u t i o n  o f  sets o f  h i g h l y  non l inear  equations. Th i s  was accomplished by 
standard Mwton i t e r a t i o n *  The convergence c r i  t e r i  on t h a t  r 1 vq - 12 < cS  

1 

w i t h  E = was s u f f i c i e n t .  For  so lu t i ons  w i t h  one volume f r a c t i o n  +i < 
the surrogate va r iab le  u = m" was used t o  avo id  numerical sca l i ng  

d l  f f i c u l  t i e s  and t o  speed convergence. 

F i  r s t - o r d e r  parametr ic o r  composit ional c o n t i  nuat ion  was used t o  t rack  
f a m i l i e s  o f  c r i t i c a l  po in t s  and mu1 ti phase equ i l  i b r i a  through parameter o r  
co~nposi t i o n  space. By f i  rs t -o rder ,  we mean updat ing the Newton i t e r a t i o n  
Jacobian and i n i t i a l  guess s o l u t i o n  vector  w i t h  the prev ious sol u t i o n  vector  
p l u s  the  increment i n  the previous two solutions,. i .e., 



where - x j C '  i s t h e  converged s o l u t i o n  vec tor  f o r  the  iE parameter o r  composi- 

t i o n  step, AX i s  t he  d i f f e rence  i n  the  converged s o l u t i o n  vector  f o r  the -i .i-1 
i t h  - .  and i - 1 s t  pa ramete ro r  composition steps, t he  superscr ip ts  denote the 
number o f  i t e r a t i o n s ,  J i s  the inverse o f  the o b j e c t i v e  func t i on  Jacobian 
mat r ix ,  [afi/axj], and=f - i s  the o b j e c t i v e  func t i on  vector.  

Using composi t i o n a l  f i  r s t -o rde r  cont inuat ion ,  convergence f o r  mu1 ti phase 
e q u i l i b r i a  i s  t y p i c a l l y  quadrat ic  w i t h  a volume f r a c t i o n  step o f  0.005 t o  0.01. 
Convergence e i t h e r  f a i l s  o r  becomes l i n e a r  when two o f  t he  phases approach 
c r i t i c a l  i t y :  e i t h e r  t i e - l  ines  approaching a p l a i t  p o i n t  o r  t i e - t r i a n g l e s  
c o l l  apsi  ng as they near a c r i t i c a l  t i e - 1  ine.  Using parametr ic f i  r s t -o rde r  
cont inuat ion ,  convergence f o r  mu1 ti phase equi 1 i b r i  a i s usual l y  quadrat ic  f o r  
i n t e r a c t i o n  parameter steps o f  0.5 t o  1.0. Again, convergence e i t h e r  f a i l s  
o r  becomes 1 i nea r  as two o f  the  phases i n  equ i l  i b r i u m  become c r i t i c a l .  Four- 
phase t i e - te t rahedra  are cnmpl e t e l y  determi ned by f i  x i  ng the parameter val  I J ~ S  
f o r  a quaternary system and f a m i l i e s  o f  t i e - te t rahedra  must be ca l cu la ted  by 
parametr ic  cont inuat ion .  Convergence f a i l s  o r  becomes l i n e a r  as the t e t r a -  
hedra co l lapse i n  the  v i c i n i t y  o f  a c r i t i c a l  t i e - t r i a n g l e .  

A1 though the computational t ime requ i red  f o r  c a l c u l a t i n g  mu1 ti phase equi- 
1 i b r i a  increases tremendously near degenerate c r i t i c a l  features 1 i k e  c r i t i c a l  
po in ts ,  c r i t i c a l  t i e - l  ines, and c r i t i c a l  t i e - t r i a n g l  es, t h i s  expense and 
e f f o r t  can be circumvented by c a l c u l a t i n g  the  c r i t i c a l  features d i r e c t l y .  As 
t h e  computation o f  c r i t i c a l  po in ts  on ly  invo lves  the s o l u t i o n  o f  two non l inear  
equations, t h e  computer t ime requ i red  i s  t y p i c a l l y  an order  o f  magnitude l e s s  
than t h a t  requ i red  f o r  mu1 ti phase equi 1 i b r i a .  Once computed, the c r i t i c a l  
l i n e s  serve as barometers f o r  an t i c ipa ted  numerical convergence d i f f i c u l t i e s  
and can thus make mu1 t iphase equ i l  i b r i a  c a l c u l a t i o n s  much more cos t -e f fec t i ve .  

A1 1 te rnary  and quaternary systems s tud ied had the o i l - b r i n e  b inary  edge 
i n  common. The two component form o f  the  ESFH model f o r  o i l  and b r i n e  reduces 
t 0 

The l i m i t  o f  thermodynamic s t a b i l i t y  f o r  the b i n a r y  described by equation 
(203, i s  given by 

By f i r s t - o r d e r  cont inuat ion,  the  spinodal curve f o r  a te rnary  face t o  which 
t h i s  b inary  edge i s  attached i s  r e a d i l y  ca lcu la ted.  A supplemental ca lcu la-  
t i o n  o f  equation (2  ) , performed whi le  t r a c k i n g  the .spinodal curve, i nd i ca tes  
t h e  nearness t o  a c r i t i c a l  p o i n t  which i s  then e a s i l y  computed. Table 2 out- 
l ines  the  computational a1 go r i  thm used f o r  t r a c k i n g  spinodal sol u t i ons  and 
c r i t i c a l  po in ts  through te rnary  and quaternary ESFH so lu t i on .  



Table 2 

Algorithm for Calculating Cr i t i ca l  Points 
i n  Quaternary System 

Determine 
Binary 

Splnndnl Pnintn 

First-Order Continuation 

If Not. Continue Cn Spinodal 

Calculate Ternary Cr ir i ca l  Poinrs 
With I n i t i a l  Guess On Spinodal 

Calculate Quaternary Cr i t i ca l  Points 
Via First-Order Continuation 

Once the l i m i t  o f  s t a b i l i t y  and a l l  c r i t i c a l  p o i n t s  have been calculated,  
mu1 t iphase e q u i l i b r i a  can be found i n  a s i m i l a r  fashion. The spinodal p o i n t s  

". on the  b inary  o i l - b r i n e  edge serve as a good i n i t i a l  guess f o r  the b ina ry  
m i s c i b i l i t y  gap. Once i t  has been ca lcu la ted,  f i  r s t - o r d e r  cont inuat ion  i s  
used t o  ob ta in  the te rnary  b i  nodal. Ternary c r i t i c a l  po in ts  no t  l y i n g  on 
t h i s  binodal i n d i c a t e  the presence o f  o ther  binodal s and poss ib le  three-phase 
e q u i l i b r i a .  Binodal s can be cont inued away from c r i t i c a l  p o i n t s  using as 
i n i t i a l  guess compositions along the spinodal e q u i d i s t a n t  from the c r i t i c a l  
po in t .  I n t e r s e c t i o n s  o f  b inodals then serve as guesses f o r  v e r t i c e s  o f  three-  
phase t i e - t r i a n g l e s .  Once a three-phase e q u i l i b r i u m  i s  obtained f o r  a t e r -  
nary, parametr ic c o n t i  nuat ion t o  compute fami l  i e s  o f  te rnary  three-phase 
e q u i l i b r i a  o r  composit ional cont inuat ion  i s  e a s i l y  done t o  generate fans o f  
quaternary t i e -  tri angl es. Fans o f  t i e -  tri angl es are then colnputed f o r  d i  f - 
f e r e n t  quaternary te t rahedra  by parametr ic cont inuat ion .  The three-phase 
equi 1 i b r i  a can become unstable, i n  general , i n  one o f  two ways: e i t h e r  a 
t i e - t r i a n g l e  col lapses i n t o  a c r i t i c a l  t i e -1  i n e  o r  i t  becomes c r i t i c a l  and 
erupts  i n t o  a t ie- tet rahedron.  Both cases were explored here and i n  f a c t  both 
may occur w i t h i n  the  same quaternary tetrahedron, as we see below. Once a 
four-phase equi 1 i b r i  um has been calculated,  by u s i  ng as i n i  ti a1 guess i n t e r -  
sec t i ng  fans of t i e - t r i a n g l e s ,  famil i e s  o f  t i e - te t rahedra  i n  parameter space 
can be computed. F i n a l l y ,  the e n t i  r e  process o f  compositional and parametr ic 
c o n t i  nuat ion i s  revers ib le ;  once a t ie - te t rahedron w i t h  desi red parameter 
values has been found, the  three-phase e q u i l i b r i a  which form i t s  faces may be 
cont inued away from it. Table 3 summarizes the a lgor i thm f o r  c a l c u l a t i n g  
mu1 ti phase equ i l  i b r i a  i n  quaternary phase space. 



T a b l e  3 

A l ~ o r i t h m  f o r  C a l c u l a t i n g  X u l t i p h a s e  E q u i l i b r i a  

C a l c u l a t e  T e r n a r y  S p i n o d a l  
Determine  Binary  Via  F i r s t - O r d e r  
S p i n o d a l  P o i n t s  C o m p o s i t i o n a l  C o n t i n u a t i o n  

Using  S p i n o d a l  As Guess ,  I I C a l c u l a t e  T e r n a r y  
C a l c u l a t e  Binary  C r i t i c a l  P o i n t s  
M i s c i b i l i t y  Gap 

Compuce T e r n a r y  Binodols  1 I B i n o d a l s  Cgnnected To 
. Via  Fi rs t -UideP ~ i n a r y  Edge C u ~ ~ ~ l i i u e d  Away 

C o m p o s i t i o n a l  C o n t i n u a t i o n  Prom C r i t i c a l  P o i n t s  

Campure Thraa-phcrln TS-=T-r+analo 
. I n  T e r n a r y  Prom 

I n t e r s e c t i n g  Binodals  

' 

I C a l c u l a t e  Q u a t e r n a r y  T i e - T r i a n g l e s  
Via F i r s t - O r d e r  

C o m p o s i t i o n a l  C o n t i n u a t i o n  

Compute Quacernacy M G e n e r a t e  Sequence Of 
Tie-Tet rahedron  Four-Phase E q u i l i b r i a  

From I n t e r s e c t i n g  Via P a r a m e t r i c  
Tie-Tr i a n g l e s  C o n t i n u a t i o n  

A l l  mul t iphase e q u i l i b r i a  were checked fo r  l o c a l  s t a b i l i t y  by no t i ng  the 
s i g n  o f  the  spinodal determinant a t  t i e - l i n e  endpoints and t i e - t r i a n g l e  and 
te t rahedron ve r t i ces .  Global s tab i  1 i t y  can on ly  be asce r ta i  ned by an exhaus- 
t i v e  mu.ltidirnensiona1 g r i d p o i n t  search o f  the  g hypersurface t o  check f o r  non- 
t angen t ia l  i n te rsec tons  o f  the  tangent plane ' a t  the p o i n t s  o f  e q u i l i b r i a .  
From the observed t rends i n  phase e q u i l i b r i a ,  we are  con f i den t  a l l  phase 
e q u i l  i b r i a  repor ted  here are g l o b a l l y  stab1 e. 

Resu l ts  and Discussion 

Se lec t i on  o f  Parameters f o r  Model Phase Diagrams 

We do n o t  at tempt t o  q u a n t i t a t i v e l y '  f i t  the parameters o f  the 111odel t o  
ac tua l  data. Rather, we chose parameter values t h a t  i l l u s t r a t e  t y p i c a l  be- 



h a v i o r  o f  o i l  - b r i ne -su r f ac tan t -a l coho l  systems t h a t  are compat ib le '  w i t h  t he  
phys i cs  o f  t he  model. 

The quaternary ve rs i on  o f  t he  ESFH d imension less f r e e  energy o f  m i x i n g  
has 10 independent parameters: s i x  b i n a r y  i n t e r a c t i o n  parameters - %S, (bS, 

%A' %A* a ~ ~ '  and d o  - which can be f i x e d  by b i n a r y  phase e q u i l i b r i a ,  two 
sc reen ing  parameters BS and PA, and two aggregate mo lecu la r  weight  r a t i o s ,  

= m /m and = $/mA Desp i te  t he  l a r g e  nunber o f  parameters, severa l  W S 
can be f i x e d  w i t h i n  narrow l i m i t s  by phys i ca l  cons ide ra t i ons  and o the rs  can 
be independent ly  f i x e d  by b i n a r y  o r  t e r n a r y  phase e q u i l  i b r i a  c o n s t r a i n t s .  We 
o u t l i n e  here f i r s t  t he  phys ica l  c o n s t r a i n t s  and b i n a r y  phase e q u i l i b r i a  r e -  
quirements and proceed t o  t e r n a r y  phase behav io r  and, u l t i m a t e l y ,  quaternary 
e q u i l i b r i a .  

The two aggregate mo lecu la r  weight  r a t i o s ,  rS and cA, can be chosen 
w i t h i n  narrow l i m i t s  t o  r e f l e c t  the  r e l a t i v e  tendencies o f  s u r f a c t a n t  and 
a l coho l  t o  assoc ia te  coope ra t i ve l y  i n  p o l a r  and nonpolar  media. eS must be 
smal l  t o  r e f l e c t  t he  shee t ing  tendency o f  s u r f a c t a n t .  Fo r  t he  t e r n a r y  
s u r f a c t a n t - o i l - b r i n e  case, a  va lue  o f  0.04 was chosen t o  y i e l d  a  low base o f  
t h e  symmetric three-phase t i e - t r i a n g l e .  The model o f  symmetry i s  chosen f o r  
i t s  s i m p l i c i t y  and ease o f  c a l c u l a t i o n  and as t he  p o i n t  o f  depar tu re  i n  gen- 
e r a t i n g  t he  t y p i c a l  2-3-7 p rogress ion  (1,5,7-9,23,35,36) o f  s u r f a c t a n t - o i l -  
b r i n e  phase b e h a v i o r a s ,  f o r  example, s a l i n i t y  i s  va r ied .  Smal ler  values o f  - 300 cS y i e l d  volume f r a c t i o n s  o f  s u r f a c t a n t  i n  excess phases sma l le r  than 10 , 
which i s  t he  under f low 1 i m i  t on the  co~nputer  used f o r  phase behavior  c a l c u l a -  
t i o n s .  should be l a r g e r  than cS b u t  sma l l e r  than u n i t y  t o  r e f l e c t  a lco -  
h o l ' s  a b i l i t y  t o  assoc ia te  weakly b u t  non-cooperat ive ly .  A va lue o f  0.1 was 
used a1 though phase behavior  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  and another 
va lue  between 0.04 and 1 c o u l d  have been chosen. 

B ina ry  i n t e r a c t i o n  parameters were chosen t o  r e f l e c t  ~ n i  s c i b i l  i t y  o r  i m -  
m i s c i b i l i t y  o f  component pa i r s .  O i l  and b r i n e  a re  v i r t u a l l y  i n s o l u b l e  i n  
each o t h e r  and, thus, a  va lue  o f  4.8 f o r  Q~ was se lected,  which y i e l d s  a 

b i n a r y  m i s c i b i l i t y  gap from (O = 0.01 t o  m0 = 0.99. I nc reas iny  %0 s l i g h t l y  
pushes m0 r a p i d l y  t o  zero i n  the  aqueous phase and u n i t y  i n  the o l e i c  phase. 
When symmetric t e r n a r y  phase diagrams were des i  red, t h e  i n t e r a c t i  on parameter 
p a i r s  % S - ~ S  and %A-%A were chosen t o  be equal. T k i  s  r e f l e c t s  m idd le  phases 
i n  three-phase e q u i l  i b r i  a  where uptake o f  o i l  and b r i n e  a re  equal , as f o r  ex- 
ample a t  so -ca l l ed  op t ima l  s a l i n i t y .  aAS was chosen t o  rough ly  approximate 
su r f ac tan t -a1  coho1 repu l  s i o n  o r  a t t r a c t i o n .  

Screening parameters fiS and fiA a re  chosen t o  r e f l e c t  s t r ong  and weak 
screening, r espec t i ve l y .  As discussed be1 ow, fiS i s  taken t o  be 12.5 t o  g i v e  
a symmetric three-phase t i e - t r i a n g l e  w i t h  )S = 0.10 i n  t he  midd le  phase. fiA 
i s  taken t o  be very  small and p o s i t i v e ,  0.3, t o  r e f l e c t  weak screening. Fo r  
n o d e l l i n g  d i f f e r e n t  a l coho l s  and su r f ac tan t s ,  d i f f e r e n t  va lues of fis and fiA 
must be se lec ted  t o  match des i r ed  t e r n a r y  phase behavior. 



Ternary Surfactant-Oi 1  -Br ine  Base Case 

I n  the e a r l i e r  pseudoternary model1 i n g  w i t h  the ESFH equation o f  s t a t e  
(141, t he  base case o f  a c t i v e  amphiph i le -o i l -b r ine  a t  opt imal s a l i n i t y  was 
chosen t o  be a  symmetric three-phase t i e - t r i a n g l e  w i t h  10 volume % su r fac tan t  

A 0  i n  t he  middle and v i r t u a l l y  no su r fac tan t  i n  the excess phases (4s = mS 3 

(F igu re  1). The f i t t i n g  o f  su r fac tan t  volume f r a c t i o n  i n  middle phase 
a t  opt imal  s a l i n i t y  f o r  experimental systems i s  e a s i l y  done by ad jus t i ng  the 
screening parameter 0,. F igure  2  shows symmetric three-phase t r i a n g l e s  f o r  

- 
%S - 7 s  = 0, Qo = 4.8, and cS = 0.04 and var ious values o f  fis. Two research 
groups 37,381 have r e c e n t l y  obta ined three-phase microemul s ion  systems i n  
pseudoternary .mixtures o f  b r ine ,  o i  1, and su r fac tan t  w i t h  no alcohol present.  
Three-phase e q u i l  i b r i a  can a1 so be generated ho ld ing  B~ f i x e d  and vary ing  %S 
- 
- aos simultaneously. F igure  3  shows symmetric three-phase t r i a n g l e s  f o r  flS 
= 12.5, %O = 4.8, and es = 0.04 w i t h  vary ing  values nf  %S = aOS. 

The t y p i c a l  progression o f  amphiphil e - o i l  - b r i ne  systems from 2-3-2 phases 
( 1,5,7-9,23,37,38), i s  r e a d i l y  model l e d  by a1 t e r i  ng the symmetric Ease case 
through one o f  the b ina ry  i n t e r a c t i o n  parameters, %S or  ebS. For example, 
i n c r e a s i n g  corresponds t0 l nc rea r lng  the s a l l n i t y  o f  the b r i n e  o r  decreas- 

S 
i n g  aoS t o  i nc reas ing  the a romat i c i t y  o r  p o l a r i t y  o f  the o i l .  F igure  4  shows 
a  sequence o f  t e rna ry  phase diagrams f o r  %0 = 4.8, tS = 0.04, fiS = 12.5, 

aos = 0, and values o f  %S from 0  t o  -6. Th is  mimics a  p o r t i o n  o f  a  s a l i n i t y  
scan f o r  an o i  1  - b r i  ne-sur fac tan t  system w i thou t  any a1 coho1 . 

Ternary A1 coho1 - O i l  - B r i  ne Base Case 

The a l c o h o l - o i l  - b r i  ne base case was chosen t o  mimic a  representa t ive  
smal l -chain a lcohol  w i t h  n-a1 kane and b r i n e  a t  equal volume uptake o f  b r i n e  
and o i l  i n  an a l c o h o l - r i c h  middle phase. The amount o f  alcohol a c t u a l l y  nec- 
essary t o  s o l u b i l  i z e  equal amounts o f  o i l  and b r i n e  i n  experimental systems 
v a r i e s  anywhere from 70-80 volume % f o r  some o f  the small chain monohydric 
a l c o h o l s  l i k e  ispropanol and isobutanol  t o  about 30 volume % f o r  some o f  the 
e thoxy l  ated a lcohol  s  1  i k e  C,E, (39)  ( t r i e t h y l  ene g l yco l  mono-octyl e ther ) .  

0 J 

For  our base case, we chose a  symmetric three-phase t i e - t r i a n g l e  w i t h  about 
52 volume % amphiphile i n  the middle phase and 20% amphiphi le i n  t he  excess 
aqueous and 01 e i c  phase. F igure  5  i s  t h i  s  equi 1  i b r i  um ternary  phase diagram 
f o r  6, = 0.3, q0 = 4.8, - 0.1, and %A - %A = .55. As mentioned above, 
phase behavior i s  r e l a t i v e l y  i n s e n s i t i v e  t o  the  values o f  fiA was se lec ted  
t o  be 0.3 t o  e leva te  the  he igh t  o f  the  three-phase t r i a n g l e  wh i le  s t i l l  main- - t a i n i n g  weak screening. qA - %A was taken t o  be s l i g h t l y  p o s i t i v e  t o  
increase the s i z e  o f  t he  three-phase t r i a n g l e .  F igu re  6  shows the  e f f e c t  o f  
f i x i n g  = 0.1, B~ = 0.3, q0 = 4.8 and vary ing  %A = %A from .50 t o  .58. 
I nc reas ing  qA = %A f u r t h e r  r e s u l t s  i n  the symmetric binodal and i t s  c r i  ti- 
c a l  p o i n t  r i s i n g  t o  co inc ide  w i t h  the three-phase vertex, thus render ing the 
three-phase equi 1 i brium g l o b a l l y  unstable. 



OIL + 
Ficures  1 and 4a. Tc raary  phase diagrarr of  s u r f a c t a n t - o i l - b r i n c  base case. 
Parameter va lues:  a  =4.8, a  =O, E =0.04, and B  =12.5. The v e r t i c a l  su r f ac -  
t a n t  composi t ion axiFOhas beeRsexpanaed t o  t w i c e  ?ha t  o f  t h e  o i  1  - b r i n e  a x i s .  
[The same s c a l e  has been used i n  a l l  s u r f a c t a n t - o i l - b r i n e  t e r n a r y  phase d i a -  
grams. A lso  i n  t h i s  and subsequent f i g u r e s ,  t i c k  marks denote volume f r a c t i o n  
increments o f  0.1, + ' s  denote l o c a l l y  s t a b l e  c r i t i c a l  p o i n t s ,  and X 's  denote 
l o c a l l y  uns tab le  c r i t i c a l  p o i n t s .  ) 

OIL 4 
Figure  2. Sequence o f  symmetric s u r f a c t a n t - o i l - b r i n e  three-phase t i e - t r i a n g l e s  
f o r  a =4.8, a,,=a,,=O, ~,=0.04, and va lues of B, va ry i ng  from 2.5 t o  60. wo 

OIL + 
Figure  5. Sequence o f  symmetric s u . r f a c t a n t - o i l - b r i n e  three-phase t i e  t r i a n g l e s  
f o r  aw0=4.8, ~,=0.04, Bs=12.5, and va lues  o f  aws=aos va ry i ng  f rom 12 t o  -70. 



OIL 3 

OIL -+ 

D 

F-iai~re E . Sequence of t e r n a r y  sur fac tan t -o i  1 - bri nc phase, diagrams . fo r  u ~ 4 . 8 ,  
a o . s = O ,  E s ~ 0 . 0 4 ,  BS=12. 5 ,  and varying values of aw,: ( A )  aws=O, (B) a w S = 9 ,  (C) 

a s  (D)  awS=-6. 

(62) 



OIL - 
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Figures 5 and 7a. Terrpry phase d i a ~ r a n  of alcohol-cil-brine basc casc. Para- 
meter values: awo=4.8, ciwa=cioa=O. 55, E ~ = O .  1 ¶ and da=0. 3. 

Figure 6. Sequence of symmetric alcohol-oil-brine three-phase tie-trangles 
for %,=4.8, iz,=b.l,  f3,=0.3, and values of %a=a=uoa varying from (2.50 to 0.58. 

(63)  



J u s t  as Q~ and an% can be made unequal t o  generate a s a l i n i t y  scan f o r  
t e r n a r y  s u r f a c t i n t  sysi6ms, so can and dA be v a r i e d  t o  g i ve  c r i t i c a l  
endpoi n t - t o - c r i  t i c a l  endpoint phase behavior.  F igu re  7 presents a ser ies  o f  
t e r n a r y  phase diagrams f o r  cA = 0.1, = 0.3, "wo = 4.8, aoA = 0.55 and qA 
v a r y i n g  froin 0.55 t o  0.61. For even l a r g e r  values o f  qA, the t i e - t r i a n g l  e 
co l l apses  t o  a c r i t i c a l  t i e - l i n e  whereupon the c r i t i c a l  p o i n t  detaches from 
t h e  g l o b a l l y  s t a b l e  binodal and migrates w i t h i n  the two-phase reg ion  t o  merge 
w i t h  the  uns tab le  c r i t i c a l  p o i n t  X (F igure  8). This i s  t he  t y p i c a l  avenue 
f o r  the genesis o r  co l l apse  o f  a three-phase region. 

Quaternary Phase E q u i l i b r i a  

Armed w i t h  know1 edgc o f  the desi red te rna ry  e q u i l  i b r i a ,  we rluw address 
p a r t i c u l a r  examples o f  quaternary phase equ i l  i b r i a .  With the  te rnary  
s u r f a c t a n t - o i  1  - b r i n e  and a1 cohol - o i l - b r i  ne base cases serv ing  as faces o f  the 
Lelr*.aheJrur~, Ct~e ur l ly  re111al ni ng parameter ra f 1 x i s  aAs, the  i n t e r a c t i o n  
parameter between a lcohol  and sur fac tan t .  For  aAs = 0, t h e  symmetric t i e -  
t r i a n g l e s  fan through the  tet rahedron from both faces b u t  i n t e r s e c t  a t  a com- 
mon o i l - r i c h ,  b r i n e - r i c h  t i e - l i n e  edge. The r e s u l t  i s  a four-phase equ i l  i b -  
r i u m  dep ic ted  schemat ica l ly  i n  F igure  9. The composit ions o f  the four-phase 
reg ion  a re  g iven i n  Table 4. The four-phase reg ion  co l lapses  as aAS i s  made 
negat ive,  i .e. render ing a lcoho l -sur fac tan t  i n t e r a c t i o n s  a t t r a c t i v e .  For  aAS 
= -1, t h e  four-phase reg ion  has vanished and the quaternary tet rahedron i s  
f i l l e d  w i t h  a fan o f  symmetric t i e - t r i a n g l e s  (F igure  10). The degenerate 
four-phase equ i l i b r i um,  o r  c r i t i c a l  t i e - t r i a n g l e  (27) from which the t i e -  
te t rahedron springs, occurs a t  aAs = -0.8875. The composit ions o f  i t s  ver- 
t i c e s  a re  a1 so g iven i n  Table 4. 

The case o f  symmetry i s  i n s t r u c t i v e  and c e r t a i n l y  the obvious p o i n t  o f  
departure, b u t  asymmetry i s  t he  ru le .  We begin by a1 t e r i n g  the  fan o f  sym- 
m e t r i c  t i e - t r i a n g l e s  through one o f  the  amphi ph i  l e - o i l  o r  anphi phi1 e-br ine 
i n t e r a c t i o n  parameters, i n  t h i s  case %A ' By choosing % such t h a t  the t i e -  A 
t r i a n g l  e on the a1 cohol - o i  1  - b r i n e  face has a1 ready c o l l  apsed i n t o  a two-phase 
region, we ob ta in  a fan o f  t i e - t r i a n g l e s  which begins symmetr ical ly on the  
s u r f a c t a n t - o i l - b r i n e  face and then skews before c o l l a p s i n g  i n t o  a c r i t i c a l  t i e -  
1 i n e  s h o r t  o f  the f a r  face o f  the tetrahedron. I n  the  middle o f  t h i s  fan, a 
t i e - te t rahedron  has erupted. The s i t u a t i o n  has been p ro jec ted  onto a pseudo- 
te rna ry  d i  agra~n w i t h '  a1 cohol and su r fac tan t  lumped i n t o  a s i n g l e  pseudocompo- 
nen t  (F igure  11) .  With t h i s  simple p e r t u r b a t i o n  o f  the  symn~etric case, we 
can begin t o  appreciate the r ichness and complexity o f  phase e q u i l i b r i a  i n  
t h e  experimental systems. 

The s i t u a t i o n  j u s t  described represents on ly  t he  beginnings o f  an 
approach t o  model 1 i ng the actual  experimental  s i t u a t i o n .  We can approach 
t h i s  o b j e c t i v e  by skewing both  te rnary  faces froin symmetry, b u t  i n  opposi te 
d i r e c t i o n s .  For  a parameter s e t  o f  %0 = 4.8, 

OAS 
= -1, oS = 12.5, flA = 0.3, 

qA = 0.6, %A = 0*55, %s = -5, 0 s  = 0, the  amphiph i le - r i ch  v e r t i c e s  o f  the 
three-phase t i e - t r i  angles fan from b r i n e - r i c h  on the su r fac tan t -o i  1 -br ine  



OIL - 
B ' 

Figure 7 .  Sequence of ternary alcohol-oil-brine phase diagrams for a -4 .8 ,  
a =C. 55, ca=O. 1, pa=O. 3, and varying values of s,,~: ( A )  o ~ ~ = O .  55, ('$9 %a= 
0%, ( C )  aWa=0.61. 

Figure 8 .  Schematic sequence o f  ternary phase diagrams showing collapse o f  a 
tie-triangle to a crit ical  tie-1 ine and subsequent fusion and disappearance of 
two crit ical  points. The spinodal curve i s  given by the dotted l ine .  



. Figure 9. schematic quaternary oil-brine-surfactant-a1 coho1 phase diagram' 
.. showing fan of symmetric t i e - t r i ang l e s  w i t h  intervening four-phase t i e - t e t r a -  
. hedron. Parameter values: ~ 4 . 8 ,  aWS=aoS=O , awa=aoa=O. 55, cia,=-0. 6 ,  E,= 

0.04, iza=O.l, BS=12.5, and Q8.3. . . 

\ COMPOSITIONS 

o LOCUS OF UPPER PHASE . 
(OLEIC) COMPOSITIONS 

Figure 10. Schematic quaternary oil-brine-surfactant-alcohol phase diagram 
showing fan o f  symmetric t i e - t r i  angl es through en t i  r e  tetrahedron. Parameter 
val ues: aw0=4. 8, %S=aos=O, awa=aoa=O. 55 'as =-I, ~,=0 .04 ,  ~ , = 0 . 1 ,  BS=12.5, 
and Ba=0.3. 
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Table 4 

Composittons of Four-Phase Tie-Tetrahedron 
for  Symmetric Quaternary Phase Diagram 

' Parameter Values: aWO = 4 .8 ,  aWS - aOS = 0 ,  awA - a = 0 .55 ,  aAS = 0 ,  OA 

E S  - 0.04,  c A n  0 . 1 ,  B s  = 12.5, B A = 0 . 3  

Compositions of C r i t i c a l  Tie-Triangle 
for Symmetric Quaternary Phase Diagram 

Parameter Values: aVO - 4.8,  aws - aOs p 0 ,  awA - aOA = 0.55 ,  aAS = - 0.8875 

B S - 0 . 0 4 ,  E A -  0.1,  B S  - 12.5, B A =  0.3 

OIL + .. 
'Figure '11. Pseudoternary r e p r e s e n t a t i o n  of qua t e rna ry  o i l  - b r i  ne - su r f ac t an t -  
a'lcohol phase  diagram. Alcohol and s u r f a c t a n t  have been lumped a s  a s i n g l e  
pseudocomponent c a l l e d  amphiphile.  A skewed four-phase t i e - t e t r a h e d r o n  i s  ' 
denoted by t h e  s t i p p l e d  a r ea .  Parameter va lues :  a -4.8, aws=oos=O. sa= 
0: 62, uo,=O. 55, a s = . - ,  E,-0. 04, 0 .  I ,  8,=12'. 5 ,  aWB s,=o. 3.. 



face t o  o i l - r i c h  on the a l c o h o l - o i l - b r i n e  face. Th is  case i s  c lose r  t o  the 
r e a l i t y  o f  experiment as su r fac tan t  and a lcohol  w i l l ,  i n  general, n o t  have 
t h e  same opt imal  s a l i n i t y  f o r  the same hydrocarbon. 

J u s t  as w i t h  the  symmetric fan o f  t i e - t r i a n g l e s ,  t h i s  asym~netric fan 
becomes unstable when aAs i s  increased, r e s u l t i n g  i n  a four-phase t i e -  
te t rahedron.  For  aAS = -0.6, a s t a b l e  t i e - te t rahedron  i s  present. Th is  i s  
undoubtedly the  s imp les t  and 1 i k e l  i e s t  fashion i n  which four-phase e q u i l i b r i a  
a r i  ses i n  quaternary o i  1-br ine-a lcohol  - su r fac tan t  systems (27) .  

Another p a t t e r n  o f  quaternary phase behavior worthy o f  note i s  the case 
o f  two phase equi 1 i b r i a  on the  te rnary  amphi ph i  1 e-o i  1 -b r i ne  faces w i t h  sur fac-  
t a n t  p a r t i t i o n i n g  i n t o  a b r i n e - r i c h  phase and a lcohol  r e s i d i n g  i n  an o i l - r i c h  
phase. The parameters a re  chosen very near t he  c r i t i c a l  ti e-1 i ne values on 
these faces: qA = .62, %A = '55 and dS = -12, c+,~ = 0. J u s t  w i t h i n  the 
tet rahedron,  the two-phase regions soon develop c r i t i c a l  t i e - l i n e s  which open 
i n t o  t i e - t r i a n g l e s  and begin t o  fan. The three-phase t r i a n g l e s  are  on ly  s t a b l e  
over  a sho r t  composit ional d is tance and soon merge t o  form a very skewed four-  
phase t i e - te t rahedron .  This  s i t u a t i o n  i s  depicted schematical l y  i n  F igure  12. 

F igure  12. Schematic quaternary o i l - b r i ne -su r fac tan t -a l coho l '  phase diagram 
showina ' c r i t i c a l  t i e - 1  i r i e - t o - c r i  t i c a l  t i e - 1  i n e  ~ h a s e  behavior w i t h  i n t e r v e n i n g  
skewed" t i e -  te t rahedron.  Parameter va l  ues : aw 14.8, a, =-12, aoS=O, %,=o. 62, 
aOaz0.55, a,,=-0.6, cS=0.04, ca=O. 1, Bs=12.5, %nd Ba=0.S 



Extensions o f  the  Method 

The screened Flory-Huggins model described here has been app l ied  t o  t e r -  
nary a lcohol  -o i  1 -b r i ne  and su r fac tan t -o i  1 - b r i n e  and quaternary a1 coho1 - 
s u r f a c t a n t - o i l  - b r i ne  systelr~s. However, the  computational a1 g o r i  thm and equa- 
t i o n  o f  s t a t e  can be r e a d i l y  mod i f ied  t o  t r e a t  o ther  quaternary systems. 

By choosing two l a r g e  screening parameters and a d j u s t i n g  amphiphi l e - b r i  ne 
and amphiphi le-o i l  i n t e r a c t i o n  parameters, the equat ion o f  s t a t e  can model the 
case o f  two mixed sur fac tan ts  w i t h  o i l  and b r i ne :  one h i g h l y  water-soluble 
and the o ther  o i l - s o l u b l e .  This  would f i n d  a p p l i c a t i o n  i n  the  t reatment  o f  
commercial su r fac tan t  systems such as the petroleum sul fonates.  By i nc reas ing  
t h e  number o f  amphiph i l i c  components, the model cou ld  be extended t o  i nco r -  
pora te  several d i s t i n c t  su r fac tan ts  i n  the mixture,  a1 though the  computational 
requirelnents increase s u b s t a n t i a l l y  w i t h  the number o f  components. 

Another a t t r a c t i v e  a p p l i c a t i o n  of the  equat ion o f  s t a t e  i s  t o  t r e a t  e lec-  
t r o l y t e  as a d i s t i n c t  coinponent i n  the quaternary sal  t -water-oi l -amphi ph i  1 e 
systems. Although b r i n e  has been repor ted  t o  behave as a good pseudocomponent 
( 4 )  i n  su r fac tan t  systems, i t  has been shown t h a t  i n  alcohol systems (40-43) 
s a l t  does no t  p a r t i t i o n  w i t h  water i n  the same propor t ions  i n  phases i n  equi-  
l i b r i u m .  The i n t e r a c t i o n  parameter between water and s a l t  cou ld  be ad jus ted  
f o r  sal  t concentrat ion:  %S shoul d be negat ive f o r  m i  s c i  b i  1 i ty a t  1 ow sa l  t 
concent ra t ions  wh i l e  p o s i t i v e  f o r  i m m i s c i b i l i t y  a t  h igher  s a l t  concentrat ions.  

F i n a l l y ,  the  computational a lgor i thm appears s u i t a b l e  f o r  t r e a t i n g  qua- 
t e r n a r y  C02-hydrocarbon systems w i t h  a PVT equat ion o f  s ta te ,  such as t h e  
Peng-Robinson o r  Redlich-Kwong equations. Recent C02-hydrocarbon thermody- 
namic rnodell i n g  e f f o r t s  (44) have revealed d i s t i n c t l y  d i f f e r e n t  b ina ry  equi -  
l i b r i a  f o r  C02-propane, C02-decane, and C02-hexadecane b ina ry  mixtures. 
Thus, a quaternary model may be des i rab le  i n  C02 f l o o d i n g  s imulat ions t o  cap- 
t u r e  the  e f f e c t s  o f  l i g h t ,  in termediate,  and heavy hydrocarbon components i n  
crude o i  1. 

, , . . . . . 
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V. INTERPRETING THE APPEARANCE OF DISPERSED SYSTEMS: 
PART I. MODEL DISPERSIONS OF POLYMER LATEX MICROSPHERES 

I n t r o d u c t i o n  

The v i  sual appearance o f  macroscopi c a l l  y  homogeneous 1  i qui  ds i s  o f  t en  used 
as a  c r i t e r i o n  f o r  i n i t i a l  l y  c l a s s i f y i n g  them as sol u t ions ,  mice1 1  a r  so lut ions,  
microemul sions, macroemul sions, d ispers ions,  etc .  (1,2). Simple observat ions 
can be useful i n  s tudy ing  phase behavior, i n t e r f a c i a l  tension, and nonequil i b- 
r i um o f  d i  spersed and c o l l  o ida l  systems. Observations can qu i ck l y  p rov ide  
qua1 i t a t i  ve i n fo rma t ion  t h a t  i s  va luable i n  any screening program. And, most 
important ,  they can i n d i c a t e  d i r e c t i o n s  f o r  more d e t a i l e d  s c i e n t i f i c  inves t iga-  
t i o n s .  

Various pub1 i shed r u l e s  f o r  es t ima t ing  p a r t i c l e  s i z e  i n  nonabsorbing emu1 - 
s ions  and microemul s ions are shown i n  Table I. I n  the phenomenon c a l l e d  Tyndal l  
e f f e c t ,  i f  a  nonabsorbing system i s  i l l u m i n a t e d  by wh i te  l i g h t ,  i t  appears b lue  
by s c a t t e r i n g  l i g h t  and orange-red by t ransmi t ted  l i g h t  (3 ) .  This  e f f e c t  has 
been used ex tens ive ly  t o  de tec t  Ray1 e i  gh sca t te rers .  These are p a r t i c l e s  w i t h  
dimensions much smal ler  than the  wavelength o f  the  l i g h t  used; they are gen- 
e r a l  l y  smal ler  than 0.1 pm (3 ) .  There seems t o  be no d e t a i l e d  account o f  how 
the  repor ted  r u l e s  depend on path l eng th  o f  sample, concent ra t ion  o f  scat terers,  
e x t e n t  o f  m u l t i p l e  sca t te r ing ,  amount o f  chromophore absorpt ion, and i n t e n s i t y  
o f  l i g h t  source. 

Table I .  Literature rules for interpreting 'appearance of dispersione 

a) Prince (1) 

0 

Appearance Tyndall Effect Average Particle Size (A) 

"dead white" none >5000 

"white-gray" weak 1000-3000 

"gray- translucent" srrong 100-1400 

"clear transparent" none <lo0 

Appearance 
0 

Average particle size (A) 

"distinguishable phases" macroglobules 

"mil.ky white" >10000 

"blue-white" 1000-10000 

"transparent" <500 



To evaluate these r u l e s  and devise improved ones, we made spectroturb id im- 
e t r y  experiments and v i sua l  observat ions on a  ser ies  o f  aqueous d ispers ions o f  
polymer l a t e x  microspheres. Such d i  spers,ions are excel 1  e n t  model systems f o r  
t e s t i n g  q u a n t i t a t i v e l y  theor ies,  equipment, and procedures concerning. co l  1  o i  dal 
p a r t i c l e s  (4 ) .  Latex microspheres o f  h i g h l y  uni form s i z e  are commercial l y  
a v a i l a b l e  i n  diameters ranging from 0.09 t o  many micrometers. The p a r t i c l e s  
can remain i n  s tab le  suspension f o r  weeks and months', a1 though they eventua l ly  
aggl omerate. 

I n  Par t  I we review b r i e f l y  the  important  p r i n c i p l e s  o f  l i g h t  scat te r ing ,  
spec t ro tu rb i  dimetry, and spectrophotometry , which form the basis f o r  i n t e r p r e t -  
i n g  v i sua l  appearances. We i n v e s t i g a t e  by spect ro turb id imet ry  thc  three most 
impor tan t  s c a t t e r i n g  regimes, Raylei  gh, Ray1 e i  gh-Debye-Gans, and Mie, by using 
appropr ia te  monodi sperse p a r t i c l  e s i  zes. We a1 so examine c e r t a i n  s i  ngl e- and 
mu1 t i p 1  e -sca t te r i ng  d ispers ions by 1  i g h t  scat te r ing .  We use mixtures o f  mono- 
d isperse s izes t o  s imulate s i ze  d i s t r i b u t i o n s ,  which are present i n  most prac- 
t i c a l  systems. Moreover, we t e s t  d ispers ions w i t h  added dye t o  see how the  
i n t e r p r e t a t i o n  o f  spec t ro tu rb i  dimetry and v i  sual appearance must be modi f ied  
when there  i s  chromophore absorpt ion i n  a d d i t i o n  t o  scat te r ing .  Absorbance 
measurements enable us t o  eval uate the v i  sual observat ions and analyze t h e i r  

-L p i t f a l l s .  We conclude t h a t  the  prev ious ly  pub1 ished r u l e s  are no t  always 
re1 i a b l  e. We suggest new r u l e s  and discuss t h e i r  l i m i t a t i o n s .  The l i m i t a t i o n s  
a re  fewer i f  observat ions are combined w i t h  spectroturb id imetry.  

I n  p a r t  I 1  we o u t l i n e  simple ru les ,  i n  guide form, f o r  quick and ca re fu l  
v i s u a l  observat ions o f  su r fac tan t  systems ( 5 ) .  We show t h a t  the d ispers ions o f  
polymer l a t e x  microspheres are indeed good models o f  su r fac tan t  dispersions. 

. And f i n a l l y  we i l l u s t r a t e  the usefulness o f  the  guide by r e p o r t i n g  observat ions 
o f  var ious su r fac tan t  systems we examined i n  the  course o f  s tudies o f  phase ?, 

r behavior, i n t e r f a c i a l  tension, and d ispers ion  s tab i  1 i ty (6-8). 
1 

Theorv 

Absorpt ion and Sca t te r i ng  

For a  p a r a l l e l  l i g h t  beam o f  i n c i d e n t  i n t e n s i t y  lo and t ransmi t ted  inte'n- 
s i  t y  I, the transmi t t ance  T i s  def ined as 1/10 and the  absorbance A as -1 ogl0T. 
Usua l ly  T  < 1, and hence A > 0. The a t tenua t ion  o f  i n c i d e n t  l i g h t  i s  due t o  
chromophore absorpt ion (Aabs), o r  s c a t t e r i n g  (Ascat), o r  both. The s p e c i f i c  
absorbance due t o  chromophore absorpt ion i s  s 2 A bS/ac, where c  i s  the  molar 
concent ra t ion  (no1 . l - l )  and a  i s  the path l eng th  fcm). According t o  the Beer- 
Lambert law, E i s  independent o f  the concentrat ion and the  s ta te  o f  aggregation 
o f  the  chromophores. R e l a t i v e l y  minor dev ia t ions  can a r i s e  from e f f e c t s  o f  
complex format ion o r  v a r i a t i o n  o f  so lvent  p o l a r i t y  (9,lO). By cont ras t ,  Asca t ,  
which measures the t o t a l  s c a t t e r i n g  i n  a l l  d i rec t i ons ,  depends s t rong ly  on par- 
t i c l e  s i z e  and may vary w i t h  concentrat ion.  I n  systems i n  which the chromo- 
phores occupy a  small volume f r a c t i o n  o f  the  s c a t t e r i n g  p a r t i c l e  o r  aggregate, 
t h e  s c a t t e r i n g  and absorpt ion e f f i c i e n c i e s  o f  t he  p a r t i c l e  should no t  a f f e c t  
each other. Therefore, t h e  absorbances due t o  s c a t t e r i n g  and absorpt ion should 
be add i t i ve :  A/ac = Aabs/ac + Asc,t/ac. Hence, by measuring the t o t a l  absor- 
bance A and Aabs the  t o t a l  sca t te r1  ng can be determined by d i f fe rence.  



. . 

~i ngl e  S c a t t e r i  ng 

I n  s i n g l e  scat te r ing ,  l ess  than 'about 10% o f  the  i n c i d e n t  i n t e n s i t y  i s  
sca t te red  (see next  subsection). Thus the sample i s  exposed t o  v i r t u a l l y  the  
same i n c i d e n t  i n t e n s i t y  over the whole path length; provided o f  course t h a t  
chromophore absorpt ion i s  a lso  small. For l i g h t  wavelength A, ( i n  vacuo) the  
s c a t t e r i n g  i n t e n s i t y  i (  8) a t  a  s c a t t e r i n g  angle e depends on Ao, e, and the r a t i o  
m o f  t h e  r e f r a c t i v e  index np of the  p a r t i c l e  o r  aggregate re1 a t i v e  t o  the  re-  
f r a c t i v e  index no o f  the surrounding solvent:  m a np/no. For spher ical  par- 
t i c l e s  o f  diameter d, t h e i r  dimensionless s i ze  i s  

where A = Ao/no. 

The s c a t t e r i n g  i n t e n s i t y  and i t s  s t a t e  o f  p o l a r i z a t i o n  are complex func- 
t i o n s  o f  a, A,, 0, m, and the s t a t e  o f  p o l a r i z a t i o n  o f  the  i n c i d e n t  l i g h t  (3 ) .  
Simple i i m i  t i n g  cases t h a t .  are' important  f o r  c o l l o i d a l  s izes ( <  0.2 are  

v presented below. One can use po la r i zed  (e.g. v e r t i c a l l y ,  I,, o r  hor izonta l l .y ,  
H  1,) o r  unpolar ized (1;) i n c i d e n t  l i g h t  and measure e i t h e r  the t o t a l  s c a t t e r i d  

i n t e n s i t i e s  (i,, , iH, and i" o r  i e, respec t i ve l y )  o r  v e r t i c a l  o r  ho r i zon ta l  com- 
ponents o f  the  scat te red l i g h t .  

I n  the  Rayleigh s c a t t e r i n g  regime, the  ex terna l  f i e l d  induces a  d i p o l e  
t h a t  o s c i l l a t e s  i n  phase w i t h  the ex terna l  f i e l d ,  which i s  v i r t u a l l y  homoge- 
neous over the  ex ten t  o f  the sca t te r i ng  p a r t i c l e .  Rayleigh sca t te r i ng  occurs 
when the  p a r t i c l e  s i ze  i s  much smal ler  than the  wavelength and when the  s t a t i c  
p o l a r i z a t i o n  i s  es tab l ished i n  a  t ime shor t  compared t o  the period, i.e. when 
(Ref. 11, p. 75) 

a  << 1 and alml << 1 (2 )  

Provided I m l  < 2  and d  < A110 these cond i t ions  are s a t i s f i e d  adequately i n  
p rac t i ce .  For p a r t i c l e s  i n  t h i s  regime 

i 11' = 2 K M E / r 2  V 0 (3  

2 2  iH/1; = 2  K M c  cos e l r  

and 
2  2  iU/1: = K M c ( 1  + cos e ) / r  

2  2  2  4 where K i s  an o p t i c a l  constant, K a 2n no(dn/dc) I , and M i s  the  molecular 

weight o f  the  p a r t i c l e s .  NA i s  ~ v o ~ a d r o ' s  number, and dnldc i s  the  spec4 f i e  
r e f r a c t i v e  index increment, dnldc =- l im(n-no) /c  as c  + 0  (12). 



Equations (3 )  through (5) apply t o  suspensions so d i l u t e  t h a t  the p a r t i c l e s  
s c a t t e r  independently o f  each other.  As concent ra t ion  r i ses ,  dependent sca t te r -  
i ng ,  o r . i n t e r p a r t i c l e  in te r fe rence,  becomes important.  The f o l l o w i n g  equat ion 
can descr ibe the concent ra t ion  dependence (12) : 

2 Kc/Re = 1/M + 2Bc + 3Cc + --• (6 

where Re, t he  Rayleigh r a t i o ,  i s  de f ined as 

2 u 2 2 V 2 H 
R, = r i u l [ l , ( l  + cos v ) ]  = r i,,/(ZI0) = r I H / ( 2 I O )  

and B and C are  the  second a"d ehlrd V l r l a l  c o e f f l c l e n t s  (12 ) .  

I f  iT i s  the  f r a c t i o n  o f  the I n c i d e n t  i n t e n s i t y  t h a t  i s  scattered, i.e. 

a n d - r  i s  the  t u r b i d i t y  r I - n I / I 0  = - anT, then T = t n ( l  - i T )  and r = 
2.303Ascat. For s i n g l e  sca t te r i ng ,  as expla ined above, iT << 1. It fo l l ows  
t h a t  T = iT and 

R e  = ( 3 / 1 6 n ) r l t  ( 9 )  

Thus by measuring A s c a t / u o r  s i n g l e  sca t te r ing ,  the  Rayleigh r a t i o  can be 
determined. 

S ing le  s c a t t e r i n g  from o p t i c a l  l y  i s o t r o p i c  Rayl e i  gh spheres i s  completely 
p o l a r i z e d  f o r  p o l a r i z e d  i n c i d e n t  l i g h t .  The d i r e c t i o n  o f  p o l a r i z a t i o n  can 
d i f f e r  from t h a t  o f  the  i n c i d e n t  l i g h t .  With po la r i zed  i n c i d e n t  l i g h t ,  s i n g l e  
s c a t t e r i n g  from ani  so t rop i c  o r  nonspherical  Rayl e i  gh p a r t i c l e s  can, however, be 
p a r t i a l l y  unpol a r i z e d  (13).  A use fu l  measure o f  size, shape, o r i e n t a t i o n ,  and 
e x t e n t  o f  mu1 t i p l e  s c a t t e r i n g  i s  the s c a t t e r i n g  r a t i o ,  which i s  def ined as 

For  i s o t r o p i c  Rayleigh spheres pu(900) = 0, according t o  Eqs. (3)  and ( 4 ) .  For 
nonspherical  Rayle i  gh p a r t i c l e s  p,(90° > 0. For i s o t r o p i c  o r  spher ica l  par- 
t i c l e s  t h a t  are n o t  i n  the  Rayleigh regime pu(900) > 0 i n  most cases, because 
t h e  o s c i l l a t i n g  d ipo les  are n o t  p a r a l l e l  t o  the e l e c t r i c  vector  of the i n c i d e n t  
1 i g h t .  



I n  the Rayl e i  gh-Debye-Gans regime each vol ume e l  ement gives Rayl e i  gh scat- 
t e r i n g  and does , so independently' o f  the o ther  vol  ume elements (Ref. 11, p. 85). 
The r e f r a c t i v e  index d i f f e r s  l i t t l e  from t h a t  o f  t he  surrounding medium and the 
phase s h i f t  alm-1 l i s  small, i.e. 

. 

lm-11 << 1 and alm-11 << 1 (11  

Hence a can be l a r g e r  than 1 i f  lm-11 i s  s u f f i c i e n t l y  smal'ler than 1. Because 
o f  d e s t r u c t i v e  i n t e r p a r t i c l e  in te r fe rence,  the Rayleigh r a t i o ,  which i s  inde- 
pendent o f  angle i n  Rayleigh sca t te r i ng ,  can vary w i t h  s c a t t e r i n g  angle e; when 
d < ~ / 2 ,  i t  decreases' monotonical ly  over the  who1 e range o f  angles 0 t o  180' 
(14) .  A convenient measure o f  the  angular dependence i s  the dissymmetry 

I n  t h i s  regime, Z( 0)  > 1. Dissymmetry measurements and tabu la ted  c a l c u l a t i o n s  
(14) can prov ide  the p a r t i c l e  s i z e  i f  the  p a r t i c l e  shape o r  con f i gu ra t i on  i s  
known from o ther  evidence. 

I f  n e i t h e r  the cond i t i ons  ( 2 )  nor (11) are s a t i s f i e d ,  the s c a t t e r i n g  i s  
c a l l e d  Mie s c a t t e r i n g  a f t e r  Mie 's  theory, which app l ies  t o  spheres a t  any value 

. o f  m and a. I n  t h i s  regime t h e . s c a t t e r i n g  i n t e n s i t y  i s  concentrated main ly  a t  
small forward angles and can have maxima and minima as angle increases. The 
t u r b i d i t y  can increase o r  decrease and have maxima and minima as s i z e  increases 
o r  as wavelength decreases (15,161. 

The wave1 ength dependence o f  s c a t t e r i  ng by a d i  spers i  on o f  p a r t i c l  es can 
- 9 be represented by the  exponent g def ined from r a no , i.e. 

The value o f  g i s  a s e n s i t i v e  i n d i c a t o r  of the value o f  the dimensionless s i z e  
a i f  the  r e f r a c t i v e  index r a t i o  m i s  known. It i s  a l so  important  f o r  . r e l a t i n g  
s p e c t r o t u r b i d i ~ n e t r y  t o  appearance because i t  determines the  s c a t t e r i n g  co lo rs .  
I n  the Rayleigh regime, t he  dependence o f  the t u r b i d i t y  on the wavelength i s  
t h e  s t rongest  (9). 



Because n and m vary a 1 i t t l e  w i t h  wavelength, g can be s l i g h t l y  l a r g e r  than 
4. I n  th8  Rayle i  gh-Debye-Gans regime, the  exponent g i s  l e s s  than 4 and de- 
creases w i t h  decreasing wavelength. I n  t he  Mie s c a t t e r i n g  regime g i s  smal ler  
than 4 and can be negat ive. The small e r  the  value o f  Im-11 the  l a r g e r  the range 
o f  a i n  which the t u r b i d i t y  increases w i t h  increas ing  size, i.e. g i s  p o s i t i v e  
1 5 1 6  It i s  usefu l  t o  est imate g and determine roughly the s c a t t e r i n g  by 

4 2 p l o t t i n g  AAo and AAo versus Ao. For Rayleigh sca t te r i ng ,  the product  AscatA: 
- - - .  

i s  constant  o r  increases slowly. A value o f  g l e s s  than 4 i nd i ca tes  t h a t  some 
o r  a l l  p a r t i c l e s  i n  the  d ispers ion  are no t  Rayleigh sca t te rers .  According t o  
pub1 i shed  c a l c u l a t i o n s ,  i f  g ranges from 2 t o  4 and m < 1.3, then a i s  l e s s  
than 2.5 (15) .  Mie s c a t t e r i n g  i s  i m p l i e d  when g < 2. By analogy t o  the d i s -  
symmetry, which measures the departure o f  s c a t t e r i n g  from the Rayleigh 1 i m i  t, 
t h e  p a r t i c l e  d i s s i p a t i o n  f a c t o r  i s  de f ined as 

where T and T are the t u r b i d i  t i e s  i n  the presence and absence, respect ive ly ,  
o f  i n t r a p a r t i c l e  in te r fe rence.  Chromophore absorpt ion can depend much more 

4 s t r o n g l y  than s c a t t e r i n g  on wave1 ength. Whereas the product  ASCatAo can 
4 i ncrease only  s l i g h t l y  w i t h  decreasing wavelength, Aabs\ can increase substan- 

t i a l  l y  ( r e c a l l  t h a t  the  t o t a l  absorbance A = Ascat + Aabs 4 . Hence when Aa0 

increases s t rong ly  w i t h  decreasing wavelength, Aabs must be s i g n i f i c a n t .  

4 2 Spect ro turb id imet ry ,  p l o t s  o f  A o r  AAo o r  AAo versus A ,  i s  no t  as sensi-  

t i v e  an i n d i c a t i o n  o f  s izes  as are measurements o f  t he  s c a t t e r i n g  i n t e n s i t y  
versus angle. I n  the v i s i b l e  wavelength range, 800 t o  350 nm, the  s c a t t e r i n g  
parameter a( E nd/ A )  va r i es  l e s s  than does the  angular s c a t t e r i n g  parameter 
( nd/A) s i n (  812) i n  the  angular range 30" t o  150°, . which i s  commonly scanned. 
Spect ro turb id imet ry ,  however, i s  a f f e c t e d  much l e s s  by mu1 t i p l e  sca t te r i ng ,  
i .e.  when A > 0.04, as expla ined i n  the  nex t  sect ion.  Hence, when A < 0.04, 
measurements o f  the  angular dependence are undoubtedly super ior ;  when A > 0.04, 
spec t ro tu rb id ime t ry  i s  p re ferab le .  

Mu1 t i p 1  e Sca t te r i ng  

As the t u r b i d i t y  T increases, an increas ing  f r a c t i o n  o f  sca t te red  l i g h t  i s  
sca t te red  repeatedly  before i t reaches the detector .  Dispersed p a r t i c l e s  are 
exposed t o  bo th  the at tenuated i n c i d e n t  beam and t o  the sca t te red  l i g h t .  I f  
t h e  s p e c i f i c  t u r b i d i t y  TIC i s  independent o f  concentrat ion,  mu1 t i p l e  s c a t t e r i n g  
i s almost c e r t a i n l y  i n s i g n i f i c a n t  (11).  However, T/C can depend on concentra- 
t i o n  because o f  i n t e r p a r t i c l e  i n t e r a c t i o n s  (121, even when s i n g l e  s c a t t e r i n g  
preva i  1 s. I f  ~ / a  i s  independent o f  the  path l eng th  a a t  a f i x e d  concentrat ion,  
then mu1 ti p l  e s c a t t e r i n g  i s  unimportant. Thus the  length-dependence c r i t e r i o n  
i s more re1 i a b l  e than the  concentration-dependence c r i t e r i o n .  Van de Hul s t  
suggests us ing  the t u r b i d i t y  as the c r i t e r i o n :  i f  T < 0.1 (A 5 0.04), s i n g l e  



s c a t t e r i n g  prevai-1s; i f  0.04 5 AS at < 0.13, a c o r r e c t i o n  f o r  mu1 t i p l e  scat-  
t e r i n g  i s  needed; and i f  Ascat > 8.13, mu1 t i p l e  s c a t t e r i n g  dominates (11).  

Mu1 ti p l  e s c a t t e r i n g  r e d i  s t r i  butes i n  space the  s i  ng ly -sca t te red  1 i ght. 
The angular dependence o f  mu1 ti p l y  sca t te red  1 i g h t  becomes more un i fo rm w i t h  
i ncreasing ex ten t  o f  mu1 t i p l e  s c a t t e r i n g  (17).  I n  the Rayleigh-Debye-Gans 
regime, the dissymmetry (Eq. (12) 1, increases. Moreover, the degree o f  depol a r -  
i za t ion  increases as mu1 ti p l  e s c a t t e r i n g  gai ns i n  importance (18) .  The sca t te r -  
i n g  r a t i o  pu(900) approaches 1, from below o r  f rom above, as i n  c e r t a i n  cases 
o f  Mie sca t te r ing .  Th is  means t h a t  the s c a t t e r i n g  l i g h t  i s  mainly unpolar ized. 

The problem o f  deducing the p a r t i c l e  s i z e  from the angular dependence o f  
mu1 t i p l e  s c a t t e r i n g  i s  d i f f i c u l t  t o  i n t r a c t a b l e  when p a r t i c l e  s izes 'are d i s t r i b -  
uted. Only i f  there  i s  s t rong evidence t h a t  the p a r t i c l e s  are o f  un i fo rm s i z e  
and shape i s  i t  worth the computational e f f o r t  t o  match c a l c u l a t i o n s  t o  m u l t i p l e -  
s c a t t e r i n g  data i n  order  t o  est imate p a r t i c l e  size. On the  o ther  hand, m u l t i p l e  
s c a t t e r i n g  w i l l  a f f e c t  the  t u r b i d i t y  per  u n i t  path l eng th    la and i t s  wavelength 
dependence much l e s s  than i t does the angular dependence. The reason i s  as f o l -  
lows. I f  the  i n c i d e n t  bea,m i s  very t h i n  and p a r a l l e l  and i f  the d is tance between 
t h e  sample and the de tec tor  i s  very la rge ,  1 i t t l e  sca t te red  o r  resca t te red  1 i g h t  
reaches the detector .  The t u r b i d i t y  i s  then s t r i c t l y  p ropo r t i ona l  t o  the path 
length .  The i n c i d e n t  beam, however, may have some divergence and i t  c e r t a i n l y  
has a f i n i t e  cross-sect ion. The l i g h t  sca t te red  a t  small angles i n  the  cone o f  
acceptance t h a t  the de tec tor  subten'ds the sample enhances the measured t rans+ 
m i t t e d  i n t e n s i t y  and thus in t roduces an e r r o r  i n  the  measured absorbance. The 
e r r o r  i s  o f '  course 1 arger  t he  l a r g e r  t he  angle o f  acceptance (19,ZO). 

For  small a, corresponding t o  Rayl e i  gh and Rayl e i  gh-Debye-Gans sca t te r i ng ,  
t h e  angular d i s t r i b u t i o n  o f  sca t te red  l i g h t  i s  q u i t e  uniform. The f r a c t i o n  o f  
t h e  t o t a l  sca t te red  1 i g h t  which reaches the de tec tor  i s  then about equal t o  f, 
t h e  f r a c t i o n  ( i n  s teradians d i v ided  by 4 ~ )  o f  the  s o l i d  angle subtended by the 
de tec tor  a t  the center  o f  the sample. I f  on ly  the  angle-of-acceptance e r r o r  i s  
considered, the measured absorbance A* i s  

where A i s  the t r u e  absorbance. 

For  the t y p i c a l  absorbance range 0 t o  2 o f  a commercial spectrophotometer 
and a t y p i c a l  sol i d  angle f r a c t i o n  f = 0.004, the r e l a t i v e  e r r o r  i n  A i s  l e s s  
than 7.3%; when A < 1 and f = 0.004, the  e r r o r  i s  l e s s  than 1.6%. Consequently, 
a t  A ( 2 and f < 0.004 i n  Rayleigh and Rayleigh-Debye-Gans sca t te r i ng ,  the  t u r -  
b i d i  t y  i s  a f fec ted  by l e s s  than 7.3% a t  a l l  wavelengths. The e r r o r  i n  the  wave- 
l e n g t h  exponent g, which i s  a ' f i n g e r p r i n t '  o f  the p a r t i c l e - s i z e  d i s t r i b u t i o n ,  
i s  small and o f ten  to le rab le .  The f a r t h e r  the de tec tor  i s  placed from the  
sample, the smal ler the e r r o r  and the l a r g e r  the absorbance range t h a t  can be 
i nte rp re ted  i n  terms. o f  the s i  ngl  e - s c a t t e r i  ng theory. 

I n  Mie s c a t t e r i n g  most o f  the sca t te red  1 lghe 1s concentrated dl; sinall 



angles. The f r a c t i o n  of the  t o t a l  s c a t t e r i n g  which reaches the de tec tor  i s  much 
l a r g e r  than f. The angle-of-acceptance e r r o r  i s  l a r g e r  f o r  Mie s c a t t e r i n g  than 
f o r  Rayleigh-Debye-Gans s c a t t e r i n g  and can be impor tan t  even when A < 0.2. As 
A increases w i t h  decreasing wave1 ength, the asymmetry i n  the  angular d i  s t r i  bu- 
t i o n  o f  s i n g l e  s c a t t e r i n g  increases, as i n  some impor tan t  cases o f  Mie sca t te r -  
ing .  The e r r o r  i n  the absorbance may decrease, however, as the ex ten t  o f  m u l t i -  
p l  e  s c a t t e r i n g  increases. Thus the re1 a t i  ve e r r o r  i n  absorbance depends 1  i ttl e 
on the wavelength, and the wavelength dependence y i e l d s  a  s i z e  d i s t r i b u t i o n  
' f i n g e r p r i n t '  which i s  almost i d e n t i c a l  t o  t h a t  when s i n g l e  sca t te r i ng  prevai  1  s. 

Mater i  a1 s  and Procedures 

The microspheres used are charac ter ized i n  Table 11. The as-received, - 10 
w t  % l a t e x ,  d ispers ions  o f  s izes 0.091, 0.254, 0.325, and 1.10 pm were d i l u t e d  
t o  stock d i s  e rs ions  o f  concentrat ions 500 t o  1500 ppm, which were subsequently 
d i l u t e d  f u r t  1 er .  The concentrat ions o f  the samples examined were known accu- 
r a t e l y  on a  r e l a t i v e  b u t  n o t  on an absolute basis.  The dependence o f  absorbance 
on s i z e  and concent ra t ion  gave no i n d i c a t i o n  t h a t  any s i g n i f i c a n t  aggregation o f  
microspheres occurred before  the measurements. A l l  measured absorbances a t  780 
t o  400 nm were due t o  sca t te r i ng .  A1 1  samples were d i l u t e d  w i t h  an aqueous sol u- 

J 
t i o n  o f  0.21 w t  % sodium dodecy lsu l fa te  ( S D S ) .  The absorbance a r i s i n g  from the 
s u r f a c t a n t  was l e s s  than 0.001 C a t  a l l  wavelengths and hence was neglected. 

\ 
Table 1I.Features of polymer latex microspheres used 

Nominal Standard dno/Xo a - ndno/Xo 
Sample~ivaetert Deviation Latex mP Xo=780 nm X0=400 nm Xo=780 nm A0=400 NU - (pm) (um) Material - 

1 0.091 0.0058 P S ~  1.20 0.155 0.30 0.48 0.94 

3 0.325 unavailable PMMA' 1.13 0:56 1.08 1.76 3.39 

+: Values, provided by the manufacturer, were almost certainly 
determined by electron microscopy. 

2: Refractive index of polymer particle relative water, 
m 5 n in . it depends slightly on .wavelength. trl 

P 0' 

a: Polystyrene, from Dow Diagnostics : 0.091~m, lot 1/2F5R; 1.1Oum 
lot #2F8R. 

b: Polystyrene, carboxylate-modified surface, from Dov D&agnostics, 
lot #6H3K. 

c: Poly (methyl methacrylate), from Polysciences, Inc. 

The su r fac tan t  improved subs tan t i a l  l y  the  s t a b i l  i ty o f  the  d ispers ions o f  the 
0.091 Dm microspheres; no v i s i b l e  p a r t i c l e s  were observed i n  such d ispers ions 
over  more than a  month. On standing, t he  f u r t h e r  d i l u t e d  d ispers ions o f  0.325 



pm and 1.10 pm microspheres f l o c c u l a t e d  and s e t t l e d  f a s t e r  than the  stock d i  s- 
persions. Moreover, a f t e r  months a c r y s t a l l o i d a l  p r e c i p i t a t e  was seen. Th is  
p r e c i p i t a t e  .was v i s u a l l y  and mic roscop ica l l y  s i m i l a r  t o  the p r e c i p i t a t e  observed 
when on ly  SDS was present. We be l i eve  t h a t  the  p r e c i p i t a t e  a r i ses  from SDS hy- 
d r o l y s i  s. For these reasons, d i  f f e r e n t  concentrat ions o f  d i  spers i  ons o f  t he  
same p a r t i c l e  s i z e  were tes ted .  the same day and a1 1 samples were tes ted  w i t h i n  
ten  days a f t e r  d i l u t i o n .  

Cary 14 and Cary 15 spectrophotometers were used. The i r  important  f ea tu res  
were i d e n t i c a l .  The sol i d  angle f r a c t i o n  f subtended by the  de tec tor  a t  the 
sample was l e s s  than 0.004. Spec i f i c  absorbances A/a measured a t  1 cm path 
1,ength were used t o  c a l c u l a t e  absorbances a t  o ther  path lengths  a t  which the 
e f f e c t s  o f  mu1 t i p l e  s c a t t e r i n g  on absorbance were unimportant and hence A ?!as 
p ropo r t i ona l  t o  a. A SOFICA brand l i g h t  s c a t t e r i n g  photogoniodif fusometer 
42000, Model 701, was used t o  measure dissymmetries and s c a t t e r i n g  r a t i o s .  

The water-soluble dye used was the sodium s a l t  o f  methyl r e d  (Eastman Kodak 
Co. 1.  The aqueous so lu t i ons  'ranged i n  c o l o r  from ye1 low t o  red, depending on 
concent ra t ion  and path length.  

For  v i sua l  observat ions, c y l i n d r i c a l  v i a l s  o f  i n t e r n a l  diameter 2 cm were ,: 
used. They were f i l l e d  t o  6 cm depth so t h a t  observat ions cou ld  be made a t  two : 
d i f f e r e n t  path lengths. Smaller v i a l s  o f  diameter 1 cm were a1 so used; they 
were f i l l e d  t o  2 cm. Observations were made w i t h  normal l abo ra to ry  i l l u m i n a t i o n  
w i t h  a f l uo rescen t  l i g h t  source. Many o f  the 2 cm v i a l s  were photographed 
aga ins t  a black background using Kodak EPT 4 ASA 50 f i l m  and a matched Tungsten 
3200°K 1 amp. A uv f i  1 t e r  was used i n  the camera. Among photographs w i t h  d i  f- 
f e r e n t  exposure times, the one w i t h  c o l o r s  and translucency c l o s e s t  t o  the  
v i s u a l  appearance under the same i l l u m i n a t i o n  source was chosen. The exposure 
t ime was normal ly 1/15 s. 

The l i g h t  reaching the eye i s  a m ix tu re  o f  l i g h t  sca t te red  from the sample 
a t  d i f f e r e n t  s c a t t e r i n g  angles and t h a t  t ransmi t ted  through the sample; the pro- 
p o r t i o n s  depend on the r e l a t i v e  p o s i t i o n  o f  l i g h t  source, sample, and observer. 
For  t h i s  reason, i n  tab les  of observat ions below we use the en t r y  ' c o l o r  o f  
sca t te red  o r  t ransmi t ted  l i g h t ' .  Only i f  one uses h igh  i n t e n s i t y  ill umination, 
a co l l ima ted  i n c i d e n t  beam, and a dark background, and observes a narrow range 
o f  s c a t t e r i  ng angl es can one observe sol e l  y the sca t te red  1 i ght  . 

Resul t s  and D i  scussion 

Dispers ions o f  Microspheres o f  One Size 

We measured the absorbance spectra of the  f o l l o w i n g  d ispers ions:  0.091 pm; 
21, 120, and 1300 ppm; 0.254 pm: 18 and 48 ppm; 0.325 pm: 70 and 900 ppm; and 
1.10 pm: 4.6, 18, and 65 ppm. 

With each s i z e  o f  microspheres the s p e c i f i c  absorbance A/c was a t  a l l  wave- 
1 engths independent o f  concentrat ion w i  t h i  n t he  experimental accuracy. Since 
t h e  absolute unce r ta in t y  i n  absorbance was about the same in a l l  measurements, 



t he  r e l a t i v e  u n c e r t a i n t y  was h igher  the  lower the  absorbance. With the 0.091 
pm microspheres, t h e  maximum v a r i a t i o n  of A/c w i t h  concent ra t ion  was 5% f o r  
absorbances 0.02 t o  2; w i t h  the  0.254 w microspheres, the  s p e c i f i c  absorbances 
a t  48' pprn were about 10% lower than those a t  18 ppm a t  a1 1  wavelengths. Since 
some c r y s t a l  1  o i  dal p a r t i c l e s  which coul d  c o n t r i b u t e  t o  the  sca t te r i ng  were seen 
i n  the  low-concentrat ion sample, i t  i s  n o t  c e r t a i n  t h a t  the  discrepancy i s  s ig -  
n i f i c a n t .  With the  0.325 pm microspheres, the s p e c i f i c  absorbances a t  900 pprn 
were s i m i l a r l y  10 t o  20% smal ler  than a t  70 ppm. With the 1.10 pm microspheres, 
t h e  s p e c i f i c  absorbance a1 so decreases by 1 t o  8% from 4.6 t o  18 pprn and by an 
a d d i t i o n a l  -2 t o  7% from 18 t o  65 ppm. We r e p o r t  spectra o f  the s p e c i f i c  absor- 
b a n c e ~  a t  on ly  one concent ra t ion  f o r  each s i z e  - 1300 ppm fo r  the 0.1191. pm, 48 
pprn f o r  the 0.254 pm, 70 pprn f o r  the  0.325 pm, and 18 pprn f o r  the 1 . l o  pm micro- 
spheres - s ince  the  spectra a t  the o ther  concentrat ions had the same shape. 

Because the  spectrum o f  s p e c i f i c  absorbance was the  same whether o r  n o t  
t h e r e  was m u l t i p l e  sca t te r i nq ,  we concluded t.hat. the e f f e c t s  o f  mu1 t i p l c  scat -  
t e r i n g  and angle o f  acceptance on absorbance were n e g l i g i b l e  i n  our apparatus, 
f o r  absorbances up t o  2 and f o r  p a r t i c l e  s izes up t o  1.1 pm a t  l eas t .  Hence i n  
these ranges the  absorbance i s  p ropo r t i ona l  t o  the  path length, w i t h  dev ia t ions  
smal l  e r  than 20%. For p a r t i c l e s  having r e f r a c t i v e  index r a t i o s  re1 a t i  ve l y  t o  
water  smal ler  than 1.2, that.  o f  the po lys ty rcnc  spheres used, the s c d t t e r i n g  I s  
1 ess concentrated i n  forward angles. Thus we f e e l  t h a t  s izes l a r g e r  than 1.1 
pm can be r e l i a b l y  probed by the  wavelength dependence o f  the absorbance meas- 
u red w i t h  commercial spectrophotometers o f  the  s o r t  we employed. 

I n  Fig. 1 A  we show the  absorbance f o r  the f o u r  s izes  studied. The s p e c i f i c  
absorbance o f  t he  sma l l es t  microspheres, d  = 0.091 pm, was the  smal lest  and de- 
pended most s t r o n g l y  on wavelength. For  these microspheres the dimensionless 
s i z e  parameter a ranged from 0.48 t o  0.94 (Table 11) ; hence the product  am 
ranged form 0.58 t o  1.05. Because the  cond i t i ons  (2) f o r  Rayleigh s c a t t e r i n g  
d i d  n o t  ho ld  s t r i c t l y ,  ( o r  no t  a t  a l l  f o r  can = 1.05), we expected t h a t  the 
measured wave1 ength exponent g  would be smal ler  than 4. K ra tochv i l  (14) g ives 
values o f  the p a r t i c l e  d i s s i p a t i o n  f a c t o r  Q, Eq. (15), as 1/1.099 f o r  d/h = 
0.15 and 1/1.409 f o r  d/h = 0.30. We could, therefore,.explain f o r  the  0.091 pm 

microspheres a  decrease o f  about 25% o f  the product  A( w i t h  decreasing wave- 
4  length ,  b u t  i n  f a c t  we d i d  n o t  observe it: the product  Aho versus ho was con- 

s tan t ,  i.e. g  = 4  (F ig.  1B). Probably the  increase o f  the  r e f r a c t i v e  index 
r a t i o  w i t h  decreasing wavelength compensated the decrease i n  Q (16). 

We measured l i g h t  s c a t t e r i n g  from d ispers ions  o f  0.091 pm microspheres a t  
i nc reas ing  concent ra t ion  and path l eng th  i n  order  t o  examine the e f f e c t  o f  mul- 
t i p l e  sca t te r i ng .  The r e s u l t s  are shown i n  Table 111. A t  the green and b lue 
wavelengths the  dissymmetry was v i r t u a l l y  concent ra t i  on- i  ndpendent up t o  absor- 
b a n c e ~  o f  about 0.03, above which i t s t a r t e d  dropping. A t  the  concent ra t ion  o f  
3.25 pprn, the v a r i a t i o n  o f  the dissymmetry and the  s c a t t e r i n g  r a t i o  w i t h  path 
l e n g t h  i n d i c a t e s  t h a t  the observed decrease i n  dissymmetry and increase i n  
s c a t t e r i n g  r a t i o  were re1 a ted  t o  the absorbance, i .e. t o  the ex ten t  o f  mu1 t i p l e  
sca t te r i ng ,  and n o t  t o  concent ra t ion  dependence o f  sca t te r i ng .  We drew the  same 
conc lus ion  by comparing r e s u l t s  a t  the same concent ra t ion  and path l eng th  b u t  a t  
a  second wavelength a t  which the absorbance was d i f f e r e n t  ( t h e  51.0 pprn en t r y ) .  
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Table II1.Effect of increasing absorbance, 1.e. of extent of multiple scattering, on 
light scattered from polymer 0.091 um.microspheres 

#: Total absorbance due to scattering: calculated from the specific absorbance 
A/lc, measured by a spectrophotometer, and the radius of the scattering cell 
(1.2 cm in most cases). 

Concentration. # 
3- - A 

a: Dissymmetry Z(8) 5 i(8)/1(180 - 8); i is scattered intensity and 8 is 
scattering angle. 

b: Scattering ratio pu (90') 1 iH(90)/iV(90); iH and iV are total scattered intensities for 

*,. horizontally and vertically polarized incident light. 

Xo = 546 nm (green) 

Z(45)a ~ ( 3 0 ) ~  

Ev iden t l y  mu1 ti p l  e  s c a t t e r i n g  leads t o  a  more un i fo rm angul a r  dependence 
o f  s c a t t e r i n g  i n t e n s i t y  than does sing1 e  sca t te r i ng ,  i n  agreement w i t h  pub1 i shed 
c a l c u l a t i o n s  (17). The s c a t t e r i n g  r a t i o  a t  90°, Eq. (101, which i s  another 
s e n s i t i v e  i n d i c a t o r  o f  mu1 t i p 1  e  sca t te r ing ,  increased from i t s  lowest  value o f  
0.02 (which cou ld  be an inst rumenta l  a r t i f a c t )  t o  values as .h igh as 0.24 a t  an 
absorbance o f  0.445 ( o r  a  t u r b i d i t y  o f  1.02). M u l t i p l e  s c a t t e r i n g  i s  predomi- 
nan t  a t  so h igh  t u r b i d i t y  (11). 

Xo = 436 nm (b'lue) 
b 

A, ~ ( 4 5 ) ~  ~ ( 3 0 ) ~ .  - 'u 

I f  we would i n t e r p r e t  the dissymmetry r e s u l t s  i n  terms o f  s i n g l e  s c a t t e r i n g  
theo ry  (141, we would g e t  diameter values which would appear t o  decrease w i t h  
i ncreasing concentrat ion,  (Tab1 e  IV)  , even though the  t r u e  v.al ue remains 0.091 
pm. Moreover, a  s c a t t e r i n g  r a t i o  o f  0.11 a t  546 nm would imply erroneously a  
1  arger  diameter o f  0.3 um '(18). The conclus ion i s  t h a t  when there  i s  m u l t i p l e  
sca t te r i ng ,  i .e. where A > 0.04, the  s i z e  cannot be, re1 i a b l y '  est imated from the  
angular  dependence .and the  s t a t e  o f  p o l a r i z a t i o n .  o f  sca t te red  l i g h t .  On the  
o t h e r  hand, t he  wale1 ength'  dependence o f  absorbance g ives a  re1 i a b l  e  s i z e  
' f i n g e r p r i n t ' ,  f o r  s izes  up t o  1.1 Dm a t  l eas t ,  prov ided the  absorbance .does 
n o t  exceed 2. Moreover, simply decreasing the angle o f  acceptance by p lac ing  
t h e  de tec tor  as f a r  from the sample as i s  p r a c t i c a b l e  can increase g r e a t l y  these 
1  i m i  t s  o f  appl i c a b i l  i t y  o f  spec t ro turb id imet ry .  By increas ing  the d is tance 



Table IV. Eff'ect of multiple scattering on apparent particle 
diameter cslculatcd from dissymmetries 

* From Table 111. 

+ From tables in ~ratochvfl. 
14 

+ Nominal sphere diameter was 0.091 um. 

between sample and detec tor  by a f a c t o r  of 10, the  absorbance l i m i t  w i l l  i n -  
crease from 2 t o  4, because f w i l l  decrease by a f a c t o r  o f  100 (see Eq. (16) ) .  

The absorbance o f  d ispers ions o f  the  0.254 pm microspheres increased w i t h  
4 

decreasing wavel ength (Fig. 1A). S i  nce A \  decreased w i t h  decreasing wavel ength, 
2 whereas AAo increased, the exponent g was between 2 and 4 (Figs. 1B and 1C); 

moreover, because g va r ied  w i t h  wavelength, no attempt was made t o  f i t  values 
o f  g. The wavel ength dependence was t y p i c a l  o f  the  Rayl e i  gh-Debye-Gans regime, 
because the basic  cond i t i ons  (Eq. (11 ) )  f o r  t h i s  regime were approximately f u l -  
f i l l e d :  m - l  = 0.2 and a(m-l) = 0.27 t o  0.53. For  these va1ues;which a re  n o t  
much l ess  than one, . the dev ia t ions  from the Rayleigh-Debye-Gans regime are small. 

The wave1 ength exponent o f  absorbances o f  0.325 pm PMMA dispers ions was 
s l i g h t l y  smal ler  than 2 (F ig.  1C). These microspheres a l so  sca t te red  l i g h t  i n  
t h e  Rayl e i  gh-Debye-Gans regime. The s p e c i f i c  absorbances were small e r  than 
those of the 0.254 Dm microspheres, because the r e f r a c t i v e  index r a t i o  o f  PMMA 
i s  smal ler  than t h a t  o f  PS (Table I 1  and Ref. 5 ) .  

The 1.10 pm p a r t i c l e s  sca t te red  i n  the Mie regime a t  the wavelengths used, 
because the Rayl e i  gh and the Rayl e i  gh-Debye-Gans cond i t i ons  were c l e a r l y  v io -  
l ated; depending on wavelength, a ranged from 5.91 t o  11.53, and d m - l  1 ranged 
from 1.18 t o  2.31. The wavelength exponent was roughly between 1 and -1. The 
absorbance maximum (Fig.  1A) occurred a t  A_ = 500 nm. For m = 1.2, the calcu- 
l a t e d  absorbance maximum should occur a t  := 7.2 (15).  This  imp l i es  a value of 
0.86 pm f o r  the microspheres' diameter, which was 20% smal ler  than the nominal 
diameter determined from e lec t ron  microscopy by the  manufacturer. Inasmuch as 
the re  are o f t e n  discrepancies o f  5 t o  15% between est imates of diameters from 
e l e c t r o n  microscopy and l i g h t  s c a t t e r i n g  (41, we judged t h a t  agreement between 
theory and experiment was good. 



The measured s p e c i f i c  absorbances ( F i g .  1) were consis tent ly  1  ower than 
t h e  c a l c u l  a ted  absorbances (15). We d i d  not  i n v e s t i g a t e  fur ther  t h i  s  d i  screp- 
ancy, because the absolute concentrations were not  known prec ise ly  and because 
t h e  wavelength dependence o f  the absorbance was p r i m a r i l y  used to  i n t e r p r e t  
v i s u a l  observations o f  scat ter ing  co lors  (5). . 

Our observations o f  dispersions are recorded i n  Tables V through V I I I .  

Table  V. ~ b s e r y a t i o n s  of aqueous d i s p e r s i o n s  of polymer . la tex  microspheres of 
d iameter  0.091pm. R e l a t i o n  t o  spec t ro tu rb id ime t ry  (Fig .  1 )  

I SAMPLE I OBSERVATTONS SPECTROTURBIDIMETRY 

P a r t i c l e s  
Conccntra- 
t i o n  

ppm 

Path  Photograph 
Length i n  

cm Fig. (1 - 

2 2A 

0.5 
- I c1.enr c o l o r l e s s  no I 4 Rayleigh s s 

f a i n t  f a i n t  b l u i s h  no 
b l u i s h  
1 1 ~ 1 1 ~  l i g l i t  Lluioh or mild 
b l u i s h  l i g h t  yel lowish 

Cnl.flRS Angular 

S c a t t e i e d  S c a t t e r e d  o r  .De~~efldence 
~ p p e a r a n c e ~  Light  ~ r a n s m i t t e d ~  of co lo rd  

c l e a r  c o l o r l e s s  no 

4 Ray l e i g h  s 8-10 

' !I Rogloigh E m-8 

4. Rayleigh s -m m 

S c a t t e r i n  
Exponent S c a t t e r i n g  Eve~i ta  

&+ 

9 
Regime 650 nm 450 nm 

- - s B 

i r a ~ ~ r s l u c e ~ ~ L -  
c l e a r  

I t r a n s l u c e n t -  
c l e a r  

b l u i s h  b l u i s h  o r  mild 
yel lowish 

4 Ray l e i g h  m m I t u rb id -  
t r a n s l u c e n t  

b lu i sh -  b luish-whi te  s t r o n g  
whi te  o r  orange 

I t r a n s l u c e n t -  
t u r b i d  

t u r b i d  

b lu i sh -  b luish-whi te  s t r o n g  
whi te  o r  orange 

4 Rayleigh m m 

blrrish- b luish-whi te  s t r o n g  
whi te  o r  orange 

4  Ray l e i g h  m m 

indeterminate* m m I opaque milky whi te  110 

a: Appearance can be:5 c l e a r ,  t r a n s p a r e n t ;  t r a n s l u c e n t ,  i . e .  c loudy 
o r  hazy, bu t  one can r e s o l v e  d e t a i l s  by looking a t  an o b j e c t  
through t h e  sample; t u r b i d ,  i . e .  one cannot r e s o l v e  d e t a i l s  by 
look ing  a t  an  o b j e c t  through t h e  sample; opaque. By tu rb id -  
t r a n s l u c e n t  is meant c l o s e r  t o  t r a n s l u c e n t  than t o  tu rb id .  

b: Sample observed s o  t h a t  d e t e c t e d  l i g h t  was mainly s c a t t e r e d  and 
n o t  t r a n s m i t t e d .  

C: Sample was placed i n  d i f f e r e n t  positimns. r e l a t i v e  t o  t h e  l f g h t  source  
s o  t.hat e i t h e r  s c a t t ~ r e d  o r  t r ansmi t t ed  l i g h t  be observed from 
d i f f e r e n t  r eg ions  of t h e  sample. 

d: Dependence of c o l o r s  on r e l a t i v e  p o s i t i o n  of s o u r c e ,  sampleland 
obse rve r ;  r e l a t e d  to  c .  

+: Exponent g  de f ined  from A a x:~. 
2: Depending on t u r b i d i t y  (T = 2.303A) i n  t h e  r ed ,  650 nm. o r  b l u e ,  

450 nm, s c a t t e r i n g  e v e n t s  a r e :  s i n g l e ,  s,  i f  T C 0.1; s i n g l e  and 
m u l t i p l e ,  s-m,  i f  0 . 1  < 7 < 0.3; m u l t i p l e  and s i n g l e ,  m - s ,  i f  
0 .3  < 7 < 1; and m u l t i p l e .  m. i f  T > 1. 

*: Absorbance was s o  h igh  t h a t  vave leng th  dependence could no t  be  
i n t e r p r e t e d .  



Table  VI. Observa t ions  of aqueous d i s p e r s i o n s  of polymer l a t e x  microspheres  of  
d i a m e t e r  0 . 2 5 4 ~ 1 ~ .  R e l a t i o n  t o  s p e c t r o t u r b i d i m e t r y  (F ig .  1). " " 

SAMPLE I OBSERVATIONS I SPECTROTURBIDIMETRY . 

S c a t t e r i n  
Exponent S c a t t e r i n g  Evente + 

gr 
Regime 650 nm 450 nm 

P a r t i c l e s  
Concen- Pa th  Photograph 

t r a t i o n  Length i n  
F ig .  // 2 Cm - 

< g < 4 Rayleigh- 
Debye-Gans , I 

COLORS 
Angular 

S c a t t e r  d  S c a t t e r e d  o r '  Dependence 
~ p p e a r a n c e '  L ightp  Transmi t t e d c  of c o l o r d  

s 

s 

s-m 

m-8 

m-8' 

c l e a r  c o l o r l e s s  

c l e a r  f a i n t  f a i n t  b l u i s h  
b l u i s h  

c l e a r  l i g h t  bl t l is l i  o r  
b l u i s h  ye l lowish  

t r a n s l u c e n t  b l i t i s l ~  b l u i s l ~  o r  
ye l lowish  

m-e 

m 

m 

a 

m 

medium 

t r a ~ i s l u c e n t  b l u i s h  b lu i s l l  o r  
y e l l o w i s h  

med f ~ ~ m  

t u r b i d -  g ray-b lu ish  
t r a n s l u c e n t  

minor 

t u r b i d -  gray-white 
opaque 

minor inde te rmina te*  

t u r b i d -  gray-white 
opaque 

minor 

no 

inde te rmina te*  

inde te rmina te*  opaque milky-white 

Footnotes  t h e  same a s  t h o s e  of Table  V. 

T a b l e  V I I .  Observa t ions  of aqueous d i s p e r s i o n s  of polymer l a t e x  microsqheres of  
d iameter  0.325vm. R e l a t i o n  t o  s p e c t r o t u r b i d i m e t r y  (P ig .  1) 

SAMPLE 

Particles 
Conccn- Pa th  Photograph 
t r a t i o n  L c n g t l ~  

cm J ? J ' L  - ' -1 ~ p p e a r a n c e ~  

8.4 2  2D c l e a r  

SPECTROTURBIDIMETRY 

S c a t t e r i n g  
Scot  t c r i n g  ~ v e n t d  

Rcaime 650 nm 450 m 

COLORS Angular 

S c n t t e r c d  Scnc tc rcd  or I)cl>ctlden 
~ i g l ~ t ~  ~ r a n s m i t t e d '  of  Color 2' 

Exponent 
g+ 

f a i n t  f a i n t  b l u i s h  
b l u i o h  I l < g < 2  Rayleigh- s o-m 

Debye-Cans 

68 1 - 1 t r e n s l u c e n t -  1 c l e a r  
l i g h t  l i g h t  b l u i s h  
b l u i s h  I 
l i g h t  l i g h t  b l u i s h  o r  mild 
b l u i s h  l i g h t  y e l l o w i s h  ' 

f a i n t  f a i n t  b l u l v l ~  UI . mild  
b l u i s h  y e l l o w i s h  

I, I m-s m 

! t r a n s l u c e n t -  
t u r b i d  

g r a y  . g r a y  o r  
yellowish I 900 1 - 

g r a y  g r a y  o r  mild 
y e l l o w i s h  

w h i t e  gray  ,or  w h i t e  mi ld  

t u r b i d  

indc tc rmina te*  m m 900 5  - 

100.000 0.5 - milky-white 

t u r b i d -  
opaque 

opaque inde te rmina te* '  m m 

Footnotee  t h e  eame as t h o s e  of  Table  V. 



Tablc  V 1  I T.Ol>scrvations of  aqlleous d j  s p e r s  tons  of pnlymcr l a t c x  microsl>llercs of 
d i a m e t e r  1.10pm. R e l a t i o n  t o  s p c c t r o t u r b i d i m e t r y  (Fig.  1 ) .  

SAMPLE I ,OBSERVATIONS 

P a r t i c l e s  
Concen- Path Photograph 1 COLORS 

t r a t i o n  Length i n  I S c a t t e r e d  S c a t t e r e d  or  
ppm . cm Fig .  li ~ p p e a r a n c e ~  ~ i g h t ~  Transmi t tedC 

4.64 2 clear I l i g h t  g ray  

4 . 6 4  5  - t r a n s l u c e n t -  l i g h t  g r a y  I c l e a r  

6 5 . 3  2 3A l r u r b i d  gray-white 

18 .3  2 3 A  

18.3  5  - 

6 5 . 3  5  
- l opaque  gray-white 

t r a n s l u c e n t  gray-white 

t r a n s l u c e n t -  gray-white 
t u r b i d  

716 2 
- l opaque  gray-white 

716 5 
- lopaque gray-white 

100,000 0 . 5  opaque milky-white 

- I 

I SPECTROTURBIDIMETRY 

inde te rmina te*  m m 

no I inde te rmina te*  m m 

Angular 
Dependenie 
of Color 

- 

nn 

no 

no 

I inde te rmina te*  m m .  

Scat  t e r i n  
Exponent S c a t t e r i n g  Events + 

8 
.L-, --Jaime- 6502  

- l i e <  1 Mi r: s-m s-m 

m- s m-8 

4 I m m 

Footnotes  t h e  same as those  of  T a b l e  V.  

Figs.  2  and 3 a re  photographs o f  the same samples. A su rp r i s i ng  r e s u l t  was 
t h a t  under normal labora to ry  ill uminat ion sing1 e sca t t e r i ng  cou ld  scarce ly  be 
detected by the unaided eye. The eye's s e n s i t i v i t y  was b e t t e r  i n  the dark w i t h  
i ntense i 11 umi na t i on  d i  rec ted toward the sampl e. For h igh  absorbances, higher 
.than 10 say, most samples looked mi lky-white,  and thus we could  ob ta in  no i n f o r -  
mat ion from t h e i r  v i sua l  appearance a1 one. 

I n  Rayleigh sca t t e r i ng  w i t h  absorbances i n  b lue l i g h t  ranging from 0.05 t o  
0.2, b l u i s h  scat tered 1 i g h t  was v i s i b l e  and t ransmi t ted  l i g h t  was whi te  t o  
ye l low ish .  I n  order  t o  detect  the Tyndal l  e f f e c t ,  i .e. t he  b l u i s h  co l o r s  o f  
sca t te red  l i g h t  and orange co lo r s  o f  t ransmi t ted  l i g h t  i n  ord inary  labora to ry  
i l l u m i n a t i o n ,  we had t o  use samples w i t h  absorbances i n  b lue l i g h t  from 0.2 t o  
2, f o r  which mu1 t i p 1  e  sca t t e r i ng  i s  predominant. 

I n  Rayleigh-Debye-Gans sca t te r ing ,  we saw b l u i s h  scat tered 1 i g h t  and ye1 - 
1 owish t ransmi t ted  l i g h t  a t  absorbances o f  about 0.1 t o  1 (Tables V I  and V I I ) .  
The b l u i s h  c o l o r  was l ess  b r i l l i a n t  than the c o l o r  a r i s i n g  from Rayleigh scat-  
t e r i n g ,  because wavelengths o ther  than b lue were scat tered comparably and 
decreased t he  c o l o r  p u r i t y  o f  sca t te red  l i g h t .  We cou ld  see no c o l o r  i n  d is -  
pers ions o f  Mie micro sphere,^ (Table V I I I  1, which i s  as p red ic ted  from the weak 
wave1 ength dependence o f  absorbance. 



Fig.  2. Phatagrdyhr of dispersions of polyr~er latex microspheres. Upper l e f t :  0.091 
p.3 partic1 JS of concentrations 1300, 120, 21, and 9 ppm (from l e f t  to right); 
~Jp,er right: 0.091 ~ 3 ,  1300, 130'd. 12U, and 125 ppm; lower l e f t :  0.254 ym, 
4dd,  45, Ld, and O ppn; lower right: 0.325 pin, 900, 70, 8 and 0 ppn. 



Fig .  3 .  Photojrapks o f  dispersions o f  polymer l a t e x  micruspher~s.  Upper le f t :  1.1-1 ,,m, 
720, 55, 38, 4.6, and O ppm; upper r i g h t :  Q.091 pm - 1300 ppm, 0.254 pm - $50 
ppm, 3.32: pm - 900 ppn, 1.10 - 720 ppm; lower l e f t :  0.091 pm - 120 ppm, 
0.254 pm - 28 ppm, 0.325 pm - 70 ppm, 110 ldi~ - 19 ppm; lower r igh t :  0.091 ,,n - 
1300 ppm, 0.254 vm - 48 Wm. 

8 - #  7l 



By compari ng appearances o f  dispersions o f  microspheres o f  widely d i f f e r -  
en t  sizes (Fig. 3B), we determined t ha t  l i t t l e  informat ion could be obtaf ned a t  
absorbances higher than 3. However, by comparing dispersions w i th  about the 
same absorbance i n  the range 0.1 t o  1, we could t e l l  t h a t  they d i f f e red  i n  size. 
Figure 3D shows t ha t  i f  A > 1, a high concentrat ion o f  smaller mfcrospheres 
could g ive r f  se t o  a less b r i l l  i a n t  b lue than the scat ter ing b lu ish  co lo r  ar f  s- 
i ng from l a rge r  par t i c les ,  and thus could lead t o  the erroneous conclusf on t h a t  
the p a r t i c l e  s ize was larger .  

Thus, careful ,  naked-eye observations o f  dispersions o f  monodisperse par- 
t i c l e s  can give q u a l i t a t i v e  informat ion i n  agreement w i t h  t h a t  given by spectro- 
turbid imetry.  The l a t t e r  i s  surely more re1 i a b l e  and more sensit ive. 

Dispersions o f  Mixtures o f  Microspheres w i th  D i f f e ren t  Sf zes 

Absorbance measurements and v isual  observations were designed t o  probe 
whether one can detect  p a r t i c l e s  o f  one s ize  i n  the presence o f  p a r t i c l e s  of 
another size. Spectra o f  absorbances o f  three dispersions o f  pa i r s  o f  sizes 
are  shown i n  Fig. 4. Concentrations were chosen so t h a t  f o r  path lengths 1 cm 
and 2 cm absorbances f a l l  i n  the range 0.1 t o  1, which we found t o  be the best  
range f o r  observing by unaided eye. The measured absorbances were equal t o  
theory and experiment w i t h i n  10% t o  the sum o f  the absorbances ca lcu la ted from 
Fig. 1 and from the p a r t i c l e  concentrations. The wavelength exponent f o r  91 
ppm microspheres o f  diameter 0.091 pm dropped from 4 t o  about 2 upon addi t ion 
o f  j u s t  6 ppm o f  microspheres o f  1.10 pm. Thus one cannot d is t ingu ish from g- 
values alone between a mixture o f  Rayleigh and Mie p a r t i c l e s  and Rayleigh-Debye- 
Gans par t i c les ;  ca lcu la t ions are necessary. Nevertheless, spectroturbidimetry 
can read i l y  detect  p a r t i c l e s  o f  sizes l a rge r  than 0.1 pm merely from the wave- 
length  exponent. For the 1.10 pm microspheres, concentrat ions as low as 6 ppm 
can be detected . 

Visual observations are described i n  Table I X .  Translucency and lack o f  
b l u i s h  scat ter ing co lors  indicated co r rec t l y  the absence o f  Ray1 eigh par t ic les ,  
i .e. ind icated p a r t i c l e s  o f  sizes l a rge r  than 0.1 pm i n  the sample w i th  the 
0.325 and 1.10 pm microspheres. 

Dispersions o f  Microspheres w i t h  Dye Added 

Absorbance spectra o f  aqueous methyl red dye w i th  0.21% SDS added are shown 
i n  Fig. 5. The spec i f i c  absorbance A/c was independent o f  concentrat ion wi th f  n 
ex~er imenta l  i recision and i t  therefore f o l  lowed Beer's law. The molar absom- 
tiiity a t  t e' wavel ngtilAmaX = 430 nm o f  maximum i n t e n s i t y  was found t o  be t&,, 1 I 
= 3.30 x 10 1 mol- acm . 

Because the absorption peak was wide, the higher the absorbance the more 
important was the reduction o f  f  ntensi  t y  a t  wavel engths around the wavel ength 

hx. Table X shows the percentage o f  l i g h t  absorbed f o r  each co lo r  band. The 
perceived co lo r  o f  the samples resulted, o f  course, from se lect ive  reduction o f  



A. Spectra of absorbance, through 
mixtures of microspheres wl t h  

1 cm path length, o f  dispersions of 
d i f ferent  sire.  

Fig. 4B. Wave1 ength dependence tes t  Fig. 4C. A1 ternate wave1 ength depen- 
o f  absorbances of Fig. 4A. dence test  of absorbances 

of  Fig. 4A. 



SAMPLE 

Concentration, ppm 
0.091~11 0.325~11 1.10~11 

Tabla IX. Observations of aqueous dispersions of mixtures of monodisperse 
polymer latex microspheres. Relation to spectroturbidimetry (Fig. 4). 

OBSERVATIONS. 

Path 
Length 
cm 

1 

2 

1 

2 

1 

2 

~ppearance~, 

translucent 
clear 

clear- 
translucent 

clear- 
transluceitt 

translucent 

translucent 

tra~lslucer~t 

- bluish bluish or I -2(<2) Rayleigh m-s m-r 
ligh~ yellowish Debye-Gans 

COLORS Angular 
Scattered Scattered or ~~~~~d~~ 
~ i g h t ~  ~ransmitted~ ,fcolnti 

bluish bluish or medium I -2(22) II m-s m-r 
yellowish 

Scatterin 
Exponent Scattering Event. 

=+ 
0 

Regime 650 am 450 UE 

grayish-faint bluish minor 1 - 1 Mia m-s a-s 

bluish bluish or mild 
light yellowish 

bluish or medium 
yellowish 

grayish-faint bluish minor I -l 

Mia m-8 m 

-2(,2) I* s-m m-. 

-2(>2) I 1  m-s m 

Footnotes the same as those of Table V. 

800 700 600 500 400 300 
LO (nm) 

b- VISIBLE --- 

Fig. 5. Spectra of absorbance, through 1 cm path length, of  aqueous methyl red 
dye. 



Table X. Colors of clear aqueous solutions of 
u t h y l  red dye. Relation to  absorption 
spectturn (Fig. 5). 

Path 
Leag& 

cm - 
X pure color absorbed 

Perceived 
Color - Red wange Yellow Green Blue Violet 

none c1 <1 - U (1 1-6 6-8 

none cl <1 (1 1-5 5-7 

f a in t  yellow <1 <1 <1 1-4 4-14 14-20 

fa in t  yellow <1 <1 <1 1-15 15-45 45-50 

light yellow q l  4 3 1-35 35-80 80-85 

yellow d 

yellow *1 

yellow to  (1 
l igh t  orange 

dark orange 0-5 

red to  orange 0-8 

red 0-38 

dark. rad 0-75 

i n tens i t y  a t  some wave1 engths i n  the spectrum o f  the ll 1 uminating source. 
Colors ranged from f a i n t  yel low t o  dark red. When %ax < 0.05, no co lor  was 
d l  scernabl e. 

Fig. 6  shows absorbance spectra o f  0.091 pm microspheres wi th  various con- 
centrations of &e. The measured absorbance was equal t o  the sum o f  Aab, by 
the Qe and Ascat by the part ic les.  The product Axo 4 s tar ted increasing sub- 
s t a n t i a l l y  below 500 nm (Fig. 6B), thus enabling us t o  detect correct ly  the 
wavelength range a t  which absorption was s ign i f i can t  (Fig. 5) .  

When @e was present as well as Rayleigh par t ic les,  absorption colors were 
mixed wi th  Rayleigh scatter ing colors (Table X I  and Fig. 7).  The r e s u l t  o f  
mixing o f  colors depended on the hue and re1 a t i ve  luminosity o f  the components 
( 5 1. Because the scattered co lor  varied w i  t h  the angl e  between the d i rect ion 
o f  i l l uminat ion  and the d i rec t ion  o f  observation, i.e. on the r e l a t i v e  posi t ion 



PARTICLES DYE 

800 700 600 500 400 300 
X,(nm) - VISIBLE - 

Fig. 6A. Spectra o f  absorbance, Fig. 60. Wave1 ength dependence tes t  of 
through 1 cm path length, o f  0.091 rn absorbances of  dispersions of  0.091 pm 
polymer l a tex  microspheres in  aquqous microspheres, 21 ppm, in aqueous methyl 
methyl red 4ye. red dye, Fig. 6A. 

Tabla XI. Observations of aqueous dispers ions  of  polymer l a t e x  
microspherea with added methyl red dye ( F 4 s .  6 and 7). 

P a r t i c l e s  
Concen- 

Diameter t r a t i o n  
Urn mxn 

l7 I turbid- turbid- y a l l w  orange L bluish- y r l l W  Of bluish-whita 
t r ~ ~ n l u c e a t  t rans lucent  I green white orange o r  orange 

Avuearance 
P a r t i c l e s  P a r t i c l e a  
Witb Dya Only 
O O O n l y U  

COLORS 

Dya Scat tered Light Scat tered o r  Transmitted 
11L u 12L 

I tranmlucent- t rans lucent  
c l e a r  c l s s r  

I 173 t rans lucent  t raneluceat  

I transluaent- tranelucenr 
c l e a r  c l e a r  

orange orange b lu i sh  orange b lu i sh  o r  
yellowish 

none l i g h t  b lu i sh  htuieh or b l u l s l ~  o t  
b lu i sh  6 yellowish yellowish 
f a i n t  
yellowish 

f a i n t  yellowish bluiah b lu i sh  o r  b luish  o r  
yellow yellowish yellowish 

O t I 2  I =lYr 

c l e a r  none f a i n t  f a i n t  f a i n t  I f a i n t  b l u l s h  
bluish  b lu i sh  b l u i s h  o r  

yellowish 

l . O 5  I ,=lea= 

c l e a r  f a i n t  f a i n t  f a i n t  yellowish f a i n t  b l u i s h  I yellow yellowish b lu i sh  

1.27 tu rb id  I turbid  I f a i n t  yellow gray yellow o r  grayish  o r  
yellow yellow 

4.2 turbid  I turbid  I yellow yellow gray- yellow gray-whife 
white 

Angular 
Dependence 

Color 

s t rong  strong 

medium mild 

mild mild 

mild no 

mild mild 

mild mild 



F i  j. 7. Photogrdphs o f  dispersions o f  polymer la tex  fiiicrospheres, dye solutions, and 
mixtures o f  tnetn. Upper l e f t :  0.91 pa pa r t i c l es  and dye o f  respective concen- 
t r d t i o n  i a  ppn 1200-17, 0 - 3 ,  and 1300-0; upper r i gh t :  satne wfth concentrations 
120-1.9, 120-0.36, 120-0, and 0-1.4; lower l e f t :  same, 21-0.32, 21-1.05, and 
12-0; lower r i gh t :  0.325 ~ r n  - 900 ppiil w i th  1.27 ppsl of dye, 0.325 pm - 900 ppm 
w i th  ?o dye, 1.4 pptn dye d i t h  no par t ic les ,  1.10 ~ l r a  - 63 ppm and 7.2 ppm dye, 
1.10 1lr.1 - 65 ppm, and dye 7.7 ppm. 



o f  l i g h t  source, sample, and observer, the  mixed c o l o r  depended on t h i s  angle. 
The Tyndal l  e f f e c t  was thus a f f e c t e d  by the  absorpt ion c o l o r  and was t o t a l l y  
suppressed when absorpt ion was s u f f i c i e n t l y  s t rong (second en t r y  i n  Tab1 e X I  1. 
A lso  shown i n  Fig. 7 i s  a t u r b i d  d ispers ion  o f  63 ppm, ,1.10 pm microspheres 
w i t h  7.2 ppm dye. I t s  absorbance spectrum ( n o t  shown) has a maximum. Because 
s c a t t e r i n g  can cause such maxima (151, the observed maximum does n o t  necessar i l y  
imp ly  absorpt ion. The p l o t  ( n o t  shown) of A A ~  ve rsus  A, decreased monotonical ly  

.. w i t h  . decreasing wavelength, p r o v i d i n g  no c l  ue t o  absorpt ion e i t he r .  However, 
, . t he  c o l o r  o f  the d ispers ion,  ye1 1 ow and independent o f  .angle, cou ld  n o t  be 

accounted f o r  by s c a t t e r i n g  alone and thus must have been due t o  absorpt ion. 
Th is  was a r e l a t i v e l y  r a r e  case i n  which the  v i s u a l  observat ion was more sensi-  
t i v e  than spec t ro turb id imet ry  f o r  de tec t i ng  the absorpt ion. 
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V I .  INTERPRETING THE APPEARANCE OF DISPERSED SYSTEMS 
PART 11. A GUIDE FOR SURFACTANT SYSTEMS 

I n t r o d u c t i o n  

O b s e r v i n g ' f l u i d  sur fac tan t  systems w i t h  the  naked eye i s  an impor- 
t a n t  f a c t o r  i n  screening sur fac tan t  systems fo r  many types o f  a p p l i c a t i o n s  
and f o r  s c i e n t i f i c  s tud ies .  With such observat ions sur fac tan t  systems are 
c l a s s i f i e d  as so lu t i ons ,  microemulsions, macroemulsions, d ispers ions ,  e tc . ,  
al though c l a s s i f i c a t i o n  may be no more than t e n t a t i v e .  

I n  P a r t  I ( I ) ,  we tes ted  c e r t a i n  l i t e r a t u r e  r u l e s  (2,3) f o r  i n t e ' r -  
p r e t i  ng appearances aga ins t  spec t ro tu rb id ime t ry  and 1  i g h t  s c a t t e r i n g  meas- 
urements on model d ispers ions  of polymer 1  atex m i  crospheres. We found t h a t  
those r u l e s  are  u n r e l i a b l e . f o r  c o r r e c t l y  i n t e r p r e t i n g  the  appearance o f  
many important  d isperse systems. We suggested more general r u l e s  and exam- 
i n e d  them sys temat i ca l l y .  

I n  t h i s  paper, we analyze s k e t c h i l y  t he  percept ions o f  c o l o r  and 
transparency. .Based on t h i s  ana lys is  and the  r u l e s  p u t  forward i n  P a r t  I, 
we propose a  guide fo r  sur fac tan t  systems i n  a  step-by-step d iagnos t i c  .. 

format. We demonstrate the  a p p l i c a b i l i t y  o f  t h i s  guide t o  c e r t a i n  impor tan t  
su r fac tan t  systems we have researched i n  d e t a i l  elsewhere (4,6). 

