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FOREWORD 

The A D V A N C E S IN CHEMISTRY SERIES was founded in 1949 by 
the American Chemical Society as an outlet for symposia and 
collections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented 
because their papers would be distributed among several 
journals or not published at all. Papers are reviewed critically 
according to A C S editorial standards and receive the careful 
attention and processing characteristic of A C S publications. 
Volumes in the A D V A N C E S IN CHEMISTRY SERIES maintain the 
integrity of the symposia on which they are based; however, 
verbatim reproductions of previously published papers are not 
accepted. Papers may include reports of research as well as 
reviews, because symposia may embrace both types of 
presentation. 
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PREFACE 

E M U L S I O N S C A N B E F O U N D I N A L M O S T E V E R Y P A R T of the p e t r o l e u m p r o 
d u c t i o n a n d recovery process: i n reservoirs, p r o d u c e d at wel lheads, i n many 
parts o f the re f in ing process, a n d i n transportat ion p ipe l ines . I n each case 
the presence and nature o f emulsions can determine b o t h the economic and 
technica l successes o f the industr ia l process concerned . T h i s book is i n 
t e n d e d to provide an i n t r o d u c t i o n to the nature, occurrence , h a n d l i n g , 
format ion , and break ing o f p e t r o l e u m emuls ions . T h e p r i m a r y focus is o n 
the applicat ions o f the pr inc ip les a n d inc ludes attention to prac t ica l e m u l 
s ion p r o b l e m s . 

Books available u p to n o w are e i ther p r i n c i p a l l y theoret ical (such as the 
c o l l o i d chemis try texts), or they focus o n one o f the fo l lowing : emulsions i n 
general ( l ike P . Becher 's classic book) , emulsions i n n o n p e t r o l e u m areas (as 
i n the f o o d industry) , or narrow and h ighly spec ia l ized areas o f p e t r o l e u m 
emulsions (such as microemuls ions) . Th is coverage leaves an obvious gap: 
the p e t r o l e u m e m u l s i o n area, w h i c h has an i m m e n s e pract ica l importance 
and, b e i n g very diverse, contains a wea l th of prob lems o f more fundamenta l 
interest . 

T o address this lack o f an i n t r o d u c t i o n to the field o f p e t r o l e u m e m u l 
sions, an intensive short course was sponsored b y the P e t r o l e u m Recovery 
Institute ent i t l ed " P e t r o l e u m E m u l s i o n s and A p p l i e d E m u l s i o n T e c h n o l 
o g y " (first h e l d D e c e m b e r 5 - 6 , 1990, i n Calgary) . Th is v o l u m e , after peer 
rev iew a n d extensive revisions, has evolved out o f the manual p r e p a r e d for 
that short course. A w i d e range o f authors ' expertise and experiences have 
b e e n brought together to y i e l d the first e m u l s i o n book that focuses o n the 
occurrence o f emulsions i n the p e t r o l e u m industry . T h i s b r o a d range o f 
authors ' expertise has a l l o w e d for a variety o f e m u l s i o n problems to be 
h igh l ighted . These prob lems serve to emphasize the di f ferent methodolo
gies that have been successfully a p p l i e d to the ir solut ion. H a v i n g a dist inct 
C a n a d i a n perspect ive, the coverage o f types o f o i l is b r o a d e n e d rather than 
n a r r o w e d . T h u s , examples range f r o m emulsions conta in ing l ight c rude o i l 
through heavy-o i l emulsions and extend to b i t u m i n o u s emuls ions . 

T h i s book is a i m e d at scientists and engineers w h o may encounter 
p e t r o l e u m emuls ions , whether i n process design, p e t r o l e u m p r o d u c t i o n , or 
i n the research a n d deve lopment fields. It does not assume a knowledge o f 
c o l l o i d chemistry , the i n i t i a l emphasis b e i n g p l a c e d o n a rev iew o f the basic 
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concepts impor tant to unders tanding emuls ions . A s such, i t is h o p e d that the 
book w i l l be o f interest to senior undergraduate and graduate students i n 
science and engineer ing as w e l l because topics such as this are not n o r m a l l y 
part o f universi ty c u r r i c u l a . 

A l t h o u g h the a i m of the book is to prov ide an i n t r o d u c t i o n to the field, i t 
does so i n a very appl icat ions-or iented manner . Thus , the focus o f the book is 
pract ica l rather than theoret ical . I n a systematic progression, b e g i n n i n g w i t h 
the fundamenta l pr inc ip les o f p e t r o l e u m emulsions , the reader is soon in t ro 
d u c e d to character izat ion techniques and flow propert ies , and finally to 
indust r ia l pract ice . Chapters 1-4 present the fundamenta l concepts and 
propert ies i n v o l v e d i n emulsions w i t h i n the context o f their occurrence i n 
the p e t r o l e u m industry . C h a p t e r 1 sets out the basic foundat ion for a l l 
subsequent chapters. Se lected areas o f special importance are t h e n ex
p a n d e d i n C h a p t e r 2 o n e m u l s i o n stability, C h a p t e r 3 o n characterizat ion 
techniques , and C h a p t e r 4 o n rheological propert ies . A l l o f these use petro
l e u m e m u l s i o n examples for i l lustrat ion, a n d i n most cases cover the latest 
useful techniques available. 

Chapters 5 and 6 beg in the progression into more pract ica l e m u l s i o n 
considerations b y descr ib ing the flow propert ies o f emulsions i n pipel ines 
and i n porous m e d i a . A r m e d w i t h the necessary tools, the reader is next 
i n t r o d u c e d to some p e t r o l e u m industry applications o f emulsions . Chapters 
7 a n d 8 cover some important areas i n w h i c h emuls i f icat ion is a desirable 
process: i n some enhanced o i l recovery processes and i n p e t r o l e u m trans
porta t ion v ia e m u l s i o n p i p e l i n i n g . 

T h e r e m a i n i n g chapters address the converse, a n d to many, more f a m i l 
iar, s i tuation i n w h i c h undesirable emulsions must be b r o k e n . T h i s treat
ment progresses f r o m a focus o n c o m m e r c i a l c h e m i c a l demulsif iers that may 
be effective to p i lo t - and large-scale demuls i f icat ion pract ice . A c o m m o n 
theme i n these chapters is the use o f the fundamenta l concepts i n c o m b i n a 
t i o n w i t h actual c o m m e r c i a l and pilot-scale process experiences. O v e r a l l , the 
book shows h o w to approach m a k i n g desirable p e t r o l e u m emulsions , trans
p o r t i n g and h a n d l i n g t h e m , and breaking t h e m w h e n they become u n d e 
s irable* . 
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I express m y thanks to a l l the authors w h o cont r ibute d considerable t ime a n d 
effort to the short course and to the chapters i n this book. I am very grateful 

* One important area of petroleum emulsions that is not addressed concerns the 
water-in-oil "mousse" emulsions created from oil spills at sea. This topic is covered in 
detail in a book by J. R. Payne and C . R. Phillips entitled Petroleum Spills in the 
Marine Environment: The Chemistry and Formation of Water-in-Oil Emulsions and 
Tar Balls; Lewis Publishers: Chelsea, MI, 1985. 
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1 

Petroleum Emulsions 
Basic Principles 

Laurier L . Schramm 

Petroleum Recovery Institute, 3512 33rd Street N.W., Calgary, Alberta, 
Canada T 2 L 2A6 

This chapter provides an introduction to the occurrence, properties, 
and importance of petroleum emulsions. From light crude oils to 
bitumens, spanning a wide array of bulk physical properties and 
stabilities, a common starting point for understanding emulsions is 
provided by the fundamental principles of colloid science. These prin
ciples may be applied to emulsions in different ways to achieve quite 
different results. A desirable emulsion that must be carefully stabi
lized to assist one stage of an oil production process may be unde
sirable in another stage and necessitate a demulsification strategy. 
With an emphasis on the definition of important terms, the impor
tance of interfacial properties to emulsion making and stability is 
demonstrated. Demulsification is more complex than just the reverse 
of emulsion making, but can still be approached from an understand
ing of how emulsions can be stabilized. 

Importance of Emulsions 
I f two i m m i s c i b l e l iqu ids are m i x e d together i n a container a n d then shaken, 
examinat ion w i l l reveal that one o f the two phases has become a co l lec t ion o f 
droplets that are dispersed i n the other phase; an e m u l s i o n has been f o r m e d 
(F igure 1). E m u l s i o n s have l o n g been o f great pract ica l interest because o f 
the ir widespread occurrence i n everyday l i fe . Some important and fami l iar 
emulsions i n c l u d e those o c c u r r i n g i n foods (milk , mayonnaise, etc.), cosmet
ics (creams and lotions) , pharmaceuticals (soluble v i t a m i n and h o r m o n e 
products) , a n d agr icul tural products ( insecticide and herb ic ide e m u l s i o n 
formulat ions) . I n addi t ion to their w i d e occurrence , emulsions have i m p o r -

0065-2393/92/0231-0001 $13.25/0 
© 1992 American Chemical Society 
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2 E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

Figure 1. Photomicrograph of an emulsified droplet of a crude oil, dispersed in 
the aqueous solution that was used to release it from the mineral matrix in 
which it was originally held. An interfacial film is obvious at the surface of the 

droplet. 

tant propert ies that may be desirable , for example, i n a natural or f o r m u l a t e d 
product , or undesirable , such as an u n w a n t e d e m u l s i o n i n an indust r ia l 
process. P e t r o l e u m emulsions may not be as fami l iar but have a s imi lar ly 
widespread , long-standing, and important occurrence i n industry. E m u l 
sions may be encountered at a l l stages i n the p e t r o l e u m recovery and p r o 
cessing industry (dr i l l ing fluid, p r o d u c t i o n , process plant , and transportat ion 
emulsions) . T h i s chapter provides an i n t r o d u c t i o n to the basic pr inc ip les 
i n v o l v e d i n the occurrence , making , and break ing o f p e t r o l e u m emuls ions . 

C r u d e oils consist of, at least, a range o f hydrocarbons (alkanes, n a p h -
thenes, and aromatic compounds) as w e l l as phenols , carboxylic acids, and 
metals. A significant f ract ion o f sul fur and ni t rogen compounds may be 
present as w e l l . T h e carbon numbers o f a l l these components range f r o m 1 
(methane) through 50 or more (asphaltenes). Some o f these components can 
f o r m films at o i l surfaces, and others are surface active. It is perhaps not 
surpr is ing, then , that the tendencies to f o r m stable or unstable emulsions o f 
di f ferent kinds vary greatly among dif ferent oi ls . Because o f the w i d e range 
o f possible composi t ions , c rude oils can exhibit a w i d e range of viscosities 
and densities, so m u c h so that these propert ies are used to dis t inguish l ight , 
heavy, and b i tuminous crude oils . O n e set o f definit ions can be c o m p i l e d as 
fol lows (1-3) : 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
01



1. S C H R A M M Basic Principles 3 

Viscosity Range (mPa-s), Density Range (kg/m3), 
Hydrocarbon at Reservoir Temperature at 15.6 °C 

Light crude oil < 10,000 <934 
Heavy crude oil < 10,000 934-1000 
Extra heavy crude oil < 10,000 > 1000 
Bitumen (tar) > 10,000 >1000 

Because the viscosities correspond to ambient deposit temperatures , 
the var iat ion i n these propert ies over di f ferent temperatures is even greater 
than the table suggests. F o r example, b i t u m e n i n the Athabasca deposit o f 
nor thern A l b e r t a is chemica l ly s imi lar to convent ional o i l but has a viscosity, 
at reservoir temperature , o f about 10 6 mPa-s (1 m i l l i o n t imes greater than 
that o f water) . D u r i n g heat ing, as part of an o i l recovery process such as hot-
water flotation or i n si tu steam flooding, emulsions having a w i d e range o f 
viscosities can be f o r m e d , part icular ly i f they are o f the water dispersed i n o i l 
type. W h e n these di f ferent kinds o f oils are emuls i f ied , the emulsions may 
have viscosities that are m u c h greater than, s imi lar to, or m u c h less than the 
viscosity o f the component o i l , a l l d e p e n d i n g on the nature o f the e m u l s i o n 
f o r m e d . 

A s shown i n T a b l e I, p e t r o l e u m emulsions may be desirable or u n d e 
sirable. F o r example, one k i n d o f o i l - w e l l d r i l l i n g fluid (or " m u d " ) is e m u l 
sion based. H e r e a stable e m u l s i o n (usually o i l dispersed i n water) is used to 
lubricate the cut t ing bi t and to carry cuttings up to the surface. Th is e m u l 
sion is obviously desirable, and great care goes into its p r o p e r preparat ion . 

A n e m u l s i o n may be desirable i n one part o f the o i l p r o d u c t i o n process 
and undesirable at the next stage. F o r example, i n the o i l fields, an i n s i tu 

Table I. Examples of Emulsions in the 
Petroleum Industry 

Occurrence Usual Typea 

Undesirable Emulsions 
Well-head emulsions W/O 
Fuel oil emulsions (marine) W/O 
O i l sand flotation process, froth W/O or O/W 
O i l sand flotation process, diluted froth O/W/O 
O i l spill mousse emulsions W/O 
Tanker bilge emulsions O/W 

Desirable Emulsions 
Heavy oil pipeline emulsion O/W 
O i l sand flotation process slurry O/W 
Emulsion drilling fluid, oil-emulsion mud O/W 
Emulsion drilling fluid, oil-base mud W/O 
Asphalt emulsion O/W 
Enhanced oil recovery in situ emulsions O/W 

"W/O means water-in-oil; O/W means oil-in-water. See the section 
"Definition and Classification of Emulsions". 
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4 E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

e m u l s i o n that is purpose ly created i n a reservoir as part o f an o i l recovery 
process may change to a dif ferent , undesirable type o f e m u l s i o n (water 
dispersed i n oil) w h e n p r o d u c e d at the w e l l h e a d . T h i s e m u l s i o n may have to 
be b r o k e n a n d re formula ted as a n e w e m u l s i o n suitable for transportat ion b y 
p i p e l i n e to a refinery. H e r e , the n e w e m u l s i o n w i l l have to be b r o k e n and 
water f r o m the e m u l s i o n r e m o v e d ; otherwise the water w o u l d cause process
i n g prob lems i n the re f in ing process. 

E m u l s i o n s may conta in not just o i l and water, but also so l id particles a n d 
even gas. I n the large m i n i n g and process ing operations a p p l i e d to C a n a d i a n 
o i l sands, b i t u m e n is separated f r o m the sand matrix i n large tumblers as an 
e m u l s i o n o f o i l d ispersed i n water , and then further separated f r o m the 
t u m b l e r s lurry by a flotation process. T h e p r o d u c t o f the flotation process is 
b i tuminous f ro th , an e m u l s i o n that may be ei ther water (and air) dispersed 
i n the o i l (pr imary flotation) or the reverse, o i l (and air) dispersed i n water 
(secondary flotation). I n ei ther case, the emulsions must b e b r o k e n and the 
water r e m o v e d before the b i t u m e n can be u p g r a d e d to synthetic c rude o i l , 
but the presence o f so l id particles and film-forming components f r o m the 
b i t u m e n can make this removal step very di f f icul t . 

Some emulsions are made to reduce viscosity so that an o i l can be made 
to flow. E m u l s i o n s o f asphalt, a semisol id variety o f b i t u m e n dispersed i n 
water, are f o r m u l a t e d to be b o t h less viscous than the or ig ina l asphalt and 
stable so that they can be transported and h a n d l e d . I n appl ica t ion , the 
e m u l s i o n s h o u l d shear t h i n a n d break to f o r m a suitable water - repe l l ing 
roadway coat ing mater ia l . A n o t h e r example o f emulsions that are f o r m u l a t e d 
for l o w e r viscosity w i t h good stabil ity are those made f r o m heavy oils a n d 
i n t e n d e d for economic p i p e l i n e transportat ion over large distances. H e r e 
again the emulsions s h o u l d be stable for transport but w i l l n e e d to be b r o k e n 
at the e n d of the p i p e l i n e . 

F i n a l l y , many kinds o f emulsions pose di f f icul t prob lems wherever they 
may occur . F o r example, c rude o i l w h e n sp i l l ed o n the ocean tends to 
become emuls i f i ed i n the f o r m of "chocolate m o u s s e " emuls ions , so n a m e d 
for their co lor and semiso l id consistency. These w a t e r - i n - o i l emulsions w i t h 
h i g h water content t e n d to be quite stable due to the strong s tabi l iz ing films 
that are present. M o u s s e emulsions increase the quanti ty o f pol lutant and 
are usual ly very m u c h more viscous than the o i l itself. 

A l l o f the p e t r o l e u m e m u l s i o n applicat ions or prob lems just discussed 
have i n c o m m o n the same basic pr inc ip les o f c o l l o i d science that govern the 
nature, stability, and propert ies o f emuls ions . T h e w i d e s p r e a d importance o f 
emulsions i n general and scientific interest i n their format ion , stability, a n d 
propert ies have prec ip i ta ted a weal th o f p u b l i s h e d l i terature o n the subject. 
T h i s chapter provides an i n t r o d u c t i o n and is i n t e n d e d to c o m p l e m e n t the 
other chapters i n this book o n p e t r o l e u m emuls ions . A good starting po in t 
for fur ther basic in format ion is one o f the classic texts: Becher 's Emulsions: 
Theory and Practice (4) or Sumner 's Clayton's Theory of Emulsions and 
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1. S C H R A M M Basic Principles 5 

Their Technical Treatment (5) and numerous other books o n emulsions (6-
11). M o s t good c o l l o i d chemistry texts contain in t roductory chapters o n 
emulsions (12-14), and some chapters i n specialist monographs (15,16) give 
m u c h more deta i led treatment o f advances i n specific e m u l s i o n areas. 

Emulsions as Colloidal Systems 

Definition and Classification of Emulsions. C o l l o i d a l d r o p 
lets (or particles or bubbles) , as they are usual ly def ined, have at least one 
d i m e n s i o n between about 1 a n d 1000 n m . E m u l s i o n s are a special k i n d o f 
c o l l o i d a l d ispers ion: one i n w h i c h a l i q u i d is dispersed i n a cont inuous l i q u i d 
phase o f di f ferent compos i t ion . T h e dispersed phase is sometimes re ferred 
to as the internal (disperse) phase, a n d the cont inuous phase as the external 
phase. E m u l s i o n s also f o r m a rather special k i n d o f c o l l o i d a l system i n that 
the droplets often exceed the size l i m i t o f 1000 n m . I n p e t r o l e u m emulsions 
one o f the l iquids is aqueous, a n d the other is hydrocarbon a n d re fer red to as 
o i l . T w o types of e m u l s i o n are n o w readi ly d is t inguished i n p r i n c i p l e , de
p e n d i n g u p o n w h i c h k i n d o f l i q u i d forms the cont inuous phase (F igure 2): 

1. o i l - in -water (O/W) for o i l droplets d ispersed i n water 

2. w a t e r - i n - o i l (W/O) for water droplets d ispersed i n o i l 

T h i s k i n d o f classification is not always appropriate . F o r example, O/W/O 
denotes a m u l t i p l e e m u l s i o n conta in ing o i l droplets d ispersed i n aqueous 
droplets that are i n t u r n dispersed i n a cont inuous o i l phase. T h e type o f 
e m u l s i o n that is f o r m e d depends u p o n a n u m b e r o f factors. I f the ratio o f 
phase volumes is very large or very smal l , then the phase having the smal ler 
v o l u m e is f requent ly the dispersed phase. I f the ratio is c loser to 1, t h e n 

Figure 2. The two simplest kinds of emulsions. The droplet sizes have been 
greatly exaggerated. 
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6 E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

other factors de termine the outcome. T a b l e I lists some s imple examples o f 
p e t r o l e u m e m u l s i o n types. 

T w o very di f ferent b r o a d types of c o l l o i d a l dispersions have b e e n d i s t in 
guished since G r a h a m i n v e n t e d the t e r m " c o l l o i d " i n 1861. O r i g i n a l l y , c o l 
loids were s u b d i v i d e d into lyophobic and l y o p h i l i c col loids (if the dispers ion 
m e d i u m is aqueous then the terms h y d r o p h o b i c a n d hydrophi l i e , respec
t ively, are used). L y o p h i l i c col loids are f o r m e d spontaneously w h e n the two 
phases are brought together, because the dispers ion is thermodynamica l ly 
more stable than the or ig ina l separated state. T h e t e r m lyophi l i c is less 
f requent ly u s e d i n m o d e r n pract ice because many o f the dispersions that 
were once thought o f as l y o p h i l i c are n o w recognized as single-phase sys
tems i n w h i c h large molecules are dissolved. L y o p h o b i c col lo ids , w h i c h 
i n c l u d e a l l p e t r o l e u m emulsions other than the microemuls ions , are not 
f o r m e d spontaneously o n contact o f the phases because they are thermody
namica l ly unstable c o m p a r e d w i t h the separated states. These dispersions 
can be f o r m e d b y other means, however . M o s t p e t r o l e u m emulsions that w i l l 
be encountered i n pract ice conta in o i l , water , and an emuls i fy ing agent. T h e 
emuls i f ier may comprise one or more o f the fo l lowing : s imple inorganic 
electrolytes, surfactants, macromolecules , or finely d i v i d e d solids. T h e 
e m u l s i f y i n g agent may be n e e d e d to reduce interfac ia l tension and a i d i n the 
format ion o f the increased interfac ia l area w i t h a m i n i m u m of mechanica l 
energy input , o r i t may be n e e d e d to f o r m a protect ive film at the drople t 
surfaces that acts to prevent coalescence w i t h other droplets . These aspects 
w i l l be discussed later; the resul t ing e m u l s i o n may w e l l have considerable 
stabil ity as a metastable d ispers ion . 

M o s t k inds o f emulsions that w i l l be encountered i n pract ice are l y o p h o 
bic , metastable emuls ions . H o w e v e r , there r e m a i n some grey areas i n w h i c h 
the d is t inc t ion between l y o p h i l i c and l y o p h o b i c dispersions is not c o m 
ple te ly clear. A special class o f aggregated surfactant molecules t e r m e d 
" m i c e l l e s " a n d the microemuls ions o f extremely smal l drople t size are u s u 
ally but not always cons idered to be l y o p h i l i c , stable, co l lo ida l dispersions 
and w i l l be discussed separately. 

Stability. A consequence o f the smal l droplet size and presence o f an 
inter fac ia l film o n the droplets i n emulsions is that quite stable dispersions o f 
these species can be made. That is, the suspended droplets do not settle out 
or float rapidly , and the droplets do not coalesce quick ly . Some use o f the 
t e r m stabil i ty has already been made wi thout def in i t ion . 

C o l l o i d a l species can come together i n very di f ferent ways. I n the def in i 
t ion o f e m u l s i o n stability, stabil i ty is cons idered against three di f ferent 
processes: c r e a m i n g (sedimentation), aggregation, a n d coalescence. C r e a m 
i n g is the opposite o f sedimentat ion and results f r o m a density di f ference 
between the two l i q u i d phases. I n aggregation two or more droplets c l u m p 
together, touch ing only at cer ta in points , and w i t h v i r tual ly no change i n 
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1. S C H R A M M Basic Principles 7 

total surface area. Aggregat ion is sometimes re ferred to as flocculation or 
coagulat ion. In coalescence two or more droplets fuse together to f o r m a 
single larger uni t w i t h a r e d u c e d total surface area. 

I n aggregation the species reta in their ident i ty but lose their k inet ic 
independence because the aggregate moves as a single uni t . Aggregat ion o f 
droplets may lead to coalescence and the format ion o f larger droplets u n t i l 
the phases become separated. I n coalescence, o n the other h a n d , the o r i g i 
nal species lose their ident i ty and become part o f a n e w species. K i n e t i c 
stabil ity can thus have di f ferent meanings. A n e m u l s i o n can be k inet ica l ly 
stable w i t h respect to coalescence but unstable w i t h respect to aggregation. 
O r , a system c o u l d be k inet ica l ly stable w i t h respect to aggregation but 
unstable w i t h respect to sedimentat ion or flotation. 

I n summary, lyophobic emulsions are thermodynamica l ly unstable but 
may be relat ively stable i n a k inet ic sense. Stabi l i ty must be unders tood i n 
terms o f a clearly def ined process. 

Microemulsions. In some systems the addi t ion o f a four th c o m p o 
nent, a cosurfactant, to an o i l -water - sur fac tant system can cause the interfa-
c ia l tension to d r o p to near-zero values, easily o n the order o f 10~3 to 1(Γ* 
m N / m ; l o w interfac ia l tension allows spontaneous or nearly spontaneous 
emuls i f icat ion to very smal l drople t sizes, ca. 10 n m or smaller . T h e droplets 
can be so smal l that they scatter l i t t le l ight ; the emulsions appear to be 
transparent and do not break o n standing or centr i fuging . U n l i k e coarse 
emuls ions , these microemuls ions are usually thought to be t h e r m o d y n a m i 
cal ly stable. T h e t h e r m o d y n a m i c stabil ity is f requent ly a t t r ibuted to tran
sient negative interfac ia l tensions, but this hypothesis and the quest ion o f 
whether microemuls ions are real ly lyophi l i c or lyophobic dispersions are 
areas o f some discussion i n the l i terature (17). A s a pract ica l matter, 
microemuls ions can be f o r m e d , have some special qualit ies , and can have 
important applicat ions. 

M i c r o e m u l s i o n s can f o r m the basis for an enhanced o i l recovery ( E O R ) 
process (18-20). I n an o i l - conta in ing reservoir , the relative o i l and water 
saturations d e p e n d u p o n the d is t r ibut ion o f pore sizes i n the rock as fol lows. 
T h e capi l lary pressure (F c ) , or pressure di f ference across an o i l - w a t e r inter 
face spanning a pore , is 

Pc = 2y cos θ I r p (1) 

where 7 is the o i l - w a t e r inter fac ia l tension; θ is the contact angle, w h i c h is 
the angle measured through the water phase at the point o f o i l - w a t e r - r o c k 
contact; and r p is the pore radius. T h e basis for this equat ion is discussed 
fur ther i n a later sect ion. I n an i d e a l i z e d water-wet reservoir , the interfac ia l 
tension is fixed at some value, and the contact angle is zero . A n analogy can 
be d r a w n w i t h the rise of water i n capi l lary tubes o f d i f f e r i n g r a d i i . I n a 
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E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

reservoir consist ing o f such capi l lary tubes that conta in water and o i l , water 
w i l l be i m b i b e d most strongly into the smallest radius pores, d isplac ing any 
o i l present i n t h e m , u n t i l the hydrostat ic a n d capi l lary pressures i n the 
system balance. T h e largest pores w i l l retain h i g h o i l contents. N o w as water 
is in jected d u r i n g a secondary recovery process, the a p p l i e d water pressure 
increases and the larger pores w i l l i m b i b e more water, d isplac ing o i l , w h i c h 
may be recovered at p r o d u c i n g wel ls . T h e r e is a pract ica l l i m i t to the extent 
that the a p p l i e d pressure can be changed b y p u m p i n g water into a reservoir , 
however , so that after water - f looding some res idual o i l w i l l s t i l l be left i n the 
f o r m o f o i l ganglia t rapped i n the larger pores where the viscous forces o f the 
d r i v i n g water - f lood c o u l d not comple te ly overcome the capi l lary forces h o l d 
i n g the o i l i n place . 

T h e ratio o f viscous forces to capi l lary forces correlates w e l l w i t h res id 
ual o i l saturation a n d is t e r m e d the capi l lary n u m b e r (Nc). O n e f o r m u l a t i o n 
o f the capi l lary n u m b e r is 

Nc = 7]v/y (2) 

w h e r e η and υ are the viscosity a n d veloci ty , respectively, o f the d isp lac ing 
fluid; a n d y is the inter fac ia l tension. T h e funct ional f o r m of the corre lat ion 
is i l lustrated i n F i g u r e 3. D u r i n g water- f looding, Nc is about 10~6, and at the 

10"6 10"5 10"4 10"3 10"2 

Capillary Number 

Figure 3. A generalized capillary number correlation. (Courtesy of K. Taylor, 
Petroleum Recovery Institute, Calgary.) 
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1. S C H R A M M Basic Principles 9 

e n d o f the water - f lood the res idual o i l saturation is s t i l l a r o u n d 45%. H o w 
c o u l d a tert iary recovery process be des igned so that the r e m a i n i n g o i l c o u l d 
be recovered? L o w e r i n g the res idual o i l saturation requires increas ing the 
capi l lary n u m b e r . T h i s increase c o u l d be done b y ra is ing the viscous forces, 
that is, viscosity and veloci ty, but i n pract ice the des i red orders -of -magni -
tude increase w i l l not be achieved. But , a d d i n g a suitable surfactant a n d 
cosurfactant to the water w i l l decrease the interfac ia l tension f r o m about 30 
m N / m by 4 orders o f magni tude and thereby increase the capi l lary n u m b e r 
to about 10" 2 . 

T h e micel les present also he lp to so lubi l ize the released o i l droplets ; 
hence, this process is sometimes re fer red to as mice l lar flooding. T h e e m u l 
sions can be f o r m u l a t e d to have moderate ly h i g h viscosities that he lp to 
achieve a more u n i f o r m displacement front i n the reservoir ; this u n i f o r m 
front gives i m p r o v e d sweep eff iciency. T h u s , a n u m b e r o f factors can be 
adjusted w h e n us ing a m i c r o e m u l s i o n system for enhanced o i l recovery. 
These are discussed i n detai l i n C h a p t e r 7. 

Making Emulsions. M u c h o f this chapter is c o n c e r n e d w i t h e m u l 
s ion propert ies and stability, and as a pract ica l matter chemists f requent ly 
have to contend w i t h a l ready- formed emuls ions . Nevertheless , a f e w c o m 
ments o n h o w emulsions may be made are appropriate . T h e break ing o f 
emulsions w i l l be discussed later. 

E m u l s i o n s o f any significant stabil i ty conta in o i l , water , a n d at least one 
e m u l s i f y i n g agent. T h e emuls i fy ing agent may lower interfac ia l tension and 
thereby make it easier to create smal l droplets . A n o t h e r e m u l s i f y i n g agent 
may be needed to stabil ize the smal l droplets so that they do not coalesce to 
f o r m larger droplets , or even separate out as a b u l k phase. Just a straightfor
w a r d casual m i x i n g o f these components se ldom, however , produces an 
e m u l s i o n that persists for any length o f t ime . I n the classical m e t h o d of 
e m u l s i o n preparat ion , the emuls i fy ing agent is dissolved into the phase i n 
w h i c h it is most soluble , after w h i c h the second phase is added, a n d the 
whole mixture is vigorously agitated. T h e agitation is c ruc ia l to p r o d u c i n g 
suff ic iently smal l droplets , a n d frequent ly , after an i n i t i a l m i x i n g , a second 
m i x i n g w i t h very h i g h a p p l i e d mechanica l shear forces is r e q u i r e d . This 
latter m i x i n g carrbe p r o v i d e d b y a propel ler -s ty le mixer , but more c o m m o n l y 
a c o l l o i d m i l l or u l t rasound generator is e m p l o y e d . 

A m e t h o d r e q u i r i n g m u c h less mechanica l energy uses phase invers ion 
(see also the discussion o f phase invers ion temperature i n the sect ion " E m u l 
s i fy ing A g e n t s " ) . F o r example, i f u l t imate ly a W / O e m u l s i o n is des i red, then 
a coarse O/W e m u l s i o n is first p r e p a r e d by the addi t ion o f mechanica l 
energy, and the o i l content is progressively increased. A t some v o l u m e 
fract ion above 60 -70%, the e m u l s i o n w i l l suddenly invert and produce a 
W / O e m u l s i o n o f m u c h smaller water droplet sizes than were the o i l droplets 
i n the or ig ina l O / W emuls ion . 
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10 E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

Physical Characteristics of Emulsions 

Appearance. N o t a l l emulsions exhibi t the classical " m i l k y " opaque
ness w i t h w h i c h they are usual ly associated. A tremendous range o f appear
ances is possible , d e p e n d i n g u p o n the drople t sizes a n d the di f ference i n 
refractive indices be tween the phases. A n e m u l s i o n can be transparent i f 
e i ther the refractive index o f each phase is the same, or alternatively, i f the 
dispersed phase is made u p o f droplets that are suff ic iently smal l c o m p a r e d 
w i t h the wavelength of the i l l u m i n a t i n g l ight . Thus an O / W m i c r o e m u l s i o n 
o f even a c rude o i l i n water may be transparent. I f the droplets are o f the 
order o f l - μ π ι diameter , a d i lute O/W e m u l s i o n w i l l take on a somewhat 
m i l k y - b l u e cast; i f the droplets are very m u c h larger, the o i l phase w i l l 
become quite dist inguishable and apparent. 

Physica l ly the nature o f the s imple e m u l s i o n types can be d e t e r m i n e d b y 
methods such as 

• Texture. T h e texture o f an e m u l s i o n f requent ly reflects that o f 
the external phase. T h u s O / W emuls ions usual ly fee l watery or 
creamy, and W / O emulsions fee l o i ly or greasy. T h i s dis t inc
t ion becomes less evident as the e m u l s i o n viscosity increases, 
so that a very viscous O / W emuls ion may feel o i ly . 

• Mixing. A n e m u l s i o n readi ly mixes w i t h a l i q u i d that is m i s c i 
ble w i t h the cont inuous phase. T h u s , m i l k (O/W) can be d i 
l u t e d w i t h water, and mayonnaise (W/O) can be d i l u t e d w i t h 
o i l . U s u a l l y , an e m u l s i o n that retains a u n i f o r m and m i l k y 
appearance w h e n greatly d i l u t e d is more stable than one that 
aggregates u p o n d i l u t i o n (15). 

• Dyeing. E m u l s i o n s are most readi ly and consistently c o l o r e d 
by dyes soluble i n the cont inuous phase. 

• Conductance. O / W emulsions usual ly have a very h i g h spe
cif ic conductance , l ike that o f the aqueous phase itself, b u t 
W / O emulsions have a very l o w specific conductance . A s imple 
test apparatus is descr ibed i n reference 15. 

• Inversion. I f an e m u l s i o n is very concentrated, i t w i l l p r o b a 
b ly invert w h e n d i l u t e d w i t h addi t ional in terna l phase. 

• Fluorescence. I f the o i l phase fluoresces, then fluorescence 
microscopy can be used to de termine the e m u l s i o n type as 
l o n g as the droplet sizes are larger than the microscope's l i m i t 
o f resolut ion (>0.5 μπι) . 

E m u l s i o n s do not always occur i n the idea l ized f o r m of droplets o f one 
phase dispersed i n another. T h e occurrence o f m u l t i p l e emulsions , o f the 
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1. S C H R A M M Basic Principles 11 

types O/W/O and W / O A V , has already been m e n t i o n e d . P e t r o l e u m e m u l 
sions may also occur w i t h i n another type o f co l lo ida l d ispers ion . F o r exam
ple , i n a gas-f looding enhanced o i l recovery process one o f the ways to 
i m p r o v e the areal sweep eff iciency, that is, to maximize the amount o f the 
reservoir contacted b y in jected fluids, is to inject the gas as part o f a foam. 
H o w e v e r , most such foams are destabi l ized b y contact w i t h even smal l 
amounts o f c rude o i l . T h e mechanism o f destabi l izat ion appears (21 ) to 
involve emuls i f icat ion o f the o i l into droplets that are smal l enough to p e r m i t 
the ir passage inside the foam's lamel lar structure. Such emuls i f i ed o i l d r o p 
lets are shown i n F i g u r e 4. O n c e inside the foam lamellae , the o i l droplets 
have a destabi l iz ing effect o n the foam b y penetrat ing through and possibly 
spreading over the aqueous-gas interface. T h e l i m i t i n g step, however , is 
apparently the emuls i f icat ion and i m b i b i t i o n o f o i l into the foam. 

Droplet Sizes. As stated previously , co l lo ida l droplets are be tween 
about 10" 3 and 1 μπι i n diameter , and i n pract ice , e m u l s i o n droplets are 
often larger (e.g., the fat droplets i n m i l k ) . I n fact, e m u l s i o n droplets usual ly 

Figure 4. Photomicrograph of an enhanced oil recovery process foam contain
ing emulsified crude-oil droplets. The droplets have traveled within the narrow 
lamellae to accumulate and sometimes coalesce in the plateau borders of the 
foam, where they are held preferentially. The presence of such emulsified oil 

droplets in the foam structure has a destabilizing effect on the foam. 
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12 E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

have diameters greater than 0.2 μπι a n d may be larger than 50 μιη . E m u l 
sion stabil ity is not necessarily a func t ion o f droplet size, a l though there may 
be an o p t i m u m size for an i n d i v i d u a l e m u l s i o n type. C h a r a c t e r i z i n g an 
e m u l s i o n i n terms o f a g iven droplet size is very c o m m o n but general ly 
inappropr ia te because there is inevi tably a size d i s t r ibut ion . T h e size d i s t r i 
b u t i o n is usual ly represented by a his togram of sizes, or , i f there are suff i 
c ient data, a d i s t r ibut ion func t ion . 

I n some emulsions , a droplet size d i s t r ibut ion that is heavily w e i g h t e d 
toward the smaller sizes w i l l represent the most stable emuls ion . I n such 
cases changes i n the size d i s t r ibut ion curve w i t h t ime y i e l d a measure of the 
stabil i ty o f the emuls ions . T h e droplet size d is t r ibut ion also has an important 
inf luence o n the viscosity. F o r electrostatically or sterically interact ing d r o p 
lets, e m u l s i o n viscosity w i l l be h igher w h e n droplets are smaller . T h e viscos
ity w i l l also be h igher w h e n the drople t sizes are relat ively homogeneous, 
that is, w h e n the drople t size d i s t r ibut ion is narrow rather than w i d e (4). 

I f the drople t size is large enough, then opt ica l microscopy can be used 
to de termine the size a n d size d i s t r ibut ion . E m u l s i o n s w i t h somewhat smal l 
er droplet sizes can be character ized by using cryogenic-stage scanning 
e lectron microscopy. I f the e m u l s i o n concentrat ion is not too h i g h , and the 
droplets are very smal l , l ight scattering can y i e l d droplet size i n f o r m a t i o n . 
W h e n a b e a m o f l ight enters an e m u l s i o n , some l ight is absorbed, some is 
scattered, a n d some is t ransmit ted. M a n y d i lu te , fine emuls ions show a 
noticeable t u r b i d i t y given b y 

I t / / 0 = e x p M ) (3) 

where It is the intensity o f the t ransmit ted beam, I0 is the intensity o f the 
inc ident b e a m , τ is turb id i ty , a n d I is the length o f the path through the 
sample. F r o m Rayle igh theory, the intensity o f l ight scattered f r o m each 
droplet depends largely o n its size and shape and o n the dif ference i n 
refractive index between the drople t a n d the m e d i u m . F o r a n e m u l s i o n , each 
spher ica l drople t scatters l ight having an intensi ty ld at a distance χ f r o m the 
droplet , according to the f o l l o w i n g relat ionship: 

Id/I0ocre/x2K* (4) 

w h e r e λ is the wavelength o f the l ight a n d r is the drople t radius. 
T h e scattering intensi ty is p r o p o r t i o n a l to l/λ 4 , so b lue l ight (λ = 450 

nm) is scattered m u c h more than r e d l ight (λ = 650 n m ) . W i t h inc ident whi te 
l ight , a d i lu te e m u l s i o n o f O . l - 1 - μ π ι size droplets w i l l , therefore, t e n d to 
appear b lue w h e n v i e w e d at right angles to the inc ident l ight b e a m . I f the 
droplets are smal ler than 50 n m or so, the e m u l s i o n w i l l appear to be 
transparent. 
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1. S C H R A M M Basic Principles 1 3 

These approaches to d e t e r m i n i n g droplet size distr ibut ions are dis
cussed i n detai l i n C h a p t e r 3. 

Conductivity. C o n d u c t i v i t y can be used to dis t inguish O/W f r o m 
W / O emulsions because the conduct iv i ty is very h i g h w h e n the aqueous 
phase is cont inuous and conduct iv i ty is very l o w w h e n o i l is the cont inuous 
phase. O f the numerous equations proposed (4) to describe the conduct iv i ty 
o f emulsions (#cE), two are c i ted here for i l lus tra t ion . I f the conduct iv i ty o f 
the dispersed phase ( K d ) is m u c h smaller than that o f the cont inuous phase 

(fCc), * C » *D> 

_ 8 K C ( 2 - 0 ) ( 1 - 0 ) ( 5 ) 

E (4 + φ ) ( 4 - φ ) 

where φ is the dispersed-phase v o l u m e fract ion. If, on the other h a n d , the 
conduct iv i ty of the dispersed phase (#cD) is m u c h greater than that o f the 
cont inuous phase ( K C ) , KC <K K D , 

κ 0 ( 1 + φ)(2 + φ) 

( 1 - 0 ( 2 - φ ) 

F u r t h e r discussion o f e m u l s i o n conduct iv i ty and some pract ica l exam
ples for emulsions flowing i n p ipe l ines are given i n C h a p t e r 5. 

Rheology. Bulk Viscosity Properties. T h e rheologica l propert ies 
o f an e m u l s i o n are very important . H i g h viscosity may be the reason that an 
e m u l s i o n is t roublesome, a resistance to flow that must be dealt w i t h , or a 
desirable proper ty for w h i c h an e m u l s i o n is formula ted . T h e simplest de
scr ipt ion applies to N e w t o n i a n behavior i n laminar flow. T h e viscosity, rj, is 
given i n terms o f the shear stress, τ , and shear rate, 7, by: 

τ = 177 (7) 

w h e r e 17 has units o f mi l l ipasca l seconds. M a n y co l lo ida l dispersions, i n c l u d 
i n g the more concentrated emuls ions , do not obey the N e w t o n i a n equat ion. 
F o r n o n - N e w t o n i a n fluids, the coeff icient o f viscosity is not a constant, but is 
i tself a func t ion o f the shear rate, thus: 

7=17(7)7 ( 8 ) 

A convenient way to summar ize the flow propert ies o f fluids is by 
p l o t t i n g flow curves o f shear stress versus shear rate (τ versus 7) . These 
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14 E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

curves can be categorized into several rheological classifications. E m u l s i o n s 
are f requent ly pseudoplast ic : A s shear rate increases, viscosity decreases. 
T h i s k i n d o f flow behavior is also t e r m e d shear- thinning. A n e m u l s i o n may 
also exhibit a y i e l d stress, that is, the shear rate (flow) remains zero u n t i l a 
threshold shear stress is reached—the y i e l d stress (τ γ )—then pseudoplast ic or 
N e w t o n i a n flow begins. Pseudoplast ic flow that is t ime dependent is t e r m e d 
thixotropic . That is, at constant a p p l i e d shear rate, viscosity decreases, a n d i n 
a flow curve hysteresis occurs . Several other rheologica l classifications are 
covered i n the Glossary: di latancy, rheopexy, and rheomalaxi^. E v e n viscos
ity i tsel f is represented i n many ways, as shown i n T a b l e I I . 

Some very useful descript ions o f exper imenta l techniques have been 
given b y W h o r l o w (22) a n d others (23, 24). V e r y of ten measurements are 
made w i t h an e m u l s i o n sample p l a c e d i n the annulus be tween two concen
tr ic cyl inders . T h e shear stress is ca lculated f r o m the measured torque 
r e q u i r e d to mainta in a given rotat ional veloc i ty of one c y l i n d e r w i t h respect 
to the other. K n o w i n g the geometry, the effective shear rate can be ca lcu
lated f r o m the rotat ional veloci ty . O n e reason for the relative lack o f rheo
logical data for emulsions , c o m p a r e d w i t h that for other co l lo ida l systems, is 
the di f f icul ty associated w i t h p e r f o r m i n g the measurements i n these sys
tems. As suggested b y F i g u r e 5, for a pract ica l O / W e m u l s i o n , the sample 
may contain suspended particles i n addi t ion to the o i l droplets . I n attempt
i n g to conduct a measurement , a n u m b e r o f changes may occur i n the sample 

Table II. Glossary of Bulk Viscosity Terms 
Term Symbol Explanation 

Absolute viscosity η η = τ/7 and can be traced to fundamental units 
independent of the type of instrument 

Apparent viscosity T|APP ηΑρρ = τ/7 but as determined for a non-
Newtonian fluid, usually by a method suitable 
only for Newtonian fluids 

Differential viscosity ηϋ = dT/d"y 

Specific increase 
in viscosity η$ρ nsp = nRei - 1 

Intrinsic viscosity [η] [η] = limC-»o l im ^ 0 ^sv/C 
[η] = limC->o l im γ_>0 (1/C) In n R e j 

Reduced viscosity η Red nRed = Tjsp/C 

Relative viscosity nRei = η/ηο 
T|o = viscosity of the pure solvent or dispersion 

medium 
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1. S C H R A M M Basic Principles 1 5 

chamber that make the measurements i r r e p r o d u c i b l e and not representative 
of the or ig ina l e m u l s i o n (25). These changes may i n c l u d e 

• c reaming o f the droplets , causing a n o n u n i f o r m dis t r ibut ion 
w i t h i n the chamber , or even removal o f a l l droplets into an 
u p p e r phase away f r o m the region i n w h i c h measurements are 
made 

• centr i fugal separation o f o i l , water, and so l id phases, m a k i n g 
the emuls ion radial ly inhomogeneous , and possibly break ing 
the e m u l s i o n 

• shear - induced coalescence or finer dispers ion o f droplets , 
changing the propert ies o f the sample 

• sedimentat ion o f the solids, causing a n o n u n i f o r m dis t r ibut ion 
w i t h i n the chamber , or even removal o f a l l solids f r o m the 
region i n w h i c h measurements are made 

It is f requent ly desirable to be able to describe e m u l s i o n viscosity i n 
terms of the viscosity of the cont inuous phase (%) and the amount o f 
emuls i f i ed mater ia l . A very large n u m b e r o f equations have been advanced 
for est imating suspension (or emuls ion , etc.) viscosities. M o s t of these are 
e m p i r i c a l extensions o f Einste in ' s equat ion for a di lute suspension o f 
spheres: 

η=η0(1 + 2.5φ) (9) 

Figure 5. Some rheological measurement problems that may be encountered 
with practical oil-field emulsions. Initially, the O/W sample contained in the 
cylinders on the left may be homogeneous, containing oil droplets (·), fine 
particles (—), and large particles (o). After some time, the sample may become 

quite stratified, as shown at right. 
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16 E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

w h e r e η0 is the m e d i u m viscosity and φ is the dispersed-phase v o l u m e 
fract ion and is <1. F o r example, the e m p i r i c a l equations typical ly have the 
f o r m (4): 

η = %(1 + α0φ + αλφ2 + α2φ3 4- ···) (10) 

w h e r e the as are e m p i r i c a l constants, and the e m p i r i c a l equations may 
i n c l u d e other terms, as i n the Thomas equat ion, 

η = + 2 . 5 φ + 1 O . 5 0 2 + 0.00273 exp (16.60) ] (11) 

These equations assume N e w t o n i a n behavior , or at least apply to the N e w t o 
nian region o f a flow curve, and they usually apply i f the droplets are not too 
large and i f there are no strong electrostatic interact ions. A more deta i led 
treatment o f these relationships is given i n C h a p t e r 4. 

E m u l s i o n s can show vary ing rheologica l , or viscosity, behaviors. Some
times these propert ies are due to the emuls i f ier or other agents i n the 
e m u l s i o n . H o w e v e r , i f the in terna l phase has a suff ic iently h i g h v o l u m e 
fract ion (typically anywhere f r o m 10 to 50%) the e m u l s i o n viscosity i n 
creases because o f droplet " c r o w d i n g " or s tructural viscosity and becomes 
n o n - N e w t o n i a n . T h e m a x i m u m v o l u m e fract ion possible for an in terna l 
phase made u p o f u n i f o r m , incompress ib le spheres is 74%, a l though e m u l 
sions w i t h an in terna l v o l u m e fract ion o f 9 9 % have b e e n made (15). F i g u r e 6 
shows h o w e m u l s i o n viscosity tends to vary w i t h v o l u m e fract ion; the d r o p i n 
viscosity at φ = 0.74 signifies invers ion . A t this po int the dispersed-phase 
v o l u m e fract ion becomes 0.26, i n this example, and the lower value o f φ is 
ref lected by a m u c h lower viscosity. I f invers ion does not occur , then the 
viscosity continues to increase. T h i s condi t ion is true for b o t h W / O and O / W 
types. 

A graphic and important example is f u r n i s h e d by the o i l sp i l l "chocolate 
m o u s s e " emulsions f o r m e d w h e n crude o i l spills into seawater. These water-
i n - o i l emulsions have h i g h water contents that may exceed 74% a n d reach φ 
= 0.80 or more wi thout inver t ing . As the ir c o m m o n name impl ies , these 
mousse emulsions not only ha , r e viscosities that are m u c h h igher than the 
or ig ina l c rude o i l but can become semisol id . W i t h increas ing t ime after a 
s p i l l , these emuls ions weather (the o i l becomes deple ted i n its lower b o i l i n g 
fractions), and apparently the emulsions become more stable, more so l id 
l ike , and considerably more di f f icul t to handle and break. 

Interfacial Viscosity. T h e foregoing discussion o f rheology has dealt 
w i t h the b u l k viscosity propert ies . A closely re lated a n d very important 
proper ty is the interfac ia l viscosity, w h i c h can be thought o f as the two-
dimens iona l equivalent o f b u l k viscosity, operative i n the o i l - w a t e r interfa-
c ia l region. As droplets i n an e m u l s i o n approach each other, the t h i n n i n g o f 
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1. S C H R A M M Basic Principles 1 7 

Inversion at 

0 0.2 0.4 0.6 0.8 1.0 

Volume Fraction of Oil 

Figure 6. The influence of volume fraction on the emulsion type and viscosity of 
a model emulsion. (Reproduced with permission from reference 4. Copyright 

1965 Robert E. Krieger, Inc.) 

the films between the droplets , and their resistance to rupture , are thought 
to be o f great importance to the ul t imate stabil i ty o f the e m u l s i o n . T h u s , a 
h i g h interfac ia l viscosity can p r o m o t e e m u l s i o n stabil ity by re tarding the rate 
of drople t coalescence, as discussed i n later sections. F u r t h e r details o n the 
pr inc ip les , measurement , and applications to e m u l s i o n stabil i ty o f interfac ia l 
viscosity were rev iewed by M a l h o t r a and W a s a n (26). 

Properties of the Interfaces 

In s imple two-phase co l lo ida l systems, a t h i n intermediate reg ion or b o u n d 
ary, k n o w n as the interface, lies be tween the dispersed a n d dispers ing 
phases. Interfacial propert ies are very important because emuls i f ied d r o p 
lets have a large interfac ia l area, and even a modest inter fac ia l energy p e r 
uni t area can become a considerable total interfac ia l energy to be accommo
dated. F o r example, suppose w e w i s h to emuls i fy one b a r r e l (159 L ) o f o i l 
into water . F o r this i l lustrat ion consider the o i l to be i n 1 large drop that we 
repeatedly subdivide into drops o f ha l f the previous radius. T h u s , the i n i t i a l 
d r o p o f r = 33.6 c m becomes eight drops o f r = 16.8 c m , a n d so o n . F i g u r e 7 
shows that the total surface or interfac ia l area p r o d u c e d increases b y a factor 
o f 2 w i t h each cut. T h e in i t ia l interfac ia l area o f 1.42 m 2 increases to 7.4 Χ 10 5 
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18 E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

cm tm nm 

Sphere Radius 
Figure 7. Total area and energy changes involved in emulsifying 1 barrel of oil 

into water by dispersing into progressively finer droplets. 

m 2 b y the t ime droplets o f 0.64-μιτι radius have b e e n p r o d u c e d . T h i s i n 
crease is greater than 5 orders o f magni tude! T h e larger interfac ia l area w i l l 
have a significant total free energy as shown i n F i g u r e 7. I f the interfac ia l 
tension is 35 m N / m , then by the t ime the droplet size is r = 0.64 μιη , the total 
energy w i l l have increased f r o m 0.05 χ 10 4 to 2.6 χ 10 4 J . T h i s 2.6 χ 10 4 J o f 
energy h a d to be a d d e d to the system to achieve the emuls i f icat ion. I f this 
amount o f energy cannot be p r o v i d e d , for example, b y mechanica l shear, 
then another alternative is to use surfactant chemis try to lower the interfa-
c ia l free energy, or interfac ia l tension. 

T h e energy p lo t ted i n F i g u r e 7 was obta ined by m u l t i p l y i n g the total 
area by the interfac ia l tension. N o w i f a smal l quantity o f a surfactant was 
a d d e d to the water , possibly a few tenths o f a percent , that l o w e r e d the 
inter fac ia l tension to 0.35 m N / m , it w o u l d lower the amount o f mechanica l 
energy needed i n the example b y a factor o f 100. F r o m the area per molecule 
that the adsorbed emuls i fy ing agent occupies , the m i n i m u m amount o f 
emuls i f ier needed for the e m u l s i o n can also be est imated. In pract ice , 
l o w e r i n g interfac ia l tension alone may not be sufficient to stabil ize an e m u l 
sion, i n w h i c h case other interfac ia l propert ies must be adjusted as w e l l . 
These s imple calculations do, however , show h o w important the interfac ia l 
propert ies can become w h e n co l lo ida l - s ized species are i n v o l v e d , as i n e m u l 
sions. 
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1. S C H R A M M Basic Principles 19 

Surface and Interfacial Tensions, R e g a r d i n g the molecules i n a 
l i q u i d , the attractive van der Waals forces between molecules are felt equal ly 
b y a l l molecules except those i n the interfac ia l region. T h i s inequal i ty i n the 
van der Waals forces pul ls the interfac ia l molecules toward the in ter ior o f 
the l i q u i d . T h e interface thus has a tendency to contract spontaneously. F o r 
this reason, droplets o f l i q u i d and bubbles o f gas t e n d to adopt a spher ica l 
shape, because this shape reduces the surface free energy. F o r two i m m i s c i 
ble l iqu ids , a s imi lar s i tuation applies, except that it may not be so i m m e d i 
ately obvious h o w the interface w i l l t end to curve . T h e r e w i l l s t i l l be an 
imbalance o f in termolecular forces and a configurat ion that m i n i m i z e s the 
interfacial free energy. 

T h e surface free energy has units o f mil l i joules per square meter (1 
m j / m 2 = 1 erg/cm 2), ref lect ing the fact that area expansion requires energy. 
Surface free energies are usually descr ibed i n terms o f contract ing forces 
act ing para l le l to the surface or interface. Surface tension (7 0 ), or inter fac ia l 
tension (7), is the force p e r un i t length a r o u n d a surface, or the free energy 
r e q u i r e d to create n e w surface area. T h u s , the units o f surface and interfac ia l 
tension are mi l l inewtons per meter (1 m N / m = 1 dyne/cm). These units for 
surface and interfac ia l tension are n u m e r i c a l l y equal to the surface free 
energy. Interfacial tensions are f requent ly intermediate between the values 
o f the surface tensions of the l iquids i n v o l v e d and are smallest w h e n the 
l iquids are the most chemica l ly s imi lar (for p u r e l iquids) . 

M a n y methods for the measurement o f surface and interfac ia l tensions, 
details o f the exper imenta l techniques , and the ir l imitat ions are descr ibed i n 
several good reviews (27-29). Some methods that are used most i n e m u l s i o n 
w o r k are the d u N o u y r i n g , drop weight or v o l u m e , pendant drop , and the 
s p i n n i n g d r o p . T h e s p i n n i n g d r o p technique is appl icable to the very l o w 
interfac ia l tensions encountered i n the enhanced o i l recovery and 
m i c r o e m u l s i o n fields (30). I n a l l cases, w h e n solutions rather than p u r e 
l iquids are i n v o l v e d , appreciable changes can take place w i t h t ime at the 
surfaces and interfaces. 

Young-Laplace Equation. Interfacial tension causes a pressure di f 
ference to exist across a c u r v e d surface, the pressure b e i n g greater o n the 
concave side (i.e., o n the ins ide o f a droplet ) . In an interface be tween phase 
A i n a droplet and phase Β s u r r o u n d i n g the droplet , the phases w i l l have 
pressures pA a n d p B . I f the p r i n c i p a l r a d i i o f curvature are R x and R 2 , then 

E q u a t i o n 12 is the Y o u n g - L a p l a c e equat ion (31). It shows that pA > pB; the 
pressure inside a droplet exceeds that outside. F o r spher ica l droplets i n an 
e m u l s i o n , 

A p = p A - p B = 7 ( l / B 1 + l /R a ) (12) 

Ap=pA-pB = 2y/R (13) 
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20 E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

so that Δρ varies w i t h the radius , R. ( M o r e details are g iven i n refs. 13 and 
31.) T h e Y o u n g - L a p l a c e equat ion forms the basis for some important m e t h 
ods for measur ing surface and interfacial tensions, such as the pendant , 
sessile, and s p i n n i n g d r o p methods a n d the m a x i m u m bubble pressure 
m e t h o d (27-30). I n p r i m a r y o i l recovery f r o m u n d e r g r o u n d reservoirs, the 
capi l lary forces descr ibed by this equat ion are responsible for h o l d i n g back 
m u c h o f the o i l (residual oi l ) i n parts o f the pore structure i n the rock or 
sand. A n y secondary or enhanced (tertiary) o i l recovery process strategies 
are i n t e n d e d to overcome these same forces (32). I n the example i n v o l v i n g 
microemuls ions i n enhanced o i l recovery (discussed u n d e r the heading 
" M i c r o e m u l s i o n s " ) , the Y o u n g - L a p l a c e equat ion was used, wi thout in t ro
d u c t i o n , to demonstrate h o w l o w e r i n g inter fac ia l tension can facil itate e m u l 
sif ication and incrementa l o i l recovery. I n that example r , the pore radius, 
was used i n place o f R i n the Y o u n g - L a p l a c e equat ion, a n d the contact angle 
was i n c l u d e d . 

Contact Angles and Wetting. W h e n a droplet o f o i l i n water comes 
into contact w i t h a so l id surface, the o i l may f o r m a bead o n the surface, or it 
may spread a n d f o r m a film. A l i q u i d having a strong affinity for the so l id w i l l 
seek to maximize its contact ( interfacial area) and f o r m a film. A l i q u i d w i t h 
m u c h weaker affinity may f o r m into a bead. T h e affinity is t e r m e d the 
wettabi l i ty . Because there can be degrees o f spreading, another quanti ty is 
needed . T h e contact angle, Θ, i n an o i l - w a t e r - s o l i d system is def ined as the 
angle, measured through the aqueous phase, that is f o r m e d at the j u n c t i o n o f 
the three phases. Whereas interfac ia l tension is def ined for the boundary 
between two phases, the contact angle is def ined for a three-phase j u n c t i o n . 

I f the inter fac ia l forces act ing a long the per imeter o f the drople t are 
represented b y the interfac ia l tensions, t h e n an e q u i l i b r i u m force balance 
can be w r i t t e n as 

7w/o cos θ = 7s/0 - 7SAV ( 14) 

w h e r e the subscripts refer to water (W) , o i l (O) , and so l id (S). E q u a t i o n 14 is 
Young's equat ion. T h e s o l i d is comple te ly water -wet ted i f θ = 0 a n d o n l y 
part ia l ly w e t t e d otherwise. E q u a t i o n 14 is f requent ly used to descr ibe wet
t i n g p h e n o m e n a , so two pract ica l points are important . I n theory complete 
nonwet t ing b y water w o u l d mean that θ = 180°, but this contact angle is not 
seen i n pract ice . A l s o , values o f θ < 90° are often cons idered to represent 
" w a t e r - w e t t i n g " , and values o f θ > 90° are cons idered to represent " n o n -
water -wet t ing" . Th is assignment is rather arbitrary because it is based o n 
corre la t ion w i t h v isual appearance o f droplets o n surfaces. 

These considerations come into play i n o i l recovery schemes a p p l i e d to 
reservoirs o f m i x e d wettabi l i ty or w h e r e the rock is p r e d o m i n a n t l y o i l -
wet t ing . A n o t h e r example is the case o f the so-cal led P i c k e r i n g emuls ions , 
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1. S C H R A M M Basic Principles 21 

emulsions s tabi l ized b y fine part ic les . A film o f c lose-packed particles has 
considerable mechanica l strength, w h i c h contr ibutes to the stabil i ty o f an 
emuls ion . T h e most stable emulsions occur w h e n the contact angle is close 
to 90°, so that the particles w i l l col lect at the interface. C o m b i n i n g Young's 
equat ion w i t h the or iented wedge theory (see later, " E m u l s i f y i n g A g e n t s " ) 
allows some predic t ions to be made. I f the contact angle for a fine part ic le at 
the O / W interface is θ < 90°, then most o f the part ic le w i l l reside i n the 
aqueous phase. I n this case an O / W e m u l s i o n is indica ted . Converse ly , i f θ > 
90°, t h e n the part ic le w i l l be most ly i n the o i l phase, and W / O is p r e d i c t e d . 

Adsorption at Interfaces: Surface Activity. Surfactants. 
Some compounds , l ike short -chain fatty acids, can be part ly soluble i n both 
water and o i l . T h i s dua l solubi l i ty is because such molecules are a m p h i p h i l i c 
or amphipathic ; that is, they have one part that has an affinity for the o i l (the 
nonpolar hydrocarbon chain) , and one part that has an aff inity for the water 
(the po lar group) . T h e energetical ly most favorable or ientat ion for these 
molecules is at the o i l - w a t e r interface, so that each part o f the molecu le can 
reside i n the solvent for w h i c h it has the greatest affinity (see F i g u r e 8). 

Figure 8. Surfactant associations in an O/W emulsion. The size of the surfac
tant molecules compared to the oil droplets has been exaggerated for the 

purposes of illustration. 
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22 E M U L S I O N S IN T H E P E T R O L E U M INDUSTRY 

These molecules that f o r m or ien ted monolayers at interfaces show surface 
activity and are t e r m e d surfactants. A s there w i l l be a balance between 
adsorpt ion and desorpt ion (due to t h e r m a l motions) , the interfac ia l c o n d i 
t ion requires some t ime to establish. Because o f this t ime r e q u i r e d , surface 
activity should be cons idered a dynamic p h e n o m e n o n . T h i s fact can be seen 
by measur ing surface tension versus t ime for a freshly f o r m e d surface. 

A consequence o f surfactant adsorpt ion at an interface is that it provides 
an expanding force act ing against the n o r m a l interfacial tension. I f ττ is this 
expanding pressure (surface pressure) , then 7 = 7 i n i t i a i - ττ. Thus , surfactants 
t e n d to lower inter fac ia l tension; i f a l o w enough value o f 7 is reached, 
emuls i f icat ion can take place because only a smal l increase i n surface free 
energy is r e q u i r e d , for example, w h e n ττ ~ 7 i n i t i a i - I f solute-solvent forces are 
greater than solvent-solvent forces on the other h a n d , then molecular m i 
grat ion away f r o m the interface can occur and cause increased surface 
tension (e.g., N a C l [aq]). 

G i b b s has thermodynamica l ly descr ibed the l o w e r i n g of surface free 
energy that results f r o m surfactant adsorpt ion. T h e general G i b b s adsorp
t ion equat ion for a binary, i so thermal system conta in ing excess electrolyte is 

T s = - (1 /RT) (dy/d In C s ) (15) 

where F s is the surface excess o f surfactant (mol/cm 2 ) , Cs is the solut ion 
concentrat ion o f the surfactant ( M ) , and 7 may be e i ther surface or interfa-
c ia l tension (mN/m). This equat ion can be a p p l i e d to d i lute surfactant so lu
tions i n w h i c h the surface curvature is not great and w h e r e the adsorbed film 
can be cons idered a monolayer . T h e p a c k i n g density o f surfactant i n a 
monolayer at the interface can be calculated as fol lows. T h e surface excess i n 
a t ight ly packed monolayer can be calculated f r o m the slope o f the l inear 
p o r t i o n of a plot o f surface tension versus the logar i thm of so lut ion c o n 
centrat ion (see F i g u r e 9). F r o m this slope, the area p e r adsorbed molecule 
(as) can be ca lculated f r o m 

β β = 1/(2Ϋ Α Γ.) (16) 

w h e r e NA is Avogadro 's n u m b e r . N u m e r o u s examples are g iven b y 
R o s e n (33). 

Surface Films. Insoluble polar molecules (e.g., long-chain fatty ac
ids) exhibit an extreme k i n d o f adsorpt ion at l i q u i d surfaces. That is, they can 
be made to concentrate i n one molecular layer at the surface. These interfa-
c ia l films often provide the s tabi l iz ing inf luence i n emulsions because they 
can b o t h lower interfac ia l tension and increase the interfacial viscosity. 
Increasing interfac ia l viscosity provides a mechanica l resistance to coales
cence. Such systems also l e n d themselves to the study o f size, shape, and 
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1. S C H R A M M Basic Principles 23 

CMC 

Surfactant 
Monomers 

Surfactant 
Micelles 

Log Concentration 

Figure 9. The association behavior of surfactants in solution, showing the 
critical micelle concentration (CMC). 

orientat ion of molecules at an interface. H a v i n g an adsorbed layer lowers the 
surface tension (to y) by the surface pressure ττ = 7 i n i t i a i - 7, as already noted . 
In a surface balance (pioneered by L a n g m u i r and others) ττ versus the 
available area o f surface (A) can be d e t e r m i n e d direct ly . A n o t h e r approach is 
to measure the l o w e r e d surface tension ( W i l h e l m y plate) and calculate ττ. 
F o r very l o w film pressures, an ideal gas law analogy, 

TTA = nRT = nNAkT (17) 

allows calculat ion o f the effective area per molecule (A/nNA) i n the m o n o 
layer; here η is the n u m b e r o f moles, R is the gas constant, Γ is absolute 
temperature , and k is the B o l t z m a n n constant. 

Classification of Surfactants, Surfactants are classified according to 
the nature o f the polar (hydrophi l ic ) part o f the molecule , as i l lustrated i n 
Table I I I . In -depth discussions o f surfactant structure and chemistry can be 
f o u n d i n references 33 -35 . 

I n aqueous solut ion, d i lute concentrations o f surfactant act m u c h as 
n o r m a l electrolytes, but at h igher concentrations very di f ferent behavior 
results. This behavior ( i l lustrated i n F igures 8 and 9) was explained by 
M c B a i n i n terms o f organized aggregates ca l led micel les i n w h i c h the l i p o 
p h i l i c parts of the surfactants associate i n the inter ior o f the aggregate and 
leave h y d r o p h i l i c parts to face the aqueous m e d i u m . (Detai ls are given i n 
refs. 16 and 31.) T h e concentrat ion at w h i c h mice l le format ion becomes 
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1. S C H R A M M Basic Principles 25 

significant is ca l led the cr i t i ca l mice l le concentrat ion ( C M C ) . T h e C M C is a 
proper ty o f the surfactant and several other factors, because m i c e l l i z a t i o n is 
opposed b y t h e r m a l and electrostatic forces. A l o w C M C is favored b y 
increasing the molecular mass o f the l i p o p h i l i c part of the molecu le , lower
i n g the temperature (usually), and a d d i n g electrolyte . Surfactant molecular 
weights range f r o m a few h u n d r e d u p to several thousand. 

Some typica l C M C values for l o w electrolyte concentrations at r o o m 
temperature are 

Surfactant Class CMC (M) 

Nonionic K H - I O " 4 

Anionic K H - I O " 2 

Amphoteric K H - I Q - 1 

T h e solubil i t ies o f m i c e l l e - f o r m i n g surfactants show a strong increase 
above a certa in temperature , t e r m e d the K r a f f t po int (T K ) . T h i s increase i n 
solubi l i ty is explained by the fact that the single surfactant molecules have 
l i m i t e d solubi l i ty , whereas the micel les are very soluble . R e f e r r i n g to F i g u r e 
10, b e l o w the K r a f f t point the solubi l i ty of the surfactant is too l o w for 
mice l l i za t ion , and solubi l i ty alone determines the surfactant m o n o m e r c o n 
centrat ion. A s temperature increases, the so lubi l i ty increases u n t i l at T K the 
C M C is reached. A t this temperature a relat ively large amount of surfactant 
can be dispersed i n micel les , and solubi l i ty increases greatly. A b o v e the 

Figure 10. The solubility-micellization behavior of surfactants in solution, 
showing the Krafft point. 
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26 E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

K r a f f t point , m a x i m u m r e d u c t i o n i n surface or interfac ia l tension occurs at 
the C M C because n o w the C M C determines the surfactant m o n o m e r c o n 
centrat ion. 

Cohesion, Adhesion, and Spreading. T w o phases A a n d Β may 
have an interface be tween t h e m , A B . C o h e s i o n , adhesion, and spreading can 
be d e n n e d for the changes shown i n F i g u r e 11 ( involving always uni t surface 
area). T h e w o r k of cohesion represents the energy r e q u i r e d to increase 
interfac ia l area b y two square units . T h u s the energy r e q u i r e d to disperse o i l 
into finer and finer droplets , to make an e m u l s i o n , increases as the interfa-

Figure 11. Cohesion, adhesion, and spreading. All indicated changes are per 
unit area, AG is the Gibbs free energy change, and the subscripts denote oil 

(O), water (W) and air (A). 
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1. S C H R A M M Basic Principles 27 

c ia l tension between the droplets increases. T h e w o r k o f adhesion is the 
energy i n v o l v e d w h e n two surfaces, in i t ia l ly i n contact w i t h each other, are 
separated to each contact a t h i r d phase. T h e w o r k o f adhesion relates to, for 
example, surface energy changes i n v o l v e d w h e n an o i l drople t in i t ia l ly i n 
contact w i t h a so l id part ic le becomes released into water. Spreading occurs 
w h e n , for example, emuls i f ied o i l droplets reach the a i r - w a t e r interface a n d 
spread over the surface. This spreading is a m e c h a n i s m for demuls i f i ca t ion ; a 
negative spreading coeff icient s h o u l d thus t e n d to contr ibute to e m u l s i o n 
stability. Spreading is also a mechanism for defoaming by emulsions (36). 
P e t r o l e u m emulsions have b e e n used to prevent the format ion o f foams, or 
destroy foams already generated, i n various indust r ia l processes (37). 

Stability of Emulsions 

Meaning of Stability. M o s t emulsions are not t h e r m o d y n a m i c a l l y 
stable. Rather they possess some degree o f k inet ic stability, a n d i t is i m p o r 
tant to dis t inguish the degree o f change and the t ime scale. A s m e n t i o n e d 
previously , coalescence and aggregation are processes i n w h i c h part ic les , 
droplets , or bubbles are brought together w i t h (coalescence) or w i t h o u t 
(aggregation) large changes i n surface area. T h u s , there can be di f ferent 
k inds o f kinet ic stabil ity. Th is discussion o f c o l l o i d stabil ity w i l l explore the 
reasons w h y co l lo ida l dispersions can have di f ferent degrees o f k inet ic stabi l 
i ty and h o w these are in f luenced , and can therefore be m o d i f i e d , by so lut ion 
and surface propert ies . T h e discussion is car r ied further , a n d i n more deta i l , 
i n C h a p t e r 2. 

E n c o u n t e r s be tween particles i n a dispers ion can occur f requent ly be
cause o f B r o w n i a n m o t i o n , sedimentat ion, or s t i rr ing. T h e stabil i ty o f the 
dispers ion depends u p o n h o w the particles interact w h e n these encounters 
happen . T h e m a i n cause of repuls ive forces is the electrostatic repuls ion 
between l ike -charged objects. T h e m a i n attractive forces are the van der 
Waals forces be tween objects. 

Electrostatic Forces. Charged Interfaces. M o s t substances ac
quire a surface electr ic charge w h e n brought into contact w i t h a polar 
m e d i u m such as water. F o r emulsions , the o r i g i n o f the charge can be 
ionizat ion , as w h e n surface ac id funct ional i t ies ionize w h e n o i l droplets are 
dispersed into an aqueous solut ion, or the o r i g i n can be adsorpt ion, as w h e n 
surfactant ions or charged part icles adsorb onto an o i l drople t surface. S o l i d 
particles can have addi t ional mechanisms o f charging. O n e is the u n e q u a l 
dissolut ion o f cations and anions that make u p the crystal structure ( in the 
salt type minerals , for example) . A n o t h e r is the d i f fus ion o f counter ions away 
f r o m the surface o f a so l id whose internal crystal structure carries an oppo
site charge because o f i s o m o r p h i c subst i tut ion ( in clays, for example) . T h e 
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28 E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

surface charge influences the d is t r ibut ion o f nearby ions i n the po lar me
d i u m . Ions o f opposite charge (counterions) are attracted to the surface, but 
those o f l ike charge (co-ions) are r e p e l l e d . A n electr ic double layer, w h i c h is 
diffuse because o f m i x i n g caused by t h e r m a l m o t i o n , is thus f o r m e d . 

I n a pract ica l p e t r o l e u m e m u l s i o n s i tuat ion, the degree o f surface charg
i n g is more compl i ca ted . A n example is the b i t u m e n - w a t e r interface, w h i c h 
becomes negatively charged i n alkaline aqueous solutions as a result o f the 
ionizat ion o f surface carboxylic ac id groups be longing to natural surfactants 
present i n the b i t u m e n . T h e degree o f negative charging is very important to 
the success o f b i t u m e n recovery processes f r o m i n situ o i l sands and also 
separation processes f r o m surface o i l sands, such as the hot-water flotation 
process (38-42). T h e degree o f negative charge at the interface depends o n 
the ρ H and ion ic strength o f the solut ion (38, 39) a n d also on the concentra
t ion o f natural surfactant monomers present i n the aqueous phase (40, 41). 
W i t h b i t u m e n , as w i t h other heavy crude oi ls , more than one k i n d o f surfac
tant may be p r o d u c e d (42), and the solut ion concentrations o f the 
surfactants d e p e n d also o n react ion condit ions ( temperature, etc.) and o n 
the extent o f c o m p e t i n g reactions such as the adsorpt ion o f the surfactants 
onto so l id (clay) particles that are present (43, 44). 

Electric Double Layer. T h e electr ic double layer ( E D L ) consists o f 
the charged surface and a neutra l iz ing excess o f counter ions over co-ions, 
d i s t r ibuted near the surface (see F i g u r e 12). T h e E D L can be v i e w e d as 
b e i n g c o m p o s e d o f two layers: 

• an i n n e r layer that may i n c l u d e adsorbed ions 

• a dif fuse layer i n w h i c h ions are d is t r ibuted according to the 
inf luence o f e lectr ica l forces and thermal m o t i o n 

G o u y and C h a p m a n p r o p o s e d a s imple quantitative m o d e l for the diffuse 
double layer, assuming, a m o n g other things, an inf ini te , flat, u n i f o r m l y 
charged surface and point-charge ions. ( F u r t h e r details are given i n refs. 14, 
31, and 45.) T a k i n g the surface potent ia l to be ψ°, the potent ia l ψ at a 
distance χ f r o m the surface is approximately 

ψ = ψ° exp (-κχ) ( 18) 

T h e surface charge density is given as σ° = βκψ0, w h e r e e is the permi t t iv i ty 
a n d κ is not conduct iv i ty but a special variable def ined i n equat ion 19; thus, 
ψ° depends o n surface charge density and the solut ion ionic compos i t ion 
( through κ). T h e variable l/κ is ca l led the double- layer thickness, and for 
water at 25 °C i t is given b y 

κ = 3.288V/ ( n m " 1 ) (19) 
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1. S C H R A M M Basic Principles 29 

Figure 12. Simplified illustrations of the electrical double layer around a 
negatively charged colloidal emulsion droplet. The left view shows the change 
in charge density around the droplet. The right view shows the distribution of 
ions around the charged droplet. (Courtesy of L. A. Ravina, Zeta-Meter, Inc., 

Long Island City, NY.) 

w h e r e I is the i o n i c strength, given by I = (1/2) Σ<<%2, i n w h i c h c{ are the 
i n d i v i d u a l i o n concentrat ions and z{ are the respective ion-charge numbers . 
F o r a 1-1 electrolyte, 

1 / K = l n m f o r / = 1 0 1 M 
1/K = 10 n m for / = ΙΟ" 3 M (20) 

I n fact an i n n e r layer exists because ions are not real ly po int charges a n d 
an i o n can approach a surface on ly to the extent a l lowed by its hydrat ion 
sphere. T h e Stern m o d e l specif ical ly incorporates a layer o f specif ical ly 
adsorbed ions b o u n d e d by a plane , the Stern plane (see F i g u r e 13 a n d refs. 
14, 31 , and 45). I n this case the potent ia l changes f r o m ψ° at the surface, to 
ψ(§) at the Stern plane , to ψ = 0 i n b u l k so lut ion . 

Electrokinetic Phenomena. E l e c t r o k i n e t i c m o t i o n occurs w h e n the 
m o b i l e part o f the electr ic d o u b l e layer is sheared away f r o m the i n n e r layer 
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30 E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

Figure 13. Simplified illustration of the surface and zeta potentials for a 
charged emulsion droplet dispersed in high and low electrolyte concentration 
aqueous solutions. (Courtesy of L. A. Ravina, Zeta-Meter, Inc., Long Island 

City, NY.) 

(charged surface). T h e four types o f e lectrokinet ic measurements are elec
trophoresis , electro-osmosis , s treaming potent ia l , and sedimentat ion p o t e n 
t ia l , o f w h i c h electrophoresis finds the most use i n indust r ia l pract ice . G o o d 
descript ions o f pract ica l exper imental techniques i n electrophoresis a n d 
their l imitat ions can be f o u n d i n references 46 -48 . 

In electrophoresis an electr ic field is a p p l i e d to a sample and causes 
charged droplets or particles and any attached mater ia l or l i q u i d to move 
toward the opposi te ly charged electrode. Thus the results can be in terpre ted 
only i n terms of charge density (σ ) or potent ia l (ψ) at the plane of shear. T h e 
latter is also k n o w n as the zeta potent ia l . Because the exact locat ion of the 
shear plane is general ly not k n o w n , the zeta potent ia l is usual ly taken to be 
approximately equal to the potent ia l at the Stern plane (F igure 13): 

ζ = Ψ(δ) (21) 

where δ is the distance f r o m the droplet surface to the Stern plane . I n 
microelectrophoresis the dispersed droplets are v i e w e d u n d e r a microscope , 
and the ir e lectrophoret ic veloci ty is measured at a locat ion i n the sample c e l l 
where the electr ic field gradient is k n o w n . This measurement must be done 
at careful ly selected planes w i t h i n the c e l l because the c e l l walls become 
charged as w e l l and cause electro-osmotic flow of the b u l k l i q u i d inside the 
ce l l . 

T h e e lectrophoret ic mobi l i ty , μ Ε , is def ined as the e lectrophoret ic ve
loci ty d i v i d e d by the electr ic field gradient at the locat ion w h e r e the veloc i ty 
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1. S C H R A M M Basic Principles 31 

was measured. It remains then to relate the e lectrophoret ic m o b i l i t y to the 
zeta potent ia l ( ζ ) . T w o s imple relations can be used to calculate zeta p o t e n 
tials i n l i m i t i n g cases: 

• H i i c k e l theory. F o r droplets o f smal l radius (r) w i t h " t h i c k " 
electr ic double layers, meaning that Kr < 1, i t is assumed that 
Stokes' law applies and the electr ical force is equated to the 
f r i c t ional resistance o f the droplet , μ Ε = £e/(1.5r/). 

• S m o l u c h o w s k i theory. F o r large droplets w i t h " t h i n " e lectr ic 
double layers, meaning droplets for w h i c h ΚΓ > 100, μ Ε = ζβ/τ/. 

These theories are discussed i n more detai l i n references 14 and 50. 
W i t h these relations zeta potentials can be calculated for many pract ica l 

systems. W i t h i n each set of l i m i t i n g condit ions the e lectrophoret ic mobi l i ty 
is independent o f part ic le size and shape as l o n g as the ζ potent ia l is c o n 
stant. F o r intermediate values of fcr, the H e n r y equat ion and many other 
equations apply (46, 47, 49). 

Repulsive Forces. I n the simplest example o f c o l l o i d stability, e m u l 
s ion droplets w o u l d be s tabi l ized ent ire ly by the repulsive forces created 
w h e n two charged surfaces approach each other and their e lectr ic double 
layers overlap. T h e repulsive energy, V R , for spher ica l droplets is g iven 
approximately as 

VR = B e k ^ n \ x p ( - K H ) (22) 
Ζ 

w h e r e the spheres have radius r and are separated b y distance Η, Β is a 
constant (3.93 χ 10 3 9 A~2s~2), ζ is the counter ion charge n u m b e r , and 

exp [zeijj(S) / 2kT] - 1 ^ 

exp[%é?i/<S)/2fcT] + l 

Dispersion Forces, van der Waals postulated that neutra l mole 
cules exert forces o f attraction o n each other that are caused by electr ica l 
interactions be tween three types o f d ipo lar configurations. T h e attraction 
results f r o m the or ientat ion of dipoles that may be (1) two permanent 
dipoles , (2) d i p o l e - i n d u c e d d ipo le , or (3) i n d u c e d d i p o l e - i n d u c e d d i p o l e . 
I n d u c e d d i p o l e - i n d u c e d dipole forces between nonpolar molecules are also 
ca l led L o n d o n dispers ion forces. E x c e p t for quite polar materials , the L o n 
d o n dispers ion forces are the more significant o f the three. F o r molecules 
the force varies inversely w i t h the sixth power of the in termolecular dis
tance. 

F o r dispersed droplets (or particles , etc.) the dispers ion forces can be 
approximated by adding the attractions between a l l in terdrople t pairs of 
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32 E M U L S I O N S IN T H E P E T R O L E U M INDUSTRY 

molecules . W h e n a d d e d this way, the dispers ion force be tween two droplets 
decays less rapid ly as a func t ion o f separation distance than is the case for 
i n d i v i d u a l molecules . F o r two spheres o f radius r i n a v a c u u m , separated b y 
distance H , the attractive energy V A can be approximated by 

V A = - — (24) 
A 12H 

for H < 10-20 n m and H « r . T h e constant A is k n o w n as the H a m a k e r 
constant and depends o n the density and polar izabi l i ty o f atoms i n the 
part ic les . T y p i c a l l y 10" 2 0 J < A < 10" 1 9 J . W h e n the part icles are i n a m e d i u m 
other than v a c u u m , the attraction is reduced . This r e d u c e d attraction can be 
accounted for b y us ing an effective H a m a k e r constant 

A= ( V Â , - ^ ) 2 (25) 

w h e r e the subscripts denote the m e d i u m (1) and particles (2). 
T h e effective H a m a k e r constant equat ion shows that the attraction be

tween particles is weakest w h e n the particles and m e d i u m are most c h e m i 
cal ly s imi lar (A1 ~ A 2 ) . T h e H a m a k e r constants are usual ly not w e l l k n o w n 
and must be approximated. 

D L V O Theory. D e r j a g u i n and L a n d a u , and independent ly V e r w e y 
a n d Overbeek (45), deve loped a quantitative theory for the stability o f lyo
p h o b i c col lo ids , n o w k n o w n as the D L V O theory. It was deve loped i n an 
attempt to account for the observation that col loids coagulate q u i c k l y at h i g h 
electrolyte concentrat ions, s lowly at l o w concentrat ions, and w i t h a very 
narrow electrolyte concentrat ion range over w h i c h the transit ion f r o m one to 
the other occurs . T h i s narrow electrolyte concentrat ion range defines the 
cr i t i ca l coagulat ion concentrat ion ( C C C ) . T h e D L V O theory accounts for 
the energy changes that take place w h e n two droplets (or particles) approach 
each other, and involves est imat ing the energy of attraction ( L o n d o n - v a n 
der Waals) versus interpart ic le distance and the energy of repuls ion (electro
static) versus distance. These , V A and V R , respectively, are then a d d e d to
gether to y i e l d the total interact ion energy V . A t h i r d important force occurs 
at very smal l separation distances where the atomic e lec tron clouds overlap 
and causes a strong repuls ion , ca l led B o r n repuls ion . T h e theory has b e e n 
deve loped for several special cases, i n c l u d i n g the interact ion between two 
spheres, and refinements are constantly b e i n g made. 

T h e value o f V R decreases exponential ly w i t h increas ing separation dis
tance and has a range about equal to κ" 1 , and V A decreases inversely w i t h 
increas ing separation distance. F i g u r e 14 shows a single attractive energy 
curve and two dif ferent repuls ive energy curves, represent ing two very 
di f ferent levels o f electrolyte concentrat ion. T h e figure shows the total 
interact ion energy curves that result i n each case. E i t h e r the attractive van 
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1. S C H R A M M Basic Principles 33 

der Waals forces or the repulsive electr ic double- layer forces can p r e d o m i 
nate at di f ferent in terdrople t distances. 

W i t h a posit ive potent ia l energy m a x i m u m , a d ispers ion s h o u l d be stable 
i f V kT, that is, i f the energy is large c o m p a r e d to the t h e r m a l energy of the 
particles (15&Tis cons idered insurmountable ) . I n this case c o l l i d i n g droplets 
s h o u l d r e b o u n d wi thout contact, and the e m u l s i o n s h o u l d be stable to ag
gregation. If, o n the other h a n d , the potent ia l energy m a x i m u m is not very 
great, V ~ kT, then slow aggregation should occur . T h e height o f the energy 
barr ier depends o n the surface potent ia l , ψ(δ) and on the range o f the 
repuls ive forces, κ - 1 . F i g u r e 14 shows that an energy m i n i m u m can occur at 
larger interpart ic le distances. I f this energy m i n i m u m is reasonably deep 
c o m p a r e d to kT, then a loose, easily reversible aggregation s h o u l d occur . 

Practical Guidelines. T h e D L V O calculations can become quite 
invo lved , r e q u i r i n g considerable knowledge about the systems of interest . 
A l s o , they present some p r o b l e m s . F o r example, some dis tor t ion o f the 
spher ica l e m u l s i o n droplets w i l l occur as they approach each other and beg in 
to seriously interact ; these interactions cause a flattening. A l s o , our v i e w of 

Figure 14. The effect of different repulsive potential energy curves (1 and 2) on 
the total interaction energy for a given attractive energy curve. (Reproduced 
with permission from reference 16. Copyright 1981 Butterworth Heinemann 

Ltd.) 
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34 E M U L S I O N S IN T H E P E T R O L E U M INDUSTRY 

the va l id i ty o f the theory is changing as more becomes k n o w n about the 
inf luence of addi t ional forces such as those due to surface hydrat ion . T h e 
D L V O theory nevertheless forms a very useful starting point i n a t tempting 
to unders tand complex co l lo ida l systems such as p e t r o l e u m emuls ions . E m 
p i r i c a l " ru les o f t h u m b " can be used to give a first estimate o f the degree o f 
co l lo ida l stabil ity that a system is l ike ly to have i f the zeta potentials o f the 
droplets are k n o w n . 

Zeta Potential Criteria. M a n y types of col loids t e n d to adopt a nega
tive surface charge w h e n dispersed i n aqueous solutions having i o n i c c o n 
centrations and p H typica l o f natural waters. F o r such systems one rule o f 
t h u m b stems f r o m observations that the co l lo ida l particles are quite stable 
w h e n the zeta potent ia l is about -30 m V or more negative, and quite unsta
ble because o f agglomerat ion w h e n the zeta potent ia l is be tween +5 and -5 
m V . A n expanded set of guidel ines , deve loped for part ic le suspensions, is 
given i n reference 48. Such cr i ter ia are f requent ly used to determine o p t i 
m a l dosages o f polyvalent meta l electrolytes, such as a l u m , used to effect 
coagulat ion i n treatment plants. 

F o r example, as stated earl ier , i n order to separate b i t u m e n f r o m o i l 
sands, a significant negative charge must be present at the o i l - w a t e r inter 
face. T h i s negative charge is n e e d e d to a id i n the release of the b i t u m e n f r o m 
the sand matrix, and is also needed to prevent attachment o f the released 
and emuls i f i ed droplets to codispersed so l id particles such as clays. I n fact, 
i n the flotation recovery process for b i t u m e n the o p t i m a l process ing c o n d i 
t ion correlates w i t h m a x i m i z i n g the negative charge, or zeta potent ia l , o n the 
droplets (41). O n - l i n e measurements o f the emuls i f i ed b i t u m e n droplet zeta 
potentials can be used to m o n i t o r and contro l the cont inuous o i l recovery 
process, as indica ted i n F i g u r e 15 (50). I n the F i g u r e 15 example, the maxi 
m u m (negative) e m u l s i o n drople t zeta potent ia l achieved was about -35 m V , 
w h i c h is consistent w i t h the " g o o d stabi l i ty" guide l ine just descr ibed . 

Schulze-Hardy Rule. T h e transi t ion f r o m stable dispers ion to ag
gregation usual ly occurs over a fair ly smal l range o f electrolyte concentra
t ion . T h i s c o n d i t i o n makes it possible to determine aggregation concentra
tions, often re ferred to as cr i t i ca l coagulat ion concentrations ( C C C ) . T h e 
S c h u l z e - H a r d y ru le summarizes the general tendency o f the C C C to vary 
inversely w i t h the sixth p o w e r of the counter ion charge n u m b e r (for i n d i f f e r 
ent electrolyte) . F u r t h e r details and or ig inal references are given i n refer
ences 13 and 51. 

A p r e d i c t i o n f r o m D L V O theory can be made by d e r i v i n g the condit ions 
u n d e r w h i c h V = 0 and dV/dH = 0. T h e result is 

_9.75JBVfc 5rV 
e2NAA2z6 

(26) 
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Figure 15. Flot of oil recoveries versus process aid addition level from the hot 
water flotation processing of an oil sand in a continuous pilot plant. Also shown 
is the correspondence with the zeta potentials, measured on-line, of emulsified 
bitumen droplets in the extraction solution. (Plotted from data in reference 50.) 

showing that for h igh potentials (7 —» 1), the C C C varies inversely w i t h z6. As 
an i l lustrat ion, for a hypothet ica l e m u l s i o n , equat ion 26 predicts a C C C of 
1.18 M i n solutions o f s o d i u m chlor ide . T h e cr i t i ca l coagulat ion concentra
tions i n polyvalent meta l chlor ides w o u l d then decrease as fol lows: 

Dissolved CCC 
Salt ζ (mol/L) 

N a C l 1 1.18 
C a C l 2 2 0.018 
AICI3 3 0.0016 

Broad Influence on Stability. I n general , w h e n e lectr ica l surface 
charge is an important determinant o f stability, i t is easier to formulate a very 
stable O / W e m u l s i o n than a W / O emuls ion because the electr ic double- layer 
thickness is m u c h greater i n water than i n o i l . (This c o n d i t i o n is sometimes 
incorrec t ly stated i n terms o f greater charge b e i n g present o n droplets i n an 
O / W emuls ion) . T h i s is not to say that W / O emulsions cannot be stabi l ized, 
however . M a n y reasonably stable o i l - f i e l d W / O emulsions are s tabi l ized b y 
another m e c h a n i s m : the protect ive act ion of viscoelastic, possibly r i g i d , f i lms 
f o r m e d o n the droplets by macromolecules or so l id part ic les . 
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3 6 EMULSIONS IN THE PETROLEUM INDUSTRY 

Kinetics. T h u s far this chapter has most ly b e e n concerned w i t h an 
unders tanding o f the d i rec t ion i n w h i c h reactions w i l l proceed . H o w e v e r , 
f r o m an engineer ing point of v iew, i t is just as important to k n o w the rates at 
w h i c h such reactions w i l l p roceed . T w o p r i n c i p a l factors determine the rate 
o f aggregation o f droplets i n an e m u l s i o n : the f requency o f droplet e n c o u n 
ters a n d the probabi l i ty that the t h e r m a l energy of the droplets is sufficient 
to overcome the potent ia l energy barr ier to aggregation. T h e rate o f ag
gregation can be given as -(dn/dt) = k2n2 where k2 is the rate constant a n d η 
is the n u m b e r o f droplets p e r uni t v o l u m e at t ime t. F o r η - n0 at t = 0, 

1/n = k2t + l / n 0 (27) 

D u r i n g the process o f aggregation, k2 may not r e m a i n constant. 
I f the energy barr ier to aggregation is r e m o v e d (e.g., b y adding excess 

electrolyte) then aggregation is d i f fus ion contro l led ; only B r o w n i a n m o t i o n 
o f independent droplets or particles is present. F o r a monodisperse suspen
sion o f spheres, S m o l u c h o w s k i deve loped an equat ion for this " r a p i d coagu
l a t i o n " 

(28) 
1 + 8<nDrn0t 

where r is the radius, and the d i f fus ion coeff icient D = kT/(6ir^). N o w k2 = 
4kT/(3ri), where k2 is the rate constant for d i f fus ion-contro l l ed aggregation. 

W h e n there is an energy barr ier to aggregation, on ly a f ract ion IfW o f 
encounters lead to attachment. T h e variable W is the stability ratio, W = 
k2lk2. U s i n g W gives " s l o w coagula t ion" (hindered) t imes. I n this case, the 
interact ion energy a n d hydrodynamic viscous drag forces must be c o ns id 
e r e d (16). 

F i n a l l y , particles can also be brought in to interact ion distances by stir
r i n g or sedimentat ion so that the relative motions of two adjacent regions of 
fluid, each carry ing particles , can cause part ic le encounters . C o a g u l a t i o n 
due to such inf luence is ca l l ed "or thok ine t i c coagula t ion" as d is t inguished 
f r o m the B r o w n i a n i n d u c e d " p e r i k i n e t i c coagulat ion" . T h e theory for ortho-
k inet ic coagulat ion is m u c h more c o m p l i c a t e d than that for per ik ine t i c and is 
not discussed here . H o w e v e r , shear can also cause dispers ion i f the energy 
i n t r o d u c e d allows the interact ion energy barr ier to be overcome. 

Stability to Coalescence. U p to this point , stabil i ty to aggregation 
has been cons idered. H o w e v e r , once aggregation has taken place i n an 
e m u l s i o n , there remains the quest ion of stabil i ty to coalescence. U s u a l l y 
emulsions made by m i x i n g together two pure l iquids are not very stable. T o 
increase the stability, an addi t ional component is usual ly needed, and it 
forms a film a r o u n d the dispersed droplets to provide a barr ier to b o t h 
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1. SCHRAMM Basic Principles 37 

aggregation and coalescence. A l t h o u g h numerous agents and mechanisms 
are effective, the addi t ional c o m p o n e n t is f requent ly a surfactant. Stabi l i ty 
to coalescence involves the mechanica l propert ies o f the interfac ia l films. 
M e c h a n i c a l propert ies w i l l be cons idered fur ther i n the next sect ion. 

C o n s i d e r i n g stabil ity to b o t h aggregation and coalescence, the factors 
favoring e m u l s i o n stabil ity can be s u m m a r i z e d as fol lows: 

• L o w interfac ia l tension—low interfac ia l free energy makes i t 
easier to mainta in large interfac ia l area. 

• M e c h a n i c a l l y strong film—this acts as a barr ier to coalescence 
and may be enhanced b y adsorpt ion o f fine solids or o f close-
p a c k e d surfactant molecules . 

• E l e c t r i c double- layer repulsion—this repuls ion acts to prevent 
coll is ions and aggregation. 

• S m a l l v o l u m e of d ispersed phase—this reduces the f requency 
o f col l is ions and aggregation. H i g h e r volumes are possible (for 
c lose-packed spheres the dispersed-phase v o l u m e fract ion 
w o u l d be 0.74), but i n pract ice the fract ion can even be higher . 

• S m a l l droplet size, i f the droplets are electrostatically or steri -
cal ly interact ing. 

• H i g h viscosity—this slows the rates o f c r e a m i n g a n d coales
cence. 

A n assessment o f e m u l s i o n stabil ity involves the de terminat ion o f the 
t ime variat ion o f some e m u l s i o n proper ty such as those descr ibed i n the 
earl ier section " P h y s i c a l Character ist ics o f E m u l s i o n s " . T h e classical m e t h 
ods are w e l l descr ibed i n reference 9. Some newer approaches i n c l u d e the 
use o f pulse nuclear magnetic resonance spectroscopy or d i f ferent ia l scan
n i n g ca lor imetry (52). 

Emulsifying Agents. O n e general theory o f e m u l s i o n type states 
that i f an emuls i fy ing agent is preferent ia l ly wet ted by one o f the phases, 
then more of the agent can be accommodated at the interface i f that inter
face is convex toward that phase; that is, i f that phase is the cont inuous 
phase. T h i s theory works for b o t h solids and soaps as e m u l s i f y i n g agents. F o r 
surfactant molecules it is re ferred to as Bancroft 's ru le ; the l i q u i d i n w h i c h 
the surfactant is most soluble becomes the cont inuous phase. V e r y of ten, 
mixtures o f emuls i fy ing agents are more effective than single components . 
Some m i x e d emulsif iers may f o r m a complex at the interface and thus y i e l d 
l o w interfac ia l tension and a strong interfac ia l film. 

A second general ru le specifies that soaps o f monovalent meta l cations 
t e n d to produce O / W emuls ions , but those of polyvalent meta l cations w i l l 
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38 EMULSIONS IN THE PETROLEUM INDUSTRY 

t e n d to p r o d u c e W / O emuls ions . F i g u r e 16 illustrates the concept . I n the 
example shown, the c a l c i u m ions each coordinate to two surfactant m o l e 
cules that are a l igned w i t h their polar groups near the metal i o n . T h i s 
coordinat ion forces the h y d r o c a r b o n tails into a wedgel ike or ientat ion. T h e 
hydrocarbon tails i n a c lose-packed interfac ia l layer are most easily accom
modated i f the o i l phase is the cont inuous phase. T h u s , the or iented-wedge 
theory predicts that the c a l c i u m soap w i l l p r o d u c e a W / O e m u l s i o n . F o r the 
s o d i u m soap, the charged polar groups o f the surfactant t e n d to r e p e l each 
other more strongly. Th is fact, together w i t h the single cat ion-surfactant 
coordinat ion , makes it most favorable for the polar groups to be i n the 
cont inuous phase, and an O / W e m u l s i o n results. 

A n analogous rule to the or iented-wedge and Bancrof t theories states 
that the l i q u i d that preferent ia l ly wets the so l id particles w i l l t end to f o r m 
the cont inuous phase. T h u s i f there is a l o w contact angle (measured through 
the water phase), then an O / W e m u l s i o n s h o u l d f o r m . Except ions occur for 
each o f these rules, and sometimes one w i l l w o r k where the others do not. 
T h e y do r e m a i n useful for m a k i n g in i t ia l predic t ions . 

A n e m p i r i c a l scale deve loped for categorizing s ingle-component or 
m i x e d (usually nonionic) emuls i fy ing agents, us ing this p r i n c i p l e , is the 
h y d r o p h i l e - l i p o p h i l e balance or H L B scale. T h i s dimensionless scale ranges 
f r o m 0 to 20; a l o w H L B (<9) refers to a l i p o p h i l i c surfactant (oil-soluble) 
and a h i g h H L B (>11) to a h y d r o p h i l i c (water-soluble) surfactant. In gen-

Figure 16. The oriented-wedge theory of emulsion type. 
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1. SCHRAMM Basic Principles 39 

eral , W / O emulsif iers exhibit H L B values i n the range o f 3 - 8 , and O / W 
emulsif iers have H L B values o f about 8-18 . E m p i r i c a l tables o f H L B values 
r e q u i r e d to make emulsions out of various materials have been p u b 
l i shed (53). I f the value is not k n o w n , then laboratory emuls i f icat ion tests are 
r e q u i r e d , us ing a series of emuls i fy ing agents o f k n o w n H L B values. 