Color  and T r a n s p a r e 9  

L i g h t  i s  e lect romagnet ic  r a d i a t i o n  de tec tab le  by the  average human 
eye, i . e . ,  w i t h  wavelengths i n  t he  range 350 t o  780 nm or ,  f o r  a  reasonable 
s e n s i t i v i t y ,  i n  the  range 400 t o  700 nm. I t  i s  w e l l  known t h a t  o rd ina ry  wh i te  
l i g h t  (e.g. d i r e c t  s u n l i g h t )  can be analyzed by means of a  p r ism i n t o  several  
d i s t i n c t  bands o f  wavelengths, each o f  which g ives a  c h a r a c t e r i s t i c  sensat ion 
c a l l e d  co lo r .  A ' s p e c t r a l  ' c o l o r  i s  one which cons is ts  o f  a  narrow band o f  
wavelengths and remains unchanged if analyzed f u r t h e r .  

The v i s i b l e  range can be roughly d i v i d e d  i n t o  s i x  f a m i l i a r  c o l o r  bands 
each of which merges i n t o  i t s  neighbors. 

Xo range (nm) c o l o r  

' 400-450 v i o l e t  

450-500 b l  ue 

500- 700 green 

570-590 ye1 low 

590-61 0  orange 

610-700 r e d  

The human eye can not analyze l i g h t  i n t o  i t s  component wavelengths. The 
sensat ion induced by a  spec t ra l  d i s t r i b u t i o n  o f  l i g h t  - energy d i s t r i b u t i o n  per  
u n i t  wavelength - reaching the  eye i s  an o v e r a l l  one: q u i t e  d i f f e r e n t  spec t ra l  
d i s t r i b u t i o n s  can g i ve  the  same senat ion t h a t  a  pure spec t ra l  c o l o r  does (see 
the  law of c o l o r  percept ion  l a t e r ) .  For example, a  c l e a r  b r i l l i a n t  ye l l ow  can 



be obta ined by mix ing  appropr ia te  amounts of red  and green l i g h t  beams. The 
percepti.on of c o l o r  has, there fore ,  no d i r e c t  phys ica l  meaning b u t  psycho- 
physical meaning, which has some correspondence t o  phys ica l  qua1 i t i e s  ( 7 ) .  A 
marvelous account o f  t h e  physics , physi 01 ogy, and psychophysi cs o f  c o l o r  v i s i o n  
i s  given by Feynman e t  a1 . (.8). 

What i s  c a l l e d  brightness of a  l i g h t  source gorresponds t o  the  Zwninance. 
Luminance, i.n tu rn ,  i s  de f ined as t h e  radiance (W/m ) reaching the  eye times 
the  eye s e n s i t i v i t y .  The eye s e n s i t i v i t y  depends on the  wavelength; a  (semi-) 
q u a n t i t a t i v e  measure o f  i t  def ined f o r  an average observer i s  c a l l e d  Zwninosity. 

What i s  c a l  l e d  hua, o r  main c o l o r  ( i f  any), corresponds t o  Lhe dominant 
wavelength (.if any) o f  the i n c i d e n t  rad ia tc ion .  What i s  c a l l e d  catmati .m of 
c o l o r  corresponds t o  t h e  p u r i t y  o r  monochromaticity o f  l i g h t .  Because white, 
b lack,  and gray have no dominant wavelength, they are  n o t  co lo rs  i n  the  regu la r  
sense and they are  c a l l e d  hueless o r  achromatic. O f  a  c e r t a i n  spec t ra l  d i s -  
t r i b u t i o n  t h e  perceived hue and s a t u r a t i o n  lumped together  are  c a l l e d  chro- 
maticity (chroma i s  t h e  Greek word f o r  c o l o r ) .  An opera t iona l  d e f i n i t i o n  of 
dominant wavelength i s  t h a t  spec t ra l  c o l o r  which would have t o  be mixed w i t h  
an appropr ia te  amount o f  wh i te  l i g h t  i n  order  t o  match the  ch romat i c i t y  of a  
g iven l i g h t  source. The fo l l ow ing  degrees o f  decreasing chromat ic i  t.y may be 
d is t ingu ished:  briZZiant (spect ra l  c o l o r  o r  mixed c o l o r  matching a  spect ra l  
c o l o r ) ,  bright (no t  t o  be confused w i t h  h igh  luminance), moderate, pale, and 
l ight .  Faint r e f e r s  t o  on ly  s l  i ght d i s c e r n i b l e  hue. 

The theory o f  color visCon of Young and HeZmhoZtz assumes the  existence 
a t  t h e  r e t i n a  o f  t h e  eye, of th ree cone-nerve combinations each o f  which has 
a  d i f f e r e n t  spec t ra l  response. The response can be considered analogous t o  
t h a t  of t h ree  photomul t i  l i e r s  w i t h  d i f f e r e n t  cathodes and dynode systems 
rece iv ing  t h e  same signay b u t  respandlny d l  rreraently (0).  Thc theory seem< t o  
l a c k  support ing anatomical evidence b u t  i t  i s  simple and adequate. The th ree 
cone-nerve combinations g i ve  th ree c h a r a c t e r i s t i c  s t i m u l i  which are "processed" 
i n  t h e  b r a i n  t o  g i ve  an o v e r a l l  sensat ion o f  co lo r .  

The fundamental Zm o f  color perception s ta tes  t h a t  almost a l l  co lo rs  
can be produced by a  combination of three co lored sources o r  l i g h t s  c a l l e d  
primaries. These pr imar ies  are most convenient ly ,  but not uniquely, chosen 
from the middle and near each end of t he  v i s i b l e  spectrum, namely red, green, 
and blue. The amounts of t he  th ree  pr imar ies  needed t o  produce a  p a r t i c u l a r  
o p t i c a l  sensat ion are c a l l e d  the  tristimuZus values, X, Y ,  and Z (8 ) .  The 
method has been standardized us ing  standard sources and an average response 
o f  observers. Given a  spec t ra l  energy d i s t r i b u t i o n  from absorpt ion o r  scat-  
t e r i ng ,  t h e  t r i s t i m u l u s  values are  ca l cu la ted  and the  c o l o r  red ic ted .  Two 
r a t i o s  of t h e  t r i s t i m u l u s  values, x  and y (x : X/(X + Y + Z)! and y I Y/(X t Y 
+ z)) ,  a re  s u f f i c i e n t  t o  p r e d i c t  t he  ch romat i c i t y  o f  t he  source, namely i t s  hue 
and i t s  sa tura t ion ,  whereas the  scale f a c t o r  character izes the  br ightness o r  
luminance. The response of the eye t o  the  d i f f e r e n t  wavelengths i s  d i f f e r e n t  a t  
h i g h  l i g h t  i n t e n s i t i e s  o f ,  say, an average reading room and low l i g h t  i n t e n s i t i e s  
i .e. i n  t h e  dark. A t  h igh  l i g h t  i n t e n s i t i e s ,  . the  average eye has maximum sensi- 



t i v i t y  a t  450 nm and a t  low i n t e n s i t i e s  a t  510 nm (8),. The dark-adapted 
eye has a  much h ighe r  s e n s i t i v i t y ,  b u t  i t s  a b i l i t y  t o  d i s t i n g u i s h  co lo rs  
i s  weaker. Thus the  eye has a  q u i t e  s e l e c t i v e  and non l i nea r  response, 
although, as mentioned prev ious ly ,  t he re  i s  c e r t a i n  correspondence between 
phys ica l  parameters o f  spec t ra l  d i s t r i b u t i o n  and br igh tness  and. sensations. 

A substance may appear co lo red  i f  i t  absorbs o r  s c a t t e r s  l i g h t .  
Usua l ly  t he  absorpt ion i s  s e l e c t i v e  w i t h  respect  t o  wavelength. Thus when 
wh i te  1  i g h t  i l l u m i n a t e s  a  s o l u t i o n  which absorbs b u t  does n o t  s c a t t e r  l i g h t ,  
the  s o l u t i o n  appears co lo red as a  r e s u l t  o f  s e l e c t i v e  l o s s  o f  i n t e n s i t y  o f  
some wavelengths. However, i f  the  absorbance a t  some wavelengths i s  smal l ,  
about 1  o r  less ,  those wavelengths pass through the  sample b u t  w i t h  a  de- 
crease i n  t h e i r  i n t e n s i t y .  The o p t i c a l  i n fo rma t ion  c a r r i e d  by those wave- 
lengths about an o b j e c t  behind the  sample i s  n o t  'scrambled' and one can 
'see through' the  sample. The sample i s  termed clear o r  transparent, whether 
i t  i s  co lo red o r  not.  There i s ,  o f  course, a  p r a c t i c a l  l i m i t  on the  l e v e l  o f  
t r ansmi t ted  i n t e n s i t y  which can s t i l l  be detected and c a r r y  the  in fo rmat ion  
conveyed by the  i n t e n s i t y  i n c i d e n t  t o  the  sample. If the  absorbance due t o  
absorp t ion  over  a l l  v i s i b l e  wavelengths i s  2 o r  more, as i n  a  crude o i l  o r  
i n  a  concentrated aqueous s o l u t i o n  o f  potassium permanganate, then one cannot 
see through the  sample, even i f  i t  does n o t  s c a t t e r .  However, t h i s  i s  n o t  
a  ser ious problem i n  most systems of i n t e r e s t ,  because they do n o t  absorb 
s t r o n g l y  a t  a l l  wavelengths and the  absorbance can o f  course be decreased by 
shor ten ing  the  path length.  How t o  i n t e r p r e t  observat ions of some dye 
s o l u t i o n s  i n  terms o f  t he  measured absorbance spectra i s  exp la ined i n  Ref. 1. 

If the  system s c a t t e r s  l i g h t ,  whether i t  absorbs o r  no t ,  then depending 
on the  type o f  i l l u m i n a t i o n  and the  observat ion, some of the  sca t te red  l i g h t  
w i l l  reach t h e  eyes o f  the  observer together  w i t h  some t ransmi t ted  l i g h t ' ,  and 
the  in fo rmat ion  perceived w i l l  be scrambled. I f  l i g h t  passes through, the 
sample looks s l i g h t l y  cloudy o r  hazy, and one can reso l ve  d e t a i l s  o f  an 
o b j e c t  by l ook ing  a t  i t  through the  sample, t he  sample i s  transtucent. I f  one 

. can  see an o b j e c t  i n  o u t l i n e  b u t  cannot reso lve  d e t a i l s ,  the  sample i s  turbid. 
I f  one cannot see any th ing  which l i e s  behind the  sample ( a t  i t s  umbra p r e f e r -  
ab l y ) ,  then the  sample i s  opaque. 

L i g h t  sca t te red  by aggregates o r  p a r t i c l e s  c a r r i e s  i n fo rma t ion  about 
these aggregates o r  p a r t i c l e s .  I n  p a r t i c u l a r  i t  provides c lues about t h e i r  
s i z e  and r e f r a c t i v e  index (1,7). I f  t h i s  i n fo rma t ion  i s  n o t  excess ive ly  
'scrambled' along the  path l eng th  by subsequent sca t te r i ng ,  i . ~ ,  i f  there  i s  
n o t  excessive m u l t i p l e  sca t te r i ng ,  then the  q u a l i t a t i v e  observat ions can be 
i n t e r p r e t e d  on the  bas is  of the theory  o f  s i n g l e  sca t te r i ng .  

The a b i l i t y  o f  t he  eye t o  de tec t  s c a t t e r i n g  depends on the  background 
i l l u m i n a t i o n .  For o rd ina ry  wh i te  l i g h t ,  apparent absorbances ( A  = l o g  ( I  / I ) ,  
where 100 I/ I@ i s  the  % t ransmit tance)  l a r g e r  than about 0.05 (transmik!an~es 
l ess  than 90%) are  detected as a  s l i g h t  hue i n  the  case o f  absorp t ion  o r  as a  
s l i g h t  b lu ishness o r  haziness i n  t he  case o f  sca t te r i ng .  Larger apparent 
absorbances are  detected more e a s i l y  and i n fo rma t ion  i s  more r e a d i l y  i n t e r p r e -  
t a b l e  w i t h  t rans lucen t  t o  t u r b i d  samples which have apparent absorbances due 
t o  s c a t t e r i n g  between 0.05 and 2, o r  b e t t e r ,  between 0.1 and l ( 1 )  and absor- 
bance due t o  absorp t ion  no more than 1, averaged over wavelength. Thus 



observations of scat ter ing,  a t  ordinary i 11 umi nati on, are possible only 
when there i s  substantial  mu1 t i p l e  scattering ( 1  ) . The absorbance can 
be adjusted by decreasing the path length, as by tipping the vial contain- 
ing a liquid system, or by transferring i t  to  vials  with smaller or larger 
diameter as necessary. We caution.against diluting surfactant systems 
because the microstructure of 1 iquid phases and the distribution of equi- 
1-.i brium aggregates such as mice1 les or  of suspended part ic les  may change 
in ways tha t  are  not apparent and that  may remain unknown. 

The following examples i 11 ustrate  important principles of 1 i ght 
scat ter ing detailed in Ref. 1: 

i .  I f  the refract ive index nS of aggregates or particles equals that  
of the surrounding mediu~n, 1her.e i s  no scattering. 

i i . For a surfactant with n = 1.45, a dispersion of small surfactant 
par t ic les  of given concantration would sca t t e r  0.0144/0.0009 = 16 
times more in water ( n  = 1.33) than in hexadecane ( n h  = '1.42) 
because accordi ng t o  E ~ S .  ( 7 )  and (8) in Ref. 1 ,  

( n .  - nw12 = (1.45 - 1.33)' = 0.0144 
S 

and 
( n  - no)' = (1.45 - 1 .4212 = 0.0009. 

s 
Therefore i t  i s  crucial t o  have an estimate of the refractive index 
difference t o  interpret  visual observations accurately. 

i i i  . Air i s  transparent, for  even f a i r l y  long path lengths, because the 
absorbance i s  much less than 0.05 a t  a l l  wavelengths; however, the 
atmosphere over long distances, e.g. the blue sky, i s  translucent. 

iv.  From F i g .  1A, Ref. 1 ,  one gets ,' with path' length 1 cm and monochro- 
matic l i gh t  of wavelength ( in  vacuo). X = 436 nm,,an absorbance 
A = 0.065 fo r  jus t  0,005 w t %  in water 8f poly-styrene latex micro- 
spheres of s ize  910 A and apparent molecular weight 200,000,000. 
This sample looks s l ight ly  opalescent. Therefore, very small con- 
centrations of large part ic les  are detectable, and the larger the 
s ize  the lower the . l?mi t  of detectable concentrations. 

. . 
v. Conversely, ordinary pure sol vents, molecular solutions , and solutions 

of small micelles sca t t e r  very l j t t l e  and are transparent over path 
lengths up  t o  500 cm and more. 'Huisman (9)  measured the. following 
absorbances with wavelength = 436 nm and path length 1 cm: 

A = 0.000017 for  pure water; the sample looks transparent. 
A = 0.00022 f o r  0.5% aqueous SDS with 1.7% NaC1, a solution 
that  contains mostly micelles of molecular weight 35,400 or 
123 molecules per mice1 le.  The sample looks transparent.. In 
order t o  observe opalescence, i . e. . t o  detect scattering visual ly , 
a path length o f  a t  leas t  0.05/0.00022 = 230 cm i s  needed. 



v i .  Because i n t e n s i t y  i s  p ropo r t i ona l  t o  concent a t i o n  c t imes molecular  
w e i g h t  M;i= cM, (Eq. (7 )  Ref. I ) ,  o r  i & cd5 f o r  spheres, a g iven 3 concent ra t ion  ( i n  g cm- ) o f  ma te r i a l  dispersed as spher ica l  p a r t i c l e s  
o f  500 k s c a t t e r s  (500/50)3 = 1000,times more than the  same concentra- 
t i o n  ,d ispersed as p a r t i c l e s  o f  50 A diameter. M i c e l l a r  s o l u t i o n s  con- 
t a i n i n g  swol len m ice l l es ,  e.g. o i l - s w o l l e n  m l c e l l e s o i n  aqueous s o l u t i o n ,  

. may have p a r t i c l e s  l a r g e  enough - l a r g e r  than 300 A o r  so - t o  p50- 
duce observable t u r b i d i t y  a t  concentrat ions as low as 0.001 g cm' a t  a 
.path l eng th  of 1 cm. 

v i i  .. Some mix tures  o f  non-absorbing ma te r ia l s  may appear colored.  Thi s  i s  
s imply the  r e s u l t  of t he  wavelength dependence o f  sca t te r i ng .  (1,7). 
This  wavelength e f fec t  depends on t h e  p a r t i c l e  dimensions and the  re -  
f r a c t i v e  index cont ras t .  The i n t e n s i t y  o f  sca t te red  l i g h t  a l s o  depends 
on the  s c a t t e r i n g  angle, which i s  t h e  angle between the  d i r e c t i o n  of 
observat ion and t h e  d i r e c t i o n  o f  i 1 luminat ion.  For t h i s  reason, the  
d i s t r i b u t i o n  o f  1 i g h t  i n t e n s i t y  pe r  u n i t  wavelength o f  l i g h t  sca t te red  
depends on the  s c a t t e r i n g  angle. Since the  percept ion  o f  c o l o r  depends 
on t h a t  d i s t r i b u t i o n  o f  i n t e n s i t y ,  d i f f e r e n t  co lo rs  can be perceived a t  
d i f f e r e n t  s c a t t e r i n g  angles. This  f a c t  prov ides us w i t h  an easy way t o  
de tec t  Rayleigh and. ~ayleigh-Debye-Gans sca t te r i ng .  As exp la ined i n  
Ref. 1, i n  t rans lucen t  samples t h e  b lu ishness of sca t te red  l i g h t  i s  an 
i n d i c a t i o n  o f  smal l  p a r t i c l e s ,  0.5 pm o r  less,  t h a t  f a l l  i n  t h e  Rayleigh 
o r  t h e  Rayleigh-Debye-Gans s c a t t e r i n g  regimes. Orange-red c o l o r s  o f  
t r ansmi t ted  l i g h t  a re  an i n d i c a t i o n  o f  smal l  p a r t i c l e s ,  0.1 pm o r  l e s s  
(Rayleigh s c a t t e r i n g ) .  If one sees a haziness, and no co lo r ,  most of 
the  s c a t t e r i n g  comes from p a r t i c l e s  l a r g e r  than 0.5 pm (Mie s c a t t e r i n g )  
(10) 

The above r u l e s  h o l d  approximately,  a t  best ,  i f  the  system i s  t u r b i d  o r  
mi 1 ky (1  ). Whether t u r b i d  o r  no t ,  i n t e r p r e t a t i o n  of co lo rs  and t ranslucency 
i s  more complicated i f  t h e  sample absorbs l i g h t .  However, t he  c o l o r  o f  an 
i n t r i n s i c a l l y  co lo red sample which a l so  s c a t t e r s  can d i f f e r  from the  i n t r i n s i c  
c o l o r  and can vary w i t h  t h e  s c a t t e r i n g  angle. Thus the  s c a t t e r i n g  regimes, 
e s p e c i a l l y  t h e  Rayleigh regime, can be detected even i n  a co lo red sample 
(F igs.  7A and 78 i n  Ref. 1) .  

I n  summary, c o l o r  - both hue and s a t u r a t i o n  - and degree of t ranslucency 
are  the  impor tan t  o p t i c a l  po rpe r t i es  o f  f l u i d  systems. Observations o f  these 
p rope r t i es ,  i f p rope r l y  i n te rp re ted ,  can prov ide  qua1 i t a t i v e  i n fo rma t ion  about 
t h e  s t a t e  o f  aggregat ion o r  s t a t e  o f  d i spe rs ion  i n  t he  f l u i d .  

Procedure and Guide 

~ h s e r v a t i o n s  .a re  more meaningful if the  s o l u t i o n ,  microemulsion, o r  
d i spe rs ion  o f  i n t e r e s t  i s  known t o  be a t  e q u i l i b r i u m  o r  i n  metastable equi -  
1 ibr ium. Moreover, f o r  concentrated m i  croemul s ions , the inferences are  l e s s  

. p rec ise ,  (1  1).  The way o f  p repar ing  t h e  system might  govern i t s  f i n a l  appear- 
ance, because i t  may determine the  s izes  o f  d ispersed p a r t i c l e s  o r  aggregates 
(F ig.  .l , below). It may be advisable t o  e q u i l i b r a t e  two components p r i o r  t o  
t he  a d d i t i o n  of t he  t h i r d ,  t h e  th ree  p r i o r  t o  the  a d d i t i o n  of the  four th,  and 
so on. If .the system appears to '  change upon f u r t h e r  s t i r r i n g  or ' .o therwise 



w i t h  time, i t  i s  des i rab le  t o  reco rd  the changes w h i l e  w a i t i n g  as long as 
necessary f o r  t he  system t o  s top changing. P o s s i b i l i t i e s  o f  ambient temper- 
a tu re  v a r i a t i o n ,  evapora t ive  loss ,  o x i d a t i v e  degradation, l i g h t  s e n s i t i v i t y ,  
e tc . ,  need t o  be checked. 

D i s t i n c t  l a y e r s  are  i d e n t i f i e d  when they are separated by w e l l -  
de f i ned  in te r faces .  These i n te r faces  must be c a r e f u l l y  detected by several 
c r i t e r i a ,  such as smoothness, sh in iness,  o r  t o t a l  i n t e r n a l  r e f l e c t i o n  a t  
some angle, and d i s t i n g u i s h e d  from graded phases, f l o c s ,  etc .  I n  p rac t i ce ,  
t he  presence of i n t e r f a c e s  can be obscured by emulsions nex t  t o  them, by 
p r o x i m i t y  t o  c r i t i c a l  po in t s ,  o r  s imply by d i r t  p a r t i c l e s .  The number of 
l a y e r s  i s  t h e  number o f  t ransverse l i q u i d / l i q u i d  i n t e r f a c e s  p lus  one. 

I n  coun t i ng  the  number o f  l a y e r s  o r  apparent phases one should take 
i n t o  account the  n o t  uncommon re luc tance of dispersed phases t o  s e t t l e  and 
coalesce. C e n t r i f u g a t i  on and u l t r a c e n t r i f u g a t i o n  are  impor tan t  t o o l s  f o r  
t e s t i n g  t h i s ,  a l though a  c e n t r i f u g a l  f i e l d  can a l t e r  the  apparent phase 
behavior  ( 1  2 ) .  Before accept ing an unchanging appearance over days, weeks, 
o r  even months as s i g n a l l i n g  an equi l i b r l u m  s ta te ,  one has t o  t ry d i f f e r e n t  
orders o f  mixing. I f  one s t i l l  has any doubt, one must use heat ing-coo l ing  
cyc les  o r  f reezing- thawing t reatments as checks f o r  the history-independence, 
which i s  t h e  hal lmark o f  equ i l i b r i um.  

One should take  pains t o  avo id  i n t r o d u c i n g  dust  and o the r  extraneous 
p a r t i c l e s  i n t o  t h e  system. V i a l s  should be cleaned and f i l l e d  c a r e f u l l y .  
It i s  des i rab le  t o  avo id  f i n g e r p r i n t s  and l a b e l s  on the ou ts ide  o f  the v i a l s .  

For observ ing a  v i s u a l l y  homogeneous sample, by which i s  meant a  
l i q u i d  t h a t  appears as a  s i n g l e  l aye r ,  i t  i s  bes t  t o  f i l l  the  v i a l s  t o  a  
standard h e i g h t  t h ree  t imes t h e  v i a l  diameter, i n  o rder  t h a t  observat ions 
can be made a t  two path lengths  d i f f e r i n g  by a  f a c t o r  of three.  For systems 
w i t h  two and th ree  apparent layers ,  i n c l u d i n g  both t ransparent  and extremely 
t u r b i d  ones, i t  i s  use fu l  t o  observe and same composit ions i n  v i a l s  o f  
d i f f e r e n t  diameter,  so t h a t  t h e  dependence on path lengths  can be seen. 

The suggested procedure i s  t o  answer a  sequence of d iagnos t i c  
quest ions (Tables I and 11). A se r i es  o f  poss ib le  answers i s  l i s t e d  below 
and one can under l i ne  o r  mark the  most appropr ia te  ones. The i m p l i c a t i o n s  
o f  each answer a re  i nd i ca ted ,  fo l lowed by e i t h e r  another c l a r i f y i n g  quest ion 
o r  a  h i n t  about i n t e r p r e t i n g  the  p a r t i c u l a r  observat ion o r  s e r l e s  o f  obser- 
va t i ons  i n  terms of t he  number of phases present  and the  s i z e  of p a r t i c l e s  o r  
aggregates. The observer should record  d e t a i l s  as c a l l e d  f o r  i n  t he  suggested 
procedure and should be sure t o  reco rd  any a d d i t i o n a l  observat ions n o t  covered 
i n  t h e  guide. 

Since the  unaided eye i s  a  poor de tec to r  o f  p o l a r i z a t i o n ,  some i n s t r u -  
ment i s  requ i red  t o  determine the  s t a t e  of p o l a r i z a t i o n  of sca t te red  l i g h t ,  
which can p rov ide  c lues about p a r t i c l e  s ize ,  o r  shape, o r  both (1) .  Use of 
such inst ruments f a l l s  ou ts ide  the simple r u l e s  f o r  qu ick  and c a r e f u l  v i s u a l  
observat ions w i t h  the  unaided eye a t  o rd ina ry  l abo ra to ry  i 1 luminat ion.  



Using ' t h e  Guide i n  Ce r ta in  'Su r fac tan t  'Systems 

Sur fac tan t  d ispers ions ,  F ig.  1, can look  q u i t e  s i m i l a r  t o  d ispers ions  
o f  polymer l a t e x  microspheres. D e t a i l s  o f  observat ions and photography are 
g iven i n  Ref. 1. Such comparisons suggest t h e  use o f  t he  l a t e x  d ispers ions  
t o  s tandard ize observat ions o f  t ransl 'ucency and c o l o r s  by d i f f e r e n t  observers 
and w i t h  varying. cond i t i ons  o f  i 1 lumina t ion .  

Moreover, s i z e  est imates can be ob ta ined w i t h o u t  any measurement a t  
a l l , '  I n  Fig. l A ,  t h e  sonicated aqueous d i spe rs ion  o f  1.29 wt% s u r f a c t a n t  
Texas #1 (.sodi um p- ( . l l  -hep ty l  nonyl )benzenesul fona te)  looks  c l e a r  t o  t r ans -  
lucent .  I t s  co lo rs  a re  b l u i s h  by sca t te red  l i g h t  and b l u i s h  o r  y e l l o w i s h  
by t r a n s m i t t e d  l i g h t  ( t h e  l a t t e r  c o l o r s  a re  n o t  shown i n  t he  photograph). 
This appearance i n d i c a t e s  unequ ivoca l l y  t h a t  of t he  s u r f a c t a n t  p a r t i c l e s  
a re  sma l l e r  than lOOOA (0.1 wn) , and f u r t h e r  t h a t  t h e  aximum poss ib le  a number o f  p a r t i c l e s  present  o f  s i zes  l a r g e r  than 1000 i s  a  n e g l i g i b l e  
f r a c t i o n  o f  t h e  t o t a l .  By comparing the  s u r f a c t a n t  dispers, ion s ide-by-s ide 
w i t h  t he  d i spe rs ion  o f  1'17 ppm microspheres o f  s i z e  0.091 Mm, i t  i s  seen 
t h a t  . the s c a t t e r i n g  i s  about t he  same. Thus, t h e  s c a t t e r i n g  e f f i c i e n c y ,  ,, 
A/c, o f  t h e  s u r f a c t a n t  p a r t i c l e s  i s  110 t imes smal les  than t h a t  o f  t h e  910 A 
microspheres. Since i n  t h  j s  s  j z e  r.pnge i a ( n  - n  ) and i - d3 ( 1  ) , and 
s ince  ( n  - n 4 ) / c  = 0.25 cm g- f o r  t he  polymer mi8rospheres (13) and ( n  - no)/c 
= 0.17 c m 3 / ~  f o r  t h e  sur factant , ( l4) ,  t h e  s i z e  of t he  s u r f a c t a n t  par-  
t i c l e s  i s  est imated t o  be about 270 A, i f  the  p a r t i c l e s  a re  r i g i d  spheres. 
The es t imate  i s  increased s l i g h t l y  t o  330 A, i f  t h e  s u r f a c t a n t  p a r t i c l e s  
are ves i cu la r ,  i .e .  each cons i s t s  o f  a  f l u i d - f l u i d  c a v i t y  surrounded by a  
s u r f a c t a n t  membrane, as exp la ined i n  Ref. 6. Even though t h i s  es t imate  
ignores i n t e r p a r t i c l e  i n t e r a c t i o n s  , i t  i s  i n  excel  l e n t  agreement w i t h  the  

+ h  est imate  from absorbance measurements, which a l s o  i gno re  such i n t e r a c t i o n s ,  
and both agree w i t h  e l e c t r o n  microscopy r e s u l t s  (6 ) .  

Photograph 1B shows t h a t  t h e  appearance and s c a t t e r i n g  c o l o r s  o f  t h e  
unsonicated 1.29% Texas #1 sample are about t he  same as 990 ppm of 0.325 pm 
PMMA p a r t i c l e s .  Thus son i ca t i on  must have decreased g r e a t l y  t h e  p a r t i c l e  
s ize .  Photographs 1C and I D  show how s t r o n g l y  t h e  appearance and thereby 
the  s i z e  o f  d ispersed p a r t i c l e s  depend on order  o f  m ix inq  o f  Wi tco 's  TRS 10-80 
(which i s  a  commercial petroleum su l f ona te  s u r f a c t a n t )  and NaCl i n  water  
(see a1 so F ig.  3D below). The f i  rs t - su r fac tan t - t hen -sa l  t sample e x h i b i t s  
Ray1 e i  gh-Debye-Gans type s c a t t e r i n g  (F ig .  3C). Since, however, t h e  concen- 
t r a t i o n s  d i f f e r  by a  f a c t o r  o f  100, t he  s c a t t e r i n g  e f f i c i e n c y  of t he  sur-  
f a c t a n t  sample i s  100 t imes l e s s  on t h e  average than t h a t  o f  t he  polymer 
sample. I f  t h e  s izes  were un i fo rm i n  t h e  surgac tan t  sample, they  wo~r ld  be 
about 0.08 pm (est imated from 100x(0.15/0.25) x0.254 ,.,m = 0.08 pm). But then 
t h e  sample would look  b l u i s h  l i k e  a  Rayle igh d ispers ion .  The conc lus ion  
i s  t h a t  t he  sample conta ins  a s u b s t a n t i a l  amount o f  l a r g e  (Mie and Rayleigh- 
Debye-Gans) p a r t i c l e s  and t h a t  i n  o rde r  t o  s c a t t e r  so e f f i c i e n t l y  the  sample 
must con ta in  a  s u b s t a n t i a l  amount o f  p a r t i c l e s  sma l l e r  than 0.08 pm. Indeed, 
micron-s ize p a r t i c l e s  were detected i n  t he  microscope, i n d i c a t i n g  t h a t  Mie 
s c a t t e r e r y  were indeed present;  moreover t he  b lu ishness i s  cons i s ten t  w i t h  
Rayleigh p a r t i c l e s  be ing  present  a lso.  



Fig. 2 i l l u s t r a t e s  c e r t a i n  impor tan t  features of t he  phase behavior 
o f  Texas #1 i n  water  and b r i ne .  The 0.029% sample looks t ransparent  and i s  
below the  s o l u b i l i t y  l i m i t  which i s  about 0.06% (4) .  The 0.096% sample 
a f t e r  being shaken looks  t ransparent ;  c l o s e r  examination revea ls  some v i s i b l e  
p a r t i c l e s  which f l o c c u l a t e  and s e t t l e  s lowly.  The 1.29% sample i s  a t u r b i d  
d ispers ion .  Photograph 2B revea ls  a dramatic dependence of the  appearance 
o f  d ispers ions  on s a l i n i t y .  Although the  p a r t i c l e s  i n  3% b r i n e  look s o l i d -  
l i k e ,  they a r e  l i q u i d  c r y s t a l l i n e ,  as found by  p o l a r i z i n g  microscopy and 

C nmr, j u s t  as are  t h e  p a r t i c l e s  I n  the  rrlore s t a b l e  d ispers ions  a t  0 and 
0.3% NaCl (4 ) .  

I n  F ig.  3 samples of aqueous so lu t i ons  and d ispers ions  o f  TRS 10-80 
are  shown. The absorp t ion  by the  sample i s  s i g n i f i c a n t  a t  concentrat ions 
down t o  about 0.1 w t %  a t  2cm path length.  The b r i l l i a n c e  o f  t he  y e l l o w  c o l o r  
increases o f  course w i t h  sur fac tan t  concentrat ion.  I n  t he  presence o f  
s c a t t e r i n g  co lo rs ,  t he  absorp t ion  c o l o r  i s  genera l l y  mixed w i t h  the  s c a t t e r i n g  
co lo rs .  ~i croscopic exami n a t i  on revealed t h a t  ,tilt! 5.07% s a ~ ~ i p l e  conta ins a 
l a r g e  concent ra t ion  o f  Mie p a r t i c l e s ,  which do n o t  produce s c a t t e r i n g  co lo rs ;  
hence the c o l o r  i s  predominant ly due t o  absorpt ion. The same holds fo r  the  
0.263% sample i n  1% b r ine ,  " f i r s t  s a l t " ;  t h i s  sample was prepared by d i s s o l v i n g  
the  s a l t  firqt and then d i spe rs ing  the .su r fac tan t .  However, w i t h  the same 
composit ion b u t  the  i nve rse  o rde r  o f  mixing, the  p a r t i c l e s  P a l l  i n  tile 
Rayle i  gh o r  Rayl.ei'gh-Debeye-Gans regime, a t  whi ch b l  ud s c a t t e r i n g  co lo rs  
a re  observed. I n  t h i s  sample, t h e  s c a t t e r i n g  co lo rs  mask ' to  a l a r g e  ex ten t  
t he  absorp t ion  c o l o r .  

D i  scussi on 

A d e t a i  l e d  guide f o r  i n t e r p r e t i n g  v i s u a l  observat ions o f  su r fac tan t  
d ispers ions  has been s e t  out.  The guide i s  based on p r i n c i p l e s  o f  l i g h t  
s c a t t e r i n g  and spec t ro tu rb id ime t ry  and the  percept ions o f  transparency and 
c o l o r ;  i t  can be a l so  used f o r  d ispers ions  o f  o t h e r  substances. The appear- 
ance o f  su r fac tan t  d ispers ions  can be s imulated by model d ispers ions  o f  mono- 
d isperse polymer l a t e x  m i  crospheres. Because observat ions can be sub jec t i ve  
and the  condi ti ons o f  i 11 uminat ion can vary, comparison w i t h  model d ispers ions  
helps i n t e r p r e t  observat ions o b j e c t i v e l y .  Using dark background and h igh  
i n t e n s i t y  i 11 uminat ion can o f  course improve t h e  s e n s i t i v i t y  o f  v i s u a l  obser- 
vat ions.  This  aspect remains t o  be sys temat i ca l l y  examined. 

We b e l i e v e  t h a t  f o l l ow ing  the  r u l e s  suggested here w i l l  he lp  c o l l o i d  
s c i e n t i s t s  and engineers est imate q u i c k l y ,  s imply, and f a i r l y  accura te ly  
the s i z e  range of d ispersed p a r t i c l e s  and thereby t o  s e l e c t  r a t i o n a l l y  the  
research pathway f o r  c h a r a c t e r i z i n g  d ispers ions  more d e f i n i t i v e l y .  



8 -  . Fig. 1. Photographs o f  aqueous surfactant dispersions vs. model dispersions o f  polymer l a t ex  
- microspheres. Texas #1 stands f o r  the sodium 4-( 1 ' -heptyl nonyl Ibenzenesul fonate surfactant I ; 

. = - - (Xef. 4). TRS 10-83" i s  the comnercial name o f  the petroleum sulfonate surfactant manufactured . I -  ,, - by Witco (Ref. 5 ) .  A l l  concentrations are wlw.  Upper l e f t  (from l e f t  t o  r i gh t ) :  sonicated 
; ; dispersion o f  1.29% Texas it1 i n  water vs. a 117 ppm dispersion o f  0.091 pm microspheres; upper 

: r i  yht: 900 ppm o f  0.325 fi microspheres vs. unsonicated 1.29% Texas #1 i n  water; lower l e f t :  
26.7 ppm o f  0.254 urn microspheres vs. 0.263% TRS 10-80 i n  1.0% aqueous NaC1; t h i s  sample was 
produced by f i r s t  dissolving the surfactant and then adding aqueous NaC1; lower r i gh t :  900 ppm 
o f  0.325 pm par t i c les  with 1.27 ppm methyl red dye added vs. the previous TRS 10-80 sample but  
prepared wi th  the opposite order o f  mixing ( f i r s t  s a l t  then surfactant). 



Fig. 2. Photographs o f  Texas #I preparations i n  water and NaCl sa1;-water. Upper l e f t :  1.29% 
unsonicated, 0.096%, Q.C29%, and 0.0%; upper r ight :  1.29% - no sa l t ,  0.99%-0.88% s a l t ,  and 
1.18%-9 .OX sal t; lower l e f t ;  1.29% unsonicated, water (0 ppm) , 1.29% sonicated; 1 ower ri ght: 
1.18%-3.0% sal t. , ,  . 



Fig. 3. Photographs of lR$ 10-80 preparations i n  water and ral  t-warn. Upper le f t :  '0.99%. 
0.2631, O.l%, and Q.OT; uppr right: 5.072. 1.3161, and 0.0%; loww le f t :  0.1% with 1.6% NaCl 
with surfactant mixed first. 0.1% Wk. m salt. and O.Ot;*'laer right.:. 0.263% with 1% sal t  
with salt mixed firt, ram with surfactant mixed f i rst ,  and 0.263% with no salt. 



Table I. Diagnostic Guide to  Visual and Microscopic Observation of Surfactant 

Systems 

Date : 
,i 7 , 

14?? : ' Name : 

A. Report the following information: 

I. Materials used: names, overall amounts, composition and 
appearance, especi a1 ly color. 

I I. Procedure of sys tern preparation: 

I ,  order of m i  xi rig or  layering; 

i i  . stirring method, apparatus, vessel, time; 

i i i . thermal treatment and temperature. 

I I I. Visually resolvable particles or  draplets: 

~f no, go t o  IV. 

If yes, estimate amount; 

estimate size; 

describe [shape, texture, turbidity, color) ; 

sketch positibn. 

IV. Number of visible discernible liquid/liquid transverse interfaces : 

Move the eye relative to  the level of the sample (vertically).  
I s  there an angle a t  which there is shininess or total internal 
reflection? .If yes, then there are two or more layers (number 
of such interfaces plus one); go to V(i). If no, there i s  one 
homogeneous 1 ayer; go to  V ( i i ) .  - ,  

. i; , 

V. Number of visible discernible lagers. i,'7p:', . , 
i . If one, does appearance change upon gentle st irr ing? 

~f no, 1 homogeneous 1 ayer; go to B. 

If yes, 1 homogeneous layer; 

any gradient i n  turbid1 ty? If no, go to  B. 



. If yes, two 

phases ; 
. , 

sketch system 

and go t o  C. 

ii.. ~f ' two o r  more, sketch system. 

0.  For each homogeneous l aye r ,  cha rac te r i ze  ' i t s  appearance. 

I .  Transparent ( o r  c l e a r ) ;  if so, compare w i t h  water  

i n  s i m i l a r ' v i a l ;  i s  sample . 

, , 

l e s s  c l e a r  than water?+ 

~f yes, s c a t t e r i n g  i n d i c a t e s  t h a t  some p a r t i c l e s  may be 
present  . 
If no, use two 1  ong (. 4 0  cm) vo l  umetr i  c  c y l  i nders and 
compare w i t h  water; i s  sample l ess  c l e a r  than water? 

Yes. 

~f no - one phase b u t  check C. 

11. Trans1 ucent; i s  any b lu ishness (opalescence) de tec tab le  by 
observing sample f rom d i f f e r e n t  angles? 

If no, does i t  look  hazy o r  foggy? 

~f yes - Mie s c a t t e r i n g ;  l a r g e  p a r t i c l e s  

o r  d rop le ts ,  s ize .0 .5  ~m o r  more. 

~f no - moderate s i z e  p a r t i c l e s ,  0.5 o r  less .  

If yes, does i t  l.ook. orange-red o r  ye1 low t o  t ransmi t ted  
1  i ght?  

If no, t ry  sun1 i g h t  and answer again: 

rf no, - Rayleigh-Debye-Gans sca t te r i ng ,  s i z e  0.1 
t o  0.5 vm. 

If yes, - Rayleigh sca t te r i ng ,  s i z e  0.1 Pm o r  less .  

rf n o t  sure, go t o  C. 



111. Tu rb id  o r  m i l k y :  Can you see d e t a i l s  of an o b j e c t  which i s  
p laced behind the  sample, a t  i t s  shadow, i t s  umbra r a t h e r  
than i t s  penumbra? The o b j e c t  i s  t o  be h e l d  a t  most a  few 
cm from t h e  sample. 

If yes, go t o  C. 

~f no, use t h i n n e r  and t h i n n e r  v i a l s  o r  droppers u n t i l  you 
see through: then go t o  11. 

C. If l a y e r  i s  inhomogeneous, o r  appearance changes upon shaking, o r  
homogeneous l a y e r  i s  t rans lucen t  t o  m i  1  ky, i t  may be a  two-(or more) 
phase d ispers ion :  

Put  a drop on a glass s l i d e  and observe through the  l i g h t  
m i  croscope, a t  o 'rdi  nary setup, 0. S. , and crossed p o l  ars , 
C.P. ,(beware o f *evapora t ion ;  use c a p i l l a r y  o r  c o v e r s l i p ) .  

, - Are any p a r t i c l e s  d i s c d r n i b l e ?  - 

If no, i s  t he re  l i g h t  coming through C.P.? 

rf yes, increase magn i f i ca t ion  and repeat.  Are any p a r t i c l e s  
v i s i b l e ?  

If no, t h e  l a y e r  i s  most probably one phase. 

If yes, go t o  B-11. 

* ~ f  yes, r e p o r t  set-up, f i n a l  magn i f i ca t ion ,  s i ze ,  shape and 
t e x t u r e  o f  p a r t i c l e s ;  take a photograph i f  poss ib le  

D. Fur. each homogeneous layer  r e p o r t  about i t s  c o l o r  t he  fo l low ing:  

hue, e. g. blue, ye1 low, e tc ;  r e c a l l .  t h a t  gray, whi te,  and b lack  are no t  
co lo rs .  

saturation, f a i n t ,  l i g h t  o r  pale, moderate, b r i g h t ,  o r  b r i l l i a n t .  I s  
c o l o r  d i f f e r e n t  when the sample i s  viewed f rom d i f f e r e n t  angles? 

I f  no, ape any o f  t h e  pure m a t e r i a l s  used colored? 

~f no - sca t te r i ng ,  go t o  8-11. 

~f yes and l a y e r  i s  c l e a r  -20 sca t te r i ng ,  go t o  B- I .  

If yes, i s  any of t he  pure m a t e r i a l s  used colored? 

If no - c e r t a i n l y  s c a t t e r i n g ,  go t o  B-11. 

~f yes - s c a t t e r i n g ,  mixed w i t h  absorp t ion  (consider  p r e d i c t i n g  
c o l o r  based on t r i s t i m u l u s  values) ; fluorescence i s  poss ib le ,  too. 



Table 11. Diagnostic Guide in a Condensed Form 

Date: 

Name : 

A. Report the following information: 

I .  Materials used: overall amounts, chemical characterization, 
appearance, and especi a1 ly color. Total composi t i  on of system 
- w t %  or ~ 0 1 % .  

11. Procedure used for  system mixing or layering, s t i r r i n g  de ta i l s ,  
and thermal treatment and temperature used; keep system isothermal 
for  several hours a t  leas t  a f t e r  preparation i s  completed. 

B. Make a sketch of vial indicating dimensions (cm). Record number of well- 
defined interfaces and layers separated by interfaces. For each layer 
record whether i t  i s  homogeneous or  not in appearance. Also record any 
vis ible  par t ic les  present and the i r  location. Also record the layer 's  
appearance, color, homogeneity or  color, and the dependence of any color 
on the direction of observation. Indicate whether any layer becomes 
more turbid by gentle shaking. Record anything e lse  that  seems pertinent. 

C. Recapitulate observations. Decide on number of phases, equi 1 i bri um or not, 
with a short description i n  terms of dominant component, color, appearance, 
par t ic les ,  and other scattering features. 
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VII. INTERFACIAL TENSIONS IN SYSTEMS OF THREE LIQUID PHASES 

Introduction 

In the course of studies of tr iphasic multicomponent mixtures that  con- 
tain surfactant and display low interfacial  tensions (1-5), we observed how 
three liquid phases d is t r ibute  themselves within the rotating, horizontal cyl- 
indrical container used i n  the spinning drop method of measuring interfacial  
tension (6,7).  These observations were subsequently borne out by a simple 
ternary system, n-butanol-n-hexadecane-water, that  s p l i t s  into three l iquid 
phases a t  equilibrium a t  23OC and atmospheric pressure. By vir tue of Gibbs' 
phase rule the three coexisting phases and interfacial  tensions between them 
are invariant. This system has been described recently as consisting of three 
liquid phases, b u t  the composi t ions of the three phases were not reported (8).  
I t  can serve as a convenient standard for  tension studies of multiphase sys- 
tems. Within a rapidly spinning tube a variety of arrangements of three 
phases i s  possible, depending on interfacial  tensions, densi t ies ,  rotational 
speed, re lat ive phase volumes, and history of the system. We saw many b u t  
not a l l  of the metastable dis t r ibut ions that  could ar i se .  Several arrange- 
ments are lent icular  configurations atkin to  those seen a t  nearly f l a t  f lu id  
interfaces (9, l o ) ,  others are analogous to  composite drop configurations (11). 
The observations reported here are  novel and may be useful to other investi-  
gators, not only i n  recognizing three-phase systems in spinning drop experi- 
ments, b u t  also in studying the wetting of f lu id  interfaces,  Antonov's rule 
and the inequalit ies i t  separates (12-19). Interfacial  tensions are  conven- 
ient ly  and accurately measured by the spinning drop method, which i s  simple 
and re l iab le  provided fu l l  thermodynamic equilibrium i s  attained. This re- 
quires gyrostatic equilibrium (7,20). An advantage i s  the freedom from in- 
terference by a solid wall and uncertainty about the contact angle. The re- 
l i a b i l i t y  of the often-used capi l lary-r ise  method hinges on the experimenters' 
success i n  selecting a transparent capillary tube of suitable composition and 
inside surface f in ish ,  and a direction of meniscus motion before measurement, 
which make the cosine of the contact angle close to  unity. 

In addition to  reporting dis t r ibut ions of three l i q u i d  phases i n  the 
spinning drop tensiometer, i n  t h i s  paper we record carefully measured tensions 
and investigate whether Antonov's rule i s  valid i n  ternary and quaternary sys- 
tems that  s p l i t  into three l iquid phases. We provide a thermodynamic deriva- 
tion of Antonov's rule as a limiting case of the t r iangle  inequality and sug- 
gest conditions under which the inequality may be reversed. 

Experimental 

Reagent grade n-propanol (NPA), n-butanol ( N B A )  and t-butanol (TBA) 
were obtained from J .  T. Baker Chemical Co. or  Aldrich Chemicals. The alkanes 
employed, 99% pure, were obtained from Aldrich Chemicals or Phi l l ips  Chemi- 
cals.  Sodium chloride was cer t i f ied  A.  C .  S. grade from Fisher Scient i f ic .  
Laboratory red is t i l led  and deionized water was used. 

Components were mixed i n  sample vials  with teflon discs inserted in the 
screw caps to  reduce losses by evaporation, shaken vigorously, and then allowed 
to equilibrate for  one week or more a t  constant temperature (+O.Z°C) before 
phases were analyzed or tensions measured. Specimens of equilibrium phases 
were withdrawn with a syringe as detailed elsewhere (21) and analyzed w i t h  a 



Hewlett Packard 3730 A gas chromatograph employing an 8% Carbowax 1540 on 
Teflon 6 column o r  a Poropak P column. 

Interfaci a1 tensi ons were measured in gyrostati c equi 1 i bri um (20) wi t h  
an air-bearing spinning drop tensiometer (7) or  with an ea r l i e r  ball-bearing 
model (6) .  Some tensions were cross-checked with a se s s i l e  drop tensi ometer; 
i n  a l l  cases, tensions measured w i t h  the two methods agreed within experi- 
mental uncertainty. Densities, which are needed t o  calculate interfaci a1 ten- 
sion, were determined with a Paar DMA 40 osc i l la t ing  tube precision digi ta l  
density meter. Refractive index of the denser phase in the spinning drop ten- 
siometer was measured with a Abb6 refractometer from Bausch and Lomb; th i s  
refract ive index i s  the magnification factor  of the spinning drop (3,5,7,22). 

Antonov's Rule and the Triangle Inequality 

When three f lu id  phases coexist in equilibrium, the number of possible 
interfaces i s  three. Let the corresponding interfacial  tensions be a , a,,,  
and a,, . L e t  a be the largest .  Then they 111us1 be I-eld1eJ by o ~ i e  o,i2the 
three equations t 

The f i r s t  poss ib i l i ty  i s  known as Antonov's rule.  The second possibi l i ty ,  
the t r iangle  inequality, i s  simply a condition of mechanical equilibrium a t  
a contact l i n e  between the three f lu id  phases. This i s  what i s  most commonly 
observed in r ea l i ty  (12-14). The third possibi l i ty ,  the reverse inequality, 
i s  not possible a t  thermodynamic equilibrium (13,14,17,18). Whether th i s  i s  
always true continues t o  be controversial. Widom (17,18) and others (14,23) 
have reasoned tha t  e i the r  E q .  (1) or  (2) must hold because a t  equilibrium the 
total  f ree energy of the 1-3 interface could be lowered by the formation of 
a thin sheath of phase 2 between phases 1 and 3 i f  the interfacial  tensions 
were related by Eq. (3) .  In s t r i c t  terms th i s  contention applies only to  sys- 

.'terns qarge enough to be effectively open, and to  systems i n  which capillary 
pressure e f fec ts  a t  curved interfaces do not intrude. 

Consider the open system of volume V i l l u s t r a t ed  in Figure 1. Suppose 
tha t  upon removing phase 2 completely, no thin film .of that  phase forms a t  the 
interface between phases 1 and 3 when equilibrium i s  re-established. In th i s  
case the Helmholtz f ree  energy of the system i s  

where f and V are  the f r e  nergy and volume of phase a,  ui  the chemical 
potenti% of c8mponent i ,  nraf the density of component i in phase a,  N .  the 
to ta l  number of par t ic les  o t  component i in the system, and A the interfacial  
area. V I  and V, a re  defined by dividing the system w i t h  a plane placed in the 
i n t e r f a c ~ a l  zone. 

(116) 



Figure  1. T - p - V  ensemble 

Consider nex t  t he  s i t u a t i o n  i n  which a  t h i n  l a y e r  o f  phase 2  o f  volume 
V; forms by r e c r u i t i n g  ma te r ia l  f rom phases 1 and 3. Assume t h a t  the f ree 
energy d e n s i t i e s  o f  phases 1 and 3 remain a t  t h e i r  o r i g i n a l  values, f, and' f, 
Whereas t h i s  c o n d i t i o n  i s  maintained i n  an open system a t  equ i l i b r i um,  i t  i s  
obv ious ly  v i o l a t e d  i n  c losed systems, a1 though the  changes may be i n s i g n i f i -  
cant  i f  phases 1 and 3 are  s u f f i c i e n t l y  l a r g e  and the  l a y e r  o f  phase 2  i s  b u t  
a  t h i n  f i l m .  The f r e e  energy, F ' ,  o f  t h i s  re -equ i l ib ra . ted  system i s  then 

The thermodynamic p o t e n t i a l ,  a n F-1 Nipi, i s ,  f o r  the  system w i thou t  
i 

the t h i n  l a y e r  o f  phase 2, 

and f o r  t he  system w i t h  the  t h i n  l a y e r  o f  phase 2, 

!j) denotes the  dens i t y  of component i i n  phase j. The cond i t i ons  f o r  phase 
7 

(117) 



equilibrium are of course tha t  the t ru ly  intensive variables ( f i e ld  var iables) ,  
temperature T, pressure p ( in  the absence of capillary pressure e f f ec t s ) ,  and 
the chemical potential of each component pi  are the same i n  every phase. Now 

and because 

v = v ,  + V, = v j  + v; + v; 

i t  follows that  

60 : R '  - R = ( a l 2  + a,, - a, , ) A  

I f  o <a,,+ o,,, then 6R > 0: the 1-3 interface will not become covered by 
a t h i n  lay.er of phase 2 because the resulting system would be a t  higher thermo- 
dynamic potential .  However, i f , u ,  .ZZ o ~ , ~  + a2.., then 6R < 0: a thin, 1.ayer of 
phase 2 w i l l  form spontaneousZy between phases 1 and 3 and perfectly wet the 
interface,  so tha t  the observed tension will be 

obs. - 
'13 -- '12 + '23' 

T h i s  i s  the sense in which Antonov's rule obtains. 

Special consideration i s  required by closed systems or systems with 
curved interfaces,  both s i tuat ions being commonly encountered in tension mea- 
surements. Suppose phases l and 3 are i n  equilibrium with phase 2 across 
planar interfaces a t  T ,  u ,  , p 2 ,  . . . , pc, c being the number of components 
of the system. Drawing samples of phases 1 and 3 and contacting them across 
a planar interface i n  a closed system will resu l t  in some redistribution of 
t h e  b u l k  concentrations of 1 and 3 as material i s  recruited or rejected a t  
system walls and the interface.  Chemical potentials change correspondingly. 
So also does the in te r fac ia l  tension, according to  the Gibbs isotherm: 

do,, = -1 r idu  i  

r .  i s  the surface excess of component i  a t  the interface measured relat ive to  
same convenient dividing surface. If  a f t e r  readjustment of the contact samples 
of phases 1 and 3 the chemical potentials are a , ,  . . . , u,, the tension be- 
tween 1 and 3 i s  

- 
lJ i *. - 

O13 - a l -  1 1  r idu i  . . (13) 
i  

pi 

Thus ,  i f ' t h e  experimental uncertainty in a tension measurement i s  E ,  then 6, 
will  be found equal to  a , ,  as long as the samples of 1 and 3 that  are contacged 
are  suff ic ient ly  large fo r  a given interfacial  area tha t  



If  an interface is curved, E q .  (12) s t i l l  holds w i t h  an appropriate 
choice of dividing surface, b u t  the chemical potentials are affected not only 
by the. material rearrangement between interface and b u l k  phases b u t  also by 
the pressure jump across an interface created by curving i t .  Again, whether 

i s  found equal t.0 a , ,  within experimental precision i s  governed by the 
~nequali ' ty i n  E q .  (14). 

Thus, when i n  an open system a13 = ol  + o,, owing to  perfect wetting, 
Antonov's rule will be  observed experlmenta?ly in a closed system i f  the sam- 
ples of 1 and 3 tha t  are brought into contact for  the me.asurement are suf f i -  
c ient ly  large compared to  interfacial  area and i f  the radii  of curvature of 
the interface between 1 and 3 are suf f ic ien t ly  large tha t  E q .  (13) i s  not vio- 
lated. 

Many examples of Antonov's rule as well as numerous instances of the in- 
equality have been documented (12-14,16,19,24-27). The reverse inequality has 
a1 so been reported-by careful investigators (27-29). The ci rcumstances i n  
which the t r iangle  inequality may be violated, i . e .  a > a, ,  + a,,,  include 
( i )  the time of formation of the t h i n  layer of phase j 3 i s  long compared to  
the time of experimental observation, ( i i )  the system otherwise i s  not i n  
thermodynamic equilibrium, or ( i i i )  in a closed system there i s  not enough 
of a component for  recruitment to  form the thin layer. Moreover, Antonov's 
rule may be irrelevant to  systems i n  which pressure and chemical potential 
respond to the centrifugal f i e ld  i n  the spinning drop apparatus, or  in which 
curved menisci give r i s e  to  capillary pressure e f fec ts .  These poss ib i l i t ies  
are  discussed in the following sections. 

Phase Distributions 

Let the three phases be so labeled that  p,  < p, < p,. Then the l iquid 
that  f i l l s  most of the sample tube of a spinning drop apparatus can be e i ther  
phase 3 or phase 2', and the drop can be e i ther  phase 2 or  phase 1. The vari- 
ious possible arrangements when three f lu id  phases are i n  the spinning tube 
without a meniscus contacting the tube wall are i l l u s t r a t ed  i n  Figure 1. If 
phases 1 and 2 form separate drops, these must l i e  on the .ax is  of r o t a t i 0 n . a ~  
i n  ( a ) .  Provided each i s  more than about four times as long as i t s  equatorial 
diameter, the r a t io .  of the diameters i s  necessarily D l  , /D, ,  = [a, ,  (p,-p,)/ 

1 -  
I/. J 

a,,(p -p l ) ]  . Where three f lu id  phases intersect  in a contact l i n e  the Neu- 
sann 8riangle conditipn of mechanical equilibrium m u s t  be sa t i s f ied ;  a necessary 
requirement i s  tha t  a .  < a . .  + a .  ; i f  there were s ignif icant  l i ne  tension 
the Neumann tr iangle  t b n ~ i  t ~ d n  woa%d have to  be modified (10 ) .  I f  phase 2 i s  
present a t  the interface between phase 1 and phase 3, there are four possible 
types of.configurations,  These can be grouped as sess i le  lenses and ses s i l e  
double .drops: (b) - (e )  in Figure . 2 .  I t  must be emphasized tha t  patch lenses 
are not themselved axis,ymmetric and perturb the en t i re  system of menisci from 
axial symmetry. I f  the t h i r d  p,hase i s  1 or 3 ,  lenses are s t i l l  conceivable 
.and may ex i s t  under circumstances i n  which they are  metastable. Lenses of 
phase 1 can be called inwardly pendant lenses: ( f )  and (g ) ;  lenses of phase 3 



(a) Disjoin1 drops 

( h  ) Outwardly pendol l  ( i ) Outwardly pendanl 
patch lens ring lens 

( j 1 Composite drops separated by thin-film states 
( b )  Composite drops/cap lenses 

( C )  Sessile patch lens ( d  1 Sessile ring lens 

u23 A ~ 1 2  ' 72 A ~ 2 3  

( e  1 Double drop 

u23<a13+ "12 =23< u13 + "12 

&$- & 
( f I Inwardly pendant ( g  1 Inwardly pendant 

potch lens ring lens 

( k  1 Drops encnsed in thia-film states 

( I  ) Drops encased in thin-f i lm stotes in equilibrium with 
lenses 

(m) Sessile lenses sepanted by t hin-f i lm states 

I( n)  Drops and lenses separated by d ra in ing  layers or 

stabilized fi lms 

F igure 2. Possib le arrangements when th ree  ' l i q u i d  phases coex i s t  i n  the spilnning tube and no meniscus 
contacts the  tube w a l l .  



can be called outwardly pendant lenses: (h)  and ( i ) .  Where draining films 
are long-lived, or can be s tabi l ized in metastable equilibrium by means of 
additives, the configurations ( j )  and (k) shown in Figure 3 are possible, as 
are  those in  (n) too. B u t  the configurations i n  ( j )  and (k) can also a r i se  
from very thin,  inhomogeneous, equilibrium films tha t  are close in composi- 
t ion to  the outer l iquid.  These are  denoted by 3'  i n  Figure 2 and are des- 
ignated thin-film s t a t e s  (31),  i n  contrast  to  thin layers of a third phase. 

Because the term, f f i  lm, i s , + ~ ~ l i e d  loosely to  many conti-ouratietns, i t  ' i s  
useful to distinguish between a thin layer,  or what was infe'l i c i  tously called 
a duplex fi lm by e a r l i e r  writers (compare references 12 and 13) and. a:-thin-film 
s t a t e .  By a thin layer i s  meant a film consisting of essent ial ly  homogeneous 
bulk phase bounded by interfacial  zones. By a thin-film s t a t e  is  meant a film- 
l ike  zone across which there are gradients of density of composi tion a t  equi- 
1 ib r ium,  or the homogeneous bulk phase conditions being achieved nowhere in 
the zone (30,32). This includes interfaces and adsorbed layers between bulk 
phases. Along the r ight  thermodynamic path a thin-film can thicken into a 
t h i n  layer of a t h i r d  phase (32). 

The s t a b i l i t i e s  of the various phase dis t r ibut ions appear to  be as fo l -  
lows: When the tri.angle inequality, i .e. a < a,, + a,, , holds, the cap 
lenses of Figure 2(b) are a t  l eas t  metastabti. Depending on the re la t ive  vol- 
umes of phases 1 and 2 and the angular velocity, the minimum energy s t a t e  may 
be a cap lens,  patch or  ring lens,  or  double drop-a matter t h a t  remains to  
be se t t led  by calculation. When the . re la t ive  volume of phase 2 i s  small, the 
patch lens of (c )  i s  probably a t  l eas t  metastable when i t  i s  as t r ide  the equa- 
tor ia l  plane; however, i f  i t  should form suf f ic ien t ly  close to  an end of the 
drop i t  i s  probably unstable w i t h  respect to s l iding toward the rotation axis 
and there forming a cap lens. When the relat ive volume of phase 2 i s  some- 
what larger ,  the axisymmetric patch lens becomes unstable w i t h  respect t o  the 
axisymmetric ring lens 'of  (d ) ,  which is a t  leas t  metastable when situated a t  
the equator. When the relat ive volume of phase 2 i s  s t i l l  larger ,  the s table  
form i s  almost cer tainly a cap lens. 

The patch and ring lenses of the l eas t  dense phase, as indicated in ( f )  
and (g ) ,  can be metastable i n  certain circumstances. As lens volume or  angu- 
l a r  velocity increases, the interface between 1 and 2 bulges inward and even- 
tual l y  a drop of phase 1 detaches, migrates to  the center l i ne ,  and gives a 
configuration l i k e  ( e ) .  Ring lenses might be subject t o  another mode of.':in- 
s t a b i l i t y ,  viz. break-up into patch lenses, analogous to  the ins t ab i l i t y  of 
a f lu id  cylinder w i t h  respect t o  break-up into drops,  The patch and ring 
lenses of the densest phase, sketched i n  (h) and ( i ) ,  are  almost cer tainly 
metastable over certain ranqes of conditions. As lens volume or angular vel- 
oci ty  increase, the interface between 2 and ,3 would be expected to bulge out- 
ward, become unstable, and discharge a drop of phase 3 to the tube wall. In 
each case, the 1 imi t s  of stabi'l i t y  are a delicate issue, because they are 
governed ,by the net of several simultaneous energy changes: surface energies 
proportional to  the areas of the three interfaces,  and mechanical potential 
energies tha t  depend on the location of matter in the centrifugal f i e ld .  

In cases i n  which, owing to lack of equilibration, the t r iangle  inequal- 
i t y  i s  reversed, 1.e. o,, z u, + a,,, no contact l i ne  i s  possihle and the  
stable  dis t r ibut ion is er ther a i s j o ~ n t  drops (a )  or double drops ( e ) .  As the 



r e l a t ive  volume of phase 2 decreases the thickness of the outer layer of a 
double drop diminishes until  the layer becomes an imperceptibly thin layer,  
and ultimately a l l  t ha t  i s  l e f t  i s  an equilibrium thin-film s t a t e  (31,32) or 
interface between phases 1 and 3 when these are on the verge of equilibrium 
with bulk phase 2 ,  as in (1) in Figure 2 .  

When Antonov's ru le ,  i . e .  a , ,  = a , + a, , ,  would hold for  a planar in- 
terface in an open system, secondary e f t e c t i  probably determine the s table  dis- 
t r ibut ion.  In f a c t ,  when a thin-film s t a t e  i s  present, the apparent tension 
a ' ,  between phases 1 and 3 i s  given by a; ,  = a,,  + a,, + 6 0 , , ,  where 6al3 i s  
the tension i ncrement, which depends on the chemical potentials , temperature, 
and curvature of: the thin-film, as discussed a t  Eqs. (13) and (14).  HOW thick 
a thin-film must be to  observe Antonov's rule within experimental precision 
depends on the part icular  system, b u t  i t  can be as l i t t l e  as several molecu- 
l a r  diameters fo r  a planar interface (32).  When a thin layer of a third phase 
i s  present and the drop i s  a t  l eas t  four times as long as i t s  equatorial dia- 
meter, the apparent tension a; ,  i s  given by a formula derived in Appendix A: 

' where D, and D l  are the equatorial diameters of the outer and inner drops, 
respectively. Thus the apparent tension diminishes as the layer thins into 
a thin-film s t a t e ,  the increment (D,  - D,)K/D, eventually melding into 60 
Antonov's rule i s  i n  s t r i c t  agreement with r ea l i ty  only under those condiklons 
tha t  make 60, = 0. I t  w i l l ,  however, appear to  be valid when the increment 
fa1 1 s within the experimental uncertainty of tension measurements. For ex- 
ample, f o r  a long drop of 1 mm diameter covered by a 1 micron thick layer of 
phase 2 ,  a:, , a,,  + a , ,  + 4 x a , , .  

I. When the reverse.inequality,  a > a ,  + u , ~ ,  holds, a double drop con- 
s i s t ing  of phase 1 encased in phase j 2 i s  not possible because i t  i s  surely un-  
s table .  What seems l ike ly  i s  a thin layer 3 '  tha t  forms by diffusion, encap- 
sulates  phase 1, and i s  suf f ic ien t ly  thin tha t  the thickness-dependent chemi- 
cal potentials of a thin-film s t a t e  are involved. Such a thin-film could ex- 
i s t  in stable equilibrium with lens forms within which chemical potentials are1 
influenced by the pressure level ,  which depends in turn on lens s ize through 
the curvature of the interfaces by virtue of the Young-Laplace equation (the 
pressure level also varies with distance from the rotation axis ,  and th i s  in- 
fluences lens location).  These poss ib i l i t ies  are  shown i n  FS:gure 2 ,  (1) and 
(m), along with analogous configurations fo r  the cases a,, > a , ,  + a,,  and - 
'13 > '12 + *23  

In th is  l i gh t  the ultimate equilibrium sizes  of the mechanically s table  
drops and lenses in Figure: 2 must depend, a f t e r  diffusional equilibrium 
i s  established, on the locations and curvatures of any other drops and wall 
layers within the spinning tube. Thus attainment of total  equilibrium could 
take a long time, par t icular ly in t r iphasic  systems, where chemical potentials 
can be comparatively insensit ive to  composition and therefore affected more 
importantly than usual by capi l lary pressure and centrifugal pressure. In- 
deed, even when we load pre-equilibrated l iquids,  we observe equilibration 



t imes i n  2-mm i. e. sp inn ing  sample holders t h a t  a re  t y p i c a l l y  minutes o r  tens 
of minutes f o r  two-phase systems, scores of minutes f o r  three-phase systems, 
and hours o r  days when su r fac tan ts  a re  present,  

What f o l l ows  are  t h e  arrangements fo th ree  l i q u i d  phases we observed i n  
sp inn ing  drop inst ruments durin'g s tud ies  o f  multicomponent t r i p h a s i c  systems. 

Procedures f o r  Producing o r  Removing T h i r d  Phase 

We have seen and photographed c o n f i  u r a t i o n s  such as those i n  (a )  - ( f )  
and (h )  i n  F igure 2. S tab le  r i n g s  as i n  9 g) and ( i )  probably occur on l y  i n  
a narrow range o f  circumstances i f  a t  a l l .  D i r e c t  evidence o f  t h i n - f i l m  s ta tes  
l i k e  those i n  ( j )  - (m) requ i res  more ins t rumenta t ion  t h a n w e  have so f a r  been 
ab le  t o  b r i n g  t o  bear on the  prob'lem. The d r a i n i n g  l a y e r s  i n  (n )  we have f re -  
guen t l y  seen , .. between.coalescing , , . . . . . ., . . . . - . drops. . . - . . . . . 

Some three-phase con f i gu ra t i ons  can be produced by i n j e c t i n g  a smal l  
amount o f  t h i r d  phase a long w i t h  t h e  o the r  two i n  the  sample tube before i t  
i s  spun. I t  i s  poss ib le ,  when the  requ i red  cond i t i ons  on tens ion  are  met, t o  
i n j e c t  a drop of phase 1 i n s i d e  a drop o f  phase 2 and thereby produce a double 
drop as i n  (e )  . D i s j o i n t  drops o f  phases 1 and 2 can be 1 oaded and, a f t e r  
spin-up, caused t o  move together  t o  t e s t  among (b)  - ( f ) .  However, i t  i s  d i f -  
f i c u l t  o therwise t o  c o n t r o l  the  motion o f  an i n j e c t e d  drop o f  phase 1 o r  3: 
a drop o f  phase 1 tends t o  " r i s e "  t o  the  r o t a t i o n  a x i s  and o f  phase 2 t o  " s ink "  
t o  the  tube w a l l  du r i ng  spin-up. 

Another method i s  by changing the  temperature of the  a i r  bath i n  which 
the  sample tube spins. From a t r i p h a s i c  system p r e - e q u i l i b r a t e d  a t  the  de- 
s i r e d  temperature, two o f  the  th ree  phases are loaded i n t o  the sample tube, 
the  l e s s  dense phase as the. drop. By changing the  temperature i n '  one d i  rec-  
t i o n  o r  the  o the r  i t  i s  then poss ib le  t o  cause the  t h i r d  phase t o  nuc lea te  
and grow. Of ten t h i s  happens a t  the  o r i g i n a l  i n t e r f a c e ,  w i t h  the  r e s u l t  
t h a t  many small patch lenses appear, l i k e  those i n  (c ) ,  ( f ) ,  and (h)  o f  
F igure 2. These may coalesce i n t o  l a r g e r  patch lenses, or r i n g  lenses, o r  
i n t o  a continuous l a y e r .  It i s  n o t  uncommon when working w i t h  a l ong  drop 
o f  phase 1 i n  phase 3 t o  observe the  fo rmat ion  o f  several  s e s s i l e  r i n g  lenses 
of phase 2 along t h e  o r i g i n a l  drop. Near the  ends o f  a drop, p r e c i p i t a t i n g  
patch lenses o f  1 o r  2 may s l i d e  along the  i n t e r f a c e  u n t i l  they reach the  
a x i s  of r o t a t i o n .  As pendant patch lenses grow l a r g e r  they usua l l y ,  i n  our  
experience, become unstable and e i t h e r  " r i s e "  t o  the  center  l i n e ,  o r  " f a l l "  
t o  the  tube w a l l  i f  they a re  o f  phase 3. Usua l ly  we have seen the  densest 
phase, phase 3, nuc lea te  and grow on the  tube w a l l ,  where a temperature 
change i s  f i r s t  f e l t ,  and throughout t he  bu l k  o f  middle phase, from where i t  
merely migrates t o  the  tube w a l l ;  however, we have a l so  seen the  densest phase 
p r e c i p i t a t e  on the  i n t e r f a c e  between middle phase (phase 2) and upper phase 
(phase 1). Thus nuc lea t i on  and dens i t y  r e l a t i o n s  determine whether a g iven 
c o n f i g u r a t i o n  can be produced by temperature management. 

Ternary Test  System 

C.  D. Manning (2)  observed t h a t  n-butanol-n-hexdecane-water mix tures  
s p l i t  LIL 23'C i n t o  th ree  l i q u 5 d  phases over a considerable range o f  composi- 



t i o n .  An advan tage .o f  a t e r n a r y  system is  t h a t  the t h r e e  c o e x i s t i n g  phases 
and t h e  r e s p e c t i v e  i n t e r f a c i a l  t e n s i o n s  a r e  i n v a r i a n t  a t  a given temperature  
and p r e s s u r e ,  a s  c o d i f i e d  i n  Gibbs' phase r u l e .  

Ternary diagrams were cons t ruc t ed  from t h e  r e s u l t s  o f  mixing n-butanol,  
n-hexadecane, and wa te r  i n  d i f f e r e n t  volume p ropor t i ons ,  t he rmos ta t t i ng  them, 
v igo rous ly  shaking them, and a1 1 owing seve ra l  days a t  cons t an t  temperature  
(20.2OC) f o r  f i n a l  e q u i l i b r a t i o n .  The r e s u l t i n g  diagram f o r  23°C i s  shown' 
i n  F igure  3 wi th  t h e  d i r e c t i o n  o f  movement o f  t h e  three-phase compositions 
wi th  an i n c r e a s e  i n  temperature .  Analyses of  t h e  composition o f  each phase 
a t  t h e  i n v a r i a n t  p o i n t s  a r e  given i n  Table  I ;  d e n s i t i e s  a r e  given i n  Tab1.e 11. 

n- butanol 

Figure  3. Phase diagram o f  n-butanol ,  water  and hexadecane i n  w e i g h t  percents ,  
a t  23OC; t h e  d i r e c t i o n  o f  t h e  change i n  composition of  each phase wi th  an in- 
c r e a s e  i n  temperature  i s  shown by t h e  arrows. 

The outcomes o f  phase formation experiments  a r e  summarized i n  Figure 4. 
When upper (hexadecane-ri  ch)  and middle (n-butanol -ri ch)  phases were 1 oaded 
and spun i n  t h e  sample t ube ,  i nc reas ing  t h e  temperature  caused lower (water-  
r i c h )  phase t o  p r e c i p i t a t e  a t  t h e  tube  wal l  and throughout  t h e  middle phase, .  
and no con f igu ra t i on  o f  i n t e r e s t  a rose .  However, i n  s eve ra l  qua te rnary  a1 co- 
h01-hydroca'rbon-water-salt systems (5 )  t h e  lower phase formed a t  t h e  i n t e r f a c e  
between m i  dd lc  phase and upper  phase drop a s  outwardly pendant 1 enses-Fi gure 
4 (a 1. Moreover, a s  t h e  amount of 1 ower phase increased  the 1 enses became un- 
s t a b l e  and e y e n t u a l l y  "sank" t o  t h e  tube  wa l l .  When lower and middle phases 



Table I. Compositions o f  phases a t  the i n v a r i a n t  p o i n t  a t  
18", 23O, and 30°C. 

UPPER 

PHASE 

MIDDLE 

PHASE 

LOWER 

PHASE 

Table 11. Dens i t ies  o f  phases i n  g/cm3 . a t  i i ~ v a r i a n t  p o i n t  
a t  18", 23", and 30°C. 

18°C 

0.66k0.06 

11.6+0.1 

87.77k0.05 

13.2450.05 

73.3k0.2 

13.520.1 

92.49+0.04 

7.5120.04 

< 3 ~ 1 0 - ~  

water 

n-butanol 

n-hexadecane 

water - 
n-butanol 

n-hexadecane 

water 
. 

n-butanol 
. 
n- hexadecane 

were loaded In the sample tube, decreasing the temperature brought p rec i p i  ta -  
t i o n  of upper phase as patch lenses and some o f  these appeared t o  end up as 
d i s j o i n t  drops on the r o t a t i o n  axis,  both ins ide and outs ide the o r i g i n a l  drop 
of middle phase. This i s  shown i n  Figure 4(b). 

30°C 

0.7728 
-, 

0.8167 

0.9852 

More i n t e res t i ng  i s  the outcome o f  warming a spinning tube loaded w i t h  
upper and lower. phases, shown i n  Figure 4(c) .  Middle phase i s  f i r s t  observa- 
b l e  as patch lenses, not as a continuous t h i n  l aye r  around the drop. Thus 
a t  supersaturat ion a t  which microscopical ly  v i s i b l e  patch lenses can pe rs i s t ,  
the i nequa l i t y  a,, < a,, + a,, holds. This i s  i n  apparent con t rad ic t ion  of 
Antonov's ru le ,  which, as i s  shown i n  the next  sect ion, holds for  t h i s  t e r -  
nary system. However, Antonov's r u l e  takes no heed o f  curvature effects. I n  
the  experiment, the lens- to- th in- layer  l r a n s l  t i o n  may take place because the 

23OC 

0.7550.05 

13.4k0.3 

85.920.3 

12.9+0.1 

72.120.4 

15.020.4 

92.88k0.04 

7.1220.04 

<3x10- 

23°C 

0.7766 

0.8239 

0.9868 

- 
UPPER PHASE. 

IIIDDLE PHASE 

LOWER PHASE 
* 

30°C 

0.80k0.04 

15.420.5 

83.820. 5 

12.7520.06 

70.720.3 
, 

16.620.3 1 
I 

93.32k0.09 

6.6920.09 

< 3 ~ 1 0 - ~  

18°C 

0.7791 

0.8279 

0.9879 



(01. Formation of ';hose 3 on increasing temperature 

(b) Formation of phase 1 on decreasing temperature 

(c) Formotion of phose 2 on increasing temperature 

Figure 4. Fornatfon of t h i r d  phase by changina temnerature w i t h  two phases 
in  gyrostat ic  equilibrium inside a spinning tube, 

amo'unt of middlephase grows so that a continuous layer takes over from the 
lenses; a l t e rna t ive ly ,  the t ransi t ion may take place because the perfect 
wetting temperature i s  reached (31). In th i s  case, Antonov's rule should 
hold ahnve such temperature, 

6 

Interfacial  Tension Measurements 

Interfacial  tensions in the ternary system were measured as functions .of 
alcohol concentration. Samples were prepared by vigorous hand-mixing of n-bu- 
tan01 and equal volumes of n-hexadecane and water. Moderately persis tent  ma- 
croemulsions were encountered in specimens of less  than 1 vol. % n-butanol; 
t h i s  observation suggests the presence of traces of an interfacially-active 
impurity. In almost a l l  measurements. the tension decreased s l ight ly  from the 
in i  tia.1 value and reached i t s  f inal  , steady value within a hour. Figure 5 
records interfacial  tension versus n-butanol concentration i n  the 'two- and 
three-phase .regions. Tension f e l l  .smoothly from 41.9 dyne/cm a t  0.05 vol . % 
to  3.54 dyne/cm a t  10. vol . % NBA. Moreover, the two-phase interfacial  ten- 
sion approached tha t  between the lower and upper phases i n  the three-phase 
region as the bottom t i e l i n e  was approached. Interfacial  tensions in the ' 

three-phase region. remained constant with increasing a1 cohol concentration as 
required by the Phase rule .  Furthermore, they agreed, within experimental 
e r ror ,  w i t h  Antonov's r u l e . ( s e e  Table 111). , 

Antonov' s rule was also tested in several quaternary a1 cohol -hydrocar- 
b o n - ~ a t e r ~ s o d i  um chloride systems in which the three-phase region was tra-.- 
versed by increasing the NaCl concentration. Results are  reported in Table 
IV. Of course, interfacial  tensions do not remain constant as the sa l in i ty  
of the system is varied. However, in a l l  the systems examined, Antonov's 
rule  holds within the precision of the measurements throughout the en t i r e  
three-phase region. I t  i s  noteworthy tha t  a thi.n film of middle phase sur- 
rounding a spinning drop of upper phase was frequently seen during meas'ure- 
m e n t  of' the tension between the upper and .lower phases, i . e .  a . Whenever 
this film formed, Antonov's rule  was valid. T h i n  films of midale phase be- 



Figure 5 .  In te r fac la l  tensions i n  n-butanol -n-hexadecane-water sys tern a t  23' 
C ,  when water and hexadecane are  kep t ' i n  the r a t i o  1:l by volume. 
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Table 1'11. I n t e r f a c i a l  tensions a t  2 3 ' ~  i n  t he  three-phase 
region of the n-butanol-n-hexadecane-water sys- 
tem. The ranges given a r e  standard devia t ions .  

1Ci2 lo-' 1 10 100 
n-BUTANOL CONC. (VOL. %) 

tween the  upper and lower phases i n  alcohol systems were a l so  detected by 
Lang e t  a1 . (16) w h I . l e  measuring o,, by . the  cap i l l a ry  r i s e  method; i n  a l l  
these cases,  o ( = o,, + 02,. This evidence supports the argument given . 

. 

above t h a t  a t h t n  layer  of phase 2 or  a thin-fi lm behaving almost as  a layer  
of phase 2 i n  the , sense  t ha t  Eq. (14) holds m u s t  form a t  the  1-3 interface  
whenever. An tonov' s rul'e hol ds . 

% e r r o r  estimated 

2.8 

. . .  1.7 

- 
1.7 

a,, = 0.28720.007 

a,,: = 2.12020.015 

o,,+a,, = 2.40+0.017 

o,, = 2.3920.02 

. . . I t  is of i n t e r e s t  t o  compare the i n t e r f ac i a l  tension measurements by 
the  spinni'ng drop method reported here with s imi la r  ones made elesewhere w i t h  
the  cap i l l a ry  r i s e  technique ( 1 6 ) .  So we estimated the precision of the spin- 
ming drop method a s  carr ied out. w i t h  the instruments we used. The estimated 
errors ,  a r e  +0;0001 cm i n  apparent '  drop diameter D owing t o  resolution of 
the microscope; an addit ional  0 .3% because of ecc@Ri!ricity i n  the sample tube; 

X uncertainty 

2.4 

0.7 

0.7 

0.4 
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SYSTEM: n-PROPANOL-n-OCTANE-BRINE 

~~ -- ~-~ - - 

SYSTEM: t-BUTANOL-n-DODECANE-BRINE 
1 

SYSTEM: n-PROPANOL-n-DODECANE-BRINE 

Bri.ne conc. u u I dyne?:. 
/ u12+u11 

cg NaCl/ml 1 dynelEm dyne/cm / dy::7crn 

u 
dyne) :m 

0.553t0.012 

0.691+0.047 

0.767t0.020 
-, 

1.12*0.050 

Table IV. Interfacial tensions at 25OC of three-phase alcohol-hy- 
drocarbon-water-sodium chloride systems. The ranges 
given are standard 'deviations. 

Brine conc. 
cg NaCl/ml 

5 

6 

. , 7  

9 

Brine conc. 
cg NaCl/ml 

10 

12 

14 

16 

20 

u 
dynejzm 

0.251t0.006 

0.448t0.009 

0.628t0.025, 

1.01+0.020 

' 0 1 2  
dyne/cm 

0.285t0.007 

0..248+0.010. 

0.146t0.004 

0.034+0.002 

u~ 7 
dyne/cm 

1.4750.02 

1.26k0.045 

1.18k0.02 

0.366+0.013 

0.727k0.008 

'1 2+'2 3 
dyne/cm 

0.536t0.009 

0.696+0.013 

0.774t0.025 

1:044+0.020 

0 
dyne)& 

1.90k0.04 

2.01k0.05 

2.0520.08 

2,16*0,04 

2.75k0.044 

0 7  1 
dyne/cm 

0.384+0.013 

0.743t0.019 

1.02k0.02 

1.30+0.05 

1.95k0.06' 

01 ?+a? 9 
.dyne/cm 

1.854t0.024 

2.003k0.049 

2.20k0.028 

2.266k0.054 

2.67720.06 
I 



about  0.7% i n  angu la r  v e l o c i t y ,  R ,  i n  t h e  Un ive r s i t y  of  Texas ins t rument ,  and 
less than 0.3% i n  t h e  a i r -bea r ing  ins t rument ,  a s  determined by means of an 
a u x i l i a r y  frequency counter ;  0.00014 g/cm3 i n  Ap; and l e s s  than 0.02% i n  t h e  
drop ma n i f i c a t i o n  f a c t o r  measured a s  r e f r a c t i v e  index n o f  t h e  denser  phase 
(3,7,223. The e r r o r  i n  t h e  bas i c  working formula (20) 

is l e s s  than 0.1% when drop length-to-dia,meter r a t i o  L / D  i s  g r e a t e r : t h a n  5 ,  
and less than 0.4% when L / D  is  g r e a t e r  t h a n . 4 .  The t o t a l  es t imated  e r r o r  is  
p l o t t e d  i n  Figure 6 ,  and t h e  p a r t i c u l a r  e s t i m a t e s  f o r  . the drop s i z e s  employed 
( r epo r t ed  only f o r  t h e  t e r n a r y  system) a r e  -1 i s t e d  . in.  Table  111. (These do 
no t  t a k e  i n t o  account whatever v a r i a t i o n s  of  t empera tu re . ex i s t ed  i n  t h e  sp in -  
ning drop method). The r e s u l t s  i n  Table  I11 show t h a t  t h e  s t a t i s t i c a l  mea- 
sures .of uncerta  i n t y  ag ree  wi th  t h e  independent ly  es t imated  err.czr.~ o f  t h e  meth- 
od. 

4 x 1 6 ~  1 6' 1 

APPARENT DROP D.IAMETER D,, cm 

Figure 6. Contours o f  co.nstant es t imated  e r r o r  i n  t e n s i o n ,  on t h e  b a s i s  o f  
u n c e r t a i n t i e s  I n  measuring drop diameter  and ro ta t iona ' l  speed i n  the sp inning  
drop appara tus ,  and dens'i t y  d i f f e r e n c e  and r e f r a c t i v e  index by s e p a r a t e  means. 



The conclusion i s  that  the precision of the spinning drop method i s  su- 
perior to  tha t  readily at ta inable  w i t h  the capillary r i s e  method (16) ,  which. 
in  addition i s  prey to  uncertainties stemming from wetting phenomena, More- 
over, the spinning drop method has advantages for  careful studies of tr iphasic 
l iquid systems as well as fo r  studying the wetting of f1ui.d interfaces,  Antonov's 
rule ,  and the inequalit ies i t  separates. 

Appendix. A: Derivation of the F o r ~ u l  a f g r  Apparcnt Tension a ; ,  

A typical prof i le  of half of a spinning drop of phase 1 encased in a 
t h i n  layer of bulk phase 2 ,  where p,  < p2 < p g ,  i s  shown i n  Figure 7 .  

Figure 7. Sp i~n ing  double drop of bhase 1 ent i re ly  contained w i t h f n  a thin 
layer of bulk phase 2 which i s  surrounded by s t i l l  denser phase 3 ( p ,  < p2 < 
p ) .  The control surface shown cuts the drop a t  i t s  equatorial phase and en- 
d o s e s  the r ight  half .  

I A control surface passing throuah thc equatorial phase and enclosinn t b e  ent i re  
half of the drop i s  relevant. A t  gyrostatic equilibrium the pressure differences 
across the two interfaces a t  radial distance r are ,  respectively, 

and 

Ap, ,52, 
P2( r )  - PJr)  = 2 

where R; and R; are the meridional radii  of curvature of the 1-2 and 2-3 men- 
i s c i ,  respectively, a t  the equatorial plane. Balancing of forces on the val- 
ume within the control surface gives 



Combining theseequat ions ,  i n t e g r a t i n g ,  l e t t i n g  Rl/R2 E 1 - E and R;/R' 5 1 - 
>i . " . , neg lec t i ng  second and h igher  orders o f  E and E', and s u b s t i t u t i n g  hp13 = 
' * . .  . 
yi!.-l: A ~ 1 2  ' +  A ~ 2 3  lead to 

where, f o r  drop length- to-d iameter  L/D grea te r  than 4, 

The f i r s t  term on the  r i g h t  si.de o f  equat ion ' (1V)  i s  the  apparent tens ion  a;, 
measured when an impercept ib ly  t h i c k  f i l m  o f  bu l k  phase i s  present,  i . e .  when 
Rl + R,. P l a i n l y  t h i s  value i s  g rea te r  than a,, + a,, by the  q u a n t i t y  EK. 
Because EK i s  small, t h i s  i n e q u a l i t y  may n o t  be obvious exper imenta l l y .  As 
E + 0, R1  and R 2  approach a  new rad ius  R,, and we have from ( I V )  t h a t  

which i s  j u s t  the l i m i t  as a  t h i n  l a y e r  o f  bu l k  phase 2  i s  l e f t  encapsulat ing 
the  drop. 

When t h e  i nne r  drop o f  a  double drop i s  o p t i c a l l y  reso lvab le ,  i t s  appar- 
en t  diameter i s  n o t  i t s  t r u e  diameter, owing t o  the  c y l i n d r i c a l  l ens  e f f e c t  
o f  the  l a y e r  o f  phase 2, t h e  ou ter  annulus o f  phase 3  and the w a l l  of the sam- 
p l e  holder .  By r a y  o p t i c s  (3,22) i t  can be shown t h a t  the magn i f i ca t i on  fac- 
t o r s  f o r  the  i nne r  and ou te r  menisci a re  

where DIaDD and D2a,~ are  the  apparent diameters and n2 and n3 are  the  r e f r a c -  

t i v e  i nd i ces  o f  the '  respect ive  phases re fe r red  t o  a i r .  These r e f r a c t i v e  i n -  
d ices can be measured p r e c i s e l y  ou ts ide  the sp inn ing  drop apparatus. 
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V I I I .  HOW LIQUIDS SPREAD ON SOLIDS 

E q u i l i b r i u m  con f igu ra t i ons  o f  1 i q u i d  drops, layers ,  and f i l m s  on sol i d  
sur faces are described by the augmented Young-Laplace equation (1-31, which 
represents t h e  balance among c a p i l l  ary pressure, hyd ros ta t i c  pressure, and 
d i s j o i n i n g  pressure. C a p i l l a r y  pressure i s  the  r e s u l t a n t  o f  surface tension 
i n a curved f l u i d  i n te r face ;  hyd ros ta t i c  pressure r e f 1  ec ts  the  ac t i on  o f  grav- 
i ty and o ther  body forces; d i s j o i n i n g  pressure stems from the f l u i d / s o l  i d  

. i n te rmo lecu la r  fo rces  i n  very t h i n  1 i q u i d  f i l m s  a t  r e s t .  L iqu ids  are seldom 
deposi ted on sol i d s  i n  equ i l  i b r i u m  conf igura t ions ,  and when they are n o t  i t  
i s  o f t e n  impor tant  t o  know the way i n  which the  l i q u i d  f lows i n t o  i t s  equi- 
l i b r i u m  state,  and the t ime needed f o r  i t s  meniscus t o  come t o  res t .  

I f  i n i t i a l l y  the  1 i q u i d  appears riot t o  cover the e n t i r e  surface o f  the 
s o l i d ,  the f l ow  process i s  commonly c a l l e d  s reading. On the  o ther  hand, i f  + i n i t i a l l y  i t  does appear t o  cover the  e n t i r e  sur ace, the  process by which i t  
a t t a i n s  mechanical e q u i l  i b r i um i s  commonly c a l l e d  sur face l e v e l l  i n g  when i n  
t h e  f i n a l  s t a t e  i t  covers the surface t o t a l l y ,  and dewett ing when f i n a l l y  
t h e r e  appear t o  be uncovered areas. These d i f f e r e n t  processes are f a m i l i a r  
i n  everyday experience. Spreading i s  the t o p i c  o f  t h i s  paper. The extension 
t o  surface l e v e l 1  i n g  and dewett ing i s  t rea ted  e l  sewhere (4). 

Since Hardy's (5 )  p ioneer ing  observat ions over a hal f -century ago there  
have been numerous experimental s tud ies  o f  how l i q u i d s  spread on s o l i d s ' a n d  
several attempts a t  t h e o r e t i c a l l y  descr ib ing  the  var ious mechanisms i n v o l  ved. 
B u t  u n t i l  now no theory t h a t  accounts f o r  a l l  known d r i v i n g  forces o f  
spreading has been presented. 

I n  ca ta log ing  the mechanisms i t  i s  convenient t o  de f ine  th ree classes o f  
spreading: primary, secondary, and bulk. Primary spreading r e f e r s  t o  the 
way the  f i r s t  molecular l a y e r  o r  so o f  l i q u i d  reaches the  sol i d .  I n  t h e  case 
o f  a viscous n o n v o l a t i l e  l i q u i d ,  pr imary spreading i s  by surface d i f f u s i o n .  
(6-9). I f  t h e  1 i q u i d  i s  v o l a t i l e  o r  a condensi b l  e vapor i s  present, pr imary 
spreading occurs by condensation o f  an adsorbed f i l m  (5) .  

Secondary spreading re fers  t o  the  mechanisms by which, grow 1 i q u i  d .  f i l m s  
rang ing from several molecules t h i c k  up t o  several microns th tck .  Th is  a c t i o n  
i s  d r i ven  e i t h e r  by a d i s j o i n i n g  pressure grad ient  o r  by a sur face tension 
grad ient .  F l u i d . f i l m s  th inne r  than about one micron are inhomogeneous i n  
dens i t y  o r  cbmposit ion and thus are sub jec t  t o  an iso t rop ic  s t ress  s ta tes  
p e c u l i a r  t o  t h e i r  microstructure.  D i s j o i n i n g  pressure gradients a r i s e  from 
t h e  v a r i a t i o n  o f  t he  aggregate of f l  u i  d-sol i d  and f l  u i d - f l  u i d  in termolecu lar  
fo rces  w i t h  f i l m  th ickness (10). Surface tension grad ients  a r i s e  from e i t h e r  
temperature grad ients  a1 ong the  sol i d  (11 ) o r  composi ti on gradients caused by 
evaporat ion o f  a v o l a t i l e  component (61, o r  by the  composit ion o f  the emplaced 
bu lk  l i q u i d  being d i f f e r e n t  from t h a t  o f  t he  pr imary f i l m  upon which i t  i s  
s e t  (5,12,13). 

Bulk spreading r e f e r s  t o  f l ow  d r i ven  by c a p i l l a r i t y  and g rav i t y ,  t he  
dominant d r i v i n g  fo rces  o f  f l o w  i n  f i l m s  t h i c k e r  than a micron. 



I n  t h i s  paper we present a theory o f  the  spreading o f  l i q u i d s  on smooth, 
c lean s o l i d s  which accounts f o r  a l l  o f  the  mechanisms j u s t  described. 'The 
theory i s  usefu l  f o r  i d e n t i f y i n g  which mechanisms govern the  spreading behav- 
i o r  o f  a gtven f l u i d - s o l i d  system. We i l l u s t r a t e  i t s  a p p l i c a t i o n  by comparing 
i t s  p red ic t i ons  w i t h  experimental observat ions o f  water spreading on glass 
(14,131 and o f  o i l s  spreading on high-energy surfaces ( 6 , l l ) .  I n  add i t ion ,  
we use the  theory t o  i n t e r p r e t  the r e s u l t s  o f  Deryagin's (15-17) b lowing-o f f  
experiment f o r  studying t h i n - f i l m  rheology. 

~ q u a t i o n s  o f  Thin-Fi lm Shape and Evo lu t i on  

We begin by de r i v ing  the  equation governing the  evo lu t i on  o f  the  shape 
o f  a f l u i d  f i l m  t h i n  enough t o  be sub jec t  t o  forces t h a t  o r i g i n a t e  i n  f l u i d  
micros t ruc ture ,  i .e., specia l  forces which a r i s e  when the f i l m ' s  th ickness i s  
comparable i n  magnitude t o  the range o f  in termolecu lar  forces (0.1 pm f o r  
London-van der Waal s d ispers ion  forces, 1 pm o r  more f o r  e l e c t r o s t a t i c  forces) ,  
b u t  t h i c k  enough t o  have e s s e n t i a l l y  the  v i s c o s i t y  o f  bu lk  l i q u i d .  According 
t o  the  molecular theory o f  t h i n - f i l m s ,  these assumptions are v a l i d  when a. 
f i l m  i s  t h i c k e r  than about f i v e  t o  ten  molecules (10,181. La te r  i n  t h i s  sec- 
t i o n  we general ize the  equation t o  f i l m s  so t h i n  t h a t  they have thickness- 
dependent v i scos i t y .  Throughout t h i s  paper we r e s t r i c t  our a t t e n t i o n  t o  
s i n g l e  component f l u i d s  on sol i d  substrates. 

The anisotropy and nonuniformi t y  o f  the  pressure tensor i n  a t h i n - f i l m  
d i s t i n g u i s h  a t h i n - f i l m  from bulk f l u i d .  To f i n d  the  equations o f  f i l m  shape 
and evo lu t i on  we f o l l o w  the  s t ra tegy  o f  Higgins and Scr iven (19), which we 
have r e c e n t l y  general ized t o  t h i n - f i l m s  (10). There are two such equations. 
The f i r s t ,  which expresses conservat ion o f  mat ter  when there  i s  no mass 
t r a n s f e r  across the  i n te r face ,  i s  the  i n t e g r a l  form o f  the kinematic condi- 
t i o n ;  f o r  f l ow  t r a n s l a t i o n a l l y  symmetric i n  the  z - d i r e c t i o n  i t  i s  

and f o r  an a x i a l l y  symmetric f low i t  i s  

The second equation expresses the balance o f  v.i scous, i n e r t i a l ,  g r a v i t a t i o n a l  , 
c a p i l l a r y ,  and m ic ros t ruc tu ra l  f l u i d  forces and momentum f l uxes  a c t i n g  on a 
s l i c e  o f  f i l m  o f  d t f f e r e n t i a l  thickness i n  the  x- o r  r - d i r e c t i o n ,  and i s  an 
i n t e g r o d i f f e r e n t i  a1 momentum equation. When the  1 i qui  d f i l m  i s  bounded by 
gas which exer ts  n e g l i g i b l e  shear, f o r  a t r a n s l a t i o n a l l y  symmetric f l ow  the  
,equation'  i s  (10) :. 



and f o r  an a x i a l l y  symmetric f l ow  i t  i s  

The q u a n t i t i e s  i n  these equations are def ined i n  Fig. 1. The ri are the  com- 
ponents o f  viscous s t ress  tensor, yLv i s  the  l i q u i d  vapor i n t e r f a c i a l  tension, 
p i s  densi ty ,  and % i s  the  mean curvature o f  the  In ter face.  The f i l m  tension 

where Pxx and PPk are components o f  the pressure tensor and ue i s  the  i n te rac -  
t i o n  p o t e n t i a l  etween f l u i d  and s o l i d  molecules, accounts f o r  m ic ros t ruc tu ra l  
f l u i d  forces, i .e. the  anisotropy and nonuni formi ty  o f  the  pressure tensor. 
The v e l o c i t y  f i e l d  - v, t he  viscous s t ress  f i e l d  T, the  f i l m  tension yF, and - - 



F igu re  1. Basic q u a n t i t i e s  i n  t h i n - f i l m :  (a )  t r a n s l a t i o n a l l y  symmetric; (b )  
a x i a l l y  symmetric., 

the  i n t e r f a c e  l o c a t i o n  h are  unknown va r iab les  i n  these equations. To reduce 
them t o  equations o f  i n t e r f a c i a l  shape and motion i n  terms o f  s o l e l y  the  
i n t e r f a c e  l o c a t i o n  h(x, t )  r equ i res  spec i f y i ng  c o n s t i t u t i v e  r e l a t i o n s  f o r  T as 
a  f u n c t i o n  o f  v  and yF as a  f u n c t i o n  o f  h  and the  v e l o c i  ty f i e l d .  We usesthe 
Newtonian c o n s i i  t u t i v e  re1 a t i o n  f o r  T and take v i s c o s i t y  t o  be independent o f  
f i l m  thickness. I f  the  th ickness v i r i e s  s lowly,  i.e. ah/ax << 1, the  i so -  
thermal Gibbs (20) adsorpt ion equat ion f o r  a  single-component p lanar  f i l m  

where r i s  surface excess mass 

can be used t o  r e l a t e  changes i n  f i l m  tens ion  t o  changes i n  chemical p o t e n t i a l  
. Equation (6 )  i s  o f t e n  w r i t t e n  i n  an a l t e r n a t i v e  form t h a t  incorpora tes  
d e f i n i t i o n s  o f  f i l m  th ickness 



S where i s .  t he  dens i t y  o f  sa tura ted  bulk  l i q u i d ,  and o f  d i s j o i n i n g  pressure, 

(1,211 

S n = - pL[p(h,T) - p(h  = -,TI] , (9 

I f  n depends on h alone, i t  fo l l ows  t h a t  

Therefore, i n  the small s lope approximation the c o n s t i t u t i v e  re1 a t i o n  f o r  yF 
i s  determined once the d i s j o i n i n g  pressure func t i on  n (h )  i s  known. The depen- 
dence o f  t h i s  f u n c t i o n  on the c o n s t i t u t i o n  o f  the vapor, l i q u i d  and s o l i d  i s  
sketched i n  the  nex t  sect ion. 

Provided ahlax << 1 so t h a t  the  smal l-s lope approximation does apply, i t  
..; i s  a l so  appropr ia te  t o  adopt as a f i r s t  approximation a l u b r i c a t i o n - t y p e  

v e l o c i t y  f i e l d ,  i .e., a l o c a l l y  v a r i a b l e  combination o f  Couette and Poi s e u i l l e  
f 1 ow: 

,. ' 

The no-sl  i p  c o n d i t i o n  a t  the sol i d  surface y=O sets  Fo(x) E 0. The c o n d i t i o n  
o f  vanishing shear s t ress  a t  the  i n t e r f a c e  y=h prov ides a r e l a t i o n s h i p  .between 
F1(x) and Fp(x) .  A s C ? C Q ~ ~  r e l a t i o n s h i p  hetween Fl(x) and F p ( x )  comes from .the 

' i n t e g r o d i f f e r e n t i a l  momentum equat ion (3 )  o r  ( 4 ) .  S u b s t i t u t i n g  the r e s u l t i n g  
v e l o c i t y  p r o f i  1 e i n  the  i n t e g r a l  k i  nematic c o n d i t i o n  y i e l d s  the  equat ion o f  
i n t e r f a c i a l  shape and motion: f o r  t r a n s l a t i o n a l l y  symmetric f lows i t  i s  

. , 

w h i l e  f o r  a x i a l l y  symmetric f lows i t  i s  

Here T-, i s  v i s c o s i t y .  

The resu l  t i n  both cases i s  a nonl i near, one-dimensional , parabol i c  
equat ion  f o r  d i f f u s i o n  o f  f i l m  thickness. Evo lu t i on  o f  the f i l m  p r o f i l e  i s  
descr ibed by s o l u t i o n s  o f  e i t h e r  Eq. (12) o r  Eq. (131, t o  both o f  which cap- 
i 11 a r i  ty con t r i bu tes  a f o u r t h - d e r j v a t i  ve term because the  mean curva ture  
i t s e l f  conta ins  a second de r i va t i ve .  The q u a n t i t y  i n  brackets i s  the volu- 



m e t r i c  f l u x  i n  the  f i l m  a t  p o s i t i o n  x o r  r; t h i s  f l u x  i s  the  product o f  the  
d r i v i n g  forces f o r  f low ( c a p i l l  a ry  pressure, d i  s j o i n i n g  pressure, and grav i -  
t a t i o n a l  p o t e n t i a l  gradients)  and the  d i  f f u s i v i  ty o f  thickness, which i n  t h i s  
case i s  a viscous conductance inve rse ly  p ropor t i ona l  t o  v i s c o s i t y  rl and 
s t rong ly  dependent on f i l m  thickness h. 

Equations (12) and (13) are der ived by assuming the volumetr ic  f l u x  i s  
r e l a t e d  t o  the  d r i v i n g  forces f o r  f low by hydrodynamic laws i n  the  appl ica-  
t i o n  o f  which the  f i l m  v i s c o s i t y  i s  presumed no t  t o  depend on i t s  thickness. 
As mentioned above, t h i s  presumption i s  no t  warranted when the  f i l m  i s  t h inne r  
than about 5-10 molecules. I n  f i l m s  approaching molecular dimensions the f l ow  
o f  f l u i d  on the s o l i d  i s  more appropr ia te ly  considered a surface d i f f u s i o n  
process ra the r  than a hydrodynamic one. The c o n t i n u i t y  equation o f  a s ing le-  
component f l u i d  on a s o l i d  surface i s  (22) 

. where 3 i s  surface excess' mass f l u x  r e l a t i v e  t o  a frame o f  reference i n  wh i th  - Z 
, t he  s o l i d  i s  a t  r e s t  and vs i s  the surface grad ient  operator. According t o  
. l i n e a r  t ranspor t  theory (23), the d i f f u s i o n  f l u x  f o r  small gradients i n  chem- 

i c a l  p o t e n t i a l s  i s  given by 

where LS i s  the surface t ranspor t  c o e f f i c i e n t  which i n  general depends on sur- 
. face excess Inass ( c f .  Eq. ( 7 ) ) .  I n  conventional app l i ca t i ons  o f  l i n e a r  t rans-  

p o r t  theory i t  i s  assumed t h a t  p i s  the l o c a l  e q u i l i b r i u m  chemical p o t e n t i a l .  
I n s e r t i n g  Eq. (15) i n t o  Eq. (14) y i e l d s  

Comparing Eq. (16) w i t h  Eqs. (12) and (13) i n  view o f  the  d e f i n i t i o n  o f  f i l m  
thickness, Eq. (71, makes i t  p l a i n  t h a t  Eq. (16) i s  un i fo rmly  v a l i d  f o r  a l l  
f i l m  thicknesses. I n  the l i m i t  o f  l a r g e  h - w h i c h  i s  what we have prev ious ly  
c a l l e d  a t h i c k  t h i n - f i l m  (10,18) - L S  i s  given by 

and p i nc l  udes capi 11 ary  , g r a v i t a t i o n a l  , and d i  s j o i  n i  ng con t r i bu t i ons :  



"0 
i s  the  value o f  the chemical p o t e n t i a l  a t  p o s i t i o n  xo. 

I n  the  l i m i t  o f  small h  - which i s  what we have prev ious r e f e r r e d  t o  as 
an adsorbed . ' f i l m  - we assume t h a t  capi 11 ary  and g r a v i t a t i o n a l  c o n t r i b u t i o n s  
t o  the  chemical p o t e n t i a l  can be absorbed i n  d i s j o i n i n g  p o t e n t i a l .  Then Eq. 

- #  ( 16) can be rewr l  t t e n  

'where D E LS anlah i s  the  surface d i f f u s i o n  coe f f i c i en t .  I n  the l i m i t  h  + 0, 
D, can i e  est imated from a simple model i n  whlch molecules are  imagined t o  
d i f f u s e  by hopping- f rom adsorpt ion s i t e  t o  adsorp t ion  s i t e  on the sol i d  (24).  

Between the  t h i c k  f i l m  regime and the submonolayer regime - which i s  what 
we p rev ious l y  have r e f e r r e d  t o  as a t h i n  t h i n - f i l m  (10,181, the behavior o f  
L S  o r  DS i s  p resen t l y  unknown and presents a cha l leng ing  problem i n  nonequi- 
1 i br ium molecular theory. I n  such cases, however, Ls o r  DS can be regarded 
as phenomenological c o e f f i c i e n t s ,  the  th ickness dependence o f  which can be 
ad jus ted  t o  account f o r  exper imenta l l y  observed flows. Th is  we explore i n  a 
subsequent sect ion. 

Dimensionless va r iab les  are convenient: 

where H i s  a c h a r a c t e r i s t i c  f i l m  th ickness and T i s  a c h a r a c t e r i s t i c  time. 
I n  t he  next  sec t ion  we exp la in  t h a t  d i s j o i n i n g  pressure can be modeled as 

f o r  many f l u i d - s o l  i d  combinations. When t h i s  i s  the case, 

n-l - where Ln . nAn/yLy a r e  c h a r a c t e r i s t i c  lengths  o f  t he  var ious types o f  i n t e r -  

mo lecu lar  i n t e r a c t i o n s .  With these choices E q .  (12) becomes 



TIH ah' - a - - - -  - 
lLVT a t '  ax' ax n=2 

ah' 
+ GY 2 + G~ I I  , ' 
2  2 

where G s pgyH lyLv and Gx G, pgXH IyLV. The c h a r a c t e r i s t i c  f i l m  th ickness H 
Y 

can be chosen equal t o  one o f  the Ln, say L3, and the c h a r a c t e r i s t i c  t ime can 
be chosen T = = nLn/qv.  With these choices, there  are f i v e  dimension- 
l e s s  parameters i n  Eq. (23),  three Ln, Gy, and Gx. Th is  simple dimensional 
ana lys i s  i nd i ca tes  t h a t  when one c o n t r i b u t i o n  t o  d i s j o i n i n g  pressure dominates 
t h e  others and g r a v i t a t i o n a l  d r i v i n g  forces are small , the charac te r i  s t i c  t ime 
f o r  f lows i n  geometr ica l ly  simi 1 a r  con f igu ra t i ons  i s  p ropor t iona l  t o  v i s c o s i t y  
t imes a length  c h a r a c t e r i s t i c  o f  in te rmolecu lar  forces, d i v ided  by i n t e r f a c i a l  
tension. Th is  has been observed i n  numerous experiments (13). 

E l  sewhere (10) we examined s ta t i ona ry -s ta te  so lu t i ons  o f  Eq. (12),  i .e., 
f lows f o r  which ah la t  = 0 i n  .a frame o f  reference f i x e d  w i t h  respect  t o  a 

, meniscus moving w i t h  uni form v e l o c i t y  U. These f lows s a t i s f y  the  c o n d i t i o n  

S u b s t i t u t i n g  Eq. (24) f o r  ah la t  i n  Eq. (12) and i n t e g r a t i n g  leads t o  the  
augmented Landau-Levich equation 

h-h - .. a an ah - ~ U T I  00 . ah - (23Y) + - - - - - + .  pgy ax + pgx 
ax ah ax Y,V h3 

which governs the deposi t ion o f  a f i l m  o f  uni form thickness h OD by the  steady 
motion o f  a meniscus i n  a tube o r  s lo t ,  o r  by the  steady withdrawal o f  a 
so l  i d  from a bath. 

When sur face tension gradients are present, as i s  always a l i k e l i h o o d  i n  
multicomponent f i lms,  o r  when the  shear s t ress  exer ted by the gas a t  the  
i n t e r f a c e  i s  appreciable, as i s  the case i n  Der,yaginls b lowing-of f  experiment 
( t o  be discussed l a t e r ) ,  the  tangent ia l  s t ress  boundary cond i t i on  a t  the  
i n te r face ,  i n  small -slope approximation, i s  



where ri i s  the  shear s t ress  exer ted by the  gas on the  l i q u i d .  Eq. (12) then 
becomes 

Thus the  outcome i s  t o  add t o  Eq. ( 12) a convect ive te rm i n  which the convec- 
t i v e  v e l o c i t y  i s  p ropor t i ona l  t o  the  f i l m  th ickness times the  sum o f  the  sur- 
face tension g rad ien t  and the i n t e r f a c i a l  shear stress. 

Special  vers ions o f  Eqs. (121, (131, and (27) have been used prev ious ly  
t o  study the  spreading o f  1 i q u i  d drops (25-271, the  surface- tension-gradient-  
d r i v e n  creep o f  a l i q u i d  up a v e r t i c a l  surface (11) and t h e  h lowing-of f  tech- 
n ique f o r  s tudying t h i n - f i  l m  rheol  ogy (15). Several i n v e s t i g a t o r s  o f  spread- 
i n g  drops neg lec t  m ic ros t ruc tu ra l  f l u i d  forces i n  Eqs. (12)  and (13) (25-27). 
T h i s  leads t o  an unacceptable fo rce  s i n g u l a r i t y  a t  the  apparent 1 i n e  o f  con- 
t a c t  where the  meniscus seems t o  i n t e r s e c t  the  s o l i d  surface over which the  
l i q u i d  i s  moving. These authors use one o f  two approaches f i r s t  suggested by 
Huh and Scriven (28) t o  remove the  s i n g u l a r i t y .  The f i r s t ,  and most popular, 
approach i s  t o  replace the  no-sl i p  cond i t i on  near the  apparent contac t  1 i n e  
w i t h  a Navier s l i p  c o n d i t i o n  i n  which the  s l i p  c o e f f i c i e n t  d i s t r i b u t i o n  near 
t h e  contac t  l i n e  i s  speci f ied;  others have p re fe r red  spec i f y ing  a s l i p  veloc- 
i ty d i s t r i b u t i o n  (29). O f  course, such an approach provides no i n s i g h t  i n t o  
t h e  submicroscopic o r i g i n s  o f  t he  apparent s l i p .  The second approach, which 
i s  the  one used here, i s  t o  inc lude m ic ros t ruc tu ra l  f l u i d  forces i n  a theory 
s f  spreading. Th is  approach was p rev ious l y  attempted by Lopez, M i  11 e r  and 
Ruckenstein (25), b u t  they neglected c a p i l l a r i t y  and considered an ly  a par- 
t i c u l  a r  type o f  d i s j o i n i n g  pressure func t i on  appropr iate t o  nonpolar f l u i d s .  
We show t h a t  c a p i l l a r i t y  and the  form o f  t he  d i s j o i n i n g  pressure func t i on  
s t r o n g l y  a f f e c t  spreading behavior. 

Ludviksson and L i  gh t foo t .  (11) a1 so neglected c a p i l l  a r i  ty and microstruc-  
t u r a l  f l u i d  fo rces  i n  t h e ' i r  ana lys is  o f  sur face tension grad ient  d r i ven  
spreadi ng , as d i  d Deryagi n ( 15) i n  h i  s  ana lys i  s  o f  the  . b l  owi ng-of f experiment. 
I n  Sect ions 5 and 6 we examine how these fo rces  a f f e c t  the i n t e r p r e t a t i o n  o f  
t h e i r  experimental resu l t s .  

The crux o f  our  theory i s  the  func t i on  chosen t o  describe how l o c a l  d is-  
j . o in ing  pressure depends on the  l o c a l  f i l m  p r o f i l e .  Before t u r n i n g  t o  the  
ana lys i s  o f  s p e c i f i c  cases, we review d i s j o i n i n g  pressure func t ions  f o r  var- 
i o u s  substances. 

D i s j o i n i n a  Pressure Funct ions 

D i  s j o i  n ing  pressure a r i ses  i n  molecular fo rces  and i s  customar i ly  d i v ided  
i n t o  several con t r i bu t i ons .  The mol ecul  a r  c o n t r i b u t i o n  t o  d i  s  j o i  n i  ng pressure, 
Q,,, ar i ses  i n  long-range forces between neut ra l  molecules, e.g., dispersion, 
i n d u c t i o n  and mu1 t i p o l a r  e l e c t r o s t a t i c  forces, and i s  present i n  a l l  t h i n -  



f i l m s .  The i o n i c - e l e c t r o s t a t i c  con t r i bu t i on ,  ne, comes from the cbmpression 
o f  e l e c t r o s t a t i c  double l aye rs  i f  present. - F i n a l l y  a t h i r d  c o n t r i b u t i o n  , 

which i s  o f t e n  c a l l e d  the  s t r u c t u r a l  component, ns, ,accounts . f o r  t he  fo rces  
n o t  inc luded i n  II,,, and ne, e.g:, hydrogen bonding i n  water and a lcoho ls  and 
short-range repu ls i ve  forces s i g n i f i c a n t  i n  a1 1 f i l m s  o f  molecular thickness. 

T i b l e  1 summarizei the  d i f f e r e n t  con&ibut ions and l i s t s  t h e i r  approxi-  
mate dependence on f i l m  thickness. The molecular o r i g i n s  and experimental , 

measurements o f  the func t ions  shown here we have .reviewed elsewhere (10).  
Because the  nonaddi ti ve i n t e r a c t i o n s  between i n d i v i d u a l  con t r i bu t i ons  are not  
, f u l l y  known, the  t o t a l  d i s j o i n i n g  pressure i n  a t h i n - f i l m  i s  regarded i n  
f i r s t  approximation as the  sum o f  the i n d i v i d u a l  cont r ibu t ions .  Each c o n t r i -  
bu t i on  can be p o s i t i v e  o r  negative depending on t h e  c o n s t i t u t i o n  o f  the  th ree 
phases invo lved - t h e  s o l i d  and the  two f l u i d s .  Thus d i s j o i n i g  pressure can 
vary w i t h  thickness and change signs i n  a v a r i e t y  o f  ways. Several represen- 

. - t a t i  ve possi b i l  i t i e s  have been catalogued by Dzyal oshi nsk i  is L i  f s h i  t z  and 
!P i taevsk i i  (30). I n  t h i s  paper we r e s t r i c t  cons idera t ion  t o  l i q u i d s  t h a t  
'completely o r  p e r f e c t l y  wet the. s o l i d  sur face a t ,  equ i l ib r ium,  i.e., systems 
f o r  which the e q u i l i b r i u m  apparent contac t  angle i s  0'. Mohanty e t  a l .  ( 2 )  
have shown t h a t  i n  such cases the  d i s j o i n i n g  pressure func t i on  i s F o g t i v e  
f o r  a l l  thicknesses. I n  a d d i t i o n  we consider on ly  d i s j o i n i n g  pressure func- 
t i o n s  which are monotonical ly  decreasing func t i ons  o f  f i l m  thickness, i .e., 
f o r  which anlah < 0 f o r  a l l  thicknesses. 

Table 1. Cont r ibu t ions  t o  D i s j o i n i n g  Pressure 
Approximate 

Component O r i g i n  Dependence on h 

Molecular I$, London-van der Waal s d i  spers i  on 3 A3/h , small h 
i n c l u d i n g  electromagnetic 

'' 

r e t a r d a t i o n  ~ ~ / h ~ ,  l a r g e  h 

Ion ic -E l  e c t r o s t a t i c  Over1 apping o f  double layers.  . Ee-Kh 

'ne Surface charge-dipole i n t e r a c t i o n  
~ ~ / h ~ ,  water 

Short  range forces. S t r u c t u r a l  no Ag I n  h 
Hydrogen bondi ng 

Al/h water . 

Spreadi ny L i q u i d  Drops: Water Drops on Glass 

Marmur and Lel  ah (12,131 recen t l y  repor ted  s t r i k i n g  measurements o f  how 
drops o f  water, ethanol, and aqueous su r fac tan t  so lu t i ons  spread on c a r e f u l l y  
cleaned..gl  ass s l i d e s  i n  a i r .  p a r t i a l l y  saturated w i t h  the  vapor o f  the  1 i q u i  d. 
T h e i r  experiments have antecedents i n  Hardy's (5) observations. They found 
t h a t  water drops spread f a s t e r  on smal ler  surfaces - b u t  as they went t o  
1 arger  g lass s l i d e s  they- t h e m n c e  o f  s i z e  disappears. When they 



placed a drop o f f - cen te r  on a small s l i de ,  i t  spread more r a p i d l y  toward the  
nearer  edges o f  the  s l i de .  

The appropr ia te  equation i n  t h i s  case i s  the  f i l m  p r o f i l e  equation f o r  
axisymmetric f lows, Eq. (131, w i t h  gr = 0 because the experiments were done 
on a ho r i zon ta l  non ro ta t i ng  surface. We ob ta in  i n i t i a l  and boundary condi- 
t i o n s  by no t ing  f i r s t l y  t h a t  experiments by a number o f  researchers (31) 
revea l  t h a t  a m u l t i l a y e r  water f i l m  around 1-1.5 nm t h i c k  adsorbs on g lass a t  
t h e  ambient cond i t i ons  o f  Marmur and Le lah 's  experiment, namely, room temper- 
a t u r e  and 50% r e l a t i v e  humidity;  and secondly t h a t  a l i q u i d  f i l m  draped over 
any sharp edge i s  made much th inner  there  by curvature-induced c a p i l l a r y  
pressure (32), so t h a t  there  i s  g r e a t l y  increased res is tance t o  f l ow  over an 
edge. We the re fo re  approximate the drop's i n i t i a l  p r o f i l e  as a spher ical  cap 
a top a .  pr lmary f i l m  preadsorbed from the ambient vapor. . To model Marmur and 

3 L e l a h ' s  experiments, we took the  volume o f  the  sphere-cap t o  be 0.01 cm , the 
2 

area o f  i t s  base t o  be 0.5 cm , and the thickness o f  the  pr imary f i l m  t o  be 1 
nm i n  the  c a l c u l a t i o n s  reported here. ,We approximated the  res is tance t o  f low 
over the  edge o f  the  s l  i d e  by r e q u i r i n g  t h a t  there  be no f low across the c i  r- 
c u l a r  edge a t  r = L, where L i s  the  s i ze  o f  the  s l i de .  The no-flow cond i t i on  
i s  s a t i s f i e d  by s e t t i n g  equal t o  zero the  f i r s t  and t h i r d  r -de r i va t i ves  o f  
t h e  f i l m  p r o f i l e  a t  r = L, 

There i s  a lso  symmetry about the drop's  pole, and hence 

These fou r  boundary cond i t i ons  ensure conservat ion o f  the t o t a l  volume 
o f  f l u i d  on the surface, namely 

V = 2, h r d r  . 
Indeed, d i f f e r e n t i a t i n g  Eq. (30) w i t h  respect  t o  t ime t and apply ing the  i n t e -  
g r a l  k inemat ic  c o n d i t i o n  Eq. (2 )  leads t o  

The term i n  brackets, t he  d i f f e rence  i n  volumetr ic  f low ra tes  a t  r=O and r=L, 
vanishes according t o  cond i t i ons  (28) and (291, and consequently dV/dt = 0. 

We d i  sc re t i zed  the s p a t i a l  domain by a standard f i  n i  t e -d i  f fe rence proce- 
dure (33) and t h i s  l e d  t o  a s e t  o f  non l inear  ord inary  d i f f e r e n t i a l  equations 



f o r  t he  t ime dependence o f  the  i n t e r f a c i a l  p r o f i l e .  Th is  system was solved by 
an Adams-Bashforth pred ic tor ,  t rapezo ida l - ru le  c o r r e c t o r  scheme described by 
Gresho e t  a l .  (34). The t ime step s i z e  was adjusted as described by Gresho 
e t  a l .  so m a t  a t  each t ime step only one Newton i t e r a t i o n  was requ i red  f o r  -- 
convergence. The scheme was s t a r t e d  up w i t h  a backward-difference c o r r e c t o r  
t o  avoid nonphysical o s c i l l a t i o n s  t h a t  are c h a r a c t e r i s t i c  o f  the t rapezo ida l  
ru le .  

The remaining ing red ien t  o f  the  theory i s  the  func t i on  chosen t o  descr ibe 
how l o c a l  d i s j o i n i n g  pre.ssure depends on the  l o c a l  f i l m  p r o f i l e .  For a water 
f i l m ,  we a t  f i r s t  took d i s j o i n i n g  pressure t o  be inve rse ly  p ropor t i ona l  t o  
t h e  square o f  the  f i l m  thickness, i n  accord w i t h  the i o n i c - e l e c t r o s t a t i c ,  
over1 apping doubl e-1 ayer c o n t r i b u t i o n  - the  c o n t r i b u t i o n  we1 1 establ  i shed as 
dominating the  d i s j o i n i n g  pressure i n  water f i l m s  more than 120 nm t h i c k  (31). 
.However, i n t e g r a t i  ng the  f i  lm-pro f i  1 e equation w i t h  t h i s  d i s j o i n i n g  pressure 
J u n c t i o n  produced drop spreading ra tes  much slower than Marmur and Lelah 
,measured. The 'spreading r a t e  we p red ic ted  t h i s  way was a l so  independent o f  
. t h e  s i ze  .of  t he  g lass s l ide .  

Pashl ey (31) recen t l y  summarized per'suasi ve ev i  dence f o r  d i  s j o i  n i  ng pres- 
sure i n  water f i l m s  on glass o r  s i l i c a  being simply i nve rse ly  p ropor t i ona l  t o  
f i l m  th ickness up t o  thicknesses o f  a t  l e a s t  40 nm, a somewhat anomalous > 

dependence t h a t  apparent ly r e f l e c t s  a hydrogen-bonding-dependent s t r u c t u r a l  
con t r i bu t i on .  Shown i n  Figure 2 i s  the  d i s j o i n i n g  pressure func t i on  we 
f i n a l l y  employed: inverse dependence on f i l m  th ickness up t o  80 nm, s p l i c e d  

r '  t o  inverse square dependence above 120 nm. Also shown i s  a representa t ive  
curve f o r  a nonpolar l i q u i d  such as a hydrocarbon o i l  on quartz. I n t e g r a t i n g  
t h e  p r o f i l e  equation (13) w i t h  i t  leads t o  p red ic t i ons  o f  extremely slow 
spreading, as we show i n  the next  sect ion. 

x 1°7\ EXPERIMENTAL: 1( 
\ NONPOLAR LIQUID 

(ON QUARTZ 
\ , A3/h 

60-80nm 120-150nm 

FILM THICKNESS 

F igu re  2. D i s j o i n i n g  pressure func t ions  f o r  water on quartz and f o r  a 
ccrnpl etely wetting nonpolar f 1 ui d.  



Our p red ic t i ons  f o r  Marmur and Le lah 's  drop spreading on a 2-cm s l i de ,  
which we approximated as c i r c u l a r  r a t h e r  than square, are shown i n  Fig. 3. A 
broadening f r o n t  o f  secondary th icken ing ( i n s e t )  o f  the  1 nm primary f i l m  up 
t o  100 nm races outward from the c a p i l l a r y  choke a t  the  drop margin t o  the  
c a p i l l a r y  a r r e s t  a t  the edge o f  t h e  p la te ,  reaching the  edge i n  about a second 
(which corresponds t o  a d i f f u s i v i t y  of th icken ing o f  around a square c e n t i -  
meter per  second). Thus a pr imary f i l m  condu i t  o f  one m i l l i o n  times greater  
conductance f o r  drop spreading i s  es tab l ished a l l  the way t o  the  edge o f  the  
s l i d e  w i t h i n  a second. Then, as the main p l o t  shows, the  spreading margin o f  
t h e  drop marches along behind a t  one-tenth the rate.  The two ra tes  and asso- 
c i a t e d  t ime scales come from the swi tch-over i n  d i s j o i n i n g  pressure dependence 
a t  f i l m  thicknesses between 80 and 120 nm. 

F igu re  3. Pred ic ted evo lu t i on  of f 4 l m  p r o f i l e .  a t  the  apparent margin o f  a 
water d r o p  on a 2 crn suuare glass slide. 

The e f f e c t  o f  s l i d e  s i z e  i s  shown i n  Fig. 4. Marmur and Lelah observed 
t h e  spreading drops from below the  g lass s l  i d e  by means o f  t ransmi t ted  1 i g h t  
and measured as a func t i on  o f  t ime the  area w i t h i n  a dark r i n g  which they 
took t o  be the drop's  margin. An o p t i c a l  ana lys is  (35) p r e d i c t s  t h a t  the  
r a d i u s  o f  the  dark r i n g  c l o s e l y  corresponds t o  the  r a d i a l  d is tance from the 
d rop ' s  a x i s  a t  which the i n t e r f a c i a l  p r o f i l e  has maximum curvature. There- 
fo re ,  t o  compare w i t h  Marrnur and Lelah 's  experiment i n  Fig. 4 we p l o t .  as a 
f u n c t i o n  o f  t ime the area w i t h i n  the  p o i n t  o f  maximum curvature  o f  the  pro- 
f i l e ,  which we took t o  be the  drop margin. Marmur and Lelah observed t h a t  
t h e  area w i t h i n  the drop margin ,increases more r a p i d l y  on a small s l i d e  than 
on a l a r g e  one. The t h e o r e t i c a l  c a l c u l a t i o n  based on separate measurements 



o f  e u i l i b r i u m  d i s j o i n i n g  pressure completely accounts f o r  t h i s  and a lso  cor-  
r e c t  y pre i c t s  ,the magnitude o f  the spreading rate.  The theo re t i ca l  predic-  ' I i-7- 
t i o n s  shown i n  Fig. 4 we found are no t  s i g n i f i c a n t l y  a f f e c t e d  by reasonable 
changes i n  the  pr imary f i l m  thickness, the v i s c o s i t y  o f  the  f i l m  f o r  t h i c k -  

, nesses l e s s  than 10 nm, the  i n i t i a l  drop p r o f i l e ,  o r  the  way i n  which the two 
d i s j o i n i n g  pressure func t ions  are spl iced. 

The reason f o r  the s ize  dependence i s  the  secondary f i l m  th icken ing t h a t  
.. races outward t o  the edge and i n  e f f e c t  sends back news o f  the b a r r i e r  there. 
j . ~a rmur  and Le l  ah found t h a t  a p a r a f f i n  escarpment on the s l i d e  has the same 
,e f fec t  as the edge. Because the rac ing  i s  d i f f u s i v e ,  and the con f igu ra t i on  
r a d i a l l y  symmetric, i t s  speed f a l l s  o f f  w i t h  distance. When the s l i d e  i s  8 
cm o r  more across, the  edge b a r r i e r  i s  too f a r  from the drop margin f o r  the  
d i f f u s i n g  secondary f i l m  t o  t ransmi t  any appreciabl e thickness e f f e c t  back t o  
t h e  drop. 

N 
1.5 crn Glass Slide 

E 

8.0 cm Glass Slide 

O o  
I 1 I I 
2 4 6 8 10 

Time,  seconds 

F.igure 4. Pred ic ted area o f  water drop versus t ime f o r  1.5 cm and 8.0 cm 
square g lass s l i des .  

Marmur and Lelah (13,141 found t h a t  the  formula 

A = 12.0 V 0.6 t0.2 

3 
where A i s  the  apparent area o f  the  drop i n  crn2,v i s  the drop volume i n  cm , 
and t i s  t ime i n  sec, co r re la ted  'very we1 1 the  spreading o f  water drops on 
l a r g e  glass s l i d e s  a t  long times. Th is  formula can be der ived from a simple 
model .which incorporates the physics o f  the r igorous theory described above. 

' The assumptions o f  the s imple  model are t h a t  the drop shape i s  a spher ical  
cap and t h a t  the apparent dynamic contac t  angle a t  the  drop margin depends, on 

. . 



the speed a t  which the margin advances according t o  an equation proposed by 
F r i z  (36) .  

The fo l lowing re la t ionsh ips  hold f o r  a shallow spherical cap i f  .H/R << 1, 

and therefore 

where H i s  the height  o f  the sphere-cap a t  i t s  axis, R i s  the radius o f  i t s  
base, and e i s  the apparent contact  angle. which i n  general depends nn the 
speed dR/dt a t  which the apparent contact l i n e  advances over the sol id.  I f  
the  dro volume remains constant Eq. (34)  g i ves  the re la t ionsh ip  hetween 0(b)  
and H ( t  ! . 

I ;  . Standing waves are predicted on the secondary f i l m  j u s t  ahead o f  the ad- 
vancing drop margin. These are s im i l a r  i n  appearance t o  those predicted and 
observed by Bretherton (37)  and F r i z  (36)  i n  t h e i r  studies o f  menisci advanc- 
i ng s tead i l y  over preexist ing,  uni form bulk f i lms.  Because the secondary 
f i l m  advances rap id l y  compared t o  the apparent drop margin, and because on 
l a r g e  surfaces i t s  thickness i s  nearly uniform, i f  the contact l i n e  speed 
dR/dt changes slowly w i th  time and i f  the curvature o f  the sphere cap i s  neg- 
1 i g i  b l  e compared t o  the curvature o f  the meni scus near the drop margin, i t  i s  
reasonable t o  model the dependence o f  e on dR/dt w i th  F r i z ' s  (36) equation 

where c depends on the secondary f i l m  thickness. F r i z  found C = 3.4 i f  t he  
preexist i 'ng f i l m  i s  t h i ck  enough t o  be unaffected by d i s j o i n i ng  pressure. . 
Combining Eqs. (34)  and (35) gives 

which can be in tegrated t o  give R as a funct ion o f  time: 



A t  long times R >> Ro and the  area o f  t he  drop can be approximated by 

which f o r  C = 3.4 and the  parameter values o f  water, yLy = 72 dyne/cm, = 1 
cp, i s  equ iva lent  t o  

i n  good agreement w i t h  Marmur and Le lah 's  c o r r e l a t i o n ,  Eq. (32). Th is  i s  
s t rong theo re t i ca l  evidence t h a t  water drops on glass spread over a t h i c k  sec- 
ondary f i l m .  The more r igorous c a l c u l a t i o n  above es tab l ishes t h a t  the r a p i d  
format ion o f  the  secondary f i l m  i s  d r iven by the  r a t h e r  anomalous behavior o f  
t he  d i s j o i n i n g  pressure func t i on  o f  ,water on g lass i n  the  range h < 100 nm. 
A1 though the  o r i g i n  o f  t h i s  s t r u c t u r a l  component o f  d i s j o i n i n g  pressure 
remains t o  be e luc ida ted (31), the  c a l c u l a t i o n s  presented here demonstrate 
t h e  consistency o f  two recent  experiments t h a t  show the pecu l i a r  behavior o f  
water on s i  1 i c a  surfaces. 

Spreading L i q u i d  Drops: O i l  Drops on Metal 

Bascom, Cot t ing ton and S ing le te r ry  (6 )  found t h a t  c a r e f u l l y  p u r i f i e d  h igh 
molecular  weight o i l s  spread on c lean metal surfaces a t  ra tes  on the  order o f  
a m i l l i m e t e r  per day - several orders o f  magnitude slower than the ra tes  o f  a 
m i l l i m e t e r  per sec reported by Marmur and Lelah f o r  water drops on glass. 
There are several reasons f o r  t h i s  d i f ference,  which can be understood by 
examining the  f i l m  p r o f i l e  equation w r i t t e n  i n  dimensionless form, Eq. (23). 
The v i s c o s i t i e s  o f  the o i l s  are greater  than t h a t  o f  water; hence the  viscous 
res i s tance  t o  spreading o f  the  o i l s  i s  greater.  The sur face tensions o f  t h e  
o i l s  a re  smaller than t h a t  o f  water and the re fo re  the  c a p i l l a r y  pressure 
d r i v i n g  fo rce  f o r  o i l  spreading i s  less.  The d i s j o i n i n g  pressure func t i on  of 
a nonpolar f l u i d  i s  d r a s t i c a l l y  d i f f e r e n t  from t h a t  o f  water, as shown i n  
Fig.  2. I n  p a r t i c u l a r ,  t he  magnitude o f  the nonpolar f l u i d  func t i on  i s  l e s s  
a t  a l l  thicknesses than t h a t  o f  water. Consequently the  d i s j o i n i n g  pressure 
d r i v i n g  fo rce  i s  much l e s s  when a f l u i d  i s  nonpolar. F i n a l l y ,  because the  
r e l a t i v e  v o l a t i l i t y  o f  the o i l s  i s  low, u n l i k e  water, there  i s  no pr imary 
f i l m  present on the  s o l i d  before the o i l  drop i s  emplaced. Rather, the  f i r s t  
molecules t o  cover the  surface advance from the  edge o f  t he  drop by, surface 
d i f f u s i o n ,  as suggested by Bascom, Cot t ing ton and Sing1 e t e r r y  (6) .  

To i nves t i  gate the  spreadi ng o f  o i  1 s ( speci f i c a l  l y  , squal ane, t h e  o i  1 
most ex tens ive ly  s tudied)  on metals, we use a d i s j o i n i n g  pressure func t i on  
appropr ia te  t o  a nonpolar l i q u i d  on a high-energy surface, I . ,  n(h)  = ~ 1 1 ~ ~ .  
Assuming t h a t  the Hamaker constant, iig. 6nA, i s  20-30 x 10- e r g  f o r  metal- 
metal i n te rac t i ons ,  and i s  5-10 x 10- e r g  f o r  f l u i d - f l u i d  i n te rac t i ons .  and 



us ing the geometric mean combi.ning r u l e  (Visser 1972) t o  ca lcu la te  the Hamaker 
Constant o f  f l u i d  o n s o l i d ,  we estimate A t o  be 5-7 x erg. 

I n  the l i m i t  h  + - the hydrodynamic formula f o r  the surface d i f f us i on  
coe f f i c i en t .  i s  va l id ;  f o r  t h i s  d i s j o i n i ng  pressure funct ion i t  i s  

I n  the l i m i t  h  + 0 the surface d i f f u s i o n  c o e f f i c i e n t  can be estimated from a  
simple model o f  molecular hopping from adsorption s i t e  t o  s i t e  on the sol i d  
(24):  

where as i s  the distance between s i t es  and vS i s  the jump frequency. Now the 
se l f - d i f f us i on  c o e f f i c i e n t  o f  a  molecule w i t h i n  bulk l i q u i d  i s  given by the 
.same,. type o f  model, i n  which the f l u i d  s t ruc ture  i s  modeled as a  cubic l a t -  
t i c e  ( 2 4 )  : 

where aF i s  the distance between puta t ive  s i  t es  i n  the 1  i q u i d  ( i t  i s  o f ten  - 
assumed t h a t  aF = v 'I3, ; being the molar volume o f  the l i q u i d ) .  According 
t o  t h i s  model the sel f - d i f f u s i o n  c o e f f i c i e n t  i s  re la ted  t o  the v i scos i t y  by 
( 24 )  

which i s  essen t ia l l y  the Stokes approximation, where k  ' i s  Bol tzmann' s  constant 
and T  i s  temperature. From Eqs. (41)-(43). i t  fol lows t h a t  

To approximate the surface d i f f u s i o n  c o e f f i c i e n t  between the extremes o f  
adsorbed molecules and t h i ck  f i l m ,  we use the i n te rpo la t i on  



where 

T h u s  Eq. (45) approximates Eq. (40) as  h -+ - and goes over smoot l y  t o  Eq. 
192 (44) w h e n h - 0 .  I n a d d i t i o n , w e a s s u m e h o = a F .  Then  ( v / v )  a s i s "  . ., 

E 
fo nd by solving Eq. (46).  For squal ane a t  room temperature v = 0.00201 I ,. .' cm /mole, aF = 0.94 nm, n'= 30 cp ( ~ e f e r e n c e  61, and i t  i s  

2 and therefore  DS is 7 x cm /sec when h=O. Thus this model is ,  consis tent  
w i t h  the physically reasonable proposition t h a t  the act ivat ion energy fo r  
hopping i s  lower on the sol id  and/or spacing between adsorption sites i s  
l a rge r  than the average volume occupied by a l iqu id  molecule i n  bulk. 

Figure 5. Predicted evolution of film p ro f i l e  a t  the apparent margin of a 
squal ane drop. 

In Fi g. 5 a re  shown the .resul t s  of calcula t ions  w i t h  t h i  s model of the  : ' . 
surface diffusion coeff ic ient .  We took yLy t o  be 30 dyne/cm, t h e  value fo r  
squalane (6) .  The same i n i t i a l  and boundary conditions were used as described 
above fo r  water on glass ,  Eqs.. (26) and (291, except t ha t  i n  the presen.t case 



we assumed the  ambient f i l m  t o  have zero thickness. The c a l c u l a t i o n s  p r e d i c t  
t h e  format ion o f  a sur face d i f f u s i o n - d r i v e n  f o o t  a t  the l ead ing  edge o f  the 
spreading drop. Such a f o o t  was detected w i t h  e l l i psomet ry  by Bascom, 
C o t t i n g t o n  and S i n g l e t e r r y  (6). We ca lcu la ted  the r a t e  o f  advance o f  the 
p o i n t  o f  maximum curva ture  i n  the drop p r o f i l e  t o  be about 5 x cmlsec a t  
t = 3 hrs., i n  good q u a n t i t a t i v e  agreement w i t h  Bascom, Cot t ing ton  and 
S i n g l e t e r r y ' s  measurements. Th is  r a t e  o f  drop spreading i s  l i m i t e d  by the 
r a t e  o f  advance o f  the  pr imary f i l m  by sur face d i f f u s i o n  - i n  t h i s  case there  
i s  no preadsorbed f i l m  t o  a i d  the  f l ow  o f  f l u i d  away from the  drop. This, i n  
con junc t i on  w i t h  the  smal ler  d i s j o i n i n g  pressure d r i v i n g  f o r c e  f o r  h < 100 nm, 
i s  why o i l  drops on metal spread so much more s lowly than water drops on glass. 

S ~ r e a d i  ns o r  Cont rac t ion  Caused bv Surface Tension Gradients 

Bascom, Cot t ing ton ,  and S i n g l e t e r r y  found t h a t  the spreading ra tes  o f  
h i g h  molecular  weight  o i l s  cou ld  be enhanced by the  a d d i t i o n  o f  low molecular 
we igh t  vol a t i  1 e components. They a t t r i b u t e d  the enhanced spreading ra tes  t o  
sur face tens ion  grad ien ts  caused by p r e f e r e n t i a l  evaporat ion o f  the v o l a t i l e  
component from the th inne r  p o r t i o n s  o f  the  l i q u i d  f i l m .  Ludviksson and 
L i g h t f o o t  (11) found t h a t  the  spreadinq r a t e s  o f  o i l s  can he enhanced by sur- 
face  tension grad ien ts  caused by te~nperature gradients.  Surface tens ion  gra- 
d i e n t s  a1 so a r i s e  when the  composit ion o f  an emplaced drop i s  d i f f e r e n t  from 
t h a t  o f  an ambient pr imary f i l m .  When the emplaced drop has lower sur face 
tens ion  than the pr imary f i l m ,  as f o r  example i n  the case o f  an a lcoho l  o r  
aqueous s u r f a c t a n t  s o l u t i o n  placed on an ambient water f i l m  (5,12-14), the 
sur face tens ion  g rad ien t  i s  the  main d r i v i n g  fo rce  f o r  spreading. When the  
emplaced drop has h igher  tension, the surface tens ion  g rad ien t  can cause 
con t rac t i on .  

Spreading L i  qui.d Drops: S i  mpl e Theory 

We begin by examining the  e v o l u t i o n  o f  the  f i l m  p r o f i l e  when capi 11 ary  
and d i s j o i n i n g  pressure grad ien ts  are n e g l i g i b l e ;  i n  the  next  subsect ion we 
i n v e s t i g a t e  the  e f f e c t s  o f  these d r i v i n g  forces. With them omi t ted  the  
equat ion  governing the evo lu t i on  o f '  the shape o f  a t rans1 a t i o n a l  l y  symmetric 
drop on a h o r i z o n t a l  sur face when the sur face tens ion  gradient ,  aqv/ax, i s  
un i fo rm and constant  becomes simply 

Th i s  equat ion can be solved by the  method o f  c h a r a c t e r i s t i c s ,  inasmuch as 



along curves i n  the:x- t  plane given by 

Thus the  drop p r o f i l e  a t  t ime t i s  g iven by 

where xo(h) i s  the  drop p r o f i l e  a t  t = 0. 

According t o  Eq. (50); l a r g e r  thicknesses propagate fas te r .  'Therefore 
when ayLv/ax and ahlax have the  same sign, i .e., when the t h i c k e r  regions o f  
t h e  p r o f i l e  have h igher surface tension, the  p r o f i l e  a t  long times becomes 
wedge-shaped, the  angle o f  i n c l i n a t i o n  o f  t he  wedge, 

" .. 
,,: decreasi ng w i t h  time. 

On the  o ther  hand, when aqv/ ax and ah/ ax have opposi t e  signs, i .e., 
: when the  th inne r  regions o f  the p r o f i l e  have h igher  tension, the  p red ic ted  
;: p r o f i l e  becomes a double-valued func t i on  o f  pos i t i on .  Th is  i s  a p h y s i c a l l y  

unacceptable r e s u l t  o f  neg lec t ing  capi 11 ary, d i s j o i n i n g  and g r a v i t a t i o n a l  
e f f e c t s  which depend on i n t e r f a c i a l  i n c l i n a t i o n  and curvature. Analogous 
mu1 t i p 1  e-val ued p r o f i l e s  are pred ic ted f o r  sa tu ra t i on  waves i n  immiscib le 
f l u i d  displacement i n  porous media i f  c a p i l l a r y  forces are neglected (38) and 
f o r  concentrat ion waves i n  chro~natography i f  convect ive and d i f f u s i v e  d i  sper- 
s ion  i s  neglected (39). J u s t  as i n  these analogous s i tuat ions, .  a p h y s i c a l l y  
meaningful r e s u l t  can he nb ta i  ned by rep1 acing the doubl e-val ued sol u t i o n  
w i t h  a combination o f  discont inuous a n d . d i f f u s i v e  p r o f i l e s  t h a t  s a t i  sl'y . t he  
same .mass balance as the unacceptable so lu t ion .  . Here the r e q u i s i t e  mass:. 
balance across the d i s c o n t i n u i t y  i s  

where hb i s  the  f i l m  thickness behind the  d i s c o n t i n u i t y  and ha the f i l m  t h i c k -  
ness ahead o f  it. From t h i s  fo l l ows  the  v e l o c i t y  o f  the  d i  sconti,nui ty 



which i s  simply the  average o f  the f r e e  surface v e l o c i t i e s  ahead o f  and behind 
it. Correspondingly the  p o s i t i o n  o f  the d i s c o n t i n u i t y  xd a t  t ime td i s  g iven 
by 

Exami na t ion  o f  these equations shows t h a t  the  d i s c o n t i n u i t y  begins grnwi ng 
f rom the minimlim f i l m  thickness i n  the p r o f l l e  hmin, i . e . ,  

= hmiQ , and the 
d i f ference hb - h increaser, w i t h  t ime. An Important  specla? case 1 s  when u 
hmi  n  = 0. In t h i s  case the v e l o c i t y  o f  t he  d i s c o n t i n u i t y  i s  

and the  d i s c o n t i n u i t y  accelerates w i t h  time, eventua l ly  approachSr~y a maximum 
speed o f  . . 

where hmax i s  the  maximum thickness of the  i n i t i a l  p r o f i l e .  Ludviksson and 

<;. 

L i  g h t f o o t  (11) der ived analogous equations f o r  surface-tension-gradient-drivcn 
spreading lip an ins1 incd  surface. They s t a r t e d  from Eq. (271, neglected 

,:? cap i  11 a ry  and d i s j o i n i n g  pressure so t h a t  

and found t h a t  i n  the  special  case ha = 0, gY = O t he  d i s c o n t i n u i t y  has con- 
s t a n t  v e l o c i t y ,  

3 (apv/axlL u = -  
16 w g x  

. (59) 

and the  f i l m  th ickness j u s t  behind the  d i s c o n t i n u i t y  i s  constant a t  



. . 

' 

I n  the.more general case ha # 0, g + 0, 
. Y  

Such discont inuous p r o f i  1  es obviously  v i  01 a t e  the small -s lope approxima- 
t i o n  on which the ana lys is  res ts .  Nevertheless, Ludvi ksson and L i  g h t f o o t  
observed t h a t  a v e r t i c a l l y  spreading squalane f i l m ,  d r i ven  by a sur face ten- 
s ion  grad ien t  induced by a un i fo rm temperature gradient ,  had a t  i t s  l ead ing  
edge a f a i r l y  sharp t r a n s i t i o n  zone i n  thickness, the r a t e  o f  advance o f  
which was we1 1 approximated by Eq. (59).  Bascom, C o t t i  ngton, and S i n g l e t e r r y  
(6) a lso  detected a sharp t r a n s i t i o n  zone a t  the  l ead ing  edge o f  f i l m s  being 
p u l l e d  upward by a sur face tension g rad ien t  caused by evaporat ive dep le t i on  
o f  a v o l a t i l e  impur i ty .  Comparison o f  theory and experiment i s  more d i f -  
f i c u l t  i n  t h i s  case because the surface tens ion  g rad ien t  i s  a complicated 
f u n c t i o n  o f  f i l m  thickness, f i l m  th ickness gradient ,  composit ion and t ime 
(see Appendix A, p .  166). Nevertheless, i n s e r t i n g  Eq. (85) i n t o  Eq, (59) 
leads t o  the p r e d i c t i o n  t h a t  t h e  v e r t i c a l  spreaaing r a t e  increases as the  
d e r i v a t i v e  o f  sur face tens ion  w i t h  respect  t o  composit ion ayL,,/aC increases, 

increases as the  composit ion o f  the  v o l a t i l e  component increases, increases 
as the  v o l a t i l i t y  o f  the  i m p u r i t y  decreases, and decreases w i t h  t ime, a l l  o f  
which agree w i t h  Bascow, Cot t ina ton ,  and S i n a l e t e r r y ' s  observat ions. 

Spreading L i q u i d  Drops: Theory 1ncl ud i  ng Capi 11 a r i  t y  , D i  s j o i  n ing  Pressure 
and G r a v i t a t i o n a l  Po ten t i  a1 

The d iscont inuous f i l m  p r o f i l e s  encountered i n  the preceding subsect ion 
a re  i n  f a c t  approximations t o  smoothly va ry ing  t r a n s i t i o n  regions, the  shapes 
o f  which a re  governed by c a p i l l a r i t y ,  d i s j o i n i n g  pressure, and g r a v i t y .  Here 
we presume t h a t  such a t r a n s i t i o n  o r  f r o n t '  i s  a wave o f  permanent form, i .e. 
a f i l m  p r o f i l e  t h a t  i s  constant  i n  shape and t r a n s l a t e s  a t  a f i x e d  v e l o c i t y .  
P r o f i l e s  o f  t h i s  type are so lu t i ons  o f  Eq. (27) which s a t i s f y  the  a d d i t i o n a l  
cond i t ion ,  Eq. (24).  Combined, these two equat ions g i ve  

A 

a h3 a an ah ah ( ayLV/ax)hL - {- [-,- (2*yLv) - -- + 
ax 371 ax ah ax pgY ax - pgX] - 2 n + Uh) = 0 . 

I n t e g r a t i n g  t h i s  g ives a t h i r d - o r d e r  o rd inary  d i f f e r e n t i a l  equat ion f o r  f i l m  
th ickness  h (x ) ,  

where q i s  the  constant  vo lumetr ic  f l u x .  Th is  general izes Eq. (25) t o  account 
f o r  sur face tension gradients.  The constants U and q are  determined by the  



cond i t i ons  t h a t  the  f i l m  thickness approach uni form values ha ahead and hb 
behind the t r a n s i t i o n  zone: 

These cond i t i ons  l ead  t o  the f o l l o w i n g  formulas f o r  U and q: 

I f  hb and ha are chosen t o  be the same as the  f i l m  thicknesses ahead and be- 
h i n d  t h e  d i  scont i  nu i  ty i n  the sol u t i o n  discussed i n  the  previous subsection, 
then the  v e l o c i t y  o f  t r a n s l a t i o n  o f  the  wave o f  permanent form i s  i d e n t i c a l  
t o  the  propagation v e l o c i t y  o f  the  d i s c o n t i n u i t y  [ c f .  Eq. (59)]. 

Equation (63) can be solved by quadrature i n  a manner s i m i l a r  t o  t h a t  we 
used (10) t o  solve Eq. (25). Dimensionless va r iab les  are convenient: 

When n(h)  = ~ / h ~ ,  Eq. (63) becomes 

ax' ax' 

Here A. = ~ A P ~ ~ / Y ~ ~ ,  ro E ( a q V / a x ) /  w, and 

We l i n e a r i z e  Eq. (68) about h = hb t o  ob ta in  i n i t i a l  cond i t ions  f o r  s t a r t i n g  
i ntegrat ion.  Fo.r small dev ia t ions  o f  the f i l m  th ickness from i t s  asymptotic 
va lue  hb, t h e  p r o f i l e  can be expressed as 



S u b s t i t u t i n g  t h i s  i n  the f i l m  p r o f i l e  equat ion (68) and s e t t i n g  the  c o e f f i -  
c i e n t  o f  E t o  zero, we ob ta in  a  1  inear ,  t h i r d - o r d e r  o rd inary  d i f f e r e n t i a l  
equat ion w i t h  constant  c o e f f i c i e n t s  f o r  the d e v i a t i o n  func t i on  hl(x). 

Th i s  has the  form hi,,, + Phi, + Qh i  = 0 and so i t s  s o l u t i o n  i s  

where the  6k are the  r o o t s  o f  the  i n d i c i a 1  equat ion 

3 
6 + P 6 + Q = o  . 

I n  the  instance o f  a  f i l m  spreading up a  v e r t i c a l  sur face f o r  which the re  i s  
a  pr imary f i l m  o f  n e g l i g i b l e  th ickness f a r  ahead o f  the advancing f r o n t ,  g  = 

12 Y 0  and h; = 0. Consequently, qo = 0  and Uo = 3/2 - hb . I f  d i s j o i n i n g  

pressure i s  n e g l i g i b l e  a t  h  = hb, Eq. (73.) becomes 

Thus one o f  the roots,  say i s  zero. I f  h i  > 3/4 T,, then 62 and 6 j  a r e  

r e a l  and have opposi te signs, 

and i f  hIb< 3/4 To, they are  imaginary, 



Therefore, i f  h i  > 3 ~ ~ 1 4 ,  L and M i n  Eq. (72) must be se t  equal t o  zero t o  

s a t i s f y  the  boundary cond i t i ons  (64),  and'^^. (72) reduces t o  

If h' < 3~ 14, the re  i s  no s o l u t i o n  s a t i s f y i n g  cond i t i ons  (64) except the  
b 0 

t r i v i a l  one h z h i .  - 

Three i n i t i a l  cond i t i ons  f o r  thp i n i t i a l  value problem can be found by 
e v a l u a t i n g  a t  some a r b i t r a r y  p o i n t  x t h e  expressions f o r  the thickness, 
slope, and curvature  o f  t h e  asymptotic p r o f i l e , '  Eq. (69) : 

Because E~.. (68)  i s  t r a n ~ l d t i o n a l . 1 ~  i n v a r i a n t ,  t h e  choices o f  x* and EN are  
i r r e l  evant; d i f f e r e n t  choices g i ve  p r o f i  1 es having i d e n t i c a l  shapes b u t  d i  f- 
f e r e n t  v e r t i c a l  pos i t ions .  We in teg ra ted  in.  the p o s i t i v e  x-di  r e c t i o n  using 
an imp1 i c i  t i t e r a t i o n  scheme developed by Hindmarsh (401,- de ta i  1 s o f  which 
a r e  given e l  sewhere (101. A1 1 o f  the p r o f i  1 es repor ted .  here have maximum- 
f r e e  surface slope < 0.01. Therefore the  small-slope assumption upon which 
Eq. (27) i s  .based i s  val'id. 

 h he p r o f i l e s  we p red ic ted  are t o  be compared w i t h  those "measured by 
L.udviksson and L i g h t f o o t  (11) i n  the two cases they studied: f r e e  v e r t i c a l  
spreading, and v e r t i c a l ,  ,spreading aga ins t  a b a r r i e r .  I n  the  former case they 
found t h a t  Eq. (59) p r e d i c t s  spreading ra tes  which average about 10% f a s t e r  
than the  measured rates,  a1 though they f a l l  w i t h i n  the range o f  experimental 
unce r ta in t y .  However, t he  value o f  h i  corresponding t o  Eq. (59) i s  hb = 

3 ~ ~ 1 4  and, as noted a t  Eq. (771, no s o l u t i o n  except h I h; i s  poss ib le  f o r  

t h i s  choice. Moreover, t h i s  choice o f  hb = 3 ~ ~ 1 4  i s  i ncons is ten t  w i t h  
Ludvickson and L i g h t f o o t ' s  measurements. They found t h a t  the  asymptotic f i l m  
th ickness behind the  f r o n t  was we l l  approximated by hb = ro. The r a t e  o f  
f r o n t a l  advance f o r  t h i s  choice i s  



about 5% slower on average than the  measured spreading ra tes  and, l l k e  Eq. 
( 59) ,  w i t h i n  the  range o f  experimental uncer ta in ty .  

X ,  rnm 

Fi ,gure 6. Predic~ted f r o n t  shapes f o r  surface- tension-gradient-dr iven f r e e  
.spreading up a v e r t i c l e  surface. 

The p r o f i l e s  ca l cu la ted  f o r  the  cond i t ions  repor ted  by Ludviksson and 
L i g h t f o o t  are shown i n  Fig. 6. A1 though the  shapes o f  the  ca l cu la ted  and 
measured p r o f  i 1 es are i n  qua1 i t a t i  ve accord, the  ca l  c u l  ated f r o n t s  are about 
one - th i rd  as broad as the  experimental ones repor ted  i n  Fig. 10 o f  Ludviksson 
and L i g h t f o o t ' s  paper. Th1.s discrepancy cannot be reduced by choosing ha t 
0; the  shape o f  the  p r o f i l e  i s  n o t  s i g n i f i c a n t l y  a1 te red  u n t i l  ha = 0.1 hb. 
We are the re fo re  unable t o  account f o r  the ev iden t l y  s i g n i f i c a n t  d i f fe rence.  
between the  ca l cu la ted  and measured p r o f i  1 es, 



The profi les  calculated for vertical  spreading against a barr ier  are i n  
much closer agreement w i t h  Ludviksson and Li ghtfoot' s measurements, however. 
In t h i s  case U = 0, and we are  obligated to choose hb = 3r0/2 according to  
Eq. (69) .  The resulting profiles are  shown i n  Fig. 7; they match almost per- 
f ec t ly  those reported i n  Fig. 11 of Ludviksson and Lightfoot's paper. 

Figure 7. Predicted front  shapes for surface- tension-gradient-dri ven 
spreadi,ng against  a barr ier .  

Anal vsi s of Bl owi na-Off 

Over several decades Deryagin and co-workers reported evidence which 
they interpreted as indicating anomalous viscosity i n  t h i n  1 i q u i  d .films. The 
evidence was drawn from experiments w i t h  the so-call ed bl owi ng-off procedure 
( 15-17). .Among the 1 iquids studied were carefully purified mineral oil  s ,  
polymeric l iquids,  and .solutions of polymers, high molecular weight esters ,  
chlorinated compounds, and sil icones on s t ee l ,  glass,  mica or quartz surfaces. 
Scriven (41) chall enged the interpretation Deryagi n and co-workers gave to  
some of the i r  measurements, and proposed several a l ternat ive mechanisms which 



coul d account f o r  t h e i r  observations. More recent ly ;  Bascom and Si  ngl e t e r r y  ' 
(42). c a r e f u l l y  repeated and extended Deryagi n and co-workers' experiments. 
Not ing the s i m i l a r i t y  of some of the  "b lowing-of f "  f i l m  p r o f i l e s  t o  the pro- 
f i l e s  obtained i n  t h e i r  e a r l i e r  study ( 6 )  o f  o i l  drops or  f i l m s  spreading 
under the i n f l uence  o f  surface tension gradients,  Bascom and S i n g l e t e r r y  
found t h a t  unusual f i l m  p r o f i l e s  s i m i l a r  t o  those obtained by Deryagin and 
co-workers are associated w i t h  f low under surface tension gradients, c a p i l l a r y  
f l o w  i n  surface roughness, a very low apparent contac t  angle o f  the  l i q u i d  on 
t h e  sol i d ,  o r  combinations o f  these circumstances. To c l e a r  up some o f  t he  
controversy concerning the i n t e r p r e t a t i o n  o f  b lowing-o f f  experiments, we pre- 
sent  i n  t h i s  sec t ion  an ana lys is  which accounts f o r  d r i v i n g  forces neglected 
by Deryagi n and co-workers, namely capi  11 ary  pressure, d i s j o i n i n g  pressure, 
and surface tension gradients. 

The b lowing-o f f  experiment cons is t s  o f  passing a laminar f l ow  o f  gas 
over a f i l m  o f  1 i q u i d  on the  lower plane sur face o f  a s l  i,t-shaped channel o f  
rec tangu lar  cross-sect ion (Fig. 8). The t o p ' o f  the chamber i s  g lass t o  per- 
m i t  measurement o f  the  evo lu t i on  o f  the f i l m  p r o f i l e  by i n te r fe romet ry  or '  
e l l ipsomet ry .  I f  the f i l m  th ickness i s  everywhere small compared t o  t h e  gap 
w id th  H, the gas f low i s  unaf fected by the  presence o f  the  f i l m  and the shear 
exer ted by the  gas' on the f i l m  surface i s  given by P o i s e u i l l e ' s  law as 

where AP i s  the pressure d i f f e rence  between the  i n l e t  and o u t l e t  o f  the chan- 
nel  and L i s  the  d is tance between the same. 

Figure.  8. The blowing-off .experiment. 

When c a p i l l  a ry  pressure, d i s j o i n i n g  pressure, g r a v i t a t i o n a l  p o t e n t i a l  and 
sur face tension gradients are neglected, the  equation governing the p r o f i l e  
e v o l u t i o n  o f  a f i l m  t rans1 a t i ona l  l y  symmetric i n  the  d i r e c t i o n  perpendicular  
t o  the  gas f l ow  i s  



Th is  i s  the  same as Eq. (48) w i t h  surface shear s t ress  ri subs t i t u ted  f o r  
sur face tension grad ient  ayLy/ax.  Hence the ana lys is  o f  both s i t u a t i o n s  i s  
v i r t u a l l y  the same. When the i n i t i a l  slope o f  the  p r o f i l e  i s  pos i t i ve ,  as a t  
t h e  upstream s ide  o f  a t r a n s l a t i o n a l l y  symmetric drop (Fig. 9 )  the  p r o f i l e  a t  
l o n g  times becomes wedge-shaped, the  angle o f  i n c l i n a t i o n  o f  the  wedge, 

decreasing w i t h  time. Thus the v i s c o s i t y  o f  the  f i l m  n can be deduced from 
measurements o f  t he  slope o f  the wedge. On the  bas is  o f  t h i s  analysis, 
Deryagi n and co-workers argued t h a t  dev ia t ions  from a constant  s) ope s i  gn i  f y  
v a r i a t i o n s  i n  v i s c o s i t y  w i t h  f i l m  thickness. 

F igu re  9. F i l m  p r o f i  1  e evol u t i o n  dur ing  b l  owi ng-o f f  acco.rdi ng t o  ana lys is  
which neg lec ts  c a p i l l a r y  and d i s j o i n i n g  pressure. 

When the i n i t i a l  s lope o f  t he  p r o f i l e  i s  negative, as a t  the downstream 
s i d e  o f  a t rans1 a t i  onal l y  symmetric drop, the  p ro f  i 1 e devel ops a d i  scont i  nui  ty 
i n  f i l m  th ickness s i m i l a r  t o  t h a t  analyzed i n  the  preceding section. The d is-  
c o n t i n u i t y  o r i g i n a t e s  a t  the  t r a i l  i n g  edge and th ickens w i t h  t ime as shown i n  
F ig .  9. . I n  r e a l  i ty, c a p i l l  a ry  pressure, d i s j o i n i n g  pressure, and g r a v i t a t i o n a l  
p o t e n t i a l  cause d i  spers ion o f  t he  d i  scont i  nu i  ty ; the actual  f r o n t  shapes can 
be ca l cu la ted  by a procedure analogous t o  t h a t  given i n  t h e  preceding sect ion. 



The e f f e c t s  o f  c a p i l l  a ry  pressure, d i s j o i n i n g  pressure, and sur face ten- 
s i o n  gradients on the f i l m  p r o f i l e s  dur ing b lowing-o f f  are revealed by solu- 

' t i o n s  o f  Eq. (27). We solved t h i s  equation by the  numerical technique de- 
scr ibed above. Resul ts  are shown i n  Fig. 10 fop the  b lowing-of f  o f  a squal ane 
f i l m  w i t h  a surface shear st ress.  o f  10 dyneslcm . 

- F i g u r e  10. Pred ic ted evo lu t i on  o f  f i l m  p r o f i l e  dur ing  b lowing-of f  o f  a 
sqcalane drop.  

The physical  p roper t i es  o f  squal ane were given i n  a previous sect ion. The 
i n i t i a l  p r o f i l e  o f  the  upstream end o f  t he  f i l m  we assumed t o  be a c i r c u l a r  
a rc  having a chord o f  1 cm and zen i th  5 pm above the  chord. Beyond 1 cm 
downstream o f  the i n i t i a l  contac t  l i n e  the f i l m  was assumed t o  have a uni form 
i n i t i a l  thickness o f  5 urn. The f i l m  p r o f i l e  r a p i d l y  became wedge-shaped f o r  
f i l m  thicknesses l a r g e r  than several nanometers. The v i s c o s i t y  ca l  c u l  ated 
from the slope o f  the  wedge a t  several t imes agreed w i t h  the  assumed value o f  
30 cp. D i s j o i n i n g  pressure gradients caused a s l i g h t  upstream spreading o f  
t h e  apparent contac t  l i n e  and hence dev ia t i on  from a wedge-shaped p r o f i l e  a t  
small thicknesses. These c a l c u l a t i o n s  agree w i t h  Bascom and S ing le te r ry '  s  
(42)  observat ions o f  the b lowing-of f  o f  c a r e f u l l y  p u r i f i e d  o i l  s. They 
detected wedge-shaped p r o f i l e s ,  b u t  found t h a t  the ex t rapo la t i on  o f  the  wedge 
t o  h = 0 spread progress ive ly  upstredin. 

Deryagin e t  a1 . (17) i n t e r p r e t e d  c e r t a i n  o f  the  p r o f i l e s  they encountered 
w i t h  s i l  icone V q x d s . .  as i n d i c a t i n g  a decrease i n  v i s c o s i t y  w i t h i n  2 nm o f  
t h e  surface, an abnormally h igh v i s c o s i t y  i n  the zone 2-20 nm, and normal bu lk  
v i s c o s i t y  beyond. Bascom and Si ngl  e t e r r y  (42) found t h a t  s i m i l  a r  p r o f i  1  es 
cou ld  be induced .by adding v o l a t i l e  i m p u r i t i e s  t o  the  o i l ,  which presumably 
caused surface tension grad ient  d r iven upstream spreading a t  the  margin o f  
the f i l m ,  . We ca l cu la ted  the  evo lu t i on  o f  t he  f i l m  p r o f i l e  assuming t h a t  a t  



2 f i l m  thicknesses less  than 50 nm a surface tension gradient  o f  5 dyneslcm 
was present which opposed a shear stress on the f i l m  surface o f  100 dyneslcm , 
a t yp i ca l  value f o r  Deryagin's experiments. The p ro f i 1 . e~  so obtained were 
ind is t ingu ishab le  from those ca lcu la ted on the assumption t ha t  there was no 
surface tension gradient, i.e., i n  both circumstances the p r o f i l e s  tended t o  
near ly  i den t i ca l  wedge-shapes a t  long times. Therefore i t i s  not  the surface 
tens ion gradient  a1 one which causes anomalous p r o f i  1 es. Now such p r o f i  1 es 
were observed by Deryagin e t  a l .  and Bascom and Sing le ter ry  only on steel sur- 
f aces and only when the fiK was a1 1 owed time t o  spread between the appl ica-  
t i o n  o f  the f i l m  and the beginning o f  blowing o r  between the cessation of 
blowing and the measurement o f  f i l m  p r o f i l e .  Measurements during blowing o f  
f i l m  p ro f i l e s  on glass surfaces smoother than the steel surfaces used are the 
on ly  ones di  r e c t l y  comparable t o  the present ca lcu l  a t i  ons: these showed 
l i t t l e  dev ia t ion from a wedge shape. Presumably c a p i l l a r y  f low i n  surface 
roughness produces a primary f i l m  which f ac i  1 i ta tes  secondary spreading 
i nduced by surface tension gradients. 

Bascom and S ing le te r ry  (42) a1 so found t h a t  l i q u i d s  having small ( =  1') 
b u t  nonzero equ i l  i b r i  um apparent contact angles on steel  gave p r o f i l e s  t h a t  
deviated from wedge shape a t  f i l m  thicknesses as great as several microns. 
To examine the e f f e c t  o f  contact  angle.on the evo lu t ion o f  f i l m  p r o f i l e  during 
a b l  wing-of experiment we chose t h  d i s j o i n i n g  pressure fu  c t i o n  n(h) = S 6 1 I 9 A3/h - A2/h , where A3 = 0.3 x 10- e rg  and A2 = 1.2 x 10- dyne, values 
t h a t  correspond t o  an equi 1 i b r i  um apparent contact angle o f  lo (2). Our cal-  
cu l a t i ons  revealed t ha t  although the f i l m  p r o f i l e  becomes convex upwards when 
f i l m  thicknesses are less  than about 100 nm, the p r o f i l e  does not  deviate 
from a uniform slope above t h i s  thickness. We found t ha t  p r o f i l e s  s im i l a r  t o  
those reported by Bascom and Sing le ter ry  can be obtained by assuming a sur- 
face tension gradient  on the order o f  10 ciynelcm, i.e. comparable i n  magni- 
tude t o  the shear stress appl i e d  t o  the surface o f  ene Pi1 m. We Cdrl f i n d  no 
grounds f o r  there being such a la rge  surface tension gradient  i n  Bascom and 
S i  ngl  e te r r y  ' s experiments, and thus the reasons f o r  anomal ous p r o f i  1 es a t  
f i l m  thicknesses greater than a micron remain unresolved. 

The analysis presented here po in ts  t o  four  condi t ions t h a t  must be 
achieved i n  order t o  insure t h a t  blowing-off o r  s im i l a r  experiments t r u l y  
measure t h i  n - f i  l m  rheol ogy: ( 1)  The equi 1 i b r i  urn d i  s j o i  n i  ng pressure func,tion 
n(h) must be known. We have shown t h a t  the form o f  n(h) strongly a f f ec t s  the 
shape o f  the f i l m  p r o f i l e  a t  f i l m  thicknesses less  than 10 nm and perhaps as 
1 arge as 100 nm o r  even more. ( 2 )  The sol i d  surface must be s u f f i c i e n t l y  
smooth t o  suppress c a p i l l a r y  f low i n  surface roughness (43) and t o  avoid am- 
b i g u i t i e s  i n  the op t i ca l  determination o f  f i l m  thickness when i t  approaches 
the  magnitude o f  surface roughness. ( 3 )  Measurements o f  the f i l m  , p r o f i l e  
must be made whi le  the surface of the f i l m  i s  being sheared, i n  order t o  
avo id  rearrangement o f  the f l u i d  between the cessation o f  shearing and time 
o f  measurement. (4)  Surface tension gradients must be suppressed by using 
on ly  pure l i q u i d s  or, i f  impur i t i es  are unavoidable, by using a high shear 
ra te .  These condi t ions perhaps could be most eas i l y  achieved by doing a 
dynamic experiment w i th  the I s rae l  achv i l  i ' s (44,45) apparatus for  d i  r e c t  
measurement o f  surface forces. A possib le experiment would be t o  slowly 



squeeze a l i q u i d  from between crossed c y l i n d e r s  coated w i t h  a t h i n - f i l m  of 
a second imn isc ib le  l i q u i d .  We suspect t h a t  under some cond i t ions  the f i l m  
th ickness p r o f i l e  would develop i n t o  a wave o f  permanent form s i m i l a r  t o .  
t h a t  analyzed i n  a previous sect ion. Indeed, p re l im ina ry  observat ions have 
shown t h i s  t o  be the case (46). The prec ise  measurement and p r e d i c t i o n  of 
such p r o f i  1 es warrants f u r t h e r  i nves t i ga t i on .  

D i  scussion 

The theory p u t  forward here accounts successfu l ly  f o r  the  var ious mecha- 
n i  sms o f  spreading on sol ids,  a1 though i n  a few o f  the  examples analyzed there 
a r e  fea tures  i t  does no t  p r e d i c t  q u a n t i t a t i v e l y .  Nevertheless i t establ ishes 
t h a t  macroscopic o r  bulk spreading behavior, especial  l y  the  ra tes  o f  spreading, 
a re  governed by the physics o f  submicroscopic, i n v i s i b l e  t h i n  l i q u i d  f i lms :  
t h e  r a p i d i t y  o f  formation and thickness o f  pr imary f i l m s  which are precursors 
of f i l m  th icken ing and observable spreading, the  dependence o f  d i s j o i n i n g  
pressure on f i l m  thickness, and the absence o r  presence o f  surface tension 
gradients. . .: 

. .' The theory i n  i t s  present s t a t e  i s  r e s t r i c t e d  t o  geometr ica l ly  smooth, 
composit ional l y  homogeneous sol i d  surfaces and t o  s i t u a t i o n s  where the tangent 
t o  the  l i q u i d  surface i s  l i t t l e  more than s l i g h t l y  i n c l i n e d  t o  the under ly ing  
s o l i d  surface. The consequences o f  heterogeneity o f  the  s o l i d  surface are 
p a r t l y  i n d i c a t e d  by the studies o f  Johnson and D e t t r e  (47) and Mason and h i s  
coworkers (48), b u t  f u r t h e r  analys is ,  p a r t i c u l a r l y  o f  dynamics, i s  needed. 

; .As f o r  f i l m s  w i t h  steeper gradients o f  thickness, the  more general creeping 
f l ow  vers ion o f  the  theory teaches t h a t  t h e i r  vo lumetr ic  f l u x  o f  l i q u i d  along 

,. t h e  s o l i d  surface, which appears i n  the  basic c o n t i n u i t y  r e l a t i o n ,  Eq. ( I ) ,  
- =  r .  becomes no t  only a l i n e a r  func t i on  o f  the  f i r s t  d e r i v a t i v e s  o f  f i l m  thickness 

and o f  the second de r i va t i ves  i n  f i l m  curvature, b u t  a1 so a nonl inear func- 
t i o n  o f  the same and higher der iva t ives .  Spreading can s t i l l  be i n t e r p r e t e d  
as a d i f f u s i v e  type o f  process, however. 

The examples considered i n  the  foregoing sect ions a1 1 i nvo lve  on ly  l i q -  
u i d s  t h a t  p e r f e c t l y  o r  near ly  p e r f e c t l y  wet the  sol i d  a t  equ i l ib r ium.  But i t  
should be c l e a r  t h a t  by appropr iate choices o f  d i s j o i n i n g  pressure func t i on  
(Reference 10) the  ca l cu la t i ons  can be extended t o  s i t u a t i o n s  where the 
apparent contac t  angle a t  equi 1 i b r i  um d i f f e r s  g r e a t l y  from zero (18). 

Measurement o f  s t a t i c  apparent contac t  angles, which serve widely as 
i n d i c e s  o f  we t t i ng  behavior and thus o f  d i s j o i n i n g  pressure funct ions,  i s  
usual l y  p l  agued by contac t  angl e hys teres i  s (47,28). Most 1 i t e r a t u r e  data 
a r e  v i s i b l e  angles a t  recen t l y  advanced l i q u i d  margins, as against  recen t l y  
receded ones - and i n  con t ras t  t o  margins t h a t  have f i n a l l y  ceased a l together  

. t o  migrate. The drop spreading ra tes  we pred ic ted f o r  o i l s  on smooth, homo- 
geneous h igh  energy surfaces are mnlhr t o  mnlday. So here we have one o f  the 
f a c t o r s  i n  contac t  angle hys teres is  (which Fowkes and Harkins (49) found t o  
be absent on the  t ime scale o f  t h e i r  measurements o f  water on clean, smooth 
g lass  quartz  i n  a humid atmosphere: compare our p r e d i c t i o n s  o f  mmlsec i n  Fig. 
3 ) .  O f  course the roughness and heterogeneity o f  most surfaces a1 so p lay  



ro les ,  as may a1 so the  slow d i f f u s i o n  o f  sur face-ac t ive  mater ia ls ,  i f  present, 
i n t o  pr imary f i l m s  and onto s o l i d  surfaces. 

Ana lys is  o f  t he  spreading o f  l i q u i d s  conta in ing  sur face-act ive substances 
i ' s  complicated by the  time-dependence o f  sur face tension gradients and d is -  
j o i n i n g  pressure func t ions .  I n  many instances the  i n i t i a l  r a p i d  spread o f  
t h e  margin o f  a sur fac tant -conta in ing  drop i s  fo l lowed by a slower con t rac t i on  
o f  t he  margin (e.g. Harkins (501, Lelah and Marmur (13) ) .  The most l i k e l y  
exp lanat ion  f o r  the  i n i t i a l  spreading i s  the  h igher  surface tension o f  the 
o r i g i n a l l y  p resent  pr imary f i l m  p u l l i n g  on the  margin o f  the  low.er tension, 
su r fac tan t -con ta in ing  drop. As the  drop spreads, su r fac tan t  d i f f u s e s  i n t o  
t h e  pr imary f i l m  and adsorbs on the  sol  id-1 i q u i d  and 1 iquid-vapor i n te r faces ,  
thus  modifying the d i  s l o i  n i  ng pressure func t ion ,  which d i c t a t e s  the  contrac- 
t i o n  o f  the drop t o  i t s  e q u i l i b r i u m  conf igura t ion .  Th is  mechanism a lso  i s  a t  
work any t ime the  l i q u i d  i n  a p rev ious l y  deposited pr imary f i l m  has higher- 
sur face tension than the  l i q u i d  i n  an emplaced drop, as i n  some o f  t he  exper- 
iments o f  Hardy (5),  Bangham and Sawerl s (121, and Marmur and Lel ah (13,141. 

Spreading margins are o f t e n  n o t  s t r a i g h t  o r  c i r c u l a r  as has been assumed 
here, b u t  i ns tead  develop a ser ra ted o r  saw-tooth appearance, espec ia l l y  when 
sur face tension grad ients  are present  (11,51,13,14). We suspect ,  t h a t  such 
p a t t e r n s  are  a hydrodynamic i n s t a b i ?  i ty; simi 1 a r  "fi  figerfng" l n s t a b l l  I t l e s  o f  
m i s c i b l e  (52) and immiscib le (53) displacement f r o n t s  i n  porous media and i n  
Hele-Shaw f l o w  c e l l  s (54) are we1 1 accounted f o r  by transverse s t a b i l  i t y  
analyses o f  convec t i ve -d i f f us ion  equations s i m i l a r  in.  s t r u c t u r e  t o  Eq. (27). 
Such .a s t a b i l  i ty ana lys i s  w i l l  be the  sub jec t  o f  a f u t u r e  pub1 i ca t i on .  

When d i s j o i n i n g  pressure i s  the  c h i e f  d r i v i n g  fo rce  the theory presented 
here could be q u i t e  usefu l  f o r  d i s t i n g u i s h i n g  d l  s j o l n l n g  pressure funct ions.  
To make q u a n t i t a t i v e  measurements requ i res  knowing the  rheol ogy of t h i  n - f i  l m  
s tates.  Thus the theory could be even more usefu l  as an a i d  i n  the  design o f  
experiments, such as Deryagin' s b l  owi ng-o f f  experiment, t o  probe t h i  n - f  i l m .  
rheology when the  d i s j o i n i n g  pressure func t i on  i s  we1 1 establ ished. 

Appendix A: Surface Tension Gradients Due t o .  Evaporat ion'  o f :  a '  Vo1 a t i l e '  Impur i t y  

I n  small sl.ope approximation the  equations governjng the  evaporat ion o f  
a v o l a t i l e  component present a t  small concent ra t ion  i n  a n o n v o l a t i l e  l i q u i d  
f i l n i a r e  . 



CL = Co i n  O c z c h  when. t = O  

Cv = 0 i n  h < z < -  when t = O  

Cv and C a r e  the  concentrat ions o f  the  component i n  vapor and 1 iqu id ,  Dv and C DL a r e  d ~ f f u s i o n  c o e f f i c i e n t s  i n  vapor and l i q u i d ,  K i s  the e q u i l i b r i u m  p a r t i -  
t i o n  coef f i c ien t ,  and z i s  the  v e r t i c a l  d is tance from the sol i d .  The s o l u t i o n  
o f  t h i s  problem has been given by Lovering (55) and Arcur i  and DeBrui j n e .  (56).  
From t h e i r  s o l u t i o n  the d e r i v a t i v e  w i t h  respect  t o  f i l m  thickness of t he  con- 
cen t ra t i on ,  CS, of the  v o l a t i l e  component a t  the  l i q u i d  surface i s  

where 

Because aCSlah i s  always greater  than zero, the  s ign  o f  the  sur face ten-  
s i o n  grad ient  

l 

depends on the s ign  o f  aqv/aCs. I f  ayLv/aC > 0, the  surface tension gra- 
f d i e n t  has . t he  same s ign  as ahlax and. i s  a d r  v i  ng fo rce  f o r  f l ow  away from 

t h i n n e r  regions; b u t  if apv/aCs < 0, which i s  the  more preva lent  case, t h e  
sur face tension grad ient  has the opposPte s ign  as ahlax and consequently i s  a 
d r i v i n g  fo rce  f o r  flow toward th inne r  regions. According t o  Eq. (85) the  
sur face tension grad ient  increases as ahlax increases and as the  concentra- 
t i o n  o f  the  v o l a t i l e  component increases (a l though n o t  exac t l y  p r o p o r t i o n a l l y  
t o  Cop since ayLV/aCs general ly  decreases as 5 increases), decreases as 

f i l n  thickness increases and as vo l  a t i l  i t y  K 4Dvl r'F increases, and dimin- 
i shes w i t h  time. 
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. IX. DEPENDENCE OF RESIDUAL NONWETTING LIQUID ON PORE TOPOLOGY 
. . 

Introduction 

The microstructure of reservoir rocks strongly influences the transport 
of momentum, energy, and charge i n  the solid matrix, in the f lu id- f i l led  pore 
space, and overall .  As i n  most porous media important to science and techno- 
logy the microstructure consists of a system of interpenetrating, irregularly- 
shaped pore and grain assemblages. The dis t r ibut ions of sizes and shapes of 
pores and grains a re  central ingredients of any accurate characterization of 
porous media structure.  Equally central are the connection patterns of the 
interpenetrating, network-like pore and grain structures.  Connectivity i s  
the subject of topology (1,Z). The structure of connection patterns i s  mea- 
sured by topological parameters such as the number of a l ternat ive paths i n  
the pore clusters  or grain clusters .  Topological parameters take on added 
significance when the transport process a l t e r s  the connection patterns,  as for 
instance the mechanical s t resses  (momentum flux level)  i n  a solid matrix can 
reduce matrix connectivity by inducing grain-boundary microcracking ( 3 ) .  

Because topological properties are  measures of connectivity they are  in- 
dependent of s ize  and shape, unlike geometric properties. They change only 
when structures break or fuse in certain ways. Topological properties a r e "  
also independent of the way a connected structure i s  regarded as being made 
up of discrete,  though fused, parts. A widely used indicator of connectivity, 
the coordination number, i s  not necessarily a topological invariant: i n  a 
reservoir rock the average coordination numbers of grains and pores depend on 
how grains and pores are defined. One of the goals of t h i s  paper i s  to  iden- 
t i f y  and to  measure experimentally the proper topological properties on which 
depend.the residual saturation of oi l  or other nonwetting f lu id .  

The patterns of connection of the pores and of the rock matrix, however 
chaotic both may be, are not independent. I t  i s  becoming increasingly clear  
that  transport processes through the pore space and through the solid matrix 
are linked by the interrelationships between not only matrix shape and pore 
shape, b u t  also matrix topology and pore topology ( 3 ) .  In th i s  paper, we 
bring out the equivalence relationships between topological parameters of the 
pore structure and of the solid structure.  

The basic properties that  should be specified i n  any detailed study of 
the microstructure of porous media are s ize ,  shape, and topology. Easiest to 
measure are  averages such as volume porosity, surface area per unit  volume, 
and pore s ize ,  a length per unit volume. Evaluation of s ize dis t r ibut ions of 
three-dimensional i r regular  s t ructures ,  however, involves laborious analysis 
of en t i re  structures.  Approximate estimates can be obtained from two-dimen- 
sional sections by making assumptions about thc shape and topology (4,5) .  
Shapes, i . e .  dis t r ibut ions of curvature, are harder to  characterize. Exact 
quantitative expressions have been deri ved only for  regular objects ( 5 ) .  The 
average shape parameters of irregular objects,  such as specific surface area, 
integral mean and Gaussian curvatures (described below), and cer tain lengths, 
are often compared with similar parameters for  regular, '  discrete objects. 
Metallographers tend to  use shape factors that  re la te  a par t icular  l inear  di-  
mension such as the maximum or minimum length to  the average length, surface 
area,, and volume fraction (4,6) .  Powder technologists define a variety of 



shape indexes based on comparisons with spherical or other regular shapes, e.g. 
roundness, f la tness ,  sphericity,  elongation, and bulkiness factor ( 7 ) .  Most 
shape factors a re  defined only for  isolated, simply-connected closed surfaces. 
Because multiply-connected surfaces have had comparatively l i t t l e  attention, 
the shapes i n  bicontinuous porous media are s t i l l  hard to  characterize. A 
second goal of t h i s  paper i s  to  show tha t  an important shape parameter i s , i n  
f a c t  a topological parameter. 

Over recent decades, a major challenge that  has been met quite success- 
fu l ly  i s  the ident i f icat ion of the factors  responsible for  the entrapment of 
o i l  i n  rocks. A t  the macroscopic level these include (1)  capillary number, which 
measures the re la t ive  influence of capillary forces that  hold the o i l  phase 
entrapped and of viscous forces or  equivalent pressure gradient forces that 
keep i t  moving (8,9,10); ( 2 )  wet tabi l i ty ,  which seems intimately related to 
the apparent contact angle tha t  oil-water interfaces make with the surfaces 
of the rock, and i s  now known to  depend on thin-film s t a t e s  (11,12); (3) sa- 
turation history (13); ( 4 )  r a t io  of o i l  viscosity to  water viscosity (14,15). 
A t  the microscopl:~ level t h e  mechanisms of o i  1 pl~ase dlsconi.lection (16 , l ? , l8)  
and the mechanism of subsequent mobil ization of the trapped fraction (9,19,20), 
have become clear.  Irreducible wetting phase saturations have been found to 
depend on (1) specif ic  surface area and surface texture (21,22,23); ( 2 )  small 
scale heterogeneities i n  rock microstrZlcture (24); (3) pore size and shape 
dis t r ibut ions (24) .  Within a porous nied.iu~n, wetting f l u i d  i s  retained, as has 
long been known, as pendular rings, surface films, and boluses f i l l i n g  smaller- 
sized pores. The dis t r ibut ion of residual non-wetting f luid i n  porous media 
has been the subject of intense theoretical and experimental research recently 
(18,25). A thorough investigation of thin-fi lm physics and s t a b i l i t y  of non- 
wetting menisci led to  the conclusion that  residual ' non-wetting saturations 
a re  stsangly related t o  pore geometry and pore topology (18).  The controlling 
geometric features are  the dis t r ibut ion of local pore-wal 1 curvatures includ- 
ing pore surface textures. 

Experimental investigations relating macroscopic f lu id  flow behavior to  
pore space morphology a r e  sketchy and largely qua1 i t a t i  ve (21,26,27). Wardlaw 
and Cassan proposed a s e t  of general c r i t e r i a  fo r  relat ing recover efficiencies 
to  qual i ta t ive  estimates of pore connectivities and pore s izes  (28 f . The most 
extensive work on measurement of pore-size dis t r ibut ions from two-dimensional 
sections through a three-dimensional porous medium i s  tha t  of Dullien and co- 
workers (29-31). These inves t iga to r~  adjust photomicrographic measurements 
of pore s izes  by using various shape factor  estimates, and correlate  pore s ize 
dis t r ibut ions with capi 11 ary pressure and re la t ive  permeability measurements, 
However, shape-independent quantitative measurements of pore-sizes can be ob- 
tained only by carefully disassembling a sample of rock grain-by-grain, pore- 
by-pore and recording a l l  of the relevant dimensions and connections. This 
paper reports such a study of the connectivity s t ructure of several synthetic 
rocks. 

Modeling of f lu id  flow in porous media began with simple bundle-of-cap- 
i 11 ary- tubes and sphere-pack concepts tha t  took no account of connectivi ty  b u t  
were suiited t o  estimate single phase permeabilities in unconsolidated beds of 
par t ic les  (32). In pioneering research Fatt  introduced the conce t of connec- 
t i v i t y  via a regularly coordinated network of capi l lary tubes (33 ! , Such net- 
work models have been used to  estimate re la t ive  permeabil i t i e s ,  capillary 

. pressures, and formation factors.  However, a characteris, t ic network coordi- 



nation number, although useful for  modeling, is  extremely d i f f i c u l t  t o  mea- 
sure experimentally in porous media as irregular as reservoir rocks. 

An approach being developed a t  the University of Minnesota, the perco- 
la t ion theory of two-phase flow in porous media ( l o ) ,  i s  followed i n .  this --:. 

paper to  a correlation of pore topology measurements with residual non-wet-.: 
t ing saturations a f t e r  waterflooding., The approach has already been remark- 
ably successful in re la t in  residual non-wetting saturation to  the capi l lary 
uuteber:of ..displ acement (10 3 , i n  explaining capillary pressure and relat ive,  
permeabil i ty hysteresis ( l o ) ,  i n  estimating boundary ef fec ts  on capillary 
pressure curves ( 3 4 ) ,  and i n  leading to a theory of re la t ive  permeability (35). 
During the flooding of an i n i t i a l l y  o i l - f i l l ed  pore space by a wetting f lu id ,  
i . e .  water, i n s t ab i l i t i e s  in interface configurations choke off the necks of 
o i l ,  i n  smaller pore throats f i r s t ,  and otherwise break o i l  connectivity, so 
tha t  blobs of non-wetting f lu id  become isolated from the main body of d is - '  
placed f lu id  (17,18). Far from every instabi l  i ty  produces an ' isolated blob. 
In the pore space the locations of breaks are chaotically dis t r ibuted,  and 
the number of breaks needed on the average to create a blob depends on the 
connectedness of the pore space. When the wetting phase saturation r i se s  to  
a c r i t i ca l  value the remaining non-wetting phase ex is t s  only as disconnected, 
stranded blobs. This i s  the residual o i l  saturation and i t  i s ,  or i s  nearly, 
the percolation threshold of the nonwetting phase. Percolation thresholds 
in general depend on the connectivity of the structure: the more well-con- 
nected a structure,  the lower i s  i t s  percolation threshold. Using percola- 
t ion theory to  explain experimental measurements, we show here tha t  pore to -  
pology i s  as important as pore geometry in set t ing residual non-wetting sa- 
turations.  

In order to  p u t  f lu id  displacement experiments under the control of ,pore 
morphology i t  i s  necessary to  f i x  wet tabi l i ty  and capi l lary number. Capillary 
number can be maintained a t  a constant value by using identical f lu ids  and 
slow rates  i n  experiments, and th i s  we have done. Because controlling the 
wettabi l i ty  of naturally occurring rocks i s  d i f f i c u l t ,  i t  i s  advantageous to 
synthesize porous media of uniform wettabi l i ty ,  and th i s  too we have done. 
Actually the uniform wettabi l i ty  i s  a natural concomitant of our,method of 
managing pore morphology by control 1 ed 'sintering of carefully selected gran- 
ular sol ids .  

Three-dlmensional porous media consist  of pore space, parts of which may 
be accessible from two boundary surfaces and other parts of which may be iso- 
la ted,  and solid matrix that  i s  mostly connected and accessible b u t  may have 
isolated parts ,  i . e .  loose f ines .  Pore space and matrix are  separated by pore 
wall, which can be regarded mathematically as oriented surface. Now the top- 
ological properties of porous media are invariant under a l l  deformations of 
pore space and solid matrix, and so different  s izes  and shapes may be topolog- 
ica l ly  al ike.  For instance, a l l  the sol ids  i n  Figure l ( a )  are topologically 
equivalent because they can be continuously deformed into each other. B u t  
no such continuous deformation can convert the torus or  the equivalent one- 
holed structure in Figure l ( b )  into any of the sol ids  i n  Figure l ( a ) ,  nor the 
three-holed structure in Figure l ( c )  into any of the others,  



Figure 1. The genus of the sol ids  i n  (a)  i s  zero, in (b) i s  one, and in ( c )  
is  three. 

The fundamental theorem of topology s t a t e s  that  two structures are  homeo- 
morphic, i .e. topologically equivalent, i f  and only i f .  thej r Betti numbers 
8 .  are  equal (36-39). The r e s t  of th i s  section i s  devoted to  a geometric in- 
t&rpretat ion of Betti numbers and t h e i r  roles in porous media. I t  sidesteps 
the mathematical rigors of a1 gebraic topology (38). 

The zeroth Betti number f3, is  the number of isolated clusters  of dis- 
connected parts i n  a s t ructure.  The four sol ids  in Figure l ( a )  are not con- 
nected' to.each other,  and so the group as a whole consists of four discon- 
nected clusters';  s imilar ly,  there are  two clusters  i n  Figure l ( b )  and one 
c lus te r  i.n Figure 1 ( c )  . 

The f i r s t  Betti number 8 i s  the number .of d i s t inc t  holes through a 
s t ructure;  technically,  i t  i s  the maximum number of non-i ritersecti ng closed 
curves tha t  can be drawn on the surface of the s t ructure without separating 
i t .  Other names f o r  the f i r s t  Betti number are holeyness and genus. In ma- 
thematical l i t e r a t u r e  genus i s  usual and i s  denoted by G .  'Figure 2(a) shows 
t h a t .  i f  h torus i s  cut along a closed curve ABA, the. resulting sol id  can, be 
dtiformed into a cylinder; i f  the cylinder i s  cut once again along the closed 
curve CDC, i t '  separates into two disconnected clusters .  Thus, the genus of 
the cylinder i s  zero whereas tha t  of the torus i s  one. Similarly, the genus 
of the tetrahedral s t ructure i n  Figure 2(b) i s  three because three of the necks 
can be cut without increasing the number of c lusters .  I t  should be noted that  
these cuts reduce a multiply-connected structure to  one tha t  i s  simply con- 
nected; i n  the original s t ructure,  there are three independent paths between 
1 and 2-1A2, 1D3B2, 1F4C2,-whereas a f t e r  the cuts a re  made there i s  only one- 
1D3B2. Thus genus is a l so  a measure of mu1 t i p l i c i t y .  of independent paths in 



in a structure: F i  ure 2. 
(a! genus 

Genus i s  a 
i s  one; (b) 

meas'ure of the. multiplicity 
genus is  three, 

.of paths 

a structure.  

The second Betti number B, i s  a measure of the sidedness.of a s t ructure.  
So f a r  the surfaces shown i n  the.  f igures a l l  bound volumes and so are two- 
sided-one side of the surface can be regarded as solid material and the other 
s ide as pore space. The contrary i s  i l lus t ra ted  by Moebius s t r i p .  (Fig. 3(a) ) :  
i f  a normal-vector pointing to  one side i s  moved around the continuous s t r i p ,  
i t  .is pointing to  the opposite side when i t  returns to  the point i t  s tar ted 
from, i . e . ,  the surface i s  one-sided. The topological descrfption of a hollow 
sphere is  the region. between two bounding spherical surfaces, one inside the 
other, on the other sides of which are  'd is t inct ,  . i ' .e .  unconnected, regions of 
space (Fig. 3 (b ) ) .  I t  is evident tha t  t h i s  hollow sphere cannot be continu- 
ously deformed into e i ther  a torus or a solid sphere; a17 three are topologi- 
cal 1y .d i s t inc t .  The sol i d  she1 1 of a h'ol low sphere i s  characterized topologi- 
cal ly  by 8, = 1. Similarly, a. sol id  structure containing n isolated pores has 
8 ,  = n because there are n d i s t inc t  i n t e r io r  regions of space, and so n inside 
surfaces have to  be specified in order t o  characterize the s t ructure.  

In analyzing a pocous~medium, Betti:liumbers can.be.measured of the sol id  
s t ructure,  : i . e . ,  BS, 82, p z ,  andof  the pore space, i ; e . ,  B!, B Y ,  and BP. How- 
ever, ~l exandert s % u a l  I ty theorem re1 a tes  the topologies of pore space and so- 
l id -matrix (40,41): 

(G i s  genus) 

An obvious corollary i s  that  the s.um of d i s t inc t  regions of pore space and 
d i s t inc t  pieces of matrix i.s independent.of the point of vi,ew taken: 

, . 
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Figure 3 .  Sidedness of structures:  (a )  a Moebius s t r i p  i s  a one-sided sur- 
face; (b)  a hollow sphere has two bounding surfaces, one inside the other. 

T h u s  the topologies of pore space and solid matrix are conjugate; only one 
need be measured, a very useful circumstance. For instance, the pore space 
surrounding a sol id  torus i s  also doubly connected, and consequently the 
genus of a solid torus and of the pore space around i t  are both unity. 

In summary, the topology of a three-dimensional porous medium i s  com- 
pletely described by i t $  genus or ho1eynes.s B,, which i s  common to both the 
pore space and.  the matrix, by the .number of pore clusters  61, and by the 
number of solid c lus te rs  6:. The r e s t  of the Betti numbers follow from Eqs. (1).  

These quant i t ies  depend on the extent of a porous medium. In media 
tha t  are  locally chaotic b u t  regionally homogeneous the i r  averages over in- 
creasingly larger sample volumes become independent of the s ize of the Sam- 
ple and the location i t  was taken from, as do the familiar averages known as 
porosity and permeability. Thus i n  reservoir rocks there i s  a range of length 
scales on which average genus per u n i t  volume G , the average number of pore 
c lus te rs  per uni t  volume 61, and the average nu&ber of grain c l u s t e r s  per u n i t  
vol ume fiS, are the appropr~ a t e  measures of topology. In macroscopi cal ly  homo- 
geneous ~ o r o u s  media the corresponding extensi ve properties , e .  g .  the total  
genus (actually i t s  s t a t i s t i c a l  expectation value),  are simply proportional 
to  the to ta l  volume of sample. 

Topological measures per u n i t  volume suffer  the seeming deficiency that  
they depend on the u n i t  chosen fo r  volume. For instance, a l igh t ly  consoli- 
dated rock consisting of small, well-rounded grains with few grain-to-grain 
contacts may have the same genus per unit  volume as a more heavily consoli- 
dated one consisting of large,  i r regular  grains tha t  make many contacts with 
each other. Therefore i t  i s  necessary to  choose a natural u n i t  of volume 
tha t  is  appropriate to  the local s t ructure that  determines the topology of 



the porous medium. This i s  taken up  below. 

Betti, numbers are closely related to incidence matrices tha t  are  useful 
in determining topological structure (42). Pore space can be a rb i t r a r i ly  sub- 
divided, or  discretized, into individual pore.uni ts ,  or pore volume elements, 
and likewise, solid matrix into solid grains, or solid volume elements. A 
s e t  of surface e.1ements bounds each volume element, a s e t  of l ines  bounds each 
surface, and a pair  of nodes bounds each 1 ine .  ( 4 2 ) .  In equivalent network re- 
presentations (18),  volume elements are replaced by zero-dimensional nodes, 
or points, and surface elements'by one-dimensional branches, or  l ines ;  t h i s  
so-called dual representation i s  convenient i n  finding the topology of a 
structure.  Incidence matrices-see Ref. 3 fo r  examples-represent the adja- 
cency of elements of different  dimension, the matrix entry being zero i f  ele- 
ments are  not adjacent, and one or minus one (depending on the a rb i t r a r i ly  
assigned sense of each element) . i f  they are.  For instance, the incidence ma- 
t r i x  &:, represents the adjacenc of surface to volume elements in the sol id  -x structure,  and i s  identical to &,, , the branch-node incidence matrix of the 
network which is dual. There i s ,  of course, another s e t  of incidence matrices, , = C y o ,  tha t  re la te  elements of the pore space. What i s  funda- 

a t  i7 the numbers of i-dimensi.ona1 elements i n  a discret izat ion 
'5 '  

are n i ,  and i f  the.ranks of the incidence matrices relating i-dimensional to  
i + 1-dimensional elements are pi ,  t hen  the Betti numbers B j  are given by' (37, 
40) (note that  h denotes rank) 

f With both the pore space and the solid matrix discretized, these equations can 
I. .  be used to  determine the topological properties of both. An  oft-quoted special 

case is a genus or  holeyness formula, 

wl~ere n ,  i s  the number o t  contacts (hence branches i n  the dual network) be-. 
tween n o  = p, + 1 clustered, i .e.  connected, par t ic les  or pores (hence nodes) 
-and p l  = 1 because every surface element i s  bounded by a closed s e t  of l ines .  

Topology and geometric shape are  related by the remarkable Gauss-Bonnet 
theorem (43). If K ,  and K, are local principal curvatures of a surface, the 
local Gaussian curvature i s  K = K ~ K ? ,  which i s  positive i f  the local shape i s  
concave or convex and negative i f  i t  i s  saddle-1 ike (44). The integral Gau- 
ssian curvature )( of a smooth surface i s  

and an e-xtension of th i s  formula covers surfaces w i t h  edges and vertices (ver- 
t ices  and curved edges are  singular concentrations of Gaussian curvature). 
The Gauss-Bonnet theorem s t a t e s  that  the genus G of a surface i s  related to  
i t s  integral Gaussian curvature by 



Thus porous media such as  reservoir rock, because they are very holey and so 
have h i g h  genus and enormously negative integral Gaussian curvature, must' 
be riddled w i t h  pore wall areas that  are saddle-shaped. Indeed, every pore 
throat  is  such an area-which together with the mechanisms of o i l  phase dis- 
connection accounts i n  par t  for  the correlation between residual o i l  satura- 
t ion and genus described be1 ow. 

A second measure of surface shape i s  the local mean curvature H : C(K,+K,) .  
The integral mean curvature of a smooth surface i s  

and there i s  an extension of t h i s  formula too tha t  covers surfaces with edges 
(which are  singular concentrations of mean curvature, whereas vertices have 
none). An overall measure'of pore shape, the integral mean curvature has the 
dimension of length, i n  contrast  to the lack of dimension of )(. 

Experimental 

Porous Media Synthesis by Sintering 

A convenient method of preparing porous media i s  by s inter ing,  which i s  
the process of heating an unconsolidated bed of par t ic les  below the i r  melting 
point i n  order to form a coherent porous body. Copper powder was selected as 
the s ta r t ing  material because (1) i t  has a so-called high-energy surface, i . e .  
i t  i s  water-wet unlike p las t ic  powders such as teflon which are somewhat eas- 

4 i e r  t o  work w i t h  because of the i r  low melting point; ( 2 )  i t s  high thermal con- 
duct ivi ty  i s  advantageous for  speeding freezing of l iquid-f i l led specimens for  " scanning electron microscopy studies of o i l  and water dis t r lbut ions i n  porous 
media (45) ;  ( 3 )  i t  has a relat ively low sintering temperature of 1000°C (83OC 
below i t s  melting point) compared with 1600-2000°C for  ceramic oxides; and (4 )  
i t  is available i n  a variety of forms. 

Porous media were synthesized from three different  copper powders: (1) 
spherically shaped grains in the s ize range 30-90 microns; ( 2 )  e lec t ro ly t ica l ly  
prepared grains of l e s s  regular shape in the s ize range 30-90 microns; (3)  
e lectrolyt ical  ly prepared grains i n  the s i ze  range 250-300 microns. The spheri- 
cal powder was a product of Cerac,. Inc., Menomonee Fa1 1 s ,  Wisconsin. As F'ig- 
ure 4(a)  shows, not a l l  of the par t ic les  were completely spherical. Some were 
dumbbell-shaped, and others were fusions of small spheres with a larger one, 
as though the powder was formed by atomization from liquid copper. Even 
though the par t ic les  were 99.5% pure copper, they a l l  had a surface coating 
of cupric oxide which was removed before s ta r t ing  sintering. The e lec t ro ly t ic  
copper, which was obtained from Goodfellow Metals, Cambridge, U K ,  was 99.7% 
pure with less  than 200 ppm of lead and oxygen. Figure 4(b) shows tha t  par t i -  
c l e  shapes were i r regular ,  and part ic le  surfaces rough. A1 1 powders were sep- 
arated into s i ze  classes by using Buckbee-Mears standard micromesh sieves. 

Part ic les  w i t h  polyhedral shapes were generated by cold compression of  
spherical powder: see Figure 4(c) .  Usually parallel  dies % inch in diameter 



or  % inch i n  diameter, one mounted on a ram, were used to  apply the compres- 
s ive s t resses .  A t  s t r e s s  levels of 1.02 x 105psi the copper powder deformed 
p las t ica l ly .  The presence of any loose powder between the die and ram i n -  
creased fr ic t ional  resistance. The height of loose powder was res t r ic ted  
t o  less  than two-thirds of the die diameter. Because the individual compacts 
were too small t o  be used i n  f lu id  displacement experiments, they served as 
a source of s ta r t ing  grains of partly or  wholly polyhedral shape; i.e. they 
were broken, resieved, and then sintered to  produce a consolidated porous 
medium. 

Figure 4. Scannin? electron micrographs of powders of copper par t ic les  i n  the 
s ize  range 30-90 microns: (a )  spherical, (b) i r regular ,  (c )  polyhedral . 

Powders were sintered i n  a Burrel vertical  mount furnace a t  a tempera- 
ture of 1000°C + 5OC under a nitrogen atmosphere. Dry hydrogen gas was intro- 
duced f o r  a time a t  the s t a r t  of the process, to  remove any oxide films on 
the copper surface. 

Microscopy 

A Wild stereoscan microscope f i t t e d  with a Canon A-1  camera was used fo r  
l i gh t  microscopy. For quantitative measurements of pore morphology, represen- 
ta t ive  planar sections through the porous medium were needed. In order to  pre- 
vent grain deformation or  f racture,  the sintered compacts were evacuated and 
then impregnated w i t h  Buehler epoxide resin.  After the resin had s e t ,  the sur- 
face was rough-ground on 100- and 400-gri t s i l icon carbide paper. The f inal  
grinding t o  remove material between successive serial-sections was done w i t h  
600-grit s i l icon carbide powder on a Buehler microcloth. Final surface f in-  
ishing was done w i t h  1.0 micron and 0.3 micron alumina paste, and t h i s  l e f t  
the copper surface shiny and highly ref lect ive to  l i gh t .  

Displacement . . Experiments 

The Penn State  method fur  rrreasuring re la t ive  permeabil i t i e s  was used 
because i t  i s  f a s t ,  accurate, and re l iab le  (46). Saturations were measured 



by weighing the t e s t  section. The core was evacuated, waterflooded for about 
10 pore volumes and then o i l  flooded for 15-25 pore volumes. Finally water 
flow was started a t  a rate corresponding to  a capillary number of 2.16 x low6.  
In a1 1 the experiments a white o i l ,  Sol t rol  50 from P h i l  1 ips Petroleum, was 
used; i t  is a mixture of aliphatic hydrocarbons i n  the boiling point range of 
116-145OC. 

Pore Morphology of S i  ntered Media 

Spontaneous change can be regarded as driven by free energy decrease 
toward a minimum a t  equilibrium. In sintering, the dominant free energies are 
associated with surface areas, surface curvatures, grain boundaries, and crys- 
t a l  imperfection structures in the vicinity of surfaces and grain boundaries 
(47,48,49). The corresponding contributions to  chemical potential provide 
the d r i v i n g  forces for  transport o f  material i n  the course of sintering, and 
dur ing  some other compaction processes as i n  diagenesis of reservoir rock. 
The chemical potential of solid a t  and near a surface that has h igh  mean cur- 
vature-and which is corrsequently under a certain strain and hence stress- 
is generally higher than near a surface that  has lower mean curvature. Hence 
material i n  convex regions generally has higher chemical potential than mater- 
i a l  i n  concave regions, while material in saddle-shaped regions tends to be 
a t  intermediate chemical potential and, diffuses accordingly. Likewise, the 
chemical potential of l a t t i c e  vacancies near a surface of crystalline mater- 
i a l  that  has h i g h  mean curvature i s  generally less than near a surface that 
has 1 ower mean curvature, and vacanci es m i  grate accordingly. Transport, par- 
t icularly plast ic  deformation, is a1 so caused by dislocation movement. Though 
dislocations are  inherently non-equi 1 i brium features, they move in ways that 
reduce the s t ress  and e las t i c  strain. 

In response t o  these driving forces, the mechanisms of sintering are: 
, ( I )  vapor phase diffusion, i .e,  evaporation and transport through gas to re- 

! ions of lower chemical potential and partial pressure, where i t  curidenscs; 
2) surface diffusion, which transports materials from surfaces that are con- 

vex to adjacent concave regions; (3) volume diffusion, or vacancy migration; 
(4) p las t ic  flow by dislocation movement (50). Vapor phase and surface d i f -  
fusion induce rounding and smoothing of surface contours; th is  tends to pro- 
duce surfaces that  are locally of minimal area and, as a consequence, uniform 
mean curvature. For a simply-connected closed surface of zero genus the min- 
imal area may have zero local mean curvature everywhere. Examples of such 
multiply-connected, minimal surfaces that are periodic are the Schwarz sur- 
faces, which can be regarded as assembled from u n i t  ce l ls  of considerable ge- 
nus  (51,52,44). 

Sintering proceeds i n  three stages. A t  the s t a r t ,  the bed of sol id 
grains is unconsol i dated because the point contacts between neighboring grains 
are incapable of supporting appreciable tensile stress,  i .e. point contacts 
are ineffective and can be discounted here. T h i s  unconsolidated bed i s  char- 
acterized topologi cal l y  by the large number B: of effectively isolated sol i d  
grains, a genus of zero, and one connected pore cluster,  as shown i n  Figure 
5. As effective necks, i .e. surface contacts capable of supporting tensile 
stresses, develop between neighboring grains, t h b  packed bed becomes partially 
consolidated. More and more grains get connected into the solid structure, 
the number of isolated grain clusters decreases, and so f3f fa l l s .  Simultan- 



eously the genus r ises because the holeyness of the sol i d  and pore structures 
increases: see Figure 5. When the material is fully consolidated, Bz  is unity. 

I FI RST  THIRD^ 

SlNTERlNG TIME 
Figure 5. Topological changes du r ing  sintering. 

F i  rst-stage sintering i s  dominated by changes of geometric shape and 
size, i .e. surface rounding and smoothing and neck growth, The continued 
growth of necks reduces the size of pore throats on pore paths. Onset of 
second-stage sintering is marked by fa1 1 i n g  genus because grain-neck growth 
closes pore throats completely. During the second stage, genus continues to 
fa1 l steadily and some dead-end pores become isolated, while the number of 
pore clusters f3 increases, as indicated i n  Figure 5. Third-stage sintering I is characterize by a genus of zero, and slow reduction i n  number of isolated 
pore clusters. The isolated voids are generally small and hardest of a l l  to 
remove from the solid structure. 

If a three-dimensional structure is random, or sufficiently disordered 
to be approximated as random, its s ta t i s t i ca l  properties can be inferred from 
measurements made on two-dimensional sections of i t .  The means of doing th is  
i s  the theory of stereology (4,5). Evaluating the s t a t i s t i c s  of topological 
properties requires a reconstruction of the three-dimensionaZ structure. This 
is a time consuming and laborious task, a1 though i t  could be automated w i t h  
a computer-based image analyzer. Certain geometrical properties, however, 
such as volume fractions, specific surface areas, and specific integral mean 
curvatures are mathematically re1 ated to features on single two-dimensional 
sections of a specimen. Indeed, a polished section that  i s  extensive enough 
to be s ta t i s t i ca l ly  representative suffices for  the standard procedure of 
measuring isotropic and homogeneous structures . 

Three-dimensional geometric properties that can be measured from two- 



dimensional sections are sumnarized i n  Table 1. Surface area per 'unit volume 
S,, which is defined as 

is measured by counting the number of intersections NL that a randomly located 
t e s t  l ine  makes w i t h  the interface, 

Figure 6(a) i l lus t ra tes  the evaluation of surface area per u n i t  volume by 
counting the number of intersections between five horizontal g r i d  l ines and 
the pore-sol l d  interface. 

STERCQLOOICAL PIEMURERENT 
ON 2-DIMENSIONAL SECTION 

AREAL FRACTION A,, 

LENGTH FRACTION LL 

POINT FRACTION Pp 

4. SURFACE ARU/VOLW(h 

& - I I I ITEWL REAN EURYATUW TA - 1IUFIBER OF T M W T S  

PER UNIT AMA 

LLI#III O f  LIWL/WLUIL Ly = PCA 

CURVATURE OF LINE/VOLU(E Cv *Tv 

TMSIOII OF LINE/VOLUI+ Rv = rly 

Table 1. Stereological measurement of geometric properties of isotropic and 
homogeneous porous media. 

Average mean curvature )( i s  related to integral mean curvature by 

In terms of vol urn-averaged-integral-mean curvatu're f(, , th is  equation i s  



A fundamental relationship that was derived independently by Cahn (53) and 
Dehoff (54) simp1 i f i es  the determination of x. -They showed that irrespective 
of the shape of the three-dimensional-surface, 3 can be expressed i n  terms of 
the easily measured 1 ineal curvature k on a representative two-dimensional 
section: . 

- 
k is simply determined by sweeping a t e s t  l ine across the section and counting 
the number of tangents that the l ine makes w i t h  the pore-solid interface (4) .  
Interfaces concave to pore space form positive tangents; l e t  their  number per 
u n i t  area be T+. Interfaces convex to pore space form negative tangents; l e t  
their  number pQr u n i t  area be T i .  Then 

Regardless of the shape of closed curves i n  the plane, (T' - T-) always equals 
the number of closed curves per u n i t  area. A vertical l i ae  whfch is swept 
across the square shown i n  Figure 6 ( b )  forms 37 positive tangents, which l i e  
on the pore-side of the interface, and 43 negative tangents, which l i e  on the 
solid-side. Thus,  integral-mean curvature per u n i t  volume $,, i s  -9.9 x lo3 cmM2, 
the average mean curvature#.is -26 cm-l. 

There are three basic topological parameters that can be evaluated only 
from successive serial sections through the porous medium: the number of iso- 
lated sol i d  grains per.cini t volume eS, the enus per u n i t  volume G , and the 
number of isolated pores per unit vslume B&. A two-dimensional p81ished sec- 
tion shows interconnected systems of solid cross-sections and pore cross-sec- 
tions. Some of these cross-sections are isolated i n  the section, some are 
multiply-connected, and some end a t  the boundary, as can be seen i n  Figure 7 ,  
and as can be transcribed into section incidence matrices for computer pro- 
cessing, Some pore cross-sections that  intersect the sample boundary may i n -  
terconnect outside, and if they do they contribute to  genus i n  a way that can- 
not be found directly (although i t  could be estimated from measurements on the 
interior  of the specimen). One way to get bounds on genus is to consider two 
extreme situations: i f  a l l  paths were t o  reconnect outside, the genus would 
be a maximum, G ; on the other hand, i f  none of the paths were to reconnect 
outside, the gaWB!i would be a minfmum, Gmin: 

Each cluster of connected pore or solid cross-sections i n  a given section 
is labeled, and identified insofar as possible w i t h  a cluster or clusters i n  
the next serial section; this information can be suitably coded into a cluster- 
cl ustcr 'incidence matrix to far;! 1 i t a te  construction of incidence matrices of 
the three-dimensional structure from those of the two-dimensional seri  a1 - sec- 
tions. The distance between successive serial sections needs to be small 
enough to allow easy identification of each cluster by its shape and size. 
But  if the distance between sections is too small, few changes i n  the connec- 
t iv i ty  structure of clusters will be noticed, and so a large number of sections 
w i l l  have to  be analyzed t o  obtain s ta t i s t i ca l ly  significant measurements of 
genus per u n i t  volume (55,56,54). In this work generally 10 to 15 polished sec- 
tions were taken per mean particle diameter, and typically about 5 to  8 changes 
in connectivity were observed between successive sections of the size shown i n  
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Figure  6. Evaluat ion o f  s u r f a c e  a r e a  Figure 7. Topological changes 
p e r  u n i t  volume and average  mean cur-  between succes s ive  seri a1 sec- 
v a t u r e  by s t e r e o 1  og ica l  methods. t i o n s .  

F igure  7. Some topo log ica l  changes between Figures  7 ( a )  and ( b )  a r e :  (A) a 
po re  pa th  between two c l u s t e r s  d-isappears;  (B)  a pore pa th  between two c lu s -  
ters appears;  ( C )  a deadend pore becomes i s o l a t e d  i n  t h e  s e c t i o n ;  (D) a pore 
pa th  t o  t h e  boundary appears .  Some changes between Figures  7(b)  and ( c )  a r e :  
(E) clusters t h a t  were connected i n  Figure 7 ( a )  a r e  now connected by ano the r  
pa th ;  (F)  a pore  pa th  t o  t h e  boundary d i s appea r s ;  (G) a pore t h a t  was i s o l a t e d  
i n  t h e  s e c t i o n  connec ts  t o  ano the r  pore.  Some of t h e s e  changes such a s  (E) 
c o n t r i b u t e  t o  both Gm and G ; o t h e r s  such a s  (D) c o n t r i b u t e  on ly  t o  Gmax; 
o t h e r  such a s  (A) o r  tt) do n81ncontr i  bu te  t o  G o r  G (55,56).  If G 
and G . a r e  p l o t t e d  a g a i n s t  cumulat ive volume ~ ~ ? ~ s a m ~ l e ~ ~ ! n a l ~ z e d ,  both c%#es 
appro!$[ t h e  same c o n s t a n t  s l o p e  a f t e r  a s u f f i c i e n t  number of s e r i a l  s e c t i o n s  
have been analyzed,  a s  shown i n  Figure 8. This  common s l o p e  measures average 
genus p e r  u n i t  volume, which is t h e  p r o p e r t  t h a t  c h a r a c t e r i z e s  pore topology 
and, by Alexander ' s  d u a l i t y  theorem, Eq. (1 , topology o f  t h e  s o l i d  ma t r ix  a s  
we1 1. 
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Figure 8. Gmax and Gmin VS. volume of sample analyzed. 

Pore Morphology 

A1 though quantitative measurements are generally made from polished pla- 
nar surfaces, valuable qualitative information about pore morphology can be 
gleaned from fracture surfaces, which are far from planar. Because of their 
unevenness, fracture surfaces are best viewed by scanning electron microscopes, 
which usually have much larger depths of field than  light microscopes. Scan- 
ning micrographs of fracture surfaces of copper powder that has been sintered 
for only 15 minutes show t h a t  the spherical powder i s  largely unconsolidated, 
i .e. very few surface contacts have formed: see Figure 9. However, i f  powder 
of the same k i n d  i s  cold-pressed i n t o  polyhedral shapes a t  a stress of  1.02 x 
lo5 psi, the dveraye number and area o f  contacts per particle increases; i f  
this cold-pressed compact i s  then sintered for 15 minutes, there i s  extensive 
growth of  necks between particles, as shown i n  Figure 10. Along the fracture 
surface the places where these necks have broken, and they do so by ductile 
failure, show up as large areas of the characteristic honeycomb structure that 
i s  associated w i t h  dimple formation by microvoi d coalescence (58). 

As the degree of s i  ntering rises, porosity diminishes, surface roughness 
disappears, necks grow i n  size, and solid grains begin to form extended, well- 
intereonnected networks : see Figure 11. If the polyhedral particles formed 
by cold-pressing to 1.02 x lo5 psi are f i r s t  separated and resieved, and then 
sintered, the fraction of sheet-like pores i s  reduced and, as Figure 12 reveals, 
regions of large local mean curvature are absent. 

Surfaces of a compact sintered i n  a i r  are completely covered w i t h  flaky 
cupric oxide, as shown In Figure 13. These highly irregular surfaces illus- 
trate the diversity of porous media t h a t  can be synthesized by sintering for 



Figure 9. Spherical copper particles sln- Figure 10. Polyhedral parf Scles which 
tered for 15 minutes. are formed by cold-pressing powder of 

spherical ~ar t i c l e s ,  sintered for 15 
minutes 
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Figure 11. Polyhedral particles sintered Ff gure 12. Polyhedral particles sin- 
for 2 hours. tered for 2 hours (after cold pressing, 

the compact was broken, resieved and 
then sintered) . 
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opper particles sintered for  1 hour i n  air. 
use i n  modeling the morphology of sedimentary rock. Because the oxide film changes wettability, samples sintered i n  a i r  were not used i n  fluid displace- ment studies; a l l  of the samples employed were sintered i n  nitrogen atmospheres. 

Measurements of average topological properties of sintered copper sam- ples are summarized i n  Table 2. Figure 14 shows that genus per u n i t  volume G decreases monotonically w i t h  increasing densi ty . Specimens prepared from aY1 three powders of sieve size range 30-90 microns, i .e. an average nominal diameter of 60 microns, were in the second stage of sintering: pore paths had started to close, a process that reduces the genus of solid and pore struc- tures. The solid grains were ful ly c:onsolidated, and there were no isolated clusters of solid. 