F o r example, to make a 15% O / W e m u l s i o n o f a paraffmic m i n e r a l o i l , a 
set o f e m u l s i o n tests is p e r f o r m e d w i t h a series o f blends o f emulsif iers A 
( H L B 4.7) and Β ( H L B 14.9): 

Emulsifier Blend HLB Emulsion Test 

100% A 4.7 no emulsion 
87% A + 13% Β 6 no emulsion 
68% A + 32% Β 8 moderate emulsion 
48% A + 52% Β 10 stable emulsion 
28% A + 72% Β 12 moderate emulsion 
6% A + 94% Β 14 no emulsion 
100% Β 14.9 no emulsion 

In this case an H L B of 10 is r e q u i r e d to make the O/W m i n e r a l o i l e m u l s i o n . 
Var ious compilat ions and equations for d e t e r m i n i n g emuls i f ier H L B 

values have been p u b l i s h e d (J5, 53, 54). F o r example, i n polyoxyethylene 
alcohols, C n H 2 n + 1 ( O C H 2 C H 2 ) m O H , a class of n o n i o n i c surfactants, the H L B 
can be calculated f r o m H L B = E/5, where Ε is the percentage by mass o f 
ethylene oxide i n the molecule . E x p e r i m e n t a l l y , the u n k n o w n H L B o f an 
emuls i f ier can be d e t e r m i n e d by m i x i n g it w i t h an emuls i f ier o f k n o w n H L B 
and an o i l for w h i c h the H L B r e q u i r e d for emuls i f icat ion is k n o w n . A series 
o f tests such as just i l lustrated i n the example can be used to determine the 
u n k n o w n H L B . F r o m the previous def in i t ion o f spreading it might seem that 
i f an o i l does not spread on water , then it s h o u l d be emuls i f i ed i n i t , and vice 
versa. Ross et a l . (55) d i d , i n fact, find a corre lat ion between H L B and the 
spreading coefficients of o i l and water. T h e y f o u n d that for a given type o f 
e m u l s i o n , bo th l o w interfac ia l tension and a negative value o f the a p p r o p r i 
ate spreading coefficient are necessary. 

A l imi ta t ion o f the H L B system is that other factors are important as 
w e l l . A l s o , the H L B is an indicator o f the e m u l s i f y i n g characteristics o f an 
emuls i f ier but not the eff ic iency o f an emulsi f ier . T h u s , a l though al l e m u l s i 
fiers having a h i g h H L B w i l l t e n d to promote O / W emuls ions , the eff ic iency 
w i t h w h i c h those emulsif iers act w i l l vary considerably for any given system. 
F o r example, usually mixtures o f surfactants w o r k better than pure c o m 
pounds o f the same H L B . 

Just as solubil i t ies of emuls i fy ing agents vary w i t h temperature , so does 
the H L B , especial ly for the nonionic surfactants. A surfactant may thus 
stabil ize O / W emulsions at l o w temperature but W / O emuls ions at some 
higher temperature . T h e transi t ion temperature , that at w h i c h the surfactant 
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40 EMULSIONS IN THE PETROLEUM INDUSTRY 

changes f r o m stabi l iz ing O / W to W / O emuls ions , is k n o w n as the phase 
invers ion temperature (P IT) . A t the P I T , the h y d r o p h i l i c and o leophi l i c 
natures o f the surfactant are essentially the same (another t e r m for this is the 
H L B temperature) . A s a pract ica l matter, emuls i fy ing agents are chosen so 
that the ir P I T is far f r o m the expected storage and use temperatures o f the 
des i red emuls ions . I n one m e t h o d (56) an emulsi f ier w i t h a P I T o f about 
50 °C h igher than the storage-use temperature is selected. T h e e m u l s i o n 
is then p r e p a r e d at the P I T w h e r e very smal l droplet sizes are most easily 
created. Next , the e m u l s i o n is rap id ly c o o l e d to the des i red use temperature , 
at w h i c h n o w the coalescence rate w i l l be s low, and a stable e m u l s i o n results. 

Protective Agents and Sensitization. T h e stabil ity o f a disper
s ion can be enhanced (protection) or r e d u c e d (sensitization) by the addi t ion 
o f mater ia l that adsorbs onto part ic le surfaces. Protect ive agents can act i n 
several ways. T h e y can increase double- layer repuls ion i f they have ionizable 
groups. T h e adsorbed layers can lower the effective H a m a k e r constant. A n 
adsorbed film may necessitate desorpt ion before particles can approach 
closely enough for van der Waals forces to cause attraction. I f the adsorbed 
mater ia l extends out signif icantly f r o m the part ic le surface, then an entropy 
decrease can accompany part ic le approach (steric stabil ization). F i n a l l y , the 
adsorbed mater ia l may f o r m such a r i g i d film that it poses a mechanica l 
barr ier to droplet coalescence. 

O i l - f i e l d W / O emulsions may be s tabi l ized b y the presence o f a protec
tive film a r o u n d the water droplets . Such a film can be f o r m e d f r o m the 
asphaltene and res in fractions o f the c rude o i l . W h e n droplets approach each 
other d u r i n g the process o f aggregation, the rate o f o i l film drainage w i l l be 
d e t e r m i n e d in i t ia l ly b y the b u l k o i l viscosity, but w i t h i n a certain distance o f 
approach the interfac ia l viscosity becomes important . A h i g h interfac ia l 
viscosity w i l l s ignif icantly re tard the final stage of film drainage and p r o m o t e 
k inet ic e m u l s i o n stability. I f the films are viscoelastic, then a mechanica l 
barr ier to coalescence w i l l be p r o v i d e d , y i e l d i n g a h i g h degree o f e m u l s i o n 
stability. M o r e deta i led descript ions are given i n references 26, 57, and 58. 

Sens i t iz ing agents can be protect ive agents that are a d d e d i n smal ler 
amounts than w o u l d be used normal ly . Sens i t iz ing agents have several possi 
b le mechanisms of act ion. I f the addit ive is oppositely charged to the dis
persed part ic les , then decreased double- layer repuls ion w i l l result . I n some 
kinds o f protec t ing adsorpt ion, a b i layer is f o r m e d w i t h the outer layer 
having l y o p h i l i c groups exposed outwards. A d d i t i o n o f enough addit ive to 
f o r m only the single layer w i l l have lyophobic groups or ien ted outward w i t h 
a sensi t iz ing effect. I f the addit ive is o f l o n g chain length, sometimes a 
b r i d g i n g between particles occurs and induces aggregation (at h igher c o n 
centrations protect ive act ion takes over because the potent ia l b r i d g i n g sites 
become covered) . 
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1. SCHRAMM Basic Principles 41 

Creaming, Inversion, and Demulsification 

Creaming. D r o p l e t s i n an e m u l s i o n w i l l have some tendency to rise 
or settle according to Stokes' law. A n uncharged spher ica l drople t i n a fluid 
w i l l sediment i f its density is greater than that o f the fluid. T h e d r i v i n g force 
is that o f gravity; the resist ing force is viscous and is approximately p r o p o r 
t ional to the droplet velocity. A f t e r a short p e r i o d of t ime the part ic le reaches 
t e r m i n a l (constant) veloci ty , dx/dt, w h e n the two forces are matched . T h u s 

d x _ 2 r 8 ( p 2 - p 1 ) g ( 2 g ) 

dt 9η 

where r is the part ic le radius, p 2 is the droplet density, px is the external fluid 
density, g is the gravitational constant, and η is the b u l k viscosity. I f the 
drople t has a lower density than the external phase, then i t rises instead 
(negative sedimentat ion) . E m u l s i o n droplets are not r i g i d spheres, so they 
may d e f o r m i n shear flow. A l s o , w i t h the presence o f emuls i fy ing agents at 
the interface, the droplets w i l l not be noninteract ing , as is assumed i n the 
theory. T h u s , Stokes' law w i l l not strict ly apply and may underest imate or 
even overestimate the real t e r m i n a l velocity. 

T h e process i n w h i c h e m u l s i o n droplets rise or settle w i t h o u t significant 
coalescence is ca l led c reaming (F igure 17). T h i s process is not e m u l s i o n 
breaking , but produces two separate layers o f e m u l s i o n that have di f ferent 
droplet concentrations and are usually dist inguishable f r o m each other by 
color or opacity. T h e t e r m comes f r o m the fami l iar separation o f c ream f r o m 
raw m i l k . A c c o r d i n g to Stokes' law, c reaming w i l l occur faster w h e n there is 
a larger density di f ference and w h e n the droplets are larger. T h e rate o f 
separation can be enhanced by replac ing the gravitational d r i v i n g force by a 
centr i fugal field. C e n t r i f u g a l force, l ike gravity, is p r o p o r t i o n a l to the mass, 
but the proport ional i ty constant is not g but ω 2 χ, w h e r e ω is the angular 
veloc i ty (equal to 2ΊΓ x revolutions per second) and χ is the distance o f the 
part ic le f r o m the axis of rotat ion. T h e d r i v i n g force for sedimentat ion be
comes (p2 - ρ χ )ω 2 χ. Because ω 2 χ is subst i tuted for g, one speaks o f mul t ip les 
o f g, or "gs " , i n a centr i fuge. T h e centr i fugal accelerat ion i n a centr i fuge is 
not real ly a constant throughout the system but varies w i t h x. T h e actual 
distance f r o m top to bot tom o f a sediment ing c o l u m n is usually smal l c o m 
p a r e d to the distance f r o m the center o f revolut ion , so the average accelera
t ion is used. T h e t e r m i n a l ve loc i ty then becomes 

dx _ 2r 2 (p 2 - Pi) ω 2 χ ^ 

dt 9η 

T h e p r o b l e m o f deaerated b i tuminous f ro th p r o d u c e d f r o m the hot-
water flotation o f b i t u m e n f r o m o i l sands can serve as an i l lus tra t ion . T h i s 
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42 EMULSIONS IN THE PETROLEUM INDUSTRY 

Figure 17. Creaming, aggregation, and coalescence in an O/W emulsion. 

f ro th is a W / O e m u l s i o n f r o m w h i c h the water must be r e m o v e d p r i o r to 
u p g r a d i n g and ref in ing. A t process temperature (80 °C) the e m u l s i o n viscos
ity is s imi lar to that o f the b i t u m e n , but the density, because of entra ined 
solids, is h igher . T a k i n g η = 500 mPa-s (59) and p x = 1.04 g/mL, the rate o f 
rise of 20-μπι diameter water droplets u n d e r gravitational force w i l l be very 
slow. A c c o r d i n g to equat ion 29: 

rlr 
— = - 3 . 0 5 x l 0 " 6 cm/s 
d i 

ek 
— = 96 cm/year u p w a r d 
dt 

I n a c o m m e r c i a l o i l sands plant , a centr i fuge process is used to speed u p 
the separation. T h e cont inuous centrifuges can operate at 2500 x g, the 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
01



1. SCHRAMM Basic Principles 43 

droplets having to travel 9 c m to reach the p r o d u c t stream. W i t h the centrif
ugal force added, according to equat ion 30, the droplet veloc i ty w o u l d 
become 

dx 

. d i . 

= 7.63 X 1 0 " 3 cm/s o u t w a r d 

T h i s result is 2500 x faster than w i t h gravity alone, but the residence t ime i n 
the centr i fuge w o u l d have to be about 20 m i n , and this length o f t ime is not 
pract ica l . T o speed u p the separation, naphtha is a d d e d to the leve l o f 25%. 
T h e naphtha lowers the viscosity to about 4.5 mPa-s (59) and lowers the 
density o f the cont inuous phase to 0.88 g/mL. N o w the water droplets w o u l d 
sediment rather than rise u n d e r gravitational force, and al though the e m u l 
s ion density is m u c h reduced , the absolute value of the density di f ference 
changes very l i t t le : Δρ = - 0 . 0 7 g/mL original ly , and becomes Δρ = +0.09 
g/mL! T h e overal l effect is to lower the viscosity b y about 2 orders o f 
magni tude . T h e droplet veloci ty n o w becomes (ck/di) n = 1.1 cm/s, w h i c h 
yields a satisfactory residence t ime of about 8 s. 

I n general , for given l i q u i d densities, c r e a m i n g w i l l occur more s lowly 
the greater the e lectr ical charge o n the droplets and the h igher the e m u l s i o n 
viscosity. A l t h o u g h a dist inct process, c r e a m i n g does p r o m o t e coalescence 
b y increasing the droplet c r o w d i n g and hence the probabi l i ty o f d r o p l e t -
droplet col l is ions. 

Inversion. Inversion refers to the process i n w h i c h an e m u l s i o n 
suddenly changes f o r m , f r o m O/W to W / O , or vice versa. Th is process was 
encountered i n the example o f changing e m u l s i o n viscosity g iven i n the 
earl ier section, " P h y s i c a l Character ist ics o f E m u l s i o n s " , subsect ion " B u l k 
Viscosi ty P r o p e r t i e s " (F igure 6). T h e m a x i m u m v o l u m e fract ion possible for 
an in terna l phase made u p of u n i f o r m , incompress ib le spheres is 74%. 
A l t h o u g h emulsions w i t h a h igher in terna l v o l u m e fract ion do occur , usual ly 
invers ion occurs w h e n the in terna l v o l u m e fract ion exceeds some value 
reasonably close to φ = 0.74. O t h e r factors have a bear ing as w e l l , o f course, 
i n c l u d i n g the nature and concentrat ion o f emulsif iers and phys ica l i n f l u 
ences such as temperature or the appl icat ion o f mechanica l shear. 

T h e exact mechanism of invers ion remains unclear , a l though obviously 
some processes o f coalescence and dispers ion are i n v o l v e d . I n the region o f 
the invers ion point m u l t i p l e emulsions may be encountered . T h e process is 
also not always exactly reversible . That is, hysteresis may occur i f the inver
s ion point is approached f r o m dif ferent sides o f the compos i t ion scale. 
F i g u r e 18 shows the i rrevers ible invers ion o f a d i l u t e d b i t u m e n - i n - w a t e r 
e m u l s i o n brought about by the appl icat ion o f shear (60). 

= 2500 
àx 

dt 

dx 

l dï I 
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44 EMULSIONS IN THE PETROLEUM INDUSTRY 

Low Shear Moderate Shear High Shear 

\ O/W 

• \ 

Remains W/O \ 

• 
S / 

-y 
1 1 i 

Finer Droplets 

1 1 1 1 i 

^ Inverts to W/O 

I 1 1 1 

Finer Droplets 

1 1 

Shear Rate 
Figure 18. Example of the shear-induced inversion of an emulsion of diluted 
bitumen in water. (Reproduced with permission from Syncrude Canada Lim

ited. 

Demulsification (Emulsion Breaking). T h e stabil i ty o f an 
e m u l s i o n is often a p r o b l e m . D e m u l s i f i c a t i o n involves two steps. F i r s t , 
agglomerat ion or coagulat ion o f droplets must occur . T h e n , the agglomer
ated droplets must coalesce. O n l y after these two steps can complete phase 
separation occur . E i t h e r step can be rate d e t e r m i n i n g for the demuls i f i ca
t ion process. A typica l W / O p e t r o l e u m emuls ion f r o m a p r o d u c t i o n w e l l 
might contain 6 0 - 7 0 % water. Some o f this (free water) w i l l readi ly settle out. 
T h e rest (bottom settlings*) requires some k i n d of specif ic e m u l s i o n treat
ment. 

T h e first step i n systematic e m u l s i o n break ing is to characterize the 
e m u l s i o n to be b r o k e n i n terms o f its nature (O/W or W / O ) , the nature o f the 
two phases, a n d the sensitivity o f the emulsi f iers . O n the basis o f such an 
evaluation, a c h e m i c a l addi t ion c o u l d be made to neutral ize the effect o f the 
emuls i f ier , f o l l o w e d b y mechanica l means to complete the phase separation. 
F o r example, but ter results f r o m the creaming , breaking , and invers ion o f 
emuls i f i ed droplets i n m i l k . 

It fol lows direc t ly f r o m the previous considerations o f e m u l s i o n stabil ity 
that i f an e m u l s i o n is s tabi l ized b y e lectr ical repulsive forces, then d e m u l s i f i -

* Hence the field term "bottom settlings and water", or BS&W, used to characterize petroleum 
samples. {See also the Glossary.) 
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1. SCHRAMM Basic Principles 45 

cat ion c o u l d be brought about b y o v e r c o m i n g or r e d u c i n g these forces. I n 
this context the addi t ion of electrolyte to an O / W e m u l s i o n c o u l d be used to 
achieve the cr i t i ca l coagulat ion concentrat ion, i n accord w i t h the S c h u l z e -
H a r d y rule . S imi lar ly , d e m u l s i f y i n g agents, des igned to reduce e m u l s i o n 
stabil ity by d isplac ing or destroying the effectiveness o f protect ive agents, 
can be a p p l i e d . A n example is antagonistic act ion, that is, addi t ion o f an O/W 
p r o m o t e r to break a W / O e m u l s i o n (see the earl ier sect ion "Pro tec t ive 
Agents and Sensit ization")- These considerations are discussed i n fur ther 
deta i l i n C h a p t e r 9. 

A p a r t f r o m the a forement ioned c h e m i c a l treatments, a variety o f p h y s i 
ca l methods are used i n e m u l s i o n breaking . These phys ica l methods are a l l 
des igned to accelerate coagulat ion and coalescence. F o r example, o i l - f i e l d 
W / O emulsions may be treated b y some or a l l o f sett l ing, heat ing, e lectr ica l 
dehydrat ion , c h e m i c a l treatment, centr i fugat ion, and filtration. T h e me
chanica l methods, such as centr i fuging or filtering, re ly o n increas ing the 
co l l i s ion rate o f droplets and apply ing an addi t ional force that drives coales
cence. A n increase i n temperature w i l l increase thermal motions to enhance 
the co l l i s ion rate, and also reduce viscosities ( inc luding inter fac ia l viscosity), 
and thus increase the l i k e l i h o o d o f coalescence. I n the extremes, very h i g h 
temperatures w i l l cause dehydrat ion due to evaporat ion, and f r e e z e - t h a w 
cycles w i l l break some emuls ions . E l e c t r i c a l methods may involve electro
phoresis o f o i l droplets , causing t h e m to co l l ide , to break O/W emulsions . 
W i t h W / O emuls ions , the mechanism involves deformat ion o f water d r o p 
lets, because W / O emulsions are essentially n o n c o n d u c t i n g emuls ions . H e r e 
the electr ic field causes an increase i n the droplet area and disrupts the 
interfac ia l film. Increased drople t contacts increase the coalescence rate a n d 
thereby break the e m u l s i o n . M o r e details o n the appl icat ion o f these m e t h 
ods i n large-scale cont inuous processes are given i n C h a p t e r 10. 

List of Symbols 

as area p e r adsorbed molecule 
A available area o f surface .sp 0.2 H a m a k e r constant 
Β a constant (3.93 χ 10 3 9 A~Y2) 
Cs so lut ion concentrat ion o f the surfactant ( M ) 
c{ i n d i v i d u a l i o n concentrations 
D d i f fus ion coeff icient 
àx/dt t e r m i n a l (constant) veloci ty (in creaming) 
e e lementary e lectronic charge 
g gravitational constant 
H distance separating spherical e m u l s i o n droplets 
I ion ic strength 
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46 EMULSIONS IN THE PETROLEUM INDUSTRY 

I 0 intensity o f inc ident l ight b e a m (in l ight-scatter ing experiments) 
Id intensity o f l ight scattered (in l ight-scatter ing experiments) 
It intensity o f t ransmit ted beam of l ight (in l ight-scatter ing exper i 

ments) 
k B o l t z m a n n constant 
k2 rate constant 
k2 rate constant for d i f fus ion-contro l l ed aggregation 
I l ength o f path through sample ( in l ight-scatter ing experiments) 
η n u m b e r o f moles; n u m b e r o f droplets per uni t v o l u m e at t ime t 
n 0 n u m b e r o f droplets p e r uni t v o l u m e at t ime t = 0 
N A Avogadro 's n u m b e r 
Nc capi l lary n u m b e r 
Ρ> ΡPB pressure, pressure i n phase A , pressure i n phase Β 
F c capi l lary pressure 
r radius o f smal l droplets 
r p pore radius 
R radius o f spher ica l droplets 

also used as the gas constant 
Rl R2 p r i n c i p a l radi i o f curvature 
t t ime 
Γ absolute temperature 
T K temperature , t e r m e d the K r a f f t point , at w h i c h solubil i t ies o f 

surfactants show a strong increase due to mice l l e format ion 
υ veloci ty o f d isplac ing fluid 
V total interact ion energy 
V A attractive energy for spher ica l droplets 
V R repulsive energy for spher ica l droplets 
W stabil i ty ratio 
χ distance f r o m droplet at w h i c h intensity of scattered l ight is taken 

(in l ight-scatter ing experiment) 
ζ counter ion charge n u m b e r 
z{ i n d i v i d u a l ion-charge numbers 

G r e e k 

a 0 , a x , a 2 e m p i r i c a l constants i n equations descr ib ing e m u l s i o n viscosity 
7 o i l - w a t e r interfac ia l tension also used as a t e r m i n the repulsive 

energy expression for spherical droplets 
7 shear rate 
7° surface tension 
T s surface excess o f surfactant 
δ distance f r o m droplet surface to Stern plane 
e permi t t iv i ty 
ζ zeta potent ia l 
Ύ] viscosity 
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1. SCHRAMM Basic Principles 47 

intr ins ic viscosity 
viscosity o f cont inuous phase 
apparent viscosity 

VD dif ferent ia l viscosity 
%ed r e d u c e d viscosity 
%el relative viscosity 

specific increase i n viscosity 
θ contact angle o f an o i l - w a t e r interface i n contact w i t h a so l id 

surface 
Ι/κ double- layer thickness 
Kc conduct iv i ty o f cont inuous phase 
«Ό conduct iv i ty of dispersed phase 

conduct iv i ty of emulsions 
λ wavelength o f l ight ( in l ight-scatter ing experiment) 
μ Ε 

electrophoret ic m o b i l i t y 
ΤΓ expanding pressure (surface pressure) 
P i external fluid density 
Ρ 2 

droplet density 
σ charge density 
σ° surface charge density 
τ t u r b i d i t y 

shear stress 
Τγ y i e l d stress 
Φ dispersed-phase v o l u m e fract ion 
Ψ potent ia l 

surface potent ia l 
ω angular veloci ty 
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2 

Practical Aspects of Emulsion 
Stability 

Ε. E . Isaacs and R. S. Chow 

Alberta Research Council, Oil Sands and Hydrocarbon Recovery, 
Edmonton, Alberta, Canada T6H 5X2 

The formations of emulsions by droplet breakup mechanisms is de
scribed in relation to the rheological properties of the dispersed and 
continuous phases. Once emulsions are formed, their stability is 
largely determined by the molecular, electric double-layer, steric, and 
hydrodynamic forces. The application of Derjaguin, Landau, 
Verwey, and Overbeek (DLVO) theory to successfully predict the 
stability of oil-in-water emulsions is described. The stability of water-
in-crude-oil emulsions can be monitored with electrokinetic sonic 
analysis; the change in size of the water droplets is indicated by the 
change in the ultrasound vibration potential signal. With this devel
opment, the dewatering characteristics of chemical demulsifiers can 
be assessed rapidly. For water dispersed in conventional crude oil, a 
combination of oil-soluble and water-soluble demulsifiers gave the 
best results. 

Emulsion Formation 

Thermodynamic Concepts. Genera l ly , two methods are used to 
prepare dispersions, namely, b u i l d i n g u p particles f r o m molecular units 
(nucleat ion and growth) and subdivis ion o f larger b u l k materials into smal ler 
units (gr inding or emulsi f icat ion) . T h e process of emuls i f icat ion, that is, 
dispers ion of l iqu ids i n l iqu ids , is governed by the surface forces. T h e free 
energy o f format ion of droplets f r o m a b u l k l i q u i d ( A G f o r m ) is i l lustrated i n 
F i g u r e 1 and is given by 

aGform = AAym-TàSconÎ (1) 

0065-2393/92/0231-0051 $07.75/0 
© 1992 American Chemical Society 
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52 EMULSIONS IN THE PETROLEUM INDUSTRY 

Dispersion 

Flocculation 
and coalescence 

Ο 
1 ° ο 
Ο ο 

ο ο 
Ο ο 

Figure 1. Schematic representation of emulsion formation and breakdown, 
(Adapted from reference 1.) 

w h e r e ΔΑ is the increase i n interfac ia l area, 7 1 2 is the interfac ia l tension 
between the two l iqu ids , and T A S c o n f is the entropy cont r ibut ion resul t ing 
f r o m the increase i n conf igurat ional entropy w h e n a large n u m b e r of d r o p 
lets is f o r m e d . U s u a l l y Δ Α 7 1 2 » T A S c o n f , and hence emuls i f icat ion is a n o n -
spontaneous process. H o w e v e r , the energy r e q u i r e d for emuls i f icat ion is 
orders o f magnitude larger than the t h e r m o d y n a m i c energy ( Δ Α 7 1 2 ) for 
creat ing a new surface. T h i s larger energy requirement results f r o m the 
addi t ional effect o f creat ing a c u r v e d interface w i t h a di f ferent radius. T h e 
addi t ional energy r e q u i r e d can be expressed i n the Y o u n g - L a p l a c e equat ion, 

Δ Ρ = Ύ ΐ : 

1 1 — + — 
η r2 

(2) 

w h e r e Δ Ρ is the L a p l a c e pressure di f ference and rx and r 2 are the p r i n c i p a l 
r a d i i o f curvature . T h e presence o f surfactant (which lowers 7 1 2 ) lowers the 
energy r e q u i r e d for emuls i f icat ion. 

Droplet Breakup. As descr ibed b y the Y o u n g - L a p l a c e equat ion, 
before creat ion o f a n e w surface can take place, de format ion o f the dispersed 
phase is r e q u i r e d . I n laminar flow, this deformat ion is p r o d u c e d b y viscous 
forces exerted by the s u r r o u n d i n g b u l k l i q u i d , that is, ^(du/cb) , w h e r e % is 
the viscosity o f the cont inuous phase and dv/dz is the veloc i ty gradient . T h e 
energy i n p u t to create the necessary veloci ty gradient can be o f the order o f 
10 3 t imes the t h e r m o d y n a m i c energy (àyl2). T h e excess energy is diss ipated 
as heat. 

T h e p h e n o m e n o n o f drople t breakup is o f great importance i n the 
preparat ion o f emuls ions . I f a stream of l i q u i d is in jected w i t h l i t t le t u r b u 
lence in to another l i q u i d w i t h w h i c h it is i m m i s c i b l e , the cy l inder that may 
f o r m is unstable, breaks d o w n i n several spots, and breaks u p into droplets 
(F igure 2a). I f the in ject ion rate is such as to produce turbulence , the 
d i s r u p t i o n is faster, and many smal ler droplets are p r o d u c e d (F igure 2b). I f 
i n addi t ion the l i q u i d impinges against a surface, many smal ler droplets w i l l 
be f o r m e d . 
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2. ISAACS AND C H O W Practical Aspects of Emulsion Stability 53 

Ο 
ο 

a) Low 
turbulence 

On 

Θ 

ο 

Ο 

b) High 
turbulence 

Figure 2. Schematic of the breakup of a liquid stream injected into another 
immiscible liquid. (Reproduced with permission from reference 2. Copyright 

1983 Dekker.) 

I n actual situations several processes occur s imultaneously. T h e details 
o f any par t icular dispers ion processes are also affected b y the viscosity o f 
each phase, the shear i n the system, the interfac ia l energy, the pressure o f 
so l id part ic les , a n d dissolved substances. I n n o n u n i f o r m shear flow (e.g., 
tubular Poiseui l le flow), for example, drople t breakup can be related to the 
b u l k rheologica l propert ies o f the dispersed a n d cont inuous phases and the 
cr i t i ca l W e b e r n u m b e r (We c ) as shown i n F i g u r e 3 (3). T h e W e is a d i m e n 
sional group def ined b y 

W e = ^ £ (3) 
Ί 
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54 EMULSIONS IN THE PETROLEUM INDUSTRY 

Ύ12 

y 
- Droplet breakup 

-
No droplet breakup 

1 1 > I 1 III 1 1 1 1 1 I III 1 1 l - . l 1 I I I ! 1 t f ι 1 1 n l 1 1 1 t i l l 

10 " 4 10 -3 ΙΟ" 2 , 10-1 10° 101 

Figure 3. Droplet breakup as a function of viscosity ratio depicted schemati
cally from the work of Chin and Han (3). The solid line represents the critical 

Weber number value above which droplet breakup will occur. 

where ye is the rate o f extension (shear rate m u l t i p l i e d by deformat ion 
parameter) ; R is the radius of the part ic le ; and η1 and η2 are the viscosities of 
the cont inuous and dispersed phases, respectively. A t a given Ύ]ι/η2, l o w e r i n g 
y 12 ( through the use o f surfactants) lowers the energy (descr ibed by the W e c ) 
r e q u i r e d for droplet breakup. F i g u r e 3 shows that the greater the viscosity 
ratio (171/172), the easier it is to f o r m the e m u l s i o n . This concept provides an 
explanation for the observations that i n heavy-oi l reservoirs (high % / % 
ratio), w a t e r - i n - o i l emulsions are p r o d u c e d i n preference to o i l - in-water 
emuls ions . 

Stability in Oil-in-Water Emulsions 

Stable emulsions often f o r m d u r i n g industr ia l processing. O n the m i c r o 
scopic scale, the reasons that the droplets r e m a i n dispersed fa l l into two 
b r o a d categories: (1) physica l barriers to coalescence and (2) e lectr ical re
p u l s i o n between droplets . A n example of a physica l barr ier is the presence of 
finely d i v i d e d solids at the o i l - w a t e r interface. O f p r i m a r y concern , h o w 
ever, is the considerat ion o f e lectr ical forces because their inf luence is 
significant at relat ively longer distances. E l e c t r i c a l repuls ive forces arise 
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2. ISAACS AND CHOW Practical Aspects of Emulsion Stability 55 

w h e n the double layers surrounding charged droplets overlap, and thus the 
" t h i c k n e s s " of the double layer i n re lat ion to the size of the part ic le is an 
important parameter . 

Application of D L V O Theory. Some o f the concepts and expres
sions o f D e r j a g u i n , L a n d a u , V e r w e y , and Overbeek ( D L V O ) theory o f c o l 
l o i d stabil ity have been descr ibed i n C h a p t e r 1, or can be f o u n d i n many 
dif ferent textbooks (4, 5). T h e appl icat ion o f D L V O theory to o i l - in-water 
col loids w i t h special reference to the stability of b i tumen- in -water emulsions 
w i l l be discussed here. 

Theoretical Aspects. T h e basic concept o f D L V O theory is that the 
stabil ity of a c o l l o i d can be descr ibed i n terms of the repulsive and attractive 
interactions between droplets : 

V l o t (/ l ) = V r e p (/ l ) + V a t t r (/ i ) (4) 

where V t o t , V r e p , and V a t t r are the total , repulsive, and attractive interactions, 
respectively; and h is the separation distance between the particles . P r e v i 
ously, w h e n D L V O theory was a p p l i e d to b i tumen- in -water emulsions (6), it 
was assumed that the repulsive interact ion or ig inat ing f r o m the over lapping 
double layers s u r r o u n d i n g two droplets o f radius a and c o u l d be expressed 
by: 

V^h) = M ™ n f - l \ ^ { - K h ) (5) 

and 

7 = tan h 

ekT 

ζβζ 

Âkf. 
(6) 

(7) 

where n 0 is the n u m b e r of ions per uni t v o l u m e , k is the B o l t z m a n n constant, 
Γ is the absolute temperature , z is the valency of the i o n , e is the electronic 
charge, e is the permit t iv i ty o f the cont inuous phase, ζ is the zeta potent ia l o f 
the droplet , and κ is the D e b y e - H i i c k e l func t ion that characterizes the 
extension of the double layer. T h e or ig in o f the attractive interact ion was 
assumed to be the van der Waals or dispers ion force, w h i c h can be expressed 
as 

V a t t r ( / l ) = 
-Aa Λ 5.32/i λ 1 In 1 + 

5.32/i 
(8) 
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56 EMULSIONS IN THE PETROLEUM INDUSTRY 

where A is the H a m a k e r constant that can be calculated f r o m L i f s h i t z 
theory (7, 8) and λ is the L o n d o n wavelength of roughly 100 n m (9). T h e 
H a m a k e r constant used i n the study was 1.7 Χ 10" 2 0 J (6). 

Determination of the Electrophoretic Mobility, T o evaluate the 
equat ion for the double- layer interact ion (eq 5), the zeta potent ia l , ζ, must 
be k n o w n ; it is calculated f r o m the experimental ly measured e lectrophoret ic 
mobi l i ty . F o r emuls ions , the most c o m m o n technique used is part ic le elec
trophoresis , w h i c h is shown schematical ly i n F i g u r e 4. I n this technique the 
e m u l s i o n droplet is subjected to an electr ic field. I f the droplet possesses 
interfac ia l charge, i t w i l l migrate w i t h a veloci ty that is p r o p o r t i o n a l to the 
magnitude of that charge. T h e veloci ty d i v i d e d b y the strength of the electr ic 
field is k n o w n as the e lectrophoret ic mobi l i ty . M o b i l i t i e s are general ly deter
m i n e d as a fun c t ion o f electrolyte concentrat ion or as a func t ion o f solut ion 
p H . 

M a n y dif ferent c o m m e r c i a l instruments can be used for part ic le e lectro
phoresis . T h e y can general ly be d i v i d e d into two categories: (1) those i n 
w h i c h the veloci ty o f the part ic le is d e t e r m i n e d b y observing the part ic le 
through a microscope and d e t e r m i n i n g the veloci ty by t i m i n g the movement 
over a g r i d o f k n o w n d i m e n s i o n , and (2) those that determine the veloc i ty by 
the D o p p l e r shift o f scattered radiat ion f r o m the m o v i n g part ic le . Instru
ments i n the second category have the advantage o f measur ing the veloc i ty 
of a large n u m b e r of particles i n a short t ime, but they are general ly more 
expensive. 

ι ® 1 

U: Electrophoretic Mobility, fiB / J L 
sec/ cm 

Figure 4. Schematic diagram of particle electrophoresis. 

Calculation of the Zeta Potential. T h e convers ion o f e lectropho
retic mobi l i ty to zeta potent ia l is compl ica ted somewhat by the existence of 
the e lectrophoret ic relaxation effect. F i g u r e 5 shows a schematic d iagram o f 
this effect. A s w e expose an e m u l s i o n drople t and its s u r r o u n d i n g double 
layer to an electr ic field, the double layer distorts to the shape shown i n the 
figure. This dis tor ted double layer n o w creates its o w n electric field that 
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2. ISAACS AND CHOW Practical Aspects of Emulsion Stability 57 

Ê 

Counterion Cloud 
Figure 5. A schematic diagram of the electrophoretic relaxation effect. The 
distorted ion cloud around the particle generates its own electric field that 

opposes the motion of the particle. 

opposes the m o t i o n of the part ic le . T h e magnitude of the opposi t ion is 
related to the thickness o f the double layer i n relat ion to the size of the 
part ic le . Th is relat ionship can be expressed b y the parameter κα, w h e r e κ is 
as def ined for e q 7 a n d a is the radius o f the part ic le . 

I n the l imits o f smal l κα (κα « 1) and large κα (κα » 300), s imple 
equations can convert the electrophoret ic mobi l i ty , U, to zeta potent ia l . 
These are the H u c k e l and S m o l u c h o w s k i equations, respectively. T h e y may 
be expressed by 

H u c k e l equat ion (κα « 1) 17 = — — (9) 
1 .5η 

S m o l u c h o w s k i equat ion (κα 300) 17 (10) 
V 

where η is the viscosity o f the cont inuous phase. T h e l i m i t e d range o f 
appl icabi l i ty o f these equations, however , leaves a large area (i.e., 1 » κα » 
300) where the extent of the relaxation effect w o u l d n e e d to be accounted 
for. F o r example, i n a solut ion conta in ing 0.01 M univalent electrolyte, κ = 
3.31 Χ 10" 8 m " 1 , and for Ι.Ο-μ-m radius droplets , κα = 330, a situation just 
barely covered b y the S m o l u c h o w s k i equat ion. 

O J B r i e n and W h i t e (JO), taking into account the relaxation effect, de
r i v e d the relat ionship between e lectrophoret ic mobi l i ty and zeta potent ia l . 
T h e results o f the theoret ical ca lculat ion are shown i n F i g u r e 6. F i g u r e 6 
shows the relat ionship between e lectrophoret ic mobi l i ty , 17, and zeta poten
t ia l for two values of κα, 114 and 285. E a c h value of κα has its o w n re la t ion-
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58 EMULSIONS IN THE PETROLEUM INDUSTRY 

Ka=285 

50 150 250 
-C.mV 

Figure 6. An example of the relationship between electrophoretic mobility and 
zeta potential. 

ship between zeta potent ia l and e lectrophoret ic mobi l i ty ; pract ical ly this 
means that k n o w i n g both electrolyte concentrat ion and part ic le size is v i ta l . 
I n addi t ion , the obvious m a x i m u m i n mobi l i ty makes it d i f f icul t to determine 
a u n i q u e value of zeta potent ia l w h e n the measured m o b i l i t y is close to the 
m a x i m u m value. T h e c o m b i n a t i o n o f these two factors can make it di f f icul t 
to determine a zeta potent ia l w h e n deal ing w i t h emulsions that c o m m o n l y 
possess a w i d e d is t r ibut ion o f part ic le sizes. W e w i l l assume that w e are 
dea l ing w i t h an e m u l s i o n that is polydisperse and has part ic le that range i n 
radius f r o m 2.0 to 5.0 μπι. T h e electrophoresis measurements are b e i n g 
c o n d u c t e d i n a so lut ion conta in ing 3.0 Χ 1 0 - 4 M N a C l . T h e value for κα i n 
these situations is 114 for a 2-μτη droplet and 285 for a 5-μπι droplet . I f the 
mean e lectrophoret ic m o b i l i t y measured was 9.9 μηι/s'cm/V w i t h a variat ion 
of ± 5 . 0 % , wi thout knowledge of the size of the droplets (almost a certainty 
because o f the dark field i l l u m i n a t i o n used i n most part ic le electrophoresis 
apparatus), the zeta potent ia l c o u l d range f r o m - 1 1 5 to - 2 0 0 m V . 

In reference to the example o f the stabil i ty of b i tumen- in -water e m u l 
sions, p r o d u c t i o n samples were obta ined f r o m the A l b e r t a Research C o u n -
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2. ISAACS AND C H O W Practical Aspects of Emulsion Stability 59 

cil 's 150-cm physical s imulator . These were acqui red as steam in ject ion 
experiments w i t h the s imulator were b e i n g conducted o n Athabasca o i l 
sands. T h e emuls ion was d i l u t e d and e lectrophoret ic mobi l i t ies were deter
m i n e d w i t h a R a n k Brothers M k l l electrophoresis apparatus, i n w h i c h the 
veloci ty is d e t e r m i n e d by t i m i n g the movement o f the particles . M e a s u r e 
ments were c o n d u c t e d as a func t ion of electrolyte concentrat ion i n the 
presence of N a C l , C a C l 2 , and A l 2 ( S 0 4 ) 3 . M o b i l i t i e s were converted to zeta 
potentials by us ing the S m o l u c h o w s k i equat ion (eq 10) and are shown i n 
F i g u r e 7. A l l curves show s imi lar trends i n the zeta potent ia l i n that the 
potent ia l s lowly becomes more electronegative w i t h increas ing electrolyte 
concentrat ion and then slowly decreases towards zero. T h e existence of this 
m i n i m u m has been repor ted previously and is not expected f r o m double -
layer theory. C u r r e n t l y this is an area o f research (11, 12). T h e b i t u m e n 
droplets also show r e d u c e d zeta potent ia l i n the presence of ei ther C a 2 + or 
A l 3 + i o n . 

Interpretation of the Energy Diagrams. O n c e the values o f zeta 
potent ia l are d e t e r m i n e d , e q 9 can be evaluated. T h e results obta ined are 
s u m m e d to those of the van der Waals interact ion (eq 8) and p lo t ted as a 
potent ia l energy of interact ion as a funct ion of separation distance between 
the droplets . T h e energy is of ten expressed i n terms of kT units , i n order to 
better relate the energy of the interact ion to the thermal energy of B r o w n i a n 

10-4 10-3 10-2 10-1 

Electr. cone, M 
Figure 7. The zeta potentials for bitumen-in-water emulsions as a function of 
electrolyte concentration. (Reproduced with permission from reference 6. 

Copyright 1982,) 
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60 EMULSIONS IN THE PETROLEUM INDUSTRY 

m o t i o n . D L V O theory predicts that i f an energy of more than 15fcT exists i n 
the energy diagram, u n d e r the condit ions o f no flow, the emuls ion w o u l d be 
stable. Th is stabil ity is due to the smal l probabi l i ty that one droplet w o u l d 
possess this m u c h energy. 

F i g u r e 8 shows the calculated energy diagrams for the b i tumen- in -water 
emulsions as expressed i n e q 4. T h e figure shows that i n solutions conta in ing 
20 m M C a C l 2 there is a net negative energy of interact ion at a l l separation 
distances; that is, as b i t u m e n droplets meet, they w i l l coagulate and coalesce. 
I f the droplets are i m m e r s e d i n a solut ion o f 10 m M C a C l 2 , an energy 
m a x i m u m of SkT is shown at 3.5 n m . T h i s energy " b a r r i e r " is not o f sufficient 
height to result i n a stable e m u l s i o n but w i l l s low the rate o f coagulat ion. T h e 
p r e d i c t i o n for 3 m M C a C l 2 is a stable e m u l s i o n as a large posit ive energy is 
exper ienced at 13 n m . I n solutions conta in ing N a C l , the energy diagrams 
show that the e m u l s i o n w i l l be stable i n solutions conta in ing 10 m M N a C l . 
A s the concentrat ion is increased, however , the large posit ive energy ap
pears to shift to shorter distances, but the more interest ing feature is the 
appearance o f a energy m i n i m u m . W i t h 300 m M N a C l , the m i n i m u m is of 
sufficient d e p t h ( ~ l l £ T ) that droplets c o u l d become closely associated but 
w o u l d st i l l r e m a i n 3 - 4 n m apart. In this s i tuation the e m u l s i o n w o u l d appear 
to flocculate but c o u l d be easily redispersed by mechanica l agitation. 

T o c o n f i r m the appl icabi l i ty of D L V O theory, coagulat ion tests were 
p e r f o r m e d on the p r o d u c t i o n samples. T h e results, shown photographical ly 

0 20 0 20 

h, nm 
Figure 8. The energy diagram for bitumen-in-water emulsions in the presence 
of NaCl and CaCl2. In the presence of 300 mM NaCl the emulsion should 
flocculate, and in the presence of the 20 mM CaCh the emulsion will coagulate. 

(Reproduced with permission from reference 6. Copyright 1982.) 
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2. ISAACS AND C H O W Practical Aspects of Emulsion Stability 61 

i n F i g u r e 9, indicate r a p i d coagulat ion i n a 20 m M solut ion o f C a C l 2 and 
fiocculation and c r e a m i n g i n the presence o f 300 m M N a C l . These results 
c o n f i r m the appl icabi l i ty o f D L V O theory for b i t u m e n - i n - w a t e r emuls ions . 

Ionizable Surface-Group Model . O n e of the mechanisms to 
develop interfacial charge is the ionizat ion o f funct ional groups o n the 
surface o f the dispersed phase. H e a l y and W h i t e (13) deve loped this concept 
into a m o d e l to pred ic t the e lectr ic propert ies o f interfaces. W h e n this m o d e l 
was a p p l i e d to the b i t u m e n - w a t e r interface, it was assumed that the surface 
charge or iginated f r o m the dissociat ion o f carboxy group that be long to 
natural surfactants present i n the o i l (14). T h i s w o r k was extended i n a later 
study (15) where the zeta potentials as ca lculated b y the m o d e l were used i n 
con junct ion w i t h D L V O theory to predic t the stabil ity o f the b i t u m e n - i n -
water emulsions . A g r e e m e n t be tween the expected and observations f r o m 
coagulat ion tests was excellent over a w i d e range of so lut ion p H and electro
lyte concentrat ion. 

T h e m o d e l can also be a p p l i e d to the convent ional c r u d e - o i l - w a t e r 
interface (16, 17). Those studies demonstrated that it was necessary to i n 
voke the dissociat ion o f up to three di f ferent types o f func t iona l groups to 
successfully use the m o d e l . A n o t h e r interest ing finding was that the e lectro-

Figure 9. The behavior of bitumen-in-water emulsions in the presence of 300 
mM NaCl (right side) and 20 mM CaCl2. The emulsions are behaving as 

predicted by DLVO theory. 
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62 EMULSIONS IN THE PETROLEUM INDUSTRY 

phoret ie m o b i l i t y w i t h p H curve for convent ional c rude-o i l - in -water e m u l 
sions w o u l d change w i t h t ime after dispers ion. W h e n apply ing the m o d e l , 
this aging process was thought to be due to certa in funct iona l groups leaving 
the interface. 

Non-DLVO Forces. A l t h o u g h D L V O theory w o r k e d very w e l l for 
the e lec t ro lyte - induced coagulat ion o f b i t u m e n - i n - w a t e r emulsions , i t can
not be a p p l i e d i n some cases. 

Polymer-Induced Flocculation. P o l y m e r - i n d u c e d flocculation is 
the most c o m m o n l y used technique for break ing w a t e r - i n - o i l emulsions i n 
the p e t r o l e u m industry . Th is topic w i l l be covered i n m u c h more detai l i n 
C h a p t e r 9, but w i l l be brief ly covered i n this sect ion. 

F o r the p o l y m e r to be effective, i t must adsorb to the interface and 
mainta in a certa in conf igurat ion. Thus the f o l l o w i n g discussion describes 
various exper imenta l techniques used for the study o f adsorpt ion density and 
configurat ion o f p o l y m e r at the interface. A f t e r adsorpt ion occurs, the m a i n 
mechanisms o f flocculation are due to the adsorpt ion o f a single p o l y m e r 
molecule o n separate particles , interact ion through the interpénétration o f 
adsorbed p o l y m e r , and interactions due to the loss o f f r e e d o m of movement 
o f the p o l y m e r chains. 

Experimental Techniques for the Study of Polymer Adsorption. 
T h e theory o f p o l y m e r adsorpt ion and conf igurat ion is s t i l l not fu l ly deve l 
o p e d because the diff icult ies encountered i n des igning experiments are 
i m m e n s e . A technique is r e q u i r e d to measure the configurat ion o f a p o l y m e r 
molecule at the interface and thus obta in concentrat ion also. 

A l t h o u g h the conf igurat ion o f the adsorbed p o l y m e r cannot be seen 
direct ly , some exper imenta l techniques can give an idea o f the concentrat ion 
and conf igurat ion. F o r example, b o u n d p o l y m e r concentrat ion can be deter
m i n e d through measur ing the concentrat ion o f p o l y m e r i n solut ion after the 
i n t r o d u c t i o n o f an e m u l s i o n o f k n o w n surface area. Var ious spectroscopic 
techniques ( infrared, e lectron sp in resonance, nuclear magnetic resonance) 
may dis t inguish the loss of rotat ional and translational f r e e d o m w h e n a 
p o l y m e r segment adsorbs onto an interface, and thus the amount o f b o u n d 
segments of a p o l y m e r ean be est imated. A d s o r b e d layer thickness can be 
indi rec t ly obta ined by ei ther d e t e r m i n i n g the increase o f h y d r o d y n a m i c 
radius o f the droplets or by measur ing the d i f fus ion coeff icient o f the e m u l 
sion droplets . T h i s i n f o r m a t i o n can also be obta ined b y e l l ipsometry , assum
i n g sufficient refractive index di f ference between the droplet , adsorbed 
layer, and b u l k solut ion. 

Interaction of Droplets with Adsorbed Polymer Layers. I n the 
simplest case o f p o l y m e r - i n d u c e d flocculation, a single p o l y m e r molecule 
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2. ISAACS AND C H O W Practical Aspects of Emulsion Stability 63 

adsorbs onto two separate droplets , and the result is flocculation. This type 
of s i tuation is favored by l o w coverage of p o l y m e r o n the surfaces a n d the 
cont inuous phase b e i n g a relat ively good solvent. I f these condit ions are met, 
it is possible for the p o l y m e r to adsorb to the surface a n d r e m a i n extended 
into the solut ion i n order to attach to another droplet . 

As two polymer-coated droplets approach each other, the adsorbed 
layers w i l l beg in to interact . T h e extent o f the interact ion can be in terpre ted 
through the free energy of two dif ferent terms, the interpénétration t e r m 
and the m i x i n g t e r m . T h e interpénétration t e r m is repuls ive and entropie i n 
nature; that is, the loss o f f r e e d o m of movement as the layers interpenetrate 
results i n a repuls ion t e r m . T h i s repuls ion t e r m can be overcome, however , 
b y a l ter ing the m i x i n g t e r m , w h i c h can be repulsive or attractive i n nature. 
T h e m i x i n g t e r m has been h a n d l e d the same as for the d i l u t i o n o f p o l y m e r i n 
b u l k solut ion. T h e magnitude o f the t e r m is dependent u p o n the n u m b e r of 
p o l y m e r molecules i n the overlap region, v o l u m e fractions of the solvent and 
p o l y m e r i n this area, and a parameter k n o w n as the F l o r y - H u g g i n s interac
t ion parameter that takes into account the enthalpy of m i x i n g a n d v o l u m e o f 
m i x i n g effects. B y al ter ing the solut ion condit ions , a s i tuation can be created 
i n w h i c h the cont inuous phase becomes a poorer solvent for the adsorbed 
p o l y m e r ; flocculation results. T h i s s i tuation can be created by changing the 
temperature , adding a poorer solvent to the c o l l o i d , or a d d i n g electrolyte. 

A special case to consider is the existence o f what is t e r m e d deple t ion 
flocculation. T h i s t e r m or ig inated f r o m the observation that the addi t ion o f a 
smal l amount o f nonadsorbing p o l y m e r w i l l cause flocculation i n a system. 
T h e reason for this effect is that, as the particles approach each other, the 
m o b i l e chains o f nonadsorbing p o l y m e r are squeezed out f r o m between the 
particles . As the particles approach to very close distances, almost p u r e 
solvent exists be tween the particles , and at a given separation, the osmotic 
pressure that results f r o m this p u r e solvent drives it out into the b u l k 
solut ion and thereby causes flocculation. 

Hydration and Hydrophobic Forces. A s surfaces approach each 
other to distances less than 10 n m , a force exists that is not accounted for i n 
convent ional D L V O theory. This force can be repulsive or attractive i n 
nature and can be o f magnitude greater than ei ther the double- layer or van 
der Waals interactions. Th is force was discovered b y Israelachivi l i and co
workers (18-20) us ing a u n i q u e apparatus that they deve loped that d i rec t ly 
measured the force between two m i c a surfaces. F o r so l id m i c a surfaces 
i m m e r s e d into water, the force was repulsive and osci l latory and exponen
tial ly decayed as a funct ion o f distance f r o m the surface (see F i g u r e 10). 

T h e o r i g i n o f this force is thought to be the modi f ica t ion o f the or ienta
t ion o f water molecules i n the v i c in i ty o f a surface to f o r m a structure. A s 
surfaces approach each other, addi t ional energy is r e q u i r e d to decompose 
this structure. T h e osci l latory proper ty o f the force was thought to be due to 
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6 4 EMULSIONS IN THE PETROLEUM INDUSTRY 
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D, nm 

Figure 10. Schematic representation of the force as a function of distance 
between two mica surfaces as reported by Israelachwili and Adams (18). 

the various " l a y e r s " o f water molecules . A complete theory o n the o r i g i n and 
quantitative behavior of this force is not available. It is an area o f current 
research effort {21, 22). 

A l t h o u g h the p r e d i c t e d b i t u m e n - i n - w a t e r e m u l s i o n stability can be ac
c o m p l i s h e d wi thout i n v o k i n g this force, recent research has shown (23) that 
this force exists between l i q u i d bilayers i m m e r s e d i n aqueous and nonaque
ous l iqu ids . W i t h some types o f oils , i t may be important to consider this 
force. 

Thin-Film Stability in Water-in-Oil Emulsions 

Importance of Thin Films. I n order for coalescence to result i n 
ul t imate separation of the water droplets f r o m the cont inuous m e d i u m , 
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2. ISAACS AND CHOW Practical Aspects of Emulsion Stability 65 

t h i n n i n g and d is rupt ion o f the l i q u i d film (cal led " t h i n film" p r i o r to r u p 
ture) be tween the droplets must take place. A g a i n this process is governed 
by the surface forces (van der Waals , double- layer , and steric forces) that 
operate i n the l i q u i d lamellae be tween the droplets . T h e rupture of the t h i n 
film is usual ly the result o f t h e r m a l or mechanica l fluctuation, w h i c h results 
i n s tretching o f the l i q u i d surface w i t h format ion o f surface waves that w i l l 
grow i n ampl i tude and result i n drople t coalescence. A n y force that " d a m p 
ens" the format ion o f such waves w i l l reduce or prevent coalescence. I n 
systems conta in ing surfactants, wave d a m p e n i n g occurs as a result of the so-
ca l led M a r a n g o n i effect, w h i c h arises f r o m the presence o f the surfactant 
film. I f a film is subjected to loca l s tretching as a result o f thickness fluctua
t ion , the consequent increase i n surface area causes a loca l increase i n 
interfacial tension (decrease i n the surface excess o f the adsorbed surface-
active agent i n that region) that opposes the stretching (see F i g u r e 11). 
Because a finite t ime is r e q u i r e d for surfactant molecules to diffuse to this 
region o f the interface to restore the or ig ina l surface tension ( M a r a n g o n i 
effect), the fluctuations w i l l t e n d to d a m p e n rather than grow (i.e., rupture is 
prevented) . 

Persistent Films. T h e stabil ity o f w a t e r - i n - c r u d e - o i l emulsions a n d 
the factors c o n t r i b u t i n g to that stability are long-s tanding problems of i m 
portance i n the p r o d u c t i o n of o i l f r o m u n d e r g r o u n d reservoirs. A l t h o u g h a 
great deal o f effort has been expended i n the invest igation o f the destabi l iza-
t ion o f w a t e r - i n - o i l emuls ions , the actual mechanisms are s t i l l not w e l l 
unders tood. A l t h o u g h natural surfactants present i n the c rude o i l can i n 
their o w n right stabil ize the emuls ions , other types indigenous mater ia l i n 
the o i l t e n d to gather at the interface and play a significant role i n h i n d e r i n g 
the t h i n n i n g and rupture of the l i q u i d films a n d act as a s tructural barr ier to 
coalescence o f the water droplets . Asphaltenes a n d p o r p h y r i n i c c o m p o u n d s 
may be the s tabi l iz ing agents. F u r t h e r m o r e , the presence o f finely d i v i d e d 

Figure 11. Photograph of bitumen drop in aqueous NaOH showing low- and 
high-tension sites due to periodic diffusion of natural surfactants from the oil-

water interface to the aqueous phase in a spinning drop tensiometer. 
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66 EMULSIONS IN THE PETROLEUM INDUSTRY 

solids such as sand, wax crystals, and clay particles can stabil ize e m u l 
sions (24). A l l these " n a t u r a l s tabi l iz ing agents" prevent t h i n n i n g of the t h i n 
film a n d explain w h y the c r u d e - o i l films are so persistent. A n example o f a 
persistent film is shown i n F i g u r e 12, w h i c h is a p h o t o m i c r o g r a p h of the 
b o t t o m layer o f a w a t e r - i n - o i l ( L e d u c crude) e m u l s i o n treated w i t h 
demuls i f ier . E v e n after 3 days, the water droplets are s t i l l enve loped b y a 
t h i n c r u d e - o i l film that w i l l not dra in any fur ther w i t h o u t addi t ional treat
ment . 

Recent w o r k (25-27) has shown that surfactants or m e d i u m - c h a i n alco
hols that m o d i f y the r ig idi ty o f the film, i n c o m b i n a t i o n w i t h demulsi f iers 
(which act main ly to flocculate the water droplets) can considerably speed 
u p the separation process (see the section ent i t led " E f f e c t o f D e m u l s i f i e r 
M i x t u r e " ) . 

Use of Ultrasonic Vibration Potential To Monitor Coales
cence. T h e complex c h e m i c a l nature of crude oils makes it d i f f icul t to 
relate the dispers ion behavior to the phys icochemica l propert ies at the 
c r u d e - o i l - w a t e r interface. In addi t ion , the nonpolar and nontransparent 
nature o f the oleic phase provides significant obstacles for studies o f the 
interactions o f the suspended water droplets i n real systems. Recent deve l 
o p m e n t (28, 29) o f e lectroacoustical techniques has shown considerable 
promise for e lectrokinet ic measurements o f co l lo ida l systems and the direct 
m o n i t o r i n g o f the rate and extent o f coagulat ion (f locculat ion and coales
cence) o f water droplets i n nontransparent w a t e r - i n - o i l m e d i a . T h e electro-
acoustic measurement for c o l l o i d a l systems i n nonpolar m e d i a is based on 
the u l t rasound v ibra t ion potent ia l ( U V P ) mode , w h i c h involves the appl ica-

Figure 12. Photomicrograph of settled bottom 
layer of a water-in-oil emulsion taken 3 days 
after addition of demulsifier (100 ppm of 
Duomeen C). (Reproduced with permission 
from reference 27. Copyright 1990 Elsevier.) 
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2. ISAACS AND C H O W Practical Aspects of Emulsion Stability 67 

t ion o f a sonic field and the detect ion o f an electr ic field. A schematic 
d iagram of the probe and the p r i n c i p l e of U V P are represented i n F i g u r e 13. 

W h e n voltage U2 is a p p l i e d at the transducer, a sound wave propagates 
into the c o l l o i d . I f the densities of the dispersed and cont inuous phases 
di f fer , relative m o t i o n between the co l lo ida l particles and the ir double layer 
w i l l result . T h e c o m b i n e d relative m o t i o n w i l l generate an electr ic field, 
w h i c h is detected as voltage U1 be tween the electrodes. T h e measured 
signals are propor t iona l to the h igh- f requency e lectrophoret ic m o b i l i t y 
μ(ω). A s d e r i v e d by B a b c h i n et a l . (28), the f requency-dependent electro
phoret ic mobi l i ty , μ(ω), for the case o f l o w potentials , can be expressed b y 

μ(ω) = • 

•V(6TTT|R) 2 + -o)pei(R2 

(ID 

w i t h 

δ 

Pe!(=Po + 
4R 

2ηρ 
1 = 

2R 

9 δ . 

(12a) 

(12b) 

where e, 17, and ρ are the die lec tr ic permit t iv i ty , viscosity, and density o f the 
cont inuous phase, respectively; p 0 is the density o f the part ic le ; p e f f is the 
effective density o f a sphere i n osci l latory m o t i o n ; δ is the thickness o f a fluid 
layer s u r r o u n d i n g the part ic le that influences l i q u i d flow a r o u n d the part ic le 

Figure 13. Schematic diagram showing the principle of UVP. (Reproduced 
with permission from reference 27. Copyright 1990 Elsevier.) 
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68 EMULSIONS IN THE PETROLEUM INDUSTRY 

[δ = (2η/ρω)ΙΛ]; ζ is the e lectrokinet ic p o t e n t i a l ; / ( K R ) is the H e n r y funct ion ; 
κ is the D e b y e - H u c k e l func t ion that characterizes the extension o f the 
double layer; R is the part ic le radius; and ω is the frequency. 

T h e supplementary phase angle φ(ω) be tween the a p p l i e d electr ic field 
a n d the part ic le veloci ty response, at a fixed f requency ω is given by 

^ηφ(ω) = - ^ & β (13) 
9 ηR 

T h e magnitude o f the potent ia l di f ference between the electrodes, άΨ0, i n 
the c i rcui t Ux is g iven b y 

U V P M = Φ Δ Ρ ^ ν μ ( ω ) (14) 

w h e r e Φ is the v o l u m e fract ion o f d ispersed phase, Δ ρ is the density di f fer 
ence between the dispersed and cont inuous phases, c is the sound veloc i ty i n 
the e m u l s i o n , K * is the complex conduct iv i ty o f o i l , and Gj is a geometr ica l 
factor dependent on the geometry of the electrodes. 

Equat ions 11-14 clearly show that an increase i n the effective part ic le 
radius, p r o m o t e d by a coagulat ion process, w i l l result i n the d i m i n u t i o n of 
the U V P signal and a shift i n the phase angle. I n addi t ion , the l o w value of 
the complex conduct iv i ty o f o i l , K * , acts as a natural ampl i f ie r to p r o v i d e for 
a significant Δ Ψ 0 that makes it easy to m o n i t o r U V P even for smal l values o f 
μ(ω). F i g u r e 14 shows that the U V P signal is sensitive to the water content i n 
the emuls ions . 

F i g u r e 15 shows the sensitivity o f the U V P signal to the coagulat ion 
process. Photographs taken at 3 , 1 2 , and 24 m i n show that as the drople t size 
grows, the U V P signal decreases. Thus b y measur ing the U V P signal, coagu
la t ion can be m o n i t o r e d . 

B y m o n i t o r i n g both the U V P signal and phase angle φ, changes i n zeta 
that effect only the U V P signal can be dis t inguished f r o m changes i n part ic le 
radius that effect b o t h the U V P and φ{ω) (30). 

Effect of Demulsifier Mixture. I n previous studies (27) D u o -
m e e n C , w h i c h was effective i n causing flocculation o f the water droplets , 
was not very effective i n break ing the interfac ia l film f o r m e d between the 
water droplets , w h i c h inhibi ts coalescence. ( D u o m e e n C is a mixture of 
many types o f surfactants; the general classification is a fatty ac id ester 
n i t rogen derivative.) H o w e v e r , D u o m e e n C i n c o m b i n a t i o n w i t h docusate 
s o d i u m (Aerosol O T ) , a h y d r o p h i l i c surfactant, was m u c h more effective i n 
causing water separation c o m p a r e d to the i n d i v i d u a l chemicals . Th is effect is 
shown i n F i g u r e 16 for a 6 v o l % w a t e r - i n - o i l ( L e d u c crude) e m u l s i o n i n 
w h i c h both the U V P signal (20 m i n after c h e m i c a l addit ion) and the v o l u m e 
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2. ISAACS AND C H O W Practical Aspects of Emulsion Stability 69 

τ — ~ 1 τ π 1 1 Γ 

Volume of emulsified water, % 

Figure 14. Sensitivity of UVP signal to water content in the emulsions. 

o f water recovered by centr i fugat ion are p l o t t e d against the weight percent 
o f D u o m e e n C i n the mixture . 

A s expected, A e r o s o l O T , the water-soluble surfactant, by i tsel f h a d 
pract ica l ly no effect o n ei ther the U V P signal or the water separation. 
D u o m e e n C alone also h a d l i t t le effect o n the amount o f water recovered by 
centr i fugat ion. T h e change i n U V P signal therefore, l ike ly ref lected 
D u o m e e n C 's abi l i ty to flocculate the droplets . T h e mixture of the two 
chemicals , however, p e r f o r m e d i n a synergistic manner , a 1:1 mixture o f 
chemicals b e i n g most effective. A l s o , a direct correspondence is apparent 
be tween the m i n i m u m i n U V P signal and m a x i m u m i n water recovery b y 
centr i fugat ion. 

Film Drainage and Demulsifier Adsorption. T o enhance the 
coagulat ion process, a c o m m o n pract ice is to use c h e m i c a l demulsif iers that 
are be l i eved to 
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70 EMULSIONS IN THE PETROLEUM INDUSTRY 

Figure 15. Sensitivity of the UVP signal to the coagulation process. Demulsifier 
was added at 4 min. (Reproduced with permission from reference 27. Copy

right 1990 Elsevier.) 

1. p r o m o t e the floeculation of the droplets by weakening the 
repuls ive forces that stabilize the e m u l s i o n 

2. enhance the drainage o f the interfac ia l film between the floc
culated droplets . 

T h e choice o f chemica l is usually based on t r ia l -and-error procedures ; 
hence, demuls i f ier technology is more o f an art than a science. In most cases 
a c o m b i n a t i o n o f chemicals is used i n the demuls i f ier formula t ion to achieve 
b o t h eff icient floeculation and coalescence. T h e type o f demulsif iers and 
the ir effect o n interfacial area are among the important factors that i n f l u 
ence the coalescence process. T i m e - d e p e n d e n t interfac ia l tensions have 
b e e n shown to be sensitive to these factors, and the re lat ion between t i m e -
dependent inter fac ia l tensions and the adsorpt ion o f surfactants at the o i l -
aqueous interface was cons idered b y a n u m b e r of researchers (27, 31-36). 
F r o m studies o f the t ime-dependent tensions at the interface be tween or
ganic solvents and aqueous solutions o f di f ferent surfactants, Joos and co
workers (33-36) c o n c l u d e d that the adsorpt ion process o f the surfactants at 
the l i q u i d - l i q u i d interface was not only d i f fus ion contro l l ed but that adsorp
t i o n barriers and surfactant molecule reor ientat ion were important mecha-
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OQU 1 1 * «-J 
Ο 25 50 75 100 

Weight percent of Duomeen C in the mixture 
Figure 16. Comparison of the coalescence process using mixtures with a total 

concentration of 100 ppm. 

nisms d e p e n d i n g o n the system. F o r surfactant adsorpt ion f r o m the o i l phase 
to the o i l - w a t e r interface, a reor ientat ion process at the interface was 
thought to be the rate-control l ing step; adsorpt ion o c c u r r e d at a m u c h 
slower rate than that observed for a p u r e l y d i f fus ion-cont ro l l ed si tuation. 

V o g l e r (31 ) deve loped a mathematical m o d e l to derive semiquantitat ive 
k inet ic parameters in terpre ted i n terms o f transport and adsorpt ion o f 
surfactants at the interface. T h e m o d e l was fitted to exper imenta l t i m e -
dependent interfacial tension, a n d e m p i r i c a l models o f concentrat ion-de
pendent interfacial tension were c o m p a r e d to theoret ical expressions for 
t ime-dependent surfactant concentrat ion. A d a m c z y k (32) theoret ical ly re
lated the mechanica l propert ies o f the interface to the adsorpt ion kinetics o f 
surfactants by i n t r o d u c i n g the composi t ional surface elasticity, w h i c h was 
def ined as the proport ional i ty coeff icient be tween arbitrary surface defor
mations and the resul t ing surface concentrat ions. A l t h o u g h the expressions 
to describe the adsorpt ion process d i f f e r e d f r o m one another, i t was d e m o n 
strated that the t ime-dependent interfacial tensions m i r r o r e d the change o f 
surface-active substances at the interface. 
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72 EMULSIONS IN THE PETROLEUM INDUSTRY 

F o r studies w i t h real systems, Isaacs et a l . (27) used the s i m p l i f i e d 
approach of examining changes at the o i l - w a t e r interface wi thout spec i fy ing 
adsorpt ion mechanisms or pathways. B a s e d o n measurements o f t ime-de
pendent interfacial tensions, the f o l l o w i n g expression ( termed the spreading 
rate parameter) served to characterize the relative adsorpt ion per formance 
o f demulsif iers or demuls i f ier c o m b i n a t i o n : 

spreading rate parameter = _ Ύ θ ~ 7s/e 

àt 
(15) 

w h e r e 7 0 and 7 s / e are the steady-state value o f o i l -aqueous interfacial tension 
i n the absence and presence o f a d d e d chemica l , respectively; àt represents 
the t ime r e q u i r e d to reach the steady-state tension, 7 s / e . A schematic o f the 
technique used to measure this parameter is shown i n F i g u r e 17 together 
w i t h the depic t ion o f the adsorpt ion o f D u o m e e n C f r o m the o i l to the o i l -
water interface a n d A e r o s o l O T f r o m the water to the w a t e r - o i l interface. 

T o unders tand the reasons for the dewater ing effectiveness resul t ing 
f r o m the interactions between the two surfactants, t ime-dependent interfa-
c ia l tensions were measured to examine the transfer o f the surfactants f r o m 
the b u l k to the interface. B a s e d o n these measurements , F i g u r e 18 shows a 
plot o f the apparent spreading rate parameter , w h i c h is a measure o f b o t h 

« (r 
Capillary tube _̂  

4 -
Oil drop 

\ 
C 1 2H 2 5NH - C 2 H 4 - N H 2 — • R-NH 2 

Aqueous phase 

I H 
R - S O 3 - - S O 3 - C ; 

• C 0 2 — CeHf7 

" CH 2 — C0 2 — CeH-j 7 

Oleic Aqueous 

Figure 17. Schematic of the spinning drop capillary technique depicting the 
adsorption of oil-soluble and water-soluble surfactants from the bulk to the 

interface. The molecular structures of the two additives are also given. 
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2. ISAACS AND C H O W Practical Aspects of Emulsion Stability 73 

0 u , I ι I i _ i 
0 25 50 75 100 

Weight percent of Duomeen C in the mixture 

Figure 18. Apparent spreading rate as a function of the ratio of Duomeen C 
and Aerosol OT concentrations in the mixture. The total concentration is 100 

ppm. 

the ease o f deformat ion of the interface and the speed o f adsorpt ion or mass 
transfer o f mater ia l to the interface, as a f u n c t i o n o f the ratio o f D u o m e e n C 
and A e r o s o l O T concentrations i n the mixture . C l e a r l y , the m a x i m u m 
spreading rate occurs at a 1:1 ratio o f the reagents. F i g u r e 19 shows an 
excellent agreement between the spreading rate parameter and both the 
water recovery by centr i fugat ion and the final U V P signal . T h e direct cor
re lat ion between results o f dynamic interfac ia l tensions a n d the results o f 
coalescence or dewater ing eff ic iency is a n e w p h e n o m e n o n that has the 
potent ia l for quantitative analysis and ta i lor -making demulsif iers for a par
t icular c r u d e - o i l e m u l s i o n system. 

Conclusions 

T h e procedures for break ing o i l - in -water and w a t e r - i n - o i l emulsions are very 
dif ferent . F o r o i l - in -water emuls ions , the interfac ia l charge contributes to 
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0 4 8 12 0 4 8 12 

Spreading rate, mN/m-sec χ 103 

Figure 19. Comparison of electroacoustic analysis and dewatering efficiency of 
the mixed demulsifier as a function of the apparent spreading rate. 

the stability; i n w a t e r - i n - o i l emulsions , the strength of the interfacial film o f 
o i l that forms between the water droplets is of p r i m e concern . I n this 
discussion the presence o f solids at the interface was not cons idered; i f they 
are present, however , the addi t ional stabil ity i n their presence w o u l d require 
attention. 

T h e more c o m m o n e m u l s i o n f o r m e d i n the p e t r o l e u m industry is the 
w a t e r - i n - o i l type. T h e sensitivity o f e lectrokinet ic sonic analysis to coagula
t ion-coalescence processes i n w a t e r - i n - o i l m e d i a is o f great importance . It 
allows for r a p i d select ion and opt imiza t ion o f dif ferent c h e m i c a l 
demulsi f iers . I n addi t ion , as a research tool , i t supports the development of a 
fundamenta l unders tanding o f c h e m i c a l treatment o f w a t e r - i n - o i l e m u l 
sions. 
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List of Symbols 

a part ic le radius 
A H a m a k e r constant 
c sound veloci ty i n the e m u l s i o n 
dv/dz veloci ty gradient 
e electronic charge 
f(KR) H e n r y func t ion 
Gf geometr ica l factor dependent on geometry o f electrodes 
k B o l t z m a n n constant 
n0 n u m b e r of ions per uni t v o l u m e 

p r i n c i p a l radi i o f curvature 
R part ic le radius 
Τ absolute temperature 
U electrophoret ic mobi l i ty 

voltage 
v a t t r attractive interact ion 
V 

rep 
repulsive interact ion 

v t o t total interact ion 
W e c W e b e r n u m b e r 
ζ valency o f the i o n 

G r e e k 

δ thickness o f fluid layer s u r r o u n d i n g a part ic le 
ΔΑ increase i n interfac ia l area 
A G f o r m free energy o f format ion o f droplets 
ΔΡ Laplace pressure di f ference 
A S c o n f increase i n conf igurat ional entropy 
At t ime r e q u i r e d to reach steady-state tension 
Δ 7 1 2 t h e r m o d y n a m i c energy 
Δ ρ density di f ference between dispersed and cont inuous phases 
Δ Ψ 0 potent ia l di f ference between electrodes 
7o steady-state interfac ia l tension i n absence o f a d d e d c h e m i c a l 
7 1 2 interfac ia l tension between two l iquids 
7 ^ steady-state interfac ia l t ens ion i n presence of a d d e d c h e m i c a l 
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Emulsion Characterization 

Randy J. Mikula 

Department of Energy, Mines, and Resources, C A N M E T , Fuel Processing 
Laboratory, P.O. Bag 1280, Devon, Alberta, Canada, TOC 1E0 

This chapter outlines emulsion characterization techniques ranging 
from those commonly found in field environments to those in use in 
research laboratories. Techniques used in the determination of bulk 
emulsion properties, or simply the relative amount of oil, water, and 
solids present, are discussed, as well as those characterization meth
ods that measure the size distribution of the dispersed phase, rheo-
logical behavior, and emulsion stability. A particular emphasis is 
placed on optical and scanning electron microscopy as methods of 
emulsion characterization. Most of the common and many of the less 
frequently used emulsion characterization techniques are outlined, 
along with their particular advantages and disadvantages. 

AJM E M U L S I O N IS U S U A L L Y D E F I N E D as a system consist ing of a l i q u i d 
dispersed w i t h or wi thout an emuls i f ier i n an i m m i s c i b l e l i q u i d , usual ly i n 
droplets o f larger than co l lo ida l sizes. In p e t r o l e u m emulsions , solids play an 
extremely important role i n b o t h the format ion and stabil i ty o f emuls ions . 
These solids can be oil-phase components such as wax crystals or p r e c i p i 
tated asphaltenes, or m i n e r a l components that are part ia l ly o leophi l i c , a 
proper ty that allows t h e m to act as stabilizers between the o i l and water 
phases. 

Character izat ion o f such emulsions therefore often involves three 
phases: the water phase, the o i l phase, and the solids. C o m p l e t e charac
ter izat ion of an emuls ion c o u l d therefore involve deta i led c h e m i c a l a n d 
physica l analysis o f a l l o f the emuls ion components , as w e l l as any b u l k 
propert ies that might be o f interest (viscosity, density, etc.). Th is leve l o f 
deta i l is c learly b e y o n d the scope o f this discussion. F o r the purposes o f this 
chapter , e m u l s i o n characterizat ion w i l l be def ined as the quanti f icat ion o f 
the phases present, the determinat ion o f the nature and size d is t r ibut ion o f 
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80 EMULSIONS IN THE PETROLEUM INDUSTRY 

the dispersed phase, and the measurement o f the stabil i ty o f the dispersed 
phase. 

C h e m i c a l propert ies o f the i n d i v i d u a l phases w i l l not be discussed i n this 
chapter because any n u m b e r o f convent ional analytical techniques can be 
a p p l i e d to the separated o i l , water, and solids phases that might make u p a 
typica l e m u l s i o n . F r o m a processing point o f v iew, w h e n treat ing (separat
ing) emuls ions , the m a i n concerns usually are total o i l , water , and solids i n 
each o f the feed, product , and tailings streams. A s l o n g as water i n the 
p r o d u c t o i l and o i l i n the tailings water are low, then the process is w o r k i n g , 
and deta i led analysis of the compos i t ion o f the e m u l s i o n components is not 
r e q u i r e d . A fundamenta l unders tanding o f the interactions between e m u l 
sion components that de termine stability is often only r e q u i r e d or " resor ted 
t o " w h e n process upsets occur . Interfacial propert ies , film r ig idi ty or 
strength, and surface tension between the various e m u l s i o n phases are ex
t remely important i n d e t e r m i n i n g stabil ity o f the dispersed phase, but they 
w i l l not be discussed i n detai l here because these measurements fa l l u n d e r 
the category o f techniques used to characterize the i n d i v i d u a l e m u l s i o n 
components . A n u m b e r o f rev iew articles and books discuss these tech
niques and many aspects o f e m u l s i o n science and e m u l s i o n characteriza
t ion (1-13). 

E m u l s i o n character izat ion and technology development have been 
d r i v e n by the m e d i c a l , agr icul tural , food, a n d cosmetics industr ies ; the pe
t r o l e u m and o i l industr ies have b o r r o w e d these technologies and adapted 
t h e m to their part icular applicat ions. A n u m b e r o f books and review articles 
discuss aspects o f e m u l s i o n technologies specif ical ly re lated to o i l - f i e l d and 
p e t r o l e u m applications (14,15). These p e t r o l e u m applicat ions have become 
especial ly important since the advent o f surfactant flooding and other ter
t iary o i l recovery methods i n w h i c h emulsions are used and/or f o r m e d . 

T h e character izat ion techniques that w i l l be discussed here are used i n 
field situations, on- l ine , a n d i n the laboratory. I n order to characterize an 
e m u l s i o n , it is necessary to determine the amount o f each phase present, the 
nature o f the dispersed and cont inuous phases, and the size d i s t r ibut ion o f 
the dispersed phase. T h e stabil ity o f an e m u l s i o n is another important p r o p 
erty that can be m o n i t o r e d i n a variety o f ways, but most often, f r o m a 
process ing po in t o f v iew, stabil ity is measured i n terms o f the rate o f phase 
separation over t ime . This p h e n o m e n o l o g i c a l approach serves w e l l i n p r o 
cess situations i n w h i c h e m u l s i o n format ion and break ing problems can be 
very site specific . H o w e v e r , e m u l s i o n stabil i ty is u l t imate ly related to the 
deta i led chemistry a n d physics o f the e m u l s i o n components and the ir inter 
actions, and these details cannot be comple te ly ignored . 

T h i s chapter is s t ructured according to the types o f i n f o r m a t i o n p r o 
v i d e d b y the various character izat ion techniques . Appl i ca t ions i n the field or 
i n the laboratory are discussed, a long w i t h advantages and disadvantages. A n 
except ion to this format is made for the microscopic techniques, w h i c h , 
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3. MIKULA Emulsion Characterization 81 

because of their w i d e appl icabi l i ty (and because they happe n to be m y 
specialty), w i l l be covered separately. M i c r o s c o p y is seen by many as the 
ul t imate character izat ion tool , at least i n terms o f drople t size d i s t r ibut ion , 
because direct observat ion of a sample is s imple to interpret . In spite o f the 
p e r c e p t i o n o f microscopy as the ul t imate character izat ion m e t h o d , many 
problems and pitfal ls can be encountered i n in terpre t ing microscopic ob
servations, and these w i l l be discussed at l ength . 

T w o other techniques that might also warrant separate discussion, elec
trokinetics and viscosity determinat ions , are covered i n detai l i n Chapters 2 
and 4 and w i l l on ly be br ief ly m e n t i o n e d here . T h e figures are given w i t h 
deta i led captions so that they may be re ferred to independent ly o f the m a i n 
text. 

Bulk Properties 

A l t h o u g h surface p h e n o m e n a determine the fundamenta l propert ies o f 
emulsions i n terms o f size distr ibut ions and stability, the b u l k propert ies or 
b u l k composit ions are the yardsticks by w h i c h plant operators and process 
personnel measure process eff iciency. Accura te determinat ion of the o i l , 
water, and solids (if present) is therefore one o f the most important aspects 
o f e m u l s i o n characterizat ion. 

Oil-Continuous or Water-Continuous Emulsions. I n most 
e m u l s i o n systems, the nature o f the dispersed phase is quite clear. T h e r e is 
usually l i t t le doubt that an o i l - w a t e r e m u l s i o n w i t h 5 % water is a w a t e r - i n - o i l 
e m u l s i o n , o i l b e i n g the cont inuous phase. I n many separation and treatment 
processes, i n addi t ion to the o i l p r o d u c t (which might contain some e m u l s i 
fied water) , and the water tailings (which might contain some emuls i f i ed oi l ) , 
there can be an interface e m u l s i o n , a so-cal led rag layer, whose cont inuous 
and disperse phases are general ly u n k n o w n . F i g u r e 1 shows an opt ica l m i 
crograph of such an e m u l s i o n i n w h i c h the o i l and water are b o t h cont inuous 
and dispersed, d e p e n d i n g u p o n where i n the sample one looks. O f t e n these 
emulsions b u i l d to a certain level , cont inuously r e - f o r m and break i n the 
separator, and never cause operat ional prob lems . Occasional ly , however , 
they can b u i l d to such an extent that they require removal a n d separate 
treatment. K n o w l e d g e o f the nature of the dispersed phase is therefore 
c r i t i ca l i n d e t e r m i n i n g an effective treatment. 

T h e ratio o f the o i l to water alone is not sufficient to determine w h i c h is 
the dispersed phase because the presence o f emulsif iers or solids can s ignif i 
cantly affect the amount o f d ispersed phase d i s t r ibuted i n a g iven amount of 
cont inuous phase. F i g u r e 2 shows an example o f a fire flood e m u l s i o n that is 
w a t e r - i n - o i l , a l though the e m u l s i o n contains 6 3 % (by weight) water. E x p l o 
sives are often w a t e r - i n - o i l emulsions w i t h u p to 9 2 % water phase (16, 17). 
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82 EMULSIONS IN THE PETROLEUM INDUSTRY 

Figure 1. Optical micrograph of a rag-layer emulsion showing complex struc
ture. In reflected mode with blue-violet light, the water component (W) is 
dark, and the oil component (O) fluoresces yellow (bright in this black-and-
white reproduction). On a very short scale both oil-in-water and water-in-oil 

emulsions can be seen. 
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3. MIKULA Emulsion Characterization 83 

Figure 2. Scanning electron micrographs (at three magnifications) of afire 
flood emulsion illustrating a case in which, although the water-oil ratio is 
2.5:1, water is the dispersed phase. The composition of this emulsion is 63% 
water, 11% solids, and 26% oil. The compositions of the dispersed and continu
ous phases were determined from the X-ray signal excited in the electron 
microscope. The size of the dispersed water phase ranges from less than 0.1 μηι 
up to about 10 yum. The large features labeled Ο are regions of oil phase that 
can be described as oil emulsified in a continuous phase of a water-in-oil 
emulsion. These complex systems are difficult to characterize with anything 

but microscopic methods. 

Several techniques determine whether the cont inuous phase is o i l or 
water. T h e simplest is the d i l u t i o n method , i n w h i c h a d r o p or two of the 
e m u l s i o n is a d d e d to water. I f it is an o i l - in -water e m u l s i o n i t w i l l spread and 
disperse. I f i t is w a t e r - i n - o i l i t w i l l r e m a i n as a drop (18). T h e d i l u t i o n test 
can be effective, but care must be taken that sampl ing the e m u l s i o n does not 
i tsel f determine the cont inuous phase. F o r instance, d r a w i n g a w a t e r - i n - o i l 
e m u l s i o n up through the capi l lary o f a d r o p p e r can cause the e m u l s i o n to 
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84 EMULSIONS IN THE PETROLEUM INDUSTRY 

invert because of interactions of the water phase with the hydrophilic glass 
walls. This phenomenon is extremely important in the microscopic charac
terization of emulsions and will be discussed further in that section. 

Another option is to dye the continuous phase (J 9, 20). Dyeing is best 
done under a microscope where the coloring of the continuous phase can be 
observed with an appropriate water- or oil-soluble dye. Several water-solu
ble dyes, such as methylene orange or methylene blue, can be used. A 
common oil-soluble dye is fuchsin. If methylene blue is mixed with the 
emulsion and no color change is observed, then the emulsion is most likely 
water-in-oil. The opaque nature of oil-field emulsions limits the applicability 
of these color techniques. 

Electrical conductivity or capacitance of the emulsion might determine 
the nature of the continuous phase because water-in-oil would be much less 
conductive than a similar oil-in-water emulsion. This technique is useful in 
the laboratory to monitor emulsion inversion as a function of oil, water, or 
chemical addition and also is the basis of many level sensors in field situa
tions. A significant change in the amount of solids in the oil or water phases 
in a process situation might give a conductivity reading that is ambiguous in 
terms of defining the continuous phase (21), and therefore the water-oil 
interface level. 

Oil and Water Content with Solids. Many methods determine 
the relative amounts of water and oil in emulsions. Because many emulsions 
of interest to the oil industry also contain solids, determination of the solids 
content is also important (22, 23). The Institute of Petroleum (IP), the 
American Petroleum Institute (API), and the American Society for Testing 
and Materials (ASTM) have developed standard methods for these deter
minations, as have most organizations or laboratories where these deter
minations are routinely performed (24-28). These methods are all some 
modification of the Dean-Stark procedure, in which the sample is placed in 
a porous thimble and refluxed with a suitable organic solvent. 

Modified Dean-Stark Procedure. A schematic of the apparatus for 
the modified Dean-Stark procedure is shown in Figure 3. The sample is 
held in a porous thimble suspended above the refluxing organic solvent. The 
water in the emulsion sample is codistilled with the solvent and is trapped in 
the side arm where water content can be determined directly (27, 29, 30). 
The organic component is dissolved in the solvent and carried to the bottom 
of the apparatus where it can later be quantified gravimetrically after the 
solvent is removed. The solids are retained in the porous thimble and are 
also determined gravimetrically. The size range of solids retained on the 
thimble is naturally related to its porosity; a common modification of the 
technique involves centrifuging and decanting the bitumen or oil compo
nent (in solvent) to separate the fine solids. A typical report of results would 
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3. M I K U L A Emulsion Characterization 85 

WATER TRAP 

CONDENSER 

Δ 
POROUS THIMBLE 

FOR SAMPLE 

REFLUXING 
SOLVENT 

Figure 3. Modified Dean-Stark apparatus. The solvent (usually toluene) drips 
through the sample, dissolving the organic component and leaving the solids 
behind. The water, which codistills with the solvent, condenses and is trapped 
in the side arm and measured volumetrically. The solids and organic phases are 
determined gravimetrically after evaporating the solvent from the sample 

thimble and the solvent flask. 
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86 EMULSIONS IN THE PETROLEUM INDUSTRY 

then i n c l u d e percent water, percent solids, percent b i t u m e n - o i l w i t h fines, 
percent b i t u m e n - o i l wi thout fines, and percent solids w i t h fines. O f t e n the 
fine solids that pass through the th imble are ignored and s imply i n c l u d e d 
w i t h the b i t u m e n or o i l content. O t h e r c o m m o n modif icat ions to the stand
ard procedures i n c l u d e the type o f solvent used or the ref luxing t ime. 

T h e major disadvantage o f this technique is the t ime r e q u i r e d for the 
ref luxing and for sample w o r k u p after the extraction to complete the gravi 
metr ic determinat ions . Because b i t u m e n and heavy o i l may sometimes c o n 
ta in asphaltenes or heavy organic components that may be i n so l id f o r m i n 
the o i l phase, interpretat ion o f the fine solids component requires other 
i n f o r m a t i o n about solids compos i t ion . T h e advantage o f the technique is that 
the sample can be relatively large, an important considerat ion i n many 
situations w h e r e sample streams are quite heterogeneous. 

Centrifugation. A n o t h e r c o m m o n l y used technique for de termina
t ion o f o i l , water , and solids is a s imple centr i fuge test. A s w i t h the D e a n -
Stark m e t h o d , a standard p r o c e d u r e has been deve loped b y several organiza
tions (27, 31, 32). Basical ly, the test consists o f d i l u t i n g the e m u l s i o n w i t h a 
k n o w n amount of solvent and centr i fug ing for a fixed t ime . W i t h the spe
c ia l ly designed centr i fuge tube shown i n F i g u r e 4, the amount o f water and 
solids i n the sample can be read volumetr i ca l ly . T h e water-and-sol ids is the 
denser phase, so the results are general ly repor ted as B S & W (basic sediment 
a n d water) as a vo lumetr i c percent . Because it is fast and rel iable , the 
centr i fuge test is probab ly the most c o m m o n l y used technique for field 
evaluation o f water content i n o i l product streams. 

T h e most c o m m o n variat ion to the A P I , A S T M , and I P methods for field 
use is the addi t ion o f d e m u l s i f i e r or knockout drops to facilitate the separa
t ion o f the phases. T h e demuls i f ier is general ly added at concentrations 
signif icantly above what w o u l d be n o r m a l operat ional levels. T h e d isad
vantages o f this technique are that it does not separate the water and solids, 
and it is not useful for very high-water-content streams. F i l l i n g the cent r i 
fuge tube w i t h a representative sample can also be di f f icul t , especial ly w i t h 
viscous emuls ions . 

Oil and Water Content without Solids. T h e presence o f solids 
i n an e m u l s i o n system reduces the character izat ion options because tech
niques that can quant i fy a l l three phases are not readi ly available. I n many 
situations, however , on ly quanti f icat ion o f water i n the o i l p r o d u c t or o i l i n 
the tail ings water is important . I n other cases, the solids content is ins igni f i 
cant. I n these situations, the range o f techniques available is m u c h more 
extensive and, i n general , more appl icable to field a n d on- l ine applicat ions. 
O b v i o u s l y , the methods discussed earl ier also apply to these systems, a long 
w i t h a variety o f spectroscopic a n d c h e m i c a l analytical techniques . 
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3. MIKULA Emulsion Characterization 87 

Figure 4. Centrifuge tubes are tapered to allow for precise determination of 
emulsion samples that have a low water content. The photograph shows that in 
the absence of a clear oil-water interface, it can be difficult to accurately 
determine water content (usually basic sediment and water). In addition, 
centrifugation time can significantly affect the amount of unresolved emulsion. 
The two centrifuge tubes on the left were centrifugea for 10 min; the two on the 
right were spun for only 5 min. The first three are the same sample; the tube on 
the right has a higher solids content. The arrows mark the unresolved emulsion 
layer. The tube on the far right shows the water phase with some black organic 
solids at the bottom of the centrifuge tube. This sedimentation can occur as a 
result of inadequate mixing of the oil phase (in heavy oils) with the solvent; 
estimation of the percentage of the oil phase relative to water and solids will be 
inaccurate. In this case, the black solids are oil phase closely associated with 

clays; therefore, they report with the bottom solids and water fraction. 

Karl Fischer Titration. T h e K a r l F i s c h e r t i t rat ion is a fast and accu
rate m e t h o d for d e t e r m i n i n g water content. A l t h o u g h the A S T M , A P I , and 
I P standards quote a water range o f 0.02 to 2 .0% (33), the technique can be 
successfully used at h igher water contents (>10%), T h e technique involves 
t i t rat ing the e m u l s i o n sample w i t h the K a r l F i s c h e r reagent consist ing o f a 
mixture o f I 2 , S O £ , and p y r i d i n e dissolved i n methanol . T h e iod ine is r e d u c e d 
by the sul fur dioxide i n the presence o f water to f o r m H I a n d S 0 3 . These are 
i m m e d i a t e l y c o m p l e x e d b y the p y r i d i n e and neutra l ized . O n c e a l l o f the 
water is reacted, h igh ly conduct ive free iod ine appears, a n d the e n d po in t is 
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88 EMULSIONS IN THE PETROLEUM INDUSTRY 

ident i f i ed b y the increase i n conduct iv i ty . A l t h o u g h most substances are 
iner t to the K a r l F i s c h e r reagent, mercaptans and sulfide sul fur w i l l interfere 
a n d must be b e l o w 500 p p m b y weight . H i g h water determinat ions b y this 
m e t h o d relative to those d e t e r m i n e d b y D e a n - S t a r k dist i l lat ions might i n d i 
cate interferences f r o m other compounds or minerals that can react w i t h the 
K a r l F i s c h e r reagent (34, 35). Process streams w i t h h i g h m i n e r a l or solids 
content can therefore be di f f icul t to analyze accurately. 

Electrical Properties. T h e electr ica l propert ies o f o i l and water are 
quite di f ferent i n terms o f conduct iv i ty a n d die lec tr ic constant (both of 
w h i c h can be related). These differences can be measured accurately w i t h a 
capacitance probe and corre la ted to the amount of water i n an o i l stream. 
T h i s type o f probe is c o m m o n l y used i n on- l ine situations to moni tor percent 
water i n o i l p ipe l ines (36, 37). Genera l ly , water and solids cannot be dif
ferent iated, so the signal is p r o p o r t i o n a l to the total solids and water content. 
These systems have seen the greatest applicat ions i n m o n i t o r i n g relat ively 
l o w water contents. In p r i n c i p l e , techniques based o n electr ical propert ies 
can be ca l ibrated for process streams w i t h significant water and solids c o n 
tents. H o w e v e r , the capacitance o f the fluid changes w i t h e i ther an increase 
i n solids or an increase i n water , so the use o f e lectr ical propert ies i n these 
situations is l i m i t e d to streams where only one or the other is changing. 

Other Methods. G a m m a - r a y attenuation measures the density o f the 
sample, w h i c h is re lated to changing o i l or water content . G a m m a - r a y d e n 
sity meters are quite c o m m o n i n process m o n i t o r i n g , but they are useful for 
e m u l s i o n character izat ion only i n cases where the solids content is k n o w n to 
be zero or comple te ly constant (38). Otherwise the density i n f o r m a t i o n 
obta ined cannot be re l iably re lated to o i l or water content . 

M i c r o w a v e - b a s e d meters have also been used to m o n i t o r water content 
i n emulsions (39). M i c r o w a v e techniques can be used i n two ways: E i t h e r 
the attenuation of the microwave radiat ion due to absorpt ion b y the water 
phase is measured, or capacitance or resonance changes i n a microwave 
cavity are noted . T h e capacitance-change m e t h o d is m u c h more sensitive, 
a l though b o t h , l ike the gamma-ray absorpt ion m e t h o d , are l i m i t e d i n that 
solids content must be constant or zero i n order to accurately interpret the 
i n f o r m a t i o n obta ined. B o t h o f these techniques are appl icable to field situa
tions and on- l ine m o n i t o r i n g . 

In special cases where the cont inuous phase is reasonably transparent, 
absorbance o f l ight or s imple t u r b i d i m e t r y can be related to o i l or water 
content i n an e m u l s i o n . 

Rheology. Viscosi ty a n d other fluid-flow parameters o f emulsions 
are important , not just for establ ishing p u m p i n g and h a n d l i n g protocols , but 
because they relate to other e m u l s i o n propert ies , such as size d is t r ibut ion of 
the dispersed phase, the presence o f solids or emulsif iers , and the nature o f 
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3. M I K U L A Emulsion Characterization 89 

the cont inuous phase. M a n y c o m m e r c i a l instruments p e r f o r m rheologica l 
determinat ions , and many thorough reviews cover various aspects o f viscos
i ty a n d other rheologica l parameters (40-43). T h e operat ing pr inc ip les o f 
the various instruments and the character izat ion techniques available w i l l be 
covered i n C h a p t e r 4. 

E m u l s i o n instabi l i ty and phase separation d u r i n g viscosity measure
ments l i m i t the appl icabi l i ty o f many o f the measurement techniques . T h i s 
p h e n o m e n o n is i l lustrated i n F i g u r e 5. T h e r e p r o d u c i b l e peak i n shear stress 
w i t h increas ing shear rate is re la ted to b i t u m e n separating f r o m this e m u l 
s ion at the ro tor -p la te interface o f a convent ional viscometer . 

Dispersed-Phase Properties 

T h e c h e m i c a l and physica l nature o f the dispersed phase is general ly the 
p r i m a r y considerat ion i n order to define or to characterize an e m u l s i o n . 

1 0 

S H E A R R A T E 1/s 

Figure 5A: Shear stress versus shear rate for an emulsion sample with a high 
solids content. The peak at low shear is reproducible and is due to oil separat
ing from the emulsion onto the rotors. In rheometers that cannot measure at 
such low shear rates, this peak can be incorrectly attributed to stress overshoot 

or yield strength. 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
03



90 

1 0 

EMULSIONS IN THE PETROLEUM INDUSTRY 

ο » 1 : 1 I I L i 
0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 

S H E A R R A T E 1 /s 

Figure 5B: Shear stress versus shear rate for the same sample with this easily 
separable bitumen removed. Now the peak at low shear rate does not appear. 
The area enclosed by the upper and lower curves represents thixotropic (or 

shear-thinning) behavior in this emulsion. 

A f t e r a l l , the stabil i ty and size d i s t r ibut ion o f this phase determine most b u l k 
e m u l s i o n propert ies . F i x e d proport ions o f o i l , water, and solids can be 
c o m b i n e d i n various ways to p r o d u c e emulsions having di f ferent size d i s t r i 
butions of the dispersed phase, g iven only smal l differences i n emuls i f ier or 
i o n addit ions to the water or o i l phases. These physica l dif ferences can lead 
to signif icantly di f ferent viscosity and stabil ity i n emulsions w i t h n o m i n a l l y 
ident i ca l b u l k compos i t ion . 

T h e select ion o f o p t i m u m treatment protocols may d e p e n d signif icantly 
o n de terminat ion o f the size d i s t r ibut ion o f the dispersed phase. F o r i n 
stance, centr i fugat ion might not be effective i n a system w i t h h i g h viscosity 
and a very smal l size d i s t r ibut ion o f dispersed phase. Stokes' law can be used 
to pred ic t the residence t ime n e e d e d i f size d i s t r ibut ion a n d viscosity are 
k n o w n . T h e smal ler the average size o f the dispersed phase, the larger the 
residence t ime r e q u i r e d . I n fact, the residence t ime increases as the inverse 
o f the square o f the diameter o f the dispersed phase. 
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3. M I K U L A Emulsion Characterization 91 

This section w i l l focus m a i n l y o n character izat ion o f the physica l nature 
o f the dispersed phase or its size d i s t r ibut ion . E l e c t r o k i n e t i c character iza
t ion techniques , w h i c h determine the electr ic double- layer propert ies o f the 
dispersed phase, w i l l be only br ief ly m e n t i o n e d . A g a i n , e lectrokinet ic p r o p 
erties, their significance, and the ir measurement have b e e n covered i n re
v i e w articles (44, 45). 

A s i d e f r o m microscopy, the techniques for d e t e r m i n i n g the size d i s t r i 
b u t i o n o f the dispersed phase i n e m u l s i o n systems can be broadly d i v i d e d 
into three categories: techniques that d e p e n d u p o n the differences i n elec
t r ica l propert ies be tween the dispersed and cont inuous phases, those that 
effect a physica l separation o f the dispersed droplet sizes, a n d those that 
d e p e n d u p o n scattering p h e n o m e n a due to the presence o f the dispersed 
phase. Overviews of these types o f techniques are f o u n d elsewhere (1-4,13, 
46-49). 

Size Distribution Using Electrical Properties. A s m e n t i o n e d 
earl ier , for water content determinat ions , techniques that d e p e n d u p o n 
differences i n e lectr ica l propert ies do not d is t inguish between water a n d 
solids. Th is proper ty l imits their appl icabi l i ty to systems i n w h i c h solids are 
negl igible or the process stream is so w e l l def ined that the differences i n 
signal can be at tr ibuted to differences i n size d i s t r ibut ion and not to total 
water and solids (50, 51). C l e a r l y these measurements require extensive 
ca l ibrat ion and are not general ly appl icable to o i l - f i e l d emuls ions . 

A technique that is w i d e l y used i n spite o f these drawbacks, however , is 
p e r f o r m e d w i t h the automated (Coulter ) counter (51-53). I n this ins t ru
ment , the e m u l s i o n droplets (or particles) are d i l u t e d i n an electrolyte and 
passed through a fine capi l lary that connects two larger chambers conta in ing 
i m m e r s e d electrodes. A potent ia l di f ference is a p p l i e d between the elec
trodes. T h e resistance change that occurs w h e n an o i l drople t passes through 
the orif ice be tween the plates is p r o p o r t i o n a l to the amount of electrolyte 
d isplaced and therefore to the size o f the part ic le . F i g u r e 6 shows a sche
matic o f a typica l exper imenta l setup. A w i d e range o f orif ice sizes is avai l 
able to cover size ranges f r o m 0.4 μπι to about 500 μπι. 

T h i s technique , or variations o f it that might measure voltage, current , 
or capacitance changes, is also k n o w n as a sensing-zone technique . These 
methods always require ca l ibrat ion and are l i m i t e d to o i l - in -water emulsions 
because the technique depends u p o n the displacement o f electrolyte i n the 
sensing zone. D i l u t i o n o f the e m u l s i o n is of ten r e q u i r e d because the appear
ance o f two particles i n the sensing zone at one t ime w o u l d be measured as a 
single larger part ic le . T h e size range analyzed i n a single capi l lary is also 
l i m i t e d because particles o n the order of 4 0 % of the capi l lary diameter lead 
to blockage, a n d particles smal ler than about 2 % of the capi l lary d iameter do 
not p r o d u c e a signal above the noise (background) and are effect ively i n v i s i 
b le . 
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92 EMULSIONS IN THE PETROLEUM INDUSTRY 

Figure 6. Schematic of a sensing-zone technique (top). As the particle or 
emulsion droplet (suspended in an electrolyte) passes through the sensing zone, 
the capacitance or resistance changes in proportion to the size of the particle. 
These signals can be sorted and interpreted as a size distribution by using an 
equivalent spherical diameter. Multiple droplets can be mistakenly interpreted 
as a single larger particle, but several alternative designs minimize this prob
lem. The signal is proportional to the amount of electrolyte displaced; conse
quently, solids and emulsion droplets cannot be distinguished. These types of 
techniques are applicable only to oil-in-water emulsions. Bottom: The most 

common instrument for this technique, the Coulter counter. 
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3. MIKULA Emulsion Characterization 93 

Size Distribution Using Scattering Properties. T h e size 
range p r o b e d by the various scattering techniques is a f u n c t i o n o f the wave
length ; neutron-scatter ing, X-ray-scat ter ing, a n d l ight-scatter ing techniques 
are re lated i n terms o f the phys ica l interact ion between the radiat ion and the 
particles and cover sizes f r o m 0.4 n m to hundreds o f micrometers . 

Light Scattering. T h e most c o m m o n c o m m e r c i a l l y available s iz ing 
instruments d e p e n d u p o n l ight scattering to obtain size i n f o r m a t i o n . T h e 
availabi l i ty o f inexpensive, w e l l - d e f i n e d l ight f r o m laser sources has resul ted 
i n a w i d e variety o f scattering techniques us ing l ight (16, 54-59). 

L i g h t scattering can be broadly d i v i d e d into t ime-averaged scattering, 
w i t h w h i c h ei ther spatial d i s t r ibut ion or intensi ty is measured, and t i m e -
fluctuation scattering, w h i c h inc ludes p h o t o n corre lat ion spectrometry, i n 
w h i c h scattering is corre lated to the microscopic m o t i o n o f i n d i v i d u a l scat
te r ing centers. These techniques have been discussed i n detai l i n several 
reviews (59-63). O n l y a b r i e f overview of the most c o m m o n t ime-averaged 
methods w i l l be g iven here. These methods i n c l u d e F r a u n h o f e r d i f f rac t ion 
and l ight scattering at larger angles, ( M i e scattering), w h i c h are the basis o f 
many c o m m e r c i a l l y available s iz ing instruments . 

Quasi-elast ic l ight scattering or p h o t o n corre la t ion spectrometry, 
F r a u n h o f e r d i f f rac t ion , and other techniques that d e p e n d u p o n l ight have 
the same drawback; namely, the opacity o f most o i l p r o d u c t i o n samples 
makes t h e m unsuitable for use. T y p i c a l prob lems w i t h the theory and subse
quent data r e d u c t i o n o f the scattering i n f o r m a t i o n to a size d i s t r ibut ion 
i n c l u d e an assumption of the nature of the size d i s t r ibut ion (typically l o g -
n o r m a l , a l though software is available w i t h other options) and an inab i l i ty to 
dis t inguish aggregates f r o m large single part ic les . Solids a n d the dispersed 
phase o f the e m u l s i o n cannot be d is t inguished f r o m each other, a d isad
vantage shared w i t h the sensing-zone techniques . I n addi t ion , the sample 
must be di lute enough to m i n i m i z e m u l t i p l e scattering. 

F igures 7 and 8 i l lustrate the exper imenta l setup a n d examples o f the 
signal observed i n F r a u n h o f e r d i f f rac t ion for monodisperse particles a n d for 
a polydisperse sample, respectively. T h e detect ion system i n most c o m m e r 
c ia l instruments is e i ther an array o f intensi ty sensors or a single detector 
w i t h a m o v i n g mask that measures intensity differences o f the over lapping 
concentr ic rings that are not d iscernib le i n F i g u r e 8. A l t h o u g h no ca l ibrat ion 
is necessary for monodisperse spher ica l systems, the data are output as an 
equivalent spherical d iameter a n d the range o f appl icabi l i ty is general ly for 
sizes exceeding 10 |xm. F o r many e m u l s i o n systems, the refractive index is 
close to that o f water; therefore, the pract ica l lower l i m i t is 10 μπι (13). F o r 
so l id part iculate systems, the refractive index is general ly large; conse
quent ly , the appl icabi l i ty o f this technique can be extended to smal ler sizes. 

M o s t ins t rument manufacturers use scattering at larger angles, as w e l l as 
d i f f rac t ion , to probe the smaller sizes (smaller than about 10 μπι) . Scatter ing 
at larger angles involves a dist inct dependence u p o n refractive index, and 
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94 EMULSIONS IN THE PETROLEUM INDUSTRY 

LIGHT SOURCE 

S A M P L E 
CD) DIFFRACTED 

LIGHT 
DETECTORS 

/(small angles) 

• 
ABSORBED LIGHT 

DETECTORS 
(turbidity) 

SCATTERED LIGHT 
DETECTORS 

(large angles) 

Figure 7. Schematic of a light-scattering apparatus. Three techniques are 
illustrated. First, attenuation of the incident light or turbid imetry can indicate 
the amount of dispersed phase but offers no information about the size distri
bution. Second, diffraction of the incident beam (Fraunhofer diffraction) offers 
size information for relatively large sizes when the particles are on the order of 
or larger than, the wavelength of the incident light. Third, scattering through 
larger angles (Mie scattering) occurs with particles smaller than the wave
length of the incident light. This large-angle scattering can be affected by the 
refractive index of the scattering centers. Computer data handling reduces 
these signals to a size distribution. Variations of these basic techniques involve 
detection of scattered light as a function of angle, correlation of the scattered 
photons (photon correlation spectroscopy), and detection of scattering as a 

function of wavelength or polarization of the incident light. 

various manufacturers use ei ther the pos i t ion or wavelength dependence o f 
the scattered l ight at larger angles. Assumpt ions about an "average" refrac
tive index or the nature o f the size d i s t r ibut ion (b imodal or log-normal , for 
instance) must be made to determine a size d is t r ibut ion f rom the l ight-
scattering in format ion at larger angles. 

X-ray and Neutron Scattering. Small -angle X - r a y and neutron scat
ter ing also can be used to probe emuls ion size distr ibut ions , but at a m u c h 
smaller resolut ion, d o w n to the molecular level (about 4 - A resolut ion w i t h 
neutron scattering) (64-67). Th is level of detai l i n d e t e r m i n i n g molecular 
aggregates is c learly not appl icable to emulsions c o m m o n l y encountered i n 
o i l extraction and processing situations, a l though the pr inc ip les are the same 
as for l ight-scattering p h e n o m e n a . 

Size Distribution by Physical Separation. Size distr ibutions 
obta ined by physica l separations generally involve systems of sol id particles 
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3. M I K U L A Emulsion Characterization 95 

Figure 8. Three typical Fraunhofer diffraction patterns. In polydisperse sys
tems, the interpretation of the relationship between these patterns and the size 
distribution can be difficult and requires sensitive photomultipliers. The trans
mitted beam is blocked out, and the detectors are arranged outward from the 
center. In some cases a single detector has a movable mask to measure dif
fracted light intensity as a function of position. Subtle differences in size 
distribution (i.e., log-normal vs bimodal, etc.) cannot be distinguished, and 

generally some assumption must be input to the data reduction programs. 
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96 EMULSIONS IN THE PETROLEUM INDUSTRY 

that are not affected b y the h a n d l i n g r e q u i r e d . H o w e v e r , some new develop
ments i n h y d r o d y n a m i c chromatography, size exclusion chromatography, 
and field-flow fract ionat ion may have applicat ions to m i c r o e m u l s i o n systems 
a n d perhaps to the larger emuls ions more c o m m o n l y encountered i n the o i l 
field. D e t a i l e d descript ions o f these techniques can be f o u n d i n the l i tera
ture (68). 

Chromatographic Techniques. H y d r o d y n a m i c and size exclusion 
chromatography are s imilar i n that they d e p e n d u p o n convent ional chro
matographic pr inc ip les of flow (of particles or droplets i n this case) i n a 
carr ier fluid. I n size exclusion chromatography, the larger particles exit the 
system first because they are not s lowed by interactions w i t h pores i n the 
p a c k i n g mater ia l . In h y d r o d y n a m i c chromatography, the larger particles exit 
first because they are too b i g to stay i n the s low carr ie r - f lu id veloci ty zones 
near the p a c k i n g or at the walls o f the chromatographic c o l u m n . 

F i g u r e 9 i l lustrates these techniques . These techniques are most a p p l i 
cable to the separation o f microemuls ions , mice l lar systems, or large m o l e 
cules. T y p i c a l size ranges u p to 1 μπι, a l though h y d r o d y n a m i c chromatogra
p h y has been a p p l i e d to larger systems w h e n used wi thout p a c k i n g (up to 60 
μπι) (69-72). Unstab le systems cannot be character ized w i t h these tech
niques because o f interactions w i t h the c o l u m n or p a c k i n g mater ia l . T h e 
major advantage o f the techniques is the phys ica l separation o f the size 
fractions for fur ther character izat ion. 

Sedimentation Techniques. O t h e r techniques that effect a phys ica l 
separation i n c l u d e gravitational or centr i fugal sedimentat ion, i n w h i c h par t i 
cles or e m u l s i o n droplets are separated o n the basis o f size and density. T h e 
separation that occurs can be quant i f ied by m o n i t o r i n g X - r a y or l ight absor-
bance as a func t ion o f pos i t ion . Stokes' law then can be used to de termine 
the part ic le size d i s t r ibut ion f r o m the absorbance data as a func t ion o f the 
sedimentat ion t ime (73, 74). 

Field-Flow Fractionation. F i e l d - f l o w fract ionat ion (F igure 9) is l ike 
the other physica l separation techniques except that a field is a p p l i e d at r ight 
angles to the flow; particles or droplets are thereby separated d e p e n d i n g 
u p o n their in teract ion w i t h the field. T h e field can be electr ic , magnetic , 
gravitational , thermal , or whatever force might interact w i t h the part ic les . 
F rac t ionat ion us ing ei ther gravity or centr i fugal force is the p r i n c i p l e b e h i n d 
some c o m m e r c i a l l y available instruments (75-81). 

Emulsion Stability 

D e t e r m i n i n g e m u l s i o n stabil ity is one of the most important tests that can be 
p e r f o r m e d o n an e m u l s i o n . T h e ease w i t h w h i c h the o i l and water phases 
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3. M I K U L A Emulsion Characterization 97 
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Figure 9. Three chromatographic techniques are mainly applicable to 
microemulsions and very stable systems because they depend upon interactions 
at surfaces and in pore spaces. A: In size exclusion chromatography, the sample 
is injected and is segregated in the column by virtue of the fact that the smaller 
particles interact and get held up in the small pore spaces, while the larger 
particles elute through more quickly. B: Hydrodynamic chromatography 
works because smaller particles and droplets can approach the column or 
capillary wall to near the boundary where carrier flow is essentially zero. The 
larger droplets are more strongly affected by the flow and elute more quickly 
than the smaller ones. C: Field-flow fractionation depends upon separation of 
flowing emulsion droplets in an applied field. A sample is injected into a carrier 
with an applied field perpendicular to the flow. The field is often just gravity 
but might be electrical or magnetic depending upon the nature of the emulsion. 
Several commercial instruments use sedimentation or gravity as the applied 

field. Subsequent detection of the droplets is often via a light-scattering type of 
technique. 
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98 EMULSIONS IN THE PETROLEUM INDUSTRY 

separate establishes the treatment p r o t o c o l for the e m u l s i o n and ul t imate ly 
determines the cost of treatment. D e t e r m i n a t i o n o f the most effective 
demuls i f ier for a par t icular process is general ly done of f - l ine , and the effec
tiveness o f a demuls i f ier depends u p o n the degree o f destabi l izat ion. T h e 
destabi l izat ion is most often m o n i t o r e d b y s imply observing the phase sepa
rat ion as a f u n c t i o n o f t ime . W h e n a clear interface is present be tween the o i l 
and water layers, this m e t h o d can be very effective, but w h e n the separation 
is not so dist inct , operator bias can affect the results. T o overcome this bias, 
centr i fugat ion can be used to c lar i fy the interface {82, 83), l ight scattering to 
automate the de terminat ion o f separation {84, 85), or microscopic tech
niques to m o n i t o r drople t coalescence {86-88). 

Bottle Tests. T h e most c o m m o n m e t h o d o f d e t e r m i n i n g relative 
e m u l s i o n stabil ity is the s imple bott le test. T h e r e are probably as many 
di f ferent bott le test procedures as there are people w h o rout ine ly use t h e m . 
I n general they involve d i l u t i o n o f the e m u l s i o n w i t h a solvent (to reduce 
viscosity), shaking to homogenize the e m u l s i o n or to mix i n the demuls i f ier 
to be evaluated, and a w a i t i n g and w a t c h i n g p e r i o d d u r i n g w h i c h the extent 
o f phase separation is m o n i t o r e d a long w i t h the c lar i ty o f the interface a n d 
the turb id i ty o f the water phase. D e p e n d i n g u p o n the viscosity o f the o r i g i 
n a l e m u l s i o n , the test may be done at e levated temperatures or w i t h vary ing 
amounts o f d i luent . Separat ion might also be enhanced b y centr i fugat ion, 
a l though usual ly not w h e n d i luent is also added . 

F i g u r e 10 shows a bott le test as a func t ion o f t ime i n w h i c h the u p p e r o i l 
phase steadily increases i n v o l u m e . This type o f test provides a significant 
amount o f i n f o r m a t i o n re lat ing to b o t h the stability o f the e m u l s i o n phase 
a n d the c lar i ty o f the separated water. 

Centrifugation. C e n t r i f u g a t i o n is a modi f i ca t ion o f the bott le test 
i n w h i c h the sedimentat ion force is art i f ic ial ly increased to effect separation. 
D i l u e n t may or may not be a d d e d d e p e n d i n g u p o n the stabil ity o f the 
e m u l s i o n . Special ly des igned stroboscopic centrifuges moni tor phase sepa
rat ion as a func t ion o f t ime ; they provide in format ion exactly analogous to 
the bott le test previously descr ibed (at h igher gravity, or g, forces) w h i l e 
cont inuously observing the sample interface. I n both the s imple bott le test 
and the centr i fuge test, sett l ing a n d separation o f the o i l and water phases 
are dependent u p o n the size o f the dispersed phase and the viscosity o f the 
cont inuous phase (Stokes' law). There fore , the u p p e r part o f the o i l phase 
of ten contains significantly less water than the layer near the o i l - w a t e r 
interface. D e p e n d i n g u p o n the process condit ions , the water content as a 
func t io n of d e p t h and t ime i n the o i l layer might be a very important 
parameter . T h e water content as a func t ion o f depth i n the o i l layer can then 
be d e t e r m i n e d by spin or centr i fuge tests (at h i g h speed for water content 
determinat ion) or b y D e a n - S t a r k tests. 
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3. M I K U L A Emulsion Characterization 99 

Figure 10. This series of photographs from a bottle test shows the emulsion 
separating over time as evidenced by the steady increase in the upper oil phase. 
The lower water phase contains most of the solids but does not change in 
volume significantly. The interface emulsion in between the oil and water 
steadily decreases (destabilizes) in volume and resolves into the oil and water 
phases. As shown in Figure 1, these interface emulsions can have a complex 

morphology or structure. 

Electrokinetics. Bot t le tests and centr i fugat ion may be somewhat 
c rude , but they do offer a relative measure o f e m u l s i o n stabil i ty that c o m 
bines, to some extent, a l l o f the factors that affect stability. E l e c t r o k i n e t i c 
measurements are somewhat more elegant because they a l low direct mea
surement of the degree of electrostatic stabil i ty i n an e m u l s i o n system. T h e 
zeta potent ia l , or relative magni tude of the electr ic charge o n the surface, is 
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100 EMULSIONS IN THE PETROLEUM INDUSTRY 

re lated to e m u l s i o n stability, as is the thickness o f the double layer (the 
dif fuse layer o f compensat ing charge). F o r electrostatically s tabi l ized sys
tems, the double- layer thickness can be as important i n d e t e r m i n i n g relative 
stabil i ty as the surface potent ia l as measured b y the zeta potent ia l . 

A w i d e variety o f e lectrokinet ic measurements or instruments can be 
used to quant i fy the electrostatic stabil i ty o f the dispersed phase. These 
measurements w i l l only be s u m m a r i z e d here . 

A dispersed e m u l s i o n drople t (electrostatically stabil ized) can be 
thought o f as a charged center w i t h a p l iab le cover o f compensat ing charge 
due to or ientat ion o f the water molecules (or counterions) a r o u n d the d r o p 
let. W h e n exposed to an electr ic field, the drople t w i l l move according to the 
surface charge. 

T h e m o t i o n o f the droplet i n an a p p l i e d electr ic field distorts the re la
t ionship be tween the charged center and the outer layer to create a d i p o l e . 
W i t h this s impl is t ic v iew, it is possible to unders tand the p r i n c i p l e b e h i n d 
e lectrophoret ic mobi l i ty , w h e r e b y the relative m o t i o n o f particles or e m u l 
sion droplets is measured w i t h an a p p l i e d electr ic field. These measure
ments of ten d e p e n d u p o n microscopic observation o f the droplet m o t i o n i n 
the a p p l i e d e lectr ic field and a ca lculat ion o f droplet velocit ies to de termine 
their e lectrophoret ic mobi l i ty . F i g u r e 11 is a schematic o f a typica l exper i 
menta l setup. 

B y observing many droplets , the average e lectrophoret ic m o b i l i t y or 
charge o n the e m u l s i o n can be d e t e r m i n e d . F o r h ighly charged systems, it 
may be possible to destabil ize the dispers ion b y adjusting p H . C o m p r e s s i o n 
o f the double layer by changing the concentrat ion o f counterions can also 
destabil ize emulsions or dispersions that are electrostatically s tabi l ized. A l 
ternatively, the addi t ion o f surface-active agents can b r i n g the system to its 
zero po in t o f charge, or electrostatically destabi l ized state. T h e methods for 
m a k i n g these measurements range f r o m direct observation, w h i c h can be 
very tedious, to some fair ly automated systems that count part ic le b y part ic le 
to give a d i s t r ibut ion o f e lectrophoret ic mobi l i t ies {44, 45). These automated 
instruments are invaluable i n cases where mixtures o f d ispersed droplets a n d 
solids might have d i f f e r i n g e lectrophoret ic mobi l i t ies . 

F i g u r e 12 shows the e lectrophoret ic m o b i l i t y o f a p o p u l a t i o n o f o i l 
droplets that have a significant average negative charge. T h e photograph i n 
the same figure shows the behavior o f these electrostatically s tabi l ized p a r t i 
cles. T h e e lectrophoret ic m o b i l i t y o f the o i l droplets can be m o d i f i e d i n a 
variety o f ways b y a d d i n g other ions or polymers to affect the surface charge 
or to neutral ize i t . 

F i g u r e 13 i l lustrates the effect o f a cat ionic p o l y m e r that neutral izes the 
charge somewhat and brings the droplets close to the zero point o f change. 
T h e accompanying p h o t o m i c r o g r a p h shows the treated particles coagulat
i n g . 
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3. M I K U L A Emulsion Characterization 101 

Settling Sample 
Potential 

Measurement 

Β 

Figure 11. Schematic representation of the electrophoretic mobility (A) mea
surement showing the major components. In an applied electric field, emulsion 
droplets move according to their surface charge. These charges can electrostat
ically stabilize an emulsion system by preventing the droplets from coming into 
contact and coalescing. The motion of the droplets is visually observed, and the 
electrophoretic mobilities of a number of particles are measured to determine 

zeta potential. The sedimentation potential (B) is also illustrated. 
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102 EMULSIONS IN THE PETROLEUM INDUSTRY 

Figure 12. Electrophoretic mobility of emulsified oil droplets. An electrostati
cally stabilized emulsion is shown in the photograph. The charge on the parti
cles prevent them from approaching closely and agglomerating or coalescing. 
The droplets are electronegative, and therefore adding protons to the system 
(changing pH) can often bring the system to the zero point of charge and thus 
destabilize (at least electrostatically) the emulsion. The population versus elec
trophoretic mobility curves (determined with a Pen Kem 3000 instrument) 
show that the original emulsion is electrostatically stabilized (A). Lowering the 
pH (B) made the emulsion droplets less negative but did not bring them to the 
zero point of charge (i.e., did not destabilize the emulsion electrostatically). 

I n spite o f the droplets b e i n g destabi l ized electrostatically, no evidence 
o f drople t coalescence is seen. B y the same token, an electrostatically stabi
l i z e d e m u l s i o n might s t i l l coalesce and separate, sediment , or c ream i f other 
destabi l iz ing forces overbalance the electrostatic component . C r e a m i n g re
fers to concentrat ion o f the dispersed phase wi thout comple te ly separating 
the o i l and water phases. 

F i l m stabil ity and interfac ia l forces are important i n d e t e r m i n i n g e m u l 
sion stabil i ty and the l i k e l i h o o d o f c r e a m i n g or complete separation o f the 
phases. Charac ter iza t ion o f these interfac ia l effects is an important factor i n 
d e t e r m i n i n g the fundamenta l propert ies that might u l t imate ly de termine 
coalescence kinet ics . Some relevant papers and reviews have been p u b l i s h e d 
elsewhere (54, 89-96). 

T h e presence o f the electr ic double layer a n d its dis tor t ion w h e n d r o p 
lets move is the p r i n c i p l e b e h i n d several re lated methods such as the sedi -
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3 . M I K U L A Emulsion Characterization 1 0 3 

Figure 13. Electrophoretic mobility (Pen Kem 3000) of the emulsion from 
Figure 12 after cationic polymer addition (A). The cationic polymer has neu
tralized the oil droplet surface charge and electrostatically destabilized the 
emulsion. The photomicrograph (B) shows this destabilized emulsion that has 
begun to flocculate or agglomerate but that is not coalescing. This electrostatic 
destabilization is not the only factor affecting emulsion stability. Factors such 
as interfacial tension and film strength can prevent coalescence of the emulsion 
droplets, even though they can now closely approach each other and agglomer

ate. 

mentat ion potent ia l techniques (also represented i n F i g u r e 11). O n e fair ly 
n e w technique that deserves special m e n t i o n is the electrosonic ampl i f ier , 
w h i c h can measure e lectr ical currents i n an e m u l s i o n that is sonical ly agi
tated (and thereby create dipoles i n the electr ic double layer) or measure the 
sound wave generated w h e n the e m u l s i o n is e lectr ical ly s t imulated. T h e 
advantage of this technique is that ne i ther di lute solutions nor transparent 
systems are r e q u i r e d (to a l low for direct observat ion o f the dispersed phase). 
Unfor tunate ly , the relat ionship between the measured signal and electro-
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104 EMULSIONS IN THE PETROLEUM INDUSTRY 

phoret i c m o b i l i t y o f the e m u l s i o n is not as straightforward as i n convent ional 
microelectrophoresis that employs direct observation (97). 

Microscopy 

M i c r o s c o p y is of ten the last w o r d i n the determinat ion o f the size d i s t r i b u 
t i o n o f dispersed systems (98-101). T h r o u g h o u t the l i terature , distr ibut ions 
obta ined b y various part ic le a n d e m u l s i o n s iz ing techniques are c o m p a r e d to 
the values d e t e r m i n e d b y microscopy (13, 102-107). E s t a b l i s h i n g a repre
sentative sample is a concern for a l l o f the techniques discussed a n d is not 
necessarily a par t icular p r o b l e m for microscopic observation, a l though this 
c r i t i c i s m is of ten given for the microscopic methods. Indeed , many o f the 
sample h a n d l i n g concerns discussed i n this section apply equal ly to samples 
p r e p a r e d for other techniques . 

I n so l id part iculate systems, direct observation is just i f iably the last 
w o r d . I n emulsions where creaming, sedimentat ion, a n d coalescence can 
change the nature o f the sample, microscopic observation has u n i q u e sample 
h a n d l i n g p r o b l e m s . I f these special sampl ing problems are addressed, then 
microscopy can i n d e e d prov ide the b e n c h m a r k for the physica l characteriza
t ion o f the dispersed phase i n e m u l s i o n systems. 

F i g u r e 14 shows a m u l t i p l e e m u l s i o n easily character ized w i t h opt ica l 
microscopy i n the fluorescent mode . O t h e r techniques are not capable o f 
dis t inguishing this e m u l s i o n f r o m a s imple o i l - in -water e m u l s i o n w i t h a 
m u c h larger size d is t r ibut ion . 

T h e complex mathemat ica l treatments for l ight-scatter ing experiments 
a n d the exper imental complexit ies of some o f the other character izat ion 
techniques mean that, i n general , greater care is taken i n the interpretat ion 
o f the results and operators are aware o f potent ia l data r e d u c t i o n p r o b l e m s . 
In microscopy, because " s e e i n g is b e l i e v i n g " , the tendency is to ignore 
sampl ing prob lems and to reach conclusions that are sometimes based on 
sampl ing artifacts or pecul iar i t ies o f the microscopic observation technique . 

A s l o n g as the possible problems are k n o w n , microscopy can be re
garded as the single most important e m u l s i o n character izat ion too l . I n the 
appropriate c ircumstances it can give in format ion about the relative 
amounts o f o i l , water , and solids i n an e m u l s i o n system; their interactions or 
associations; the size d is t r ibut ion of the dispersed phase; and the rate of 
coalescence o f the dispersed droplets . Var ious microscopic techniques can 
be used to define not only the physica l nature o f the sample, but also the 
c h e m i c a l compos i t ion , b o t h m i n e r a l and organic . 

Optical Microscopy. O p t i c a l microscopy involves the use o f trans
m i t t e d l ight , ref lected l ight , p o l a r i z e d l ight , fluorescence, and more re
cently, techniques such as confocal microscopy. E a c h o f these variations has 
part icular strengths and appl icabi l i ty . 
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3. M I K U L A Emulsion Characterization 105 

Figure 14. Optical micrograph using reflected fluorescent light showing a 
multiple emulsion that is extremely difficult to characterize by conventional 
techniques. The continuous water phase (W, dark) shows a large dispersed oil 
droplet (O, bright) that contains a water droplet that also contains emulsified 
oil. The arrow points out an oil-in-water in oil-in-water emulsion droplet. 
Characterization of these multiple emulsions can be accurately carried out 

only with microscopic techniques. 

Transmit ted- l ight microscopy requires a sample suff ic iently t h i n to a l 
l o w l ight to pass through i t . Th is requi rement is often accompl i shed b y 
s imply smear ing the e m u l s i o n sample o n a s l ide. C a r e must be taken to 
ensure that the sl ide is p r o p e r l y p r e p a r e d to accept the cont inuous phase. A 
h y d r o p h i l i c glass surface, for instance, can invert an oi l -cont inuous e m u l s i o n 
to a water-cont inuous one. C o r r e c t de terminat ion of something as basic as 
the nature o f the cont inuous phase can therefore be di f f icul t w i t h emulsions 
that are unstable. C a r e f u l observation o f e m u l s i o n behavior us ing b o t h 
h y d r o p h i l i c and o leophi l i c sample holders is sometimes r e q u i r e d to deter
m i n e the effect o f e m u l s i o n interactions w i t h the sample holders . W h e n 
e m u l s i o n instabi l i ty makes sample co l lec t ion and observation di f f icul t , fast 
f reez ing the e m u l s i o n and subsequent observation o f the f rozen sample can 
avoid e m u l s i o n changes due to sample preparat ion and h a n d l i n g . 

T h e transmitted- l ight technique is l i m i t e d b y the opaque nature o f most 
o i l samples and, i n cases w h e r e the sample cannot be made t h i n enough, an 
alternative technique us ing ref lected l ight is available. 

F i g u r e 15 is a schematic o f the exper imenta l setup for ref lected-l ight 
microscopy. B y use o f ref lected l ight , the sample can s imply be p u t i n a smal l 
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106 EMULSIONS IN THE PETROLEUM INDUSTRY 

OBSERVATION BY 
EYE, CAMERA 

OR PHOTOMULTIPLIER 

POLARIZER 
AND/OR FILTERS 

POLARIZER AND/OR 
FILTERS 

\ 

Or-
- BEREK PRISM 

FINAL OBJECTIVE LENS 

Figure 15. Schematic of the optical microscope in reflected-light mode. Air or 
oil immersion objectives may be used. Oil immersion objectives require a glass 
cover slip over the sample and an oil drop of appropriate refractive index to 
bridge the gap between the objective lens and the sample cover glass; this setup 
has the advantage of much higher resolution. The light source can be plain or 
polarized white light (tungsten lamp) for observation of solids, or appropri
ately filtered blue-violet light (high-pressure mercury lamp) to excite fluores
cence of the oil phase. To investigate fluorescence behavior, the reflected blue-
violet or ultraviolet light is filtered out, and only the fluorescent light (longer 
wavelength) is returned to the detector. Other techniques such as dark-field 
illumination allow particles to be counted and not sized. The droplets are seen 

only as points of light on a dark background. 

container or w e l l s l ide. O f t e n a cover sl ip is p u t over the sample, a n d an o i l 
i m m e r s i o n lens is used. This setup allows one to focus b e y o n d the cover sl ide 
and observe the sample past the level o f the cover - s l ip - sample interface 
where air bubbles are c o m m o n l y entrapped. F i g u r e 16 shows air bubbles 
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3. MIKULA Emulsion Characterization 107 

Figure 16. Photomicrograph (white light, reflected mode) illustrating trapped 
air bubbles at the cover-slip—sample interface. These can easily be mistaken for 

the dispersed phase, especially in transmitted-light mode. 

t rapped at the sample-glass interface that might be mistaken for dispersed-
phase droplets , especial ly i f t ransmit ted l ight is used . 

Clays and other solids are of ten transparent to whi te l ight , and i n these 
cases, p o l a r i z e d l ight can be used to observe the clays. T o enhance observa
t ion o f the o i l , the fluorescence behavior o f the organic phase is used. T h i s 
approach involves inc ident l ight o f violet or ultraviolet wavelength a n d ob
servation o f the fluorescent l ight i n the vis ible region. T h e inc ident ref lected 
b e a m is filtered out, and the r e t u r n i n g l ight is due to the fluorescent behav
ior o f the o i l phase. F i g u r e 17 shows the fluorescence o f b i t u m e n associated 
w i t h clays i n contrast to the behavior o f b i t u m e n that is relat ively clay free. 
T h e d i f f e r i n g fluorescent behavior might be indicat ive o f a par t i cular o i l 
component that preferent ia l ly associates w i t h the m i n e r a l phase. 

Th is fluorescence technique is main ly appl icable to o i l - in -water e m u l 
sions i n w h i c h the o i l phase appears as br ight spots i n a dark b a c k g r o u n d 
(because the water does not fluoresce). T h e effect is i l lustrated i n F igures 18 
and 19. F i g u r e 18 shows an o i l - in -water e m u l s i o n u n d e r whi te l ight . A l 
though the clays and other solids are v is ib le , there is l i t t le or no evidence o f 
the dispersed o i l phase. F i g u r e 19 i l lustrates that the o i l phase appears 
br ight and is m u c h easier to resolve w i t h fluorescent l ight . T h e o i l droplets 
can be seen to be quite dist inct f r o m the cont inuous water phase (although 
the clays are n o w invis ib le) . Th is type o f image is par t i cular ly suitable for 
image analysis and automated drople t c o u n t i n g a n d size character izat ion. 

A potent ia l p r o b l e m w i t h opt ica l microscopy, especial ly w i t h h i g h - i n t e n 
sity m e r c u r y vapor lamps (for b l u e - v i o l e t inc ident l ight) is l o c a l i z e d sample 
heat ing. W i t h s o m e marginal ly stable emuls ions , the h e a t i n g effect c o u l d be 
enough to break the e m u l s i o n . T h i s effect is i l lustrated i n the series o f 
photographs i n F i g u r e 20. T h e first image is o f a m u l t i p l e e m u l s i o n (water-

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
03



108 EMULSIONS IN THE PETROLEUM INDUSTRY 

Figure 17. Fluorescence behavior of the organic phase can be an important 
indicator of the composition of the oil phase or of oil-solid interactions. These 
oil components (bitumen associated with clays versus bitumen that is clay-free) 
clearly differ in fluorescence behavior, a result indicating different organic-
phase compositions or different oil-solid interactions. In this black-and-white 
reproduction, the oil component that fluoresces blue (B) appears brighter than 
the component that is fluorescing yellow (Y). The free organic component 
exhibits the blue fluorescence; the organic material associated with clays fluo

resces yellow. 

Figure 18. White-light (polarized) photomicrograph in reflected mode of an 
oil-in-water emulsion with a significant solids content. With polarized light, 

the clays (C) appear bright, but the oil droplets cannot be seen at all. 
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3. MIKULA Emulsion Characterization 109 

Figure 19. Reflected-light photomicrograph of the same field of view as Figure 
18 in the fluorescence mode showing bright oil droplets in a dark water-
continuous phase. In this photograph the clays cannot be seen. This type of 
image with high contrast between the phases is ideal for automated analysis. 

However, droplets not exactly in focus (O) may be incorrectly sized. 

in -o i l - in-water ) u n d e r whi te l ight that is b r o k e n after a short observation 
p e r i o d u n d e r b l u e - v i o l e t l ight (fluorescence mode) . 

T h e availabil i ty o f low-cost c o m p u t i n g a n d image analysis compat ib i l i ty 
has h e l p e d to reduce the t i m e i n v o l v e d i n quanti f icat ion o f microscopic 
analysis to determine size d i s t r ibut ion . T h e compar i son o f images to rulers 
photographed u n d e r the same condit ions a n d the use o f spl i t - image m i c r o 
scopes (105-107) have largely been replaced by automated image-analysis 
techniques . M o s t suppliers o f image-analysis e q u i p m e n t offer programs or 
routines to separate or "deagglomerate" the spheres w h e n o i l droplets are 
t o u c h i n g or agglomerated. These programs a n d the abi l i ty to automatical ly 
size e m u l s i o n droplets greatly reduces the t e d i u m of size analysis by m i c r o 
scopic methods. 

T o be confident o f an average size analysis w i t h i n 10%, approximately 
150 particles s h o u l d be s ized. T o increase the conf idence leve l to 5 % , 
approximately 740 particles s h o u l d be s ized (104). O f course these numbers 
are only a rough guide , and the actual conf idence levels w i l l d e p e n d u p o n 
the nature o f the size d i s t r ibut ion . F i g u r e 21 shows a p r o b l e m that can occur 
w h e n too m u c h rel iance is p l a c e d o n automated image analysis, namely , 
inaccurate s iz ing o f droplets that are sl ightly out of focus. T h e fields o f v i e w 
to be analyzed, e i ther manual ly or w i t h automated methods, have to be 
chosen careful ly . 
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110 EMULSIONS IN THE PETROLEUM INDUSTRY 

Figure 20. Heating of an emulsion sample under blue-violet light. The top 
photograph shows a water-in-oil-in-water emulsion under white light in the 
reflected mode. After a short observation period under blue-violet light (mid
dle), the multiple emulsion is broken and only the oil-in-water component 

remains (bottom). 
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3. M i K U L A Emulsion Characterization 111 

Figure 21. White-light (top) and blue-light fluorescence mode (bottom) photo
micrographs of a water-in-oil emulsion. With white light the water droplets 
have internal reflections that lead to a halo effect and an incorrect size esti
mate. With incident blue-violet light to excite oil-phase fluorescence, the emul
sified water droplets appear as dark circles in a bright oil background and are 
significantly easier to size. However, droplets that are above or below the plane 

of focus will still be incorrectly sized. 

Because o f the interactive nature o f the microscopic technique , i n other 
words , the h u m a n factor, there can be differences i n size analyses by di f fer 
ent operators, and operator bias to ei ther smal l or large part ic les . M i s s i n g 
large particles affects the mass d is t r ibut ion , and neglect ing smal l part icles 
affects the n u m b e r d i s t r ibut ion . O f course these concerns are not l i m i t e d to 
microscopic analysis, i f size distr ibutions are biased. 
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112 EMULSIONS IN THE PETROLEUM INDUSTRY 

Particles smal ler than about 0.5 μπι beg in to approach the resolut ion 
l i m i t o f the opt ica l microscope , and often particles can be recognized but not 
s ized p r o p e r l y because o f l imitat ions i n b o t h the resolut ion and the d e p t h o f 
field or focus i n the opt ica l system. 

T h e confocal microscope solves some of these problems and adds a n e w 
d i m e n s i o n to opt ica l microscopic analysis. T h e confocal microscope digit izes 
the intensi ty i n f o r m a t i o n i n a field of v i e w and, by adjusting the focus, makes 
i t possible to reconstruct an image that is i n focus over a significant d e p t h i n 
a sample. T h r o u g h this reconstruct ion, the opt ica l image that can be p r o 
d u c e d provides more i n f o r m a t i o n about associations be tween the water , o i l , 
and so l id phases. F i g u r e 22 shows a series o f confocal microscope photo
graphs of a typica l interface e m u l s i o n . T h e diameter o f the o i l droplet 
increases as the plane o f focus passes i n sections through the droplet . 

Electron Microscopy. B o t h scanning and transmission e lec tron 
microscopy have been used extensively to characterize e m u l s i o n sys
tems (107-110). Transmiss ion e lec tron microscopy is somewhat less c o m 
m o n and almost invar iably involves the observation of replicas or metal 
reproduct ions o f the e m u l s i o n sample. Scanning e lectron microscopy ( S E M ) 
is m u c h more analogous to convent ional opt ica l microscopy. T h e scanning 
e lec tron microscope offers significant advantages over the opt ical m i c r o 
scope i n terms o f d e p t h o f field and resolut ion . H o w e v e r , the v a c u u m 
environment and energy depos i ted b y the e lectron b e a m means that sample 
h a n d l i n g and preparat ion are m u c h more di f f icul t . 

T h e two m a i n techniques c o m m o n l y discussed i n the l i terature are 
k n o w n as direct observation (or f rozen hydrated observation) and the ob
servation o f repl icas . B o t h techniques involve the fast f reez ing o f the sample 
i n a cryogen such as l i q u i d n i t rogen, propane , or f reon. T h e f rozen sample is 
then f rac tured to reveal the in ter ior features. Th is f rac tured surface can be 
coated w i t h a meta l film or observed direct ly . O f t e n , the meta l film is 
r e m o v e d f r o m the sample a n d observed as a repl ica . T h i s type o f procedure 
allows the creat ion o f a permanent archive o f the samples prepared , and the 
observat ion is the same as w i t h any other e lec tron microscope sample w i t h 
no concern about contaminat ion o f the microscope or b e a m damage to the 
sample. 

Transmiss ion e lectron microscopy, w i t h few exceptions, involves the 
creat ion of replicas because it depends u p o n the e lectron beam passing 
through the sample , w i t h regions o f l o w or h i g h density appear ing as br ight 
a n d dark areas. W h e n replicas are used i n transmission e lectron microscopy, 
the meta l or carbon repl i ca is shadowed w i t h a second metal to accentuate 
the topography o f the e m u l s i o n o n the repl i ca . These methods are o u t l i n e d 
i n F i g u r e 23. 

Scanning e lectron microscopy is relat ively s imple c o m p a r e d to transmis
s ion e lectron microscopy, and the images obta ined are significantly easier to 
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3 . MIKULA Emulsion Characterization 1 1 3 

Figure 22. This series of confocal micrographs are composites of both polarized 
white light (on the left) to show the clays and of fluorescent light (on the right) 
to show the oil component. The confocal microscopic technique allows digitiza
tion of the data from images focused at discrete depths in the sample. This 
feature gives the effect of observing slices of the sample at successive intervals 
of depth. The increase in apparent size of the large oil droplet is due to slices 
being taken progressively closer to the center of the droplet. This technique 
makes it easier to characterize the relationship between the solids and the 
dispersed phases. Computer reconstruction of the slices can give a three-
dimensional effect (greater depth of field) similar to that obtained with scan
ning electron microscopy. (Photographs taken by V. A. Munoz and W. W. Lam 

of CANMET, at the Ontario Laser and Light Wave Research Centre.) 
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114 EMULSIONS IN THE PETROLEUM INDUSTRY 

Figure 23. The freeze-fracture sample preparation technique and the six main 
steps in preparing a sample for electron microscopy. The first step is freezing 
the sample rapidly enough to prevent large ice crystal formation and resulting 
sample distortion. After the sample is frozen, it is fractured to reveal the 
interiorfeatures. This fractured sample can then he put into an electron micro
scope with appropriate cryogenic capability (frozen hydrated or direct ob
servation). More commonly a replica of the sample is created by coating the 
fractured surface with metal, shadowing with a second metal, dissolving away 
the original sample, and then observing the replica in a conventional electron 
microscope. For transmission electron microscopy, in which the image forma
tion depends upon differences in sample density, the replica must be shadowed, 
or coated directionally with metal to provide a density contrast in the peaks 
and valleys of the emulsion replica. During the freezing and metal coating 
steps, the sample must be kept in a vacuum environment to keep it frozen and to 
prevent frost deposition. Light frost can sometimes be mistaken for the dis
persed phase. With direct observation, the sample can be carefully warmed (to 

about 130-150 K), and any frost layer can be sublimed away. This step obvi
ously cannot be done with a replica. Another advantage of direct observation is 
the X-ray information that can help identify the composition of the various 

emulsion components. 
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3. MIKULA Emulsion Characterization 115 

interpret . I n addi t ion , the direct observation o p t i o n gives the potent ia l for 
m u c h more in format ion about the c h e m i c a l compos i t ion o f the e m u l s i o n . 
F igures 24 and 25 show typical w a t e r - i n - o i l emulsions s tudied by f rozen 
hydrated observation i n a scanning e lectron microscope. 

W i t h direct observation, the sample must be kept c o l d i n the e lec tron 
microscope, and care is r e q u i r e d to prevent sample damage i n the b e a m a n d 
to prevent microscope contaminat ion . I n addi t ion , these f rozen samples are 
often di f f icul t to image because o f charging effects that distort the image. 
T h e benefit o f this extra care i n sample h a n d l i n g , however , is that e lec tron 
beam interactions w i t h the sample p r o d u c e characterist ic X - r a y signals that 
a l low ident i f icat ion o f components o f the e m u l s i o n b e i n g observed. T h i s 
technique has been re f ined to the po int where , i n special cases, c h e m i c a l 
composi t ional differences at the e m u l s i o n interface can be ident i f i ed , as w e l l 
as the compos i t ion o f the dispersed and cont inuous phases (109, 110). 

F i g u r e 26 shows an o i l - in -water e m u l s i o n w i t h corresponding X - r a y 
spectra o f the cont inuous and dispersed phases a n d o f the interface itself. 
F i g u r e 27 il lustrates the resolut ion improvements o f S E M observation re la
tive to opt ica l microscopy. F i g u r e 28 shows corresponding X - r a y spectra that 
ident i fy the droplets as o i l and suggest that they may be s tabi l ized b y fine 
clay part ic les . 

H i g h - s p e e d computers and the abi l i ty to digi t ize e lec tron signals at 
v ideo rates mean that, i n spite o f p o o r i n i t i a l image qual i ty i n dea l ing w i t h 
direct observation o f f rozen hydra ted samples, several relat ively noisy i m -

Figure 24. Electron micrograph showing the relatively featureless surface and 
the fractured interior of a water-in-oil emulsion. This image was prepared with 
a metal-coated frozen sample, a modification of direct observation in which the 
sample is coated sufficiently to prevent sample charging but not enough to 
produce a replica. This technique still requires an electron microscope with 

cryogenic capability. 
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3. MIKULA Emulsion Characterization 117 

Figure 26A. Electron micrograph of an oil-in-water emulsion. X-ray spectra of 
the dispersed and continuous phases and the interface are shown in Figures 
26B and 26C. The chemical composition of the interface itself can also be 
characterized. The resolution of the image is much greater than the resolution 
of the X-ray information. The spots marking the X-ray acquisition points 

approximately represent the area where the X-rays are produced. 

ages ean be averaged to reduce the noise level and p r o d u c e an image that is 
close i n qual i ty to that obta ined f r o m replicas. 

T h e opt ica l and e lectron microscopic techniques are quite c o m p l i m e n 
tary i n terms o f the i n f o r m a t i o n that they can prov ide . O p t i c a l microscopy, i n 
fluorescence m o d e or w i t h p o l a r i z e d l ight, can prov ide i n f o r m a t i o n about 
the organic phases i n the e m u l s i o n . E l e c t r o n microscopy, through the X-rays 
excited i n the sample, can prov ide in format ion about the inorganic or m i n 
eral phases present. 

T h e pract ica l lower l i m i t o f e m u l s i o n s iz ing w i t h opt ica l microscopy is 
o n the order o f 0.5 μπι. T h i s l i m i t is m u c h lower w i t h e lectron microscopy, 
o n the order o f 0.1 μπι or less w i t h direct observation o f f rozen samples i n a 
scanning e lectron microscope, and 0.01 μπι or less w i t h replicas and trans
miss ion e lectron microscopy. Sizes smal ler than these lower l imits can be 
recognized w i t h each o f these techniques, but quanti f icat ion o f the size 
d i s t r ibut ion becomes di f f icul t . F u r t h e r m o r e , at levels o f about 0.01 μπι, i t is 
extremely di f f icul t to avoid artifacts and subsequent misinterpretat ions . A s 
m e n t i o n e d earl ier , sample preparat ion is an extremely important consider
at ion i n both opt ica l and e lec tron microscopic techniques . W i t h opt ica l 
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W a t e r 
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Figure 26B. X-ray spectra of the dispersed and continuous phases and interface 
of the oil-in-water emulsion in Figure 26A doped with calcium. The top X-ray 
spectrum of the continuous phase shows no X-ray peaks, only background 
bremsstrahlung radiation, because this particular detector is not sensitive to 
the oxygen in the water phase. The bottom spectrum shows only a sulfur peak 
typical of many bitumens and heavy oils. The middle spectrum is of the inter
face and clearly shows chlorine and calcium (in this part) or iron (in Figure 
26C), which are not present in either the dispersed or continuous phases. The 
chlorine is present in the emulsifier that was used to prepare this emulsion. 
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3. MIKULA Emulsion Characterization 119 

10 

X-Ray Energy (keV) 
Figure 26C. X-ray spectra of the dispersed and continuous phases and inter
face of the oil-in-water emulsion in Figure 26A doped with iron. See also the 

caption to Figure 26B. 

microscopy, interactions o f the sample w i t h the sample ho lder can affect 
w h i c h phase is observed as cont inuous and, w i t h e lectron microscopy, art i 
facts due to the freez ing process can affect interpretat ion o f the re
sults (108). 

M i c r o s c o p i c techniques offer the potent ia l for complete e m u l s i o n 
character izat ion because they are capable o f quant i fy ing vo lumetr i ca l ly the 
relative amounts o f o i l , water , and solids present, d e t e r m i n i n g the size 
d i s t r ibut ion of the dispersed phase, and d e t e r m i n i n g some c h e m i c a l c o m p o 
si t ional i n f o r m a t i o n about b o t h the organic a n d inorganic components . 
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120 EMULSIONS IN THE PETROLEUM INDUSTRY 

Figure 27. Electron micrograph of discrete oil droplets on the interior surface 
of an air bubble. These oil droplets are less than 1 μπι in diameter and illustrate 

the high resolution possible using frozen hydrated observation. 

H o w e v e r , the researcher must be aware o f the l imitat ions o f this technique 
i n terms of sample h a n d l i n g and preparat ion , and o f the very real danger of 
over interpret ing images once they are acquired . 

New Developments 

N e w developments i n e m u l s i o n character izat ion can s imply mean recent 
applicat ions o f wel l -es tabl ished technologies to e m u l s i o n systems or the 
appl icat ion of unconvent ional methods that, a l though not i n widespread use, 
may be w e l l established i n par t i cular operations. Several o f the techniques 
discussed previously c o u l d have been assigned to this section; conversely, 
some o f those discussed here might not be regarded as n e w by those w h o 
may be us ing these techniques extensively. A d m i t t e d l y , the dis t inc t ion is 
part ly a ref lect ion o f m y o w n bias. 

Nuclear Magnetic Resonance Spectroscopy. N u c l e a r mag
netic resonance ( N M R ) spectroscopy offers several i n t r i g u i n g possibi l i t ies to 
ident i fy water " s t r u c t u r e " , or the o r d e r e d arrangement o f water molecules 
at an e m u l s i o n or so l id surface. Th is type o f in format ion might he lp i n 
unders tanding the differences between emuls i f ied water and cont inuous-
phase water , especial ly i n those emulsions that contain port ions o f both . 
In format ion o n the range of structure i n the water phase helps i n under 
standing the effective size o f some dispersed and so l id phases i n e m u l s i o n 
systems and therefore some o f the factors affect ing their stability. 
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Figure 28. X-ray spectra of the small oil droplets in Figure 27. The upper 
spectrum was acquired with an incident beam energy of 10 keV. At this energy 
the electrons do not significantly penetrate the dispersed oil phase, and the X-
ray signal shows a high sulfur component typical of a heavy oil. At 15 keV the 
electrons penetrate the droplet, and the X-ray signal comes from behind the oil 
droplet. This spectrum shows significant Al and Si; hence, fine clays may play a 

role in stabilizing this emulsion. 

N u c l e a r magnetic resonance spectroscopy can probe b u l k propert ies o f 
e i ther the water (via p r o t o n Ν M R spectroscopy) o r the organic phases (via 
carbon-13 Ν M R spectroscopy). O n - l i n e sensors have been deve loped to 
determine o i l a n d water content i n certa in e m u l s i o n systems, a l though the 
N M R technique requires a magnetic field and radio f requency generators to 
p r o d u c e the signal , w h i c h means that i t is not rugged enough for many o n 
l ine applications (111). H o w e v e r , as a quick laboratory test for o i l or water 
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122 EMULSIONS IN THE PETROLEUM INDUSTRY 

content, it has a w i d e r range o f appl icabi l i ty . T h e signal can be affected b y 
magnetic or paramagnetic species, and to a lesser extent, b y the sol id phase, 
i f for example, the organic species are absorbed o n a so l id surface. 

Near-Infrared Spectroscopy. N e a r - i n f r a r e d ( N I R ) spectroscopy 
is a technique that has been a r o u n d for some t ime but , l ike Ν M R spectros
copy, has only recently b e e n i m p r o v e d and deve loped for on- l ine appl ica 
t ions. N e a r - i n f r a r e d analysis ( N I R A ) is a nondestruct ive technique that is 
versati le i n the sense that i t allows many constituents to be analyzed s imul ta 
neously {112, 113). T h e N I R spectrum of a sample depends u p o n the 
anharmonic b o n d vibrat ions o f the consti tuent molecules . T h i s c o n d i t i o n 
means that the temperature , moisture content, b o n d i n g changes, and c o n 
centrations of various components i n the sample can be d e t e r m i n e d s imul ta 
neously. In addi t ion , scattering by particles such as sand and clay i n the 
sample also allows ( in pr inc ip le ) the determinat ion o f part ic le size d i s t r i b u 
tions b y N I R A . S u c h analyses can be used to determine the size of droplets 
i n o i l - w a t e r emuls ions . 

T o determine the o i l , water , and solids contents s imultaneously, sophis
t icated statistical techniques must usually be appl ied , such as part ia l least-
squares analysis ( P L S ) and mult ivariate analysis ( M V A ) . T h i s approach re
quires a great deal o f preparat ion and analysis of standards for ca l ibrat ion. 
N e a r - i n f r a r e d peaks can general ly be quant i f ied by us ing Beer 's law; conse
quent ly , N I R A is an excellent analytical too l . I n addi t ion , N I R A has a fast 
spectral acquis i t ion t ime and can be adapted to fiber optics ; this adaptabil i ty 
allows the ins t rument to be p l a c e d i n a contro l r o o m somewhat isolated f r o m 
the plant environment . 

I n F i g u r e 29, the spec t rum o f an o i l - sand sample shows the fundamenta l 
C - H peaks at 3.5 μπι. F r o m the two peaks i n this region, one c o u l d deter
m i n e the aromat ic -a l iphat i c ratio o f the hydrocarbons present i n the sample. 
T h e fundamenta l water v ibra t ion is at approximately 3 μπι (this peak w o u l d 
be substantially larger i n a convent ional e m u l s i o n sample) , and the f u n d a 
menta l vibrat ions due to clays are at approximately 2.8 μπι. T h e shape o f the 
clay peaks indicates that kaol ini te and a smal l amount o f swel l ing clays such 
as bentonite are present i n this sample. 

Differential Scanning Calorimetry. D i f f e r e n t i a l scanning calo-
r i m e t r y ( D S C ) is a technique w i t h the potent ia l to de termine the relative 
amounts o f free and emuls i f i ed water. T h e freezing, or more correct ly , the 
supercool ing behavior o f emuls i f i ed water is very di f ferent f r o m that o f free 
water , so the amount o f free versus emuls i f i ed water i n a sample can be 
character ized. T h i s parameter is important i n the character izat ion o f p r o 
d u c e d fluids and interface emulsions i n w h i c h water might exist s imul ta 
neously as b o t h cont inuous a n d emuls i f ied phases. 
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Figure 29. NIR spectrum of an oil-sand sample illustrating peaks due to clay 
minerals (C), oil (O), and water (W) phases. These spectra can be obtained via 
fiber optics; therefore, this technique has the potential for on-line quantifica
tion of oil, water, and mineral emulsion components. Either fundamentals, first 
combinations, or first overtones can be used to quantify particular emulsion 
components. The method requires calibration with standards that can be diffi

cult, given complex field emulsions. 

F i g u r e 30 shows a plot o f the amount o f heat absorbed b y the sample as a 
func t ion o f t ime for a sample that has b o t h emuls i f i ed a n d free water. T h e 
emuls i f i ed water, or dispersed-phase water , is i n smal l volumes , a c o n d i t i o n 
that lessens the l i k e l i h o o d o f a nucleat ion site for the b e g i n n i n g o f the 
freez ing process and results i n supercool ing of the dispersed phase (114). 
T h e latent heat o f crystal l izat ion or sol idi f icat ion is then taken u p at a lower 
temperature than for the free water , w h i c h freezes at a h igher temperature . 
T h e degree o f supercool ing is greater for emulsions o f smal ler size d i s t r i b u 
t ions, and, i n special cases, the technique can also give an indica t ion o f the 
size d i s t r ibut ion o f the e m u l s i o n . These latent heats and f reez ing tempera
tures can also be affected by solutes that depress the f reez ing point a n d b y 
fine solids that prov ide nucleat ion sites. I n spite o f these potent ia l inter fer 
ences, the technique is one o f the few that w i l l a l low a determinat ion o f free 
versus emuls i f ied water. 
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L J 1 1 1 ι ι _j ι i _ J 

210 230 250 270 
TEMPERATURE (K) 

Figure 30. Freezing behavior of an emulsion characterized by differential 
scanning calorimetry. The free water will freeze at approximately 273 K. 
Emulsified water will supercool and freeze at lower temperatures, depending 
upon size distribution. The smallest droplets freeze last because of the smaller 
volume, and so fewer nucleation sites are available for ice crystal formation 
and water freezing. The different freezing behavior of free versus emulsified 
water gives this technique the potential to quantify the relative proportions of 
these two types of water. (Reproduced with permission from reference 114. 

Copyright 1984.) 

Summary 

T o select and use the e m u l s i o n character izat ion technique best sui ted to the 
appl icat ion at h a n d , i t is necessary to develop an unders tanding o f the 
u n i q u e capabil i t ies and l imitat ions o f each m e t h o d . O i l - f i e l d e m u l s i o n 
character izat ion requirements are general ly fa ir ly s traightforward. O p e r a 
tions, p r o d u c t i o n , and research personnel are general ly interested i n deter-
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3. M I K U L A Emulsion Characterization 125 

m i n i n g the extent o f change f r o m n o r m a l operat ion i n terms o f some base
l ine data. I n most cases, this de terminat ion involves s imple analysis for total 
water, o i l , and solids. W h e n operations beg in to dr i f t , a w i d e range o f 
correct ive actions can be taken to r e m e d y the si tuat ion; the most important 
factor is therefore speed o f analysis so that dr i f t i n p r o d u c t or tail ings qual i ty 
can be q u i c k l y recognized. T h i s requi rement for speed means rel iance o n 
on- l ine sensors or, more c o m m o n l y , o n a regular sampl ing p r o t o c o l a n d 
centr i fuge tests. 

Some o f the more sophist icated techniques offer deta i led i n f o r m a t i o n or 
levels o f accuracy that are not r e q u i r e d i n day-to-day operations. H o w e v e r , 
w h e n operat ional upsets cannot be h a n d l e d b y n o r m a l methods, details o f 
the e m u l s i o n propert ies have to be unders tood. F o r example, subtle changes 
i n the size d is t r ibut ion of the dispersed phase (while total o i l , water, a n d 
solids r e m a i n constant) can be important i n d e t e r m i n i n g process per for 
mance . A n o i l - in -water or w a t e r - i n - o i l e m u l s i o n can invert d u r i n g process ing 
as one or the other phase is r e m o v e d , and the p o i n t i n the process w h e n this 
invers ion occurs can have impl icat ions for the eff ic iency o f the operat ion. 
T h e addi t ion o f d i luent to reduce oi l -phase viscosity, for instance, is m u c h 
more eff icient i f o i l is the cont inuous phase. 

T h e eff ic iency o f any water - removal steps depends u p o n the size d i s t r i 
b u t i o n o f the dispersed water and the stabil ity o f the e m u l s i o n . E m u l s i o n 
format ion may be exacerbated b y inappropr ia te p u m p i n g speed or other 
process variables. A n evaluation o f the c h e m i c a l and physica l factors that 
de termine emuls ion size d is t r ibut ion or e m u l s i o n b u l k propert ies is essential 
to o p t i m i z e emuls ion break ing eff iciency. 

T h e deta i led emuls ion character izat ion methods discussed h e r e i n can 
be used to he lp resolve operat ional upsets only i f a base l ine o f data exists for 
n o r m a l operat ion. I n fact, w i t h o u t a thorough character izat ion o f the n o r m a l 
e m u l s i o n propert ies such as size d is t r ibut ion and m i n e r a l and organic c o m 
pos i t ion , the techniques for deta i led characterizat ion may actually h i n d e r 
the unders tanding and ul t imate solut ion o f a par t icular process ing p r o b l e m 
b y i n t r o d u c i n g extraneous in format ion . W h e n a base l ine o f data exists, 
deta i led i n f o r m a t i o n on the size d is t r ibut ion and the relat ionship between 
the dispersed, cont inuous, and so l id phases is invaluable . 
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Rheology of Emulsions 

R. Pal 1 , Y. Yan, and J . Masliyah ☼ 

Department of Chemica l Engineer ing , University of Alberta , 
E d m o n t o n , Alberta , Canada T6G 2G6 

This chapter presents a brief review of the rheological classification of 
fluids and instruments used for viscosity measurements. A discussion 
of the rheology of suspensions and how it relates to that of emulsions 
is given. Predictive correlations for emulsion viscosity are discussed 
in detail. The effect of added solids to an emulsion is fully treated, and 
its relation to a himodel system is discussed. 

Rheological Classification of Fluids 
A fluid, that is, a l i q u i d or a gas, is a substance that undergoes cont inuous 
deformat ion u n d e r the act ion o f an a p p l i e d shear force or stress. I n other 
words , w h e n a fluid is subjected to shear, it flows. O n the other h a n d , a so l id 
deforms u n d e r the act ion o f an a p p l i e d shear force and retains its or ig ina l 
shape u p o n the cessation o f the a p p l i e d shear force (J). 

T h e manner b y w h i c h a fluid obeys a given shear-stress-shear-rate 
relat ionship determines its class w i t h i n the rheological classification o f a 
fluid. 

Newtonian Fluids. A fluid is said to be N e w t o n i a n w h e n i t obeys 
Newton ' s law o f viscosity, g iven b y 

τ = -177 (1) 

where τ is the shear stress (Pa or N / m 2 , force p e r uni t area), 7 is the shear 
rate exerted o n the fluid (s - 1 ) , a n d η is constant a n d is re fer red to as the fluid 
dynamic or the shear viscosity (kg/m-s or P a s ) . 

1Current address: Department of Chemical Engineering, University of Waterloo, Waterloo, 
Ontario, Canada N2L 3G1 
^Corresponding author 
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132 EMULSIONS IN THE PETROLEUM INDUSTRY 

A rheologica l ins t rument such as a viscometer can be used to evaluate τ 
and 7 and hence obta in a value for the shear viscosity, η. Examples o f 
N e w t o n i a n fluids are p u r e gases, mixtures o f gases, p u r e l iquids o f l o w 
molecular weight , d i lute solutions, and di lute emulsions . I n some instances, 
a fluid may be N e w t o n i a n at a certa in shear-rate range but deviate f r o m 
N e w t o n ' s law of viscosity u n d e r e i ther very l o w or very h i g h shear rates (2). 

T o be more precise , the general tensor equat ion of Newton ' s l aw o f 
viscosity should be obeyed by a N e w t o n i a n fluid (2); however , for one-
dimens iona l flow, the appl icabi l i ty o f e q 1 is sufficient. F o r a N e w t o n i a n 
fluid, a l inear p lo t o f τ versus 7 gives a straight l ine whose slope gives the 
fluid viscosity. A l s o , a l o g - l o g p lot o f τ versus 7 is l inear w i t h a slope o f uni ty . 
B o t h types o f plots are useful i n character iz ing a N e w t o n i a n fluid. F o r a 
N e w t o n i a n fluid, the viscosity is independent o f bo th τ and 7, and i t may be a 
func t ion o f temperature , pressure, and compos i t ion . M o r e o v e r , the viscosity 
o f a N e w t o n i a n fluid is not a func t ion o f the durat ion o f shear nor o f the t ime 
lapse be tween consecutive applications o f shear stress (3). 

F l u i d s that do not obey N e w t o n ' s law of viscosity can be broadly 
g r o u p e d into t ime- independent and t ime-dependent n o n - N e w t o n i a n fluids. 
Subclassifications for each group are convenient (3). 

Time-Independent Non-Newtonian Fluids. T i m e - i n d e p e n 
dent n o n - N e w t o n i a n fluids are character ized b y having the fluid viscosity as 
a f u n c t i o n o f the shear rate (or shear stress). H o w e v e r , the fluid viscosity is 
independent o f the shear history o f the fluid. Such fluids are also re ferred to 
as " n o n - N e w t o n i a n viscous fluids". F i g u r e 1 shows a typica l shear d iagram 
for the various t ime- independent n o n - N e w t o n i a n fluids. 

Pseudoplastic Fluids. A pseudoplast ic or a shear- th inning fluid is 
one o f the most c o m m o n l y encountered n o n - N e w t o n i a n fluids. T h e var ia
t ion o f the shear stress, τ , versus the shear rate, 7, for a pseudoplast ic fluid is 
shown i n F i g u r e 2. A plot o f τ versus 7 is character ized by l inear i ty at very 
l o w a n d very h i g h shear rates. T h e slope at very l o w shear rate gives the 

Figure 1. Shear diagram for the vari
ous type of fluids. 
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4. P A L ET AL. Rheology of Emulsions 133 

Shear rate, y 
Figure 2. Shear diagram for a pseudo-

plastic fluid. 

viscosity at zero shear rate, η0. T h e slope o f the l inear p o r t i o n o f the curve at 
h i g h shear rates gives the viscosity at inf ini te shear, η^. I n the intermediate 
range o f shear rate, the viscosity is a variable , a n d it decreases w i t h shear 
rate. I n this reg ion o f the τ versus 7 curve, the O s t w a l d - d e W a e l e equa
t ion {4), c o m m o n l y ca l led the p o w e r law, is usual ly used to correlate the 
shear stress and shear rate. T h i s p o w e r law is given as 

T = - K 7 W (2) 

where Κ and n are constants. W h e n n = 1, a N e w t o n i a n fluid is obta ined. F o r 
a pseudoplast ic fluid, n is less than unity . I n the region w h e r e the p o w e r law 
is v a l i d , a l o g - l o g p lot o f τ versus 7 gives a straight l ine whose slope is n . 

T h e p o w e r law does not descr ibe the regions o f the viscosity curve near 
7 = 0 a n d 7 —> <». T o this end , the E l l i s m o d e l at l o w shear rates and the Sisko 
m o d e l at h i g h shear rates can be used (2). T h e models are g iven by 

E l l i s : 7 = —τ — + κ 1 | τ | α - 1 

S i s k o : T = - 7 ( i 7 a 3 + K 2 | 7 | 8 ~ 1 ) 

(3) 

(4) 

where Kl9 K2, a , and δ are adjustable parameters. B o t h the E l l i s and Sisko 
models contain Newton ' s law and the p o w e r law as l i m i t i n g forms. E a c h o f 
these models contains three adjustable parameters i n contrast to two for the 
p o w e r law. Sisko's m o d e l finds many uses for viscosity correlat ions for 
greases at h i g h shear rates (5). 

R e i n e r - P h i l i p p o f P s m o d e l (6) is n o r m a l l y used to fit the entire 
pseudoplast ic curve : 

τ = - 7 (5) 
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134 EMULSIONS IN THE PETROLEUM INDUSTRY 

w h e r e η0 and are the fluid viscosities i n the l imits o f 7 —» 0 a n d 7 —> °°, 

respectively; a n d A is an adjustable parameter . 
M o s t m a c r o m o l e c u l a r f l u i d s a n d c o n c e n t r a t e d e m u l s i o n s a re 

pseudoplast ic fluids. T h e y can also exhibit viscoelastic characteristics. 

Dilatant Fluids. D i l a t a n t fluids or shear- th ickening fluids are less 
c o m m o n l y encountered than pseudoplast ic (shear-thinning) fluids. R h e o 
logical di latancy refers to an increase i n the apparent viscosity w i t h increas
i n g shear rate (3). I n many cases, v iscometr ic data for a shear- thickening 
fluid can be fit b y us ing the p o w e r law m o d e l w i t h n > 1. Examples o f fluids 
that are shear- thickening are concentrated solids suspensions. 

Fluids with a Yield Stress. B o t h pseudoplast ic and dilatant fluids are 
character ized b y the fact that no finite shear stress is r e q u i r e d to make the 
fluids flow. A fluid w i t h a y i e l d stress is character ized b y the proper ty that a 
finite shear stress, τ 0 , is r e q u i r e d to make the fluid flow. A fluid obey ing 

τ = TQ — % 7 (6) 

is ca l l ed a B i n g h a m plastic . H e r e the parameter % is a constant. ηΒ is not a 
real viscosity but a viscosity def ined after the 7-axis is shi f ted to τ 0 (see 
F i g u r e 1). F o r most pract ica l fluids w i t h a y i e l d stress, the plastic viscosity, 
% , is a func t ion o f shear rate. S u c h fluids are re ferred to as genera l ized 
plastic . D r i l l i n g m u d is a good example o f a general ized plastic fluid. 

Time-Dependent Non-Newtonian Fluids. T i m e - d e p e n d e n t 
n o n - N e w t o n i a n fluids are character ized by the proper ty that their viscosities 
are a func t ion o f b o t h shear rate and shear history. 

Thixotropic Fluids. Th ixo t rop ic fluids are character ized b y a de
crease i n their viscosity w i t h t ime at a constant shear rate and fixed tempera
ture . W h e n shear rate is steadily increased f r o m 0 to a m a x i m u m value a n d 
then i m m e d i a t e l y decreased toward 0, a hysteresis loop is f o r m e d , as shown 
i n F i g u r e 3. T h e shape of the hysteresis loop is also a func t io n o f the rate by 
w h i c h the shear rate, 7, is changed. O i l - w e l l d r i l l i n g muds , greases, and f o o d 
materials are examples of thixotropic fluids. 

Eheopectic Fluids. Rheopec t i c fluids are character ized b y an i n 
crease i n their viscosity w i t h t ime at a constant shear rate and fixed tempera
ture . A s for a thixotropic fluid, a hysteresis loop is also f o r m e d w i t h a 
rheopect ic fluid i f i t is sheared f r o m a l o w to a h i g h shear rate and back to a 
l o w shear rate. H o w e v e r , a di f ferent rate is usual ly f o l l o w e d u p o n l o w e r i n g 
the shear rate, as is shown i n F i g u r e 3. Bentoni te clay suspensions and sols 
are typica l examples o f rheopect ic fluids (3). 
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4. P A L ET AL. Rheology of Emulsions 135 

Ο 

Rheopectic 

Thixotropic 

Figure 3. Flow curves for thixotropic and 
rheopectic fluid in a single continuous 

experiment. Shear rate, y 

Viscoelastic Fluids. A f u l l descr ipt ion o f viscoelastic fluids was given 
b y Ske l land (3): 

These materials exhibit b o t h viscous and elastic propert ies . In a 
p u r e l y H o o k e a n elastic so l id , the stress corresponding to a given 
strain is independent o f t ime , whereas for viscoelastic substances 
the stress w i l l gradually dissipate. I n contrast to p u r e l y viscous 
l iqu ids , o n the other h a n d , viscoelastic fluids flow w h e n sub
jec ted to stress, but part o f their de format ion is gradual ly recov
ered u p o n removal of the stress. 

F l o u r dough, N a p a l m , je l l ies , and concentrated emulsions are typica l exam
ples of viscoelastic fluids. 

In the previous sections, the n o n - N e w t o n i a n viscosity (η) was used to 
characterize the rheology o f the fluid. F o r a viscoelastic fluid, addi t ional 
coefficients are r e q u i r e d to determine the state of stress i n any flow. F o r 
steady s imple shear flow, the addi t ional coefficients are given by 

T h e functions φτ a n d ψ2 are k n o w n as the p r i m a r y a n d secondary n o r m a l 
stress coefficients (7). Subscripts 1, 2, a n d 3 for τ and 7 refer to the flow 
d i rec t ion , shear axis, and neutra l axis, respectively. I n general , the p r i m a r y 
and secondary n o r m a l stress coefficients are strong funct ions o f the shear 
rate 7, and ψ2 is usual ly about 1 0 % o f φν M o r e o v e r , ψλ is a posit ive quanti ty, 
whereas ψ2 is a negative quantity. N o n z e r o values o f ψι a n d ψ2 give rise to the 
d i e - s w e l l p h e n o m e n o n , fluid c l i m b i n g u p a rotat ing shaft (Weissenberg 
effect) , and secondary flow between m o v i n g surfaces. 

F o r steady-state shearing flows, the relat ionship between the shear-
stress tensor a n d the shear-rate tensor is given by C r i m i n a l e - E r i e k s e n -

T u - T 2 2 = -ΨΙ(Ί)ΊΙΙ (7a) 

T22 - T33 = - ^ 2 ( 7 ) 7 ! 21 (7b) Pu
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136 EMULSIONS IN THE PETROLEUM INDUSTRY 

F i l b e y equat ion (7). F o r cases o f smal l de format ion and deformat ion gradi 
ents, the general l inear viscoelastic m o d e l can be used for unsteady m o t i o n 
o f a viscoelastic fluid. S u c h a m o d e l has a m e m o r y func t io n and a relaxation 
m o d u l u s . B i r d a n d co-workers (6, 7) gave details o f the available models . 

I n the previous sections, fluids were classified i n dist inct categories. 
H o w e v e r , some emulsions cannot be fitted into any one category. Some 
dispersions or emulsions exhibit various n o n - N e w t o n i a n behaviors d e p e n d 
i n g o n the l eve l o f the shear rate. F o r example, dispersions o f latex particles 
exhibit a N e w t o n i a n behavior at very l o w shear rate; a r a n d o m t h r e e - d i m e n 
sional structure is f o r m e d , and the B r o w n i a n m o t i o n is dominant . Th is 
c o n d i t i o n is shown as a region A i n F i g u r e 4. A t st i l l a h igher shear rate, the 
three-d imens ional structure changes to a two-d imens iona l one and the vis
cosity decreases w i t h shear rate. In this regime, the fluid exhibits a shear-
t h i n n i n g behavior . T h i s is region B . A t s t i l l h igher shear rate, the three-
d imens iona l structure lends i tsel f to a comple te ly two-d imens iona l structure 
a n d the suspension behaves as a N e w t o n i a n fluid (regime C ) . W h e n the 
shear rate is increased further , the two-dimens iona l o r d e r e d structure be
comes unstable and the suspension viscosity increases (8, 9). In this regime 
( D ) , the fluid has a shear- thickening behavior . As w i l l be discussed i n the 
section "Viscos i ty o f E m u l s i o n w i t h A d d e d So l ids" , this behavior was ob
served for a b i tumen- in -water e m u l s i o n w i t h added solids. 

References 10 and 11 give more details o f the rheologica l propert ies o f 
fluids. 

Viscosity Measurements: Instruments 

T h e direc t ly measured variables are not the fluid propert ies such as viscos
ity, but the forces, torques, a n d rate o f rotat ion per ta in ing to a g iven appa
ratus (7). I n some cases, the measured shear stress, τ , a n d shear rate y data 
can be used to construct a m o d e l or use an established m o d e l to fit the data. 

Some of the typica l apparatus used to measure the rheologica l behavior 
o f fluids w i l l be discussed i n the f o l l o w i n g sect ion. A deta i led c o m p i l a t i o n o f 
c o m m e r c i a l rheologica l e q u i p m e n t is g iven i n reference 12. 

Capillary Tube. Basical ly , for these devices, the f r i c t ional pressure 
d r o p associated w i t h the laminar flow of the fluid o f interest is measured i n à 
capi l lary tube. N o r m a l l y , various tube lengths and diameters are used to 
e l iminate e n d effects (13, 14). A p p e n d i x 1 (taken direc t ly f r o m ref. 7) gives 
the interre lat ionship between the measured flow rate, pressure d r o p , shear 
stress, and shear rate (equations A - l to A - 3 ) . 

T h e capi l lary tube v iscometer is not suitable for sett l ing suspensions. 
T h i s ins t rument suffers f r o m the fact that the shear rate is not constant 
across the tube radius and the fluid cannot be sheared as l o n g as des i red . It is 
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log <η 

Β . „ _ 

log τ Figure 4. Shear diagram for a typical suspen
sion. 

a one-pass system. H o w e v e r , a fa ir ly h igh shear rate can be achieved i n a 
capi l lary tube viscometer . 

Rotational Viscometers. Rotat ional viscometers are the most 
w i d e l y used instruments for the measurement o f the rheologica l propert ies 
o f a fluid (e.g., a p u r e l i q u i d , e m u l s i o n , or suspension). T h e test fluid is 
p l a c e d i n a gap f o r m e d by ei ther two coaxial rotat ing cyl inders , two flat discs, 
or a flat disc and a cone. T h e major advantages o f the rotat ional viscometers 
are 

1. Ease of use. 

2. C o m m e r c i a l availabil i ty. 

3. T h e shear rate can be changed i n a preset manner . 

4. A w i d e range o f viscosity can be h a n d l e d . 

5. T h e test fluid can be sheared to any length o f t i m e . 

6. A fair ly u n i f o r m shear stress is i m p o s e d o n the fluid, 
main ly because of a narrow gap or the use of an appropriate 
design. 

7. T h e y can be used for relat ively nonset t l ing suspensions. 

8. T h e y can be adopted to measure n o r m a l stresses for viscoelas
t ic fluids. 

9. T h e y can be adopted for use at h i g h temperature a n d pres
sure. 

O n e o f the major disadvantages is that a very viscous test fluid cannot be 
subjected to a p r o l o n g e d p e r i o d of h i g h shear rate wi thout extensive t e m 
perature rise w i t h i n the test fluid. T h i s effect is due to the fact that the 
temperature contro l system cannot coo l the test fluid fast enough to c o u n 
teract the in ternal heat generat ion due to fluid flow (J5). 

Concentric Cylinder Rotary Viscometer. These instruments are 
des igned to have the test fluid i n the annulus between two concentr ic 
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138 EMULSIONS IN THE PETROLEUM INDUSTRY 

cyl inders that are subjected to shear due to the rotat ion o f e i ther the i n n e r or 
the outer cy l inder . T h e torque r e q u i r e d to rotate one o f the cyl inders is a 
measured quantity. F r o m the geometry o f the cyl inders and the rotat ional 
speed, the shear rate can be evaluated. A p p e n d i x 1 gives a summary o f the 
stress-shear relat ionships i n equations D - l to D - 3 . F i g u r e 5 shows a s imple 
arrangement for a concentr ic c y l i n d e r viscometer . 

T h e concentr ic cy l inder viscometers are s u p p l i e d w i t h di f ferent i n n e r 
a n d outer cyl inders such that various gap widths can be f o r m e d . F o r rheo
logica l measurements o f emuls ions a n d suspensions, care must be taken to 
ensure a gap w i d t h o f at least 20 t imes the suspended part ic le size i n order to 
avoid " w a l l effects" . M o r e o v e r , experiments s h o u l d be c o n d u c t e d w i t h dif 
ferent gap widths to ensure the absence o f any w a l l s l ip that is usual ly 
encountered i n e m u l s i o n viscosity measurements (16). H o w e v e r , u n i f o r m i t y 
o f shear rate can be achieved only w h e n the ratio o f the gap w i d t h to the 
i n n e r cy l inder radius is smal l . 

Cone and Plate Viscometer. A cone a n d plate v iscometer is shown i n 
F i g u r e 6. T h e test fluid is p l a c e d i n the gap between the cone and the plate . 
T h e cone angle can be f r o m 0.3° to 10°. T h e cone is made to rotate. I n 
instruments such as a rheogoniometer , the flat b o t t o m plate is p r o v i d e d w i t h 
pressure-sensing devices for the measurement of n o r m a l stresses for visco
elastic fluids (quantities ψ1 a n d ψ2 o f A p p e n d i x 1). F o r smal l cone angles 
(e.g., 1°), the shear rate w i t h i n the gap is very u n i f o r m . H o w e v e r , for the 
larger angles (e.g., 5°), the shear rate w i t h i n the gap is not very u n i f o r m , and 
it is not suitable for n o n - N e w t o n i a n fluids. Because o f the smal l gap, this 

Torsion wire 

Indicator >- ·| ι » ι * i 1 ' » * ' ί [Scale 

Fixed support 
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Figure 5. Concentric cylinders arrangement. 
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4. P A L ET AL. Rheology of Emulsions 139 

type o f a v iscometer is not very suitable for viscosity measurement of suspen
sions. S u c h viscometers can give fa ir ly l o w a n d h i g h shear rates. 

T h e per t inent rheological expressions for the cone and plate are given i n 
A p p e n d i x 1, equations B - l to B - 5 . 

Parallel Plate Viscometer. T h i s ins t rument resembles the cone and 
plate viscometer , except that i t has a flat hor izonta l rotat ing plate i n place o f 
the cone. T h e shear rate w i t h i n the narrow gap o f the two plates is not as 
u n i f o r m as for the cone and plate viscometer . T h e l i m i t i n g shear rates for the 
para l le l plate v iscometer are s imi lar to those o f the cone a n d plate ins t ru
ment . Th is type o f a viscometer is suitable for rheological measurements o f 
suspensions and emuls ions . 

T h e equations def in ing the various rheologica l quantit ies are given i n 
A p p e n d i x 1 b y equations C - l to C - 5 . 

Rheology of Emulsions 

T h e rheologica l behavior o f an e m u l s i o n can be N e w t o n i a n or n o n - N e w t o 
nian d e p e n d i n g u p o n its compos i t ion . A t l o w to moderate values o f dis -

κ 

Rotating cone 
with angular 
velocity W 

' 1 " 

1 
\ \ 

1 1 1 I i I I I h Fixed 
plate 

* l Pressure—sensing 
devices 

Figure 6. Cone and plate viscometer. (Reproduced with permission from refer
ence 7. Copyright 1987 Wiley.) 
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140 EMULSIONS IN THE PETROLEUM INDUSTRY 

persed-phase concentrat ion, emulsions general ly exhibit N e w t o n i a n behav
ior . I n the high-concentrat ion range, emulsions behave as shear- th inning 
fluids (17-21). 

F i g u r e 7 shows the rheograms (shear stress versus shear rate plots) o f a 
typica l e m u l s i o n system at di f ferent values o f dispersed-phase concentra
t i o n . T h e v o l u m e - s u r f a c e m e a n diameter o f the o i l droplets for the system 
shown is 10 μιτι. F o r a given concentrat ion, the var iat ion o f l o g τ against log y 
is l inear , a result ind ica t ing that the emulsions fo l low a p o w e r law (eq 2). 

T h e rheograms shown i n F i g u r e 7 indicate that the emulsions cons id
ered are N e w t o n i a n u p to a dispersed-phase concentrat ion o f 4 0 % b y v o l 
u m e as the slope o f the rheograms is uni ty . A t dispersed-phase concentra
tions above 40%, the slope o f the rheograms is less than uni ty , a result 
ind ica t ing a pseudoplast ic or shear - th inning behavior ; that is, the apparent 
viscosity (the ratio of the shear stress to the shear rate) decreases w i t h an 
increase i n the shear rate. I n the concentrat ion range i n w h i c h emulsions 
behave as n o n - N e w t o n i a n fluids, the deviat ion o f the slope o f the rheograms 
f r o m uni ty increases w i t h the increase i n the dispersed-phase concentrat ion. 
A l s o , quite l i k e l y at very h i g h concentrations o f the dispersed phase, e m u l 
sions may develop a y i e l d stress (yie ld stress is the stress that must be 
exceeded before any flow o f mater ia l can take place) . 

H a n and K i n g (22) h a d shown that concentrated emulsions can exhibit 
viscoelastic behavior even t h o u g h the dispersed and the cont inuous phases 
are b o t h N e w t o n i a n . F o r a given shear stress, the p r i m a r y n o r m a l stress 

10 102 103 104 

Figure 7. Rheograms of oil-in-water emulsions at different values of oil con
centration. (Reproduced with permission from reference 21. Copyright 1990.) 
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4 . P A L ET AL. Rheology of Emulsions 1 4 1 

coeff icient , ψΐ9 was m a x i m u m at a dispersed-phase v o l u m e fract ion o f about 
0.3. T h e system used was I n d o p o l L l O O - g l y c e r i n e (22). 

Viscosity of Emulsions. T h e viscosity o f an e m u l s i o n , def ined as 
the ratio o f shear stress to shear rate, depends u p o n several factors: 

1. the viscosity o f the cont inuous phase 

2. the v o l u m e fract ion o f the dispersed phase 

3. the viscosity of the dispersed phase 

4. the average part ic le size and part ic le size d i s t r ibut ion 

5. shear rate 

6. the nature a n d the concentrat ion o f the e m u l s i f y i n g agent 

7. temperature 

T h e viscosity o f an e m u l s i o n is d i rec t ly p r o p o r t i o n a l to the cont inuous-phase 
viscosity (η0), and therefore, a l l the viscosity equations p r o p o s e d i n the 
l i terature are w r i t t e n i n terms of the relative viscosity (i7 r). I f an emuls i fy ing 
agent is present i n the cont inuous phase, as is the case w i t h emuls ions , rjc is 
then the viscosity o f the emuls i f ier so lut ion rather than the viscosity o f the 
pure fluid phase (i.e., o i l or water alone). W h e n an e m u l s i o n is p r e p a r e d , 
some o f the e m u l s i f y i n g agent becomes adsorbed at the o i l - w a t e r interface; 
this adsorpt ion tends to lower the or ig ina l concentrat ion o f emuls i f ier i n the 
cont inuous phase a n d cause an associated decrease i n η0. H o w e v e r , the 
amount o f emuls i f ier adsorbed is usually very l o w c o m p a r e d w i t h the total 
amount present, and therefore any decrease i n concentrat ion o f the e m u l s i 
fier can easily be neglected (23). 

T h e v o l u m e fract ion o f the dispersed phase is the most important factor 
that affects the viscosity of emuls ions . W h e n particles are i n t r o d u c e d into a 
g iven flow field, the flow field becomes dis tor ted, and consequent ly the rate 
o f energy diss ipat ion increases, i n t u r n l eading to an increase i n the viscosity 
o f the system. E i n s t e i n (24, 25) showed that the increase i n the viscosity o f 
the system due to addi t ion o f part icles is a f u n c t i o n o f the v o l u m e fract ion o f 
the dispersed part ic les . A s the v o l u m e fract ion o f the part icles increases, the 
viscosity o f the system increases. Several viscosity equations have b e e n 
p r o p o s e d i n the l i terature re la t ing viscosity to v o l u m e fract ion o f the dis 
persed phase. W e discuss these equations i n a later sect ion. 

U n l i k e a s o l i d - i n - l i q u i d suspension, the viscosity o f an e m u l s i o n may 
d e p e n d u p o n the viscosity o f the dispersed phase. T h i s dependence is espe
cia l ly true w h e n in terna l c i r cu l a t i on occurs w i t h i n the dispersed droplets . 
T h e presence o f in terna l c i r cu la t ion reduces the dis tor t ion o f the flow field 
a r o u n d the droplets (26), and consequent ly the overal l viscosity o f an e m u l 
sion is l o w e r than that o f a suspension at the same v o l u m e fract ion . W i t h the 
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142 EMULSIONS IN THE PETROLEUM INDUSTRY 

increase i n dispersed-phase viscosity, the in terna l c i r cu la t ion is r e d u c e d , and 
consequent ly the viscosity o f an e m u l s i o n increases. T h e p h e n o m e n o n o f 
in terna l c i r cu la t ion is important on ly w h e n the emuls i f ier is not present at 
the drople t surface. T h e presence o f an emuls i f ier greatly inhibi ts in terna l 
c i rcu la t ion (27), a n d the e m u l s i o n droplets behave more l ike r i g i d part ic les . 
T h u s , i n the presence o f emulsif iers , the effect o f dispersed-phase viscosity 
o n the overal l e m u l s i o n viscosity is negl ig ib le . 

F o r monodisperse or u n i m o d a l dispers ion systems (emulsions or sus
pensions) , some l i terature (28-30) indicates that the relative viscosity is 
independent o f the part ic le size. These results are appl icable as l o n g as the 
h y d r o d y n a m i c forces are dominant . I n other words , forces due to the pres
ence o f an e lectr ica l double layer or a steric barr ier (due to the adsorpt ion of 
macromolecules onto the surface o f the particles) are negl igible . I n general 
the h y d r o d y n a m i c forces are dominant (hard-sphere interaction) w h e n the 
so l id particles are relat ively large (diameter >10 μιη) . F o r particles w i t h 
diameters less than 1 μιη , the c o l l o i d a l surface forces a n d B r o w n i a n m o t i o n 
can be dominant , a n d the viscosity o f a u n i m o d a l dispers ion is no longer a 
u n i q u e f u n c t i o n o f the solids v o l u m e fract ion (30). 

I n systems w h e r e B r o w n i a n m o t i o n is significant, the relative viscosity 
decreases w i t h the increase i n the part ic le size. F i g u r e 8 shows Kr ieger ' s 
data (31 ) for a 5 0 % monodispers ion o f polystyrene spheres i n b e n z y l a lcohol 
i n the absence o f b o t h steric a n d electroviscous forces. A t a given shear 
stress, the relative viscosity decreases w i t h the increase i n the part ic le size. 
T h i s result impl ies that the importance o f the B r o w n i a n m o t i o n decreases 
w i t h increase i n part ic le size. K r i e g e r (31) showed that the effect o f the 

26r 
Ο OJ55M 

24 h ^ V Q220# 

" Ο ° Q 4 3 3 * 
20- V V _ 

18 

V 
14 X oÇfch v ° o 
12 - ^S4>8cPo B t fc&vCbo v O O 
10 

I 3 10 3 0 100 3 0 0 1 0 0 0 3 0 0 0 
X 

Figure 8. Relative viscosities vs. shear stress for 50% monodispersions of four 
different particle sizes of cross-linked polystyrene spheres in benzyl alcohol. 
(Reproduced with permission from reference 31. Copyright 1972 Elsevier.) 
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4. P A L ET AL. Rheology of Emulsions 143 

B r o w n i a n m o t i o n can be taken into account b y p lo t t ing ητ against the re
d u c e d shear stress τ Γ , g iven as 

T r = — (8) 
kT 

where k is the B o l t z m a n n constant a n d Τ is the absolute temperature . T h e 
data for the di f ferent s ized part icles then fa l l o n a single curve , as shown i n 
F i g u r e 9. 

F i g u r e 10 shows the var iat ion o f the relative viscosity w i t h the 
counter ion molar i ty at di f ferent r e d u c e d shear stress values for 
monodisperse polystyrene latex having a d iameter o f 0.192 μιη at dispersed-
phase v o l u m e fract ion φ = 0.509. C l e a r l y , ητ is a func t io n o f the electrolyte 
concentrat ion i n addi t ion to the r e d u c e d shear stress. 

F i g u r e 11 shows the re lat ive-viscosi ty-concentrat ion behavior for a v a r i 
ety o f hard-sphere suspensions o f un i form-s ize glass beads. E v e n though the 
part ic le size was var ied substantially (0.1 to 440 μιη) , the relative viscosity is 
independent o f the part ic le size. H o w e v e r , w h e n the part ic le d iameter was 
smal l (~1 μ ι η ) , the relative viscosity was ca lculated at h i g h shear rates, so 
that the effect o f B r o w n i a n m o t i o n was negl ig ib le . F i g u r e 8 shows that ητ 

becomes independent o f the part ic le size at h i g h shear stress (or shear rate). 
T h e effect o f part ic le size d i s t r ibut ion o n the viscosities o f suspensions 

and emulsions has been investigated (28, 32-35). M o s t o f these studies 
indicate that the effect o f part ic le size d is t r ibut ion is o f enormous magnitude 

Figure 9. Relative viscosities vs. reduced shear stress for 50% monodispersions 
of polystyrene spheres of various sizes in different media. Points are taken from 
Figure 8. (Reproduced with permission from reference 31. Copyright 1972 

Elsevier.) 
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Figure 10. Variation of relative viscosity of monodisperse polystyrene latex 
with electrolyte concentration at different reduced shear stress. (Reproduced 

with permission from reference 31. Copyright 1972 Elsevier.) 

at h i g h values o f dispersed-phase concentrat ion. A t l o w concentrat ions, 
however , the effect is smal l . 

F i g u r e 12 shows C h o n g et a l . (28) data for monodisperse and bidisperse 
(bimodal) suspension systems. I n a bidisperse suspension, the v o l u m e frac
t ion o f smal l spheres (diameter d) i n the mixture is kept constant at 2 5 % of 
the total solids. T h e figure shows that the viscosity o f a bidisperse suspension 
is a strong f u n c t i o n o f the part ic le size rat io, d/D, w h e r e D is the diameter of 
the large part ic les . T h e viscosity decreases substantially b y decreasing d/D at 
a g iven total solids concentrat ion . T h e data for the u n i m o d a l system fa l l w e l l 
above the b i m o d a l suspensions. A l s o , the effect of part ic le size d i s t r ibut ion 
decreases at l o w e r values o f total solids concentrat ion . 

F i g u r e 13 il lustrates another very interest ing point . H e r e the relative 
viscosity o f a b i m o d a l suspension is p lo t ted as a func t ion o f v o l u m e percent 
o f smal l spheres i n total solids. A t any given total solids concentrat ion, the 
relative viscosity decreases in i t ia l ly w i t h the increase i n v o l u m e percent of 
smal l spheres, a n d then i t increases w i t h fur ther increase i n smal l spheres. 
T h e m i n i m u m observed i n the relative viscosity plots o f a b i m o d a l suspen
sion is quite typica l . T h e r e are no fundamenta l reasons w h y a s imi lar behav
i o r w o u l d not be true for emuls ions . 
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Figure 11. Relative viscosity vs. concentration behavior for suspensions of 
spheres having narrow size distributions. Particle diameters range from 0.1 to 
440 μηι. (Reproduced with permission from reference 30. Copyright 1965 

Academic Press.) 

A s imi lar study was c o n d u c t e d b y P o s l i n s M et a l . (36) o n the effect o f a 
b i m o d a l size d i s t r ibut ion o f sol ids. T h e y c o n f i r m e d the findings o f C h o n g et 
a l . (28) i n that the relative shear viscosity can exhibi t a m i n i m u m for a p lot o f 
relative viscosity versus v o l u m e percent o f smal l particles i n total solids. 
M o r e o v e r , the p r i m a r y n o r m a l stress also exhib i ted a m i n i m u m . P o s l i n s k i et 
a l . showed that the relative viscosity can be p r e d i c t e d f r o m the knowledge o f 
the m a x i m u m p a c k i n g v o l u m e fract ion o f the b i m o d a l solids systems. 

Shear rate inf luences the viscosity o f emuls ions quite signif icantly w h e n 
the ir behavior is n o n - N e w t o n i a n . A s discussed earl ier , i n the l o w φ range, 
emulsions exhibit a N e w t o n i a n behavior , and consequent ly shear rate does 
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4 . P A L ET AL. Rheology of Emulsions 1 4 7 

Volume % of small spheres in Total Solids 

Figure 13. Dependence of relative viscosity upon particle size ratio for bimodal 
suspensions of spheres. (Reproduced with permission from reference 28. Copy

right 1971.) 

not affect the viscosity o f emuls ions . I n the h i g h φ range w h e r e emulsions 
exhibit n o n - N e w t o n i a n behavior , the apparent viscosity decreases s ignif i 
cantly w i t h the increase i n the shear rate. 

T h e c h e m i c a l nature and the concentrat ion o f an emuls i fy ing agent also 
play a role i n d e t e r m i n i n g the viscosity o f emuls ions (37). T h e average 
part ic le size, part ic le size d i s t r ibut ion , a n d the viscosity o f the cont inuous 
phase (to w h i c h an emuls i f ier is n o r m a l l y added) a l l d e p e n d u p o n the p r o p 
erties a n d concentrat ion o f emuls i fy ing agent. A l s o , ion ic emulsif iers in t ro 
duce electroviscous effects, l ead ing to an increase i n the e m u l s i o n viscosity. 

T h e viscosity o f emulsions is a strong f u n c t i o n o f temperature ; i t de
creases w i t h the increase i n temperature (18). T h e decrease i n e m u l s i o n 
viscosity that occurs w i t h rais ing the temperature is m a i n l y due to a decrease 
i n the continuous-phase viscosity. T h e increase i n temperature may also 
affect the average part ic le size and part ic le size d i s t r ibut ion . W h e n the 
apparent viscosity o f an e m u l s i o n (at a given shear rate) is p l o t t e d as a 

American Chemical Society 
Library 

1155 IBth St., N.W. 
Washington, DC 20036 
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148 EMULSIONS IN THE PETROLEUM INDUSTRY 

f u n c t i o n o f l/T (see F i g u r e 14), a l inear re lat ionship is normal ly observed. 
T h e data f o l l o w the A r r h e n i u s type re lat ionship: 

η = Α exp (B/T) (9) 

w h e r e A and Β are constants dependent u p o n the system a n d shear rate and 
Τ is the absolute temperature . 

Emulsion Viscosity Equations. O n l y a f e w v iscos i ty -concentra 
t i o n equations have been deve loped p u r e l y for e m u l s i o n systems. M o s t 
equations have b e e n adapted b y analogy f r o m studies w i t h suspensions of 
so l id particles (20). 

F o r suspensions o f nondeformable spher ica l globules at very l o w c o n 
centrations, E i n s t e i n (24,25) d e r i v e d the f o l l o w i n g re lat ionship be tween the 
viscosity o f the suspension a n d the v o l u m e fract ion: 

r j r = ̂ = 1 + 2 . 5 0 (10) 

100 

to 
Ο 
~ ιο 
σ 
CL 

DATA FOR BAYOL Q/W EMULSIONS 
Ο BAYOL CONC: 50% 
Δ BAYOL CONC : 55 % 
• BAYOL CONC : 60 % 
• BAYOL CONC : '63 % 
D BAYOL CONC: 66% 
V BAYOL CONC: 69% 

J Ql f ^ f t l l t f l t 
' 2.7 * 3.0 3.3 3.6 

i/T ( β Κ Γ ! χ 10 3 

Figure 14. Effect of temperature on the viscosity of emulsions. 
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4. P A L ET AL. Rheology of Emulsions 149 

T h e m a i n assumptions made i n arr iv ing at e q 10 were (1) no interact ion 
between the globules and (2) no slippage at the p a r t i c l e - f l u i d interface. 
M o s t emulsions o f pract ica l interest exceed the concentrat ion for w h i c h e q 
10 is v a l i d . W i t h increas ing concentrat ion, the h y d r o d y n a m i c interact ion 
between the globules increases, and eventually mechanica l interference 
occurs between the particles as p a c k e d - b e d concentrations are approached. 
T o take into account the increased hydrodynamic interact ion , many invest i 
gators (30, 38-43) have expanded e q 10 into the p o l y n o m i a l f o r m : 

j)t = 1 + Κχφ + Κ 2φ2 + Κ 3 φ 3 + . . . (11) 

where Kl9 Κ2, Κ3 . . . are constants. 
Several c losed- form equations have also been p r o p o s e d . U s i n g E i n 

stein's equat ion (eq 10), Roscoe (42) and B r i n k m a n (43) i n d e p e n d e n t l y de
v e l o p e d the f o l l o w i n g equat ion for the h igher concentrat ion suspension: 

η Γ = 1 / ( 1 - ψ ) 2 5 (12) 

T h i s equat ion reduces to Einste in ' s equat ion i n the l i m i t o f φ —» 0. 
O n the basis o f the analogy w i t h the inf luence o f variable pressure o n a 

mater ia l that obeys H o o k e ' s law, R i c h a r d s o n (44) ca lculated the compress
i b i l i t y o f an e m u l s i o n whose dispersed-phase v o l u m e concentrat ion is i n 
creased f r o m φ to φ + Δ φ. F r o m this ca lculat ion he d e r i v e d the f o l l o w i n g 
expression for the relative viscosity o f concentrated emuls ions : 

In ητ = Κφ (13) 

w h e r e Κ is a constant that depends o n the system. 
B r o u g h t o n and Squires (45) later m o d i f i e d Richardson's equat ion to 

In η^Κ,φ + Κ, (14) 

where K x and K2 are constants that d e p e n d o n the system. T h i s f o r m showed 
better agreement w i t h the ir exper imental data. 

Hatschek (46) deve loped the f o l l o w i n g equat ion for concentrated e m u l 
sions: 

τ , Γ = 1 / ( 1 - φ 1 / 3 ) (15) 

w h i c h was later m o d i f i e d b y Sibree (47, 48) to 

nt^i/[i-W} (16) 

w h e r e h is a hydrat ion factor that depends o n the e m u l s i o n system. 
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150 EMULSIONS IN THE PETROLEUM INDUSTRY 

E i l e r s (49, 50) p r o p o s e d the f o l l o w i n g e m p i r i c a l equat ion to fit his data 
o n polydisperse b i t u m e n emuls ions : 

1 + 
1.25 φ 

Ι-Κφ 
(17) 

where the constant Κ var ied f r o m 1.28 to 1.30. F o r u n i f o r m spheres E i l e r s 
p r o p o s e d Κ = 1.35. 