Because of surface irregulari t ies  such as sharp edges and corners, i .e. regions of high loca7 curvatures, beds of irregular or polyhedral particles pack to higher average number of contacts per particle than do beds of spheri- cal particles (59). Upon sintering, ineffective, point-like contacts between neighboring particles develop into competent surface contacts, and so sinters 
(188) 



of irregular and polyhedral par t ic les  have higher genus per u n i t  volume than 
s in ters  of spherical par t ic les  a t  'the same porosity-down to  a limiting range. 
However, most of the G v  stems from slender necks. W i t h  increasing degree of 
sintering, surface rounding smo,oths out 1 egions of high local mean curvature 
(c f .  Fig. 12), and G of s in ters  of polyhedral par t ic les  approaches G of sin- 
t e r s  of spherical pa!ticles. A t  porosit ies below 20 percent, isolate1 pores 
that  are generally quite small begin to  appear, i . e .  the number of pore clus- 
t e r s  increases. Specimens i n  t h i s  range of porosity are near the end of sec- 
ond-stage sintering and would soon have entered t h i  rd-stage sintering. Sur- 
face i r regular i t ies  promote the formation of small pores tha t  can be isolated 
easi ly  by grain-neck growth; thus the number of isolated pores per u n i t  volume 
i s  higher for  irregular and polyhedral par t ic les  . 
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Because isolated pores i n  e f fec t  have zero genus so f a r  as f lu id  flow 
i s  concerned, the values of G reported in 'Table 2 are based exclusively on 
pores that  are  accessible in !he percolation theory sense, i .e. pores that 
are  each connected to opposite sides of the specimen. 
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Measured average geometric properties of sintered copper compacts used 
as cores i n  t h i s  research are summarized in Table 3 .  Because a l l  the surface 
roughness and sharp edges of the original powders are smoothed out during the 
f i r s t  stage of s inter ing,  in the second stage the specif ic  surface areas S 
no longer depend on the original powder shape and surface texture,  as indirated 
in Figure 15. That i s ,  s ln te rs  of spherical, polyhedral, and irregular par t i -  
cles in the s ize  range 30-90 microns have equal specif ic  surface areas a t  the 
same porosity (60). Apart from some regions on the i r regular  ones, the unsin- 
tered part ic les  are convex to pore space; because locally both pringipal cur- 
vatures tend to  be d is t inc t ly  negative, the average mean curvature 34: of uncon- 
sol idated part ic les  beds i s  negative. B u t  as sintering proceeds, saddle-shaped 
regions appear a t  thc necks that  grow a t  contacts, and in these regions, one 
principal curvature tends very strongly to  be of opposite sign, i .e. positive, 
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Figure 14. Connectlvfty, as measured by genus per "ni t  volume G,, of sintered 
copper cores. 
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SINTERS OF SPHERICAL PARTICLES 

SINTERS OF POLYHEORAL PARTICLES 

SINTERS OF IRREGULAR PARTICLES 

Poros 1 ty G,XIO:~  (ern-)) N , X I O ~  ( ~ r n ' ~ )  
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Table 2. Yopologi cal propert? es .Gf si ntereh copper porous media: genus per 
u n i t  volume GV ( c d 3 ) ,  number of isolated pores per unit  volume N v  (cm"). 
A1 1 par t ic les  were of 6 h  nominal diameter (30-90p range). ' 

. . . . . . , 

SIIlTCRS O r  SPllCRICAL PARTICLCS 

0 
2 3 S, (cm /cm ) % ~ 1 0 - ~ ( c m - ~ )  R c m - l )  - 

S1NTEP.S OF POLYI!EDRAL PARTICLES 

8 sV (cm2/cm3) % ~ 1 0 - ~ ( c m - ~ )  3 c m - ' 1  - 

SINTERS OF IRREGULAR PARTICLES, . . 
0 - - i v ( c m 2 / c m 3 )  & ~ 1 0 - ~ ( c m - ~ )  a m - ' )  - .  

Table 3. Geometryc propc,rties of sintered copper porous media: porosity 4 ,  
surface area per uni t  volume S (cm2/cm3j, integral .  mean curvature per u n i t  
volume %(cm 1), and average 8ean curvature f( 'cm-I ) . A1 1 par t ic les  were 
of 6011 n inal diameter. 



and so R becomes less  negative. During f i  rst-stage sintering when genus i s  
constant, the pore-sol id interface,  .or pore wall , tends towards a minimal. suf- 
f ace . tha t  has zero local mean curvature. B u t  the continued growth of necks 
decreases the cross-section of.'-pore segments, until  f ina l ly  some pore throats 
-wal led by saddle-shaped interface-pinch-off. Dur ing  the second stage of 
i i  ntering , pore throat closure reduces genus b u t  increases average mean cur- 
vatwe,  as shown i n  Figure 16.' 

Figure 15. Surface area.  per u n i t  volume, Sv, of sintered copper cores. 
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. ,Avera~r mean curvature H of sintered copper cores. 



In th i s  study, the s inter ing times and temperature were deliberately 
chosen so as to  produce cores in the second stage of sintering because such 
cores can be distinguished topologically by genus per' unit volume and number 
o f  pore c lus te rs  per unit  vo1:ume; they can of.:course be disti.nguished geome- 
t r i c a l  l y  by porosity. A1 though other geometrical factors such as specif ic  
surface S and mean curvature 9 are needed to  characterize more fu l ly  the 
cores, t h Z y  a re  nearly the same for  spherical, polyhedral, and i r regular  par- 
t i c1  e s i  nters a t  the same porosity. Surface roughness differences between 
cores were insignif icant  because of the surface smoothing during the f i r s t  
stage of sintering. 

Because genus per uni t  volume depends on the underlying scale which i s  
or iginal ly  s e t  by par t ic le  s ize ,  the connectivity data collected for  s in ters  
of i r regular  par t ic les  in the s ize  range 250-300 microns cannot be compared 
d i rec t ly  with the data fo r  s in ters  of various shapes of par t ic les  in the s i r e  
range 30-90 microns. The u n i t  of volume should be a natural one. One candi- 
date i s  the average current volume per i n i t i a l  par t ic le  i n  the s in t e r .  A n - .  
other is  the average current volume per branch point i n  the network equiva-.. 
l en t  t o  the current pore space, or to  the current solid matrix. A third can- 
didate i s  the vo e u n i t  based on the current total  mean curvature per u n i t  
volume (viz. XX-lYB). The f i r s t  candidate has two disadvantages: the sig- 
nificance of t e original par t ic le  count may diminish as sintering advances; 
and grain shapes may change drast ical ly  during sintering. B u t  within a given 
shape c lass ,  i . e .  s in te rs  of par t ic les  of different  s izes  b u t  geometrically 
s imilar  shapes, the average current volume per i n i t i a l  par t ic le  appears to  be 
a reasonable choice. If R .  i s  the nominal i n i t i a l  par t ic le  diameter th i s  unit 
of volume i s  proportional to  Ri/(l-0) and the corresponding measure of genus 
i s  

This quantity is  proportional t o  the genus per par t ic le  (the factor  would be 
7~/6 wepe ithe par t ic les  uniform spheres), which i n  turn i s  related to  the aver- 
age coordination ; of the part ic les  so long as they retain the i r  ident i t ies ,  
i . e .  G/no = (I/2) - 1 ( n o  large) .  

Connectivity changes as measured by 8 correlate  well with the porosity 
of the various s in t e r s  of irregular par t ic les  of 60 micron nominal diameter 
and 275 micron nominal diameter, as shown in Figure 17. 

Residual Non-wetting Saturations of Sintered Media 

The disconnection of an original ly continuous non-wetting phase i s  con- 
t ro l led  by. the i n s t a b i l i t i e s  of throat menisci as saturation fa1 1s and of head 
menisci as  they move (18). The residual non-wetting f lu id  resides as discon- 
nected blobs that  a re  held trapped by head menisci in pore throats ,  although 
these blobs can be mobilized by greatly increasing capi l lary numbers. (9,19). 
Although disconnection and mobilization processes depend on the dis t r ibut ions 
of features, of pore space morphology , treating the1 r consequences by percol a- 
t ion theory leads to  a two-parameter model of how residual non-wetting satura- 
t ion depends on capi l lary number (10). One parameter measures pore-geometry- 
dependent resistance to  passage of the menisci that  locally separate two f luid 
phases. Though th i swas  treated as a limited b u t  adjustable parameter for  the 
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. :. .. . F igure  17. Genus per  p a r t i c l e ,  o f  s i n t e r s  o f  6 0 ~  and 27511 nominal diameter 
copper powder. 

purpose o f  c o r r e l a t i o n  ( l o ) ,  i t  i s  o f t e n  modeled by means o f -  d i s t r i b u t i o n  of 
pore- th roa t  and pore-body s izes  (18,2.5). The second parameter i s  essen t i a l  l y  
a  p e r c o l a t i o n  th resho ld  and depends on pore topology, i .e .  the  c o n n e c t i v i t y ,  
o r  genus, which cha rac te r i ze  the  number o f  a l t e r n a t ~ i v e  rou tes  o f  meniscus pas- 
sage. It too  was t r e a t e d - a s  an ad jus tab le  parameter f o r  c o r r e l a t i n g  res idua l  
non-wett ing sa tu ra t i on .  Data a re  repor ted  here t h a t  e s t a b l i s h  the  profound 
importance o f  the  ac tua l  genus o f  the  pore space t o  the res idua l  s a t u r a t i o n  
o f  o i l .  

Measured o i l  (non-wett ing phase) s a t u r a t i o n  S p l o t t e d  as a  f u n c t i o n  
o f  p o r o s i t y  i n  F igure  18 shows t h a t  t h i s  zero th- lev8r  measure o f  pore geome- 
t ry  i s  n o t  s u f f i c i e n t  t o  cha rac te r i ze  the  e f f e c t  o f  pore morphology on the  
mechanisms t h a t  l ead  t o  entrapment o f  res idua l  o i l ,  As brought ou t  i n  the  
l a s t  sect ion,  du r ing  second-stage s i n t e r i n g  a  number o f  the  average geometri- 
ca l  features a re  d i s t i ngu i shed  by p o r o s i t y  alone. Yet s i n t e r s  o f  spher ica l ,  
po lyhedral ,  and i r r e g u l a r  p a r t i c l e s  have d i f f e r e n t  res idua l  o i l  sa tu ra t i ons  
a t  i d e n t i c a l  p o r o s i t i e s ,  and so i t  i s  l o g i c a l  t o  seek the exp lanat ion  i n  t he  
topo log i ca l  d i  ffet.et~ces between the s i n t e r s .  Larson e t  a l .  (10) found t h a t  
i n  porous sedimentary rocks, the  product  o f  p o r o s i t y  4 and res idua l  s a t u r a t i o n  
S i s  a t  l e a s t  approximately equal t o  the p e r c o l a t i o n  th resho ld  4, of t he  ne t -  
w8Fk equ iva len t  of the  pore space, 

The p e r c o l a t i o n  th resho ld  $ o f  the  pore space network i s  a  pu re l y  t opo log i ca l  
var iab le ,  i .e .  i t  depends o h y  on the  genus of the pore s t r u c t u r e .  If values 
o f  $6 t h a t  were measured f o r  the  s i n t e r e d  copper porous media a re  p l o t t e d  
againgf  genus per  u n i t  volume, Gv, t he  r e s u l t s  f o r  a l l  tl~r-er kinds of part l -  
c les-spher ica l  , polyhedral ,  and i r r e g u l t a r - f a l l  on the  same 1  ine,  as shown 
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Figure 18. Residual o i l  saturations of sintered copper cores. 
\ .  

in Figure 19. The larger the connectivity as measured by G i s ,  the larger 
the number of interconnections betmeen pores, the greater tXe number of a l ter -  
native routes available for o i l  drainage, the lower the percolation thxesh- 
old rpc, and the lower the residual o i l  saturation. This resu l t  i s  further 

Figure 19. Effective percolation thresh01 d So,$ of non-wetti,ng phase in cores 
w i t h  d ifferent  genus per unit volume G,,. 



substant ia ted  by p l o t t i n g  $S f o r  s i n t e r s  o f  i r r e g u l a r  p a r t i c l e s  aga ins t  the 
dimension1,ess genus : ~ i ~ u P 6  20. Regardless o f  t he  s i z e  o f  t he  s t a r t i n g  
p a r t i c l e s  and pores, increases i n  genus r e s u l t  i n  decreases o f  4s , the  per- 
c o l  a t i o n  thresh01 d of the pore s t ruc tu re .  I n  1  i g h t l y  s i  n te red i r r & u l  a r  par-  
t i c l e s  most' of t h e  G a r i s e s  from s lender necks, as noted above. A1 though 
these c o n t r i b u t i o n s  yo G cou ld  be q u i t e  impor tan t  i n  s e t t i n g  a  w e t t i n g  phase 
res idua l  du r ing  a  non -wek ing  f lood, t he  s u b s t a n t i a l l y  smal le r  G corresponding 
t o  l a r g e r  t h r o a t s  and channels presumably c o n t r o l  non-wett ing rex idua l .  Thus 
there  i s  i n c e n t i v e  t o  measure n o t  j u s t  genus i n  a  porous medium, b u t  a l s o  the 
way i t  i s  d i s t r i b u t e d  over  pore s i z e  and shape. 

F igure  20. E f f e c t i v e  pe rco la t i on  th resho ld  So,$ o f  non-wett ing phase i n  cores 
w i t h  d i f f e r e n t  genus per  i n i t i a l  p a r t i c l e .  
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Pore topology, o r  c o n n e c t i v i t y  s t ruc tu re ,  i s  exper imenta l l y  conf irmed 
t o  be as important  t o  res idua l  non-wett ing sa tu ra t i ons  i n  permeable rock as 
pore geometry i s  known to ,be .  The topology i s  descr ibed by th ree  counts c a l l e d  
B e t t i  numbers, which can be reckoned on a  u n i t  volume basis .  O f  these the 
genus, o r  holeyness, per  u n i t  volume o f  porous rock d i r e c t l y  a f f e c t s  and cor -  
r e l a t e s  w e l l  w i t h  r e s i d u a l  non-wett ing sa tu ra t i on .  The measurements repor ted  
q u a n t i f y  an observat ion t h a t  i s  o f t e n  q u a l i t a t i v e l y  s tated:  res idua l  non- 
we t t i ng  sa tu ra t i ons  a r e  1  ower I n  porous media having we1 1  -connected pores than 
i n  those having pores t h a t  a re  no t  wel l-connected. 
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Connect iv i ty  s t r u c t u r e  can be designed and c o n t r o l l e d  by working i n  t h e  
l abo ra to ry  w i t h  s.ynthet ic rocks prepared by s i n t e r i n g .  S i n t e r i n g  para1 l e l s ,  
i n  many important  respects a t  l eas t ,  diagenesis o f  sedimentary rocks. The 
s i z e  and shape d i s t r i b u t i o n s  o f  the  s t a r t i n g  powders and the  degree of s i n t e r -  
i n g  a re  the main c o n t r o l  parameters. Copper powders o f f e r  several  advantages, 
one o f  which i s  the  ready a v a i l a b i l i t y  o f  p a r t i c l e s  o f  d i f f e r e n t  s izes  and 
shapes. Pore-wall roughness can a l so  be managed through the  s i n t e r i n g  process. 

Pore topology and m a t r i x  topology are  d i r e c t l y .  i n t e r r e l a t e d ;  indeed they 
share the  same genus, so t h a t  on l y  the  genus per  u n i t  volume o f  the  pore space 



o r  o f  t h e  s o l i d  m a t r i x  need be measured. Moreover, t he re  i s  a c lose  r e l a t i o n -  
s h i p  between t h i s  genus and i n t e g r a l  Gaussian curvature,  a measure o f  t he  to -  
t a l  curva ture  of t he  pore surface which separates pore space from s o l i d  ma- 
t r i x .  

The topology i s  i n h e r e n t l y  three-dimensional and t o  measure i t  requ i res  
thorough examinat ion of s e r i a l  sec t ions  through samples, o r  o the r  means of 
surveying three-d imensional ly  t he  rock. Measurement methods a re  a v a i l a b l e  i n  
t h e  science o f  s tereology.  Mathematical methods a re  a t  hand f o r  reducing the 
measurements, i n  p a r t i c u l a r  through use o f  inc idence mat r ices  and t h e i r  equi-  
va len ts .  Geometrical and composit ional data can e f f i c i e n t l y  be gathered and 
reduced a t  t he  same time. There i s  g rea t  need f o r  development o f  app rop r ia te l y  
automated, computer-based image ana lys i s  o f  s e r i a l  sect ions,  i n  combi natSbn 
w i t h  f r a c t u r e  surfaces, f o r  the  eva lua t i on  o f  average morphological parameters, 
t h e i r  d i s t r i b u t i o n s  and c o r r e l a t i o n s .  

That  the  approach i s  f e a s i b l e  f o r  smal l  samples even w i thou t  computer- 
i z e d  f a c i  1 i t i e s  i s  demonstrated i n  t he  present  work. The techniques employed 
appear t o  be as app l i cab le  t o  r e s e r v o i r  rocks as they a re  t o  the  syn the t i c  
rocks ac tua l  ly used. 

To a r r i v e  a t  basic ,  u n i f i e d  understanding o f  f l u i d  d i s t r i b u t i o n s  and 
f l ows  i n  r e s e r v o i r  rocks and o the r  porous media appears t o  r e q u i r e  d e t a i l e d  
study of pore-space morphology and pore- leve l  physics i n  concer t  w i t h  perco- 
l a t i o n  theory  and associated s t a t i s t i c a l  means o f  r e l a t i n g  macroscopic pro- 
p e r t i e s ,  such as r e s i d u a l  sa tura t ions ,  t o  t he  d i s t r i b u t i o n s  o f  microscopic 
fea tures .  
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X. PERCOLATI ON THEORY OF TWO-PtiASE RELATIVE PEgI4EABILITY 

I n t r o d u c t i o n  

The concur ren t ,  s low f l ow  of two immisc ib l e  f l u i d s  such as o i l  and water  
th rough  a  porous medium can be descr ibed  by  ex tend ing  Darcy 's  law t o  app l y  t o  
each f l u i d  (1,2,3). Tha t  i s ,  t h e  vo lume t r i c  f l u x  o f  each phase i s  p r o p o r t i o n a l  
t o  t h e  g r a d i e n t  o f  mechanical  p o t e n t i a l  (p ressure  g r a d i e n t  and body fo rce  f i e l d )  
a c t i n g  on t h a t  phase and i s  i n v e r s e l y  p r o p o r t i o n a l  t o  i t s  v i s c o s i t y .  The coef- 
f i c i e n t  o f  p r o p o r t i o n a l i t y  i s  t h e  Darcy p e r m e a b i l i t y  t o  t h a t  phase, a  p r o p e r t y  
hav ing  t h e  dimension o f  area. I t  i s  u s u a l l y  expressed as t h e  p roduc t  o f  a  dimen- 
s i o n l e s s  r e l a t i v e  p e r m e a b i l i t y  and t h e  abso lu te  Darcy p e r m e a b i l i t y  k  o f  t h e  medium 
t o  f low when j u s t  orit! r l u i d  f i l l s  t h c  porespace o f  t.he medium. Thus t h e  r e l a t i v e  
p e r m e a b i l i t y  t o  phase j i s  g i v e n  by t h e  f a m i l i a r  fo rmu la :  

T h i s  d e f i n i t i o n  seems t o  account  f o r  t h e  f l u i d  v i s c o s i t y  i n  'j and t h e  porespace 
i n  k, so t h a t  t h e  re la t ieve  p e r m e a b i l i t y  m igh t  depend s o l e l y  on t he  d i v i s i o n  o f  t h e  
po re  volume between t h e  two f l u i d s ,  i . e .  on t h e i r  s a t u r a t i o n s  S j  - which must 
sum t o  u n i t y ,  so t h a t  o n l y  one o f  t h e  t w o , i s  independent. The s i t u a t i o n  i s  much 
more compl i ca ted  i n  r e a l  i t y .  

Measured r e l a t i v e  p e r m e a b i l i t i e s  a r e  found t o  depend on t h e  s a t u r a t i o n  h i s -  
t o r i e s  as w e l l  as  t h e  s a t u r a t i o n s  of t h e  f l u i d s  (4,5), on t h e  porespace morphol- 

- ogy ( 6 ) ,  on t h e  w e t t i n g  c h a r a c t e r i s t i c s  o f  t h e  f l u i d s  (7,8), on t h e  r a t i o  o f  
f l u i d  v i s c o s i t i e s  (9,10), and on t h e  c a p i l l a r y  number o f  f l o w  (11, lZ) .  The 

- c a p i l l a r y  number i n d i c a t e s  t h e  r e l a t i v e  impor tance o f  v i scous  stress.es exe r ted  by  
t h e  f l u i d s  and t h e  c a p i l l a r y  pressures developed i n  i n t e r f a c e s  between them a t  
t h e  pore  l e v e l .  (Moreover, t h e  r e l a t i v e  p e r m e a b i l i t y  t o  a  phase t y p i c a l l y  becomes 
sma l l  o r  a1 t oge the r  n e g l i g i b l e  when i t s  s a t u r a t i o n  f a 1  1  s  below a  va lue  t h a t  i s  
d i s t i n c t l y  above zero  ( 1 3 ) ) .  Fu r t he r  d e t a i l s  were reviewed by Larson e t  aZ. (14, 
15,16). Whi le r a t i o n a l e s  have been advanced f o r  some o f  t h i s  b e w i l d e r i n g  v a r i e t y  
of  f ac to r s ,  t h e r e  has been no sound t heo ry  o f  r e l a t i v e  pe rmeab i l i t y ,  and q u a n t i -  
t a t i v e  d e s c r i p t i o n  o f  mu1 t i phase f l o w  th rough permeable medi a  has r e s t e d  on expe r i  
ment a1 one. 

Bu t  unders tand ing  i s  i n c r e a s i n g  o f  t h e  u n d e r l y i n g  phys i ca l  mechanisms and 
t h e  r o l e s  of  porespace geometry and t opo logy  (17-26), and a  q u a l i t a t i v e  p i c t u r e  
has emerged. Each f l o w i n g  phase occupies i t s  own s e t  o f  channels,  i .e. a  con- 
t i n u o u s  connected subspace o f  t h e  porespace, and I n  s teady two-phase f l o w  t h e r e  
i s  no movement of  t h e  f l u i d  i n t e r f a c e s  between t h e  f l o w i n g  phases ( a p a r t  f rom 
e m u l s i f i e d  d r o p l e t s  o f  one i n  t h e  o the r ,  which a r e  n o t  cons idered here) .  I f  one 
phase, say water,  s t r o n g l y  wets t h e  porewa l l s ,  then  t h e  s e t  o f  channels occupied 
by  t h e  nonwet t i  ng phase, say o i  1, c o n s i s t s  o f  sampl e-spanni ng c l u s t e r s  o f  pores 
t h a t  a r e  f i l l e d  by t h a t  phase, a p a r t  f rom t h i n - f i l m  s t a t e s  o f  low, h y d r a u l i c  con- 
d u c t i v i t y  and v i r t u a l l y  i s o l a t e d  pendular  bodies o f  t h e  w e t t i n g  phase. If the 
two phases l o c a l l y  e x e r t  n e g l i g i b l e  shear s t r e s s  on each o the r ,  t hen  accord ing  
t o  t h e  equat ions  o f  l o c a l  mot ion  w i t h i n  t h e  porespace, i . e .  t h e  S tokes- f low 
system o f  equat ions,  t h e  r e l a t i v e  p e r m e a b i l i t y  o f  a  phase depends s o l e l y  on t h e  
way i t  i s  d i s t r i b u t e d  w i t h i n  t h e  porespace. The way a  phase i s  d i s t r i b u t e d  i s  



c o n t r o l l e d  by t h e  i n t e r p l a y  of porespace morphology, t h e  c a p i l l a r y  and normal 
viscous s t resses  on i t s  f l u i d  i n t e r f a c e s ,  t h e  shapes those i n t e r f a c e s  take  on 
w i t h i n  the  pores, and the  s t a b i l i t y  o f  t h e  shapes. The shapes a c t u a l l y  taken 
on by t h e  i n te r faces  depend on t h e  p ropo r t i on  o f  porespace occupied by t h e  phase 
and t h e  way t h a t  p ropo r t i on  was reached, i .e .  s a t u r a t i o n  and s a t u r a t i o n  h i s t o r y ;  
t h e  reason h i s t o r y  en ters  i s  t h a t  t he re  are.  mu1 t i p l e  shapes t h a t  s a t i s f y  t h e  de- 
mands'of t he  .Stokes-flow system - which i s  made nqn- l inear  by t h e  f r e e  i n t e r -  
faces (25,26). The shapes a l s o  depend on. t h e  w e t t a b i l i t y  o f  t h e  porewal ls,  which 
c o n t r o l s  t h e  apparent con tac t  angle wherever an i n t e r f a c e  encroaches on porewal l  
(27,28). The r e l a t i v e  importance o f  c a p i l l a r y  and normal v iscous st resses i n  
l o c a t i n g  i n t e r f a c e s  depends on t h e  c a p i l l a r y  number. And i f  t h e  two phases 
e x e r t  apprec iab le  shear s t r e s s  on each o ther ,  then  t h e  r a t i o  o f  t h e i r  v i s c o s i t i e s  
must a l s o  a f f e c t  t h e i r  r e l a t i v e  permeabil i t i e s  (29,9). 

Most impor tan t  t o  t he  way a  phase i s  d i s t r i b u t e d  i n  t he  porespace i s  t h e  
morphology o f  t h a t  porespace. However h i g h l y  i r r e g u l a r  i t  i s ,  i t s  c o n n e c t i v i t y ,  
o r  topology can be represented by a  network and i t s  geometry can be represented 
t o  a  f i r s t  approx imat ion by reco rd ing  a long t h e  network t he  rad ius  o f  t h e  l a r g e s t  
sphere t h a t  can be l o c a l l y  i n s c r i b e d  w i t h i n  t h e  porespace. Fu r the r  approximations 
can a l s o  be recorded a long t h e  network, as f o r  ins tance the  l o c a l  res i s tance  t o  

. f low through t h e  porespace. Pore bodies and pore t h r o a t s  can be de f i ned  i n  terms 

. of app rop r i a te  maxima and minima o f  la rges t - inscr ibed-sphere- rad ius .  A l l  o f  t he  
volume o f  a  pore body can be assigned t o  t he  corresponding network node; a l t e r -  
n a t i v e l y  i t  can be appor t ioned among t h e  network branches, which represent  t h r o a t s .  
Elementary branch p o i n t s  w i t h i n  a  pore body can be fused i n t o  network nodes o f  
coo rd ina t i on  g rea te r  than th ree .  A l l  o f  t h i s  has been worked o u t  i n  d e t a i l  (26, 
30). Thus i n  p r i n c i p l e  any porous medium can be reduced t o  a  t o p o l o g i c a l l y  

, equ iva len t  network and t o  p rope r t i es  assigned t o  nodes and branches o f  t h a t  ne t -  
work. For sedimentary rocks and most o t h e r  porous media t h e  coo rd ina t i on  numbers 
and dimensional p rope r t i es  w i l l  obv ious ly  be q u i t e  c h a o t i c a l l y  d i s t r i b u t e d  - 

I . indeed, v i r t u a l  l y  randomly d i s t r i b u t e d .  

The i n t u i t i v e  idea o f  porespace as a  network l e d  F a t t  (31) and o the rs  (32, 
33,34) t o  model two-phase channel f l o w  through a  porous medium by ( i )  choosing a  
regu la r l y - coo rd ina ted  network o f  f i n i t e  s ize ,  ( i  i ) ass ign ing  pore r a d i i  t o  nodes 
and bonds accord ing t o  some hypothesis  about t h e  d i s t r i b u t i o n  o f  pore s i z e  and 
shape, ( i i i )  d i s t r i b u t i n g  two phases t o  a  g iven  s a t u r a t i o n  l e v e l  accord ing t o  
pos tu la ted  mechanisms by which one phase would have d i sp laced  the  o ther ,  ( i v )  c a l -  
c u l a t i n g  f low r a t e  through t h e  channel network occupied by each phase, g iven  a  
pressure o r  mechanical potent.fia1 d i f f e r e n c e  imposed across t h e  o v e r a l l  network, 
and ( v )  eva lua t i ng  t h e  r e l a t i v e  pe rmeab i l i t y  f rom Equat ion (1 ) .  Th i s  whole pro-  
cedure can be repeated f a r  equ i va len t  assignments o f  pore r a d i i  and d i s t r i b u t i o n s  
o f  phases and s t a t i s t i c s  o f  r e l a t i v e  p e r m e a b i l i t y  can be compiled. Th is  amounts 
t o  t he  Monte Car lo  s t ra tegy ,  and i t  need n o t  be r e s t r i c t e d  t o  regu la r l y - coo rd ina ted  
networks (35,36). 

There i s  another approach t h a t  leads more d i r e c t l y  t o  accurate est imates o f  
r e l a t i v e  permeabi 1  i ty, though i t  s a c r i f i c e s  e f f e c t s  o f  spa t i a l ,  r e l a t i o n s h i p s  
among p a r t s  o f  t h e  porespace. Th i s  approach employs t h e  d i s t r i b u t i o n s  o f  r e l e -  
vant  f ea tu res  o f  pore morphology ( i  . e. no s p a t i a l  c o r r e l  a t i o n s )  , s t i  11 i nco rpo r -  
a tes t h e  mechanisms by which t h e  phases compete . f o r  porespace, and re1  i e s  on per- 
c o l a t i o n  theory.  A s t a t i s t i c a l  approach, I t s  per t inence t o  r e l z t i v e  pe rmeab i l i t y  
was explored by Larson (15) b u t  a1 1  o f  the  needed i ng red ien ts  were n o t  c l e a r  a t  



t h a t  t ime. I t  was, however, successful  i n  exp la in ing  the  d i s t r i b u t i o n  o f  non- 
w e t t i n g  phase i n  porous media (14,15,37,38) and i n  accounting f o r  c a p i l l a r y  
pressures measured when mercury i s  i n j e c t e d  and r e t r a c t e d  from porespace (39) .  
I n  t h i s  paper p e r c o l a t i o n  theory  i s  brought f u l l y  t o  bear on r e l a t i v e  permeab i l i t y .  

I n  t h i s  work we in t roduce  a  d isordered bond network as a  model o f  porespace: 
a l l  germane pore p r o p e r t i e s  a r e  assigned t o  bonds which a re  thereby e levated from 
t h r o a t  cross-sect ions (30) t o  who1 e  pore-segments between branch po in t s .  We a1 so 
i n t roduce  t h e  f r a c t i o n  o f  bonds o r  throat-segments a l l owed  t o  a  g iven phase, the  
accessi b i l  i t y  f u n c t i o n  t h a t  descr ibes what f r a c t i o n  o f  a1 lowed bonds a re  a c t u a l l y  
access ib le  and t h e r e f o r e  occupied by an invad ing  phase, and t h e  c o n d u c t i v i t y  func- 
t i on t h a t  descr ibes t h e  d i s t r i b u t i o n  o f  s l  ow-flow hydraul i c  conductances o f  the  
bonds o r  throat-segments. 

I n  t h e  basis  o f  phys ica l  arguments we adopt t h r o a t  r a d i i  as the  t h r o a t -  
segment occupancy cr*'i Lev id  f o r  dra,ir~age and i m b i b i t i o n  when one o f  t he  phases 
s t r o n g l y  wets t h e  pore wa l l s .  From the  occupancy c r i t e r i a  we de r i ve  general 
formulas f o r  t h e  s a t u r a t i  on-dependent drainage and i.mbi b i  t i  on re1  a t i  ve permeabi 1  - 
i t i e s  o f  t h e  two f l u i d s .  

For t h e  purpose o f  i l l u s t r a t i n g  the  general formulas we apply them n o t  t o  a 
d isordered bond network o f  porespace, bu t  r a t h e r  t o  a  d isordered bond t r e e ,  i . e .  
a  spec ia l  k i n d  o f  network t h a t  lacks  any reconnect ions. Though t h i s  s o r t  o f  
model would appear t o  be l e s s  appropr ia te  t o  porespace, i t  i s  remarkably success- 
f u l  i n  f i t t i n g  experimental  measurements o f  re1  a t i  ve permeabi 1  i t i e s  i n  r e s e r v o i r  
rocks. I t s  a t t r a c t i o n  i s  t h a t  a c c e s s i b i l i t y  and c o n d u c t i v i t y  f unc t i ons  can be 
de r i ved  a n a l y t i c a l l y  f o r  a  r e g u l a r l y  branching t ree ,  c a l l e d  a  Cayley o r  Bethe 
t ree .  We exp lore  the  s e n s i t i v i t y  o f  p r e d i c t i o n s  based on these func t i ons  t o  the  
c o o r d i n a t i o n  number o f  t he  t ree ,  t h e  t h r o a t  rad ius  d i s t r i b u t i o n  f u n c t i o n  and the  
throat-segment conductance and volume func t ions .  

I n  what f o l l ows  we f i n d  the Bethe t r e e  t o  h~ s ~ r r p r i s i n g l y  e f f e c t i v e  as  a 
model o f  porespace morphology and compare t r e e  p r e d i c t i o n  o f  r e l a t i v e  permeabil- 
i t y  w i t h  those obta ined by t h e  Monte Car lo method on a  s ix-coordinated,  th ree-  
dimensional network. We a l s o  d iscuss extending t h e  theory  t o  account f o r  two- 
phase r e l a t i v e  p e r m e a b i l i t i e s  i n  s i t u a t i o n s  o the r  than where one phase i s  
s t r o n g l y  wet t ing ,  as i n  regimes of in te rmed ia te  o r  mixed w e t t a b i l i t y .  Also men- 
t i o n e d  a re  extensions o f  t h e  theory t o  three-phase systems. 

I n  the  Appendix we g i v e  s u f f i c i e n t  d e t a i l  o f  t he  theory t h a t  o thers  wishing 
t o  app ly  i t  f o r  d i f f e r e n t  choices o f  coo rd ina t i on  number, pore- th roa t  rad ius  
d i s t r i b u t i o n  f u n c t i o n  and the  throat-segment conductance and volume funct ions can 
do so w i thou t  d i f f i c u l t y .  

Concepts From Perco la t i on  Theory 

Pe rco la t i on  theory, which was invented by Broadbent and Hammers1 ey (40) 
seeks by s t a t i s t i c a l  means t o  descr ibe t h e  morphology o f ,  and t r a n s p o r t  through, 
randomly d isordered media. As a c t u a l l y  developed the theory  p e r t a i n s  t o  network 
models t h a t  c o n s i s t  o f  branches, o r  bonds, o r  l i n k s ,  and nodes, o r  s i t e s ,  o r  
j unc t i ons .  O f  a l l  t h e  bonds and s i t e s  i n  a  network, those t h a t  a re  a c t u a l l y  
present  i n  a  s t a t e  under study, o r  a r e  p o t e n t i a l l y  a c t i v e  i n  a  process, a re  
termed al lowed. Pe rco la t i on  i s  de f ined as t h e  generat ion o f  a  cont inuous path 
o f  connectedness and thus t r a n s p o r t  through a  randomly a l lowed s e t  o f  bonds and 



s i t e s  o f  a  network. The s t r i c t  d e f i n i t i o n  r e f e r s  t o  a  continuous path  o f  
i n f i n f t e  extent ,  i .e, across an unbounded network. Among the  q u a n t i t i e s  .covered 
by p e r c o l a t i o n  theory  a r e  the  

(1)  a c c e s s i b i l i t y ,  measured by the  access ib le  o r  p e r c o l a t i o n  f r a c t i o n ,  
I t he  probable f r a c t i o n  of bonds o r  s i t e s  connected t o  such a  con- 

t inuous path, 

(2) effectiveness, measured by the backbone f rac t ion ,  the  probable 
f r a c t i o n  of s i t e s  o r  bonds a c t i v e  t o  t ranspor t ,  i . e .  t he  access ib le  
f r a c t i o n  minus i t s  dead ends, 

( 3 )  equ iva len t  c o n d u c t i v i t y ,  the conduct i  v i  ty o f  the  e n t i  r e  network 
when t h e  a l lowed bonds (and poss ib l y  a1 lowed s i t e s )  have d i s t r i b u t e d  
conductances, and 

(4)  percoZat ion  threshold,' the l a r g e s t  f r a c t i o n  o f  a1 lowed bonds o r  s i t e s  
below which the  accessib le f r a c t i o n  and equ iva len t  c o n d u c t i v i t y  
i s  zero. 

Perco la t ion  on regu la r  networks, and on t h e  s p e c i a l i z a t i o n s  known as t rees,  i s  
we l l  reviewed by Shante and K i r k p a t r i c k  (41), Essam (42), K i r k p a t r i c k  (43) and 
F r i sch  and Hammersley (44).  I t s  relevance t o  f l o w  i n  porous media i s  surveyed by 
Larson e t  aZ. (14). 

Reservoi r  rocks a r e  so chaot ic  i n  t h e i r  morphology t h a t  even i f  the  measure- 
ments t o  d e f i n e  the  equ iva len t  networks o f  rep resen ta t i ve  smal l  samples were 
feas ib le ,  Monte Car lo computations o f  f l u i d  d i s t r i b u t i o n s  and r e l a t i v e  permeabil- 
i t i e s  i n  those networks cou ld  be c o s t l y  ( t h e  issue i s  c u r r e n t l y  under i nves t i ga -  
t i o n ) .  An expedient approximation - and a  l o g i c a l  p re l im ina ry  i n  any case - 
i s  t o  approximate the  c h a o t i c a l l y  coord inated porespace o f  a  sedimentary rock by 
a  r e g u l a r  network o r  t r e e  o f  appropr ia te  un i fo rm coord ina t ion .  Th is  gross 
approximation o f  t h e  connec t i v i t y ,  o r  topology, i s  o n l y  h a l f  o f  t he  s t o r y :  the 
o the r  h a l f  i s  t he  geometry o f  t he  porespace ( 3 6 ) ,  which can be approximated by 
d i s t r i b u t i o n s  over t he  nodes and bonds o f  a  regu la r  network o r  t ree .  We employ 
such d i s t r i b u t i o n s  here. And f o r  simp1 i c i  t y ,  as mentioned i n  the  In t roduc t i on ,  
we assign a l l  d i s t r i b u t e d  p rope r t i es  o f  t he  porespace, i n , p a r t i c u l a r  pore volume 
and res i s tance  t o  f low,  t o  t he  bonds i n  t h e  network o r  t ree ,  which t h e r e f o r e  
become model s  o f  whole pore-segments between branch p o i n t s  o f  porespace (30).  
The nodes become e s s e n t i a l l y  zero-dimensional features w i t h  no r o l e  except as 
markers o f  branching. The nodes a r e  supposed t o  a l l o w  the  simultaneous passage 
o f  any number o f  phases, and a re  charac ter ized by the  e f f e c t i v e  coo rd ina t i on  num- 
ber  o f  t h e  porespace l o c a l l y .  

The approximating network o r  t ree ,  even i f  i t  i s  supposed t o  be unbounded i n  
extent ,  must have we l l -de f i ned  i n f l o w  and ou t f l ow  sur faces ( o r  ' i n j e c t i o n  and ex- 
t r a c t i o n  nodes) f o r  t h e  passage o f  f l u i d .  Por t ions  o f  networks and a  t r e e  s a t i s -  
f y i n g  these requirements a re  dep ic ted  i n  F igure  1  . 

O f  t he  bonds present  a  f r a c t i o n  may be a l lowed t o  occupancy by any f l u i d .  
Th is  rr ' -act ion corresponds t o  t h e  p o r o s i t y  o f  t he  rock, i n c l u d i n g  i t s  i s o l a t e d  
po ros i t y ,  which i s  i naccess ib le  and hence n o t  a c t i v e  t o  permeab i l i t y .  Hereaf te r  
by porespace we mean accessib le porespace. O f  t h a t  porespace, and the re fo re  o f  



Fig. l(A)-Network gsnerated 
from Voronoi 
tesselation.65 

B 

Fig. l(B)-Triangular network. 

Fig. l(C)-Bethe tree of local 
coordination number 
3. 

t h e  bonds of t h e  network representat ion,  an allowed fraction X may be assigned t o  
a d i s p l a c i n g  phase. Th is  f r a c t i o n  i s  c o n t r o l l e d  by t h e  physics o f  displacement, 
as described i n  t h e  next  sect ion.  Whether an a r b i t r a r i l y  chosen pore i s  occupied 
by t h a t  phase i s  cont ingent  on the  p r o b a b i l i t y  t h a t  i t  i s ,  o r  was, accessib le 
t o  t h a t  phase, i .e .  t h a t  i t  i s  bo th  a l lowed t o  the phase and i s  o r  has been con- 
nected t o  a cont inuous path o r  bond-c luster  o f  i n f i n i t e  ex tent  composed o r  ran- 
domly al lowed bonds occupied by t h e  phase. Such a path i s  bound t o  cross in f low 
and o u t f l o w  surfaces and so i s  c a l l e d  sample-spanning (14-16, 37-39); i n  the 
r e a l i t y  o f  a f i n i t e  porous medium any path t h a t  crosses both surfaces i s  i n f i n i t e  
so f a r  as phase a c c e s s i b i l i t y  i s  concerned. By Xa(X) we denote the  r e l a t i v e  f r e -  
quency o f  occurrence o f  accessib le bonds o f  t he  network o r  t ree ;  t h i s  i s  the  per- 
c o l a t i o n  f r a c t i o n ,  accessib le f r a c t i o n  (45) or,  as we s h a l l  c a l l  i t  herein, the  
a c c e s s l b i l l t y  funct ion,,  a standard concept i n  pe rco la t i on  theory. 

An a c c e s s i b i l i t y  func t ion  Xa(X) depends o n l y  on network coordinat ion,  o r  
topology, and t h e  f r a c t i o n  X o f  al lowed bonds when a l l  i s  random. Moreover, when 
t h e  f r a c t i o n  of a1 lowed bonds fa1 1s below a c r i t i c a l  value Xc, termed the  bond 
p e r c o l a t i  on threshold,  t h e  a1 lowed bonds e x i s t  e x c l u s i v e l y  as i s o l a t e d  c l  usters 
of f i n i t e  ex ten t  and correspond t o  h y d r a u l i c a l l y  i so la ted ,  s t a t i o n a r y  phase. A t  
and above t h e  p e r c o l a t i o n  threshold, a. c l u s t e r  o f  i n d e f i n i t e l y  g reat  ex tent  ' . 

appears, so t h a t  t h e  p r o b a b i l i t y  t h a t  any g iven al lowed bond i s  p a r t  o f  an i n -  
f i n i  t e  c l  u s t e r  approaches u n i t y .  Thus 

( 0 ,  x < x _  



Der i v ing  a c c e s s i b i l  i ty func t i ons  xa(x )  and the  associated p e r c o l a t i o n  th resho lds  
Xc i s  a bas ic  task o f  pe rco la t i on  theory.  I n  Sect ion 4  we make use o f  r e s u l t s  
f o r  c e r t a i n  t rees.  

The volumes o f  i n d i v i d u a l  pore segments o r  bonds a re  among the  geometric 
q u a n t i t i e s  t h a t  cha rac te r i ze  porespace. However, these geometric q u a n t i t i e s  may 
c o r r e l a t e  s t r o n g l y  enough w i t h  t h r o a t  rad ius  and segment l e n g t h  t h a t  they can be 
represented as a  f u n c t i o n  o f  t he  l a t t e r ,  o r  a  more general s e t  o f  pore parameters 
S; then t h e  d i s t r i b u t i o n  o f  volumes V i s  s imply r e l a t e d  t o  t h e  d i s t r i b u t i o n  o f  - 
the parameters S. I n  two-phase f l ow  o f  the  s o r t  contemplated here each phase 
occupies i t s  own s e t  o f  pore segments, a l l  o f  which e i t h e r  a re  connected o r  were 
connected a t  an e a r l i e r  stage o f  occupancy. Those t h a t  a r e  connected a r e  t h e  
c l u s t e r s  o f  access ib le  bonds, and those t h a t  a r e  n o t  a re  the  i s o l a t e d  c l u s t e r s ,  
i n  the  language o f  p e r c o l a t i o n  theory. The t o t a l  volume occupied by a  phase i s  
s imply t h e  sum over  t h e  segments i n  which t h a t  phase res ides;  i f  t h e  d i s t r i b u t i o n s  
o f  occupied segments i n  both accessib le and i s o l a t e d  c l u s t e r s  can be i d e n t i f i e d ,  
t he  summation can be converted t o  an i n t e g r a t i o n  over  geometr ical  parameters - S, 
as i s  done i n  t h e  nex t  sec t ion .  

The s.low-flow volumetr ic  f l o w r a t e  q through an i n d i v i d u a l  pore-segment o r  
bond i s ,  according t o  t h e  theory o f  Stokes f l o w  (46), d i r e c t l y  p ropo r t i ona l  t o  
the  d i f f e r e n c e  i n  pressure ~p  between adjacent  branch po in t s  o r  nodes ( a p a r t  
from streamwise normal viscous st ress,  which necessa r i l y  vanishes somewhere i n  
the  v i c i n i t y  o f  each branch p o i n t  and . i s  no t  considered here).  I t  i s  a l so  
i n v e r s e l y  p ropo r t i ona l  t o  t he  v i s c o s i t y  p. o f  the f l ow ing  phase. The p ropo r t i on -  
a l  i ty i s  a  conductance g  t h a t  depends on {he shape and s i z e  o f  the  pore-segment. 
I f  both phases were t o  occupy s i g n i f i c a n t  p o r t i o n s  o f  the  same pores g  would 
a l so  depend on the  v i s c o s i t y  r a t i o ,  a  p o s s i b i l i t y  t h a t  i s  n o t  pursued here. Thus 
f o r  an i n d i v i d u a l  pore-segment o r  bond, 

Now c e r t a i n  geometric aspects o f  the  pore-segments a re  germane t o  r e l a t i v e  
permeab i l i t y .  If these aspects. a re  charac ter ized by a  s e t  o f  d i s t r i b u t e d  param- 
e te rs  5, then the  d i s t r i b u t i o n  o f  pore- th roa t  conductances can be described by 
the  p r o b a b i l i t y  G(g(S)) dg t h a t  a  pore-segment charac ter ized by S has conduc- 
tance between g  and g+dg. I n  f a c t  the absolute pe rmeab i l i t y  o f  tEe porespace i s  
p ropo r t i ona l  t o  t he  hyd rau l i c  conductance'of the  approximating network o r  t r e e  
w i t h  the  bonds randomly assigned conductances according t o  G(g(S)) . A1 t e r n a t i v e l y ,  
i n  two-phase f low,  the  pe rmeab i l i t y  o f  the  s e t  o f ,  pore-segments occupied by a  
phase comes o n l y  from those i n  accessib le c l u s t e r s  ( i n  f a c t ,  o n l y  f rom those i n  
the  backbones o f  such c lus te rs ,  because dead ends a r e  i n a c t i v e  i n  f l o w ) .  That 
pe rmeab i l i t y  i s  p ropo r t i ona l  t o  t he  hyd rau l i c  conductance o f  t h e  connected c lus-  
t e rs ;  a l l  o the r  bonds on the  network o r  t r e e  are  assigned a conductance o f  zero. 
Th i s  i s  a  s i m n l i f i c a t i o n  t h a t  i s  poss ib le  because we presume t h a t  the  s i t e s  o f  
t he  network o r  t r e e  are  ab le  t o  pass more than one f l u i d ~ s i m u l t a n e o u s l y .  We i g -  
nore the  ef fects o f  two-phase c ross f low a t  t h e  nodes. The corresponding random 
d i s t r i b u t i o n  of bond conductances on the  ent i re  network o r  t r e e  i s  

a ( g )  i s  t h e  Dirac d e l t a  func t ion ,  which i s  zero  i f  g # 0 and has u n i t  arca. I n  
t he  case t h a t  phase j i s  the  d i sp lac ing  phase, X j  and G . (g(S))  are, respec t i ve l y ,  J - 
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t h e  a l lowed f r a c t i o n  o f  bonds f o r  t h a t  phase and t h e  probabi,lity d i s t r i b u t i o n  
o f  t h e  conductances o f  these bonds. The a1 lowed f r a c t i o n  X . a,ppears i n  Equa- 
t i o n  (4)  even though t h e  d i s p l a c i n g  phase does n o t  occupy a l l  o f  t he  a1 lowed 
bonds: t h e  reason i s  t h a t  the  d i s p l a c i n g  phase i s  supposed t o  occupy a l l  acces- 
s i b l e  bonds. A l t e r n a t i v e l y ,  i n  t he  case t h a t  phase j i s  the  d isp laced phase, 
and can be taken t o  be d isconnect ing randomly, x * and Gj (g(S))  are, respec- 
t i v e l y ,  t h e  f r a c t i o n  o f  bonds occupied by t h a t  p iase and the-corresponding prob- 
a b i . l i t y  d i s t r i b u t i o n  o f  t h e  conductances o f  those bonds. G.(g(S)) i s  an example 
of what we s h a l l  c a l l  a  phase-conduct iv i ty  func t ion .  The sjngle-phase conduc- 
t i v i t y  func t ion  G(g(5)) i s  o f  course a  l i m i t i n g  case o f  G j .  

To de r i ve  mathemat ica l l y  t he  conduc t i v i t y ,  and hence the  permeab i l i t y ,  o f  
a  phase from a  phase-conduct iv i ty  f u n c t i o n  i s  a  formidable problem. The o n l y  
a v a i l a b l e  s o l u t i o n s  a r e  f o r  Cayley o r  Bethe t rees ,  .and these a r e  employed i n  
what fo l lows.  Bu.t even wi-thout a  s o l u t i o n  one fea tu re  i s  p l a i n :  i f  the re  i's no 
sample-spanning c l u s t e r  of bonds occupied by . . .  a  g iven phase, i .e. i f  X'! c xcl,  the  
p e r m e a b i l i t y  of t h a t  phase i s  zero. 3 .  

The equ iva len t  c o n d u c t i v i t y  o f  an approximating network o r  t r e e  having a  
random d i s t r i b u t i o n  o f  bond conductances o f  t h e  form Gj(g(S)) i s  p ropo r t i ona l  t o  
t h e  pe rmeab i l i t y  o f  t h e  phase. The p r o p o r t i o n a l i t y  constaFt depends on l y  on the  
s t r u c t u r e  and n o t  on t h e  occupancy o f  t he  approximating network o r  t ree .  Hence 
i t s  va lue i s  i r r e l e v a n t  t o  reZative permeabi 9 i t i e s ,  which are  determined tjy equ lv  
a l e n t  c o n d u c t i v i t y  r a t i o s .  

S t a t i s t i c a l  Theory o f  R e l a t i v e  Permeab i l i t y  

From here on we r e s t r i c t  cons idera t ion  t o  a  p a i r  o f  incompressib le Newtonian 
f l u i d s ,  one o f  which s t r o n g l y  wets t h e  pore sur faces and the re fo re  always coats 
them if o n l y  as a  t h i n - f i l m  o f  n e g l i g i b l e  h y d r a u l i c  conduciance (47) .  We suppose 
t h a t  f l u i d  displacements a r e  a t ' l o w  enough c a p i l l a r y  numbers t h a t  the  compet i t ion 
between l o c a l  mechanical p o t e n t i a l  g rad ien t  and c a p i l l a r y  fo rces  together  w i t h  
pore-shape-control l e d  i n t e r f a c e  i ns tab i  1  i t i e s  govern the  d i s t r i b u t i o n  o f  t h e  two 
phases i n  the porespace. Thus as wetting-phase s a t u r a t i o n  f a l l s ,  which i s  o f t e n  
c a l l e d  "drainage," we have the  nonwett ing phase occupying f i r s t  those pore- 
segments t h a t  have t h e  w ides t  t h r o a t s  and a r e  on t h e v e r g e  o f  a c c e s s i b i l i t y .  And 
s i m i l a r l y  as wett ing-phase s a t u r a t i o n  r i s e s ,  which i s  o f t e n  c a l l e d  " imb ib i t ion , "  
we have t h e  w e t t i n g  phase occupying f i r s t  those pore-segments t h a t  have the  nar- 
rowest t h r o a t s  (25). Notwi thstanding the  u b i q u i t y  o f  t h i n - f i l m s  o f  w e t t i n g  
f l u i d  we suppose t h a t  each throat-segment, o r  bond, i s  f i l  l e d  w i t h  one phase. o r  
t h e  other ,  a t  l e a s t .  so f a r  as r e l a t i v e  pe rmeab i l i t y  and s a t u r a t i o n  are concerned. 

The independent geometric parameters cha rac te r i z i ng  the  c o n f i g u r a t i o n  of 
pore-segments we t a k e . t o  be one: t h r o a t  rad ius  r. It measures t h e  maximum mag- 
n i t u d e  o f  c a p i l l a r y  pressure o f  a  head meniscus passing through the  th roa t ,  and 
i t  r e l a t e s  d i r e c t l y  t o  the  c a p i l l a r y  pressure respons ib le  f o r  t h r o a t  takeover by 
w e t t i n g  phase through c o l l a r  growth and choke-off  (25).  Parametr iz ing porespace 
so s imply not  o n l y  enables us t o  l a y  o u t  t he  theory, b u t  a l so  leads t o  accurate 
c o r r e l a t i o n s  o f  r e l a t i v e  pe rmeab i l i t y  data, as descr ibed i n  what f o l l ows .  More- 
over, t he  ' theory can be systemat ica l  l y .  enlarged' t o  account f o r  a d d i t i o n a l  param- 
e t e r s  should they  prove necessary and measurements o f  them become ava i l ab le .  
Throat- radius parametr izat i 'ons have been cotnrnon i n  the  l i t e r a t u r e  s ince  F a t t ' s  
p ioneer ing  work (31). 



Geometrical d i so rde r  we incorpora te  i n  a normal'ized d i s t r i b u t i o n  f u n c t i o n  
a ( r )  o f  t h r o a t  r a d i i  over  bonds o f  t h e  network chosen t o  approximate the  t o p o l -  
ogy o f  porespace. Throat-segment volume'v and conductance g we ' ideal ize as being 
p e r f e c t l y  c o r r e l a t e d  w i t h  th roa t " rad ius ,  i .e. 

a V . E  V( r )  and 9 g ( r )  , .. (5) 

Thus t h e  probebi 1 i ty  d i s t r i b u t i o n  f u n c t i o n  f o r  pore- th roa t  segment h y d r i u l  i c 
conductances i s  

Here, G(g( r ) )  i s  t h e  p rev ious l y  described single-phase c o n d u c t i v i t y  f unc t i on .  The 
absolute pe rmeab i l i t y  o f  t h e  porespace i s  p ropo r t i ona l  t o  t h e  equ iva len t  conduc- 
t i v i t y  o f  t h e  approximating network o r  t r e e  w i t h  a random d i s t r i b u t i o n  of 'bond 
conductances g iven ,by Equation (6) .  The theo ry ' can  be sys temat i ca l l y  enlarged t o  
incorpora te  pore volume and conductance d i s t r i b u t i o n s  depending on several pore 
parameters - S ,  though a t  considerable cos t  i n  complexity.  

Dra i  nage Re1 a t i  ve Permeabi 1 i ti es 

cons i s ten t l y  w i t h  t h e  t y p i c a l  experimental  procedure (48,49) f o r  measuring 
r e l a t i v e  permeabi li t i e s  as w e t t i n g  f l u i d  w i s  inc rementa l l y  d isp laced by non- 
we t t i ng  f l u i d  n, we consider  t h e  range o f  sa tu ra t i ons  from porespace t o t a l l y  
occupied by w e t t i n g  phase down t o  t h e  f r a c t i o n a l  f i l l i n g  a t  which w e t t i n g  f l u i d  
loses  i t s  hyd rau l i c  c o n n e c t i v i t y  across the  sample, i .e. the  " i r r e d u c i b l e "  wet- 
t i n g  phase s a t u r a t i o n  (which i s  a c t u a l l y  s low ly  reduc ib le  owing t o  t h e  s l i g h t  
f l o w  c o n d u c t i v i t y  o f  t he  p e r s i s t e n t  t h i n - f i l m  s t a t e s  on the  pore wa l l s ,  b u t  t h i s  
c o n d u c t i v i t y  can be regarded as n o t  hydraul i c)  . 

As the  key parameter o f  stage o f  displacement we have t h e  c a p i l l a r y  pressure 
between the  f l ow ing  f l u i d s ,  which t r a n s l a t e s  i n t o  the  minimum t h r o a t  rad ius  r d  
through which. head menisci  can penetrate, and nonwett ing f l u i d  thereby, d isp lace 
w e t t i n g  T l u i d  (25).  As a s tand- in  f o r  c a p i l l a r y  pressure we adopt rd as the  
throat-segment o r  bond' occupancy c r i t e r i o n  ( t h e  i n t i m a t e  1 i n k  between c a p i l l a r y  
pressure and r e l a t i v e  pe rmeab i l i t y  w i l l  be developed i n  another paper - Heiba 
et aZ. t o  be publ ished) .  A g iven stage o f  dra inage i s  parametr ized by a p a r t i c u -  
l a r  value o f  rd:  a t  t h a t  stage a l l  throat-segments o f  Zmger rad ius  are  a l l ow-  
ab le  t o  nonwett ing phase, b u t  t h a t  pha,se w i l l  have entered o n l y  those t h a t  a re  
accessib le.  The f r a c t i o n  o f  throat-segments o r  bonds t h a t  I s  al lowed i s  

w 

wh i le  t h a t  a c t u a l l y  occupied by the  nonwett ing phase du r ing  drainage i s  

where. Xa(  ) i s  t he  a c c e s s i b i l i t y  f u n c t i o n  o f ,  t h e  approximating network o r  t r e e .  

(307) 



As descr ibed a t  Equation (4 ) ,  the  nonwett ing phase drainage c o n d u c t i v i t y  
f u n c t i o n  G d ( g ( r ) )  corresponds t o  t h a t  random d i s t r i b u t i o n  of bond conduct iv-  
i t i e s  w h i c f i ' ~  s  g o t t e n  by ass ign ing  a  conductance o f  zero t o  a1 1  bonds t h a t  are 
n o t  a l lowed t o  occupancy by the  d i s p l a c i n g  nonwett ing phase. That i s ,  zero con- 
ductance i s  assigned t o  t h r o a t s  of rad ius  l e s s  than rd. Thus 

where G o Y d ( g ( r ) )  dg i s  t h e  p r o b a b i l i t y  t h a t  a  bond al lowed t o  occupancy by the 
nonwet t ing phase has conductance between g  and g+dg. I n  t h i s  case the  al lowed 
c o n d i t i o n a l  conductance probabi 1  i ty  i s  

where a n Y d ( r )  d r  i s  the' p r o b a b i l i t y  t h a t  a  bond a l lowed t o  occupancy by nonwett ing 
f l u i d  du r ing  dra inage has rad ius  between r and r+dr.  Because the  nonwett ing 
phase i s  a l lowed t o  a l l  bonds w i t h  rad ius  greater  than rd, 

The r e l a t i v e  pe rmeab i l i t y  o f  t h e  nonwet t ing phase du r ing  drai,nage k i s  t he  
equ iva len t  c o n d u c t i v i t y  o f  t he  approximating network o r  t r e e  w i t h  tk@ 'gandom d i  s- 
t r i b u t i o n  o r  bond conductances g iven by Equation (9) ,  d i v i d e d  by the 'equ iva len t  
c o n d u c t i v i t y  o f  t he  network o r  t r e e  having the  random d i s t r i b u t i o n  o f  bond con- 
ductances g iven by Equation ( 6 ) .  

As t h e  nonwetting. f l u i d  invades t o  h igher  sa tu ra t i on ,  the  c a p i l l a r y  pressure 
between the  phases cl imbs, t h e  head menisci  penetrate smal le r  th roa ts ,  and the  
w e t t i n g  phase l oses  porespace. It a lso  loses  in terconnect ions. '  Because t h r o a t s  
of  a l l  s i z e s  a r e  supposed t o  be randomly d i s t r i b u t e d  i n  space, t h e  remaining 
w e t t i n g  phase presumably occupies randomly' placed bonds t h a t  c o n s t i t u t e  the  
f r a c t i o n  X , d  1 - Xn,d. As described a t  Equation (4) ,  t he  phase c o n d u c t i v i t y  
f u n c t i o n  o r  t he  d isp laced w e t t i n g  phase d u r i n g  drainage Gw,d(g(r)) corresponds 
t o  t h e  random d i s t r i b u t i o n  o f  bond conductances obta ined by ass ign ing  a  conduc- 
t i v i t y  o f  zero t o  a l l  bonds n o t  occupied by t h e  w e t t i n g  phase. Thus . 

where G  ( g ( r ) )  dg i s  t h e '  probabi 1 i t y  t h a t  a  bond con ta in ing  we t t i ng  phase has 
conduct!.de between g  and g+dg. Th i s  occupancy-condi t i o n a l  conductance probabi 1  - 
i t y  Gw,d(g(r)) g iven by  



where 

i s  t he  p r o b a b i l i t y  t h a t  a  bond con ta in ing  we t t i ng  phase d u r i n g  drainage have 
rad ius  between r and r+dr. The r e l a t i v e  pe rmeab i l i t y  o f  t h e  we t t i ng  phase du r ing  
drainage krw,d i s  t h e  equivalent.conductance o f  t he  approximating network o r  t r e e  
having t h e  random d i s t r i b u t i o n  . o f  bond conductances g iven by Equation (12) d i v i d e d  
by t h a t  g iven by t h e  single-phase c o n d u c t i v i t y  f u n c t i o n  de f ined i n  Equation (6).  

The drainage process i s  s a i d  t o  te rminate  when the  stage i s  reached a t  which 
' t h e  w e t t i n g  phase loses  hyd rau l i c  conduct iv ' i  t y  between the  sur faces o f  t he  sample. 
This  happens when Xw,d f a l l s  pas t  Xc, the  bcnd p e r c o l a t i o n  th resho ld  o f  t h e  ne t -  
work chosen. A t  any Xwyd < X t he  remaining bonds occupied by we t t i ng  phase form 
c l u s t e r s  o f  f i n i t e  Size and the  network pe rmeab i l i t y  t o  w e t t i n g  phase i s  zero. 
Higher c a p i l l a r y  pressures cannot d isp lace we t t i ng  phase h y d r a u l i c a l l y ,  and so 
nonwett ing phase can penetrate no f u r t h e r .  The rad ius  o f  t he  smal les t  t h roa t ,  
rdYc ,  penetrated by nonwett ing phase a t  t h e  te rm ina t i on  o f  drainage fo l lows from 

A t  a  stage o f  drainage charac ter ized by r d  the  volume f r a c t i o n  o f  porespace 
occupied by w e t t i n g  phase, i .e. t h e  w e t t i n g  phase s a t u r a t i o n  Sw,dy i s  

Here X w S d  i s  t ne  p rev ious l y  de f ined number f r a c t i o n  o f  pores con ta in ing  w e t t i n g  
tw 

phase; a ( r ) V ( r )  d r  i s  t he  average, volume o f  a po re - th roa t  segment 
w,d 

0 



c o n t a i n i n g  w e t t i n g  phase; and a ( r ) V ( r )  d r  i s  t h e  average volume o f  a l l  pore- 

0 
t h r o a t  segments. a, d ( r )  d r  i s  the  p r o b a b i l i t y  t h a t  a  pore- th roa t  segment con- 
t a i n i n g  w e t t i n g  phas8 have rad ius  between r and r t d r :  i t  i s  de f ined i n  Equation 
(14).  P l a i n l y  Equation (16) i s  t h e  volume we ight ing  o f  t he  number f r a c t i o n  o f  
pores con ta in ing  w e t t i n g  phase. 

I m b i b i t i o n  Re la t i ve  Pe rmeab i l i t i es  

Cons is ten t l y  w i t h  the  t y p i c a l  experimental procedures (48,20) f o r  measuring 
r e l a t i v e  p e r m e a b i l i t i e s  as nonwet t ing f l u i d  , i s  inc rementa l l y  d isp laced by we t t i ng  
f l u i d ,  we consider  t h e  range o f  sa tu ra t i ons  from porespace conta in ing  o n l y  the  
h y d r a u l i c a l l y  i r r e d u c i b l e  w e t t i n g  phase s a t u r a t i o n  up t o  the  f r a c t i o n a l  f i l l i n g  
a t  which nonye t t i ng  f l u i d  loses  i t s  c o n n e c t i v i t y  across t h e  specimen, i . e .  the  
i rred.uc i  b l e  o r  r e s i d u a l  nonwet t i  ng phase s a t u r a t i o n  (which i s  ac tua l  l y  reduc ib le  
by ra i s ' i ng  t h e  c a p i l l a r y  number s u f f i c i e n t l y  t h a t  trapped nonwett ing f l u i d  i s  . ; 
mobi:lized, b u t  what i s  t r e a t e d  here i s  the  low c a p i l l a r y  number regime). 

I n  o rde r  t o  avo id  a lgeb ra i c  compl icat ions t h a t  on l y  obscure the  development 
and c o n t r i b u t e  l i t t l e  t o  accuracy we assume t h a t  t h e  asymptot ic e q u a l i t y  given 
I n  Equation ( 2 )  f o r  t h e  b o n d . a c c e s s i b i l i t y  f u n c t i o n  o f  t h e  approximating ne t -  
work o r  t ree ,  i . e .  

ho lds  f o r  X 2 1  - X,. For t h e  var ious network models o f  porespace topology 
considered i n  w h a t f o l l o w s  t h i s  approximation i s  exce l l en t .  With t h i s  approx- 
ima t ion  Equation (15) becomes a  more compact d e f i n i t i o n  o f  rc,d, the smal les t  
t h r o a t  penetrated by nonwett ing pahse during, drainage 

A  consequence of t h i s  assumption i s  t h a t  when the  d isp laced w e t t i n g  phase l oses  
i t s  h y d r a u l i c  c o n d u c t i v i t y  du r ing  drainage, t h e  we t t i ng  phase occupies a l l  pore- 
t h r o a t  segments w i t h  rad ius  l e s s  than r d Y c  and the  nonwett ing phase occupies a l l  
t h e  r e s t .  

Again t h e  key parameter o f  stage of displacement i s  t he  c a p i l l a r y  prepr ~ ~ u r e  
between t h e  f l o w i n g  f l u i d s ,  which t r a n s l a t e s  i n t o  the  l a r g e s t  t h r o a t  rad ius  r i  
t h a t  w e t t i n g  phase can invade through advance o f  head menisci  o r  f l o w  i n t o  
c o l l a r s  t h a t  choke o f f  t h e  nonwett ing phase (25).  A t  a  stage o f  i m b i b i t i o n  
parametr ized by a  p a r t i c u l a r  va l  ue o f  r i  a1 1  randomly placed throat-segments 
of  smaZZer rad ius  a re  a l l owab le  t o  occupancy by we t t i ng  phase. The al lowed 
f r a c t i o n  o f  bonds i s  

.. . ri 



The ac tua l  f r a c t i o n  o f  bonds occupied by t h e  advancing w e t t i n g  phase Xw,i i s  
merely t he  f r a c t i o n  o f  accessib le bonds having rad ius  l e s s  than ri , p lus  a1 1  
p rev ious l y  occupied bonds o f  rad ius  l e s s  than rd 

,c* 
Thus 

C lea r l y  i f  r i  5 r no new bonds a r e  a l lowed t o  occupancy by w e t t i n g  phase and 
- 

'w,i - 'c. 
' 

As described a t  Equation (4 ) ,  the  w e t t i n g  phase i m b i b i t i o n  c o n d u c t i v i t y  
f i n i t i o n  GWsi ( g ( r ) )  corresponds t o  t h e  random d i s t r i b u t i o n  o f  bond conduct iv-  
i t i e s  obta ined by ass ign ing  a  conductance o f  zero t o  a l l  bonds n o t  a l lowed t o  
occupancy by invading w e t t i n g  phase, i . e .  those t h a t  have a  t h r o a t  rad ius  g rea te r  
than ri. Thus 

where GWsi ( g ( r ) )  dg i s  the  p r o b a b i l i t y  t h a t  a  bond a l lowed t o  occupancy by the  
we t t i ng  phase. has conductance between g and g+dg. The a1 1  owed-condi t i o n a l  con- 
ductance p r o b a b i l i t y  Gw,i ( g ( r ) )  i s  g iven by 

where aw,i ( r )  d r  i s  t h e  p r o b a b i l i t y  t h a t  a  bond a l lowed t o  occupancy by we t t i ng  
f l u i d  has rad ius  between r and r+dr. Because t h e  w e t t i n g  phase i s  n o t  a l lowed 
t o  advance i n t o  bonds w i t h  rad ius  g rea te r  than ri, 

The re !a t i ve  permeabi l i ty o f  the  advancing w e t t i n g  phase kr i i s  the  conduct iv-  
i t y  o f  t h e  approximating network o r  t r e e  having t h e  random 7;str ib.ut ion o f  bond 
conductances g iven by (19) d i v i d e d  by t h e  equ iva len t  c o n d u c t i v i t y  o f  t he  network 
o r  t r e e  having the  s i n g l e  phase d i s t r i b u t i o n  o f  conductances def ined i n  Equa- 
t i o n  (6 ) .  

As the  we t t i ng  f l u i d  invades t o  h igher  s a t u r a t i o n  the  nonwett ing f l u i d  i s  
disconnected by choke-off  i n  l a r g e r  and l a r g e r  throats,. and by snap-off  events 
as head l l ~en i sc i  niove through o'ther l a r g e  t h r o a t s .  (25) .  Because t h r o a t s  o f  a l l  
s i zes  a r e  supposed t o  be randomly loca ted through t h e  porespace, t he  remaining 



nonwetting f l u i d  presumably occupies randomly placed bonds t ha t  cons t i tu te  the 
f r a c t i o n  Xn 1 E 1 - Xw, i .  Thus as described a t  Equation (4), the phase-conduc- 
t i v i  ty  funct ion of the displaced nonwetting phase dur ing imbib i t ion,  v iz .  
G ,  (g  ( r )  ) corresponds t o  the random d i s t r i b u t i o n  o f .  bond conductances obtained 
by assigning a  conduc t i v i t y  of zero t o  a l l  bonds no t  occupied by the nonwetting 
phase. Therefore 

where G ( g ( r ) )  dg i s  the p r o b a b i l i t y  t h a t  a  bond contain ing nonwetting phase 
has c 0 n a i c t i v i t y  between g and g+dg. The occupied condi t iona l  conductance . 
p r o b a b i l i t y  Gn,i(g(r)) i s  given by 

i s  the p r o b a b i l i t y  t h a t  a  bond contain ing nonwetting phase dur ing imb ib i t i on  has 
radius between r and r+dr. The r e l a t i v e  permeabi l i ty  of the nonwettin.9 phase , 

dur ing . imb ib i t i on  krn j i s  the equivalent conductance o f  the approximating net- 
work o r  t r e e  having the random d i s t r i b u t i o n  of bondconductances given by Equa- 
t i o n  (22) d iv ided by t h a t  given by the single-.phase conduct iv i ty  funct ion defined 
i n  Equation (6). 

The i m b i b i t i o n  process i s  sa id  t o  terminate a t  the stage a t  which the non-' 
we t t ing  phase loses connec t i v i t y  between the surfaces o f  the sample. This 'happens 
when Xn,. f a l l s  past X,, the bond perco la t ion threshold o f  the network. The 
rad ius o) the  l a rges t  throat ,  ~i ,c, occupied by wet t ing phase a t  the termination 
of imb ib i t i on ,  i . e. a t  nonwettlng residual  saturat ion,  i s .  given by ( c f .  Equation 
(15) 



O f  course w i t h  t h e  p rev ious l y  used assumption t h a t  

holds f o r  X ? 1  - x,, Equation (25) may be simp1 i f i e d  t o  ( c f .  Equat ion  (1'5 ' ))  

Another c o r o l l a r y  o f  t h i s  assumption i s  t h a t  when the  nonwett ing phase loses i t s  
hydraul i c  c o n d u c t i v i t y  du r ing  i m b i b i t i o n ,  t he  nonwett ing phase occupies a1 1  pore- 
t h r o a t  segments w i t h  rad ius  greater  than ri,, and t h e  w e t t i n g  phase occupies a l l  
the  r e s t .  

A t  a  stage o f  i m b i b i t i o n  charac ter ized by a  g iven r i  the  volume f r a c t i o n  o f  
porespace occupied by nonwett ing phase,, i .e .  t he  nonwet t ing phase s a t u r a t i o n  

i s  ( c f .  Equation (15))  Sn,is 

where an . ( r )  d r  i s  t he  p r o b a b i l i t y  t h a t  a  pore- th roa t  segment con ta in ing  non- 
we t t i ng  -bhase has rad ius  between r and r+dr :  i t  i s  de f ined i n  Equation (24). 
O f  course, t h e  corresponding w e t t i n g  phase s a t u r a t i o n  Sw i s  g iven by , i 

A p p l i c a t i o n  o f  t he  Theory 

The major d i f f i c u l t y  i n  c a l c u l a t i n g  from t h e  theory  t h e  dependence o f  r e l a -  
t i v e  pe rmeab i l i t i es  on s a t u r a t i o n  i s  t he  eva lua t i on  o f  t h e  bond a c c e s s i b i l i t y  
func t ion  Xa(X) needed a t  Equations (8) and (18) and the  network c o n d u c t i v i t i e s  
c a l l e d  f o r  a f t e r  Equation (6), and a t  (9), (12), (19) and (22). For l a r g e  three-  
dimensional networks - h i g h l y  in terconnected as porespace i s  - the  o n l y  way 
known o f  es t ima t ing  these q u a n t i t i e s  i s  by Monte Car lo s imu la t i on  on l a r g e  
computer-generated samples. S i m p l i f y i n g  mat te rs  a  l i t t l e  i s  t h a t  bond accessi-  
b i  1  i t y  f u n c t i o n s  have been computed and tabu la ted  f o r  many r e g u l a r  networks (49) 
and f o r  a  randomly i r r e g u l a r  network (50).  But whereas the  a c c e s s i b i l i t y  func- 
t i o n s  depend s o l e l y  on the  network coo rd ina t i on  o r  topology, the  c o n d u c t i v i t i e s  
depend heav i l y  on the  d i s t r i b u t i o n s  o f  bond conductances. Thus separate Monte 
Car lo est imates o f  c o n d u c t i v i t y  would have t o  be repeated f o r  each o f  the phase 
c o n d u c t i v i t y  f unc t i ons  de f ined a t  Equations (6) ,  ( l l ) ,  (12), (19) and (22) .  . 



Then t h e  s t a t i s t i c a l  theory  has no th ing  use fu l  t o  add t o  the  Monte Car lo 
approach descr ibed i n  t he  In t roduc t i on ;  moreover, t h a t  Monte Car lo s t ra tegy  
need s a c r i f i c e  no th ing  o f  t h e  s p a t i a l  r e l a t i o n s h i p s  among p a r t s  o f  t he  pore- 
s  pace. 

A  promi s ing  a1 t e r n a t i v e  i s  t he  e f f e c t i v e  medium s t ra tegy  (43,51-53) which, 
i t  i s  now c lea r ,  can be combined w i t h  t h e  Monte Car lo approach t o  good advan- 
tage (54). However, e f f e c t i v e  medium theory  i n  i t s  present  s ta te ,  and w i t h  
reasonable computation e f f o r t ,  gives'  i n  t he  v i c i n i t y  o f  the  perco l 'a t ion  thresh-  
o l d  poor est imates o f  c o n d u c t i v i t i e s ,  o r  pe rmeab i l i t i es ,  on three-dimensional 
networks. 

Bethe Tree Approximati on t o  Porespace 

'There  i s  y e t . a n o t h e r  a l t e r n a t i v e  which would seem t o  be l e s s  prom5slng b u t '  
whi.ch has i n  f a c t  been much used i n  s t a t i s t i c a l  'physics o f  d isordered media, 
and has succeeded remarkably i n  exp la in ing  bas ic  aspects o f  mul t iphase f l o w  i n  
porous medi.a (14,15,37-39,55). 'I'hat i s  t o  model t he  purespace w i t h  a Cayley 
o r  Bethe t ree ,  an end less ly  branching s t r u c t u r e  t h a t  t o t a l l y ,  lacks  reconnec- 
t i o n s .  Lacking reconnect ions, i t s  t opo log i ca l  s t r u c t u r e  i s  t r i v i a l  ; i t  i s  
complete ly  charac ter ized by t h e  l o c a l  coord inat ion.number,  Z, i .e .  the number 
o f  bonds t h a t  j o i n  a t  each i n t e r i o r  node (56).  Th is  t r e e  system has been c a l l e d  
a  Bethe l a t t i c e ,  o r  an i n f i n i t e  Cayley t r e e  o r  a  Bethe t r e e . b y  var ious  authors 
(14,56-58). A p o r t i o n  o f  a  Bethe t r e e  o f  l o c a l  coo rd ina t i on  number 3 i s  shown 
i n  F igure  l c .  The a t t r a c t i o n  o f  Bethe t rees  i s  t h a t  t h e i r  a c c e s s i b i l i t y  func- 
t i o n s  (45,60) and, most impor tan t ly ,  t h e i r  c o n d u c t i v i t i e s  f o r  d i s t r i b u t e d  bond 
conductances .(58,59) have been worked ou t  t h e o r e t i c a l l y  and can be ca l cu la ted  
from expressions t h a t  a r e  i n  c losed form. For example, t he  accessib le bond 
f r a c t i o n  o f  a  Bethe t r e e  w i t h  l o c a l  coo rd ina t i on  number Z  i s  (57) 

where X is t he  concentrat i .on o f  a l lowed bonds and X* i s  t he  r o o t  o f  the  equat ion 

t h a t  vanishes as X + 0. and X -+ 1. Xc i s  o f  course the  bond p e r c o l a t i o n  th resho ld  
of t h e  Bethe t ree ,  which i s  (57) 

A f t e r  Stinchcombe (58) t h e  c o n d u c t i v i t y  o f  a  Bethe t r e e  can be def ined as t h a t  
between an a r b i t r a r i l y  chosen s i t e  - the  i n f l o w  sur face - and a l l  p o i n t s  on 
a  d i s t a n t  enc los ing  sur face - the ou t f l ow  surface. For t h i s  d e f i n i t i o n  the  
c o n d u c t i v i t y  a o f  . a  Bethe t r e e  o f  l o c a l  coo rd ina t i on  number Z  having a  random 
d i s t r i b u t i o n  o f  bond conductances. G(g) f o l  1  ows from 



Here C(X) i s  t h e  genera t ion  func t ion  t h a t  i i d e f i n e d  by t h e  nonl i nea r  i n t e g r a l  
equat ion (58) 

w OD 7 .  

subject  t o  t h e  boundary c o n d i t i o n  C(0) = 1. Because o f  t he  n o n l i n e a r i t y  o f  
Equation (32) t he re  i s  c u r r e n t l y  no known c losed form expression f o r  .C1(0) i n  
terms o f  G(g) and Z. ' For the  c a l c u l a t i o n s  o f  r e l a t i v e  permeabil i t y  i n  t h i s  
paper we have used approximations t o  Equation (33) t o  o b t a i n  . C 1  (0 )  (see Appen- 
d i x ) .  

Sample Resul t s  and ' Sensi ti v i  t y  Study c .  

An accurate t e s t  o f  t h e  model proposed f o r  drainage and i m b i b i t i o n  r e l a t i v e  
permeabil i t i 'es  requ i res  t h a t  d e t a i l e d  s t a t i s t i c a l  i n fo rma t ion  be a v a i l a b l e  on 
the  shapes, s i zes  and h y d r a u l i c  conductances o f .pores ,  as we l l  as on the  topo l -  
ogy o f  porespace. Op t i ca l  methods o f  t h e  type used r e c e n t l y  by Pathak and 
coworkers (60) ho ld  promise o f  being ab le  t o  p rov ide  such i n fo rma t ion  i f  they  
can .be s u f f i c i e n t l y  automated f o r  image ana lys is .  

Lacking such  i n fo rma t ion  we have r e s t r i c t e d  a t t e n t i o n  t o  (1 ) Bethe t r e e s  
o f  l o c a l  coo rd ina t i on  numbers 5-7 as models o f  .porespace topology, and t o  (2)  
t he  f o l l o w i n g  two unimodal d i s t r i b u t i o n s  o f  pore- th roa t  r a d i i :  

a Rayleigh d i s t r i . b u t i o n ,  and 

r < l  

a ( r )  = 

a  d isp laced Rayleigh d i s t r i b u t i o n  (see Figure 2) .  The l a t t e r  frequency d i  s-, 
t r i b u t i o n  i s  more s t r o n g l y  weighted t o  1  arger  pore- th roa t  segments. 

P laus ib le  c o r r e l a t i o n s  o f  vo l  umes and conductances w i t h  t h r o a t  rad ius  can 
be gleaned f rom geometr ical  models o f '  pores. The d i f f i c u l t y  w i t h  a  one-parameter 
c h a r a c t e r i z a t i o n  o f  l o c a l  p rope r t i es  o f  porespace i s  o f  course t h a t  volume and 
conductance both depend on a  measure o r  d is tance between the  branch po in t s  t h a t  



Fig. 2(A)-Rayleigh throat-radius Fig. 2(B)-Displaced Rayleigh 
distribution function. t h r o a t - r a d i u s  

. disl1.ibuli01 I l u ~ i ~ l i ~ i ~ .  

de f ine  pore bodies, besides d i f f e r e n t  moments o f  t h e  d i s t r i b u t i o n  o f  pore r a d i i  
between the  branch po in t s .  These dependences a re  h. ighly s e n s i t i v e  t o  the  degree 
of c o n s o l i d a t i o n  of t h e  porous medium. By way o f  example, i n  the  extreme o f  
c y l i n d r i c a l  ' throat-segments o f  rad ius  r and t o t a l l y  independently d i s t r i b u t e d  
d is tances  between branch po in ts ,  V ( r )  a r2 and g ( r )  a r4. I n  cont ras t ,  i n  t he  
extreme of shee t - l i ke  pores o f  h a l f w i d t h  r and two o the r  dimensions t h a t  a re  
complete ly  uncorre lated,  V ( r )  a r and g ( r )  a r3. From t h i s  s o r t  o f  o rder -o f -  
magnitude ana lys i s  we, f o r  now, r e s t r i . c t  a t t e n t i o n  t o  models o f  pores i n  which 

and 

g ( r )  a r v , 3 5 1 1 2 4  (34-b) 

Theore t i ca l  p r e d i c t i o n s  o f  drainage and i m b i b i t i o n  r e l a t i v e  pe rmeab i l i t i es  
a r e  p l o t t e d  on Figures 3-6 us ing  Bethe t rees  o f  coo rd ina t i on  numbers 5-7 as 
approximations t o  porespace topology, t he  th roa t - rad ius  d i s t r i b u t i o n s  g iven by 
Equations (33-a) and (33-b) , and var ious combinations o f  the  exponents .v  and p 
appearing i n  Equations (34-a) and (34-b). The k inks  i n  t he  curves as drawn a re  
a r t i f a c t s  o f  t he  computer graphics.. The access ib le  bond func t i ons  xa(X) re -  
q u i r e d  t o  de f i ne  the  phase c o n d u c t i v i t y  f unc t i ons  c a l l e d  f o r  a t  Equations (12) 
and (22) and t o  c a l c u l a t e  the' corresponding w e t t i n g  phase sa tu ra t i ons  ( c f .  
Equat ions '(16) and (26 ) )  were obta ined by s o l v i n g  Equations (28) and (29).  'The 
numerical  procedure f o r  es t ima t ing  t r e e  c o n d u c t i v i t i e s  f rom Stinchcombe's de- 
f i n i n g  i n t e g r a l  equat ion ( c f .  Equations (31) and (32))  i s  described i n  t h e  
Appendi x. 

F igure  7 shows rep resen ta t i ve  drainage and i m b i b i t i o n  re1 a t i v e  permeabi 1  - 
i t i e s  as measured by Talash (48) f o r  o i l  and water i n  a  core o f  water-wet Berea 
sandstone.. Despite t h e  considerable range o f  i n p u t s  i n t o  t h e  theory, a l l  o f  



Flg. 3-Predicted permeabilities 
for V a r  and gad, using 
I 4  t b  hvleigh, and (B) 
the Dlsplaoed Raylelgh 
thrakt=fadius distribution 
tunctiomr, (The imbibition 
wetting phase reletive 
permeabilitiacr are 
highlighted .by the 
!kma?bib'appe6trin$ hl 
the flgurm.) 

Flp. b P r s Q i e t e d  relative memali 

Fig. &Predicted relative 
permeabilities tor mar 
and g(r)ar3. 



02 a4 a6 w 1.0 
WATER SATURATION 

Flg. 7-Oil-water re la t ive  
permeability data for a 
b r e a  Sandstone (from 
Talashq, 

Fig. 8-A fit of Talash's relative 
permeability data. 

the  pred ic ted curves i n  Figures 3-6 agree q u a l i t a t i v e l y  w i t h  Talash's data as 
they do w i t h  o ther  publ ished data f o r  two-phase systems where one phase i s  strong- 
l y  wet t ing  (8,20). Notable i s  the success o f  the  theory i n  accounting f o r  the 
l ack  o f  h .~s te res is  i n  the wet t ina ~ h a s e  ~ e r m e a b i l i t i e s  and i t s  Dresence i n  the " .  

phase permeabi l i t ies.  

o f  the  cases p l o t t e d  i n  Figures 3-6 reveals tha t :  

. ' (1) An e f f e c t  o f  increased coordinat ion number Z o f  the Bethe t r e e  model 
i s  t o  decrease t he  predicted hy.drau1 i c a l  l y  i r r educ ib l e  saturat ions 
o f  both the wet t ing  and nonwetting phases. This accords w i t h  the ex- 
perimental data o f  Pathak e t  a t  (60) on the co r re l a t i on  o f  i r r educ ib l e  
satura t ions w i t h  connect iv i ty  as measured by the genus per u n i t  volume 
o f  the porespace. 

(2) An e t t e c t  o f  increase I n  the exyuner~l, v, i r~ the r e l a t i o n  V( r )  = 
r V  i s  t o  s h i f t  corresponding values o f  r e l a t i v e  permeabi l i ty  t o  
lower wet t ing phase saturat ion.  A consequence o f  t h i s  i s  t h a t  as v 
r i s e s  the  model p red ic ts  lower i r r educ ib l e  wet t ing phase saturat ions 
but  greater i r r educ ib l e  nonwetting phase saturat ions.  

(3 )  An e f f e c t  o f  an increase i n  the exponent p i n  the r e l a t i o n  g ( r )  a 
ru i s  t o  decrease nonwetting phase r e l a t i v e  permeabi l i t ies  whi le  i n -  
creasing wet t ing  phase permeabi l i t ies.  

To i l l u s t r a t e  the f l e x i b i l i t y  o f  the  model i n  accounting f o r  experimental data, 
a fit o f  Talash's data was made by assuming the fo l low ing  model inputs  

and a Bethe t r e e  o f  l oca l  coordinat ion number 5 as an approximation t o  porespace 
topology and f i x i n g  v by requ i r i ng  the predicted i r r educ ib l e  nonwetting phase 
sa tu ra t ion  t o  be 40% - the same as t h a t  obtained by Talash: see Figure 8. The 
r e s u l t i n g  value o f  v i s  0.84313. The fit i s  qu i t e  good i n  view o f  the f a c t  t h a t  
on ly  one parameter was adjusted. 



Discussion: The Bethe Tree as a Model o f  Porespace Topology 

I n  the preceding we ill ustra ted theore t i ca l  pred ic t ions o f  drainage 
and imb ib i t i on  r e l a t i v e  permeabil i t i e s  using Bethe t rees o f  c o o r d i ~ ~ a t i o n  numbers 
5-7 as models o f  porespace topology. I n  view o f  the c l ea r  d i f ferences between 
the i r r egu la r ,  h i gh l y  connected three-dimensional topology o f  porespace and t h a t  
o f  the Bethe t ree,  a question t h a t  n a t u r a l l y  ar ises i s  t o  what extent  the appar- 
ent  qual i t a t i v e  successes of theory are fo r tu i tous .  And, more importantly, what 
physical i n t e rp re ta t i on  i s  t o  be given t o  the coordinat ion number Z o f  a Bethe 
t r ee  approximati on t o  porespace topology? 

I n s i g h t  i n t o  these questions i s  obtained by comparing t r e e  pred ic t ions o f  
accessi b i  1 i ty  and conduct iv i ty  - and hence o f  saturation-dependent re1 a t i v e  
permeabi l i t ies - w i t h  those obtained by Monte Carlo s imulat ion on presumably 
more r e a l i s t i c  three-dimensional networks. I n  t h i s  regard accumulated experi- 
mental and theore t i ca l  evidence suggests t h a t  aside from a s h i f t  i n  bond perco- 
l a t i o n  threshold Xc, the accessible bond f r a c t i o n  Xa(X) and normal ized conducti v- 
i t y  (K(X)/K(l ) o f  three-dimensional networks and Bethe trees, a t  l e a s t  those 
having the f o l  lowing we1 1 -studied perco la t ion 1 i ke bond conduct iv i ty  d i  s t r i  bu- 
t i o n  func t ion  

are qual i t a t i v e l y  s im i l a r  (14,15,49,50,56-59,61,62). An i l l u s t r a t i o n  o f  t h i s  
i s  provided i n  Figure 9, where we have p l o t t ed  Xa(X) and K(X)/K(l ) ( f o r  the d i s -  
t r i b u t i o n  o f  bond conductances given by Equation (35)), as predicted by a Bethe " ,  
t r e e  of l oca l  coordinat ion number 5 (Xc = .25) and the six-coordinated three- 
dimensional simple cubic network (Xc  = .25) (43). 

Fig. 9. - Normalized conductivity K(.X)/K(l ) and accessi ble 
bond fraction Xa(X). 

A 
Fig. 10 - Relative pembb l  predictlens. 



Although a theoret ica l  explanation o f  why the Bethe t ree  works so well i n  
mimicking the predict ions of bond access ib i l i t y  and equivalent conductivity o f  
three-dimensional networks i s  not  y e t  available, a useful consequence o f  i t  i s  
t h a t  the Bethe t ree  can be used t o  estimate cheaply the Monte Carlo predict ions 
o f  re1 a t i  ve permeabi 1 i ty on a three-dimensional network having the same percol a- 
t i o n  threshold. An i l l u s t r a t i o n  o f  t h i s  i s  provided i n  Figure 10 where we have 
p lo t ted  the r e l a t i v e  permeabil i ty predict ions o f  a Bethe t ree  (Z=5) a d a simple I cubic network for the throat  r a d i i  d i s t r i bu t i on  funct ion a ( r )  = 2re-r and the 
fo l lowing functional correlat ions f o r  throat-segment volume V and hydraulic con- 
ductance g, 

V(r) a r and g ( r )  a r 4 . 
[For a descr ipt ion o f  the Monte Carlo procedure required t o  estimate re la t i ve  
pemeabi l t ies on the cubic network the reader i s  referred t o  Sahimi et at. (63)], 

A qu i te  accurate approximation t o  the bond percolation threshold Xc o f  regu- 
l a r  and i r regu la r  networks i s  

where i s  the average coordination number o f  the s i t e s  and d i s  the dimensional - 
i t y  of the network (41,50). A1 ter f ia t ive ly  the bond percolation threshold o f  a 
Bethe t ree  o f  local  coordination number Z i s  

By rearranging Equations (36) and (37) i t  i s  possible t o  in te rpre t  Z (the coordi- 
nat ion number o f  a Bethe t ree  approximation t o  porespace topology) as being 

where ? i s  the average coordination number o f  the three-dimensional approximation 
t o  porespace topology. 

Conclusions 

I n  t h i s  paper s t a t i s t i c a l  concepts, some o f  which are borrowed from the per- 
co lat ion theory o f  random media, are used t o  derive formulas f o r  the drainage and 
imb ib i t ion  r e l a t i v e  permeabil i t ies o f  two f lu ids,  one o f  which strongly wets the 
surfaces o f  a porous material . Inputs used t o  calculate re1 a t ive  permeabi 1 i t i e s  
are a network representation o f  porespace topology, o r  i t s  Bethe t ree  approxima- 
t ion, a s t a t i s t i c a l  d i s t r i bu t i on  o f  pore-throat rad i  i and functions re la t i ng  the 
volume and hydraul i c  conduct iv i ty o f  a pore-throat segment t o  i t s  radius. 

A number o f  physical assumptions have been used i n  developing the formulas 
for re1 a t i ve  permeabil i ti:es. These assumptions are conveniently separated i n t o  
two categories. The f i r s t  i s  t ha t  the morphology o f  porespace i s  adequately 
represented by a random disordered-bond network o r  tree. The second regards the 



e f f e c t s  o f  c a p i l l a r i t y  on the  s p a t i a l  d i s t r i b u t i o n  o f  a s t r o n g l y  we t t i ng  and 
nonwett ing f l  u i d  i n  porespace. Taken together  these assumptions have y i e l d e d  
p r e d i c t i o n s  o f  r e l a t i v e  permeabil i t y  t h a t  ,are i n  c lose  qua1 i t a t i v e  agreement 
w i t h  data t y p i c a l  o f  two-phase. systems where one phase i s  s t r o n g l y  wet t ing.  

What i s  c u r r e n t l y  being explored (64), i s  whether o r  n o t  the  representa t ion  
o f  porespace morphology by a random disordered-bond network o r  t r e e  can w i t h  
more complex mechanisms o f  ass ign ing  f l u i d  d i s t r i b u t i o n s ,  y i e l d  s i m i l a r l y  good 
p r e d i c t i o n s  o f  two-phase r e l a t i v e  pe rmeab i l i t i es  i n  regimes.where one phase i s  
no longer s t r o n g l y  wet t ing .  I f  t h i s  t u rns  ou t  t o  be the  case p r o f i t a b l e  exten- 
sions o f  t he  theory presented i n  t h i s  paper can be.made t o  three-phase systems. .. 

. . 
Appendix A: The Bethe T r e e  as a Model o f  P o r k s ~ a c e  ~ o r p h o l  oqy-T'htidry 

Stinchcombe (58) develops an' exact,  a1 though imp1 i c i  t, power-series expan- 
s ion  from which the  conduct iv i . t y  a o f  a Bethe t r e e  o f  l o c a l  . coo rd ina t i on  
number Z can be determined. To order  (2-1 )'4 t h i s  expansion y i e l d s  the  f o l  low- 
i n g  est imate: 

where C1(0 )  i s  approximated as the  r o o t  o f  

Here G(g) i s  t he  random d i s t r i b u t i o n  o f  bond conductances, 

and 



From Stinchcombe's work (on. a more spec ia l i zed  conductance d i s t r i b u t i o n  than 
o f  i n t e r e s t  here) i t  appears t h a t  ' f o r  Z 2 5, t h e  s o l u t i o n  o f  t he  expansion 
(A2) prov ides an accurate es t imate  o f  a. 

I n  c a l c u l a t i n g  r e l a t i v e  permeabil i t i e s  from the  phase c o n d u c t i v i t y  func- 
t i o n s  developed i n  t h i s  'paper, our  est imates o f  t r e e  c o n d u c t i v i t y  were obta ined 
by s o l v i n g  (A2) f o r  C '  (0). when G(g) had the  general perco la t ion-1  i k e  form ( c f .  
Eq'uat i o n  ( 4 ) )  

Equation (A2) was solved by t h e  Regula F a l s i  method. The i n t e g r a l s  ap ea r ing  
i n  i q u a t i o n  ( A Z )  were evaluated numer ica l ly .  An i n i t i a l  guess t o  C '  (0  was 
obta ined by f i n d i n g  t h e  r o o t  o f  

P 

Stinchcombe est imates t h a t  t h e  value of C1(0)  obta ined from Equation (A7) i s  o f  
o rde r  o f  accuracy (Z-1 )'l. 

For G(g) having t h e  p e r c o l a t i o n - l i k e  form g ivcn  by Equation ( ~ 6 ) ,  t he  i m -  
p l  i c i  t power-series expansion y i e l d i n g  Equation (A2) i s  s low ly  converging from 
I X - X c I  < 1/Z. I n  t h i s  near -perco la t ion  reg ion  we used the  f o l l o w i n g  asymptot ic 
es t imate  t o  t r e e  conduct i9 i  t y  (58,59). 

prov ided t h a t  a est imated f rom Equation (A8) was- l e s s  than t h a t  est imated from 
Equation, (A1 ). A' problem arose when. c a l c u l a t i n g  near pe rco la t i on  est imates o f  
c o n d u c t i v i t y  f o r  w s t t i n g  phase when the  Rayleigh d i s t r i b u t i o n  o f  pore- th roa t  
r a d i i  a ( r )  = 2re-r was used.' This  occurred because i n  these cases the  i n t e g r a l  

diverged. I n  these s i t u a t i o n s  our  est imates o f  t r e e  conduct iv i , t y  were obta ined 
from Equations (A1 ) .  and (A2). 
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X I .  DISPERSION IN  FLOW THROUGH POROUS MEDIA  

I n t r o d u c t i o n  

The Phenomenon o f  Dispers ion 

Continuous f l u i d  can be regarded as a continuum o f  very smal l  f l u i d  par-  
' 

t i c l e s  t h a t  r e t a i n  t h e i r  i d e n t i t i e s  as they f low,  j u s t  as do t r a c e r  p a r t i c l e s  
added t o  the f l u i d .  I n  steady f low through a d isordered porous medium, the  
t rans i t  t ime, o r  f i r s t  passage t ime, o f  a f l u i d  p a r t i c l e  between entrance and 
e x i t  planes depends on the  path i t  fo l lows through the porespace. A popu la t ion  
of p a r t i c l e s  passing the entrance plane a t  the same i n s t a n t  w i l l  be dispersed 
upon a r r i v a l  a t  the  e x i t  plane, t h a t  i s ,  t he  popu la t ion  w i l l  a r r i v e  there  w i t h  
a d i s t r i b u t i o n  of t r a n s i t  t imes. Thus a s o l u t e  concent ra t ion  f r o n t  t h a t  en ters  
t ransverse  t o  the macroscopic mean f low w i  11 spread i n  the mean f l o w  d i r e c t i o n  
as i t  passes through the  medium. The f i r s t  passage t ime d i s t r i b u t i o n ,  o r  the  
re1  a ted  spreadi nq of a conientrati on f r o n t ,  i s  a measlire of !.~ngi.fttdi.ncrl r22's- 
p e r s i o n  i n  a porous medium. 

Likewise, a popu la t i on  of p a r t i c l e s  passing simultaneously through a 
. r r e s t r i c t e d  area of the  entrance plane w i l l  n o t  f o l l o w  e n t i r e l y  the  mean f low t o  
: the  e x i t  plane, b u t  w i  11 be dispersed i n  the t ransverse d i r e c t i o n s  as w e l l ,  
* t h a t  i s  t he  popu la t i on  w i l l  have a wider  d i s t r i b u t i o n  o f  e x i t  l o c a t i o n s  than 
, of entrance l oca t i ons .  Thus a concent ra t ion  f r o n t  t h a t  en ters  p a r a l l e l  t o  the 
I mean f l o w  w i l l  spread l a t e r a l l y  on the way t o  the  e x i t  plane. The d i s t r i b u t i o n  
'. o f  e x i t  l oca t i ons ,  o r  the  r e l a t e d  spreading o f  a concent ra t ion  f ron t ,  i s  a l s o  

connected t o  t r a n s i t  t imes and i s  a measure o f  t ransverse d i s p e r s i o n  i n  a 

'4 porous medium. 

Mechanisms of D ispers ion  
1 

Dispers ion  o r i g i n a t e s  i n  f low.  Two bas ic  mechanisms d r i v e  d i spe rs ion  i n  
macroscopi ca l  l y  homogeneous, m i  croscopi ca1 l y  d isordered porous media, and they 
a r i s e  i n  the c h a o t i c  na ture  of the pore- leve l ,  o r  microscopic, v e l o c i t y  f i e l d  
forced on f lowing f l u i d  by the i r r e g u l a r i t y  o f  the  porespace. The f i r s t  
mechanism.. i s  k inemat ic :  streamtubes d i v i d e  and r e j o i n  repeatedly  a t  the  
j u n c t i o n s  of f low passages i n  the h i g h l y  in terconnected porespace. The con- 
sequent t a n g l i n g  and divergence of s t reaml ines i s  accentuated by the  w ide l y  
va ry ing  o r i e n t a t i o n s  of f low passages and coord ina t ions  of j unc t i ons  ( i  .e. the 
number of passages t h a t  come together  i n  each s u i t a b l e  def ined l o c a l e  of t he  
porespace (1)). The r e s u l t  i s  a wide v a r i a t i o n  i n  n o t  on l y  the lengths  of 
s t reaml ines  t h a t  t rave rse  the  system, b u t  a l s o  the  downstream t ransverse 
separat ions of s t reaml ines t h a t  anywhere pass c lose  together .  The second 
mechanism i s  dynamic: the  speed w i t h  which a g iven f l o w  passage i s  t raversed 
depends on the f low res i s tance  o r  h y d r a u l i c  conductance of t he  passage, i t s  
o r i e n t a t i o n ,  and the  l o c a l  pressure f ie ld-especi  a1 l y  i t s  d e v i a t i o n  from the  
macroscopic mean pressure g r a d i e n t  causing f low.  The two mechanism conspi re 
t o  produce a broad d i s t r i b u t i o n  o f  f i r s t  passage times and o f  accompanying 
e x i t  l oca t i ons .  



Dispersion i s  more complicated when more than one f lu id  phase i s  present 
in a porous medium. Each phase by i t s  mere presence denies porespace to  the 
other and consequently a1 t e r s  the streamlines, pressure f i e l d ,  and local 
traverse times of the other phases. Dispersion in each of the phases depends 
on the porespace occupied by that  phase. As the fraction of porespace held, 
i . e .  the phase saturation, f a l l s  that  phase ultimately loses i t s  continuity 
because of disconnections brought about by capillary ins t ab i l i t i e s .  Before 
that  stage i t s  remaining streamtubes grow sparse and tortuous, and increasing 
amounts of i t  are immobilized as isolated blobs or ganglia scattered through 
the porespace. Once i t s  continuity disappears the phase occupies only iso- 
lated clusters  of pore segments, or in other words i t s  saturation l i e s  beneath 
a percolation threshold. The effects  of th i s  phenomenon on dispersion are 
brought out l a t e r  in the paper. 

Effects of Diffusion 

A constant companion of the basic dispersion process i s  molecular d i f -  
fusion. I t  modifies the effects  of the two basic mechanisms, and not only by 
the primary mechanism.of moving material from one streamline to  another, b u t  
also by the usually weaker streamwise diffusion of material re lat ive to  mass- 

. average velocity. The solid matrix of a porous medium of course acts  locally * 
r" . .  as a separator of streamlines and thus as a barrier to  diffusion. 

Where the local streamlines are perpendicular to  existing concentration 
gradients the rates of diffusion are unaffected by flow ( y - ~ c  = 0 i n  the 
convective diffusion equation, so that  a t  steady s t a t e  1-DYc = 0 ) ,  as when 
streamtubes of different  composition rejoin in a cylindrical passage so that  
they and a l l  the i r  streamlines run parallel  to the next junction. However, 
differences i n  speed along those streamlines can t i l t  concentration gradients 
away from perpendicularity and thereby induce convective enhancement of 

-.. diffusion-or diffusion-modified convective transport, as in the familiar 
phenomenon of Taylor di spersi on ( 2 )  i n tubes. Where 1 ocal s treaml i nes are 
parallel  to  existing concentration gradients, the rates of diffusion can be 
most affected by flow ( i  .e. v-vc/l_vllvcl i s  a t  i t s  maximum in the convective 
diffusion equation) and th i s  7s l i k e l i e s t  where stream1 ines converge or diverge 
strongly, as i n  the familiar sharpening action of stretching flow on stream- 
wise concentration gradients. 

Thus the modi f i cation of di spersi on by diffusion depends on porespace 
morpho1,ogy and i t s  e f fec ts  i n  turn depend nn lacal f l o w  f i e ld  and concentration 
f ie lds .  A t  one extreme there i s  negligible convective spreading and negligible 
molecular diffusion w i t h i n  d i s t inc t  flow passages of relat ively slowly varying 
cross-section tha t  can be regarded as elongated pore-throat segments; b u t  there 
i s  intense convective diffusion, i .e. thorough mixing, in intervening spaces of 
rejoining and redividing streamtubes that  can be regarded as d i s t inc t  pore 
bodies having comparatively 1 i t t l e  volume. Though no more than an approxi - 
mation to  certain real s i tuat ions,  t h i s  extreme case leads naturally to  a 
picture of porespace discretized into a network of branches, with unidi- 
rectional,  uniform-speed flow in each branch and complete or par t ia l  mixing in 
each junction node. 



Molecular d i f fus ion ,  by moving m a t e r i a l  i n t o  and o u t  o f  stagnant regions 
of f l u i d  (dead-end pores, closed r e c i  r c u l a t i  ng eddies, trapped f l u i d  phases, 
and the  l i k e )  and adsorbed s ta tes  on porewal ls,  can g i ve  r i s e  t o  temporary 
residences o f  s o l u t e  t h a t  a1 so modify basic,  convect ive-dr iven d ispers ion.  
The same i s  t r u e  of chemical reac t ions  t h a t  consume o r  produce a const i tuent .  

Network Approximation 

The idea of represent ing  a porous medium as a network i s  no t  new (3-5).  
Only recen t l y ,  however, has a mathematical process been d i v i s e d  f o r  systemati- 
c a l l y  reducing a porous medium t o  an equ iva lent  network (1,6,7). With t h i s  
method, the  topology (pore  connectedness, coordi  n a t i  on) of the  porespace i s  
represented by a network of bonds (pore- th roat  segments) and nodes (pore-body 
segments) t h a t  run  everywhere along paths o f  pnrespace; and the  geometry (pore 
s izes  and shapes) i s  represented by the rad ius  of the l a r g e s t  sphere t h a t  can 
be insc r ibed  i n  the  porespace f o r  each p o i n t  along the network paths. Pore 
bodies and pore t h r o a t s  can be def ined i n  terms o f  l o c a l  maxima and minima o f  
t he  r a d i i  of t he  l a r g e s t  i nsc r ibed  sphere. A1 1 of the  volume of a pore body 
segment can be assigned t o  the corresponding network node; a1 t e r n a t i v e l y  i t  can 
be assigned t o  the  neighbor ing network bonds represent ing pore t h r o a t  segments. 
Although the s imples t  procedure generates elementary nodes of coord inat ion  
th ree  ( th ree  bonds connected t o  every node), obvious c r i t e r i a  can be used t o  
lump near l y  over  lapping nodes together  i n t o  network nodes o f  coord inat ion  
g rea te r  than three.  D e t a i l s  a re  g iven elsewhere (1,6,7); what i s  important  t o  
the  present  work i s  t h a t  any porous medium can, i n  p r i n c i p l e ,  be represented 
by a t o p o l o g i c a l l y  equ iva len t  network w i t h  geometr ical (and mater i  a1 ) p roper t ies  
assigned appropr ia te  t o  the  nodes and bonds. 

Macroscopic Model i ng 

Conventional modeling o f  d i spe rs inn  i n  disnrdered porous media i s  based on 
t h e  macroscopic convect ive-d i f fus ion  equation, 

where E i s  t he  macroscopic mean, o r  Darcy-level v e l o c i t y ;  c  i s  the  macro- 
scopic mean, o r  Darcy- level  concentrat ion; x i s  the  mean f l o w  d i r e c t i o n ;  and 

V$ i s  t he  Lap lac ian  i n  t ransverse d i r e c t i o n s .  A Darcy- level  quant i  ty i s  the 
l o c a l  q u a n t i t y  averaged over a porespace la rge  enough t o  encompass numerous 
pore th roa ts  and bodies (8). D ispers ion  i s  sa id  t o  be macroscopicaZZy diffusive 
when Eq. (1)  holds. The idea i s  t o  account fo r  d ispers ion  as an iso t rop ic  d i f -  
f u s i o n a l  spreading o f  mean concentrat ion, t he  d i f f u s i o n - l i k e  constants being 
t h e  l o n g i t u d i n a l  o r  streamwise d i spe rs ion  c o e f f i c i e n t  DL ( i n  the  d i r e c t i o n  .of 
mean f l ow)  and the t ransverse d i spe rs ion  c o e f f i c i e n t  DT ( i n  d i r e c t i o n s  per- 
pend icu lar  t o  mean f l o w ) .  This approach i s  phenomenological and provides no 
i n s i g h t  i n t o  how DL and DT depend on pore- leve l  morphology. It a lso  
presupposes t h a t  re1 a t i  ve t o  macroscopic mean f 1 ow, f r o n t s  o f  macroscopic mean 
concentrat ion a re  d i  spersed as though by d i f f u s i o n  i n  an ani  so t rop i  c  continuous 
medium (as represented by the  term v- (Q-vc)  i n  the equat ion) .  As have a 
number of o ther  i n v e s t i g a t o r s ,  we seek t h e  cond j t ions  i n  which Eq. (1) i s  va l i d .  



Because o f  the chao t i c  na ture  of t he  f low passages 'and stre'aml.ines they 
enforce, s t a t i s t i c a l  models of d i spe rs ion  are n a t u r a l .  Molecular  d i f f u s i o n  can 
be r a t i o n a l i z e d  as the  outcome of k i n e m a t i c a l l y  random walks (9 ) .  D ispers ion  
i n  porous media has been t rea ted  analogously by Schei degger ( l o ) ,  de dong (11) , 
and Saffman (12).. The randomness of d i spe rs ion  i s  i nhe ren t  i n  the  S t a t i c  
morphology of the.porespace, however. Consequently the  concepts of p e r c o l a t i o n  
theory (13) a re  appropr iate.  These we p o i n t  ou t  can be j o i n e d  w i t h  the i dea  of 
a  cont inuous-t ime random walk f i r s t  developed by M o n t r o l l  and Weiss (14) and 
general ized by Scher and Lax (15) i n  connect ion w i  t h  s tochas t i c  t r a n s p o r t  i n  
d isordered s o l i d s  and i m p u r i t y  conduct ion i n  semiconductors. We are  i n v e s t i -  
ga t i ng  t h i s  approach c u r r e n t l y  and w i l l  r e p o r t  the  r e s u l t s  i n . a . f u t u r e  
pub1 i c a t i o n  (16) .  The mar r i  age of random walks and perco.1 a t i o n  theo r ies  has 
appeared i n  o ther  contexts, e.g. hopping t ranspor t  on a  l a t t i c e  (17-19). 

S imula t ion  - A Mesoscopic Approach 

I n  t h i s  paper we employ Monte Car lo  simulat ion-experiments by computer-to 
shed l i g h t  on the mechanisms of d ispers ion .  We r e p o r t  the  r e s u l t s  of Monte 
Car lo  s imu la t ions  of permeab i l i t y ,  r e l a t i v e  permeabi l i  t i e s ,  d i spe rs ion  
coe f f i c i en ts  and d i s p e r s i v i  t i e s ,  t r a c e r  o r  tagged p a r t i c l e  d i s t r i b u t i o n ,  and 
t r a n s i t -  t ime d i s t r i b u t i o n  f o r  one-. and two-phase f low i n .  chao t i c  porous media 

: represented by square and cubic networks of pore t h r o a t  segments of d i s t r i b u t e d .  
capac i ty  and f l o w  res is tance.  Though we focus on d i spe rs ion  caused by d i so rde r  
a t  the  pore l e v e l ,  the  concepts and methods can be app l i ed  t o  t h a t  caused by 
macroscopic he terogene i t ies  i n  permeabi li t i e s .  Several authors (20-23) have 
i nves t i ga ted  macroscopic one-phase f l o w  d i spe rs ion  i n  a  porous medium. The 
present  paper repo r t s  research t h a t  i s  a  p re l im ina ry  t o  developing a  formal 
theory o f  pu re l y  convect ive d i spe rs ion  and of d i f fus ion-modi f ied  d ispers ion .  