U s i n g funct iona l analysis, M o o n e y (51 ) d e r i v e d the f o l l o w i n g equat ion 
for concentrated suspensions: 

Vr = exp 
2 . 5 φ 

1-Κφ 
(18) 

w h e r e Κ is a constant. T h i s equat ion is a so lut ion o f the f o l l o w i n g funct iona l 
equat ion: 

ητ(φ1 + φ2) = ητ 
Φι 

1-Κφ2 

Φι 

Χ-Κφχ 

(19) 

w h i c h M o o n e y arr ived at o n the basis o f theoret ical arguments. E q u a t i o n 18 
is w i d e l y q u o t e d i n the e m u l s i o n l i terature. 

B a r n e a and M i z r a h i (52) m o d i f i e d M o o n e y ' s equat ion to 

Vr = exp 
2 . 6 6 φ 

1 - φ 
(20) 

E q u a t i o n 20 was f o u n d to fit the viscosity data o f a variety o f suspensions. 
U s i n g funct iona l analysis s imi lar to M o o n e y , K r e i g e r a n d D o u 

gherty (53) d e r i v e d the f o l l o w i n g equat ion: 

(Ι-φ/φη)™** 
(21) 

w h e r e [η] is the intr ins ic viscosity and φη is the m a x i m u m p a c k i n g c o n 
centrat ion. 

I n the reg ion o f h i g h concentrat ion levels, that is , near m a x i m u m pack
i n g concentrat ion, F r a n k e l a n d Acr ivos (54) d e r i v e d the f o l l o w i n g theoret i 
ca l equat ion o n the basis o f lubr i ca t ion theory: 

(9/8)(φ/φ„)1/3 

ν τ 1-(φ/φ^3 

(22) 

T h i s equat ion a n d a l l the other equations discussed so far are v a l i d on ly for 
N e w t o n i a n emuls ions . As m e n t i o n e d earl ier , emulsions exhibit n o n - N e w t o -
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4. P A L ET AL. Rheology of Emulsions 151 

n ian behavior at h i g h concentrat ions. Th is behavior means that the viscosity 
equations must incorporate the shear rate effect. 

T h e general tendency i n the available l i terature is to apply the N e w t o 
nian viscosity equations to n o n - N e w t o n i a n emulsions at h i g h shear rate. 
A c c o r d i n g to S h e r m a n (55), M o o n e y ' s equat ion can be a p p l i e d to n o n - N e w 
tonian emulsions at h i g h shear rates. 

P a l and Rhodes (18, 20) recent ly used an e m p i r i c a l approach to corre
late the viscosity data o f emuls ions . O n the basis o f the extensive amount o f 
exper imenta l data co l lec ted , the f o l l o w i n g corre la t ion was proposed : 

Vt=\i+ <"»·> 
I 1.187 -(φ/φ* 

2.4Θ 

(23) 

w h e r e φ* is the dispersed-phase concentrat ion at w h i c h the relative viscosity 
becomes 100. B o t h the N e w t o n i a n and n o n - N e w t o n i a n emulsions were 
corre lated b y e q 23. F i g u r e 15 shows compar ison of the corre lat ion w i t h the 
exper imental data. A s can be seen, the corre la t ion describes the exper imen
tal data quite adequately. T h e theoret ical basis for this corre la t ion also was 
given (20). 

T h e normal iza t ion o f the v o l u m e fract ion φ w i t h e i ther φτΆ as i n e q 22 for 
suspensions or b y φ* as i n e q 23 for emuls ions tends to suggest that the 
relative viscosity, ηΤ, can be better corre lated b y the ratio o f (φ/φ π 1) or (φ/φ*) 
than b y s imply the use o f the v o l u m e fract ion φ alone. S u c h a normal iza t ion 
takes into account the effect o f forces other than the h y d r o d y n a m i c forces. 
S u c h plots are g iven b y Pos l insk i et al . (36) and P a l and Rhodes (20). 

Summary. 
1. E m u l s i o n s can exhibit N e w t o n i a n , shear- thinning, and visco

elastic behaviors. 

2. I n the absence of co l lo ida l forces for a monodispers ion , the 
relative viscosity is independent o f the part ic le size. 

3 . W h e n B r o w n i a n m o t i o n and/or c o l l o i d a l forces are present, 
the relative viscosity o f a dispers ion becomes a f u n c t i o n o f the 
part ic le size. 

4. T h e viscosity o f a b i m o d a l dispers ion is a strong func t io n o f 
the part ic le size ratio o f the two part ic le fractions. 

5. M o o n e y - or P a l - R h o d e s - t y p e correlat ions can be used to cor
relate e m u l s i o n relative viscosities w i t h the dispersed-phase 
v o l u m e fract ion. 

Viscosity of Emulsion with Added Solids 

L i t t l e w o r k has b e e n done o n the rheology o f emulsions w i t h a d d e d solids, 
despite the fact that h a n d l i n g o f mixtures o f emulsions and solids is e n c o u n -
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152 EMULSIONS IN THE PETROLEUM INDUSTRY 

Φ / Φ * — 
Figure 15. Relative viscosity vs. φίφ* correlation for emulsions. (Reproduced 

with permission from reference 20. Copyright 1989 Wiley.) 

t e red i n many engineer ing processes. F o r example, heavy crude o i l is of ten 
p r o d u c e d i n the f o r m o f o i l - in -water (O/W) or w a t e r - i n - o i l ( W O ) emuls ions . 
T h e p r o d u c e d emulsions of ten conta in some solids despite the use o f m e 
chanica l filters, though the concentrat ion o f solids is general ly l o w [less than 
5 % b y weight (56)]. A s w i l l be discussed, solids behave quite d i f ferent ly f r o m 
the o i l droplets i n the e m u l s i o n w i t h respect to the rheologica l propert ies . 
T h e concentrat ion o f the solids and that o f the o i l i n an e m u l s i o n are 
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4. P A L ET AL. Rheology of Emulsions 153 

general ly not " a d d i t i v e " for the evaluation o f the viscosity. T h i s c o n d i t i o n is 
par t icular ly true w h e n the solids are o f di f ferent size a n d shape than the 
spher ica l o i l droplets . 

In this sect ion, w e discuss the effects o f solids addi t ion o n the rheology 
of o i l - in -water emulsions , i n part icular , the effects o f solids size (size d i s t r i 
but ion) a n d shape (spherical versus i rregular) . Because the type o f the o i l 
used to f o r m an e m u l s i o n is important i n d e t e r m i n i n g the viscosity o f the o i l -
in-water e m u l s i o n , the rheology of the e m u l s i o n - s o l i d s mixtures is also 
in f luenced b y the type o f o i l . T h u s , two dist inct e m u l s i o n systems w i t h a d d e d 
solids w i l l be discussed: (1) synthetic (Bayol-35) o i l - in -water emulsions (21, 
57) a n d (2) b i tumen- in -water emulsions (58). T h e synthetic o i l has a viscos
i ty of 2.4 mPa-s, whereas the b i t u m e n has a viscosity o f 306,000 mPa-s at 25 
°C. T h e Sauter m e a n diameter o f the o i l droplets is 10 μπι for synthetic o i l , 
a n d 6 μπι for b i t u m e n - i n - w a t e r emuls ions . T h e synthetic O / W emulsions are 
fair ly shear- thinning, whereas the b i t u m e n O / W emulsions are fa ir ly N e w t o 
n i a n . 

W e also discuss the condit ions u n d e r w h i c h emulsions can be c o ns id 
e r e d as a cont inuous phase toward the a d d e d solids, w h e r e the p r e d i c t i o n o f 
the e m u l s i o n - s o l i d s viscosity is possible. 

Effect of Solids Addition. F i g u r e 16 shows the var iat ion o f the 
viscosity w i t h shear stress w h e n solids are a d d e d to a synthetic O / W e m u l 
s ion. T h e solids are sand particles w i t h a Sauter mean diameter o f 9 μπι. T h e 

8 0 

60 

40 

20 

60% Synthetic O/W Emulsion 
Sand Particles 9 μτη 

A O. 

• — • 0.0 
Δ — Δ 0.041 
A — A 0.073 
Ο — Ο 0.109 
• — • 0.150 

10 20 30 40 
τ (Pa) 

50 60 70 

Figure 16. Variation of the viscosity of emulsion-solids mixtures with shear 
stress at different solids volume fraction. (Reproduced with permission from 

reference 57. Copyright 1991 Pergamon Press.) 
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154 EMULSIONS IN THE PETROLEUM INDUSTRY 

o i l concentrat ion (solids-free basis) is 6 0 % by v o l u m e . T h e addi t ion o f solids 
to the e m u l s i o n increases the viscosity o f the e m u l s i o n , and the viscosity o f 
the e m u l s i o n - s o l i d s mixtures decreases w i t h increas ing τ (shear th inning) . 
T h e addi t ion o f solids to emulsions may also in t roduce y i e l d stress. T h e 
addi t ion o f smal ler solids was f o u n d (57, 58) to result i n more p r o n o u n c e d 
y i e l d stress than that o f larger solids. 

T h e effect o f solids addi t ion to a b i tumen- in -water e m u l s i o n is shown i n 
F i g u r e 17; the b i t u m e n concentrat ion (solids-free basis) is about 5 9 % b y 
v o l u m e , and the a d d e d solids are the 9- a n d the 33-μπι s i l ica sand (Figures 
17a a n d 17b, respectively) . T h e addi t ion o f solids to the e m u l s i o n increases 
the viscosity for b o t h the 9- a n d the 33-μπι s i l ica sand. F i g u r e 17a shows that 
after a r a p i d decrease, the viscosity tends to increase w i t h increas ing shear 
stress; that is, the e m u l s i o n - s o l i d s mixture exhibits di latant behavior . T h e 
dilatant behavior becomes more noticeable as the solids v o l u m e fract ion 
increases. C o m p a r i s o n of F igures 17a a n d 17b indicates that the larger size 
solids result i n a more p r o n o u n c e d shear- thickening behavior . T h e sharp 
increase i n the viscosity at l o w shear stress w i t h decreasing τ is indicat ive o f a 
y i e l d stress ( F i g u r e 17a). H o w e v e r , the y i e l d stress is not obvious w i t h the 
33 -μπι solids (F igure 17b). Shear - th ickening behavior is also observed w i t h 
spher ica l glass beads. T h e degree o f shear t h i c k e n i n g increases w i t h solids 
v o l u m e fract ion. A l s o , the onset o f shear t h i c k e n i n g occurs at a lower shear 
stress for the larger part ic les . S imi lar conclusions have been made b y 
Barnes (59) i n a rev iew o n shear t h i c k e n i n g i n suspensions. 

Var ious explanations i n the l i terature c o n c e r n i n g shear t h i c k e n i n g a l l 
t e n d to re ly o n some k i n d o f change i n the relative spatial disposi t ion o f the 
part ic les . A c c o r d i n g to G o o d w i n (60) a n d H o f f m a n (61 ), a change i n the flow 
pat tern takes place w h e n di latancy occurs . A t a very l o w shear rate, the 
part icles t e n d to arrange themselves to be as far as possible f r o m one 
another. W h e n the shear rate increases, the h y d r o d y n a m i c forces increase, 
and the particles are forced into layers. I n other words , the particles f o l l o w 
the fluid streamlines w i t h a m i n i m u m contact. T h i s process is character ized 
by a decrease i n the viscosity as the shear rate is increased. T h i s shear-
t h i n n i n g behavior was observed i n the study repor ted here for b o t h the 
sol ids-free emulsions and the e m u l s i o n - s o l i d s mixtures. 

W h e n the shear rate increases up to a cr i t i ca l value, the layers be g in to 
disrupt , and the two-d imens iona l layer ing is d i s turbed . W i t h fur ther i n 
crease i n shear rate, a three -d imens ional r a n d o m arrangement is obta ined. 
T h u s , the viscosity begins to increase w i t h the shear rate, (i.e., shear-thick
e n i n g behavior) (<S, 9). 

Shear t h i c k e n i n g was not observed for synthetic o i l emulsions w i t h 
a d d e d solids. T h i s observation is i n agreement w i t h Barnes (59) that almost 
a l l solids suspensions showed shear th i cken ing , whereas shear t h i c k e n i n g 
was never observed i n emuls ions . C o n s i d e r i n g the dramatic di f ference i n the 
viscosity o f the synthetic o i l a n d the b i t u m e n , the interpart ic le interact ion 
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1 ι ι 1— 
58.455 Bitumen in Water Emulsion 
Sand Particles 33 μπι 

• 0.096 
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Figure 17. Variation of the viscosity of emulsion-solids mixtures with shear 
stress. (Reproduced with permission from reference 58. Copyright 1991.) 

between the solids and the synthetic o i l droplets is m u c h weaker . H o w e v e r , 
the b i t u m e n droplets behave more l ike solids c o m p a r e d w i t h the synthetic 
o i l droplets ; this behavior thus causes dilatancy. 

Effects of Solids Shape. T h e viscosities o f e m u l s i o n - s o l i d s mix
tures are c o m p a r e d w h e n i rregular -shaped s i l ica sand and spher ica l glass 
beads are added separately to an o i l e m u l s i o n . T h e results are shown i n 
F i g u r e 18 for di f ferent sizes o f glass beads and s i l ica sand for synthetic o i l . 
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156 EMULSIONS IN THE PETROLEUM INDUSTRY 

0.5 « • • · . 1 
0.00 0.04 0.08 0.12 0.16 0.20 

0.5 t · · . • « 
0.00 0.04 0.08 0.12 0.16 0.20 

C ) Solids Volume Fraction, ? s 

Figure 18. Effect of solids shape on the viscosity of emulsion-solids mixtures. 
(Reproduced with permission from reference 57. Copyright 1991 Pergamon 

Press.) 

Because the e m u l s i o n - s o l i d s mixtures are n o n - N e w t o n i a n fluids, a shear 
stress or a shear rate must be specif ied w h e n any compar ison is made. I n 
F i g u r e 18a, compar ison is made between the 22-μπι s i l ica sand and the 19-
μιη glass beads at a shear stress o f 6 Pa . T h e differences i n the solids m e a n 
diameter and i n their size distr ibut ions are smal l . T h e degree o f inf luence o n 
the viscosity is therefore main ly due to the solids shape. S imi lar results are 
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4. P A L ET AL. Rheology of Emulsions 157 

shown i n F igures 18b and 18c for larger solids sizes. E v i d e n t l y , the addi t ion 
o f the i r regular -shaped si l ica sand results i n a m u c h h igher viscosity than 
that o f the spher ica l glass beads. 

F o r the b i tumen- in -water emuls ions , di f ferent types o f flow behavior 
such as shear t h i n n i n g and shear t h i c k e n i n g were observed over the shear-
stress range s tudied; therefore, compar ison o f the viscosity is made at three 
typica l shear stresses, 1, 14, and 50 P a . A t a shear stress o f about 1 P a , the 
mixtures acted as a shear- th inning fluid, whereas at shear stresses o f 14 and 
50 P a , the mixtures acted as a di latant fluid. Results (58) showed that the 
i r regular -shaped s i l ica sand always gave a h igher viscosity than the smooth 
spher ica l glass beads. 

T h e effect o f part ic le shape has rece ived l i t t le attention i n the p u b l i s h e d 
l i terature, though rodl ike part icles w i t h di f ferent aspect ratios have b e e n 
s tudied (62). T h e di f f icul ty w i t h the i r regular -shaped solids lies i n the 
character izat ion of the i rregular i ty o f the surface a n d the sharpness o f the 
edges o f the surface. H o w e v e r , generally, the more the solids shape deviates 
f r o m that o f a sphere, the h igher is the viscosity o f the suspension (63). T h e 
rotat ion o f nonspher ica l particles i n shear flow may increase the f requency 
o f contact a n d trap layers of l i q u i d o n to their surfaces. B o t h o f these effects 
result i n an increase i n the effective solids v o l u m e fract ion. F u r t h e r m o r e , 
according to C l a r k e (63), i r regular -shaped solids may also inter lock a n d 
scrape harshly together rather than m a k i n g s imple impact ; thus i r regular 
shape causes h i g h energy loss. 

Effects of Solids Size. T h e effect o f solids size o n the viscosity o f 
the emuls ion-so l ids mixtures is shown i n F i g u r e 19 for synthetic O / W e m u l 
sions. T h e o i l concentrat ion (solids-free basis) is 6 0 % b y v o l u m e , and the 
solids used are s i l ica sand. T h e compar ison is made at shear stresses o f 6 a n d 
14 P a . T h e viscosity is expressed as the relative viscosity (I7ows/T?OW)T> & a t is, 
the viscosity o f the e m u l s i o n - s o l i d s mixture d i v i d e d b y the viscosity o f the 
solids-free e m u l s i o n . A t l o w solids v o l u m e fract ion (<0.1), solids size has 
l i t t le effect. 

H o w e v e r , at h igher solids v o l u m e fractions, the effect o f solids size 
becomes significant, especial ly at l o w shear rates. T h e smallest sand particles 
(9 μπι) give the highest viscosity. A t a solids v o l u m e fract ion o f about 0.17, 
the addi t ion o f the 40- f i m sand increases the viscosity o f the e m u l s i o n b y a 
factor o f 3 (F igure 19a), whereas the 9-μπι sand increases the viscosity b y a 
factor o f 25. F u r t h e r m o r e , the effect o f solids size o n the viscosity becomes 
less p r o n o u n c e d at a h igher shear stress, as shown i n F i g u r e 19b. T h i s result 
is consistent w i t h the fact that the effect o f the y i e l d stress becomes weaker 
w i t h increas ing τ . T h e same trends were observed w h e n di f ferent sizes o f 
glass beads were a d d e d to the synthetic O / W emuls ions (57). 

T h e effect o f solids size o n the viscosity o f b i t u m e n - i n - w a t e r emulsions 
conta in ing solids is shown i n F i g u r e 20. T h e shear stresses at w h i c h the 
compar i son is made are 1, 14, and 50 P a . A t a very l o w shear stress (F igure 
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Figure 19. Effect of solids size on the viscosity of emulsion-solids mixtures. 
(Reproduced with permission from reference 57. Copyright 1991 Pergamon 

Press.) 

20a) the addi t ion o f the 9-μπι sand gives a h igher viscosity than that o f the 
33 -μπι sand, par t icular ly at h i g h solids v o l u m e fract ion. H o w e v e r , w h e n 
compar i son is made at shear stresses o f 14 a n d 50 P a , the two fractions y i e l d 
approximately the same viscosity, and the size effect becomes negl ig ible 
(Figures 20b a n d 20c). T h e same conc lus ion was reached for the spher ica l 
glass beads (58). 

Points of Special Interest. T h e addi t ion o f solids to an e m u l s i o n 
forms a b i m o d a l system. I f the coarse particles are suff ic iently larger than 
the fine particles i n a b i m o d a l system, then the viscosity o f the b i m o d a l 
system can be p r e d i c t e d f r o m the u n i m o d a l viscosity data (35). In the e m u l 
s ion-so l ids mixtures , i f the solids are m u c h larger than the o i l droplets , then 
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Figure 20. Effect of solids size (silica sand) on the viscosity of emulsion-solids 
mixtures. (Reproduced with permission from reference 58. Copyright 1991.) 
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160 EMULSIONS IN THE PETROLEUM INDUSTRY 

the emulsions behave as a homogeneous or a cont inuous phase toward the 
solids. T h u s , the viscosity o f e m u l s i o n - s o l i d s mixtures can be p r e d i c t e d f r o m 
the viscosity data o f the p u r e e m u l s i o n and the p u r e solids suspensions. 

T h e condit ions u n d e r w h i c h emulsions can be cons idered as a c o n t i n u 
ous phase t o w a r d the solids are d e t e r m i n e d b y analyzing the dependence o f 
VowJVow o n the o i l concentrat ion. F i g u r e 21 shows the variations o f the 
relative viscosity (vowJr}ow)r w i t h solids v o l u m e fract ion for di f ferent values o f 
d^dw w h e r e d? is the mean diameter o f so l id particles a n d dQ is the mean 
diameter o f o i l droplets . T h e a d d i t i o n o f the solids was made to the e m u l 
sions having o i l concentrat ions o f 4 0 - 6 0 % . F i g u r e 21a, where d^dQ is about 
1, shows that at the same solids v o l u m e fract ion the relative viscosity is 
h igher for the emulsions w i t h h igher o i l concentrat ions. Th is finding i n d i 
cates that an interact ion be tween the solids and the o i l droplets gives rise to a 
h igher viscosity. 

A s the size ratio o f the sand part ic le to the o i l droplets d^dQ increases to 
about 2, there is less dependence o n the o i l concentrat ion, as shown i n 
F i g u r e 21b. W h e n the size ratio increases to about 3, as shown i n F i g u r e 21c, 
the relative viscosity becomes independent o f the o i l concentrat ion; this 
result indicates that the emulsions act as a cont inuous phase toward the 
solids. U n d e r this c o n d i t i o n , the solids a n d the droplets behave i n d e p e n 
dently , and no interpart ic le interact ion occurs be tween the solids and the 
droplets . Y a n et a l . (64) showed that w h e n the emulsions behave as a c o n 
t inuous phase toward the solids, the viscosity o f the mixtures can be p r e 
d i c t e d quite accurately f r o m the viscosity data o f the p u r e emulsions and the 
p u r e solids suspensions. T h e viscosity o f an e m u l s i o n - s o l i d s mixture having 
an o i l concentrat ion o f β 0 (solids-free basis) a n d a solids v o l u m e fract ion o f 
φ3 (based o n the total volume) can be calculated f r o m the f o l l o w i n g equa
t i o n : 

Î?OWSOO,4) = Î?OWOO)^^ (24) 

w h e r e τ?Ο λ ν(β 0) is the viscosity o f the pure e m u l s i o n having an o i l concentra
t ion o f β 0 , T? s w ($ s ) is the viscosity o f the p u r e solids suspension having a solids 
concentrat ion o f φ 8 , and T/ w is the viscosity o f water. 

T h e cr i t i ca l size ratio above w h i c h emulsions can be regarded as a 
cont inuous phase t o w a r d solids is not a u n i q u e value for the f o l l o w i n g 
reasons. F i r s t , the size dis tr ibut ions o f the solids a n d the o i l droplets are 
most l i k e l y to be di f ferent f r o m one system to another. Second, the viscosity 
o f the o i l used to f o r m the emulsions also affects this cr i t ica l size rat io. 
E v i d e n c e o f this dependence o n o i l viscosity is the fact that i n the b i t u m e n 
(viscosity 306 Pa-s)-in-water emulsions , the solids do not " see " the e m u l 
sions as a cont inuous phase even at a size ratio o f 6. I f solids are regarded as 
having an inf ini te viscosity, Farr i s (35) f o u n d that the cr i t i ca l size ratio is 
about 10 for a b i m o d a l solids suspension. 
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Figure 21. Variation of [rjowJy]ow]T with solids volume fraction. (Repro
duced with permission from reference 57. Copyright 1991 Pergamon 

Press.) 

A s was just shown, the emulsions act as a cont inuous phase toward the 
solids w h e n the solids are m u c h larger than the e m u l s i o n droplets . H o w e v e r , 
w h e n the added solids are of a size s imi lar to the e m u l s i o n droplets , the o i l 
droplets cannot be treated as solids. F i g u r e 22 shows the var iat ion o f (i7 o w s/ 
7j w ) T w i t h the total part iculate v o l u m e fract ion, that is, the s u m of the solids 
v o l u m e fract ion and that o f the o i l i n the emuls ions . T h e a d d e d solids were 
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162 EMULSIONS IN THE PETROLEUM INDUSTRY 
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Figure 22. Variation of [TjOU)S/i7w7T with total volume fraction of the dispersed 
phases for 9-μυπι silica sand. (Reproduced with permission from reference 57. 

Copyright 1991 Pergamon Press.) 

s i l ica sand (9 μπι). B o t h the average diameter (d^dQ = 1) and the size 
d i s t r ibut ion o f this f ract ion o f sand is close to the o i l droplets . F i g u r e 22 
shows that as the solids concentrat ion increases, the curves for the e m u l 
s ion-so l ids mixtures deviate significantly f r o m the solids-free e m u l s i o n 
curve , a result i n d i c a t i n g that the solids do not behave i n the same m a n n e r as 
the o i l droplets , even though the sizes o f the solids and the o i l droplets are 
s imi lar . I n other words , the o i l a n d the solids concentrations are not addit ive . 
A mixture o f e m u l s i o n - s o l i d s always has a h igher viscosity than the solids-
free e m u l s i o n at the same total concentrat ion o f the dispersed phases. S i m i 
lar conclusions were also made w i t h respect to b i tumen- in -water emuls ions . 

Summary. 

1. T h e n o n - N e w t o n i a n nature o f e m u l s i o n - s o l i d s mixtures de
pends o n the nature o f the p u r e emuls ions . A d d i t i o n o f solids 
to a h ighly shear - th inning e m u l s i o n also results i n a shear-
t h i n n i n g mixture . H o w e v e r , addi t ion o f solids to a fair ly N e w 
tonian b i t u m e n e m u l s i o n results i n a more complex mixture 
that can exhibit d i f ferent n o n - N e w t o n i a n behaviors at di f fer 
ent shear stress o r shear rate. 

2. T h e addi t ion o f i r regular ly shaped solids always gives a h igher 
viscosity than smooth spher ica l solids. 
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4 . P A L ET AL. Rheology of Emulsions 163 

3. T h e effects o f solids size (size dis tr ibut ion) o n the rheology o f 
e m u l s i o n - s o l i d s mixtures is also significant. Smal ler solids 
t e n d to give a h igher y i e l d stress, whereas larger solids t e n d to 
induce more p r o n o u n c e d shear- thickening behavior . W h e n 
the e m u l s i o n - s o l i d s mixtures are o f shear - th inning nature, 
smal ler solids y i e l d a h igher viscosity than larger solids. H o w 
ever, w h e n shear t h i c k e n i n g occurs, the effect o f solids size o n 
the viscosity o f the mixtures seems negl ig ible . 

4. W h e n the solids are suff iciently larger than the o i l droplets i n 
an e m u l s i o n , the solids " see " the e m u l s i o n as a cont inuous 
phase. T h e viscosity o f the mixture can be p r e d i c t e d f r o m the 
viscosity data o f the p u r e e m u l s i o n and the p u r e solids suspen
sion. T h e cr i t i ca l size ratio for this to occur depends o n the 
viscosity o f the o i l used to f o r m the e m u l s i o n , a n d it lies 
be tween 3 a n d 10. 

5. T h e solids cannot be treated as o i l droplets even i f the size a n d 
size d i s t r ibut ion o f the solids are s imi lar to the o i l droplets . 
T h e addi t ion o f solids to an e m u l s i o n general ly gives a h igher 
viscosity than the p u r e emuls ion at the same total concentra
t ion . 

List of Symbols 

a part ic le diameter 
A , Β A r r h e n i u s constant 
d d iameter o f the smal l particles i n a b i m o d a l suspension 
D d iameter o f the large particles i n a b i m o d a l suspension 
dQ Sauter m e a n diameter o f o i l droplets (μπι) 
d p Sauter m e a n diameter o f so l id part icles (μπι) 
h hydrat ion factor 
k B o l t z m a n n constant 
Κ p o w e r law constant 
η p o w e r law constant 
O / W oi l - in -water e m u l s i o n 
Γ absolute temperature (K) 
W O w a t e r - i n - o i l e m u l s i o n 

G r e e k 

β 0 o i l concentrat ion i n e m u l s i o n - s o l i d s mixture , sol ids-free basis 
y shear rate (s _ 1) 
η viscosity ( P a s ) 
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164 EMULSIONS IN THE PETROLEUM INDUSTRY 

[17] in t r ins ic viscosity 
Tjo viscosity at zero shear rate 

viscosity at inf ini te shear rate 
% plast ic viscosity 
7]hw viscosity o f b i t u m e n - i n - w a t e r emulsions ( P a s ) 
7 j b w s viscosity o f b i t u m e n - i n - w a t e r emulsions w i t h added solids ( P a s ) 
TJC cont inuous-phase viscosity 
i7 o w viscosity o f O / W emulsions ( P a s ) 
TJ O W S viscosity o f e m u l s i o n - s o l i d s mixtures ( P a s ) 
ητ relative viscosity 
T7SW viscosity o f solids i n water suspensions ( P a s ) 
TJW viscosity o f water ( P a s ) 
τ shear stress (Pa) 
τ Γ r e d u c e d shear stress 
φ v o l u m e fract ion of d ispersed phase 
φ* dispersed-phase concentrat ion at w h i c h relative viscosity be

comes 100 
<fim m a x i m u m p a c k i n g concentrat ion 
φα v o l u m e fract ion o f o i l i n O / W emulsions 
φ 5 v o l u m e fract ion o f solids i n e m u l s i o n - s o l i d s mixtures or v o l u m e 

fract ion o f smal l spheres i n a mixture 
φι, ψ2 p r i m a r y and secondary n o r m a l stress coefficients 

Subscripts 

0 value evaluated at y —» 0 
°o value evaluated at y —> 00 
bw, bws b i t u m e n - w a t e r , b i t u m e n - w a t e r - s o l i d s 
Β B i n g h a m plast ic 
c cont inuous phase 
m value evaluated at m a x i m u m p a c k i n g 
ow, ows o i l - w a t e r , o i l - w a t e r - s o l i d s 
ρ particles 
r relative viscosity, viscosity o f an e m u l s i o n or dispers ion n o r m a l 

i z e d w i t h the cont inuous-phase viscosity, η0 

sw so l ids -water 
τ at constant shear stress 
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Fluid Dynamics of Oil-Water-Sand 
Systems 
Hisham A. Nasr-El-Din 

Petroleum Recovery Institute, 3512 33rd Street N.W., Calgary, Alberta, 
Canada T2L 2A6 

Heavy-oil-in-water emulsions have different rheological behaviors 
for different emulsion qualities. With low oil volume fractions, these 
emulsions behave as Newtonian fluids. However, with oil volume 
fractions ≥0.5, they often behave as shear-thinning fluids. The fric
tion loss and power requirements for pipeline transportation of 
heavy-oil emulsions depends on their rheological behavior. Various 
formulas for predicting the friction loss of the flow of heavy-oil-in-
water emulsions in smooth pipes are discussed. Fine sand particles, 
which are usually produced with heavy oil, change the friction loss of 
the flow of these emulsions in pipelines. The effect of the fine particles 
depends on the solids concentration profile in the pipe. Various meth
ods of measuring in situ solids concentration in pipelines are re
viewed, including sampling and electrical conductivity probes. 

As W O R L D RESERVES O F C O N V E N T I O N A L C R U D E OIL cont inue to dec l ine , 

heavy o i l and b i t u m e n are b e c o m i n g increasingly important sources o f en 
ergy. I n general , heavy crude oils a n d b i t u m e n have viscosity ranges f r o m a 
few h u n d r e d to several thousand centipoises. Because o f the ir h i g h viscosi 
ties, it is not feasible to transport t h e m i n convent ional p ipel ines w i t h o u t 
r e d u c i n g their viscosities. T h r e e methods were i n t r o d u c e d to reduce the 
viscosity o f heavy oils and enable t h e m to be transported i n convent ional 
p ipe l ines : heat ing the o i l d u r i n g transportat ion, a d d i n g a d i luent , a n d e m u l 
s i fy ing the heavy o i l i n water. T h e first two methods are expensive at 1991 
prices . H o w e v e r , the emuls i f icat ion m e t h o d has a potent ia l appl icat ion 
whenever an ample water supply is available. 

Transport o f viscous crude oils as concentrated o i l - in -water emulsions 

0065-2393/92/0231-0171 $12.75/0 
© 1992 American Chemical Society 
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172 EMULSIONS IN THE PETROLEUM INDUSTRY 

has been demonstrated o n a large scale i n an Indonesian p i p e l i n e and i n 
C a l i f o r n i a (J). A major disadvantage o f this mode of transport is that i t 
requires dewater ing o f the e m u l s i o n after transport . Consequent ly , the o i l -
in-water emulsions must be p r e p a r e d w i t h the highest possible o i l v o l u m e 
fract ion. 

T o stabil ize emuls ions , a surfactant, w h i c h increases the repulsive force 
be tween o i l droplets , is used. N o n i o n i c surfactants are the p r e f e r r e d type 
because they are effective i n br ines , are general ly cheaper, and often f o r m 
less viscous emuls ions than do i o n i c surfactants. In addi t ion , their emulsions 
are easier to break, and they do not in t roduce inorganic residues that might 
lead to ref inery prob lems . T h e y are c h e m i c a l l y stable at o i l reservoir t e m 
peratures and are noncorrosive and nontoxic . T h e surfactant type and con
centrat ion r e q u i r e d for a par t i cular s i tuation can be d e t e r m i n e d b y conduct 
i n g laboratory tests. A typica l concentrat ion o f 0.1 lb o f surfactant p e r barre l 
o f o i l is used for emulsions conta in ing about 5 0 - 7 0 % o i l (2). 

T h e presence o f natural organic acids i n some c r u d e oils , especial ly 
asphaltic c rude oi ls , may e l iminate the n e e d for expensive surfactants. These 
acids react w i t h strong alkal i (usually N a O H ) to f o r m p e t r o l e u m soaps. 
These soaps dif fuse into the o i l - w a t e r interface, decrease interfac ia l tension, 
and f o r m emuls ions . M a n y researchers have used di lute a lkal i solutions 
(—0.1 w t % N a O H ) to f o r m stable o i l - in -water emulsions conta in ing u p to 
7 5 % o i l (I , 3). 

A n o t h e r aspect o f the transportat ion o f heavy-oi l - in-water emuls ions , 
especial ly for short-distance p ipe l ines , is the presence o f sand part icles . F i n e 
sand particles are usual ly p r o d u c e d w i t h heavy oils . T h e presence o f these 
part icles w i l l change the flow resistance a n d p u m p i n g requirements for 
heavy-oi l - in-water emuls ions . F i r s t , the dynamic viscosity o f an e m u l s i o n 
w i l l change i n the presence o f fine particles (4). Second, sand part ic les , 
because o f the ir h igher density, w i l l flow i n a dist inct layer at the b o t t o m o f 
the p i p e (5). 

T h e objectives o f this chapter are (1) to give a b r i e f review o f various 
formulas to pred ic t f r i c t ion losses for flow o f o i l - in -water emulsions i n 
smooth pipes , and (2) to discuss various methods that measure i n s i tu solids 
concentrat ion i n p ipe l ines . 

Predicting the Pressure Drop for Flow of Emulsions in 
Pipelines 

A large body o f l i terature is available o n est imat ing f r i c t i o n loss for l aminar 
and turbulent flow o f N e w t o n i a n a n d n o n - N e w t o n i a n fluids i n smooth pipes . 
F o r l aminar flow past so l id boundaries , surface roughness has no effect (at 
least for certain degrees o f roughness) o n the f r i c t ion pressure d r o p o f e i ther 
N e w t o n i a n o r n o n - N e w t o n i a n fluids. I n turbulent flow, however , the nature 
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5. N A S R - E L - D I N Fluid Dynamics of Oil-Water-Sand Systems 173 

o f the flow is in t imate ly associated w i t h the surface roughness. Signif icant 
increases i n f r i c t ion loss i n turbulent flow over rough surfaces have been 
repor ted 6). 

Extensive studies (6) have been c o n d u c t e d to unders tand the effect o f 
p i p e roughness o n f r i c t ion loss i n turbulent flow o f N e w t o n i a n fluids i n 
rough pipes . T h e p h e n o m e n o n o f turbulent flow w i t h n o n - N e w t o n i a n fluids 
i n r o u g h pipes , however , has rece ived very l i t t le attention (7). 

Flow of Newtonian Fluids in Smooth Pipes. Est imates o f f r i c 
t ion losses i n laminar flow 

R e = £ A ^ < 2 1 0 0 

[where R e is the Reynolds n u m b e r , p f is the fluid density (kg/m 3), Uh is the 
b u l k (average) fluid veloci ty (m/s), D is the p ipe i n n e r d iameter (m), and μ( is 
fluid viscosity (Pa*s)] o f N e w t o n i a n fluids i n smooth pipes can be obta ined 
f r o m the H a g e n - P o i s e u i l l e equat ion (θ) : 

/ = 16/Re (1) 

T h e F a n n i n g f r i c t ion factor (f) is def ined as 

w h e r e T w is the shear stress at the w a l l o f the p i p e (Pa). T h e f r i c t ion factor 
can be also expressed i n terms o f the pressure gradient a long the p i p e ( Δ ρ / L , 
where ρ is pressure and L is p i p e length). F o r steady flow, a force balance 
yields 

~D2àp = T T D L T W (3a) 

or 

^ = ψ (3b) 
4L 

where D is the diameter and L is length o f the p i p e . Subst i tut ing equat ion 3b 
i n equat ion 2 yields 

/ - D 

2P(Vt L 
(4) 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
05



174 EMULSIONS IN THE PETROLEUM INDUSTRY 

T h e shear rate at the w a l l (^w) for l aminar flow i n a p i p e can be ca l cu
la ted as fol lows: 

du ( ι 
7 w = - — (r) 

d r 
(5) 

w h e r e u(r) is the loca l fluid veloc i ty and r is the radial pos i t ion . T h e veloc i ty 
prof i le for fu l ly deve loped steady flow of a N e w t o n i a n fluid flowing u n d e r 
laminar condit ions i n a p i p e is 

u(r) = 
( D / 2 ) 2 m 4 5 r 2 

4μ{ 

A p 

L 
(6) 

Combining equations 1, 4, 5, and 6 gives the shear rate at the wall of the 
pipe: 

y « 2 2 k (7) 

M a n y useful correlat ions have been p u b l i s h e d to determine the f r i c t ion 
factor for fu l ly deve loped turbulent flow o f N e w t o n i a n fluids i n smooth 
pipes . O n e o f the earliest correlat ions was g iven b y Blasius (8) as fol lows: 

/ = 0 .079/Re° (8) 

E q u a t i o n 8 is v a l i d for 3000 < R e < 100,000. A n o t h e r c o m m o n l y used 
corre la t ion was given by D r e w et a l . (9): 

/ = 0.0014 + 0 . 1 2 5 ( R e ) ~ ° 3 2 

E q u a t i o n 9 is v a l i d for 3000 < R e < 3,000,000. 

(9) 

Flow of Power Law Fluids in Smooth Pipes. O i l - i n - w a t e r 
emulsions having o i l v o l u m e fractions greater than 0.5 are of ten n o n - N e w t o 
nian shear- th inning fluids (3,10-13) . F o r such fluids, the shear stress (τ) and 
the shear rate ( 7 ) can be re lated b y the p o w e r law m o d e l : 

r = kyn (10) 

F o r a N e w t o n i a n fluid, the p o w e r law index η = 1, and k is the fluid viscosity. 
A l s o , for shear- th inning (pseudoplastic) fluids, η < 1. 

T h e f r i c t ion losses for the flow o f n o n - N e w t o n i a n pseudoplast ic fluids 
u n d e r laminar flow condit ions can be d e t e r m i n e d b y us ing the m e t h o d 
suggested b y M e t z n e r and R e e d (14) as fo l lows: 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
05



5 . N A S R - E L - D I N Fluid Dynamics of Oil-Water-Sand Systems 1 7 5 

/ = 16/Re' 

R e ' , the M e t z n e r - R e e d m o d i f i e d Reynolds n u m b e r , is def ined as 

R e ' = 
k'(8)"'-

(11) 

(12) 

w h e r e n ' and V are the M e t z n e r - R e e d m o d i f i e d power law constants for 
p i p e f low. These constants are related to the p o w e r law constants obta ined 
w i t h a viscometer as fol lows: 

η - η 

k' = k 
l + 3n 

4n 

(13a) 

(13b) 

T h e shear rate at the w a l l for the flow of p o w e r law fluids i n smooth pipes 
u n d e r laminar condit ions can be calculated as fol lows (15): 

_SUh 

7 w D 

l + 3n 

4n 
(14) 

F o r η = 1 ( N e w t o n i a n fluids), equat ion 14 reduces to equat ion 7. 
D o d g e and M e t z n e r (16) presented an extensive theoret ica l a n d exper i 

menta l study o n the turbulent flow of n o n - N e w t o n i a n fluids i n smooth pipes . 
T h e y extended v o n Kârmân's (17) w o r k o n turbulent flow f r i c t ion factors to 
i n c l u d e the p o w e r law n o n - N e w t o n i a n fluids. T h e f o l l o w i n g i m p l i c i t expres
sion for the f r i c t ion factor was d e r i v e d i n terms of the M e t z n e r - R e e d m o d i 
fied Reynolds n u m b e r and the p o w e r law index: 

^ - - I j I o g i R e ' / ^ ) - ^ (15) 

D o d g e and M e t z n e r (16) obta ined excellent agreement between calculated 
(with equat ion 15) a n d exper imenta l f r i c t ion factors over values o f n ' f r o m 
0.36 to 1 and R e ' f r o m 2900 to 36,000. 

T h e flow o f o i l - in -water emulsions i n pipel ines was examined b y various 
researchers both i n laminar a n d turbulent flow regimes (3 ,10,18-20) . These 
studies showed that pressure d r o p predic t ions based o n equations 11 and 15 
are i n some cases h igher than the exper imental measurements i n b o t h 
laminar and turbulent flow regimes. I n the laminar flow regime, this d i f fer 
ence was expla ined b y W y s l o u z i l et a l . (3) a n d G i l l i e s and Shook (5) i n terms 
of droplet migrat ion away f r o m the p i p e w a l l as a result o f h i g h shear rates. 
H o w e v e r , i n the turbulent flow regime, the viscoelastic propert ies o f o i l - i n -
water emulsions may be the cause for this di f ference (10). 
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176 EMULSIONS IN THE PETROLEUM INDUSTRY 

Measuring the Solids Concentration in Pipelines 

I n pract ice , test ing an e m u l s i o n for purposes o f p i p e l i n e design requires a 
sample to be r e m o v e d f r o m a container or a p i p e l i n e . A l t h o u g h the test ing is 
of ten straightforward, sampl ing is not, especial ly w h e n an e m u l s i o n contains 
sand. Because the concentrat ion and part ic le size d is t r ibut ion o f the dis
persed phase are so important , the rest o f this review w i l l deal w i t h this 
aspect. 

Sampling Methods. A n u m b e r o f methods have been used to mea
sure solids concentrat ion i n p ipe l ines . Reviews of these methods are given 
b y K a o and Kazanski j (21) and recently by Baker and H e m p (22). I n general , 
the p r i n c i p l e o f any o f these methods is to find a specific proper ty that is 
s ignif icantly di f ferent for the two phases, for example, e lectr ica l conduct iv
ity, d ie lec t r ic constant, density, refractive index, or absorption o f electro
magnetic radiat ion. Solids concentrat ion can be d e t e r m i n e d b y measur ing 
this proper ty for the mixture , then us ing a ca l ibrat ion curve . A n y o f these 
methods w i l l give inaccurate measurements i f the values o f the specific 
proper ty of the two phases approach one another or i f the solids concentra
t i o n is very l o w . 

S a m p l i n g is w i d e l y used i n industry to measure i n si tu solids concentra
t i o n , compos i t ion , and size d is t r ibut ion f r o m fluid-solid systems (23). It is 
probab ly the on ly re l iable m e t h o d for use at l o w solids concentrat ion. It is 
also used to cal ibrate and evaluate newly deve loped methods o f measur ing 
solids concentrat ion (24). A n u m b e r o f methods of sampl ing di f fer p r i m a r i l y 
i n the geometry o f the sampl ing device . F i g u r e 1 shows schematic diagrams 
o f the most c o m m o n l y used sampl ing methods. 

Serious errors i n measur ing solids concentrat ion arise as a result o f 
i m p r o p e r sampl ing . T h e effectiveness o f sampl ing devices is usual ly ex
pressed as the ratio o f the measured solids concentrat ion, C , to the upstream 
loca l solids concentrat ion, C 0 . T h e concentrat ion ratio (C/C0) is also k n o w n 
as the aspirat ion coeff icient (25), separation coeff icient (26), or sampl ing 
eff ic iency (27). 

T h r e e m a i n factors can cause the sampl ing eff ic iency of a sampl ing 
device to deviate f r o m uni ty (i.e., idea l sampling) : 

1. part ic le iner t ia 

2. part ic le b o u n c i n g 

3. flow structure ahead o f the sampler 

I n the f o l l o w i n g sections the effect o f these parameters o n the per formance 
o f various sampl ing devices w i l l be discussed. 
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5. N A S R - E L - D I N Fluid Dynamics of Oil-Water-Sand Systems 177 

A Β 

C D 

Figure 1. Sampling devices: A, L-shaped probe; B, straight probes; C, side-wall 
sampling; and D, side-wall sampling with a projection. (Reproduced with 

permission from reference 23. Copyright 1989 Gulf Publishing Company.) 

Particle Inertia. Part ic le iner t ia is a major source o f sampl ing errors 
w h e n the densities o f the two phases are signif icantly di f ferent . Because 
part ic le iner t ia is di f ferent f r o m that of an equivalent v o l u m e of fluid, 
part ic le m o t i o n does not f o l l o w the dis torted fluid streamlines. C o n s e 
quently, sample solids concentrat ion and compos i t ion w i l l be significantly 
di f ferent f r o m those i n the p i p e . S a m p l i n g errors due to iner t ia d e p e n d on 

• h o w the sampl ing device disturbs the flow field 

• h o w the particles respond to this disturbance 
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178 EMULSIONS IN THE PETROLEUM INDUSTRY 

T h i n L-shaped probes are c o m m o n l y used to measure solids concentra
t ion prof i le i n s lurry pipel ines (28-33). H o w e v e r , serious sampl ing errors 
arise as a result o f part ic le iner t ia . T o i l lustrate the effect o f part ic le iner t ia 
o n the per formance o f L-shaped probes, consider the fluid streamlines ahead 
(upstream) o f a sampl ing probe located at the center o f a p i p e , as shown i n 
F i g u r e 2. T h e probe has zero thickness, and its axis coincides w i t h that o f the 
p i p e . T h e fluid ahead o f the sampler contains particles o f di f ferent sizes and 
densities. F i g u r e 2 A shows the fluid streamlines for sampl ing w i t h a veloc i ty 
equal to the upstream loca l veloci ty ( isokinetic sampling) . O f course, the 
probe does not d is turb the flow field ahead of the sampler , and conse
quent ly , sample solids concentrat ion and compos i t ion equal those upstream 
o f the probe . 

S a m p l i n g w i t h a veloci ty di f ferent f r o m the upstream loca l veloci ty 

u — * : u0 

U = U q Isokinetic Sampling 

Figure 2. Isokinetic and anisokinetic sampling. (Reproduced with permission 
from reference 23. Copyright 1989 Gulf Publishing Company.) 
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5 . N A S R - E L - D I N Fluid Dynamics of Oil-Water-Sand Systems 1 7 9 

(anisokinetic sampling) w i l l distort the fluid streamlines ahead o f the sam
pler . T h e dis tor t ion o f the fluid streamlines depends o n the ratio o f the 
sampl ing veloci ty, 17, to the upstream loca l veloci ty , U0. I f the veloc i ty ratio 
(U/U0) is less than uni ty , the fluid streamlines w i l l diverge away f r o m the 
probe , as shown i n F i g u r e 2 B . Particles o f l o w iner t ia w i l l f o l l o w the fluid 
streamlines, whereas those o f h i g h iner t ia w i l l move i n straight l ines l ike 
bullets . As a result , the sample obta ined has a h igher solids concentrat ion, 
w i t h m o r e coarse a n d dense part ic les , than i n the p i p e . 

A n opposite t r e n d occurs i f the veloci ty ratio is h igher than unity . I n this 
case the fluid streamlines converge into the probe (F igure 2 C ) , but the 
particles w i l l r espond according to their iner t ia ; particles o f l o w iner t ia w i l l 
f o l l o w the streamlines into the probe , whereas those o f h i g h iner t ia w i l l miss 
the p r o b e . O n e ends u p w i t h a sample w i t h a lower solids concentrat ion, w i t h 
more fine and l ight part ic les , than i n the p i p e . 

T h e p r e c e d i n g discussion shows that the sampl ing eff ic iency for t h i n L-
shaped probes is a func t ion o f two parameters : the deviat ion f r o m the 
isokinet ic condit ions and the response o f the particles to the def lect ion o f 
the fluid streamlines upstream of the sampler . T h e deviat ion f r o m the 
isokinet ic condit ions is a func t ion o f the veloc i ty ratio (U/U0), whereas the 
part ic le response is a func t ion o f the ratio o f part ic le iner t ia to fluid drag. 
T h i s ratio i n a dimensionless f o r m is k n o w n as the part ic le iner t ia parameter , 
the Stokes n u m b e r , or the B a r t h n u m b e r (K), de f ined as: 

K= P*d*U° (16) 

w h e r e p s is the solids density, ds is the mean part ic le diameter , and Rsm is the 
sampler radius. T h e effect o f part ic le iner t ia o n sampl ing eff ic iency for t h i n 
L-shaped probes has been s tudied extensively i n fluid-solid systems o f l o w 
solids concentrat ion. Reviews o n the per formance o f t h i n L-shaped probes to 
sample f r o m g a s - s o l i d systems were given by F u c h s (27), a n d recent ly b y 
Stevens (34). U n l i k e gas -so l id systems, few investigations have b e e n c o n 
d u c t e d o n sampl ing f r o m l i q u i d - s o l i d systems. R u s h t o n and H i l l e s t a d (28) 
measured solids concentrat ion profi les i n ver t ica l and hor izonta l s lurry p i p e 
l ines by us ing di f ferent sampl ing techniques . F o r L-shaped probes , they 
f o u n d a l inear re lat ion between the inverse o f the sampl ing veloc i ty (l/U) 
and the concentrat ion ratio ( C / C b ) , w h e r e C b is the average solids concentra
t ion over the p i p e cross sect ion. T h e slope o f the l ine was f o u n d to be a 
func t ion o f the sett l ing propert ies o f the solids. N a s r - E l - D i n et a l . (33) 
examined both theoret ical ly and exper imental ly the per formance o f L-
shaped probes w h e n used to sample f r o m s lurry p ipe l ines . F igures 3 - 5 show 
good agreement between their m o d e l and their exper imenta l measurements 
for sand particles having a mean part ic le size, d50, o f 0.19 m m (fine sand), 
0.45 m m ( m e d i u m sand), and 0.91 m m (coarse sand), respectively. 
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Figure 4. Predicted and observed sampling efficiencies for the medium sand. 
(Reproduced with permission from reference 33. Copyright 1984.) 
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A n o t h e r way to col lect a sample f r o m a p i p e l i n e or a container is b y 
w i t h d r a w i n g the sample f r o m an o p e n i n g i n the w a l l (see F i g u r e 1 C ) . T h i s 
m e t h o d of sampl ing , k n o w n as s ide-wal l sampl ing , is w i d e l y used i n industry , 
not on ly for s lurry pipel ines (28), but also for m i x i n g vessels (35-37) a n d 
s lurry heat exchangers (38). T h e advantage o f this technique is its s impl i c i ty 
o f operat ion, because it uses a smal l aperture i n the w a l l o f the p i p e and does 
not d is turb the flow w i t h a p r o b e . O n the other h a n d , the m a i n disadvantage 
is that the sampl ing eff ic iency is a strong f u n c t i o n of part ic le iner t ia and the 
solids d i s t r ibut ion upstream of the sampler . 

R u s h t o n (35) was the first to draw attention to the errors associated w i t h 
w a l l sampl ing . Sharma and D a s (37) m e n t i o n e d that the m e c h a n i s m o f p a r t i 
cle co l lec t ion us ing an o p e n i n g flush w i t h the w a l l is di f ferent f r o m the 
concept o f i sokinet ic sampl ing . Moujaes (38) used w a l l s a m p l i n g to measure 
solids concentrat ion i n u p w a r d vert ica l s lurry flows. H e f o u n d the sample 
concentrat ion to be consistently lower than the true values i n the p i p e , 
especial ly w i t h the coarse sand part ic les . 

Torres t a n d Savage (39) s tudied co l lec t ion o f particles i n s m a l l 
branches. T h e sampl ing transport eff iciency, E, de f ined as the ratio o f the 
solids flow rate i n the b r a n c h to that i n the m a i n p i p e , was f o u n d to be a 
f u n c t i o n o f part ic le sett l ing ve loc i ty (V t ) a n d the upstream b u l k ve loc i ty (Uh) 
as fol lows: 
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182 E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

Ε = 158.7xÇ> 
40(Vt + t/ b ) -58.4 

l -125(V ( +C/ b ) 
(17) 

w h e r e Q is the b r a n c h flow rate (m3/s) a n d ( V t + Uh) is i n meters p e r second. 
T h i s corre la t ion is v a l i d for the range o f 0.04 < ( V t + Uh) < 0.4 m/s. 

N a s r - E l - D i n and co-workers (40, 41) s tudied w a l l sampl ing f r o m an 
u p w a r d vert ica l s lurry flow. T h e y f o u n d that this type o f sampl ing caused 
serious errors i n measur ing solids concentrat ion a n d part ic le size d i s t r i b u 
t i o n . F igures 6 -8 show that the sampl ing eff ic iency for s ide-wal l sampl ing 
f r o m a ver t ica l p i p e l i n e is always less than uni ty and is dependent o n part ic le 
size, upstream solids concentrat ion, a n d sampler diameter , respectively. 
F igures 9 a n d 10 show that the sample m e a n part ic le d iameter u s i n g s ide-
w a l l sampl ing is smal ler than that i n the p i p e , especial ly at l o w sampl ing 
veloc i ty ratios. 

T h e results discussed so far indicate that the s a m p l i n g eff ic iency o f a 
s ide-wal l sampler f r o m a ver t i ca l p i p e l i n e is always less than unity . O n e way 
to increase sample solids concentrat ion is by us ing a s ide-wal l sampler w i t h a 
pro jec t ion (see F i g u r e I D ) . N a s r - E l - D i n et a l . (40) examined the per for 
mance o f such sampl ing devices. T h e y f o u n d that the pro jec t ion increased 
the sample solids concentrat ion. H o w e v e r , the var iat ion o f the sampl ing 
eff ic iency w i t h the veloc i ty ratio was di f ferent f r o m that obta ined w i t h a 
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5 . N A S R - E L - D I N Fluid Dynamics of Oil-Water-Sand Systems 1 8 3 

1.0 r— 1 1 1 1 1 1 ' 1 1 1 

U / U b 

Figure 7. Effect of solids concentration on the sampling efficiency of side-wall 
sampling. (Reproduced with permission from reference 40. Copyright 1985.) 
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184 EMULSIONS IN THE PETROLEUM INDUSTRY 

SIZE IN MILLIMETERS 

Figure 9. Effect of sampling velocity ratio on the sample particle size distribu
tion using a side-wall sampler. (Reproduced with permission from reference 

40. Copyright 1985.) 

s ide-wal l sampler w i t h o u t a pro jec t ion . T h i s di f ference occurs because the 
pro jec t ion changes the flow pat tern ahead o f the sampler . 

U n l i k e w a l l sampl ing f r o m vert ica l s lurry flows, the sampl ing eff ic iency 
o f a s ide-wal l sampler f r o m a hor izonta l s lurry flow may exceed uni ty i n some 
cases. N a s r - E l - D i n et al . (42, 43) showed that the sampl ing eff ic iency for 

Figure 10. Effect of sampler diameter on the sample particle size distribution 
using a side-wall sampler. (Reproduced with permission from reference 40. 

Copyright 1985.) 
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5. N A S R - E L - D I N Fluid Dynamics of Oil-Water-Sand Systems 185 

w a l l sampl ing f r o m a hor izonta l s lurry p i p e l i n e is a strong f u n c t i o n o f the 
sampler or ientat ion (upwards, sideways, a n d downwards) . S a m p l i n g ef
ficiencies greater than uni ty were observed only w i t h the downwards o r i 
entat ion. 

Particle Bouncing. A second source o f sampl ing errors occurs as a 
result o f part ic le b o u n c i n g effects. A typica l example o f this effect is sam
p l i n g particles o f h i g h iner t ia us ing thick (blunt) L-shaped probes . I n this 
case, particles may hi t the p r o b e w a l l , lose some o f the i r iner t ia , and enter 
the probe . Consequent ly , the sample solids concentrat ion is h igher than the 
upstream solids concentrat ion, even w h e n the sampl ing ve loc i ty equals the 
upstream loca l veloci ty , that is, w h e n U/U0 = 1. 

T h e effect o f part ic le b o u n c i n g o n the sampl ing ef f ic iency o f th ick L-
shaped probes was first n o t e d i n gas - so l id systems by W h i t e l y a n d 
R e e d (44). T h e y f o u n d that sampl ing eff ic iency for th ick L-shaped probes 
was h igher than uni ty at U/U0 = 1. T o estimate the sampl ing eff ic iency due to 
part ic le b o u n c i n g at the isokinet ic veloci ty , Belyaev a n d L e v i n (25) a n d 
Y o s h i d a et a l . (45) p roposed an e m p i r i c a l equat ion . T h i s equat ion can be 
w r i t t e n i n a s l ightly di f ferent f o r m as 

C / C 0 = 1 + Β ( 2 Γ + Γ 2 ) (18) 

w h e r e Γ is the p r o b e relative w a l l thickness and Β is the fract ion o f part icles 
that h i t the nozzle edge and enter the probe . 

T o establish the per formance o f b l u n t probes w h e n used to sample f r o m 
l i q u i d - s o l i d systems, a set o f L-shaped probes o f di f ferent thicknesses was 
tested. F i g u r e 11, f r o m N a s r - E l - D i n and Shook (46), shows the effect o f the 
p r o b e relative w a l l thickness o n the sampl ing eff ic iency for the m e d i u m sand 
at solids concentrat ion o f 10%. T h e sampl ing eff ic iency at U/U0 = 1 is h igher 
than uni ty , an observation f o u n d for s a m p l i n g sand part ic les us ing th ick 
probes . A s the relative w a l l thickness is increased, C / C 0 at U/U0 = 1 increases. 
A l s o , to obtain the correct concentrat ion us ing these probes , samples s h o u l d 
be taken at a veloc i ty greater than the isokinet ic one. T h i s ve loc i ty was f o u n d 
to be a func t ion o f the solids concentrat ion, the part ic le iner t ia parameter , 
a n d the probe relative w a l l thickness. T h e increase i n the sample solids 
concentrat ion at isokinet ic condit ions was m u c h less than the corresponding 
values obta ined f r o m equat ion 18 w i t h Β = 0.5. 

F i g u r e 12 shows the s a m p l i n g eff ic iency versus the veloc i ty ratio for L-
shaped probes having a t ip angle (Θ) o f 18° and probe relative w a l l 
thicknesses o f 0.4, 0.8, and 1.2. T h e fine sand at 6 .3% discharge concentra
t i o n a n d 2.63-m/s b u l k veloc i ty was used i n these experiments . A t this angle, 
the increase o f C / C 0 at U/U0 = 1 is e l i m i n a t e d . These results seem to c o n f i r m 
the explanation given previously about the b o u n c i n g effect a n d agree w i t h 
the t r e n d previous ly obta ined b y W h i t e l y a n d R e e d (44) i n gas -so l id sys
tems. 
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186 EMULSIONS IN THE PETROLEUM INDUSTRY 
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Figure 11. Effect of the probe relative wall thickness on the sampling efficiency. 
(Reproduced with permission from reference 46. Copyright 1985.) 
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Figure 12. Sampling efficiencies for probes having a tip angle of 18° and 
various probe relative wall thicknesses. (Reproduced with permission from 

reference 46. Copyright 1985.) 
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5. N A S R - E L - D I N Fluid Dynamics of Oil-Water-Sand Systems 187 

F i g u r e 13, f r o m N a s r - E l - D i n et a l . (47), shows the effect o f the probe 
relative w a l l thickness o n the s a m p l i n g eff ic iency for polystyrene particles o f 
0. 3 - m m mean diameter . Samples were taken f r o m the center o f the p i p e at a 
mean solids concentrat ion of 3 7 % and a b u l k veloc i ty o f 3.4 m/s, w i t h probes 
o f relative w a l l thicknesses o f 0.05, 0.5, 0.8, and 1.2. U n l i k e the results 
obta ined w i t h the sand part ic les , shown i n F i g u r e 11, the effect of the 
sampl ing veloci ty o n the sampl ing eff ic iency is not significant. T h i s result is 
reasonable because the polystyrene particles have a density o f 1050 kg/m 3 , 
w h i c h is very close to water. T h i s finding impl ies that these particles can 
fo l low the fluid streamlines, and consequent ly the sampl ing eff ic iency for 
these particles is very close to uni ty , no matter what the sampl ing veloci ty . 

F i g u r e 13 i l lustrates that the sampl ing ef f ic iency appears to be i n d e p e n 
dent o f the probe relative w a l l thickness at sampl ing velocit ies equal to and 
h igher than the upstream loca l veloci ty . T h i s observat ion contrasts w i t h the 
results obta ined w i t h the sand part icles shown i n F i g u r e 11. T h i s di f ference 
can be expla ined as fol lows: I n the presence o f a b l u n t probe , the fluid 
streamlines deflect ahead of the probe nozzle even at a ve loc i ty ratio U/U0 = 
1, and the def lect ion increases as the probe relative w a l l thickness is i n 
creased. Part ic les o f h i g h iner t ia , such as coarse sand part ic les , are not 
signif icantly affected b y fluid def lect ion, and strike the nozzle w a l l . Some o f 
the particles bounce into the probe aperture and thereby cause h igher 
s a m p l i n g concentrat ions. Part ic les o f l o w iner t ia , such as the polystyrene 
part ic les , f o l l o w the fluid streamlines to a greater extent a n d should not 
strike the nozzle w a l l as f requent ly . T o account for part ic le r e b o u n d and 
iner t ia effects s imultaneously, a modi f i ca t ion was i n t r o d u c e d b y N a s r - E l -

* 1 1 t f 
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• 0 05 
• 0 5 
• Ο θ 
• 12 

t # * 

1 1 1 

POLYSTTREME 

d · 0 3 mm 
S « I 0 5 
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i - - * - · • 
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a i l 

0 I 4 € I I II 14 1$ II 

Figure 13. Effects of sampling velocity and probe relative wall thickness on the 
sampling efficiency for polystyrene particles. (Reproduced with permission 

from reference 47. Copyright 1986.) 
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188 EMULSIONS IN THE PETROLEUM INDUSTRY 

D i n a n d Shook (46). F i g u r e 14 compares the calculated sampl ing eff ic iency 
for a th ick p r o b e having a probe relative w a l l thickness o f 0.8, cons ider ing 
the iner t ia l effect alone a n d w i t h the part ic le b o u n c i n g effect, w i t h the 
exper imenta l measurements . C l e a r l y , the agreement is m u c h better w h e n 
b o t h effects are cons idered . 

A second example o f the part ic le b o u n c i n g effect is sampl ing us ing 
straight probes . A l t h o u g h L-shaped thick probes are more pract ica l than t h i n 
probes, they w i l l require a relat ively large aperture i n the w a l l o f the p i p e . 
Straight probes are robust, s imple to construct , require a m i n i m u m size o f 
aperture i n the w a l l o f the p i p e , and can be w i t h d r a w n after sampl ing . T h e 
per formance o f two dif ferent straight probes , a s ide-port probe and a 45° 
p r o b e (see F i g u r e I B ) for measur ing solids concentrat ion o f l i q u i d - s o l i d 
systems was examined (46). F i g u r e 15 shows C / C 0 versus U/U0 for the t h i n -
w a l l e d L-shaped a n d the c i rcu lar -por t probes . F o r the c i rcular -por t probe , 
the sampl ing eff ic iency is h igher than uni ty at the isokinet ic velocity. T h u s , 
to get the correct concentrat ion, the veloc i ty ratio w o u l d have to be greater 
than uni ty . 

T h e increase i n the sample concentrat ion at the isokinet ic condit ions 
resembles that o f th ick L-shaped probes . Part ic les r e b o u n d i n g f r o m the 
p r o b e w a l l p r o b a b l y enter the p r o b e and thus cause h igher concentrations at 
sampl ing velocit ies equal to and greater than isokinet ic . 

1.4 

1.2 

1.0 

' " I d ι » 1 I 1 1 1 

• 
MEDIUM SAND 

• 

•β 

T=0.8, C 0= 10% 

ο EXPERIMENTAL DATA 
INERTJAL EFFECT 
INERTIAL + BOUNCING 

\ > ; 
— 

I 1 1 1 I I I ) 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

U / U 0 

Figure 14. Predicted and observed sampling efficiency for a thick probe having 
a probe relative wall thickness of 0.8. (Reproduced with permission from 

reference 46. Copyright 1985.) 
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Figure 15. Sampling efficiency for circular and thin-walled L-shaped probes. 
(Reproduced with permission from reference 46. Copyright 1985.) 

F i g u r e 16 shows a compar ison between the 45° and the t h i n - w a l l e d 
probes . T h e 45° probe gives h igher sampl ing concentrations at the isokinet ic 
ve loc i ty and above, a n d the di f ference increases as the s a m p l i n g veloc i ty is 
increased. F o r subisokinet ic velocit ies , this probe gives l o w e r sampl ing ef
ficiencies than the t h i n L-shaped probe and side-port p r o b e . T h i s lower 
sampl ing eff ic iency results f r o m the dif ference i n the flow field ahead o f the 
s a m p l i n g point . T h e pro jec ted area for each probe was used i n ca lculat ing 
the sampl ing veloci ty . F igures 15 and 16 show that the scatter for straight 
probes is greater than that obta ined us ing the t h i n - w a l l e d L-shaped probes . 

The Flow Structure Ahead of the Sampler. A t h i r d source o f sam
p l i n g errors is not direc t ly re lated to the geometry o f the sampl ing device , 
but to the flow structure ahead o f the sampler . Obvious ly , i f the flow field 
ahead o f the sampler is strongly three-dimens ional , it w i l l be very di f f icul t to 
obtain a representative sample. T o il lustrate this point , cons ider the flow 
field downstream o f a 90° e lbow. W h e n e v e r a fluid flows a long a c u r v e d p i p e , 
a pressure gradient must occur across the p i p e to balance the centr i fugal 
force. T h e pressure is greatest at the w a l l farther f r o m the center o f curva
ture (pressure wal l ) , and lowest at the nearer w a l l (suction wal l ) . Because o f 
iner t ia , the fluid i n the core moves across the p i p e f r o m the suct ion w a l l 
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toward the pressure w a l l a n d returns to the i n n e r edge along the w a l l , as 
shown i n F i g u r e 17. A pa i r o f symmetr ica l , counter-rotat ing vortices is 
f o r m e d as a result o f the fluid iner t ia . T h i s secondary flow is super imposed 
o n the m a i n stream, so the resultant flow consists o f he l i ca l m o t i o n o n each 
side o f the plane o f the b e n d passing through the axis o f the p i p e . T h e 
strength o f the secondary flow depends, a m o n g other factors, o n the flow 
Reynolds n u m b e r a n d the curvature o f the e lbow. F l o w i n c u r v e d pipes has 
been s tudied extensively b o t h exper imental ly and theoret ical ly. A recent 
rev iew o n this w o r k was given b y Ito (48). 

T h i s type o f flow affects sampl ing i n two ways: F i r s t , because o f the 
he l i ca l m o t i o n , it is very di f f i cul t to a l ign the probe w i t h the fluid ve loc i ty 
vector . Consequent ly , and because o f the iner t ia l effect, sample concentra
t ion w i l l be always less than the upstream concentrat ion (49). Second, the 
iner t ia l effects o n the e l b o w plane a n d the centr i fugal force o n a p lane 
p e r p e n d i c u l a r to that o f the e l b o w w i l l p r o d u c e a n o n u n i f o r m solids d i s t r i b u 
t ion downstream o f the e lbow. 

A few studies cons idered the solids d i s t r ibut ion downstream of e lbows. 
A y u k a w a (50) a n d T o d a et a l . (51 ) observed an accumulat ion o f coarse p a r t i 
cles at the outer w a l l o f vert ica l bends. T o d a et a l . (52) n o t e d some changes 
i n the solids d i s t r ibut ion downstream of 90° bends. H o w e v e r , no concentra
t ion measurements were taken. 
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5. N A S R - E L - D I N Fluid Dynamics of Oil-Water-Sand Systems 191 

T o overcome the effect o f 90° bends, various methods have b e e n sug
gested. S ta i rmand (53) r e c o m m e n d e d us ing a flow straightener i n a r e d u c e d 
p i p e section to get a u n i f o r m concentrat ion prof i le . Davis (54) suggested 
that the secondary flow generated b y bends c o u l d be e l i m i n a t e d b y u s i n g 
straightening vanes. F u c h s (27) r e c o m m e n d e d taking measurements five 
p i p e diameters downstream o f the e lbow. N a s r - E l - D i n and Shook (55) s tud
i e d the effect o f a 90° e l b o w o n solids d i s t r ibut ion downstream of a ver t ica l 
e lbow. T h e y tested sand-water slurries o f various solids concentrations and 
part ic le sizes. T h e s lurry flows were turbulent , and the part ic le Stokes 
n u m b e r based o n the p i p e d iameter and b u l k veloc i ty v a r i e d f r o m 0.5 to 3. 
T h e solids d is t r ibut ion downstream of a ver t ica l e lbow was f o u n d to be a 
fu n c t ion o f the radius o f curvature o f the e lbow, solids concentrat ion, and 
part ic le size. 

F i g u r e 18 shows the solids concentrat ion prof i le 22 p i p e diameters 
downstream of a short-radius e lbow. T h e concentrat ion prof i le is s y m m e t r i 
ca l , and a m i n i m u m solids concentrat ion appears at the center o f the p i p e . 
A l s o , the solids concentrat ion gradually increases toward the p i p e w a l l . T h i s 
var iat ion i n concentrat ion across the p i p e is evident ly a consequence o f the 
cent r i fug ing act ion o f the secondary flow that is generated by the b e n d 
upstream. F i g u r e 18 also shows that the concentrat ion profi les are c o n 
centrat ion dependent , and as the solids concentrat ion is increased, the p r o 
files become flatter. O t h e r results (55) showed that these profi les are also 
funct ions o f the part ic le size and the radius o f curvature o f the e lbow. 

T o unders tand and fo l low the concentrat ion variations, measurements 
were obta ined just downstream o f the e l b o w (1.5 p i p e diameters) . F i g u r e 19 
shows the effect o f the inverse o f the sampl ing veloc i ty o n the concentrat ion 
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1 9 2 EMULSIONS IN THE PETROLEUM INDUSTRY 

0.8 0.4 0.0 0.4 0.8 

PRESSURE 2 r / D SUCTION 
WALL WALL 

Figure 18. Concentration profiles 22 pipe diameters downstream of a short-
radius elbow. (Reproduced with permission from reference 55. Copyright 

1987.) 

-j j ι ι ι ι ρ 

I 1 I I ι 1 ι L 
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Figure 19. Effect of the inverse of the sampling velocity on C/Cv for sand 
particles at two positions 1.5 pipe diameters downstream of a short-radius 

elbow. (Reproduced with permission from reference 55. Copyright 1987.) 
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5. N A S R - E L - D I N Fluid Dynamics of Oil-Water-Sand Systems 193 

ratio C / C v for the m e d i u m sand at two posit ions equidistant f r o m the center 
o f the p i p e ( C v is the discharge solids concentrat ion) . T h e figure shows that 
the l inear re lat ion between C / C v and l/U holds , even i n the region o f strong 
secondary flow. 

A n attempt was made to measure the part ic le loca l ve loc i ty at 1.5 p i p e 
diameters downstream o f the e l b o w b y us ing a part ic le ve loc i ty probe (56). 
H o w e v e r , the technique fa i led, presumably because the strong secondary 
flow prevented the veloci ty p r o b e f r o m b e i n g a l igned w i t h the ve loc i ty 
vector. F o r this reason, velocit ies obta ined at 22 p i p e diameters downstream 
of the e l b o w h a d to be used to estimate the concentrations at this leve l (1.5 
p i p e diameters) . F i g u r e 20 shows the est imated solids concentrat ion n o r m a l 
i z e d b y the discharge concentrat ion (C(/C v) for fine and m e d i u m sand p a r t i 
cles 1.5 p i p e diameters downstream of the e lbow. M o s t o f the relative 
concentrations are lower than uni ty , and consequent ly the m e a n concentra
t i o n based o n these measurements w o u l d be l o w e r than the true value. 
S i m i l a r findings were obta ined by Sansone (57) i n gas - so l id systems d o w n 
stream of a 90° e lbow. T h i s p h e n o m e n o n occurs because the veloci ty vector 
a n d the p r o b e axis are not col inear , so that the concentrat ion results are o n l y 
o f qualitat ive value. 

F i g u r e 20 also shows that the solids are more concentrated near the p i p e 
w a l l , a n d a m i n i m u m solids concentrat ion appears at the center o f the p i p e . 
T h e locat ion o f the m a x i m u m solids concentrat ion depends o n the part ic le 

Figure 20. Effect of particle size on solids concentration profile downstream of 
a short-radius elbow. (Reproduced with permission from reference 55. Copy

right 1987.) 
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194 EMULSIONS IN THE PETROLEUM INDUSTRY 

size. F o r the m e d i u m sand, probably because o f the h igher iner t ia i n the 
e l b o w plane, the particles are relat ively concentrated at the pressure w a l l . 
F o r the fine sand, the secondary flow seems to play an important ro le , and 
the m a x i m u m concentrat ion occurs at the suct ion w a l l . 

T o establish a u n i f o r m concentrat ion prof i le downstream o f a 90° e lbow, 
straightening vanes 10 c m l o n g were inser ted just downstream o f the short-
radius e lbow. F i g u r e 21 shows the effect o f these vanes o n the concentrat ion 
prof i le . A l t h o u g h the concentrat ion becomes flatter, a dist inct m i n i m u m at 
the center o f the p i p e s t i l l exists. These results i m p l y that the solids are 
already d is t r ibuted at the exit o f the e lbow, a n d the vanes mere ly increase 
the rate o f d i f fus ion o f the part ic les . 

T h e concentrat ion profi les discussed so far were obta ined i n a ver t ica l 
p i p e l i n e downstream of an e l b o w w i t h a hor izonta l approach. C o l w e l l and 
Shook (58) examined concentrat ion profi les i n a hor izonta l s lurry p i p e l i n e 
downstream of a 90° e lbow. A c c o r d i n g to the ir results, a length o f at least 50 
p i p e diameters downstream of the e lbow is needed to obta in fu l ly deve loped 
concentrat ion profi les . 

Conductivity Methods. T h e e lectr ica l conduct iv i ty o f a mixture o f 
two or more phases is an important proper ty o f the mixture . M a n y details 

Figure 21. Effect of straightening vanes on the solids concentration profile 22 
pipe diameters downstream of a short-radius elbow. (Reproduced with permis

sion from reference 55. Copyright 1987.) 
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5 . N A S R - E L - D I N Fluid Dynamics of Oil-Water-Sand Systems 1 9 5 

regarding the mixture 's structure can be i n f e r r e d f r o m its e lectr ica l c o n 
duct ivi ty . 

A c c o r d i n g to the nature o f the dispersed phase i n the mixture , uses o f 
e lectr ica l conduct iv i ty can be d i v i d e d into two major groups. In the first 
group, the dispersed phase (the so l id part icles i n s lurry systems or the o i l 
droplets i n o i l - in-water emulsions) consists o f loose part icles dispersed i n a 
cont inuous phase (matrix). T h e particles have a def ined shape a n d size 
d is t r ibut ion , but the concentrat ion o f the dispersed phase is less than the 
corresponding m a x i m u m p a c k i n g concentrat ion. In this group, e lec tr ica l 
conduct iv i ty is used to measure the concentrat ion and the part ic le size 
d i s t r ibut ion o f the dispersed phase w i t h i n the system. T y p i c a l examples 
o f such systems are measur ing concentrat ion o f the dispersed phase i n mix
i n g tanks (59, 60), i n p ipel ines (24, 61, 62), and i n three-phase fluidized 
beds (63). 

I n the second group, the sol id-phase concentrat ion is h i g h , a n d solids 
part icles are e i ther loose b u t i n contact, or consol idated. I n this case, the 
so l id phase is the matrix, w h i l e the l i q u i d phase is the dispersed phase. I n 
this group, e lectr ica l conduct iv i ty is used to measure the effective porosi ty o f 
the porous m e d i u m (64, 65). A l s o , i f two i m m i s c i b l e fluids, for example, o i l 
and water , are present i n a porous m e d i u m , the e lectr ical conduct iv i ty can 
be e m p l o y e d to measure the relative saturations o f the two fluids and to give 
an indica t ion o f the wettabi l i ty o f the porous m e d i u m (66, 67). 

T h e eleetric conduct iv i ty methods are w i d e l y used i n b o t h categories 
because they are s i m p l e to operate a n d give q u i c k response, accurate results, 
and a cont inuous reading; that is, they can be used as a measur ing e lement i n 
any contro l l o o p . 

Besides these examples, k n o w i n g the re lat ionship between the mixture 
effective conduct iv i ty and the porosi ty or the concentrat ion o f the d ispersed 
phase is important . S u c h a re lat ion can be used to p r e d i c t other transport 
coefficients such as the d i f f u s i o n coefficient, d ie lec t r ic constant, a n d ther
m a l conduct iv i ty . O f course, such relations are useful i n many pract ica l 
applicat ions. 

A l t h o u g h est imat ing the e lectr ical conduct iv i ty o f a mixture o f two or 
more phases looks s imple a n d straightforward, it is a very compl i ca ted 
p r o b l e m , b o t h theoret ical ly and experimental ly . T h i s complex i ty explains 
the huge v o l u m e of w o r k devoted to solving this p r o b l e m since the p ioneer 
i n g w o r k o f M a x w e l l (68) a n d L o r d Rayle igh (69). 

A l t h o u g h this section deals w i t h the conduct iv i ty o f l i q u i d - s o l i d systems, 
s imi lar treatment can be used i n other s imi lar two-phase systems such as 
g a s - l i q u i d dispersions (70, 71), o i l - in -water emulsions (72), and foams (73). 

Definition of the Mixture Effective Conductivity. I f a l i q u i d - s o l i d 
mixture is p l a c e d between two electrodes o f di f ferent potent ia l , the resul t ing 
potent ia l di f ference w i l l cause a current to flow f r o m the electrode o f h igher 
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196 EMULSIONS IN THE PETROLEUM INDUSTRY 

potent ia l to the electrode o f lower potent ia l . T h e current and potent ia l 
gradient are re lated by the f o l l o w i n g di f fus ion-type equat ion: 

Ι = Κ?Φ (19) 

w h e r e I and φ are the volume-average values o f the current and the p o t e n 
t ia l , respectively. T h e propor t iona l i ty constant Km is the effective conduct iv
ity o f the mixture . F o r a homogeneous and isotropic mixture , X m is a scalar 
quanti ty, whereas for a homogeneous and anisotropic mixture , Xm is a sym
metr i ca l second-order tensor. Th is fact explains w h y most o f the previous 
theoret ical a n d exper imenta l studies were devoted to r a n d o m mixtures of 
m o n o s i z e d spheres. O f course, these mixtures are homogeneous a n d isotro
p i c . There fore , i t is relat ively easier to measure and/or to determine the 
e lectr ica l conduct iv i ty o f the mixture . 

I n the f o l l o w i n g sections, various methods to determine the effective 
conduct iv i ty o f two phases w i l l be discussed, especial ly for homogeneous 
and isotropic mixtures . 

Mathematical Description of Effective Conductivity. I n very gen
eral terms, the e lectr ica l conduct iv i ty o f a mixture is a func t io n o f the 
e lectr ica l conduct iv i ty o f its constituents, the ir relative amounts, and their 
d is t r ibut ion w i t h i n the system. M o d e l s a n d expressions to predic t the mix
ture effective conduct iv i ty can be d i v i d e d according to the degree o f c o m 
plexi ty o f the mixture into two major categories. I n the first category, the 
mixture consists o f particles o f definite shape (e.g., spheres, spheroids, a n d 
el l ipsoids) at l o w solids concentrat ion . F o r these mixtures , descr ib ing the 
boundary condit ions is s traightforward. A l s o , the effect o f the s u r r o u n d i n g 
particles can be neglected. F o r this category, rigorous solutions are available 
for particles o f s imple geometr ica l shapes. A rigorous solut ion i n this case 
means solving Laplace 's equat ion for the potent ia l and us ing appropriate 
boundary condit ions . 

T h e second category inc ludes mixtures o f h i g h concentrat ions. U n l i k e 
d i lu te mixtures , p a r t i c l e - p a r t i c l e interactions cannot be neglected. A l s o , it is 
very di f f icul t to describe the boundary condit ions . Because the p r o b l e m is 
basical ly a b o u n d a r y value p r o b l e m , no rigorous solutions are available for 
concentrated mixtures , except for o r d e r e d arrays. T o overcome these p r o b 
lems, various approaches have b e e n cons idered. I n this review, the f o l l o w i n g 
cases w i l l be discussed: 

• approximate solutions based o n Maxwel l ' s theory 

• e m p i r i c a l formulas 

Effective Conductivity of Dilute Mixtures. T h e simplest , best def ined 
case, is a cluster o f spher ica l particles dispersed i n a l i q u i d and located i n a 
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5. N A S R - E L - D I N Fluid Dynamics of Oil-Water-Sand Systems 197 

u n i f o r m electr ica l field. I f the particles have the same conduct iv i ty as the 
l i q u i d , the potent ia l a r o u n d the particles w i l l not be dis tor ted, a n d the 
mixture conduct iv i ty is equal to that o f the l i q u i d . I f the particles have a 
lower conduct iv i ty , the streamlines w i l l diverge away f r o m the part ic les , and 
the mixture conduct iv i ty w i l l be l o w e r than that o f the l i q u i d . I f the particles 
have a h igher conduct ivi ty , the streamlines w i l l converge into the part ic le , 
a n d the mixture conduct iv i ty w i l l be h igher than that o f the l i q u i d . 

M a x w e l l (68) ca lculated the potent ia l d i s t r ibut ion for a single spher ica l 
part ic le i m m e r s e d i n a c o n d u c t i n g m e d i u m and subjected to a u n i f o r m 
electr ica l field: H e solved Laplace 's equat ion w i t h i n the two regions subject 
to cont inui ty o f potent ia l , and cont inui ty o f the n o r m a l component o f the 
current density, at the surface o f the part ic le . M a x w e l l then extended his 
s ingle-sphere solut ion to d i lu te mixtures and obta ined the f o l l o w i n g expres
sion for X r a : 

X m - X f 

2 X f + X s - 2 ( X f - X s ) C 

L 2 X f + X s + ( X f - X s ) C 
(20) 

w h e r e X f and X s are the e lectr ica l conduct ivi t ies o f the l i q u i d and so l id 
phases, respectively; and C is the v o l u m e t r i c concentrat ion o f the dispersed 
phase. T h e assumptions used to derive equat ion 20 are very important : 

• T h e particles are spher ica l , o f u n i f o r m size, and have the same 
electr ica l conduct iv i ty . 

• T h e e lectr ical field a r o u n d any part ic le or drople t is not af
fected b y the presence o f other particles ; that is, part ic le d i a m 
eter is m u c h smaller than the distance be tween the part ic les . 
O b v i o u s l y this c o n d i t i o n can be met only for very di lute mix
tures. 

• T h e effect o f surface conductance is negl ig ible . 

• T h e mixture is homogeneous and isotropic . 

E q u a t i o n 20 indicates that 

• M i x t u r e conduct iv i ty does not f o l l o w the addit iv i ty ru le , w h i c h 
is sometimes used as a s i m p l i f y i n g assumption. T h i s re lat ion is 
not l inear , except at extremely l o w concentrat ions. 

• E q u a t i o n 20 satisfies the f o l l o w i n g three l i m i t i n g condi t ions : 

1. A s C -> 0, X m - » X f . 

2. A s C - » 1, X m -> X s . 

3. A s X s —» X f , X m -> X f , for a l l concentrat ions. 
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198 EMULSIONS IN THE PETROLEUM INDUSTRY 

T h e second c o n d i t i o n can be obta ined only w i t h mixtures hav
i n g an inf in i te ly w i d e d i s t r ibut ion . F o r m o n o s i z e d part ic les , C 
can not be greater than the m a x i m u m p a c k i n g concentrat ion 
( C M ) . F u r t h e r m o r e , the t h i r d c o n d i t i o n can be used to mea
sure the solids conduct iv i ty b y us ing solutions o f k n o w n c o n 
duct ivi t ies . 

T h e mixture conduct iv i ty is independent o f part ic le size for 
m o n o s i z e d spheres. T h i s c o n d i t i o n is observed to be true i n 
pract ice p r o v i d e d that the part ic le size is m u c h smal ler than 
the spacing between the two sensor electrodes. 

F o r a mixture o f n o n c o n d u c t i n g spheres (X s = 0) i n a conduct 
i n g l i q u i d , equat ion 20 reduces to 

• E q u a t i o n 20 is not symmetr ica l w i t h respect to X f and X s ; that 
is, one has to k n o w w h i c h phase is the cont inuous phase (ma
trix) and w h i c h phase is the dispersed. 

Effective Conductivity of Concentrated Mixtures. So far, w e have con
s idered di lute mixtures o f r a n d o m spheres (68). T h i s case has def ined 
boundaries a n d consequently, equat ion 19 has a rigorous solut ion. U n f o r t u 
nately, a rigorous solut ion is not possible for r a n d o m concentrated suspen
sions for w h i c h i t is very di f f i cul t to descr ibe the boundaries . Because o f this 
di f f icul ty , i t was necessary to introduce more s i m p l i f y i n g assumptions. In 
this sect ion, the most important approaches are rev iewed. 

T h e first approach to estimate for concentrated suspensions was in t ro
d u c e d b y B r u g g e m a n (74). H e cons idered the e lec tr ica l conduct iv i ty o f 
spher ica l part icles o f a r a n d o m size d i s t r ibut ion . Basical ly , his der ivat ion is 
an extension o f Maxwel l ' s theory. A c c o r d i n g to B r u g g e m a n , a suspension of 
h i g h solids concentrat ion is f o r m e d b y cont inuously a d d i n g the particles 
(dispersed phase) to the l i q u i d (matrix). T h e addi t ion process starts w i t h the 
smallest part ic les ; then , i n each step larger particles are added. A t any step, 
the suspension o f smal ler particles is treated as a c o n t i n u u m w i t h a c o n 
duct iv i ty that can be calculated f r o m Maxwel l ' s equat ion. T h e conduct iv i ty 
o f the suspension (after a d d i n g larger particles) , can be d e t e r m i n e d by 
a p p l y i n g Maxwel l ' s equat ion once more . T h i s process is repeated to the 
des i red concentrat ion. 

R e g a r d i n g Bruggeman's assumptions, two points are important : 

1. A t each step, the suspension o f smal ler particles is not a 
c o n t i n u u m . 

2. T h e suspension must have an inf ini te range o f part ic le sizes. 
T h i s s i tuation is s e l d o m encountered i n pract ice . 
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5. N A S R - E L - D I N Fluid Dynamics of Oil-Water-Sand Systems 199 

U s i n g these assumptions and apply ing M a x w e l l ' s equat ion, B r u g g e m a n 
d e r i v e d the f o l l o w i n g i m p l i c i t equat ion for X m : 

x m - x s ) (x m /x f ) - 0 · 3 3 = ( i " C ) ( X f - λ . ) (22) 

F o r n o n c o n d u c t i n g solids i n a c o n d u c t i n g l i q u i d , equat ion 22 gives 

X m = X f ( l - C ) L 5 (23) 

D e L a R u e a n d Tobias (75) measured the conduct ivi t ies o f r a n d o m 
suspensions o f spheres, cyl inders , a n d sand particles i n aqueous solutions o f 
z inc b r o m i d e o f approximately the same densities as the part ic les . T h e y 
f o u n d the suspension conduct iv i ty c o u l d be ca lculated f r o m the f o l l o w i n g 
expression: 

X m = X f ( l - C ) * (24) 

where χ —1.5 for a solids concentrat ion i n the range 0.45-0.75. This equat ion 
is s imi lar to that o f B r u g g e m a n (74). E q u a t i o n 24 is usual ly w r i t t e n b y 
p e t r o l e u m engineers i n terms o f the format ion factor (F) , w h e r e F is the 
rec iproca l o f Xn/Xf. 

B e g o v i c h and W a t s o n (63) f o u n d exper imental ly that the mixture c o n 
duct iv i ty i n a l i q u i d - s o l i d fluidized b e d is p r o p o r t i o n a l to the l i q u i d h o l d u p . 
T h e i r equat ion can be w r i t t e n as 

X m = X f ( l - C ) (25) 

S t i l l another e m p i r i c a l expression was given b y M a c h o n et a l . (60): 

X m = X f ( l - a C ) (26) 

where α is a constant to be d e t e r m i n e d experimental ly . M a c h o n et a l . f o u n d 
this constant by measur ing the conduct iv i ty o f a b e d of n o n m o v i n g part ic les . 
T h e b e d solids concentrat ion was i n the range 0.6-0.65. E q u a t i o n 26 is 
l inear , and according to this equat ion, X m = X f for C = 0; this result is s imi lar 
to equat ion 20. H o w e v e r , at C = 1, equat ion 26 does not agree w i t h M a x 
well ' s p r e d i c t i o n unless a = 1. T h i s observation and the fact that i t has no 
theoret ical just i f icat ion suggest that equat ion 26 should be used w i t h cau
t ion . 

A compar ison o f these expressions is g iven i n Tab le I. T h i s table shows 
the increase i n the mixture resistance due to the presence o f n o n c o n d u c t i n g 
particles or droplets , Rm - Rh d i v i d e d by the fluid resistance as a func t io n o f 
the dispersed-phase concentrat ion. Rm and R\ are the mixture a n d fluid 
resistances, respectively. Maxwel l ' s (68) and Bruggeman's (74) relations give 
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200 E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

Table I. Comparison Between Various Expressions 
for (Rm-Ri)/Ri 

C(%) Ref 63 Ref. 68 Ref 74 
10 0.111 0.167 0.171 
20 0.25 0.375 0.398 
30 0.429 0.643 0.708 
40 0.667 1.0 1.52 
50 1.0 1.5 1.829 
60 1.5 2.05 2.953 
70 2.33 3.5 5.086 
80 4.0 6.0 10.18 
90 9.0 13.5 30.623 
100 infinite infinite infinite 

very s imi lar results at l o w solids concentrat ions. H o w e v e r , at h igher solids 
concentrat ions, Bruggeman's re lat ion gives h igher values. B e g o v i c h and 
Watson's (63) re lat ion predicts lower values for a l l concentrat ions, and the 
deviat ion f r o m the other two relations increases as the concentrat ion is 
increased. 

Conductivity Probe for Local Solids Concentration Measure
ments. O n the basis of the p r e c e d i n g discussion, local solids concentrat ion 
can be d e t e r m i n e d b y measur ing the mixture conduct ivi ty , then us ing a 
ca l ibrat ion curve , for example, equat ion 20. H o w e v e r , us ing this m e t h o d to 
measure solids concentrat ion or dispersed-phase concentrat ion is not an 
easy task. I n the f o l l o w i n g sections, the deve lopment a n e w conduct iv i ty 
probe w i l l be s u m m a r i z e d (24). A l s o , various problems encountered w i t h 
conduct iv i ty methods w i l l be discussed. 

Description. T h e probe , shown i n F i g u r e 22, has an L-shaped conf igu
rat ion. It is constructed f r o m 3/16-in. stainless-steel tub ing . T o m i n i m i z e the 
effect o f flow disturbances, the probe terminates w i t h a conica l stainless 
steel t ip , a n d the approach length to the sensor electrodes is 10 probe 
diameters . T h e two field electrodes are flush w i t h the surface o f the t u b i n g 
a n d comple te ly insulated f r o m each other. T h e field electrode o f larger area 
is g r o u n d e d to the p i p e l i n e . T h e field e lectrode c i rcui t consists o f a f u n c t i o n 
generator, a ballast resistance, and an ammeter . T h e two sensor electrodes 
are also flush w i t h the surface o f the t u b i n g , 1 m m apart, and are located 
between the field electrodes. T h e sensor electrodes are constructed f r o m 
28-gauge p l a t i n u m . T h e y are also comple te ly insulated f r o m each other a n d 
f r o m the field electrodes. T h e sensor electrodes are connected to a v o l t m e 
ter f r o m w h i c h a t ime-average reading can be obtained. 

T h e probe has two u n i q u e features: 

1. T h e field electrodes are m o u n t e d o n the probe i tse l f and not 
o n the p i p e w a l l , as c o m m o n l y used (59). T h i s feature is very 
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•ml— 
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DETAIL A 

DETAIL A 
FIELD 

Figure 22. Conductivity probe for local solids concentration measurement. 
(Reproduced with permission from reference 24. Copyright 1987.) 

important because i t e l iminates the n e e d for h igher voltages 
for measurements i n large pipes . It also allows the study o f the 
solids d is t r ibut ion w i t h i n the p i p e . 

2. T h e potent ia l is sensed for a smal l region (1 -mm diameter) i n 
the a p p l i e d field. T h i s means that resistivity and solids c o n 
centrat ion can be measured over a smal l v o l u m e i n space. 

Operation. T h e operat ion o f the probe relies o n the var iat ion o f the 
s lurry resist ivity as the solids concentrat ion changes. T o unders tand the 
probe's p r i n c i p l e , assume the probe is s u r r o u n d e d by a c o n d u c t i n g l i q u i d 
such as tap water ; then i f a potent ia l is a p p l i e d across the field electrodes (of 
the order o f 5 V ) , a smal l current flows f r o m one field electrode to another. 
T h e value o f this current , for a fixed p r o b e geometry and a p p l i e d signal , 
depends o n the total resistance o f the m e d i u m s u r r o u n d i n g the field elec
trodes. I f n o n c o n d u c t i n g particles (e.g., sand particles) are a d d e d to this 
fluid, then the resistivity o f the mixture w i l l increase. A s the solids c o n 
centrat ion is increased, the mixture resistivity increases, and consequent ly 
the field c i rcui t current d iminishes . 
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202 EMULSIONS IN THE PETROLEUM INDUSTRY 

O n e way o f measur ing the solids concentrat ion, s imi lar to that used by 
previous workers , is to relate the field c i rcu i t current change to the solids 
concentrat ion. T h i s m e t h o d has a serious disadvantage because the field 
c i rcu i t current depends o n b o t h the s lurry resistivity a n d the polar izat ion 
resistance deve loped o n the surfaces o f the field electrodes. Th is po lar iza 
t ion resistance is veloc i ty dependent . T h i s m e t h o d yields ca l ibrat ion curves 
that are funct ions o f ve loc i ty (59). 

T o avoid this p r o b l e m , the total current was not used to measure the 
solids concentrat ion. Instead the voltage was measured across the two sensor 
electrodes located between the field electrodes, as shown i n F i g u r e 22. 
Because the impedance o f the sensor c i rcui t is v i r tual ly inf ini te , pract ical ly 
no current flows into the sensors. Consequent ly , no polar izat ion occurs o n 
their surfaces. T h u s , the ca l ibrat ion curve obta ined s h o u l d be independent 
o f veloci ty, as shown i n T a b l e II . 

T o m i n i m i z e the effect o f polar izat ion o n the surfaces o f the field 
electrodes a n d to facilitate a constant-current operat ion, a ballast resistance 
can be used i n the field e lectrode c i rcu i t (24). A l s o , to e l iminate fluid elec
trolysis, a square wave o f 1 k H z and 5 - V ampl i tude can be e m p l o y e d . 

Calibration. Var ious methods were used to cal ibrate the p r o b e . These 
studies were c o n d u c t e d to find the re lat ion between voltage (e) a n d solids 
concentrat ion and to compare the exper imenta l measurements w i t h the 
predict ions o f the M a x w e l l and B r u g g e m a n relat ionships. It was also neces
sary to establish an eff icient probe ca l ibrat ion procedure . 

Table II. Normalized Sensor Voltages 
as a Function of Position 

Measured over a Velocity Range of 0 to 4 m/s 
e(0,Y)/ Standard 

Position (Ύ) e(0,0.5) Deviation 

0.1 1.03 0.009 
1.15 1.02 0.005 
0.2 1.0 0.005 
0.25 0.99 0.007 
0.3 0.99 0.005 
0.35 0.99 0.006 
0.4 0.99 0.005 
0.45 1.0 0.005 
0.5 1.0 0 
0.55 1.0 0.007 
0.6 0.99 0.007 
0.65 0.99 0.007 
0.7 0.99 0.007 
0.75 0.99 0.008 
0.8 1.0 0.007 
0.85 1.02 0.007 
0.9 1.04 0.01 
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5. N A S R - E L - D I N Fluid Dynamics of Oil-Water-Sand Systems 203 

T h e first test was c o n d u c t e d w i t h the conduct iv i ty probe m o u n t e d i n the 
p i p e l i n e , as shown i n F i g u r e 23. Polystyrene particles o f 0 . 3 - m m m e a n 
diameter were used i n these s lurries . These part icles were chosen because o f 
their tendency to give a u n i f o r m concentrat ion prof i le across the p i p e . 
Concentrat ions were obta ined b y isokinet ic sampl ing at the center o f the 
p i p e over a temperature range o f 8 to 25 °C. F i g u r e 24 shows the results; the 
effect o f temperature i n tap water is shown for compar ison . A t a fixed 
temperature , increas ing solids concentrat ion causes the sensor voltage to 
increase. Th is result is reasonable because polystyrene part icles are n o n c o n 
d u c t i n g and the ir presence increases s lurry resistivity. 

T h e curves obta ined at various concentrat ions are almost para l le l . T h i s 
observation means that the rate o f change o f voltage w i t h respect to t e m 
perature is independent of the solids concentrat ion. B y cross-plot t ing the 
results shown i n F i g u r e 24, a set o f ca l ibrat ion curves can be p r e p a r e d w i t h 
temperature as a parameter . W h e n such curves were p r e p a r e d , they i n d i 
cated that the value o f e at C = 0, obta ined b y extrapolat ion, was lower than 
the corresponding value obta ined for tap water at the same temperature . A 
review o f the p r o c e d u r e o f this exper iment ind ica ted that the only possible 
reason for this di f ference was the fact that a smal l amount o f a wet t ing agent 
(an anionic surfactant) was a d d e d w i t h the solids to increase the wettabi l i ty 
of the polystyrene part ic les . 

T o check this effect, the loop was operated w i t h tap water , and measure
ments were taken at various surfactant concentrations ( C d ) . F i g u r e 25 shows 
the results obta ined. A t a given temperature , as the surfactant concentrat ion 
is increased, the voltage decreases. T h i s decrease is reasonable the surfac-

Figure 23. Test loop for conductivity probe. (Reproduced with permission from 
reference 24. Copyright 1987.) 
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2 0 4 EMULSIONS IN THE PETROLEUM INDUSTRY 

J ι ι ι I I I I I 

8 12 16 20 24 

Τ (°C) 

Figure 24. Effect of temperature on sensor potential. (Reproduced with permis
sion from reference 24. Copyright 1987.) 

Τ I I I ι ι ι 

I I I I t , I I I L 
12 14 16 18 20 

Τ ( °C) 

Figure 25. Effect of surfactant (anionic) concentration (Cd, wt%) on sensor 
potential. (Reproduced with permission from reference 24. Copyright 1987.) 
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5 . N A S R - E L - D I N Fluid Dynamics of Oil-Water-Sand Systems 2 0 5 

tant contains s o d i u m salts o f organic acids. Its presence w o u l d decrease the 
fluid resistivity a n d consequent ly the sensor voltage. These results show 

1. A ca l ibrat ion curve based o n these measurements is not ac
ceptable because o f p o o r c o n t r o l o n the amount o f surfactant. 

2. T h e voltage measured is strongly affected b y any smal l change 
i n the c h e m i c a l compos i t ion o f the c o n d u c t i n g l i q u i d . 

T h e results shown i n F igures 24 and 25 indicate that us ing e as a 
measure for solids concentrat ion is not appropriate because i t is strongly 
dependent o n temperature , c h e m i c a l compos i t ion , and pos i t ion . There fore , 
the f o l l o w i n g func t ion was used i n ca l ibrat ing the probe : 

e(C,Y)-e(0,Y) 

e(0,Y) 

This f u n c t i o n w i l l correct the sensor voltage at any concentrat ion (C) for 
temperature , c h e m i c a l compos i t ion , and pos i t ion (Y) i n the p i p e . 