Pe rco la t i on  theory concepts have n o t  p rev ious l y  been used t o  s tudy d i  s- 
pers ion  i n  f low through porous media. Scheidegger and coworkers (24,25) 
proposed a  Cayley t r e e  ( a  network w i t h o u t  c losed loops)  as a  model of porous . 
media i n  order  t o  study d ispers ion .  However, a  network l a c k i n g  c losed loops 
cannot be used t o  s tudy l o n g i t u d i n a l  d i spe rs ion  and i t  cou ld  account f o r  t rans-  
verse d i spe rs ion  on l y  i n  extreme cases. T o r r e l  i and Scheidegger (26) proposed 
a  random network, b u t  they repor ted  no r e s u l t s .  Simon and Kelsey (27,28) 
employed random networks t o  model a  m i s c i b l e  displacement process i n  porous 
media, b u t  they d i d  n o t  s tudy d ispers ion .  To the bes t  of our knowledge our  
s imu la t i on  of d i spe rs ion  i n  one- and two-phase f l o w  w i t h  a  p e r c o l a t i o n  view i s  
the  f i r s t  o f  i t s  k ind.  

D i s t r i b u t i o n s  and D ispers ion  C o e f f i c i e n t s  

I f  there  were no d i spe rs ion  i n  steady, u n i d i r e c t i o n a l  f low i n  the  x- 
d i r e c t i o n  i n  a  macroscopical l y  homogeneous porous medium, a  t r a c e r  p a r t i c l e  
re leased a t  l o c a t i o n  ( x  ,y ,z ) a t  t ime zero would be ,convected by the mean 
f l o w  i n  t ime t t o  th8  18caf ion ( xo  + ~ t , y  ,zo) , where B i s  mean f low 
ve l  o c i  ty. With d ispers ion ,  however, the  t r a ? e r  p a r t i c l e ,  which i s  convected 
through pore th roa ts  and pore bodies, a r r i v e s  a t  some l o c a t i o n  (x,y,z) a f t e r  
the same time. The squared d e r i v a t i o n s  o f  the  ac tua l  p a r t i c l e  p o s i t i o n  from 
the  hypo the t i ca l  one are  

2  2  2 
s2 x ( x  - xo - B t )  , S; ( y  - yo )  , S: z - Zo) , 



We def ine i n  terms of these. q u a n t i t i e s  f o r  many t r a c e r '  p a r t i c l e s  the  
f o l l o w i n g  d i spe rs ion  coe f f i c i en ts  

The po in ted brackets, < * = * > ,  i n d i c a t e  an appropr ia te  average over some popu- 
l a t i o n  o r  concent ra t ion  p r o f i l e  of i n j e c t e d  t r a c e r  p a r t i c l e s .  . Although one 
usual l y  def ines by averaging a  ' spa t ia l  d i s t r i b u t i o n .  a t  a  f i x e d  t ime t 
( long  enough f o r  D5 <S /2 t>  t o  be independent of t ime), one can a l t e r n a t i v e l y  
def ine D5 by a  tempoFa1 average f o r  a  f i x e d  d isplatement 5-50. I n  general 
these two d e f i n i t i o n s  may y i e l d  d i f f e r e n t  d ispers ion  c o e f f i c i e n t s ,  ' i n  which 
case t h e  concept of a  d i spe rs ion  c o e f f i c i e n t  may no t  even be usefu l .  We show 
below, however, t h a t  they are the  same if the d i spe rs ion  i s  macroscopical ly  
d i f f us i ve ,  i . e . ,  if Eq, (1) i s  v a l i d .  

Because x  i s  the  f low d i r e c t i o n ,  D i s  a l s o  denoted by b L ,  the 
l o n g i  t u d i n a l  d i spe rs ion  c o e f f i c i e n t  and b and Dz are denoted by D , the 
t ransverse d i spe rs ion  c o e f f i c i e n t  ( 5  = y ov z ) .  Because d ispers ion  i s  h o w  
dr iven,  we expect a priori  t h a t  the  l o n g i t u d i n a l  and t ransverse d ispers ion  
coe f f i c i en ts  a re  d i f f e r e n t .  

Relevant t o  t h i s  s tudy are  the  t r a c e r  p a r t i c l e  d i s t r i b u t i o n  func t ion  
P(5 - Cos t )  and t r a n s i t  t i m e  d i s t r i b u t i o n  f u n c t i o n  Q(5  - 5  , t )  , where 5  
denotes x, y, o r  z. P ( 5 - t 0 , t ) d g  i s  the  p r o b a b i l i t y  tRat  a  p a r t i c l e  
beginning i n  t h e  plane a t  to w i  11 be i n  a  plane between 5  and 5  + d5 a t  

.., t ime t. Q(5 - 5  , t ) d t  i s  the  p r o b a b i l i t y  t h a t  a  p a r t i c l e  beginning i n  the 
plane a t  5, w i ? l  cross, f o r  t he  f i r s t  t ime, a  plane a t  5 between t and 
t + d t .  These d i s t r i b u t i o n s  are r e l a t e d  by -the p a r t i t i o n i n g  p r i n c i p l e  (29) 

Th is  equati,on can be understood w i t h  the  f o l l o w i n g  argument. L e t -  c O <  5  < 5  
and consider a  random walk from 5 t o  5  t h a t  passes through the  p o i n t  
The displacement of the  t r a c e r  from to t o  5  can be decomposed ~ n t o  
two independent stages: I n  t h e  f i r s t  stage, the  t r a c e r  p a r t i c l e  a r r i v e s  a t  
51. f o r  t h e  f i r s t  t ime, a t i m e  r a f t e r  i t  l e f t  56. I n  the second stage, the  
pa r t i : c l e  leaves C1 and a r r i v e s  a t  5  ( n o t  necessar i l y  f o r  the  f i r s t  t ime) 
a f t e r  ' a  t ime t - .  I n c l u s i o n  of a l l  in te rmedia te  times -r y i e l d s  Eq. ( 4 ) .  
The d i s t r i b u t i o n  Q can be got ten  from P by employing the Laplace transform. 
The resu l  t i s  

where 



and iC" denotes the  i ;verse Lap1 ace transform. 

I f  t h e ' d i s p e r s i o n  process i s  diffusive, i .e. if i t  obeys the  convect ive- 
d i f f u s i o n  equation, then f o r  a p a r t i c l e  popu la t ion  i n j e c t e d  a t  t h e  p lane 

a t  t=O, the  1ocati.on p r o b a b i l i t y  dens i t y  func t ion  P(5 - EO,t) obeys the  
Gaussian (normal) d i s t r i b u t i o n ,  

. . 

from which i t  fo l l ows  ( w i t h  the  a i d  o f  Eq. ( 5 ) )  t h a t  

From these i t  a lso  fo l l ows .  t h a t  the D can be cmputed equ iva len t l y  as a 
s p a t i a l  o r  temporal average i f  the d i sse rs ion  process i s  d i f f u s i v e :  

2 Calcu la t ing  the  d ispers ion  c o e f f i c i e n t s  by temporal averaging of S / 2 t  
5 i s  cons is ten t  w i t h  experimental determinat ion of d ispers ion  coe f f i c i en ts  by 

moni to r ing  a t  some downstream p o s i t i o n  the concentrat ion i n  an emerging 
concentrat ion f r o n t  versus t ime s ince i t  was in jec ted .  

.' Concepts From Per\col a t i on Theory 

I n  t h i s  work we consider one-dimensional mean flow i n  networks tantamount 
t o  square o r  cubic l a t t i c e s .  The mean f l o w  . i s  para1 l e l  t o  one o f  t he  pore 
axes. If the pores vary i n  radius,  then the  l o c a l  f low w i l l  be complicated, 
w i t h  many d i f f e r e n t  f low.paths o f  v z . y i n g  f l o w  rates,  the  paths g i v i n g  r i s e  t o  
both .  k inemat ic  'and dynamic d ispers ion.  This d ispers ion  i s  geomet r ica l ly  d r iven,  

.s ince i 'n  these regu la r  networks there would be no d ispers ion  i f  a l l  t h e  pores 
were i d e n t i c a l .  On the  o ther  hand, i f  c e r t a i n  f r a c t i o n s  o f  the  pores of the  
regu la r  'network are e l  iminateel chaot ica l  l y  , then the  remaining pores, even if 
i d e n t i c a l ,  w i l l  p rov ide  a v a r i e t y  o f  f l o w  paths g i v i n g  r i s e  t o  k inemat ic  d i s -  
persion. Dispers ion i n  t h i s  case i s  t o p o l o g i c a l l y  d r iven.  . I n  a d isordered 
porous .medium,:. didpersi 'or i  i s  a r e s u l t  o f  combined geometr ical and topo log ica l  
d isorder ;  imposed by the  p o r o s i t y  and. the  subpopulat ion o f  immiscib le phases i n  
mult iphase flow:.' An advantage of computer s imula t ions  i s  t h a t  both types of 
d isorder  can be inves t iga ted  separate ly  o r  i n  combination. 



As the  n a t u r a l  language fo r  desc r ib ing  topo log i ca l  d i so rde r  i s  t h a t  o f  
p e r c o l a t i o n  theory,  we o u t l i n e  i n  t h i s  s e c t i o n  those concepts o f  , the  theory  
t h a t  a re  p e r t i n e n t  t o  the work presented below. Pe rco la t i on  theory o f  regu la r  
networks has been reviewed by several  authors (13,30). I t s  relevance t o  f l o w  
i n  porous media i s  now w e l l  es tab l ished (31-34). 

Of  a l l  t h e  bonds o r  s i t e s  i n  any g iven network i t  i s  convenient t o  
designate a  subset as a l l owed  bonds o r  s i t e s .  The al lowed bonds o r  s i t e s  are 
those remaining a f t e r  o thers  have been removed from cons idera t ion .  For our  
purpose d isa l lowed bonds w i  11 be removed e i t h e r  by s e t t i n g  t h e i r  r a d i i  equal 
t o  zero o r  by rese rv ing  them f o r  a  second phase i n  two-phase flow. With enough 
a l lowed bonds, a  cont inuous paths of connectedness and thus t ranspor t  o f  
a1 lowed bonds wi  11 span the  network. Pe rco la t i on  q u a n t i t i e s  'of i n t e r e s t  here 
a re  the  

( 1 )  a c c e s s i b i l i t y  , measured by the  access ib le  o r  p e r c o l a t i o n  f rac t i on ,  
the  probable f r a c t i o n  of network bonds o r  s i t e s  connected t o  such a  continuous 
path,  

( 2 )  effectiveness, measured by the  backbone f rac t i on ,  the probable 
f r a c t i o n  of bonds o r  s i t e s  a c t i v e  t o  t ranspor t ,  i . e . ,  the  accessib le f r a c t i o n  

, minus i t s  deadends. 

( 3 )  p e r c o l a t i o n  th resho ld ,  the  l a r g e s t  f r a c t i o n  of al lowed bonds o r  s i t e s  
9 

below which the  access ib le  f r a c t i o n  i s  zero. Allowed bonds are  e i t h e r  
accessib le,  o r  i s o l a t e d  i n  c l u s t e r s  o f  al lowed bonds surrounded by d isa l lowed 
bonds. Below the  p e r c o l a t i o n  th resho ld  a1 1  a1 lowed bonds are  i s o l a t e d .  

A c l o s e l y  r e l a t e d  q u a n t i t y  of i n t e r e s t  i s  the ef fect ive c o n d u c t i v i t y .  I t  
i s  t he  c o n d u c t i v i t y  of the  e n t i r e  network when al lowed bonds have d i s t r i b u t e d  
conductances and the  d isa l lowed bonds.have zero conductances. E f f e c t i v e  con- 
d u c t i v i t y  of a  network i s  n o t  a  concept of p e r c o l a t i o n  theory b u t  i t  i s  c l o s e l y  
associated w i t h  the theory  and i t s  va lue ought t o  be zero below the p e r c o l a t i o n  
th resho ld .  

I n  F igure  1 the  accessib le and,backbone bonds are shown i n  a  square network 
from which the f r a c t i o n  0.425 of bonds have been d isa l lowed.  The i s o l a t e d  

ACCESSIBLE PORES BACKBONE PORES 

F igu re  1.. . A: 'square network w i t h  a  f r a c t i o n  0.425 o f  bonds removed a t  random. 

(232) 



al lowed bonds are n o t  shown. I t  i s  s t r i k i n g  t h a t  so many o f  the  accessib le 
bonds are  deadends and therefore i n a c t i v e  t o  f low.  Also, the  backbone i s  com- 
posed of to r tuous  f low paths i n v o l v i n g  l inks  and mazes. L inks  a re  the bonds 
such t h a t  i f  one i s  cu t ,  the backbone breaks i n t o  two p a r t s  and the  remaining 
mul t ip ly-connected bonds aggregate together  i n  mazes. Each maze i s  connected 
t o  the r e s t  of the  backbone by on l y  a  few bonds. Th is  p i c t u r e  o f  backbone near 
the  p e r c o l a t i o n  th resho ld  has been shown by Stanley (35) and by C o n i g l i o  
(36,37) t o  be accurate so f a r  as t ranspor t  i s  concerned. 

As the p e r c o l a t i o n  th resho ld  i s  approached the  backbone paths become more 
and more tor tuous.  Since f low i n  a1 lowed bonds occurs on l y  i n  the  backbone 
bonds, t he  topo log i ca l  s t r u c t u r e  of the  backbone p lays  a  major r o l e  i n  d r i v i n g  
d i spe rs ion  i n  d isordered porous media. The d i s t r i b u t i o n  of f l u i d s  i n  the  
backbone i s  s p a t i a l l y  non-uniform because of the  random topology o f  the  backbone 
and because o f  the many deadend bonds t h a t  are connected t o  i t  b u t  a re  n o t  p a r t  
o f  i t . 

A  m o d i f i c a t i o n  of the  usual i s o t r o p i c  p e r c o l a t i o n  process i s  the  directed 
percolation process i n  which a  d i r e c t i o n a l  i ty c o n s t r a i n t  p lays  a  fundamental 
r o l e .  A1 though i m p l i c i t  i n  t he  p ioneer ing  work of Broadbent and Hammersley 
(38) ,  t he  problem of d i r e c t e d  p e r c o l a t i o n  has a t t r a c t e d  much a t t e n t i o n  only.  i n  
recent  years. I n  t h i s  problem, network bonds may be randomly accessib le,  and 
each bond i s  directed so t h a t  c o n n e c t i v i t y  o r  in fo rmat ion  can f low i n  on l y  one 
d i r e c t i o n  along the bond. I n  t h i s  sense, a  d i r e c t e d  bond i s  equ iva len t  t o  a  
diode i n  an e l e c t r i c a l  network (see Figure 2) .  The d i r e c t e d  p e r c o l a t i o n  
problem has a p p l i c a t i o n  i n  d i ve rse  d i s c i p l i n e s  such as i r r e v e r s i b l e  chemical 
r e a c t i o n  (39),  Markov processes w i t h  branching , recombi na t ion ,  and absorp t ion  

, (40) ,  g e l a t i o n  i n  a  f l ow ing  so l ven t  (41) ,  hopping t r a n s p o r t  i n  an e l e c t r i c  
f i e l d  (42),  and even g a l a c t i c  e v o l u t i o n  (43) .  

F igure  2. D i rec ted  p e r c o l a t i o n  on a  square network; the app l i ed  f i e l d  i s  de- 
noted by E. 

I n  the d i spe rs ion  process s imulated here, most o f  the bonds p a r a l l e l  t o  
the  macroscopic average pressure drop, AP, c a r r y  f low i n  t h a t . d i r e c t i o n  and qre 
so d i rec ted ;  on l y  a  small f r a c t i o n  o f  bonds c a r r y  f low counter t o  AP. Tracer 
p a r t i c l e s  are n o t  al lowed t o  move re la t ive  t o  the  l o c a l  f l ow  i n  network 



branches: the e f fec t  of the physical process of streamwise diffusion i s  , 

excluded by our simulation. The ef fec t  on the conclusions reached from the 
network simulation i s  negligible we believe. To the extent tha t  streamwise 
diffusion and backflow can be neglected the dispersion process can be inter-  
preted as a directed percolation process. A more physical picture of the 
process i s  one in which few or none of the bonds are oriented i n  the direction 
of A P ,  and backsteps are allowed with some probability which depends on the 
orientation of the network. No work has been done on th i s  modification of . 
the directed percolation process and so we ignore the rarely occurring back- 
flows in our use of percolation theory to  gain a qual i ta t ive picture of the 
transport  process. (However, backf low i s  a1 lowed i n  our simulati ons. ) . 

In the directed percolation problem discussed in the l i t e ra tu re  the . 
direction of bonds i s  preassigned. The dispersion process simulated here i s  a 
partiaZZy directed percolation problem because the direction of only those 
bonds parallel  t o  the macroscopic flow i s  known a priori .  Although the bonds 
in transverse direction are  also directed by virtue of the flows they carry 
the i r  directedness i s  random and depends heavily on the geometry and topology 
of the network; thus there i s  no average orientational order in the transverse 
directions (see Figure 3 ) .  

Figure 3. The appiicd f i e l d  induces anisotropy in the dircctcd percolation 
probl em. 

S t r i c t ly  speaking the percolation theory that  has been developed u p  to'now 
applies to  systems that  a re  effect ively in f in i t e  in s ize.  Evidently one cannot 
simulate an in f in i t e  network. However, as long as the sample i s . l a r g e  compared 
to  the correlation length, 5 ,  of the backbone, simulation resu l t s  for  flow and 
dispersion will well approximate those of a large system. The correlation 
length can be quantified by defining G(1-r ' ) ,  the probability that  bonds a t  
and r '  are allowed and belong to  the continuous path of accessible bonds; 
near ihe percolation threshold, G(r - r ' )  -- - has the asymptotic form (44)  



As the p e r c o l a t i o n  th resho ld  i s  approached (as more bonds are  d isa l lowed) ,  
the c o r r e l a t i o n  l eng th  6 increases w i t h o u t  bound. For example, if allowed 
bonds are chose'n a t  random, then near ' the p e r c o l a t i o n  th resho ld  the c o r r e l a t i o n  
1.ength obeys the  sca l i ng  law 

where X i s  the  f r a c t i o n  of al lowed bonds, X the  p e r c o l a t i o n  threshold,  2, 
a sca le  f a c t o r ,  and v the  correlation ten@& c r i t i c a t  exponent. The value 
v i s  be l i eved  t o  depend on l y  on d imens iona l i t y  of the  system f o r  i s o t r o p i c  
perco la t ion .  I n  two dimensions v = 4/3 and i n  th ree  dimensions v = 0.8 
I n  d i r e c t e d  p e r c o l a t i o n  the sca le  f a c t o r  and c r i t i c a l  exponent depend on 
d i r e c t i o n .  Because a p a r t i c u l a r  d i r e c t i o n  i s  p icked out ,  t he re  i s  a g loba l  
anisotropy i n  c l u s t e r  shapes as the  p e r c o l a t i o n  th resho ld  i s  approached (see 
Figure 3) .  The, l o n g i  t u d i  na l  c o r r e l a t i o n  length  d iverges as 

and the  t ransverse c o r r e l a t i o n  1 ength d iverges as 

Redner and C o n i g l i o  (46) obtained an e x c e l l e n t  approximation t o  vL and vT 
g iven by 

where d i s  the  dimensi onal i t y  of the  network ( d  = 2,3) and c i s  a constant  
t h a t  depends on l y  on the d imens iona l i t y  o f  the network ( c  = 2.55 i n  two 
dimensions and c = 2.15 i n  th ree  dimensions). From Eqs. (14). and (15) i t  i s  
apparent t h a t  v > v  and thus the  c o r r e l a t i o n  l eng th  d iverges f a s t e r  i n  t he  

,. 1 ongi t u d i  n a l  thah i n The t ransverse d i  r e c t i  on. 

I n  what fo l lows,  we s h a l l  see t h a t  the c o r r e l a t i o n  lengths  51 and ST 
behave s i m i l a r l y  t o  the d i s p e r s i v i  t i e s  aL and aT (a D /O) which a l so  have 5 =  5 
dimensions of length.  Thus, the c o r r e l a t i o n  lengths  may have more s i g n i f i c a n c e  
t o  d i spe rs ion  than j u s t  determin ing su f f i cen t  sample s i z e  f o r  experiment o r  
s imu la t ion .  



Monte Car lo S imula t ion  Procedure 

Overview 

We have s imulated d i spe rs ion  i n  four-coordinated, two-dimensional networks 
t h a t  resemble square l a t t i c e s  and s ix-coordinated,  three-dimensional networks 
t h a t  resemble cubic l a t t i c e s .  I n  these the  o r i e n t a t i o n s  of t he  branches are 
t o t a l l y  ordered i n t o  two o r  three d i r e c t i o n s .  The branches, o r  bonds, repre- , 

sent  pore- th roat  segments i n  which f lowing f l u i d  i s  supposed t o  spend v i r t u a l l y  
a l l  of i t s  tSme; these are  l i n k e d  by nodes o r  s i t e s  represent ing pore- junc t ion  
bodies o f  van ish ing ly  small  residence time. Simulat ion w i t h  randomly d i s t r i -  
buted coordinat ions,  o r i en ta t i ons ,  and dimensions der ived from Voronoi 
t e s s e l l a t i o n s  o f  space (47,48) are p ro jec ted  the  r e s u l t s  w i  11 be reported i n  a 
fu tu re  p ~ h l  i c a t i o n ,  

To i n v e s t i g a t e  d ispers ion,  we i n j e c t  a  t r a c e r  p a r t i c l e  i n t o  the network a t  
a  randomly chosen node i n  the plane x=O and moni t o r  i t s  ma t i c r~~  lt~r.uuyh the 
r~etwurk.  I he path  along which the  p a r t i c l e  t r a v e l s  depends no t  on l y  on the  
geometry and topology of t he  network, b u t  a l s o  on microscopic events w i t h i n  
bonds and nodes. I n  the  present  work we neg lec t  t he  v e l o c i t y  d i s t r i b u t i o n  
w i t h i n  each bond ( i  .e. the  t r a c e r  p a r t i c l e s  are assumed t o  move as i n  p lug  
f low).  We assume t h a t  cnnverging streams are  complelely mlxed a t  nodes and 
t h a t  a  p a r t i c l e  a r r i v i n g  a t  a  node leaves i n t o  one o f  t he  attached bonds w i t h  
a  cond i t i ona l  p r o b a b i l i t y  p ropor t i ona l  t o  the  f r a c t i o n  o f  the  f l o w  r a t e  
depar t ing  from the  node through t h a t  bond. Thus, if qi i s  vo lumet r ic  f l ow  
r a t e  i n  a  bond i t h a t  t ranspor ts  f l u i d  from the  node, the cond i t i ona l  
p r o b a b i l i t y  t h a t  the  t r a c e r  leave through bond i i s  qi/Lqj, where 6q i s  
the  t o t a l  vo lumet r ic  f low r a t e  l eav ing  (and hence en te r ing  t o )  the  j j node. 
Such cond i t i ona l  p r o b a b i l i t i e s  are o f  course branch-branch t r a n s i t i o n  proba- 
b i  1  i t i e s  f o r  complete mi x i  ng a t  the node. 

The nodal mix ing,  which depends u l t i m a t e l y  on molecular d i f f u s i o n ,  creates 
a homogeneous (one-step) Markov process, because w i t h  complete mix ing the  e x i t  
s t a t e  of t he  t r a c e r  p a r t i c l e  depends on ly  on the  node a t  which i t  has a r r i v e d  
and n o t  on i t s  t r a v e l  h i s t o r y  (see e.g. Papoul is (49 ) ) .  I n  e f fec t  the t r a c e r .  
p a r t i c l e  has no memory, whereas w i t h  p a r t i a l  mix ing a t  nodes, i t  has a  f i n i t e  
memory, i .e. on l y  a  few previous steps are important  and the c o r r e l a t i o n  
between t h e  successive displacements o f  t he  p a r t i  c l e  i s  f i n i t e .  Mon t ro l l  (50), 
who s tud ied  the  excluded volume e f f e c t  i n  polymer chains, showed t h a t  provided 
t h e  c o r r e l a t i o n  c o e f f i c i e n t  between the  components of the  p o s i t i o n  of the 
and t h a t  o f  k - t h  displacement decays more r a p i d l y  than c/sl+€ (where S = 1- j th - k l  ) 
as S---, where c  i s  a  constant  and E i s  an a r b i t r a r i l y  small  p o s i t i v e  con- 
s tan t ,  t he  m u l t i s t e p  Markov process can s t i  11 be t rea ted  as the  case wi thout  
any co r re la t i ons :  t he  asymptot ic ( l ong  t ime) r e s u l t s  are the  same as those fo r  
a  system lack ing  cor re la t ions ' .  The e f f e c t  o f  c o r r e l a t i o n s  shows up on ly  i n  the  
r a t e  of convergence of t he  process t o  t h e  asymptot ic regime. Now as nodal 
mix ing  weakens, t h a t  r a t e  must u l t i m a t e l y  appear i n  macroscopical l y  appreciable 
distances., Nevertheless we expect t h a t  the  d i f f u s i v e  behavior shown by the  
Monte Car lo  s imulat ions o f  d ispers ion  i n  s ing le -  and two-phase f l ow  reported 
below w i l l  prove rep resen ta t i ve  o f  the  process i n  such porespaces and ac tua l  
f low s i t u a t i o n s  as can be r e a l i s t i c a l l y  modeled by extensive network 
d i s c r e t i z a t i o n s .  



D e t a i l s  o f  the  S imula t ion  

The sequence o f  c a l c u l a t i o n s  i n  our Monte Car lo  method i s  .as fo l lows:  

(1 )  The e f f e c t i v e  r a d i i  of pore t h r o a t  segments, o r  bonds, a re  d i s t r i b u t e d  a t  
random (by means of a  pseudo-random number generator  subrout ine)  from a 
q u a l i t a t i v e l y  rep resen ta t i ve  d i s t r i b u t i o n .  Here we employ a  Rayleigh 
d i s t r i b u t i o n  (F igure  4) . . 

BOND - RADIUS 

Figure 4. The Rayleigh d i s t r i b u t i o n  [Eq.  (16), w i t h  a = .I.] used here as a  
model d i s t r i b u t i o n  o f  pore- th roa t  r a d i i .  

2 2 2  -a R 
f (R) = 2a Re 

where a i s  a  c h a r a c t e r i s t i c  pore rad ius .  Th is  d i s t r i b u t i o n  mimics 
the  pore s i z e  d i s t r i b u t i o n s  determined by several  i n v e s t i g a t o r s  (e.g . 
Thomas e t  aZ. (51 ) ) .  Heiba e t ' a l .  (34) used the same d i s t r i b u t i o n  i n  
t h c i r  thcory  o f  r c l a t i v c  pcrmcabi li t i c s  and obscr icd  good agrccmcnt 
between t h e i r  p r e d i c t i o n s  and experimental  data. 

(2 )  The f l o w  cross-sect ions of the pore segments are taken t o  be c i r c u l a r  
o r  o f  low aspect r a t i o ,  so t h a t  i n  t he  Stokes ' f low (creeping f low) t h a t  
p reva i  1s each bond's f l o w  res i s tance  i s  p ropo r t i ona l  t o  the  i nve rse  
f o u r t h  power o f  i t s  e f f e c t i v e  rad ius  (as i n  Hagen-Poiseui l le f low). 
Moreover the  c o n t r i b u t i o n  'of each segment t o  t o t a l  volume of porespace 
we take p ropo r t i ona l  t o  i t s  e f f e c t i v e  rad ius .  Therefore the  pore con- 
ductance g  i s  chosen t o  be 



where R i s  the pore l eng th  and p i s  the v i s c o s i t y  o f  f l u i d .  For 
s i m p l i c i t y  we take R t o  be a constant. 

(3) .  The steady-state pressure d i s t r i b u t i o n  i n  the  e n t i r e  network i s  computed. 
Th is  i s  done by s o l v i n g  a standard K i r chho f f  law formula t ion  i n  which 
the  f l o w r a t e  q i n  each bond i s  the  product  of the  pressure d i f ference 
Api between i t s  nodes and i t s  hyd rau l i c  conductance, as' i n  Eq. (17).  
Then problem o f  f low through the  random network reduces t o  a s e t  o f  l i nea r  
equations . , 

P i s  a column vec to r  whose elements are nodal '  pressures. b i s  a column .. 
vec to r  a r i s i n g  f rom the  boundary condi ti ons , which are  constant pressures 

and P2 imposed a t  the  entrance and e x i t  planes of the  network 
yi=O and x=L, r e s p e c t i v e l y )  and matched cond i t ions  on the opposed 
faces i n  the  y - d i r e c t i o n  and on those. i n  the z - d i r e c t i o n  (so-ca l led  
p e r i o d i  c  condi t i o n s )  . The e n t r i e s  of. the. m a t r i x  A are conductances 

x 

I O 
i f  .i and j are r1o.l: connec.ted nodes 

if i and j are  connected nodes and i f j  (19) 

Here i means the  s e t  of nearest  neighbors o f  node i and Rij 
i s  t he  e f f e c t i v e  rad ius  of t he  bond connecting i t  t o  node j. For 
two-phase f l o w  regimes' Eq. (18) must be solved separate ly  f o r  each 
phase, Ai being se t ,  equal t o  zero f o r  a1 1 bonds occupied b y  o ther  
than t h e  chosen phase. ) 

( 4 )  From the  pressure d i s t r i b u t i o n  and e f fec t i ve  pore rad ius .  the  average 
v e l o c i t y  of f low i n  each bond i s  ca l cu la ted  and the  pe rmeab i l i t y  t o  
the  chosen phase i s  determined. That pe rmeab i l i t y  i s  the  product  of 
t h e  t o t a l  vo lumet r ic  f low r a t e  across the entrance o r  e x i t  plane and 
the  v i s c o s i t y  o f  t he  phase, d i v ided  by the t o t a l  cross-sect ion of t he  
network and the  imposed pressure d i f ference per  u n i t  length.  

(5)  racer p a r t i c l e s  are  i n j e c t e d  i n t o  ' the  network a t  random a t  the  plane 
x=O. Each p a r t i c l e  performs a random walk according to '  the  t r a n s i t i o n  
p r o b a b i l i t y  law t h a t  was l a i d  down above. A t  each s tep the  t r a v e l  
t ime of the p a r t i c l e  across the  c u r r e n t  bond i s  computed from 

where AP i s  the  pressure drop across the bond. For s i m p l i c i t y  we 
took a l l  bonds t o  be o f  t he  same leng th  so f a r  as t r a v e l  t ime i s  con- 
cerned. Then the  t r a n s i t  ( f i r s t  passage) t ime Ti o f  each t r a c e r  



p a r t i c l e  i s  the t o t a l  t ime i t  .takes t o  cross the  system from x=O ' t o  
x=L, L being the  l eng th  of the  system. , . .  

(6 )  ' For each t r a n s i t  t ime T  the  corresp.onding average t r a n s i t  v e l o c i t y  

Bi i n  the  mean f low d i r h t i o n  , . 

i s  ca lcu la ted .  

(7) The t r a n s i t  t ime of each t r a c e r  p a r t i c l e  t o  t r a v e l  between a  p a i r  o f  
t ransverse planes .of s p e c i f i e d  separa t ion  is . r 'ecdrded and the d i spe rs ion  
q u a n t i t i e s  S2 /2T  and Si/2T are  computed. Of cour,se the  average 
p a r t i c l e  ve log i  ty i n  t ransverse d i r e c t i o n  i s  zero-. 

(8)  Af ter .  i n j e c t i n g  a  popu la t ion  of N . t r a c e r  ' p a r t i c l e s  one- a t  a  t ime .and 
, r eco rd i  ng t h e i  r Bi ' s the  average p a r t i  c l  e  v e l  o c i  ty B ;i s computed 
f rom 

(9) The d i sbe rs ion  c o e f f i c i e n t s  h r e  ca l cu la ted  from 

The average t r a n s i t  ( f i r s t  passage) t ime 7 i s  a l so  found: 

We chose the  number o f  t r a c e r  p a r t i c l e s  N by i nc reas ing  N u n t i l  t he  - 
averages v, Dx , Dy, and DZ no longer  changed appreciably ,  the  

c r i  t e r i  on bei'ng 

c r i t e r i o n  

def ined by Eqs. (22) -(25) , E i s  a  smal l  preassigned number, 5x10-' i n  
t h i s  study, and n  i s  a  small i n t e g e r  u s u a l l y  chosen t o  be ten. I n  
the  case o f  the  cubic network w i t h  f l o w  i n  the  x - d i r e c t i o n  the f u r t h e r  

- 

E~ 
< E, where EN i s  any o f  the  q u a n t i t i e s  

D D 

D~ 
< z ,  was used. When these c r i  t k r i a  were met, we 



chose the  t ime T  a t  which the  d i s t r i b u t i o n  of t r a c e r  p a r t i c l e  f l o c a t i o n  i s  ca l cu  ated. Tf has t o  be long enough t h a t  d i f f u s i v e  
behav ior  if present  becomes evident ,  y e t  s h o r t  enough t h a t  few par-  
t i c l e s  cross the system i n  l e s s  t ime. We took Tf t o  be about 
0.6 7. For a  constant  o v e r a l l  f low r a t e  Q t h i s  corresponds . t o  
displacement o f  60% of t he  pore volume (which i s  g iven by Q ~ / A L  where 
A i s  the  cross s e c t i o n a l  area of the  system). 

(10)  The l o n g i t u d i n a l  and t ransverse  p o s i t i o n s  o f  the t r a c e r  p a r t i c l e s  a t  
t ime Tf were determined and from them the  d i spe rs ion  c o e f f i c i e n t s  
and the  p r o b a b i l i t y  d e n s i t y  P(5,Tf) f o r  5  = x, y o r  z. 

(11)  The e n t i r e  procedure was repeated fo r  several  network r e a l i z a t i o n s ,  
i .e. f o r  several assignments of e f fec t i ve  bond r a d i i ,  and then the  
des i red  stat is t ics-means and standard deviat ions-were compiled. 
The number of r e a l i z a t i o n s  was u l t i m a t e l y  chosen on the  bas is  of 
these s t a t i s t i c s  and computational costs.  

P l a i n l y  the Monte Car lo  s t r a t e g y  i s  one of cons t ruc t i ng  r e a l i z a t i o n s  t h a t  
c o n s t i t u t e  a  s t a t i s t i c a l l y  rep resen ta t i ve  sample from an i n d e f i n i t e l y  l a r g e  
popu la t ion .  To do t h i s  i n  the  case of d i spe rs ion  i n  networks requ i res  a  la rge ,  
e f f i c i e n t  computer. We employed the  Cray-1 computer o f  the  U n i v e r s i t y  o f  
Minnesota Computer Center. C a l c u l a t i o n  of a  pressure f i e l d  took about 4.5 CPU 
seconds f o r  a  50x50 square network and about 3.3 CPU seconds, f o r  a  lOxlOxlO 
cub ic  network ca l cu la t i ons .  I n  the case o f  the  17x17~17 cubic network almost 
a1 1  of t he  memory of t h e  computer, l o 6  words, was used. 

One-Phase F l  ow Systems 

Disper5s l un  i n  Square and Cubic Networks 

A t  t he  o u t s e t  we can dispose of the quest ion of how the  r e s u l t s  depend on 
t h e  s i z e  of t he  .network employed. F igure  5a shows how the  pe rmeab i l i t y  o f  
t he  square network v a r i e s  w i t h  i t s  s i ze .  The pe rmeab i l i t y  of t he  15x15 network 
i s  t h e  average of 20 r e a l i z a t i o n s  and t h a t  of o ther  s izes  shown i n  F igure  5a 
i s  t h e  average of 5  r e a l i z a t i o n s .  There i s  l i t t l e  d i f f e rence  between the  
r e s u l t  f o r  t he  50x50 network and t h a t  of the  60x60 one; moreover, they d i f f e r  
o n l y  by about 15% from the  pe rmeab i l i t y  of the  40x40 network. F igure  5b shows 
how t h e  d i spe rs ion  coe f f i c i en ts  DL and DT depend on the  network s ize ;  they 
f o l l o w  the  same p a t t e r n  as the  pe rmeab i l i t y .  Based on these r e s u l t s  we chose 
the  50x50 square network f o r  more ex tens ive  ca l cu la t i ons .  

The t r a c e r  p a r t i c l e  d i s t r i b u t i o n  -P(x,t) f o r  the  p o s i t i o n  x  of the  
t r a c e r s  i n  the  d i r e c t i o n  o f  f l o w  i s  presented i n  F igure  6  a n d ' f o r  t ransverse 
d i r e c t i o n  i n  F igure  7. We judged whether t h e  process i s  d i f f u s i v e  by de ter -  
min ing,  on t h e  bas is  o f  t he  chi-squared t e s t  of goodness o f  f it whether P 
i s  Gaussian, whether Q i s . d e r i v e d  from a  Gaussian P, and whether s p a t i a l  and 
temporal. averages of.  . S2 /2 t  a r e  equal.  We compared t h e  sample d i s t r i b u t i o n s  

5  i1.n F igures  6  and 7  w i t h  the  Gaussian d i s t r i b u t i o n ,  Eq. (7 )  us ing  the  average 
values of DL and DT f o r  the  l o n g i t u d i n a l  and t ransve rse  cases. The 
Gaussian d i s t r i b u t i o n  f i t s  the  l o n g i t u d i n a l  r e s u l t  (F igure  6) w i t h  approxi-  
mate ly  85% conf idence and the  t ransverse r e s u l t  (F igure  7) w i t h  90% confidence. 
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F i  cre 5. Squarc network: effect  of network s ize on ( a )  
( b j  dispersion coefficients.  
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The average displacement of a  t r a c e r  p a r t i c l e  i n  the t ransverse d i r e c t i o n  i s  
zero. On the o ther  hand the average of the  l o n g i t u d i n a l  p o s i t i o n s  o f  the 
t r a c e r  p a r t i c l e s  i s  about 28 bond lengths.  This  i s  expected.because the t ime 
a t  which the  p o s i t i o n s  of p a r t i c l e s  were recorded i s  about 60% of t he  average 
t r a n s i t  ( f i r s t  passage) t ime across the  system, and so the  mean l o n g i t u d i n a l  
p o s i t i o n  of t r a c e r  p a r t i c l e s  must be about 60% of the  50-bond t o t a l  l eng th  o f  
the medium. F igure  8  i s  a  histogram o f  t he  t r a n s i t  t ime d i s t r i b u t i o n  fun.ct ion 
Q(L , t ) .  o f  the  t r a c e r  p a r t i c l e s .  Because the  t r a c e r  p a r t i c l e  d i s t r i b u t i o n  i s  
approximately normal, t h i s  should be an exponen t ia l l y  decaying d i s t r i b u t i o n  
w i t h  a long t a i l  (compare Eq. ( 8 ) ) ,  as i t  i s  w i t h  90% confidence. The s p a t i a l  
and temporal averages of S2 /2 t  agree w i  t h  each o the r  t o  w i  t h i  n. 10% as .  do a1 so 
those o f  S2/2t.  We conc lu ie  from t h i s  t h a t  the  d i spe rs ion  process.  i n  s ing le -  
phase f l o w  r i m u l a t e d  here i s  d i f f us i ve ,  and thus the  d i spe rs ion  coe f f i c i en ts  
can be i d e n t i f i e d  as e f fec t i ve  d i f f u s i o n  coe f f i c i en ts  i n  the macroscopic con- 
v e c t i v e - d i f f u s i o n  Eq. ( 1 ) .  
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Figure  8. Square network: t r a n s i t  t ime d i s t r i b u t i o n  f o r  one phase flow. 

The r a t i o  1 v  v  where < 1 v c l >  i s  the  average p a r t i c l e  speed 

i n  the < -d i rec t i on ,  we found t o  be about 1.95k0.12. This  suggests t h a t  on 
average, the t r a n s i t i o n  p r o b a b i l i t y  f o r  a  displacement i n  the  l o n g i t u d i n a l  
d i r e c t i o n  i s  tw ice  as l a r g e  as t h a t  of the t ransverse d i r e c t i o n .  The r a t i o  o f  
D L / D ~  was found t o  be 6.8.8k0.33. 

I t i s  noteworthy t h a t  the  r a t i o  of the Darcy v e l o c i t y  vd t o  the  average 
t r a c e r  p a r t i c l e  v e l o c i t y  i i s  vd/G = 1.95k0.13. We i n t e r p r e t  t h i s  t o  mean 
t h a t  i n  t r a n s i t  across the  network the  p a r t i c l e  spends on the  average ha l f  of 
i t s  t ime moving i n  the  t ransverse d i r e c t i o n .  Th is  i s  supported by the f a c t  
t h a t  the r a t i o  ny/n , where n  i s  the  average number o f  displacements i n  
the < -d i rec t i on ,  IS r.95+0.15, 6h i ch  i s  the same as < Ivx  l> /< l v  I>  as i t  
should be. Thus even though the  average t ime spent i n  a  t ransvg rse l y  d i r e c t e d  
bond i s  tw ice  as l a r g e  as t h a t  spent i n  a  l o n g i t u d i n a l l y  d i r e c t e d  bond ( s i n c e  
< I  v  I )/< I v I > - 2 )  , on average o n l y  h a l f  o f  the t o t a l  t r a n s i t  t ime i s  spent 
i n  gonds o f  the  former o r i e n t a t i o n .  



We a lso  s tud ied  d i spe rs ion  i n  cubic l a t t i c e - l i k e  network. Again, we 
f i r s t  computed the  p e r m e a b i l i t y  and the  d i spe rs ion  c o e f f i c i e n t s  as func t i ons  
of network s ize,  w i t h  the  r e s u l t s  shown i n  F igure  9. On the basis  o f  
these r e s u l t s ,  and because the  f l o w  c a l c u l a t i o n s  f o r  t h e  cubic network are  
so c o s t l y ,  we decided t o  make most o f  s imu la t ions  on the  1OxlOxlO network. 
Although there  appears t o  be a  s l i g h t  s i z e  e f f e c t ,  we est imate t h a t  r e s u l t s  
f o r  t h i s  network a re  rep resen ta t i ve  o f  l a r g e  systems. Each p o i n t  i n  F igure 
9 represents t h e  average over  f i v e  r e a l i z a t i o n s ,  except f o r  the pe rmeab i l i t y  
and d i spe rs ion  c o e f f i c i e n t s  o f  t h e  5X5x5 network, which represent  averages 
over  30 r e a l i z a t i o n s .  

I n j e c t i o n  o f  about 700 t r a c e r  p a r t i c l e s  i n  each o f  the f i v e  network re -  
a l i z a t i o n s  s u f f i c e d  t o  g i v e  convergent values o f  dispers, ion c o e f f i c i e n t s ,  
average p a r t i c l e  v e l o c i t y ,  and average t r a n s i t  t ime; whereas f o r  t he  square 
network about 1500 p a r t i c l e s  were requ i red .  The l e s s e r  number requ i red  re -  
f l e c t s  t h e  d i v e r s i t y  o f  p a r t i c l e  paths i n  th ree  dimensions. The l o n g i t u d i -  
n a l  d i spe rs ion  c o e f f i c i e n t  D and the  average p a r t i c l e  v e l o c i t y  i i n  fac t  - 
s t a b i l i z e d  a f t e r  o n l y  about 550 t r a c e r s  had been i n j e c t e d ,  b u t  D and Dz 
converged on each o the r  more s lowly.  Y  

The r a t i o  v  /i was found t o  be 2.85k0.35, which supports our  con jec ture  
t h a t  t h i s  r a t i o  m i s t  be about th ree  f o r  a  l a r g e  cub ic  network.  The r a t i o  
D /D we found t o  be about 6.820.2, which d i f f e r s  scarce ly  a t  a1 1  from the 
vb l i i e  6.883U.33 t h a t  was found f o r  the  square  network. 

The t r a c e r  p a r t i c l e  d i s t r i b u t i o n s  i n  t he  cub ic  network are recorded i n  
F igu re  10 and t h e  t r a n s i t  ( f i r s t  passage) t ime d i s t r i b u t i o n  Q,(L,t) i s  shown 
i n  F igure  11. The values o f  D and D obta ined by temporal averaging o f  
S i / 2 t  and S2 /2 t  were used t o  c b n s t r u c l  Gaussian d i s t r i b u t i o n s  which were 
t e s t e d  agaiXst  t he  s imulated d i s t r i b u t i o n s  w i t h  t h e  standard c h i  -squared t e s t .  
The r e s u l t  was t h a t  the  l o n g i t u d i n a l  d i s t r i b u t i o n  can be accepted as a  normal 
d i s t r i b u t i o n  w i t h  80% conf idence, w h i l e  t h e  t ransverse d i s t r i b u t i o n  i s  a  nor- 
mal one w i t h  95% conf icence. D c a l c u l a t e d  from the  sample was used t o  con- 
s t r u c t  a  t r a n s i t  t ime d i s t r i b u t t o n  Q(L,t), Eq. (8) ,  which was then tes ted  
aga ins t  t h e  t r a n s i t  t ime d i s t r i b u t i o n  f rom the  sample. The s imulated d i s t r i -  
b u t i o n  f i t s  the  t h e o r e t i c a l  one w i t h  85% conf idence. The l o n g i t u d i n a l  d i s t r i -  
b u t i o n  P(x,t)  was a l s o  determined f o r  t h e  17X17X17 network as shown i n  F igure 
12. The chi-squared t e s t  showed t h a t  i t  i s  normal w i t h  90% confidence. D is -  
pe rs ion  c o e f f i c i e n t s  as c a l c u l a t e d  by s p a t i a l  and temporal averaging o f  S2/2t  
f o r  5 = x,y,z agreed w i t h  each o t h e r  t o  w i t h i n  10%. We conclude from t h i E  
s tudy  t h a t  f o r  t he  process simulated, d i spe rs ion  i s  d i f f u s i v e  i n  the  square 
and cub ic  networks. 

D ispers ion  and Flow i n  De fec t i ve  Square Networks 

The d i spe rs ion  i n v e s t i g a t e d  above i s  caused by the  random geometry of 
t h e  porespace-the dynamical mechanism-in r e g u l a r  networks. I n  t h i s  sec t i on  
we examine the e f f e c t  o f  vary ing  the  topology o f  t he  porespace i n  the  absence 
o f  any geometr ica l  var . i ,~ t ions.  We assign the  same radius,  the  average of t he  
pore  s i z e  d i s t r i b u t i o n  i n  Eq. (16),  t o  a l l  bonds i n  the  square network. With 
i d e n t i c a l  bond r a d i i  f l o w  i s  one dimensional and the  d i spe rs ion  c o e f f i c i e n t s  
a r e  zero. To c rea te  topo log i ca l  d i so rde r  we remove a t  random a f r a c t i o n  of 
t he  bonds o f  t he  network, i.e. we assign zero rad ius  t o  them. Then, even 
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Figure 10. Cubic network: d i s t r i b u t i o n  o f  t r a c e r  p a r t i c l e  p o s i t i o n s  a t  
f ixed  time. f o r  one phase f low. 



Figure Cubi c 

TRANSIT TIME x 1 0 - ~ ,  t 

network: t r a n s i t  time d i s t r ibu t ion  f o r  onc phase flow. 

O t  - 0 0.12 
:G. 
4 3  

? 0.08 

:E n % 0.04 
a 
I- 

' 2.5 12.5 225 325 42.5 52.5 625 
7.5 11.5 3l.5 ff5 su 

POSITION IN DIRECTION OF 
FLOW, X . . 

Figure 12. Tracer pa r t i c l e  d i s t r ibu t ion  .for. the l a r ae s t  cubic network used 
('17x17~17). 

though the bonds t h a t  a r e  allowed t o  f.low are  equivalent ,  kinematically driven 
.dis'pers'ion' r e su l t s  from the  random topology of the network. ' Random removal of 
bonds i so l a t e s  some bonds and makes others deadends, i .e. 'a1 though they a r e  
connected t o  the.sample spanning c lu s t e r ,  they do not par t i c ipa te  i n  t ranspor t .  
Thus only a subset  of allowed 'bonds is ac t ive  i n  t ranspor t .  This subset of 
bonds is cal led the  backbone of transport i n  the  language of percolation theory. 
A preci,se def in i t ion  of the  backbone of the sample-spanning c l u s t e r  i s  t ha t  i t  
i s  .the l a rges t  biconnected,component of the  defective network. A s e t  of net- 
work s i t e s  is sa id  t o  be biconnected i f  every pa i r  of s i t e s  can be linked b.y 
a t  l e a s t  two d i s t i n c t  conducting paths ( i f .  they a re  connected by only one path, 
then a t  l e a s t  one of the s i t e s  is  i so la ted) .  



The p e r c o l a t i o n  th resho ld  of t h e  p a r t i a l l y  d i r e c t e d  square.network was 
found by Redner (52) t o  be about 0.55. Our 50x50 square network has a  s l i g h t l y  
lower  p e r c o l a t i o n  th resho ld  of about 0.53,. To i n v e s t i g a t e  d i spe rs ion  we began 
by ass ign ing  zero  r a d i u s  ( i n f i n i t e  h y d r a u l i c  res i s tance )  t o  0.45 o f  bonds and 
a  s i n g l e  e f f e c t i v e  r a d i u s  t o  t h e  r e s t  o f  the  bonds; then we make t r a c e r  p a r t i -  
c l e  experiment on f i v e  d i f f e r e n t  r e a l i z a t i o n s  o f  the  network. Next we r a i s e d  
t h e  f r a c t i o n  of a l lowed bonds t o  0.60 and repeated the  procedure, and con t i n -  
ued t o  l a r g e r  f r a c t i o n s  o f  a l lowed bonds. The r e s u l t i n g  d i s p e r s i v i t i e s  a = 
D / G  are  shown i n  F igu re  13. They decrease w i t h  r i s i n g  f r a c t i o n  X o f  a116wed 
bbnds and vanish when a l l  bonds are  present-and have the  same hyd rau l i c  r e -  
s i s tance .  .Thus  i n  t h e  absence o f  any geometr ica l  v a r i a t i o n  i n  t h e  porespace, 
t h e  dynamic mechanism o f  d i spe rs ion  i s  i n a c t i v e  b u t  p u r e l y  t opo log i ca l  i r r e g -  
u l  a r i  ty o f  t h e  porespace can g i v e  r i s e  t o  d i spe rs ion  by.  the  k inemat ic  mechan- 
ism. A lso  shown i n  F igu re  13 a re  t h e  d i s p e r s i v i t i e s  o f  t he  same network when 
t h e  e f f e c t i v e  r a d i i  o f  t he  a l lowed bonds are  randomly d j s t r l b u t e d  according 
t o  Eq. (16) .  P l a i n l y  t h e  topology i s  j u s t  as impor tan t  as t he  geometry. I n -  
deed, w h i l e  d i s p e r s i v i t i e s  o f  a  f u l l y  connected and un l f o rm square l a t t i c e -  
l i k e  network a r e  zero  when i t  i s  a l i gned  w i t h  t he  imposed f i e l d ,  t he  d i spe r -  
s i v i t i e s  o f  a  f u l l y  connected network w i t h  t h e  random geometry o f  a  pore s i z e  
d i s t r i b u t i o n  a re  n o t  zero. 
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F igu re  13. D ispers ion  i n  a  d e f e c t i v e  square network, w i t h  o n l y  a f r a c t i o n  X 
o f  the bonds open t o  f low. 

The d i s p e r s i v i t i e s  o f  t h e  p a r t i a l l y  d i r e c t e d  network t h a t  a r i s e  f rom 
t h e  random topo logy  o f  t he  backbone can be q u a n t i f i e d  near t he  p e r c o l a t i o n  
th resho ld .  As.was discussed i n  t he  se.ction o f  p e r c o l a t i o n  concepts, f o r  d i -  
r e c t e d  p e r c o l a t i o n  t h e  sample-spanning c l u s t e r  o f  a l lowed bonds i s  a n i s o t r o p i c  
near t h e  p e r c o l a t i o n ' t h r e s h o l d  and t h e r e f o r e  the re  a re  two r e l e v a n t  l e n g t h  
scales, 5 and 5 , bo th  of which d i v e r  e. For a  p a r t i a l l y  d i r e c t e d  square 
network we f i n d  r rom Eqs. (14) and (15 t h a t  t h e  c r i t i c a l  c o r r e l a t i o n  l e n g t h  
exponents a re  
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That the  l o n g i t u d i n a l  c o r r e l a t i o n  l eng th  d iverges f a s t e r  than the  t ransverse 
c o r r e l a t i o n  l e n g t h  i s  understandable because randomly d i r e c t e d  bonds i n  t rans-  
verse d i r e c t i o n  impose a  s o r t  of random walk t h a t  causes 6 t o  d iverge more 
weakly than 5 . For the  d i spe rs ion  process near the percoTat ion th resho ld  
the re  are  a l s b  two re levan t  l eng th  scales, t he  l o n g i t u d i n a l  d i s p e r s i v i t y  a  
and t h e  t ransverse d i s p e r s i v i t y  a , and they bo th  increase as the  th resho lh  T i s  approached. Consequently we c  n j e c t u r e  t h a t  when the  d i s p e r s i v i  t i e s  nL 
and aT a r i s e  i n  random topology of t he  backbone o f  the  network, then 

near t he  p e r c o l a t i o n  threshold.  From F igure  13 the  r a t i o  o f  l o n g i t u d i n a l  
d i s p e r s i v i t i e s  a t  0.55 and 0.6 o f  bonds i s  found t o  be 7.2. Th is  r a t i o  i s  
8.4 i f  we use Eq. (29). From Figure 13 the  r a t i o  o f  t he  t ransverse d isper -  
s i v i t i e s  a t  0.55 and 0.60 o f  bonds i s  found t o  be 3.37, w h i l e  Eq. (29) y i e l d s  
a  r a t i o  O f  3.97. The agreement between the  two p a i r s  o f  r a t i o s  i s  good, i n  
t he  l i g h t  o f  t h e  s t a t i s t i c a l  f l u c t u a t i o n s  o f  our s imu la t ions  near t he  perco- 
l a t i o n  threshold.  

For t he  case of d i spe rs ion  caused ' b y ' t h e  random geometry as we l l  as t o -  
pology o f  t h e  backbone near the  perco1ati)on threshold,  the  exponents v and 
v remain the  same, apparent ly  because they  depend o n l y  on the  topologb of 
the  network; t he  p r e f a c t o r s  i n  Eq. (29) would be expected t o  depend on the  
geometry (pore s i z e  d i s t r i b u t i o n )  o f  the  backbone. Computations t o  f i n d  o u t  
i f  a  s i m i l a r  r e l a t i o n  holds f o r  t he  cubic network a re  n o t  y e t  ava i l ab le .  

Dependence o f  D ispers ion  C o e f f i c i e n t s  on Average V e l o c i t y  

Because the  network f l o w  i s  a  l i n e a r  process, when the  o v e r a l l  pres- 
sure drop i s  changed, t he  pressure d i f f e r e n c e  between the  e x t r e m i t i e s  o f  each 
bond o f  t he  network changes i n  proport ion, and so a l so  do a l l  the  v e l o c i t i e s  
and ,flow rates. Hence the  r a t i o s  between f l o w  r a t e s  i n  d i f f e r e n t  bonds t h a t  
connect t o  t he  same node remain unchanged and so the  t r a n s i t i o n  p r o b a b i l i t i e s  
a re  i n v a r i a n t .  Consequently t he  d i spe rs ion  c o e f f i c i e n t s  a re  p ropo r t i ona l  t o  
the  mean .ve loc i t y  i n  our  s imu la t ions  ( o f  mul t iphase as w e l l  as single-phase 
f l o w  i n  the  networks):  

Some c l a s s i c a l  experimental  works on s i n  le-phase f l o w  d i spe rs ion  are those 
o f  Harleman e t .  a l .  (53), Brigham e t  a l .  54) and Blackwel l  (55) .  Experimental 
data have been c o r r e l a t e d  w i t h  
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The f i r s t  terms on the  r i g h t  s ides  o f  Eqs. (32) and (33) a re  supposed t o  r e -  
p resent  an e f f e c t  of molecular  d i f f u s i o n ,  D being the  d i f f u s i o n  c o e f f i c i e n t ,  
F a  fo rmat ion  e l e c t r i c a l  r e s i s t i v i t y  f a c t o r ,  and $I the f r a c t i o n a l  p o r o s i t y .  
Various values of t h e  exponents B and B have been repor ted  and i t  seems 
1  i k e l y  t h a t  they  depend on the pobous mdium. The l a r g e s t  and smal les t  values 
o f  B were claimed by Legaski e t  a1 . (56) :  1.28 and 1.13 respec t i ve l y .  Nev- 
e r t h e l e s s  B i s  u s u a l l y  s e t  equal t o  u n i t y  f o r  use i n  the  convec t i ve -d i f f us ion  
equat ion.  karleman e t  a l .  (53) repor ted  the  smal les t  value B , 0.7; Hassinger 
e t  a l .  (57) c la imed the  l a r g e s t  value, u n i t y ;  B lackwel l  (55) Jeported BT t o  
b e a b o u t  0.97. For use i n  the convect ive-d i f fus ion equat ion BT i s  a l s o  taken 
t o  be u n i t y .  Thus the re  i s ' f a i r  agreement between experiments and our  model 
o f  t he  l o n g i t u d i n a l  d i spe rs ion  c o e f f i c i e n t .  The apparent ly  m i l d l y  non l inear  
dependence o f  DL on i may stem from an e f f e c t  o f  molecular  d i f f u s i o n  t h a t  i s  
absent from t h e  network approximation employed here. A prominent candidate 
i s  T a y l o r - l i k e  d i spe rs ion  w i t h i n  streamtubes. ( 2 ) .  

Reported experimental  values o f  t he  r a t i o  D / D  vary from 3  t o  61.5 (58),  
though most authors say i t  i s  between 10 and 24 a$ f i u n d  by Blackwel l  (55). The 
p r e d i c t i o n s  .o f  our square and cubic network models a re  somewhat lower and o f  the  
many poss ib le  reasons the  d i r e c t i o n a l  r e g u l a r i t y  and o r i e n t a t i o n  o f  t he  networks 

', we employed a r e  l ead ing  candidates. "\ 1 

Two-Phase Systems 

, , D i s t r i b u t i o n  o f  Two F l u i d  Phases 

,,>. D ispers ion  i n  single-phase f l o w  i n  porous media i s  an important  pheno- 
r. menon, b u t  ou,r c h i e f  purpose i n  s tudy ing  i t  i s  t o  l a y  groundwork f o r  inves-  
- t i g a t i o n  o f  d i s p e r s i o n  i n  mul t iphase f low,  which i s  n o t  o n l y  more complicated 

and s k i e n t i f i c a l l y  i n t e r e s t i n g  b u t  a l so  more important  t echno log i ca l l y .  I n  
t h i s  sec t i on  we f i r s t  descr ibe the  r e l e v a n t  aspects o f  steady two-phase flow, 
and then present  t he  r e s u l t s  o f  Monte Car lo  s imu la t i on  o f  d i spe rs ion  i n  each 
o f  t he  phases. 

O r d i n a r i l y  when two immisc ib le f l u i d s  are  f l o w i n g  each occupies i t s  own. 
s e t  of pas.sages, i . e .  cont inuous ly  connected subspaces o f  t he  porespace. When 
the  f low i s  steady the re  i s  no movement o f  the  i n t e r f a c e s  between the  f l u i d s .  
The way these a r e  located,  and. thus the way the  phases are  d i s t r i b u t e d ,  i s  
c o n t r o l l e d  by t h e  i n t e r p l a y  o f  t h e  morphology o f  the  porespace, t he  c a p i l l a r y  
and normal viscous s t resses  on the  i n te r faces ,  and the  s t a b i l i t y  o f  the  shapes 
t h e  i n t e r f a c e s  try t o  assume i n  response. The shapes a c t u a l l y  taken by the  
i n t e r f a c e s  depend on the  sa tura t ions ,  t he  volume f r a c t i o n s  o f  phases occupying 
t h e  pores, and the  way those sa tu ra t i ons  were reached. Sa tu ra t i on  h i s t o r y  
en te rs  because the re  a r e  m u l t i p l e  se ts  o f  shapes t h a t  s a t i s f y  the  demands o f  
pore  morphology, c a p i l l a r i  t , and Stokes f low,  demands t h a t  t r a n s c r i b e  i n t o  
non l i nea r  equat ions s e t  (59 1 . That a  f l u i d  phase loses i t s  c o n t i n u i t y  as i t s  
s a t u r a t i o n  f a l l s  was po in ted  out  i n  the  d iscuss ion  above o f  mechanisms o f  d i s -  
p e r s i  on. 

We consider  t he  d i s t i n c t  occupancies o f  porespace by f l u i d s  i n  t he  d ra in -  



age p rocess - fa l l i ng  s a t u r a t i o n  o f  w e t t i n g  phase-and i n  the i m b i b i t i o n  process 
- r i s i n g  s a t u r a t i o n  of t he  we t t i ng  phase. I n  slow flow, the  w e t t a b i l i t y ,  cap- 
il l a r i  ty and pore morphology (network coo rd ina t i on  number and bond r a d i i  i n  
our  model) determine what space i s  occupied by invad ing  and r e t r e a t i n g  phases 
(1). Our s imu la t ions  a re  r e s t r i c t e d  t o  s t r o n g l y  we t t i ng  and non-wett ing. phases. 
Thus, f o l l o w i n g  o thers  (3,34,60) we assume t h a t  i n  drainage the  non-wett ing 
phase p r e f e r e n t i a l l y  invades accessib le 1  arge pores and i n  i m b i b i t i o n  the  wet- 
t i n g  phase p r e f e r e n t i a l  l y  invades access ib le  smal l  pores. 

A  rep resen ta t i ve  drainage f l u i d  d i s t r i b u t i o n  can be created by ass ign ing  
non-wett ing phase t o  a l l  pore segments t h a t  belong t o  sample-spanning, con t i n -  
uously connected paths of pores having minimum r a d i i  (here approximated by 
e f f e c t i v e  r a d i i )  g rea te r  than a  given value Rd. The value o f  R i s  s e t  by 
the  des i red  sa tu ra t i on .  O f  the  allowed pores, i .e. t he  populatqon of pore 
segments w i t h  r a d i i  g rea ter  then R , o n l y  the  accessible or sample-spanning 
fraction i s  f i l l e d  w i t h  non-wett ing phase.  Segments o f  rad ius  l a r g e r  than 
R y e t  i s o l a t e d  by v i r t u e  o f  connections t o  segments smal le r  than R a r e  ex- 
cfuded t o  non-wett ing phase i n  drainage. As the  s a t u r a t i o n  of non-aet t ing 
phase r i s e s  i n  drainage, some pore regions con ta in ing  we t t i ng  phase become 
surrounded by non-wett ing phase. I n  slow f low these i s o l a t e d  regions remain 
unchanged as non-wett ing phase s a t u r a t i o n  r i s e s  fu r the r .  A s a t u r a t i o n  i s  
f i n a l l y  reached a t  which we t t i ng  phase i s  t o t a l l y  i so la ted ;  t h i s  i s  t he  char- . . 

. a c t e r i s t i c  res idua l  sa tura t ion ,  o r  p e r c o l a t i o n  threshold,  o f  we t t i ng  phase. 

A rep resen ta t i ve  i m b i b i t i o n  f l u i d  d i s t r i b u t i o n  can be created by begin-., 
n ing  w i t h  a  sample con ta in ing  continuous non-wett ing phase together  w i t h  wet- 
t i n g  phase a t  i t s  res idua l  s a t u r a t i o n  and then ass ign ing  a l l  added we t t i ng  
phase t o  a l l  the  pore segments t h a t  belong t o  sample-spanning, cont inuous ly  
connected paths o f  pores having r a d i i  l ess  than a  g iven value, R. ,  which i s  
f i x e d  by the  des i red  sa tu ra t i on .  Wett ing phase then res ides  i n  two types of 
space: the  access ib le  f r a c t i o n  of allowed pore segments, a l lowed pore seg- 
ments being the  popu la t ion  w i t h  rad ius  l e s s  than Ri, and those segments n o t  . ' i n  the  accessib le f r a c t i o n  t h a t  were l e f t  i s o l a t e d  (apa r t  from t h i n - f i l m  con- 
nec t ions  o f  n e g l i g i b l e  hyd rau l i c  conductance) a t  the  end o f  the  drainage pro-  
cess. As the  we t t i ng  phase s a t u r a t i o n  c l imbs i n  i m b i b i t i o n ,  regions of i s o -  
l a t e d  non-wett ing phase begin t o  appear u n t i  1  f i n a l l y  non-wet t i  ng phase e x i s t s  
o n l y  i n  i s o l a t e d  blobs, i . e. i t s  res idua l  s a t u r a t i o n  ( p e r c o l a t i o n  th resho ld)  
has been reached. The accessib le pore space and res idua l  s a t u r a t i o n  i n  each 
o f  the  two processes can be found d i r e c t l y  from Monte Car lo s imu la t ions .  Th is  
approach was fo l l owed  by F a t t  (3 )  and again by L i n  and S l a t t e r y  (60) i n  t h e i r  
work on network r e l a t i v e  pe rmeab i l i t i es .  A l t e r n a t i v e l y  drainage and imb ib i -  
t io ,n f l u i d  d i s t r i b u t i o n s  can be created by means o f  t he  p e r c o l a t i o n  theory 
o f  Heiba e t  a l .  (34) w i t h  a  consequent reduc t i on  o f  cos ts  o f  a t  l e a s t  one 
o r d e r o f  magnitude. This  i s  t he  approach we employed. 

Heiba e t  a l .  (34) showed t h a t  d u r i n g  drainage and i m b i b i t i o n  processes 
the  s u b d i s t r i b u t i o n s  o f  porespace accessib le t o  and occupied by the  two phases 
a re  d i f f e r e n t .  The pore segment s i z e  d i s t r i b u t i o n  o f  t he  subset of porespace 
occupied by e i t h e r .  phase d i f f e r s  from the  o v e r a l l  d i s t r i b u t i o n ,  which i s  ac- 
t i v e  i n  one-phase f low.  The key parameter d e f i n i n g  the  s tage.o f  displacement 

' i n  both drainage and i m b i b i t i o n  i s  the  c a p i l l a r y  pressure between the  f l ow ing  
phases. As drainage proceeds, t he  c u r r e n t  value o f  c a p i l l a r y  pressure de ter -  
mines the  minimum e f f e c t i v e  bond rad ius  Rd o f  pores i n t o  which non-wett ing 



phase can penet ra te  and thereby d isp lace we t t i ng  f l u i d .  Thus a g iven s t a  e 
o f  dra inage i s  parametr ized by a p a r t i c u l a r  value o f  Rd-at t h a t  stage a1 
bonds o f  l a r g e r  rad ius  than R a re  al lowed t o  non-wett ing phase, b u t  t h a t  

9 
phase has entered o n l y  those gonds which a re  access ib le  ( i  .e. a re  connected 
t o  t h e  sample surfaces by cont inuous paths o f  al lowed bonds as described i n  
t h e  s e c t i o n  on p e r c o l a t i o n  concepts). The f r a c t i o n  o f  bonds t h a t  a re  a1 lowed 
t o  non-wet t ing phase i s  then 

and the  f r a c t i o n  of  these bonds t h a t  a re  access ib le  and thus occupied by the  
non-wet t ing phase i s  

A where X (Xd) i s  t h e  a c c e s s i b i l i t y  o r  p e r c o l a t i o n  f r a c t i o n  of t he  network. Be- 
cause t h e  non-wett ing phase can occupy o n l y  bonds of rad ius  g rea te r  than R , 
t h e  d i s t r i b u t i o n  o f  t he  r a d i i  o f  t h e  bonds t h a t  a re  al lowed t o  the  non-wet$ing 
phase i s  (34) 

Therefore t o  s imu la te  d i s p e r s i o n  i n  the  non-wet t ing phase during drainage, a 
f r a c t i o n  1 - X  o f  bonds i s  chosen a t  random and assigned zero rad ius ,  t he  ra -  
d i i  of t he  rgmaining bonds being d i s t r i b u t e d  according t o  fnw,d(R). 

As t h e  non-wett ing phase s a t u r a t i o n  increases, t he  c a p i l l a r y  pressure 
between t h e  phases cl imbs, t h e  menisci  penet ra te  smal le r  pore segments, and 
t h e  w e t t i n g  phase loses  porespace. Because the r a d i i  of t he  bonds are  d i s -  
t r i b u t e d  a t  random, the  f r a c t i o n  o f  bonds t h a t  a r e  occupied by the  w e t t i n g  
phase du r ing  drainage i s  X = 1 - X The d i s t r i b u t i o n  o f  the  r a d i i  o f  
t h e  bonds t h a t  a re  occupie~'f!y the w e W ~ b g  phase i s  (34) 

A The exp lanat ion  of t h i s  i s  as fo l l ows .  A ' f r a c t i o n  1 - X (Xd) o f  a l l  bonds i s  

(252) 



occupied by we t t i ng  phase.' Th is  f r a c t i o n  can be decomposed i n t o  ,two parts': 
a l l  bonds of rad ius  l e s s  than R ( t h e  f r a c t i o n  1 - X  ); and the  non-accessible 
f r a c t i o n  o f  bonds o f  rad ius  g re$ te r  than o r  equal 90 Rd: ( t h e  f r a c t i o n  X ' - 
xA(xd)) .  Because the  r a d i i  d i s t r i b u t i o n s  f o r  R < R and R ?,Rd are  ~(RI ( /  
( I -Xd) and f (R)/Xd respec t i ve l y ,  Eq. (36) f o l l ows .  d ~ h u s  t o - h n ~ t a t e  disper-  
s i o n i n t h e w e t t i n g p h o s e d u r i n g d r o i n a g e ,  the  f r a c t i o n  1 - X  = XA(X ) of 
bonds i s  assigned zero rad ius  a t  random and the  r a d i i  o f  t h ~ ~ g e m a i n i n d  bonds 
are  d i s t r i b u t e d  according t o  f d(R). The drainage process i s  terminated 
when the  we t t i ng  phase loses  i k ! ~  connec t i v i t y .  Th i s  happens when Xw f a l l s  
below the  bond p e r c o l a t i o n  th resho ld  o f  ,the network. Obviously t he  Padius 

Rd c  o f  t he  smal les t  bond penetrated by the  non-wett ing phase du r ing  d ra in -  
agP i s  g iven by 

where Xc i s  the  bond p e r c o l a t i o n  th resho ld  o f  the network., 
' 

During imbibition t he  c u r r e n t  value o f  c a p i l l a r y  pressure determines 
the  maximum e f fec t i ve  rad ius  R o f  pores t h a t  w e t t i n g  phase can invade.. Con- t s i s t e n t  w i t h  t y p i c a l  experimen a1 procedure (61,621 f o r  measuring r e l a t i . v e  
permeabil i t i e s  as non-wett ing f l u i d  i s  d isp laced by w e t t i n g  phase, we con- 
s i d e r  j u s t  the  range o f  sa tu ra t i ons  t h a t  extends from porespace con ta in ing  
o n l y  the  h y d r a u l i c a l l y  i r r e d u c i b l e  we t t i ng  phase s a t u r a t i o n  t o  the  f r a c t i o n a l  
f i l l i n g  a t  which non-wett ing phase loses i t s  c o n n e c t i v i t y  across the  network. 
Thus a  g iven stage o f  i m b i b i t i o n  i s  parametr ized by a  p a r t i c u l a r  value of Ri 
- a t  t h a t  stage a l l  bonds o f  smal ler  rad ius  than Ri a re  al lowed t o  we t t i ng  
phase. The f r a c t i o n  of such bonds i s  g iven by 

However, o n l y  a  f r a c t i o n  X o f  these bonds i s  occupied by the  w e t t i n g  phase, 
s ~ e c i f i c a 1 l . y  t he  f r a c t i o n  8fiaccessi b l e  bonds having rad ius  smal l e r  than R, , 

a l l  p&viously  occupied b o n d s o f  rad ius  l e s s  than Rd,c. Thus Xw i s '  
g iven by , i 

I n  i m b i b i t i o n  the  d i s t r i b u t i o n  o f  r a d i i  o f  bonds t h a t  a're open t o  we t t i ng  phase 
i s  (34) 



Thus to simulate dispersion in wetting phase during imbibition, a f r a c t i o n  
1-Xi o f  bonds i s  assigned zero rad ius  and the  r a d i i  o f  the  remaining bonds 
a r e  d i s t r i b u t e d  accord i  ng t o  f . ( R )  . W., 1 

As t h e  w e t t i n g  phase invades t o  h igher  s a t u r a t i o n  the  non-wett ing phase 
i s  e i t h e r  t o t a l l y  disconnected and thereby i s o l a t e d ,  o r  i t  is .pushed ou t  of 
t h e  medium. Because bonds o f  . a l . l  s i zes  are  supposed t o  be randomly loca ted 
i n  t h e  network, t he ,  remaining non-wett ing phase .occupies randomly placed bonds 
t h a t  c o n s t i t u t e  t h e  f r a c t i o n  Xnw i = 1 - X w , i .  Then by an argument s i m i l a r  
t o  t h e  one presented f o r  t he  w e t t i n g  phase"during drainage, i t  fo l l ows  t h a t  
t h e  d i s t r i b u t i o n  o f  t he  r a d i i  o f  t h e  bonds occupied by non-wett ing phase 
du r ing  i m b i b i t i o n  i s  g i ven  by (34) 

Thus to simulate dispersion in the non-wetting phase during imbibition, a f rac-  
t i o n  1-Xn . o f  bonds i s  chosen a t  random and assigned zero rad ius ,  the  r a d i i  
o f  t h e  r e h l n i n g  bonds being d i s t r i b u t e d  according t o  f ( R ) .  The i m b i b i -  
t i o n  process terminates a t  t h e  s a t u r a t i o n  a t  which the  ~ ~ d w e t t i n ~  phase loses 
c o n n e c t i v i t y  between t h e  sur faces o f  t he  network, i . e .  becomes i s o l a t e d .  Th i s  
happens when XnWyi f a l l s  below Xc, t he  bond p e r c o l a t i o n  th resho ld  o f  the ne t -  
work. 

The p e r c o l a t i o n  accessi b i  1  i ty f u n c t i o n s  xA ' f o r  square and cubic networks 
employed i n  t h i s  s tudy  were evaluated from simple Monte Car lo  s imu la t ions  of 
random removal o f  bonds f rom the  network'; a f t e r  each removal the  f r a c t i o n  of 
access ib le  bonds was coun.ted. Excel 1  e n t  agreement was found between our  re -  
s u l  t s  f o r  t h e  accessi b i l  i . ty func t i ons  and,  those g iven by ,  Mohanty e t  a l .  (63) 
and K i r k p a t r i c k  (64). 

Once t h e . f l u i d  d i s t r i b u t i o n s  a re  de f ined on a network real iza. l ; iur~ there 
a r e  two single-phase problems t o  be solved i n  the  same way as when on l y  a 
s i n g l e  phase occupied t h e  porespace. I f  one o f  t he  phases i s  below i t s  per-  
c o l a t i o n  th resho ld  ( res idua l  s a t u r a t i o n )  t h e  s o l u t i o n  f o r  i t  i s ,  o f  course, no 
f low r a t e s  i n  t h e  branches o f  the  subnetworks occupied by each phase. Then the re  
a r e  sets.  of Monte. Car lo  experiments w i t h  ind iv j 'dua l  t r a c e r  p a r t i c l e s  t o  c a r r y  
ou t .  The r e s u l t s  f o r  ea.ch phase, we t t i ng  and nonwetting, a t  vari 'ous satura-  
t i o n  l e v e l s  i n  bo th  drainage and i m b i b i t i o n ,  a r e '  t r e a t e d  j u s t  as i n  the  case 
of one-phase. flow. I n  e f f e c t ,  t h e  phases exclude each o the r  from subpopula- 
t i o n s  of pore segments and,reduce thereby the  average coo rd ina t i on  number of 
t h e  random network occupied by each phase. Across the  i n t e r f a c e  between the  
phases the re  may be momentum t r a n s f e r  by v iscous ac t ion ,  b u t  t h i s  p o s s i b i l i t y  



we neglect becuase the corresponding ef fec t  of viscosity ra t io  on re la t ive  
permeability seldom seems to  be large. Accordingly we compute the hydraul i c  
conductance t o  each phase independently. In the network approximation we 
allow. the two f lu ids  t o  cross a t  network nodes w i t h o u t  interference. We did 
not consider the possibi l i ty:  of parti t ioning of the t racer  par t ic les  between 
phases; i .e..  we allowed no. mass t ransfer  between different  phases. 

Dispersion and Flow i n  Square and Cubic Networks 

Because a bicontinuous .s t ructure cannot ex i s t  in two-dimensions (65),  
we were restr ic ted i n  the.case of the square l a t t i ce - l ike  network to  simulat- 
ing only the invading 'phase in the drainage and imbibition processes. That 
is,  we could calculate the quantit ies of in te res t  only for  the wetting phase 
during imbibition because the non-wetting phase i s  discontinuous, and for  the 
non-wetting phase during drainage because then the wetting phase i s  discon- 
nected. Of course there is  no such limitation 'in three-dimensions. Another 
shortcoming of two-dimensional networks is the i r  re lat ively high percolation 
threshold, which i n  most cases leads to  unreal i s t i ca l  ly h i g h  predictions of 
residual saturation. 

The calculated re la t ive  permeabili t i e s  fo r  the lOxlOxlO cubic network 
are  shown. in Figure 14; fo r  comparison Talash's (61) experimental ' data and 
the theoretical calculation of Heiba e t  a l .  (34) on a Cayley t ree  of five- 
fold coordination are  also shown. The coordination number of the Cayley 
t ree  was chosen t o  be f ive  t.0 give i t  the same bond percolation threshold 
(about 0.25) as the cubic network. The agreement between the three figures 
is  s t r iking:  a l l  the features of wetting and non-wetting phase re la t ive  per- 
meabili t ies reported f o r  Berea sandstone are  reproduced rather nicely-in- 
cluding not only the shapes of the curves b u t  also the lack of hysteresis 
in wetting phase re la t ive  permeability and i ts  presence i n  non-wetting phase 
re la t ive  permeability. Our findings also agree with those of L i n  and Slat tery 
(60), and i n  the case of non-wetting pha.se re la t ive  permeabilities, with 
data of Raimondi .and Torcaso (62). 

From our Monte Carlo simulations of dispersion in two-phase systems we 
conclude that  the dispersion phenomenon i s  diffusive.  There i s ,  however, a 
practical problem in carrying out Monte Carlo simulations near a percolation 
threshold. Because there are  large fluctuations,  i t  takes substantially more 
realizations to  reduce the variances of the simulated quantit ies to  an accept- 
able level.  For example, near the percolation threshold 20 real izat ions of 
the 50x50 square network and 40 realizations of the lOxlOxlO cubic network 
were required. t o  simulate dispersion in the non-wetting phase during drain- 
age and reduce the variance of the quantit ies of in te res t  to  10% of the i r  
averages. The range near the percolation threshold where large fl~uctuations 
are  observed is  much wider fo r  the non-wetting phase during drainage than f o r  
the wetting phase during imbibition; the reason i s  that  the non-wetting phase 
resides i n  the large pores during drainage, and so to reach a given satura- 
t ion many fewer pore segments need to  be f i l l e d  by the non-wetting phase than 
the number of pore segments that  have to  be f i l l e d  by the wetting phase during 
imbibition t o  achieve the same saturation. Thus saturation of the non-wetting 
phase fluctuates widely among real izations.  Fi gure 15 shows the 1 ongi t u d i -  
nal dis t r ibut ion of t racer  par t ic les  and the t r a n s i t  time dis t r ibut ion in the 
wetting phase during imbibition a t  Sw = 0.57 in the cubic network. The chi- 



Figure 14. .Relative pcrmeabi 1 i t.ie.s for two 
cublc network ( this  paper), (b) .experimental 
tree model of Heiba e t  a1 , ( 3 4 ) ,  with coordi 

phase flow: ( a )  simulation on a 
data of Talash (61), ( c )  Cayley 

nation number 5. 



squared t e s t  establ ished that  the t racer  par t ic le  dis t r ibut ion can be accepted 
as a normal distribution w i t h  75% confidence, while the, t r ans i t  time d i s t r i -  
bution f i t s  E q .  (8) with 80% confidence. Both dis t r ibut ions are the accumu- 
la t ion of 15 realizations.  In. Figure 16 we present longitudinal and trans- 
verse distributi.on of t racer  par t ic les  i n  the non-wettingLphase during drain- 
age af saturation. s,, = 0.3 in the .cubic network. Both of these distribu- 
t ions ,are Gaussian with approximately 80% confidence. ~ h ' e  .mean.of the trans- 
verse distribution of t racer  par t ic les  deviates a l i t t l e  from zero, which .would 
be the mean i f  the dis t r ibut ion were perfectly normal. This appears to  be a 
network si'ze effect  that  diminishes as more realizations are included or i f  
a much larger network i s  used; The simulated dispersion process on a square 
l a t t i c e  ,also i s  diffusive. Fewer realizations were needed of the 50x50 sauare 
network than of the lOxlOxlO cubic network because the former contained 5000 
bonds compared with 3000 bonds .in the l a t t e r .  

POSITION IN DIRECTION OF 
. , 

FLOW, X 

(a) . . 

TRANSIT TIME x.10'~, t 

(b) 

Figure 15. Two phase flow i n  a cubic network: imbibition a t  wetting phase 
saturation Sw =0.57: ( a )  longitudinal t racer  par t ic le  dis t r ibut ion a t  fixed 
time for  the wetting'phase, ('b) t r ans i t  time dis t r ibut ion fo r  the wetting phase. 



POSITION IN DIRECTION OF FLOW, r POSITION PERP€NDICULAR 
TO .THE DIRECTION OF FLOW, Y 

(a)  
( b )  

Figure 16. Two phase flow i n  a cubic network:. drainage a t  non-wetting hase . 
saturation Snw = 0.3: ( a )  longitudinal t racer  par t ic le  dis t r ibut ion ( b  ! trans- 
verse t racer  par t ic le  dis t r ibut ion for  dispersion in the non-wetting phase. 

Because the flow of each of the phases i s  a l inear  erocess we converted 
the dispersion coefficients D t o  dispersivi t ies  a E D / v  jus t  as in the case 
of single-phase flow. As funitions of saturation ~hese5dispersivi  t i e s  have 
some str iking features.  Figure 17 depicts the longitudinal and transverse 
d ispers iv i t ies  of the non-wetting phase during drainage on the square network. 

SQUARE LATTICE- DRAINAGE 

NON -WETTING PHASE SATURATION, S, 

Figure 17. Two phase flow i n  a square network; dispersion i n  non-wetting phase 
during dra.inage: ( a )  transverse dispersivi ty (b) longitudinal dispersivi ty . 



As the  we t t i ng  s a t u r a t i o n  f a l l s  and the  res idua l  s a t u r a t i o n  (which i s  about 
0.31) i s  approached, both d i s p e r s i v i t i e s  r i s e .  The reason l i e s  i n  the  back- 
bone s t r u c t u r e . .  F igure 1 shows the  bonds t h a t  a re  access ib le  t o  the  non- 
we t t i ng  phase ( i  .e. have r a d i i  g rea ter  than R ) du r ing  drainage. The f r a c -  
t i o n  o f  these bonds i s  0.575 which i s  q u i t e  c fose t o  the  p e r c o l a t i o n  thresh-  
o l d  o f  t h e  network. Among them a r e  many deadend bonds. Also shown i s  the 
backbone o f  t he  porespace, which i s  obta ined by removing the  deadend bonds. 
P l a i n l y  there  a r e  th ree  bas ic  elements i n  the  s t r u c t u r e  o f  the  backbone: 
nodes, Zinks, and mazes. As the p e r c o l a t i o n  th resho ld  i s  approached, the  
bac:kbone of the subporespace occupied by the  phase becomes i n c r e a s i n g l y  t o r -  
tuous. Numerous mazes, most of them con ta in ing  l a r g e  numbers o f  loops, ap- 
pear which prov ide  a1 t e r n a t i v e  paths f o r  t r a c e r  p a r t i c l e s .  These e v i d e n t l y  
a re  h i g h l y  e f f e c t i v e  i n  d i spe rs ing  a  concent ra t ion  f r o n t  o f  t r a c e r  p a r t i c l e s .  
Moreover, t h e . t o r t u o s i t y  o f  the  backbone, which i s  de f ined as the  r a t i o  of 
the  backbone f r a c t i o n . o f  the  phase t o  the  hyd rau l i c  conductance o f  the  phase, 
increases w i thou t  bound as the  p e r c o l a t i o n  th resho ld  i s  approached (66).  
P ike  and Stanley (67) showed t h a t  i n  t h i s  l i m i t  even the  l eng th  o f  t he  sho r t -  
e s t  pa th  between opposed boundaries o f  t he  network d iverges.  Increas ing  
t o r t u o s i t y  comspires w i t h  the  mazes and t h e i r  associated loops t o  broaden the  
d i s t r i b u t i o n  o f  t r a n s i t  t imes: t he  d i s p e r s i v i t i e s  grow l a r g e r  as a  r e s u l t .  
The l o n g i t u d i n a l  d i s p e r s i v i t y  r i s e s . f a s t e r  t h a n . t h e  t ransverse one because, . 

,$ as discussed above, t he  l eng th  sca le ,ove r  which t ranspor t  i s  h i g h l y  non-uni- 
form grows f a s t e r  i n  the d i r e c t i o n  o f  t he  macroscopic pressure drop, t o  which 

: the d i r e c t e d  bonds a re  p a r a l l e l ,  than i n  t ransverse d i r e c t i o n s ,  where the  
f low i n  t h e  bonds i s  randomly d i r e c t e d  and so produces a  s o r t  of random walk 

. t h a t  r e s t r a i n s  the  r i s e  of t ransverse d i s p e r s i v i t y .  

The d i s p e r s i v i t i e s  o f  t h e  we t t i ng  phase du r ing  i m b i b i t i o n  i n  the  square 
network are  shown i n  F igure  18. While the  q u a l i t a t i v e  t rends are  the  same as 
i n  F igure 17 the  numerical values are  d i f f e r e n t .  O f  course the  d i s p e r s i v i t i e s  
o f  the  two phases d i f f e r  because they occupy d i f f e r e n t  subpopulat ions of bonds. 
The d i s p e r s i v i t i e s  o f  t he  we t t i ng  phase du r ing  i m b i b i t i o n  and drainage i n  the  
cubic network are  shown i n  F igure 19. Comparing these w i t h  the  r e l a t i v e  per-  
m e a b i l i t y  t o  t he  we t t i ng  phase du r ing  i m b i b i t i o n  and drainage, as shown i n  
F igure  14a, revea ls  a  s t r i k i n g  fea tu re :  each r e l a t i v e  pe rmeab i l i t y  i s  t h e  
same i n  the  two processes whereas the re  i s  hys te res i s  i n  t he  d i s p e r s i v i t i e s ,  
i . e .  they depend on t h e  s a t u r a t i o n  h i s t o r y .  The p i c t u r e  o f  the backbone near 
the  p e r c o l a t i o n  th resho ld  i s  i n s t r u c t i v e .  As can be seen, t he  sample-span- 
n ing  backbone conta ins several mazes t h a t  a re  connected as p a r a l l e l  f l o w  paths 
i n  t h e  main s t r u c t u r e  by l i n k s  o f  low hyd rau l i c  conductance. The c o n t r i b u t i o n  
of these mazes t o  the  r e l a t i v e  pe rmeab i l i t y  o f  the  we t t i ng  phase i s  smal l .  
On the  o the r  hand, t r a v e l  t imes o f  t r a c e r  p a r t i c l e s  along f l o w  paths through 
these mazes are  long and d iverse,  so t h a t  they can c o n t r i b u t e  s u b s t a n t i a l l y  
t o  t he  d i s p e r s i v i t i e s .  According t o  the  theory o f  Stanley (35) and Con ig l i o  
(36,37) t he  number of 1  i n k s  per  maze along the  backbone fa1 1s as the  perco- 
1  a t i o n  thresh01 d  i s  approached. Ev iden t l y  t h i s  1  eads t o  heightened d i  spers i  - 
v i t i e s ;  the in fe rence i s  t h a t  mazes connected i n  simple se r ies  by one l i n k  
per  maze y i e l d  the  most e f f e c t i v e  d i spe rs ing  s t r u c t u r e  of a  network. 

The d i s p e r s i v i t i e s  o f  the non-wett ing phase du r ing  drainage and imb ib i -  
t i o n  i n  the  cubic network a re  presented i n  F igure 20. Q u a l i t a t i v e l y  these 
d i f f e r  1  i t t l e  f r v n ~  the  d i s p e r s i v i t e s  o f  t he  we t t i ng  phase (c f .  F igure  19).  
That t he  d i s p e r s i v i t i e s  o f  both phases i n  t he  cubic network are  smal le r  than 
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F i g u r e  18. Two p h a s e  flow a s q u a r e  ne twork ;  d i s p e r s i o n  i n  w e t t i n g  p h a s e  
d u r i n g  i m b i b i t i o n :  ( a )  t r a n s v e r s e  d i s p a r s i v i  ty  ( b )  l o n g i t u d i n a l  d i s p e r s i v i  ty .  
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F i g u r e  19. . Two p h a s e  f l o w  i n  a c u b i c  ne twork ;  d i s p e r s i o n  i n  w e t t i n g  p h a s e  
f o r  b d t h  d r a i n a g e  and i m b i b i t i o n :  ( a )  t r a n s v e r s e  d i s p e r s i v i t y ,  ( b )  l o n g i  t u -  
d i n a l  d i s p e r s i v i  ty.  
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NON-WETTINO PHASE SATURATION, SnW 

Figure  23. Two phase f l o w  i n  a  cubic network; d i spe rs ioc  i n  non-wetti,ng phase 
fo r  b o t h  dr2Thabe and i m b i b i t i o n :  (a)  t ransverse d i s p e r s i v i  ty, (b )  l o n g i t u d i -  
na l  d i s p e r s i v i  ty. 

i n  the  square network bears comment, because one might  t h i n k  t h a t  i n  th ree  
dimensions the re  a re  more d iverse  paths t h a t  t r a c e r  p a r t i c l e s  can take, which 
should l ead  t o  g rea te r  d i s p e r s i v i t i e s .  However t h e  link-and-maze s t r u c t u r e  
in tervenes,  i n  a  way t h a t  can be r a t i o n a l i z e d  w i t h  the  concept o f  f r a c t a l  d i -  
mension in t roduced r e c e n t l y  i n  p e r c o l a t i o n  theory (68) .  I f  the  sample-span- 
n ing  c l u s t e r  a t  t he  p e r c o l a t i o n  th resho ld  had the  f u l l  c o n n e c t i v i t y  o f  a three-  

. dimensional network, one would expect t h a t  near t h e  p e r c o l a t i o n  th resho ld  the  
mean numbers S(x)  of nodes ( o r  bonds) belonging t o  a  c l u s t e r  would fo l l ow  the  
power 1  aw 

But from Eq. (11) one knows t h a t  F, . -  ( ~ - x , ) - ~ s o  t h a t  

S(x)  - ( X - X ~ ) " ~  . 
Now t h e  a v a i l a b l e  numerical est imates (69) show t h a t  the exponent t h a t  char- 
ac te r i zes  the  behavior  o f  S(x)  near t he  p e r c o l a t i o n  thresh01 d  i s  considerably 
l e s s  then 3v. Indeed, i t  has been shown t h a t  

where d  i s  n o t  an i n t e g e r  b u t  i s  about 2.02 f o r  t h e  cubic and about 1.7 f o r  
t he  squ%re network (35,69). Such a non- integer  exponent i s  c a l l e d  the  effec- 
tive o r  fractal cluster dimensionality. I n  t h i s  sense, then, removing bonds 
and approaching the  p e r c o l a t i o n  th resho ld  reduces the  d imens iona l i t y  of the  
system. Moreover, inasmuch as d i s p e r s i v i t i e s  a and a appear t o  f o l l o w  
c l o s e l y  t h e  c o r r e l a t i o n  lengths  CL and cT; the  humer i c l l  values o f  vL and v T '  . 



are  probably re levant .  From Eqs. (14) and (15) we' f i n d  t h a t  

i n  three dimensions vL = 1.29, vT = 0.7525; . ' (46) 

i n  three dimensions vL = 1.753, vT = 1.115 . ('47 

We see t h a t  lower d imensional i ty  i s  associated w i t h  h igher r a t e  o f  d i -  
vergence.of the  cor re la t i .on lengths, j u s t  as found here i n  the case o f  t he '  
d i  spers i  v i  ti es. 

There are  on ly  a  few experimental data w i t h  which t o  compare our p r e ~  
d i c t i o n  of d ispers ion i n  two-phase flow, namely the  measurements by Caats 
and Smith (701, Thomas e t  a l .  (51), Raimondi and Torcaso (62), Baker (71), 
Delshad e t  a l .  (72), S ta l  kup (73), and Sa l te r  and Mohanty (74). The general 
t rend i s  t h a t  the l ong i t ud i na l  d ispers ion c o e f f i c i e n t  i n  a  g iven phase. i n -  
creases as the  sa tu ra t ion  o f  t h a t  phase f a l l s .  For comparison we present i n  
Figures 21 and 22 the long i tud ina l  d ispers ion c o e f f i c i e n t  o f  the  wett ing and 
non-wetting phases dur ing imb ib i t i on  and drainage i n  the cubic network. The. 
pa t t e rn  i s  t he  same as t h a t  o f  experimental data. Shuler (75) found t h a t  the 
long i tud ina l  d ispers ion coe f f i c ien ' t  i n  the wet t ing phase a t  a  given satura- 
t i o n  fo l l ows  the  same v e l o c i t y  t rend as per Eq. (32).  Moreover our predicted 
long i tud ina l  d i s p e r s i v i t i e s  o f  both we t t i ng  and non-wetting phases agree qual- 
i t a t i v e l y  w i t h  the experimental data o f  Sa l te r  and Mohanty (74). No experi-  
mental data appear t o  be ava i lab le  w i t h  which t o  compare our predicted trans- 
verse d ispers ion c o e f f i c i e n t s  and d i s p e r s i v i t i e s .  

The E f fec ts  o f  Delays 

The two basic mechanisms o f  dispersion, kinematic and dynamic, i n  no 
way depend on molecular d i f f us i on ,  which i s  a  modifying f ac to r  c h i e f l y  be- 
cause i t  moves mate r ia l s  from one streamline t o  another. I n  creeping f low 
through many common types of porespace there  can be loca l ,  s t ead i l y  r e c i r -  
c u l a t i n g  f l u i d  i n t o  and.out  o f  which dissolved o r  suspended mater ia ls  can 
d i f f use .  I n  two-phase f l ow  there may be d i f f u s i o n a l  exchange between the 
immiscib le f l u ids ,  and por t ions o f  one o f  them may be immobil ized as trapped 
blobs. 1 t . i ~  not  uncommon f o r  d issolved m a t e r i a l s - t o  s u f f e r  revers ib le  ad- 
so rp t ion  on par ts  o r  a l l  o f  the porewalls, and f o r  suspended mater ia ls  t o  
be impeded i n  t h e i r  motion by the porewalls. I n  a1 1  these cases the trans- 
i t  t ime d i s t r i b u t i o n  of the corresponding t racer  p a r t i c l e s  i s  f u r t h e r  broad- 
ened by the va r iab le  delays they su f f e r .  We have made pre l iminary  studies 
o f  two delaying factors:  deadend paths o f  pore segments t h a t  communicate 
w i t h  the f lowing f l u i d  by molecular d i f f us i on ;  and adsorbing wa l l s  t ha t  hold 
t r ace r  p a r t i c l e s  temporar i ly  o r  even permanently. Deadend paths can be pre- 
va lent  and p a r t i c u l a r l y  important when two phases are present. 

Deadend Paths 

The deadend pores shown i n  Figure 1 are stagnant peninsulas i n t o  and 
ou t  o f  which t r a c e r  p a r t i c l e s  i n  the f l ow ing  f l u i d  can d i f fuse ,  bu t  not  f low 
i n  response t o  the app l ied f i e l d .  Goddard e t  a1 . (76) concluded from elec- 
t r i c a l  conduc t i v i t y  and d i f f u s i o n  experiments t h a t  the non-wetting phase has 
a  dend r i t i c  s t ruc ture ,  i .e. deadends connected t o . t h e  backbone, and t ha t  a. 
considerable f r ac t i on  o f  the non-wetting phase cont r ibutes  l i t t l e  o r  nothing 



Figure 21. Two phasc f low i n  a cubic  network: 1ong.itudinal d i s p e r s i o n  co- 
e f f i c i e n t  i n  we t t i ng  phase. 

t o  i ts  conduct iv i ty .  T h e i r  p i c t u r e  accords  w i t h  the one developed above. 
Immobilized b4obs of a second f l u i d  can cause an e f f e c t  s i m i l a r  t o  t h a t  of 
deadend p a r t s  a s  is ev iden t  i n  t h e  well-known work o f  S t a lkup  (73) .  

Coats and Smith (70) and Baker (31) cons t ruc t ed  models o f  d i s p e r s i o n ,  
s t a r t i n g  from t h e  one-dimensional convec t ive-d i f fus ion  equa t ion ,  bu t  adding 
a term t o  account f o r  t h e  p o s s i b l e  mass t r a n s f e r  equ i l i b r ium between flowing 
f l u i d  and what t hey  termed deadend pores .  S t a l k u p ' s  (73)  model rep laced  
equi l ib r ium wi th  mass t r a n s f e r  c o e f f i c i e n t s  t o  account  f o r  ra te -1  imi t e d  ex- 
change. The effects o f  deadend pa ths  on d i s p e r s i o n  c o e f f i c i e n t s  can be es- 
t imated by a s s ign ing  a probabi l  it.y f o r  d i f f u s i o n  i n t o  a deadend pa th  when- 
eve r  one is  encountered by a t r a c e r  p a r t i c l e  i n  Monte Car lo  s imu la t i ons .  We 
chose t o  make t h e  p r o b a b i l i t i e s  f o r  d i f f u s i o n  i n t o  a deadend pa th  o r  remaining 
with t h e  flowing f l  uid propor t iona l  r e s p e c t i v e l y  t o  the t o t a l  c ro s s - sec t ion -  
a l  a r e a s  of deadend pores  and a c t i v e  pores  meeting a t  the network node. The 
res idence  time t ove r  which a t r a c e r  p a r t i c l e  e n t e r i n g  a deadend pa th  remains 
i n  t h e  immobile F lu id  t h e r e  is  a d i s t r i b u t e d  q u a n t i t y  and t h e  breadth  of t h e  
s t a t i s t i c a l  d i s t r i b u t i o n  depends on t h e  l eng th  o f  l;hs deadend path.  For our  
purpose i t  s u f f i c e d  t o  a s s i g n  t o  a l l  deadend pores  t h e  same r e s idence  time 



d i s t r i b u t i o n ;  we chose the c1 assic probabi 1  i t y  densi ty funct ion 

We selected r so t h a t  the 'mean- residence time i s  r e l a t i v e l y  la rge (40% spe- 
c i f i c a l  l y )  coipared t o  the mean t r a n s i t  t ime i n  order to. render the e f f ec t s  
of the deadend path c l e a r l y  detectable. The argument i s  t h a t  i f  the t r ace r :  
p a r t i c l e s  spend comparatively la rge i n t e r v a l s  i n  the deadend paths, the d is -  
t r i b u t i o n  o f  t r a n s i t  t imes i s  subs tan t i a l l y  a l te red  and so also the spreading 
o f  t r a c e r  p a r t i c l e s  and .hence the apparent d ispersion coef f ic ier l , ts .  

For 'these p a r t i c u l  ar choices WP found t ha t  deadend pores f i  1  led w i  t h  
uett.tng phase a f f e c t  ,the apparent d ispersion coe f f i c i en t s  scarcely a t  a1 1  : 
t h e i r  values d i f f e r  n e g l i g i b l y  from those . i n  the absence o f  any d i f f u s i o n  
i n t o  the deadend.pores. Far  doadend pores f i l l e d  wi.th .the non-wetting phase 
we found i n  cont rast  t h a t  apparent d ispersion coe f f i c i en t s  'are s i g n i f i c a n t l y  
a l tered;  as shown by the dashed l ' ines i n  Figure 22: The apparent l ong i t ud i -  

. . 
NON-WETTING PHASE SATURATION, 

Snw.  

Figure 22. Two phase flow i n  a cubic network: l qng i tud ina l  d ispersion co- 
e ' f f i c i e n t  i n .  non-wetting phase. 

. . 



na l  d i spe rs ion  c o e f f i c i e n t  i s  h igher  when there  i s  d i f f u s i o n  i n t o . t h e  dead- 
end pores. Th is  can be a t t r i b u t e d  t o  the  broadened d i s t r i b u t i o n  o f  t r a n s i t  
t imes. From these p r e l  im inary  r e s u l t s  i t  i s  n o t  poss ib le  t o  draw d e f i n i t e  
conclusions, b u t  our  f ind ings  t o  date accord w i t h  experiments o f  Handy (77) 
who observed t h a t  f o r  t he  we t t i ng  phase the  apparent f r a c t i o n  o f  deadend 
pores i s  very  small except c lose  t o  the  i r r e d u c i b l e  w e t t i n g  phase satura-  
t i o n .  The work of Goddard e t  a l .  (76) i n d i c a t e s  t h a t  t he re  i s  s i m i l a r l y  a  
r e l a t i v e l y  l a r g e  f r a c t i o n  of deadend pores f i l l e d  w i t h  the  non-wett ing phase 
near i t s  res idua l  sa tu ra t i on .  I n  F igure  23 we present  the  f r a c t i o n  o f  dead- 
end bonds f i l l e d  w i t h  the  we t t i ng  o r  non-wett ing phase du r ing  i m b i b i t i o n  and 
drainage. The range of we t t i ng  phase s a t u r a t i o n  over  which a  r e l a t i v e l y  
l a r g e  f r a c t i o n  of deadend bonds i s  f i l l e d  w i t h  t h a t  phase i s  much narrower 
than the  range f o r  t h e  non-wett ing phase. Th is  f i g u r e  and the  work o f  Handy 
(77) and Goddard e t  a1 . (76) i n d i c a t e  t h a t  the  p a t t e r n  of t he  e f f e c t  of dead- 
end paths i n  our  l i m i t e d  i n v e s t i g a t i o n  has more t o  do w i t h  two-phase f l u i d  
d i s t r i b u t i o n  than w i t h  the  s p e c i f i c  choice of the residence t ime d i s t r i b u -  
t i o n  8 ( t R ) .  

v, 

NON-WET1 lNG DRAINAGE 
--- 

n 
WETTING DRAINAGE 6 

IMBIBITION 

NON - WETTING IMBIBITION 
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Figure  23. F r a c t i o n  o f  deadend bonds du r ing  drainage and i m b i b i t i o n  (cub ic  
network). 

Adsorpt ion 

I f  a  t r a c e r  p a r t i c l e  d ru ing  i t s  passage through the  porespace i s  ad- 
sorbed on the  porewal ls  i t s  e x i t  f rom t h e  medium i s  delayed. If the  adsorp- 
t i o n  i s  i r r e v e r s i b l e  i t s  t r a n s i t  path i s  terminated, and so i n .  terms o f  t he  
t r a n s i t  t ime d i s t r i b u t i o n  an i r r e v e r s i b l e  adsorp t ion  i s  s i m i l a r  t o  an i r r e -  
v e r s i b l e  chemical reac t i on .  To study the  e f f e c t  o f  r e v e r s i b l e  adsorp t ion  
we adopted a  d i s t r i b u t i o n  of w a i t i n g  t imes t o  represent  t he  random interva.1 
a  moving p a r t i c l e  must w a i t  t o  reach a  w a l l  and be adsorbed. We chose again 
an exponen t ia l l y  decaying d i s t r i b u t i o n :  . 



which physically means tha t  the longer the t racer  par t ic le  -waits a f t e r  l a s t  
entering the flow, the less  probable that  i t  will be adsorbed, because i t  
will cross the medium before reaching an adsorbing wall. Once adsorbed, the 
t racer  par t ic le  will spend some time on the wall before i t  is  released into 
the flow to continue i t s  journey. S0.a probability density function fo r  
holding times on the wall i s  needed. Again we chose'an exponentially de- 
caying dis t r ibut ion:  

Two values of rw were used. One was selected so  t h a t  the mean waiting 
time was short (5% spec i f ica l ly)  compared to  the mean t r a n s i t  times. The 
second corresponded to  a long mean waiting time (about 50%) of the mean trans- 
i t  time). rH was chosen so tha t  the mean holding time was about 2% of the 
mean t r a n s i t  time. Calculations were carried out fo r  single-phase flow i n  
the lOxlOxlO cubic network. 

The resu l t s  indicate that  when the mean waiting time z i s  long, rever.- 
s ib l e  adsorption has, as expected, l i t t l e  e f fec t  on the appaPent dispersion . 
coeff icients .  B u t  when the mean waiting time i s  short ,  we observed that  the 
reversible adsorption delays the development of diffusive dispersion. That 
i s ,  the distance into the network a t  which the dis t r ibut ion of t racer  par t i -  

' c l e  locations was Gaussian to  a given level of confidence .was. greater with : adsorption than without. 

Further investigation of the e f fec ts  of deadend pores and adsorption 
" i s  i n  progress. Of par t icular  in te res t  a re  residence time, waiting time, 
' and holding time dis t r ibut ions that  prevent dispersion in the i r  presence 
' from ever becoming diffusive.  

Summary and Conclusions 

For representing pore-level flow in a chaotic porous medium the net- 
work approximation of porespace i s  appropriate and leads to  a s e t  of l inear  
equations that  is readily solved for  flow rates  and veloci t ies  in the branches 
of the network, so tha t  experiments by computer simulations are feasible .  
For cases of diffusive mixing of solute or t racer  par t ic les  a t  pore junctions 
and no appreciable diffusion between, the network approximation i s  fur ther  
appropriate fo r  representing dispersion i n  flow. Square and simple cubic 
networks of variable pore segments, so oriented tha t  the average flow i s  in 
one of the pore directions,  are instruct ive idealizations of chaotic pore- 
space and useful precursors not only to  more r e a l i s t i c  models, b u t  also to 
formal theory. 

Once flow rates  and veloci t ies  in the branches of a network realiza- 
t ion are  known, the average permeability and the dis t r ibut ion of t r a n s i t  
times across the network can be determined from Monte Carlo experiments in 
which randomly introduced t racer  par t ic les  are  tracked as they are convected 
through the network. The dis t r ibut ion of t racer  par t ic le  locations a t  a . ' 

given average displacement can likewise be determined. From these da ta . the  
nature of par t ic le  dispersion can be identified and i f  i t  i s  diffusive,  dis- 
persion coefficients and d ispers iv i t ies  can be evaluated. 



The resu l t s  of Monte Carlo simulations show tha t  dispersion i s  indeed 
diffusive i n . t h e  cases simulated so f a r ;  tha t  i s ,  the dispersion process can 
be descr.ibed macroscopically w i t h  the convective diffusion equation i n  which 
appear.Darcy velocit  , macroscopic average concentration, and longitudinal 
(mean flow direction 3 and transverse dispersion coefficients.  The l a t t e r  
take the role of molecular diffusivi ty  and invest i t  with flow-derived ani- 
sotropy. Longitudinal dispersivi ty (dispersion coeff ic ient  divided by mean 
flow velocity) i s  found to  be an order of magnitude greater than the disper- 
s iv i ty  in transverse directions,  i n  agreement w i t h  laboratory experiments. 
However, both are  found to  be independent of mean flow velocity, whereas i n  
r ea l i ty  the longitudinal dispersivity i s  commonly observed to  r i s e  gently 
with increasing mean flow velocity. T h i s  suggests that  Taylor-type disper- 
sion within streamtubes may be s ignif icant ,  a possibi l i ty  that  i s  under 
study. 

The Monte Carlo experiments are computer experiments, which of necessity 
must be to t a l ly  defined and therefore are made with precisely controlled pore- 
space connectivity, or  topology, and s ize and shape, or geometry. These are  
the structural factors that  govern the two basic mechanisms of dispersion. 
The two mechanisms are  the kinematic and the dynamic and the resul ts  illumi,- 
nate the i r  dependence on porespace structure.  

When two f luid phases are present and compete for  the porespace, flow 
and dispersion i n  each of them depend heavily on the i r  dis t r ibut ion.  That 
distribution depends on porespace morphology, capi 1 l a r i  ty and viscous flow, 
and saturation history in ways that  are understood well enough to formulate 

. occupancy rules of the phases. While the rules can be employed in Monte 
Carlo simulations to  find f luid dis t r ibut ion functions, they can also be 
used w i t h  the new percolation theory of f lu id  dis t r ibut ions in slow two- '' 
phase flow, which requires less  computation and appears to  predict the func- 
t ions well. Once these functions are  available, flow and dispersion i n  each 

. phase can be determined in the same way as when a single f lu id  occupies a l l  
the porespace. 

The resu l t s  of Monte Carlo simulations of two-phase systems agree quali- 
ta t ive ly  or  bet ter  with- available data and show tha t  dispersion is again d i f -  
fusive; that  the dispersivi t ies  depend on the phase, i t s  saturation and satu- 
ration history; and tha t  as a phase saturation f a l l s  to  i t s  residual level ,  
o r  percolation threshold, the dispersivi t ies  increase, the longitudinal one 
more rapidly than the transverse one. From percolation theory and the simu- 
la t ions i t  i s  c lear  that  t h i s  behavior near residual saturation ar i ses  be- 
cause the backbone of the subnetwork occupied by the near-threshold phase be- 
comes an increasingly tortuous assemblage of simple linking paths and small 
interposed mazes. The l a t t e r  evidently are  highly effect ive dispersers. 

Dispersion i n  the network approximation of porespace i s  v i r tua l ly  the 
same as what is  known as a directed percolation process and there appears t o  
be a close connection between dispersivi t i e s ,  which have the dimension of '. 

length, and the correlation lengths of the directed percolation process, a 
matter warranting fur ther  investigation. 

Finally, some limited Monte Carlo experiments with simple representa- 
t ions of the effects  of deadend paths within a phase and of reversible adsorp- 



t i o n ' o n  t h e  porewal ls  demonstrate t h a t  the,approach developed here can be 
extended t o  s tudy  t h e  ,influence of such delay mechanisms on the  d i spe rs ion  .. 
process. 
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X I I .  IMAGING VESICULAR DISPERSIONS WITH COLD-STAGE ELECTRON MICROSCOPY 

I n t r o d u c t i o n  

A ves i c le  cons is t s  o f  a  c losed spher ical  she l l  o f  one o r  more su r fac tan t  
b i  1  ayers surrounding an aqueous f l u i d  core. An aqueous ves i cu la r  d i  spersion 
can be formed by son ica t ing  a  l i q u i d  c r y s t a l 1  i n e  phase t h a t  i s  dispersed i n  
aqueous s o l u t i o n  (1). Vesicular  d ispers ions are t rans1 ucent, b lu ish ,  and 
c o n t a i n  mostly spher ica l  p a r t i c l e s  which are 10 t o  100 nm i n  diameter. L i q u i d  
c r y s t a l l i n e  dispersions, on the other  hand, are tu rb id ,  grayish, and conta in  
numerous i r r e g u l a r  c r y s t a l l i t e s  which are l a r g e r  than 0.25 pm. Vesic les serve 
as model membranes f o r  biochemical research (2,3) dr~d  are candidates f o r  drug 
d e l i v e r y  i n  the  human body ( 4 )  and f o r  su r fac tan t  d e l i v e r y  i n  o i l  r ese rvo i r s  
( 5 ) .  Such a p p l i c a t i o n s  help mot ivate rcsearch on ves i cu la r  systems, which 
a1 so r a i s e  impor tant  s c i e n t i f i c  questions. 

Ves ic les  can be s tud ied w i t h  many physic'ochemical techniques i n c l  ud i  ng 
1 i gh t - sca t te r i ng ,  x-ray scat te r ing ,  nuclear  magnetic resonance spectroscopy, 
and d i f f e r e n t i a l  scanning ca lo r ime t ry  (DSC) . However, because a  model must 
be .used t o  i n t e r p r e t  data from them, these methods can on ly  i n d i r e c t l y  r e f l e c t  
s t r u c t u r e  i n  a  d ispers ion.  I n  cont ras t ,  microscopy d i r e c t l y  images the  s t a t e  
o f  aggregation, t he  shape, and the  s i z e  d i s t r i b u t i o n  o f  p a r t i c l e s  i n  a  d isper-  
s ion.  Because the  s i z e  o f  ves ic les  i s  on the  order  o f  scores o f  nanometers, 
e lec t ron ,  n o t  l i g h t ,  microscopy i s  the  on ly  means o f  imaging ves i cu la r  d isper-  
sions. E lec t ron  microscopy, un for tunate ly ,  places severe r e s t r i c t i o n s  on Sam- 
p les .  For  t h e  t ransmission e lec t ron  microscope (TEM), samples must be t h i n ;  
t h e  th ickness o f  a  t y p i c a l  nonc rys ta l l  i n e  b i o l o g i c a l  sample i s  1  i m i  t e d  by 
mass- th ickness-scat ter ing t o  about 0.2 urn. I n  add i t ion ,  l i q u i d  samples must 
be f ixed, t h a t  i s ,  t h e i r  vapor pres ures must be dropped below the pressure -2 
mainta ined i n  the  micros cap^ ( <  10 t o r r ) .  

A 1 i qui d  system can be f i x e d  e i t h e r  chemical ly,  by adding reagents and. 
dry ing,  o r  thermal ly ,  by r a p i d  cool ing;  i n  both cases i t s  o r i g i n a l  s ta te  i s  
a1 tered,  the ex ten t  o f  which determines the  value o f  e lec t ron  microscopy f o r  
m i c r o s t r u c t u r a l  analys is .  The goal i n  sample prepara t ion  i s ,  o f  course, t o  
l i m i t  s t r u c t u r a l  changes dur ing  f i x a t i o n .  Any changes t h a t  do occur must be 
understood so t h a t  the  appearance o f  t he  o r i g i n a l  system can be reconstructed 
f rom images o f  the a1 t e r e d  sample. Because there  i s  always a  p o s s i b i l i t y  o f  
i n t r o d u c i n g  a r t i f a c t s  dur ing  f i x a t i o n ,  i t  i s  necessary t o  vary sys temat ica l ly  
t h e  sample prepara t ion  method before drawing any concl usions about the  micro- 
. s t r u c t u r e  i n  a  l i q u i d  system. Furthermore, i t  i s  des i rab le  t o  con t ras t  and 
compare the '  r e s u l t s  o f  a t  l e a s t  one o ther  sample prepara t ion  method as we l l  
as evidence from l e s s  d i r e c t  probes such as l i g h t - s c a t t e r i n g  and x-ray scat- 
t e r i n g ;  DSC i s  o f t e n  a  usefu l  a i d  i n  i n t e r p r e t i n g  images o f  thermal ly - f i xed 
specimens. 

To begin, we p o i n t  o u t  the  advantages and d i  f f i c u l  t i e s  o f  the  methods 
commonly used t o  prepare ves i cu la r  systems f o r  the TEM. We then describe a  
new technique f o r  e l u c i d a t i n g  s t ruc tu re  i n  ves i cu la r  d ispers ions:  fast - f reeze,  
'co ld-stage microscopy which can be combined w i t h  -- i n  s i  t u  freeze-drying. We 
.appl'y these techniques t o  aqueous ves i cu la r .  d ispers ions and i n t e r p r e t  the i m -  
ages o f  frozen, hydrated systems by the  dynamical theory o f  e lec t ron  d i f f r a c -  



t i o n .  F i n a l l y ,  we i d e n t i f y  some o f  the a r t i f a c t s  t h a t  can confuse i n t e r p r e t a -  
t i o n  o f  the images o f  both frozen, hydrated and f reeze-dr ied  specimens. 

TEM Preparat ion Methods 

I n  ear ly .  work, negat ive sta in i .ng fo l lowed by d ry ing  was used to. f i x  ves i -  
c l e  systems. Horne and Whit taker (6)  used potassium phosphotungstate t o  s t a i n  

. synap t i c  ves i c les  w i thou t  p r i o r  f i xa t i on .  S ta in ing  was fo l lowed by d ry ing  
hhich, they claimed, formed "a g lass o f  e l  ectron-dense phosphotungstate i n  
which the subce l l u la r  p a r t i c l e s  show up as areas o f  r e l a t i v e l y  low e l e c t r o n  
-density."  Finean and Rumsby (7) po in ted  o u t  t h a t  s t r u c t u r e  can change dur ing  
evaporat ion and t h a t  f i x a t i o n  by osmi um t e t r o x i  de o r  po tass i  um permanganate 
be fore  d ry ing  i s  essen t i a l  t o ' p r e v e n t  a r t i f a c t s .  Nevertheless, Horne e t  a l .  
( 8 )  and Bangham and Horne (9)  asser ted t h a t  the s e t t i n g  o f  phosphotungstate 
g l  ass suppresses s t r u c t u r a l  a r t i  f a c t s  d u r i  ng d r y i  ng ; they pub1 i shed micro- 
graphs t h a t  were corroborated by x-ray s c a t t e r i  ng. Papahadjopoul os and M i  11 e r  
( 10) described negat ive s ta in ing ,  w i t h  a~nmoni um molybdate, and d ry ing  b u t  d i d  
n o t  address a r t i f a c t s  o f  specimen preparat ion.  L a t e r  on, G lauer t  and Lucy 

",? (11) concluded t h a t  phosphol i p i d  systems are unaf fec ted  by d ry ing  b u t  can be 
' a l t e r e d  by s ta in .  Talmon (12) r e c e n t l y  showed t h a t  s t a i n i n g  and d ry ing  some 

amphiphi 1  i c  systems can a c t u a l l y  produce " b i  layered" s t r u c t u r e  i n  them. 
Johnson e t  a1 . (13) addressed v e s i c l e  c o l l  apse upon dry ing.  Another v a r i a n t  
o f  the  s s i n - d r y  method incorporates a heavy-metal s a l t  (14) o r  oxide (15) 
i n s i d e  the ves ic le .  This  method may a l so  s u f f e r  d ry ing  a r t i f a c t s .  

Ves ic les  have been f i x e d  by chemical reac t ion ,  e.g., w i t h  osmium t e t r o x -  
i de the reagent, as i n  the work o f  Miyamoto and Stoeckeni us (161, who compared 

' t h e  r e s u l t s  w i t h  those from s t a i n i n g  and dry ing.  They found t h a t  the  s izes  
, o f  ves i c les  f i x e d  w i t h  osmium t e t r o x i d e  were i n  accord w i t h  l i g h t - s c a t t e r i n g  

observat ions from un f i xed  samples b u t  d i f f e r e d  from the s izes  o f  ves i c les  
t h a t  were s ta ined and dr ied.  The i r  study argues f o r  f i x i n g  ves i cu la r  systems 
w i t h  osmium t e t r o x i d e  p r i o r  t o  d ry ing  them. 

Aqueous ves i cu la r  d ispers ions have been f i xed  thermal ly  as we1 1  as chemi- 
c a l  ly. Tay lor  (17 )  viewed 1  ipopolysacchar ide ves ic les ,  f rozen i n  1  i q u i d  n i t r o -  
gen, w i t h  co l  d-stage microscopy . Forge -- e t  a1 . (18) f roze  d ispers ions o f  egg 
1  e c i  t h i n  ves ic les ,  placed on copper support discs, i n  1  i q u i d  Freon 22. They 
prepared t h i n  r e p l  i c a s  o f  thg frozen specimens and examined them i n  the  e lec-  
t r o n  microscope. Van Venetie e t  a l .  (19) a l so  app l i ed  the  f reeze- f rac ture-  
r e p l  i c a t i o n  method t o  v e s i c u l a r f i p e r s i o n s  b u t  f r o z e  t h e i r  samples by spray- 
i ng them i n t o  l i q u i d  propane (20). Cool i n g  r a t e s  i n  the spray-freeze method 
( >  5000 K/s (19 ) )  are h igher  than those i n  standard f reez ing  techniques (about 
800 K/s (21 ) ) .  Recently, we showed t h a t  t h i n ,  f rozen v e s i c l e  samples can be 
i maged d i r e c t l y  w i t h  fast - f reeze,  co l  d-stage transmi s s i  on e l  ec t ron  microscopy 
(22-24). I n  t h i s  technique,"which i s  described i n  the nex t  sect ion, c o o l i n g  
r a t e s  are on the  order  o f  l o 9  K/s (25,261. 

L i k e  chemical f i x a t i o n ,  thermal f i x a t i o n  i s  sub jec t  t o  a r t i f a c t s ,  most 
no tab ly  those due t o  phase separat ion o r  so lu te  r e d i s t r i b u t i o n  dur ing  s o l i d i -  
f i c a t i  on. It appears, however, t h a t  thermal f i x a t i o n  preserves m ic ros t ruc tu re  



i n ' d i l u t e ,  aqueous v e s i c u l a r  d ispers ions:  ves i c les  do n o t  agglomerate i n  TEM 
., samples prepared w i t h  e i t h e r  f reeze- f racture-rep1 i c a t i o n  (18,191 o r  f a s t -  

f reeze, doub le - f i lm  techniques (22-24). Instead, ves i c les  homogeneous.ly d i s -  
t r i b u t e  i n s i d e  s i n g l e  i c e  c r y s t a l s  and do n o t  concentrate a t  g r a i n  boundaries. 
Furthermore, v a r i  ab l  e-temperature 2 3 ~ a  nucl ear  magnetic resonance spectra and 
DSC thermograms i n d i c a t e  t h a t  su r fac tan t  i n  ves i c les  remains i n  s,ingle b i l a y e r s  
even when t h e  sample i s  f rozen s lowly ( a t  5 K/s i n  DSC) (24). Thus, thermal 
f i x a t i o n  i s  ap t  t o  preserve v e s i c l e  s t ruc tu re .  

Frozen, Hydrated Specimens: -.. Preparat ion and -..,.. M a t e r i a l s  ",.. .... 

Thin, f rozen, hydrated ( i  .e., undr ied)  specimens f o r  co l  d-stage rnicros- 
copy are  prepared by t rapp ing  a' t h i n  l a y e r  ( i d e a l l y  l e s s  than 0.5 pm t h i c k )  
o f  l i q u i d  deposi ted from a syr inge between two poly imide f i lm-covered e lec t ron  
microscope gr ids .  Polyimidr l  f i lms ,  20 40 nm t h i c k ,  drWe used'hs substrates 
because they are wet by e i t h e r  o l e i c  o r  aqueous phases and are r a d i a t i o n  
r e s i s t a n t  (27). The specimen "sandwich" i s  frozen by p lung ing  i t  i n t o  l i q u i d  
n i t r o g e n  and i s  s to red  under the cryogen u n t i l  i t  i s  t r a n s f e r r e d  i n t o  the  
microscope. Prepara t ion  o f  poly imide f i lms  and specimens as we l l  as obser- 
v a t i o n s  o f  we l l - cha rac te r i zed  systems o f  p l a s t i c i z e d  l a t e x  spheres have been 
d e t a i l e d  p rev ious l y  (28) .  

Fast- f rozen,  t h i n  sample f i lms  are  n o t  o f  un i fo rm thickness. C a p i l l a r y  
forces,  hydrodynamic forces, and q u i t e  poss ib ly  d i s j o i n i n g  pressure e f f e c t s  
(29)  produce areas of uneven th ickness wh i l e  the  sample i s  drained before i t  
i s  frozen. Moreover, p a r t i c l e s  can be f r a c t i o n a t e d  by s i z e  dur ing  sample 
p repa ra t i on  so t h a t  the d i s t r i b u t i o n  o f  v e s i c l e  s izes  i n  a f rozen sample may 
n o t  accura te ly  r e f l e c t  the d i s t r i b u t i o n  i n  the unfrozen d ispers ion.  

A f t e r  they are made, f rozen samples are t r a n s f e r r e d  i n t o  a JEOL JEM l O O C X  
e l e c t r o n  microscope cool i ng-hol der (EM-SCH) equipped w i t h  a speci a1 co l  d-stage 
t r a n s f e r  module (CSTM) (22).  The CSTM permi ts  t r a n s f e r  o f  the holder  which 
con ta ins  the f rozen specimen i n t o  the e l e c t r o n  microscope w i thou t  excessive 
hea t i ng  o f  o r  f r o s t  depos i t ing  onto the specimen. The CSTM has been modif ied 
r e c e n t l y  (30). 

Once i n  the  microscope, the  frozen, hydrated sample on the cold-stage i s  
k e p t  a t  about l O O K  by us ing  l i q u i d  n i t rogen  as the  coo lan t  f o r  the stage. O f  
1  ate, t he  cool i n g  ho lder  has been a1 te red  t o  con ta in  a c o n t r o l l a b l e  heater 
near the specimen t i p  (30) ; t h i s  a1 lows the  specimen temperature t o  be main- 
t a i n e d  anywhere between 100 and 300K f o r  long per iods o f  t ime w i thou t  i n t r o -  
ducing thermal ly- induced i n s t a b i l i t y .  Micrographs i n  t h i s  paper were recorded 

' i n  t he  convent ional t ransmiss ion mode w i t h  100 kV e lect rons.  

Vesic les dispersed i n  d o u b l y - d i s t i l l e d  water were prepared from bovine 
b r a i n  l e c i t h i n  and from a syn the t i c  doub le - ta i l ed  sur fac tan t ,  sodium 4 - (1 ' -  
h e p t y l  nonyl ) benzenesul fonate  (SHBS) o f  molecular  weight 404.6. The l e c i t h i n  
was L-cr-phosphati dy l  chol  i ne prepared chromatographical l y  by the Sigma Chemical 

! 
Company. SHBS was obta ined from the  U n i v e r s i t y  o f  Texas and p u r l f i e d  by 
e x t r a c t i o n s  w i t h  ch lo ro form and a 95:5 (v :v)  s o l u t i o n  o f  isobutanol  and water 



(31) .  Sodium ch lo r i de ,  cesium ch lo r i de ,  and uranyl  acetate (UA) were c e r t i -  
f i e d  A.C.S. from F isher  S c i e n t i f i c .  

Aqueous 1  i q u i  d  c r y s t a l  1  i ne dispers ions o f  t he  amphi ph i  1  es were sonicated 
. u n t i l  they turned opalescent (15-30 minutes) i n  e i t h e r  a  Cole-Parme,r U l t rason ic  

bath, model 8845-3, o r  a  Buchler 75-1980 Ul t ramet 111. The water bath temper- 
a tu re  was maintained below 310K. Microscope specimens were prepared w i t h i n  
t e n  minutes a f t e r  son ica t ion  was hal ted.  

Sta ined ves i cu la r  systems were prepared e i t h e r  by adding s t a i n  s o l u t i o n  
t o  the d ispers ion  before son ica t ion  o r  by a l l ow ing  the sonicated d ispers ion  
t o  equi 1  i bra te  w i t h  the  s t a i n  sol u t i  on through a  semipermeable membrane. 
S t a i n  was no t  added d i r e c t l y  t o  a  ves i cu la r  d ispers ion  because osmotic pres- 
sure d i f f e rences  may rup tu re  v e s i c l e  b i l a y e r s  (32). 

Contrast  i n  Frozen. Hvdrated Vesicular  D ~ s D ~ ~ s ~ o ~ s  

I n t e r p r e t i n g  micrographs requ i res  understanding the e lec t ron -op t i c  con- 
t r a s t  mechanisms which produce i n t e n s i t y  v a r i a t i o n s  i n  an image. Here we 
o u t l i n e  the dynamical theory o f  e l e c t r o n  d i f f r a c t i o n  (33) which i s  used .below 
t o  analyze TEM images o f  frozen, hydrated ves i cu la r  d i  spersions. 

Cont ras t  i n  focussed images o f  unstained, d r i e d  v e s i c l e  systems i s  low 
because the  mass dens i t i es  o f  ves i c les  and the f i  l ~ n s  used t o  support them are  
nea r l y  equal. Sta ins enhance mass-thickness cont ras t .  P o s i t i v e  s ta ins  i n -  
crease e l  ec t ron  s c a t t e r i n g  from ves i c le  b i  l a y e r s  by rep lac ing  the  coun.terion 
which i s  i o n i c a l l y  bound t o  the amphiphile w i t h  a  heavier  one. Negative 
s ta ins ,  on the o ther  hand, increase the  mass dens i ty  o f  the cont inuous phase 
r e l a t i v e  t o  t h a t  o f  the  v e s i c l e  b i l aye rs .  Negative s t a i n s  are excluded from 
amphi ph i  1  e  head groups by charge. 

S t a i n i n g  a  d ispers ion  a l so  heightens the  con t ras t  f a c t o r  f o r  x-rays 
sca t te red  from ves ic les .  Adding s t a i n  t o  a  system, however, can change the  
m i  c r c l s t r ~ ~ c t u r e  and phase behavior o f  the su r fac tan t  d i  spersion ( 2 4 )  and a f f e c t  
v e s i c l e  size. For  example, 1 w t %  SHBS sonicated i n  d i s t i l l e d  water forms 
v e s i c l e s  t h a t  have a z-averaged diameter, accord i  ng t o  quasi e l  a s t i c  1  i ght-  
s c a t t e r i n g  measurements, o f  45 nm; the z-averaged p a r t i c l e  diameter i n  a  1% 
SHBS, 1% UA d ispers ion  as measured by small angle x-ray s c a t t e r i n g  (SAXS) i s ,  
however, 25 nm. Thus data from s ta ined v e s i c u l a r  d ispers ions  should always 
be compared t o  t h a t  from unstained ones a t  comparable i o n i c  strengths. 

Phase c o n t r a s t  can sometimes be used to. image s t ruc tu res  t h a t  d i sp lay  
low mass-thickness cont ras t .  Phase c o n t r a s t  i s  increased by under-focussing 
t h e  image. Optimum defocus f o r  a  p a r t i c u l a r  s t r u c t u r a l  d e t a i l  can be e s t i -  
mated from t r a n s f e r  theory (34). These techniques have been used r e c e n t l y  t o  
e l u c i d a t e  s t r u c t u r e  i n  unsta ined lame1 l a r  b lock copolymers w i t h  small i n t r i n -  
s i c  dens i ty  d i f f e rences  between the  phases (35). 

I n  the doubl e - f i l m  technique, d i  1  ute, aqueous ves i cu la r  d ispers ions  
f reeze i n t o  c r y s t a l  1  i n e  sol i d ;  ves ic les  become encased i n  i c e  gra ins,  t he  



c r y s t a l  s t r u c t u r e  of which i s  hexagonal (36). The i c e  ma t r i x  .a1 so conta ins 
g r a i n  boundaries, s tack ing  f a u l t s ,  and d i s l o c a t i o n  defects which have been 
i d e n t i f i e d  i n  pure i c e  samples (26,361. Because dens i t i es  'o f  organic mole- 
cu les  and i c e  d i f f e r  l i t t l e ,  TEM image con t ras t  from unstained b i o l o g i c a l  
m a t e r i a l  embedded i n  c r y s t a l 1  i n e  i c e  must be due p r i m a r i l y  t o  d i f f r a c t i o n  
c o n t r a s t  (17). I n  passing through a c r y s t a l 1  i n e  ,sol i d ,  an e lec t ron  beam 
s p l i t s  i n t o  t ransmi t ted  and d i f f r a c t e d  parts. The i n t e n s i t i e s  o f  the  two 
pa r t s .  vary i n s i d e  the  c r y s t a l  and depend on depth i n  the  c r y s t a l ,  c r y s t a l  l o -  
graphic o r i e n t a t i o n  of t he  sample, c r y s t a l  l a t t i c e  defects, and inc lus ions  o r  
s t r a i n  f i e l d s .  Contrast,  which i s  def ined as the  d i f f e rence  between the  
i n t e n s i t i e s  from the background and the  i n c l u s i o n  d i v ided  by the background 
i n t e n s i t y ,  r e s u l t s  from excluding var ious beams w i t h  an aperture i nse r ted  i n  
t h e  back foca l  plane o f  the  microscope's o b j e c t i v e  lens. When the trans- 
m i t t e d  beam i s  selected, a " b r i g h t - f i e l d "  image i s  formed. When a d i f f r a c t e d  
beam i s  selected, a single-beam "da rk - f i e ld "  image i s  formed. 

Ampli tude c o n t r a s t  i n  images from an idea l ,  focussed microscope, t h a t  i s ,  
one i n  which the  microscope t r a n s f e r  func t i on  (34) i s  u n i t y  i n s i d e  the  objec- 
t i v e  aper ture  and zero otherwise, i s  accounted f o r  by the dynamical theory o f  
e l e c t r o n  d i f f r a c t i o n  (33).  The two-beam approximation t o  the theory, i n  
which d i f f u s e  small -angle s c a t t e r i n g  and weakly e x c i t e d  Bragg r e f l e c t i o n s  are 
neglected, provides q u a l i t a t i v e l y  c o r r e c t  explanat ions o f  TEM images. Calcu- 
l a t i o n s  from the two-beam theory bes t  describe experimental images t h a t  are 
formed when on ly  a ,  s i n g l e  d i f f r a c t e d  beam i s  s t rong ly  excited.' Unfor tunate ly ,  
t r u e  two-beam cond i t i ons  cannot be obta ined i n  the  ~nicroscope because the 
geometr ical cond i t i ons  f o r  d i f f r a c t i o n  o f  high-energy e lec t rons  are near ly  
s a t i s f i e d  f o r  a number o f  r e f 1  ec t ions  simultaneously. 

The t h e o r e t i c a l  treatment o f  the con t ras t  o f  a v e s i c l e  embedded i n  i c e  
f o l l o w s  t h a t  o f  an i n c l u s i o n  (37) o r  a vo id  (38,391 i n  a c r y s t a l l i n e  metal. 
The c o n t r a s t  v a r i a t i o n  throughout the pro jec ted image o f  the  i n c l u s i o n  i s  
ob ta ined by app ly ing  the equations o f  the  dynamical theory (33) t o  a ser ies  
o f  columns i n  the c r y s t a l ,  each passing through a d i f f e r e n t  cross-sect ional  
th ickness o f  the  i nc lus ion .  To c a l c u l a t e  i n t e n s i t y  d i  s t r i  bu t ions  i n  TEM 
images o f  f rozen ves i cu la r  dispersions, i c e  absorpt ion lengths, ves i c le  
e x t i n c t i o n  and absorpt ion distances, specimen and v e s i c l e  thicknesses, and 
Bragg dev ia t i on  parameters are needed. The i c e  normal absorpt ion length, 

5;' Ce , scales i n t e n s i t y  i n  the ca l cu la ted  image. Contrast  p r o f i l e s  are more 

s e n s i t i v e  t o  the r a t i o  o f  the  anomalous absorpt ion l eng th  t o , t h e  d i f f r a c t e d  
beam e x t i n c t i o n  distance, 6 , i c e  

9 
Ice, which i s  a s t rong func t i on  o f  tempera- 

/ % 
tu re ,  t h e  d i f f r a c t i o n  vector  g, and o b j e c t i v e ,  aperture s i ze  (40). - 

Absorpt ion lengths  i n  i c e  have n o t  been ineasured; e x t i n c t i o n  distances 
and absorpt ion lengths i n s i d e  a v e s i c l e  are even more d i f f i c u l t .  t o  ob ta in  
because r a d i a t i o n  damage int rudes.  As a r e s u l t ,  we t r e a t  unstained ves ic les  

ves .- v e s  - .  - , i c e )  as amorphous inc lus ions  ( 5  - i, w i t h  E ~ .  
9  - 50 

i n .  i c e  t h a t  are descr.ibed 

by absorpt ion parameters c h a r a c t e r i s t i c  o f  c r y s t a l  1 i n e  mater ia l  s  ( 
. . 

(276) 
. , 



, ves To describe stained systems, we decrease to t o  t t C e / 3 .  

WI t h  these parameters, calculated contrast  p r o f i  1 es explain TEM images o f  
frozen vesicular d i  spersi ons. 

Experimental Resul t s  and D i  scussion 

Structure i n  Frozen, Hydrated Vesicular Systems 

Fig. l a  i s  a micrograph o f  a 1% SHBS, 0.1% NaCl sonicated dispersion. 
The spherical par t ic les ,  25 t o  90 nm i n  diameter, are vesic les l y i n g  w i t h i n  a 
s ing le  i c e  crysta l .  The la rger  p a r t i c l e  i n  Fig. l a  i s  a l i q u i d  c r y s t a l l i t e ;  
even a f t e r  prolonged sonication, a few l i q u i d  c rys ta l  1 i ne  pa r t i c l es  remain i n  
the dispersion. These c rys ta l  1 i tes  can bias the average vesic le s ize measured 
by l i gh t -sca t te r ing  o r  small angle x-ray scat ter ing (24) .  Fast-freeze, cold- 
stage TEM determines the presence o f  small (<  0.5 pm) l i q u i d  c r y s t a l l i n e  par- 
t i c 1  es i n  a dispersion even when visual  observations, spectroturbidimetry, 
1 i ght-scat ter i  ng, and x-ray scat ter1 ng cannot. 

Fig. 2 i s  an image from an unstained, frozen, hydrated specimen o f  0.08% 
bovine l e c i t h i n  sonicated i n  d i s t i  1 l e d  water. Vesicles appear e i ther  dark 
( A )  o r  l i g h t  (8 )  against the i c e  i n  which they are embedded, depending on the 
thickness o f  the i c e  c rys ta l  and i t s  or ientat ion.  Long-ranged s t r a i n  f i e l d s  
produce loca l  var ia t ions i n  the o r ien ta t ion  o f  i c e  c rys ta l  planes. The 
appearance o f  a ves ic le  changes as the loca l  Bragg condi t ion varies. The d i f -  
ference i s  negative versus pos i t i ve  cont rast  and can be understood w i th  the 
dynamical theory o f  e lectron d i f f r ac t i on :  Fig. 3, ca l l ed  a rocking curve (411, 
shows the calculated var ia t ion  i n  cont rast  a t  the center o f  a ves ic le 's  TEM 
image as the Bragg condit ions o f  the c rys ta l  containing the p a r t i  c l e  change. 
The p r o f i l e  i n  Fig. 3 i s  f o r  a ves ic le  located midway through an i c e  c rys ta l  
o f  uniform thickness. Depending on the d i f f r a c t i n g  conditions, the center o f  
the image appears dark (negative contrast)  o r  1 i ght  ( posi ti ve contrast).  

Some vesic les i n  Fig. 2 ( a t  (C) f o r  instance) appear as a b r i g h t  inner 
area surrounded by a dark r ing.  This too can be explained by d i f f r a c t i o n  con- 
t r a s t  theory. Fig. 4 shows the cont rast  calculated f o r  the projected image 
o f  a vesicle. Close t o  i t s  edges, t h i s  p a r t i c l e  displays negative contrast. 
Near i t s  center, the image i s  1 ighter.  

A1 though unstained vesicles can be imaged by cold-stage m~croscopy 
(22-241, t h e i r  cont rast  i n  th icker  sample areas ( >  0.25 pm t h i ck )  i s  usual ly 
1 ow. (Structures producing contrast  leve ls  below about 10% are i n v i s i b l e  i n  
a micrograph. ) Stain increases e l  ectron-scatter i  ng from vesic l  es and enables 
fcaturcs t h a t  are i nv i sb le  i n  unstained dispersions tn  he imaged. Fig, 5, 
which i s  a ( l o r n )  dark - f ie ld  image o f  a frozen, hydrated specimen o f  a 1% SHBS 
dispersion sonicated i n  1% UA solut ion, i s  an example. (101r) i s  standard 
hexagonal c rys ta l  l a t t i c e  notat ion (42) and denotes the d i f f r a c t e d  beam used 
t o  form the dark- f ie ld  image. The i c e  c r ys ta l  i n  Fig. 5 contains a UA-stained 
SHBS 1 i q u i d  crys ta l1  i n e  p a r t i c l e  (A) and numerous stacking f a u l t  f r inges (B) 
(26) .  The a1 te rna t ing  i n t e n ~ i  t y  extrema (C )  , ca l l ed  "thickness f r inges" (411, 
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, hig. 2. ~r&ht-fkld & u g r a p h  from an unstained, frozen, hydrated vesicular & p i o n  of bovine phosphatidylcholinc Vesiclsl 
d i w y  both neptive contrast (e.g.. at A) or positive contrast (B) over the ice matrix. Some vesicles (C) appcaias a bright inner area 
surrounded by a dark ring. 
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Fig. 4. Calculated variation in bright-field contrast throughout 
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are l i n e s  of constant thickness i n  the crystal .  The difference i n  thickness 
between one fr inge and the next i s  one ext inct ion d l  stance, (equal t o  

200 nm f o r  the (1010) re f lec t ion  (26 ) ) .  I f  the crysta l  i s  n e b  the exact 
Bragg condition, the t o t a l  thickness a t  a point  i n  the i ce  crysta l  can be 
estimated by counting thickness fringes. Near the top o f  Fig. 5, the matrix 
i s t h i n  (<  1 ex t inc t ion  distance). A t  the bottom o f  the figure, the crysta l  
thickness i s  greater than 1 pm. Because s ta in  i s  present, vesicles are vis- 
i b l  e i n  these areas. 

Figure 6. Bright-f ield and C r k - f i e l d  
contrast profi les for the image of a 
vesicle located i n  t6e middle o f  ice 
crystals of increasing thickness. 
Vesicles appear dark o r  l ight ,  de- 
pending on the thickness o f  the cry- 
s ta l  i n  which they are embedded. 

I n  Fig. 5, some vesicles o f  nearly the same size, e.g., those a t  (Dl, 
d i f f e r  i n  contrast as the thickness of the ice  increases. Other vesicles, a t  
( E )  f o r  instance, d i f f e r  i n  contrast even though the ice  thickness i s  uniform. 
The appearance o f  la rger  vesicles (F) d i f fers  from tha t  o f  smaller ones (El. 
These contrast features can be understood wi th  the dynamical theory. Fig. 6 
shows calculated b r i  gh t - f i  e l  d and dark-fie1 d contrast p ro f i l es  f o r  the center 
o f  the image o f  a vesic le located midway through i ce  crysta ls  o f  increasing 
thickness. The contrast may be negative (dark) o r  - p o d  t i v e  (1 i gh t )  . I n  
th icker  crystals,  vesic le contrast i s  low. Figs. 7 and 8 i l l u s t r a t e  tha t  the 
appearance of the vesicle center i s  a funct ion-of  both i t s  size and posi t ion 
i n  a c rys ta l  o f  uniform thickness. 
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Figure 7. Contrast prof i les for the 
inrges of vesicles as a function o f  
the i r  size i n  an ice crystal oriented 
a t  the exact Bragg condition, Isl=O. 
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I n  SHBS systems, uranyl acetate behaves as a posi t ive stain. The density 
o f  vesic le b i l  ayers increases when uranyl groups (uo,++) rep1 ace tda+ counter- 
ions tha t  are ion ica l  l y  bound to negatively charged tur factant  head groups. 
Other stains may be bet ter  suited t o  SHBS systems. For example, CsC1 can be 
used instead o f  NaCl i n  SHBS-brine systems, or  ~ a +  i n  SHBS can be replaced 
w i th  CS+. Cesium not only serves as a pos i t i ve  s ta in  but i s  akin t o  the ions 
i n  SHBS systems. For cat ionic amphiphiles, the I- i on  can play a s imi la r  
role.  Fig. 9 i s  an example from a CsC1-stained SHBS vesicular system. 

Bands o f  contrast are seen around some o f  the. par t i c les  i n  Fig. 9. These 
are s imi la r  t o  the contours which surround polystyrene spheres and small 
1 i q u i d  c r y s t a l l  i t e s  i n  i ce  (26). Crystals which prec ip i ta te from freezing 
aqueous uranyl acetate, sodium chloride, and cesium chlor ide solutions a1 so 
produce contours i n  the i ce  araund them (26). The contrast bands are sen- 
s i t i v e  to tilt and sometimes display l i nes  along which there i s  no contrast 
(37). The bands therefore are 1 i kely caused by s t ra in  f i e l d s  created by d i  f- 
fe ren t ia l  expansion o f  i c e  and the inc lus ion when the sample so l id i f ies .  

Fig. 9. Bright-field transmission electron miascope image of a frozen, hydrated 1% SHBS, 0.1% CsCl brine vesicular dispersion. 
Numerous stained vesicles arc present (A). Some particles induce strain fields in the ice matrix that produce bands of contrast (B) in 
theimage. 

Ef fects  o f  Radiolysis on Frozen, Hydrated Systems 

Radiation by the electron beam modifies the morphology o f  frozen speci- 
mens. Talmon (43) recent ly reviewed t h i s  topic. During i r rad ia t i on  o f  pure 
hexagonal ice, cav i t ies  form (36,441 and mass i s  l o s t  (27). Frozen o le ic  
phases lose t h e i r  crysta l  1 i n i  t y  and cross1 i nk when bombarded by high-energy 
electrons (25) as do other crystal1 ine  b io log ica l  (45) and polymeric (46) 
material s. Frozen, b d r a t e d  vesicul ar  sampl es a1 so su f fe r  rad iat ion damage. 
Fig. 10a shows a 1% SHBS, 1% UA vesicular dispersion which received the mini- 
mum electron dose needed to locate, focus, and record i t s  image (approxfmately 



2 2 3.10- C/mn a t  t h i s  magni f icat ion).  Fig. lob  i s  the same area a f t e r  i t  received 
3 *lo3 c/mL. During rad io lys is ,  some pa r t i c l es  (A), t ha t  were i n v i s i b l e  i n  
Fig. 10a, were revealed. 

Fig. 10. a Bright-field image of a I % SHBS, 1 % uranyl acetate vesicular dispersion that was recorded with about 3 - 10 * c/mZ. b. Area 
in Fig. 10a after receiving 3-  10' c/m2. During radiolysis some vesicles (A) were revealed. 

There are a t  l e a s t  three mechanisms which can account f o r  vesic les being 
"exposed" by rad io lys is :  (1) when mass i s  los t ,  the i c e  c rys ta l  s h i f t s  t o  a 

' 
new o r i en ta t i on  f o r  which the cont rast  o f  inc lus ions i s  greater (Fig. 3); (2)  
when mass i s  l os t ,  the specimen th ins  and vesic les o f  previously low cont rast  
i n  t h i c k  c r ys ta l s  reveal themselves (Fig, shows a p a r t i c l e  t o  be i n v i s i b l e  

7ce when the i c e  c rys ta l  thickness i s  above 4t9 . I ;  (3) vesic les phys ica l ly  

expand - possibly because they are attacked by the f ree  rad ica ls  t h a t  are 
generated i n  i c e  when it i s  i r r ad ia ted  - t h e  cont rast  o f  la rger  vesicles o f ten 
b e i  ng greater than t h a t  o f  small e r  ones (Fig. 7 )  . 

A l l  o f  these mechanisms may cont r ibute  t o  vesic les being revealed during 
rad io lys is .  Images o f  vesic les i n  i c e  do appear t o  expand whi le being i r r a -  
d i a ted  (24). Fig. l b  i s  an example. During rad io lys ls ,  many ves ic le  images, 
e.g., a t  (B) i n  Fig. lb ,  expand. Areas o f  lower cont rast  also form on vesicles 
( C )  and some p a r t i c l e s  appear l i g h t e r  (Dl o r  disappear as the sample i s  i r r a -  
d i  ated. 

I '  

D i f f r a c t i o n  contrast  theory can explain ves ic le  images expanding i f  the 
cause i s  th inn ing o f  ice. Fig. l l a  shows how the cont rast  var ies over the 
pro jected area o f  a ves ic le  image i n  a t h i ck  i c e  c rys ta l .  Due t o  i n s u f f i c i e n t  
contrast ,  t h i s  p a r t i c l e  appears t o  be only 60% o f  i t s  actual size. Fig. l l b  
shows the cont rast  p r o f i l e  f o r  the same ves ic le  i n  a th inner crys ta l .  The 



So far ,  i t  has not  been possible t o  determine which mechanism accounts 
f o r  the e f f ec t s  o f  r ad ia t i on  on frozen ves icu lar  dispersions. However, the 
d i s t r i b u t i o n s  o f  vest c l  e sizes i n  micrographs imaged w i th  minimum rad ia t i on  
dose agree best  w i th  SAXS measurements from unfrozen samples (24). I n  addi- 
t ion,  ves ic le  boundaries i n  TEM images are always wel l  defined, even i n  images 
formed w i t h  minimum rad ia t i on  dose (c f .  those vesic les v i s i b l e  i n  Figs. 10a 
and lob).  This suggests t h a t  vesic les i n  frozen, hydrated specimens physi- 
cal l y  expand during rad io l y5 i  s. 

i nc lus ion  now appears t o  have a diameter o f  80% o f  the actual value. Figs. 
l l a  and l l b  a lso show t h a t  stained vesic les d isp lay  greater cont rast  i n  t h i ck  
i c e  c r ys ta l  s than do unstained ones. A1 though a ves ic le  image can appear 
smaller than the p a r t i c l e  i t s e l f ,  an in-focus image o f  an inc lus ion  t h a t  does 
no t  produce a s t r a i n  f i e l d  i n  the c rys ta l  cannot be l a rge r  than the p a r t i c l e  

Structure i n  Stained, Freeze-Dried Vesicular Dispersions 

One advantage o f  cold-stage microscopy i s  t h a t  dry ing a r t i f a c t s  (12) are 
avoided. Fig. 12 shows an air -dr ied,  sonicated 0.07% bovine l e c i t h i n ,  0.1% 
UA dispersion. The cont rast  f r inges i n  Fig. 12 are not  r e s t r i c t e d  t o  wel l -  
def ined p a r t i c l  es. These structures d i f f e r  from those i n  a thermal l y - f i  xed 
sample (cp. Fig, 12 w i t h  Figs. 2 and 13a). 
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A frozen, hydrated specimen can also be freeze-dried i n  s i tu ,  as Heide 
and Grund (47) have demonstrated. This i s  done by e l eva t i ng  =sample tem- 
perature t o  about 198K. A t  t h i s  temperature, ce sublimes slowly i n  the a 
microscope because i t s  vapor pressure i s  9.10- t o r r  (48). As i c e  sublimes 
from t h i n  specimen areas, small holes, which are hexagonal i n  shape, f i r s t  
form and enlarge gradually as add i t iona l  mater ia l  leaves. Within a few min- 
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Fi 12,  dried 0.07% bovine phosphetidytchoiine, 0.1% m y 1  ~ ~ ~ t a l t  vseular dispersion imaged with the objective l m  
defocuwd - 1.1 pm. Drying produces structure (A) not p-nt in thermally fixed specimens. 

Fig. 13. a, ,Bright-fidd glicr6graph of a mnicatcd 0.07% bovine phosphatidylcholine, 0.1% utanyl acetate di~persion in the frozen, 
hydrated &Ute b. S a m  field of vim as in a after the sample has been freeze-dried in the microscope at 198 K. Vesiclles are smaller 
after IMmedrprins (compare those at A). o. E d q e d  v i m  af pert of b. 



utes, a l l  o f  the v o l a t i l e  mater ia l  i s  gone and a freeze-dried vesicular  dis- 
persion remains. Structures i n  t h i n  areas stay i n  t h e i r  pos i t ions during 
freeze-drying and do not  change fu r ther  when they are warmed t o  room temper- 
a ture  i n  the microscope. 

Figure 13a shows a sonicated 0.07% bovine l e c i t h i n ,  0.1% UA dispersion 
i n  the frozen state, imaged w i t h  minimum radiat ion.  Fig. 13b i s  the same 
f i e l d  o f  view a f t e r  i n  s i t u  freeze-drying a t  198K. Structure i n  the freeze- 
d r i ed  specimen match= that i n  the frozen, hydrated state. However, vesic les 
such as those a t  (A) shrink during freeze-drying as do other frozen, hydrated 
b i o l og i ca l  mater ia ls (c f .  Boyde and Franc (49) 1. 

Some o f  the objects i n  Fig. 13 are l i k e l y  t o  be l i q u i d  c r y s t a l l i n e  p a r t i -  
c l es  which survived sonication o f  the dispersion; compare Fig. 14 which shows 
a hydrated/f reeze-dried p a i r  o f  b r i  gh t - f i  e l  d micrographs from an unsonicated 
0.07% bovine l e c i t h i n ,  0.1% UA dispersion. The micrograph o f  the frozen, 
hydrated sample, Fig. 14a, reveals a s t ruc tu ra l  pa t te rn  i nd i ca t i ve  o f  the 
Dupi n cycl  ides (50) prevalent i n  both b io log ica l  and synthet ic smectic, lyo-  
t r o p i c  l i q u i d  c rys ta l1  i tes  (51,521. The freeze-dried sample, Fig. 14b, lacks -;* evidence df the cycl ide.  

'a" 

Fig. 14. a. Transmission electron microscope bright-field image of an unsonicated, frozen, hydrated 0.07% bovine phosphatidylcholin~ 
0.1% uranyl acetate liquid-crystalline dispersion. b. Area in a after it has been freeze-dried h& at 198 K. 

Fig. 15. a. Micrograph of a freeze-dried particle in a 0.07% bovine phosphatidylcholine, 0.1% unnyl acetate dispersion. Stage 0 1  h 
-&. b. Area a, stage tilt +45'. 

Fig. 16. Structure from a thick area of a frozen, hydrated 0.07% bovine phosphatidylcholine thin, 0.1% uranyl acetate vesicuk- 
dispersion that was f d r i e d  & &. 

(285) 



I c e  i s  the ma1 n source o f  the free radicals tha t  damage a frozen, hydrated 
specimen during rad io lys is  (43). Because i ce  i s  lost ,  a freeze-dried sample 
i s 1 ess sensi t i v e  t o  radiat ion damage and can be imaged a t  higher magni f i ca- 
t ions. Fig. 13c i s  an in-focus, high magnif ication micrograph o f  pa r t  o f  
Fig. 13b. The i r regu lar  pa r t i c l e  on the right-hand side o f  Fig. 13c displays 
mass-thickness contrast f r inges tha t  fol low the outer p a r t i c l e  contour. The 
spacing o f  these fr inges and those on s imi la r  par t i c les  i s  about 3.6 nm but 
whether the f r inges represent surfactant bi layers cannot be decided because 
the freeze-drying process may have a l tered them. 

Fig. 15 shows the same freeze-dried vesicle a t  two t i 1  t angles: -20" 
(Fig. 15a) and +45" (Fig. 15b). The apparent diameter of the vesicle ( i t s  1 

p ro ject ion onto the image plane) changes. This and t i 1  t experiments on other 
p a r t i c l e s  suggest t ha t  vesicles c o l l  apse s l  i ght ly  when the vol a t i  1 e components 
i n  the dispersion sublime. Radiation damage prevents imaging frozen, hydrated ~f 

vesicles a t  magnifications as high as those o f  Fig. 13c or  Fig. 15. 

Structure i n  th icker  regions o f  frozen, hydrated specimens i s  not always 
preserved during freeze-drying. I n  th icker  areas, i c e  appears t o  leave the 
sample along a receding f ron t  which can sweep material along with it. This 
act ion agglomerates vesicles and moves them away from t h e i r  o r ig ina l  posi- 
t i ons  i n  a sample. Fig. 16 exemplifies the structures tha t  form during freeze- 
drying o f  th icker  sample areas. 

Conclusions 

Fast-freeze, col d-stage microscopy reveal s structure i n  aqueous vesicu- 
1 a r  dispersions. The method makes unstained vesicles o f  natural or  synthetic 
amphiphiles v i s i b l e  i n  t h e i r  natural, hydrated state. The contrast mechanisms 
responsible f o r  images of frozen, hydrated vesicle systems are explained by 
the dynami cal theory o f  electron d i  f f r a c t i  on (33 1. Measurements o f  average 
ves ic le  diameters i n  images o f  frozen, hydrated samples tha t  have received a 
minimum amount o f  rad iat ion from the electron beam are i n  accord with those 
from quasi-elastic l igh t -sca t te r ing  and small-angle x-ray scatter ing frott 
s imi lar ,  unfixed, room temperature dispersions (24). 

Radiation damage and posi t ive stains enhance contrast i n  TEM images of 
frozen, hydrated vesicular dispersions but both change vesicle structure. 
Radiolysis by the electron beam causes images o f  vesicles embedded i n  i ce  t o  
enlarge and creates areas o f  lower contrast on them. On the other hand, 
adding posi t ive stains such as uranyl acetate or  cesium chlorfde reduces the 
s ize  o f  SHBS vesicles (24). 

When sta 
viewed i n  the 
freeze-drying 
freeze-drying 

i n  i s  present, vesicular dispersions freeze-dried i n  s i t u  can be 
microscope. I n  s i  t u  freeze-drying i s  preferred overconventional 
methods becauc samples are f i xed  a t  higher cool i ng rates, the 
process can be observed as well as controlled, and images o f  

the specimen i n  the hydrated and dried states can be compared. I n  t h i n  spec- 
imen areas, structure i n  freeze-dried vesicul ar dispersions resembles that  i n  
the frozen, hydrated state a1 though vesicles shrink and sometimes p a r t i a l l y  
co l  1 apse when they are freeze-dried. Thereafter, warmi ng t o  room temperature 



does n o t  a f f e c t  them. 

Ves i c le  samples f o r  c o l  d-stage microscopy are a f f e c t e d  by r a d i o l y s i  s, 
s t a i  n, and freeze-drying. The mechani sms responsi b l  e f o r  changes brought 
about by f i x i n g  and i r r a d i a t i n g  aqueous v e s i c u l a r  d ispers ions  are n o t  y e t  
c l e a r  b u t  must be understood be fore  images o f  complex s t r u c t u r e d  f l u i d s  such 
as m i c e l l a r  s o l u t i o n s  and microemulsions can be f u l l y  i n te rp re ted .  
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X I  I I. MULTICOMPONENT PHASE BEHAVIOR I N  AN EXTERNAL FIELD: 
SYNOPSIS OF PH.D. THESIS OF W .  R. ROSSEN 

The mater ia l  reported here i s  taken from W .  R. Rossen's Ph. D. t hes is  
which i s  ava.il able through Univers i ty  M ic ro f i lm  In te rna t iona l  a t  , the Univers i ty  
o f  M i  ch i  gan. 

So lu t ion thermodynamics governs the design and economics of countless 
chemi ca l  processes inc lud ing  those f o r  chemical f lood ing f o r  enhanced o i  1 
recovery (1-3). The f r ee  energy funct ion not  on ly  cont ro ls  phase behavior, 
i .e. the number and compositions o f  equi 1 i brium phases, but  influences other 
factors important t o  process design as we1 1 : t ranspor t  propert ies,  (4,5) 
i n t e r f a c i  a1 phenomena (6-8) and metastable equi 1 i b r i  a. This d isser ta t ion  
describes an equation of s ta te  f o r  microemulsions of surfactant ,  o i l  and water 
used i n  chemical f l ood ing  processes and an experimental technique, equ i l i b r ium 
u l  t racen t r i fuga t ion ,  t o  supplement phase behavior data i n  the f i t t i n g  o f  such 
a model. The development o f  the experimental technique l e d  t o  fou r  separate 
top ics  discussed herein : 1 ) the theory of mu1 ti component, mu1 ti phase equi 1 i - 
brium i n  an external ,  e.g. cen t r i fuga l ,  f i e l d .  2 )  the theory o f  approach t o  
equ i l i b r ium i n  an externa l  f i e l d .  3) the p rac t i ce  o f  equi 1 i brium u l  t r acen t r i -  
f u g a t i  on t o  ob ta in  thermodynamic data. 4) auxi 1 i a r y  experiments t o  determine 
the compressi b i  1 i t y  o f  mixtures studied by equ i l i b r ium u l  t racen t r i fuga t ion .  

An equation o f  s ta te  i s  a mathematica'l expression f o r  the f ree  energy 
go o f  a mixture as a funct ion o f  i t s  composition, temperature and pressure.. 
A t  f i x e d  temperature and pressure t h i s  funct ion for a ' ternary mixture can be 
p l o t t e d  as a surface above the composition plane. as i n  Figure 1. Tangent 

Figure 1.  Inverted free energy surface o f  a ternary regular 
so lut ion  ( r e f .  9 )  with parameter values a12 3 ' 3 .  a,,3 = - 0. 



planes t o  t h i s  sur face ' i n t e r s e c t  t h e  v e r t i c a l  axes corresponding t o  t h e  pure 
components a t  t he  values o f  the  chemical p o t e n t i a l s  

p y .  
Planes which are 

tan'gent a t  two .o.r more p o i n t s  i d e n t i f y  phases which are i n  equ i l ib r ium.  

Chapter I 1  describes t h e  Screened Flory-Huggins (SFH) equations of s t a t e  
f o r  microemulsions which account both f o r  t h e  aggregation o f  s u r f a c t a n t  i n t b  
sheets and t h e  separat ion of o i l  and water by su r fac tan t  i n t o ' s e p a r a t e  
domains : 

Here n i s  t h e  molar dens i t y  o f .  t h e  s o l u t i o n  , mW, +O and is are the  
volume f rac t i ons  of water, . o i l  and sur factant ,  c W / i  and iW/i are parameters 
which account f o r . t h e  r e l a t i v e  s i z e  of such aggrega?es o f  eac? component as 
form,.and the  a i j  a re  b ina ry  i n t e r a c t i o n  parameters. The success o f  t he  
SFH models r e s t s  upon the  idea t h a t  t he  o i l - w a t e r  i n t e r a c t i o n  parameter a h  
decreases as sur fac tant  concentrat ion increases because su r fac tan t  separates * 

. . .. o i l  and water domains. I n  the  L i n e a r l y  Screened Flory-Huggins (LSFH) model, awO 
' b 

, . i s  rep1 aced by sWO!l - smS) ; i n  t h e  Exponenti a1 l y  Screened Flory-Huggins 
. ::'' (ESFH) model, Go i s  rep1,aced by aWO exp(-smS). These equations o f  s t a t e  : 

p r e d i c t  t he  type- o f  phase behavior observed i n  microemulsion systems (10) ;  a. 
sample phase diagram corresponding t o  "opt imal s a l i n i t y "  (1 ) from the  LSFH :'' 
model i s  shown i n  Figure 2. Here a middle-phase microemulsion i n  e q u i l i b r i u m  
w i t h  near l y  pure o i l  and b r i n e  s o l u b i l  i zes  equal amounts o f  o i l  and b r i n e  w i t h  
on ly  a small concentrat ion of sur fac tant .  

Figure 2 .  Phase Diagram of  the Linearly screened Flp,ry,i,Huggina,(L~m) 
solution model. Parameter valuea employed are vW/vO - 1 .  vW/vE - 0.01, 

450- 4 .8 .  4 ~ ~ - a ~ ~ - - 3 1 . 3 5 .  a -  7.29. 



The LSFH model r e l a t e s  many f a m i l i a r  p roper t i es  o f  microemulsions t o  
s o l u t i o n  thermodynamics. The low-re1 i e f  topography o f  t h e  free-energy sur-  
face i n  t h e  three-phase reg ion (Figure 3), t y p i c a l  o f  nea r -c r i  t i c a l  mixtures, 
con t r i bu tes  t o  low i n t e r f a c i a l  tensions, slow e q u i l i b r a t i o n  and l a r g e  changes 
i n  phase compositions i n  response t o  small changes i n  experimental condi t ions.  

Figure  3 .  Contour p l o t  o f  t h e  f r e e  energy  s u r f a c e  r e l a t i v e  t o  t h e  p lane  o f  the  three-phase 
e q u i l i b r i u m .  Parameter v a l u e s  a r e  a s  i n  F i g .  2 .  Contours a r e  p l o t t e d  a t  i n t e r v a l s  
o f  0.04 RTI~;,,. . 

F igure  4 i d e n t i f i e s  metastable phases and metastable two-phase e q u i l i b r i a  
w i t h i n  t h e  s t a b l e  mul t iphase regions o f  F igure 2. These e q u i l i b r i a  are s tab le  
u n t i l  a completely new phase nucleates. The existence o f  metastable s ta tes  - may exp la in  why microemulsion phase behavior i s  so s e n s i t i v e  t o  the  way i n  

.: which the  samples are  prepared. 

Figure 4 .  Regions o f  metastable one- and two-phase equ i l ibr ia  i n  the LSFH so lu t ion  of-Fig. 2 .  
In region 2 surfactant  par t i t i ons  primarily into-Lhe lower, brine-rich phase; i n  2 ,  
primarily in to  the upper, o i l - r i c h  phase; a n 4 i n  2, equally between brine-rich and o i l - r i c h  
phases. In region 1 the  mixture i s  metastable a s  one phase. 

(292) 



Systematically changing one or more parameters from those of Figure 2 
produces a progression of phase diagrams that mimic those produced in the 
laboratory by varying, e.g. sal ini ty (2,lO). Figure .5, for instance, 
models surfactant's increasing affinity for  o i l ,  reflected in the decreasing 
valueof a assa l in i ty increases .  Foranoveral l  compositionof0.05 

0s ' volume fraction surfactant and equal fractions of oil  and water the lever 
rule gives the phase volumes pictured. The factor KG,, d relates the 
free-energy surface to interfacial tension ( 7 )  and indicafes a partly thermo- 
dynamic basis for low interfacial tensions when the microemulsion phase con- 
tains equal amounts of oil and brine. Parameter sequences like Figure 5 can 
be f i t  t o  laboratory data; the resulting phase diagram sequence can then be 
f i t  to simpler correlations (10) for use in reservoir simulators. 

lo" w/o I 1 

I 
-30 

\ I 
- 31 

1 
-32 -33 a,, - 34 -35 - 36 

Figure 5 .  v a r i a t i o n  i n  aOS mimicking t h e  right-hand s i d e  o f  a s a l i n i t y  scan:  Parameter values 
e x c e p t  aOS a r e  a s  i n  F i g .  2 .  

Equi 1 i  b r i  um ul tracentri fugation can give the thermodynamic data for - 
f i t t ing  such an equation of state. Chapter I11 presents the theory of multi- . 

component, mu1 tiphase equilibrium in an external f ield such as a gravitational 
or centrifugal field. Bulk material in such a. f ield i s  s t ra t i f ied  so as to 
maintain uniform chemical potential p i  for each component: 

In the f ield the field-free chemical potential p?,  a function of only local 
temperature, pressure, and composition, i s  augmented by the potential energy, 
i .e.  molecular weight Mi times external potential r. In a centrifugal 
field Y = -wZr2/2 , where u i s  angular velocity in rad sec 'I. A more 
convenient form of Eq. 2 ,  

0 0 
pi ( L P  , ? ( l ~ ) )  = p i  ii d p - M - , i = m , (3) 



where pressure i s  determined by the condi t ion o f  hydrosta t ic  equ i l i b r ium 

re l a tes  the f i e l d - f r e e  chemical po ten t i a l  a t  atmospheric pressure t o  
the f i e l d  induced composition p r o f i l e  x($)  and the volumetric propert ies.  
o f  the  mixture: dens i ty  p and pa r t i aT  molar volumes $. . Here $0 i s  $ 
a t  the meniscus, where p = po. Equation 3 gives the chaAge i n  f i e l d - f r e e  
chemi ca l  po ten t i a l  w i t h  composition across the s t r a t i f i e d  sample, data which 
can be f i t  t o  an equation o f  s ta te  (11,12). The sharper i s  the gradient  o f  
composition i n  the sample, the wider the range o f  compositions represented 
and the more in format ion gained about the equation o f  s ta te .  

Sharp equi 1 i brium composition gradients r e s u l t  from 1 arge d i  fferences 
i n  densi ty between components i n  so lu t ion  , 1 arge molar mass o f  components o r  
t h e i r  aggregates i n  so lu t i on  and so lu t ion  nonideal i t y  , re f l ec ted  i n  f l a t  
f r ee  energy surface l i k e  t h a t  o f  near c r i t i c a l  mixtures and microemulsions. 
Sharp gradients thus i nd i ca te  so lu t ion  nonideal i ty as we1 1 as c o l l o i d a l  
p a r t i c l e  mass and therefore  i n f e r r i n g  co l  l o i d a l  s t ruc tu re  from sedimentation- 
equi 1 i brium data (1  3-1 7 )  i s  problematic. Because microemul sions and near- 
c r i t i c a l  molecular so lu t ions have sharp equi 1 i b r i  um gradients i n  the f i e 1  d, 
however, they are idea l  l y  su i ted  t o  u l  t r a c e n t r i  fugat ion t o  determine t h e i r  
equation o f  state.  

The number o f  i n te r faces  separating d i s t i n c t  phases can be more, the 
same, o r  fewer i n  a f i e l d - s t r a t i f i e d  sample than i n  the same sample a t  1 .g. 
The phase behavior o f  near-cr i  t i c a l  and co l  l o i d a l  mixtures i s  especial l y  
e a s i l y  d i s t o r t e d  because they s t r a t i f y  so g rea t l y  i n  the f i e l d .  Figure 6 
shows the f i e l d - f r e e  phase diagram o f  a ternary  regu lar  so lu t ion  w i t h  many 
phase boundaries and p l a i t  points;  the phase boundaries are d i s t o r t ed  beyond 
recogni t ion by even a moderate cen t r i fuga l  f i e l d .  These f ind ings impugn f o r  
near-cr i  t i  ca l  and c o l l  o ida l  mixtures the widespread p rac t i ce  o f  cen t r i  fuga- 
ti on t o  determine f i e l d - f r e e  phase behavior (18-22). 

Nonideal so lu t ions mimic c o l l o i d a l  mixtures i n  t h e i r  approach t o  .equ i l  i- 
brium o r  sedimentation ve loc i t y  as we1 1 as i n  t h e i r  sedimentation equi l ibr ium. 
The same thermodynamic factors which lead t o  sharp equ i l i b r ium gradients -- 
la rge  d i f ferences i n  densi ty between components, la rge molecular o r  aggregate 
mass, and so lu t i on  nonideal i t y  -- promote sharp sedimentation f ron ts  as we1 1. 
Therefore the sharp sedimenting f ron ts  usual ly  associated w i t h  co l  l o i d s  need 
no t  i nd i ca te  c o l l o i d a l  p a r t i c l e s  i n  so lu t ion.  I n  addi t ion,  because the t rans- 
p o r t  coe f f i c i en t s  o f  a nonideal molecular so lu t ion  fncrease wi thout  bound near 
a p l a i t  po in t ,  the v e l o c i t  o f  sedimenting f ron ts  i n  nea r - c r i t i ca l  molecular + solut ions can match t a t  o f  co l l o i ds  as we1 1. The sedimentation behavior of 
two molecular so lu t i on  models presented i n  Chapter I V  i l l u s t r a t e s  the s im i l a r -  
i ty between c o l l o i d a l  and nonideal -sol u t i on  sedimentation. Sedimentation 
pat terns i n  these model so lu t ions match those thou h t  t o  ind ica te  interspersed 
o i l - i n -wa te r  and water - in-o i l  m i ce l l a r  regimes (23 3 , but  which are shown t o  
oecur i n  concentrated so lu t ions o f  any type. From the ve loc i t i es  of the sedi- 
menting f r on t s  i n  these model so lu t ions we deduce mice l le  sizes by the stan- 
dard assumptions used i n  analysis o f  c o l l o i d a l  sedimentation -- ve loc i t y  data 
(23) -- even though there are no mice1 l e s  i n  these solut ions.  The in fer red 



NUMBERS ARE COUNTS 
OF PHASES IN FIELD-. 

NUMBER OF INTERFACES 
PLUS ONE 

2 

Figure 6 (cont.). b) Field-induced phase boundaries. . F i e l d  poten- 
r i a l  difference AaIRT - 0.002 corresponds to a 1 cm ca l l  i n  a 
50.000 g f i f l d .  Addit ional  paymeter value, emplqed are g - 
&stso 8 -01 ti -1250 8 pol- . M, - 200 8 pol- . - v2 - 

mpm 6 .  .) Pi.ld-fr~ p h u a  diagramof a regular solution (ref .  V3 - 200 cm3'&1- . 
9 ) .  Par-cer v d w s  employed arb a12 - all - aZ3 - 2 . 6 6 .  

micelle sizes, shown in Table ' 1  , appear deceptively reasonable. In sedimen- 
tation velocity as i n  sedimentation equilibrium, colloidal structure cannot 
be inferred .from sedimentation data alone, contrary t o  some attempts (18, 23, 24) .  

For d e t a i l s  of these molecular so lu t ion  models s e e  Chapter IV. 

Table 1. APPARENT MICELLE S I Z E  I N  MODEL SOLUTIONS 
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Chapter V re turns t o  equi 1  i b r i  um sedimentation, s p e c i f i c a l l y  the deter- 
minat ion o f  the  f i e l d - f r ee  chemical po ten t ia l s  from the experimental ly 
determined equ i l i b r i um  s t r a t i f i c a t i o n  o f  a  mu1 ticomponent sotu t ion i n  a  
cen t r i f uga l  f i e l d .  Three systems of o i l  and water w i t h  amphiphile are 
examined: i n  one case the amphiphile i s  a  short-chain alcohol; i n  another, 
an ethoxylated alcohol ; and i n  the t h i r d  a  'long-chain polyethoxyl ated 
alcohol, s i m i l a r  i n  some respects' t o  surfactants used i n  enhanced o i l  
recovery (25)..  

Equi l ib r ium behavior i n  the f i e l d  i s  determined by preparat ive u l t r a -  
cen t r i fuga t ion ,  f r ac t i ona t i on  and chemical .analysis o f  f rac t ion .  Advantages 
o f  the u l t ' racen t r i fuga t ion  technique are t h a t  i t  i s  i d e a l l y  su i ted t o  near- 
c r i t i c a l  mixtures,, t h a t  i t  probes the one-phase 'region denied t o  1  iqu id -  
l i q u i d  equ i l ' i  brium data', t h a t  i t  re l a tes  the chemical po ten t ia l s  a t  many 
compositions i n  a  s i ng le  experiment, and t h a t  i t  can accommodate an un l imi ted 
number o f  nonvo la t i l e  components. The accuracy o f  the technique i s  demon- 
s t r a ted  by d i r e c t  comparison o f  experimental ly determined chemical po ten t ia l s  
t o  publ ished data f o r  a  simple mixture and by carefu l  analysis o f  the sources 
o f  experimental e r ro r .  

'The power o f  the technique appl ied t o  n e a r - c r i t i c a l  mixtures i s  shown 
i n  Figure 7: . i n  t h i s  case Eq. . 3  re la tes  chemical po ten t ia l s  throughout a  
composition p r o f i l e  which spans near ly  the e n t i r e  phase diagram. Remaining 
problems w i t h  the experimental technique are slow equi 1  i brat ion,  remixing 
o f  the sample before f rac t ions  are obtained, and the lack o f  an adequate 
model f o r  co- re la t ing required a u x i l i a r y  volumetric data; these problems and 
t h e i r  so lu t ions are discussed i n  d e t a i l  i n  Chapter V .  Par t i cu l a r  a t t e n t i o n '  
i s  pa id  t o  the issue o f  remixing o f  the sample before and during f rac t iona t ion ,  
an important considerat ion i n  any scheme f o r  f r ac t i ona t i ng  an i nhomogeneous 
sample. 

SBA 

Figure 7 .  Field-induced equilibrium composition p r o f i l e s  o f  
samples ,of  the system pentaethyleneglycol ( C  E ) /sec-butyl  
a l coho l  (SRA)/n-decane (C ) /  vater  p lo t t ed  .? s F f a c t a n t -  
f ree  ve ight  X compnaitionlgiagrlim. Open symbols represent 
fract iona o f  the f i e l d - s t r a t i f i e d  samples. F i l l ed - in  sysmbols 
represent the i n i t i a l  compo,aitions. 
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Chapter V I  describes compressi b i  1 i ty experiments conducted w i t h  Prof. . 

James P. Kohn, o f  t he  Un ive rs i t y  o f  Notre Dame, us ing a novel device o f .  . 
h i s  cons t ruc t i on  described here f o r  t h e  f i r s t  t ime. Systems s tud ied inc lude  
t h e  o i  l /water /amphiphi le  mixtures examined by u l  t r a c e n t r i  f uga t ion  as w e l l  as 
the  microemul s ion  phase from a s a l i n i t y  scan o f  commercial ,sur fac tant  w i t h  
o i  1 and b r i n e  (26). Compressi b i  1 i ty  data .  are requ i  red  f o r  analyz ing sedi - 
mentation-equi 1 i b r i  um r e s u l t s  and a1 s o .  f o r  . p red ic t i ng  t h e  e f f e c t  o f  h l  gh 
pressures ori m i  croemul s ion  phase 'behavior, an important  t o p i  r t o  enhanced o i  1 
recovery processes (27-29). . To a f i r s t  'approximation, t h e  compressi b i  1 i ty 
o f  t h e  amphiph i le /o i l /water  mixtures we examined i s  l i n e a r  i n  volume-f ract ion 
composition, and t h e  compress ib i l i t y  o f  o i l  and water i n  s o l u t i o n  i s  t h a t  o f  t h e  
pure components. 
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X I V .  ELECTRON MICROSCOPY AND MOLECULAR THEORY OF MICROSTRUCTURED FLUIDS: 
SYNOPSIS OF PH.D. THESIS OF A. H. FALLS 

The ma te r ia l  repor ted  here i s  taken from A. H. F a l l ' s  Ph.D. t h e s i s  which 
i s a v a i l a b l e  through U n i v e r s i t y  M ic ro f i lms  I n t e r n a t i o n a l  a t  the U n i v e r s i t y  o f  
Michigan. 

I nt roduc t i on  

~ i c r o s t r u c t u r e  and i t s  e f f e c t  on physical  p rope r t i es  i n  sol  i d s  i s  we l l  
recognized. Research on the  morphology o f  semi-sol id  polymer systems, however, 
i s  n o t  as advanced. I n  cont ras t ,  supramolecular order  i n  l i q u i d  and semi- 
l i q u i d  systems i s  scarcely  understood. Even l e s s  we l l  known i s  the  r e l a t i o n  
between the  m ic ros t ruc tu re  and the  phase behavior and physical  p rope r t i es  o f  
s t r u c t u r e d  1  i qui  ds. 

Unfor tunate ly ,  no s i n g l e  experiment can d i r e c t l y  determine f l u i d  micro- 
s t ruc tu re .  Consequently, r e s u l t s  from many techniques must be combined t o  
b u i l d  a  c i r cums tan t i a l  case f o r  a  m i c r o s t r u c t u r a l  assignment. A t  the same. 
t ime, t heo r ies  must a1 so be developed t o  understand the  molecular o r i g i n s  o f  
supramol ecul  a r  order  i n  1  i qui  ds. A successful  theory can i n t e r p r e t ,  expl a i  n, 
and p r e d i c t  macroscopic f l u i d  p roper t ies .  Th is  t h e s i s  describes two exper i -  
mental and t h e o r e t i c a l  s tud ies  t h a t  a re  p a r t  o f  the  research program a t  t h e  
U,n ivers i ty  o f  Minnesota which seeks t o  understand f l u i d  mic ros t ruc ture .  

- P a r t  I : Fast-Freeze, Col d-Stage Transmission E lec t ron  Microscopy o f  
Sur fac tan t  Mic ros t ruc tures  

A sur fac tan t ,  o r  sur face-act ive agent, i s  an amphi h i l e ,  t h a t  i s ,  i t  
c o n s i s t s  of both po la r  ( h y d r o p h i l i c )  and nonpolar 7 l - 4 - T  ipop 1 i c )  moiet ies.  I n  
e i t h e r  pol a r  o r  nonpolar s o l  vents su r fac tan ts  associateT p r e f e r e n t i a l l y  t o  
form long-1 ived, supramol ecu la r  s t ruc tures ,  which are types o f  f l  u i d  micro- 
s t ruc tures ,  the theory o f  which i s  the  sub jec t  o f  P a r t  11. Other examples o f  
m u i d  mic ros t ruc tures  are  f l u i d - f l u i d  i n te r faces ,  f l u i d - s o l i d  i n te r faces ,  t h i n  
f i l m s ,  and small drops and bubbles. F igure  1 dep ic t s  several simple sur fac-  
t a n t  mic ros t ruc tures .  The goal o f  P a r t  I o f  t h i s  t hes ts  i s  t o  advance co ld -  
stage e lec t ron  microscopy t o  where i t  can i d e n t i f y  the  types o f  aggregates 
present  i n  su r fac tan t /wa te r /o i l  systems. As such, the morphologies o f  i c e  
and o f  f rozen b r i nes  and su r fac tan t  so lu t ions ,  the  knowledge o f  which under- 
1  i e s  success fu l l y  i n t e r p r e t i n g  images o f '  complex systems, are examined. 
Thereaf ter ,  images o f  su r fac tan t  mic ros t ruc tures ,  i n c l u d i n g  aqueous 1 i q u i  d  
c r y s t a l  1  i n e  and ves i cu la r  d ispers ions,  mice1 1  a r  so lu t ions ,  and microemul sions, 
a r e  presented. To exp la in  these, t heo r ies  o f  c o n t r a s t  i n  t ransmiss ion e lec-  
t r o n  microscope images o f  frozen, hydrated specimens are devel oped, the  
e f f e c t s  o f  e l e c t r o n  beam r a d i o l y s i  s  a re  i d e n t i f i e d ,  and a r t i f a c t s  o f  s t a i n i n g  
and f reeze-dry ing samples are analyzed. Specimen c o o l i n g  rates,  which i n f l u -  
ence the  degree of rearrangement i n  f reez ing  samples and the re fo re  the value 
o f  c o l  d-stage microscopy f o r  m i  c r o s t r u c t u r a l  analys is ,  a re  measured w l  t h  
t h i  n - f i  1  m thermocoupl gs. 
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Figure 1.  Conceptual drawings of simple surfactant microstructures.

A surfactant with a single, straight-chain hydrophobic "tail" aggregates
into micelles when it is above a critical concentration in water.  A micelle
(Fig. 1) consists of a surface of high surfactant concentration that encloses
an isolated, unholey, and persistent subvolume.  Double-tailed surfactants,
however, form micelles only when their hydrophobic moieties are sufficiently
short (1).  Instead, depending on temperature, naturally-occurring, double-
tailed surfactants such as lecithins phase separate from an aqueous solution
into a lamellar liquid crystalline phase as the concentration of surfactant
increases.  Liquid crystals (Fig. 1) are composed of microscopic domains in
which the amphiphile is partially ordered into thermally-fluctuating, repeat-
ing, parallel layers with solvent intercalated.  Synthetic, double-tailed
surfactants  al so associate in dispersed, lyotropic mesophases  at low concen-
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t r a t i o n s  i n  water. For example, sodi um 4-( 1 ' hepty l  nonyl Ibenzenesul fonate 
(SHBS) a t  concentrat ions between 0.06 w t %  and - 75 w t %  i n  water a t  298 K forms 
a  hydrated sniectic phase, which i s  i n  equ i l  i b r i u m  w i t h  a  molecular s o l u t i o n  
o f  su r fac tan t  monomer (2,3). Son ica t i  ng aqueous d ispers ions  o f  phosphol i p i d s  
o r  o f  syn the t i c  sur fac tan ts  causes ves i c les  t o  arrange (4-7). A v e s i c l e  
(F ig .  1) i s  a  spher ica l  she1 1  o f  one o r  more su r fac tan t  b i l  ayers surrounding 
a  f l u i d  core. 

When combined i n  c e r t a i n  p ropor t ions  w i t h  water, hydrocarbons, and, of ten,  
s a l t s  and a lcoho ls  o r  o ther  cosolvents, both s i n g l e - t a i l e d  and doub le- ta i led  
su r fac tan ts  forrn microemul sions. A microemul s ion  i s  a  thermodynamical l y  
stable,  o p t i c a l l y  i s o t r o p i c ,  s i n g l e  e q u i l i b r i u m  phase t h a t  conta ins aqueous, 
nonaqueous, and amphiphi 1  i c  components (8 ) .  Microemul s ions d i sp lay  unusual 
phase behavior by i nco rpo ra t i ng  o l e i c  and aqueous components, normal ly immis- 
c i b l e  w i t h  one another, i n t o  a  s table,  o p t i c a l l y  i s o t r o p i c  phase. They a l so  
s t r o n g l y  s c a t t e r  electromagnetic rad ia t i on ,  show d i  verse rheol  og i ca l  behavior, 
and e x h i b i t  u l t r a l o w  in te r fac . ia1  tensions (as low as 10-4 dync/cm) aga ins t  both 
aqueous and o l e i c  phases which con ta in  l e s s  su r fac tan t .  This  l a t t e r  property,  
a long w i t h  t h e i r  phase behavior, makes microemulsions important  i n  enhanced 
o i l  recovery, where they can b,e used t o  mobi 1  i z e  and sol u b i l  i z e  res idua l  o i l  
t h a t  i s  trapped by c a p i l l a r y  forces i n  r e s e r v o i r s  (9 ) .  

Unfor tunate ly ,  the c o n s t i t u t i o n  and physical  p rope r t i es  o f  microemulsions 
a r e  system-specif ic.  This  has l e d  t o  controversy, no t  only  over d e f i n i n g  
microemul s ions ( H a t f i e l d  (8) compiled- a  compendium o f  d e f i n i t i o n s ) ,  b u t  over 
models o f  supramolecul a r  order  i n  them. A simp1 i f i e d  o i l  -water-amphiphile 
phase diagram (Fig.  2) i n t ima tes  the  complexi ty  o f  microemul s ion  s t ruc ture .  
Near the 1 imi  t s  o f  the one-phase reg ion  c a l  l e d  mi croemul sion, most researchers 
agree t h a t  the m ic ros t ruc tu re  i s  i n  small, nea r l y  monodisperse aggregates such 
as o i l  - in-water  o r  water- i  n - o i l  swol l  en mice1 l e s  ( 1 0 , l l ) .  On the o ther  hand, 
i n  systems near the  middle o f  the hypothet ica l  diagram, where roughly equal 
volumes o f  o i l  and water are s o l u b i l  i z e d  by sur fac tan t ,  the p i c t u r e  o f  s t ruc-  
t u r e  i s  muddled - several mic ros t ruc tures  have been pro f fe red ,  i n c l u d i n g  o i  1 - 
in -water  and wa te r - i n -o i l  m ice l l es  e x i s t i n g  simultaneously (12), a  "pea soup" 
o r  hodgepodge o f  mi c ros t ruc tu red  fragments (13) , and b i  c o n t i  nuous s t ruc tu res  
1 4 , l  Bicont inuous s t ruc tu res  a l so  break down n a t u r a l l y  i n t o  d isc re te ,  
p o l y d i  sperse g l  obul a r  e n t i  t i e s .  

Despi te cont inued t h e o r e t i c a l  and experimental  research on microemul- 
sions, t h e i r  m ic ros t ruc tu re  remains unresolved. Recent t h e o r e t i c a l  work a t  
t he  U n i v e r s i t y  of Minnesota, however, demonstrates t h a t  phase behavior . (  161, 
e l e c t r i c a l  c o n d u c t i v i t y  (8,17,18), and s c a t t e r i n g  o f  electromagnetic rad ia -  
t i o n  (19) i n  microemul s ions  can be expla ined by Voronoi and Voronoi-l i ke  
decorated t e s s e l l  a t ions,  o r  subdiv id ings o f  space, which incorpora te  bo th  
d i s c r e t e  and b i  c o n t i  nuous s t ruc tures .  

Many experimental methods probe f l u i d  s t ruc tu re .  However, r e s u l t s  from 
physicochemical techniques such as conductimetry, nuclear  magnetic resonance 
spectroscopy (NMR) , d i  f f e r e n t i  a1 scanni ng ca lo r ime t ry  (DSC) , 1 i g h t - s c a t t e r i  ng, 
and x-ray s c a t t e r i n g  can on l y  r e f l e c t  f l u i d  mic ros t ruc ture .  These are i n d i r -  
e c t  because a  model must be used t o  i n t e r p r e t  data from them. I n  cont ras t ,  



F l g .  2. Hypothetical  water -o i l  -amphl p h l l e  phase dla- 
gram. F l  gure a f t e r  Scr l  ven (1977). Slngle- 
phase mlcroemul sf on region I s  st lppled. 

microscopy d i r e c t l y  images mic ros t ruc ture .  Consequently, a t  the U n i v e r s i t y  
o f  Minnesota e l e c t r o n  microscopy i s  an i n t e g r a l  p a r t  o f  research almed a t  
e l u c i d a t i n g  supramolecular order  i n  microemulsions. 

J . C. H a t f i e l  d pioneered work i n  e l e c t r o n  microscopy o f  microemul sions 
a t  Minnesota. Because l i q u i d  systems f o r  microscopy must be f i xed ,  H a t f i e l d  
prepared microemulsions by spraying them i n t o  l i q u i d  propane a t  88 K. Freez- 
i ng was f o l  1 owed by f r a c t u r i n g  the  sample. A f t e r  components were a1 1 owed t o  
subl ime from the  f r a c t u r e  surface, a t h i n ,  p lat inumlcarbon r e p l i c a  was made 
and examined i n  the  e l e c t r o n  microscope. It soon became c lea r ,  however, t h a t  
f reeze- f rac ture- rep1 i c a t i o n  microscopy o f  microemul s ions i s  beyond standard 
techniques f o r  b i o l  og i ca l  specimens o r  mesophases: f reez ing  and shearing 
sampl es a1 t e r  t h e i  r micros t ruc tures !  

The goal i n  p repar ing  samples f o r  e l e c t r o n  microscopy i s ,  o f  course, t o  
l i m i t  s t r u c t u r a l  changes dur ing f i x a t i o n .  Rearrangements t h a t  do occur must 
be understood so t h a t  the  appearance o f  the o r i g i n a l  system can be recon- 
s t r u c t e d  from images o f  the a1 t e r e d  sample. Because there  i s  a1 ways a possi - 
b i l i t y  o f  i n t r o d u c i n g  a r t i f a c t s  dur ing  f i x a t i o n ,  i t  i s  imperat ive t o  vary 
sys temat i ca l l y  the sample prepara t ion  method before  ass igning a microstruc-  
t u r e  t o  a l i q u i d  system. Furthermore, i t  i s  des i rab le  t o  con t ras t  and com- 
pare the r e s u l t s  o f  a t  l e a s t  one o ther  sample prepara t ion  method as we l l  as 
evidence from l e s s  d i r e c t  probes. 



To corroborate freeze-fracture-replication microscopy o f  microemulsions, 
Talmon (20) developed a fas t - f  reeze, col d-stage microscopy system. The idea 
i s to capture a layer of sample between two polyimide film-covered gr ids and 
t o  freeze the assembly by plunging i t  i n t o  a cryogen. The frozen sample i s  
pu t  i n t o  a JEOL lOOCX cooling-holder and transferred i n t o  the microscope 
where i t s  temperature i s  maintained a t  100 K. Although cooling rates i n  t h i s  
doubl e - f i  1 m technique appear t o  exceed those i n  standard spray-f reeze methods 
(21), they nevertheless may be i n s u f f i c i e n t  t o  f i x  microemulsions of as low 
v iscosi ty  as are o f  primary in te res t  i n  applications. An added problem i n  
col  d-stage microscopy i s  the sens i t i v i t y  o f  frozen microemul sions t o  an e l  ec- 
t ron beam. Talmon (20) proved tha t  m i  croemul sions cross1 ink when irradiated; 
i t  i s  not y e t  known whether t h i s  a1 te rs  morphology . 

Understanding and eventual l y  overcomi ng cool i ng-i nduced and radiat ion- 
i nduced ar t1  facts present chal 1 enges t o  col d-stage microscopy o f  microemul- 
sions. A key i s  t o  perceive the microscopy o f  structured f l u i d s  tha t  are 
1 ess sensi t ive than microemul sions t o  preparation and i r rad ia t i on  - d i  spersed 
l i q u i d  c rys ta l l i ne  and vesiculated surfactant, i n  par t icu lar .  Talmon demon- 
strated tha t  these systems could indeed be imaged w i  t B  col d-stage microscopy . 

Part  I of  t h i s  thesis describes analyzing and usfng the cold-stage 
microscopy system t o  e l  uc i  date the morphology o f  surfactant microstructures. 
I n  cooperation wi th  Prof. Y. Talmon, now a t  the Technfon - Israe l  I n s t i t u t e  
o f  Technology, much o f  the cold-stage equipment has been redesigned. These 
changes, inst igated during sumner v i  s l t s  t o  Hi nnesota by Prof. Talmon and a 
t r i p  I took t o  the Technion, have been elaborated by Perlov e t  a1 . (22). A 
major difference i s  tha t  the cool ing-holder has been al tere-contain a con- 
t r o l l a b l e  heater near the specimen t i p .  This allows the specimen temperature 
t o  be maintained between 100 K and 300 K without introducing thermally-induced 
motion. It a1 so permits i n  s i  t u  freeze-drying o f  a sample. The col d-stage 
transfer modul e (CSTM) h a r a w b e e n  m d i  f i ed t o  excl ude col d n i  trogen vapors 
from contacting the stage O-ring and t o  allow a specimen t o  be transferred, 
i n t o  the hol der while under 1 i quid nitrogen. The modified CSTM keeps the 
temperature o f  a specimen helaw 123 K when i t  1s transferred i n t o  the elec- 
t ron  microscope; 123 K i s  the lowest temperature reported f o r  the amorphous 
t o  cubic phase t rans i t ion  i n  i ce  (23). 

L iqu id  samples must be frozen quickly t o  insure tha t  t h e i r  microstruc- 
tures remain unchanged during sol i d i  f icat ion.  I n  t h i  s thesi s, cool i ng rates 
i n  freezing specimens are character1 zed by measuring the thermoelectric re- 
sponse o f  t h i  n- f i 1 m/w i  r e  thermocouples plunged i n t o  boi 1 i ng nitrogen . These 
temperature probes, which have a configuration akin t o  the double-film 
samples, cool a t  a ra te  o f  5Q00 K/s between 273 K and 173 K. These rates are 
i n  accor wi th  Talmon's (20) calculations which show tha t  cooling rates are P about 10 K/s, owing t o  f i lm-bo i l ing  heat t ransfer a t  the specimen/cryogen 
interface. Riehle's (24) correl  t ions  confirm Talmon's estimates. A l l  o f  t these cooling rates are below 10 Kls, which i s  the lowest estimate o f  the 
ra te  required to v i t r i f y  water (25). Instead, the crysta l  structure o f  i ce  
specSwns tha t  are prepared with the doubl e-f il m technique i s  hexagonal (26). 

Many m i  crostructured f l u i d s  contain appreciable amounts o f  water. Exam- 



p les  are aqueous dispersions o f  1 i q u i d  crysta l  1 i ne phases tha t  1 ower in te r fa -  
c i a l  tensions between o i l  and water (3) and aqueous vesicular dispersions 
which model membranes i n  biochemical research (27,6) and can recover o i l  from 
reservoi rs  (28). Others i n c l  ude m i  c e l l  ar  sol u t i  ons and, o f  course, microemul- 
sions. To understand structures tha t  ar ise i n  the col d-stage microscopy o f  
these systems, i t i s  essential t o  understand w e  morphology o f  ice. Conse- 
quently, the microscopy o f  ice 'and d i l u t e  concentrations o f  solutes i n  i ce  i s  
t reated i n  t h i s  thesis. 

A sample of water does not freeze i n t o  a per fect  c rys ta l l i ne  matrix. 
Instead, i ce  c rys ta l  s, separated by grain boundaries, form with d i f f e r i n g  
c rys ta l  lographic orientations. Moreover, i ce  samples contain l a t t i c e  defects, 
i 'nc l  udi  ng d i  s l  ocatlons. F I  gure 3 shows nonbasal screw d i  s l  ocatlons i n  ice. 
These defects were indexed from thei  r sel ected-area d i  f f r a c t i  on pattern, geom- 
et ry ,  and appearance. Col d-stage microscopy indicates tha t  t h i s  s l  i p system, 
heretofore unconfirmed experimentally , operates i n  hexagonal ice. Nonbasal 
dis locat ions have been observed with etch-rep1 i ca t i on  microscopy (29)  but 
t h e t r  s l i p  planes cannot be i d e n t i f i e d  with' t h i s  technique (30). More common 
i n  hexagonal i c e  are basal dislocations, which have been confirmed by x-ray 
topography (31). F i  ure 4 i s  an example. This research (26) won an Electron ! Microscopy !Society o Anerica Presi denti a1 Award. 

Fig. 3. (1120) dark-fie1 d transmission electron microscope image o f  nonbasal 
dis locat ions from the (10I0)[1Z101 and (0x10) [Z110] s l  i p systems i n  
hexagonal ice. F i lm orientation: [3302]. 
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Fig. 4. B r igh t - f i e ld  image o f  (a/3)<11Z0> screw dislocations i n  the i ce  
basal plane. 

When sampies o f  di lute,  aqueous dispersed shrfactants are prepared wi th  
the doubl e - f i  l m  technique, aggregates embed w i  t h f  n ice. To explain transmi s- 
sion electron microscope images o f  thhse frozen, hydrated structures, d l  f f rac-  
t i o n  contrast theories are developed. Foc example, images o f  frozen, hydrated 
l i q u i d  c rys ta l l i ne  par t i c les  display m i r e  frtngas. Talmon e t  al. (32,331 
thought these st r ia t ions,  seen on some o f  the c r y s t a l l i t e s  i-. 5, t o  
resul t from electrons in teract ing wi th  an i ce  1 a t t i c e  over1 appi ng frozen sur- 
factant  1 amel 1 ae. However, sel ected-area d i f f r a c t i o n  and dark-fie1 d micros- 
copy coupled wi th  contrast theory prove tha t  mi r e  fr inges on frozen 1 i q u i d  
c rys ta l  1 i tes or ig inate from electrons. d i  f f r ac ted  twice by s l i g h t l y  misoriented 
i c e  grains. 

The microscopy o f  frozen, aqueous vesicular dispersions was approached 
i n  1 i ke fashion. Figure 6 i l l u s t r a t e s  micrographs from vesicular dispersions 
o f  four surfactant systems: SHBS; L- u phosphati alyl chol i ne, a natural l y -  
occurring, bovine brain 1 eci  t h i  n; SHBS m i  xed wi th  sodi urn dodecyl sul f a t e  (SDS) 
and sodium chloride; and TRS 10-80, a commercial surfactant. Vesicles appear 
e i t he r  dark o r  l i g h t  against the i ce  I n  which they are embedded. The d i f -  
ference i s  negative versus posi t ive contrast and can be explained wi th  the 



Fig .  5. Micrograph from a frozen aqueous dispersion of 1.19 w t  % n-pentanol 
and 9.697 w t  % SHBS. Str iat ions on the cr.ystol1 i tes (arrows) are  
moire fringes formed by electrons scattered from m i  soriented ice 
domains. 

dynamical theory of electron diffraction (34). Figure 7, called a rocking 
curve, shows tha t  the appearance of vesicles changes as diffracting conditions 
i n  the ice surrounding them vary. Depending on the local Bragg conditions, 
the center of a vesicle can appear dark (negatiue contrast)  or l i g h t  (positive 
contrast) .  

Supported by contrast  theory, col d-stage microscopy, combined w i t h  quasi - 
e l  a s t i c  1 i ght-scattering, small -angle x-ray scattering , DSC, NMR, and freeze- 
fracture-rep1 ication microscopy, a1 1 performed a t  Minnesota, is used t o  char- 
ac ter ize  aqueous dispersions of surfactants. I t  confirms the existence of 
Dupi n cycl ides (35,361 i n  d l  spersed lyotropic 1 i q u i  d crystal 1 ine phases (37) 
and helps show the ef fec ts  of alcohols on the l a t t e r .  The method proves tha t  
a few 1 arge 1 i qui d crystal  1 i t e s  survive soni ca t i  on of a di  spersi on; these 
aggregates severely bias the measurement of vesicle s izes  by quasi -el a s t i  c 
1 ight-scattering (38) and cannot be removed by gel permeation chromatography 
o r  u l  t r a f i  1 t ra t ion  (Fig. 8). Col d-stage microscopy a1 so documents vesicles 
reverting to 1 i quid crystal 1 i t e s  as vesicul a r  d i  spersi ons age and he1 ps  prove 
tha t  vesicles are not equilibrium aggregates i n  water or i n  brine (38). 
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F ig.  6. Bright- f ie1 d images o f  frozen aqueous dispersions o f  surfactants.. 
Clockwise from upper l e f t :  2 w t  % SHBS; 0.07 w t  % SHBS, 0.02 w t  % 
SDS, 0.3 w t  % NaC1; 1 w t  Z TRS 10-80; 0.07 w t  % bovine l e c i t h i n ,  0.1 
w t  % uranyl acetate. 
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a vesicle located Rlfdway through an ice crystal as a function 
o f  the deviaflon of  the crystal from the exact dtffracting con- 
dition. Vedcles change thei r  contrast as the diffracting con- 
dlLlrinr vary and can appear a i t b e ~  l i g h t  w &&. 

The e f fec ts  o f  rad io lys is  on frozen vesicular dispersions are also exam- 
i ned. Radiolysi s increases contrast i n  vesic le images and changes thei  r 
st ructure and size. To overcome radiat ion damage, vesicular dispersions are 
stained and then freeze-dried i n  the microscope. Freeze-drying e l  i m i  nates 
v o l a t i l e  materials which are responsible f o r  free radicals tha t  damage a spe- 
cimen (39) .  

Staining and freeze-drying are ways t o  overcome radiat ion damage t o  f ro-  
zen microemulsions and they too are investigated. Figure 9, from a freeze- 
dried, 1 ower-phase m i  croemul sion stained w i  t h  cesium chloride, exemplifies 
the findings. Cesium chloride, an ion ic  salt,  pa r t i t i ons  pre feren t ia l l y  i n t o  
the aqueous domains o f  the m i  croemul sion. When the sample i s  freeze-dried, 
the v o l a t i l e  material sub1 imes leaving behind the stain, which should mark 
where aqueous domains resided. The micrograph shows a few large, dark struc- 
tures which appear to be contained w i th in  a sampl e-spanni ng, web-1 i ke matrix. 
The volume f rac t i on  o f  aqueous components tha t  were i n  t h i s  microemulsion, as 
measured by volume uptake, i s  about 16%, j u s t  where e lec t r i ca l  conduct iv i ty 
shows water domains becoming continuous. 



Fig. 8. Micrograph o f  a 5 wt  % SHBS vesicular dispersion. The l a t t e r  was 
f i l t e r e d  through a 0.05 ~ l m  Mi l l i po re  f i l t e r .  L iqu id c rys ta l l ine  
p a r t f c l  es tha t  previously survived sonication a1 so endure f i  1 t ra -  
t ion. The crysta l  1 i tes ,- %however, e l  ongate whi 1 e passing through the 
small , tortuous f i 1 ter.  

Does Fig. 9 accurately represent the supramol ecul a r  order i n  microemul- 
sions? - perhaps, but probably not. Although the large, dark structures i n  
Fig. 9 resemble the "mice1 1 a r  aggregatesu i n  pub1 ished micrographs (40) from 
micraemulsions o f  the same system wi th s l i g h t l y  higher volume fract ions of 
water, scatter ing techniques give no ind icat ion o f  t h e i r  presence. Scattering 
methods, o f  course, cannot detect large aggpegates i f  they are i n  low con- 
centration. Nevertheless,. i t i s  1 i kely tha t  cool i n g  rates i n  the double-film 

' 

techniwe are i n s u f f i c i e n t  t o  capture the structure o f  such low viscosf t y  
microemulsions and tha t  the features i n  F i  . 9 r e s u l t  from phase separation 9 o r  component red is t r ibu t ion  during sol i d i  f cation. 

Because o f  successes wi th  vesicular d i  spersions (21 1 ,  staining and 
freeze-drying hold promise i n  the microscopy of microemul sions. Next t o  be 
t r i e d  should be adding ion ic  stains t o  microemulsions which have discontin- 
uous water domains (e.g., water/Aerosol -0T/i sooctane systems, which remain a 
s ing le phase a t  temperatures as 1 ow as 188 K (10). The aqueous domaf ns of 
such systems are apt t o  freeze-in before the continuous o i l  phase does, 
thereby e l  iminat i  ng freezing ar t i fac ts .  If t h i s  proved successful, o i l  
domains i n '  water-conti nuous microemul sions could 1 i kewi se be stat ned wi th  
organo-metal 1 i c  compounds. 



Fig. 9. B r i g h t - f i e l d  image o f  a freeze-dried 79.5% toluene, 8.4% n-butanol, 
4.2% SDS, 7.9% (1% aqueous CsC1) lower-phase microemul sian. 
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.L- 9 a:! A t  the same time, e f f o r t s  should be continued t o  ra ise  fast-freeze 

0 0  1 ng rates . Analysis can s t a r t  by using the th in- f i lm/wire thermocouples 
described herein t o  invest igate  f reezing i n  other cryogens o r  co ld  vapor 
j e t s .  Other p o s s i b i l i t i e s  include t r y i n g  emulsion j e t  (411, j e t  (421, and 
spray-freeze techniques (431, both o f  which are reported t o  v i t r i f y  water. 

Cold-stage microscopy o f  two basic systems, i c e  and vesicular  disper- 
sions, i s  now wel l  understood. Dis locat ion and stacking f a u l t  defects i n  
ice, however, could be more read i l y  class1 f i e d  i f  the col  d-stage equipment a t  
the  Univers i ty  of Minnesota were improved; P. R o  Swann (44) recent ly unveiled 
a cold-stage which permits t i 1  t about two separate axes. A cold-stage elon- 
gat ion holder would a lso bene f i t  deformation studies on both i ce  and polymer 
systems a t  1 ow temperatures. Moreover, add i t iona l  research i s  needed on 
rad ia t i on  damage t o  frozen, hydrated specimens, a subject not  t reated broadly 
i n  t h i s  thesis, especial l y  since Dubochet recent ly recanted h i s  ear l  l e r  meas- 
urements (45,251 which showed tha t  coo l ing specimens t o  4 K, reduces rad ia t ion  
damage. The va r i  abl e-temperature col  d-stage developed by Per1 ov e t  a1 . (221 
permits systematic study o f  rad io lys is  o f  i c e  and frozen, h y d r a t e ~ s ~ c i m e n s  
a t  temperatures between 100 K and 300 K. Such a study could prove invaluable 
I n  learn1 ng how to a r res t  e lectron beam damage i n  frozen microemulsions. 



D i  spersed 1 i qui  d c r y s t a l  1 i n e  phases s t i  11 r a i s e  unanswered questiorjs 
which microscopy can address: Where are the  i c e  domains t h a t  g ive  moire 
f r i n g e s  on frozen, hydrated l i q u i d  c r y s t a l  1 i tes?  What i s  the r o l e  o f  d i s -  
c l  i n a t i o n  and d i s l o c a t i o n  defects i n  causing l i q u i d  c r y s t a l  1 i tes  t o  deform 
p l a s t i c a l l y  (as evidenced i n  Fig. 811 How does the micros t ruc ture  o f  
dispersed mesomorphic phases inf luence t h e i r  a b i l i t y  t o  lower i n t e r f a c i a l  
tensions a t  o i l -wa te r  i n te r faces?  Already underway are f reeze-f racture-  
r e p l i c a t i o n  and cold-stage microscopy studies by J. A. Zasadzinski t o  he lp  
reso lve  these questions. 

P a r t  11: Molecular Theory o f  F l u i d  In te r faces  

Macroscopic f l  u i d  proper t ies  are a consequence o f  microscopic f l  u i d  
s t ruc tu re .  I n t e r f a c i  a1 phenomena are con t ro l  1 ed by what are c a l l  ed f 1 u i  d 
microstructures.  A f l u i d  micros t ruc ture  i s  a reg ion i n  a f l u i d  w h e r x s i -  
t i e s  and/or compositions vary appreciably over distances on the  order  o f  the 
range o f  in termolecu lar  i n te rac t i ons .  Examples are f l  u i d - f l  u i d  in ter faces,  
f l u i d - s o l i d  in ter faces,  t h i n  f i lms,  small drops and bubbles, micel les,  micro- 
emulsions, foams, gels, and the l i k e .  A l l  o f  these a r i s e  i n  phys io log ica l ,  
b i o l o g i c a l ,  and chemical products and processes, i n c l u d i n g  enhanced o i l  re-  
covery. The goal o f  P a r t  I 1  o f  t h i s  thes i s  i s  t o  cont inue t o  develop a com- 
prehensive mol ecu lar  theory which describes supramol ecul a r  s t r u c t u r e  i n  
1 iquids.  The u l t i m a t e  aim i s  molecular engineering: f o r  a p a r t i c u l a r  a p p l i -  
cat ion,  a s e t  o f  e f f i c i e n t  chemicals. As o f  now, such i s  beyond the a b i l i t y  
o f  molecular theory. Consequently, t h i s  work focuses on developing model s  
and new t o o l s  o f  computational mathematics t o  t r e a t  f l u i d  in ter faces.  

Ea r l y  t h e o r e t i c a l  work on i n t e r f a c i a l  phenomena dates t o  Young (46) and 
Lap1 ace (47) who enunciated the cond i t ions  f o r  mechanical equi 1 i b r i  um i n  
in ter faces.  G i  bbs (48) 1 a t e r  developed a comprehensi ve thermodynamic theory 
o f  nonuniform systems i n  which an i n t e r f a c e  i s  represented by surface-excess 
q u a n t i t i e s  assigned to.  mathematical surfaces w i t h i n  the i n t e r f a c i a l  zone. 
Fo l lowing Gibbs, Rayleigh (49) and van der Waals (50) viewed a f l u i d  i n t e r -  
face as a 'molecular t r a n s i t i o n  between a p a i r  o f  equ i l  i b r i  um phases. 

Modern f r e e  energy theor ies  o f  inhomogeneous f l u i d  ( f o r  a review, see 
51) are based on van der Waals' ideas, w i t h  s t a t i s t i c a l  mechanics p rov id ing  
an expression f o r  the  f r e e  energy o f  nonuniform f l u i d .  O f  specia l  i n t e r e s t  
because o f  i t s  s i m p l i c i t y  i s  g rad ient  theory, which was begun by van der Waals 
and made r igorous by Bongiorno e t  a1 . (52) a t  the  U n i v e r s i t y  o f  Minnesota and 
independently by Yang e t  a1 . ( 5 x . T h e  adequacy o f  g rad ient  theory and a1 t e r -  
n a t i v e  approximations G r c s t u d i e d  by others i n  the  Minnesota group (54-58). 

Carey (58), f o l  lowing e a r l  i e r  work a t  Minnesota, he1 ped develop grad ient  
theory f r ~ m  a momentum balance approach 'and inves t iga ted  the thermodynamic 

. s t a b i l i t y  o f  inhomogeneous fl.uid.' He a1 so demonstrated how t o  ob ta in  the  
i npu ts  t o  grad ient  theory semi'empi r i c a l  l y  - from approximate equations o f  
s t a t e  and experimental ly-measured surface tensions. The resu l  t s  proved 
astonishing: p red ic t i ons  o f  surface tensions o f  hydrocarbons and t h e i r  mix- 



t u r e s  (59,601 and even water (61) t o  w i t h i n  a few percent  o f  experimental 
values, along w i t h  i n s i g h t s  i n t o  the  molecular o r i g i n s  o f  low tensions and 
sur face a c t i v i t y  (62).  A1 1 t h i s  Carey accomplished wh i l e  us ing rudimentary, 
a1 though c lever ,  a n a l y t i c a l .  tec.hniques t o  solve. the  nonl i near boundary value 
p r o b l  ems posed by. g rad ien t  theory. 

Th is  t h e s i s  i s  one o f  several t o  grow from Carey's; those by G. F. 
Te le tzke (63) and R. E. Benner (64) are others t h a t  comprise the  f i r s t  
generat ion. The work here began w i t h  developing new t o o l  s  o f  computational 
mathematics t o  handle the  grad ient  theory equation f o r  s t r u c t u r e  i n  one- 
component spher ica l  drops, an equation which Carey. cou ld  n o t  manage w i t h  
f i n i t e  d i f f e r e n c e  techniques owing t o  a mathematical s i n g u l a r i t y  a t  the  o r i -  
g i n  o f  t h e  micros t ruc ture .  These too ls ,  which are forged from f i n i t e  element 
bas i s  func t i ons  and modern m a t r i x  methods and con t inua t ion  procedures, qu i ck l y  
developed i n t o  a modern numerical f unc t i ona l  analysis. It i s  especi a1 l y  
we1 1 - s u i t e d  f o r  c a l c u l a t i n g  p roper t i es  o f  f l u i d  micros t ruc tures  from e i t h e r  
g r a d i e n t  theory (65-68) o r  r e l a t e d  i n t e g r a l  theor ies  (65).  It has a1 so pro- 
ven a boon f o r  determining uni form f l u i d  c o r r e l a t i o n  func t ions  from i n t e g r a l  
equat ion models such as the  Percus-Yevick (69) and hypernetted chain (70-74) 
t h e o r i e s  (75), even y i e l d i n g  so lu t i ons  f o r  metastable and unstable f l u i d  
where the  meaning o f  physics has y e t  t o  be establ ished. Unstable uni form 
f l u i d  funct ions,  however, are essent ia l  t o  theo r ies  o f  inhomogeneous f l u i d .  

. ' The computer-aided ana lys is  i s  described a t  l eng th  and used t o  solve 
d i  r e c t l y  the g rad ien t  theory equations f o r  component dens i ty  p r o f i  1  es i n  
single-component and b ina ry  f l u i d - f l u i d  in ter faces.  Other approaches have 
been taken i n  the  s t a t i s t i c a l  physics l i t e r a t u r e .  For example, Telo da Gama 
and Evans (76,77), i ns tead  o f  so l v ing  the  grad ient  theory equations d i  r e c t l y  , 
fo rced  component dens i ty  p r o f i l e s  t o  conform t o  ad hoc hyperbol i c  t angen t  
forms. F igure 10 shows how ser ious an e r r o r  t h i s i w h e n  the func t ions  are 
nonmonotonic. Not on l y  do hyperbol i c  tangent func t i on  f i t s  misrepresent the  
d e n s i t y  p r o f i l e s  b u t  the  . i n t e r f a c i a l  tension ca l cu la ted  from them .exceeds 
t h a t  from the t r u e  so lu t i ons  by over 50%! 

The approximate dens i ty  func t i ona l  model (781, an i n t e g r a l  equation 
theory,  i s  a1 so used t o  p r e d i c t  the s t r u c t u r e  o f  one-component spher ical  i n -  
t e r faces .  Resul ts  from it are found t o  be i n  accord w i t h  those from grad ient  
theory.  Consequently, g rad ient  theory i s  used t o  describe and analyze the  
d e n s i t y  and s t ress  d i s t r i b u t i o n s  i n  microscopic spher ical  drops. F igures 
11-13 d i sp lay  some o f  the  f ind ings .  F igure  11 shows dens i ty  p r o f i l e s  pre- 
d i c t e d  by grad ient  theory i n  one-component spher ical  drops. The thermodynamic 
parameter used t o  con t ro l  drop s i z e  i s  the  densi ty  ng o f  the  homogeneous bulk 
vapor phase surrounding the  drop. Densi ty  d i s t r i b u t i o n s  i n  l a r g e r  drops are 
s i m i l a r  t o  t h a t  i n  the  p lanar  i n t e r f a c e  a t  the  same temperature. As the  drop 
s i z e  decreases, the  dens i ty  i n  the  l i q u i d  i n t e r i o r  a t  f i r s t  increases, as 
expected from the  c l  ass i ca l  Young-Lap1 ace equation. However, be1 ow a charac- 
t e r i s t i c  drop size, t he  dens i ty  a t  the  drop center  begins t o  f a l l  as the  s i ze  
o f  the' m ic ros t ruc tu re  decreases fu r the r .  These p red ic t i ons  i n d i c a t e  t h a t '  the 
c l a s s i c a l  Young-Lap1 ace equation breaks down f o r  drops small e r  than about ten  
molecules wide (Fig. 121, a discovery now backed by molecular dynamics simula- 
t i o n s  ( K .  E. Gubbins, p r i v a t e  communication). However, cont rary  t o  the  usual 
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Fig. 13. Dependence of interfacial tension on cur- 
va ture in one-component drops. 



DISTANCE ( x  J=1) 
Fig .  14. S t ruc ture  i n  l iqu id-vapor  ~ 0 p d e c a n e  planar i n te r faces  a t  a  temperature above the  

per fec t -wet t ing  t r a n s i t i o n  temperature. As the bulk-phase dens i t i es  o f  the  i n t e r -  
faces approach a  three-phase region ( l e f t - t o - r i g h t ) ,  an adsorbed l a y e r  o f  a  second 
1 i q u i d  phase grows cont inuously i n t o  a  th i ck  f i l m .  Densit ies, distance, and p r i n -  
c i p a l  pressures are i n  dimensionless units; 
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F ig .  15. Density and p r i n c i p a l  pressure p r o f i l e s  i n  l iquld-v'apor i n t e r f a c e s  o f  C02 and decane 
below the perfect -wett ing t r a n s i t i o n  temperature. As the  three-phase region i s  
approached, the adsorbed l a y e r  grows, b u t  not i n t o  a th ick  f i l m  o f  a second l i q u i d  
phase. 



est imate o f  the  curva ture  dependence o f  surface tens ion  (79,801, the  i n t e r f a -  
c i a l  tension o f  even very small one-component drops (say, th ree  o r  f ou r  mole- 
cu les  wide) deviates l i t t l e  from the tens ion  o f  a p lanar  i n t e r f a c e  (Fig. 13). 

Gradient  theory i s  a l so  used t o  p r e d i c t  component dens i ty  and 
pressure ( t h e  negat ive of p r i n c i p a l  s t ress )  p r o f i l e s  i n  f l a t  and curved i n t e r -  
faces formed i n  carbon d iox ide  and decane mixtures. C O i I h y d r o c a r K i n t e r -  
faces are o f  p r a c t i c a l  i n t e r e s t  i n  supercr i  t i c a l  e x t r a c t i o n  processes (81) 
and enhanced o i l  recovery (82-84). I n  some cases (e.g., the ones i n  Fig. 14), 
t he  component dens i ty  (and t o t a l  dens i ty )  p r o f i l e s  are  f a r  from monotonic, 
w i t h  CO2 be i  ng prorni n e n t l y  surface a c t i  ve. I n  composi ti on regions near where 
a pe r fec t -we t t i  ng t h i r d  phase a r i  ses, the  composit ion and pressure p s o f i  1  es 
a re  espec ia l l y  s t ruc tured,  a t h i n - f i l m  appearing which i s  a k i n  t o  a phase 
which p e r f e c t l y  wets and almost separates two d i s t i n c t  i n t e r f a c e s  (Fig. 14c). 
Th i s  precursor  t o  the t h i r d  phase g ives r i s e  t o  Antonov's r u l e  (85,861 f o r  
t he  i n t e r f a c i a l  tens ion  between the two phases t h a t  are near ly  i n  e q u i l i b r i u m  
w i t h  the  t h i r d ,  pe r fec t -we t t i ng  phase. Below a pe r fec t -we t t i ng  t r a n s i t i o n  
temperature, such t h i n - f i l m s  do no t  a r i s e  near composit ions o f  the th ree  phase 
reg ion  (see Fig.  15) .  Other t h e o r e t i c a l  and experimental s tud ies  o f  the  
w e t t i  ng p rope r t i es  o f  coexi s t i  ng phases, performed a t  M i  nnesota (62,67,87-89) 
and e l  sewhere (90-94), c o n f i  r m  these we t t i ng  pat terns.  

Curvature o f  s u f f i c i e n t l y  small drops and bubbles s i g n i  f i c a n t l y  a f f e c t s  
adsorp t ion  a t  multicomponent i n te r faces .  The Young-Laplace equat ion as t r a -  
d i t i o n a l l y  app l i ed  overest imates the pressure jump across the i n t e r f a c e  i n  
some cases (as found e a r l i e r  i n  one-component drops) but,  as Fig. 16 shows, 
underestimates the  pressure jump across i n t e r f a c e s  r e l a t e d  t o  per fec t -wet t ing  

. 
s t ruc tures .  

U 
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. 
Fig.  16. Comparison between normal pressure differences computed . ' .  

by the Young-Laplace equation and gradient theory i n  . . . , . . ; ' . '  . 
binary spherical microstructures. ' '. . % . . .  