Sedimentat ion was the second m e t h o d tested to cal ibrate the p r o b e . 
Polystyrene particles o f 0 . 3 - m m mean diameter were again used, wi thout the 
wet t ing agent. These particles were chosen because of their very l o w sett l ing 
velocit ies , w h i c h a l lowed sufficient t ime for voltage readings. Tests were 
done i n a 5 - c m acryl ic p i p e w i t h b o t h tap water a n d a g lyco l so lut ion o f the 
same density as the part ic les . 

F i g u r e 26 shows the voltage measurements , expressed i n terms o f the 
func t ion just def ined, as a func t ion o f solids concentrat ion i n the two fluids. 
T h e figure indicates good agreement be tween the exper imental measure
ments and Maxwel l ' s re la t ion. A l t h o u g h Maxwel l ' s re lat ion was supposed to 
be v a l i d for l o w concentrat ions, i t actually agrees very w e l l w i t h a l l the 
exper imental results. Th is observation agrees w i t h previous w o r k (76-78). 
F u r t h e r m o r e , changing the solut ion conduct iv i ty h a d no effect o n the mea
surements. T h i s result demonstrates that b y us ing the sensor output func
t ion , the effects o f a l l variables o n the probe output except C should be 
isolated. 

T h e second step was to examine the effect o f part ic le size o n the ca l ibra
t ion curve . T h i s step was not possible by sedimentat ion, because coarser 
particles have h igher sett l ing veloci t ies . There fore , a l i q u i d - s o l i d fluidized 
b e d was used. A fluidization c o l u m n was constructed w i t h a 5 - c m acryl ic 
p i p e . W e i g h e d quantit ies o f solids were used, and solids concentrat ion was 
var ied b y changing the l i q u i d flow rate. Measurements for these exper i 
ments i n c l u d e d voltage, b e d height , and temperature . T o a l low a precise 
determinat ion o f concentrat ion f r o m b e d height , narrow sizes o f part icles 
were used. 
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F i g u r e 27 shows the exper imenta l data obta ined for a sand fract ion of 
0 . 6 - m m mean diameter and narrow size d is t r ibut ion . Measurements i n this 
exper iment were taken at the p i p e center. Maxwel l ' s and Bruggeman's re la
tions are also shown for compar ison . G o o d agreement between the experi 
menta l measurements and b o t h relations is observed at l o w concentrations. 
H o w e v e r , at h i g h solids concentrat ions, the exper imental data exceed M a x 
wel l ' s predic t ions , but show good agreement w i t h Bruggeman's equat ion. 

F igures 26 and 27 show that part ic le shape has an effect on the results. 
G o o d agreement between the exper imenta l results for spherical particles 
(0 .3 -mm polystyrene particles) and Maxwel l ' s equat ion is observed. F o r 
irregular sand particles, Maxwel l ' s equation underpredic ts the exper imental 
results, especial ly at h igh concentrat ions. T h e scatter i n the exper imenta l 
data is h igher for sand particles than for polystyrene particles . T h e scatter 
increases for sand particles as concentrat ion is increased. This observation 
impl ies that i t is di f f icul t to reproduce the same part ic le p a c k i n g for i r regular 
sand particles . 

F i g u r e 28 shows measurements for the same sand fract ion at d i m e n s i o n -
less radial posit ions (H = 2r/D) o f 0.0, 0.7, and 0.8, w h e r e r is the radial 
pos i t ion measured f r o m the p i p e center. T h e effect o f pos i t ion on [e(C,R) -
e(0,R)]/e(Q,R) is significant. Results obta ined at the other posit ions show the 
same deviat ion f r o m Maxwel l ' s relat ion at h igher concentrat ions. 

Because measurements refer to a smal l v o l u m e i n space, the effect of 
part ic le size is o f interest. T h i s effect was examined through two sets o f 
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5 . N A S R - E L - D I N Fluid Dynamics of Oil-Water-Sand Systems 2 0 7 

C ( % ) 

Figure 27. Probe calibration in fluidization tests. Maxwell's and Bruggeman's 
relations are shown for comparison. (Reproduced with permission from refer

ence 24. Copyright 1987.) 

Figure 28. Effect of probe position on the calibration curve for sand particles. 
(Reproduced with permission from reference 24. Copyright 1987.) 
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208 EMULSIONS IN THE PETROLEUM INDUSTRY 

experiments . I n the first test, sand fractions o f 0.6- and 1 .5-mm mean 
diameter were used. These sand fractions were obta ined f r o m the m e d i u m 
and coarse sands (see Tab le III) , respectively. I n the second, glass beads o f 
1.5-, 2.8-, and 5 . 5 - m m mean diameter a n d spher ica l shape were used. 

F i g u r e 29 shows the results obta ined for the sand part icles . T h e coarser 
particles show the same deviat ion at h i g h concentrat ion f r o m Maxwel l ' s 
equat ion as observed previous ly for the 0 . 6 - m m sand. T h e figure also shows 
that measurements for the coarser particles are sl ightly lower than those of 
the 0 . 6 - m m sand. T h e di f ference is general ly smal l and c o u l d probably be 
neglected, especial ly i f the probe were used to measure the concentrat ion o f 
part icles o f a w i d e size d is t r ibut ion . 

F i g u r e 30 shows the results obta ined for the glass beads. F o r particles o f 
1 .5 -mm mean diameter , good agreement w i t h Maxwel l ' s equat ion was f o u n d 
u p to 3 0 % solids concentrat ion. F o r h igher concentrations, the exper imenta l 
data are significantly lower than Maxwel l ' s equat ion. F o r particles o f 2 . 8 - m m 
diameter , the exper imenta l results are sl ightly lower than Maxwel l ' s p r e d i c 
tions u p to 15%, then start to deviate significantly. F o r 5 . 5 - m m diameter 
part icles , the exper imental results are significantly lower than Maxwel l ' s for 
a l l concentrat ions. 

F igures 29 and 30 show that part ic le size has no significant effect o n the 
probe ca l ibrat ion curve for particles o f diameter comparable to the sensor 
electrode spacing and smaller . F o r coarser part ic les , part ic le size has an 
effect o n the ca l ibrat ion curve . A s part ic le size is increased, the sensor 
voltage decreases, and it becomes lower than Maxwel l ' s predic t ions . These 
results indicate that there is a l imi ta t ion o n the use o f a probe w i t h a fixed 
geometry for measur ing solids concentrat ion. This l i m i t a t i o n w o u l d have to 
be cons idered w h e n select ing sensor electrode spacings. T h e effect is proba
b l y due to pack ing , because as the part ic le diameter is increased, the mean 
concentrat ion at the probe surface falls. 

T h e next step was to test the probe per formance i n the p i p e l i n e i n 
compar ison w i t h accepted methods for measur ing solids concentrat ions: 
isokinet ic sampl ing and 7 -ray absorpt ion methods. 

Table III. Particle Properties 
Mean Diameter Density 

Particles (mm) (g/cm3) Shape 

Glass beads 1.5 3.0 spherical 
Glass beads 2.8 2.5 spherical 
Glass beads 5.5 2.3 spherical 
Polystyrene 0.3 1.05 spherical 
Polystyrene 1.4 1.06 irregular 
Fine sand 0.19 2.65 irregular 
Medium sand 0.45 2.65 irregular 
Coarse sand 0.9 2.65 irregular 
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Figure 30. Effect of particle size on the calibration curve for glass beads. 
(Reproduced with permission from reference 24. Copyright 1987.) 
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210 EMULSIONS IN THE PETROLEUM INDUSTRY 

F i g u r e 31 shows the resistivity measured b y the conduct iv i ty probe and 
the loca l concentrat ion measured by the isokinet ic sampl ing m e t h o d . M e a 
surements were made for slurries o f polystyrene part icles of 1 .4 -mm mean 
diameter at the p i p e center a n d at radia l posit ions o f R = 0.8. G o o d agree
ment w i t h ca l ibrat ion results is seen i n these tests. Because the particles 
used i n these experiments were large, no samples c o u l d be w i t h d r a w n f r o m 
the center o f the p i p e at concentrations h igher than 35%. A l s o , no voltage 
measurements c o u l d be taken closer to the p i p e w a l l because particles 
t e n d e d to be t r a p p e d between the probe a n d the w a l l . 

F i g u r e 32 shows a typica l sensor voltage prof i le i n the ver t ica l p lane . 
Sand of 0 .45 -mm mean diameter and 1 0 % solids concentrat ion was used i n 
this experiment , at a b u l k veloc i ty of 2 m/s a n d a temperature o f 22 °C. This 
prof i le shows that the voltage is h i g h at the b o t t o m of the p i p e where most of 
the solids are expected to be at these operat ing condit ions . T h e voltage 
decreases as Y increases, that is, as the solids concentrat ion decreases. 

F i g u r e 32 also shows the var iat ion o f the ballast resistance w i t h pos i t ion . 
T h e change o f resistance across the p i p e is m u c h less than that o f the sensor 
voltage. This di f ference demonstrates the response o f the sensor electrodes 
to a smaller spatial region than the field electrodes. 

C (%) 

Figure 31. Pipe flow calibration curve using isokinetic sampling. (Reproduced 
with permission from reference 24. Copyright 1987.) 
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Figure 32. Sensor potential and ballast resistance variations using sand parti
cles. (Reproduced with permission from reference 24. Copyright 1987.) 

T h e profiles shown i n F i g u r e 32 are typica l for sand-water flows, w h e r e 
because o f gravity, more particles are f o u n d near the b o t t o m of the p i p e . 
Solids concentrations were obta ined f r o m measur ing sensor voltages such as 
those shown i n F i g u r e 32 and f r o m the ca l ibrat ion curve. T h i s ca l ibrat ion 
curve was obta ined b y us ing a least-squares fit o f the exper imenta l data o f 
F i g u r e 27. 

A second test for the conduct iv i ty probe was c o n d u c t e d w i t h the 7 -ray 
m e t h o d . T w o scans were c o n d u c t e d s imultaneously o n sand slurries, w i t h 
the conduct iv i ty probe and w i t h the 7 -ray m e t h o d . T h e 7 -ray values were 
obta ined w i t h a c o l l i m a t e d b e a m of 1 - m m diameter . 

F i g u r e 33 shows the concentrat ion prof i le for sand particles o f 0 . 1 9 - m m 
mean diameter a n d a b u l k veloci ty o f 2 m/s. G o o d agreement be tween the 7-

ray m e t h o d and p r o b e measurements was obta ined. T h e figure shows some 
scatter at the top o f the p i p e w h e r e the solids concentrat ion is very l o w and 
both methods are subject to error . These results are indi rec t evidence o f a 
constant concentrat ion across the p i p e u n d e r the condit ions o f these mea
surements. 

F i g u r e 34 shows another compar i son for the same sand, but at a b u l k 
veloc i ty o f 3.5 m/s. A g a i n , good agreement was obta ined. T h i s result is 
important because i t confirms the results shown i n T a b l e I I i n that the 
ca l ibrat ion curve is independent o f velocity. 
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Figure 33. Concentration profiles obtained with γ-ray and the conductivity 
probe (low velocity). (Reproduced with permission from reference 24. Copy

right 1987.) 
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Figure 34. Concentration profiles obtained with γ-ray and the conductivity 
probe (high velocity). (Reproduced with permission from reference 24. Copy

right 1987.) 
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Concluding Remarks 

Heavy-o i l - in -water emulsions having o i l v o l u m e fractions greater than 0.5 
are of ten n o n - N e w t o n i a n shear- th inning fluids. T h e f r i c t ion loss for the flow 
of such fluids i n smooth pipel ines can be p r e d i c t e d by us ing the procedures 
deve loped b y M e t z n e r and R e e d (14) and D o d g e and M e t z n e r (16). 

A n o t h e r aspect o f the transportat ion o f heavy-oi l - in-water emuls ions , 
especial ly for short-distance p ipe l ines , is the presence o f sand part ic les . I n 
si tu solids concentrat ion and e m u l s i o n qual i ty can be measured w i t h various 
sampl ing devices. H o w e v e r , serious errors i n measur ing b o t h parameters 
arise f r o m i m p r o p e r sampl ing . 

C o n d u c t i v i t y probes can be e m p l o y e d to measure i n s i tu solids c o n 
centrat ion or o i l - in -water qual i ty w i t h M a x w e l l ' s equat ion. H o w e v e r , the 
effects o f temperature and i o n i c strength o n the conduct iv i ty o f the c o n t i n u 
ous phase should be isolated before p r o p e r measurements can be taken. 

List of Symbols 

Β f ract ion o f particles that enter a probe 
c loca l solids concentrat ion, v o l u m e fract ion 
C solids concentrat ion i n the sampler , v o l u m e fract ion 
C b average solids concentrat ion over the p i p e cross sect ion, v o l u m e frac

t ion 
C d surfactant concentrat ion, w t % 
C0 loca l solids concentrat ion upstream of the sampler , v o l u m e fract ion 
C M part ic le m a x i m u m p a c k i n g concentrat ion, v o l u m e fract ion 
C v discharge solids concentrat ion, v o l u m e fract ion 
ds mean part ic le diameter , m 
D p i p e i n n e r diameter , m 
Dsm sampler diameter , m 
e voltage, V 
Ε sampl ing transport eff ic iency 
/ F a n n i n g f r i c t i o n factor 
F format ion factor 
I volume-average current 
k P o w e r law constant, Pa-s n 

V M e t z n e r - R e e d m o d i f i e d power law constant, Pa-s n 

Κ part ic le iner t ia parameter based o n probe radius (also ca l l ed Stokes 
n u m b e r or B a r t h number ) 

L p i p e length , m 
η p o w e r law index 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
05
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n ' M e t z n e r - R e e d m o d i f i e d power law index 
ρ pressure, P a 
Q b ranch flow rate, m3/s 
r radial posi t ion measured f r o m the center o f the p i p e , m 
R dimensionless radial pos i t ion , 2r/D 

R\ fluid resistance, o h m 
Rm mixture resistance, o h m 
K s m sampler radius, m 
R e Reynolds n u m b e r , 
R e 0 Reynolds n u m b e r , ρίϋ(/1/μί 

R e ' M e t z n e r - R e e d m o d i f i e d Reynolds n u m b e r 

t probe w a l l thickness, m 
Τ probe relative w a l l thickness, t/Rsm 

u(r) local velocity, m/s 
U sampl ing veloci ty, m/s 
Ub bu lk velocity, m/s 
U0 upstream local veloci ty, m/s 
V t part ic le sett l ing velocity, m/s 
y vert ical posi t ion measured f r o m the bot tom o f the p ipe , m 
Y dimensionless vert ical pos i t ion , y/D 

G r e e k 

7 shear rate, s' 1 

7 W shear rate at the p i p e w a l l , s"1 

θ probe t ip angle 
X f fluid conduct iv i ty , S 
X s solids conduct iv i ty , S 
X m mixture conduct ivi ty , S 
μ( fluid viscosity, Pa-s 
p f fluid density, kg/m 3 

p s solids density, kg/m 3 

τ shear stress, P a 
T W shear stress at the p i p e w a l l , P a 
φ volume-average potent ia l , V 
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Flow of Emulsions in Porous Media 

Sunil L . Kokal, Brij B. Maini, and Roy Woo 

Petroleum Recovery Institute, 3512 33rd Street N.W., Calgary, Alberta, 
Canada T2L 2A6 

A comprehensive review of the important factors that affect the flow 
of emulsions in porous media is presented with particular emphasis 
on petroleum emulsions. The nature, characteristics, and properties 
of porous media are discussed. Darcy's law for the flow of a single 
fluid through a homogeneous porous medium is introduced and then 
extended for multiphase flow. The concepts of relative permeability 
and wettability and their influence on fluid flow are discussed. The 
flow of oil-in-water (O/W) and water-in-oil (W/O) emulsions in po
rous media and the mechanisms involved are presented. The effects of 
emulsion characteristics, porous medium characteristics, and the 
flow velocity are examined. Finally, the mathematical models of emul
sion flow in porous media are also reviewed. 

T H E F L O W O F E M U L S I O N S I N P O R O U S M E D I A is encountered i n the p r o d u c 

t ion o f o i l f r o m u n d e r g r o u n d reservoirs conta in ing o i l , water , and gas. E m u l 
sions may f o r m natural ly d u r i n g s imultaneous flow o f o i l and water i n porous 
rock formations, or they may be p r o m o t e d by in ject ion o f external chemicals . 
In emuls ion flooding for heavy-oi l recovery {see C h a p t e r 7), externally gen
erated emulsions are in jected into the reservoir . E m u l s i o n flow through a 
porous m e d i u m may also be encountered i n the chemica l process industry i n 
fixed-bed catalytic reactors i n v o l v i n g two i m m i s c i b l e l iquids . T h e physics o f 
such flows is very complex because it involves flow o f a complex and unstable 
fluid i n an extremely complex geometry. T o develop a w o r k i n g knowledge 
for solving problems i n v o l v i n g the flow of emulsions i n porous m e d i a , one 
must possess a knowledge o f the nature and propert ies o f emuls ions , an 
unders tanding o f the characteristics o f porous media , and a w o r k i n g k n o w l 
edge of the basic mechanisms involved i n the flow of s impler fluids i n porous 
media . Because the other chapters o f this book provide an i n - d e p t h coverage 
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220 EMULSIONS IN THE PETROLEUM INDUSTRY 

o f the nature a n d propert ies o f emuls ions , w e w i l l not discuss the b u l k 
behavior o f emuls ions . 

Properties of Porous Media 

I n this sect ion w e w i l l define some o f the terms used to characterize a porous 
m e d i u m a n d br ief ly discuss those propert ies o f porous materials that may 
have relevance to the flow o f emuls ions . 

Porous Medium. A porous m e d i u m is s i m p l y a so l id conta in ing 
holes or v o i d spaces. H o w e v e r , a meta l b lock w i t h a few holes d r i l l e d through 
it is not a porous m e d i u m , at least not the k i n d o f porous m e d i u m that 
concerns us. T h e porous m e d i u m is a so l id conta in ing a large n u m b e r of 
voids dispersed throughout i n e i ther a regular or r a n d o m manner , p r o v i d e d 
that these voids o c c u r f requent ly enough so that even a smal l subvolume 
(small c o m p a r e d to the b u l k dimensions o f the solid) w i l l contain some voids . 

Porosity, T h e f ract ion o f total v o l u m e o c c u p i e d b y the voids is ca l l ed 
the porosi ty o f the porous m e d i u m . A dis t inc t ion can be made between the 
pores that are in terconnected a n d the pores that are total ly isolated. T h e 
absolute or total porosi ty is the fract ion o f b u l k v o l u m e o c c u p i e d b y a l l voids , 
connec ted or not. T h e effective porosi ty is the fract ion o f b u l k v o l u m e 
o c c u p i e d b y in terconnected pores . 

T h e porous m e d i a can also be classif ied b y the type o f porosi ty i n v o l v e d , 
d e p e n d i n g o n the size and shape o f voids . I n sandstones a n d unconsol idated 
sands, the voids are between the adjoining sand grains, and this type o f 
porosi ty is ca l led intergranular . Carbonate rocks are general ly more complex 
and may contain more than one type o f porosity. T h e smal l voids between 
the crystals o f calcite or do lomi te constitute intercrystal l ine porosity. O f t e n 
carbonate rocks are natural ly f rac tured. T h e v o i d v o l u m e f o r m e d b y frac
tures constitutes the fracture porosity. Carbonate rocks sometimes contain 
relat ively large holes, ca l led vugs, and these constitute the vugular porosi ty . 
A t the extreme e n d o f the pore size scale, some carbonate formations may 
conta in very large channels and cavities (several meters i n size), w h i c h 
constitute the cavernous porosity. 

Permeability. T h e permeabi l i ty o f a porous m e d i u m is a measure of 
the ease w i t h w h i c h a fluid can flow through i t . I n other words , i t is a 
measure o f the fluid conduct iv i ty o f the m e d i u m that determines the flow 
rate o f a given fluid for a given pressure gradient. 

T h e equat ion that defines permeabi l i ty was discovered b y D a r c y (I ) and 
is ca l l ed Darcy ' s law. F o r l inear , hor izonta l , i sothermal f low o f a fluid, the 
equat ion is 
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6. KOKAL ET AL. Flow of Emulsions in Porous Media 221 

q = — ( d P / d L ) (1) 
μ 

where q is the flow rate (mL/s), k is permeabi l i ty (darcies), A is cross-
sectional area o f the m e d i u m (cm 2 ) , μ is viscosity o f the fluid (mPa-s), a n d 
dP/dL is the pressure gradient (atm/cm). 

Pore Size Distribution. T h e pore size d i s t r ibut ion is a measure o f 
the average size o f the pores a n d the var iabi l i ty o f pore sizes. It is usual ly 
d e t e r m i n e d b y m e r c u r y poros imetry . This technique is based o n a s imple 
conceptual m o d e l o f the pores that treats the pores as capi l lary tubes. T h e 
pressure r e q u i r e d to force m e r c u r y into a pore (assuming that the pore 
behaves l ike a c i rcular capil lary) can be re lated to the radius o f the pore b y 

ρ _ 2 σ cos (θ) ( 2 ) 

where Pc is the capi l lary pressure r e q u i r e d to force m e r c u r y into the porous 
m e d i u m , r is the radius o f the pore b e i n g invaded , σ is the surface tension o f 
mercury , and Θ is the contact angle. B y measur ing the v o l u m e o f m e r c u r y 
enter ing into a sample o f the porous m e d i u m as a f u n c t i o n o f the a p p l i e d 
capi l lary pressure, the pore size d i s t r ibut ion can be d e t e r m i n e d . 

T h e size measured b y capi l lary poros imetry is that o f the entrance to the 
v o i d space b e i n g invaded . T h e actual size o f the v o i d space can be m u c h 
larger than the entrance size. H o w e v e r , an i m p r o v e d technique us ing very 
sensitive pressure transducers a n d c o m p u t e r i z e d data acquis i t ion and analy
sis has been deve loped to measure the size d i s t r ibut ion o f b o t h the pore 
entrances (throats) a n d pore bodies (2). 

Specific Surface Area. T h e specific surface area is def ined as the 
area o f in terna l surfaces p e r uni t v o l u m e (or weight) o f the porous mater ia l . 
T h e specific surface area o f porous materials is very h i g h . P e t r o l e u m reser
v o i r rocks typical ly possess specific surface area i n the range o f 150 to 3000 
c m 2 / c m 3 . T h e h i g h in terna l surface area is responsible for m a n y interest ing 
characteristics o f porous m e d i a . It plays an important role i n processes 
i n v o l v i n g adsorpt ion o f mater ia l f r o m fluids flowing through the porous 
m e d i u m . It is also an important parameter i n d e e p - b e d filtration, i o n ex
change, and processes i n v o l v i n g a c h e m i c a l react ion between the s o l i d m a 
trix a n d a flowing fluid. T h e specific surface area also has a direct inf luence 
o n the permeabi l i ty o f the m e d i u m (3). 

Chemical Composition. T h e c h e m i c a l compos i t ion o f the porous 
m e d i u m can be very important i n processes i n v o l v i n g exchange o f mater ia l 
be tween the so l id grains a n d the flowing fluid. S u c h w o u l d be the case w h e n 
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222 EMULSIONS IN THE PETROLEUM INDUSTRY 

the mater ia l f o r m i n g the porous so l id dissolves i n the fluid or a c h e m i c a l 
react ion occurs be tween the so l id a n d the fluid. H o w e v e r , i n this study w e 
w i l l assume that the so l id is total ly inert ; that is , the flowing e m u l s i o n does 
not change the phys ica l or c h e m i c a l characteristics o f the so l id , a n d the so l id 
does not change the c h e m i c a l compos i t ion o f the fluids flowing through i t . 

Flow of a Single Fluid: Darcy's Law 

A fluid's m o t i o n is a func t ion o f the propert ies of the fluid, the m e d i u m 
through w h i c h it is flowing, and the external forces i m p o s e d o n i t . F o r one-
d i m e n s i o n a l steady laminar flow o f a single fluid through a homogeneous 
porous m e d i u m , the re lat ionship between the flow rate a n d the a p p l i e d 
external forces is p r o v i d e d by Darcy ' s law: 

kA (AP/AL + p g s i n (Θ) / Q , 
cj — W/ 

μ 

w h e r e ρ is density and g is accelerat ion due to gravity. 
Darcy ' s law s i m p l y says that the flow rate is p r o p o r t i o n a l to the p e r m e 

abi l i ty o f the m e d i u m , the cross-sectional area, and the s u m o f pressure 
gradient a n d the gradient o f hydrostatic head along the d i r e c t i o n o f flow; a n d 
that the flow rate is inversely p r o p o r t i o n a l to the viscosity o f the l i q u i d . 

F o r flow i n more than one d i rec t ion , a more general f o r m o f equat ion 3 
is r e q u i r e d : 

vx = -(kx/p)(BP/dx) (4) 

v9 = -(ky/p)(dP/dy) (5) 

O, = -(kx/\L)(dP/dZ + pg) (6) 

w h e r e vx, vy, and vz are the superf ic ia l velocit ies i n the x, y, and ζ d irect ions , 
respectively. T h e ζ d i r e c t i o n is para l le l to ver t ica l . A l s o , di f ferent p e r m e a 
bi l i t ies (kx, ky, and kz) are used i n di f ferent direct ions to recognize the fact 
that porous m e d i a of ten exhibit di f ferent permeabi l i t ies i n di f ferent d i rec 
tions. 

I n apply ing equations 4 - 6 , the d i rec t ional permeabi l i t ies are treated as 
po in t funct ions , that is, as a proper ty o f a po in t i n the m e d i u m . T h e point 
value o f the d i rec t ional p e r m e a b i l i t y can be v isual ized as a statistical average 
o f the fluid conductance i n the given d i r e c t i o n o f a l l pores conta ined i n a 
smal l v o l u m e s u r r o u n d i n g the p o i n t i n quest ion. T h i s smal l v o l u m e must be 
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6. KOKAL ET AL. Flow of Emulsions in Porous Media 223 

v isual ized as b e i n g smal l c o m p a r e d to the size o f the m e d i u m but large 
c o m p a r e d to the size o f the i n d i v i d u a l flow channels . 

Equat ions 4-6 c o m b i n e d w i t h the law o f conservation o f mass are suff i 
c ient to derive equations for the flow of a single fluid i n systems o f complex 
geometry. Several excellent books a n d review articles are available on this 
topic (3-7). 

Multiphase Flow in Porous Media 

W h e n two or more i m m i s c i b l e fluids are flowing s imultaneously through a 
porous m e d i u m , the flow process becomes more complex . W e w i l l use the 
s impler case o f two-phase flow to review the basic mechanisms i n v o l v e d i n 
such processes. 

T h e presence o f two m o b i l e phases means that each fluid can interact 
w i t h b o t h the porous m e d i u m and the other i m m i s c i b l e fluid. I f the porous 
m e d i u m is v isual ized as a co l lec t ion o f in terconnected flow paths, on ly a 
fract ion o f the total flow paths become available to a given fluid, the rest 
b e i n g o c c u p i e d by the other fluid. T h i s c o n d i t i o n necessitates the i n t r o d u c 
t ion o f fluid saturation as an important parameter . T h e saturation o f a fluid 
phase is de f ined as the fract ion o f total v o i d space o c c u p i e d by that fluid. F o r 
two-phase systems, the s u m of the two fluid saturations is equal to unity , 
because any v o i d space not o c c u p i e d by one fluid must be o c c u p i e d by the 
other fluid. 

B y analogy to single-phase flow, u n d e r steady-state condi t ions , the flow 
rate o f each fluid should be direc t ly p r o p o r t i o n a l to the a p p l i e d pressure 
gradient and the cross-sectional area o f the m e d i u m and inversely p r o p o r 
t ional to the fluid viscosity. There fore , an equat ion analogous to equat ion 1 
can be w r i t t e n for each fluid: 

9 i = M ( A j y A L ) j = u ( 7 ) 

μ* 

w h e r e the subscript i refers to a specific fluid. U s i n g P, i n place o f Ρ is 
necessary to account for the local pressure discont inui ty existing at the 
interface between the two fluids. 

Capillary Pressure. Because o f the smal l size o f pores, the fluid-
fluid interfaces w i t h i n the porous m e d i u m are h ighly curved , and the pres
sure di f ference across the interface can be substantial . T h i s local pressure 
di f ference across the fluid-fluid interface is ca l led capi l lary pressure. In 
general , one o f the two fluids preferent ia l ly wets the so l id and is ca l led the 
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224 EMULSIONS IN THE PETROLEUM INDUSTRY 

w e t t i n g fluid. T h e capi l lary pressure is usual ly def ined as the pressure i n the 
nonwet t ing fluid minus the pressure i n the wet t ing fluid. 

P c ( S w ) = F n w - F w (8) 

w h e r e the subscripts n w a n d w refer to the nonwet t ing phase and the w e t t i n g 
phase, respectively; and S w is the saturation o f the w e t t i n g phase. 

Wettability. T h e wettabi l i ty o f the porous m e d i u m refers to its pref
erence for one or the other fluid i n b e c o m i n g wet . It is def ined as the 
" t e n d e n c y o f one fluid to spread o n or adhere to a s o l i d surface i n the 
presence o f other i m m i s c i b l e fluids" (7). I n a r o c k - o i l - b r i n e system, i t is a 
measure o f the preference that the rock has for ei ther the o i l or the water . A 
water-wet rock is preferent ia l ly wet ted b y the water phase, and s imi lar ly for 
an o i l -wet system, the rock p r i m a r i l y makes contact w i t h the o i l phase. 

Relative Permeability. A compar i son of equat ion 7 w i t h equat ion 
1 also shows that for the two-phase system w e have used ki9 the effective 
p e r m e a b i l i t y for the fluid, i n place o f the absolute permeabi l i ty k, w h i c h is a 
proper ty o f the porous m e d i u m alone. T h i s effective permeabi l i ty t e r m , kif 

depends o n the absolute permeabi l i ty , the type o f fluid invo lved , a n d the 
saturation o f this fluid. 

T h e c o n t r i b u t i o n o f the absolute permeabi l i ty is isolated by m o d i f y i n g 
equat ion 1 as fol lows: 

9 l = * * ^ ( A P , / A L ) i = l , 2 (9) 
μ* 

T h e t e r m kH i n equat ion 9 is ca l l ed relative permeabi l i ty o f the fluid i. It 
represents the fract ion by w h i c h the fluid conduct iv i ty o f the porous m e 
d i u m must be m o d i f i e d to account for the presence o f the other fluid. T h e 
presence of the other fluid impl ies that some o f the flow paths w o u l d not be 
available to this fluid, thus the t e r m kri i n equat ion 9 must always be less 
than, or at most equal to, 1. F u r t h e r m o r e , w h e n more o f the fluid i is present 
i n the m e d i u m , i t w i l l occupy more o f the available channels , and hence its 
effective permeabi l i ty w i l l be h igher . There fore , the relative permeabi l i ty 
t e r m is expected to increase w i t h increas ing saturation o f this fluid. 

A porous m e d i u m i n general w i l l have flow channels o f many di f ferent 
sizes; consequently , the relative p e r m e a b i l i t y o f a given fluid w i l l d e p e n d not 
only o n what f ract ion o f the available pore space i t occupies but also o n what 
types o f flow channels it occupies . I f the fluid occupies smal ler channels , its 
relative permeabi l i ty w i l l be smaller . There fore , the d i s t r ibut ion o f the fluids 
is an important factor i n d e t e r m i n i n g relative permeabi l i ty . 

I f on ly one fluid occupies any given channel , the fluid conduct iv i ty o f 
this c h a n n e l w o u l d r e m a i n unchanged. There fore , i f the two fluids w e r e to 
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6. KOKAL ET AL. Flow of Emulsions in Porous Media 225 

occupy totally separate channels , the sum of relative permeabi l i t ies o f the 
two fluids w o u l d be uni ty . H o w e v e r , both fluids can occupy di f ferent parts o f 
the same flow channe l . In this s i tuation, the flow o f one fluid might be 
i m p e d e d b y the presence o f the other fluid. There fore , the sum o f the 
relative permeabi l i t ies o f the two fluids is of ten less than uni ty . 

C l e a r l y , the relative permeabi l i ty of a fluid i n a given porous m e d i u m is 
d e t e r m i n e d by its d i s t r ibut ion w i t h i n the pore space. T h i s d i s t r ibut ion de
pends o n several factors, i n c l u d i n g the relative amounts o f each fluid 
present, the past history o f the system (i.e., h o w the fluids were i n t r o d u c e d 
into the system), and the balance o f various forces act ing o n the fluids. 
U n d e r static c o n d i t i o n , these forces i n c l u d e the gravitational or buoyancy 
forces resul t ing f r o m the density differences and the capi l lary forces ar is ing 
f r o m the interfacial tensions or surface energies o f the fluids. W h e n fluids 
are i n m o t i o n , the viscous drag forces and iner t ia l effects may also play a role 
i n d e t e r m i n i n g the fluid d i s t r ibut ion w i t h i n a porous m e d i u m . There fore , 
the factors that can affect relative permeabi l i ty o f a given fluid i n c l u d e the 
f o l l o w i n g : 

1. wet t ing preference o f the sol id i n relat ion to other fluid 
present i n the porous m e d i u m 

2. pore geometry and pore size d is t r ibut ion of the m e d i u m 

3. saturation o f the fluid 

4. saturation history o f the porous m e d i u m 

5. densities o f di f ferent fluids present 

6. viscosities o f di f ferent fluids present 

7. irrterfacial tension between the two fluids 

8. relative veloci ty o f the fluids 

In most situations o f pract ica l interest i n p e t r o l e u m reservoir engineer
ing , the local d is t r ibut ion o f fluids w i t h i n the porous rock is d o m i n a t e d by 
capi l lary forces. There fore , a reasonable assumption is that capi l lary e q u i l i b 
rium exists between the two fluids even u n d e r dynamic condit ions . U n d e r 
these condit ions , the local d i s t r ibut ion o f fluids and relative permeabi l i ty do 
not d e p e n d o n the last four factors l i s ted. A large v o l u m e of p u b l i s h e d 
exper imental research has shown that the relative permeabi l i ty is not a 
strong funct ion o f the fluid viscosities and interfac ia l tension, p r o v i d e d that 
these variables r e m a i n w i t h i n the ir usual range. E x p e r i m e n t a l evidence also 
suggests that the relative permeabi l i ty does not change significantly w i t h the 
magni tude o f relative veloci ty and the density di f ference between the two 
fluids. 

A t a given fluid saturation i n a given porous m e d i u m , the wet t ing prefer 
ence o f the so l id for one o f the two fluids present determines the fluid 
d is t r ibut ion w i t h i n the porous m e d i u m , and consequently, it also determines 
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226 EMULSIONS IN THE PETROLEUM INDUSTRY 

the relative p e r m e a b i l i t y behavior . I n the context o f reservoir engineer ing , 
e i ther water or o i l may preferent ia l ly wet the reservoir rock. H o w e v e r , 
because o f the complex geometry o f the in terna l surfaces o f natural porous 
media , the relative permeabi l i t ies for a given fluids-rock system cannot be 
p r e d i c t e d f r o m a knowledge o f the system wettabi l i ty a n d pore geometry. 
There fore , exper imental ly measured values obta ined i n representative sam
ples o f the porous m e d i u m must be used. T y p i c a l exper imental ly deter
m i n e d o i l - w a t e r relative p e r m e a b i l i t y characteristics for water-wet a n d o i l -
wet rocks are shown i n F i g u r e s 1 a n d 2, respectively. 

T h e relative permeabi l i ty , for ei ther o f the two fluids, becomes zero at 
nonzero saturations o f the respective fluids. I n other words , a significant 
saturation o f e i ther fluid can become i m m o b i l e a n d may not be d isplaced b y 
the other fluid. A l t h o u g h b o t h w e t t i n g a n d nonwet t ing fluids can become 
t rapped, their d i s t r ibut ion w i t h i n the porous m e d i u m is very di f ferent . I n 
strongly w e t t e d systems, a t h i n layer o f the wet t ing fluid always covers the 
s o l i d surfaces. There fore , the wet t ing fluid always remains cont inuous even 
at the i r r e d u c i b l e saturation. It becomes i m m o b i l e because o f the strong 
interact ion between the so l id a n d the wet t ing fluid a n d the inabi l i ty o f the 
nonwet t ing fluid to enter very fine pores and crevices w h e r e b u l k o f the 
i r r e d u c i b l e saturation exists. 

Because o f the presence o f this t h i n layer o f w e t t i n g fluid between the 
nonwet t ing fluid and the so l id , the nonwet t ing fluid is always s u r r o u n d e d b y 
the w e t t i n g fluid. A natural consequence o f this c o n d i t i o n is that parts o f the 

1 

0 . 9 1 

0 . 2 0 . 4 0 . 6 

k r w 

0 0 . 8 1 

WATER SATURATION 

Figure 1. Relative permeabilities for a water-wet system. (k r o is the relative oil 
permeability; k w is the relative water permeability.) 
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6. KOKAL ET AL. Flow of Emulsions in Porous Media 227 

1-
0.9-

5 0.7-I 

WATER SATURATION 
Figure 2. Relative permeabilities for an oil-wet system. (k r o is the relative oil 

permeability; k™ is the relative water permeability.) 

nonwet t ing fluid can become isolated and may stop flowing. A t the t e r m i n a l 
saturation where the relative permeabi l i ty o f the nonwet t ing phase becomes 
zero , its d i s t r ibut ion w i t h i n the porous m e d i u m is discont inuous. T h e 
t rapped saturation o f nonwet t ing f l u i d exists as isolated blobs comple te ly 
s u r r o u n d e d b y the wet t ing phase. These blobs can be large enough to fill 
several tens o f pores or they may be smal l and f u l l y conta ined w i t h i n i n d i v i d 
ua l pores. T h e y r e m a i n t rapped because the pressure gradient resul t ing 
f r o m the flow o f the wet t ing phase is not sufficient to overcome the capi l lary 
resistance encountered i n f o r c i n g the b l o b through narrow pore throats. 

E q u a t i o n s 8 a n d 9 c o m b i n e d w i t h the law o f conservation o f mass are 
sufficient for mathemat ica l descr ipt ion o f one-d imens iona l two-phase flow. 
T h e only addi t ional i n f o r m a t i o n n e e d e d is the funct iona l re lat ionship be
tween relative p e r m e a b i l i t y and fluid saturation for b o t h fluids. F o r flow i n 
more than one d i m e n s i o n , a general ized f o r m o f equat ion 9 is used. C o l 
l ins (5), R i c h a r d s o n (6), and C r a i g (7) present more i n f o r m a t i o n o n this 
subject. 

Flow of Oil-in-Water Emulsions in Porous Media 

T h e flow of o i l - in -water (O/W) emuls ions i n porous m e d i a is a more complex 
process because o f the complex nature o f the e m u l s i o n i tsel f i n addi t ion to 
the complexit ies o f the porous m e d i u m . A major issue to be cons idered is 
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228 EMULSIONS IN THE PETROLEUM INDUSTRY 

w h e t h e r to treat the e m u l s i o n as a homogeneous fluid. I f the e m u l s i o n 
droplets are very smal l c o m p a r e d to the geometry o f the flow channels , a 
reasonable approach is to use a c o n t i n u u m m o d e l o f the mater ia l a n d totally 
ignore the microscopic s tructural details. E q u i v a l e n t homogeneous p r o p e r 
ties can then be assigned to the fluid. Unfor tunate ly , i n most cases o f 
prac t ica l interest, the e m u l s i o n drople t sizes are not m u c h smaller than pore 
sizes. There fore , t reat ing the emulsions as a pseudo-single-phase fluid 
w o u l d be object ionable i n most cases. 

T o develop an unders tanding of the e m u l s i o n flow i n porous m e d i a , i t is 
useful to consider differences a n d similari t ies be tween the flow o f an O / W 
e m u l s i o n and simultaneous flow o f o i l a n d water i n a porous m e d i u m . A s 
discussed i n the p r e c e d i n g sect ion, i n s imultaneous flow of o i l and water , 
b o t h fluid phases are l ike ly to occupy cont inuous, a n d to a large extent, 
separate networks o f flow channels . A s s u m i n g the porous m e d i u m to be 
water-wet , the o i l phase becomes discont inuous only at the res idual satura
t ion o f o i l , w h e r e the o i l ceases to flow. E v e n at its res idual saturation, the o i l 
may r e m a i n cont inuous o n a scale m u c h larger than pores. I n the flow o f an 
O / W e m u l s i o n , the o i l exists as t iny dispersed droplets that are comparable 
i n size to pore sizes. There fore , the o i l a n d water are m u c h more l i k e l y to 
occupy the same flow channels . Consequent ly , at the same water saturation 
the relative permeabi l i t ies to water and o i l are l ike ly to be quite di f ferent i n 
e m u l s i o n flow. I n n o r m a l flow o f o i l a n d water, o i l droplets or ganglia 
b e c o m e t rapped i n the porous m e d i u m b y the process o f snap-off o f o i l 
filament at pore throats (8). I n the flow o f an O / W e m u l s i o n , an o i l drople t is 
l ike ly to become t rapped b y the m e c h a n i s m of s training capture at a pore 
throat smal ler than the d r o p . 

Permeability Reduction by Flow of Oil-in-Water Emulsion. 
M c A u l i f f e (9) p r o p o s e d the concept of permeabi l i ty r e d u c t i o n b y e m u l s i o n 
flow i n a porous m e d i u m . C o n s i d e r a single droplet o f an o i l e m u l s i o n 
enter ing a pore throat smal ler than itself, as shown i n F i g u r e 3. T h e radius o f 
curvature o f the leading edge is smal ler than the radius o f curvature o f the 
t ra i l ing edge of the droplet i n the pore throat, and consequent ly the capi l lary 
pressure is greater at the front o f the drople t than at its back. A certa in 
pressure is then r e q u i r e d to force the drople t through the constr ic t ion . T h i s 
L a p l a c i a n di f ferent ia l pressure r e q u i r e d to move the drople t through the 
pore throat is g iven by 

5Ρ = 2 σ (10) 

w h e r e σ is the interfac ia l tension at the o i l - w a t e r interface and r x and r 2 are 
the r a d i i o f curvature at the t ra i l ing and leading edges o f the d r o p , respec-
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6. KOKAL ET AL. Flow of Emulsions in Porous Media 229 

Figure 3. Emulsion blockage mechanism, (η and r2 are the radii of curvature at 
the trailing and leading edges of the drop, respectively.) (Reproduced with 
permission from reference 9. Copyright 1973 Society of Petroleum Engineers.) 

t ively. I f the actual pressure di f ferent ia l across the pore is less than that 
p r e d i c t e d by equat ion 10, the e m u l s i o n drople t plugs the pore throat. T h i s 
considerat ion is the fundamenta l basis for M c A u l i f f e ' s (9) theory for p e r m e 
abi l i ty reduct ion i n the flow of emulsions i n porous m e d i a . 

F o r an emuls ion to be an effective b l o c k i n g agent, the o i l droplet size 
s h o u l d be sl ightly larger than the pore throat size. E m u l s i o n droplets have a 
range o f sizes, as do pore throats, hence a smal l amount o f emuls i f i ed o i l can 
be very effective i n restr ic t ing flow. H o w e v e r , pore throat constrict ions 
should not be excessively large. F o r adverse m o b i l i t y ratios, viscous ins tabi l 
ities develop inside the reservoir , and water starts to finger through. W h e n 
an O / W e m u l s i o n is in jected (or formed) , a greater amount o f e m u l s i o n 
enters the more permeable zones. A s the e m u l s i o n restricts the flow o f fluids 
i n the more permeable zones, the d isp lac ing water (and emulsion) begins to 
flow into the less permeable zones and thus effectively improves the sweep 
eff iciency. 

W h e n the pressure d r o p across the pore throat is larger than that pre 
d i c t e d by equat ion 10, the o i l droplet undergoes distortions to pass through 
the pore constr ic t ion. T h e droplets pass undis tor ted through those pore 
constrict ions that have diameters larger than the drople t diameter . T h u s , 
w h e n the droplet d iameter is m u c h smaller than pore throat size (a 
m i c r o e m u l s i o n , for example) , the rock "sees" the fluid as a homogeneous 
fluid. 

T h i s concept o f e m u l s i o n flow i n porous media , however , is not w i t h o u t 
contradict ions (10,11). B lockage o f the pore throats b y o i l droplets necessi
tates an increase o f d i f ferent ia l pressure as given b y equat ion 10. Th is 
feature impl ies that the interfac ia l tension σ and/or the droplet radius be 
increased. H o w e v e r , for emuls i f icat ion to occur , interfac ia l tension must be 
decreased. There fore , to mainta in emuls ion stability ( low σ ) and prov ide 
effective blockage (high σ ) , the interfac ia l tension has to be m i n i m i z e d to 
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230 EMULSIONS IN THE PETROLEUM INDUSTRY 

some o p t i m u m value and the droplet size m a x i m i z e d to some diameter 
larger than the pore throat diameter . 

Soo a n d Radke ( I I ) c o n f i r m e d that the transient permeabi l i ty r e d u c t i o n 
observed by M c A u l i f f e (9) main ly arises f r o m the retent ion o f drops i n pores, 
w h i c h they t e r m e d as straining capture o f the o i l droplets . T h e y also ob
served that droplets smaller than pore throats were captured i n crevices or 
pockets and sometimes o n the surface o f the porous m e d i u m . T h e y c o n 
c l u d e d , o n the basis o f the ir experiments i n sand packs and visual glass 
m i c r o m o d e l observations, that stable O / W emulsions do not flow i n the 
porous m e d i u m as a c o n t i n u u m viscous l i q u i d , nor do they flow b y squeezing 
through pore constr ict ions, but rather b y the capture o f the o i l droplets w i t h 
subsequent permeabi l i ty r e d u c t i o n . T h e y used deep-bed* filtration p r i n c i 
ples (12,13) to m o d e l this p h e n o m e n o n , w h i c h is discussed i n deta i l later i n 
this chapter . 

Effect of Emulsion Characteristics. T h e flow o f emulsions i n 
porous m e d i a is affected b y a large n u m b e r o f variables. T h i s sect ion de
scribes the propert ies o f emuls ions , such as stability, qual i ty , drople t size 
d is t r ibut ion , o i l viscosity, w a t e r - o i l interfac ia l propert ies , and their effect o n 
its flow i n porous m e d i a . 

Emulsion Stability. A n e m u l s i o n is a thermodynamica l ly unstable 
system and has a natural tendency to separate in to two phases. Th is tendency 
is due to the fact that w h e n one phase is d ispersed i n another, the interfacial 
area increases a n d leads to an increase o f the free energy o f the system. A n y 
o i l - w a t e r system tends to m i n i m i z e this free energy b y r e d u c i n g the inter fa-
c ia l area and b y i n d u c i n g coalescence o f the dispersed o i l droplets . H o w e v e r , 
apparent e m u l s i o n stabil ity may be attained for a cer ta in t ime p e r i o d b y 
us ing s tabi l iz ing agents or emulsi f iers . These agents are ei ther a d d e d or 
c o u l d be natural ly o c c u r r i n g i n the o i l reservoir , and they suppress the 
mechanisms (f locculat ion, coalescence, c reaming , phase invers ion , etc.) that 
cause e m u l s i o n b r e a k d o w n . 

T h e stabil ity o f emulsions was discussed i n Chapters 1 and 2 and w i l l be 
discussed here very brief ly i n re lat ion to their flow i n porous media . T h e 
D L V O (Der jaguin , L a n d a u , V e r w e y , and Overbeek) theory o f c o l l o i d stabi l 
i ty is of ten used to describe the short-range interact ion between droplets 
causing flocculation a n d coalescence. A c c o r d i n g to this theory, the total 
potent ia l energy o f interact ion is the sum o f the L o n d o n - v a n der Waals 
attractive energy and electr ical double- layer repulsive energy between p a r t i 
cles. T h e total interact ion energy as a f u n c t i o n o f distance of separation is 
shown i n F i g u r e 4. D r o p l e t interactions can occur as a result o f hydrody-
namic effects, such as m i x i n g and flow i n porous media , and 
n o n h y d r o d y n a m i c effects, such as d i f fus ion and surface p h e n o m e n a . I n 
these situations, the destabi l izat ion o f the e m u l s i o n due to flocculation, 
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6. KOKAL ET AL. Flow of Emulsions in Porous Media 231 

+ 

Figure 4. DLVO theory of colloid stability. (Reproduced with permission from 
reference 10. Copyright 1988 Canadian Institute of Mining, Metallurgy, and 

Petroleum.) 

coalescence, a n d c r e a m i n g is d e t e r m i n e d b y the shape o f the interact ion 
potent ia l energy curve i n F i g u r e 4. T h i s curve is d e t e r m i n e d b y the surface 
potent ia l , thickness o f the e lectr ica l double layer, ion ic strength, drople t 
size, H a m a k a r constant, and a n u m b e r o f other factors (10, 14). I n F i g u r e 4 
the p r i m a r y m i n i m u m , P , represents the potent ia l energy o f two droplets i n 
close p r o x i m i t y due to repuls ion as a result o f the overlap o f e lectron shells. 
T h e m a x i m u m , M , represents the repulsive energy barr ier to coalescence, 
a n d the secondary m i n i m u m , S, represents the separation distance where 
droplets w i l l flocculate into aggregates but may be dispersed. 

T h e presence o f surfactants, e i ther natural or added, promotes e m u l s i o n 
stabil i ty b y the reduct ion o f interfac ia l tension and the format ion o f h igh ly 
r i g i d films o n the surface o f the droplets . Th is r e d u c t i o n of inter fac ia l 
tens ion can increase the m a x i m u m , M , i n F i g u r e 4 signif icantly through 
charge stabi l izat ion or steric s tabi l izat ion (15). Because the nature and shape 
o f the interact ion energy curve de termine the stabil ity o f O / W (and other 
types) o f emuls ions , any process, parameter , or p h e n o m e n o n that affects the 
shape o f this curve w i l l u l t imate ly contro l e m u l s i o n stabil i ty. 

Some of the parameters that affect the stabil ity (16) are the f o l l o w i n g : 

• Temperature. T e m p e r a t u r e can affect e m u l s i o n stabil i ty i n a 
n u m b e r o f ways. T e m p e r a t u r e affects interfac ia l tension, 
w h i c h general ly decreases w i t h increas ing temperature (17, 
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232 EMULSIONS IN THE PETROLEUM INDUSTRY 

18). A lower interfaeial tension w i l l l ead to a more stable 
e m u l s i o n . T e m p e r a t u r e affects phys ica l propert ies o f o i l , w a 
ter, interfaeial f i lms, a n d surfactant solubi l i t ies i n the o i l a n d 
water phases, w h i c h can a l l affect e m u l s i o n stability. F u r t h e r , 
the rheology o f the e m u l s i o n i tsel f is affected signif icantly b y 
temperature . 

• Pressure. Reservoir pressure has a less significant effect o n 
e m u l s i o n stabil ity than temperature . Interfaeial tension de
creases as the pressure o f the system increases. Pressure ef
fects probably have an indirec t effect o n e m u l s i o n stabil ity 
because o f the dependence o f physica l propert ies o n pressure. 

• Surface-active agents. Surface-active agents such as e m u l s i -
fiers and surfactants play a very significant role i n the stabil ity 
o f emuls ions . T h e y greatly extend the t ime o f coalescence, a n d 
thus they stabil ize the emuls ions . M e c h a n i s m s b y w h i c h the 
surface-active agents stabil ize the e m u l s i o n are discussed i n 
deta i l b y B e c h e r (19) a n d C o s k u n e r (14). T h e y f o r m m e c h a n i 
cal ly strong films at the o i l - w a t e r interface that act as barriers 
to coalescence. T h e e m u l s i o n droplets are sterical ly s tabi l ized 
b y the asphaltene and resin fractions o f the crude o i l , a n d 
these can reduce interfaeial tension i n some systems even at 
very l o w concentrations (17, 20). I n situ emulsif iers are 
f o r m e d f r o m the asphaltic and resinous materials f o u n d i n 
crude oils c o m b i n e d w i t h ions i n the br ine a n d insoluble dis
persed fines that exist i n the o i l - b r i n e system. C e r t a i n o i l -
soluble organic acids such as naphthenic , fatty, a n d aromatic 
acids contr ibute to emuls i f icat ion (21). 

T h e interfaeial films f o r m e d by dif ferent c rude oils have di f ferent 
characteristics. T h e phys ica l characteristics o f the films are a func t ion o f the 
c r u d e - o i l type a n d gas content, the compos i t ion and p H of water, the t e m 
perature , the presence o f n o n i o n i c polar molecules i n the water, the extent 
to w h i c h the adsorbed film is compressed, a n d the contact t ime a l lowed for 
adsorpt ion and concentrat ion o f po lar molecules i n the o i l phase (14, 22,23). 
T h e rheologica l propert ies o f the adsorbed emuls i f ier film have an impor tant 
effect o n the stabil i ty o f emuls ions . 

V e r y few studies have focused o n the stability o f O / W emulsions i n 
porous m e d i a . Sarbar et a l . (24) c o n d u c t e d a study to de termine the effect o f 
c h e m i c a l additives o n the stabil i ty of O/W e m u l s i o n flow through porous 
m e d i a . T h e y in jected 1, 5 , and 10% O / W emulsions i n sand packs w i t h 
vary ing p H and surfactant concentrations a n d f o u n d that there was an o p t i 
m a l value o f the surfactant concentrat ion at w h i c h emulsions were the most 
stable. A d d i t i o n o f s o d i u m c h l o r i d e to the aqueous phase h a d a de t r imenta l 
effect o n the stabil i ty o f the e m u l s i o n . F o r their system they f o u n d that there 
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6. KOKAL ET AL. Flow of Emulsions in Porous Media 233 

was an o p t i m u m value o f p H (10) at w h i c h the emulsions were the most 
stable. Unstable emulsions flow i n a m a r k e d l y di f ferent manner f r o m stable 
emuls ions . Unstab le emulsions have relat ively large interfaeial tensions re
sul t ing i n large o i l droplets that were observed to be deposi ted at the in le t o f 
the core. Th is o i l bank grows u n t i l i t stalls a n d re-emuls i f icat ion o f the o i l 
takes place. Th is re -emuls i f i ed o i l is car r i ed to another pos i t ion , and another 
o i l bank begins to f o r m . T h i s mechanism was not observed for the stable 
e m u l s i o n because there was less o i l break ing f r o m the e m u l s i o n to become 
available for the b a n k i n g p h e n o m e n o n . 

Emulsion Quality. T h e qual i ty o f an e m u l s i o n is def ined as the v o l 
u m e fract ion (or percent) o f the dispersed phase i n the emuls ion . T h e 
qual i ty o f emulsions strongly affects their rheology. Several studies have 
b e e n repor ted for the relat ionship of i sothermal shear stress to shear rate for 
emulsions o f di f ferent qualit ies . O / W emulsions having qualit ies less than 
0.5 (or 50%) exhibit N e w t o n i a n behavior , and those having h igher qualit ies 
exhibit n o n - N e w t o n i a n behavior (9, 16, 25). 

F i g u r e 5 (25) shows the effect o f e m u l s i o n qual i ty o n the pressure d r o p 
i n porous m e d i a as a f u n c t i o n o f the flow rate. F o r e m u l s i o n o f qual i ty u p to 
40%, the re lat ionship between pressure d r o p and flow rate is l inear , an 
effect showing that Darcy 's law describes the steady-state, l aminar flow of a 
N e w t o n i a n macroemuls ion through porous m e d i a . F o r e m u l s i o n qualit ies 
h igher than 40%, the re lat ionship between pressure d r o p a n d flow rate is not 
l inear , a result ind ica t ing n o n - N e w t o n i a n behavior . T h i s k i n d o f behavior is 
typica l o f n o n - N e w t o n i a n pseudo-plast ic fluids. F i g u r e 6 shows a l o g - l o g 
plot o f pressure d r o p versus flow rate for a 40 and 6 0 % m a c r o e m u l s i o n 
flowing through porous m e d i a . T h e 4 0 % e m u l s i o n has a l inear re lat ionship 
o n the plot w i t h a slope o f 1, and thus shows N e w t o n i a n behavior . T h e 6 0 % 
macroemuls ion , o n the other h a n d , gives a slope o f less than 1 and thus 
shows n o n - N e w t o n i a n , pseudo-plast ic behavior . 

S i m i l a r results were also obta ined b y U z o i g w e and M a r s d e n (26). T h e y 
c o n d u c t e d flow tests i n capi l lary tubes a n d i n porous m e d i a us ing di f ferent 
qualit ies o f O / W emulsions and observed N e w t o n i a n behavior u p to 5 0 % 
qualit ies and n o n - N e w t o n i a n behavior at h igher qualit ies , as shown i n F i g 
ures 7 and 8. F o r the h igh-qual i ty emulsions , N e w t o n i a n behavior was 
exhib i ted at l o w shear rates a n d shear stresses. Trans i t ion to n o n - N e w t o n i a n 
behavior o c c u r r e d after some cr i t i ca l shear rates that were f o u n d to d e p e n d 
o n e m u l s i o n qual i ty . T h e h igher the qual i ty , the lower the value o f this 
c r i t i ca l shear rate. T h e transi t ion shear rate values repor ted suggest an 
exponent ia l dependence o n e m u l s i o n qual i ty . A f t e r the transi t ion to n o n -
N e w t o n i a n behavior , these h igh-qual i ty emulsions exhib i ted pseudo-plast ic 
shear- th inning behavior . 

U z o i g w e and M a r s d e n (26) expla ined this behavior us ing p a r t i c l e - p a r t i 
cle interactions that are caused b y forces o f attraction or repuls ion between 
t h e m . F o r d i lute , low-qual i ty emuls ions , the repuls ion forces are quite h i g h 
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Figure 5. Cartesian plot of Newtonian and non-Newtonian behavior of flow of 
O/W macroemulsions through porous media. (fe is emulsion quality.) (Repro
duced with permission from reference 25. Copyright 1979 Society of Petroleum 

Engineers.) 

relative to the attractive forces, and consequently m i n i m u m aggregation 
takes place . H o w e v e r , i n concentrated or h igh-qual i ty emuls ions , the r e p u l 
sive forces are r e d u c e d , and the attractive forces w i l l l ead to the format ion o f 
aggregates causing coalescence a n d flocculation. A t l o w shear rates these 
aggregates rotate l ike single part ic les , a n d the viscosity is h i g h . A s shear is 
increased, the aggregates break d o w n , a n d the viscosity decreases. T h e 
breakup o f aggregates results i n the observed pseudo-plast ic behavior . O n 
the other h a n d , for stable low-qual i ty emuls ions , the part icles are far apart, 
and the net response o f the emulsions to shear is s imi lar to that o f the 
N e w t o n i a n nature o f the cont inuous phase. 

F i g u r e 9 f r o m U z o i g w e a n d M a r s d e n (26) shows a p lo t o f apparent 
viscosity versus e m u l s i o n qual i ty . T h i s graph shows that apparent viscosities 
increase sharply w i t h qual i ty par t i cular ly at l o w shear rates. It also shows the 
N e w t o n i a n behavior at l o w qualit ies a n d n o n - N e w t o n i a n behavior at h i g h 
quali t ies . 
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i r k 2 . 
, j , , , , , — J , , , 1 l I I 1 _ 

fe , % 
• 4 0 
Ο 60 

I I I I I I 1 t i 1 1 1 1 1 t 1 M 1 
0.01 0.10 1.00 

Flow Rate, q, cm 3 /sec 
Figure 6. A log-log plot of Newtonian and non-Newtonian behavior of flow of 
macroemulsions through porous media. (fe is emulsion quality.) (Reproduced 
with permission from reference 25. Copyright 1979 Society of Petroleum Engi

neers.) 

W h e n us ing stable, d i lute N e w t o n i a n emulsions t h r o u g h porous m e d i a , 
the flowing permeabi l i ty , fcf, must be used i n Darcy ' s l aw to describe its 
behavior instead o f the i n i t i a l or convent ional permeabi l i ty . W h e n p l u g g i n g 
due to the flow o f N e w t o n i a n macroemuls ions occurs, on ly the p e r m e a b i l i t y 
o f the porous m e d i u m s h o u l d be adjusted. E m u l s i o n rheology w i t h respect 
to N e w t o n i a n a n d n o n - N e w t o n i a n behavior w i l l be r e v i e w e d u n d e r the 
sect ion " M a t h e m a t i c a l M o d e l s o f E m u l s i o n F l o w i n Porous M e d i a " . 

Average Droplet Size and Droplet Size Distribution. A l l pract ica l 
emulsions show some f o r m o f drople t size d i s t r ibut ion w i t h an average value 
represent ing this size d i s t r ibut ion . T h e average droplet size a n d the drople t 
size d i s t r ibut ion affect the rheology of e m u l s i o n (discussed i n C h a p t e r 4). 
D r o p l e t size i n re la t ion to pore throat size affects the flow o f fluids i n porous 
m e d i a , as discussed previously (F igure 3). 
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CAPILLARY 
RADIUS (cm) 

0 0.0300 
• 0.0380 

0.0400 
0.0497 
0.0540 

Γ=70% 

Γ = 6 0 % * 
0—0—0-

2000 4000 6000 8000 10000 

SHEAR RATE, sec" 

Figure 7. Apparent viscosity vs. shear rate at various emulsion qualities (T). 
(Reproduced with permission from reference 26. Copyright 1970 Society of 

Petroleum Engineers.) 

70 

60 >-
I -

8 § 50 

> g 40 

g | 3 0 h 
Q : . 
'£ 3 . 2 0 
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< 1 0 -

0. 

CAPILLARY RADIUS (cm) 
• 0.0215 
0 0.0300 
Δ 0.0380 
0 0.0400 
A 0.0497 
• 0.0540 

—V 0 

Γ = 70% 

-Φ 
Γ =60% 

J L _L 
40 80 120 160 

SHEAR RATE, s e c - 1 

200 

Figure 8. Apparent viscosity vs. shear rate at various emulsion qualities (T) in 
the low-shear apparatus. (Reproduced with permission from reference 26. 

Copyright 1970 Society of Petroleum Engineers.) 
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7 0 F 

6 0 h 

5 0 h 

£ 4 0 f-
oo 
>F 
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< 

3 0 

2 0 h 

10 h 
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SHEAR RATE (sec"1) 

ο 10 Τ — 
• 2000 
Δ 6000 
0 10000 

/ 

-9—? Τ ι ι I I 

2 0 4 0 6 0 8 0 

E M U L S I O N Q U A L I T Y , Γ , (7ο) 

Figure 9. Apparent viscosity vs. emulsion quality. (Reproduced with permis
sion from reference 26. Copyright 1970 Society of Petroleum Engineers.) 

D r o p l e t size depends o n a n u m b e r o f factors such as the type o f o i l , 
b r i n e compos i t ion , interfaeial propert ies o f the o i l - w a t e r system, surface-
active agents present (added or natural ly occurr ing) , flow veloci ty , a n d na
ture o f porous mater ia l . F o r the study o f O / W emuls ions , M c A u l i f f e (9) 
var ied e m u l s i o n drople t sizes and size dis tr ibut ions b y increas ing the s o d i u m 
hydroxide concentrat ion i n the aqueous phase, as shown i n F i g u r e 10. 
H i g h e r N a O H concentrat ion neutral izes more o f the surface-active acids i n 
the c rude o i l a n d produces an e m u l s i o n that has droplets o f smal ler d iame
ters a n d is also more stable. E m u l s i o n drople t size d i s t r ibut ion can also be 
v a r i e d b y varying the concentrat ion o f a surfactant a d d e d to the crude o i l , as 
shown i n F i g u r e 11. 

Soo and R a d k e (JJ) also s tudied the effect o f average drople t size o f 
e m u l s i o n o n the flow behavior i n porous m e d i a . T h e drople t size d i s t r ibut ion 
o f the emulsions that were p r e p a r e d w i t h surfactants a n d N a O H i n a b l e n d e r 
are shown i n F i g u r e 12. These droplet size distr ibut ions were f o u n d to be 
l o g - n o r m a l dis tr ibut ions . Others (9, 27) have also observed that the size o f 
e m u l s i o n droplets was log-normal ly d i s t r ibuted . Soo a n d R a d k e (11) c o n 
d u c t e d experiments w i t h emulsions having di f ferent average mean diameter 
i n fine Ot tawa water-wet sand packs. T h e i r results o f the r e d u c e d p e r m e a b i l 
i ty, k/k0, and r e d u c e d effluent v o l u m e concentrat ion as a f u n c t i o n o f the pore 
v o l u m e o f o i l ( in the emulsion) in jected are shown i n F i g u r e 13. A l l e m u l 
sions were o f 0 .5% quality, and the i n i t i a l permeabi l i ty , k0, was 1170 m D 
(mil l idarcies) . T h e lines i n the figure represent results o f flow theory (12,13) 
based o n d e e p - b e d filtration pr inc ip les . 
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238 EMULSIONS IN THE PETROLEUM INDUSTRY 

3 5 

3 0 
ο 0.1 % NaOH 
ο 0.2 % ΝαΟΗ 
Δ 0.5 % ΝαΟΗ 
Ο 1.0 % ΝαΟΗ 

2 3 4 6 8 1 0 15 20 3 0 4 0 6 0 80100150 

D R O P L E T D I A M E T E R S IN M I C R O N S 

Figure 10. Size distribution of emulsions prepared from Midway-Sunset 
26 C crude-oil and NaOH solutions. Oil content of emulsions was 70%. (Repro
duced with permission from reference 9. Copyright 1973 Society of Petroleum 

Engineers.) 

L U Ω 
Q . Ù J 

3 5 

3 0 

2 5 h 

2 0 

15 

1 0 -

5 -

0 2%NI-W 
Δ 6%NI-W 
ο 10% NI-W 

0.5 0.81.0 1.5 2 3 4 6 810 15 20 30 40 6080100 150 

D R O P L E T D I A M E T E R S IN M I C R O N S 

Figure 11. Size distribution of emulsions prepared from Richfield-Kraemer 
crude oil, injection water, and Chevron dispersant NI-W. Oil content of emul
sion was 60%. (Reproduced with permission from reference 9. Copyright 1973 

Society of Petroleum Engineers.) 
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Ο 5 10 15 20 
DROP DIAMETER, Od, M m 

Figure 12. Droplet size distribution of the O/W emulsion with a viscosity of 1.5 
mPas. (Reproduced from reference 11. Copynght 1984 American Chemical 

Society.) 

F i g u r e 13 shows that the core permeabi l i ty drops over many in jected 
pore volumes a n d ul t imate ly levels off. T h e eff luent prof i le (dashed lines) 
shows that the o i l droplets appear after some t ime , and the ir concentrat ion 
rises s lowly and levels of f at the inlet value o f 0.5%. T h e t ime at w h i c h the 
permeabi l i ty reduct ion stops is about the same t ime at w h i c h the o i l droplets 
approach their in le t concentrat ion. 

P e r m e a b i l i t y reduct ions were also observed b y M c A u l i f f e (9), a n d his 
results are shown i n F i g u r e 14. H e used a Boise sandstone core w i t h an 
i n i t i a l permeabi l i ty o f 1600 m D and in jected a 0 .5% O / W e m u l s i o n having 
average o i l -drople t sizes o f 1 and 12 μπι. T h e smal l -d iameter e m u l s i o n 
r e d u c e d the permeabi l i ty f r o m 1600 to 900 m D after 10 pore volumes o f the 
in jected e m u l s i o n ; the 12-μπι e m u l s i o n was m u c h more effective i n reduc
i n g the core permeabi l i ty . A f t e r 10 pore volumes h a d b e e n in jected, the 
permeabi l i ty was r e d u c e d to 30 m D , almost a 50 - fo ld r e d u c t i o n . 

Soo and R a d k e ( I I ) also c o m p a r e d the effluent a n d inlet drople t size 
dis tr ibut ions . T h e i r results for the 4 .5 -μπι average droplet size e m u l s i o n 
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2 4 0 EMULSIONS IN THE PETROLEUM INDUSTRY 

0 0 0 5 0.10 015 0.20 

T c i % PORE VOLUME OIL 

Figure 13. Experimental permeability reduction (filled symbols) and break
through concentration histories (open symbols) for varying droplet size in the 
1170-mD core. Oil viscosity was 1.5 mPas; Q is reduced effluent volume 
concentration, and Da is droplet diameter. (Reproduced from reference 11. 

Copyright 1984 American Chemical Society.) 

after 7 and 15 pore volumes are shown i n F i g u r e 15. D r o p l e t s e lu t ing early 
were general ly smal ler than the in jected d is t r ibut ion . H o w e v e r , w i t h t ime , 
the eff luent droplets shi f ted to larger diameters and ul t imate ly matched the 
inlet drople t size d i s t r ibut ion . T h i s transient droplet size shift was not ob
served for the 2 .1 -μ ιη e m u l s i o n a n d was less p r o n o u n c e d for the 3 . 1 - μ ι η 
e m u l s i o n . F i g u r e 15 demonstrates l i t t le , i f any, drople t coalescence i n the 
porous m e d i u m . S imi lar results were also obta ined b y A l v a r a d o and 
M a r s d e n (27). 

F i g u r e 16 shows the results w h e n 20 pore volumes o f an emuls ion 
having a 3 .1-μπι mean drople t size is in jected into an 1 1 7 0 - m D sand pack 
a n d is f o l l o w e d b y several pore volumes o f water ( I I ) . A f t e r e m u l s i o n injec
t ion , a p e r m e a b i l i t y reduct ion o f about 5 0 % is observed. W i t h water injec
t ion , the effluent concentrat ion drops to 0 after one pore v o l u m e , whereas 
the p e r m e a b i l i t y is unal tered. F o r this d i lu te e m u l s i o n , the droplets are 
captured i n the porous m e d i u m , and this capture leads to b l o c k i n g o f the 
flow paths. F i g u r e 16 shows that once the droplets are captured, they do not 
re-enter the flow stream, ve loc i ty b e i n g constant. Soo a n d Radke ( I I ) p r o 
posed the f o l l o w i n g physica l interpretat ion for the results of F i g u r e 15. 
In i t ia l ly o i l droplets are preferent ia l ly captured i n the small-size pores, and 
as in ject ion proceeds, more a n d more o f the smal l pores become b l o c k e d . 
T h i s blockage leads to a flow divers ion toward larger size pores, and the rate 
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ω 1800 
U J 
œ 1600 
< 
• 1400 

0.5% OIL-IN WATER EMULSION, 
INJECTION PRESSURE 40 PSI/FT 

Ο COALING A 13 D OIL -12* 
AVERAGE DROPLET DIAMETER 

A MIDWAY-SUNSET 15A OIL-1/t 
AVERAGE DROPLET DIAMETER 

0 1 2 3 4 5 6 7 8 9 10 
PORE VOLUMES OF FLUID INJECTED 

Figure 14. Changes in apparent fluid permeability when Boise sandstone was 
flooded with an emulsion of two different droplet sizes. (Reproduced with 
permission from reference 9. Copyright 1973 Society of Petroleum Engineers.) 

DROP DIAMETER, D d . μη 

Figure 15. Comparison between inlet and effluent droplet size distribution 
after injection of 7 and 15 pore volumes. (Reproduced from reference 11. 

Copyright 1984 American Chemical Society.) 
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Figure 16. Experimental permeability reduction (filled symbols) and break
through concentration histories (open symbols) of a 20-pore-volume pulse 
followed by a pH 10 solution. (Reproduced from reference 11. Copyright 1984 

American Chemical Society.) 

of capture o f the o i l droplets decreases. Eventua l ly , w h e n the drople t cap
ture sites are filled, capture ceases and steady state is reached. This in terpre
tat ion is based o n the concept o f d e e p - b e d filtration. 

T h e results o f F i g u r e 13 suggest that as the droplet size increases, the 
e m u l s i o n re tent ion increases. T h e large droplets have a higher capture 
probabi l i ty and fill u p more o f the pores faster, a result that explains w h y 
they elute later than the smaller droplets . E m u l s i o n s w i t h smal l drople t size 
diameters elute w i t h essentially the in le t size dis tr ibut ions . T w o factors 
c o n t r o l permeabi l i ty reduc t ion : the total v o l u m e of droplets reta ined and the 
effectiveness o f these droplets i n restr ic t ing flow. F o r a given porous me
d i u m , a cr i t i ca l mean droplet size o f the e m u l s i o n controls permeabi l i ty 
reduc t ion . B e l o w this value, re tent ion o f o i l i n porous m e d i a is dominant , 
a n d above the cr i t i ca l m e a n drople t size, their obstruct ion abi l i ty is p r o 
n o u n c e d . T h i s s i tuation explains the trends shown i n F i g u r e 13 for the effect 
o f drople t size o n permeabi l i ty reduc t ion . These conclusions are v a l i d for 
stable, very d i lute O / W emulsions and are based o n a few experiments . 

Oil Viscosity. T h e viscosity o f O / W e m u l s i o n is generally d o m i n a t e d 
b y the viscosity o f the cont inuous phase, that is, water . A s discussed earl ier , 
emulsions o f qualit ies u p to 5 0 % are N e w t o n i a n i n behavior , whereas e m u l 
sions w i t h h igher qualit ies are general ly n o n - N e w t o n i a n i n nature. T a b l e I 
f r o m M c A u l i f f e (9) shows the viscosities o f O / W emulsions p r e p a r e d f r o m 
dif ferent crude oils varying i n quali ty. T h e viscosities o f O/W mixtures 
conta in ing u p to 5 0 % o i l are less than 20 t imes that o f water , even though the 
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6. KOKAL ET AL. Flow of Emulsions in Porous Media 243 

Table I. Viscosities (at 75 °F) of O/W Emulsions 
Prepared from Different Crude Oils 

Percent Oil 
in Emulsion Midway-Sunset 15 A Casmalia Boscan 
80 1200 1200-5000 a 
70 185 200 800 
60 28 — 55 
50 12 14 
40 6 — 
20 1.6 — — 
10 1.1 — — 

NOTE: All values are given in centipoises. The viscosities of the oils are 
as follows: Midway-Sunset 1 5 A, 3 6 0 0 cP; Casmalia, 1 , 0 0 0 , 0 0 0 cP; and 
Boscan, 1 8 0 , 0 0 0 cP. 
eThe dash indicates not measured. 
SOURCE: Reproduced with permission from reference 9 . Copyright 
1 9 7 3 Society of Petroleum Engineers. 

o i l viscosities range f r o m 3600 to 1,000,000 mPa-s at r o o m condit ions . F o r 
h igher qualit ies, the O / W emulsions exhibit n o n - N e w t o n i a n flow behavior , 
and the viscosity (apparent) is dependent u p o n the shear rate. F o r very h i g h 
qualit ies, the apparent viscosities o f the e m u l s i o n (water - in-o i l , W/O) can be 
substantially h i g h (even h igher than that o f o i l itself) at very l o w shear rates. 
M o s t o f these h igh-qual i ty emulsions exhibit shear - th inning or pseudo-plas
t ic behavior (Figures 5-8) . 

Soo and Radke (J J) demonstrated the role o f viscosity o f the o i l phase 
o n e m u l s i o n flow behavior . T h e y c o m p a r e d results for in jec t ing emuls ions 
having s imi lar drople t sizes (3.1 and 3.4 μηι at 0 .5% quality) w i t h oi l -phase 
viscosities o f 1.5 and 23 mPa-s into a sand pack w i t h a permeabi l i ty o f 1170 
m D . T h e results are shown i n F i g u r e 17 for p e r m e a b i l i t y reduct ions and 
eff luent profi les as a func t ion o f pore volumes in jected. N e i t h e r the p e r m e 
abi l i ty reduct ion nor the eff luent concentrations changed significantly, 
whereas the o i l viscosity increased b y almost an order o f magni tude . T h i s 
result is not surpr is ing , cons ider ing that the viscosity o f emulsions i n b o t h 
cases s h o u l d be very close to that o f the water phase that makes u p 99 .5% o f 
the e m u l s i o n . A c c o r d i n g to the authors, drople t sizes, pore sizes (discussed 
later), and surface chemistry are the most important factors for flow o f 
e m u l s i o n i n porous media , and viscosity o f the o i l phase does not affect this 
process. A l t h o u g h this c o n d i t i o n is true for the d i lu te , stable emulsions that 
they s tudied, the viscosity o f the o i l phase w i l l def ini te ly affect the flow of 
h igher qual i ty emulsions i n porous media . T h i s aspect is discussed i n more 
deta i l i n the sect ion " M a t h e m a t i c a l M o d e l s o f E m u l s i o n F l o w i n Porous 
M e d i a " . 

Effect of Porous Medium Characteristics. T h e characteristics 
o f porous m e d i a such as average pore size a n d wettabi l i ty play an important 
role i n the flow of O / W e m u l s i o n through porous m e d i a . 
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244 E M U L S I O N S I N T H E P E T R O L E U M INDUSTRY 

τ r 

0 0.05 0.10 0.15 

Τ C i , PORE VOLUME OIL 

Figure 17. Experimental permeability reduction (filled symbols) and break
through concentration histories (open symbols) for two viscosities of oil phase 
with a 3-\xm droplet size. (Reproduced from reference 11. Copyright 1984 

American Chemical Society.) 

Average Pore Size and Pore Size Distribution. A c c o r d i n g to the 
concept o f e m u l s i o n flow i n porous m e d i a discussed earl ier , capture o f o i l 
droplets i n a porous m e d i u m is closely re lated to the pore size and the pore 
size d i s t r ibut ion . Soo a n d R a d k e (11) s tudied the effect o f two di f ferent sand 
packs w i t h vary ing pore size distr ibut ions o n e m u l s i o n flow. T h e average 
pore size and the pore size d is t r ibut ion o f the two sand packs w i t h 
permeabi l i t ies o f 1170 a n d 580 m D are shown i n F i g u r e 18. These h a d 
average pore size diameters o f 29.5 a n d 17.3 μπι, respectively, a n d their 
porosit ies were 0.34 and 0.31, respectively. F i g u r e 19 shows the effect o f 
flowing a 0 .5% O / W e m u l s i o n w i t h a m e a n drople t size o f 3.3 μπι through 
these two sand packs. T h e e m u l s i o n breakthrough i n the l o w - p e r m e a b i l i t y 
sand pack o c c u r r e d later than i n the h igher p e r m e a b i l i t y sand pack and also 
resul ted i n a permeabi l i ty r e d u c t i o n . 

T h i s observation was also made b y M c A u l i f f e (9), w h o in jected a 0 .5% 
O / W e m u l s i o n (3 .8 -μιη average droplet size) into a Boise sandstone core 
(1170 m D ) and A l h a m b r a core (520 m D ) . T h e results are shown i n F i g u r e 20 
and depic t that the permeabi l i ty o f the A l h a m b r a core was r e d u c e d more 
rap id ly earl ier d u r i n g the in ject ion p e r i o d than that o f the Boise core. T h e 
percentage r e d u c t i o n i n p e r m e a b i l i t y after 10 pore volumes o f e m u l s i o n 
in ject ion, however , was the same for the two cores. A f t e r 10 pore volumes o f 
the O / W e m u l s i o n , d i s t i l l ed water was in jected into the two cores. D i s t i l l e d 
water , however , does not remove the o i l droplets that are captured i n the 
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6. K O K A L ET AL. Flow of Emulsions in Porous Media 2 4 5 

ι 1 r 

PORE THROAT DIAMETER, Dp, μτη 

Figure 18. Pore size distribution of the sand-packed core at two different 
permeabilities. (Reproduced from reference 11. Copyright 1984 American 

Chemical Society.) 

Ο 0 05 0 * 0 0.15 
T c l t PORE VOLUME OIL 

Figure 19. Experimental permeability reduction (filled symbols) and break
through concentration histories (open symbols) for two initial permeabilities 
with a 3.3-\im droplet size emulsion. (Reproduced from reference 11. Copy

right 1984 American Chemical Society.) 
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246 EMULSIONS IN THE PETROLEUM INDUSTRY 

pore throats a n d consequent ly does not i m p r o v e the permeabi l i ty r e d u c t i o n . 
In ject ion o f br ine into the core i n the later part o f the floods i n F i g u r e 20 
fa i l ed to destroy the flow restrictions caused b y the e m u l s i o n . 

Wettability. W e t t a b i l i t y o f the porous m e d i u m controls the flow, 
locat ion, and d is t r ibut ion o f fluids ins ide a reservoir {7, 28). It d i rec t ly 
affects capi l lary pressure, relative permeabi l i ty , secondary and tert iary re
covery performances , i r r e d u c i b l e water saturations, res idual o i l saturations, 
and other propert ies . 

T h e wet tabi l i ty o f reservoir rocks can be al tered b y the adsorpt ion o f 
polar compounds or the depos i t ion o f organic mater ia l such as asphaltenes i n 
the c rude o i l . W e t t a b i l i t y al terat ion is d e t e r m i n e d b y the interact ion o f o i l 
constituents, m i n e r a l surface, a n d br ine chemistry i n c l u d i n g ion ic c o m p o 
si t ion a n d p H . A n y extraneous substance such as art i f ic ial surfactants that 
changes the m i n e r a l surface w i l l change the wettabi l i ty o f the rock and 
consequent ly the flow o f fluids ins ide the reservoir . 

C l e a r l y , wet tabi l i ty w i l l affect the flow of O / W emulsions i n porous 
m e d i a . M a n y surface-active c o m p o u n d s (which are n o r m a l l y n e e d e d for 
stable emulsions) w i l l alter wettabi l i ty , w h i c h w i l l then affect the flow o f the 
o i l a n d water phases inside the reservoir . N o studies have addressed the 
effect o f wet tabi l i ty o n the flow of emuls ions i n porous m e d i a . H o w e v e r , 
some effects o f wettabi l i ty appear to be obvious f r o m s imple intui t ive rea
soning. T h e nature o f interactions be tween the in terna l surfaces o f the 

0 10 20 30 40 50 
PORE VOLUMES OF FLUIO INJECTED 

Figure 20. Reduction in water permeability by emulsion injection and residual 
effect of emulsion. Percentages at arrows compare fluid permeability at that 
point with original water permeabilities. (Reproduced with permission from 

reference 9. Copyright 1973 Society of Petroleum Engineers.) 
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6. KOKAL ET AL. Flow of Emulsions in Porous Media 247 

porous m e d i u m a n d e m u l s i o n droplets w o u l d be affected b y the wettabi l i ty 
o f the surface. I f the surface is strongly water-wet , i t can be p e r c e i v e d as 
b e i n g covered b y a t h i n layer o f strongly h e l d water. There fore , a direct 
co l l i s ion between the so l id surface and an e m u l s i o n drople t w i l l r equire 
removal o f this t h i n water layer a n d w o u l d be an u n l i k e l y event. M o r e o v e r , 
w h e n an e m u l s i o n droplet does come i n direc t contact w i t h the pre feren
t ia l ly water-wet surface, i t w o u l d be easily d isplaced f r o m the surface b y the 
s u r r o u n d i n g water . O n the other h a n d , i f the surface was preferent ia l ly o i l -
wet , an o i l drople t reaching the so l id surface c o u l d easily adhere to the 
surface and may b e c o m e t rapped. Eventua l ly , the o i l -wet so l id surface w i l l 
become f u l l y coated w i t h o i l , and this o i l layer w i l l g row i n thickness b y 
captur ing more droplets u n t i l i t becomes m o b i l e . T h u s the surface wet tab i l 
i ty may have a direc t inf luence o n the drople t capture m e c h a n i s m . 

Effect of Flow Velocity. T h e veloc i ty o f fluids i n the reservoir 
plays an impor tant role d u r i n g the flow o f emulsions i n porous m e d i a . 
V e l o c i t y inf luences the shear rate, and for h igh-qual i ty n o n - N e w t o n i a n 
emuls ions , i t d i rec t ly affects the ir rheology. Its magni tude determines the 
capture and breakup rates o f o i l droplets through the rock. Soo a n d 
R a d k e (29) invest igated the role o f veloc i ty and its effect o n the flow o f 
d i lu te , stable O / W emulsions through porous m e d i a . T h e y used d e e p - b e d 
filtration pr inc ip les to describe its effect. A c c o r d i n g to this theory, the two 
mechanisms by w h i c h o i l droplets are captured i n the pores and thereby 
cause restr ic t ion to flow are s tra ining capture a n d in tercept ion capture . 

Straining capture refers to the c o n d i t i o n that results w h e n a part ic le 
lodges i n a pore throat o f size smal ler than its o w n . T h e rate o f capture is 
di rec t ly p r o p o r t i o n a l to the veloci ty . Re -ent ra inment o f s tra ined droplets 
occurs e i ther b y squeezing o f droplets through pore constrict ions due to 
local ly h i g h pressures or b y breakup o f the o i l droplets . 

Interception capture refers to the s i tuat ion where drops are captured o n 
the surface o f the rock, i n vugs, a n d i n rec i rcu la t ion eddies . Re -ent ra inment 
o f the captured droplets can occur w h e n a repulsive h y d r o d y n a m i c force o n 
the droplet is m u c h larger than the van der Waals electrostatic attraction 
between the drople t and the rock surface. D r o p l e t breakup w i l l occur w h e n 
inter fac ia l tension is l o w and h y d r o d y n a m i c forces are h i g h . 

These capture mechanisms are dependent o n the cr i t i ca l re -entra in
ment veloci ty, w h i c h is the veloc i ty at w h i c h droplets first break u p f r o m the 
rock surface and constrict ions and are re -entra ined in to the flow stream. 
T h i s c r i t i ca l ve loc i ty is a func t ion o f surface propert ies o f the system and the 
droplet -s ize to pore-s ize ratio. S m a l l double- layer repuls ive forces and smal l 
droplet -s ize to pore-s ize ratios lead to large cr i t i ca l veloci t ies . Soo a n d 
R a d k e (29) f o u n d the effect o f ve loc i ty o n e m u l s i o n flow i n porous m e d i a to 
be dependent o n the capi l lary n u m b e r (μν/φσ, w h e r e μ is fluid viscosity, υ is 
veloci ty , φ is porosi ty , and σ is surface tension) . A t l o w capi l lary numbers 
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248 EMULSIONS IN THE PETROLEUM INDUSTRY 

w i t h l o w velocit ies a n d smal l droplet -s ize to pore-s ize ratios, droplets are 
captured i n crevices a n d constr ict ions. T h e y can also be captured b y phys ica l 
forces o n the surface o f the rock. F o r a larger droplet -s ize to pore-s ize ratio, 
droplets are captured i n the pores . W h e n veloci ty is close to the re -entra in
m e n t veloci ty , these captured droplets can squeeze through the pore c o n 
strictions a n d be re -entra ined i n the flowing stream. T h i s re -entra inment 
leads to shear - th inning flows. D r o p l e t breakup occurs at h i g h capi l lary n u m 
bers (>1). 

Flow ofWater-in-Oil Emulsions in Porous Media 

T h e flow o f W / O emulsions i n porous m e d i a has rece ived l i t t le attention i n 
the l i terature . O n l y recently, w i t h the recogni t ion that i t may be an i m p o r 
tant factor i n c o n t r o l l i n g the o i l - w a t e r ratio i n p r o d u c t i o n f r o m steam-
st imulated wel ls (30), the interest i n this topic has increased. Theoret ica l ly , 
the flow of W / O emulsions i n o i l -wet m e d i a s h o u l d be s imi lar to the flow of 
O / W emulsions i n water-wet porous media . There fore , most o f what was 
discussed i n the p r e c e d i n g section can also be a p p l i e d to the flow o f W / O 
emuls ions . B y the same reasoning, the flow o f W / O emulsions i n water-wet 
m e d i a should be s imi lar to the flow o f O / W emulsions i n o i l -wet media . 
Unfor tunate ly , not m u c h i n f o r m a t i o n is available about flow o f O / W e m u l 
sions i n o i l -wet m e d i a . W h a t fol lows is most ly based o n o u r o w n e xpe r ime n
tal work , w h i c h is s t i l l i n its i n i t i a l stage and has not b e e n p u b l i s h e d . 

F i g u r e 21 shows a schematic d iagram o f the exper imenta l e q u i p m e n t 
b e i n g used i n o u r invest igat ion o f the flow behavior o f W / O emuls ions . 
U n c o n s o l i d a t e d c lean sand is h e l d i n a flow c e l l made f r o m a high-strength 
plastic that is transparent to microwaves. At tenuat ion o f a b e a m o f m i l l i m e 
ter microwaves passing through the c e l l is used to m o n i t o r the saturation o f 
free water. M i c r o w a v e s are absorbed b y free water and are relat ively unaf
fec ted by sand, the ce l l walls , emuls i f i ed water, a n d o i l , $nd therefore the 
amount o f microwave attenuation is d i rec t ly p r o p o r t i o n a l to the amount o f 
free water i n the core at the po in t of examinat ion (31-34). As o f mid-1991 , 
o n l y a single p o i n t o n the c e l l is b e i n g m o n i t o r e d , but the apparatus w i l l be 
m o d i f i e d so that the entire core may be scanned a long its l o n g axis. 

Effect of Emulsion Characteristics. A s discussed i n C h a p t e r 4, 
the rheology o f emulsions is affected b y several factors, i n c l u d i n g the dis-
persed-phase v o l u m e fract ion, droplet size d i s t r ibut ion , viscosity o f the con
t inuous a n d dispersed phases, a n d the nature and amount o f emuls i fy ing 
surfactant present . A l l o f these parameters w o u l d be expected to have some 
effect o n flow behavior o f the e m u l s i o n i n porous m e d i a . H o w e v e r , the 
re lat ionship be tween b u l k rheologica l propert ies o f an e m u l s i o n a n d its flow 
behavior i n porous m e d i a is feeble at best because, i n most cases, the v o l u m e 
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6. KOKAL ET AL. Flow of Emulsions in Porous Media 249 

MICROWAVE 
ANTI-REFLECTION 
COATINGS 

LENS-CORRECTED 
RECEIVING 
HORN 

FLUID 
IN 

LENS-CORRECTED 
TRANSMISSION 
HORN 

VARIABLE 
ATTENUATOR 

TO DATA ACQUISITION 
COMPUTER 

Figure 21. Schematic diagram of microwave apparatus for investigating W/O 
emulsions. 

f ract ion o f the dispersed phase a n d the drople t size d i s t r ibut ion o f a W / O 
e m u l s i o n flowing through a water-wet sand changes as a result o f the flow. 
Part o f the emuls i f i ed water drops out of the e m u l s i o n a n d flows as a b u l k 
phase. T h e amount o f free water present i n the in ter ior o f the porous 
m e d i u m (away f r o m the inlet) appears to be independent o f the in jected 
drople t size d i s t r ibut ion but depends o n the flow veloci ty , nature a n d 
amount o f emuls i f ier present, the v o l u m e fract ion o f dispersed phase i n the 
in jected e m u l s i o n , a n d the viscosity o f the o i l . It has not b e e n possible to 
measure the flowing drople t size d i s t r ibut ion . H o w e v e r , the droplet size 
d i s t r ibut ion present i n the e m u l s i o n c o m i n g out o f the p r o d u c t i o n e n d o f the 
flow c e l l appears to be independent o f the in jected drople t size d i s t r ibut ion 
and varies strongly w i t h the flow veloci ty . I n fact, there was no significant 
di f ference i n the drople t size dis tr ibut ions o f the e m u l s i o n p r o d u c e d f r o m 
the c e l l b y in ject ing o i l a n d water as separate b u l k phases (which m i x e d o n l y 
i n the porous m e d i u m ) and that p r o d u c e d b y in ject ing an e m u l s i o n conta in
i n g very fine droplets , p r o v i d e d a l l other factors r e m a i n e d the same. 

Effect of Porous Medium Characteristics. Several charac
teristics o f the porous m e d i u m , i n c l u d i n g the average pore size, pore size 
d is t r ibut ion , and the wettabi l i ty o f the porous m e d i u m , can inf luence the 
flow o f W / O emuls ions . V e r y l i t t le i n f o r m a t i o n is available o n these issues. 
T h e role o f wettabi l i ty is in tu i t ive ly obvious. A water-wet m e d i u m w o u l d be 
more conducive to capture o f the water droplets at pore wal ls . T h i s capture 
facilitates format ion o f a free-water phase. A n o i l -wet m e d i u m , o n the other 
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250 EMULSIONS IN THE PETROLEUM INDUSTRY 

h a n d , w o u l d be a h indrance to format ion o f the free-water phase by drople t 
capture . A free-water phase can s t i l l f o r m i n an o i l -wet m e d i u m d u r i n g flow 
o f a W / O e m u l s i o n by the m e c h a n i s m o f phase invers ion w h e n a change i n 
the t h e r m o d y n a m i c condit ions is invo lved . H o w e v e r , i n this discussion, the 
t h e r m o d y n a m i c condit ions are assumed to r e m a i n unchanged. 

That the average drople t size o f a W / O e m u l s i o n flowing through a 
porous m e d i u m u n d e r steady-state condi t ions should be re lated to the aver
age pore size o f the m e d i u m is intui t ive ly apparent. H o w e v e r , the actual 
re lat ionship, w h i c h depends o n many other factors, such as the flow veloci ty , 
pressure gradient , pore size d i s t r ibut ion , and o i l - w a t e r interfac ia l p r o p e r 
ties, is not k n o w n . O u r results show that for a g iven e m u l s i o n and porous 
m e d i u m , the average droplet size o f the e m u l s i o n resul t ing f r o m flow 
through the porous m e d i u m becomes smal ler as the flow veloci ty is i n 
creased. N o i n f o r m a t i o n is current ly available o n the effect o f pore size 
d i s t r ibut ion o n the flow of W / O emuls ions . 

Effect of Flow Velocity. T h e flow veloc i ty determines the shear 
rate a n d the pressure gradient. There fore , the magni tude o f a viscous force 
act ing o n a water droplet is d i rec t ly re lated to flow veloci ty . Th is viscous 
force determines whether droplets can pass through pore throats smal ler 
than themselves. It is also a factor i n breakup of droplets into smal ler 
droplets . 

Simultaneous Flow of Emulsified and Bulk Dispersed 
Phase 

A s already noted , d u r i n g the flow o f a W / O e m u l s i o n i n water-wet porous 
m e d i a , part o f the water flows as a free phase; that is, i t is cont inuous over 
macroscopic distances. S imi lar ly , a part o f the o i l f r o m an O / W e m u l s i o n 
flowing through an o i l -wet m e d i u m is l ike ly to flow as a b u l k phase. E v e n i n 
situations w h e r e the porous m e d i u m is not preferent ia l ly wet ted b y the 
dispersed phase, s imultaneous bulk-phase flow of the dispersed phase may 
be i n v o l v e d i n some situations o f pract ica l interest . Secondary recovery o f o i l 
f r o m a water-wet reservoir b y in ject ion o f a d i lute O / W e m u l s i o n is an 
example. S c h m i d t et a l . (35) s tudied this process and de ve lo pe d a s i m p l i f i e d 
mathemat ica l m o d e l to descr ibe the flow behavior . T h e i r theory is based o n 
the assumption that, d u r i n g s imultaneous flow o f b u l k o i l phase and a stable 
O / W e m u l s i o n i n a water-wet porous m e d i u m , the b u l k o i l phase flows 
through a network o f larger pores . Thus the e m u l s i o n flow is analogous to 
the single-phase s i tuation, except that the larger pores are not available to 
the e m u l s i o n . T h i s s i tuation prec ludes any poss ibi l i ty o f mater ia l exchange 
be tween the b u l k o i l phase and the e m u l s i o n . 
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6. KOKAL ET AL. Flow of Emulsions in Porous Media 251 

I n more realist ic situations there is a cer ta in probab i l i ty o f the e m u l s i o n 
droplets coalescing w i t h the b u l k o i l phase or a part o f the b u l k o i l b e c o m i n g 
emuls i f ied . T h e physics o f such complex flow condit ions is not w e l l u n d e r 
stood at present . T h e starting p o i n t o f descr ib ing such a flow w o u l d be to 
treat it as a n o r m a l two-phase flow and use the concept o f relative p e r m e 
abi l i ty and a m o d e l for the rheologica l propert ies o f the e m u l s i o n phase. T o 
account for the mater ia l exchange between the b u l k phase a n d the e m u l s i o n 
phase, some f o r m o f droplet p o p u l a t i o n balance m o d e l w i l l be needed. 

Mathematical Models of Emulsion Flow in Porous Media 

T h e flow of emulsions i n porous m e d i a is very complex , and to m o d e l i t 
mathematical ly has b e e n a chal lenge. It requires an unders tanding of the 
e m u l s i o n format ion , its behavior , a n d its rheology ins ide the reservoir . F a c 
tors that affect the flow o f emulsions t h r o u g h porous m e d i a were discussed 
earl ier i n this chapter , and the available mathemat ica l models w i l l be re
v i e w e d here . 

Presently , three theories descr ibe the flow o f emuls ions i n porous me
dia (12): 

1. b u l k viscosity or homogeneous models (16, 25, 26) 

2. the drople t retardat ion m o d e l (36, 37) 

3. the filtration m o d e l (12, 13) 

Homogeneous Models. T h e basic assumption i n these models is 
that the e m u l s i o n is a c o n t i n u u m , single-phase l i q u i d ; that is, its microscopic 
features are un impor tant i n descr ib ing the phys ica l propert ies or b u l k flow 
characteristics. It ignores interactions be tween the droplets i n the emulsions 
a n d the rock surface. T h e e m u l s i o n is cons idered to be a single-phase 
homogeneous fluid, a n d its flow i n a porous m e d i u m is m o d e l e d b y us ing 
w e l l - d o c u m e n t e d concepts o f N e w t o n i a n a n d n o n - N e w t o n i a n fluid flow i n 
porous m e d i a (26, 38). 

A s discussed earl ier , the rheology o f emulsions depends o n a n u m b e r o f 
factors, p r i m a r y a m o n g w h i c h is the quali ty. E m u l s i o n s w i t h qualit ies o f less 
than 5 0 % (oil) are cons idered N e w t o n i a n , whereas those having h igher 
qualit ies exhibit n o n - N e w t o n i a n behavior . 

Newtonian Emulsions. F o r N e w t o n i a n emuls ions , the viscosity is 
independent o f the shear rate, a n d the s imple Darcy ' s l aw is used for the 
flow of these emuls ions i n porous m e d i a . T h e viscosity o f the e m u l s i o n , 
however , depends o n several factors, such as the qual i ty o f the e m u l s i o n , 
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252 EMULSIONS IN THE PETROLEUM INDUSTRY 

viscosities o f the dispersed a n d cont inuous phases, propert ies o f the interfa-
c ia l film, o i l - w a t e r surface propert ies , drople t size, a n d drople t size d i s t r i b u 
tions (16, 39) . A n u m b e r o f correlat ions can be used to de termine the viscos
i ty o f N e w t o n i a n emulsions (14, 16, 39) for use i n Darcy ' s equat ion. T h e 
major drawback o f this s imple theory is that no permeabi l i ty r e d u c t i o n is 
p r e d i c t e d , a n d that e m u l s i o n droplets must elute after one pore v o l u m e of 
the fluid in ject ion. E x p e r i m e n t a l evidence (9,11, 25) suggests that a p e r m e 
abi l i ty r e d u c t i o n takes place after in ject ing several pore volumes o f d i lute , 
stable e m u l s i o n into the porous m e d i u m . A l s o , i n some cases the droplets i n 
the eff luent stream appear after several pore volumes o f the in jected e m u l 
s ion. 

Non-Newtonian Emulsions. E m u l s i o n s w i t h qualit ies greater than 
5 0 % (oil) exhibi t n o n - N e w t o n i a n flow behavior . F o r these n o n - N e w t o n i a n 
emuls ions , the i sothermal viscosity is a f u n c t i o n o f the shear rate. Darcy ' s 
law, w h i c h is appl icable to the flow o f N e w t o n i a n fluids i n porous m e d i a , is 
no longer v a l i d and has to be m o d i f i e d for descr ib ing n o n - N e w t o n i a n e m u l 
s ion transport . O i l - f i e l d emuls ions general ly exhibit rheologica l behavior l ike 
that o f pseudo-plast ic fluids. Pseudo-plast ic fluids show N e w t o n i a n behavior 
at l o w and very h i g h shear rates and a shear - th inning behavior (apparent 
viscosity decreasing w i t h shear rate) at intermediate shear rates (F igures 7 -
9). T h e rheologica l models for n o n - N e w t o n i a n fluids were discussed i n 
C h a p t e r 4. M a n y o f the mathemat ica l models that were deve loped for n o n -
N e w t o n i a n p o l y m e r solutions (38) are used to describe e m u l s i o n flow. 

M e t h o d s for p r e d i c t i n g n o n - N e w t o n i a n flow i n porous m e d i a can be 
d i v i d e d into four categories (26, 39): 

1. c o u p l i n g o f a par t icular m o d e l for a porous m e d i u m w i t h a 
specific rheological m o d e l for the e m u l s i o n (26, 40) 

2. genera l ized scale-up methods w i t h a m o d i f i e d Darcy 's law 
w i t h o u t a rheologica l m o d e l for the e m u l s i o n (41, 42) 

3. d i m e n s i o n a l analysis methods (43) 

4. other methods based o n viscoelastic a n d shear- th inning m o d 
els (38) 

T h e m e t h o d that has rece ived the most attention belongs to the first cate
gory. Specif ical ly, the part icular m o d e l is the capi l lary tube m o d e l for porous 
m e d i u m and the p o w e r law m o d e l for the e m u l s i o n (16). T h e shear-stress (τ) 
rate relat ionship for a p o w e r law fluid is g iven b y 

τ = Kyn (11) 

w h e r e Κ is the consistency factor, y is the shear rate, a n d η is the behavior 
index. B o t h Κ and η can be obta ined f r o m capi l lary v iscometry data. T h e y are 
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6. KOKAL ET AL. Flow of Emulsions in Porous Media 253 

dependent o n a n u m b e r o f factors such as the temperature , pressure, c o m 
pos i t ion , surface-active components , drople t size, a n d qual i ty (16). T h e p o p 
ular capi l lary t u b e - p o w e r law m o d e l incorporates the f o l l o w i n g assump
tions (16, 26, 38): 

1. T h e e m u l s i o n is homogeneous o n a macroscopic scale. H o w 
ever, its rheology parameters may be funct ions o f other fac
tors discussed. 

2. T h e porous m e d i u m is represented b y a tortuous capi l lary 
b u n d l e m o d e l or by a capi l lary tube that has an equivalent 
hydraul i c radius (44). 

3. T h e average pore veloc i ty is re la ted to the flow veloc i ty 
through the D u p u i t - F o r c h h e i m e r equations (44). 

4. P e r m e a b i l i t y o f the porous m e d i u m is not affected b y the flow 
o f e m u l s i o n through i t . Alvarado and M a r s d e n (25) and A l i 
and A b o u - K a s s e m (16) account for p e r m e a b i l i t y r e d u c t i o n 
that is observed by us ing the flowing permeabi l i ty as a p a r a m 
eter. 

5. T h e rheologica l behavior o f the flowing fluid is i n d e p e n d e n t 
o f the geometry o f the porous m e d i u m . E x p e r i m e n t a l e v i 
dence (25, 26, 38) suggest that the rheograms i n b o t h the 
viscometer and porous m e d i u m are para l le l but do not c o i n 
c ide o n a l o g - l o g plot ; that is, the rheologica l parameter η is 
the same, but Κ may be dif ferent . 

6. F l o w is laminar , and viscoelastic effects are absent. 

7. T h e rheologica l behavior o f the flowing fluid is represented b y 
a m o d e l that is v a l i d i n the range o f shear rates to be e n c o u n 
tered ins ide the porous m e d i u m . 

T h e m o d i f i e d Darcy ' s law for n o n - N e w t o n i a n fluid through porous m e 
d i u m is 

V c = J _ ^ £ ( 1 2 ) 

w h e r e V c is veloc i ty through the capil lary, L c is the effective length o f the 
capi l lary, and μ β # is the effective viscosity o f n o n - N e w t o n i a n fluid a n d is 
g iven by 

Φ, K,n (13) 

w h e r e φ is the porosity, or 
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254 EMULSIONS IN THE PETROLEUM INDUSTRY 

μ.Μ = ΑΨ (14) 

w h e r e Ψ is a func t iona l f o r m . T h e func t ion A is specific to each m o d e l a n d is 
g iven i n Tab le I I . A l l the models reduce to the or ig ina l Darcy ' s law for 
N e w t o n i a n fluids w h e n η = 1, Κ = μ , β = 8, a n d F = l i n T a b l e II . 

T h e homogeneous n o n - N e w t o n i a n capi l lary t u b e - p o w e r law m o d e l has 
a n u m b e r of l imitat ions . T h e models assume a p o w e r law relat ionship for the 
e m u l s i o n , and any deviations f r o m this rheologica l behavior w i l l l ead to 
errors. T h e p o w e r law constants η and Κ are obta ined by us ing viscometry, 
and the i r va l id i ty i n porous m e d i a is quest ionable . N o transient p e r m e a b i l i t y 
r e d u c t i o n (assumption 4) is p r e d i c t e d , even though exper imenta l evidence 
suggests otherwise . T h i s m o d e l is seen to have val id i ty only for h igh-qua l i ty 
emulsions that approach steady state q u i c k l y a n d have smal l droplet -s ize to 
pore-s ize ratios. 

Droplet Retardation Model. T h i s m o d e l is based on the concept 
o f droplet retardat ion d u r i n g passage through pore constrict ions e n c o u n 
te red i n a porous m e d i u m . W h e n an e m u l s i o n drople t enters a pore constr ic
t ion having a pore throat smal ler than its o w n diameter (F igure 3), i t deforms 
and squeezes through. D u r i n g this process it experiences a capi l lary resis
tance force a n d as a result moves at a s lower speed than the cont inuous 
phase and thereby causes a reduct ion i n permeabi l i ty . Steady state is 
reached w h e n the e m u l s i o n breaks through the porous m e d i u m . 

T h e mathemat ica l f o r m u l a t i o n o f this m o d e l was made b y D e v e r -
eux (36) based o n the classical B u c k l e y - L e v e r e t t theory for two-phase flow 
i n porous m e d i a (49) and equations d e v e l o p e d by Scheidegger (44). T h e y 
solve a set o f eight equations: 

• D a r c y equations for the o i l and water phases 

• cont inui ty equations for the o i l a n d water phases 

• equations o f state o f the f o r m p{ = pJJ*^ for the o i l and water 
phases 

• a statement o f constant pore v o l u m e 

• a def in i t ion o f capi l lary resistance due to the retardation o f o i l 
droplets through pore constr ict ions. 

I n the or ig ina l B u c k l e y - L e v e r e t t theory, gravitat ional , compress ib i l i ty 
a n d capi l lar i ty are ignored . D e v e r e u x (36) presents the solut ion for the case 
o f constant pressure, and the constant-velocity case was d e r i v e d b y Soo and 
R a d k e (12). T h e m o d e l requires a knowledge o f the capi l lary re tarding force 
p e r uni t v o l u m e of the porous m e d i u m , and the relative permeabi l i t ies o f the 
o i l droplets i n the e m u l s i o n a n d the cont inuous water phase. These relative 
permeabi l i t ies are assumed to be funct ions o f the o i l saturation i n the porous 
m e d i u m . These must be d e t e r m i n e d before the m o d e l can be used. 
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256 EMULSIONS IN THE PETROLEUM INDUSTRY 

T h e m o d e l correct ly describes the permeabi l i ty r e d u c t i o n as a f u n c t i o n 
o f pore v o l u m e in jected a n d takes into account the effect o f e m u l s i o n d r o p 
let saturation and droplet -s ize to pore-s ize ratios. T h e m a i n drawbacks o f 
this theory are that the p e r m e a b i l i t y r e d u c t i o n is caused as l o n g as the 
e m u l s i o n is flowing and that the in i t ia l permeabi l i ty is restored once the 
e m u l s i o n in ject ion is f o l l o w e d b y water alone. I n other words , the e m u l s i o n 
droplets a l l pass through the porous m e d i u m , and none o f t h e m is captured 
ins ide . H o w e v e r , exper imenta l evidence (9,11) suggests that the p e r m e a b i l 
i ty r e d u c t i o n cannot be restored after subsequent water in ject ion ( F i g u r e 
16). 

Filtration Model. A m o d e l based o n d e e p - b e d filtration pr inc ip les 
was p r o p o s e d b y Soo and R a d k e (12), w h o suggested that the e m u l s i o n 
droplets are not on ly retarded, but they are also captured i n the pore c o n 
strict ions. These droplets are captured i n the porous m e d i u m by two types o f 
capture mechanisms: s tra ining a n d in tercept ion . These were discussed ear
l ie r and are shown schematical ly i n F i g u r e 22. S t ra ining capture occurs w h e n 
an e m u l s i o n drople t gets t r a p p e d i n a pore constr ic t ion o f size smal ler than 
its o w n diameter . E m u l s i o n droplets can also attach themselves onto the 
rock surface and pore walls due to van der Waals , e lectr ica l , gravitat ional , 
a n d h y d r o d y n a m i c forces. T h i s mode o f capture is denoted as in tercept ion . 
C a p t u r e o f e m u l s i o n droplets reduces the effective pore diameter , diverts 
flow to the larger pores, a n d thereby effect ively reduces permeabi l i ty . 

T h i s m e c h a n i s m is s imi lar to that o f a d e e p - b e d filtration process w i t h 
some differences (12). In the filtration process the part ic le-s ize to pore-s ize 
ratio is smal l , and the particles are mostly captured o n the m e d i a surface. 
T h u s intercept ive capture dominates , a n d this capture does not alter the 
flow dis t r ibut ion i n the porous m e d i u m . P e r m e a b i l i t y r e d u c t i o n is not s ig
nificant and is ignored . O n the other h a n d , the e m u l s i o n droplet size is 
general ly o f the same order o f the pore size, a n d the droplets are captured 
b o t h b y straining and in tercept ion . This capture blocks pores and results i n 
flow redis t r ibut ion a n d a r e d u c e d permeabi l i ty . 

Re -ent ra inment o f l i q u i d droplets that are captured can also occur as a 
result o f squeezing w h e n the loca l pressure d r o p is increased to overcome 
the capi l lary resistance force. T h e shape o f the l i q u i d droplets depends o n 
the wettabi l i ty o f the rock. O n the basis o f this physica l p ic ture , Soo and 
R a d k e (12) p r o p o s e d a m o d e l to descr ibe the flow of d i lu te , stable e m u l s i o n 
flow i n a porous m e d i u m . T h e flow redis t r ibut ion p h e n o m e n o n and p e r m e 
abi l i ty r e d u c t i o n are i n c l u d e d i n the m o d e l . B o t h l o w and h i g h inter fac ia l 
tens ion were cons idered . 

Soo and Radke (12) f o u n d that e m u l s i o n flow i n a porous m e d i u m is 
character ized b y three parameters : a filter coefficient, an interpore flow 
redis t r ibut ion factor, and a loca l flow restr ic t ion factor. T h e filter coeff icient 
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6. KOKAL ET AL. Flow of Emulsions in Porous Media 257 

Figure 22. The two types of capture mechanisms of emulsion flow in porous 
media. (Reproduced with permission from reference 12. Copyright 1986 

Pergamon Press PLC.) 

controls the sharpness o f the e m u l s i o n front , the flow redis t r ibut ion p a r a m 
eter describes the redis t r ibut ion p h e n o m e n o n as w e l l as the steady-state 
re tent ion o f e m u l s i o n droplets , a n d the flow restr ic t ion parameter addresses 
the effectiveness o f the reta ined droplets i n r e d u c i n g permeabi l i ty . A c o m 
par ison between the homogeneous viscosity m o d e l , the drople t retardat ion 
m o d e l , and the filtration m o d e l was also made. 

In Situ Emulsification in Porous Media 

So far w e have l o o k e d at the flow of emulsions i n porous media ; i n this 
sect ion we discuss some aspects o f i n s i tu emuls i f icat ion i n porous m e d i a 
that have rece ived l i t t le attention. Some evidence suggests strongly that 
emulsions can be p r o d u c e d i n the reservoir rock itself. A discussion on the 
format ion of o i l - f i e l d emulsions was given by B e r k m a n and E g l o f f (50). T h e y 
c o n c l u d e d that emulsions c o u l d be f o r m e d w i t h i n the porous rock near the 
w e l l bore where the veloci ty gradients (i.e., shear rates) were very h i g h . 
E m u l s i o n s c o u l d also be f o r m e d as a result o f mechanica l agitation, for 
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258 EMULSIONS IN THE PETROLEUM INDUSTRY 

example, gas movement , fluid flow through constr ict ions, p u m p s , p ipes , and 
chokes. E m u l s i o n s w i t h i n the porous m e d i u m are f o r m e d as a result o f 

• the presence o f surface-active agents, e i ther native or exter
nal ly added as, for example, d u r i n g c h e m i c a l flooding (dis
cussed i n C h a p t e r 7) 

• shear b y the movement o f fluids through pore throats 

T h e o r e t i c a l aspects o f e m u l s i o n format ion i n porous m e d i a w e r e ad
dressed by Raghavan and M a r s d e n (51-53). T h e y cons idered the stabil i ty o f 
i m m i s c i b l e l iqu ids i n porous m e d i a u n d e r the act ion o f viscous and surface 
forces and c o n c l u d e d that interfac ia l tension and viscosity ratio o f the i m m i s 
c ib le l iquids p layed a d o m i n a n t role i n the emuls i f icat ion o f these l iquids i n 
porous media . A m e c h a n i s m was proposed w h e r e b y the d i s rupt ion o f the 
b u l k interface be tween the two l iquids l e d to the i n i t i a l format ion o f the 
dispersed phase. T h e analysis is based o n the classical R a l e i g h - T a y l o r a n d 
K e l v i n - H e l m h o l z instabil i t ies . 

E v i d e n c e o f i n s i tu emuls i f icat ion i n porous m e d i a was recent ly p r o 
v i d e d b y Vit tortos (30) and C h e n et a l . (54). F i e l d samples were taken w i t h a 
high-pressure , low-rate sampler to preserve the bot tom-hole e m u l s i o n p r o 
d u c e d d u r i n g a cyc l ic steam st imulat ion project . T h e i r data suggest that 
d u r i n g the p r o d u c t i o n o f o i l and water i n the field, part o f the p r o d u c e d 
water flows as a single phase, and part o f the water w i l l flow as an e m u l s i o n 
w i t h the o i l . T h i s conc lus ion is i n contrast to the t radi t ional p ic ture o f the 
flow o f water a n d o i l i n w h i c h the two phases are cons idered to be flowing 
separately. T h e i m p l i c a t i o n o f e m u l s i o n flow i n porous m e d i a is that the 
exist ing two-phase relative permeabi l i ty concept c o m m o n l y used to descr ibe 
i m m i s c i b l e displacement s h o u l d be m o d i f i e d to a l low for the m i x i n g o f the 
two phases to flow as an e m u l s i o n . 

Concluding Remarks 

A cr i t i ca l review of e m u l s i o n flow i n porous m e d i a has been presented. A n 
attempt has b e e n made to ident i fy the various factors that affect the flow o f 
O / W and W / O emulsions i n the reservoir . T h e present methods o f investiga
t i o n are on ly the b e g i n n i n g o f an effort to t ry to develop an unders tanding of 
the transport behavior o f emulsions i n porous m e d i a . T h e w o r k toward this 
e n d has been di f f icul t because o f the complex nature o f emulsions t h e m 
selves and their flow i n a complex m e d i u m . Present ly there are only qual i ta 
tive descript ions and hypotheses available as to the mechanisms i n v o l v e d . A 
comprehens ive m o d e l that w o u l d describe the transport p h e n o m e n o n of 
emulsions i n porous m e d i a s h o u l d take in to account e m u l s i o n a n d porous 
m e d i u m characteristics, hydrodynamics , as w e l l as the complex fluid-rock 
interactions. T o i m p l e m e n t such a study w i l l require a n u m b e r o f exper i -
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6. KOKAL ET AL. Flow of Emulsions in Porous Media 2 5 9 

menta l and theoret ical measurements . These experiments w i l l consist o f the 
f o l l o w i n g : 

1. the effect o f e m u l s i o n characteristics, for example, stability, 
qual i ty , drople t size d i s t r ibut ion , a n d rheology, o n its flow i n 
porous m e d i a 

2. the effect o f porous m e d i u m characteristics, for example, av
erage pore size, pore size d i s t r ibut ion , wettabi l i ty , porosity, 
permeabi l i ty , specific surface area, and c h e m i c a l compos i t ion 

3. e m u l s i o n - r o c k interact ions, s imultaneous flow of e m u l s i o n , 
and b u l k dispersed phases 

4. theoret ical analysis tak ing into account a l l o f the aforemen
t i o n e d 

These experiments w i l l he lp i n a more fundamenta l unders tanding o f the 
flow o f emulsions i n porous m e d i a . 

List of Symbols 

A cross-sectional area o f m e d i u m 
C" parameter (Table II) 
àP/àL pressure gradient 

emuls ion qual i ty 
F parameter , F = k/k (Table II) 
k permeabi l i ty 
Κ consistency index 
AL length 
Lc effective length o f the capi l lary 
η behavior index 
Ρ pressure 

ΔΡ pressure d r o p 

q flow rate 
r radius o f pore 
ri radius o f curvature at the t ra i l ing edge o f the drop 
r2 

radius o f curvature at the leading edge o f the d r o p 
S saturation 
Ό veloci ty 
yc veloci ty t h r o u g h the capi l lary 
χ, y, 2 direct ions 

G r e e k 

β parameter (Table II) 

7 shear rate 
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260 E M U L S I O N S IN T H E P E T R O L E U M INDUSTRY 

Γ e m u l s i o n qual i ty 
θ contact angle 
μ viscosity o f fluid 
ρ density 
σ surface tension 
τ shear stress 
φ porosi ty 

Subscripts 
0 i n i t i a l 
1 t ra i l ing edge index 
2 leading edge index 
c capi l lary 
ef f effective 
f flowing 
i specific fluid index 
n w nonwet t ing 
r relative 
w w e t t i n g 
χ χ d i rec t ion 
y y d i r e c t i o n 
ζ ζ d i r e c t i o n 
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7 
Emulsions in Enhanced Oil Recovery 

Kevin C. Taylor and Blaine F. Hawkins 

Petroleum Recovery Institute, 3512 33rd Street N .W. , Calgary, Alberta, 
Canada T2L 2A6 

Micellar-polymer flooding and alkali-surfactant-polymer (ASP) 
flooding are discussed in terms of emulsion behavior and interfacial 
properties. Oil entrapment mechanisms are reviewed, followed by the 
role of capillary number in oil mobilization. Principles of micellar-
polymer flooding such as phase behavior, solubilization parameter, 
salinity requirement diagrams, and process design are used to intro
duce the ASP process. The improvements in “classical” alkaline flood
ing that have resulted in the ASP process are discussed. The ASP 
process is then further examined by discussion of surfactant mixing 
rules, phase behavior, and dynamic interfacial tension. 

E M U L S I O N S A R E O F G R E A T I M P O R T A N C E i n enhanced o i l recovery ( E O R ) 
techniques . I n some cases, emulsions may be an u n w e l c o m e consequence o f 
the process, but i n other cases, the use o f emulsions is cr i t i ca l and funda
menta l to the o i l recovery process. I n general , processes that re ly o n the 
in ject ion o f surfactants or surfactant- forming materials in to a reservoir re ly 
heavi ly o n e m u l s i o n technology. M i c e l l a r - p o l y m e r flooding and a l k a l i - s u r 
fac tant -po lymer flooding are two examples i n w h i c h e m u l s i o n technology 
specific to the process has evolved to meet special needs. I n these processes 
it is necessary to unders tand the behavior o f an e m u l s i o n as i t is in jected into 
or f o r m e d i n a reservoir , as it travels through that reservoir over a p e r i o d of 
weeks or months , and as it flows out of the reservoir through a p r o d u c i n g 
w e l l . T h i s chapter discusses the basics r e q u i r e d for an appreciat ion o f these 
processes. 

T h r o u g h o u t this chapter, microemuls ions w i l l be treated as a type o f 
e m u l s i o n , even though there are fundamenta l differences between the two. 
M i c r o e m u l s i o n s are thermodynamica l ly stable and w i l l not segregate w i t h 

0065-2393/92/0231-0263 $08.75/0 
© 1992 American Chemical Society 
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264 EMULSIONS IN THE PETROLEUM INDUSTRY 

t ime . I n contrast, emulsions w i l l eventual ly separate w i t h t ime a n d owe the ir 
stabil i ty to processes that delay the approach to e q u i l i b r i u m . 

T h e progression f r o m m i c e l l a r - p o l y m e r flooding to a lka l i - sur fac tant -
p o l y m e r ( A S P ) flooding has special significance i n this chapter. M i c e l l a r -
p o l y m e r flooding is technical ly w e l l - d e v e l o p e d , relat ively wel l -unders tood , 
and has undergone numerous technical ly successful field trials. H o w e v e r , 
this process is inherent ly expensive because o f the relat ively large surfactant 
concentrations that must be in jected into the reservoir . A l k a l i - s u r f a c t a n t -
p o l y m e r flooding is a m u c h newer technology, is more complex , and is not 
technical ly w e l l - d e v e l o p e d . M a n y o f the lessons l earned f r o m m i c e l l a r -
p o l y m e r flooding can be a p p l i e d to the A S P process. A l k a l i - s u r f a c t a n t -
p o l y m e r flooding is inherent ly m u c h less expensive than the m i c e l l a r - p o l y 
m e r process, p r i m a r i l y because the surfactant concentrat ion is significantly 
lower . F i e l d trials are i n progress, a l though many o f the details r e m a i n 
conf ident ia l . T h i s technology is at the stage that the m i c e l l a r - p o l y m e r p r o 
cess was i n d u r i n g the early 1970s. As more is learned, this process may come 
into m u c h more widespread use. 

Oil Entrapment and Mobilization in Porous Media 

O i l Entrapment Mechanisms. E n h a n c e d o i l recovery processes 
d e p e n d i n large part o n the e l i m i n a t i o n or r e d u c t i o n o f capi l lary forces. 
C a p i l l a r y forces are the strongest that occur u n d e r typica l reservoir c o n d i 
tions, and are most responsible for o i l entrapment . Viscous forces, w h i c h act 
to displace o i l , are c o m p o s e d o f the a p p l i e d pressure gradient , gravity, 
density differences be tween phases, and viscosity ratio. I n a permeable 
m e d i u m , capi l lary forces result w h e n the pores constrain the o i l - w a t e r 
interface to a h i g h degree o f curvature. F r o m the L a p l a c e equat ion, the 
capi l lary pressure Pc i n a capi l lary tube can be der ived : 

P c , P o _ P w = 2 i L £ 2 L * (1) 
r 

where Ρ is the pressure i n a fluid phase (subscripts ο and w for o i l or water, 
respectively) , σ is the interfac ia l tension, r is the radius o f curvature o f the 
interface, and Θ is the contact angle, w h i c h is the angle that the o i l - w a t e r 
interface makes w i t h the so l id surface, as measured through the water phase. 
W h e n the contact angle is zero, the surface is said to be h ighly water-wet . I f 
the contact angle is 180°, then o i l comple te ly wets the surface a n d it is o i l -
wet . T h e preference o f the surface for o i l or water is its wettabi l i ty . I n c rude-
o i l reservoirs, wettabi l i ty varies f r o m relat ively o i l -wet i n carbonate reser
voirs to relat ively water-wet i n sandstone reservoirs, w i t h many exceptions. 
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7. TAYLOR AND HAWKINS Emulsions in Enhanced Oil Recovery 265 

A l t h o u g h the capi l lary tube is a s imple representat ion o f fluid i n a pore , 
several v a l i d comments can be made. T h e capi l lary pressure increases as 
pore diameter decreases, or as interfacial tension ( I F T ) or contact angle 
increases. C a p i l l a r y forces are therefore in f luenced b y pore geometry, inter -
facial tension, and surface wettabi l i ty . 

W h e n an aqueous phase flows through a porous m e d i u m conta in ing o i l , 
some o i l w i l l be readi ly displaced, but capi l lary forces w i l l act to trap o i l i n 
some o f the pore spaces. N o matter h o w m u c h aqueous phase flows through 
the mater ia l , a cer ta in amount o f o i l , ca l led res idual o i l , w i l l r e m a i n t rapped. 
T h e res idual o i l saturation is general ly expressed as a percentage of the 
or ig inal o i l i n place ( % O O I P ) , and can be greater than 40%. T h i s o i l is the 
target o f many enhanced o i l recovery techniques . 

T w o models he lp to explain the mechanisms b y w h i c h o i l is entrapped i n 
porous m e d i a : the pore doublet and the snap-off models . 

T h e pore doublet m o d e l was i n t r o d u c e d b y M o o r e and S lobod i n 
1956 (1), and has b e e n cr i t ica l ly rev iewed b y Chatz is and D u l l i e n (2). In this 
m o d e l , two capil laries o f di f ferent diameters are connected at the inlet and 
outlet ends to create an idea l ized m o d e l o f a pore structure. Ini t ia l ly , the 
doublet is f u l l o f o i l , and water w i t h viscosity the same as that o f the o i l flows 
i n f r o m one e n d (F igure l a ) . A s the water continues to flow, three outcomes 
are possible : 

1. O i l c o u l d be comple te ly d isplaced f r o m both capi l lar ies . 

2. Some o i l can r e m a i n i n the smaller capi l lary. 

3. Some o i l can r e m a i n i n the larger capi l lary. 

F o r the first outcome to occur , viscous and capi l lary forces w o u l d have to be 
equal , w h i c h is u n l i k e l y u n d e r realistic reservoir condit ions . M o r e l ikely , 
viscous forces w i l l be smal l relative to capi l lary forces u n d e r n o r m a l flow 
condit ions i n a reservoir . In this case, u n d e r water-wet condit ions , capi l lary 
pressure is m u c h greater i n the capi l lary w i t h a smal l diameter , so the water 
moves more rapidly , t rapping the o i l i n the larger capi l lary (F igure l b ) . 
Qual i tat ively , the m o d e l predicts that the nonwet t ing phase w i l l be t rapped 
i n large pores, w h i l e the wet t ing phase w i l l be t rapped i n smal l cracks and 
crevices. A s capi l lary forces are lowered , a decrease i n t rapping w i l l result i n 
the water-wet case, because the relative veloci ty of the water i n the smal l 
capi l lary w i l l decrease relative to that i n the large capi l lary. T h e pore doublet 
m o d e l is a s imple one that tends to greatly overestimate res idual o i l satura
t ion i n porous m e d i a . H o w e v e r , it does show h o w a nonwet t ing phase can 
become t rapped i n water-wet porous media . 

T h e snap-off m o d e l has b e e n deta i led w i t h exper imental w o r k by 
Chatz is et al . (4). In this m o d e l , o i l in i t ia l ly fills a series o f connected pore 
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266 EMULSIONS IN THE PETROLEUM INDUSTRY 

OU Phase (nonwetting) 

^ Water Phase (wetting) 

a) beginning of displacement 

Water Phase (wetting) 

b) oil phase trapped 

Figure 1. Fore doublet model. (Reproduced with permission from reference 3. 
Copyright 1989 Prentice Hall.) 

bodies ( F i g u r e 2). T h e surface o f each pore is water-wet , however , and is 
coated w i t h a t h i n film o f water. C a p i l l a r y pressure varies a long the flow 
path , b e i n g highest at the pore throat constrict ions. A s water flows into one 
e n d o f the pore series, some o i l w i l l be displaced. B u t i f the capi l lary 
pressure becomes h i g h enough, the o i l phase w i l l snap of f into globules 
w i t h i n the pores i n the flow path . Snap-off begins to occur as the ratio of 
pore diameter to pore throat diameter (aspect ratio) exceeds a cr i t i ca l value. 
I n porous m e d i a the pore structure is m u c h more complex than i n the s imple 
snap-off m o d e l , d isplaying a range o f pore sizes and aspect ratios. I n B e r e a 
sandstone, about 8 0 % of the t rapped nonwet t ing phase occurs i n the snap-
off geometry, and the r e m a i n i n g approximately 2 0 % occurs i n pore doublets 
or combinat ions o f the two (4). T h e nonwet t ing res idual o i l becomes t rapped 
i n larger pores i n globules that can be several pore diameters long . 

Figure 2. Pore snap-off model. (Reproduced with permission from reference 3. 
Copyright 1983 Society of Petroleum Engineers.) 
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7. TAYLOR AND HAWKINS Emulsions in Enhanced Oil Recovery 267 

Capillary Number in Oil Mobilization, T h e capi l lary n u m b e r 
Nc is a dimensionless ratio o f viscous to capi l lary forces; it provides a mea
sure o f h o w strongly t rapped res idual o i l is w i t h i n a given porous me
d i u m (5). Var ious definit ions have b e e n used for capi l lary n u m b e r , but the 
f o l l o w i n g equat ion is c o m m o n : 

N c = ^ (2) 
σ 

where υ is D a r c y velocity, μ is the viscosity o f the d isplac ing phase, and σ is 
the interfac ia l tension be tween the d isplaced and displac ing phases. T h e 
D a r c y veloc i ty is expressed i n units o f distance over t ime and is obta ined b y 
d i v i d i n g the flow rate into a porous m e d i a b y the cross-sectional area 
through w h i c h flow occurs. F i g u r e 3 shows several capi l lary n u m b e r curves 
obta ined f r o m the l i terature for water-wet B e r e a sandstone. T h e shape o f 
the curve is affected by wettabi l i ty and pore size d i s t r ibut ion . F o r the o i l 
phase, m o b i l i z a t i o n o f res idual o i l usual ly begins at a capi l lary n u m b e r o f 
about 10" 5 (the cr i t i ca l capi l lary n u m b e r ) , and complete o i l recovery occurs 
at h i g h values o f Nc o f about 10~2. F o r a variety o f water-wet sandstones, 
Chatz is and M o r r o w (6) f o u n d a cr i t i ca l capi l lary n u m b e r o f 10~5 a n d c o m 
plete recovery o f o i l at Nc o f 10" 3 . 

T h e capi l lary n u m b e r for flow i n a typica l o i l reservoir u n d e r g o i n g 
water - f looding can easily be calculated. A t a flow rate o f about 0.26 m/day (3 
χ 10" 6 m/s), an o i l - w a t e r interfac ia l tension of 30 m N / m , and water viscosity 

10"6 10"5 1CT4 10 - 3 10'2 

Capillary Number 
Figure 3. Capillary number correlations from the literature. Key: . . Gupta 

and Trushenski (34); - - -, Taber (5); and —-, Chatzis and Morrow (6). 
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268 EMULSIONS IN THE PETROLEUM INDUSTRY 

of 1 mPa-s, the capi l lary n u m b e r is 1 x 10" 7. T h i s n u m b e r is 2 orders of 
magnitude b e l o w the cr i t i ca l value r e q u i r e d to beg in m o b i l i z a t i o n o f res idual 
o i l . T o recover a l l o i l , the capi l lary n u m b e r must be increased b y a factor o f 
10 4 . T h i s increase c o u l d be done by decreasing the I F T to 3 x 10~3 m N / m ; 
such a decrease is possible i n some sur fac tant -o i l systems. A n increase i n 
viscosity b y 4 orders o f magni tude is not feasible because o f we l l -bore 
inject ivity p r o b l e m s , a l though an increase o f 1 order o f magnitude c o m b i n e d 
w i t h a decrease i n I F T b y 3 orders o f magnitude w o u l d suffice. A n increase 
o f the flow rate by several orders of magni tude is imprac t i ca l because the 
resul t ing pressure w o u l d fracture the o i l -bear ing format ion . A l s o , in ject ion 
wel ls usual ly do not have significant u n u s e d in ject ion capacity. So, to greatly 
increase capi l lary n u m b e r , interfacial tension can be decreased b y a large 
amount , a n d displac ing phase viscosity can be increased moderately . 

Interfacial Parameters Important in Enhanced Oil 
Recovery 

Interfacial Tension. A s already seen, interfacial tension is o f f u n 
damenta l importance i n d e t e r m i n i n g the capi l lary forces act ing o n t rapped 
o i l w i t h i n porous media . Interfacial tension arises f r o m an imbalance i n the 
forces o f attraction between molecules i n the b u l k phase and molecules at 
the interface. It can be def ined as the i sothermal reversible w o r k o f forma
t ion o f uni t area o f interface i n a system o f constant compos i t ion (7). 

I f interfac ia l tension between two phases becomes zero, then the two 
phases become misc ib le . T h i s result is the ul t imate a i m o f many types o f 
E O R : to make o i l - w a t e r interfac ia l tension equal to 0, so that a d isp lac ing 
fluid can m i s c i b l y displace o i l t rapped i n the porous m e d i u m . I n pract ice , it 
is d i f f icul t to make interfac ia l tension approach 0 for l iqu ids o f such di f ferent 
characteristics as o i l and water . 

V e r y l o w values o f I F T are usually measured w i t h the s p i n n i n g d r o p 
m e t h o d made pract ica l b y Cayias et a l . (8), because this m e t h o d is the most 
versatile m e t h o d for taking measurements at values o f 0.1 m N / m and lower . 
Class ica l methods such as the capi l lary rise, d u N o u y ring, W i l h e l m y plate, 
and d r o p weight (and vo lume) methods are general ly used for interfac ia l 
tension measurements o f greater than 1 m N / m . T h e s p i n n i n g d r o p m e t h o d 
also has the advantage o f b e i n g able to measure d y n a m i c changes i n I F T . 
T h e only other potent ia l ly useful m e t h o d to date is laser l ight scattering, 
w h i c h is largely u n p r o v e n for c r u d e - o i l - w a t e r interfac ia l tension measure
ment (9). 

I n the s p i n n i n g d r o p m e t h o d , an o i l droplet o f approximately 1 is 
p l a c e d i n a glass capi l lary (2 m m i.d.) f u l l o f aqueous so lut ion . T h e glass tube 
is sealed a n d spun hor izonta l ly a r o u n d its axis at 5000 to 10,000 r p m . 
C e n t r i f u g a l force w i l l cause the l ighter phase (usually the oil) to f o r m an 
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7. TAYLOR AND HAWKINS Emulsions in Enhanced Oil Recovery 269 

elongated drop i n the center o f the glass capi l lary tube. T h e shape o f this 
drop is the result o f an e q u i l i b r i u m between rotat ional forces act ing to 
elongate the drop a n d contract ion by interfac ia l tension act ing to m i n i m i z e 
surface area. P r o v i d i n g that the drop is quite l o n g relative to its w i d t h , 
interfac ia l tension can be calculated w i t h Vonnegut ' s f o r m u l a (10): 

σ = ^ 1 (3) 

where Δ ρ is the density di f ference between the two phases, ω is the angular 
veloci ty , and R is ha l f o f the d r o p w i d t h . W h e n the drop is not l o n g relative to 
its w i d t h , a more compl i ca ted treatment is r e q u i r e d (8). 

Interfac ia l tension is general ly at a m i n i m u m w h e n the interfac ia l c o n 
centrat ion o f adsorbed surfactant mater ia l is at a m a x i m u m . Possibly, maxi 
m u m adsorpt ion at the interface occurs w h e n the surfactant is equal ly so lu
ble i n the o i l and aqueous phases. Shah et a l . (II) showed that the I F T 
between an o i l and an aqueous surfactant-containing phase is at a m i n i m u m 
w h e n the par t i t ion coeff ic ient is uni ty . T h i s c o n d i t i o n occurs w h e n the 
surfactant is equal ly soluble i n b o t h phases. 

Interfacial Viscosity. I n a c lean system i n w h i c h two pure l iquids 
p r o d u c e an interface, the viscosity of the interface should be the same as the 
b u l k solut ion viscosity. H o w e v e r , surfactant or i m p u r i t y adsorpt ion at an 
interface can cause a resistance to flow to occur that can be measured as the 
inter fac ia l shear viscosity. T h i s viscosity is de f ined as the ratio between the 
shear stress and the shear rate i n the plane o f the interface (12). M e t h o d s 
used to make these measurements i n c l u d e a viscous tract ion surface v i s c o m 
eter (12), d r o p l e t - d r o p l e t coalescence (13), the rotat ing r i n g v iscome
ter (14), and surface laser l ight scattering (9). 

L o w interfac ia l viscosity is desirable i n enhanced o i l recovery opera
t ions, so that d isp laced o i l globules may readi ly coalesce in to an o i l bank. 
E m u l s i o n stabil ity decreases as interfac ia l viscosity decreases, a n d this c o n 
d i t i o n increases the ease w i t h w h i c h an o i l bank can be f o r m e d . W a s a n et 
a l . (15) f o u n d a qualitative corre la t ion between coalescence rates and inter 
facial viscosities for crude o i l . 

I n extreme cases, mater ia l can adsorb at an interface to create a film. 
Interfac ia l film format ion can occur i n c r u d e - o i l systems a n d has b e e n 
r e p o r t e d b y B l a i r (16), and b y R e i s b e r g a n d D o s c h e r (17), F i l m format ion is 
relat ively c o m m o n w i t h crude oils a n d can effect ively stabil ize emulsions b y 
prevent ing droplet coalescence even w i t h h i g h values o f interfac ia l tension. 

Surface Charge at Interfaces. T h e interface i n a c r u d e - o i l - w a 
ter system usual ly carries a net charge, w h i c h can be caused by the adsorp
t i o n o f surface-active ions. These surfactants may be carboxylic acids that 
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270 EMULSIONS IN THE PETROLEUM INDUSTRY 

originate f r o m the o i l or synthetic surfactants a d d e d to the system. T h e r m a l 
m o t i o n o f the counter ions i n the aqueous phase results i n a d i f fused double 
layer adjacent to the interface w i t h an excess o f counter ions . These 
counterions screen the attraction between ions adsorbed at the interface and 
counter ions that are m o r e distant. T h i s screening causes counter ion c o n 
centrat ion to decrease exponential ly w i t h distance f r o m the interface, and a 
net charge results. 

In format ion about the surface charge o f droplets i n an e m u l s i o n can be 
obta ined f r o m electrophoresis . I n this process, a so lut ion conta in ing smal l 
o i l droplets is p l a c e d between opposi te ly charged electrodes. B y measur ing 
the veloc i ty o f a part ic le u n d e r a k n o w n field gradient and d i v i d i n g veloci ty 
b y field gradient, the e lectrophoret ic m o b i l i t y is obta ined. I n general , the 
absolute value o f e lectrophoret ic m o b i l i t y is at a m a x i m u m w h e n I F T is at a 
m i n i m u m i n sur fac tant -c rude-o i l systems (9, 18) as w e l l as i n ac idic c rude-
o i l - s o d i u m hydroxide systems (19). T h u s , surface charge is at a m a x i m u m 
w h e n surface-active ions are present at m a x i m u m concentrat ion at the inter
face. 

Changes i n surface charge can result i n changes i n the way that o i l 
droplets react w i t h the ir surroundings . A negative surface charge w i l l reduce 
the attraction o f o i l droplets to negatively charged sand surfaces, for i n 
stance. C h i a n g et a l . (18) f o u n d that o i l recovery i n sand packs a n d B e r e a 
sandstone was at a m a x i m u m w h e n the absolute value o f surface charge was 
at a m a x i m u m . T h e y f o u n d that surface charge was at a m a x i m u m and 
interfac ia l viscosity at a m i n i m u m between 3.5 w t % s o d i u m ch lor ide solut ion 
and Seeligson c rude o i l . In sand packs, recovery i m p r o v e d f r o m 6 5 % O O I P 
to 7 3 % O O I P w h e n increas ing the sal inity o f the d isp lac ing phase f r o m 0 to 
3 .5%. I n B e r e a sandstone, recovery i m p r o v e d f r o m 48 to 5 8 % O O I P . I m 
p r o v e d o i l recovery c o u l d not be accounted for by ei ther the alteration o f 
wettabi l i ty or the smal l increase i n capi l lary n u m b e r . 

Surface Wettability. A s m e n t i o n e d earl ier , wettabi l i ty affects cap
i l lary pressure a n d thus the entrapment and displacement o f o i l i n porous 
m e d i a . T h e importance o f wet tabi l i ty o n the displacement o f o i l b y water or 
br ine solutions has l o n g been k n o w n . I n 1956, after several thousand flood
i n g experiments i n a variety o f porous media , M o o r e and S l o b o d (I ) came to 
the conc lus ion that wettabi l i ty is the single most important factor affect ing 
water- f lood recovery eff iciency. L a t e r (20, 21), in termediate wettabi l i ty was 
shown to be unfavorable for enhanced o i l recovery processes, because the 
capi l lary n u m b e r r e q u i r e d for o i l m o b i l i z a t i o n is h igher than occurs w i t h 
water-wet porous media , and less o i l is available to be recovered. W a t e r -
flood o i l recovery f r o m w e a k l y water-wet cores was h igher than that ob
ta ined w i t h strongly water-wet B e r e a sandstone. Surface wettabi l i ty is par
t i cular ly important i n enhanced o i l recovery, because the fluids used can 
change the surface wettabi l i ty d u r i n g the course o f the recovery process. 
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7. TAYLOR AND HAWKINS Emulsions in Enhanced Oil Recovery 2 7 1 

This change i n wettabi l i ty i n t u r n can change relative permeabi l i ty and flow 
characteristics o f b o t h o i l and water i n porous m e d i a . 

Principles of Micellar-Polymer Flooding 

M i c e l l a r - p o l y m e r flooding relies o n the in ject ion o f a surfactant solut ion to 
lower interfac ia l tension to u l t ra low levels, o n the o r d e r o f 10" 3 m N / m . T h e 
resul t ing increase i n capi l lary n u m b e r allows the recovery o f res idual o i l 
f r o m porous m e d i a . T h e t e r m " m i c e l l a r " is used because the concentrations 
o f in jected surfactant solutions are always above the ir c r i t i ca l mice l le c o n 
centrat ion. That is, they are always above the concentrat ion at w h i c h m i 
celles f o r m . 

Microemulsions. T h e structure o f m i c r o e m u l s i o n systems has been 
rev iewed (22). B o t h b icont inuous and droplet - type structures, among o th
ers, can occur i n microemuls ions . T h e droplet - type structure is conceptual ly 
more s imple and is an extension o f the e m u l s i o n structure that occurs at 
relat ively h i g h values o f I F T . I n this case, very smal l thermodynamica l ly 
stable droplets occur , typical ly smal ler than 10 n m (7). E a c h droplet is 
separated f r o m the cont inuous phase by à monolayer o f surfactant. 
B icont inuous microemuls ions are those i n w h i c h o i l and water layers i n the 
m i c r o e m u l s i o n may be only a few molecules thick, separated b y a monolayer 
o f surfactant. E a c h layer may extend over a macroscopic distance, w i t h many 
layers m a k i n g u p the m i c r o e m u l s i o n . 

C o m p o s i t i o n s o f in jected mice l la r .fluids can vary greatly. T h e y i n c l u d e 
aqueous or oleic solutions o f surfactant as w e l l as complex mixtures conta in
i n g components such as cosurfactants, cosolvents, or stabil izers, i n addi t ion 
to surfactant, o i l , and br ine . Regardless o f the compos i t ion o f the in jected 
fluid, once i n the reservoir the fluid system consists p r i m a r i l y of o i l , water , 
and surfactant. T h e phase behavior o f the fluid system can be quite complex 
but may be approximately descr ibed b y means o f pseudoternary diagrams i n 
w h i c h the pseudocomponents are surfactant, b r ine , a n d o i l (F igure 4). D e 
p e n d i n g o n the system b e i n g s tudied, the pseudocomponents can range 
f r o m pure substances to complex mixtures. F o r example, the o i l may be a 
pure hydrocarbon or a c r u d e - o i l mixture . T h e surfactant can i n c l u d e 
cosurfactants a n d cosolvents, and the br ine may i n c l u d e a variety o f ionic 
constituents. T h e pseudoternary diagram is separated b y a mult iphase 
b o u n d a r y into a single phase region above and a mult iphase region b e l o w the 
phase boundary . 

Phase Behavior. N e l s o n and co-workers (23-25) and H e a l y et 
al . (26) have w r i t t e n extensively o n phase behavior i n mice l lar flooding. I n 
Nelson 's methodology, three di f ferent phase-behavior environments occur 
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272 EMULSIONS IN THE PETROLEUM INDUSTRY 

surfactant 

brine oil 
Figure 4. Pseudoternary diagram of oil-water-surfactant system with three 
compositions of interest. (Reproduced with permission from reference 40. 

Copyright 1977 Academic Press.) 

( F i g u r e 5). These are the type I I ( - ) , the type II(+), and the type I I I phase 
environments . 

B o t h the type I I ( - ) a n d the type II(+) phase environments have a 
m a x i m u m o f two phases. I n b o t h eases, one phase on ly may be present at 
h i g h surfactant concentrat ions. Types I I ( - ) and II(+) phase environments 
are d is t inguished w h e n the phases are p l o t t e d o n a pseudoternary diagram. 
T h e tie l ines i n the two-phase region give ei ther a negative slope for type 
I I ( - ) behavior or a posit ive slope for type II(+) behavior . W i n s o r (27) as
signed microemuls ions o c c u r r i n g i n the two-phase region of a type I I ( - ) 
diagram as type I, and def ined t h e m as a m i c r o e m u l s i o n i n e q u i l i b r i u m w i t h 
excess o i l . T h e m i c r o e m u l s i o n contains mostly br ine and surfactant, a n d any 
o i l present is s o l u b i l i z e d i n micel les . A s such it is an oi l - in-water (water-
external) e m u l s i o n . T h e pla i t po in t of the pseudoternary diagram tends to be 
close to the o i l apex. M i c r o e m u l s i o n s i n the two-phase region of a type II(+) 
phase envi ronment correspond to a W i n s o r type I I emuls ion . T h e 
m i c r o e m u l s i o n is i n e q u i l i b r i u m w i t h excess br ine a n d contains mostly o i l 
a n d surfactant. T h e br ine is s o l u b i l i z e d i n mice l les ; thus this is a w a t e r - i n - o i l 
(oil-external) e m u l s i o n . I n this case, the pla i t point o f the pseudoternary 
diagram tends to be close to the br ine apex. 

T h e type I I I phase environment may contain a m a x i m u m of three 
phases. W h e n this is the case, the emuls ion present corresponds to W i n s o r 
type I I I , i n w h i c h a m i c r o e m u l s i o n is i n e q u i l i b r i u m w i t h pure o i l and p u r e 
br ine phases. H o w e v e r , type I I ( - ) behavior and type II(+) behavior may also 
be observed u n d e r certain condi t ions . I n pract ice , type I I ( - ) or II(+) behav
i o r occurs w h e n a l l o f the br ine or o i l can be incorpora ted into the 
m i c r o e m u l s i o n or w h e n insuff ic ient surfactant is present to produce a mea
surable m i c r o e m u l s i o n . 
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7. TAYLOR AND HAWKINS Emulsions in Enhanced Oil Recovery 2 7 3 

Typell(-) 

Type III 

surfactant 

brine 

two phases 
plait point 

overall Oil 
composition 

surfactant 

brine 

PnafS^r two phases 
three 
phases 

overall Oil 
composition 

surfactant 

Typell(+) p l a l t p o i n t 

brine 

two phases 

overall °^ 
composition 

Figure 5. Phase-behavior environments. (Reproduced with permission from 
reference 24. Copyright 1978 Society of Petroleum Engineers.) 

A n u m b e r o f factors can affect the phase type that is observed. These 
factors general ly act b y changing the par t i t ion ing o f the surfactant be tween 
the br ine and o i l phases. In general , any change i n the s u r f a c t a n t - o i l - b r i n e 
system that increases the solubi l i ty o f surfactant i n o i l relative to b r i n e w i l l 
cause the phase envi ronment type to shift f r o m I I ( - ) to I I I to II(+) as 
indica ted i n the f o l l o w i n g scheme: 

increas ing surfactant solubi l i ty i n o i l -> 

N e l s o n type I I ( - ) N e l s o n type I I I N e l s o n type II(+) 
W i n s o r type I W i n s o r type I I I W i n s o r type I I 

lower phase m i d d l e phase u p p e r phase m i c r o e m u l s i o n 
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274 EMULSIONS IN THE PETROLEUM INDUSTRY 

Increasing salinity general ly decreases the solubi l i ty o f the surfactant i n 
the br ine phase. T h i s decreased so lubi l i ty tends to shift the phase behavior 
f r o m I I ( - ) to I I I to II(+). C h a n g i n g the o i l type so that the surfactant is more 
soluble i n the o i l w i l l also shift the phase behavior f r o m left to r ight . B y 
increas ing the molecular weight o f the h y d r o p h o b i c part o f the surfactant, 
so lubi l i ty i n the aqueous phase w i l l general ly decrease, and phase behavior 
w i l l shift f r o m left to r ight . D e c r e a s i n g the amount o f b r a n c h i n g w i l l have the 
same effect. S imi lar ly , decreasing the polar i ty o f the h y d r o p h i l i c group w i l l 
also decrease solubi l i ty i n the aqueous phase. T h e effects o f changes i n 
surfactant structure o n phase behavior have been discussed i n deta i l (28). 

T h e f o l l o w i n g changes w i l l also shift phase behavior f r o m I I ( - ) to I I I to 

H(+): 

• decrease i n temperature for anionic surfactants 

• increase i n temperature for nonionic surfactants 

• increase i n a lcohol concentrat ion (alcohols o f fewer than four 
carbons) 

• decrease i n a lcohol concentrat ion (alcohols o f more than four 
carbons) 

• increase i n the divalent i o n concentrat ion o f the br ine 

Solubilization Parameter. T h e so lubi l iza t ion parameter (S) is de
fined as 

S = ^ or ^ (4) 

w h e r e V 0 is the o i l v o l u m e , V s is the v o l u m e of surfactant, and V w is the 
v o l u m e of water , a l l three measured i n the m i c r o e m u l s i o n phase. Interfacial 
tension σ can be measured between the m i c r o e m u l s i o n and o i l phases ( a m o ) 
or be tween the m i c r o e m u l s i o n and water phases ( a m w ) . A s e i ther measure o f 
interfac ia l tension decreases, the so lubi l iza t ion parameter increases. H e a l y 
a n d R e e d (29) first showed that l o w interfac ia l tension correlates w i t h h i g h 
so lubi l izat ion parameter , and H u h (30) showed it to be theoret ical ly v a l i d . 
G l i n s m a n n (31) and Grac iaa et a l . (28) have val idated the concept experi 
mental ly . T h i s corre lat ion is very useful because it enables the results of 
phase-behavior experiments to part ia l ly replace the exper imental ly more 
di f f icul t measurement o f interfac ia l tension. 

Salinity Requirement Diagrams. M a x i m u m solubi l izat ion p a 
rameter occurs very close to the salinity at w h i c h m a x i m u m core- f lood o i l 
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7. TAYLOR AND HAWKINS Emulsions in Enhanced Oil Recovery 275 

recovery is obta ined. T h e salinity requi rement o f a c h e m i c a l flooding system 
is def ined b y N e l s o n (32) as the salinity at w h i c h a type I I I m i c r o e m u l s i o n is 
at m i d p o i n t salinity. T h i s condi t ion occurs w h e n the o i l a n d br ine concentra
tions i n the m i c r o e m u l s i o n m i d d l e phase are equal . M a n y authors (24, 25, 
32-34) have repor ted that o i l recovery is at a m a x i m u m i n a mice l lar flood 
w h e n the system is near m i d p o i n t salinity. A salinity requi rement d iagram 
aids i n the design a n d unders tanding of a m i c e l l a r - p o l y m e r system. 

T o construct a salinity requi rement d iagram, 5 to 10 di f ferent br ine 
salinities are p r e p a r e d for at least three surfactant concentrations i n screw-
cap test tubes. Typica l ly , surfactant concentrat ion w i l l range f r o m 0 to 10 
w t % , a n d salinity w i l l vary according to the reservoir of interest. Sample 
tubes a l l contain an ident ica l amount o f b r i n e , usual ly be tween 50 and 8 0 % 
by v o l u m e . Sample tubes are m i x e d regular ly for several days, then a l lowed 
to equi l ibrate . T h e equi l ibra t ion process can take anywhere f r o m several 
days to several months , d e p e n d i n g o n e m u l s i o n stability. 

F i g u r e 6 shows an idea l ized sal inity requi rement d iagram. W i t h i n the 
type I I I phase environment , three phases occur i n the area indica ted , but 
two phases occur i n the rest o f the type I I I reg ion . T y p e II(+) phase behavior 
occurs above the type I I I region, a n d the type I I ( - ) behavior occurs be low. 
M i d p o i n t salinity is shown near the m i d d l e o f the type I I I region. 

M i d p o i n t sal inity general ly decreases w i t h decreasing surfactant c o n 
centrat ion. A s surfactant concentrat ion decreases, the type I I I phase envi -

l ι . 1 
0 2 4 6 8 10 

Total Surfactant (volume %) 
Figure 6. Idealized salinity requirement diagram. (Modified and reproduced 
with permission from reference 32. Copyright 1982 Society of Petroleum Engi

neers.) 
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276 EMULSIONS IN THE PETROLEUM INDUSTRY 

ronment becomes narrower. T h i s n a r r o w i n g has important impl icat ions 
w h e n carry ing out a mice l lar flood i n reservoir core . I f a constant salinity 
flood is carr ied out i n w h i c h the salinity is the same i n the water- f lood br ine , 
the c h e m i c a l s lug, and the p o l y m e r dr ive , recovery w i l l general ly be in fer ior 
to a salinity gradient flood, even though both floods use the same o p t i m u m 
c h e m i c a l compos i t ion . F o r instance, w i t h a constant sal inity flood des igned 
to be at m i d p o i n t salinity, surfactant concentrat ion w i l l decrease i n the front 
and rear m i x i n g zones. T h e surfactant s lug w i l l then change f r o m type III 
behavior to type II(+) behavior . I f a sal inity gradient is used, the f o l l o w i n g 
may occur . A h igh salinity water- f lood, w i t h salinity h igher than m i d p o i n t 
salinity, is f o l l o w e d by a c h e m i c a l s lug w i t h salinity at or just be low m i d p o i n t 
salinity. T h e c h e m i c a l s lug is fo l lowed by a p o l y m e r dr ive that is m u c h b e l o w 
m i d p o i n t salinity. In the front m i x i n g zone, type III phase behavior q u i c k l y 
develops f r o m in i t ia l type II(+) behavior . A t the rear m i x i n g zone, type III 
behavior is mainta ined before type I I ( - ) behavior occurs . In the lower 
salinity p o l y m e r dr ive , surfactant that had par t i t ioned into any r e m a i n i n g o i l 
part i t ions back into the lower salinity aqueous phase and thereby keeps the 
system i n type III behavior for a longer p e r i o d . Typica l ly , less surfactant 
adsorpt ion occurs w i t h a salinity gradient flood than w i t h a constant salinity 
flood. 

Process Design. T h e various applications o f mice l lar flooding can 
be represented on a pseudoternary diagram (F igure 4). T h e in jected slug 
used i n aqueous surfactant flooding, indica ted by point 1 on the d iagram, has 
no added o i l i n the slug mater ia l . Some o i l may be i n t r o d u c e d f r o m either 
surfactant or p o l y m e r manufac tur ing processes, but i n very small amounts. 
A n o i l - in -water m i c r o e m u l s i o n injectant is used w h e n the compos i t ion is 
represented by point 2. T h i s type o f system is used i n a c o m m e r c i a l 
(Maraf lood) process. C o m p o s i t i o n s indica ted by point 3 are t e r m e d soluble 
o i l (35, 36) and can spontaneously emuls i fy water w i t h o i l r e m a i n i n g as the 
external phase. T h i s type of compos i t ion forms the basis o f another c o m m e r 
c ia l (Uni f lood) process. 

Ideally, the in jected mice l la r solutions w i l l be misc ib le w i t h the fluids 
that they are i n contact w i t h i n the reservoir and can thus misc ib ly displace 
those fluids. I n t u r n , the mice l lar solutions may be misc ib ly displaced by 
water. Highes t o i l recovery w i l l result i f the injected mice l lar solut ion is 
misc ib le w i t h the reservoir o i l . I f there are no interfaces, interfacial forces 
that trap o i l w i l l be absent. Inject ion of composit ions l y i n g above the m u l t i 
phase boundary in i t ia l ly solubi l izes both water and o i l and displaces t h e m in 
a misc ib le l ike manner . H o w e v e r as in ject ion of the mice l lar solut ion p r o 
gresses, m i x i n g occurs w i t h the o i l and br ine at the flood front, and surfac
tant losses occur because o f adsorpt ion on the reservoir rock. These c o m p o 
si t ional changes move the system into the mult iphase region. T h e abi l i ty of 
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7. TAYLOR AND HAWKINS Emulsions in Enhanced Oil Recovery 2 7 7 

the mice l lar fluid td recover o i l is a l tered d e p e n d i n g o n the phase e n v i r o n 
ment . 

I n the two-phase reg ion , the type II(+) system has an o i l - r i c h mice l la r 
phase i n e q u i l i b r i u m w i t h an excess br ine phase. Surfactant is f o u n d almost 
exclusively i n the o i l - r i c h phase, and the concentrat ion o f surfactant i n that 
phase can greatly exceed the concentrat ion o f surfactant i n the in jected 
c h e m i c a l s lug. I n the type II(+) environment , the mice l lar phase remains 
misc ib le w i t h the o i l but is i m m i s c i b l e w i t h the br ine . O i l continues to be 
recovered b y a misc ib le l ike process. T h e opposite occurs i f the phase envi 
ronment is type I I ( - ) . T h e b r i n e - r i c h mice l lar phase is i m m i s c i b l e w i t h the 
o i l phase, and o i l recovery is by l o w I F T i m m i s c i b l e displacement . 

N e l s o n and P o p e (24) descr ibed these phase relat ionships and d e m o n 
strated that phases observed i n laboratory test tube experiments also f o r m 
and are t ransported i n a porous m e d i u m subjected to a c h e m i c a l flood at 
reservoir flow rates. C h e m i c a l floods cont inuously mainta ined i n a type II(+) 
phase environment recovered substantially more res idual o i l than those 
mainta ined i n a type I I ( - ) environment . 

N e l s o n and P o p e c o n c l u d e d that chemica l flood design s h o u l d be such 
as to mainta in as m u c h surfactant as possible i n the type I I I phase e n v i r o n 
ment . Th is c o n d i t i o n can be accompl i shed by des igning the mice l lar fluid 
such that the i n i t i a l phase environment o f the i m m i s c i b l e displacement is 
type II(+). A negative sal inity gradient is i m p o s e d , and i t moves the phase 
envi ronment to type I I I and, eventually, to I I ( - ) . 

In pract ice , because o f economic constraints, a finite c h e m i c a l s lug must 
be in jected and effect ively d isplaced through the reservoir . T h i s step is 
accompl i shed by us ing a p o l y m e r dr ive fluid. T h e p o l y m e r drive fluid, b e i n g 
aqueous, is i m m i s c i b l e w i t h type II(+) mice l lar fluids but misc ib le w i t h type 
I I ( - ) . Thus , i f a type II(+) system were to be displaced b y a p o l y m e r drive 
fluid, phase t r a p p i n g of the mice l lar solut ion c o u l d occur . T h e use o f salinity 
gradient to p r o d u c e a type I I ( - ) environment at the t ra i l ing edge of the 
c h e m i c a l s lug allows misc ib le displacement b y the p o l y m e r dr ive fluid. 

F i g u r e 7 shows the general sequence of a m i c e l l a r - p o l y m e r flood. A n 
i n i t i a l pref lush is sometimes used to lower salinity and divalent i o n c o n 
centrat ion i n the reservoir . T h i s pref lush is f o l l o w e d b y the surfactant slug, 
c o n t a i n i n g a s u r f a c t a n t - p o l y m e r m i x t u r e d e s i g n e d to p r o d u c e a 
m i c r o e m u l s i o n w i t h the c rude o i l . A p o l y m e r dr ive fol lows, a n d i t prevents 
" f i n g e r i n g " o f the br ine into the surfactant s lug. T h e p o l y m e r dr ive is of ten 
in jected w i t h a concentrat ion gradient; p o l y m e r concentrat ion decreases as 
the in ject ion progresses. 

Oil Bank Formation. I f a surfactant or surfactant - forming mate
r ia l is in jected in to a reservoir and mobi l izes res idual o i l , then o i l recovery is 
more efficient i f the m o b i l i z e d o i l droplets can coalesce to f o r m an o i l bank. 
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278 EMULSIONS IN THE PETROLEUM INDUSTRY 

flow 
Brine 

Polymer 
Drive 

Surfactant 
Slug Preflush 

Polymer Drive: 0 «100% pore volume 
200 - 2500ppm polymer 
biocides 

Surfactant Slug: 5 - 20% pore volume 
200 · 5000ppm polymer 
1 - 20% surfactant 
0 - 5% cosurfactant 
biocides 

Preflush: 0 -100% pore volume 

Figure 7. Typical microemulsion injection scheme. 

T h e o i l bank that forms w i l l exist at an o i l saturation that is greater than the 
res idual o i l saturation. A t the front o f the bank, res idual o i l is taken u p , w h i l e 
at the back, the capi l lary n u m b e r must r e m a i n h i g h to m i n i m i z e o i l entrap
ment. I n this way, the o i l bank grows larger and forms sl ightly ahead of the 
in jected chemicals . 

T h e format ion and displacement o f the o i l bank depends u p o n the 
nature o f the phases f o r m e d i n the porous m e d i u m and the ir relative 
permeabi l i t ies , w h i c h may also change as a result o f changes i n wettabi l i ty . 
D e t a i l e d discussion o f these factors is b e y o n d the scope o f this chapter ; 
C h a p t e r 6 and references 37 and 38 address this topic . 

Nonideal Behavior. T h e discussion o f phase behavior u p to this 
po in t represents the idea l case. A n u m b e r o f factors cause deviat ion f r o m 
ideal i ty . T h e phases present may i n c l u d e l i q u i d crystals, gels, or so l id p r e c i p 
itates i n addi t ion to the o i l , b r i n e , and m i c r o e m u l s i o n phases (39, 40). T h e 
h i g h viscosities o f these phases are det r imenta l to o i l recovery. T o c o n t r o l 
the format ion o f these phases, the pract ice has been to a d d low-molecu lar -
weight alcohols to the mice l lar so lut ion; these alcohols act as cosolvents or i n 
some cases as cosurfactants. 

T h e a lcohol cosolvents or cosurfactants may par t i t ion between aqueous 
and o i l phases i n dif ferent proport ions than the p r i m a r y surfactant, and 
therefore, g r o u p i n g these components i n the surfactant pseudocomponent is 
inappropr ia te . C h r o m a t o g r a p h i c separation o f the components may occur 
d u r i n g flow i n the reservoir , and unwanted phases may f o r m . 

Ion exchange between in jected br ine and reservoir rock may result i n 
local ly h i g h concentrations o f divalent ions that can precipi tate anionic 
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7. TAYLOR AND HAWKINS Emulsions in Enhanced Oil Recovery 2 7 9 

surfactants. Together w i t h d i f fus ion and dispers ion p h e n o m e n a i n the p o 
rous m e d i u m , prec ip i ta ted surfactants can result i n loca l immisc ib i l i t i es a n d 
phase t rapping . 

Incompat ib i l i ty o f surfactant and p o l y m e r that is used i n the mice l la r 
s lug or chase fluid can occur because p o l y m e r may not be incorpora ted 
readi ly into micel les . U s e o f alcohols mitigates this di f f icul ty . 

Field Application. T h e m i c e l l a r - p o l y m e r process for enhanced o i l 
recovery has been used i n many field trials. P e t r o l e u m sulfonates are the 
most c o m m o n l y used surfactant (41, 42). O t h e r surfactants have been used, 
such as ethoxylated a lcohol sulfates (43) a n d nonionic surfactants m i x e d w i t h 
p e t r o l e u m sulfonates (44). 

T h e L o u d o n field i n I l l inois , operated by E x x o n , is an interest ing exam
ple o f m i c e l l a r - p o l y m e r flooding design (45, 46). T h e reservoir is a moder 
ate permeabi l i ty sandstone w i t h excellent propert ies for m i c e l l a r - p o l y m e r 
flooding, except one: T h e salinity is very h i g h , approximately 10.5 w t % total 
dissolved solids and 4000 p p m o f divalent ions. E x x o n has b e e n s tudying the 
m i c e l l a r - p o l y m e r process i n this field for more than 10 years, and to date 
(mid-1991) has c o m p l e t e d two p i lo t projects a n d has two others i n progress. 
T h e sequence o f the in jected m i c r o e m u l s i o n and p o l y m e r dr ive is o u t l i n e d 
i n F i g u r e 8. A m i c r o e m u l s i o n o f 0.3 pore volumes , conta in ing a relat ively l o w 
surfactant concentrat ion, 2.3 w t % , was used. T h e surfactant was a sulfate o f a 
propoxylated ethoxylated t r idecy l a lcohol , o f the f o l l o w i n g structure: 

i - C 1 3 H 2 7 0 ( C 3 H 6 0 ) m ( C 2 H 4 0 ) n S 0 3 N a 

flow 
Brine 
(100% salinity) 

Polymer 
Drive 

Microemulsion 

Polymer Drive: 1.0 pore volume 
biopolymer, 38 cp @ 11 s"1 

salinity 70% of resident brine 

Microemulsion: 0.3 pore volume 
2.3 wt% surfactant 
2.65 wt% 250 white oil base 
biopolymer Flocon 4800,28 cp © 11 s" 
500 -1500ppm formaldehyde (biocide) 
90 ppm citric acid (iron control) 
96% salinity 

Figure 8. Loudon micellar-polymer flood. 
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280 EMULSIONS IN THE PETROLEUM INDUSTRY 

where m and η are e i ther 4 and 2 or 3 and 4, respectively. I n pract ice , a 
mixture o f these two surfactants was used, so that surfactant compos i t ion 
c o u l d easily be var ied i n the field to correct for any changes i n in ject ion 
br ine compos i t ion . T h i s type of surfactant is par t i cular ly sui ted to h i g h 
salinities. I f the n u m b e r o f ethoxyl groups is increased, o p t i m a l sal inity 
increases, but i f the n u m b e r o f p r o p o x y l groups increases, the o p t i m a l sal in
ity decreases. T h e mixture used h a d o p t i m a l sal inity at the h i g h sal inity and 
hardness levels associated w i t h this reservoir . T h e synthesis o f this surfactant 
and its use i n m i c e l l a r - p o l y m e r flooding has been patented by E x x o n (47). 

I n addi t ion to the surfactant, a whi te o i l was a c o m p o n e n t o f the 
m i c r o e m u l s i o n . T h i s o i l was a d d e d i n the m i n i m u m amount r e q u i r e d to 
solubi l ize enough xanthan p o l y m e r to p r o d u c e the target viscosity. I n the 
absence of the whi te o i l , the p o l y m e r c o u l d not be so lub i l ized . T h e xanthan 
p o l y m e r i tself was r e q u i r e d for m o b i l i t y contro l . T o prevent biodégradation 
o f the p o l y m e r , formaldehyde was added. C i t r i c ac id was also a component 
o f the m i c r o e m u l s i o n , a d d e d to prevent the oxidat ion o f ferrous i o n present 
i n the br ine to ferr ic i o n . T h e presence o f ferr ic i o n w o u l d lead to prec ip i ta 
t ion o f i r o n compounds as w e l l as c ross - l inking o f the b i o p o l y m e r . 

A par t icular ly interest ing part o f the p i l o t i n v o l v e d the treat ing o f p r o 
d u c e d emuls ions . O v e r the l i fe o f the p i lo t , 9 3 % o f the in jected surfactant 
was p r o d u c e d at the p r o d u c t i o n wel ls , and this s i tuation l e d to serious 
e m u l s i o n prob lems . H e a t i n g the e m u l s i o n to a specific , but u n r e p o r t e d , 
temperature caused the surfactant to par t i t ion complete ly into the aqueous 
phase and leave the c rude o i l w i t h very l o w levels of surfactant and br ine . 
T h e resul t ing o i l was suitable for p i p e l i n e transportat ion. T h e cr i t i ca l separa
t ion temperature h a d to be cont ro l l ed to w i t h i n 1 °C. A t h igher tempera
tures, surfactant par t i t ioned into the o i l , and at lower temperatures , s ignif i 
cant quantit ies o f o i l r e m a i n e d so lub i l i zed i n the br ine . R e c o v e r e d surfactant 
was equivalent to the in jected surfactant i n terms of phase behavior , and h a d 
the potent ia l for reuse. 

T h e p i lo t area used for this test was relat ively smal l , 0.71 acres. H o w 
ever, the test was a technical success, recover ing 6 8 % of the water - f lood 
res idual o i l . T h e p i lo t began i n 1982 and e n d e d i n N o v e m b e r 1983. Since 
that t ime , E x x o n has in i t ia ted two other m i c e l l a r - p o l y m e r floods i n the 
L o u d o n field, one a 40-acre p i lo t and the other an 80-acre p i lo t . 

Principles of Alkaline Flooding 

A l k a l i n e flooding is an o l d concept , first patented by A t k i n s o n (48) i n 1927. 
H y d r o x i d e i o n i n an alkaline solut ion reacts w i t h acidic components present 
i n some crude oils to produce p e t r o l e u m soaps, w h i c h are general ly s o d i u m 
salts o f carboxylic acids. These p e t r o l e u m soaps are capable o f adsorbing at 
the o i l - w a t e r interface and l o w e r i n g interfacial tension. C r u d e oils suitable 
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7. TAYLOR AND HAWKINS Emulsions in Enhanced Oil Recovery 281 

for alkaline flooding general ly have a total ac id n u m b e r ( T A N ) o f 0.1 to 2 m g 
of K O H per gram of o i l . T h e in ject ion of alkaline solutions into a reservoir 
can i m p r o v e o i l recovery b y several mechanisms. E m u l s i f i c a t i o n and en-
trainment , emuls i f icat ion and entrapment , and wettabi l i ty reversal have 
b e e n p r o p o s e d (49, 50). 

Class ica l alkal ine flooding uses only alkaline solutions and has several 
disadvantages. O n e o f the most serious is that the p e t r o l e u m soaps are very 
sensitive to increases i n the i o n i c strength o f the aqueous phase. I n 1975, 
B u r d y n et a l . (51) began to address this p r o b l e m w i t h the addi t ion o f syn
thetic surfactants to the alkaline flooding process. I n this case, a synthetic 
a lkyl aryl sulfonate was a d d e d to s o d i u m hydroxide solutions to prov ide l o w 
I F T behavior over a broader range o f salinity than c o u l d be obta ined w i t h 
alkal i alone. B u r d y n also patented the use o f p o l y m e r w i t h alkal i to increase 
the aqueous-phase viscosity. Th is increased viscosity h a d the effect of i m 
p r o v i n g the sweep o f the aqueous phase through the reservoir . Excessive 
alkal i c o n s u m p t i o n also p lagued the classical alkal ine flooding process. So
d i u m hydroxide and s o d i u m silicate solutions react w i t h reservoir rock or 
precipi tate i n the presence o f divalent cations. B u f f e r e d alkaline solutions 
such as s o d i u m carbonate have increased i n importance because o f l o w e r 
a l k a l i - r o c k interactions. C u r r e n t l y , the a l k a l i - s u r f a c t a n t - p o l y m e r process 
represents the state o f the art i n alkaline flooding. 

M a n y of the basic concepts of m i c e l l a r - p o l y m e r flooding apply to 
alkaline flooding. H o w e v e r , alkal ine flooding is fundamenta l ly di f ferent be
cause a surfactant is created i n the reservoir f r o m the react ion o f hydroxide 
w i t h ac idic components i n c rude o i l . T h i s react ion means that the amount of 
p e t r o l e u m soap w i l l vary local ly as the water - to -o i l ratio varies. T h e amount 
o f p e t r o l e u m soap has a large effect o n phase behavior i n c r u d e - o i l - a l k a l i -
surfactant systems. 

Surfactant Mixing Rules. T h e p e t r o l e u m soaps p r o d u c e d i n 
alkaline flooding have an extremely l o w o p t i m a l salinity. F o r instance, most 
acidic c rude oils w i l l have o p t i m a l phase behavior at a s o d i u m hydroxide 
concentrat ion o f approximately 0.05 w t % i n d i s t i l l e d water. A t that c o n 
centrat ion (about p H 12) essentially a l l o f the acidic components i n the o i l 
have reacted, a n d type I I I phase behavior occurs . A n increase i n s o d i u m 
hydroxide concentrat ion increases the ionic strength and is equivalent to an 
increase i n sal inity because more p e t r o l e u m soap is not p r o d u c e d . A s sal inity 
increases, the p e t r o l e u m soaps become m u c h less soluble i n the aqueous 
phase than i n the o i l phase, and a shift to o v e r - o p t i m u m or type II(+) 
behavior occurs. T h e water i n most o i l reservoirs contains significant quant i 
ties o f dissolved solids, resul t ing i n increased I F T . Interfacial tension is also 
increased because h i g h concentrations o f alkal i are r e q u i r e d to counter the 
effect of losses due to a l k a l i - r o c k interact ions. 

A solut ion to the p r o b l e m has been to add a synthetic surfactant to 
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282 EMULSIONS IN THE PETROLEUM INDUSTRY 

m o d i f y the propert ies of the p e t r o l e u m soap that is p r o d u c e d f r o m react ion 
w i t h hydroxide (51, 52). T h i s process has been t e r m e d surfactant-enhanced 
alkaline flooding. T h e a d d e d synthetic surfactant is chosen to have a very 
h i g h o p t i m a l salinity, and the resul t ing petroleum-soap-synthet ic -surfactant 
mixture produces o p t i m a l phase behavior at intermediate salinities. 

T h e m i x i n g o f a synthetic surfactant and a p e t r o l e u m soap can be ex
p l a i n e d i n terms o f surfactant m i x i n g rules proposed by W a d e et a l . i n 
1977 (53). These rules are based o n previous studies (54) o f the equivalent 
alkane carbon n u m b e r ( E A C N ) concept , w h i c h show that hydrocarbon be
havior toward surfactants is addit ive and weighted by mole fract ion accord
i n g to the f o r m u l a : 

E A C N ^ I E A C N . X , (5) 
i 

w h e r e E A C N a v g is the E A C N of the mixture , E A C N ; is the E A C N of c o m 
ponent i, and Xt is the mole fract ion o f component i. 

Cayias et a l . (55) and others (31, 56) f o u n d that this re lat ionship c o u l d 
be a p p l i e d to crude oils . T h e y f o u n d that crude oils i n general behaved 
equivalent ly to n-alkanes i n the range o f pentane to decane, even w i t h 
greatly d i f f e r i n g o i l types (55). T h u s , the behavior o f a c rude o i l toward a 
given surfactant can be descr ibed as the s u m of the behavior o f each o f its 
hydrocarbon components toward that surfactant. 

T h e behavior o f m i x e d surfactant systems has been descr ibed i n s imi lar 
terms (53): 

(Hmi„)avg = X ( ]V m i n ) j X i (6) 
i 

w h e r e (IVmin) i is the alkane carbon n u m b e r o f the interfac ia l tension m i n i 
m u m o f surfactant i, ( N m i n ) a v g is the alkane carbon n u m b e r m i n i m u m of the 
I F T m i n i m u m o f the surfactant mixture , and X{ is the mole fract ion o f 
surfactant i. 

M o r e s imply stated, the behavior o f a surfactant mixture toward a given 
o i l can be descr ibed as the s u m o f the behavior of each o f its components 
toward that o i l . Th is hypothesis shows that the natural surfactant that is 
p r o d u c e d i n alkal ine flooding can be m o d i f i e d by an a d d e d synthetic surfac
tant i n a predic table way. 

Phase Behavior. T h e use o f phase-behavior diagrams i n surfactant-
enhanced alkaline flooding is more c o m p l i c a t e d than i n m i c e l l a r - p o l y m e r 
flooding for several reasons. O n e reason is that phase behavior is very 
sensitive to the water - to -o i l ratio e m p l o y e d . F r o m surfactant m i x i n g rules, 
vary ing the amount o f o i l present w i l l vary the amount o f p e t r o l e u m soap 
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7. TAYLOR AND HAWKINS Emulsions in Enhanced Oil Recovery 283 

present, and the nature o f the m i x e d surfactant w i l l change. A n o t h e r c o m 
pl i ca t ion is that stable emulsions w i t h h i g h values o f inter fac ia l tension are 
m u c h more l ike ly to occur w i t h the heavier oils u s e d i n the process, and 
these s tabi l ized emulsions can lead to i m p r o p e r construct ion of phase-be
havior diagrams. T h e t h i r d p r o b l e m is that total surfactant concentrat ion is 
m u c h lower than is seen i n m i c e l l a r - p o l y m e r flooding. I n some cases, I F T 
may be very low, and phase behavior can be i n the type I I I environment , but 
a m i d d l e phase may not be readi ly apparent because o f the l o w surfactant 
concentrat ion. 

F igures 9 a n d 10 show phase-behavior diagrams for D a v i d L l o y d m i n s t e r 
c rude o i l and the surfactant N e o d o l 25-3S i n the presence o f 1 w t % s o d i u m 
carbonate. Phase-behavior measurements were carr ied out according to the 
m e t h o d o f N e l s o n et a l . (52). T h e D a v i d L l o y d m i n s t e r o i l field is near the 
Alber ta -Saskatchewan b o r d e r d i rec t ly east o f E d m o n t o n . T h e o i l has a 
density o f 0.922 g/mL and a viscosity of 144 M P a - s at 23 °C. T h e region o f 
o p t i m a l phase behavior is shown at a surfactant concentrat ion o f 0.1 w t % i n 
F i g u r e 9. T h e region o f o p t i m a l phase behavior is shaded. A b o v e this region, 
type II{+) behavior occurs, and type I I ( - ) behavior occurs b e l o w the reg ion 
o f o p t i m a l phase behavior . V o l u m e percent o i l refers to the amount o f o i l 
present i n the phase-behavior tube used. F o r a given oi l - to-water ratio, a 
transi t ion f r o m type I I ( - ) to type I I I to type II(+) occurs as salinity increases. 
A s the amount o f o i l increases relative to the amount o f aqueous phase, the 
same t r e n d i n phase behavior is seen. 

F i g u r e 10 shows the same system, but w i t h a lower synthetic surfactant 

Figure 9. Activity map with David Lloydminster crude oil, 0.1 wt% Neodol 25-
3S, and 1 wt% sodium carbonate. 
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284 EMULSIONS IN THE PETROLEUM INDUSTRY 

Figure 10. Activity map with David Lloydminster crude oil, 0.02 wt% Neodol 
25-3S, and 1 wt% sodium carbonate. 

concentrat ion (0.02 w t % ) . T h e type I I I phase-behavior reg ion is shi f ted to 
lower salinities and lower oi l - to-water ratios. T h i s shift is a direct result of 
changes i n the petroleum-soap-synthet ic -surfactant ratio as water - to -o i l ra
tio varies. N e l s o n et a l . (52) stated that these phase-behavior diagrams can 
be used i n an equivalent fashion to the sal inity re qui re me nt diagrams used 
for m i c e l l a r - p o l y m e r flooding (32). H e c l a i m e d that a surfactant-enhanced 
alkaline flood should be designed so that the flood begins at the o p t i m u m -
o v e r - o p t i m u m phase boundary . T h e res idual o i l saturation is used to deter
m i n e the water - to -o i l ratio i n the d iagram. T h i s de terminat ion assumes that 
equi l ibra t ion is r a p i d and does not address the possibi l i ty o f p e t r o l e u m soaps 
b e i n g extracted and concentrated i n the flood front . A sal inity gradient is 
a p p l i e d w h e n the alkaline agent is r e m o v e d f r o m the dr ive fluid. Nelson 's 
results have b e e n very p r o m i s i n g i n p u b l i s h e d laboratory core- f lood exper i 
ments. 

Dynamic Interfacial Tension. C r u d e - o i l - a l k a l i systems are u n 
usual i n that they exhibit dynamic interfacial tension ( F i g u r e 11). A solut ion 
o f 0.05 w t % s o d i u m hydroxide i n contact w i t h D a v i d L l o y d m i n s t e r c rude o i l 
in i t ia l ly produces u l t ra low values o f I F T . A m i n i m u m value is reached, after 
w h i c h I F T increases w i t h t ime by nearly 3 orders of magni tude , measured i n 
the sp inning drop tensiometer . Tay lor et al . (57) showed that dynamic inter
facial tension can also occur i n c r u d e - o i l - a l k a l i - s u r f a c t a n t systems. F i g u r e 
11 shows interfac ia l tension versus t ime for a solut ion conta in ing 1 w t % 
s o d i u m carbonate, a n d the same solut ion conta in ing 0.02 w t % of N e o d o l 25-
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7. TAYLOR AND HAWKINS Emulsions in Enhanced Oil Recovery 285 

Time (minutes) 
Figure 11. Interfacial tension versus time, David Lloydminster crude oil. Key: 
— 0.05 wt% NaOH; . . 0.02 wt% Neodol 25-3S and 1 wt% Na2C03; and 

, J wt% Na2C03. 

3S, an ethoxylated a lcohol sulfate. T h e addi t ion o f the synthetic surfactant 
greatly reduces the m i n i m u m I F T value obta ined. 

D y n a m i c I F T arises f r o m the react ion o f ac idic components i n the c rude 
o i l to f o r m p e t r o l e u m soaps. Reac t ion o f acidic surface-active materials i n 
the c r u d e o i l w i t h sodium hydroxide i n the aqueous phase is assumed to 
occur rapidly at the interface, but desorpt ion o f these species is taken to be 
slower. T h i s s lower desorpt ion leads to a m a x i m u m i n the concentrat ion o f 
surface-active species at the interface at some po in t i n t ime a n d hence an 
interfac ia l tension m i n i m u m . Subsequently , I F T increases as e q u i l i b r i u m is 
approached (58). 

I n the s p i n n i n g drop apparatus, the water - to -o i l rat io is approximately 
200 to 1. I n a reservoir, the water - to -o i l ratio w o u l d be m u c h lower . Changes 
i n this water - to -o i l ratio are expected to affect the relative rates o f desorp
t ion of surfactants f r o m the o i l - w a t e r interface. T h e significance of the 
dynamic I F T m i n i m u m for reservoir situations has b e e n discussed b y R u b i n 
and Radke (58) and deZabala and Radke (59). T h e y suggested that the I F T 
m i n i m u m for acidic crude oils is indicat ive o f the lowest achievable reservoir 
e q u i l i b r i u m value. Taylor et a l . (57) showed a corre la t ion between m i n i m u m 
I F T and core- f lood recovery eff ic iency i n surfactant-enhanced alkaline 
flooding. F i g u r e 12 shows a modi f ica t ion o f the capi l lary n u m b e r curve 
i n t r o d u c e d i n F i g u r e 3. C a p i l l a r y numbers f r o m core- f lood data are p lo t ted 
b y us ing both I F T m i n i m a and e q u i l i b r i u m values. C o r e floods were carr ied 
out i n l inear B e r e a sandstone cores. A g r e e m e n t be tween p u b l i s h e d capi l lary 
n u m b e r correlations is very p o o r w h e n us ing e q u i l i b r i u m I F T values, as 
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286 EMULSIONS IN THE PETROLEUM INDUSTRY 

O) 
c 

£L 0 ' 1 l i t mil > • i i i t mil 

10"6 10'5 10^ 10"3 10"2 

Capillary Number 
Figure 12. Capillary number correlation with dynamic interfacial tension. 
Key:. . ., Gupta and Trushenski (34); - - -, Taber (5); — , Chatzis and Morrow 

(6); •, minimum IFT; and Of equilibrium IFT. 

measured w i t h the s p i n n i n g d r o p instrument , but it is very good w h e n us ing 
m i n i m u m I F T values. 

Field Application. F i e l d trials o f classical alkal ine flooding have 
b e e n disappoint ing . M a y e r et a l . (60) ind ica ted that on ly 2 o f 12 projects h a d 
significant i n c r e m e n t a l o i l recovery: N o r t h W a r d Estes a n d W h i t t i e r w i t h 6 -
8 a n d 5 - 7 % pore v o l u m e , respectively. E s t i m a t e d recovery f r o m the W i l 
m i n g t o n field was 14% w i t h a classical alkal ine flooding m e t h o d (61). H o w 
ever, post-project evaluation o f that field indica ted no i m p r o v e m e n t over 
water - f looding (62). 

A n u m b e r o f laboratory studies o f the appl icat ion o f the a lka l i - sur fac 
t a n t - p o l y m e r flooding to various reservoir systems have been repor ted (63-
67), but field appl icat ion o f this technology has been l i m i t e d . Several field 
pi lots are i n progress or have b e e n c o m p l e t e d , but only one has been evalu
ated to date i n the technica l l i terature (68). T h i s project is i n the W e s t K i e h l 
field i n W y o m i n g operated b y T e r r a Resources Inc. 

T h e W e s t K i e h l field is a m e d i u m permeabi l i ty ( 3 5 0 - m D ; m D is 
mi l l idarc ies) sandstone. T h e reservoir br ine contains 45,500 p p m o f total 
dissolved solids, w i t h about 450 p p m o f divalent ions. T h e 24° A P I c rude o i l 
has viscosity o f 19 mPa-s at a reservoir temperature o f 49 °C. ( A P I gravity is 
def ined i n the Glossary.) 

T h e c h e m i c a l s lug used i n the project was p r e p a r e d i n a fresh, relat ively 
soft b r i n e (800 p p m of total dissolved solids, 18 p p m hardness). O n the basis 
o f interfac ia l tension measurements (phase-behavior tests were not re
ported) , a so lut ion o f 0.8 w t % N a 2 C 0 3 and 0.1 w t % Petrostep B100 , a 
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7. TAYLOR AND HAWKINS Emulsions in Enhanced Oil Recovery 287 

p e t r o l e u m sulfonate, was selected. T o this was added 0.1 w t % of a po lyacry l -
amide p o l y m e r to prov ide the necessary m o b i l i t y contro l . T h e project design 
ca l led for in ject ion o f 0.25 pore v o l u m e o f the a l k a l i - s u r f a c t a n t - p o l y m e r 
solut ion f o l l o w e d b y a s imi lar v o l u m e o f p o l y m e r solut ion act ing as a m o b i l i t y 
contro l buf fer . 

E a r l y results i n the W e s t K i e h l field are very encouraging. It is ant ic i 
pated that the use o f the A S P process w i l l increase o i l recovery b y an 
addi t ional 15% over water- f lood. 

Other Applications 

Emulsion Injection for Recovery of Heavy Oil. O i l - i n - w a t e r 
emulsions may be useful as sweep i m p r o v e m e n t agents i n heavy-oi l reser
voirs . T o i m p r o v e the m o b i l i t y ratio o c c u r r i n g w i t h high-viscosi ty oils , 
M c A u l i f f e (69) and S c h m i d t et a l . (70) p r o p o s e d the use o f stable o i l - i n -
water emuls ions . These authors c o n d u c t e d laboratory experiments w i t h 
emulsions p r e p a r e d by react ion o f s o d i u m hydroxide w i t h a synthetic acidic 
o i l . T h e theoret ical b a c k g r o u n d for emuls ion b l o c k i n g has been discussed i n 
C h a p t e r 6, and it forms the basis for one o f several mechanisms o f caustic 
flooding (71). These emulsions may f o r m spontaneously d u r i n g o i l recovery 
processes (72), but can just as easily be p r e p a r e d and in jected as enhanced 
o i l recovery fluids. 

F i o r i and F a r o u q A l i (73) p roposed the e m u l s i o n flooding o f heavy-o i l 
reservoirs as a secondary recovery technique. T h i s process is o f interest for 
Saskatchewan heavy-oi l reservoirs, where p r i m a r y recovery is typical ly 2 -
8%. W a t e r - f l o o d i n g i n these fields produces on ly an addi t ional 2 - 5 % of the 
or ig ina l o i l i n place because o f the h ighly viscous nature o f the o i l . I n 
laboratory experiments , a w a t e r - i n - o i l e m u l s i o n o f the p r o d u c e d o i l is cre
ated by us ing a s o d i u m hydroxide solut ion. T h e viscous e m u l s i o n f o r m e d is 
in jected into the reservoir . Its h i g h viscosity provides a more favorable 
m o b i l i t y ratio and results i n i m p r o v e d sweep of the reservoir . Important 
parameters i n c l u d e e m u l s i o n stabil ity and c o n t r o l o f e m u l s i o n viscosity. 

D e c k e r and F l o c k (74) investigated the appl icat ion o f e m u l s i o n injec
t ion for steam-f looding processes. I n laboratory models , emulsions conta in
i n g 5 v o l % crude o i l were effective i n b l o c k i n g channels created b y steam 
in ject ion d u r i n g subsequent steam-inject ion cycles. O i l droplets i n the e m u l 
sion were p r e d o m i n a n t l y i n the 1 - 2 - μ π ι range, but droplets as large as 10 
μπι were observed. 

Matrix Acidization. E m u l s i o n technology has been a p p l i e d to the 
ac id treatment o f reservoir mater ia l i n the reg ion near the w e l l bore . T h e 
pore structure of the region of the reservoir near the w e l l bore may some
times become p l u g g e d ei ther b y particulates f r o m d r i l l i n g fluids or b y p r e -
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288 EMULSIONS IN THE PETROLEUM INDUSTRY 

c ip i ta t ion deposits caused b y pressure or temperature changes d u r i n g p r o 
d u c t i o n . These p o r e - p l u g g i n g materials reduce permeabi l i ty i n the region 
near the w e l l bore and hence reduce w e l l product iv i ty . A c i d s t imulat ion is 
used rout ine ly to increase w e l l product iv i ty b y r e m o v i n g these u n w a n t e d 
deposits. W e l l s i n formations w i t h natural ly o c c u r r i n g l o w permeabi l i ty can 
also be s t imulated by us ing the same process, but a p p l i e d to the or ig ina l rock 
matrix. Th is process is re fer red to as matrix s t imulat ion . 

This matrix ac idizat ion process consists of in ject ing hydroch lor i c ac id 
(for l imestones) or a h y d r o c h l o r i c a c i d - h y d r o f l u o r i c ac id mixture (for sand
stones) into the format ion pore space. T h e ac id reacts w i t h and dissolves 
port ions o f the or ig ina l rock matrix and thus increases permeabi l i ty . T h e 
d e p t h that the ac id penetrates into the format ion is one o f the factors that 
determines the effectiveness o f the treatment. 

F o r carbonate reservoirs or carbonate cements i n part icular , ac id c o n 
s u m p t i o n occurs very rapid ly at elevated format ion temperatures according 
to the equat ion: 

2 H + + M C 0 3 ^ M 2 + + C 0 2 + H 2 0 (7) 

w h e r e M is c a l c i u m or magnes ium. T h e rate o f dissolut ion is l i m i t e d b y mass 
transfer, such that it depends on the rate at w h i c h ac id diffuses to the surface 
o f the mater ia l b e i n g dissolved. T h e rate o f mass transfer accompanying flow 
through the rock matrix is h i g h , so ac id is c o n s u m e d very quick ly . T h u s deep 
penetrat ion o f the ac id is d i f f icul t to achieve, and significant product iv i ty 
i m p r o v e m e n t cannot always be attained. 

D i s s o l u t i o n o f the rock matrix does not occur i n a u n i f o r m radia l m a n 
ner. Because o f permeabi l i ty contrasts i n the reservoir , dominant flow chan
nels ca l led w o r m holes can develop and extend into the format ion i n a 
r a n d o m fashion. T h e p r o d u c t i v i t y increase o f any w e l l is then governed b y 
w o r m - h o l e d i r e c t i o n and distance. T h e longer the w o r m hole , the better w i l l 
be the result . 

L e a k - o f f or loss o f ac id through the walls o f w o r m holes often results i n 
w o r m holes b e i n g too short to prov ide significant product iv i ty increase. 
There fore , effective s t imulat ion of ten requires retardat ion o f the m i n e r a l 
d issolut ion rate. T h e use o f microemuls ions is one m e t h o d to accompl i sh this 
retardat ion. T h e hydroch lor i c ac id is in jected as an w a t e r - i n - o i l 
m i c r o e m u l s i o n . T h e d i f fus ion rate o f the dispersed aqueous ac id to the rock 
surface is s lower than molecular d i f fus ion o f ac id f r o m a totally aqueous 
system. T h u s the rate o f l imestone dissolut ion is re tarded w i t h the 
m i c r o e m u l s i o n system. 

T h e degree of retardat ion is dependent o n the mice l lar structure o f the 
system. H o e f n e r and F o g l e r (75) descr ibed one such m i c r o e m u l s i o n system 
conta in ing c e t y l p y r i d i n i u m ch lor ide a n d butano l as the sur fac tant -
cosurfactant i n a 35:65 weight ratio. I n this system, dodecane was used as the 
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7. TAYLOR AND HAWKINS Emulsions in Enhanced Oil Recovery 289 

o i l phase, and hydroch lor i c ac id as the aqueous phase. T o mainta in h y d r o 
ch lor i c ac id as the dispersed phase, i t was necessary to use a compos i t ion 
that sits near the o i l apex of the pseudoternary diagram. T h e dif fusivi ty o f 
the ac id f r o m the m i c r o e m u l s i o n system was 2 orders o f magnitude less than 
f r o m the aqueous ac id alone. 

Summary 

C r u d e o i l becomes t rapped i n porous m e d i a as a result o f capi l lary forces. 
T h e r e d u c t i o n of these forces is r e q u i r e d for the recovery of res idual o i l , and 
this is the basis o f enhanced o i l recovery. I n pract ice capi l lary forces are 
r e d u c e d p r i m a r i l y by l o w e r i n g interfac ia l tension between o i l and water 
phases, a l though increasing the viscosity o f the water is also important . 
L o w e r i n g interfacial tension leads to the format ion o f emulsions and 
microemuls ions , w h i c h are o f great importance i n enhanced o i l recovery 
techniques . 

M i c e l l a r - p o l y m e r flooding and a l k a l i - s u r f a c t a n t - p o l y m e r flooding both 
rely o n the in ject ion into a c r u d e - o i l reservoir o f surfactants o r surfactant-
f o r m i n g materials. E m u l s i o n s may be in jected into the reservoir , or they may 
be f o r m e d i n the reservoir , but their propert ies w i l l change as they travel 
through the reservoir to eventually flow f r o m a p r o d u c i n g w e l l after weeks or 
months. 

M i c e l l a r - p o l y m e r flooding is a technical ly w e l l - d e v e l o p e d process. 
Phase composi t ional aspects of m i c r o e m u l s i o n design are relat ively w e l l 
unders tood, and several technical ly successful field trials have been carr ied 
out. M i c e l l a r - p o l y m e r floods can be des igned a n d carr ied out w i t h a good 
chance of success. H o w e v e r , the process is too expensive. T h i s h i g h cost is 
due p r i m a r i l y to the h i g h concentrations o f synthetic surfactants r e q u i r e d . 
T h e p r o b l e m is fur ther c o m p o u n d e d because these synthetic surfactants are 
made f r o m petrochemicals , a fact that ties their pr i ce to the pr i ce o f c rude 
o i l . 

A l k a l i - s u r f a c t a n t - p o l y m e r ( A S P ) flooding shows promise to become 
economica l ly more attractive than m i c e l l a r - p o l y m e r flooding. T h e process is 
inherent ly less expensive because the concentrat ion o f synthetic surfactant 
is significantly lower . H o w e v e r , the A S P process is more complex and tech
n ica l ly less deve loped than m i c e l l a r - p o l y m e r flooding. In addi t ion , the dis
appoint ing history of field trials o f classical alkal ine flooding has left many 
researchers skeptical o f the process i n general . B u t w i t h the use o f h i g h 
o p t i m a l salinity surfactants to lower interfacial tension at realistic reservoir 
salinities, the use o f b u f f e r e d alkal i to reduce a l k a l i - r o c k interactions, and 
the addi t ion o f polymers to the system to increase d isplac ing phase viscosity, 
many o f the problems associated w i t h classical alkaline flooding have been 
addressed. Areas that require further investigation inc lude the effect of 
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290 EMULSIONS IN THE PETROLEUM INDUSTRY 

d y n a m i c interfac ia l tension i n the reservoir , conc i l ia t ion o f interfac ia l ten
s ion and phase-behavior measurements , and c o m p u t e r s imulat ion o f the 
A S P process. 

List of Symbols and Abbreviations 

A S P a l k a l i - s u r f a c t a n t - p o l y m e r 
Ε A C Ν equivalent alkane carbon n u m b e r 
E A C N a v g Ε A C Ν o f a mixture o f components 
E A C N 4 E A C N o f component i 
I F T interfac ia l tension 
Nc capi l lary n u m b e r 
( N m i n ) a v g alkane carbon n u m b e r of the I F T m i n i m u m of a surfactant mix

ture 
(Nmin)i alkane carbon n u m b e r of the I F T m i n i m u m o f surfactant i 
% O O I P percent o f or ig ina l o i l i n place 
P c capi l lary pressure 
P Q pressure i n o i l phase 
P w pressure i n water phase 
r radius o f curvature o f the interface 
R ha l f o f d r o p w i d t h 
S so lubi l izat ion parameter 
T A N total ac id n u m b e r o f a crude o i l (mg K O H p e r g r a m of oil) 
ν D a r c y flow veloci ty 
VQ o i l v o l u m e i n m i c r o e m u l s i o n phase 
V s surfactant v o l u m e i n m i c r o e m u l s i o n phase 
V w water v o l u m e i n m i c r o e m u l s i o n phase 
Xi mole fract ion o f component i 

G r e e k 
θ contact angle 
μ viscosity 

ρ densi ty 
σ interfac ia l tension 
σ Γ η ο interfac ia l tension between the m i c r o e m u l s i o n and o i l phases 
a m w interfac ia l tension between the m i c r o e m u l s i o n a n d water phases 
ω angular veloci ty 
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Pipeline Emulsion Transportation for 
Heavy Oils 

D . P. Rimmer☼, A. A. Gregoli, J. A. Hamshar, and E . Yildirim 

Canadian Occidental Petroleum, Ltd. , 1500, 635 8th Avenue, S.W., 
Calgary, Alberta, Canada T2P 3Z1 

Oil-in-water emulsions provide a cost-effective alternative to heated 
pipelines or diluents for transportation of heavy crude oil or bitumen. 
A typical “transport emulsion” is composed of 70% crude oil, 30% 
aqueous phase, and 500-2000 ppm of a stabilizing surfactant for
mulation. The resulting emulsion has a viscosity in the 50—200-cP 
range at pipeline operating conditions. Nonionic surfactants have the 
advantage of relative insensitivity to the salt content of the aqueous 
phase. The ethoxylated alkylphenol family of surfactants has been 
used successfully for the formation of stable emulsions that resist 
inversion. Correlations have been developed for prediction of emul
sion viscosity as a function of emulsion life and process conditions. 
The cost of stabilizing surfactants is estimated at $0.50 to $1.00 per 
barrel of crude oil for a transportation distance of200 to 400 miles. 

Ï JONS OR DISPERSIONS O F HEAVY C R U D E OIL i n water or br ine have been 
used i n several parts o f the w o r l d for p i p e l i n e transportat ion o f both waxy 
and heavy asphaltic-type crude oils . T h e hydrodynamica l ly s tabi l ized disper
sion transportat ion concept is descr ibed b y the She l l O i l C o r p o r a t i o n core 
f low technology (1). T h e use o f surfactants and water to f o r m oi l - in -water 
emulsions w i t h c rude oils is the subject o f a l o n g series o f patents and was 
proposed for use i n transport ing P r u d h o e Bay crude o i l (2). F u r t h e r m o r e , 
surfactants may be in jected into a w e l l bore to effect emuls i f icat ion i n the 
p u m p or t u b i n g for the p r o d u c t i o n of heavy crude oils as o i l - in -water e m u l 
sions (3, 4). 