Although g rad ien t  theory p r e d i c t s  ' t h a t  t h i n - f i l m s  form on l i q u i d  sub- 
s t ra tes ,  i t  m i  srepresents t h e i r  thickness, d isagreeing w i t h  asymptotic analy- 
s i s  o f  i n t e g r a l  equat ions descr ib ing  f l u i d  s t r u c t u r e  (951, w i t h  L i f s h i t z  
theory  o f  d i spe rs ion  fo rces  i n  t h i c k  f i l m s  (96,97), and w i t h  e l l  ipsometry 
measurements (94) .  Th is  issue i s  n o t  i n v e s t i g a t e d  i n  t h i s  thesis ,  b u t  i t  i s  
l i k e l y  g rad ien t  theory i s '  inadequate simply because i t  e f f e c t i v e l y  t runcates 
1  ong-ranged f l u i d  i n t e r a c t i o n s .  Research, which W. C. Kung has a1 ready 
s t a r t e d  a t  Minnesota, should check the v a l i d i t y  o f  g rad ien t  theory f o r  m u l t i -  
component i n t e r f a c e s  by comparing i t s  p r e d i c t i o n s  w i t h  those o f  i n t e g r a l  
model s. 

The spher ica l  s t ruc tu res  explored i n  t h i s  t h e s i s  are thermodynamically 
uns tab le  w i t h  respect  t o  un i fo rm f l u i d  d i s t r i b u t i o n s .  However, many spher i -  
c a l  m ic ros t ruc tu res  o f  p r a c t i c a l  i n t e r e s t ,  such as mice1 1  es and swol l  en 
m i  c e l l  es, are thermodynami ca l  l y  s tab l  e  aggregates. Carey (58) d e r i  ved the 
g r a d i e n t  theory equat ions governing the s t a b i l  i t y  o f  equ i l  i b r i  um f l u i d  micro- 
s t ruc tu res .  Fu ture  research should aim a t  us ing  these t o  determine the  i npu ts  
t o  g rad ien t  theory which make spher ica l  m ic ros t ruc tu res  thermodynamically 
s t a b l  e. Such should prove -key t o  understanding the o r i g i n s  of.  complex supra- 
mol ecul a r  order  i n  1  i q u i d s  and p r e d i c t i n g  i t s  consequences. 
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XV. SURFACTANT MICROSTRUCTURES: SYNOPSIS OF PH.D. THESIS OF E. W. KALER 

The mater ia l  repor ted  here i s  taken from the synopsis o f  E. W. K a l e r ' s  
Ph.D. t h e s i s  which can be obta ined from U n i v e r s i t y  M i c r o f i l m  I n t e r n a t i o n a l  a t  
t h e  U n i v e r s i t y  o f  Michigan. 

Sur fac tan t  molecules are amphiphi 1  es, t h a t  i s ,  they possess opposed por- 
t i o n s  t h a t  are water-1 ov ing  (e.g. i o n i c  groups) and o i  1-1 ov ing and water-hat ing 
(e.g. l ong  hydrocarbon chains).  Because o f  t h i s  dual nature, they are uniquely 
ab le  t o  organize i n  s o l u t i o n  and a t  i n t e r f a c e s  i n t o  s t ruc tu res  w i t h  molecular 
o r  1  argor  scales. These schizophrenic molecules are everywhere i n  nature. 
They form the bas is  o f  b i o l o g i c a l  membranes and are found i n  almost a l l  foods. 
T h e i r  sur face a c t i v i t y  and t h e i r  a b i l i t y  t o  s o l u b i l  i z e  e f f e c t i v e l y  l a rge  por- 
t i o n s  o f  o i l  i n  water, water i n  o i l ,  and sometimes both i n  one phase means t h a t  
su r fac tan ts  are  a l so  a t  the  he.art o f  an uncountable number o f  i n d u s t r i a l  pro- 
cesses. The best  commercial and s c i e n t i f i c  use o f  na tura l  and synthet ic  sur- 
f a c t a n t s  requ i res  a  complete understanding o f  how sur fac tants  form s t r u c t u r e  
and how those s t ruc tu res  a f f e c t  the  bu lk  and i n t e r f a c i a l  macroscopic p roper t i es  
o f  mix tures  and so lu t i ons  conta in ing  them. 

The problems addressed i n  t h i s  thes i s  have t h e i r  o r i g i n  i n  previous work 
d i r e c t e d  by Professors H. T. Davis and L. E. Scriven w i t h  con t r i bu t i ons  from 
Professors W. G. M i l l e r  and S. Prager. E a r l i e r  Ph.D. candidates J. C. H a t f i e l d ,  
E. I. Franses, and J. E. Puig pioneered a t  Minnesota w i t h  researches aimed a t  
understanding the  types o f  s t ruc tu res  present and poss ib le  i n  su r fac tan t  solu- 
t i o n s  which generate u l  t ra low  ( <  dynelcm) i n t e r f a c i a l  tensions between o i  1  
and water. T h e i r  success i n  i d e n t i f y i n g  su r fac tan t  mixtures t h a t  produce u l t r a -  
low tensions and, as a  r e s u l t ,  possess i n t e r e s t i n g  micros t ruc ture  l e d  d i r e c t l y  
t o  the  s tud ies  o f  ves i c les  and m ice l l es  presented here. I n  p a r a l l e l  inves t iga-  
t i o n s ,  H a t f i e l d  and K. E. Bennett explored the p roper t i es  o f  microemul sions 
formed w i t h  t h e  same sur fac tants  which were found t o  produce u l t r a l o w  i n t e r f a -  
c i a l  tensions between o i l  and water. The i r  e l e c t r i c a l  conduc t i v i t y  measure- 
ments and Bennett 's v i s c o s i t y  and phase behavior observat ions paved the way f o r  
t h e  SAXS s tud ies  o f  microemulsions t h a t  are a t  the  hear t  o f  t h i s  thes is .  

Several experimental techniques were employed by Franses, Pui g, Bennett and 
H a t f i e l d .  One o f  H a t f i e l d ' s  ventures was a new t o o l  - fas t - f reeze  cold-stage 
transmi ss ion e l e c t r o n  microscopy - which was subsequently developed by Y. Talmon. 
Tal mon' s  technique a1 1  ows d i r e c t  v isua l  i za t ion  o f  r a p i d l y  f rozen su r fac tan t  
samples, bu t  t he  method s u f f e r s  from a r t i f a c t s  caused both by f reez ing  and by 
e l e c t r o n  beam damage. Thus the stage was se t  f o r  two acts: one was in t roduc-  
t i o n  o f  new noninvasive techniques capable o f  y i e l  d ing  more deta i  1  ed informa- 
t i o n  about s u r f a c t a n t  s t ruc tu res  than those t h a t  were i n  use; the second was 
simultaneous p r o v i s i o n  o f  a  way t o  i d e n t i f y  the  a r t i f a c t s  generated i n  e lec t ron  
microscopy. Two noninvasive ways t o  examine the  organ iza t ion  i n  su r fac tan t  
s o l u t i o n s  are small -angle x-ray s c a t t e r i n g  (SAXS) and quasi -e las t ic  1 i g h t -  
s c a t t e r i n g  (QLS) . This  thes i s  describes the  appl i c a t i o n  o f  these techniques t o  
microemul sions, mixed mice1 1  es and ves i cu la r  d i  spersions. 

~ i c r o e m u l ~ s i o n s  have been def ined as thermodynamical l y  stab1 e, o p t i c a l l y  
i s o t r o p i c  l i q u i d  phases conta in ing  hydrocarbon, water ( o r  b r i n e )  and su r fac tan t  



(1). Usually, though not always, an alcohol or other amphiphil i c  cosurfactant 
i s necessary f o r  microemul sion formati on. The amphi phi1 i c  nature o f  the sur- 
factant forces i t  t o  locate as a more or  less two-dimensional sheet or  envelope 
between three-dimensional water-rich and hydrocarbon-rich regions i n  the micro- 
emulsion and thus imposes some intermolecular order and heterogeneity. The 
length scale of  the inhomogeneities can vary from the length o f  the surfactant 
molecule upwards, but the long-range order i s  stochastic and microemulsions are 
o f  low viscosity. Microemu1 sions have come under increasing study r e  en t ly  
because t h e i r  a b i l i t y  t o  produce u l t ra low in te r fac ia l  tensions (<  10-5 dyne/cm) 
between 011 and water makes them a t t rac t i ve  candidates fo r  enhanced o i l  recovery 
processes. 

Lacking i n  the above de f i n i t i on  o f  microemulsion i s  any description o f  the 
form o f  the microstructure present. A t  low volume fract ions o f  dispersed o i l  
( o r  water), there seems l i t t l e  doubt tha t  microemulsion i s  a solut ion o f  swollen 
( i nverted) m i  c e l l  es (2,3), A t  higher volume fract ions o f  the dispersed compo- 
nent, however, in terpretat ion of the experimental data becomes ambiguous and 
the microemulsion structure i s  not well known. A t  leas t  two views o f  the struc- 
ture a t  intermediate oi l-water ra t i os  have been put forth.  

One representation o f  the structure holds tha t  as the volume f rac t ion  o f  
o i l  ( o r  water) i n  the microemulsion i s  increased, the swollen (inverted) micelles 
present a t  low concentrations i n  e i ther  an oi l- in-water (o/w) or  water-in-oil 
(w/o) microemulsi,on simply pack together. I n  t h i s  view, a t  a composition near 
an oi l-water r a t i o  o f  one, the microemulsion abruptly inver ts  from one struc- 
tu re  t o  another (Fig. 1). Despite the s imp l ic i t y  o f  t h i s  view, and i t s  wide- 

Fig. 1. Possible chan es i n  microemulslon structure as the oil-to-water r a t i o  
decreases. A 3 d i  1 ute w/o drop1 e f  s. B)  concentrated w/o drop1 ets. 
C )  inversion t o  concentrated o/w droplets. D) d i l u t e  o/w droplets. 



spread acceptance (2,4-9), examination o f  a schematic phase diagram (Fig. 2) 
reveals i t s  c ruc ia l  inadequacy. The unsui tab i  1 i ty o f  a model c a l l  i ng  f o r  an 
abrupt t rans i t i on  i s  made evident by the presence of the one-phase corr idor  
between the water-rich and o i l - r i c h  corners o f  the diagram (dashed l i n e  i n  Fig. 
31, the presence o f  which imp1 ies  tha t  there i s  a continuous progression o f  
f l u i d  structures from swollen micelles i n  one corner to swollen inverted 
micel les i n  the other. In addition, there i s  no evidence f o r  an abrupt struc- 
t u r a l  inversion i n  our measurements, or  i n  careful  measurements by others. 

A 

* I ,  i.: . - 
I. 

Fig. 2. A schematic phase diagram showing the continuous path (dashed l i n e )  
from water-rich microemul sion (S1) to o i l - r i c h  microemul sion (S2). 

Another view examined here which obviates the necessity f o r  an abrupt 
s t ruc tura l  inversion i s  one tha t  admits b icont i  nuous microenul sion structures 
over a wide range o f  intermediate water-oil rat ios. Such bicontinuous struc- 
tures (10) contain o i l - r i c h  and water-rich domains tha t  are sample spanning but 
t h a t  d iv ide and in ter twine chaot ica l ly  so tha t  the microemulsion has no long- 
range geometric order. The o i l  - r i ch  and water-rich domajns i n  these equil  ibrium 
microstructures are assumed t o  be s tab i l i zed  by sheet-like surfactant-rich. 
regions a t  the boundaries between domains. That microemul sion v iscosi t ies are 
o f  ten low (11) suggests tha t  the hypothesized b icont i  nuous structures are fra- 
g i l e  and easi ly  deformed. I n  t h i s  view, the o i l - r i c h  and water-rich domains 
are Qnamic and f l u i d  arrangements tha t  cont inual ly deform and may even form 
and reform. Nonetheless, the sheet-1 i ke surfactant regions impose topological . 
order i n  the microemulsion by separating the o i l - r i c h  and water-rich domains. 
Because chaotical l y  b icont i  nuous states can easi ly  break down i n t o  micel le-1 i ke 
dispersions as the water-oil r a t i o  becomes much d i f f e r e n t  from unity, the bicon- 
ti nuous view provides the simp1 e s t  explanation o f  the observed continuous tran- 
s i  t i o n  i n  microemul sion structure from d i s j o i n t  swoll en micel l e s  a t  low volume 
f rac t ions  of o i l  t o  d i s j o i n t  swoll en inverted micelles a t  high o i l  concentra- 
t ions. Fig. 3 ill ustrates how microemul sion microstructure would evolve when 
bicontinuous states are present, and Fig. 4 i s  a representation o f  a bicontin- 



Fig.  3. Possible changes i n  microenulsion structure as the oil-to-water r a t i o  
decreases (compare Fig. 1). A)  d i l u t e  w/o droplets. B)  o i l - r i c h  
bicontinuous structurg. C) water-rich bicontinuous structure. D )  
d i  1 ute  o/w drop1 ets.  

Fig. 4. Conception o f  an i r regu la r ,  multiply-connected bicontinuous surface. 

(377) 



uous structure. Because the hypothesis o f  bicontinuous structures includes the 
idea o f  d i  sJoi n t  mice1 1 a r  structures when the o i  1 -to-water r a t i o  i s  f a r  from 
one, operat ional ly the question l i e s  i n  i den t i f y i ng  the width o f  the t rans i t i on  
zone between d i s j o i n t  and bicontinuous structures. 

An attempt to quant i fy the concept o f  bicontinuous microemulsion structure 
was f i r s t  made by Talmon and Prager (12). For simp1 i c i t y ,  they used a com- 
p l e t e l y  random geometry o f  o i l - r i c h  and water-rich domains constructed wi th  the 
a i d  o f  a Voronoi tessel lat ion. The Voronoi model (Fig. 5) natura l ly  and con- 
venient ly represents a1 1 three types o f  possible structure as the o i  1 -to-water 
r a t i o  varies. Talmon and Prager ' s success i n  accounting qua1 i t a t i  vely f o r  
microemul sion phase behavior was followed by e lec t r i ca l  conductivity cal cul  a- 
t i o n s  (13) f o r  the Voronoi tessel 1 ation, and by calculat ions o f  the i n t e r f a c i a l  
s t ructure o f  microemul sion (14), The Voronoi model i s  an extreme represenld- 
t i o n  o f  bicontinuous 'structure because it i s  t o t a l l y  random. 

Fig. 5. Photograph o f  a model o f  the Voronoi tessel la t ion used t o  represent 
microemul sion structure. Compare w i  t h  F i  g. 4. 

The Voronoi model has also been used to predic t  both the s t a t i c  and dyna- 
mic scatter ing expected from a bicontinuous microemul sion, The predictions, 



which are  i n  Chapter 3, e s t a b l i s h  t h a t  many of t he  s c a t t e r i n g  r e s u l t s  hereto-  
f o r e  i n t e r p r e t e d  i n  terms of swol 1  en micel  1  a r  s t r u c t u r e s  (6,9).  can be accounted 
f o r  equal l y  we1 1  by b i c o n t i  nuous s t r u c t u r e s  and the  micel  1  a r  s t ruc tu res  i n t o  
which they evolve. 

The idea t h a t  b icont inuous s t r u c t u r e s  e x i s t  i n  microemulsions a t  o i l - w a t e r  
r a t i o s  near u n i t y  i s  discussed f u r t h e r  i n  Chapters 5  and 6. The r e s u l t s  f o r  a  
swo l len-mice l le  arrangement, represented as a  s o l u t i o n  o f  i n t e r a c t i n g ,  monodis- 
perse spher ica l  s t ruc tu res  w i t h  a  hard-sphere i n t e r a c t i o n  law augmented by a  
mean- f ie ld  a t t r a c t i o n  term, are compared w i t h  t he  r e s u l t s  o f  t he  Voronoi model 
descr ibed above. The Voronoi rep resen ta t i on  c a l l  s  na tu ra l  l y  f o r  d i s j o i n t  po ly -  
d isperse  micel 1  a r  s t ruc tu res  a t  volume f r a c t i o n s  o f  t he  d isperse phase 'be1 ow 
0.16 ( t h e  percol  a t i  on thresh01 d )  . However, t he  degree o f  p o l y d i  spe rs i  ty i n  t h e  
Voronoi model i s  no t  l a r g e  (131, and c a l c u l a t i o n s  show (15,161 t h a t  i n c l u d i n g  
t h e  same amount o f  po l yd i spe rs i  ty i n  the  hard-sphere model y i e l d s  a  r e s u l t  o n l y  
s l  i g h t l y  d i f f e r e n t  from t h a t  go t ten  f o r  a  monodi sperse system. Furthermore, 
i n c l  us ion  o f  an ad jus tab le  swol 1  en m i  c e l l  e  s i z e  d i  s t r i  b u t i o n  would inc rease the  
a1 ready consi derabl e  number o f  parameters avai  1  abl  e  i n  the  swol 1  en-mi c e l l  e  
representa t ion .  

Chapters 5 and 6  a1 so con ta in  e l e c t r i c a l  c o n d u c t i v i t y  and SAXS r e s u l t s  
from measurements on microemulsions formed from a  pure a l k y l  a r y l  su l f ona te  
( sodium 4-( 1 ' -heptyl-nonyl Ibenzenesul f ona te )  and from a  commercial mi 'xture o f  

-. petroleum su l  fonates. compari son o f  a  p r e d i c t i o n  from the  Voronoi model and 
t h e  r e s u l t s  o f  SAXS experiments on microemulsions made , w i t h  bo th  the  pure and 
t h e  commercial sur fac tan t  i s  shown i n  Fig. 6. The key r e s u l t s  along w i t h  the  
va r i ous  p r e d i c t i o n s  o f  the  models a re  summarized i n  Table 1. 

F i g .  6 A )  Scat ter ing curve predicted from the Voronoi model w i t h  F i g .  6. 0 )  Voronoi s c a t t e r i n g  curve and data  p o i n t s  from a TRS 10-80 data points  from an SUBS microemulsion containing 46 wt% microemulsion containing 70 wt% a t a n e  and 25 w n  water, 
dodecane and 49 wt'Z r a t e ? .  The r c ~ t t r r i n g  cu?ve fCOtU a 
s i n g l e  sphere o f  the same apparent s i z e  i s  shown for  c o a  
parison. 
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MEASUREKEIlT 
o r  

OBSERVAT!ON 

E l e c t r i c a l  conduct iv i ty-  
percolat ion tkreshol d 
and + dependence 

SAXS 
- scat ter ing curves 

- 1iO1IQ vs. 0 

- R vs. 9 
9a 

- I[O)/Q - R : ~  

Phase behavior 
----A--- 

AH) POLYOISPERSE DISCRETE STRUCTURES 
Note t h a t  the cornpartson t s  of  models tha t  
d i f f e r  i n  twc respects: s ize d i s t r i b u t i o n  
o f  a i sc re te  elements. and presence o f  b i -  
cont4nuous structures. 

- 

MEASUREMEHT 

QLS 
- sca t te r ing  curves w i th  

nonexponential decay 
1) .  

. - K-dependent d i f f u s i o n  
c o e f f i c i e n t  

11 

SANS and QLS 

2) 

Radioactive t racer  
d i f f u s i o n  

31 

E l e c t r i c a l  . 

conduc t i v i  t y  
41 

1) 3el locq al.  i19801 . R C ~ ,  q 
2) Cebula a r  (!981) . Ref'. G+ 
3) Ltndman N-. ,1980) , eqf ,  ( 9  
4 )  Clausse 33. ,1982) . gef.  ( 7  
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CONSISTENT f o r  +D ( 0.5 

CONSISTENT For +o < 0.15 

INCONSISTENT 

INCONCLUSIVE 
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MODEL 

INCONSISTENT 

INCONSISTENT 

' 

CONSISTENT 
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polydisperst t y  funct ion 

INCONSISTENT 
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VORONOI IQDEL WITH 
BICONTINUOUS STRUCTURE;' 

CONSISTENT 

CONSISTENT 
a t  intermediate volume 
f rac t ions  

CONSISTENT OVERALL 

CONSISTENT OVERALL 

CONSISTENT 

COtJSISlEtIT 

. 

MONOOISPCRSE HARD-SPHERE 
MOOEL 

INCONSISTEN; 
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wi thout  an adjustable 
polyd ispers i  t y  funct ion 

CONSlSTEHT f o r  4D ( 0.5 

CONSISTENT f o r  +o  < 0.2 

INCBNSISTENT 

lNCCNCLUSIVE 

VORONOI MODEL WITH 
' BlCONT INUOUS STRUCTURES" 

CONSISTENT 

CONSISTENT 

. lNCONSISTENT 

CONSlSTENT 

CONSISTENT 
A 

VORONOI MODEL WITH 
BlCOllTINUOUS STRUCTURES' 

CONSlSTENT 

COtlSISTENT 
a t  intermediate volume 
f rac t ions  

INCONCLUSIVE 

INCONCLUSIVE 

CONSISTENT 

CONSISTENT 
---_L----- 



From these resu l t s ,  we conclude t h a t  i n  mult iphase microemulsions there are  
1  arge composit ion regions where the  Voronoi model - a completely random represen- 
t a t i o n  of po l yd i  sperse d i  sc re te  s t r u c t u r e  t h a t  evol ves i n t o  most ly  b i  c o n t i  nuous 
s t r u c t u r e  a t  o i l -wa te r  r a t i o s  around u n i t y  - agrees we1 1  w i t h  the experimental 
data. The a v a i l a b l e  hard-sphere monodisperse swol len m i c e l l a r  representat ions 
can not  c o r r e l a t e  the same r e s u l t s ;  however, there  are  l i k e l y  regions where a  
model o f  pozydisperse d is j . o in t  m ice l l es  may be accurate. The d iscussion i n  
Chapters 1, 5 and 6 develops the idea t h a t  the b icont inuous s t ruc tu res  are 
chao t i c  and have no long-range geometric order, b u t  r e t a i n  the  topo log ica l  o rder  
imposed by the amphiphil i c  nature of the  sur factant .  They are much l i k e  d isor -  
dered viscous i s o t r o p i c  1  i q u i  d c rys ta l s .  E l u c i d a t i o n  o f  microemul s ion  s t r u c t u r e  
must wait ,  however, f u l l  e r  understanding o f  the molecular fo rces  which d i c t a t e  
how sur fac tan ts  arrange themselves i n  so lu t ion .  

To b u i l d  the  base of experimental data on which such an understanding o f  
s u r f a c t a n t  molecular forces can res t ,  Chapters 7 and 8 descr ibe s tud ies  o f  two 
s imp ler  types o f  su r fac tan t  mic ros t ruc ture :  ves i c les  and mixed mice l les .  

The r e s u l t s  o f  a  study o f  the  ves i c les  formed by son ica t i on  o f  aqueous d i s -  
pers ions o f  l i q u i d  c r y s t a l  s  o f  the  doub le- ta i l  ed su r fac tan t  sodi um 4-( 1' -hepty l -  
nonyl )benzenesulfonate by several techniques are repor ted  i n  Chapter 8. Vesic les 
a r e  s o l v e n t - f i l  l e d  spheroidal she1 1  s  cons i s t i ng  o f  one o r  several b i layers .  They 
a r e  valuable models f o r  b i o l o g i c a l  membranes and may serve as d e l i v e r y  veh ic les  
f o r  drugs. Corroborat ion o f  the resul  t s  of several experimental techniques, 
p a r t i c u l a r l y  e l e c t r o n  microscopy, reveals the  sources o f  a r t i f a c t s  which rou- 
t i n e l y  obscure the observat ions repor ted by others. 

The main r e s u l t s  are 1)  t he  average diameter o f  the  ves ic les  prepared i n  
water i s  about 4501. 2) The average s i z e  decreases when prepared i n  NaCl o r  a t  
h ighe r  su r fac tan t  concentrat ions. 3) The presence o f  a  few l a r g e  l i q u i d  c r y s t a l -  
1  i tes  i n  the  d ispers ion,  as detected by fast- freeze co l  d-stage transmission 
e l e c t r o n  microscopy, i s  shown t o  b ias  severely the  measurement o f  v e s i c l e  s izes  
by quas ie las t i c  l i g h t  s c a t t e r i n g  techniques. 4) The commonly used techniques o f  
ge l  permation chromatography and u l t r a f i l t r a t i o n  a re  shown t o  be i n e f f e c t i v e  i n  
separa t i  ng 1  i qu i  d  c r y s t a l  s  from SHBS v e s i c l e  d i  spers i  ons. 5) The spontaneous, 
i r r e v e r s i b l e  reve rs ion  o f  ves i c les  t o  1  i q u i d  c r y s t a l  1  i tes  as the  d ispers ions age 
i s  documented and proves t h a t  SHBS ves ic les  are n o t  e q u i l i b r i u m  s t ruc tu res  i n  
water o r  br ine.  

Chapter 7 d e t a i l s  t h e  r e s u l t s  of a  study of a  mixed m i c e l l a r  s o l u t i o n  t h a t  
i s  unique i n  t h a t  the  m ice l l es  occur i n  a  m ix tu re  con ta in ing  a  su r fac tan t  t h a t  
produces micel l e s  alone (SDS) and one t h a t  forms 1  i q u i d  c r y s t a l s  alone (SHBS). 
The p r i n c i p a l  f i n d i n g s  a re  t h a t  1 )  a d d i t i o n .  o f  SHBS t o  SDS increases the  m i c e l l e  
molecular  weight. 2) Mixed micel l e s  are c y l  i n d r i c a l  (pro1 a te )  a t  SDS/SHBS 
weight  r a t i o s  o f  10/1 and 511 i n  0.3M and 0.6M NaC1, b u t  may be d i s k - l i k e  
( o b l a t e )  a t  an SDS/SHBS r a t i o  o f  3 / l .  i n  0.3M NaC1. 3 )  Add i t i on  o f  SHBS t o  SDS 
1 owers the c r i t i c a l  micel 1  e  concent ra t ion  and the  c r i t i c a l  micel  1  i z a t i o n  temper- 
a t u r e  i n  both 0.3M and 0.6M br ine.  

The thes is  concludes w i  t h  an appendix descr ib ing  a  s ta te-o f - the-ar t  small - 
angle x-ray camera assembled a t  t h e  U n i v e r s i t y  of Minnesota. It i s  equipped 



w i t h  a .pos i  t i on -sens i  t i v e  de tec to r '  and a sample c e l l  s u i t a b l e  f o r  measurements 
on temperature-sensi t i v e  1 i q u i d  samples. The appendix a1 so conta ins  a descr ip-  
t i o n  o f  a  complete FORTRAN l i b r a r y  o f  SAXS data ana l ys i s  rou t i nes  and examples 
o f  t h e i r  use. 

The r e s u l t s  l a i d  o u t  i n  t h i s  t h e s i s  shed some l i g h t  on the  myster ies o f  
s u r f a c t a n t  m ic ros t ruc tu re ,  b u t  much remains t o  do. The Voronoi model used t o  

' represent  t he  b icon t inuous  microemul s i on  s t a t e s  i s  on ly  one poss ib le  r e a l  i z a -  
t i o n  o f  b icon t inuous  s t ruc tu re .  D. M. Anderson i s  now working t o  r e l a t e  o the r  
models o f  b icon t inuous  s t r u c t u r e s  t o  t he  r e s u l t s  o f  measurements on microemul- 
's ions i n  o rder  t o  , t e s t  f u r t h e r  ,$he idea o f  b i c o n t i  nuous microemul s i on  phases. 

' .'. J u s t  as .the Voronoi model i s  on ly  one poss ib le  rep resen ta t i on  o f  b icon t inuous  
s t r u c t u r e ,  t h e  mu1 ti phase microemul s ions s tud ied  exper imenta l ly  occur i n  on ly  
one p o r t i o n  o f  a  phase diagram. Fu r the r  experimental  i n v e s t i g a t i o n ,  p a r t i c u -  
l a r l y  us ing  SAXS, o f . t h e  one-phase microemulsions s tud ied  by o thers  would be 
use fu l .  I n  add i t i on ,  understanding how microemul s ions r e l a t e  t o  the  1 i q u i d  
c r y s t a l  phases formed a t  h igher  ,sur fac tan t  concentrat ions,  the  sub jec t  o f  i n -  
v e s t i g a t i o n s  'be ing made by A. Papaionnou and W. F. Michels  - 1 i k e l y  w i l l  pro- 
v i d e  va luab le  i n s i g h t s  i n t o  how and why microemulsions form. 

. . S i m i l a r  quest ions rernain about the s imp ler  v e s i c u l a r  and mice1 1 ar systems. 
How ves i c l es  form and how and why they r e v e r t  t o  1 i q u i d  c r y s t a l  1  i t e s  are ques- 

:b t i o n s  t h a t  can on l y  be answered when f u l l e r  understanding o f  the  ' intermolecular 
f o r c e s  governing su r fac tan ts  i s  in:: hand. These same fo rces  presumably d i c t a t e  
t h e  s i z e  and shape o f  m i c e l l e s  i n  so lu t i on .  Cont inu ing  cold-stage microscopy 
work ( 3 .  A. Zasadzinsk i )  may prov ide  the  f i n a l  r e s o l u t i o n  o f  the  quest ions o f  
s u r f a c t a n t  s t r u c t u r e s  - an a r t i f a c t - f r e e  three-dimensional image. These and 
o t h e r  r e s u l t s  p rov ide  the  t e s t  f o r  present  t heo r i es  and p o i n t  the  way f o r  
f u t u r e  understanding o f  s u r f a c t a n t  mic ros t ruc tu res .  
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X V I  . FLUID MICROSTRUCTURES. PHASE AND TENSION BEHAVIOR OF 
AMPHIPHI LE-HYDROCARBON-WATER-SALT SYSTEMS : 

SYNOPSlS,OF PH.D. THESIS OF J. E. PUIG 

The mater ia l  repor ted  here i s  taken from J. E. Pu ig 's  Ph.0. t hes i s  which 
can be obta ined from U n i v e r s i t y  M i c r o f i l m  I n t e r n a t i o n a l  a t  the Uni vers l  t y  of 
Mich i  gan. 

I n t r o d u c t i o n  

Sur fac tants  can form a wealth o f  f l u i d  micros t ruc tures  w i t h  water, o i l ,  and 
var ious  add i t i ves .  I n  water most sur fac tants  form c losed equ i l  i b r i  um aggregates 
c a l l  ed micel 1 es, above what i s  known as the  K r a f f t  temperature and above what i s  
termed the  c r i t i c a l  micel 1 i z a t i o n  concent ra t ion  (1-3).  Cer ta in  double-tai  1 sur- 
fac tants ,  e.g. phosphol ipids, at low concentrat ions 9n water form lame1 l a r  1 i q u i d  
c r y s t a l  s  and c losed nonequil i b r i  um aggregates c a l l  ed vesic les,  b u t  no t  micel 1 es 
(4-6).  A t  h igher  concentrat ions sur fac tants  can form a v a r i e t y  o f  l i q u i d  crys- 
t a l  1 i ne states, o r  ~nesophases, such as hexagonal, lame1 1 ar, and cubic phases 
(6-9) .  I n  organic so lvents  sur fac tants  can form inverse mice l les  (10 , l l )  and 
1 i q u i d  c r y s t a l  1 i n e  phases (12,13). Under c e r t a i n  condi t ions,  sur fac tants  can 
s o l u b i l  i z e  substant i  a1 amounts o f  water and hydrocarbon t o  form microemul sions, 
a1 though the  presence o f  a cosol vent  i s  o f ten  requ i red  (14-19). However, ampht - 
p h i l e s  which do n o t  q u a l i f y  as sur factants,  e.g. a lcohols,  can a lso  s o l u b i l i z e  
subs tan t i  a1 amounts o f  water and hydrocarbon i n  i s o t r o p i c  so lu t ions  (20-24). 
Moreover, i t  has been shown (21,22) t h a t  the  pat te rns  o f  phase behavior of 
s u r f a c t a n t - o i l  - b r i n e  systems o f  the  s o r t  employed i n  immiscib le microemul s ion  
f 1 oodi ng processes f o r  enhancing o i  1 recovery (18) are reproduced by c e r t a i  n 
a lcoho l  -hydrocarbon-brine systems. Evidence i s  presented i n  Chapter 4 t h a t  
i ndica te  t h a t  a1 coho1 -hydrocarbon-brine systems a1 so i m i t a t e  the  main features 
o f  the  tension behavior o f  microemulsions systems (18). 

The phase and tension behavior of aqueous-oleic systems are modi f ied dra- 
m a t i c a l l y  by su r fac tan ts  as wel l  as by the  micros t ruc tures  which they form. I n  
t h e  absence o f  sur fac tants ,  water and o i l  are i n i s c i b l e  and the  i n t e r f a c i a l  
tens ions  between them i s  t y p i c a l l y  20 t o  50 dynes/cm. By adding a su r fac tan t  
some o i l  can be s o l u b i l i z e d  i n t o  the  aqueous phase and v i c e  versa; the i n t e r f a -  
c i a l  tens ion usua l l y  drops t o  values o f  a few dynes/cm. However, under very 
narrow circumstances, u l  t r a l o w  tensions (1  ess than 0.01 dyne/cm) are obtained 
(25-29). One mechani sm t o  recover res idua l  o i l  from underground rese rvo i r s  
r e q u i r e s  such u l  t r a l o w  tensions (26,30,31). U l  t r a low  tensions can be r e a d i l y  
ob ta ined w i t h  commerci a1 petroleum sul fonates; these are re1 a t i v e l y  inexpensive 
complex mixtures o f  an ion ic  sur factants.  However, u l  t r a l  ow tensions are ex- 
t remely s e n s i t i v e  t o  su r fac tan t  s t r u c t u r e  and concentrat ion, concentrat ion o f  
e l e c t r o l y t e s  and cosol vents, temperature, and o ther  f a c t o r s  (26,28,29,33,34). 
Aga ins t  these parameters, i n t e r f a c i a l  tension between o i l  and aqueous prepara- 
t i o n s  o f  petroleum sul fonates goes through a sharp and deep minimum. I n  
Chapters 5 t o  7 o f  the t h e s i s  I present evidence t h a t  shows t h a t  u l t r a l o w  tensions 
i n  sur factant"systems are  brought about no t  by su r fac tan t  monolayer adsorpt ion (which 
had been the  general be1 i e f ) ,  but  by c e r t a i n  equi 1 i b r i um micros t ruc tured phases 
which are microemulsions o r  s u r f a c t a n t - r i c h  t h i r d  phases perhaps r e l a t e d  t o  
l i q u i d  c r y s t a l l i n e  phases. The evidence inc ludes t h a t  adduced by E. I. Franses 
i n  e a r l  i e r  research (35), which I have extended i n  several d i rec t i ons .  The 



s c i e n t i f i c  i n v e s t i g a t i o n  described here t o  e luc ida te  the  o r i g i n s  o f  u l  t r a low  
tensions i n  su r fac tan t  systems i s  the  r e s u l t  o f  a  group e f f o r t  t h a t  s t a r t e d  i n  
t h e  summer o f  1972 under the d i r e c t i o n  o f  H. T. Davis and L. E. Scriven, who 
were subsequently j o i n e d  by W. G. M i l l e r .  C. D. Manning (36) and Y.  Seeto (37) 
w i t h  t h e i r  work on tensiometry and e f f e c t s  on i n t e r f a c i a l  tens ion  o f  order  o f  
mix ing  and age o f  su r fac tan t  preparat ions, and 3 .  C. H a t f i e l d  (38) w i t h  h i s  
research on microemul sions, 1  a i d  the foundations f o r  subsequent i n v e s t i g a t i o n .  
The s t r u c t u r e  on which my research r e s t s  was b u i l t  by E. I. Franses (35) w i t h  
h i s  work on phase behavior and i n t e r f a c i a l  tension o f  su r fac tan t  s'ystems r e p r e - .  
sen ta t i ve  o f  su r fac tan t  water f lood ing  processes. Important  c o n t r i b u t i o n s  t o  
the  framework were a l so  made by Y. Talmon, P. K. K i l p a t r i c k ,  E. W. Kaler ,  A. H. 
F a l l s ,  F. D. Blum, and P. S. Russo. 

One o f  the major drawbacks o f  su r fac tan t  f l o o d i n g  i s  the  r e t e n t i o n  o f  sur- 
f a c t a n t s  by r e s e r v o i r  rocks (39,401. I f  r e t e n t i o n  i s  excessive, su r fac tan t  i s  
depleted from the  i n j e c t e d  s lug  - t h i s  being a  volume o f  su r fac tan t  p repara t ion  
which i s  usua l l y  b u t  a  f r a c t i o n  (5 t o  50%) t o  the r e s e r v o i r  pore volume - as i t  
moves through the rock; consequently, the  s lug  loses  the  a b i l i t y  t o  lower i n t e r -  
f a c i a l  tens ion  (32,39,40) and, hence, t o  mob i l i ze  res idua l  o i l .  So i t  i s  impor- 
t a n t  t o  determine how su r fac tan ts  are re ta ined  by porous rock as we l l  as t o  f i n d  
means t o  reduce re ten t i on .  The mechanisms by which su r fac tan ts  are l o s t  t o  the 
r e s e r v o i r  are we1 1-known (41-43). What i s  new i s  my f i n d i n g  t h a t  t he  amount o f  
s u r f a c t a n t  r e t a i n e d  i s  r e l a t e d  t o  the types and s izes  o f  the s u r f a c t a n t - r i c h  
m ic ros t ruc tu res  i n  the  i n j e c t e d  preparat ions (Chapter 8).  By p r e t r e a t i n g  the  
su r fac tan t  preparat ions t o  reduce mean s i z e  o f  s u r f a c t a n t - r i c h  mic ros t ruc tures ,  
1  osses by physical  entrapment a re  reduced dramatical  ly. 

The thes i s  focuses on the f l u i d  mic ros t ruc tures  and c l o s e l y  r e l a t e d  s ta tes  
t h a t  are invo lved i n  su r fac tan t  water f looding.  I present  a  concerted study o f  
a  petroleum su l fona te  su r fac tan t  system rep resen ta t i ve  o f  su r fac tan t  water f lood-  
i n g  and o f  pure su r fac tan t  systems t h a t  mimic it. I review i n  Chapters 5  t o  8  
and summarize i n  Chapter. 9  the  r e l a t i o n s h i p s  between s u r f a c t a n t - r i c h  mic ros t ruc-  
t u res  and t h e i r  compositions, recovery o f  res idua l  o i l  from sho r t  Berea sand- 
stone cores, and su r fac tan t  r e t e n t i o n  i n  such cores. I n  Chapter 4  I t e s t  t he  
hyp0thesi.s t h a t  the phase and tens ion  behavior o f  su r fac tan t -o i  1  -b r i ne  systems 
which form microemulsion phases i n  e q u i l i b r i u m  w i t h  aqueous and o l e i c  phases 
a re  c h a r a c t e r i s t i c  o f  a1 1  amphi phi.1 e-oi  1  -b r i ne  systems. The organ iza t ion  o f  
t he  thes i s  i s  shown i n m l e  1. 

I n  the remainder o f  t h i s  chapter I give  the  background o f  the thes is ,  sum- 
marize the  major f ind ings ,  and describe the s t ra tegy  f o r  the  thes i s  research. 

F 1  uJ d  Mic ros t ruc tures  

I n t e r f a c i a l  phenomena are i nvo l ved  i n  impor tan t  ways i n  engineering proces- 
ses (e.g. o i l  recovery, food processing) and products (e.g. detergents and emul- 
s i  f i e r s )  as we1 1  as b i o l o g i c a l  mechanisms (e. g. t r a n s p o r t  processes o f  1  i v i  ng 
organisms) and mater i  a1 s  (e.g. biomembranes) . I n t i m a t e l y  associated and o f  t en  
d i r e c t l y  responsib le f o r  i n t e r f a c i a l  p r o p e r t i e s  are  what we c a l l  f l  u i d  micro- 
s t ruc tu re .  A f l u i d  m ic ros t ruc tu re  i s  a  reg ion  i n  a  f l u i d  i n  which d e n s i t i e s  
and/or composit ions vary appreciably  over d is tances o f  the order  o f  magnitude 
o f  the range o f  in te rmolecu lar  i n t e r a c t i o n s  (44).  Examples o f  f l u i d  mic ros t ruc-  
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' ,  ~ a b l e ' l . .  +, Organizat ion of the  thesis.  

t u r e s  i nc lude  f l  u i d - f l u i d  in ter faces,  the  f l u i d  s ide o f  f l  u id-sol  i d  in ter faces,  
t h i n - f i l m  s ta tes  o f  f l u i d  mater ia ls ,  m ice l l es  and o ther  e q u i l i b r i u m  and none- 
q u i l  i b r i u m  c o l l o i d a l  p a r t i c l e s  of f l u i d  character.  

. .'of p a r t i c u l a r  re1 evance t o  t h i s  resedrch are those f l u i d  micros t ruc tures  
which amphiphiles form w i t h  water and organic solvents, e.g. mice1 les ,  micro- 
emu1 sions, '1 i q u i d  c r y s t a l  s  and r e l a t e d  mesophases, and the 1  ike .  
. . 

Amphiphiles: Sur fac tants  

Amphiphiles are  substances i n  which t h e  molecules possess both hyd roph i l i c  
(water  s o l u b l e )  and o leoph i l  i c  ( o i l  so lub le)  moie t ies  j o ined  by covalent  bonds. 
According t o  IUPAC (45),, .surfactants a r e  substances which lower the sur face 



tension o f  the ,medium i n  which they are d isso lved and/or the  i n t e r f a c i a l  tension 
w i t h  other  phases. It i s  genera l ly  accepted (1,3,46).- t h a t  su r fac tan t  molecules 
must have amphiphil i c  o r  dual nature.. Because o f  ' t h i s  'amphiphil i c  character,  
su r fac tan ts  are adsorbed a t  in ter faces,  lower i n t e r f a c i a l  tension, and aggregate 
i n  bulk phases. However, n o t  a l l  amphiphiles are sur factants.  For instance, 
a lcohol  and amines are amphiphiles which are adsorbqd ..at i n t e r f a c e s  and lower 
i n t e r f a c i a l  tension o f  w a t e r l a i r  and w a t e r l o i l  i n t e r f a c e s  (47,481; they a l so  
associate i n  chains i n  aqueous and o l e i c  bu lk  phases .(49,50); b u t  they are n o t  
regarded as sur factants.  Laugh1 i n  (51) emphasizes t h a t  tension lower ing and 
amphiph i l i c  character  are no t  s u f f i c i e n t ;  he reserves the term su r fac tan t  f o r  
inolecul es which a1 so form micel 1 a r  aggregates and 1 i q u i d  c r y s t a l  s  i n  ' the  pres- 
ence o f  vary ing amounts o f  water. However, there. are sur fac tants  which do no t  
form m i  c e l l  es i n  water, . a1 though they do form 1 i qui  d c r y s t a l  1 i ne phase .(6,35 1. 
K i l  p a t r i c k  (23) i s  i n v e s t i g a t i n g  the t r a n s i t i o n ,  zone , t h a t  separates' sur fac tants  
'from "simple" amphiphil es. in "  t h i  s  thes i s  I 'take .as sur fac tants  those amphi- 
p h i l e s  which are able, o r  which I presume t o  be able, t o  associate i n  sheet- 
l i k e  s t ruc tu res  i n  aqueous and organic bulk phases -as we l l  as a t  inter- 

. t h e i r  hydrophi l  i c  moie t ies  l y i n g  on one s ide o f  t h e .  sheets and the  o leoph i l  i c  
moie t ies  on the  other  (52). . . 

Depending on the  po la r  group; sur fac tants  are c l a s s i f i e d  as i on i c ,  which 
may be an ion ic  o r  ca t i on i c ,  nonionic, and z w i t t e r i o n i c .  The increasimg prac- 
t i c a l  importance o f  and s c i e n t i f i c  i n t e r e s t  i n  sur fac tants  i s  demonstrated by 
t h e  many reviews and books publ ished i n  the  l a s t  twenty years (46,53-57). 

M i  c e l l  es 

Sur fac tants  i n  s o l u t i o n  are 'o f ten  assoc ia t ion  c o l l  o i  ds, t h a t  i s ,  they tend . 
t o  form micel 1 es, meaning aggregates o f  c o l l o i d a l  dimensions e x i s t i n g  i n  equi- 
1 i b r i u m  with molecules o r  ions  from which they are formed (45). The word 
m ice l l e ,  from the l a t i n  m i c e l l a  meaning small b i t ,  was int roduced by McBain (58) 
t o  describe the  f o r m a t i n ~ o b u l a r  c o l l o i d a l  p a r t i c l e s  i n  so lu t i ons  o f  soaps. 

While the  concept o f  micel l e  format ion has general acceptance as the  cooper- 
a t i v e  sel f -assoc ia t ion  o f  amphiphiles, i t  i s  a1 so used somewhat unsystemat ical ly  
i n  reference t o  o ther  types o f  aggregation (591, . f o r  example the cooperative o r  
noncooperati we assoc ia t ion  i n t o  small aggregates, and even the 'noncooperative 
assoc ia t ion  i n t o  b i g  aggregates t h a t  a number o f  .dye compounds e x h i b i t .  T h e , ,  
term m i  c e l l  e  has a1 so been employed t o  descr i  be microscopic o r  submicroscopic 
p a r t i  c l  es o f  a second phase (34,60,61), nonequi 1 i b r i  um bf 01 og lca l  aggregates o r  
ves i c les  (621, and the  basic s t r u c t u r a l  u n i t s  o f  -1 i q u i  d. c r y s t a l  1 i n e  .phases (63). 
We p r e f e r  a more r e s t r i c t e d  d e f i n i t i o n  o f  m i c e l l e  (35): "A .mi'celle i s  a stable,  
d i s j o i n t ,  cooperat ive, t o  01 og ica l  l y  ordered, closed, e u i l  i br ium c o l l  oi- 

*The topol  o j E T o r  e r ~  ng o micel  l e s  i n  gregate o f  amphiphil i c  mo ecu es. 7F-T 
water i s  the  hydrated po la r  heads on the  outs ide  fac ing  toward the surrounding 
sol  vent  and the  hydrophobic chains on t h e m  forming the  core which i s  
1 iqu id-1  i k e  (64). I n  organic so lu t i ons  mi- have inverse st ructure, '  i .e. 
t h e  po la r  groups form the core whereas - the  hydrophobic chains face outward 
toward the solvent;  so they are r e f e r r e d  as inverse micel les .  



Mice1 l e s  f i r s t  appear w i t h i n  narrow ranges o f  su r fac tan t  concentrat ion, 
i .e. the re  i s  a r e l a t i v e l y  small range of concentrat ions separat ing the  1 i m i  t 
below which v i r t u a l l y  no micel l e s  are detec tab le  and the  l i m i t  above' which v i r -  
t u a l  l y  a l  1 add i t i ona l  su r fac tan t  forms micel l e s  ( 2 ) .  Many p roper t i es  o f  sur- 
f a c t a n t  so lu t ions ,  i f  p l o t t e d  aga ins t  concentrat ion,  appear t o  change a t  a d i f -  
f e r e n t  r a t e  above and below t h i s  range (Fig. 1) .  By ex t rapo la t i ng  the  l o c i  o f  
such a proper.ty above and below th i .s  range u n t i l  they i n te rsec t ,  a value known 
as the  c r i t i c a l  m i c e l l i z a t i o n  concentrat ion, o r  c.m.c., i s  obtained ( 2 ) .  
Because the  values obta ined using d i f f e r e n t  p roper t i es  are not  q u i t e  i d e n t i c a l ,  
t h e  method by which a c.m.c i s  determined should be c l e a r l y  stated. 

CONCENTRATION VARIABLE 

F igu re  1. Change o f  physical  p roper t i es  w i t h  concentrat ion va r iab le  i n  v i c i n i t y  
o f  c.m.c. : n - r e f r a c t i v e  index, ,K-el e c t r i c a l  conductance, p-densi ty, 

' A-equival e n t  conduct iv i ty ,  g-osmotic c o e f f i c i e n t ,  a-surface tension, 
i - t u r b i d i t y  and S - s o l u b i l i t y  o f  organic compound ( f rom (1 ) ) .  

The existence o f  a c.m.c. i s  re f l ec ted  i n  a change i n  the concentrat ion 
dependence o f  var ious p roper t i es  o f  the s o l u t i o n  over a narrow range. The 
reverse '  is,. however, n o t  necessar i l y  t rue.  .For instance, the  concentrat ion 
dependence .of a physicochemical property  o f  a su r fac tan t  s o l u t i o n  can and i n  
many instances does vary abrupt ly  a t  the  s o l u b i l i t y  l i m i t .  I f  the s o l u b i l i t y  
l i m i t  i s  low and t h e  p a r t i c l e s  o f  the  second phase are submicroscopic, the  so l -  



u b i l i t y  l i m i t  can be mistaken, and i t  has been mistaken (34,611, f o r .  the c..m.c. 
phenomenon. The d i s t i n c t i o n  i s  important.  A t  a  s o l u b i l i t y  l i m i t  a  new phase. 
appears, the  chemical p o t e n t i a l  o f .wh ich  i s  independent o f  i t s  amount and i t s  
s t a t e  of.  dispersion. I n  contrast ,  beyond the  c.m.c. a c h a r a c t e r i s t i c .  popu la t ion  
o f  the equi 1 i b r i um f l u i d  micros t ruc tures  known as micel l e s  appears, the  chemi- 

. c a l  p o t e n t i a l  o f  which depends on the concentrat ion o f  surfactant.monomers i n  
so lu t i on ,  and cont inues t o  vary, though on ly  s l i g h t l y ,  w i t h  f u r t h e r  increase i n  
t o t a l  su r fac tan t  concentrat ion. Hence i t  i s  important  t o  determine t h a t  indeed 
below the c.m,c. the s o l u t i o n  i s  mainly monomeric whereas .above i t  the number. 
o f  m i  c e l l  es - micel 1 es as def ined above - increases r a p i d l y  w i t h  concentrat ion.  

A t  su r fac tan t  concentrat ions t h a t  are s l  i g h t l y  above the c.m.c. the  m i  c e l l  es 
g i ve  evidence o f  being spher ical  (651, o r  a t  l e a s t  g lobular .  As the  concentra- 
t i o n  i s  increased, c e r t a i n  p roper t i es  o f  the s o l u t i o n  i n d i c a t e  a change i n . t h e  
micel  1 a r  s t ruc ture ,  probably p r i m a r i l y  due t o  i n t e r a c t i o n  between the  micel  les ,  
e.g. a1 t e r a t i o n s  , i n  the e l e c t r i c a l  double-1 ayers o f  the  normal micel 1 es o f  . 

an ion ic  sur fac tants  (8).  A t  s t i  11 h igher concentrat ions the micel 1 es become 
c y l i n d r i c a l  o r  perhaps take on lame1 l a r  character  (63,66,67) and, u l t imate ly , ,  
when more o r  l e s s  random o r i e n t a t i o n  o f  the  m ice l l es  becomes impossible, .,a . 

phase t r a n s i t i o n  from micel 1 a r  s o l u t i o n  t o  1 i q u i  d c r y s t a l  o r  r e l a t e d  mesophases 
i ntervenes. 

L i q u i d  Crysta l  1 i ne Phases 

L i q u i d  c r y s t a l s  represent a number o f  s ta tes  o f  mat ter  i n  which the  degrees 
o f  molecular order l i e  in termediate between ' the almost p e r f e c t  long-range -posi-  
t i o n a l  and o r i e n t a t i  onal order o f  sol i d  c r y s t a l  s  and the  s t a t i  s t i c a l  1 ong-range 
d isorder  o f  o rd inary  i s o t r o p i c  amorphous 1 i q u i d s  (7) .  L i q u i d  c r y s t a l  1 i n e  phases 
are  a1 so known as mesophases, a term int roduced by F r iede l  (68). Mesomorphism 
can be induced by -increasing the temperature o f  c e r t a i n  pure compounds o r  by . 

addi ng sui  tab1 e sol ve.nts t o  them. Temperature-i nduced 1 i qui  d c r y s t a l  s  are known 
as thermotropic l i q u i d  c rys ta l s ,  and those which form by a d d i t i o n  o f  solv.ent:'are 
known as l y o t r o p i c  1 i q u i d  c r y s t a l  s. . .  . 

Amphi ph i  1 i c compounds f requent ly  form l y o t r o p i c  1 i qui  d c r y s t a l  1 i ne phases, 
e i t h e r  a t  room temperature o r  a t  h igher  temperatures, by i nco rpo ra t i ng  i n t o  
t h e i r  s t ruc tu res  considerable amounts o f  water and/or organic solvents. Many 
amphiphiles can a1 so form thermotropic 1 l q u i d  c rys ta l s .  

Cer ta in  substances which are no t  amphiphiles, i n  p a r t i c u l a r  nonpolar. and 
moderately pol  a r  compounds w i t h  f a i r l y  ri g i  d "rodM- o r  "1 ath"-1 i ke molecules., 
and i n  some instances g l  obul a r  molecules, can a1 so ' form l y o t r o p i c  and thermo- 
t r o p i c  1 i q u i d  c r y s t a l  s. Non-amphiphi 1 i c  mesophases are beyond the  scope o f  
t h i s  thesis;  the  i n t e r e s t e d  reader i s  r e f e r r e d  to .  the  books o f  Gray (691, Gray 
and Winsor ( 7 1 ,  and de Gennes (70). 

. ' 

The most common and we1 1 -establ  i shed o f  l y o t r o p i c  1 i qu id  c r y s t a l  1 i ne phases 
are  the lame1 1 ar, the  and the  v i  sco-us-i s o t r o p i c  phases. .The c l  ass i -  
f i c a t i o n  i s  based on low-anqle X-ray d i f f r a c t i o n   att terns obta ined - - 
form each phase (71-73). 



The lamellar phase, also known as neat phase, has the structure illustrated  in Fig. 2A.  The surfactant molecules are arranged in fluid, parallel bilayersseparated by solvent (water) layers.  The layers extend over large distances,commonly of the order of microns or more.  The water layers can vary from about8A to more than 100A depending on the water content, while the surfactant layerthickness is generally about 10-30% less than the length of two. all-trans sur-factant chains (6,74,75).  This structure is consistent not only-with many X-ray studies (71,73,74,76,77), but also with electron micrographs (78), NMRlinewidths and chemical shifts (79), and optical textures in the polarizingmicroscope (80-82).
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Figure 2.  Representation of (A) lamellar liquid crystalline phase; (B) normalhexagonal phase; (C) reversed hexagonal phase (from 83).

There are two well-established structures for the hexagonal liquid crystal-line phase:  the normal hexagonal or middle phase (Fig. 28), and the inversehexagonal phase (Fig. 2C).  The hexagonal phase consists of rod-shaped micelle-like units of indefinite length packed in a hexagonal array and separated by acontinuous water region.  In the inverse hexagonal phase, the hydrocarbon chainsoccupy the space between the hexagonally-packed water cylinders of indefinitelength.  The normal and the inverse hexagonal phases as well as the lamellarphase can be identified by their characteristic textures in the polarizingmicroscope (80-82).
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The existence o f  viscous-isotropic mesophases, a lso known as cubic phases, 
i s  establ ished beyond doubt. However, t h e i r  phase structures are not  as well-  
establ i shed as those o f  the hexagonal and lame1 1 a r  phases (6,9,84). Viscous- 
i so t rop i c  phases are o t i c a l 1  i so t rop i c  phases o f  very s t i f f  consistency - 
high  v iscos i t y  - whic Ti'%+ g ve -ray d i f f r a c t i o n  patterns i n  the low-angle region 
usual ly  consistent w i th  a three-dimensional c rys ta l  1 i n e  cubic pat tern (73). 
There are a t  l e a s t  two types o f  cubic phase structure, and these can occur i n  
t he  normal ( i  .e. water continuous) o r  reverse ( i  .e. o i l  continuous) form. One 
proposed s t ructure f o r  these phases i s  normal o r  inver ted g l  obul a r  mice1 1 e-1 i ke 
aggregates i n  some type o f  cubic array (73). Figure 3A shows an example o f  a 
face-centered s t ructure (8). Another type of s t ructure (Fig. 38) has short  sur- 
fac tan t  rods jo ined t o  form a continuous network (85,86). The main evidence f o r  
these structures i s  X-ray data backed up by NMR spectroscopic measurements, but  
t h e i r  val i d i  ty has been questioned (9,84,87 1. Fontel 1 (9,841 has suggested sev- 
e ra l  a1 te rna t i ve  structures, notably bicontinuous structures (see Fig. 3C) f i r s t  
proposed by Scriven (88,891. Inc identa l ly ,  Scr i  ven (90) has raised the possi- 
b i  1 i ty t h a t  geometrically disordered but  topological  l y  ordered b i con t i  nuous 
viscous i so t rop ic  phases are what b i  r e f r i  ngent lame1 1 a r  1 i q u i d  c rys ta ls  o f  SHBS 
form on addi t ion o f  o i l ,  i.e. what we c a l l  surfactant-r ich t h i r d  phases (Chapter 
51, and t h a t  these can be continuously converted t o  microemulsion by addi t ion o f  
alcohol (Chapter 7). 

Figure 3. Representation o f  ( A )  face-centered s t ructure o f  normal and reversed 
forms o f  cubic phase (91); (B) continuous network af surfactant-rods 
s t tuc tu re  o f  cubic phase (85 ; ( C )  bicontinuous s t ructure (88,891. 



A t  constant temperature, as the surfactant concentration i s  increased i n  
water-surfactant binary systems, one usual l y  encounters the sequence: isot ropic  
m ice l l a r  solut ion - hexagonal phase - 1 amel 1 ar  phase - reversed hexagonal phase - 1 ow-water phases ( c rys ta l l i ne  sol id ,  i so t rop ic  solut ion o r  me1 t )  , but other 
1 i qui d c rys ta l  1 i ne phases may be interspersed between these phases. Figure 4A 
i s a hypothetical water surfactant binary phase diagram (89). The nomenclature 
i s  t ha t  o f  Winsor (63). Notice tha t  each mesophase i s  a separate phase and 
t h a t  a two-phase region must separate two adjacent mesophases. Phase behavior 
o f  water and surfactant becomes even more in terest ing s c i e n t i f i c a l l y  - and much 
more cornpl icated t o  unravel - when o i  1 or other nonpolar f l u i d  i s  a1 so present. 
Notably Winsor (63) and Ekwall (75) have studied i n  de ta i l  binary and ternary 
systems o f  surfactant, water, and/or o i l .  Figure 48, which i s  idealized, sug- 
gests the complexity t ha t  water-surfactant-oi 1 ternary systems can achieve. 

Figure 4. (A) Hypothetical water-amphi phi 1 e 
i cal water-oi 1 -amphi phi l e  ternary 

b i  nary phase d i  agram; (B) Wpothet- 
phase diagram (from (89) ) . 

Natural l y  occurr i  ng doubl e-tai  1 phosphol i p i  d sur f  actants are not known t o  
form micelles (6,921. Instead, they form i n  water biphasic dispersions o f  
1 amellar (smectic) 1 i q u i d  crysta ls  (6,93,94). 

Appropriate hand1 i ng o f  aqueous phosphol i p i  d systems produces d i  spersi ons 
o f  the surfactant i n  the form o f  topological ly closed structures tha t  are var i -  
ously c a l l  ed 1 i osomes o r  vesicles. Bangham and h i s  coworkers (95,96) by 
gent le mechan &--T ca ag t a t i o m e d  aqueaus dispersions i n  which the surfactant 
i s organized i n t o  concentric bimol ecular lame1 1 ae w i th  aqueous layers between 
successive surfactant b i  1 ayers. These dispersions are very heterogeneous and 
contai  n many p a r t i c l  es easi ly  observable by 11 ght microscopy . The mu1 ti 1 ayer 
onion- l ike aggregates i n  these dispersions are generally referred t o  as li o- 
somes. Liposomes have many physical propertfes of the bulk smectic mesop ase - 7ie 



from which they o r ig ina te ;  hence, liposomes can be considered t o  be bulk smectic 
phase w i t h  a concentr ic  l ame l la r  o rgan iza t ion  t h a t  perhaps represents a tendency 
toward minimizat ion o f  the area o f  contac t  between hydrophobic groups o f  t he  
su r fac tan t  and water. 

Prolonged exposure o f  t he  coarse d ispers ions o f  liposomes t o  u l t r a s o n i c  
r a d i a t i o n  breaks up the  l a r g e r  mu1 ti lame1 1 a r  p a r t i c l e s  i n t o  small er, u n i l  amel 1 a r  
spheroidal p a r t i c l e s ,  o r  ves ic les  (97-99). I n  the  sonicated d ispers ions most o f  
t h e  su r fac tan t  i s  found i n  small spheres having diameters of 20-30 nm and con- 
s i s t i n g  o f  a s i n g l e  b i l a y e r  enclos ing an aqueous phase. There are few i f  any 
smal ler  p a r t i c l e s .  The minimum diameter appears t o  be an i n t r i n s i c  proper ty  o f  
t h e  sur factant-solvent  system, and, perhaps i s  r e l a t e d  t o  cons t ra in ts  on packing 
o f  su r fac tan t  molecules (100). 

Ves ic l  es have a1 so been prepared from natura l  l y  occur r ing  mater ia l  s and 
anal ogs by means o ther  than son ica t i  on. These i nc l  ude mol ecul a r  d i  ssol u t i  on i n  
an organic so lvent  fo l lowed by i n j e c t i o n  through a syr inge i n t o  an aqueous 
s o l u t i o n  (101-1031, and format ion o f  mixed m ice l l es  fo l lowed by removal o f  the  
m i  c e l l  i z i  ng agent ( 104,105) . Vesi c l  es prepared by these methods are repor ted  
always as being l a r g e r  than the  m i  nimum-si ze ves i c les  produced by sonicat ion.  

The thermodynamic and dynamic behavior o f  the  su r fac tan t  i n  minimum-sized 
ves i c les  d i f f e r s  n o t  on ly  from t h a t  o f  su r fac tan t  i n  the  bulk smectic phase and 
i n  li posomes, b u t  a1 so from t h a t  i n  l a r g e r  u n i l  amel l a r  ves ic les  (94,106-108). 
The thermodynamic s t a b i l  i ty o f  d ispers ions o f  ves i c les  has not  been conc lus ive ly  
determined. Once formed, d ispers ions o f  ves i c les  he1 d above the  so-cal l  ed gel - 
1 i q u i d  c r y s t a l  1 i ne t r a n s i t i o n  temperature can be concentrated, and are repor ted  
t o  be s tab l  e f o r  days (98,107). However, Franses e t  a1 . (109) found t h a t  
al though ves i cu la r  d ispers ions o f  a phosphol ip id su r fac tan t  and o f  a syn the t i c  
a1 k y l  a r y l  su l  fonate su r fac tan t  (SHBS) remain apparent ly s tab l  e f o r  weeks, and i n  
some circumstances even f o r  months, they s lowly r e v e r t  t o  the  consol idated 
l i q u i d  c rys ta l s .  Our r e s u l t s  w i t h  d ispers ions o f  SHBS and o f  TRS 10-80 (a com- 
merc ia l  petroleum su l fonate  su r fac tan t )  which are  presented i n  Chapter 5 su'pport 
the conclusion o f  Franses e t  a1 . (109) t h a t  small , u n i l  amel 1 a r  ves ic les  are n o t  
thermodynamically s tab l  e wm1"espect t o  the  bu lk  1 i q u i  d c r y s t a l  1 i n e  phase from 
which they are formed by sonicat ion. We examine i n  Chapter 5 the  s t a b i l i t y  o f  
d ispers ion  o f  ves i c les  w i t h  respect  t o  prepara t ion  and s a l i n i t y  h i  s tory,  and t o  
contac t  w i t h  hydrocarbons. 

Microemul s ions and Sol u b i l  i z a t i o n  

By ti t r a t i n g  w i t h  an alcohol an emul s ion  o f  o i l  and water s t a b i l i z e d  by a 
sur factant ,  Schulman e t  a1 . (14,110,111) obta ined i s o t r o p i c ,  t ransparent  sol u- 
ti ons they c h r i  s tene f i i i c roemu l  s ions and thought t o  be i n  thermodynamic equi 1 i b- 
rium. According t o  Schulman and h i s  f o l l  owers (17,112-114) microemulsions are 
emul s ion  - macroemul sions i s  the  imp1 i c a t i o n  - w i t h  unique proper t ies .  Another 
school , however, considers micromeul s ions prepared i n  t h i  s way t o  be sol  u t i  ons 
o f  normal o r  inverse swollen mice1 1 es (18,63,91,115,116). A1 though the  micro- 
s t ruc tu res  and p roper t i es  o f  microemulsions are f a r  from establ ished, the  author 
subscribes t o  the  second view, a t  l e a s t  when the  r a t i o  o f  o i l  t o  water i s  e i t h e r  



ve ry  low o r  very  high. There are  problems w i t h  the  m i c e l l a r  s o l u t i o n  model 
when the  r a t i o  i s  around u n i t y ,  as i s  brought up below. 

I n  t h i s  t hes i s ,  by microemulsion we mean a  low v i s c o s i t y ,  i s o t r o p i c ,  
o p t i c a l  l y  t ransparent  o r  t rans1 ucent, t opo log i ca l  l y  ordered mic ros t ruc tured 
phase i n  thermodynamic e q u i l i b r i u m  which conta ins  subs tant ia l  concentrat ions o f  
two o r d i  n a r i l ~  immisc ib le  f l u i d s  (e.s. water and o i l  1, sur fac tan ts ,  and some- 
t imes o the r  a d d i t i v e s  (117). The requirement o f  t opo iog i ca l  o rder ing  i n  t h i s  
d e f i n i t i o n  i s  in tended t o  exclude i s o t r o p i c  so lu t i ons  o f  water, o i l ,  and a lcohol  
t h a t  have been r e f e r r e d  t o  e l  sewhere (20,118) as "detergent less microemul sions," 
because f o r  them there  i s  no convinc ing evidence of swol len m ice l l es  (119) nor  
i s the re  evidence t h a t  low molecular weight a lcohol  s  micel 1  i z e  o r  form sheet- 
1 i ke m ic ros t ruc tu res  i n  e i t h e r  water o r  o i l  . However, c e r t a i n  i s o t r o p i c  solu- 
t i o n s  o f  sur fac tan t ,  a lcohol ,  hydrocarbon, and b r i n e  which are sometimes con- 
s ide red  t o  be microemul sions, have been proved t o  be molecular so lu t i ons  (120). 
Hence t h e  term microemul s ion  genera l l y  (and o p e r a t i o n a l l y )  denotes a  f l u i d ,  
i s o t r o p i c  phase t h a t  i s  i n  thermodynamic e q u i l i b r i u m  and cons i s t s  o f  sur fac-  
t an ts ,  a1 cohol , water, o i l  , and o ther  add i t i ves ,  because there  i s  n o t  y e t  an 
unambiguous means f o r  determin ing the  m ic ros t ruc tu re  o f  mi croemul s i  ons when the  
p r o p o r t i o n s  o f  o i l  and water are comparable. 

Microemul s ions  have been employed i n  surfactant-based enhanced o i  1  recovery 
processes (40). Many o f  t he  s u r f a c t a n t - o i l  - b r i ne  systems o f  the s o r t  employed 
i n  microemulsion f l o o d i n g  e x h i b i t  a  c h a r a c t e r i s t i c  p a t t e r n  o f  phase behavior i n  
which the  microemulsion phase progresses from being the  lower (2 ) ,  t o  be ing  the  
m idd le  ( 3 ) ,  and then the upper phase (7) as the  sal  i n i  t y  i s  incFeased (18,121, 
122).  There i s  general agreement (18,63,115,116) t h a t  a t  low s a l i n i t y  the  lower- 
phase mi croemul s i  on i s  a  water-cont i  nuous sol u t i  on o f  o i  1  -swol l  en m i  c e l l  es and 
t h a t  a t  h igh  sa l  i n i  ty the  upper-phase microemul s ion  i s  an o i  1  -cont inuous sol u- 
t i o n  o f  water-swol l  en micel 1  es. The micros t ruc tures  a t  in termediate s a l i n i t i e s ,  
where t h e  mi ddl e  m i  croemul s i  on phase takes up substant i  a1 amounts (even equal 
amounts) o f  bo th  o i l  and water, a re  n o t  known ye t .  Scr iven (88,891 suggested 
t h a t  i n  t h i s  in te rmed ia te  reg ion  a  microemul s ion  i s  a  submicroscopical l y  bicon- 
t i n u o u s  i n te rspe rs ion .  Some evidence has come f o r t h  t h a t  supports the hypothe- 
s i  s  o f  t he  b icont inuous m ic ros t ruc tu re  (38,123-127). 

Many a lcohol  -hydrocarbon-bri ne systems, i .e. systems w i thou t  sur fac tan t ,  
a1 so e x h i b i t  t he  phase progression o f  microemul s ion  systems as the s a l i n i t y  i s  
i ncreased, i .e. the  2-3-7 phase progression (21,221. The s imi  1  a r i  t i e s  i n  phase 
behav ior  o f  the  two x i n d s  o f  systems corroborates the  speculat ion t h a t  the  pat- 
t e r n s  o f  phase behavior o f  microemulsion systems are  c h a r a c t e r i s t i c  o f  a l l  
amphiphi l  e-hydrocarbon-brine systems. Our f i  nd i  ngs (F ig.  5  and Chapter 4) w i t h  
a1 cohol -hydrocarbon-bri ne systems reveal  t h a t  the tens ion  behavior o f  microe- 
mu1 s ion  systems (18,121) i s  n o t  unique and may a l so  be c h a r a c t e r i s t i c  o f  a1 1  
amphi ph i  1  e-hydrocarbon-bri ne systems. Hence, phase and tension behavior a1 one 
do n o t  p rov ide  s u f f i c i e n t  c r i t e r i a  t o  i n d i c a t e  a  microemul sion. Transport  prop- 
e r t i e s .  a re  a  more s e n s i t i v e  probe o f  m ic ros t ruc tu re  than equ i l  i b r i u m  proper t ies ,  
e s p e c i a l l y  phase and tens ion  behavior. Because i t  appears t h a t  the mic ros t ruc-  
t u r e s  o f  microemulsions a re  - n o t  c h a r a c t e r i s t i c  o f  a l l  amphiphile-hydrocarbon- 
b r i n e  systems, t ranspor t -p roper ty  behavior may prov ide  more usefu l  c r i t e r i a  f o r  
dec id ing  whether o r  n o t  a  phase i s  a  microemulsion. 
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Figure  5. I n t e r f a c i a l  tension and volume uptake versus b r i n e  sa l . in i  ty or  
i n t e r f a c i a l  tension versus vol ume uptake r a t i o  f o r  microemul s ion  
(sur fac tant -o i  1 -b r ine)  systems (129) and f o r  a1 coho1 -hydrocarbon- 
b r i n e  systems (24). 

O i l  Recoverv Processes 

O i l  recovery processes, as t h e i r  name impl ies,  b r i n g  o i l  from underground 
deposi ts  i n  porous rock formation, o r  reservo i rs ,  through w e l l s  t o  the e a r t h ' s  
surface. These processes have been c l a s s i f i e d  i n t o  primary, secondary, and 
t e r t i a r y  o r  enhanced recovery operat ions (128). 

The t a r g e t  of pr imary 01 1 . p roduct ion i s  a1 1 o f  the  o i l  o r i g i n a l  l y  i n  place. 
i n  a deposit .  Primary o i l  recovery uses energy e x i s t i n g  i n  the r e s e r v o i r  t o  



d r i v e  t h e  o i l  through the  r e s e r v o i r  t o  producing wel ls .  The d r i v i n g  energy can 
come from gas t h a t  evolves from s o l u t i o n  i n  the o. i l ,  expansion o f  f r e e  gas, 
expansion o f  l a r g e  amounts o f  water i n  and communicating w i t h  the  rese rvo i r ,  
i n f l u x  o f  water from a connect ing subterraneous aqu i fe r ,  o r  g r a v i t y  forces. 
Even tua l l y  the na tu ra l  energy d r i v e  d iss ipates.  When t h i s  happens, energy must 
be supp l ied  t o  the  r e s e r v o i r  t o  produce any add i t i ona l  o i  1 . 

The t a r g e t  o f  secondary o i l  product ion i s  o i l  t h a t  remains a f t e r  the energy 
sources o f  pr imary product ion  have been exhausted. I n  secondary o i l  recovery, 
energy i s  supp l ied  t o  a r e s e r v o i r  by i n j e c t i n g  gas o r  water under pressure 
through selected we1 1 s. Managed proper ly  t h i s  s t imu la tes  the movement o f  o i l  
toward producing we1 1 s and leads t o  add i t i ona l  recovery a t  economic ra tes .  
Wate r f l  oodi ng i s  the  p r i n c i p a l  secondary recovery method and accounts f o r  about 
h a l f  t h e  cu r ren t  Un i ted  States d a i l y  product ion (128,130,131). 

Conventional pr imary and secondary recovery are expected t o  produce u l  ti- 
mately about one - th i rd  o f  t h e  o i l  discovered i n  e x p l o i t a b l e  deposits (132). I n  
t h e  Un i ted  States, about 420 b i l l i o n  b a r r e l s  o f  crude o i l  have been discovered 
(132). Thus near ly  300 b i l l  i o n  b a r r e l s  w i l l  be l e f t  i n  c u r r e n t l y  known reser-  

' v o i r s .  Th is  res idua l  o i l  i s  the t a r g e t  f o r  enhanced o i l  recovery operat ions. 

' Enhanced O i l  Recovery: Sur fac tant  Flooding 

Present ly  a number o f  t e r t i a r y  'recovery methods aimed a t  recover ing res id-  
e u a l  o i  1 are  being i n v e s t i g a t e d  (39,40,128,133-139). These processes invo lve  

t h e  sequential  i n j e c t i o n  o f  a number o f  f l u i d s  which are designed e i t h e r  t o  
i ncrease the p o r t i o n  o f  reservo i  r being contacted ( i  ncreased sweep e f f i c i e n c y  ) 
o r  t o  mob i l i ze  o i l  b e t t e r  than water does i n  those po r t i ons  o f  the r e s e r v o i r  .. contacted dur ing  w a t e r f l  oodi ng ( increased microscopic displacement e f f i c i e n c y )  . 
I n  many cases, res idua l  o i l  i s  trapped i n  the rock pores as disconnected blobs 
o r  gangl ia. Th is  i s  t r u e  o f  water-wet reservo i rs ,  b u t  o f  only some p o r t i o n  o f  
o i l  -wet r e s e r v o i r s  and o f  those o f  mixed-wettabi l  i t y .  One sure way t o  mobil i z e  
r e s i d u a l  o i l  i s  by reducing the capi 11 ary  fo rces  ho ld ing  i t  i n  the pores o r  by 
e l i m i n a t i n g  those fo rces  completely (26,30,31,140-142). This can be accom- 
p l i s h e d  by lower ing  d r a s t i c a l l y  the  i n t e r f a c i a l  tension down t o  the  range o f  
mi l l idyne/cm - o r  causing o i l l w a t e r  i n t e r f a c e s  t o  disappear a l together  - by 
i n j e c t i  ng sur fac tants  i n t o  the  rese rvo i r .  Nevertheless, there  are o ther  mecha- 
nisms by which res idua l  o i l  can be mobi l i zed by a su r fac tan t  f l ood ing  (143,144). 

Two desi gn ph i  1 osophi es o f  enhanced o i l  recovery by su r fac tan t  f l  oodi ng 
e x i s t .  I n  one, the  chemical s lug  i s  designed t o  be m isc ib le  w i t h  r e s e r v o i r  o i l  
and br ine ,  i.e. c a p i l l a r y  forces are completely el iminated; the goal i s  what i s  
termed m isc ib le  displacement o f  o i l  (141,142). The second i s  t o  a t t a i n ,  r a t h e r  
than m i s c i b i l i t y ,  u l  t r a l o w  i n t e r f a c i a l  tensions between. the i n jec ted -s lug  f l u i d  
and - r e s i d e n t  o i l  (26,27,121). However, m i  s c i b i l e  and i~nmisc ib le  su r fac tan t  d is -  
placement are c l o s e l y  re1 ated (18,143-145). M isc ib le  displacements break down 
i n t o  immiscib le displacements because o f  su r fac tan t  re tent ion ,  mix ing w i t h  
b r i n e  and o i l  a t  the  f r o n t  and rea r  o f  the  bank, etc.  (18,41,146). 

Regard1 ess o f  whether the su r fac tan t  i s  formulated t o  achieve " m l  s c l  b i  1 I t y "  



w i t h  r e s e r v o i r  f l u i d s  o r  t o  d i  sp l  ace res idua l  o i  1  by reducing i n t e r f a c i  a1 ten- 
sion, i t  i s  important  t h a t  th ree  c r i t e r i a  be s a t i s f i e d  (39) :  ( 1 )  the  su r fac tan t  
as i n j e c t e d  must be capable o f  m o b i l i z i n g  res idua l  o i l  ; (2)  the a b i l i t y  t o  d i s -  
p lace  o i l  must be maintained as the su r fac tan t  progresses from i n j e c t i o n  t o  
producing w e l l s  i n  the rese rvo i r ;  and (3 )  c e r t a i n  n i o b i l i t y  r e l a t i o n s h i p s  must . 

be s a t i s f i e d  i n  order  t o  avoid bypassing much o f  the  t a r g e t  o i  1. 

Sur fac tan t  Water f loodi  ng: U l  t r a l  ow Tensions. Nonequil i b r i u m  E f f e c t s  

The importance o f  u l t r a l o w  tensions ( l e s s  than 0.01 dynelcm) between res id -  
ua l  o i l  and d i sp lac ing  sur fac tan t  formulat ions as the  means o f  ach iev ing  h igh  
c a p i l l a r y  number - which measures the r a t i o  o f  Darcy f l o w  forces o f  o i l  mobil i- 
z a t i o n  t o  c a p i l l a r y  fo rces  o f  o i l  entrapment - displacement i s  we l l  recognized 
(26,311. That t h i s  i s  f e a s i b l e  i n  the su r fac tan t  water f lood ing  .range, i .e. a t  
s u r f a c t a n t  concentrat ions l e s s  than those which cha rac te r i ze  the microemul s ion  
f l o o d i n g  range, and usua l l y  i n  the  absence o f  cosur fac tan ts  o r  cosolvents t h a t  
t y p i f y  microemulsions, i s  we l l  es tab l ished (26,27,32). In fo rmat ion  i n  t he  tech- 
n i c a l  and patent  l i t e r a t u r e  concentrates on commercial petroleum su l fona te  sur- 
f a c t a n t  systems (39,130,147). These su r fac tan ts  have been se lec ted  because: 

. . 1: ( 1 )  they can produce u l  t r a l o w  tensions aga ins t  o i l  a t  low o r  moderately low . . ,  

concentrat ions;  (2)  they are re1 a t i  ve l y  inexpensive; (3)  they are p o t e n t i a l l y  
a v a i l a b l e  i n  l a r g e  quan t i t i es ;  and (4 )  they are n o t  "adsorbed" on the rock, 
i .e. they are  no t  reta ined,  t o  an untenable degree. However, petroleum su l fo -  
nates can be " s a l t e d  ou t "  o f  s o l u t i o n  by the  l e v e l s  o f  s a l i n i t y  found i n  many 
r e s e r v o i r s  and they can be p r e c i p i t a t e d  by mu1 t i v a l e n t  ca t i ons  (e.g. calcium, 
magnesium) - two phenomena t h a t  uncon t ro l l ed  can destroy the  e f fec t i veness  o f  
sur factant-based f lood ing .  

I n t e r f a c i a l  tensions i n  su r fac tan t  water f lood ing  formulat ions,  i .e. the  
,' ,  tens ions between o i  1 . and d i  1  u t e  preparat ions o f  commerci a1 petroleum sul fonates, 

depend s t rong ly  on su r fac tan t  concent ra t ion  (26,27,29,148), su r fac tan t  equiva- . 
1  en t  weight and equ iva len t  weight d i s t r i b u t i o n  (28,29,32,148-1501, s a l t  type 
and concent ra t ion  (25-271, o i l  type (30,1511, cosolvent  nature and concent ra t ion  
(152,153), when cosol vent  i s  used and so on. The requ i red  u l  t r a low  tensions 
f o r  a successful  su r fac tan t  water f lood ing  t y p i c a l l y  occur only  i n  some narrow 
range o f  these var iab les :  F igure  6, which exempl i f ies  t h i s  s i t u a t i o n ,  i s  the  
often-seen b u l l  ' s  eye o f  i n t e r f a c i  a1 tension i n  commerci a1 petroleum sul fonate  
systems f o r  su r fac tan t  w a t e r f l  oodi ng (26).  

Even w i t h  su r fac tan t  fo rmula t ions  capable o f  producing u l  t r a l  ow tensions, 
t h e  tensions measured i n  the l abo ra to ry  depend on the way the  systems are  pre- 
pared (29,147,154). Moreover, the tension i s  found t o  vary w i t h  t ime (154-156). 

Cayias -- e t  a l .  (155) repor ted  t h a t  the tens ion  increases w i t h  the t ime t h a t  
a stock aqueous prepara t ion  o f  TRS 10-80, a t y p i c a l  petroleum sul  fonate sur fac-  
t an t ,  remains s to red before i t  i s  d i l u t e d  w i t h  b r i n e  t o  the p a r t i c u l a r  ,concen- 
t r a t i o n  examined. These authors c a l l e d  t h i s  e f f e c t  "aging," and found i t  t o  be 
reproducib le,  and concluded t h a t  i t  may be due t o  an u n i d e n t i f i a b l e  physical  
cause, r a t h e r  than chemical degradation. Even a f t e r  d i l u t i n g  the stock prepara- 
t i o n  w i t h  br ine ,  the i n t e r f a c i a l  tension a g a i n s t  hydrocarbons o f  the  r e s u l t i n g  
p repa ra t i on  changes w i t h  t ime (154,157). 
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F igu re  6. Equi tens ion 1 i nes  o f  o i l  -water i n t e r f a c i a l  tensions o f  petroleum 
. .. . su l fonate ( f rom (26) ) .  

Y 

Dunlap and Foster  (147) and Dunlap and Brandner (29) found t h a t  the  order  
o f  mix ing  o f  su r fac tan t  and s a l t  i n  wate,r a f fec ts  the observed tensions against  
o i l  s, the v isua l  appearance o f  the preparat ions, and the  su r fac tan t  losses i n  
t e s t s  o f  f lows through porous media. Lorenz e t  a1 . (158) observed st rong order- 
o f -mix ing  e f f e c t s  on t u r b i d i t y ,  e l e c t r i c a l  c o X u 5 i v i  ty, and v i s c o s i t y  o f  sur- 
f a c t a n t  preparat ions .. 

Manning (36)  no t i ced  t h a t  steady values o f  tensions agai n s t  hydrocarbons 
o f  aqueous preparat ions o f  nonionic sur fac tants  can vary as much as two orders 
o f  magnitude depending on the  number o f  days the  two phases were precontacted 
p r i o r  t o  the  tension measurements. Seeto (37) reported s imi  1 a r  s t r i k i n g  depen- 
dence w i t h  a1 k y l  a r y l  su l  fonate  sur factants.  

Wel l ington (1591, Puig e t  a l .  (1541, and H a l l  (156) a l l  f i n d  t h a t  the i n -  
t e r f a c i a l  tension against  o i r o f p u r e  and commercial a1 k y l a r y l  sul fonate sur fac-  
t a n t s  va r ies  s t rong ly  i n  t ime dur ing  measurement i n  the spinning drop tensiom- 
e te r .  S i m i l a r l y ,  tension i s  a lso  observed t o  vary i n  t ime i n  the sess i l e  drop 
tensiometer  (154). Each o f  these researchers has observed the  format ion i n  the 
tensiometer  o f  h i g h l y  viscous, nonbi r e f r i n g e n t  o r  b i r e f r i  ngent su r fac tan t - r i ch  
m a t e r i a l s  which appear t o  be r e l a t e d  t o  the dramatic lower ing o f  i n t e r f a c i a l  
tension. 



Reproducible tens ion  measurements can be made, nevertheless, by observing 
a  f i x e d  experimental p ro toco l  (34,160). Tensions measured t h i s  way w i t h  a  
g iven su r fac tan t  c o r r e l a t e  s t rong ly  w i t h  semi-empirical assignmentG o f  carbon 
numbers t o  a  wide range o f  hydrocarbons (33,151,161). The c o r r e l a t i o n  extends 
across r e l a t e d  sul fonate sur fac tan ts  and i s  a  p o t e n t i a l l y  usefu l  means o f  char- 
a c t e r i z i n g  low-tension formulations. Understanding, t h i s  c o r r e l a t i o n  and i t s  
r e l a t i o n s h i p  t o  nonequi l ibr ium e f f e c t s  o f  tension, may shed l i g h t  on the  mecha- 
n i  sms o f  u l  t r a l  ow tensions i n  the low-sur fac tan t  concentrat ion regime. 

Time e f f e c t s ,  order-of-mi x i  ng e f f e c t s ,  and f requent .  inconsis tency and 1  ack 
o f  r e p r o d u c i b i l i t y  o f  tens ion  data i n d i c a t e  t h a t  basic  understanding o f  the. low 
tens ion  phenomenon and the  f a c t o r s  respons ib le  f o r  nonequil i br ium e f f e c t s '  i s  
c r u c i a l  t o  i n t e r p r e t i n g  c o r r e c t l y  l abo ra to ry  and f i e 1  d  data and t o  r a t i o n a l l y  
designing processes f o r  su r fac tan t  water f looding.  

Sur fac tan t  Water f l  oodi ng: s u r f a c t a n t  Retent ion 

Sur fac tan t  r e t e n t i o n  i n  r e s e r v o i r  rocks i s  a  major. f a c t o r  l i m i t i n g  e f fec -  
ti veness o f  o i  1  recovery by su r fac tan t  f l o o d i n g  processes. ' For successful . sur- 
f a c t a n t  water f looding,  a  su r fac tan t  f o rmu la t i on  rnust no t  only  be ab le  t o  mobi l-  
i z e  res idua l  o i l  by achiev ing the requ i red  u l t r a l o w  tensions: i t  a l so  must 
propagate through the r e s e r v o i r  w i thou t  l o s i n g  t h i s  'ab i  1  i t y .  I f  su r fac tan t  
r e t e n t i o n  i s  excessive, i .e. i f  su r fac tan ts  a re  depleted by r e s e r v o i r  rocks, 
i n t e r f a c i a l  tensions become h igh  enough t o  r e t r a p  res idua l  o i l  i n  the remainder 
o f  the  r e s e r v o i r  (32,40,43). 

Several mechanisms responsib le fo r  su r fac tan t  r e t e n t i o n  have been described 
(32,41-43,162-167). These inc lude adsorpt ion on pore wa l l  s  and assocdated m i  n- 
era1 s, physical  t rapp ing  w i t h i n  pores and a t  pore th roa ts ,  'pre'cipi  t a t i o n ,  p a r t i -  
t i o n i n g  o f  su r fac tan ts  i n t o  a  res idua l  o i l  phase and o ther  res iden t  f l u i d s ,  and 
entrapment o f  microemul s ions and o ther  s u r f a c t a n t - r i c h  phases. ' .  It i s  p l a i n  t h a t  
determin ing means t o  d imin ish  su r fac tan t  ' r e t e n t i o n  i s  c r u c i a l  f o r  op t im iz ing  
s u r f a c t a n t  water f lood ing  processes. 

Petroleum su l fonates  are  complex mix tures  o f  su r fac tan ts  w i t h  wide ranges 
o f  equ iva len t  weights (168). When preparat ions o f  p e t r o l  eum sul  fonates , f l o w  
through porous media, su r fac tan t  components can be re ta ined  s e l e c t i v e l y  (32,165) ; 
s e l e c t i v e  r e t e n t i o n  o f  su r fac tan ts  can l ead  t o  l o s s  o f  u l  t ra low,  tensions. Gale 
and Sandvik (32) repor ted  t h a t  components a t  the   high end o f  the  equ iva len t  
weight  d i s t r i b u t i o n  o f  petroleum sul fonates,  which.by themselves a re  q u i t e , i n -  
so l  ubl  e  i n  water and produce t u r b i d  p a r t i c u l  a t e  d i  spersions, a re  .essent ia l  t o  
1  oweri ng o f  i n t e r f a c i a l  tensions. However, .such h igh  equ iva len t  weight surfac- 
t a n t s  are s t rong ly  r e t a i n e d  by porous rock. Adding low equ iva len t  weight sur - ,  
fac tan ts ,  which by comparison are very so lub le  i n  water and are re ta ined  l i t t l e ,  
b r i n g s  the  h igher  equ iva len t  weight  components i n t o  solut i .on and. reduces..reten- 
t i on .  However, the tension may no . longer  be' u l  t ral 'ow (32,167). It i s  ev iden t l y  
f o r  t h i s  reason t h a t  s e l e c t i v e  r e t e n t i o n  o f  h igher  .equi.val e n t  weight. .sur factants 
may r e s u l t  i n  poor o i  1  recovery. , ' . . . .  . . 

, . , . . . 

U l  t r a l  ow tensions aga ins t  o i l  s  have. been f requen t l y  associated w i t h  t u r b i d .  
. . .  

' (349) 



prepara t ions  o f  su r fac tan ts  (26,32,147,169,170). A1 though the  s ta te  o f  t he  sur- 
f a c t a n t  i n  these prepara t ions  was no t  reported, there  i s  now convincing evidence 
t h a t  the t u r b i d i t y  a r i s e s  from submicron- and micron-size p a r t i c l e s  d i s  ersed i n  
t h e  aqueous phase. Carefu l ,  systematic work (5,35,154,156,157) w i t h  h pure an 
commercial a1 k y l  a r y l  su l  fonate  sur fac tants  proves t h a t  many o f  the  preparat ions 
o f  sur fac tants  t h a t  produce low tensions and are t u r b i d  - o r  under some circum- 
stances are t ransparent  - which were thought t o  be mice1 1  a r  solut ions,  are i n  
f a c t  d i  spers i  ons o f  1  i qu i  d  c r y s t a l  1  i tes. Because the  t y p i c a l  s izes o f  1  i qui  d  
c r y s t a l  1  i tes  and o ther  dispersed p a r t i c l e s  i n  t u r b i d  preparat ions may be l 'a rger  
than th roa ts  i n  the  pores o f  r e s e r v o i r  rocks, and i n  the Berea rock specimens 
t h a t  are used as 1aborator.y representat ives ( c f .  refs.  (35) and (171)),  l a r g e  
r e t e n t i o n  o f  s u r f a c t a n t  may occur and does occur when such d ispers ions are 
i n j e c t e d ,  f o r  example i n t o  Berea cores (42,167,170). It has been found t h a t  
r e t e n t i o n  o f  t u r b i d  preparat ions can be reduced by adding low equ iva lent  weight 
cosur fac tants  (32) o r  cosol vents (42,170) t o  b r i n g  the  d i  spersed su r fac tan t  
i n t o  s o l u t i o n  - which a1 so decreases t u r b i d i t y .  However, the  tension o f  t he  
r e s u l t i n g  s o l u t i o n  aga ins t  o i l  may no longer be u l  t ra low. I n  Chapter 8 I pro- 
pose a  novel technique t o  reduce d r a s t i c a l l y  the  r e t e n t i o n  o f  t u r b i d  d ispers ions 
o f  1  i q u i d  c r y s t a l  s  w i thou t  d imin ish ing t h e i r  a b i l i t y  t o  produce low tensions, 
and w i thou t  changing t h e i r  composition. The technique i s  t o  generate an u l t r a -  
d i spe rs ion  o f  t i n y  ves i c les  by son ica t ion  o f  the o r i g i n a l l y  t u r b i d  l i q u i d  crys- 
t a l l i n e  dispersions. Because ves ic les  are small compared t o  pore dimensions, 
i t  i s  t o  be expected t h a t  t h i s  treatment reduces r e t e n t i o n  and i n  Chapter 8 I 
prov ide  evidence t h a t  t h i s  i s  so. Thus, by c r e a t i n g  ves ic les  o f  the  tension- 
1  oweri ng high equi val  ent-wei gh t  sur factants,  i t  may be possi b l  e  t o  reduce the 
amounts o f  lower equ iva lent  weight mater ia l  used, t o  avoid excessive losses by 
r e t e n t i o n ,  and y e t  t o  d e l i v e r  the su r fac tan t  t o  the i n te r faces  between res idual  
o i l  and b r i n e  where i t  i s  needed t o  produce the u l  t ra low  tensions requ i red  f o r  
mobi l  i z i  ng the o i  1. 

The O r i q i n s  o f  U l  t r a low  Tensions 

One o f  the  main purposes o f  t h i s  research i s  t o  e luc ida te  the  o r i g i n s  of 
u l  t r a l o w  tensions i n  su r fac tan t -o i  1 -b r i ne  systems o f  the s o r t  encountered i n  
s u r f a c t a n t  w a t e r f l  oodi ng. 

It i s  we1 1  -known t h a t  u l  t ra low  tensions ( l e s s  than 0.01 dyne/cm) occur 
between two phases provided they are s u f f i c i e n t l y  c lose t o  a. c r i t i c a l  po in t ,  
s ince by d e f i n i t i o n  the  two phases become i d e n t i c a l  and the  i n t e r f a c i a l  tension 
reaches zero a t  t h e i r  c r i t i c a l  po in t .  Liquid-vapor c r i t i c a l  points,  s o l u t i o n  
c r i t i c a l  points,  and p l a i t  po in ts  are commonly observed c r i t i c a l  points.  

The grad ient  theory o f  in ter faces (52) exp la ins  how u l  t ra low  tensions are 
achieved between two phases t h a t  have n e a r - c r i t i c a l  in te r faces.  The inpu ts  o f  
t h e  theory are the  Helmholtz f ree  energy dens i ty  f o ( n )  o f  homogeneous f l u i d  and 
what are known as i n f l uence  parameters c, o f  inhomogeneous f l u i d s  - t h i s  being 
measures o f  the f ree  energy stored i n  f l u  f d component densi ty  gradients. The 
g r a d i e n t  theory revea ls  t h a t  i n t e r f a c i a l  tension depends on (1)  the  t o  o  r a  h  
o f  t he  homogeneous free-energy surface fo i n  component dens i ty  o r  n  compos t i o n  
space; and (2) 

* 
the values o f  i n f l uence  parameters c , ~  which gauge the e f f e c t i v e  



range o f  i ntermol ecul a r  . e f f e c t s  t h a t  are pecul i a r  t o  the  inhomogeneous f l  u i d s  
i n  f l u i d  micros t ruc tures  such as in ter faces.  

The l o c a l  mic ros t ruc ture  i n  su r fac tan t -o i l  - b r i  ne sys'tems i s  governed by 
t h e  in termolecu lar  forces among the molecules: thermal motion, sho r t  range 
repu l  s i v e  forces, nondi r e c t i o n a l  forces, d i  pol  a r  and quadrapol a r  forces, hydro- 
gen bonding forces, i o n i c  forces, etc. I n t e r f a c i a l  tensions i n  su r fac tan t  
systems are a1 so con t ro l  1 ed by these i ntermol ecul  a r  forces among the  mol ecul  es. 
Gradient  theory provides answers t o  how the in termolecu lar  forces which d i c t a t e  
t h e  l o c a l  geometry, con t ro l  the  i n t e r f a c i a l  tension. 

The physics can 'be i l l u s t r a t e d  simply w i t h  an approximation from the theory 
f o r  a one-component f l u i d ,  according t o  which the .  i n t e r f a c i a l  tension i s  (52) : 

where c i s  the  i n f l uence  parameter, bumax i s  the  maximum val  ue o f  the thermody- 
namic p o t e n t i a l  d i f f e rence  which simply s ta ted  i s  the  he igh t  o f  the  f ree  energy 
curve fo (n )  above the  l i n e  tangent t o  the f r e e  energy surface a t  the  coex is t i ng  
bu lk  dens i t ies ,  ng and n2. The modern theory o f  c r i t i c a l  phenomena (172,173) 
teaches t h a t  the maximum value o f  b d n )  and the  d i f f e rence  n, - ng approach zero 
as temperature ( o r  any o ther  f i e l d  va r iab le )  approaches the c r i t i c a l  value Tc 
according t o  the r e l a t i o n s  

AU a ( T c - T )  0.95 , - n a(Tc - T) 0.34 
max ng g 

From Eq. (1)  i t  fo l l ows  t h a t  near a c r i t i c a l  po in t ,  t he  i n t e r f a c i a l  tension i s  
small owing t o  the f l a t n e s s  o f  the f r e e  energy sur face'and t o  the closeness o f  
t h e  dens i t i es  o f  the  coex is t i ng  phases. . However, the  m t e n i  ng o f .  t he  f r e e  
energy surface i s  associated w i t h  a c r i t i c a l  exponent o f  about th ree times t h a t  
o f  the densi ty  d i f fe rence.  Thus, the  f l a t n e s s  o f  the  fo curve i s  the  dominant 
fac to r ,  not '  the convergence o f  dens i t ies ,  i n  n e a r - c r i t i c a l  low tension behavior. 
Th is  f a c t  expla ins how the low tensions observed between apparent ly q u i t e  d i f -  
f e r e n t  phases can nevertheless be the  r e s u l t  o f  n e a r - c r i t i c a l  phenomenon (174; 
see a1 so Chapter 7). 

Near-cr i  t i c a l  compositions are 1 i k e l y  t o  be invo lved i n  enhanced o i l  re -  
covery 'by CO2 o r  gas i n j e c t i o n  o r  other  so-cal led m isc ib le  f l ood ing  techniques. 
And from. a body o f  compel 1 i n g  evidence (52,122,174-176 i t  seems 1 i k e l y  t h a t  
near -c r i  t i c a l  i n t e r f a c e s  provide the  mechanism o f  enhanced o i l  recovery by 
microemulsion f looding.  - A p i c t u r e  o f  t h i s  i s  t h a t  i n  microemul s fon systems, 
su r fac tan t  induces the  u l t r a l o w  tensions by p rov id ing  on the  f ree  energy sur- 
face a dale t h a t  connect t o  the  o i l - r i c h  and water - r ich  va l l eys  by r e l a t i v e l y  
f lat- ,passes. 

sur fac tants  can a1 so lower the i n t e r f a c i a l  tension o f  o i l -wa te r  systems by 



adsorbing a t  t h e  o i l -wa te r  i n te r face ,  perhaps adsorbing so s t rong ly  as t o  form 
t h e r e  a monolayer. I n  t h i s  circumstance the su r fac tan t  provides a graded zone 
t h a t  sh ie lds  o i l  from water and i n  which the t r a n s i t i o n  from o i l  t o  water may 
be s u f f i c i e n t l y  gradual o r  t a i l o r e d  t o  reduce tension one order  o f  magnitude. 
Though t h i s  mechanism was widely suggested by sur face chemists i n  the  past  
decade as an exp lanat ion  f o r  the  u l t r a l o w  tensions which represent  reduct ions 
by three, four ,  and f i v e  orders o f  magnitude, no body o f  evidence has accumu- 
1 a ted t h a t  i t i s  ever responsible. 

So notw i ths tand ing t h a t  mono1 ayer formation, a ided perhaps by surface- 
. a c t i v e  m i  c e l l  es, has repeatedly been suggested (26,169,177 ) as the  mechani sm o f  
u l  t ra low  t e n s i o n  i n  su r fac tan t  water f lood ing formulat ions,  i .e. between o i l  and 
,a l coho l - f ree  d i l u t e  su r fac tan t  preparat ions, t h e  f a c t s  have proved otherwise. 
On the  bas is  o f  extensive i n v e s t i g a t i o n s  o f  model pure sur fac tants  and o f  a com- 
merc ia l  petroleum sul  fonate, i n  para1 l e l  , we found (5,157,167, and Chapters 5 
and 6 o f -  t h i s  t h e s i s )  t h a t  u l  t ra low  tensions are observed only i n  the  presence 
o f  a s u r f a c t a n t - r i c h  t h i r d  phase. The independent r e s u l t s  o f  H a l l  (156) support 
ou r  f ind ings .  The t h i r d  phase - which forms when the  su r fac tan t  i n  the  form o f  
l i q u i d  c r y s t a l s  i n  the  aqueous phase absorbs decane - c a n  be nonb i re f r ingent  
(167; see a l so  Chapter 51, streaming b i r e f r i n g e n t ,  o r  even b i r e f r i n g e n t  (156; 
see a1 so Chapter 6). I n  a1 1 cases, however, t he  t h i r d  phase i s  q u i t e  viscous. 

. I f  the  t h i r d  phase i s  a f l u i d ,  i.e. i f  i t lacks  geometric order  (no tw i th -  
s tand ing t h a t  i t  may have t o p o l o g i c a l l y  ordered f l u i d  micros t ruc ture) ,  then i t 
seems 1 i k e l y  t h a t  t he  low tension mechani sm i s  the  same as t h a t  o f  microemul s ion  
- t h e  low tensions o f  n e a r - c r i t i c a l  behavior. On the o ther  hand, i f  the  t h i r d  
phase i s  a l i q u i d  c r y s t a l l i n e  phase, then i t  i s  no t  c l e a r  whether i t  can become 
near -c r i  t i c a l  w i t h  i s o t r o p i c  f l u i d  phases. For unless there i s  a continuous 
breakdown o f  t he  l i q u i d  c r y s t a l l i n e  geometric s t r u c t u r e  as a c e r t a i n  s ta te  i s  

-.. approached, i t  cannot become i d e n t i c a l  w i t h  a f l u i d  phase a t  t h a t  c r i t i c a l  s ta te .  
Thus. if continuous f r e e  energy surfaces connecting f l  uSd and 1 Squid c r y s t a l  1 Sne 
phases e x i s t  a t  a l l ,  a new dimension, t h e  degree o f  geometric order, must be 
added t o  the  thermodynamic space on wh3ch the  f ree energy i s  def ined (52). I n  
any event, t he  s t r u c t u r e  o f  s u r f a c t a n t - r i c h  t h i r d  phase-is a very important  
i s s u e  t o  be resolved. I n  Chapters 5 and 6 I present  p re l im ina ry  work t o  e l u c i -  
da te  the  micros t ruc tures  o f  t h e  t h i r d  phase. 

Basic Quest ions Attacked i n  Thesis 

Understanding the  re1 a t ionsh ips  i n  sur fac tant  w a t e r f l  ooding formulat ions 
among s u r f a c t a n t - r i c h  microstructures,  phase behavior, tension behavior,. sur- 
f a c t a n t  re tent ion ,  and res idua l  o i l  recovery from porous rock ra' ises the 
f o l l  owing questions: 

i )  What types o f  s u r f a c t a n t - r i c h  micros t ruc tures  form i n  su r fac tan t  water- 
f loodi .ng fo rmula t ions? What are  t h e i r  ro les ,  i f  any, i n  t h e  achievement of 
u l t r a l o w  tensions? What are t h e i r  r o l e s  i n  the mechanisms o f  su r fac tan t  reten- 
t i o n  by porous rock? 



ii ) How are u l  t ra low  tensions produced between o i l  and d i l u t e  preparati,ons 
o f  sur fac tants?  What i s  the  s t ruc tu re  o f  u l t r a l o w  tension in te r faces?  - A r e  
u l t r a l o w  tensions an extreme case o f  su r fac tan t  adsorpt ion i n  s t r i c t l y  two-phase 
systems o f  o i l .  and water, o r  do they requ i re  a t h i r d  phase t o  cover the  o i l -  
water i n t e r f a c e ?  I f  the  l a t t e r ,  how i s  the mechanism o f  u l t r a l o w  tens ion i n  
s u r f a c t a n t  water f lood ing r e l a t e d  t o  t h a t  i n  immiscib le microemul s ion  f looding? 

i i i )  What causes the st rong dependence o f  i n t e r f a c i a l  tension on su r fac tan t  
type and concentrat ion? On sur factant  equ iva lent  weight and equ iva lent  weight 

< .  d i s t r i b u t i o n ?  On s a l t  type and concentrat ion? On alkane carbon number? 

i v )  What causes the t ime and order  o f  mix ing e f f e c t s  so o f t e n  seen i n  
l abo ra to ry  tes ts?  I n  the l i g h t  o f  these effects, are u l  t ra low  tensions a t  low 
s u r f a c t a n t  concentrat ions nonequi 1 i b r i  um p roper t i es  o r  are they equi 1 i b r i  um 
p roper t i es?  Under what cond i t ions  can u l  t r a l  ow tensions be reproduced? 

v How i s  phase behavior re1 a ted t o  i n t e r f a c i  a1 tensions, nonequi 1 i b r i  um 
o r  equ i l i b r i um as the case may be, i n  su r fac tan t -o i l -b r i ne  systems? . . 

: '  Many o f  these quest ions were p a r t i a l l y  answered, and some were q u i t e  c l e a r l y  
, answered by the  work o f  Franses (35). The goal o f  t h i s  thes i s  i s  t o  answer the  

r e s t  and t o  provide more deta i led ,  more comprehensive ana lys is  o f  the  cen t ra l  
, 

issues. 

Strategy Used 

I n  p lanning a systematic s c i e n t i f i c  study o f  t h i s  sor t ,  the complexity o f  
t h e  formulat ions o f  su r fac tan t  waterf1,ooding processes has t o  be borne i n  mind. 
Crude o i  1, res'i dent b r i nes  o f  underground reservo i rs ,  and petroleum sul  fonates, 
a1 1 are complex mu1 ti component mixtures t h a t  are charac ter ized inadequately fo r  
basic physicoc.hemi ca l  studies. Experience suggests t h a t  systems o f  represen- 
t a t i v e  ure  sur factants,  pure hydrocarbon, d i s t i l  l e d  water, and pure s a l t s  
would %r i s p  ay much o f  the  behavior o f  commercial systems thereby exposing the  
p r a c t i c a l l y  important  aspects t o  thorough s c i e n t i f i c  study. ' 

What i s  needed, therefore,  are systematic s tud ies  w i t h  systems o f  w e l l -  
charac ter ized model sur fac tants  which i m i  t a t e  the  behavior o f  commercial systems. 
The s t ra tegy  adopted was t o  make p a r a l l e l  s tudies o f  systems made w i t h  a repre- 
sen ta t i ve  commercial petroleum sul fonate, TRS 10-80, and. w i t h  a pure a1 k y l  a r y l -  
su l  fonate. sur factant ,  sodium 4-( 1 ' -hepty l  nonyl )benzenesul fonate (SHBS' o r  Texas 
No. 1). This su r fac tan t  was used alone o r  i n  combination w i t h  the  m i c e l l a r  
sur factant ,  sodium dodecylsul fate (SDS) or  one of several low molecular weight  
a lcohols.  SHBS was selected because (1) i t  i s  i somer i ca l l y  pure; (2 )  i t  i s  
a v a i l a b l e  i n  r e l a t i v e l y  l a r g e  quant i t ies ;  ( 3 )  when dispersed i n  b r i n e  a t  low 
concentrat ions i t can produce' u l  t ra low  tensions aga ins t  hydrocarbons (Chapter 
5) ; and i t  can form a middle microemul s ion  phase w i t h  a1 kanes, br ine,  and a lco-  
hol  (122); and Chapter 7 o f  t h i s  thes i s ) .  

It turned o u t  t o  be poss ib le  t o  reproduce w i t h  we l l  charac ter ized systems 
every fea tu re  t h a t  I and my associates considered s i g n i f i c a n t  i n  the  behavior 



o f  systems con ta in ing  the  commercial sur fac tant .  Th is  i s  t r u e  not  only o f  phase 
behavior  and i n t e r f a c i a l  tensions (Chapters 5, 6, and 71, b u t  a1 so o f  core 
f l o o d s  w i t h  Berea rock (Chapter 8) .  The basic case developed i s  condensed i n  
Chapter 9. 

To i n v e s t i g a t e  the p o s s i b i l i t y  t h a t  the pat te rns  o f  i n t e r f a c i a l  tension i n  
microemulsion systems d isc losed by Healy e t  a l . .  (18,121,129) as wel l  as s t ruc-  
t u r a l  p roper t i es  are  a1 so c h a r a c t e r i s t i c  3 amphiphil e-oi.1-brine systems, I _. 
present  i n  Chapter 4 phase behavior, i n t e r f a c i a l  tension, v i scos i t y ,  and e l  ec- 
t r i c a l  c o n d u c t i v i t y  o f  alcohol -hydrocarbon-brine systems which mimic the  phase 
behavior  o f  mi croemul s i  on$. The 1 eadi ng hypothesi s i s t h a t  the .  pa t te rns  o f  
phase behavior and i n t e r f a c i a l  tension o f  microemul s ion  systems are un i  versa1 
t o  amphi phi  1 e-o i  1 -b r ine  systems, b u t  t h a t  the  micros t ruc tures  o f  microemul s i  ons 
a r e  unique. 

I n  a d d i t i o n  t o  i n v e s t i g a t i o n  i n  s u r f a c t a n t - o i l - b r i n e  systems the  o r i g i n s  
o f  u l  t r a l  ow tensions, f l u i d  microstructures,  r e t e n t i o n  o f  su r fac tan t  by Berea 
rock, and the abi 1 i ty t o  d isplace res idua l  o i l  from shor t  Berea cores, I am a1 so 
concerned i n  devel oping the  sp i  nni  ng drop technique f o r  the  rout ine ,  .accurate 
measurement of  u l  t r a l o w  tensions. I n  Appendix A I present  designs o f  l e s s  
expensive, improved spinning drop i n t e r f a c i a l  tensiometers f o r  measurements o f  
u l  t r a l o w  tensions i n  g y r o s t a t i c  equ i l ib r ium,  which i s  the  s ine  qua non o f  the  
technique. I n  Appendix B I present  an analysis, by means =he r igorous ray- 
t r a c i n g  method o f  geometric op t ics ,  ,of the  spinning drop t o  est imate the  o p t i -  
c a l  magn i f i ca t i on  f a c t o r  requ i red  t o  compensate f o r  the  c y l  i n d r i c a l  lens  e f f e c t  
o f  the  sample tube dur ing  measurement o f  t he  spinning drop diameter - which i s  
needed t o  ca1 c u l  a t e  i n t e r f  ac i  a1 tension. 
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P1. Imaging vesicuZar dispersions with cold-stage electron nricroscopy, 
Biochimica ct Biophyoica Acta.693, 364-378 (1982). 