^Corresponding author. Current address: Oxy USA, Inc., Box 3908, Tulsa OK 74102 

0065-2393/92/0231-0295 $06.00/0 
© 1992 American Chemical Society 
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296 EMULSIONS IN THE PETROLEUM INDUSTRY 

T h e use of o i l - in -water emuls ions to reduce the viscosity o f heavy crude 
oils and b i tumens and thus p e r m i t the ir transportat ion b y convent ional 
p i p e l i n e has b e e n u n d e r deve lopment b y C a n a d i a n O c c i d e n t a l since the fa l l 
o f 1984. T h e benefits o f these emulsions may be a p p l i e d to p i p e l i n e trans
portat ion , to the combust ion o f heavy fuels, to increase the p r o d u c t i o n rates 
o f heavy-crude-o i l wel ls , a n d to i m p r o v e secondary recovery o f heavy c rude 
o i l a n d b i t u m e n . I n this chapter , the emphasis is o n discussion o f the general 
characteristics o f o i l - in -water emulsions as related to the i r appl icat ion for 
p i p e l i n e transportat ion. T h e incent ive for deve loping this technology is to 
prov ide an alternative to the use o f di luents or the appl icat ion o f heat for 
viscosity reduct ion i n pipel ines for heavy crude o i l . T h e viscosity range for 
o i l - in -water emulsions as c o m p a r e d to u n d i l u t e d heavy c rude oils a n d b i t u 
mens is i l lustrated i n F i g u r e 1. A l s o ind ica ted i n the figure is the viscosity 
specif ication for typica l p ipe l ines for heavy crude o i l . A s noted , the e m u l s i o n 
viscosity is w e l l b e l o w the r e q u i r e d level and provides operat ing benefits 
c o m p a r e d to n o r m a l operations i n w h i c h viscosity r e d u c t i o n is achieved by 
use o f di luents . 

T h e use o f o i l - in -water emulsions i n major p i p e l i n e systems represents a 

100, 000 

10, 000 
C L 

u 

ω 
ο 
ω 
ω 

1. 000 

100 
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, O P E R A T I N G R A N G E 
l F O R H E A V Y 

C R U D E OIL 

OIL-IN-WATER E M U L S I O N S 

40 60 80 100 120 140 160 
Temperature, deg. F 

Figure 1. Reduction of viscosities of heavy crude oils and bitumens by conver
sion to oil-in-water emulsions. 
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8. R I M M E R E T A L . Pipeline Emulsion Transportation for Heavy Oils 297 

radical departure f r o m convent ional pract ice . A s a result , a n u m b e r o f pos
sibi l i t ies are causes for concern , i n c l u d i n g the possibi l i ty o f f reezing, corro
s ion, e m u l s i o n separation or invers ion , custody transfer, water separation, 
and treatment. S u c h issues may be satisfactorily h a n d l e d and w i l l be dis
cussed. 

Oi l - i r i -water emulsions for p i p e l i n e transportat ion o f heavy crude oils 
may be cons idered a deve loping technology that is not yet i n w i d e c o m m e r 
c ia l use. Several companies have ongoing programs i n this area and are 
c o m p e t i n g i n market ing o f the processes and the surfactant formulat ions 
invo lved . There fore , m u c h o f the i n f o r m a t i o n re lat ing to this technology is 
conf ident ia l . I n this chapter, the topic is discussed o n the basis o f o u r 
experience i n development a n d test ing o f the e m u l s i o n transportat ion tech
nology. 

C a n a d i a n Occidenta l ' s interest i n o i l - in -water emulsions is re lated to 
market ing and transportat ion o f Athabasca b i t u m e n and heavy A l b e r t a c rude 
oils . A laboratory and pi lo t -p lant deve lopment p r o g r a m was in i t ia ted i n late 
1984 at the O c c i d e n t a l C e n t e r ( formerly the Ci t i es Service T e c hno lo gy 
Center ) i n T u l s a , O k l a h o m a . T h e p r o g r a m has i n c l u d e d the f o l l o w i n g fea
tures: 

• deve lopment o f surfactant systems for preparat ion o f stable 
o i l - in -water emulsions 

• evaluation o f emuls ion preparat ion systems a n d select ion o f 
o p t i m a l condit ions for cont inuous-emuls ion preparat ion 

• development of laboratory tests for evaluating the stability and 
p i p e l i n i n g l i fe o f o i l - in -water emulsions 

• construct ion o f an e m u l s i o n p i lo t plant a n d test ing o f the 
rheologica l propert ies and p i p e l i n e stability o f o i l - in -water 
emulsions 

• c o m p l e t i o n o f two field tests to demonstrate the technology 

Process Design and Operation 
E m u l s i o n s des igned for p i p e l i n e transportat ion are c o m p o s e d of a c o n t i n u 
ous phase consist ing o f water or b r i n e , droplets o f the heavy crude o i l to be 
t ransported, a n d additives general ly consist ing o f c h e m i c a l surfactants. T h e 
purpose o f the surfactants is to provide sufficient stabil ity to the hydrocar
b o n droplets so that they do not coalesce or absorb water or b r i n e d u r i n g the 
p i p e l i n i n g operat ion. T h e aqueous phase typical ly comprises approximately 
2 5 - 3 5 w t % of the total emuls ion , and the actual concentrat ion is selected so 
that the m i n i m u m quanti ty o f water is used w h i l e meet ing des i red viscosity 
specifications. T h e p r i n c i p a l components o f an e m u l s i o n p i p e l i n e system are 
i l lustrated i n F i g u r e 2. As the figure indicates, the system is relat ively s imple 
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298 EMULSIONS IN THE PETROLEUM INDUSTRY 

HEAVY CRUDE 

WATER 

SURFACTANT 

MIXER EMULSION 
STORAGE 

PIPELINE SYSTEM 

DRY CRUDE 

WATER 
EMULSION 
TREATING 

Figure 2. Facilities required for a heavy-crude-oil emulsion transportation 
system. 

a n d does not require extensive modif icat ions to the p i p e l i n e system itself. 
T h e p r i n c i p a l steps i n c l u d e d i n operat ion o f a transport e m u l s i o n system 
i n c l u d e preparat ion o f the o i l - in -water e m u l s i o n , storage and p u m p i n g of 
the e m u l s i o n , and finally break ing o f the emuls ion for recovery o f the dry 
heavy crude o i l . T h e details i n v o l v e d i n each phase o f the operat ion are 
discussed i n the f o l l o w i n g sections. 

Emulsion Preparation. P r e p a r i n g a transport e m u l s i o n is a f u n d a 
menta l ly s imple operat ion that inc ludes the steps o f f o r m i n g a w a t e r - b r i n e 
solut ion o f the emuls ion-s tab i l iz ing compos i t ion f o l l o w e d b y a shearing p r o 
cess i n w h i c h the crude o i l and aqueous phases are m e t e r e d to a specific 
m i x i n g device . 

E a c h developer o f transport e m u l s i o n technology selects specific surfac
tant formulat ions for part icular applicat ions. T h e p r i m a r y funct ions o f the 
surfactant are to reduce the interfacial tension between the crude o i l and 
aqueous phases, to provide stabil i ty to the i n d i v i d u a l o i l droplets f o r m e d 
d u r i n g the shearing process, a n d to prevent subsequent coalescence o f the 
droplets . T h e surfactant molecules col lect at the phase boundaries a n d 
prov ide resistance to coalescence o f the o i l droplets b y establ ishing m e c h a n 
i c a l , steric, and e lectr ica l barriers (5). 
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8. RIMMER ET AL. Pipeline Emulsion Transportation for Heavy Oils 299 

A w i d e range o f surfactant types may be used to f o r m and stabil ize 
transport emuls ions . N o n i o n i c surfactants have the advantage o f relative 
insensit ivi ty to the salt content o f the aqueous phase b e i n g e m p l o y e d (6). 
T h e group o f surfactants k n o w n as ethoxylated alkylphenols , represented b y 
the f o r m u l a , 

R - C 6 H 4 - ( C H 2 C H 2 - 0 ) - H 

w h e r e R can be any hydrocarbon and χ is the n u m b e r of ethylene oxide units , 
is par t i cular ly use fu l i n the format ion and transportat ion o f heavy-crude-o i l 
emuls ions . 

W h a t e v e r the specific f o r m u l a t i o n used, the final concentrat ion o f the 
surfactant is selected o n the basis o f the characteristics o f the heavy-crude-
o i l - b r i n e system a n d the condit ions to w h i c h the e m u l s i o n w i l l be subjected. 
T h e p r i n c i p a l factor in f luenc ing the quanti ty o f surfactant r e q u i r e d is the 
length o f the p i p e l i n e system i n w h i c h the e m u l s i o n w i l l be p u m p e d . T h e 
concentrat ion o f surfactant based o n the total e m u l s i o n may range f r o m 200 
to 5000 p p m , d e p e n d i n g o n specific system characteristics. 

M a j o r e q u i p m e n t r e q u i r e d for preparat ion o f transport emulsions i n 
cludes heated tankage for c rude o i l and br ine ; in ject ion p u m p s for c rude o i l , 
b r ine , and surfactant; p r e m i x i n g and m i x i n g devices; a n d e m u l s i o n storage 
tanks. M i n i m a l ins t rumentat ion is also r e q u i r e d to m o n i t o r flow rates and 
temperatures . T h e basic m e t h o d for e m u l s i o n preparat ion is to heat the 
c rude o i l a n d br ine solutions to the des i red operat ing temperature , dissolve 
the surfactant into the br ine , and s imultaneously p u m p the crude o i l and 
br ine through a m i x i n g device i n the des i red proport ions . T y p i c a l e m u l s i o n 
format ion temperatures are i n the 5 0 - 9 0 °C range. 

C r u d e o i l and b r i n e p u m p s may be centr i fugal or posit ive displacement , 
but must be capable o f p r o v i d i n g steady flow to the m i x i n g device because 
e m u l s i o n propert ies are h i g h l y dependent o n the resul t ing c r u d e - o i l - b r i n e 
ratio. Surfactant may be dissolved i n the br ine phase o n a batch or c o n t i n u 
ous basis. Static mixers provide a s imple m e t h o d for the preparat ion step 
because they require no m o v i n g parts, are easy to scale u p , and provide an 
m i x i n g intensity that is sui ted to preparat ion o f transport emuls ions . 

T h e techniques used i n the preparat ion o f a stable o i l - in -water e m u l s i o n 
for p i p e l i n e transportat ion are i l lustrated b y the results o f a field test i n 
w h i c h an Athabasca b i t u m e n was emuls i f ied and p u m p e d through a 3 - i n . x 
4000-ft. p i p e - l o o p system for a total distance o f approximately 500 mi les . 
T h e e m u l s i o n i n this case c o m p r i s e d 7 5 % b y weight o f the 8.3° A P I b i t u m e n 
a n d 2 5 % o f a synthetic br ine conta in ing 1.7% N a C l . ( A P I gravity is de f ined 
i n the Glossary.) T h e surfactant used was a mixture o f two ethoxylated 
n o n y l p h e n o l surfactants; the first component conta ined an average o f 40 
ethylene oxide units p e r molecule , a n d the second component conta ined 100 
units . A p p r o x i m a t e l y 1500 p p m o f the surfactant mixture , based o n the total 
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300 EMULSIONS IN THE PETROLEUM INDUSTRY 

e m u l s i o n , was used i n preparat ion o f the e m u l s i o n . T h e e m u l s i o n was 
f o r m e d b y heat ing b o t h the br ine and b i t u m e n to 180 °F and p u m p i n g the 
c o m b i n e d streams through a 2 - i n . static mixer at a rate o f about 10 ft/s. Th is 
operat ion p r o d u c e d an e m u l s i o n w i t h an average droplet d iameter o f 27 μπι 
a n d a viscosity near 120 c P at ambient condit ions . T h e e m u l s i o n was in t ro 
d u c e d direc t ly in to the p i p e - l o o p system for rheology and stabil ity test ing 
a n d was stable throughout the operat ing test p e r i o d o f approximately 1 
week. 

Emulsion Pipeline Operations. P r e d i c t i o n o f p i p e l i n e pressure 
gradients is r e q u i r e d for operat ion o f any p i p e l i n e system. Pressure gradi 
ents for a transport e m u l s i o n flowing i n commerc ia l - s ize pipel ines may be 
est imated v i a standard techniques because chemica l ly s tabi l ized emulsions 
exhibit rheologica l behavior that is nearly N e w t o n i a n . T h e e m u l s i o n viscos
ity must be k n o w n to i m p l e m e n t these methods . T h e best way to determine 
e m u l s i o n viscosity for an appl icat ion is to prepare an e m u l s i o n batch c o n 
f o r m i n g to p l a n n e d specifications and direc t ly measure the p i p e viscosity i n a 
p i p e loop o f at least 1- in. ins ide diameter . C a r e must be taken to use the 
same br ine compos i t ion , surfactant concentrat ion , drople t size d i s t r ibut ion , 
b r i n e - c r u d e - o i l ratio, and temperature as are expected i n the field appl ica
t ion . I n pract ice , a p i lo t -p lant r u n may not be feasible, or there may be some 
dispari ty be tween p i p e - l o o p test condit ions and ant ic ipated c o m m e r c i a l 
p i p e l i n e condit ions . In these cases, adjustments may be a p p l i e d to the best 
available viscosity data us ing adjustment factors descr ibed later to c o m p e n 
sate for disparit ies i n operat ing parameters between the measurement c o n 
dit ions and the p i p e l i n e condi t ions . 

A f t e r the e m u l s i o n viscosity is est imated, f r i c t ion factor charts may be 
used direc t ly to determine the flow regime ( laminar or turbulent) a n d the 
pressure gradient . E m u l s i o n viscosity may be used as an i n p u t to a standard 
p i p e l i n e m o d e l . Nevertheless , i t is strongly r e c o m m e n d e d that p i lo t -p lant 
test ing be c o m p l e t e d o n n e w crude oils before c o m m e r c i a l appl icat ion . 

D i r e c t measurement o f e m u l s i o n viscosity at p i p e l i n e condit ions is rec
o m m e n d e d , especial ly i f l aminar flow operat ion is expected. Viscos i ty is o f 
lesser significance i n turbulent flow. 

F o r pract ica l purposes , emuls ion viscosities may be adjusted for var ia
tions i n temperature , water content , and drople t size d i s t r ibut ion according 
to a sensitivity f o r m u l a o f the f o l l o w i n g type: 

μ = μι(ΎΑ¥) 
WAF 2 PSAF 2 

[ WAFj J 
i PSAFi J 

(1) 

w h e r e μ is e m u l s i o n viscosity ( in c P ; 1 c P = 0.001 P a s ) , T A F is the adjusting 
factor for temperature di f ference , W A F is the adjusting factor for water 
content , P S A F is the adjusting factor for droplet size, subscript 1 refers to 
condit ions at w h i c h viscosity is k n o w n , and subscript 2 refers to condit ions o f 
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8. R I M M E R E T A L . Pipeline Emulsion Transportation for Heavy Oils 301 

appl icat ion. T h i s f o r m u l a may be used for field applications i n w h i c h the 
viscosity is k n o w n f r o m experiments , but it must be adjusted to actual 
condit ions . 

T h e adjustment factor for temperature is based o n a temperature di f fer 
ence, (T 2 - 2\). I f the temperature dif ference is negative, then T A F > 1, and 
the inverse o f the T A F f r o m the correlations must be used. 

T h e temperature sensitivity o f e m u l s i o n viscosity may be descr ibed as a 
percentage change i n viscosity p e r uni t temperature change. T h e tempera
ture-adjust ing factor varies for di f ferent emulsions , d e p e n d i n g o n the base 
c r u d e - o i l content, br ine content, surfactant, and other variables and gener
ally ranges f r o m about 1.8 to 3.6 cP/°C. (The variat ion i n the viscosity o f 
water w i t h temperature is approximately 2.2 cP/°C.) 

T o apply this factor, the percentage viscosity change must be c o m 
p o u n d e d , as w i t h interest rates. F o r example, a correc t ion o f 20 °C based on 
a factor o f 2 .5% p e r °C w o u l d be calculated as fol lows: 

T A F = — L — = 0.61 (2) 
1.025 2 0 

A g e d emulsions conta in ing a substantial p o r t i o n o f large (>200 μπι) droplets 
exhibit a lower temperature-viscos i ty sensitivity, and this effect must be 
cons idered i n calculat ing pressure gradients. Ad jus tm e nt factors shown are 
for temperature increases ( lower viscosity). T h e inverse of the factor applies 
to temperature decreases (higher viscosity). 

T h e viscosity o f an o i l - in -water emuls ion is sharply dependent o n water 
content. Viscosi ty adjustment factors for water content may be obta ined 
f r o m a corre lat ion such as that shown i n F i g u r e 3. I n this figure, the adjust
ment factor is def ined as 1.0 at the base level o f 3 0 % water . T h e actual 
corre lat ion to be used is dependent o n the base c r u d e - o i l content and other 
factors. 

A p o r t i o n of the water i n an e m u l s i o n can be dispersed w i t h i n the o i l 
droplets . T h i s p o r t i o n o f the total water s h o u l d be treated as o i l w h e n 
est imating e m u l s i o n viscosity. Genera l ly , a d d e d water is present i n the c o n 
t inuous phase. I f the c rude o i l contains water p r i o r to e m u l s i o n format ion , 
this water may be present i n e i ther the cont inuous (water) phase or the 
dispersed (oil) phase after e m u l s i o n format ion , d e p e n d i n g p r i m a r i l y o n the 
water droplet size i n the crude o i l . I n order to predic t h o w m u c h of the water 
i n the crude o i l w i l l be f reed into the cont inuous phase, e m u l s i o n prepara
t ion experiments w i t h the actual c rude o i l to be used are necessary. 

Viscosi ty adjustment factors for droplet size d i s t r ibut ion may be deter
m i n e d by a corre lat ion such as that shown i n F i g u r e 4. M e a n droplet size is 
def ined o n a v o l u m e basis. D ispers i ty is an index o f wideness o f the drople t 
size d is t r ibut ion . It is def ined for this purpose as the ratio o f v o l u m e - m e a n 
droplet size to p o p u l a t i o n - m e a n droplet size. 

A s an e m u l s i o n ages, droplet coalescence occurs and leads to increased 
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302 EMULSIONS IN THE PETROLEUM INDUSTRY 

ι • ι ι ι » • t 
25 30 35 40 45 

WATER CONTENT OF EMULSION, WT% 

Figure 3. Viscosity adjustment factors for water content variations based on 
emulsions containing 30% water. 

Figure 4. Viscosity adjustment factors for droplet size distribution based on 
viscosity at 30-^m mean droplet size and dispersity of 3.0. 
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8. R I M M E R E T A L . Pipeline Emulsion Transportation for Heavy Oils 303 

droplet size and dispersity. These increases, i n t u r n , cause r e d u c e d e m u l s i o n 
viscosity. E m u l s i o n viscosity may be related direct ly to aging by an equat ion 
o f the f o r m : 

μ = μ 0 exp (-fc0) (3) 

where μ is the viscosity (subscript 0 indicates i n i t i a l viscosity), θ is the t ime 
o f e m u l s i o n transport , a n d k is a constant character iz ing the e m u l s i o n deg
radat ion rate. T h i s equat ion can also be w r i t t e n i n terms of distance traveled 
rather than t ime of transport . 

T h e value o f k may be measured exper imental ly for a g iven e m u l s i o n . 
T h e e m u l s i o n degradat ion rate decreases as p i p e diameter increases. A 
conservative assumption for ca lculat ion o f viscosities for p i p e l i n e design is 
that the degradation rate is p r o p o r t i o n a l to the surface-to-volume ratio (1/d), 
where d is the p i p e diameter . 

E m u l s i o n aging rates increase w i t h temperature . A g i n g rates i n t u r b u 
lent flow appear to become arrested after a certain point , general ly b e i n g 
less than the rates observed i n laminar flow. A g i n g rates are suppressed b y 
increased surfactant concentrat ion as a result o f the anticoalescence act ion 
o f the surfactant. 

T h e viscosity o f an o i l - in -water e m u l s i o n general ly varies i n p r o p o r t i o n 
to the continuous-phase viscosity. I f concentrated brines or brines conta in
i n g additives are to be used, then the continuous-phase viscosity may be 
substantially greater than that o f water, and a correc t ion s h o u l d be a p p l i e d . 
Specif ic adjustment factors for this effect may be est imated as the ratio o f 
viscosities o f the brines i n the k n o w n and u n k n o w n emuls ions . 

T h e surfactant concentrat ion is n o r m a l l y not h i g h enough to substan
t ial ly affect the continuous-phase viscosity. H o w e v e r , changes i n surfactant 
concentrat ion for a p i p e l i n e appl icat ion general ly cause an indirec t effect o n 
rheology b y way o f the ir effects o n e m u l s i o n preparat ion a n d o n the e m u l 
sion aging rate. Genera l ly , an increase i n surfactant concentrat ion results i n 
a smal ler i n i t i a l droplet size and slower e m u l s i o n aging. B o t h o f these c o n d i 
tions t e n d to increase viscosity. 

Monitoring Emulsion Aging. T h e surfactants used i n transport 
emulsions may gradual ly lose the ir abi l i ty to stabil ize the o i l droplets . A s the 
o i l droplets coalesce, a two-phase mixture is f o r m e d , and it remains 
p u m p a b l e w i t h no significant change i n effective viscosity. T h i s process is 
re ferred to as e m u l s i o n fa i lure . A n alternative to this process is invers ion o f 
the emuls ion , i n w h i c h a w a t e r - i n - o i l e m u l s i o n is f o r m e d w i t h a potent ia l ly 
very h i g h viscosity. P r o p e r select ion o f the surfactant formula t ion can pre 
vent the occurrence o f e m u l s i o n invers ion. 

Indicators o f e m u l s i o n aging that may be m o n i t o r e d i n c l u d e droplet size 
growth , viscosity dec l ine , surfactant loss, and r e d u c t i o n o f shear stabil ity. 
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304 EMULSIONS IN THE PETROLEUM INDUSTRY 

D r o p l e t growth rates a n d viscosity dec l ine rates both are exponential p r o 
cesses, f o l l o w i n g a straight l ine o n a semi- log plot (log μ or log dp vs. t ime) , 
w h e r e d? is the mean drople t diameter . E m u l s i o n fai lure is also associated 
w i t h a certa in m i n i m u m viscosity, d e p e n d i n g on water content, c r u d e - o i l 
content, temperature , etc. Viscos i ty and mean droplet size may be pro jected 
to estimate the t ime r e m a i n i n g before e m u l s i o n fa i lure . T h e ul t imate d r o p 
let size and viscosity s h o u l d be d e t e r m i n e d exper imental ly for the same 
f o r m u l a t i o n i n a p i lo t -p lant p i p e loop. 

T h e e m u l s i o n surfactant concentrat ion general ly decl ines gradual ly as 
the e m u l s i o n approaches fa i lure , c u l m i n a t i n g i n a sudden sharp d r o p at or 
after the t ime of e m u l s i o n fa i lure . Changes o f surfactant concentrat ion t e n d 
to lag b e h i n d changes evident f r o m droplet size and other indicators , and 
this s i tuation makes surfactant concentrat ion analysis ineffect ive as an i n d i 
cator o f approaching e m u l s i o n fa i lure . 

E m u l s i o n l i fe expectancy for a formula t ion may be conservatively scaled 
u p f r o m 2 - i n . p i p e - l o o p tests at the same veloci ty by demonstrat ing that the 
e m u l s i o n w i l l survive transport for the des i red actual distance i n the p i lo t 
plant . P i lo t -p lant transport is a more severe test o f e m u l s i o n l i fe than trans
por t i n larger l ines. T h e conservative nature o f this scale-up cr i ter ion tends 
to dictate specif icat ion o f some excess surfactant for a large-scale appl icat ion 
b e y o n d the m i n i m u m quanti ty r e q u i r e d . 

Effects of Pumps and Valves. T h e flow of emulsions through 
p i p e l i n e p u m p and valves c o u l d potent ia l ly affect the e m u l s i o n propert ies . 

Pumps. I m p e l l e r t ip speed is a useful guide to relate centr i fugal 
p u m p s i n terms of the energy they may impar t o n an e m u l s i o n . Several 
p u m p s have been tested o n e m u l s i o n service w i t h t ip speeds u p to 200 ft/s, 
c o m p a r e d to typica l pump-s ta t ion applications o f approximately 300 ft/s. 
T h e results of these tests show that e m u l s i o n shear stability is unchanged 
after several passes through a centr i fugal p u m p , typical o f multistage p u m p -
station appl icat ion. Some unders ized mater ia l is f o r m e d at the expense of 
overs ized. These results indicate that c o m m e r c i a l p u m p applications s h o u l d 
not be a p r o b l e m . Tes t ing has been l i m i t e d , however , and thus p r i o r to any 
c o m m e r c i a l appl icat ion, the specific p u m p characteristics should be c o m 
p a r e d against the p u m p s already tested. P u m p t ip speeds and the p u m p 
m o d e l i n g law that relates p u m p geometries s h o u l d be reviewed. 

Passage of e m u l s i o n through a centr i fugal p u m p at abnormal ly l o w rates 
and at a h i g h back pressure can shorten the emuls ion shear stability. G e a r 
p u m p s are low-shear devices a n d do not adversely affect the emuls ion . 

Valves. L i m i t e d laboratory test ing shows that emulsions can be let 
d o w n across a pressure di f ferent ia l o f 1000 ψ (6895 kPa) , typica l o f c o m m e r -
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8. R I M M E R E T A L . Pipeline Emulsion Transportation for Heavy Oils 305 

c ia l applicat ions, w i t h marginal reduct ion i n shear stability. Veloc i t ies across 
the valve port reached 130 ft/s (39.6 m/s). 

Effects of Pipeline Shutdown and Restart. W h e n a p i p e l i n e 
conta ining e m u l s i o n is s topped and a l lowed to r e m a i n shut - in for one or 
more days, there is general ly a h igher than n o r m a l pressure gradient o n 
restart ing flow. In p i lo t -p lant experiments , the pressure gradient substan
t ial ly r e t u r n e d to its n o r m a l value w i t h i n 5 m i n . T h e increased pressure 
gradient is due to c reaming or stratif ication o f the e m u l s i o n . A d d i t i o n a l 
energy is r e q u i r e d o n restart to redisperse the mater ia l u n i f o r m l y . 

Restart ing o f a phase-separated mixture (fai led emulsion) is s imi lar to 
restarting an emuls ion , but the starting pressure surge is substantially 
greater as a result o f total separation o f phases. 

Pressure Surge Range, 
Fluid Reing Restarted Percent of Steady-State Pressure 

Emulsion (30% water) 100-250, 200 typical 
Emulsion (38% water) 100-150, 130 typical 
Phase-separated mixture (30%) 400-800, 700 typical 

Corrosion Considerations. C o r r o s i o n rates are dictated b y the 
propert ies o f the br ine b e i n g used. P i lo t -p lant testing w i t h an e lec t rochemi
cal corros ion rate probe indica ted corros ion rates of less than 5 mils/year for 
emulsions flowing i n pipes . T h e corros ion rate d e c l i n e d over t ime , p r e s u m 
ably because o f format ion o f an o i l layer o n the meta l . I n a l l p i lo t and field 
tests that w e conducted , p i p e walls have always shown a t h i n (approximately 
0.001-in.) layer o f c rude o i l o n the w a l l after e m u l s i o n runs. 

C o r r o s i o n rates for l ive brines conta in ing C 0 2 or H 2 S are expected to be 
h igher than those measured o n dead brines i n p i lo t -p lant testing. O n - l i n e 
corros ion m o n i t o r i n g i n the field is indica ted o n a case-by-case basis. C o r r o 
s ion rates for emulsions are not expected to be any worse than those for 
crude oils conta in ing br ine . 

Demulsification. T h e final part o f the e m u l s i o n transportat ion sys
t e m is demuls i f icat ion or break ing o f the o i l - in -water e m u l s i o n to recover 
d r y crude o i l . T h e e q u i p m e n t and process condit ions r e q u i r e d for this opera
t ion are the same or s imi lar to those used for a convent ional c r u d e - o i l 
dewater ing process. 

T h e techniques used for demuls i f icat ion o f a transport e m u l s i o n may 
i n c l u d e rais ing the temperature o f the e m u l s i o n , addi t ion o f e m u l s i o n -
break ing additives, addi t ion o f di luents to reduce the viscosity of the heavy 
crude o i l , and the use o f e q u i p m e n t designed to promote coalescence o f the 
c r u d e - o i l droplets . Ra is ing the temperature o f the e m u l s i o n increases the 
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306 EMULSIONS IN THE PETROLEUM INDUSTRY 

dif ference i n density be tween the hydrocarbon and aqueous phases and 
encourages c r e a m i n g o f the e m u l s i o n . T h e r e d u c e d viscosity o f the h y d r o 
carbon phase at h i g h temperatures also improves the operabi l i ty o f the 
demuls i f i cat ion process. T h e viscosity o f the crude o i l may also be r e d u c e d 
b y addi t ion o f di luents i f this operat ion is appropriate for downstream p r o 
cessing. T h e use o f d e m u l s i f y i n g additives is des igned to counteract the 
effects o f the emuls i fy ing surfactants. T h e surfactants used i n the stabi l iza
t ion o f emulsions o f heavy c r u d e oils general ly have a h i g h H L B (hydro-
p h i l i c - l i p o p h i l i c balance) . F o r demuls i f i cat ion operations, the effectiveness 
o f these surfactants may be counteracted by addi t ion o f surfactants w i t h a 
l o w H L B . M a n y c o m m e r c i a l l y available products w i t h propr ie tary c o m p o 
sitions are available for this purpose . E thoxyla ted alkylphenols , w h i c h are 
used i n the emuls i f icat ion process, may also be used for demuls i f icat ion i f 
components are selected w i t h a l o w n u m b e r o f ethylene oxide groups. 

T h e basic procedure for demuls i f icat ion o f a heavy-crude-o i l transport 
e m u l s i o n then consists o f the f o l l o w i n g steps: 

1. Raise the e m u l s i o n temperature to 190 to 250 °F. 

2. A d d demuls i f i cat ion surfactants. 

3. Poss ibly a d d di luents for viscosity reduct ion . 

4. Prov ide residence t ime sufficient for separation o f the o i l and 
water phases. 

T h e t ime r e q u i r e d for separation i n step 4 depends o n the density di f ference 
between the o i l a n d water phases, the treat ing equipment , and the treat ing 
temperature . 

I n some cases it may be desirable to p e r f o r m the demuls i f icat ion process 
i n two stages. I n the first stage the b u l k o f the water may be r e m o v e d at a 
m i n i m u m process severity, as already descr ibed . A second process stage at a 
h igher temperature and possibly at elevated pressure may then be used for 
final d r y c r u d e - o i l recovery. 

Changes i n process contro l procedures for the demuls i f i cat ion opera
t ion may be r e q u i r e d for o i l - in -water emuls ions . Interface detect ion ins t ru
ments must be able to detect the di f ference i n water a n d an o i l - in -water 
e m u l s i o n . A d j u s t m e n t of c o n t r o l levels i n separation vessels may be r e q u i r e d 
for p r o p e r operat ion. 

I n some cases, m i n i m a l effort is r e q u i r e d for the demuls i f i cat ion p r o 
cess. F o r example, i n field tests, adequate separation o f a b i t u m e n e m u l s i o n 
c o u l d be achieved wi thout the use of demulsi f iers by rais ing the temperature 
o f the e m u l s i o n to 190 °F and p r o v i d i n g 24 to 48 h o f residence t ime i n 
quiescent storage tanks. H o w e v e r , p r o p e r select ion o f demuls i f i ca t ion 
chemicals is essential w h e n treat ing the emulsions i n convent ional e q u i p 
ment o n a cont inuous- f low basis. 
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8. R I M M E R E T A L . Pipeline Emulsion Transportation for Heavy Oils 307 

T h e water separated i n the demuls i f i cat ion step is s imi lar i n character to 
water p r o d u c e d i n a convent ional ref inery desalt ing process. A l t h o u g h no 
de t r imenta l effects are ant ic ipated, the impacts o f surfactants i n the water or 
downstream process ing units must be evaluated for each specific case. T h e 
water phase may contain surfactant fragments that c o u l d require treatment 
or removal p r i o r to disposal . Ref iner ies , however , use a variety o f chemicals , 
catalysts, additives, etc., many of w h i c h e n d u p i n waste streams and require 
treatment. 

Storage, Maintenance, and Special Requirements. I f o i l - i n -
water emulsions must be stored i n tanks e i ther before or after p i p e l i n i n g , 
agitation is r e q u i r e d to prevent c reaming i n the tank. C r e a m i n g refers to the 
concentrat ion o f o i l droplets o n the surface o f the fluid that can result i n a 
th ick sk in or crust that may not readi ly be dispersed into the b u l k o f the 
e m u l s i o n . S low agitation just sufficient to cont inual ly r o l l the tank contents 
w i l l prevent c reaming . Excessive agitation s h o u l d be avoided to prevent 
shear degradation o f the e m u l s i o n . 

M a i n t e n a n c e requirements s h o u l d be the same for an e m u l s i o n p i p e l i n e 
as for a convent ional p e t r o l e u m p i p e l i n e . S imi lar ly , no unusua l maintenance 
is expected for the e m u l s i o n preparat ion or demuls i f icat ion parts o f the 
system. 

I f the p ipe l ine used for e m u l s i o n transportat ion is a c o m m o n carrier , 
special procedures may be necessary for m e t e r i n g and custody transfer. O n 
l ine instruments for measurement o f e m u l s i o n water content may be re
q u i r e d i n such an appl icat ion . 

Economics 

T h e economic analysis of an e m u l s i o n p i p e l i n e transportat ion system is 
h ighly site specific a n d depends o n several factors that cannot be speci f ied 
for a general case. H o w e v e r , example cases are presented to i l lustrate typica l 
costs associated w i t h use of the technology. 

Surfactant Cost. A major cost associated w i t h us ing o i l - in -water 
emulsions is the cost o f the surfactants used to stabil ize the o i l droplets 
w i t h i n the e m u l s i o n . T h i s cost w i l l d e p e n d u p o n the surfactant f o r m u l a t i o n 
chosen for the specific appl icat ion, the transportat ion distance invo lved , a n d 
i n some cases the type o f c r u d e o i l b e i n g emuls i f ied . O n the basis o f the 
f o r m u l a t i o n that we typical ly use a n d current market pr ices , the est imated 
surfactant cost to transport heavy crude o i l as an e m u l s i o n for a distance o f 
200 to 400 miles (322 to 644 km) is approximately $0.50 to $1.00 p e r b a r r e l 
o f c rude o i l sh ipped. F o r greater p i p e l i n e lengths, up to 1500 to 2000 miles , 
the surfactant cost may increase b y 5 0 - 1 0 0 % relative to the shorter dis-
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308 EMULSIONS IN THE PETROLEUM INDUSTRY 

tances. These costs are based o n conservative estimates o f the quantities of 
surfactants r e q u i r e d and may l ike ly be r e d u c e d after opt imiza t ion for a 
par t icular appl ica t ion . 

Emulsion Transportation versus Diluent Recycle. T h e p r e 
v a i l i n g m e t h o d i n use for transportat ion of heavy crude o i l and b i t u m e n i n 
A l b e r t a is to d i lute the c rude o i l w i t h approximately one part of a l ight 
hydrocarbon di luent , typical ly natural gas condensate, to two parts o f c rude 
o i l . T h i s quanti ty o f d i luent is generally sufficient to reduce the c r u d e - o i l 
viscosity enough so that m i n i m u m p i p e l i n e specifications may be met. H o w 
ever, a potent ia l shortage o f condensate d i luent may l i m i t the use o f this 
m e t h o d for heavy-crude-o i l transportat ion. A n alternative to the once-
through use o f d i luent is to recover the d i luent at the p i p e l i n e e n d by 
fract ionat ion and recycle it to the start o f the p i p e l i n e . Th is m e t h o d is 
c o m p a r e d i n the f o l l o w i n g sect ion w i t h the use of o i l - in-water emulsions for 
the same hypothet ica l appl icat ion. T h e basis for this example is a 24- in . , 200-
mi le p i p e l i n e des igned to transport 300,000 barrels p e r day o f b l e n d or 
200,000 barrels p e r day o f u n d i l u t e d heavy crude o i l . A para l le l l ine is 
assumed for re turn o f separated di luent . O t h e r bases and assumptions used 
i n the evaluation are as fol lows: 

Emulsion properties 
Gravity 
Viscosity 
Crude-oil concentration 
Flow rate 

Surfactant cost 
Water-disposal cost 
Tariffs 

For blend 
For diluent 
For emulsion 

Fuel 
Electricity 
Capital related costs 

10° A P I (sp. gr. = 1) 
100 cP 
70% 
286,000 barrels per day (45,474 m3/day) 
$0.75 per barrel of crude oil 
$0.20 per barrel of water 

$1.00 per barrel 
$0.50 per barrel 
$0.50 per barrel 
$5.00 per million Btu 
$0.06 per kilowatt hour 
25% of total installed cost 

T h e r e d u c e d tariffs for emulsions c o m p a r e d to b l e n d are assumed be
cause o f the 7 5 % reduct ion i n viscosity for emulsions versus b l e n d and the 
resultant decrease i n p u m p i n g costs. 

T h e calculated c r u d e - o i l transportat ion cost for the e m u l s i o n case was 
based o n estimates o f the r e q u i r e d capital investments for emuls i f icat ion 
and o i l recovery facil i t ies, operat ing costs i n c l u d i n g p i p e l i n e tariffs, surfac
tant costs, and water disposal . T h e costs for the recycle b l e n d case i n c l u d e d 
the n o r m a l p i p e l i n e operat ing costs plus the costs of separating and p u m p i n g 
the d i luent back to the start o f the p i p e l i n e . T h e costs assumed for the 
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8. R I M M E R E T A L . Pipeline Emulsion Transportation for Heavy Oils 309 

e m u l s i o n ease were based o n the assumption that the costs o f c r u d e - o i l 
p r o d u c t i o n facil it ies w i l l not be in f luenced by the subsequent convers ion o f 
the p r o d u c e d crude o i l to an o i l - in-water e m u l s i o n . I n some cases, these 
costs may be r e d u c e d by r e d u c i n g the n o r m a l c r u d e - o i l dewater ing requi re 
ments necessary to meet usual p i p e l i n e specifications (<0.5% H 2 0 ) . I n any 
case however , c r u d e - o i l d r y i n g operations w i l l s t i l l be r e q u i r e d to avoid 
p u m p i n g excess water i n the p i p e l i n e system. 

A n alternative to the case descr ibed is one i n w h i c h the water separated 
f r o m the emuls ion is recyc led to the start of the p i p e l i n e for reuse. W a t e r 
recycle w o u l d e l iminate the problems and expense o f water disposal and 
w o u l d reduce the r e q u i r e d quanti ty o f surfactant, because a p o r t i o n o f the 
surfactant w o u l d r e m a i n i n the separated water . F o r this case i t is assumed 
that a 5 0 % recovery o f surfactant c o u l d be achieved after demuls i f i ca t ion . 

T h e disposal a n d recycle cases were c o m p a r e d to an alternative trans
porta t ion m e t h o d that inc ludes fract ionat ion o f a l ight d i l u e n t f ract ion f r o m 
a h e a v y - c r u d e - o i l - d i l u e n t b l e n d and recyc l ing o f the d i l u e n t to the start o f 
the p i p e l i n e . F o r this case, an 8 5 % recovery o f d i luent f r o m the b l e n d was 
assumed together w i t h a loss i n value o f $5 per barre l o f unrecovered 
di luent . T h e est imated transportat ion costs (dollars p e r b a r r e l o f c rude oil) 
for the three cases are s u m m a r i z e d as fo l lows: 

• e m u l s i o n w i t h water disposal , $2.04 

• e m u l s i o n w i t h water recyc l ing , $1.97 

• h e a v y - c r u d e - o i l - d i l u e n t b l e n d , $2.74 

A deta i led b r e a k d o w n o f the capital and operat ing costs est imated for 
the three cases is shown i n T a b l e I. T h e analysis just presented is for 
i l lustrat ion only, a n d the relative costs for any specific appl ica t ion require 
fur ther evaluation. 

Economic Effects of Emulsion Water Concentration. A n 
important parameter i n preparat ion of an o i l - in -water e m u l s i o n used for 
heavy-crude-o i l transportat ion is the concentrat ion o f water or br ine used . 
T h e economic effects of this variable may be evaluated to determine the 
o p t i m a l value for m i n i m i z a t i o n of the c r u d e - o i l transportat ion cost. Changes 
i n the water content o f a t ransported e m u l s i o n main ly affect the fluid viscos
ity, the total fluid flow rate, and the v o l u m e of water r e q u i r i n g disposal or 
recyc l ing . O t h e r system components are also affected, i n c l u d i n g raw water 
h a n d l i n g , e m u l s i o n format ion , and demuls i f i ca t ion . F o r this i l lus tra t ion , on ly 
the p i p e l i n e p u m p i n g costs and water-disposal costs are cons idered. I n a 
c o m m e r c i a l p i p e l i n e system, the select ion o f the e m u l s i o n water content 
may be based o n tariffs rather than o n p u m p i n g costs. T h i s analysis is based 
only o n the actual p u m p i n g costs i n c u r r e d . 
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310 EMULSIONS IN THE PETROLEUM INDUSTRY 

Table I. Transportation Costs for an Emulsion-
Transport System Compared to Diluent Recycling 

Emulsion System 
Water Water Diluent 

Item Disposal Recycle Recycle 

Capital Costs, million dollars 
Emulsification system 3.5 3.5 
Emulsion separation 33.6 33.6 
Diluent recovery 72.0 

Total 37.1 37.1 72.0 

Operating Costs, dollars per barrel 
Surfactants 0.75 0.56 
Fuel 0.20 0.20 0.52 
Tariffs 0.71 0.92 1.50 
Water disposal 0.09 
Maintenance and labor 0.07 0.07 0.10 
Diluent makeup 0.37 
Miscellaneous 0.10 0.10 

Subtotal 1.92 1.85 2.49 

Capital-related costs 0.12 0.12 0.25 

Total 2.04 1.97 2.74 

T h e e m u l s i o n water concentrat ion has a double effect o n p u m p i n g costs. 
F o r a fixed flow rate of c rude o i l , as the water content increases, the total 
v o l u m e flowing increases, w h i c h increases the cost o f p u m p i n g . H o w e v e r , 
addi t iona l water i n the e m u l s i o n also reduces its viscosity a n d thereby lowers 
p u m p i n g costs. These two factors t end to offset each other for e m u l s i o n 
c r u d e - o i l concentrations i n the 5 0 - 7 0 % range. A t h igher o i l concentrations, 
the viscosity increases more rapidly , a n d this s i tuation reduces the incent ive 
for further water reduct ions . Corre la t ions o f e m u l s i o n viscosity as a funct ion 
o f water concentrat ion, such as were descr ibed earl ier , are r e q u i r e d to 
p e r f o r m this analysis. Calcula t ions were p e r f o r m e d for a hypothet ica l p i p e 
l ine system w i t h the f o l l o w i n g characteristics: 

• length , 200 miles 

• diameter , 12 i n . 

• c r u d e - o i l gravity, 10° A P I 

• c r u d e - o i l flow rate, 50,000 barrels p e r day 

• p u m p eff iciency, 6 7 % 

• electr ic i ty cost, $0.05 p e r ki lowatt h o u r 

• water disposal , $0.20 per barre l 
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T h e results o f this analysis are shown i n F i g u r e 5. T h e e m u l s i o n p u m p 
i n g cost is m i n i m i z e d for the hypothet ica l p i p e l i n e system at an e m u l s i o n 
c r u d e - o i l concentrat ion i n the 6 0 - 6 2 % range, a n d the water-disposal costs 
natural ly decrease cont inuously as e m u l s i o n water content is decreased. T h e 
total cost for this case reaches a m i n i m u m at about 7 6 % crude o i l i n the 
e m u l s i o n . 

T h i s evaluation illustrates that e m u l s i o n water concentrat ion s h o u l d 
general ly be r e d u c e d u n t i l the viscosity begins to be signif icantly increased. 
I n select ing the actual o p t i m u m concentrat ion for a specif ic case, other 
factors such as the effect o f water concentrat ion o n e m u l s i o n stability, the 
effect o f total flow rate o n p u m p eff iciency, and the cost and availabil i ty o f 
water s h o u l d also be cons idered . 

Conclusions 

O i l - i n - w a t e r e m u l s i o n technology for transportat ion o f heavy crude oils a n d 
b i tumens provides a viable alternative for the use o f di luents or heated 
pipe l ines . Surfactant formulat ions that have b e e n deve loped prov ide stable 

Figure 5. Total operating costs, minimized in emulsions containing high con
centrations of crude oil. 
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312 EMULSIONS IN THE PETROLEUM INDUSTRY 

operat ion a n d adequate e m u l s i o n l i fe . M e t h o d s are available for the f o r m a 
t ion o f emulsions w i t h des i red propert ies for efficient p i p e l i n e operat ion . 

F u r t h e r deve lopment o f e m u l s i o n transport technology is dependent 
u p o n future economic factors such as increases i n the p r i c e o f heavy c rude 
o i l a n d potent ia l shortages o f d i luent . C o m m e r c i a l operat ion of an e m u l s i o n 
transport system is r e q u i r e d to determine the long- term technica l a n d eco
n o m i c viabi l i ty o f this technology. 
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Commercial Emulsion Breaking 

Richard Grace 

Nalco Canada Inc., 3464 78th Avenue, Edmonton, Alberta, Canada T6B 2X9 

This chapter’s purpose is to share the qualitative perspective of emul
sion breaking held by the petroleum industry at the production or 
refining operations level. Incorporation of site-specific data is 
avoided in favor of broader conceptual information to emphasize that 
each commercial facility must be viewed as unique when developing 
emulsion-breaking goals and methods. Theories of emulsions and 
demulsification, variability of applied chemicals, and limitations of 
present demulsifier selection techniques are presented. This chapter 
reinforces the belief that a qualitative view of emulsion breaking is 
essential at this time for the petroleum industry, unless the number of 
variables is reduced, typically by studying each commercial facility 
or crude oil as a unique case. If such study is economically feasible, 
valid models for predicting emulsion-breaking performance may be 
developed and applied on a wider scale. 

El MULSIONS O F OIL A N D WATER are one o f many prob lems direc t ly associ
ated w i t h the p e t r o l e u m industry , i n b o t h o i l - f i e l d p r o d u c t i o n and ref inery 
environments . W h e t h e r these emulsions are created inadvertent ly or are 
unavoidable , as i n the o i l - f i e l d p r o d u c t i o n area, or are del iberate ly i n d u c e d , 
as i n ref inery desalt ing operations, the economic necessity to e l iminate 
emulsions or maximize o i l - w a t e r separation is present. F u r t h e r m o r e , the 
economics o f o i l - w a t e r separation dictate the labor, resources, and monies 
dedica ted to this issue. Before w e describe the methods and economics o f 
e m u l s i o n break ing at c o m m e r c i a l faci l i t ies, w e w i l l restate several key c o n 
cepts c o n c e r n i n g emulsions a n d the p e t r o l e u m industry . 

Emulsions and Demulsification 

Theory of Emulsions. A n e m u l s i o n is a mixture o f two i m m i s c i b l e 
l i q u i d s , one of w h i c h is dispersed as droplets i n the other. F o r the p e t r o l e u m 

0065-2393/92/0231-0313 $07.75/0 
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314 EMULSIONS IN THE PETROLEUM INDUSTRY 

industry , the two l iquids are usually c rude oils or re f ined hydrocarbon p r o d 
ucts and water . T h e presence o f water i n c r u d e - o i l systems is a part o f the 
p r o d u c t i o n f r o m o i l wel ls . M o s t p r o d u c i n g wel ls w i l l produce water and o i l 
s imultaneously at some p o i n t i n their l i fe spans, e i ther as a result o f natural 
format ion condit ions or as an effect o f secondary or tert iary p r o d u c t i o n 
methods. W i t h i n the re f in ing industry , water is e i ther present as a result o f 
water contaminat ion present i n the c rude o i l , i n d u c e d into the c rude o i l to 
" w a s h " contaminants f r o m it , or the result of steam in ject ion to i m p r o v e 
fract ionat ion. T h r o u g h a variety o f mechanisms an e m u l s i o n may f o r m f r o m 
this o i l - w a t e r mixture . 

E m u l s i o n s f o r m e d i n the p e t r o l e u m industry are p r e d o m i n a n t l y water-
i n - o i l or regular emuls ions , i n w h i c h the o i l is the cont inuous or external 
phase and the dispersed water droplets f o r m the dispersed or in ternal phase. 
Reverse emuls ions , or o i l - in -water emuls ions , are f o r m e d w h e n water c o n 
stitutes the cont inuous phase a n d o i l constitutes the dispersed phase. It is 
not unusual to find b o t h regular and reverse emulsions o c c u r r i n g together. 
M o r e complex emulsions have also been noted w h e n reverse emulsions exist 
w i t h i n the in terna l phase o f a regular e m u l s i o n . T h e complexi ty o f these 
emulsions may a l low many al ternat ing in terna l -ex terna l phases, a l though 
these are very rare. 

A stable e m u l s i o n is one that is unable to resolve i tse l f i n a def ined t ime 
p e r i o d w i t h o u t some f o r m o f mechanica l or c h e m i c a l treatment. T h r e e basic 
condit ions must exist before the format ion o f a stable e m u l s i o n occurs : 

1. T w o i m m i s c i b l e l iqu ids must be present. T h i s condi t ion is met 
by the s imultaneous presence o f o i l and water i n many petro
l e u m industry environments . 

2. A n emuls i fy ing agent must be present to f o r m stable o i l - a n d -
water emulsions ( in m u c h the same manner that the normal ly 
i m m i s c i b l e c o m b i n a t i o n o f o i l and vinegar is emuls i f i ed by egg 
whites to f o r m the stable emuls ion , mayonnaise) . T h e type o f 
o i l and water e m u l s i o n f o r m e d is dependent o n the type o f 
emuls i fy ing agents present. E m u l s i f y i n g agents that are more 
soluble , dispers ible , or wettable i n or by o i l favor the develop
ment o f o i l as the external phase and hence a w a t e r - i n - o i l 
e m u l s i o n . E m u l s i f y i n g agents that are more soluble , dispers
ib le , or wettable i n water favor the development of o i l - i n -
water emuls ions . C o m m o n l y o c c u r r i n g emuls i fy ing agents 
f o u n d i n p e t r o l e u m emulsions are asphaltenes, resinous sub
stances, o i l - so luble organic acids (such as naphthenic acid) , 
finely d i v i d e d carbonate scales, s i l ica , clays, meta l sulfates, 
meta l sulfides, or c h e m i c a l addit ives. These substances u s u 
ally stabil ize droplet interfaces between external and in terna l 
phases o f the e m u l s i o n . 
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9. GRACE Commercial Emulsion Breaking 315 

3. M i x i n g energy or agitation must be s u p p l i e d to the mixture o f 
o i l and water to disperse one l i q u i d w i t h i n the other. I n gen
eral , the greater the agitation or energy a p p l i e d , the more 
stable the e m u l s i o n . T h i s stabil i ty is a result o f the r e d u c t i o n 
i n droplet size o f the in terna l phase. 

E a c h o f these factors is variable . T h e compos i t ion and propert ies o f o i l , 
water, and associated contaminants vary w i d e l y f r o m source to source. T h e 
type and amount o f emuls i fy ing agents present w i t h i n di f ferent oils and 
waters also vary w i d e l y . T h e amount o f agitation or energy that an o i l - w a t e r 
mixture is subjected to is dependent o n the fluid types, pressures, velocit ies , 
and mechanica l parameters present at each c o m m e r c i a l p e t r o l e u m faci l i ty . 
A l t h o u g h the variations of each c o m p o n e n t are considerable , the s u m total 
o f the ir effects produces an almost inf ini te variety o f emulsions and e n v i r o n 
ments i n w h i c h to " b r e a k " emuls ions . A s a result , d e t e r m i n i n g the most cost-
effective m e t h o d o f break ing an e m u l s i o n is general ly a site-specific venture . 
Theor ies a n d methods o f demuls i f i ca t ion are used as a base f r o m w h i c h to 
develop a ta i lor-made emuls ion-break ing p r o g r a m that addresses the goals 
o f e i ther the o i l p r o d u c e r or the ref iner i n the most cost-effective manner . 

Theories of Demulsification. W i t h i n c o m m e r c i a l e m u l s i o n 
breaking , a n u m b e r o f general rules he lp to f o r m the basic ph i losophy o f h o w 
emulsions behave: 

1. P e t r o l e u m emulsions are c o m p o s e d p r i m a r i l y o f i m m i s c i b l e 
l iqu ids . Separat ion s h o u l d be the natural tendency o f these 
l iqu ids , p r o v i d i n g a density di f ferent ia l be tween the l iquids 
exists. 

T h e rate o f gravitational sett l ing or r i s ing is dependent o n the 
surface tension o f the droplets that f o r m the in terna l phase o f 
the e m u l s i o n . L a r g e droplets have less surface tension as a 
func t io n o f mass than smal l droplets ; therefore, anything that 
can be done to increase drople t size, or coalescence, w i l l 
increase the rate o f separation. 

A n e m u l s i o n is stable w i t h i n a given environment . A l t e r i n g the 
environment may affect the stabil ity o f an e m u l s i o n and thus 
a l low separation of the phases. 

A stable e m u l s i o n exists on ly w h e n emuls i fy ing agents are 
present. E l i m i n a t i o n , al teration, or neutra l izat ion o f the e m u l 
s i fying agents w i l l a l low i m m i s c i b l e l iquids to separate. 

F r o m these four generalizations it becomes apparent that a n u m b e r o f 
options exist i n e m u l s i o n breaking . A n y single change i n these areas may 
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316 EMULSIONS IN THE PETROLEUM INDUSTRY 

result i n the resolut ion of an e m u l s i o n . H o w these various factors affect 
e m u l s i o n stabil i ty is presented i n b r i e f as fol lows. 

Viscosity. A n o i l w i t h a h i g h viscosity has the abi l i ty to h o l d u p more 
a n d larger water droplets than an o i l w i t h a lower viscosity. T h e viscosity o f 
an o i l can be r e d u c e d by the appl icat ion o f heat, the addi t ion o f a d i luent , or 
the addi t ion o f chemicals . L o w e r i n g the viscosity increases both the rate at 
w h i c h water droplets settle a n d the m o b i l i t y o f water droplets and thereby 
leads to col l is ions, coalescence, a n d a fur ther increase i n the rate o f separa
t i o n . 

Density Differential. T h e dif ference i n densities o f the two l i q u i d 
phases may be increased. H e a t i n g the e m u l s i o n typical ly decreases the 
density of the o i l at a greater rate than that o f water a n d thus allows more 
r a p i d sett l ing o f the water. H e a v i e r o i l is typica l ly more di f f icul t to dehydrate 
than l ight o i l , as its density is closer to that o f water. T h e density o f the water 
is also important ; fresh water w i l l t e n d to separate f r o m o i l at a s lower rate 
than salt water . 

Water Percentage. T h e relative p r o p o r t i o n o f o i l a n d water affects 
the stabil i ty o f an e m u l s i o n . I n a regular e m u l s i o n , the m a x i m u m stabil i ty o f 
an e m u l s i o n w i l l o c c u r at a set ratio o f water to o i l . T y p i c a l l y this m a x i m u m is 
f o u n d at l o w water percentages as these droplets have a m u c h smaller 
chance o f c o l l i d i n g w i t h other water droplets and coalescing. Increasing the 
water percentage may destroy the stability o f an e m u l s i o n . 

Age of Emulsion. Stabil it ies o f emulsions general ly increase w i t h age. 
O x i d a t i o n , photolysis , evaporat ion of l ight ends, or bacter ia l act ion may 
increase the ratio o f emuls i fy ing agents w i t h i n an o i l . ( L i g h t ends are l o w -
molecular -weight , low-densi ty hydrocarbons , such as pentane, hexane, a n d 
butane, that w i l l vaporize xylene significantly over t ime.) B r e a k i n g e m u l 
sions as soon as possible after e m u l s i o n format ion w i l l e l iminate or reduce 
the effects o f aging. 

Control of Emulsifying Agents. E m u l s i f y i n g agents are necessary to 
create emuls ions . T h e e l i m i n a t i o n , al teration, or neutra l izat ion o f these 
materials allows for resolut ion or prevent ion o f emulsions . E l i m i n a t i o n o f 
emuls i fy ing agents may i n c l u d e corros ion i n h i b i t i o n programs to reduce the 
amount o f i r o n sulfide available, careful select ion of corros ion inhib i tors to 
avoid emuls i f icat ion tendencies , or e l i m i n a t i o n of incompat ib le crude oils 
f r o m c r u d e - o i l b lends . A n incompat ib le c r u d e - o i l b l e n d is one that, w h e n 
b l e n d e d , results i n the prec ip i ta t ion of asphaltenes. T h i s prec ip i ta t ion most 
c o m m o n l y occurs w h e n an asphaltic c rude o i l is b l e n d e d w i t h a paraffinie 
c rude o i l . A l t e r a t i o n o f e m u l s i f y i n g agents w o u l d i n c l u d e such measures as 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
09



9. GRACE Commercial Emulsion Breaking 317 

the addi t ion o f an asphaltene dispersant to " t i e u p " asphaltene polar sites, 
addi t ion of paraff in crystal modif iers to prevent large paraff in crystals f r o m 
stabi l iz ing emulsions, or rais ing treat ing temperatures above the paraff in 
c l o u d po in t of a c rude o i l . N e u t r a l i z a t i o n o f emuls i fy ing agents general ly 
relates to the neutra l izat ion o f po lar charges associated w i t h the film o f 
emuls i fy ing agents f o r m e d a r o u n d the emuls i f i ed droplets . N e u t r a l i z a t i o n is 
the func t io n carr ied out by c o m m e r c i a l e m u l s i o n breakers or coagulants that 
promote coalescence and thereby accelerate sett l ing by gravity. 

Agitation Control. Measures that reduce or e l iminate agitation o f an 
o i l -and-water mixture w i l l reduce e m u l s i o n stabil ity or prevent e m u l s i o n 
format ion . 

Performance Parameters in Production and Refining 
Operations 

W i t h i n the p e t r o l e u m industry , e m u l s i o n o f o i l and water may be associated 
w i t h every stage o f p r o d u c t i o n , transportat ion, or re f in ing. T h e extent o f 
emuls i f icat ion and the economic impact o f contaminants associated w i t h 
emulsions i n hydrocarbon-process ing e q u i p m e n t w i l l de termine what treat
i n g methods, i f any, are necessary to p r o d u c e des i red hydrocarbon specif ica
t ions. A n unders tanding of the impact o f o i l contaminants and incomple te 
demuls i f icat ion on key hydrocarbon processing areas is r e q u i r e d . T h e p r i m e 
areas o f concern are typical ly 

1. hydrocarbon dehydrat ion 

2. inorganic solids and salt removal 

3. eff luent or produced-water qual i ty 

4. o i l - w a t e r interface contro l 

5. treat ing temperatures 

I n a broader sense, these areas o f concern can be d i v i d e d into p r o d u c t 
qual i ty issues, operabi l i ty issues, and energy conservation. A l t h o u g h these 
concerns are v a l i d for both the o i l p r o d u c e r and refiner, the p r o d u c t qual i ty 
goals o f each p o r t i o n o f the o i l industry may not be synergistic. 

Producers and refiners t e n d to v i e w demuls i f icat ion per formance p a 
rameters f r o m the f o l l o w i n g perspect ive. 

Oil Dehydration. O i l p r o d u c t i o n companies must be able to b r i n g 
their p r o d u c t to market . F o r most large-scale p r o d u c t i o n , this goal requires 
entry into a c r u d e - o i l p i p e l i n e system. P r o d u c e d o i l must meet or exceed 
p i p e l i n e specifications. I n C a n a d a , the o i l may not conta in more than 0 .5% 
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318 EMULSIONS IN THE PETROLEUM INDUSTRY 

basic sediment and water ( B S & W ) as d e t e r m i n e d b y a standard B S & W test 
( A S T M D 96) or a var iat ion o f this test. 

P i p e l i n e specifications for water content are n e e d e d for a variety o f 
reasons. A m o n g these are the refiner's n e e d for a predic table and h i g h 
qual i ty o f raw materials, the desire o f the p i p e l i n e c o m p a n y to reduce 
corros ion potent ia l by e l i m i n a t i n g the electrolyte (water) f r o m the corros ion 
process, and the desire of the p i p e l i n e c o m p a n y to construct p ipel ines o n the 
basis o f the ir capacity to de l iver marketable hydrocarbon products rather 
than waste materials . F a i l u r e by the o i l p r o d u c e r to meet p i p e l i n e specif ica
tions for any extended p e r i o d o f t ime w i l l result i n the p i p e l i n e c o m p a n y 
re fus ing to accept p r o d u c e d o i l . T h i s outcome alone forces the o i l p r o d u c e r 
to ensure that emulsions are resolved to reduce B S & W i n o i l to 0 .5% or less. 
Producers pay p i p e l i n e tariffs according to the ir B S & W content, so that 
reduct ions i n B S & W b e l o w 0 .5% reduce the cost o f t ransport ing their p r o d 
uct to market . I f each r e d u c t i o n i n B S & W b e l o w 0 .5% is less than the costs 
necessary to achieve the n e w B S & W standard, the o i l p r o d u c e r w i l l pursue 
that standard. 

W i t h i n the re f in ing environment , the field o f c r u d e - o i l dehydrat ion is 
v i e w e d somewhat di f ferent ly . T h e first process a crude o i l (or b l e n d o f c rude 
oils) is subjected to is the desalt ing process. T h i s process was deve loped w i t h 
the expectation that a c rude o i l w i l l have a k n o w n water content (less than 
0.5%) and a soluble inorganic ch lor ide salts content associated w i t h this 
water ( formation waters f r o m o i l - f i e l d p r o d u c t i o n may have salt contents 
approaching 300,000 mg^L). Salts may also occur i n crystal l ine f o r m dis
persed w i t h i n the o i l . A s these salts have considerable negative effects i n the 
downstream processes o f the refinery, i t is desirable to remove t h e m . 

T h i s salt removal is accompl i shed b y in ject ing a relat ively fresh water 
(typically 3 - 8 % of the c r u d e - o i l vo lume) in to the c r u d e - o i l charge l ine to 
extract the salt or " w a s h " the o i l . (The charge l ine is the l ine that transfers 
c rude o i l f r o m storage or p i p e l i n e through preheat exchangers to the de-
salter vessel.) T h e more thorough the contact o f the water w i t h the c rude o i l , 
the h igher the potent ia l for extracting salts. H e n c e , agitation is usual ly 
a p p l i e d w i t h mix valves or i n - l i n e static mixers to promote thorough m i x i n g . 
T h i s agitation usual ly creates an e m u l s i o n . T h e separation o f the o i l and 
water phases then takes place i n a desalt ing vessel or treater. 

A p r o b l e m may occur here i n that the separation o f o i l and water may 
not be complete by the t ime the o i l exits the desalter o n its way to an 
atmospheric fract ionat ion uni t . A n y water that remains w i t h the c r u d e o i l 
w i l l have to be heated to atmospheric fract ionator inlet temperature , t y p i 
cal ly 290-370 °C. 

T h i s requi rement provides a significant cost i n fue l gas to heat the water . 
A t a 20,000-m 3 /day ref inery w i t h a desalter outlet temperature o f 100 °C and 
a c r u d e - o i l heater outlet temperature o f 315 °C, each tenth o f a percent o f 
water carryover w i l l result i n 20,000 k g o f water b e i n g heated 215 °C to f o r m 
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9 . GRACE Commercial Emulsion Breaking 3 1 9 

superheated steam. I f very h i g h amounts o f water carryover are present, the 
expansion of the steam, once it enters the fractionator, may damage the 
vessel. Incomplete dehydrat ion w i l l also reduce desalt ing eff ic iency as the 
salts are carr ied into the system w i t h the excess water. Refiners typical ly 
attempt to l i m i t water carryover to 0 .2% i n l ight crude oils a n d 0.4% i n heavy 
crude oils by a t tempt ing to fu l ly resolve emulsions w i t h i n the desalter. 

Inorganic Solids and Salt Removal. F o r the o i l p r o d u c e r , the 
d r i v i n g force for the removal o f inorganic solids and salts f r o m p r o d u c e d o i l 
is to achieve p i p e l i n e specifications. A n y c o m b i n a t i o n o f basic sediments 
(pr imar i ly inorganic solids) and water greater than 0 .5% w i l l prevent ship
ment o f product . T h e removal o f a majority o f salts is usual ly accompl i shed 
as a side-effect o f r e m o v i n g excess water f r o m the crude o i l . Th is removal 
necessitates disposal o f the p r o d u c e d water by the producer . T y p i c a l l y , 
disposal is accompl i shed through deep disposal wells or water - f lood injec
t ion wel ls . D e e p - w e l l disposal is viable only i n certain regions because o f 
envi ronmenta l concerns or regulations. T h e removal o f solids such as sands, 
silts, clays, and corros ion products must also occur i f these are present i n 
significant quantit ies . H e a v y - o i l p r o d u c t i o n typical ly contains far greater 
quantit ies o f inorganic solids than does l i g h t - o i l p r o d u c t i o n . 

P i p e l i n e requirements for r e d u c i n g inorganic solids content are n e e d e d 
for a variety o f reasons. A g a i n , the ref iner wishes to receive a p r o d u c t o f 
predic table and h i g h quali ty. T h e p i p e l i n e company wishes to transport o i l , 
not inorganic solids, and can reduce maintenance costs b y c o n t r o l l i n g ero
sion o f mechanica l parts caused by solids. C o n t r o l l i n g solids also helps to 
mitigate underdeposi t types o f corros ion w i t h i n a p i p e l i n e . 

T h e o i l producer , o n the other h a n d , must dispose o f any solids r e m o v e d 
f r o m an emuls ion-treatment system by l a n d f a r m i n g (placement of waste 
solids i n an approved landf i l l area), sh ipment to an approved waste faci l i ty, 
re - in ject ion through a disposal w e l l or water - f lood system, or sh ipment to 
p i p e l i n e . These options are governed b y the amount o f o i l associated w i t h 
the solids, w h i c h is d irect ly re lated to emuls ion-break ing capabil i t ies and the 
amount o f solids present. I n many cases it may be desirable for an o i l 
p r o d u c e r to b l e n d a p o r t i o n o f o i l -wet solids in to shipments for p i p e l i n e i f 
the specif ication o f less than 0 .5% B S & W is not exceeded. T h i s m e t h o d o f 
solids disposal may be the most cost-effective available to the p r o d u c e r . 

T h e refiner's pos i t ion o n inorganic solids and salt removal is that as 
m u c h of these contaminants (as is cost-effective) should be r e m o v e d f r o m 
the i n c o m i n g crude o i l into the wash water by the desalt ing process. Excess 
ch lor ide salts become catalyst poisons that promote excessive catalyst c o n 
s u m p t i o n or reduce convers ion i n the c rack ing a n d treat ing processes. C h l o 
r ide salts also c o m p r o m i s e the re l iabi l i ty o f ref inery overheads where , be
cause o f hydrolysis u p o n heat ing, they f o r m h ighly corrosive h y d r o c h l o r i c 
ac id i n the overhead system. (The ref inery overhead is the e q u i p m e n t , such 
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320 EMULSIONS IN THE PETROLEUM INDUSTRY 

as exchangers, accumulators , reflux equipment , and l ines , that is used to 
condense hydrocarbons and water vapor ized i n a fract ionat ion c o l u m n and 
exi t ing f r o m the top o f the co lumn. ) C h l o r i d e salts also cause fou l ing , w h i c h 
restricts ref inery r u n lengths or aggravates corros ion. T h e economics o f salt 
removal are very compl i ca ted . A salt content o f less than 2.85 g % i 3 (1 lb/1000 
barrels) is a c o m m o n ref inery target for desalted c rude o i l , a l though this 
target varies considerably f r o m site to site. P r i m e modif iers to this target are 
desal t ing e q u i p m e n t available and type o f c r u d e - o i l stock processed. 

T h e removal o f inorganic solids is also important to the ref iner . B y 
eff icient e m u l s i o n break ing at the desalter, the ref iner can expect to s ignif i 
cantly reduce the amount o f solids carr ied through the desalter into the 
downstream re f in ing units . Inorganic solids removal o f 8 0 % or greater is a 
typica l base standard, a l though this amount varies greatly w i t h each refiner, 
the type of separation e q u i p m e n t available, and the c rude oils i n v o l v e d . 

Inorganic solids have numerous de t r imenta l effects o n the ref iner . A s 
w i t h ch lor ide salts, many solids (especially meta l -conta ining solids) may 
po ison catalysts and thereby increase catalyst c o n s u m p t i o n or reduce c o n 
vers ion o f hydrocarbons . Solids may act as foulants or p r o m o t e reactions that 
create foul ing , w h i c h restricts heat transfer or r u n lengths i n exchangers and 
furnaces. Excess solids may reduce the p r o d u c t qual i ty o f res idual fuels or 
coke. Solids may also promote f o a m i n g and f o u l i n g i n fractionators, w h i c h i n 
t u r n may restrict throughput or i n d u c e use o f antifoams. A l l o f these effects 
usual ly occur s imultaneously i n an integrated ref inery. A c c u r a t e calculations 
o n the economic impact o f inorganic solids are extremely compl i ca ted and 
di f f icul t to p e r f o r m , a l though such calculations can be the p r i m e just i f ica
t i o n for i m p r o v i n g desalter operat ion. Ref iners may dispose o f r e m o v e d 
inorganic solids by l a n d f a r m i n g , sh ipment to approved waste-disposal fac i l i 
ties, or disposal to the water -handl ing system. 

Effluent Water Quality, W h e n resolving emulsions i n the petro
l e u m industry , water is always p r o d u c e d . I n some areas the goals o f the 
ref iner and o i l p r o d u c e r are ident i ca l i n eff luent water quali ty. B o t h ref iner 
a n d p r o d u c e r want to m i n i m i z e the amount o f o i l i n the water systems, as 
this represents e i ther lost p r o d u c t , increased capital , or increased operat ing 
costs to recover the o i l f r o m the water. T h e costs o f not achieving complete 
o i l - w a t e r separation the first t ime i n a desalter or o i l - f i e l d treater are re
flected b y the n e e d for e q u i p m e n t such as water - sk im tanks, water- f i l t rat ion 
equipment , various flotation units , clarif iers, sett l ing ponds , biox units , a n d 
accumula ted-o i l treat ing facil i t ies i n water-disposal systems. E a c h o f these 
units w i l l have significant operat ing costs above and b e y o n d the capital costs. 
(A biox uni t is a basin, p o n d , or vessel where b io logica l activity digests 
organic materials such as hydrocarbons car r ied w i t h the water charged to the 
unit . ) 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
09



9. GRACE Commercial Emulsion Breaking 321 

O i l producers w i l l typical ly set standards for o i l - in -water content rang
i n g f r o m less than 10 p p m i n very l ight c rude oils to several h u n d r e d parts 
p e r m i l l i o n i n very heavy c rude oi ls . These specifications are usual ly site-
specific a n d are dependent o n e q u i p m e n t available a n d c r u d e - o i l type. O i l 
producers i n C a n a d a usually have the advantage o f disposal wells or water-
flood schemes i n w h i c h p r o d u c e d water is disposed. F a i l u r e to meet self-
i m p o s e d o i l - in -water l imits usual ly results i n loss o f h y d r o c a r b o n p r o d u c t 
back to the format ion . F o r an o i l p r o d u c t i o n faci l i ty that disposes of 1000 m 3 

of water p e r day w i t h an o i l content o f 1000 p p m , 365 m of o i l is lost per year. 
A t $25 (Canadian) p e r barre l , this amount o f o i l translates to a p r o d u c t loss 
w o r t h approximately $57,000 p e r year, plus any maintenance costs a n d w e l l 
s t imulat ion costs to restore inject ivity lost as a result o f format ion p l u g g i n g 
f r o m oi l -wet solids. O i l - w e t solids i n water - f lood systems may damage for
mat ion permeabi l i ty and reduce recovery. 

I n the C a n a d i a n re f in ing industry , on ly refineries i n the western p r o v 
inces have access to disposal wells for p r o d u c e d water. T h e i r concerns are 
s imi lar to those m e n t i o n e d w i t h the o i l producers . In other areas o f the 
country, eff luent waters must be treated to a standard that w i l l a l low for 
discharge to the environment . T h e typica l standard for al lowable o i l - i n -
water content is less than 10 p p m . F a i l u r e to consistently achieve this speci 
fication may result i n fines, shutdown, a n d p o o r p u b l i c p e r c e p t i o n o f the 
o f f e n d i n g refiner. 

Oil-Water Interface Control. In any p e t r o l e u m process ing uni t 
i n w h i c h emulsions are resolved, an interface be tween o i l a n d water must 
occur . T h e qual i ty of this interface is d irect ly related to the eff ic iency o f 
demuls i f icat ion i n e i ther a ref inery desalter or an o i l - f i e l d free-water knock
out or treater. T h e sharper the transit ion be tween c lean water and c lean o i l 
(or the tightness o f the interface) , the better the abi l i ty to contro l o i l a n d 
water retent ion times and qual i ty and operate the vessel. 

B r o a d transitions be tween o i l and water are usual ly the result o f (1) 
incomple te resolut ion o f the e m u l s i o n , (2) fa i lure of an emuls ion- t reat ing 
p r o g r a m to resolve emulsions caused b y one or more specif ic emuls i fy ing 
agents, (3) excess or incompat ib le treat ing chemicals , (4) b u i l d u p s o f o i l -wet 
solids, (5) b u i l d u p s o f insoluble organic materials such as paraffins or 
asphaltenes, or (6) any c o m b i n a t i o n thereof. W i t h a b r o a d interface ("rag", 
" c u f f ' , or " p a d " layer) present, level-sensing e q u i p m e n t a n d water d u m p s 
may operate incorrec t ly or mal func t ion , and thereby divert water to c lean-o i l 
outlets and o i l to water outlets. E lectrostat ic grids may short out i f the p a d 
(usually h i g h i n water content) makes contact w i t h the grids. E m u l s i o n pads 
also occupy space w i t h i n a t reat ing vessel and promote channel ing , w h i c h 
affects the retent ion t ime of a vessel. C o n c e n t r a t i o n of polar hydrocarbons, 
emuls i fy ing agents, a n d solids usual ly occurs i n interface " p a d s " . These 
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322 EMULSIONS IN THE PETROLEUM INDUSTRY 

molecules have a h i g h tendency to be dispersed i n the water phase, become 
concentrated through o i l - in -water recovery processes, a n d i f recyc led, upset 
the vessel to fur ther aggravate e m u l s i o n treatment. 

I n general , e m u l s i o n pads l i m i t the per formance o f emuls ion-break ing 
e q u i p m e n t a n d chemicals . B o t h refiners a n d o i l producers v i e w large e m u l 
s ion pads as symptoms o f ineff ic ient e m u l s i o n treatment. I f the e m u l s i o n 
p a d can be e l iminated , per formance i n a l l aspects o f e m u l s i o n break ing 
s h o u l d i m p r o v e . 

Treating Temperature. T r e a t i n g temperatures may have s ignif i 
cant impacts o n b o t h ref inery a n d o i l p r o d u c t i o n emuls ion-break ing p r o 
cesses. I n general , the h igher the temperature , the greater the abi l i ty to 
resolve emulsions ; however , increases i n treat ing temperature affect many 
other factors negatively. I n the ref inery desalter the range o f treat ing t e m 
peratures available is l i m i t e d b y plant design. H e a t i n g o f the c rude o i l u p to 
desalt ing temperatures is the result o f exchanger eff iciencies, throughputs , 
a n d plant design. 

T r e a t i n g temperatures are almost always des igned to surpass paraff in 
crystal m e l t i n g points (50-65 °C) and general ly approach the b o i l i n g po in t o f 
water at the specific uni t pressures. T h e treat ing temperatures are usual ly 
set to provide the greatest amount o f dehydrat ion possible . A s temperatures 
increase, the abi l i ty to resolve emulsions increases, but so does the so lubi l i ty 
o f water i n hydrocarbons . Temperatures that w i l l p rov ide the greatest mea
sure o f c r u d e - o i l dehydrat ion must be selected. This temperature choice w i l l 
vary w i t h the compos i t ion o f each crude o i l a n d w i t h treat ing vessel pressure. 

W i t h i n the o i l - f i e l d p r o d u c t i o n facil i t ies, m u c h greater contro l o f t e m 
perature may be exercised. T h e e n d goal o f the p r o d u c e r is to select a 
treat ing temperature that, i n c o m b i n a t i o n w i t h other factors, provides the 
most cost-effective m e t h o d of meet ing p i p e l i n e specifications and any site-
specific standards w i t h respect to o i l - in -water and interface quali ty. 

I n general , the less heat is a p p l i e d the greater the cost savings. A s heat is 
a p p l i e d at p r o d u c t i o n facil it ies b y fuel-gas-f ired heaters, any increase i n heat 
is ref lected i n fuel-gas c o n s u m p t i o n . T h e addi t ion o f heat also boi ls l ighter 
hydrocarbon fractions f r o m the crude o i l ; less p r o d u c t at a lower A P I gravity 
(def ined i n the Glossary) results. A d d i t i o n o f heat also accelerates rates o f 
corros ion and increases the l i k e l i h o o d of scale format ion o n vessel internals , 
par t icular ly the fire tubes. 

Methods of Emulsion Breaking 

T o maximize the cost-effectiveness o f p e t r o l e u m p r o d u c t i o n and re f in ing 
processes and to achieve r e q u i r e d qual i ty parameters o f o i l , water , and 
c r u d e - o i l contaminants , it is of ten necessary to resolve emulsions to promote 
complete separation o f the o i l , water, and inorganic solids present. B r e a k i n g 
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9. GRACE Commercial Emulsion Breaking 323 

emulsions impl ies break ing e m u l s i f y i n g films a r o u n d droplets o f water or o i l 
so that coalescing and gravitational sett l ing may occur . A n y or a l l o f the 
f o l l o w i n g methods o f a id ing this process may be e m p l o y e d : 

1. P r o v i d i n g low- turbulence and low-veloc i ty environments 
(treating vessels) that a l low gravitational separation and re
moval o f o i l , water, and solids. Gas may also be r e m o v e d . 

2. Increasing the temperature o f the e m u l s i o n . 

3. A p p l y i n g chemicals des igned to break emulsions . 

4. A p p l y i n g e lectr ica l fields that promote coalescence. 

5. C h a n g i n g the physica l characteristics o f an e m u l s i o n by the 
addi t ion o f di luents or water . 

Because o f the w i d e variety o f potent ia l e m u l s i o n and c r u d e - o i l types, me
chanica l configurations, t reat ing chemicals , throughputs , a n d p r o d u c t speci 
fications, each i n d i v i d u a l emuls ion-break ing appl icat ion is general ly u n i q u e 
i n its select ion o f specific emuls ion-break ing methods and environments . 
F u r t h e r m o r e , a l l emulsions change i n compos i t io n w i t h t i m e , and h u m a n 
beings contro l the process o f emuls ion breaking ; these two factors r e - e m 
phasize this point . 

T h e select ion o f mechanica l e q u i p m e n t type is based p r i m a r i l y o n p r e v i 
ous experience. W i t h i n the ref inery desal t ing process the select ion o f m e 
chanica l e q u i p m e n t usually falls w i t h i n two b r o a d areas, one-stage desalters 
(F igure 1) a n d multistage desalters (F igure 2). E a c h desalter vessel is s ized 

DEMULSIFIER 
CHEMICAL 

CRUDE rzs 
CHARGE V ^ * 

PROCESS 
WATER ^ 

DESALTED CRUDE 

DESALTING 
DRUM 

M1X1NÇ 
DEVICE 

^ $ EFFLUENT 
WATER 

Figure 1. One-stage electrostatic desalter. 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
09



0
3 to
 

D
E

S
A

L
T

IN
G

 

PR
UM

 

M
IX

IN
G

 
D

E
V

IC
E 

D
E

S
A

LT
E

D 
C

R
U

D
E 

•
θ E

FF
LU

E
N

T 
W

A
TE

R 

D
E

M
U

LS
IF

IE
R 

C
H

E
M

IC
A

L 
P

R
O

C
E

S
S

 W
A

TE
R

 

C
R

U
D

E 
C

H
A

R
G

E 

F
ig

u
re

 
2
. 

T
h
re

e-
st

a
g
e 

el
ec

tr
o
st

a
ti

c 
d
es

a
lt

er
. 

M
 

G
 

r c/5
 

δ ζ S Η
 

Μ
 

*d
 

w
 

Η
 

5α
 

Ο
 

r Μ
 

α 
ι 

Ζ Ό
 

α
 

Η
 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
09



9. GRACE Commercial Emulsion Breaking 325 

to prov ide a k n o w n c r u d e - o i l mixture w i t h a set re tent ion t ime at a g iven rate 
o f c r u d e - o i l charge to water wash. T h i s re tent ion t ime is d e e m e d to be 
adequate to a l low e m u l s i o n b r e a k i n g to p r o c e e d to a des i red e n d p o i n t or o i l 
qual i ty. T h e preheat exchange system w i l l heat the c r u d e - o i l to the des i red 
treat ing temperature . T h e desalt ing temperature is usual ly d e t e r m i n e d f r o m 
previous experience w i t h s imi lar c rude oils or f r o m s imula t ion runs us ing 
propor t iona l ly smal ler vessels and flows. E x p e r i e n c e w i t h s imi lar c rude oils 
and any s imulat ion runs p e r f o r m e d w i l l h e l p to determine the requirements 
o f electrostatic grids; c r u d e - o i l d i s t r ibut ion systems; desand-des ludge 
e q u i p m e n t ; o i l - in -water removal equipment ; l eve l contro l equipment ; wash-
water in ject ion points ; m i x i n g equipment ; and i n i t i a l treat ing c h e m i c a l injec
t ion points , type, and dosage. E x p e r i e n c e may dictate that some o f this 
e q u i p m e n t and capabil i t ies may not be necessary w i t h cer ta in c r u d e - o i l 
types. M o s t m o d e r n desalters have a l l o f these capabil i t ies . 

O n c e operat ional , the process o f o p t i m i z i n g the desalt ing system for 
m a x i m u m per formance or cost-effectiveness begins. T h r o u g h p l a n n e d 
m a n i p u l a t i o n o f system parameters concurrent w i t h m o n i t o r i n g o f the q u a l 
i ty o f o i l , water , and solids p r o d u c e d , operat ional data are gained. F r o m 
these data, o p t i m u m set points for temperature , interface leve l , t reat ing 
chemicals , addi t ion , wash-water rates and placement , mix-valve pressure 
dif ferentials , a n d desand-des ludge f requency and rates are d e t e r m i n e d . 

T h i s process may take several months . I f i n i t i a l specifications o n p r o d u c t 
qual i ty cannot be met, then changes may be made to mechanica l e q u i p m e n t 
present, chemicals a p p l i e d , rate o f c r u d e - o i l charge, type o f c rude o i l p r o 
cessed, or p r o d u c t qual i ty specifications. T h e process o f o p t i m i z i n g the 
desal t ing p r o g r a m then starts again. O n par t icular ly di f f icul t c rude oils this 
process may last many years, as is the case i n refineries process ing heavy 
crude o i l . 

W i t h i n o i l - f i e l d p r o d u c t i o n , t reat ing e q u i p m e n t is selected i n a s imi lar 
manner . As the amount of water p r o d u c e d w i l l vary over the l i fe span of an 
o i l field, e q u i p m e n t is of ten a d d e d as needed to an o i l - f i e l d treat ing facil i ty. 
T h e design o f existing facil it ies w i l l a l low the addi t ion o f e q u i p m e n t to occur 
w i t h m i n i m a l d i s rupt ion d u r i n g p e r i o d i c maintenance shutdowns (or " t u r n 
arounds") i f p r o p e r considerat ion has been given to the potent ia l o f chang
i n g p r o d u c t i o n fluids. 

T h e equipment variations w i t h i n o i l - f i e l d treat ing e q u i p m e n t are 
greater than those f o u n d i n ref inery desalt ing applicat ions. T h e three basic 
types o f m o d e r n vessels are gas separators, free-water knockouts ( F W K O s ) , 
a n d treaters. Gas separators a l low for early exit o f gas f r o m the o i l , w h i c h 
helps to reduce the amount o f agitation and hence reduces the emuls i f ica
t ion tendencies . T r e a t i n g chemicals may be in jected upstream of a gas 
separator. T h e F W K O is typica l ly a vessel des igned to remove free water 
before the o i l is t ransferred to a treater, and usually allows addi t ional re
moval of gas. T h e F W K O may be heated by fire tubes or exchangers; h o w -
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326 EMULSIONS IN THE PETROLEUM INDUSTRY 

ever, its temperature is usual ly m u c h lower than that o f a treater. T h i s lower 
temperature allows for removal o f water f r o m a treat ing system wi thout 
having to heat the water to m a x i m u m system temperatures . Substantial f u e l -
gas savings result . 

T h e treater is the vessel that attempts to de l iver p ipel ine-spec i f i ca t ion 
c rude o i l as its hydrocarbon product . H e a t e r treaters typical ly a id i n resolv
i n g emulsions b y the addi t ion o f heat, the use o f electrostatic grids, or the 
use o f mechanica l coalescing aids such as hay or baffle systems. 

O p t i m i z a t i o n o f o i l - f i e l d treat ing per formance parameters is accom
p l i s h e d i n a s imi lar manner to that descr ibed for ref inery desalt ing appl ica 
t ions. 

Thermal Methods. I n b o t h ref inery and o i l - f i e l d emuls ion break
i n g , the addi t ion o f heat usual ly occurs to enhance e m u l s i o n breaking . O n l y 
rarely does the addi t ion o f heat alone prov ide adequate e m u l s i o n resolut ion . 
I n the o i l - f i e l d environment , resolut ion may occur w i t h l ight oils i n w h i c h 
paraff in forms the p r i m e e m u l s i f y i n g agent. A n increase i n temperature 
above the paraff in m e l t i n g po in t (50-65 °C) may comple te ly destabil ize an 
e m u l s i o n . I n ref inery desalt ing applicat ions and heavy-oi l p r o d u c t i o n a p p l i 
cations, the h i g h treat ing temperatures usual ly remove paraff in as an active 
emuls i fy ing agent. 

H e a t addi t ion i n e m u l s i o n break ing is usual ly based o n the overal l 
e c o n o m i c p ic ture o f a treat ing faci l i ty. Excess heat is not added w h e n it is 
more cost-effective to a d d c h e m i c a l or insta l l electrostatic grids. I n ref inery 
desalt ing, the temperature o f the crude o i l must far surpass the tempera
tures present i n the desalter as the c r u d e o i l approaches the atmospheric 
f ract ionat ion uni t . T h u s , m i n i m i z i n g heat i n the desalter is not a key issue 
p r o v i d i n g water present i n the desalter does not b o i l , temperatures are not 
h i g h enough to signif icantly elevate water so lubi l i ty i n a specific c rude o i l , 
and h i g h temperatures do not cause significant amounts o f asphaltenes to 
become inso luble i n the c r u d e o i l a n d f o r m an interface p a d . 

W i t h i n o i l - f i e l d e m u l s i o n breaking, the economics usual ly favor m i n i m a l 
heat i n p u t because l ight ends are not lost to the gas phase and fuel-gas 
c o n s u m p t i o n is m i n i m i z e d . O t h e r significant effects caused by the addi t ion 
o f heat are an increased tendency toward scale deposi t ion o n fire tubes, an 
increased potent ia l for corros ion i n treat ing vessels, a n d a tendency to 
render asphaltenes insoluble (because o f loss o f l ight aromatic components) , 
w h i c h may p r o d u c e an interface p a d p r o b l e m . 

Electrical Methods. T h e p r i n c i p l e o f electrostatic dehydrat ion i n 
e m u l s i o n break ing for b o t h ref inery desalt ing and o i l - f i e l d p r o d u c t i o n is 
essentially the same. T h e e lectr ic field p r o d u c e d disturbs the surface tension 
o f each droplet , probably b y causing polar molecules to reorient themselves. 
T h i s reor ientat ion weakens the film a r o u n d each drople t because the polar 
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9. GRACE Commercial Emulsion Breaking 327 

molecules are no longer concentrated at the droplet 's surface. I n a d d i t i o n , a 
m u t u a l attraction o f adjacent e m u l s i o n particles receives i n d u c e d a n d o r i 
ented charges f r o m the a p p l i e d electr ic field. T h i s m u t u a l attraction places 
opposi te ly charged particles i n close prox imi ty to each other. A s the film is 
w e a k e n e d and the droplets are e lectr ical ly attracted to each other, coales
cence occurs . 

Th is process does not usually resolve emulsions comple te ly by itself, 
a l though it is an effective and often necessary addi t ion to the use o f c h e m i 
cals or heat. E l e c t r i c dehydrat ion does have l imitat ions as w e l l . Excess water , 
typical ly greater than 6%, w i l l cause short ing i n many treater g r i d systems. 
T h u s , w h e n addi t ional d e m u l s i f y i n g p o w e r is r e q u i r e d d u r i n g system upsets, 
the grids may cease to func t ion . T h i s fai lure occurs w i t h greatest f requency 
i n l i g h t - o i l demuls i f i cat ion w h e n residence t imes are very short and the 
percentage of water w i t h i n the c rude o i l may be u p to 90%. A h i g h percent
age o f water m i n i m i z e s re tent ion t ime of the o i l phase i f demuls i f i cat ion is 
not o c c u r r i n g rap id ly enough. 

Chemical Methods. T h e most c o m m o n m e t h o d of e m u l s i o n reso
l u t i o n i n b o t h o i l - f i e l d and ref inery applications is a c o m b i n a t i o n o f heat and 
appl icat ion o f chemicals des igned to e l iminate or neutral ize the effects o f 
emuls i fy ing agents. A d d i t i o n o f suitable chemicals w i t h d e m u l s i f y i n g p r o p 
erties specific to the c rude o i l to be treated w i l l general ly prov ide quick , 
cost-effective, and flexible resolut ion o f emuls ions . Success o f c h e m i c a l 
d e m u l s i f y i n g methods is dependent u p o n the f o l l o w i n g : 

1. A n adequate quanti ty o f a p r o p e r l y selected c h e m i c a l must 
enter the emuls ion . 

2. T h o r o u g h m i x i n g o f the c h e m i c a l i n the e m u l s i o n must occur . 

3. A d e q u a t e heat may be r e q u i r e d to facilitate or f u l l y resolve an 
e m u l s i o n . 

4. Suff ic ient res idence t ime must exist i n treat ing vessels to per 
m i t sett l ing o f demuls i f i ed water droplets . 

F o r the o i l p r o d u c e r , the use o f chemicals i n e m u l s i o n break ing is 
attractive for a variety o f reasons. T h e capital costs o f i m p l e m e n t i n g or 
changing a c h e m i c a l emuls ion-break ing p r o g r a m are relat ively smal l a n d can 
be accompl i shed w i t h o u t a shutdown. T h i s feature is attractive because i t 
means that emuls ion-break ing c h e m i c a l programs can be al tered " o n the 
fly" to react to changes i n e m u l s i o n characteristics or c r u d e - o i l slate 
changes. ( C r u d e - o i l slate is a mixture o f c r u d e - o i l types that the ref iner 
wishes to process.) C h e m i c a l emuls ion-break ing programs also i m p l y a ser
vice c o m m i t m e n t f r o m the s u p p l y i n g company, w h i c h is an asset. T y p i c a l l y 
the supply ing c h e m i c a l c o m p a n y monitors the overal l cost per formance o f 
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328 EMULSIONS IN THE PETROLEUM INDUSTRY 

an emuls ion-break ing p r o g r a m o n an ongoing basis and reports the findings 
to the customer . Improvements i n c h e m i c a l appl icat ion and adjustments to 
system operat ing parameters s h o u l d also be p e r f o r m e d o n an o n g o i n g basis. 
I n a l l but the largest installations, the o i l - p r o d u c t i o n company or ref iner w i l l 
not have access to a designated expert i n this field, or , i f an in-house expert is 
available, the economic just i f icat ion for designating the labor and resources 
to cost reduct ions i n e m u l s i o n b r e a k i n g w o u l d not exist year after year. T h u s , 
the c h e m i c a l service c o m p a n y fills a technologica l n e e d not readi ly ad
dressed b y the o i l p r o d u c e r or ref iner. 

T h e cost-effectiveness o f c h e m i c a l emuls ion-break ing programs is de
pendent o n p r o p e r c h e m i c a l select ion and appl icat ion. Systems that have 
w i d e variations i n e m u l s i o n types a n d charge rates typical ly require c h e m i 
cals that are effective over b r o a d dosage ranges. A hypothet ica l per formance 
curve o f two demulsi f iers c o m p a r i n g treated-oi l B S & W quanti ty versus dos
age is p r o v i d e d i n F i g u r e 3. I f a p p l i e d chemicals do not have a b r o a d treat ing 
range, fluctuating overtreat a n d undertreat condit ions w i l l reduce the per 
formance considerably. 

T h e c o n d i t i o n o f an overtreat ( in w h i c h excess c h e m i c a l actually stabi
lizes or creates n e w e m u l s i o n types) is of ten very di f f icul t to detect. Th is 
s i tuation can be sharply aggravated b y inexper ienced c h e m i c a l companies 
and p e t r o l e u m c o m p a n y operations staff. C h e m i c a l appl icat ion i n e m u l s i o n 
break ing has a large h u m a n e lement i n v o l v e d i n its appl icat ion a n d in terpre 
tat ion and is therefore subject to misappl ica t ion due to h u m a n error . 

Treated Oil BS&W 
1.61 

0 20 40 60 80 100 120 
ppm Demulsifier 

—— Demulsifier A —^ Demulsifier Β 
Figure 3. Hypothetical performance curve of two demulsifiers. 
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9 . GRACE Commercial Emulsion Breaking 3 2 9 

Chemical Applications in Commercial Emulsion 
Breaking 

In process ing p e t r o l e u m emulsions , c h e m i c a l treat ing c o m p o u n d s may be 
a d d e d to a c r u d e - o i l e m u l s i o n to p r o d u c e desirable o i l qual i ty and remove 
water or inorganic solids. T h e most c o m m o n types o f treat ing compounds 
are re fer red to as e m u l s i o n breakers. Var ious mechanisms are postulated as 
to h o w e m u l s i o n breakers func t ion , but i t is c lear that an e m u l s i o n breaker 
must reach the interface o f an emuls i f i ed droplet a n d the s u r r o u n d i n g 
l i q u i d . A t that point , an e m u l s i o n breaker disrupts the inter fac ia l tensions 
be tween o i l and water and allows the droplets to coalesce a n d settle b y 
gravity. 

T h e concepts i n v o l v e d i n h o w an e m u l s i o n breaker per forms this func
t ion are as v a r i e d as the chemistr ies that constitute the b u l k o f c o m m e r c i a l 
e m u l s i o n breakers. A l l concepts may be correct i n specific cases. 

E m u l s i o n breakers are typical ly specific for site or c r u d e - o i l type. C o n 
vent ional e m u l s i o n breakers are most c o m m o n l y f o r m u l a t e d f r o m the f o l 
l o w i n g types o f chemistr ies : polyglycols and polyg lyco l esters, ethoxylated 
alcohols a n d amines, ethoxylated resins, ethoxylated p h e n o l formaldehyde 
resins, ethoxylated nonylphenols , p o l y h y d r i c alcohols, and sulfonic ac id 
salts. C o m m e r c i a l emuls ion breakers may conta in but one type o f active 
ingredient or intermediate or a variety o f intermediate types. 

W i d e c h e m i c a l variat ion is possible w i t h i n the intermediate types as 
w e l l . T h e ethoxylated resin group demonstrates variable molecu lar weight 
o n its res in base w i t h di f ferent amounts and placement o f ethoxylated 
groups. These s tructural variations prov ide a complete range o f solubi l i t ies , 
charge neutra l izat ion tendencies , sol ids-wett ing characteristics, a n d costs. 

T o affix any definit ive qual i ty to any one type o f intermediate is unreal is 
t ic , w i t h the possible except ion o f the sul fonic ac id salts, w h i c h exhibi t fast 
water d r o p (rapid dehydrat ion) and good solids wet t ing . H o w e v e r , because 
o f the h i g h dosages r e q u i r e d , they are not usual ly cost-effective enough to be 
used i n any major c o m m e r c i a l emuls ion-break ing process, w i t h the excep
t ion o f waste-oi l treatment. 

Usua l ly , each intermediate has a di f ferent effect i n each c rude o i l tested. 
O n e intermediate may have a synergistic effect w i t h another intermediate 
that may far exceed the s u m of the two i n d i v i d u a l intermediates . These 
intermediate mixtures plus solvent systems (usually aromatic solvents and 
alcohols) are the ingredients i n most emuls ion breakers. 

T w o examples of c o m m e r c i a l emuls ion-break ing products s u p p l i e d b y 
one c h e m i c a l company are p r o v i d e d i n Table I. P r o d u c t 1 i n T a b l e I was 
f o u n d to be appl icable i n some paraff inic c rude oils o f m e d i u m to h i g h A P I 
gravity. P r o d u c t 2 was f o u n d to be appl icable i n some heavy asphaltic c rude 
oils w i t h significant amounts o f inorganic solids present. 

F o r most c o m m e r c i a l emuls ion-break ing applicat ions, c h e m i c a l c o m p a -
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330 EMULSIONS IN THE PETROLEUM INDUSTRY 

Table I. Composition of Two Commercial Emulsion-Breaking Products 
Total Product 

Component (wt%) Chemical Type 
Product 1 

Intermediate A 

Intermediate Β 

Intermediate C 

Carrier solvent A 

Carrier solvent Β 

Product 2 

Intermediate A 

Intermediate Β 
Intermediate C 

Intermediate D 

Carrier Solvent A 
Carrier Solvent Β 

25 Ethoxylated resin (10% ethylene oxide, 
40% propylene oxide) 

20 Polyglyeol ester (low ethylene oxide con
tent, high propylene oxide ester compo
nent, polyglyeol of mol. wt. 4000) 

5 Modified polyglyeol (polyglyeol of mol. wt. 
6000 cross-linked with epon resin) 

45 Heavy aromatic naphtha (to maintain in
termediate solubility) 

5 2-Methylpropyl alcohol (to provide prod
uct with low pour point) 

10 Polyglyeol oxide component, - » 40% ethyl
ene oxide, 60% propylene oxide 

5 Ethylene oxide resin, 45% ethylene oxide 
25 Modified polyglyeol ester, polyglyeol of 

mol. wt. 8000 cross-linked with epon 
resin 

2 Ethoxylated nonylphenol resin, 20% ethyl
ene oxide, 10% propylene oxide 

53 Heavy aromatic naphtha 
5 2-Propyl alcohol 

nies are able to provide e m u l s i o n breakers that provide pipel ine-spec i f i ca
t i o n crude o i l or acceptable water contents i n desalted crude oils . These 
compounds are most c o m m o n l y used at dosages o f 1-200 p p m i n o i l - f i e l d 
p r o d u c t i o n and 5 - 2 0 p p m i n ref inery desalt ing. L i g h t oils are general ly 
treated i n the lower dosage ranges, and heavy crude oils require the h igher 
dosages. Except ions to these dosage requirements can be f o u n d . 