A fas t - f reeze,  co ld-stage t ransmiss ion  e l e c t r o n  microscopy techn i -  
que which can i nco rpo ra te  i n  s i  t u  f reeze-dry ing o'f t h e  sample' i s  des- 
c r ibed .  I t s  use i n  e l u c i d a t i n g  s t r u c t u r e  i n  unsta ined and sta ined,  hy- 
d ra ted  and f reeze-dr ied,  aqueous v e s i c u l a r  d ispers ions  o f  b i o l o g i c a l  
and chemical i n t e r e s t  i s  demonstrated w i t h  ves i c l es  o f  C-a-phosphati- 
d y l c h o l i n e  (bovine phosphat id l c h o l i n e )  and o f  t h e  s  n t h e t i c  sur fac-  
t a n t  sodium 4- (1 '  -hepty l  nonyl f benzenesulfonate (SHBSY. The c o n t r a s t  
fea tures  observed i n  t ransmiss ion e l e c t r o n  microscope images o f  f rozen,  
hydrated samples a re  i d e n t i f i e d  and expla ined w i t h  t h e  dynamical theory  
o f  e l e c t r o n  d i f f r a c t i o n .  Rad io l ys i s  by t h e  e l e c t r o n  beam i s  shown t o  
increase c o n t r a s t  i n  v e s i c l e  images and t o  change t h e i r  s t r u c t u r e  and 
s ize .  Micrographs i l l u s t r a t e  t he  f reeze-dry ing  of a  d i spe rs ion  i n  t h e  
microscope; t h e  process causes v e s i c l e s  t o  s h r i n k  and co l lapse.  
By A. H. FaZZs, H. T. Davis, L. E. Scriven and Y. TaZmon. 

P2. AZcohoZ effects on transitions in liquid crystaZZine dispersions, pp. 
243-1 72 in MicroemuZsions, ed. by Robb, I. D., PZenwn PubZishing Cor- 
poration, New York (1982) 

We r e p o r t  t he  s o l u b i l i z a t i o n  o f  a  l a m e l l a r  1 i q u i d . c r y s t a l l i n e  aqu- 
eous d i spe rs ion  o f  a  pure doub le - ta i  1  su r fac tan t ,  SHBS (sodium 4 - (1 ' -  
hep ty l  nonyl ) benzenesulfonate) , by a  number o f  low molecular  weight  a1 - 
cohols:  t -bu tano l ,  n-butanol,  n-pentanol, and n-hexanol. The mechan- 
ism o f  so l  ub i  1  i z a t i o n  i s  deduced from NMR spectroscopy and' i nvo l ves  
the  p o s i t i o n i n g  o f  a lcoho l  molecules i n  t he  b i l a y e r s .  The process o f  
s o l u b i l i z a t i o n  r e s u l t s  i n  an aqueous i s o t r o p i c  s o l u t i o n  i n  which the re  
a re  probably  smal l  aggregates o f  a lcoho l -so lva ted  s u r f a c t a n t  molecules 
as i n d i c a t e d  by conduct imetry.  The phase t rans fo rma t i on  from b iphas i c  

, d i s p e r s i o n  t o  i s o t r o p i c  s o l u t i o n  i s  s tud ied  b  spec t ro tu rb id ime t r y ,  
conduct imetry,  smal l -angle x - ray  s c a t t e r i n g ,  I 3 C  and 2 3 ~ a  NMR spectros-  
copy, and f a s t - f r e e z e  cold-stage t ransmiss ion  e l e c t r o n  microscopy. Ad- 
d i  t i o n  o f  NaCl t o  i s o t r o p i c  alcohol-SHBS-water s o l u t i o n s  r e s u l t s  i n  t h e  
separa t ion  o f  two f a s t - s e t t l i n g  phases, t h e  upper one w i t h  some micro-  
s t r u c t u r e .  Microemulsion fo rmat ion  r e s u l t s  f rom a d d i t i o n  o f  decane t o  
some o f  these systems; t h e  e f f e c t  o f  s a l i n i t y  on domain s i z e  i n  these 
microemulsions i s  discussed. 
By P. K. KiZpatrick, F. D. BZum, H. T. Davis, A. H. FaZZs, 'E. W. XaZer, 
W. G. Miller, J. E. hig, L. E. Scriven, Y. TaZmon and N. A. Woodbury. 

P3. Fluid microstructures of sodiwn 4-(1 '-heptylnonyZ)benzenesuZfonate,mix- 
tures, Proceedings of InternutionuZ Symposium on SoZution Behuvior of 
Surfactants, Lurui' University, Lud, Sweden, July 1982. Edited by K.  h'. 
MittaZ (1 983) 

The phase behavior  o f .  sodium 4- (1 ' -hepty l  nonyl )-benzenzenesul fon- 
ate,  SHBS, i n  water o r  b r i n e  f rom 20 t o  90°C i s  dominated by a  broad 
b iphas i c  reg ion  c o n s i s t i n g  o f  a  l a m e l l a r  l i q u i d  c r y s t a l l i n e  phase i n  
e q u i l i b r i u m  w i t h  a  d i l u t e  i s o t r o p i c  SHBS s o l u t i o n .  I n  t he  i s o t r o p i c  
phase the  SI.iDS i s  n o t  m i c e l l a r ,  though,conduct imetry  and nmr spectro-  
scopy i n d i c a t e  weak, concent ra t ion  dependent aggregat ion. A t  25OC t h e  



l a m e l l a r  phase i s  approximate1y~.100" above the  g e l - l i q u i d  c r y s t a l  phase 
t r a n s i t i o n  temperature and the  su l fona te  head group undergoes r a p i d  
though a n i s t r o p i c  motion. The l a m e l l a r  phase i s  very f l u i d  and e a s i l y  
deformable, whether dispersed i n  the  sa tura ted  aqueous phase o r  as the  
bu l k  lame1 1  a r  phase. Mechanical a g i t a t i o n  and o the r  sample p repa ra t i on  
techniques g i v e  c losed s h e l l  l iposome dispers ions;  the  mean s i z e  and 
s i z e  d i s t r i b u t i o n  depend markedly on the sample h i s t o r y .  Son ica t ion  
o f  a  d i l u t e  d i s p e r s i o n  leads t o  l ong  l i v e d ,  nonequ i l ib r ium ves ic les .  
Add i t i on  o f  a  s u i  tab1 e  cosur fac tan t ,  sodium dodecyl su l  f a t e ,  leads t o  
a  mixed m i c e l l a r  s o l u t i o n  w h i l e  t he  a d d i t i o n  o f  a  cosolvent,  e.g. n- 
pentanol,  leads t o  a  non-micel lar  so lu t i on .  

Many prepara t ions  o f .  .SHBS-H,O(NaCl ) -  (cosolvent ,  cosur fac tan t )  show 
u l t r a l o w  tens ion  aga ins t  hydrocarbon. I n  formulat ions i n  which the  
tens ion  measurements depend on t ime and prepara t ion  technique, an opaque, 
viscous, t h i n ,  s u r f a c t a n t - r i c h  t h i r d  phase forms a t  the  o i l - w a t e r  i n -  
t e r face .  The m ic ros t ruc tu res  present  i n  t h i s  low volume f r a c t i o n  sur-  
f a c t a n t - r i c h  middle phase are  unknown. The tens ion  behavior, however, 
c o r r e l a t e s  w i t h  the  na ture  o f  the  m ic ros t ruc tu re  present  i n  the pre-  
contacted aqueous s u r f a c t a n t  d ispers ion .  Formulat ions con ta in ing  a l -  
cohols which produce low, e q u i l i b r i u m  tensions t h a t  do no t  depend on 
the  method o f  p repa ra t i on  y i e l d  a  l ow-v i scos i t y ,  t r ans lucen t  middle 
phase, a  microemulsion. The microemulsion middle phase i s  shown i n  
t h i s  case t o  be cont inuous i n  bo th  water and o i l ;  i t  i s  n o t  a  swol len 
m i c e l l a r  m ic ros t ruc tu re .  
By W. G. Miller, F. D. BZwn, H. T. Davis, I. E. Franses, E. W. Kaler, 
P. K. KiZpatrick, K. J. Neitering, J. E. Puig and L. E. Scriven. 

+ P4. FZuid microstructures and enhanced oil recovery, American Institute of 
ChemicaZ Engineers J o u m Z  78 1-27 (1982) 

, - U l t r a l o w  i n t e r f a c i a l  t e n ~ > o n s  between o i l  and water a re  caused n o t  
by monolaycr adsorp t ion  b u t  by a f i l m  o f  . su r fac tan t - r i ch  t h i r d  phase- 
e i t h e r  viscous m e t e r i a l  der ived f rom l i q u i d  c r y s t a l l i n e  d ispers ions,  
o r  l ess  v iscous e q u i l i b r i u m  microemulsion. The sometimes t ransparent  
d ispers ions,  which had been overlooked before, become u l t r a d i s p e r s i o n s  
of ves i c les  upon son ica t ion ,  and can be d isso lved by c e r t a i n  a lcohols.  

These and o the r  f i n d i n g s  a re  summarized from a  concerted s tudy  of 
a  petroleum su l fonate  s u r f a c t a n t  system rep resen ta t i ve  of sur fac tan t  
water f looding,  and o f  pure s u r f a c t a n t  systems t h a t  mimic it. Reviewed 
a re  the  r e l a t i o n s h i p s  between s u r f a c t a n t - r i c h  m ic ros t ruc tu res  and t h e i r  
composit ions, recovery o f  res idua l  o i l  f rom sho r t  sandstone cores, and 
su r fac tan t  r e t e n t i o n  i n  such cores. Ves icu la r  s u r f a c t a n t  d e l i v e r y  i s  
exami ned . 
By J. E. Puig, L. E. Scriven, H. T. Davis and W. G. Miller. 

M i  croemul s ions 

P5. Microemulsion phase behavior: Four-phase progressions in five-conponent 
mixtures, J. Physical Chemistry 86, 391 7-391 9 (1 982) 

The phase behavior  o f  microemulsions o f  b r ine ,  hydrocarbon, a lcohol ,  
and a  pure a1 k y l a r y l  sulfonate-sodium 4- ( 1  ' -hepty l  nonyl ) benzenesul fonate 
(SHBS o r  Texas No. 1)-was i nves t i ga ted  under cond i t i ons  where four equi-  
1  i brium 1  i q u i d  phases are present.  Systematic progressions from th ree  
phases t o  f o u r  phases (two microemulsion phases) t o  th ree  phases w i t h  



changing temperature and s a l i n i t y  a r e  repor ted  f o r  the f i r s t  t ime. The 
observed sequences o f  phase s p l i t s  a re  described i n  terms o f  i n f e r r e d  
phase diagrams. The co l lapse of a  four-phase t i e  te t rahedron i n t o  a  
c r i t i c a l  t i e  t r i a n g l e  i s  disucssed. 
By K. F. Bennett, H. T. Davis, and L. E. Scriven. 

P6. Toward understanding microemuZsion microstructure: A smaZZ-angle x-ray 
scattering study, JournaZ of ChemicaZ Physics (to appear 19831 

The microemulsion phases formed i n  so lu t i ons  o f  octane, commercial 
sur fac tan t  and a lcohol  w i t h  var ious  b r i nes  a re  examined w i t h  smal l  -an- 
g l e  x-ray s c a t t e r i n g  (SAXS), e l e c t r i c a l  c o n d u c t i v i t y  and v i s c o s i t y  tech- 
niques. Models based on monodisperse populat ions o f  swol len m i c e l l e s  
o r  microemulsion "d rop le t s "  adequately represent  t he  SAXS data a t  low 
volume f r a c t i o n s  o f  b r ine .  I n t r o d u c t i o n  o f  hard-sphere i n t e r a c t i o n s  
w i t h  the  Percus-Yevick approximation a l lows us t o  model t he  composi- 
t i o n  dependence o f  t he  rad ius  o f  g y r a t i o n  and isothermal  compressib i l -  
i t y  up t o  volume f r a c t i o n s  of b r i n e  near a  p e r c o l a t i o n  th resho ld  f o r  
e l e c t r i c a l  conduc t i v i t y .  For b r i n e  volume f r a c t i o n s  above the  perco- 
l a t i o n  threshold,  a  mean f i e l d  a t t r a c t i v e  i n t e r a c t i o n  term i s  needed 
t o  model the  v a r i a t i o n  o f  isothermal  compress ib i l i t y ;  however, t h e  
same theory  f a i l s  t o  model the  composit ion dependence of t he  apparent 
rad ius  o f  gyra t ion .  But p r e d i c t i o n s  from a  model f o r  a  b icont inuous 
microemulsion s t r u c t u r e  t h a t  i s  g 'eometr ica l ly  i r r e g u l a r  y e t  t opo lo  i- 
c a l l y  ordered and t h a t  evolves cont inuous ly  i n t o  swol len ( i n v e r t e d  3 
m i c e l l a r  s o l u t i o n s  a t  low volume f r a c t i o n  o f  water ( o i l )  a re  i n  good 
agreement w i t h  the  SAXS and e l e c t r i c a l  c o n d u c t i v i t y  data over a  wide 
range o f  b r i n e  vo l  ume f r a c t i o n s .  
By E. W. KaZer, K. E.' Bennett, H. T. Davis and L. E. Scriven. 

- P7. MicroemuZsion rheoZogy measured, Paper B-15, 54th Annual Meeting of the 
Society of Rheology, Evanston, IL (October 1982). Abstract only. 

A microemulsion i s  a  thermodynamically s tab le ,  mic ros t ruc tured f l u -  
i d  phase t h a t  incoporates subs tan t i a l  amounts o f  hydrocarbon, water, 
and sur factant ,  as w e l l  as s a l t  u s u a l l y  and a lcohol  o f ten .  V i s c o s i t i e s  
o f  microemulsions from both  a  pure and a  commercial a l k y l  a r y l  su l f on -  
a t e  sur fac tan t  were measured as func t i ons  o f  s a l i n i t y ,  hydrocarbon 
cha in  ler~yl ; t~, s u r f a c t a n t  concentration, and temperature. The m u l t i -  
phase r o l l i n g  b a l l  viscometer gave good est imates o f  v i s c o s i t i e s  o f  the  
one o r  more phases i n  t he  seaTed samples. Shear-rate dependence of 
se lec ted  samples was accura te ly  found w i t h  a  cone-and-plate rheometer 
equipped w i t h  an environmental chamber t o  c o n t r o l  temperature and evapor- 
a t i v e  loss.  

A t  f i x e d  shear r a t e  o r  shear s t ress ,  microemulsion v i s c o s i t y  o f t e n  
goes through two maxima as s a l i n i t y  i s  r a i s e d  and the microemulsion 
phase evolved from water-continuous t o  o i l -cont inuous.  The maxima are  
5- t o  500-Fold h i yhe r  than the  pure hydrocarbon and pure b r i n e  v i s c o s i -  
t i e s ,  and remain a t  nea r l y  t he  same s a l i n i t y  over a  f i v e - f o l d  v a r i a t i o n  
i n  s u r f a c t a n t  concentrat ion-despi te marked changes i n  microemulsion 
appearance, s a l i n i t y  coord inates o f  phase boundaries, and the  types o f  
phase t r a n s i t i o n s  observed a t  those boundaries. Microemulsions around 
the  v i s c o s i t y  maxima a re  n o t  Newtonian: under shear t h e i r  v i s c o s i t y  
f e l l  as much as s i x - f o l d  from a  zero-shear value as low as ten mPaas 
(cen t i po i se ) .  Yet away from the  maxima microemulsions appear t o  be sub- 



s t a n t i a l l y  Newtonian. 
I n  several  microemulsions shear -h i s to ry  e f f e c t s  were found even 

though temperature, gaseous environment , and experimental procedure 
were c a r e f u l  l y  c o n t r o l  1  ed. 
By A. T. Papaioannou, K. E. Bennett, H. T. Davis, C. W. Macosko and 
L. E. Scriuen. 

P8. Behavior of microemulsions under compression, SPE Reprint #11210, N m  
Orleans Meeting, Sept . 26-29, 1982 

Compression t o  r e s e r v o i r  pressures a l t e r s  microemulsion phase be- 
hav io r ,  on which the  success o f  enhanced o i l  recovery by microemulsion 
f lood ing  depends. For convenience, however, phase behavior s tud ies  
a re  o f ten  conducted a t  atmospheric pressure. Ex t rapo la t i ng  phase be- 
h a v i o r  from atmospheric t o  r e s e r v o i r  pressures requ i res  the  vo lumet r ic  
p r o p e r t i e s  of each phase under compression, i n  p a r t i c u l a r  t he  i s o t h e r -  
mal c o m p r e s s i b i l i t y  as a f u n c t i o n  of pressure and composit ion. 

We present  t h e  c o m p r e s s i b i l i t y  a t  up t o  160 bar  (158 atm) o f  sev- 
e r a l  systenls o f  o i l  and water w i t h  sur factants and pro tosur fac tan ts .  
We f it t h e  c o m p r e s s i b i l i t y  t o  s imple models f o r  i t s  pressure and com- 
p o s i t i o n  dependence. The pressure dependence f i t s  the  Ta i  t equat ion 
i n  t h i s  pressure range; se lec ted  h igh  pressure data i n d i c a t e  how the  
c o m p r e s s i b i l i t y  dev ia tes  a t  much h igher  pressures. The composit ion 
dependence i s  n e a r l y  1 i n e a r  i n  volume-fract ion composit ion, inc reas ing  
w i t h  o i l  f r a c t i o n  and decreasing w i t h  water f r a c t i o n .  More data are  
needed t o  v e r i f y  t h i s  dependence. 

A simple c o m p r e s s i b i l i t y  c e l l ,  f i r s t  described here, a l lows both 
r a p i d  de terminat ion  o f  c o m p r e s s i b i l i t y  and d i r e c t  de terminat ion  o f  t he  
phase boundary under compression. We observed bo th  phase separat ion 
and coalescence of d i s t i n c t  phases w i t h  i nc reas ing  pressure. 

We do no t  address here the  e f f e c t  of d isso lved gases such as me- 
thane, which a t  h iqh  pressures can a l s o  a f f e c t  microemulsion phase 
behavior.  
By W. R. Rossen and J. P. Kohn. 

Phase Behavior and I n t e r f a c i a l  Tenstons 

P9. MoZecuZar motion and phase behavior of a double-tail sulfonate surfac- 
tant by NMR, J. Colloid and Interface Science (submitted for publica- 
tion 

13C and 1~ NMR were used t o  s tudy the  behavior o f  the  doub le - ta i l  
s u r f a c t a n t  sodium 4- (1 ' -hepty l  nonyl )'benzenesul fonate  i n  chloroform, 
water,  chloroform/water,  decane, and water/decane. A l l  carbon and 
p ro ton  resonances a re  observed as sharp resonances o n l y  i f  the  surfac- 
t a n t  i s  ab0ve.a l i m i t i n g  mass f r a c t i o n  and i n  an i s o t r o p i c  s o l u t i o n .  
For t he  l a m e l l a r  l i q u i d  c r y s t a l l i n e  phase formed by sur fac tan t  and 
water, T,, measurements and l i new id ths  i n d i c a t e  a pronounced mot ional  
g rad ien t  r e s u l t i n g  f rom a n i s o t r o p i c  mot ion as the i o n i c  head group 
i s  approached. Whereas the  chain ends a re  q u i t e  mobi le,  the  motion 
a t  and c lose  t o  the  benzene r i n g  i s  s u b s t a n t i a l l y  hindered. Th is  be- 
h a v i o r  i s  observed a t  su r fac tan t  concent ra t ions  from 2 t o  70 w t  % and 
a t  temperatures from 25 t o  80°C. The s u r f a c t a n t  molecular  mot ion i s  
slow i n  the  h i g h l y  viscous surfactant/decane phase. Th is  phase under- 
goes a t r a n s i t i o n  around 50°C y i e l d i n g  a much more f l u i d  phase i n  equi -  



l i b r i u m  w i t h  an i s o t r o p i c  s o l u t i o n  con ta in ing  -9 w t  % su r fac tan t .  
The su r fac tan t  molecular  motion i n  the  sur fac tan t /water  l i q u i d  c rys-  
t a l l i n e  phase becomes fas te r  when e i t h e r  decane o r  chloroform i s  so- 
l u b i l i z e d  i n  the sur fac tan t  b i l a y e r s .  
By E. I.  Franses ard W. G. Miller. 

P10. Critical loci and the evolution of multiphase equilibria in ternary 
liquid systems, Session on Tfiermodynumics and Critical Phenomena, 
75th Annual Meeting of the AIChE, Los Angeles, CA (Nov. 1982). Manu- 
script auai Zable. 

F i r s t  explored by Korteweg i n  1889, c r i t i c a l  l o c i - p l a i t  p o i n t  
loops and h igher  o rder  c r i t i c a l  points-are the  key t o  systematic 
computation of mul t iphase e q u i l i b r i a  from equations o f  t e rna ry  so- 
l u t i o n  s ta te .  We analyze and compare the  ways i n  which c r i t i c a l  l o c i  
can be computed from equations of s ta te .  We a l s o  i l l u s t r a t e  the  u t i l -  
i t y  o f  c r i t i c a l  l o c i  by un fo ld ing  from them a l l  pa t te rns  of phase be- 
havi  or .  
By P. K. Kilpatrick, H. T. Davis and L. E. Striven. 

P11. Thermodynamic modelling of quarternary systems: oil-brine-surfactant- 
alcohol, SPE Reprint #11209, New Orleans Meeting, Sept. 26-29, 1982 

The model l ing o f  quaternary systems i s  necessary i n  an accurate 
t reatment  o f  o i l - b r i ne -su r fac tan t -a l coho l  mix tu res .  Two previous ap- 
proaches have proven use fu l  i n  t he  c o r r e l a t i o n  and p r e d i c t i o n  o f  phase 
s p l i t  and composit ion data f o r  these systerns, bo th  r e l y i n g  on the  
pseudoternary approximation. One method, a t t r a c t i v e  because of i t s  
simp1 i c i t y  and ease o f  implementation, i s  t o  take 1  i m i  t ed  data and 
i n t e r p o l a t e  and ex t rapo la te  them w i t h  a  mathematical model which re-  
t a i n s  thermodynamic consistency. Th is  method succeeds i n  model 1  i n g  
phase volume s p l i t s  b u t  f a i l s  t o  q u a n t i f y  phase composit ions because 
a l coho l - su r fac tan t  mix tures  are  poor pseudocomponents. The a l t e rna -  
t i v e  approach i s  t o  f i t  the  l i m i t e d  data t o  the parameters o f  a  the r -  
modynamic equat ion o f  s ta te .  Th is  method i s  n o t  q u i t e  as simple as 
the  use o f  a  mathematical model b u t  y i e l d s  an abundance o f  f r e e  ener- 
gy- re la ted  thermodynamic i n fo rma t ion  which makes i t  more a t t r a c t i v e .  
The quaternary ve rs ion  o f  a  thermodynamic model i s  p r e f e r r e d  as i t  
provides f o r  unequal p a r t i t i o n i n g  o f  a lcoho l  and su r fac tan t  i n  d i f f e r -  
en t  phases i n  equ i l i b r i um.  A molecular ly-based f r e e  energy model i s  
a l so  pre fer red  because i t  l i n k s  d i r e c t l y  the fo rces  o f  c o n s t i t u e n t  
molecules t o  pa t te rns  o f  phase, i n t e r f a c i a l ,  and we t t i ng  behavior.  

A systematic scheme f o r  t he  computation o f  phase behavior i n  a  
quaternary system begins w i t h  the  determi n a t i o n  o f  phase equi 1  i b r i a  
on the  t e r n a r y  faces and proceeds by numerical con t i nua t i on  through 
the h igher  dimensional composit ion space. The c a l c u l a t i o n  i s  expedited 
by knowledge of the  1  i m i  t s  o f  thermodynamic s t a b i  1  i ty- the  spinodal 
surfaces-and a l l  c r i t i c a l  po in ts ,  which serve as beacons t o  guide 
t h e  computations i n  pene t ra t i ng  t h e  tet rahedron.  . Mu1 t i  phase e q u i l  i - 
b r i a  a r e  searched ou t  by both parametr ic  and composit ional cont inua- 
t i o n .  The r e s u l t  prov ides the basis  f o r  understanding the  pa t te rns  of 
three-  and four-phase equi 1  i b r i a  i n  o i l - b r i ne -su r fac tan t -a l coho l  sys- 
1e111s . 
By P. K. Kilpatrick, L. E. Scriven and H. T. Davis. 



P12. Monte Carlo simulation of model arnphiphile-oil-water systems, Jour- 
nal of Chemiccil Physics (submitted) 

A s q u a r e - l a t t i c e  model o f  amphiphi le-oi  1 -water systems i s  devel-  
oped i n  which o i l  and water molecules occupy s i n g l e  s i t e s  and'amphi- 
p h i l e s  occupy chains o f  s i t e s .  Energies and f r e e  energies est imated 
by Monte Car lo  sampling o f  c o n f i g u r a t i o n  space show t h a t  when the  
head, o r  wa te r - l ov ing  po r t i on ,  o f  t h e  amphiphi le .has no tendency t o  
hydrate o r  surround i t s e l f  w i t h  water, as opposed t o  surrounding it-, 
s e l f  w i t h . o t h e r  heads, t he  c a p a b i l i t y  o f  even long amphiphiles t o  
s o l u b i l i z e  r e p e l l a n t  o i l  and water i n t o  a s i n g l e  phase i s  weak. A l -  
though the  Monte Car lo  f r e e  energies dev ia te  markedly f rom those 
g iven by quasi-chemical theory, the  d e v i a t i o n  of the  phase behavior 
i s  modest. Computer drawings o f  t y p i c a l  e q u i l i b r i u m  con f i gu ra t i ons  
show h i g h l y  i r r e g u l a r  i n te r faces ,  apparent ly  owing t o  c a p i l l a r y  waves. 
By R. G. Laroon, L. E. Scriven and H. T. Davia. 

P13. Phase behavior of binary mixtures of water, carbon diox-ide and decane 
predicted with a la t t i ce  model, Session on Modelling the Properties 
of LLCquCd E!ktwco, i764h A~aeuaZ E!ccb&iog of 6hc AICltE, Loo A9egcZc0, CA 
(Nov. 1982). Manuscript available. 

Simple equat ions of s t a t e ,  such as the  Peng-Robinson o r  Soave equa- 
t i ons ,  genera l l y  per form w e l l  i n  p r e d i c t i n g  vapor pressures o f  hydro- 
carbons, b u t  per form p o o r l y  when app l i ed  t o  such hydrogen-bonded com- 
pounds as water  o r  ammonia. Moreover, even f o r  nonpolar substances, 
c a l c u l a t e d  l i q u i d  d e n s i t i e s  are  o f t e n  inaccurate.  Recently, a new 
la t t i ce -based  equat ion o f  s t a t e  has been proposed by K l i e n t j e n s  and 
Konigsveld. The parameters o f  t he  model r e l a t e  t o  the  s i z e  and a t -  
t r a c t i v e  energy o f  molecular  segments and t o  t h e  coo rd ina t i on  number 
o f  t h e  molecule. I t  has been app l i ed  w i t h  e x c e l l e n t  r e s u l t s  t o  some 
pure hydrocarbons, ammonia and water. 

I n  t h i s  paper the  new equat ion o f  s t a t e  i s  used t o  model the  phase 
behavior  o f  pure carbon d iox ide ,  water, and decane, and of t he  mix- 
t u res  carbon d i  o x i  de-water and carbon d i  o x i  de-decane. For t h e  s i n g l e  
component systems, i t  i s  shown t o  be s i g n i f i c a n t l y  more accurate than 
the  Peng-Robinson equat ion, y e t  o n l y  s l i g h t l y  more complicated t o  use. 
Four parameters must be determined f o r  most pure substances, and f i v e  
f o r  water, compared w i t h  th ree  f o r  Peng-Robinson. For b i n a r y  mixtures 
two o r  t h ree  m ix tu re  parameters, f i t  t o  t h e  b ina ry  c r i t i c a l  l i n e ,  lead 
t o  a more accurate d e s c r i p t i o n  o f  phase behavior than t h a t  achieved 
by t h e  Peng-Robi nson equation, w i t h  two m ix tu re  parameters. The min i  - 
mum amount o f  data needed f o r  a p p l i c a t i o n  i s  discussed f o r  both equa- 
t i o n s .  The Kl e int jens-Koni  gsveld equat ion requ i res  o n l y  s l  i g h t l y  more 
data than does t h e  Peng-Robinson equat ion. 

The new equat ion i s  t he  f i r s t  t h e o r e t i c a l  model t h a t  works we l l  f o r  
nonpolar - and hydrogen-bonded f l u i d s .  
By J .  M. Nitsche, G. F.  TeZetzke, L. E. Scriven and H.  T .  Davis. 

P14. Thermodynamic model ling of pseudoternary phase behavior, SPE J o m Z  
22, 945-961 (1982)  [also the cover o f  the SPEJ December 1982 issue] 

. Phase behavior  i s  t he  fu lc rum a t  which the  chemist ry  and physics 
o f  s u r f a c t a n t  and so lvent  systems govern the  engineer ing and economics 
o f  chemical f l o o d i n g  . S a l i e n t  behavior i s  represented by pseudoternary 
diagrams t h a t  account f o r  po la r ,  nonpolar, and amphiph i l i c  components. 
The common - 2,3,2, phase -sp l i t  progression-induced, f o r  example, by 



sa l in i ty  change i n  microemulsion systems-is required by thermody- 
namic principles. A1 though such progressions can be simulated serni- 
empirically, modeling them with a sui table  free-.energy function or an 
equation of mixture s t a t e  is more rel iable  fo r  interpolating and ex- 
trapolating limited data on phase s p l i t s  and coexisting phase com- 
positions for  use in mechanism-based computer simulation of 1 abora- 
tory experiments and fie1 d appl i cat i  ons . 

Simple equations of mixture s t a t e  prove inadequate b u t  lead to  the 
promising new 1 inearly screened Flory-Huggins (LSFH) equation, which 
accounts for  simultaneous association of amphiphile w i t h  o i l  and water 
and aggregation of surfactant amphiphile into curved sheetlike struc- 
tures that  separate water-rich from oi l -r ich regions. From this.equa- 
tion for  a ternary mixture are calculated representative se t s  of dia- 
grams w i t h  continuous progressions of t i  el i nes and bi nodal s , pl ai t 
points, t ie- t r iangles ,  and three-phase regions with the i r  c r i t i c a l  
endpoints. Several overlapping regions of metastable one-and two- 
phase equilibria a re  identified.  Free-energy surfaces a re  pictured, 
and the free-energy factor  that  joint ly  controls interfacial  tension 
(IFT) i s  computed. Ultralow tensions a re  favored by low-relief free- 
energy surfaces; so also are  long-lived metastable s ta tes .  The. ex- 
ponential ly  . screened Flory-Huggins (ESFH) equation, superior i n  some 
ways to  the l inearly screened version, also i s  discussed br ief ly .  

Copputational methods are described for  f i t t i n g  the s ix  parameters 
of the ternary equation to  data as well as for  predicting phase be- 
havior from given parameters., 
By W. R. Rossen, R. G. Brom, H. T.. Davis, S. Frager and L. E. Scriven. 

Fluids and T h i n  Films' a t  Solid Surfaces 

P15. Dynamic properties of macromo ZecuZes near interfaces, IUPAC, Proceed- 
ings 28th MacromoZecuZar Symposium, Amherst, MA, July. 12-16, 1982. 

Macromolecules which find themsel ves in interfacial  zones experi - 
ence spa t ia l ly  inhomogeneous interactions.  Spatial dis t r ibut ions of 
chain segments are..therefore different  in interfacial  regions than i n  
bulk f lu id  phases. This difference may manifest i t s e l f  as a segment 
density profi le  i n  the direction normal to  the interface and/or as 
a1 tered dis t r ibut ions of chain conformations (even a t  constant total  
segment density) i n  the interfacial  zone. These i nhomogeneai t i e s  ex- 
i s t  a t  equilibrium in interfacial  regions and profoundly a l t e r  the 
dynamics of nonequilibrium processes occurring near interfaces.  In 
this paper we report on our studies of these problems by two differ-  
ent theoretical methods and by model experiments, confining ourselves 
here . to studies '  of di 1 ute and semidi 1 ute polymer sol.utions. 
By .N. V. TirreZZ, J. H. Aubert, LJ. AdoZf and H. T. Davis. 

P16. Molecular t h e ~ r y  of momentum transport in potymeric liquids near flu- 
id-so Zid ' interfaces, 75th AnnuaZ Meeting of the.. AIChE, Los .Ange Zes, 
CA (Nov. 19821. Abstract #55d. 

. Fluid interfaces are not mathematical surfaces b u t  zones of con- 
tinuous density and/or composition variation. The pressure tensor 
is  not isotropic in these zones of density variation and t h i s  influ- 
ences the 1 ocal momentum transport. Wi t h  a thermodynamic model fo r  
the polymeric . .  . l iquid we can calculate the density .. . profi le ,  and thus 



t he '  pressure tensor  as a f u n c t i o n  o f  p o s i t i o n  v i a  g rad ien t  theory.  
The d e t a i l s  of t h i s  theory  are  presented,. Once known the  pressure 
tensor '  can be used i n  Cauchy's equat ions o f  motion t o  so lve  f l u i d  
mechanical problems i n  i n t e r f a c i a l  zones, w i thou t  the  need fo r  assump- 
t i o n s  o f  unce r ta in  v a l i d i t y  which a r i s e  when the  i n t e r f a c e  i s  t r e a t e d  
a s . a  s i n g l e  mathematical surface. The theory  i s  app l i ed  t o  the  problem 
o f  a polymer ic  l i q u i d  i n  a t h i n  s15t.  The connect ion i s  then made be- 
tween t h i s  work and o'ur prev ious work on the  same problem us ing  a bead- 
and-spring k i n e t i c  model o f  the  polymer. 
By M. V. Tirarell, ' J .  H. Aubert, D. AdoZf and H. T. Davis. 

P17. How liquids spread bn solids,  J o m a Z  of CoZZoid and Interface Sci- 
ence (oubmittsd) 

A theory  o f  t he  w e t t i n g  of so l  i d s  by 1 i q u i d s  i s  p u t  forward. The 
theory  accounts f o r  c a p i l l a r y  pressure grad ien t ,  g r a v i t a t i o n a l  poten- 
t i a l  g rad ien t ,  sur face  tens ion  grad ien t ,  d i s j o i n i n g  pressure g rad ien t  
d r i v i n g  forces of  f l o w  i n  t h i c k  t h i n - f i l m s  and o f  sur face d i f f u s i o n  i n  
I I I I -  f 1 1 1 s .  D I s J o l n i  ng pressure stems f r o m  ehe way Sntermolecu- 
l a r  forces aggregate i n  submicroscopical ly  t h i n  f i l m s .  For t h i c k  t h i n -  
f i l m s  of s l o w l y  va ry ing  th ickness the l u b r i c a t i o n  approximation t o  
v e l o c i t y  d i s t r i b u t i o n s  i s  appropr ia te .  With t h i s  approximation the 
spontaneous, unsteady, two-dimensional spreading o f  l i q u i d  i s  shown 
t o  be governed by a non l i nea r  c o n v e c t i v e - d i f f u s ~ o n  equat ion f o r  the  
e v o l u t i o n  of t h e  f i l m  th ickness p r o f i l e .  The p r e d i c t i o n s  o f  the  theo- 
ry agree w i t h  Marmur and Le lah ' s  (1980, 1981) observat ions o f  water 
drops spreading on g lass  and w i t h  Bascom, Co t t i ng ton  and S i n g l e t e r r y ' s  
(1964) and Ludi  ksson and L i g h t f o o t ' s  (1971) observat ions o f  o i l s  
spreading on h i g h  energy surfaces. The theory  i s  used t o  analyze 
Deryagin and co-workers ' (1944, 1957, 1970) b l  owi ng -o f f  experiments 
designed t o  measure t h i n - f i l m  rheology. The theory  i s  a l so  used t o  
bu t t ress  t h e  p r o p o s i t i o n  t h a t  much contac t  angle hys te res i s  i s  due 
s imply t o  slow a t ta inment  o f  equ i l i b r i um.  
By G. F. Teletzke,  H. T.  Davis and L. B. Scriven. 

P18. Wetting hydrodynamics, Jourma Z of Fluid Mechanics (submitted) 
F l u i d  f i l m s  so t h i n  as t o  be inhomogeneous i n  dens i t y  o r  composi- 

t i o n - t y p i c a l l y  l e s s  than 1 micrometer t h i c k  and hence i n v i s i b l e  even 
w i t h  the l i g h t  microscope-are sub jec t  t o  a n i s o t r o p i c  s t ress  s ta tes  
p e c u l i a r  t o  t h e i r  m ic ros t ruc tu re .  The r e s u l t a n t  f l u i d  m ic ros t ruc tu re  
fo rces  can be incorpora ted  i n  the  Navier-Stokes equat ion ( o r  approxi -  
mations) i n  o rde r  t o  analyze f lows where such t h i n - f i l m s  are  important ,  
as i n  w e t t i n g  of s o l i d ,  which i s  a c t u a l l y  t he  displacement of one f l u -  
i d  by another and so i nvo l ves  the  apparent contac t  l i n e  where f l u i d ,  
l i q u i d ,  and s o l i d  seem t o  meet; 

I n t e g r o d i f f e r e n t i a l  equat ions are  de r i ved  f o r  the  shape and shape 
e v o l u t i o n  o f  t h i n - f i l m s .  With the  l u b r i c a t i o n  approximation t o  velo-  
c i t y  p r o f i l e s  a theory  o f  forced,  steady, two-dimensional d isp lace-  
ment i s  developed. There a r e  two regimes, depending on c a p i l l a r y  num- 
be r  pU/a. A t  low speed the  dynamic apparent contac t  angle r e t a i n s  i t s  
s t a t i c  va lue.  I f  t h e  d isp laced f l u i d  p e r f e c t l y  wets the  s o l i d  an equi -  
l i b r i u m  t h i n - f i l m  remains; i f  not ,  t he re  i s  no cont inuous t h i n - f i l m .  
A t  h igh  speed a hydrodynamical ly en t ra ined f i l m  i s  l e f t  behind regard- 
l e s s .  o f  e q u i l i b r i u m  w e t t i n g  c h a r a c t e r i s t i c s .  These p r e d i c t i o n s  accord 



w i t h  experiment. Imp1 ications are discussed, including th.e submicro- 
scopic origins of seeming s l i p  a t  apparent contact l ines .  
By G. F. TeZetzke, H. T .  Davis and L. E. Scriuen. 

P19. Wetting transitions: First  order or second order?, J .  ChemicaZ Physics 
' 77, 5794-5798 (1982) 

A generalization of Sullivan's recently proposed theory of the equi- 
librium contact angle, the angle a t  which a flui'd interface meets a sol-  
id surface, is  investigated. The generalized theory admits e i ther  a 
f i rs t -order  o r  second-order t ransi t ion from a nonzero contact angle t o  
perfect wetting as a c r i t i ca l  point i s  approached, in contrast to  Sul l i -  
van's orlglnal theory, which predicts only a second-order t ransi t ion.  
The predictions of this computationally convenient theory are in quali- 
ta t ive  agreement with a more rigorous theory to  be presented in a future 
pub1 ication. 
By G. F. TeZetzke, L. E. Scriven and H. T .  DQuis. 

Molecular Theory of Fluid Misrostructures 

P20. CupiZZary waves and i?~terfaciaZ structure, Proceedingo of Symposiwn 
on Waves on Fluid Interfaces, Mathematics Research Center, University 
o f  Wisconsin, Madison, W I ,  Oct. 18-20, 1982 

Thermal fliuctuations drive capillary waves or two-dimensional de- 
formations of the planar interface out of the interfacial  plane. The 
resul t  i s  that  the interfacial  zone becomes more diffuse.  The capil-  
lary wave dispersion of the interfacial  zone increases as in the 
absence of gravity as as 4- in the presence of gravity. A is 
the area transverse to  the interface,  y the interfacial  tension, g the 
acceleration of gravity, and Ap the density difference of the bulk 
phases. i s  frequently referred t o  as the capillary length. 

Because of residual coherence'even in randomly driven capi l lary waves, 
the density a t  one point in the interfacial  zone i s  correlated w i t h  
the density a t  another point in the interfacial  zone. In the in te r -  
facial  zone the densi ty-densi ty  correlations ' a re  long-ranged, the char- 
ac t e r i s t i c  range being the smaller of - or fi. T h u s  i n  the absence 
of gravity (e i ther  an interface in outer space where g = 0 o r  a l iq-  
uid-liquid interface with densi t ies  matched so tha t  Ap = 0) density 
correlations extend across the en t i r e  interfacial  zone. . The magnitude 
of the 1 ong-ranged transverse densi ty  correlations i s  :inversely propor- 
tional to  the interfacial  tension, a fac t  that  i s  exploited in l ight-  
scattering determination of tension. Perpendicular to  the interface,  
the density correlations are  short-ranged, that  i s ,  i f  density measured 
in the interfacial  zone i s  independent of density measured in the bulk 
phase just outside the interfacial  zone. 

The picture given here of an interface and i t s  capi l lary wave fluc- 
tuations has i n  recent years emerged from the s t a t i s t i c a l  mechanical 
theory of .inhomogeneous f lu id . .  A versa t i le  and mathematical ly appeal ing 
approximate theory of inhomogeneous f lu id  i s  the so-called gradient 
f ree energy.theory. In what follows, i t  is  used to  expose the current 
s ta tus  of the molecular theory of interfacial  structure and capi l lary 
waves. The major . imp1 ica t i  ons of gradient theory are  supported by r i  - 
gorous s t a t i s t i c a l  mechanical principles. 
By H. T.  Davis. 



P21. Stress and structure in fluid interfaces, Advances in ChemicaZ Physics 
49, 357-454 (1982) 

Modern theory  o f  i n t e r f a c e s  and c a p i l l a r i t y  has i t s  roo ts  i n  t he  
works o f  Rayle igh and o f  Van der  Waals and h i s  f o l l owers .  Rayle igh 
argued t h a t  d e n s i t y  across,an i n t e r f a c e  i s  continuous, con t ra ry  t o  the  
d iscont inuous s t r u c t u r e  assumed by Young and by Laplace. Both Rayleigh 
and Van de r  Waals der ived vers ions o f  t he  g rad ien t  theory o f  i n te r faces ,  
which theory  has been the most revea l i ng  and p r a c t i c a l  t o o l  used du r ing  
t h e  l a s t  two decades o f  t h e o r e t i c a l  ana lys i s  o f  inhomogeneous e q u i l i -  
br ium f l u i d .  Van de r  Waal s '  work, rnuch more complete than any o thers  
of t h e  t ime, was based on s t a t i s t i c a l  thermodynamics, the  s t a r t i n g  
p o i n t  being an approximate f r e e  energy o f  inhomogeneous f l u i d  t h a t  i s  
a  f u n c t i o n a l  o f  the  f l u i d  dens i t y  d i s t r i b u t i o n .  

Gradient  theory, rediscovered by Cahn and H i l l i a r d ,  l e d  t o  an un- 
ders tand i  ng o f  t he  mechani sm o f  s p i  nodal decomposi t i o n .  The behav- 
i o r  o f  f l u i d s  near the  c r i t i c a l  was an e a r l y  sub jec t  o f  g rad ien t  theo- 
ry. And F i sk  and Widom obta ined from g rad ien t  theory  s c a l i n g  laws 
f a m i l i a r  t o  the c u r r e n t  theory u f  c r l t l c a l  phenomena. 

The n e x t  major  advancement i n  t he  fundamental theory  o f  i n te r faces  
came some f i f t y  years a f t e r  t he  Van der  Waals era. Th is  was what we 
have designated he re in  as t h e  mechanical theory  o f  i nhomogeneous f l  u- 
i d .  I n t e r f a c i a l  tens ion  der ives  d i r e c t l y  from f l u i d  s t ress  and i s  
therbeFure a mechanical q u a n t i t y  whose d e f i n i t i o n  does n o t  depend on 
the  ex is tence o f  thermodynamic laws. Kirkwood and Buff and Kirkwood 
and co-workers de r i ved  molecular  t h e o r e t i c a l  expressions f o r  the  s t ress  
tensor  o f  inhomogeneous f l u i d  and r e l a t e d  i n t e r f a c i a l  t ens ion  r i g o r -  
ously ,  f o r  t he  f i r s t  t ime, t o  i n te rmo lecu la r  fo rces  and the  d i s t r i -  
b u t i o n  f u n c t i o n s  o f  inhomogeneous f l u i d .  The d i s t r i b u t i o n  func t i ons  
can i n  p r i n c i p l e  be determined from the  equattons o f  h y d r o s t a t i c  equi -  
1  i b r i u m  ( i  .e., the  Yvon-Born-Green equat ions).  

I n  t he  ear1.y s i x t i e s ,  the  techniq~rps of f u n c t i o n a l  d i f f c r c n t i a t i o n  
were e x p l o i t e d  i n  several  seminal papers t h a t  p rov ide  the  s t a t i s t i c a l  
thermodynamic bas i s  f o r  r e l a t i n g  e q u i l i b r i u m  p rope r t i es  o f  inhomogene- 
ous f l u i d s  t o  d e n s i t y  d i s t r i b u t i o n s  and d i r e c t  c o r r e l a t i o n  func t i ons  
o f  t he  type in t roduced o r i g i n a l l y  by Ors te in  and Zernike. From t h i s  
theory,  a  r i go rous  formula f o r  i n t e r f a c i a l  tens ion  emerges s imi . la r  i n  
form t o  t h e  o r i g i n a l  Rayleigh-Van der  Waals g rad ien t  formula. The ex- 
a c t  elements of t he  g rad ien t  theory  o f  dens i t y  d i s t r i b u t i o n s  and cor-  
r e l a t i o n  func t ions  have been re la ted ,  w i t h  t h e  a i d  o f  t h e  general theo- 
ry, t o  c e r t a i n  homogeneous f l u i d  q u a n t i t i e s .  An important  aspect o f  
t he  dens i t y  f u n c t i o n a l  theory  i s  t h a t  no p a r t i c u l a r  assumptions a re  
made concerni,ng t h e  na ture  o f  the  i n te rmo lecu la r .  i n t e r a c t i o n s .  I n  f a c t ,  
i n  formulas f o r  t h e  thermodynamic func t i ons  o f  inhomogeneous f l u i d ,  mo- 
l e c u l a r  fo rces  do n o t  appear e x p l i c i t l y - a l l  i n fo rma t ion  i s  c a r r i e d  by 
d i r e c t  c o r r e l a t i o n  func ti.ons o f  inhornogeneous f l u i d .  

As i s  un fo r tuna te l y  almost always the  :case w i t h  r i go rous  r e s u l t s  f o r  
nonideal f l u i d s ,  n e i t h e r  t he  exact mechanical nor  exact dens i t y  func- 
t i o n a l  thermodynamical theory  y i e l d s  t r a c t a b l e  resu l ' t s  f o r  a c t u a l l y  com- 
p u t i n g  f l u i d  p rope r t i es .  Nevertheless, r i go rous  theory  does prov ide  
the  r i g h t  s t a r t i n g  p o i n t  f o r  i n t roduc ing  s i m p l i f y i n g  approximations and 
i n  f a c t  can be suggest ive o f  approximating models. Indeed, the  general 
equat ions o f  inhomogeneous f l u i d  have been rendered t r a c t a b l e  by such 
i n t u i t i v e  assumptions as d iscont inuous in te r faces  and l o c a l l y  homogen- 



eous co r re la t i . on  funct ions and by such systematic approximations as 
t runcated v i r i a l  expansions and g rad ien t  theory.  

I n  t h i s  paper we attempt t o  pu t  i n t o  perspect ive  the  present  s t a t e  
o f  r i go rous  theory  o f  the  ex is tence and s t a b i l i t y  o f  inhomogeneous f l u -  
i d  s t ruc tures ,  of the  d e r i v a t i o n  and a p p l i c a t i o n  o f  t r a c t a b l e  models, 
and o f  t h e  phys ica l  i n t e r p r e t a t i o n  o f  i n t e r f a c i a l  s t r u c t u r e  and thermo- 
dynamics. Over the  pas t  two decades, a c t i v i t y  i n  the theory  o f  f l u i d  
i n t e r f a c e s  has exploded. Although we t ry  t o  cover the  major ideas and 
r e s u l t s ,  we cannot hope t o  p rov ide  a balanced d iscuss ion  o f  the  works 
o f  everyone invo lved.  For a broader rev iew o f  t he  l i t e r a t u r e  than t h a t  
p,rovided here we recommend the  o l d e r  a r t i c l e  by Ono and Kondo and the  
recent  a r t i c l e s  by Widor, Croxton, and Jhon and Dahler, Rowlinson, and 
Evans. 
By H. T. Davis and L. E. Scriven. 

P22. Adsorption, structure, and stress in binary interfaces, J o m l  of 
Chemical Physics (to appear) 

The physics of f l u i d - f l u i d  i n t e r f a c e s  i s  i nves t i ga ted  w i t h  the  gra- 
d i e n t  theory  of inhomogeneous f l u i d .  The theory i s  used t o  p r e d i c t  
component dens i t y  and p r i n c i p a l  pressure (negat ive  o f  s t r e s s )  p r o f i  l e s  
i n  f l a t  and curved i n t e r f a c e s  formed i n  carbon d i o x i d e  and decane mix- 
tu res .  I n  some cases the component dens i t y  (and t o t a l  dens i t y )  pro-  
f i l e s  a re  n o t  monotonic, w i t h  CO, being prominent ly  sur face ac t i ve .  
I n  composit ion regions near where a pe r fec t -we t t i ng  t h i r d  phase s p l i t s  
out ,  the  composit ion and pressure p r o f i l e s  are  e s p e c i a l l y  s t ruc tured,  
a t h i n - f i l m  appearing which i s  a k i n  t o  the  pe r fec t -we t t i ng  phase and 
which almost separates two d i s t i n c t  i n te r faces .  This  precursor  t o  t he  
t h i r d  phase g ives  r i s e  t o  Antonov's r u l e  f o r  the  i n t e r f a c i a l  tens ion  
between the  two phases t h a t  a re  nea r l y  i n  e q u i l i b r i u m  w i t h  the  t h i r d ,  
pe r fec t -we t t i ng  phase. Below a pe r fec t -we t t i ng  t r a n s i t i o n  temperature, 
Tcw, such t h i n - f i l m s  do no t  a r i s e  near composit ions o f  the  th ree  phase 
region.  

Curvature o f  s u f f i c i e n t l y  smal l  drops o r  bubbles s i g n i f i c a n t l y  af- 
f e c t s  adsorp t ion  a t  i n te r faces .  The theory  p r e d i c t s  t h a t  t he  Young- 
Laplace equat ion as t r a d i t i o n a l l y  app l i ed  overest imates the  pressure 
drop across t h e  i n t e r f a c e  i n  some cases (as found e a r l i e r  i n  t h e  case 
o f  one-component drops), bu t  underestimates the  pressure drop across 
i n t e r f a c e s  r e l a t e d  t o  pe r fec t -we t t i ng  s t ruc tu res .  The minimum work 
o f  forming c r i t i c a l  n u c l e i  i s  p red ic ted .  
By A. H. Falls, L. E. Scriven and H. T. Davis. 

P23. Thermodynamic properties of inhomogeneous fluid, Physica A (submitted 
for publication) 

A general method, t he  method o f  v a r i a t i o n  under extension, i s  pre-  
sented f o r  expressing the  thermodynamic p r o p e r t i e s  o f  an inhomogeneous 
f l u i d  as f u n c t i o n a l s  o f  the l o c a l  number dens i t y  when g iven a dens i t y  
f u n c t i o n a l  f o r  t he  t o t a l  thermodynamic grand p o t e n t i a l  o f  the f l u i d .  
The method i s  demonstrated i n  d e t a i l  f o r  t h e  van der  Waals square-gra- 
d i e n t  dens i t y  f u n c t i o n a l  and f o r  t he  nonlocal  dens i t y  f u n c t i o n a l  which 
a r i s e s  i n  t he  theory  o f  f l u i d s  w i t h  long-ranged p a i r  p o t e n t i a l s  o r  i n  
t he  mean-f ie ld theory  o f  penetrabl  e-sphere models. As s p e c i f i c  exam- 
p les,  we consider  the  p lanar  and spher ica l  i n t e r f a c e  bctwecn two f l u i d  
phases, the  l i n e  o f  contac t  o f  th ree  f l u i d  phases, the  contac t  l i n e  be- 



tween two surface phases and the  p lanar  i n t e r f a c e  between a  s o l i d  and 
f l u i d .  
By J .  E. Kerins and M. Boiteux. 

Ins t rumenta t ion  and Techniques 

P24. MuZtiphse ro2Zin.g baZ Z viscometer, Rev. ~ c i .  Inst .  f t o  be cubmitted) 
A l i t e r a t u r e  survey and the p r e l i m i n a r y  d r a f t  o f  a  p u b l i c a t i o n  

have been prepared f o r  the  mu1 ti phase r o l l  i n g  b a l l  v iscometer developed 
by Kar l  Bennett  of t h e  Minnesota group. The device i s  cheap, f a s t ,  and 
s u f f i c i e n t l y  accurate t o  be used as a  microemulsion screening t o o l .  
By K. E. Bennett, H. T .  Davis, C. W. Macosko and L.: .E. Scriven. 

P25. Transmission eZectron microscope observnt.~:ovls of disl~cationc i n  hexu- 
yonaZ ?Ice, pp. 552-553 i n  JOth Annual Froceedirtys of the EZectron M i -  
croscopy Society o f  America, ed. bg BaiZeg, G. W., Washington, DC (1982) .  

Despi te the  power of TEM i n  e l u c i d a t i n g  m ic ros t ruc tu re  i n  s o l i d s ,  
t h e r e  have been r e l a t i v e l y  few s tud ies  of i c e .  The reasons a re  the  
d i f f i c u l t y  of p repar ing  t h i n  specimens and o f  c r e a t i n g  an environment 
i n  the  microscope t h a t  can accommodate them. Another problem i s  the 
s e n s i t i v i t y  o f  i c e  t o  an e l e c t r o n  beam. 

With the  cold-stage system developed by Talmon e t  a l . ,  s u i t a b l e  i c e  
specituens cdrl be prepared and imaged. The idea i s  t o  capture a  l a y e r  
of water between two po ly imide f i lm-coated g r i d s  and t o  f reeze the as- 
sembly by p lung ing  i t  i n t o  b o i l i n g  n i t rogen .  The f rozen sample i s  p u t  
i n t o  a  JEOL l O O C X  coo l ing-ho lder  and t r a n s f e r r e d  i n t o  the  microscope 
where i t s  temperature i s  maintained a t  110 K. 

The c r y s t a l  s t r u c t u r e  o f  i c e  specimens t h a t  a re  prepared w i t h  t h i s  
technique i s  hexagonal. These samples con ta in  d i s l o c a t i o n  de fec ts  
whose appearance i s  s i m i l a r  t o  those i n  metals.  D i s loca t i ons  i n  i ce ,  
however, cannot a1 ways be concl u s i  v ~ l y  i d m t  i fi ed because the co l  d,. 
stage t i l t s  about j u s t  one a x i s  and because g r i d  bars and t r a p  g r i d s ,  
which s h i e l d  t h e  specimen from contaminants and thermal r a d i a t i o n ,  can 
b lock  d i f f r a c t e d  beams when the stage i s  t i l t e d .  Also, a t  93 K, on 
t h e  order  o f  1.5 pg  o f  i c e  a re  l o s t  f o r  every coulomb of 100 kV e lec -  
t r o n s  s t r i k i n g  a  sample; o n l y  a few d a r k - f i e l d  images can be recorded 
be fo re  r a d i o l y s i s  s i g n i f i c a n t l y  a1 t e r s  the  sample. 

A  s l i p  p lane can be i d e n t i f i e d  from the  angle i t  makes w i t h  the  
p lane o f  t h e  sample surface. The tangent of t h i s  angle i s  the  e x t i n c -  
t i o n  d is tance o f  t h e  opera t ing  r e f l e c t i o n  d i v i d e d  by the  d is tance be- 
tween th ickness f r i n g e s .  The most probable s l i p  d i r e c t i o n  can then be 
assigned and compared t o  the  p ro jec ted  d i r e c t i o n  o f  t he  d i s l o c a t i o n  
l i n e  i n  t he  image t o  determine the  screwledge nature  o f  t he  de fec t .  A  
l a r g e  magnitude o f  t he  p r o j e c t i o n  of the Burgers vec tor  onto the d i f -  
f r a c t i o n  vec tor ,  beg, prov ides a  check on the  indexing of t he  system. 

Figs. l a  and 1b Sre a  (1170) d a r k - f i e l d / b r i g h t - f i e l d  p a i r  o f  micro-  
graphs taken from a  c r y s t a l  near a  break i n  the  f i l m .  Screw d i s loca -  
t i o n s  are ev iden t  i n  two s l i p  systems: (10iO) [ l a 0 1  and (0710) [RlO]. 
The angle these s l i  planes make w i t h  the  sample plane i s  measured as 
a rc tan [  (<, , I , = 1 3 ~ ~ ~ ~ / 5 7 ~ f t l  = 66' ; t h e  c a l c u l a t e d  angle i s  65". The 
d i s l o c a t i o n  l i n e s  i n  the  f i g u r e s  are  about 48" and -38' f rom [1170]. 
These angles compare favo rab l y  w i t h  angles o f  +43' which a re  c a l c u l a t e d  
by  assuming t h a t  t he  de fec ts  a re  screw d i s loca t i ons .  F ig .  l b  shows 



cav i t i e s  t ha t  form during radiolys is .  These cav i t i e s  do not appear t o  
i n t e r ac t  p re fe ren t ia l ly  w i t h  d is locat ions;  o ther  features ,  e .g. ,  sur- 
faces or  grain boundaries, may have more influence on nucleation and 
growth of radiation-induced voids in  th in  f i lms of i c e .  Fig. 2 shows 
dis locat ions  i n  the basal plane of ice .  Because they a r e  several pm 
i n  length and the f i lm i s  l e s s  than 1 pm thick,  these defects  l i e  i n  
the  sample plane, which i s  (0001). Most of the dis locat ion l i ne s  i n  
Fig,'2 a re  paral le l  t o  [1170], o r  [TI101 and thus a re  l i ke ly  t o  be (a/3) 
<1120> dis locat ions  of mostly screw character .  

Fast-freeze, cold-stage TEM i s  f a s t  becoming a major technique fo r  
visual izing microstructure in  unstained aqueous s t ructured 1 iquids. 
Fig. 3 i s  an example. Secause water i s  a component of microstructured 
f l u i d s  important i n  biological and chemical processes, i t  i s  essent ia l  
t o  understand the  morphology of i c e  in  order t o  understand the struc- 
tu res  t ha t  occur i n  frozen hydrated s t ructured f l u id s  such as l iquid 
c ry s t a l l i ne  phases and vesicular  dispersions.  
By A. H. Falls. 

P26. A transmission electron microscopy study of hexagonal ice, J o m l  
Materials Science (suZmriLted for publication) 

The morphologies of fas t - f rozen,  thin-fi lm sampl@s.of pure and d i t  
l u t e  solutions of s a l t s  and surfactants  in hexagonal i ce  a r e  invest i -  
gated w i t h  transmission e lect ron microscopy. The cold-stage micro- 
scopy technique i s  described b r i e f l y  and l imi ta t ions  imposed by the 
equipment and the  sample i t s e l f  a re  discussed. Ice gra ins ,  grain 
boundaries, d is locat ions ,  and stacking f a u l t s  are  imaged before ra- 
d io lys i s  from the  e lect ron beam can a l t e r  t h e i r  s t ruc tures .  The 
technique shows t ha t  screw dis locat ions  in the ice  basal plane a re  
common, in  accord with observations from x-ray topography and etch- 
rep1 icat ion microscopy. I t  a l so  makes v i s ib le  nonbasal dislocations 
i n  hexagonal i c e ,  including dis locat ions  in  f i r s t  prismatic planes, 
nonprismatic dis locat ion loops, and stacking f a u l t s  on f i r s t  pyrami- . 
dal planes; heretofore, these defects  have not been confirmed experi- 
mentally. Implications of the work f o r  cold-stage microscopy of m i -  
crostructured f l u id s  a r e  mentioned. 
by A. H. Falls, S. T. Wellinghoff, Y. TaZmon and E. L. Thomas. 

P27. Interpreting the appearance of dispersed systems. Part I. Model 
dispersions of polymer Zutex spheres, Journal of the American Oil 
Chemists' Society (to appear May 1983)  

Measurements of t o t a l  absorbance a t  wavelengths 350 t o  780 nm of 
aqueous dispersions of polymer l a tex  microspheres of diameters 0.091 
pm, 0.254 pm, 0.325 um, and 1.10 pm were used t o  i n t e rp re t  systematic 
observations of them. Light sca t te r ing  dissymmetries and sca t te r ing  
r a t i o s  of dispersions of the  0.091 pm microspheres were measured a t  
varying concentration and path lcngth a t  546 nm and 436 nm. Spectro- 
tubidimetry and observations were a l so  made in  binary mixtures of the 
above pa r t i c l e  s i z e s  and in dispersions of microspheres with added 
dye, the  sodium s a l t  of methyl red. 

For absorbance due t o  sca t te r ing ,  A s c a t ,  exceeding 0.05 but not 2, 
the  absorbance and i t s  wavelength dependence y ie ld  r e l i ab l e  estimates 
of pa r t i c l e  s ize ,  even though the dissymmetry and the  sca t te r ing  r a t i o  
do not. Observations of nonabsorbi ng systems under ordinary i 11 u m i -  



n a t i o n  a r e  most r e l i a b l y  i n t e r p r e t e d  when O.1~AScat<l. That t he  Tyn- 
d a l l  e f f e c t ,  o r  a v a r i a n t  o f  i t  when absorp t ion  1s important,  i s  v i s i -  
b l e  i m p l i e s  t h a t  p a r t i c l e s  smal le r  than 0.1 a re  present.  I n  P a r t  
I I the r e s u l t s  a r e  used t o  devise r u l e s  f o r  i n t e r p r e t i n g  the  .appear-. 
ance o f  d ispersed s u r f a c t a n t  systems, w i t h  due regard  f o r  path length,  
p a r t i c l e  s ize,  p a r t i c l e  concentrat ion,  and mu1 t i p l e  sca t te r i ng .  
By E. I. Franses, L'. E. Scriven, W. G. Miller and H. T. Davis. 

P28. Interpreting the appearance of dispersed systems. Part II. A guide 
for surfactant systems, JownaZ of the American OiZ Chemists' Society 
(to appear May 1983) 

We f i r s t  analyze how c o l o r  and transparency a re  perceived. Drawing 
on p r i n c i p l e s  of l i g h t  s c a t t e r i n g  i n v e s t i g a t e d  i n  P a r t  I, we suggest 
s imple r u l e s  and procedures i n  a d iagnos t i c  form f o r  v i s u a l l y  observing 
f l u i d  s u r f a c t a n t  systems t o  est imate s i zes  o f  d ispersed p a r t i c l e s .  
Rules and procedures a re  organized i n t o  a guide, t he  use o f  which we 
ill u s t r a t e  .by observ ing c e r t a i n  impor tan t  s u r f a c t a n t  systems. We con- 
c lude t h a t  i t  i s  poss ib le  t o  es t imate  p a r t i c l e  s i zes  i n  the  Rayleigh, 
Rayleigh-Debye-Gans, and Mie s c a t t e r i n g  regimes f rom such observat ions 
alone. 
By E. I. Franses, L. E. Scriven, W. G. MiZZer and H. T. Davis. 

P29. An improved transfer module and variable temperature controZ for a 
simple commercial cooling holder, UZtramicroscopy (submitted for pub- 
lication) 

A new c o l d  stage t rans fe r  module was designed f o r  the  commercially 
a v a i l a b l e  c o o l i n g  ho lder  of the  JEOL JEM l O O C X  e l e c t r o n  microscope. 
I n  the  new CSTM the  e n t i r e  load ing  o f  the specimen i s  c a r r i e d  o u t  un- 
der  l i q u i d  n i t rogen.  This  g ives a f r o s t - f r e e  t r a n s f e r  du r ing  which 
t h e  temperature o f  t h e  sample does n o t  exceed 120 K. S t ra igh t fo rward  
m o d i f i c a t i o n s  t o  the  commercial coo l i ng  ho lder  permi t  continuous se" 
l e c t i o n  o f  specimen temperature between 100 K t o  450 K. The sample 
can be heated o r  cooled a t  r a t e s  of up t o  7 K/s. These modi f i ca t ions  
d i d  n o t  impa i r  t h e  r e s o l u t i o n  o f  t h i s  ho lder  which i s  b e t t e r  than 1.5 
nm. Th is  work i l l u s t r a t e s  a r e l a t i v e l y  simple way o f  modi fy ing a 
commercial c o o l i n g  ho lder  i n t o  a t r u e  c o l d  stage system. 
By G. Perlov, Y. Talmon and A. H. Falls. 

P30. Frozen hydrated specimens, Proceedings of the 10th IntemtionaZ Con- 
gress on EZectron Microscopy, Hamburg, Germany (Aug. 1982). Abskract 
only. 

Frozen hydrated specimens are  specimens o f  b i o l o g i c a l ,  organic o r  
inorgan ic  o r i g i n  which have been the rma l l y  f i x e d  by r a p i d  f reezing,  
and t rans fer red  t o  the  e l e c t r o n  microscope f o r  examination w i thout  
e l i m i n a t i o n  of water.  I n  t h e  broader sense t h i s  d e f i n i t i o n  may i n -  
c lude o the r  v o l a t i l e s  i n  the  specimen such as organ ic  solvents.  The 
amount of water i n  these specimens may be a few weight  percent  e.g., 
water of h y d r a t i o n  i n  organic c r y s t a l s ,  t o  over  75% i n  t h i n  sec t ions  
o f  animal and p l a n t  t i ssue ,  and over 99% i n  water i n  suspensions o f  
phosphol ip ids,  s y n t h e t i c  su r fac tan ts  o r  polymer la texes .  Frozen hy- 
d ra ted  specimens have been examined by convent ional  t ransmiss ion e lec-  
t r o n  microscopy (STEM), scanning e l e c t r o n  microscopy (SEM) , X-ray m i -  
croprobe, and i n  t he  h igh  vo l tage e l e c t r o n  microscope. 



Elec t ron  mic roscop is ts  have s tud ied  f rozen hydrated specimens f o r  
over twenty- f ive years now (see an e a r l y  account o f  work i n  t he  area 
by Ferngndez-Moran); f a s t  f r e e z i n g  i s  w e l l  accepted as the bes t  method 
f o r  t he  p rese rva t i on  o f  u l t r a s t r u c t u r e  o f  water-conta in ing systems; 
t he re  i s  a t  l e a s t  one c o l d  s tage/cold t r a n s f e r  u n i t  commercial ly a v a i l -  
ab le  f o r  a CTEM/STEM instrument,  and another f o r  SEM work. Neverthe- 
l e s s  the  technique i s  n o t  a r o u t i n e  one ye t ,  t he  number o f  research 
groups working i n  t h i s  f i e l d  i s  small, and most papers pub l ished s t i l l  
i n v o l v e  development o f  t he  technique w i t h  some "sample r e s u l t s " .  But  
i t  i s  encouraging t h a t  s c i e n t i s t s  from d i f f e r e n t  d i s c i p l i n e s  (b io logy ,  
physics, phys ica l  chemistry and engineer ing)  have c o n t r l  buted i n  re -  
cent  years t o  the  understanding o f  p r o p e r t i e s  and behavior  o f  f rozen 
hydrated specimens. 

The purpose o f  t h i s  paper i s ' t o  descr ibe some o f  the  p e c u l i a r i t i e s  
o f  f rozen hydrated specimens: t h e i r  spec ia l  c h a r a c t e r i s t i c s ,  the  pro-  
blems they  pose t o  t h e  microscopist ,  ways t o  overcome these problems, 
and quest ions t h a t  a re  s t i l l  open. 
By Y. TaZmon. 

Flow and Transport  i n  Porous Media and Compos'ite   ate rials 

P31A Transport in disordered composite media, IUPAC 28th MacromoZecuZar Sym- 
posium Proceedings, p. 739, 12-16 July 1982, Amherst, MA 

I n  t h i s  work a composite medium i s  one whose subparts, which can be 
regu la r  o r  i r r e g u l a r  i n  shape, a re  smal l  compared t o  sample dimensions. 
The subparts a re  m a t e r i a l s  w i t h  known thermodynamic, mechanical, and 
t r a n s p o r t  p rope r t i es .  I n  a d isordered composite the  subparts a re  cha- 
o t i c a l  l y  d i s t r i b u t e d .  

Transport  i n  a composite medium depends on t h e  t ranspor t  p r o p e r t i e s  
o f  i t s  subparts and on i t s  morphology.. The geometry-the s i z e  and shape 
-o f  the  subparts and the  topology-the way the  subparts a re  connected 
t o  each other-are coequals i n  determin ing morphological s ta te .  

A common i d e a l i z a t i o n  o f  a d isordered compos i te ' i s  t o  imagine t h a t  
the  subparts a re  i d e n t i c a l ,  space f i  11 i n g  polyhedra, c h a o t i c a l l y  assigned 
t o  be t h e  var ious  ma te r ia l s  o f  t he  composite. For example, space can 
be subdiv ided i n t o  cub ic  c e l l s  and the  c e l l s  randomly assigned w i t h  
p robab l l  l t l e s  q , . . . , 6 t o  be ,any one o f  .M rna.l;erv.ial s, wher-t! 9. 'is 
t he  volume f r a c t i o n o f  matevia l  i. Such an i d e a l i z a t i o n  r e p r e s e n d  t h e  
d isordered d i s t r i b u t i o n  o f  m a t e r i a l s  i n  a regu lar ,  ( p e r i o d i c )  subd iv i s ion  
( t e s s e l l a t i o n )  o f  space. More 'd isordered i s  a chao t i c  d i s t r i b u t i o n  of 
d i f f e ren t  m a t e r i a l s  i n  a randomly tesse l  l a t e d  space. Voronoi polyhedra 
prov ide  a convenient random tesse l  1 a t i o n  o f  space. These space fi 11 i ng 
polyhedra have a wide d i s t r i b u t i o n  o f  s izes,  shapes, and f a c e t i n g  and, 
there fore ,  a re  templates f o r  generat ing composites having h igh  geometric 
and topo log i ca l  d isorder .  The connectedness o f  a t e s s e l l a t i o n  i s  con- 
v e n i e n t l y  measured by the  coo rd ina t i on  number z, namely, the  numbe'r o f  
faces o f  t h e  bas ic  b u i l d i n g  b locks o f  t h e  t e s s e l l a t i o n .  z. - 6 . i s  a cu- 
b i c  t e s s e l l a t i o n ,  b u t  i n  t he  Voronoi system z i s  a random v a r i a b l e  w i t h  
an average value o f  15.54. 

The purpose o f  t h i s  paper i s  t o  i n v e s t i g a t e  the  e f f e c t s  of morpholo- 
g i c a l  d i so rde r  on t r a n s p o r t - d i f f u s i o n  and conduct ion-in b i n a r y  compo- 
s i t e s  ( i  .e . ,  M-= 2) .  Chaotic d i s t r i b u t i o n s  i n  r e g u l a r  t e s s e l l a t i o n s  
are  compared w i t h  chao t i c  d i s t r i b u t i o n s  i n  random t e s s e l l a t i o n s .  Geo- 



m e t r i c a l  versus t o p o l o g i c a l  f a c t o r s  a re  considered. 
'If the  m a t e r i a l s  have w ide ly  d i f f e r i n g  t r a n s p o r t  p rope r t i es ,  t he  

o v e r a l l  t r a n s p o r t  behavior  o f  t h e  composite i s  a  s t rong f u n c t i o n  of 
t he  r e l a t i v e  p ropo r t i ons  o f  t he  ma te r ia l s ,  on d imens iona l i t y ,  and on 
t h e  avera e coord ina t i on  number of the  t e s s e l l a t i o n .  Regular and ir- 

, ' regu +- a r  t e s s e l l a t i o n s  behave q u i t e  s i m i l a r l y  as long as t.he average 
c o o r d i n a t i o n  numbers a r e  the same. The i m p l i c a t i o n  o f  t h i s  i s  t h a t  

. s i m p l e r  .and cheaper'models o f  porous media may y i e l d  q u i t e  adequate 
est imates o f  o v e r a l l  p rope r t i es .  
By H. T. Davis. . .  , 

P31B Physics o f  structure and transport i n  porous media, Genera2 Lecture, 
Proceedings of the Ninth U.S. Nationat Congress of AppZied Mechanics, 
p. 57,' 21-25 June 1982, Ithaca, NY 

Pores change t h e  mechanics of .and t ranspor t  i n  otherw.ise s o l i d  ma- 
t e r i a l s .  The p r o p e r t i e s  of porous media, l i k e  chao t i c  composites more 
general l y  and s o l  i d  s t a t e s  d isordered a t  molecular  o r  atomic l e v e l ,  de- 
pend as much on t h e  c o n n e c t i v i t y ,  o r  topology, o f  t h e i r  m ic ros t ruc tu re  
as on i t s  s i z e  and shape, o r  geometry, and ma te r ia l  o r  c o n s t i t u t i o n .  
Permeable porous media a r e  b icont inuous,  a  topology r e q u i r i n g  th ree-d i -  
mensional experimental  ana lys i s  and t h e o r e t i c a l  modeling o f  m a t r i x  and 
pore space. A systemat ic  new procedure f i n d s  t h e  network. t opo log i ca l  
equ iva len t  o f  each and prov ides  means f o r  mapping l o c a l  geometric and 
mater ia  l p r o p e r t i e s  on to  these i n t e r p e n e t r a t i n g  networks. 

No r e a l  porous medium has been so analyzed ye t ,  b u t  r e a l i s t i c ,  po ly -  
hedral  g ranu lar  models a r e  being s tud ied  by modern computer-aided meth- 
ods. The models a r e  based on Voronoi random t e s s e l l a t i o n  of space and 
Vorono i - l i ke  tesse l l a t . i ons  w i t h  p rescr ibed biases o r  c o r r e l a t i o n s .  For 
t h e o r e t i c a l  model ing o f  t r a n s p o r t  t he  s imp les t  vers ions a re  the  corres-  
ponding networks and t h e i r  approximations by, , regular  networks and by 
r e g u l a r  and i r r e g u l a r  t rees .  Publ ished a n a l y t i c a l  theory  of percola-  
t i o n  and conduct ion i n  t o p o l o g i c a l l y  r e g u l a r  t r e e s  i s  i n s t r u c t i v e .  A 
few a n a l y t i c a l  r e s u l t s  a r e  a v a i l a b l e  fo r  two-d imens i~na l  r e g u l a r  ne t -  
works. Beyond them a re  var ious  Monte Car lo  s imu la t ions ,  r e c e n t l y  ex- 
tended t o  i r r e g u l a r  t r e e s  and networks and app l i ed  t o  d i f fus ion ,  con- 
duct ion,  e l a s t i c i t y ,  microcracking,  pe rmeab i l i t y ,  and convect ive d i s -  
pers ion,  and t o  t h e  d i s t r i b u t i o n  and f low of immisc ib le  f l u i d s  i n  pore 
space. 

A recent  advance i n  Monte Car lo  s imu la t i on  w i t h  the  t r a n s p o r t  equa- 
t i o n  solved by  means of f i n i t e  element bas i s  func t ions  f o r  Voronoi tes-  
s e l l a t i o n s ,  which opens t h e  way t o  as accurate a  s t a t i s t i c a l  theory  o f  
porous .media as  desired-or affordable. To reduce t h e  s i z e  o f  samples 
's imulated requ i res  dev i s ing  accurate boundary cond i t i ons  f o r  them where 
they  would i n t e r f a c e  t h e  larger .specimen,  and s e l e c t i n g  a  s t a t i s t i c a l  
method f o r  averaging over  them. Most a t t r a c t i v e  i s  the  se l f -cons is tency  
c o n d i t i o n  of e f f e c t i v e  medium and coherent p o t e n t i a l  approximations, n o t  
as t h a t  c o n d i t i o n  has been used i n  continuum theory, because permeable 
pore space i s  n e i t h e r  i s o l a t e d  rounded ' inc lus ions  nor  long s t r a i g h t  tubes 
nor  separated lamel lae,  b u t  r a t h e r  as i t  i s  invoked i n  theo r ies  o f  t rans-  
p o r t  on d isordered l a t t i c e s ,  an a c t i v e  sub jec t  i n  s o l i d  s t a t e  physics.  
Samples as smal l  as s i n g l e  l a t t i c e .  bonds may l ead  t o  an adequate approxi -  
mation. But genera l i za t i ons  t o  bond p a i r i n g s  and extended c1:usters t h a t  
a r e '  c u r r e n t l y  under .study are the  most promi s ing  way t o  the  goal o f  a 



s t a t i s t i c a l  physics of macroscopic behavior, which by accounting fo r  mi- 
croscopic topology, as we1 l as geometry and constitution, unifies struc- 
ture  and a l l  manner of transport in porous media., . 
Bj L. E. Scriven. 

P32. Percolation theory of two-phase relat'ive permeability, SPE Reprint 
#11015, New Orleans Meeting, Sept. 26-29, 1982 , 

Fluid dis t r ibut ions and flow through the pore space of reservoir 
rock depend not only on pore s izes  and shapes b u t  also on local pore 
connectivity, i . e .  topology. This topology can be described in,terms 
of the network concept of coordination, which i s  central i n  most of 
the development to  date of the percolation theory of transport in cha- 
o t i c  media, a theory advanced by Larson e t  a l . ,  for  multiphase flow in 
porous media. 

The transport-path accessi bil i ty function from percolation theory, 
we find, summarizes the topological aspects of porespace important t o  
describing the capi 1 larity-control1 ed spatial  dis t r ibut ions of two .flu- 
ids;  and the transport-path conductivity function, we find, summarizes 
the topological aspects of porespace important to  describing the 
creeping flow of two f lu ids ,  each continuously connected in a d i s t inc t  
s e t  of channels. From these functions, and s t a t i s t i c a l  dis t r ibut ions 
of pore configurations, we derive general formulas for  the drainage 
and imbibition re la t ive  permeabilities of two phases, one of which is  
completely wetting. Imputs required for  calculations are  a network 
analog of pore connectivity, or the coordination number of i t s  Cayley 
or Bethe t r e e  approximation ( for  which the accessibi l i ty  and conduc- 
t i v i t y  functions can be evaluated i n  closed form); and dis t r ibut ions 
of f 1 ow-control 1 i ng and i nventory-control 1 i ng pore dimensions. .' 

Results for  Bethe t ree  approximations to  pore topology, and for  sev- 
eral  simple s t a t i s t i c a l  dis t r ibut ions of pore dimensions, agree well 
with a l l  the features of o i l  and water re la t ive  permeabilities reported 
for  Berea sandstones-including not only the shapes of the curves b u t  
also the lack of hysteresis in water re la t ive  permeability and the-pre- 
sence of hysteresis in o i l  re la t ive  permeability. The inputs to  the 
theory can be adjusted to  f i t  limited experimental data for  purposes 
of interpolation and extrapolation. Alternatively they can be deter- 
mined from automated microscopic examination of sui table  spati  a1 sec- 
t ions of core samples, with the aid of methods recently. used by Pathak 
e t  a l .  

The theory i s  so founded that  i t  can be extended in consistent ways 
t o  two-phase re la t ive  permeabilities when neither phase is  completely 
wetting, and to  three-phase re la t ive  permeabilities. 
By A. A. Heiba, M. Sahimi, L. E. Scriven and H. T .  Davis 

P33. Fractal random walks, J .  Statist icaZ Physics 28, 111-126 (1982) 
We consider a c lass  of random walks (on l a t t ~ c e s  and in continuous 

spaces) having in f in i t e  mean-squared displacement per step. The pro- 
babi l i ty  dis t r ibut ion functions considered generate fractal  self-sim- 
i l a r  t ra jec tor ies .  The character is t ic  functions (s t ructure functions) 
of the walks are  nonanalytic functions and sa t i s fy  scaling equaitons. 
By B. D. Hughes, E. W. MontroZZ und M. F. ShEesZnger. 



P34. Random walks on the Bethe la t t i ce ,  J .  S ta t i s t i ca l  Physics 29, 781-794 
' (1 982) 

We o b t a i n  random walk s t a t i s t i c s  f o r  a  nearest-neighbor (P6lya) walk 
on a  Bethe l a t t i c e  ( i n f i n i t e  Cayley t r e e )  o f  c o o r d i n a t i o ~  number z, and 

' 
show how a  random walk problem f o r  a  p a r t i c u l a r  inhomogeneous Bethe l a t -  
t i c e  may be' so lved exac t l y .  We quest ion  the  common asse r t i on  t h a t  the  
Bethe l a t t i c e  i s  an i n f i n i t e -d imens iona l  system. 
By R. D. Hughes arad M. Sahimi, . 

~35. Lattice dynamics, random walks, and nonintegral e f f ec t i ve  dimensional- 
i t y ,  J.. Math. Phys. 23, '1688-1692 (1982) 

. . 
D e f i . n i t i o n s  o f  t h e  non in tegra l  e ' f f e c t i v e  d imens iona l i t y  o f  r e c u r s i v e l y  

. . de f ined l a t t i c e s  ( f r a c t a l  l a t t i c e s )  may be based on s c a l i n g  p rope r t i es  
o f  the l a t t i c e s ,  o r  on the  q u a l i t a t i v e  behavior  of cooperat ive pheno- 
mena supported by t h e  l a t t i c e s .  We examine analogs of these d e f i n i -  

, t ' i o n s ' f o r  r e g u l a r  ( i  .e., p e r i o d i c )  l a t t i c e s  support ing long-range i n -  
' '  t e r a c t i o n s .  I n  p a r t i c u l a r ,  we show how t o  c a l c u l a t e  a  harmonic o s c i l -  

' " l a t o r  e f f e c t i v e  dimension, a  s c a l i n g  dimension, and a  random walk e f f e c -  
t i v e  dimension f o r  s imple cub ic  l a t t i c e s  w i t h  a  c lass  o f  long-range i n -  
t e rac t i ons .  We examine t h e  re la t ionshtp 'be tween these th ree  dimensions 
f o r  r e g u l a r  l a t t i c e s ,  and con jec ture  a  c o n s t r a i n t  on the  analogs of 
these dimensions f o r  f r a c t a l  l a t t i c e s .  
By B. D. Hughes and M. F. Shlesinger. 

P36. Dependence of residual nonwetting liquid on pore topology, SPE Reprint 
#11016, New Orleans Meeting, Sept. 26-29, 1982 

F l u i d  d i s t r i b u t i o n s  and f l o w  through the  porespace o f  r e s e r v o i r  rock 
depend n o t  o n l y  on pore s izes  and shapes b u t  a l so  l o c a l  pore connect iv- 
i t y .  Th is  can be charac ter ized i n  terms o f  the network concept of co- 

,o rd ' ina t ion  b u t  i s  more app rop r ia te l y  descr ibed by the  topo log i ca l  i n -  
v a r i a n t  c a l l e d  genus, which i s  the  basic  measure o f  the m u l t i p l i c i t y  
o f  paths through the  pore network. The ' l a r g e r  the genus per . .uni  t v o l -  
ume, the l a r g e r  the  number o f  a l t e r n a t i v e  paths a v a i l a b l e  f o r  f l u i d  
connect ion and f low.  Genus i s  the  number o f  d i s t i n c t  holes i n  a  holey 
s t r u c t u r e  such as porous rock. 

Model rocks o f  a  se r ies  o f  pore s t ruc tu res  were prepared b y . c o n t r o l l e d  
s i n t e r i n g  o f  model sediments o f  th ree  d i f f e r e n t  g r a i n  shapes and two 
g r a i n  s izes .  The morphology of"each core.was found by s e r i a l  sec t i on ing  
and record ing  a l l  t h e  r e l e v a n t  dimensions and connections. From featu'res 
on rep resen ta t i ve  two-dimensional sec t ions  the  s t a t i s t i c s  of genus and 
o the r  r e l e v a n t  p r o p e r t i e s  o f  the  three-dimensional s t r u c t u r e s  were c a l -  

l cu la ted  by means o f  mathematical ' r e1  a t i ons  known f o r  random s t ruc tu res .  
'Residual s a t u r a t i o n s  when o i l  was d isp laced by water, and v i c e  versa, 

were measured' i n  each core before i t  was sect ioned. The experiments 
were made a t  low c a p i l l a r y  numbers, and by the  Penn Sta te  method. 

The measured res idua l  sa tu ra t i ons  o f  nonwett i  ng 1  i q u i d  i n  model rocks 
synthesized from g ra ins  o f  the  same s i z e  b u t  d i f f e r e n t  shapes c o r r e l a t e  
remarkably we1 1  w i t h  genus per  ' u n i t  volume. Pore topology , heretofore 
unstudied, i s  as c r u c i a l  as pore geometry i n  determin ing res idua l  non- 
w e t t i n g  sa tu ra t i ons .  The h igher  the  genus, the  more a l t e r n a t e . r o u t e s  

'-,are a v a i l a b l e  f o r  o i l  drainage, t he  l a r g e r  the average number o f  choke- 
' o f f  and break-of f  events i t  takes t o  i s o l a t e  b lobs o f  o i l ,  and so the 
lower the  res idua l  sa tu ra t i on .  
By P. Path.uk, H .  T .  Davis and L. E. Scriven. 



P37. Dispersion i n  disordered porous media, Chemical Engineering Comnica-  
t ions (accepted for publication) 

We r e p o r t  r e s u l t s  o f  Monte Car lo  i n v e s t i g a t i o n s  o f  d i spe rs ion  i n  one- 
and two-phase f l o w  through d isordered porous media represented by square 
and simple cubic networks o f  pores o f  random r a d i i .  D ispers ion  r e s u l t s  
from the  d i f f e r e n t  f l o w  paths and consequent d i f f e r e n t  t r a n s i t  t imes 
a v a i l a b l e  t o  t r a c e r  p a r t i c l e s  c ross ing  from one plane t o  another i n  a  
porous medium. D ispers ion  i s  found t o  be d i f f u s i v e  f o r  t h e  process 
simulated, i .e . ,  a  concent ra t ion  f r o n t  o f  s o l u t e  p a r t i c l e s  can be de- 
scr ibed macroscopical7y by a  convec t i ve -d i f f us ion  equation. Disper- 

I s i v i t y  i n  t he  d i r e c t i o n  o f  mean f low,  i .e . ,  l o n g i t u d i n a l  d i s p e r s i v i t y ,  
i s  found t o  be an order  o f  magnitude l a r g e r  than d i s p e r s i v i t y  t ransverse 
t o  the  d i r e c t i o n  o f  mean f low.  I n  two-phase f low,  l o n g i t u d i n a l  d isper -  
s i v i t y  i n  a  g iven phase increases g r e a t l y  as the  s a t u r a t i o n  o f  t h a t  
phase approaches i t s  p e r c o l a t i o n  threshold;  t ransverse d i s p e r s i v i t y  a l -  
so increases, b u t  more s lowly .  As the  p e r c o l a t i o n  th resho ld  i s  neared, 
the  backbone o f  t h e  s u b l a t t i c e  occupied by the  phase becomes increas-  
i n g l y  tor tuous,  w i t h  numerous subloops which prov ide  a l t e r n a t i v e  p a r t i -  
c l e  paths t h a t  are e v i d e n t l y  h i g h l y  e f f e c t i v e  i n  d i spe rs ing  a  concen- 
t r a t i o n  f r o n t  o f  t r a c e r  p a r t i c l e s .  
By M. Sahimi, H. T .  Davis and L. E. Scriven. 

P38. Dispersion i n  flow through porous media, SPE New Orleans Meeting, Sept. 
26-29, 1982. Manuscript available. 

Dispers ion i s  a  consequence o f  f low.  I t  r e s u l t s  from the  d i f f e r e n t  
paths and speeds and the  consequent range o f  t r a n s i t  t imes a v a i l a b l e  
t o  t r a c e r  p a r t i c l e s  convected across a  permeable medium. The k inemat ic  
mechanism stems from the  c o n n e c t i v i t y  s t r u c t u r e  o f  porespace; the  dy- 
namic mechanism, from the  e f f e c t  o f  pore shape and s i z e  on f low.  Mole- 
c u l a r  d i f f u s i o n  can modi fy  both. I n  many circumstances these mechanisms 
lead t o  d i s t r i b u t i o n s  o f  macroscopic average s o l u t e  o r  t r a c e r  concentra- 
t i o n  t h a t  a re  d i f f u s i v e ,  i .e. t h a t  can be modeled by the  convect ive 
d i f f u s i o n  equation, d i spe rs ion  c o e f f i c i e n t s  t a k i n g  t h e  r o l e  o f  d i f f u s i -  
v i  ty. 

For cases o f  d i f f u s i v e  mix ing  l o c a l l y  a t  pore j u n c t i o n s  and no appre- 
c i a b l e  d i f f u s i o n  between, a  simple network approximation i s  appropr iate.  
Square and simple cubic networks o f  v a r i a b l e  pore segments, w i t h  aver- 
age f l o w  i n  one o f  the  pore d i r e c t i o n s ,  a re  use fu l  i d e a l i z a t i o n s .  Dis-  
pers ion  i n  one- and two-phase f l o w  through these networks i s  s tud ied  
here by the Monte Car lo  s t r a t e g y  o f  r e p l i c a t e d  computer experiments. 
Th is  s t ra tegy  i s  combined, w i t h  considerable computational savings, w i t h  
the  p e r c o l a t i o n  theory  o f  f l u i d  d i s t r i b u t i o n s  i n  two-phase f l ow .  Net- 
work topology and pore geometry and thus the  two bas ic  mechanisms a r e  
p r e c i  s e l y  c o n t r o l  1  ed. 

The r e s u l t s  show t h a t  d i spe rs ion  i s  d i f f u s i v e  i n  the  cases simulated. 
Long i tud ina l  (mean f l o w  d i r e c t i o n )  d i s p e r s i v i  ty i s  an order  of magni- 
tude g rea te r  than d i s p e r s i v i t y  i n  t ransverse d i r e c t i o n s .  I n  two-phase 
flow, l o n g i t u d i n a l  d i s p e r s i v i t y  i n  a  g iven phase r i s e s  g r e a t l y  as the  
s a t u r a t i o n  of t h a t  phase approaches res idua l ,  i .e .  i t s  p e r c o l a t i o n  
thresh01 d; t ransverse d i  s p e r s i v i  t y  a1 so increases, b u t  ,more s lowly .  
As the  th resho ld  i s  neared, the  backbone o f  t he  subnetwork occupied 
b.v the  phase becomes i n c r e a s i n g l y  tor tuous,  w i t h  l o c a l  mazes spot ted 



along i t  t h a t  a re  h i g h l y  e f fec t i ve  d ispersers .  
A l l  of the  f i nd ings  accord q u a l i t a t i v e l y  w i t h  most a v a i l a b l e  data, 

except t h a t  d i s p e r s i v i t i e s  i n  r e a l i t y  a re  n o t  constant  b u t  increase 
s l o w l y  w i t h  macroscopic average f l o w  ra te ,  which may stem from mole- 
c u l a r  d i f f u s i o n  t h a t  i s  l o s t  from the  network approximation used. 
By M. Sahimi, A. A. Heiba, B. D. Hughes, H .  T .  Davis and L. E. Scriven. 

P39. On P6Zya random walks, l a t t i ce  Green functions, and the bond percola- 
t i o n  thresho ld,  JournuZ Physics A (accepted for publication) 

Based on numerical  evidence, we con jec ture  a  connect ion between the  
bond p e r c o l a t i o n  th resho ld  06 Bravais l a t t i c e s  i n  t h ree  o r  more dimen- 
s ions  and t h e  value a t  the  o r i g i n  o f  a  l a t t i c e  Green f u n c t i o n  r e l a t e d  
t o  t h e  p r o b a b i l i t y  o f  r e t u r n  t o  t h e  o r i g i n  f o r  a  P6lya random walk. 
By M. SahimC, B. D. Iiuylres, L. E. Sc~Lven und H. T.  Dav3s. 

Mechanisms and S imula t ion  

P40. Adaptive subdomaining for solution of one-dimensional problems by the 
f i n i t e  element method, presented a t  the 30th Anniversary Meeting of 
SIAM, Stanford, CA, July 19-23, 1982. Manuscript available. 

Uni form d i s t r i b u t i o n  of i n t e g r a l  e r r o r  over  v a r i a b l e  subdomains i s  
an a t t r a c t i v e  c r i t e r i o n  by which t o  subd iv ide  a  domain f o r  the Galer- 
k i n / f i n i t e  element method when l o c a l i z e d  steep qrad ien ts  and h igh cur- 
vatures a r e  t o  be resoived. The uniform i n t e g r a l  e r r o r  c r i t e r i o n  i s  
developed here i n t o  an adapt ive technique f o r  one-dimensional problems 
and l i n e a r  bas is  funct ions.  Newton i t e r a t i o n  i s  used t o  update simul- 
taneously the  nodal values and the  node pos i t i ons ;  con t i nua t i on  i s  
s i m i l a r l y  used as parameter values a re  v a r i e d  o r  t ime advanced. Three 
i l l u s t r a t i v e  problems are  solved: (1) convect ive d i f f u s i o n  w i t h  an 
exponent ia l  boundary l aye r ,  f o r  which the  a n a l y t i c a l  s o l u t i o n  i s  known 
and compared w i t h  r e s u l t s  of uniform subdomaining and adapt ive subdo- 
maining; (2 )  g r a d i e n t  theory  of Peng-Robinson f l u i d  between para1 1  e l  
wa l l s ,  which features t h i n - f i l m  s t a t e s  and f l u i d  i n t e r f a c e  behavior 
t h a t  r e q u i r e  h i g h l y  non-uniform d i s c r e t i z a t i o n  f o r  accurate determina- 
t i o n  o f  s t a b i l  i ty  and b i f u rca t i on ;  and (3)  Buckley-Leverett  theory o f  
two-phase Darcy f l o w  i n  porous media, which fea tures  the  development 
o f  a  shock f r o n t  i n  t ime. The new adapt ive technique r e s i s t s  entangle- 
ment o f  t h e  nodal mesh w i thou t  r e q u i r i n g  spec ia l  r e s t r i c t i o n s  on nodal 
movement. 
By R. E. Benner and L. E. Scriven. 

P41. Elementary mechanisms o f  o i l  recovery by chemical methods, Soc. Pet. 
Eng. J .  (February 19821, 243-258 

Basic mechanisms of o i l  recovery by i n t r o d u c i n g  chemical agent a c t  
e i t h e r  by a1 t e r i n g  , f r a c t i o n a l  f low r e l a t i o n s ,  as by lower ing  i n t e r f a c -  
i a l  tens ion  o r  r a i s i n g  v i s c o s i t y ,  o r  by changing phase behavior,  as by 
making o i l  p a r t i a l l y  so lub le  i n  an aqueous phase ( s o l u b i l i z a t i o n )  o r  
water so lub le  i n  t h e  o l e i c  phase ( s w e l l i n g ) .  These mechanisms are  
catalogued. S i m p l i f i e d  i d e a l i z a t i o n s  o f  them a re  analyzed w i t h  
g raph ica l  cons t ruc t i ons  o f  Buckley-Leveret t  type f o r  s a t u r a t i o n  and 
concent ra t ion  p r o f i  1  es du r ing  rep resen ta t i ve  1  i n e a r  displacements 
s t a r t i n g  w i t h  wa te r f l ood  res idua l .  E m u l s i f i c a t i o n  mechanisms w i t h  
nonequ i l ib r ium f l u i d  s t a t e s  are shown t o  be amenable t o  s i m i l a r  an- 



a l y s i s  o f  processes i n v o l v i n g  combinations o f  mechanisms as i n  prac- 
t i c a l  chemical f l ood ing  i s  i l l u s t r a t e d .  

Whereas microscopic  displacement e f f i c i e n c y  measures 1  ocal mobi - 
l i z a t i o n  o f  o i l ,  process performance efficiency measures the  r a t e  a t  
which o i l  i s  recovered f rom the f l o w  paths the  process a c t u a l l y  t r a -  
ve ls .  I n  i t s  i d e a l  l i m i t ,  each mechanism discussed i s  100% e f f i c i e n t  
i n  t he  microscopic  sense, bu t  can be much l e s s  e f f i c i e n t  i n  t h e  process 
performance sense. 
By R. G, Larson, H. T. Davis and L. E. Scriven. 

Theses 

P42. Electron microscopy and molecular theory of microstructured fluids, Ph.D. 
thesis, Univemi ty of Minnesota, 1982 

Th is  t h e s i s  descr ibes advances i n  understanding f l u i d  mic ros t ruc-  
tu re .  I n  P a r t  I, fas t - f reeze,  co ld-stage t ransmiss ion e l e c t r o n  micros- 
copy i s  deveoped t o  image supramolecular s t r u c t u r e  i n  l i q u i d s .  Be- 
cause m ic ros t ruc tu red  f l u i d s  o f t e n  con ta in  water,  i c e  and f rozen aqu- 
eous ' so lu t i ons  are  s tud ied  f i r s t .  Hexagonal i c e  conta ins  d i s l o c a t i o n s  
and s tack ing  f a u l t s .  Basal d i s l o c a t i o n s  are  most common, b u t  nonbasal 
d i s l o c a t i o n s  and loops a l s o  e x i s t ;  here to fo re ,  these have n o t  been ex- 
per imenta l  l y  i d e n t i f i e d .  

App l i ca t i ons  o f  t he  technique t o  d ispers ions  o f  sur fac tan ts  i l l u s -  
t r a t e  how i t  i s  used t o  e l u c i d a t e  f l u i d  m ic ros t ruc tu res  impor tan t  i n  
b io logy ,  medicine, chemistry,  and polymer science. Micrographs, backed 
by o t h e r  experimental  probes, show t h a t  f r e e z i n g  preserves aqueous sur- 
f a c t a n t  d ispers ions .  Images o f  f rozen,  hydrated specimens o f  them are  
i n t e r p r e t e d  w i t h  t heo r i es  o f  e l e c t r o n  d i f f r a c t i o n .  A r t i f a c t s  o f  i r r a -  
d i a t i n g ,  s ta in ing ,  and f reeze-dry ing  samples are  i d e n t i f i e d .  Cold- 
stage microscopy success fu l l y  f o l l o w s  the  e f f e c t s  o f  a lcoho ls  on d i s -  
persed l a m e l l a r  phases, de tec t s  t h e  presence o f  l i q u i d  c r y s t a l l i t e s  i n  
v e s i c u l a r  d ispers ions ,  and he lps  prove t h a t  ves i c l es  o f  some surfac- 
t a n t s  a re  no t  e q u i l i b r i u m  s t r u c t u r e s  i n  b r i nes .  

A r t i f a c t s ,  however, obscure i n t e r p r e t a t i o n  o f  images o f  m i c e l l a r  so- 
l u t i o n s  and microemulsions. Such systems appear t o  rearrange when they  
so l  i d i f y .  Frozen microemul s ions a1 so cross1 i n k  when bombarded by e lec-  
t rons .  Ways a re  suggested t o  overcome these problems i n  f u t u r e  research. 

I n  P a r t  11, t h e  physics o f  f l u i d - f l u i d  i n t e r f a c e s  i s  i n v e s t i g a t e d  
w i t h  molecular  t heo r i es  o f  inhomogeneous f l u i d .  Because t r a d i t i o n a l  
c a l c u l a t i o n s  a re  inadequate, a  modern, computer-aided f u n c t i o n a l  anal - 
y s i s  i s  developed t o  handle the  non l i nea r  i n t e g r a l  and d i f f e r e n t i a l  
equat ions o f  s t a t i s t i c a l  mechanica l models t h a t  descr ibe e q u i l i b r i u m  
and nonuniform f l u i d .  These are  so lved f o r  component d e n s i t y  and p r i n -  
c i p a l  pressure p r o f i l e s  i n  f l a t  and curved i n t e r f a c e s  con ta in ing  one 
and two components. 

I n  some cases, i n t e r f a c i a l  dens i t y  p r o f i l e s  are no t  monotonic; i n -  
stead, one o f  t he  components i s  p rominent ly  sur face  a c t i v e .  I n  compo- 
s i t i o n  reg ions  where a  p e r f e c t - w e t t i n g  t h i r d  phase a r i ses ,  a  t h i n -  
f i l m ,  which i s  a k i n  t o  the  pe r fec t -we t t i ng  phase, can appear on b i -  
nary i n t e r f a c e s .  

Curvature of s u f f i c i e n t l y  smal l  drops o r  bubbles a f f e c t s  adsorp t ion  
a t  in te r faces .  The Young-Laplace equat ion as t r a d i t i o n a l  ly appl i e d  can . 
e l  t h e r  overest imate o r  underest imate t h e  pressure jump across spher ica l .  



i n te r faces .  Minimum works o f  forming c r i t i c a l  nuc le i  a re  pred ic ted.  
By A. H. FaZZs. 

P43. Surfactant microstructures, Ph.D. thesis, University of Minnesota, 1982. 
Studies of microemulsions, ves i c les  and mixed m ice l l es  formed by 

i o n i c  sur factants o r  su r fac tan t  mixtures a re  reported.  The c h i e f  ex- 
perimental t o o l s  were small-angle x-ray s c a t t e r i n g  (SAXS) and quasi- 
e l a s t i c  l i g h t  s c a t t e r i n g  (QLS). A modern SAXS f a c i l i t y  i nco rpo ra t i ng  
a  p o s i t i o n - s e n s i t i v e  de tec to r  i s  described. 

Many e q u i l i b r i u m  microemulsion phases can s o l u b i l i z e  hydrocarbon 
and water i n  a l l  p ropor t ions  i n  a  continuous progression o f  s ta tes  
w i t h o u t  any v i s i b l y  abrupt  t r a n s i t i o n .  When t h e  volume f r a c t i o n  o f  
o i l  4, i n  t h e  microemulsion i s  nea r l y  zero o r  u n i t y ,  the  microemul- 
s i o n  s t r u c t u r e  almost c e r t a i n l y  cons is ts  o f  e i t h e r  m ice l l es  swol len 
w i t h  o i l  ( a t  smal l  4,) o r  i n v e r t e d  m i c e l l e s  swol len w i t h  water ( a t  4, 
near 1 ) .  Contending p i c t u r e s  o f  the  mid-range progression of micro- 
s t ruc tu res  a re  t h a t  swol len m i c e l l e s  pack together  as t h e i r  s izes  and 
numbers increase, o r  t h a t  swol len m ice l l es  fuse i n t o  chaot ic  and dy- 
namic b icont inuous s t r u c t u r e s  o f  low v i s c o s i t y .  A model t h a t  c a l l s  
f o r  t o t a l l y  random bicont inuous s t ruc tu res  f o r  volume f r a c t i o n s  o f  
o i l  o r  water between 0.16 and 0.84 was used t o  p r e d i c t  the  SAXS i n -  
t e n s i t y  curve and the  QLS au toco r re la t i on  f u n c t i o n  f o r  microemulsions. 
These p red ic t i ons  compare w e l l  w i t h  the  SAXS measurements of microemul- 
s ions formed w i t h  the  pure a1 k y l  a r y l  su r fac tan t  sodium 4-(1 '  -hepty l -  
nonyl ) benzenesul fonate  and w i t h  the  QLS measurements o f  others.  How- 
ever, there  i s  a  1,imited composit ion range over which the  SAXS mea- 
surements on microemulsions made w i t h  a  commercial mix ture  of a l k y l  
a r y l  su l fonates  (Witco TRS 10-80) are b e t t e r  co r re la ted  w i t h  a  model 
of microemulsion as d i s j o i n t  i n t e r a c t i n g  swol len mice l les .  

Vesic les form upon son ica t i on  o f  aqueous d ispers ions o  SHBS i n  e i -  
t h e r  water o r  NaCl b r ine .  The ves i c les  a re  l e s s  than 500 f; Cn diameter 
and apparent ly  c o n s i s t  o f  s i n g l e  SHBS b i l a y e r  s h e l l s  surrounding an 
aqueous core. They are  thermodynamically unstable and even tua l l y  re -  
v e r t  t o  t h e  bu lk  smectic phase. Reversion i s  hastened by f l o w  through 
a  porous medium. 

QLS s tud ies  o f  mixed m ice l l es  present i n  so lu t i ons  o f  SHBS and so- 
dium dodecy lsu l fa te  (SDS) show t h a t  the  m i c e l l e s  have p r o l a t e  shapes 
i n  NaCl b r ines  and are  l a r g e r  than pure SDS mice l les .  
By E. W. KaZer. 

P44. FZuid microstructures, phase and terision behavior of amphiphize-hydro- 
carbon-water-salt systems, Ph. D. thesis, University of Minnesota, 1982 

The f l u i d  micros t ruc tures  formed i n  water o r  b r i n e  by sodium 4 - ( 1 ' -  
hep ty l  nonyl ) benzenesul fonate (SHBS) , by SHBS mixed w i t h  sodium dodecyl- 
s u l f a t e  (SDS) o r  w i t h  a  low molecular  weight a lcohol ,  and by a  commer- 
c i a l  petroleum s u l  fonate (TRS 10-80) representa t ive  o f  su r fac tan t  water- 
f l o o d i n q  a r e  described. Upon a d d i t i o n  o f  hydrocarbon these sur fac tant -  
r i c h  micros t ruc tures  can produce su r fac tan t - r i ch  t h i r d  phases; i n  some 
cases, these are microemulsion phases. Those t h a t  a re  no t  microemul- 
s ions may be r e l a t e d  t o  mesophases; they are  h i g h l y  viscous and,can be 
nonbiref r ingent ,  streaming b i r e f r i n g e n t ,  o r  even b i re f r i ngen t .  Tne re-  
l a t i o n s h i p s  between su r fac tan t - r i ch  micros t ruc tured f l u i d s  and t h e i r  
compositions, phase and tension behavior w i t h  hydrocarbons, e f f i c a c y  



to  recover residual o i l  from short Berea cores, and surfactant reten- 
t ion were investigated. 

Ultralow tensions by which petroleum recovery can be enhanced by sur- 
factant-based flooding processes are caused not by monolayer adsorption 
b u t  by surfactant-rich third phases that  are microemulsions or viscous 
substances derived from liquid c rys ta l l ine  dispersions. 

The high surfactant retention and pressure build-up typical of flow 
of l iquid crystal l ine dispersions through porous rock can be drast i -  
cal ly  reduced by sonicating the surfactant dispersion beforehand, a 
novel treatment which further disperses l iquid crystal l ine material 
into vesicles. The same ef fec t  i s  achieved by dissolving the l iquid 
c rys t a l l i t e s  by adding a short-chain alcohol or a micellar surfactant 
such as SDS. 

In t e s t s  w i t h  short Berea cores, high recovery of residual o i l  was 
achieved with low surfactant retention by injecting sonicated vesicu- 
l a r  dispersions of suitable composition, or e l se  alcohol -solubi l ized 
surfactant solutions, again of sui table  composition. 

Alcohol -hydrocarbon-brine sistems that  s p l i t  into two or three 1 iq- 
uid phases follow the same patterns of phase and interfacial  tension 
variations as do surfactant-oil-brine systems in which one or  two phases 
are microemulsions. The tensions a re  much higher, however. Antonov's 
rule was verified fo r  several of these three-phase systems. 

Improved spinning drop tensiometers fo r  measuring , interfacial  ten- 
sion a t  gyrostatic equilibrium were bui l t .  I t  was shown by the ray- 
tracing method of geometric optics that  when drop and tube walls are 
concentric the image, a virtual one, i s  formed concentric w i t h  drop 
and tube. 
By J. E. Puig. 

P45. MuZticomponent phase behavior in an extemi! field, Ph.D. thesis, Uni- 
versity of Minnesota, 1982 

Two problems in .sol utio'n thermodynamics are  addressed. F i r s t ,  a 
pseudoternary f ree  energy model i s  developed for  surfactant/oi l/water 
microemu1sion systems used i n  enhanced-oi 1 -recovery processes. This 
model readily generates phase behavior patterns l ike  those observed 
experimentally, and the f ree  energy surface topography reveals a partly 
thermodynamic basis , for  extreme sens i t iv i ty ,  long-l.ived metastable equi- 
l j b r i a ,  slow equilibration, and low interfacial  tensions. Fi t t ing the 
model parameters to  data and'generating phase diagrams from the model 
are discussed, 

Second, an experimental technique for  gathering thermodynamic data, 
equilibrium ul tracentrifugation, i s  developed and applied to  amphiphilel 
oil lwater mixture. I t s  development led to four topics treated here: 
1) The theory of mu1 ticomponent, .mu1 tiphase equi 1 ibrium in an external,  
e.g., centrifugal,  f i e ld .  The degree of field-induced s t r a t i f i ca t ion  
in a mixture depends on volume and density properties and on the.mix- 
ture equation of s t a t e ;  consequently the equation of s ta te .  can .be de- 
termined fram this s t r a t i f i ca t ion .  .Strat i f icat ion i s  .greatest, and 
the technique most powerful, in near-cri t i ca l  mixtures. and microemul- 
sions., Conversely, f ie ld-free phase behavior determined by centri fu- 
gation can be i n  error  because field-induced s t r a t i f i ca t ion  can markedly 
af fec t  the number of interfaces observed., Colloidal par t ic le .  mass de- 
termined from equi 1 i brium centrifugation can be in error  because sol u- 



\ t ion nonideality and par t ic le  mass have similar e f fec ts  on equilibrium 
s t r a t i f i ca t ion .  2 )  The theory of approach to equilibrium in an exter- 
nal f i e l d ,  or sedimentation velocity. Colloidal par t ic le  Illass deter- 
mined from sedimentation veloci t ies  can be i n  error  because solution 
non,ideality and par t ic les  mass have similar effects  on sedimentation- 
velocity patterns.  3 )  The practice of preparative ultracentrifugation 
and sample fractionation to  determine field-induced s t r a t i f i ca t ion  and 
the equation of s t a t e ,  applied here to  three systems of o i l  and water 
w i t h  amphiphile. An extensive er ror  analysis demonstrates the accur- 
acy 'of  the technique and ident i f ies  three remaining problems: slow 
equilibration, remixing of the sample before fractions are obtained, 
and the lack of an adequate volumetric model for  correlating needed 
volumetric data. 4 )  Auxiliary measurements of the compressibility of 
oil/water/amphiphile mixtures. These data a re  required for  analyzing 
sedimentation-equilibrium resul is and also fo r  predicting the e f fec t  
of pressure on microemul sion phase behavior. 
By W. R. Rossen. 
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