I n many c o m m e r c i a l emuls ion-break ing applicat ions, convent ional 
emuls ion-break ing chemistr ies w i l l also achieve des i red o i l - in -water c o n 
tents and acceptable interface qual i ty . H o w e v e r , these results are not always 
accompl ished . Reverse emulsions are not usual ly resolved b y convent ional 
emuls ion-break ing chemistr ies . T h e addi t ion o f a specific reverse-emuls ion 
breaker , e i ther to the c r u d e - o i l stream or to the water -handl ing system, may 
be r e q u i r e d to p r o d u c e des i red water qual i ty parameters. 

Reverse emuls ion-break ing chemicals are usually solut ion or latex poly
mers ranging i n molecular weight f r o m 10,000 to 30 m i l l i o n , and may be 
classif ied as e i ther coagulants or flocculants. A l t h o u g h the classification o f 
coagulant or flocculant can be assumed f r o m molecular weight (flocculants 
having the h igher molecular weights) , the most accurate categorization is 
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9. GRACE Commercial Emulsion Breaking 331 

based o n the p o l y m e r s effect w i t h i n a system. M a n y other types o f reverse-
e m u l s i o n breakers such as z inc ch lor ide , water-soluble ethoxylated resins, 
n o n y l p h e n o l resins, and a l u m are available. 

Concepts a p p l i e d to regular emulsions s t i l l apply w i t h reverse e m u l 
sions. E m u l s i f y i n g agents or charges must be neutra l ized to p e r m i t coales
cence o f the o i l . A d e q u a t e set t l ing t ime for the o i l to rise out o f the water 
phase must be available. S k i m tanks and A P I separators are used for this 
purpose . A variety o f flotation units w i l l accompl ish the same goals at an 
accelerated rate. 

Dosages o f reverse-emuls ion breakers w i l l vary w i d e l y w i t h each a p p l i 
cat ion. A 1 0 - 1 0 0 - p p m dosage o f reverse-emuls ion breakers w o u l d i n c l u d e 
most applications but exclude h igh-molecular -weight polymers . H i g h - m o 
lecular-weight p o l y m e r dosages are usually less than 10 p p m i f in jected into 
a water system a n d less than 5 p p m i f in jected into an o i l system. I n o i l 
systems, h igh-molecular -weight polymers are usual ly a d d e d to separate hy
drocarbons f r o m inorganic solids (pr imar i ly sands, clays, a n d i r o n sulfides). 
Th is separation reduces interface pads and o i l - in -water concentrat ions. 

I f accumula ted oils f r o m water systems are to be recyc led into o i l -
treat ing systems, i t is c ruc ia l to ensure that the accumulated o i l (or slop) and 
associated chemicals are compat ib le w i t h the o i l - t reat ing p r o g r a m . T h i s 
need for compat ib i l i ty is par t icular ly true o f h igh-molecular -weight po ly 
mers w h e n a p p l i e d to systems that contain large amounts o f asphaltene-
coated solids. Dosages as l o w as 2 p p m may be excessive u n d e r these c o n d i 
tions and promote a very stable (essentially untreatable) e m u l s i o n i n oils 
accumulated f r o m the water -handl ing system. H i g h - m o l e c u l a r - w e i g h t p o l y 
mers s h o u l d not be expected to resolve treat ing problems aris ing f r o m the 
presence o f asphaltenes and inorganic solids. 

I n some crude oi ls , h i g h amounts o f insoluble asphaltenes and inorganic 
solids w i t h h i g h surface charges (chiefly clays) w i l l c o m b i n e to f o r m a stable 
" s o l i d s " interface p a d . This interface p r o b l e m is usually accompanied b y 
p o o r water qual i ty a n d excessive c o n s u m p t i o n o f e m u l s i o n breakers. T h i s 
type o f interface p a d is typical ly r e m o v e d f r o m a treat ing vessel by de s an d -
des ludging operations to f o r m uneconomica l ly treatable slop oi ls . D i s p o s a l 
costs o f this slop may be h i g h for e i ther the o i l p r o d u c e r or ref iner. 

T h i s p r o b l e m occurs p r i m a r i l y i n treat ing heavy c rude oils and l ight 
asphaltic c rude oils p r o d u c e d b y misc ib le flooding. T h e addi t ion o f an 
asphaltene dispersant to the c rude o i l to prevent accumulat ion o f insoluble 
asphaltenes may resolve this p r o b l e m . 

T h e select ion o f asphaltene dispersant chemistry and dosages requires 
care ful considerat ion. M o s t asphaltene dispersants are e i ther l ight aromatic 
compounds w i t h po lar groups (e.g., cresylic acid) or h igh ly water-dispers ible 
or water-soluble surfactants. These materials w i l l prevent inso lubi l i ty o f 
asphaltenes, but they also t e n d to adversely affect the dehydrat ion o f e m u l 
sions and to increase o i l - in -water concentrat ions. 
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332 EMULSIONS IN THE PETROLEUM INDUSTRY 

Successful select ion o f asphaltene dispersant chemistr ies a n d dosages 
w i l l provide reduct ions i n interface pads, emuls ion-breaker c o n s u m p t i o n , 
and o i l - in -water concentrat ions and prov ide oi l - f ree inorganic solids. 

E m u l s i o n s s tabi l ized b y paraff in are usual ly restr ic ted to l ight c rude oils 
i n o i l - f i e l d p r o d u c t i o n . I f paraff in deposi t ion that restricts p r o d u c t i o n is 
o c c u r r i n g upstream o f an o i l - t reat ing faci l i ty, i t may be feasible to apply a 
paraff in crystal modi f ier to the c r u d e o i l to prevent paraff in deposi t ion and 
to e l iminate paraff in as an emuls i fy ing agent. A paraff in crystal modi f ier 
must enter an o i l system at a temperature greater than the c l o u d po in t o f the 
crude o i l a n d upstream of the p r o b l e m area. 

T o select c h e m i c a l programs for an oi l - t reat ing faci l i ty, each faci l i ty 
must be examined o n an i n d i v i d u a l basis. T h e select ion o f a c h e m i c a l or 
group o f chemicals for e m u l s i o n break ing must be p r e c e d e d by v a l i d test 
procedures and a thorough unders tanding o f the treat ing system and petro
l e u m c o m p a n y objectives. 

Demulsifier-Auxiliary Chemical Selection 

T h e select ion o f chemicals that w i l l provide the ref iner or o i l p r o d u c e r w i t h a 
cost-effective emuls ion-break ing p r o g r a m that meets or exceeds a l l per for 
mance parameters is usually the f u n c t i o n o f a c h e m i c a l service company. 
T h e select ion process has historical ly b e e n v iewed as a " b l a c k ar t " that 
produces as many failures as successes. T h i s assessment o f the si tuation has 
been realist ic . H o w e v e r , w i t h an ever- increasing unders tanding o f emuls ions 
and emuls ion-break ing chemicals , the deve lopment o f n e w test procedures 
and devices, a n d a w e l l - o r g a n i z e d m e t h o d o f c h e m i c a l select ion, many o f the 
failures can be e l i m i n a t e d . 

Characterization of Crude Oils and Containants. T h e first 
step i n select ion o f e m u l s i o n breakers is to obtain as complete an u n d e r 
standing as possible about the crude o i l or e m u l s i o n . D e n s i t y (or A P I gravity) 
a n d B S & W ranges s h o u l d be d e t e r m i n e d . T h e crude o i l s h o u l d be classif ied 
as asphaltic or paraff inic , a n d the asphaltene a n d paraff in content s h o u l d be 
d e t e r m i n e d . I f treatment w i l l occur at a temperature b e l o w the paraff in 
m e l t i n g point , the c l o u d point o f the crude o i l s h o u l d be d e t e r m i n e d . This 
i n f o r m a t i o n w i l l a i d i n select ing the treat ing temperature . 

T h e inorganic solids content o f the crude o i l s h o u l d be k n o w n , a n d the 
types o f solids present s h o u l d be ident i f i ed . I f a treat ing system is opera
t ional , the interface s h o u l d be examined to determine its compos i t ion . F r o m 
this i n f o r m a t i o n , many o f the key c r u d e - o i l emulsif iers w i l l be ident i f i ed , and 
a knowledge o f w h i c h contaminants require addi t ional treatment w i l l be 
d e r i v e d . 
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9. GRACE Commercial Emulsion Breaking 333 

I n ref inery desalt ing operations, the amount a n d type o f salts ( ionized or 
crystall ine) present i n the crude o i l should be d e t e r m i n e d . I n a l l t reat ing 
applicat ions, the chemistry o f the water should be k n o w n so that the impact 
o f changing treat ing temperatures a n d pressures o n scal ing a n d corros ion 
potent ia l can be cons idered. 

Past operat ing experiences w i t h the same or s imi lar c rude oils s h o u l d be 
rev iewed. I f possible , these s h o u l d be c o m p a r e d w i t h the results obta ined 
f r o m any previous emuls ion-breaker select ion tests. T h i s compar i son w i l l 
give an i n d i c a t i o n o f the va l id i ty o f previous test w o r k , e l iminate many 
treat ing compounds f r o m the select ion process, and provide i n f o r m a t i o n as 
to w h i c h chemistr ies may be r e q u i r e d to c o m p l e m e n t a convent ional e m u l 
sion breaker . Th is i n f o r m a t i o n w i l l also a l low changes i n e m u l s i o n charac
teristics to be noted very q u i c k l y a n d predic t whether an exist ing e m u l s i o n -
break ing p r o g r a m s h o u l d be r e v i e w e d for possible improvements . 

System Mechanical Parameters and Operating Data. B e 
fore the select ion o f emuls ion-break ing chemicals , a complete unders tand
i n g o f the e q u i p m e n t a n d operat ing procedures at a treatment faci l i ty s h o u l d 
be obta ined. K e y components w i l l i n c l u d e the f o l l o w i n g : 

• rates o f p r o d u c t i o n 

• treat ing vessel re tent ion t imes 

• treat ing vessel capabil i t ies (i.e., e lectr ic abi l i ty , temperature 
l imitat ions , etc.) 

• recent treat ing temperatures and pressures 

• existing c h e m i c a l addi t ion points , methods, and e q u i p m e n t 

• sampl ing p o i n t locations 

• operat ing procedures for desand-des ludge cycles and slop o i l 
recyc l ing w i t h appropriate frequencies , rates, a n d t ime frames 

• type o f l eve l control lers 

• schedules a n d operat ing procedures for w e l l treatments, 
e q u i p m e n t c leaning, a n d addi t ion o f the chemicals 

• water -handl ing e q u i p m e n t a n d procedures 

• p r o b l e m c r u d e - o i l sources 

• overal l cleanliness o f system in terna l components 

• d i luent or wash-water rates and qual i ty 

E m u l s i o n - b r e a k i n g per formance data s h o u l d also be gathered. Areas o f 
p r i m e concern are the f o l l o w i n g : 
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334 EMULSIONS IN THE PETROLEUM INDUSTRY 

• o i l , water , salt, and solids content o f the fluids before and after 
each treat ing vessel o r process. Test procedures s h o u l d also be 
k n o w n . 

• compos i t ion and qual i ty o f interface fluids 

• a l l operat ing a n d c h e m i c a l costs associated w i t h e m u l s i o n 
break ing at that fac i l i ty 

• amount o f waste o i l , solids, and water generated 

• downstream effects o f the emuls ion-break ing process 

F r o m this i n f o r m a t i o n the economics o f the present emuls ion-break ing 
p r o g r a m can be calculated as a standard f r o m w h i c h to evaluate changes i n 
the p r o g r a m . A determinat ion of whether chemica l , mechanica l , or opera
t ional changes w i l l p rov ide the greatest i m p r o v e m e n t to e m u l s i o n break ing 
can be made. I f a change i n chemicals is r e q u i r e d , the i n f o r m a t i o n can be 
used to design a chemical - tes t ing procedure that is most representative o f 
the o i l - t reat ing instal lat ion. 

Prioritization of Performance and Cost Issues. A l l personne l 
i n v o l v e d i n a t tempt ing to i m p r o v e an emuls ion-break ing p r o g r a m must have 
a clear unders tanding of w h i c h areas require the greatest i m p r o v e m e n t and 
h o w m u c h i m p r o v e m e n t is r e q u i r e d for the exercise to be successful . T h e 
improvements to an emuls ion-break ing p r o g r a m may occur by a l lowing 
compl iance to a p r o d u c t or waste-stream qual i ty specif icat ion, increas ing 
throughput , decreasing overal l treat ing a n d operat ion costs, r e d u c i n g envi 
r o n m e n t a l hazards, i m p r o v i n g system re l iabi l i ty , or p r o v i d i n g operat ing i n 
format ion . A n y one or a l l o f these areas may require i m p r o v e m e n t . I f re
quirements for successful p r o b l e m resolut ion are not mutua l ly agreed to by 
a l l parties i n v o l v e d before b e g i n n i n g to attempt to i m p r o v e e m u l s i o n break
i n g , i t is u n l i k e l y that the e n d goals w i l l be achieved. 

Emulsion-Breaker Selection. I f a c h e m i c a l change must be 
made or invest igated to p r o v i d e improvements i n the emuls ion-break ing 
p r o g r a m , a m e t h o d of select ing n e w chemicals must be available. I n a l l cases, 
the test m e t h o d must s imulate the condit ions o f a t reat ing system as c losely 
as possible . C a n d i d a t e chemicals must then be c o m p a r e d w i t h chemicals of 
k n o w n operat ing per formance w i t h i n the treat ing system. 

I f c h e m i c a l treatment was not previously used, a c h e m i c a l that per forms 
w e l l i n a s imi lar c rude o i l a n d system s h o u l d be selected for use as a 
standard. T h e relative i m p r o v e m e n t i n per formance over the standard must 
b e the c r i te r ion for select ion o f n e w candidate chemicals . I n larger instal la
t ions that are exper ienc ing severe e m u l s i o n problems , many (possibly h u n 
dreds) o f c o m m e r c i a l i z e d emuls ion-break ing products or exper imenta l 
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9. GRACE Commercial Emulsion Breaking 335 

blends o f emuls ion-breaker intermediates may be tested. T h e select ion 
process for emuls ion-break ing chemicals can be c o n f i r m e d o n l y by appl ica 
t ion w i t h a treat ing system. A s a result , select ion may be a s low process. 

I n the select ion process, various general test ing procedures are available 
to de termine appropriate chemicals . A l l test procedures w i l l have l i m i t a 
t ions. I n a l l cases, these l imitat ions can be m i n i m i z e d b y u s i n g only fresh 
fluid samples that are representative o f the treat ing system or s l ip streams o f 
system fluids, b y us ing consistent and appropriate analytical procedures , b y 
ensur ing that test fluids contain o n l y the emuls ion-break ing chemicals to be 
tested, a n d b y us ing test procedures that subject the e m u l s i o n to condit ions 
as close as possible to those f o u n d i n the test ing system o f study. 

His tor i ca l ly , the c h e m i c a l select ion process has been p e r f o r m e d o n a 
bench- top scale. Bot t l e tests ( i n c l u d i n g ratio, e l iminat ion , and conf i rmat ion 
test), jar tests, and portable e lectr ic desalter tests fa l l into this test category. 
N o effort w i l l be made to descr ibe these tests or the associated analytical 
procedures i n deta i l , as they are descr ibed i n Chapters 3 a n d 10. F u r t h e r 
more , significant var iat ion i n test ing procedures w i l l exist be tween various 
c h e m i c a l companies , o i l producers , a n d refiners. E a c h test procedure is also 
ta i lored to each treat ing faci l i ty. 

B e n c h - t o p test ing w i l l a l low variat ion i n c h e m i c a l type a n d dosage, 
temperature , pressure, agitation, treatment t ime , e lectr ica l i n p u t (portable 
electr ic desalters only) , and wash-water or d i l u e n t addi t ion . Variat ions i n 
temperature and pressure w i l l not a l low s imulat ion o f h i g h pressures and 
temperatures . T h e bench-scale tests i m p l y that a batch treatment o f the 
e m u l s i o n is used to determine treat ing chemicals for a d y n a m i c cont inuous 
treat ing system. T h u s , results w i l l have l imitat ions even i f the parameters o f 
the test procedure are as accurate as possible . 

Quanti tat ive i n f o r m a t i o n o n the B S & W a n d salt content o f o i l as a w h o l e 
or at selected levels i n the o i l c o l u m n can be co l lec ted f r o m the bott le and 
portable electr ic desalter tests. T h i s i n f o r m a t i o n is usual ly accurate w h e n 
a p p l i e d w i t h i n a system, a l though the c h e m i c a l dosages necessary to achieve 
the results noted i n the tests is usual ly s ignif icantly lower . 

Quanti tat ive in format ion o n the nature o f the o i l - w a t e r interface can be 
obta ined f r o m al l bench- top tests. C h e m i c a l s that p r o d u c e a poor interface 
i n bench- top tests w i l l almost certa inly p r o d u c e a p o o r interface i n a treat ing 
faci l i ty. C h e m i c a l s that p r o d u c e a good interface i n bench- top tests w i l l not 
always p r o d u c e a good interface i n a treat ing faci l i ty. T h e bench- top tests 
have di f f icul ty p r o d u c i n g accumulat ions o f emuls ions , solids, a n d insoluble 
hydrocarbons that usually p r o d u c e poor interfaces. Th is di f f icul ty results 
because they are small-scale batch tests, not dynamic tests that a l low the 
accumulated effects o f materials present i n smal l quantit ies to be noted . 

O i l - i n - w a t e r content can be measured only o n a qualitat ive basis i n a l l 
bench- top testing. W a t e r qual i ty is of ten d i rec t ly associated w i t h the qual i ty 
of the interface w i t h i n a system. I f the qual i ty o f the interface is not fu l ly 
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336 EMULSIONS IN THE PETROLEUM INDUSTRY 

predic table , t h e n nei ther is water qual i ty . W a t e r qual i ty is also greatly af
fected by a treat ing system's flow dynamics . T h e abi l i ty to accurately predic t 
trace quantit ies o f o i l i n water i n a system f r o m a small-scale batch b e n c h test 
does not exist. 

I n an effort to e l iminate the l imitat ions o f bench- top testing, various 
groups and companies are a t tempt ing to develop d y n a m i c simulators that 
are actually sca led-down treat ing faci l i t ies . These treat ing s imulat ion units 
provide dynamic cont inuous flow of emulsions o n a smaller scale than the 
actual t reat ing faci l i ty . T h e charge o f e m u l s i o n may be transported to the 
s imulator for test runs. T h i s process has been used for many years to size 
treaters a n d desalters a n d select start-up chemicals for a treat ing faci l i ty. 
T h e same variations possible i n a bench- top test are used; however , the 
range o f var iat ion is m u c h greater. Manufac turers o f treaters and desalters as 
w e l l as large, w e l l - f u n d e d p e t r o l e u m research groups use this m e t h o d of 
testing to provide more accurate select ion o f mechanica l e q u i p m e n t and 
chemicals . T h i s system has a m u c h greater abi l i ty to accurately predic t 
t reated-oi l qual i ty , water qual i ty , and interface qual i ty . A l i m i t a t i o n i n this 
m e t h o d is that the crude o i l or e m u l s i o n suffers f r o m aging as it is trans
p o r t e d to the s imulator . 

Portable simulators can be transported to the field and receive their 
c r u d e - o i l charge d i rec t ly f r o m the treat ing system b y d iver t ing a s l ip-steam 
through the uni t . Th is step el iminates the aging effect o n the test fluids w h i l e 
mainta in ing the same capabil i t ies noted i n stationary oi l - t reat ing simulators . 
A flow diagram o f a portable o i l - t reat ing s imulator deve loped b y N a l c o 
C a n a d a Inc. is shown i n F i g u r e 4. 

Regardless o f the test m e t h o d used to select chemicals , the t rue capabi l 
ities o f the treat ing chemicals must be d e t e r m i n e d b y c o m m e r c i a l appl ica
t ion i n the treat ing system o f concern . A l l test w o r k i n c h e m i c a l select ion is 
mere ly a m e t h o d o f r e d u c i n g the risk o f fa i lure an o i l treater is subjected to 
w h e n changing emuls ion-break ing chemicals or test ing a n e w faci l i ty. 

O n c e n e w emuls ion-break ing chemicals are entered into a treat ing sys
tem, they are evaluated b y the methods n o t e d i n the system mechanica l and 
operat ing data section. C o n f i r m a t i o n that the goals o f the o i l - p r o d u c t i o n 
company or ref iner are b e i n g met is then obtained. I f the goals are not b e i n g 
met, the areas r e q u i r i n g i m p r o v e m e n t are d e t e r m i n e d , and an appropriate 
course o f invest igation and manipula t ion o f system parameters is c o n d u c t e d 
to achieve these goals. 

Summary 

I n the p e t r o l e u m industry , mixtures o f o i l a n d water w i l l occur as emulsions 
i n b o t h p r o d u c t i o n and re f in ing segments. T h e types o f emulsions w i l l vary 
w i d e l y , a l though a l l emulsions w i l l be the result o f n o r m a l l y i m m i s c i b l e o i l 
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Figure 4. Oil-treating simulator fluid path. 

and water subjected to agitation and s tabi l ized b y a w i d e variety of emuls i fy
i n g agents. 

T o achieve des i red p r o d u c t qual i ty , meet env i ronmenta l concerns, and 
i m p r o v e e q u i p m e n t re l iabi l i ty , i t is of ten necessary for o i l producers or 
refiners to resolve emulsions a n d e l iminate contaminants . These goals can 
be accompl i shed w i t h many methods to reach acceptable standards i n de
hydrat ion o f o i l , r emoval o f solids and contaminants , o i l - in -water interface 
contro l , and energy input . 

M o s t c o m m o n l y , a c o m b i n a t i o n o f e lectr ica l , thermal , c h e m i c a l , a n d 
t ime factors is a p p l i e d to an e m u l s i o n i n a treat ing faci l i ty des igned specif i 
cal ly for that e m u l s i o n and for that faci l i ty. T h e economics o f e m u l s i o n 
break ing determines w h i c h methods and to what degree each m e t h o d is 
used to achieve the e n d goals at that faci l i ty. 

C h e m i c a l programs a p p l i e d i n c o m m e r c i a l e m u l s i o n b r e a k i n g are se
lec ted f r o m a w i d e variety o f emuls ion-break ing chemistr ies a n d auxil iary 
chemicals that c o n t r o l very specif ic agents w i t h i n the e m u l s i o n . These 
chemicals are selected o n the basis o f a variety o f tests, b o t h bench- top and 
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Figure 4. Continued. 

s imulator , that w i l l prov ide a measure o f the per formance o f treat ing c h e m i 
cals w i t h a specif ic c r u d e - o i l and treat ing system. T h e results must be 
c o n f i r m e d by use o f the c h e m i c a l at a t reat ing faci l i ty. 

T h e factors that inf luence e m u l s i o n format ion and emuls ion break ing 
show w i d e var iat ion f r o m site to site. A s a result , no universal rules exist for 
apply ing emuls ion-break ing technology. E a c h emuls ion-break ing faci l i ty 
must be v iewed as an i n d i v i d u a l o r u n i q u e case. I f this approach is taken, the 
theories o f demuls i f i cat ion may then be a p p l i e d to a specific s i tuation i n a 
careful ly organized, d o c u m e n t e d , and d i r e c t e d attempt to provide the most 
cost-effective methods o f achieving the goals i n e m u l s i o n breaking o f the 
p r o d u c e r and ref inery. 
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10 
Breaking Produced-Fluid and 
Process-Stream Emulsions 

Gerhard Leopold 

Department of Energy, Mines, and Resources, C A N M E T , Fuel Processing 
Laboratory, P.O. Bag 1280, Devon, Alberta, Canada, TOC 1E0 

This chapter will briefly review the nature and the consequential 
sources of oil-field emulsions encountered in the handling of pro-
ducedfluids recovered at a wellhead and subsequently processed (i.e., 
"broken") at central treatment facilities. The principal factors and 
agents commonly employed in the separation of both the oil and the 
water phases found in these produced-fluid streams will be discussed. 
Subsequently, this chapter will describe sampling and testing tech
niques that assist in characterizing a process stream's composition 
and thus in evaluating the effectiveness of a particular separation 
process. Finally, the major components of a typical oil-field emulsion-
treatment facility will be described. Selection and design criteria of 
appropriate separation equipment will also be presented. 

Source and Nature of Process-Stream Emulsions 
A n e m u l s i o n is a system consist ing o f a l i q u i d dispersed as droplets i n a 
second i m m i s c i b l e l i q u i d , of ten s tabi l ized b y an e m u l s i f y i n g agent. I n the o i l 
field, the two basic types o f emuls ions are w a t e r - i n - o i l a n d o i l - in-water ; o i l -
in-water emulsions are often t e r m e d reverse emuls ions . M o r e than 9 5 % o f 
the c r u d e - o i l emulsions f o r m e d i n the o i l field are o f the w a t e r - i n - o i l type. 
Nonetheless , o i l - in -water emulsions are rece iv ing g r o w i n g interest i n p o l l u 
t ion abatement as they are readi ly misc ib le w i t h water. 

P e t r o l e u m emulsions vary f r o m one o i l field to another s i m p l y because 
crude o i l differs according to its geological age, c h e m i c a l compos i t ion , and 
associated impur i t i e s . F u r t h e r m o r e , the p r o d u c e d w a t e r s c h e m i c a l a n d 
physica l propert ies , w h i c h also are specific to i n d i v i d u a l reservoirs, w i l l 
affect e m u l s i o n characteristics as w e l l . 

0065-2393/92/0231-0341 $012.00/0 
© 1992 American Chemical Society 
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342 EMULSIONS IN THE PETROLEUM INDUSTRY 

Croup Gathering Systems. T h e gathering system i n p e t r o l e u m 
p r o d u c t i o n operations consists p r i m a r i l y o f the pipes , valves, and fittings 
necessary to connect the p r o d u c t i o n w e l l h e a d to the separation equipment . 
T h e conf igurat ion o f the gathering system typical ly entails several flow lines 
connect ing the i n d i v i d u a l wel ls to a group header or test header system as 
dic tated b y the size and layout o f the part icular o i l field. Consequent ly , the 
nature o f the composite e m u l s i o n sent to the treatment facil it ies is deter
m i n e d b y the combinat ion o f p r o d u c e d fluids f r o m i n d i v i d u a l wel ls . T h e 
c o m b i n a t i o n of several we l l s ' p r o d u c t i o n i n a part icular o i l field may gener
ate an average e m u l s i o n that can be more manageably treated than p r o d u c 
t ion f r o m an i n d i v i d u a l w e l l . F o r example, excessive water p r o d u c t i o n f r o m a 
single w e l l is more effect ively treated i n a group heater treater than i f special 
e q u i p m e n t for water removal were r e q u i r e d . 

Trucked versus Pipelined Emulsions. O v e r the years transpor
tat ion o f p r o d u c e d l iquids has evolved f r o m the use o f w o o d e n barrels filled 
at the w e l l h e a d to a system o f pipel ines and trucks. Inasmuch as i t is usual ly 
m u c h cheaper to use pipel ines than trucks, the select ion o f e i ther transpor
tat ion mode is general ly not dictated b y economics alone. Some o f the major 
advantages o f us ing pipel ines are 

1. economy 

2. re l iabi l i ty (e.g., i n the face o f weather and breakdowns) 

3. contro l (i.e., variety o f flow rates) 

4. cont inui ty 

Because o f the ir h i g h viscosities and densities (i.e., l o w A P I gravit ies 1 ) , 
heavy oils and their emulsions are current ly t ransported main ly by trucks. 
T h e major problems i n p i p e l i n i n g heavy crude oils are associated w i t h p o u r 
po in t (i.e., wax crystal l izat ion problems) and viscosity (i.e., flow problems) . 

Several techniques are e m p l o y e d by the industry to overcome these 
prob lems ; the two most c o m m o n l y used methods are the appl icat ion o f heat 
and d i l u t i o n w i t h a solvent (i.e., low-viscosi ty hydrocarbons such as c o n d e n 
sate, natural gasoline, and, most often, naphtha) . B o t h methods serve to 
reduce the transported crude oil 's viscosity; d i l u t i o n w i l l also reduce the 
heavy-o i l mixture's p o u r point . 

A n innovative technique i n v o l v i n g the preparat ion o f a lower-viscosi ty 
unstable s lurry-emuls ion system b y m i x i n g water w i t h the o i l as a means o f 
conveying crude o i l has yet to be p r o v e n o n a c o m m e r c i a l scale. T h e tech
n i c a l prob lems and issues l i m i t i n g the appl icat ion o f this technique (analo
gous to c r u d e - o i l e m u l s i o n p ipe l in ing) are to sustain the two i m m i s c i b l e 
l i q u i d s i n a stable e m u l s i o n d u r i n g transport and to destabi l ize the e m u l s i o n 

1APÏ gravity is defined in the Glossary. 
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10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 343 

once i t arrives at the de l ivery po in t (i.e., to separate water f r o m the o i l ) . T h e 
select ion o f an effective pa i r o f emuls i fy ing and d e m u l s i f y i n g agents is 
c ruc ia l to the method's success. 

T r u c k i n g is a more economic a n d expedient m e t h o d o f transport ing 
p r o d u c e d emulsions to p r o d u c t i o n treatment faci l i t ies , par t i cular ly for heavy 
c rude oils that are di f f icul t to p u m p . H o w e v e r , over extended distances (i.e., 
t ravel ing t ime i n excess o f 1 h) , free-water sett l ing can be quite p r o n o u n c e d 
w i t h i n a tanker truck. Agi ta t ion due to travel over rough roads may also 
p r o m o t e some degree o f coalescence. 

Oil Recovery Scheme. T h e type o f o i l recovery process e m p l o y e d 
influences the nature o f the e m u l s i o n eventually p r o d u c e d f r o m a specific 
subterranean zone or reservoir . F o r o i l -bear ing formations u n d e r p r i m a r y 
recovery, the p r o d u c e d fluids are w i t h d r a w n f r o m a specific zone or reser
v o i r a n d l i f t e d to the surface b y e i ther natural (reservoir pressure) o r art i f i 
c ia l (bottomhole p u m p or gas) means. T h e resul t ing e m u l s i o n is s i m p l y a 
c o m b i n a t i o n o f the p e t r o l e u m a n d any associated water a n d gas i n the 
reservoir . N a t u r a l l y o c c u r r i n g emuls i fy ing agents are usually present i n suf
ficient quantit ies to stabil ize the e m u l s i o n . F u r t h e r m o r e , the agitation aris
i n g f r o m the turbulent flow o f the o i l - w a t e r mixture through the w e l l casing, 
t u b i n g , downhole p u m p (if required) , and surface e q u i p m e n t is usually 
ample to p r o m o t e emuls i f icat ion. (The terms " d o w n h o l e " a n d " b o t t o m h o l e " 
refer to the lowest d e p t h , n o r m a l l y the p r o d u c i n g zone, o f an o i l wel l . ) 

T o i m p r o v e ul t imate o i l recovery f r o m some reservoirs, e i ther water or 
(natural) gas in ject ion is used to displace the o i l to the p r o d u c i n g w e l l bore . 
S u c h processes are categorized as secondary recovery. T h e i n t r o d u c t i o n o f 
an in jected fluid to the reservoir adds a n e w consti tuent to the p r o d u c e d 
e m u l s i o n . Consequent ly , the source and nature o f the selected in ject ion 
fluid must be closely scrut in ized, not only for its effect o n the recovery 
process, b u t also for its impact o n the nature a n d stabil ity o f the p r o d u c e d 
e m u l s i o n . ( F o r example, the compat ib i l i ty o f the in jected water w i t h the 
connate water present i n the reservoir must be ensured to prevent prec ip i ta 
t ion that w o u l d result i n format ion plugging.) 

Ter t iary or enhanced o i l recovery ( E O R ) incorporates a variety o f tech
niques i n v o l v i n g more elaborate in ject ion schemes than e m p l o y e d i n secon
dary recovery. T h e treatment o f E O R - p r o d u c e d emulsions must be ap
p r o a c h e d independent ly f r o m any p r i m a r y or secondary p r o d u c t i o n f r o m the 
same field or reservoir . S tandard demulsi f iers and treatment methods used 
d u r i n g p r i m a r y and secondary recovery operations may not handle E O R -
p r o d u c e d emuls ions . 

Specif ical ly, E O R activity can be classif ied into three major types: (1) 
chemica l , (2) misc ib le displacement , and (3) thermal . T h e first category 
inc ludes the in ject ion o f surfactants (micel lar) , polymers , alkal ine (caustic), 
and carbon dioxide . I n misc ib le displacement , a gas or l i q u i d hydrocarbon is 
in jected into the reservoir where it becomes misc ib le w i t h the hydrocarbons 
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344 EMULSIONS IN THE PETROLEUM INDUSTRY 

indigenous to the reservoir . T h e t h e r m a l category inc ludes a l l processes that 
re ly o n the addi t ion o f heat to the reservoir to lower the viscosity o f h i g h -
density crude oi ls . A m o n g the more p o p u l a r t h e r m a l recovery processes are 
steam in ject ion, hot-water flooding, and i n si tu combust ion . 

T h e i n t r o d u c t i o n o f heat to the reservoir affects the propert ies o f the 
reservoir fluids (e.g., l o w e r i n g o i l viscosity). I n the extreme case o f fire 
flooding, where c o m b u s t i o n temperatures o f 480 °C (900 °F) can be attained, 
t h e r m a l c rack ing and generat ion o f c o m b u s t i o n products can in t roduce new 
constituents to the p r o d u c e d e m u l s i o n . U n d e r certa in condit ions o f steam 
in ject ion, m i l d e r forms of t h e r m a l c rack ing o f i n s i tu heavy c rude oils are 
also possible . T h u s the emuls ions p r o d u c e d f r o m a par t icular reservoir u n 
der p r i m a r y a n d secondary recovery may be physical ly and chemica l ly dis
t inct f r o m thermal ly recovered fluids. Changes i n the nature o f not on ly the 
o i l a n d water but also the emuls i fy ing agents (i.e., natural ly o c c u r r i n g 
surfactants) result d u r i n g the t h e r m a l recovery process. 

Co-mingled Production. F o r economic reasons, specific w e l l 
bores are sometimes c o m p l e t e d to p r o d u c e f r o m more than one o i l -bear ing 
zone s imultaneously. T h i s system is t e r m e d c o - m i n g l e d p r o d u c t i o n . 

T h e compat ib i l i ty o f the c o - m i n g l e d p r o d u c e d fluids must be deter
m i n e d before in i t ia t ing such an operat ion. C h e m i c a l compat ib i l i ty o f the 
p r o d u c e d waters must be c o n f i r m e d . Otherwise , the format ion o f solids 
(precipitates) c o u l d result i n operat ional prob lems such as p lugging , as w e l l 
as treat ing dif f icult ies . 

Agents Employed in Emulsion Treatment 

Chemicals. C h e m i c a l treatment o f emulsions requires the disper
s ion o f a c h e m i c a l demuls i f ier , or e m u l s i o n breaker. Demuls i f i e r s are sur
face-active agents c o m p r i s i n g relatively h igh-molecular -weight polymers . 
W h e n added to an emuls ion , they migrate to the o i l - w a t e r interface and 
rupture the film, or at least weaken it suff ic iently for the emuls i fy ing agent to 
be dispersed back into the o i l and for droplets of the dispersed phase to 
attract, co l l ide , and coalesce. T h e r e m a i n i n g step is to b r i n g these larger 
droplets into contact wi thout excessive agitation, w h i c h might redisperse the 
droplets . 

Several factors affect demuls i f ier per formance : temperature , p H , and 
the nature o f the aqueous-phase salt. I n most cases, an increase i n tempera
ture results i n a decrease i n e m u l s i o n stability. Consequent ly , for a part icular 
e m u l s i o n , less demuls i f ier is r e q u i r e d at h igher treat ing temperatures to 
effect the same degree o f treatment. Studies (1 ) o n the effect o f p H o n the 
instabi l i ty o f c r u d e - o i l - w a t e r emulsions have shown that a p H o f 10.5 p r o 
d u c e d the least stable emuls ions . F u r t h e r m o r e , basic p H p r o d u c e d o i l - i n -
water emulsions and acidic p H generated w a t e r - i n - o i l emuls ions . 
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10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 3 4 5 

Select ion o f a suitable chemica l e m u l s i o n breaker and dosage is c ruc ia l . 
A par t icular demuls i f ier may be effective a n d efficient for one e m u l s i o n yet 
ent i re ly unsatisfactory for another. C o n t e m p o r a r y demulsi f iers are f o r m u 
lated w i t h p o l y m e r i c chains o f ethylene and propylene oxides o f a lcohol , 
a lkyl phenols , amino compounds , and resinous materials that have hydroxy 
acceptor groups. E a c h o f these polymers is careful ly f o r m u l a t e d to y i e l d a 
molecule w i t h a part icular affinity for water. D e m u l s i f i e r dosage is also 
important ; excessive demuls i f ier addi t ion can i n h i b i t the eff ic iency o f e m u l 
s ion b r e a k d o w n . 

Demuls i f i e r s are very s imi lar to emulsif iers because b o t h are surfactant 
i n nature. Consequent ly , the act ion o f the demuls i f ier i n e m u l s i o n break ing 
is to " u n l o c k " the effect o f the emuls i fy ing agent(s) present. T h i s u n l o c k i n g 
is accompl i shed i n three fundamenta l steps (2): flocculation, coalescence, 
and solids wet t ing . 

Flocculation. T h e first act ion o f the demuls i f ier o n an e m u l s i o n i n 
volves a j o i n i n g together or flocculation o f the smal l water droplets . W h e n 
magnif ied, the flocks take o n the appearance o f bunches o f fish eggs. I f the 
emuls i f ier film s u r r o u n d i n g the water drople t is very weak, i t w i l l break 
u n d e r this flocculation force and coalescence w i l l take place wi thout fur ther 
c h e m i c a l act ion. B r i g h t o i l 2 is an indicator o f good flocculation. I n most 
cases, however , the film remains intact, a n d therefore, addi t ional treatment 
is r e q u i r e d . 

Coalescence. T h e r u p t u r i n g o f the emuls i f ier film and the u n i t i n g o f 
water droplets is def ined as coalescence. O n c e coalescence begins, the water 
droplets grow large enough to settle out. G o o d coalescence is character ized 
by a dist inct water phase. 

Solids Wetting. I n most c rude o i l , solids such as i r o n sulf ide, silt , clay, 
d r i l l i n g m u d solids, and paraff in compl icate the demuls i f i cat ion process. 
O f t e n such solids are the p r i m a r y s tabi l iz ing mater ia l , a n d their removal is a l l 
that is necessary to achieve satisfactory treatment. T o remove solids f r o m the 
interface, they can e i ther be dispersed i n the o i l or water -wet ted and re
m o v e d w i t h the water. 

Agitation. T h e effectiveness o f any demuls i f ier a d d e d to a treatment 
system is d irec t ly dependent u p o n its m a k i n g o p t i m u m contact w i t h the 
e m u l s i o n . Therefore , the e m u l s i o n must be suff iciently agitated after the 
c h e m i c a l demuls i f ier has been added . Increased m i l d agitation, such as i n 
flow lines and i n sett l ing tanks, is benef ic ia l i n p r o m o t i n g coalescence. R e -

2The term "bright oil" reiers to the shiny color that is characteristic of treated oil (2). Further 
discussion on the subject of oil brightness is presented in the subsection "Oil Color" in the 
section "Interpreting Results". 
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346 EMULSIONS IN THE PETROLEUM INDUSTRY 

emuls i f icat ion may occur i f an e m u l s i o n is agitated severely once it has 
b r o k e n into water and o i l . T h i s sort o f agitation may occur i n gas separators, 
p u m p s , or other locations i n the system. 

Gravity. Set t l ing is the simplest and one o f the oldest techniques to 
separate two i m m i s c i b l e phases. Consequent ly , sett l ing is a basic component 
i n a l l treatment procedures . T h e treatment vessel s h o u l d be des igned to 
ensure sufficient t ime for quiet sett l ing o f a l l associated water f r o m the o i l 
phase. 

Energy. Thermal. T h e addi t ion o f heat promotes the treatment 
process. F i r s t , i t reduces the viscosity o f the o i l . T h i s effect is especial ly 
ins t rumenta l i n the h a n d l i n g and treatment o f heavy c r u d e oils or b i t u m e n 
emuls ions . Second, it weakens or ruptures the film between the o i l and 
water droplets b y expanding the water present. Last , heat increases the 
dif ference i n densities o f the fluids a n d thereby tends to reduce the sett l ing 
t ime . 

H e a t , i n effect, accelerates the treat ing process. Consequent ly , its use 
can he lp to reduce the r e q u i r e d size o f the treatment vessel. T h e r e is, 
however , an u p p e r l i m i t to h o w m u c h heat can be a d d e d to a system because, 
at h igher temperatures , l ight ends (that is, the more volat i le h y d r o c a r b o n 
fractions) i n the o i l may vapor ize . Unless these l ighter ends are conserved, 
bo th the treated oil 's v o l u m e a n d its A P I gravity w i l l be r e d u c e d (i.e., its 
density w i l l be increased). T h e economic trade-offs o f longer treat ing t i m e , 
heat ing costs, and ult imate o i l -product sales pr i ce cannot be i g n o r e d . 

Mechanical. Var ious mechanica l devices are e m p l o y e d to supple
ment the per formance o f the treatment vessel(s) i n the break ing o f o i l - f i e l d -
p r o d u c e d emuls ions . These i n c l u d e , but are not l i m i t e d to, free-water 
knockouts ( F W K O ) , gas separators, sett l ing tanks, and g u n barrels . F r e e -
water knockout systems are general ly used i n connec t ion w i t h h i g h water- to-
o i l ratio p r o d u c t i o n ; separation o f gas may also occur i n the u p p e r sect ion 
(F igure 1). Gas separators, e i ther hor izonta l or ver t ica l i n conf igurat ion, 
provide t remendous agitation potent ia l , p r i n c i p a l l y through the turbulent 
evolut ion o f the associated gas f r o m the p r o d u c e d l i q u i d s . W i t h o u t the 
eff icient removal o f gas i n these vessels, u n w a n t e d (and uncontrol lable) 
agitation i n the downstream treatment vessels may result . 

Set t l ing tanks are fundamenta l ly s imple i n their p r i n c i p l e o f operat ion. 
T h e rate o f water dropout is not as c ruc ia l here as w i t h treatment vessels 
because the in jected chemical(s) may cont inue to operate over an extensive 
t ime p e r i o d (days versus hours) . T h e w a t e r - o i l interface is f o u n d closer to 
the b o t t o m o f the tank. 

G u n barrels are s imi lar to sett l ing tanks i n that they c o m m o n l y operate 
at atmospheric pressure (F igure 2). T h e speed o f water dropout is general ly 
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348 EMULSIONS IN THE PETROLEUM INDUSTRY 

Gas 
outlet 

Gas separating chamber 

Well production inlet I—̂> -« I 

Gas 

Weir box 

Adjustable 
interface nipple 

Water 
outlet 

Oil 
outlet 

Oil settling 
section 

Water wash 
section 

Spreader 

Figure 2. Typical gun barrel settling tank with internal flume. (Reproduced 
with permission from reference 3. Copyright 1986 Gulf Publishing Company.) 

not too important as gun barrels usually have a h i g h vo lume- to - throughput 
rat io. A s w i t h sett l ing tanks, the chemica l may cont inue act ing over a l o n g 
t i m e , and the interface n e e d not be c lean. 

Electrical. E l e c t r i c i t y is f requent ly used to supplement (and some
times replace) heat as an a id to the treat ing process. F u r t h e r m o r e , where 
e lectr ic i ty is m u c h cheaper than most other energy sources, e lectr ical ly 
i n d u c e d coalescence techniques are gaining p r o m i n e n c e . T h e y are p a r t i c u 
lar ly valuable where space is o f p r i m e importance because the use o f elec
tr ic i ty accelerates the sett l ing process even more than heat and allows the 
use o f a smaller vessel. 
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10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 349 

Testing Process-Stream Emulsions 

Sampling Process Streams. T h e most c r i t i ca l step i n testing p r o 
cess-stream emulsions is to procure a representative sample f r o m the total 
p r o d u c e d fluids. Test results w i l l otherwise be meaningless. A good sample 
therefore must be (2): 

• representative o f the system 

• composi te 

• consistent w i t h the p r o d u c e d fluids to be treated 

• free o f in jected chemicals 

• free o f contaminants 

• stable 

• 4 0 - 5 0 % water , i f possible 

• consistently obtainable 

Genera l ly , a good place to col lect a sample is o f f the m a i n flow l ine in to 
the system, before c h e m i c a l is a d d e d . I f there is no readi ly available sam
p l i n g point , the c h e m i c a l in jec t ion l ine can be d isconnected and a sample 
can be taken direc t ly f r o m the in ject ion point . H o w e v e r , caut ion must be 
exercised, because it is extremely di f f icul t to obta in uncontaminated samples 
f r o m c h e m i c a l in ject ion points i n spite o f p u r g i n g . Consequent ly , it is advis
able to avoid in ject ion points as sampl ing points . 

A n idea l sample for bott le test ing (discussed i n the next section) is a 
stable composi te e m u l s i o n conta in ing 3 0 % water . W h e n a composi te sample 
is not suitable, as ev idenced b y a lack of stability, c h e m i c a l contaminat ion , o r 
l o w water cut (content), a composi te o f several w e l l h e a d samples must be 
used. [ " C u t " refers to the process o f d e t e r m i n i n g the B S & W (basic sediment 
a n d water) content o f the o i l phase i n a sample o f p r o d u c e d fluid. C u t s can 
be taken f r o m the top, m i d d l e , or interface o f the o i l phase.] 

Testing Procedures. Bottle Test. T h e most w i d e l y adopted p r o 
cedure for test ing emulsions is the so-cal led bott le test m e t h o d . A deta i led 
descr ipt ion o f the bott le test procedure is p r o v i d e d i n A p p e n d i x A (2). A l s o , 
C h a p t e r 3 gives i n f o r m a t i o n o n this topic . T h e purpose o f the bott le test is to 
provide in format ion about the effectiveness o f treatment chemicals for a 
g iven e m u l s i o n . 

T h e bottle test is excellent for screening prospect ive demuls i f ier c h e m i 
cals for plant use. H o w e v e r , i t is less rel iable w h e n d e t e r m i n i n g the quanti ty 
(dosage) o f c h e m i c a l r e q u i r e d to treat a specific e m u l s i o n u n d e r plant c o n d i 
tions. (A rule of t h u m b that has been p r o p o s e d (4) correlates 6 -8 h i n a 
bott le test w i t h 24 h i n the plant) . F o r example, the bott le test may indicate 
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350 EMULSIONS IN THE PETROLEUM INDUSTRY 

that 0.010 m L o f a specific demuls i f ier is r e q u i r e d to treat 100 m L o f an 
e m u l s i o n (i.e., 100 p p m ) ; yet, u n d e r plant operations o n l y 50 m L is r e q u i r e d 
to treat 1 m 3 o f e m u l s i o n (i.e., 50 p p m ) . Several factors may be i n f l u e n c i n g 
this divergence (5): 

• T h e c h e m i c a l , in jected cont inuously i n - l i n e d u r i n g plant oper
ations, may be better dispersed than i n the bott le test where a 
specific v o l u m e is added. 

• T h e sample taken for bott le test purposes f r o m a valve or 
stopcock may be more emuls i f i ed than the e m u l s i o n i n the 
flow l ine because o f spl i t t ing act ion o f the sampl ing orif ice . 

• T h e bott le test sample does not always represent the f u l l 
s tream. W e l l s (headers) p r o d u c i n g l i t t le or no water may have 
b e e n o m i t t e d f r o m the test. 

• T h e bott le test sample is typica l o f the average e m u l s i o n only 
at the t ime o f sampl ing . A var iat ion i n the characteristics o f the 
e m u l s i o n flowing to the treater is l ike ly s i m p l y because o f 
combinat ions o f v a r i e d speeds o f p u m p strokes for wells p r o 
d u c i n g di f ferent water-content levels. 

• I n the bott le test, on ly one demuls i f i ca t ion process occurs for a 
sample o f e m u l s i o n treated w i t h a fixed amount o f chemica l . I n 
the plant , any res idual demuls i f ier i n the treated o i l or at the 
interface can act again o n fresh e m u l s i o n . E x p e r i m e n t s have 
shown (5) that the treated o i l f r o m a bott le test can be used 
again to treat ha l f o f its v o l u m e of fresh e m u l s i o n . S imi lar ly , 
other experiments have shown that the water recovered f r o m a 
bott le test can also treat about ha l f its v o l u m e of fresh e m u l 
s ion. 

A s a rule o f t h u m b , a good estimate o f plant demuls i f ier dosage require 
ment is ha l f the dosage ind ica ted b y a bott le test. 

Plant Test. T h e ul t imate p r o o f o f a demulsif ier 's per formance is the 
plant test. T h e most encouraging bott le test results are on ly an indica t ion o f 
a given chemical 's expected per formance u n d e r plant condit ions . T h e d u r a 
t i o n o f such a test may be as short as 1 day or as l o n g as 2 weeks, d e p e n d i n g 
u p o n the par t icular treatment circumstances (i.e., e m u l s i o n characteristics 
a n d treatment faci l i t ies ' nature and size). 

Before any c h e m i c a l change is made i n a system that is operat ing u n 
satisfactorily, the per formance o f the exist ing system condit ions s h o u l d be 
m o n i t o r e d fu l ly and r e c o r d e d . T h e f o l l o w i n g data s h o u l d be i n c l u d e d (6): 
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10 . LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 3 5 1 

• ident i f icat ion o f the system 

• date and t ime 

• a l l p r o d u c t i o n data (oi l , water, gas, etc.) 

• a l l chemicals , their c o n s u m p t i o n (daily), a n d p u m p speed 

• temperatures o f vessels (heater treater, g u n barre l , etc.) 

• amount o f interface i n treatment vessels 

• water content at various points i n the plant : 
1. in le t stream(s) 

2. samples o f the o i l phase i n F W K O taken f r o m the h i g h 
and l o w petcocks 

3. a l l interfaces i n a l l treatment vessels 

4. o i l streams out o f a l l treaters and/or tanks 

• qual i ty o f recovered water (parts p e r m i l l i o n o f suspended o i l 
a n d insolubles) 

• amount o f recyc led o i l 

• c o n d i t i o n o f the c h e m i c a l pump(s) 

• BS&W o f sales o i l 

• any other pecul iar i t ies i n the system 

A l l o f this in format ion is r e q u i r e d to establish a base l ine a n d determine 
re tent ion t ime throughout the plant before i n t r o d u c i n g the n e w chemical(s) . 

T h e plant test starts w h e n the n e w c h e m i c a l is first in jected into the 
system. T h e per formance o f the n e w c h e m i c a l is w e l l m o n i t o r e d u n t i l the 
system is c leared of the o l d chemica l . R e p l a c i n g the o l d c h e m i c a l ent ire ly 
has the advantage o f demonstrat ing the quickest results; however , there is 
also a greater r isk o f a plant upset. M o s t chemicals are compat ib le , but i n 
some circumstances a short p e r i o d of e i ther p o o r or exceptional ly good 
treatment d u r i n g the changeover results. Genera l ly , the dosage o f the n e w 
c h e m i c a l is gradual ly increased u n t i l the o l d mater ia l is ent ire ly displaced. 

T h e f requency o f data co l lec t ion should be l i n k e d to the plant 's re ten
t i o n t ime . F o r example, i n a system w i t h a 12-h re tent ion t i m e , the cuts o n 
the system should be made every 2 h ; a system that has a retent ion t ime of 15 
m i n must be m o n i t o r e d cont inuously . 

Interpreting Results. Ob jec t iv i ty is paramount i n in terpre t ing 
b o t h bott le test a n d plant test results. Items to consider i n c l u d e the fo l low
i n g . 
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352 EMULSIONS IN THE PETROLEUM INDUSTRY 

Centrifuge Cut. T h e centr i fuge cut is general ly cons idered to be the 
most important attribute o f bott le testing. (The t e r m "centr i fuge c u t " refers 
to the m e t h o d o f analysis rather than the po in t o f sampl ing . T h u s , a cent r i 
fuge cut can be taken f r o m the top, m i d d l e , o r interface o f the o i l phase.) 
A l t h o u g h there are a few instances where emulsions can be evaluated w i t h 
out this final step, o m i t t i n g this step is general ly poor pract ice because smal l 
quantit ies of basic sediment or water may be over looked. Bot t le test ing must 
y i e l d at least p i p e l i n e specifications that current ly amount to a m a x i m u m 
al lowable B S & W o f 0.5%. M i n i m u m basic sediment (i.e., the ent ire p o r t i o n 
o f B S & W is c o m p o s e d of s i m p l y water) is h ighly favorable i n that i t w i l l 
reduce the b u i l d u p and subsequent h a n d l i n g o f tank bottoms. 

Oil Color. E m u l s i o n s are characterist ical ly hazy i n appearance, i n 
contrast to the brightness o f treated o i l . T h e hazy color is due to a h i g h 
concentrat ion o f fine water droplets d ispersed i n the o i l sample. Essent ia l ly , 
o i l brightness is a measure o f the water droplet size and the amount o f 
dispersed water i n the o i l phase. W h e n these water droplets become i n v i s i 
b le to the naked eye, the o i l phase takes o n a " c l o u d y " appearance (6). 
Al ternat ive ly , as an e m u l s i o n coalesces in to larger droplets , the o i l phase 
becomes br ighter . Consequent ly , the o i l brightness can be increased i n two 
ways: e i ther through a r e d u c t i o n i n the n u m b e r o f droplets or through an 
increase i n water droplet size. A r e d u c e d n u m b e r o f particles impl ies that 
the c rude o i l is b e c o m i n g dr ier ; this is not necessarily the case for increased 
drople t size. Consequent ly , o i l brightness can be deceptive as a sole de
terminant i n select ing an appropriate c h e m i c a l . It fol lows that co lor is no 
guarantee o f a successful demuls i f ier , but haziness is assurance that the 
c h e m i c a l is ineffect ive . 

Interface. T h e des i red interface, re fer red to as a m i r r o r interface, has 
a shiny o i l at its top surface. Solids present i n the crude o i l f requent ly 
prevent the occurrence o f a m i r r o r interface even i n the presence o f selected 
chemicals . I f the c rude o i l has no k n o w n paraff in problems or solids a n d has 
a m e d i u m to l o w density, a smooth interface s h o u l d be expected. H o w e v e r , 
the opposite c ircumstances s h o u l d not be expected to produce a smooth 
interface. H o w e v e r , i f any o f the a forement ioned problems is present but a 
smooth interface is s t i l l observed, then e m u l s i o n is quite l ike ly h e l d u p i n the 
o i l phase. 

Water Quality. T h i s characterist ic (i.e., turbidi ty) is usually di f f icul t 
to interpret i n the bottle test and consequently to correlate w i t h plant 
behavior . C l e a r water is def ini te ly the des i red result . C o m p l i c a t i o n s , h o w 
ever, arise w h e n solids are present i n the crude o i l . There fore , it is necessary 
to remove the solids w i t h the water , a long w i t h any o i l adsorbed o n these 
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10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 353 

solids. R e m o v i n g the o i l w i l l d isco lor the water somewhat; therefore , a c lear 
p r o d u c t may be unl ike ly . W e t t i n g agents a p p l i e d w i t h demulsi f iers i n treat
i n g plants have i m p r o v e d the dehydrat ion and d e o i l e d the solids to a remark
able extent (2). H o w e v e r , this result has not b e e n observed i n bott le test ing 
w h e r e the water is f requent ly more t u r b i d w h e n the w e t t i n g agents are 
i n c l u d e d . D e o i l i n g o f the solids is a concentrat ion effect, a n d h i g h c o n 
centrations o f surfactants w i t h part ia l water solubi l i ty make the water phase 
t u r b i d . 

Sludge. S ludge can f o r m or accumulate at the m i d d l e , at the interface, 
or at the surface o f the o i l phase. I n certa in systems, noncoalesced water 
droplets w i l l result i n a loose agglomerat ion that separates in to water a n d o i l 
wi thout any p r o b l e m . This separation is a f o r m of " m i d d l e " sludge that w i l l 
not accumulate . H o w e v e r , " i n t e r f a c e " sludge may or may not accumulate , 
d e p e n d i n g u p o n b o t h the system a n d the sludge stability. T h i s sludge can be 
s tabi l ized by finely d i v i d e d solids and other contaminants to f o r m pads. 
L o o s e interface sludge can be detected s w i r l i n g about the axis o f the test 
bott le . F i n a l l y , " s u r f a c e " sludge, the most di f f icul t to descr ibe , is water i n 
the f o r m of droplets that r e m a i n floating o n top of the o i l phase. Surface 
sludge can be de t r imenta l i n systems i n w h i c h residence t ime is c r i t i ca l , i n 
that the sludge can be car r ied over. 

S l u d g i n g characteristics can appear as overtreatment. T h e di f ference 
between the two is that sludge can be present at any given ratio, l o w or h i g h , 
d e p e n d i n g u p o n the crude o i l ; overtreatment traits are notably associated 
w i t h excessive c h e m i c a l . S l u d g i n g characteristics o f a demuls i f ier s h o u l d be 
ident i f i ed d u r i n g the course o f the bott le test work . T h i s ident i f icat ion is 
easily done b y us ing an excess amount o f the c h e m i c a l (i.e., 4 m L o f 10% 
solution) i n a bott le and observing the c o n d i t i o n o f the o i l after agitation. I f 
top, m i d d l e , or interface sludge is noted or i f the o i l is re -emuls i f ied , the 
c h e m i c a l should be used w i t h caut ion . 

Selecting Appropriate Separation Equipment 

This sect ion br ief ly discusses the more f requent ly e m p l o y e d e q u i p m e n t 
types that comprise a typica l emuls ion- treatment plant conf igurat ion ( F i g 
ure 3). A p p e n d i x Β describes C A N M E T ' s p i lo t -sca led emuls ion- treatment 
facil it ies located at the C o a l Research Laborator ies near D e v o n , A l b e r t a , 
C a n a d a . 

Free-Water Knockout. B y def in i t ion , free water is any water asso
c iated w i t h the c r u d e - o i l e m u l s i o n that settles out w i t h i n 5 m i n w h i l e the 
p r o d u c e d fluids are stationary i n a sett l ing space w i t h i n a vessel . F ree -water 
knockouts ( F W K O ) are s imply three-phase separation vessels that separate 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
10



G
as

 
G

as
 

Fr
om

 
O

il 
W

el
l(s

) 
O

il 

T
es

t 
Se

pa
ra

to
r W

at
er

 

FW
K

O
 

D
 Fl

ow
lin

e 
O

il 
H

ea
te

r 
W

at
er

 

O
il 

&
G

as
 

S
ep

ar
at

or
 

f 
C

he
m

ic
al

^ 
W

at
er

 
In

je
ct

io
n 

I>
—

c 
>

 
SE

PA
R

A
TI

O
N

 S
EC

TI
O

N
 

W
at

er
 T

o 
D

is
po

sa
l/ 

In
je

ct
io

n 
W

el
l(

s)
 

D
is

po
sa

l Fl
ot

at
io

n 
C

el
l 

Π
,Π

,Π
,Π

 

G
A

TH
ER

IN
G

 S
Y

ST
EM

 
TR

EA
TI

N
G

 S
EC

TI
O

N
 

O
il 

1—
 

H
ea

te
r 

T
re

at
er

 

<
 

O
il 

C
le

an
 O

il 
To

 P
ip

el
in

e 

V
ap

or
 R

ec
ov

er
y 

C
le

an
 O

il 
T

o 
Tr

uc
ki

ng
 

u M
an

ua
l 

G
au

gi
ng

 

LA
C

T 
U

ni
t 

[R
ej

ec
t 

S
to

ra
ge

 T
an

k 

ST
O

R
A

G
E 

SH
IP

PI
N

G
 S

EC
TI

O
N

 

Fi
gu

re
 

3.
 T

yp
ic

al
 f

lo
w

 d
ia

gr
am

 
of

 p
ro

du
ct

io
n 

fa
ci

lit
ie

s.
 

(R
ep

ro
du

ce
d 

w
ith

 
pe

rm
is

si
on

 f
ro

m
 

re
fe

re
nc

e 
7.

 C
op

yr
ig

ht
 

19
87

 
El

se
vi

er
.) 

οι
 m

 
C r δ ζ Η M

 
hd

 
w

 
H w

 
ο r M

 c Ζ α G </>
 

H 5 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
10



10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 355 

large amounts o f free water f r o m the c r u d e - o i l e m u l s i o n . A n y p r o d u c e d 
gases associated w i t h these p r o d u c e d l iquids are also separated and r e m o v e d 
overhead (F igure 1). 

A l t h o u g h F W K O s are not cons idered to be treatment e q u i p m e n t p e r se, 
the ir discussion here is appropriate because they are used extensively i n 
con junct ion w i t h treatment e q u i p m e n t . Specif ic applicat ions for F W K O 
vary w i t h each situation. In some cases, the amount of water r e m o v e d by the 
F W K O may not be c ruc ia l p r o v i d e d the treatment facil it ies downstream are 
p e r f o r m i n g effectively. W h e n excessive amounts o f water are p r o d u c e d w i t h 
the c r u d e - o i l e m u l s i o n , as i n secondary recovery (i.e., water-f lood) projects, 
it may be necessary to specify requirements o f 2 0 % water to ensure p r o p e r 
treater per formance . 

Three-Phase Separators. I n addi t ion to F W K O s , this category 
inc ludes a b r o a d array o f treat ing vessels des igned, as the i r name suggests, to 
separate p r o d u c e d fluids into three dist inct products : gas a n d two i m m i s c i 
b le l iqu ids o f di f ferent densities (i.e., o i l and water) . Genera l ly , such vessels 
are e m p l o y e d where separation or measurement o f a l l three phases is re
q u i r e d (i.e., p r o d u c t i o n test ing o f i n d i v i d u a l wel ls or streams). 

Separators e m p l o y as many as three di f ferent fundamenta l separation 
mechanisms: (1) gravitational separation, (2) i m p i n g e m e n t and coalescence, 
and (3) centr i fugal separation (F igure 4). 

Gravitational Separation. Th is process is b o t h the simplest and 
most universal ly e m p l o y e d i n a l l types o f separators. It is based u p o n the fact 
that aqueous components o f an in le t stream have a greater density than the 
associated p e t r o l e u m fractions. T h u s , aqueous components are subject to 
greater d o w n w a r d gravitational force. T h e l i q u i d (aqueous) droplets settle 
out o f a l ighter (petroleum) phase i f the gravitat ional force act ing o n the 
drople t is greater than the drag force o f the o i l flowing a r o u n d the droplet . 
F u r t h e r m o r e , for convent ional c r u d e - o i l emuls ions , the water present i n the 
l i q u i d phase is usual ly heavier than the o i l phase, and i t subsequently settles 
b e l o w the o i l . I n heavy-oi l emuls ions , i n w h i c h the two l iquids are o f s imi lar 
densities, separation b y means o f gravity is extremely ineff ic ient . There fore , 
agents such as chemicals , heat, a n d electr ic i ty are e m p l o y e d to increase the 
rate o f separation. 

Impingement and Coalescence. I m p i n g e m e n t separation relies 
u p o n the dif ference i n m o m e n t u m , ei ther be tween a gas part ic le and a l i q u i d 
droplev, or between two l i q u i d droplets . It occurs w h e n l i q u i d - l a d e n gas 
approaches a coalescing device or target (e.g., w i r e mesh p a d , vane e lement , 
or filter cartr idge) . T h i s coalescing device causes the gas to f o l l o w a tortuous 
path , w h i l e the l i q u i d droplets cont inue i n a straighter path a& a result o f 
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356 EMULSIONS IN THE PETROLEUM INDUSTRY 

, vessel wall 

liquid 
particle · 

GRAVITY SEPARATION 

vessel wall 

liquid 
particle - ν 

IMPINGEMENT SEPARATION 

Figure 4. Schematic of separation processes. (Reproduced with permission 
from reference 6. Copyright 1990 Petroleum Industry Training Service.) 
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10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 357 

their greater m o m e n t u m . These l i q u i d droplets consequently i m p i n g e the 
targets or co l l ide w i t h each other a n d thereby coalesce. A s these droplets 
increase i n size, the effects o f gravity become significant, a n d the droplets 
fa l l toward the l i q u i d co l lec t ion section o f the vessel. 

Centrifugal Separation. T h e final separation process e m p l o y e d i n 
the design o f three-phase separators relies o n the fact that fluid phases w i t h 
di f ferent densities have di f ferent m o m e n t u m . C e n t r i f u g a l separation takes 
place w h e n the in le t stream is forced to rotate at h i g h velocit ies inside a 
vessel through the use o f a tangential entry or deflector. T h e change i n 
d i rec t ion forces the l i q u i d droplets to the vessel w a l l because o f the ir greater 
m o m e n t u m . T h e r e they coalesce and eventual ly drop to the vessel's l i q u i d 
sect ion. 

Heater Treaters. T h e heater treater is the ul t imate process ing step 
i n the emuls ion-treatment plant schematic . T h i s vessel effects the actual 
break ing o f the e m u l s i o n into treated o i l a n d p r o d u c e d o i ly water streams. 
O i l - f i e l d e m u l s i o n treaters are e i ther hor izonta l or ver t ica l i n or ientat ion. 
H o r i z o n t a l heater treaters n o r m a l l y have a h i g h throughput r e q u i r i n g r a p i d 
demuls i f ier act ion. T h e large interface area (and consequent ly shal low fluid 
depth) i n a hor izonta l heater treater requires that the interface be very c lean 
(i.e., sharp, unobstructed) . Consequent ly , this treater can tolerate very l i t t le 
interface b u i l d u p . T h e h igher the throughput , the l o w e r the tolerance for 
interface b u i l d u p . 

V e r t i c a l treaters have a m u c h lower vo lume- to - throughput ratio than 
gun barrels . A s a result , more complete treatment is necessary i n a shorter 
t i m e . Solids contro l is as important as interface contro l , just as w i t h the 
hor izonta l treater. F i g u r e 5 i l lustrates a schematic o f a ver t ica l heater treater 
that also employs a dual -polar i ty electrostatic g r i d to effect more eff icient 
coalescence a n d thereby better o i l - w a t e r separation. 

Induced Gas Flotation. M e c h a n i c a l l y i n d u c e d gas flotation ( I G F ) 
is e m p l o y e d extensively to remove suspended solids, o i l , and other organic 
matter f r o m o i l - f i e l d and ref inery wastewaters. Consequent ly , these I G F 
units are par t icular ly sui ted to the treatment o f o i l - in -water or reverse 
emuls ions . S u c h units generally fo l low gravity o i l - w a t e r separation units 
such as F W K O s , gun barrels , and s k i m tanks i n o i l - f i e l d - p r o d u c e d water-
treatment schemes, and also handle the o i ly water streams generated f r o m 
al l treaters i n a specific p r o d u c e d - f l u i d treatment plant . 

I n d u c e d gas flotation can c lean large quantities o f wastewater conta in
i n g 200-5000 p p m o f suspended o i l , d e p e n d i n g u p o n the nature o f the o i l 
and its emuls ion w i t h the p r o d u c e d water. I n most cases, the o i l content o f 
the I G F effluent water is less than 10 p p m after a 4 - m i n c leaning cycle . 
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Electrode assembly detail 

Figure 5. Dual-polarity electrostatic treater, simplified internal structure. 
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10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 359 

These units general ly consist o f four flotation cells (F igure 6), each o f w h i c h 
is e q u i p p e d w i t h a m o t o r - d r i v e n self-aerating rotor m e c h a n i s m . T h e f o l l o w 
i n g describes the p r i n c i p l e o f operat ion (8): 

As the rotor spins, it acts as a pump, forcing water through a 
disperser and creating a vacuum in the standpipe. The vacuum 
pulls gas into the standpipe and thoroughly mixes it with the 
water. As the gas-water mixture travels through the disperser at 
high velocity, a mixing force is created, causing the gas to form 
minute bubbles. Oil particles and suspended solids attach to the 
gas bubbles as they rise to the surface. The oil and suspended 
solids gather in a dense froth at the surface, are removed from the 
cell by skimmer paddles, and collected in internal launders. 

T h e o i l and solids co l lec ted f r o m the launders are t h e n passed along to 
the o i l - h a n d l i n g system; the recovered p r o d u c e d water, p r o v i d i n g it meets 
the necessary requirements , is e i ther disposed of or r e u t i l i z e d i n the o i l 
recovery process. I f the water is to be rein jected, c leaning b y the I G F uni t 
prevents format ion p l u g g i n g and r e d u c e d p u m p eff iciency. I f the water is to 
be used for steam generat ion, the I G F is used before the tradi t ional b o i l e r 
pretreatment e q u i p m e n t . 

Figure 6. Induced gas flotation cell, section view. (Courtesy ofWEMCO Pro
cess Equipment Company.) 
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360 EMULSIONS IN THE PETROLEUM INDUSTRY 

Process Plant Design Considerations 

W h e n d e t e r m i n i n g the size o f a treater for a specific service, three s ignif i 
cant but independent variables must be def ined : (1) the vessel's d iameter , 
(2) the length-to-height ratio o f the coalescing sect ion, and (3) the average 
treat ing temperature . I n the absence of a u n i q u e solut ion, u n d e r l y i n g as
sumptions and engineer ing judgement must be e m p l o y e d i n deve loping an 
appropriate treater design. Br ie f ly , this i terative process is as fol lows (3): 

1. A treat ing temperature is chosen. 

2. T h e o i l viscosity at the treat ing temperature is d e t e r m i n e d . 

3. T h e diameter o f the water droplet that must be r e m o v e d f r o m 
the o i l at the treat ing temperature is d e t e r m i n e d . 

4. T h e treater geometry necessary to satisfy the sett l ing cr i ter ia 
is d e t e r m i n e d . 

5. T h e geometry is c h e c k e d to ensure that it provides sufficient 
re tent ion t ime . 

6. T h e procedure is repeated for di f ferent assumed treat ing 
temperatures . 

T h i s procedure , a l though i t does not y i e l d the overal l dimensions o f the 
treater ( inc luding the inlet gas separation a n d F W K O sections), does p r o 
v ide a methodology for spec i fy ing the heat ing requirements and a m i n i m u m 
size for the coalescing section (where the treatment actually occurs) . It is 
also invaluable w h e n evaluat ing vendor proposals and w h e n l i m i t e d labora
tory data are available. 

Vessel Capacity Determination. Vessel Diameter. F o r c o n 
vent ional oi l - treatment systems, the specific gravity 3 d i f ference between the 
dispersed water droplets a n d the o i l should result i n the water " s i n k i n g " to 
the b o t t o m o f the treater vessel. T h e d o w n w a r d veloc i ty o f the water drople t 
must be sufficient to overcome the u p w a r d veloci ty o f the o i l phase t h r o u g h 
out the treater. A general s iz ing equat ion is der ived b y sett ing these two 
velocit ies equal to each other (3). F o r hor izonta l vessels, 

d = 0.2418 

F o r vert ica l vessels, 

d = 0.1691 

Le«àSGcPm 

( l ) 

àSGcE 

1/2 
(2) 

3Specific (i.e., "relative") gravity is defined as the ratio of the weight of a given volume of a 
liquid at 15.5 °C (60 °F) to the weight of the same volume of water at 15.5 °C (60 °F). 
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10 . LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 3 6 1 

w h e r e d is vessel d iameter (m), QQ is the o i l flow rate (m 3/h), μ is o i l viscosity 
( m P a · s), L e f f is the length o f the coalescing sect ion (m), A S G is the d i f fer 
ence i n specific gravity between the o i l and water (relative to the water) , and 
dm is the diameter o f a water droplet (μτη). 

I n a hor izonta l vessel, the cross-sectional area o f the flow for the u p w a r d 
veloc i ty o f the o i l is a funct ion o f the vessel d iameter a n d the length o f the 
coalescing section. F o r a vert ica l treater, the height of the coalescing section 
does not enter the equat ion. F o r larger diameter , vert ica l - f low treaters (i.e., 
such as gun barrels) a correc t ion factor for shor t -c i rcui t ing effects must be 
i n c l u d e d i n the equat ion. 

Retention Time. T o effect ively demuls i fy an o i l - in -water emuls ion , it 
must be h e l d at a suitable treat ing temperature for a specific t ime p e r i o d . I n 
the absence o f exper imenta l data, 2 0 - 3 0 m i n is usual ly a realistic estimate 
for re tent ion t ime for convent ional o i l projects; for heavy-oi l recovery opera
tions, re tent ion t imes c o u l d be several hours . Nonetheless , the vessel geom
etry and specifications r e q u i r e d for a specific retent ion t ime may not neces
sarily be the same as those dic tated b y the sett l ing requirements . T h e 
solut ion is to select the larger geometry and dimensions d e t e r m i n e d b y 
ei ther o f the two cr i ter ia . T h e retent ion t ime is d e t e r m i n e d as fol lows (3). 
F o r hor izonta l vessels, 

i r = ^ 2 (3) 
3 2 ρ 0 

F o r ver t ica l vessels, 

t = - ^ - (4) 
3 3 6 9 ρ ο 

w h e r e tT is re tent ion t ime (min) , d is vessel d iameter (m), QQ is o i l flow rate 
(m 3/h), L e f f is the length o f the coalescing section (m), and h is the height o f 
the coalescing section (m). 

Water Droplet Size. T o find a solut ion to the sett l ing equat ion (i.e., 
for e i ther equat ion 1 or 2), the water drople t size, dm, must be k n o w n . 
Qual i tat ively , the water drople t size is expected to increase w i t h an increase 
i n re tent ion t ime i n the coalescing section and w i t h heat input . Converse ly , i t 
should decrease w i t h increase i n the oi l -phase viscosity. F u r t h e r m o r e , vis 
cosity w i l l have a greater effect o n coalescence than temperature . Prac t i ca l 
experience i n the design o f treaters has resul ted i n a re l iable corre lat ion o f 
water droplet size to oi l -phase viscosity (3): 

d m = 500/i (5) 
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362 EMULSIONS IN THE PETROLEUM INDUSTRY 

w h e r e dm is the diameter o f a water drople t (μϊη), a n d μ is the o i l viscosity 
( m P a · s). 

Nonetheless , there is no substitute for actual exper imenta l data o n 
drople t coalescence. T h e universal i ty o f equat ion 5 has s t i l l to be p r o v e n . 

Product-Stream Quality Requirements, I n addi t ion to the 
p i p e l i n e - m a r k e t i n g target o f 0 .5% B S & W that the t reated-oi l p r o d u c t must 
satisfy, there are analogous constraints for the various intermediate process 
streams based u p o n the downstream e q u i p m e n t s operat ing design range. 
F o r example, i f a heavy-oi l e m u l s i o n contains roughly 6 0 % water, a n d o n l y 
ha l f o f that quanti ty can be r e m o v e d b y the F W K O (i.e., resul t ing i n 3 0 % 
B S & W st i l l present i n its eff luent stream), a heavy-oi l evaporat ion ( H O E ) 
dehydrat ion uni t r e q u i r i n g an in le t stream conta in ing no more than 10% 
water cannot s i m p l y be used to reduce the B S & W leve l to the p i p e l i n e 
specifications o f 0.5%. A n in termediary stage, preferably a heater treater, 
must be e m p l o y e d to supplement the treatment effort. T h e majority o f the 
r e m a i n i n g B S & W preferably s h o u l d be r e m o v e d i n the first (primary) treat
ment stage. T h u s any unexpected or in frequent excessive treatment de
mands can be transferred o n to the secondary treatment stage. I n the forego
i n g example, i t w o u l d be bet ter to treat the e m u l s i o n i n the first stage to an 
eff luent level o f 5 % (if attainable) and have added treat ing capacity r e m a i n 
i n g i n the secondary treater, than to mere ly target for the in le t condit ions o f 
the secondary treater. S imi lar arguments can be made for the addi t ion o f a 
downstream filtering system to the gas flotation uni t i n the o i ly water treat
ment stage. 

Material Balance Requirements. Regular p r o d u c t i o n test ing of 
i n d i v i d u a l o i l wel ls is a mandatory requi rement for p r o p e r p r o d u c t i o n ac
count ing . A good pract ice is to place a w e l l o n a p r o d u c t i o n test 1 day o f 
every m o n t h , i f feasible, to determine its i n d i v i d u a l o i l - , water- , a n d gas-
p r o d u c i n g rates. T h e results can then be used to allocate that specific wel l ' s 
cont r ibut ion to the overal l p r o d u c i n g rates o n a month ly basis based u p o n a 
fieldwide prora t ion factor. These allocations are u p d a t e d w i t h each n e w 
p r o d u c t i o n test for that specific w e l l . I n essence, the total v o l u m e of fluids 
p r o d u c e d at the w e l l sites must be accounted for at the final eff luent streams 
of the treatment facil it ies (excluding accumulat ion w i t h i n the i n d i v i d u a l 
vessels). 

T o effect ively moni tor the separation eff ic iency o f the part icular treat
ment equipment , two specific methods are e m p l o y e d : centr i fugat ion (dis
cussed br ief ly u n d e r " T e s t i n g Procedures" ) and the D e a n - S t a r k analysis. 
T h e D e a n - S t a r k analysis determines the fract ional compos i t ion o f o i l - h y 
drocarbon , water, a n d solids o f an e m u l s i o n stream by us ing a dis t i l la t ion 
process. Its results for heavy-oi l emulsions are general ly more rel iable than 
those obta ined b y centr i fugat ion; however , the results o f centr i fugat ion are 
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10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 363 

available w i t h i n minutes o f sampl ing , c o m p a r e d to a 1 -2-day t u r n a r o u n d for 
D e a n - S t a r k analyses. These results, w h e n c o u p l e d w i t h process-stream flow 
measurements , provide comprehensive i n f o r m a t i o n for c o n d u c t i n g c o m p o 
nent mass balances across the i n d i v i d u a l t reat ing units a n d the entire plant . 

Summary 

This chapter has dealt w i t h the important considerations i n v o l v e d i n c o m 
merc ia l demuls i f i cat ion equipment . Just as i n C h a p t e r 9, w h i c h dealt w i t h 
choosing the r ight demuls i f ier , here too, numerous treatment options are 
available. N o u n i q u e set o f condit ions can successfully break a l l o i l - f i e l d -
p r o d u c e d emuls ions . Instead, the resolut ion o f any specific emulsion-treat
i n g p r o g r a m involves the select ion o f a par t icular set o f condit ions that, 
act ing together, y i e l d a m a x i m u m treat ing per formance . W h e t h e r an e m u l 
s ion comes f r o m a p r o d u c t i o n w e l l h e a d or f r o m an upgrader or refinery, the 
same choices have to be made among chemicals to be used, d r i v i n g forces to 
be a p p l i e d , o p t i m u m economics , a n d necessary p r o d u c t qualit ies to be 
achieved. 

Tes t ing process-stream emulsions is a necessity not on ly for characteriz
i n g the e m u l s i o n itself, but also for establ ishing per formance o f the selected 
treat ing process. Nevertheless , sampl ing a process-stream e m u l s i o n , the 
most c r i t i ca l step i n the testing procedure , is more of an art than a science. 
Extensive w o r k has been done to develop standard methods o f testing p r o 
cess-stream emuls ions . Tes t ing procedures , such as the ubiqui tous bott le 
test, can be used as a first estimate for e q u i p m e n t s iz ing. I n the final analysis, 
p i lo t -p lant test ing o f the chosen d e m u l s i f y i n g scheme, w i t h actual field or 
plant samples, w i l l l ike ly be n e e d e d to prov ide realistic data for scale-up to 
p r o d u c t i o n levels. 

T h e bott le test and the plant test, w h i c h is the ul t imate determinant o f a 
successful set o f treat ing condit ions , have become the o i l industry's stand
ards. H o w e v e r , fur ther w o r k s h o u l d be under taken to develop a n d refine 
s a m p l i n g techniques (i.e., b o t h procedures a n d hardware) to ensure that 
samples taken are t ru ly representative, composi te , and consistently obta in
able. 

Appendix A: Bottle Test Procedure 

T h i s procedure is descr ibed fur ther i n reference 2. 

Equipment. T h e e q u i p m e n t needed is the f o l l o w i n g : 

1. sampl ing j u g 

2. p o u r i n g device 
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364 EMULSIONS IN THE PETROLEUM INDUSTRY 

3. test bottles or tubes: 1 7 5 - m L prescr ip t ion bottles, 1 0 0 - m L 
tapered centr i fuge tubes, a n d any test bottles o f adequate 
v o l u m e that w i l l a l low for suitable agitation and have a r e l i 
able 1 0 0 - m L mark 

4. A P I centr i fuge tubes 

5. pipettes : 0.2, 1.0, 2.0, and 10.0 m L 

6. syringes: 0.25, 1.0, 5.0, and 25.0 m L 

7. so lut ion bottles: 15 a n d 30 m L 

8. solvent: aromatic or xylene, i sopropy l a lcohol , a n d a 75:25 
mixture o f xylene a n d i sopropyl a lcohol 

9. demuls i f ier samples 

10. knockout drops (i.e., Petro l i te F - 4 6 , F - 1 7 , o r R N - 3 0 0 3 : 
C h a m p i o n D N - 7 1 ) 

11. water bath 

12. thermometer (0-100 °C) 

13. m a r k i n g p e n , labels, and test book 

14. centr i fuge 

15. opt iona l equipment : shaking machine , reading l a m p , cent r i 
fuge tube rack, a n d c lock t i m e r or stopwatch 

Test Solutions. T h e select ion o f the most appropriate solut ion for a 
specific test requires a general unders tanding o f the v o l u m e of c h e m i c a l that 
w i l l be r e q u i r e d . E m u l s i o n s o f high-densi ty , high-viscosi ty c rude oils may 
require 200-500 p p m (1.0-2.5 m L of 2 % solution) . C e r t a i n slop o i l tests 
require 1000-2000 p p m (1.0-2.5 m L o f 10% solution) . Al ternat ive ly , very 
l ight o i l emulsions may be easily b r o k e n w i t h 10-20 p p m (0.05-0.10 m L of 
2 % solution) . 

T h e m e t h o d used to prepare 2 % solutions is as fol lows: 

1. M e a s u r e 24.5 m L o f solvent (i.e., heavy aromatic naphtha) 
into a 3 0 - m L bott le . 

2. F i l l a 0 . 5 - m L syringe past the 0 . 5 - m L mark w i t h the des i red 
c h e m i c a l demuls i f ier . 

3 . E x p e l a l l a ir bubbles b y inver t ing the filled syringe and grad
ual ly p u s h i n g the pis ton up to the 0 . 5 - m L mark. 

4. E m p t y the contents o f the filled syringe in to the bott le c o n 
ta in ing the solvent, a n d shake to dissolve. 
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10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 365 

5. M a r k the solut ion bott le w i t h the name or n u m b e r o f the 
demuls i f ier used. 

6. R inse the syringe w i t h solvent before i t is used again or p u t 
away. B e sure to r inse the pipette or syringe used to place 
solutions in to test bottles before p l a c i n g i t i n a di f ferent 
solut ion. A l s o be cer ta in to ensure the absence o f air bubbles 
w h e n us ing syringes w i t h e i ther u n d i l u t e d c h e m i c a l or so lu 
tions. 

Execution of Bottle Test. 

1. Prepare solutions (2 or 10%) or mixtures o f solutions o f the 
chemicals to be tested. 

2. O b t a i n a chemical - f ree sample o f the crude o i l to be tested. 

3. Test the sample as soon as possible . 

4. R e m o v e free water, i f any, f r o m the sample; measure a n d 
save. R e c o r d the amount o f free water i n the sample (i.e., 5 , 
10, or 20%, etc.). Some chemicals are more water-soluble or 
o i l - so luble than others. T h e presence o f free water can alter 
the test results, so i t should be a d d e d to the o i l w h e n testing. 

5 . F i l l two 1 2 - m L centr i fuge tubes w i t h 5 0 % (6 m L ) o f xylene 
or gasoline. T o one tube a d d two drops o f a 2 0 % knockout 
drops so lut ion . Agi tate the sample w e l l , a n d fill b o t h tubes to 
100% w i t h crude o i l to be tested. M i x w e l l . S p i n i n centr i fuge 
for 5 m i n . R e c o r d o n test sheet the amount o f water a n d basic 
sediment i n the tube w i t h o u t c h e m i c a l a n d the amount o f 
water i n the tube w i t h c h e m i c a l . 

6. A d d 100 m L o f c r u d e o i l to test bottles. I f free water was 
present , a d d this to the test bott le first, a n d t h e n fill to the 
1 0 0 - m L mark w i t h c r u d e o i l (e.g., i f sample conta ined 10% 
free water , a d d 10 m L of this water) . 

7. P lace the bottles i n a water bath a n d a l low 30 m i n to reach 
the temperature at w h i c h the c h e m i c a l is in jected. 

8. A d d 2 % solutions o f the various chemicals to the bottles. 

a. F r o m the dai ly p r o d u c t i o n a n d amount o f c h e m i c a l 
used , de termine the parts p e r m i l l i o n used i n the sys
t e m . 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
10



366 EMULSIONS IN THE PETROLEUM INDUSTRY 

b. O n the first test, r u n ratio tests at 0 . 5 , 0 . 75 ,1 ,1 .5 , and 2 
t imes the rate used i n the plant . 

e. A f t e r establ ishing the ratio that w i l l p r o d u c e accept
able o i l , various compounds can be checked at this 
ratio. R e m e m b e r that o i l must be treated i n the system 
and so must be treated i n the bott le . 

9. Agitate the bottles a given n u m b e r o f t imes and place t h e m 
i n a water bath that is at the temperature o f the treat ing 
vessel. T h i r t y minutes after b e i n g p l a c i n g i n the water bath at 
treat ing vessel temperature , agitate the bottles a second t ime 
a n d r e t u r n to the water bath . Notes : 

a. T h i s is the important step; many tests go astray here. 
b . N o r m a l agitation is 200 times at c h e m i c a l in ject ion 

temperature , 10 to 100 t imes at treat ing vessel t e m 
perature . Th is level is a good starting place but should 
not be taken as a standard. 

c. C o r r e c t agitation is whatever type o f agitation is re
q u i r e d to reproduce the system. 

d . I f results s imi lar to the plant results can be obta ined i n 
the bott le test at the same concentrat ion o f chemica l , 
the type o f agitation used s h o u l d dupl icate the plant 
results. 

e. O n the first test o f an emuls ion , chemicals k n o w n to 
have been u s e d i n the system should be t r i ed w i t h 
various types o f agitation. A test m e t h o d should be 
selected f r o m these tests. I f none of the agitation var ia
tions p r o d u c e clean o i l at twice the plant concentrat ion 
or less, di f ferent types o f agitation s h o u l d be t r i ed . 

10. R e c o r d the amount o f water d o w n (i.e., sett led at the bot
tom) 

a. i m m e d i a t e l y before agitation at treat ing vessel t e m 
perature a n d 1 h after. 

b . at the conc lus ion o f the test. 
c. at other t imes as des i red or that are c r i t i ca l to the 

system. 

11. T h e length o f test t ime is ca lculated by d i v i d i n g the dai ly 
p r o d u c t i o n into the capacity o f the treat ing vessel. 

12. Take a deep g r i n d o n a l l bottles having 7 5 % or more o f the 
total water d o w n . ( A deep g r i n d is a sample o f o i l taken 10-15 
m L above the w a t e r - o i l interface.) 
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10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 367 

a. P lace this sample i n a centr i fuge tube conta in ing 5 0 % 
solvent. M i x w e l l and centri fuge for 5 m i n . 

b . T o t a l the s u m o f basic sediment and water . R e c o r d the 
total o n the test sheet. 

c. A d d two drops o f 2 0 % knockout drops solut ion, mix 
w e l l , and centr i fuge for another 5 m i n . 

d . R e c o r d the amount o f water w i t h c h e m i c a l o n the test 
sheet. Because on ly 5 0 % o i l is used, readings s h o u l d be 
d o u b l e d . 

e. F o r c rude oils o f density 986 kg/m 3 or more (i.e., A P I 
gravity 12 or less), 9 m L of solvent should be a d d e d to 
centr i fuge tubes before filling t h e m to 100% w i t h o i l . 

f. C l e a n the sampl ing device w e l l after each use. 

13. Take a m i x e d g r i n d o n any sample conta in ing 1 % water or 
less after having a d d e d the knockout drops . ( A m i x e d g r i n d 
involves r e m o v i n g the entire p o r t i o n , or as m u c h as possible , 
or the water that has separated d u r i n g the sett l ing per iod. ) 

a. R e m o v e a l l water f r o m the test bott le , b e i n g care ful not 
to remove any o f the o i l at the interface. 

b . Agitate the bott le 10 t imes, p o u r the contents in to a 
centr i fuge tube conta in ing 5 0 % solvent, and mix w e l l . 

c. C e n t r i f u g e and r e c o r d the total amount o f water and 
basic sediment. 

d . A d d two drops o f 2 0 % knockout drops solut ion, mix 
w e l l , and r e c o r d the total amount o f water w i t h c h e m i 
cal . 

14. T h e best chemica l is one that produces saleable o i l at the 
lowest concentrat ion o n the deep g r i n d and that has very 
l i t t le or no basic sediment i n the m i x e d g r i n d . I f a m i x e d 
g r i n d has been extracted proper ly , u p to 1 % of the water may 
be due to free water r e m a i n i n g i n the test bott le . A n y amount 
over this is probably due to water b e i n g h e l d u p i n the c rude 
o i l or to a p o o r interface. 

15. Misce l laneous notes. 

a. Inc lude the compounds b e i n g used i n the system and 
that y o u are t ry ing to beat i n each test. 

b . A s test ing progresses, reduce the dosage i n order to 
select the best c o m p o u n d . O n l y the first test s h o u l d be 
at a rate where the compet i t ive p r o d u c t w i l l barely 
treat. Tests thereafter should be at about a 2 0 % lower 
ratio. 
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368 EMULSIONS IN THE PETROLEUM INDUSTRY 

c. L o w - d e n s i t y c rude oils should be agitated f requent ly to 
ensure u n i f o r m samples i n a l l bottles. 

Observations. T h e f o l l o w i n g are the more important characteristics 
and observations o f effective demuls i f i cat ion bott le tests. 

R e g a r d i n g the speed o f water dropout , i n a sample w i t h h i g h water 
v o l u m e , a c h e m i c a l or demuls i f ier w i t h a fast water dropout is r e q u i r e d . 
W h e r e F W K O s are invo lved , the speed of water dropout may become the 
most important factor. 

I n samples w i t h low-water v o l u m e , or those w i t h more than n o r m a l 
residence t ime, the speed of water dropout may be of lesser significance i n 
select ing the best demuls i f ier . Nonetheless , i n a l l cases the speed o f water 
dropout and v o l u m e should be recorded . 

T h e speed o f water break is important and s h o u l d be evaluated. It is 
sometimes mis leading i n that a fast-water-dropout c h e m i c a l w i l l sometimes 
qui t t reat ing before o i l that meets p i p e l i n e specifications is obta ined. A good 
rule o f t h u m b is to never use any faster water break than is needed. 

A m o n g the other p r i n c i p a l i tems to observe, w h i c h have been discussed 
i n the p r i n c i p a l text {see " I n t e r p r e t i n g Resul ts" ) , are centr i fuge cut, o i l 
color , interface, water qual i ty , a n d sludge. 

Possible Errors. E r r o r s such as the f o l l o w i n g can occur. 

1. S a m p l i n g errors. A b a d sample is one that is not represen
tative, is aged, or is contaminated w i t h c h e m i c a l or recyc led 
o i l . 

2. P o u r i n g into sample bottles can cause errors i f u n e q u a l 
amounts of emuls ion sample are p o u r e d into each bott le or i f 
the sample characteristics vary among i n d i v i d u a l bottles 
(usually because o f the presence o f free water) . 

3 . E r r o r s i n a d d i n g the c h e m i c a l solutions are a d d i n g the w r o n g 
mixture to a bott le or adding an inappropriate amount o f 
solut ion to a bott le . 

4 . M i s p l a c i n g or confus ing sample bottles. 

5 . C e n t r i f u g i n g the sample insuff ic ient ly . L o o k for e m u l s i o n i n 
the o i l phase and water adher ing to the sides o f the cent r i 
fuge tube. C h e c k for e m u l s i o n or water droplets o n the sides 
o f the tube after centr i fuging b y t u r n i n g the sample upside 
d o w n . 

6. D r a w i n g the interface mater ia l o f f a long w i t h the free water 
i n the sample bott le . 
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10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 369 

Appendix B: Pilot-Scaled Plant for Heavy-Oil Emulsions 
Treatment 

T h e C a n a d a C e n t r e for M i n e r a l and E n e r g y T e c h n o l o g y ( C A N M E T ) is the 
m a i n research a n d technology development a r m of E n e r g y , M i n e s , and 
Resources C a n a d a . A s one o f C A N M E T s five laboratory groups, C o a l R e 
search Laborator ies ( C R L ) per forms and sponsors research to enhance C a 
nadian industry's compet i t ive pos i t ion . W i t h laboratories i n D e v o n , A l b e r t a , 
and Sydney ( N o v a Scotia), C R L is w e l l located to serve b o t h coal a n d other 
industry cl ients, notably those i n the recovery a n d process ing o f o i l sands and 
heavy o i l . 

C A N M E T has a pi lo t -sca led emuls ion- treatment plant ( F i g u r e B . l ) 
available to industry for p i lo t -sca led investigation o f h e a v y - o i l - b i t u m e n 
separation f r o m o i l - f i e l d - p r o d u c e d waters. T h i s faci l i ty is des igned to p r o 
cess emulsions at a throughput be tween 130 L/h (20 barrels p e r day) and 460 
L/h (70 barrels p e r day) for raw b i t u m e n - o i l o f A P I gravity between 8 and 15 
(i.e., density be tween 1014 a n d 966 kg/m 3 , respectively) . 

T h e uni t operations i n the min ip lant e m p l o y p r o v e n emuls ion- treatment 
pr inc ip les : free-water knockout , dual -polar i ty electrostatic treatment 
( D P E T ) , heavy-oi l evaporation ( H O E ) dehydrat ion , and i n d u c e d gas flota
t ion ( I G F ) . T h e overal l process conf igurat ion provides m a x i m u m flexibility 
and allows for per formance evaluation o f units o n ei ther an i n d i v i d u a l basis 
or i n various combinat ions . 

C A N M E T researchers, w o r k i n g i n close cooperat ion w i t h industry , w i l l 
seek to achieve the f o l l o w i n g objectives: 

• determine the parameters that govern o i l - w a t e r separation 
and that can be extrapolated to larger indust r ia l plants 

• evaluate the per formance o f convent ional emuls ion- treatment 
and separation e q u i p m e n t i n processing u n i q u e and di f f icul t -
to-separate emulsions 

• test and evaluate n e w and innovative on- l ine process moni tor 
i n g and contro l e q u i p m e n t 

• p e r f o r m component a n d mater ia l balances associated w i t h var
ious process streams 

• ident i fy an integrated strategy incorpora t ing e q u i p m e n t selec
t i o n , plant layout, and operat ing strategy (e.g., the usage o f 
demulsif iers or diluents) that w o u l d o p t i m i z e emuls ion-break
i n g operations for specific t roublesome emuls ions . 

L a b o r a t o r y facil it ies and bench-scale e q u i p m e n t are also available i n sup
port o f the w o r k c o n d u c t e d i n the min ip lant . Labora tory facil it ies are gener-

NOTE : Hanna F . Sieben was a contributor to this appendix. 
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10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 371 

ally e m p l o y e d i n c o n d u c t i n g precursory studies a i m e d at def in ing prospec
tive operat ing condit ions for the pi lot -sca led operations. 

Description of Major Equipment. T h e p r i n c i p a l k inds o f e q u i p 
ment c o m p r i s i n g the emuls ion-treatment m i n i p l a n t are br ief ly descr ibed i n 
Table B . l , and the ir interrelat ionship is presented schematical ly i n F igures 
B.2 through B.7 . 

Feed Tanks (T-l, T-1A). F i g u r e B .2 depicts schematical ly the p r o 
cess flow around b o t h e m u l s i o n feed storage tanks. T h e e m u l s i o n feed tank 
( T - l ) is des igned to h o l d 15,900 L (100 bbl ) . T h i s hor izonta l tank is e q u i p p e d 
w i t h two ident ica l mixers and a rec i rcula t ion loop to ensure that e m u l s i o n 
feed is w e l l m i x e d and consistent throughout a typica l r u n . T h e tank is also 
e q u i p p e d w i t h a steam-plate coi l - tank heater capable o f ra is ing the feed 
temperature to 70 °C (160 °F) w i t h a heat l o a d o f 18.3 k W (62,500 Btu/h) 
d u r i n g heat-up. A feed p u m p ( P - l ) is e m p l o y e d ei ther to recirculate the 
tank's contents or to transfer it to the plant for process ing. T h i s p u m p , a 
progressive cavity type, is des igned to handle l iquids w i t h a viscosity range o f 
500 to 10,000 mPa-s at a discharge pressure o f 1034 k P a (150 psi) and a 
m a x i m u m flow rate o f 680 L/h (3.0 U . S . gallons p e r m i n u t e or U S G P M ) . 

T h e auxil iary feed tank (T-1A) holds 2840 L (18 bb l ) . T h i s tank is 
e q u i p p e d w i t h a mixer and a heat ing c o i l that is rated at 48 k W (163,800 Btu/ 
h) and is capable o f rais ing the feed temperature to 150 °C (300 °F) i n 2 h ; 
n o r m a l operat ing temperature is expected to be approximately 80 °C (176 
°F) . A sensor i n the tank is used as a l o w - l e v e l a larm to shut o f f the heater. 
T h e auxil iary feed p u m p ( P - l A ) is capable o f generat ing a discharge pressure 
o f 517 k P a (75 psi) and a m a x i m u m flow rate o f 1590 L/h (7.0 U S G P M ) . It 
may also be used to del iver feed to the other process units or to recirculate 
the tank's contents. Instrumentat ion is i n place downstream o f b o t h feed 
tanks to contro l the feed flow rate a n d to measure the temperature a n d p H 
o f the feed. Connec t ions are also available for the addi t ion o f demuls i f ier or 
d i luent . 

Free-Water Knockout (FWKO, V-l). F i g u r e B .3 is a process flow 
schematic o f the free-water knockout unit 's operat ion. T h e F W K O vessel is 
a three-phase hor izonta l separator designed to h o l d 940 L (5.9 bbl) and to 
operate safely at pressures u p to 517 k P a (75 psi) at 177 °C (350 ° F ) . 
E m u l s i o n feed conta in ing greater than 15% (v/v) water enters the F W K O , 
first passing through a baf f led "coa lesc ing z o n e " , and t h e n into a quiescent 
separation area where free water collects i n the bo t tom o f the vessel a n d any 
evolved gas leaves f r o m the top o f the vessel through a 304 SS (stainless 
steel) w i r e - m e s h mist e l iminator . T h e r e m a i n i n g e m u l s i o n flows over a w e i r 
in to the o i l recovery side o f the vessel . 

Instrumentat ion on the uni t inc ludes pressure a n d temperature mea-
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372 EMULSIONS IN THE PETROLEUM INDUSTRY 

Table B . l . Major Equipment List 
Tag Name Description 
Feed Tanks (Figure B.2) 

H T - 1 Feed tank heater 

H T - 1 A Auxiliary feed tank heater 
M X - l e Feed tank mixer 

(east end) 
M X - l w Feed tank mixer 

(west end) 
M X - 1 A Auxiliary feed tank mixer 

P - l Feed pump 

P - l A Auxiliary feed pump 

T - l Feed tank 

T-1A Auxiliary feed tank 

Free-Water Knockout (Figure B.3) 

V - l F W K O vessel 

Double-embossed plate eoil; 
25-kW heating duty with steam 
48 kW; 460 V A C ; three-phase; 60 H z 
1.5 hp; 575 V A C ; three-phase; 60 H z ; 
1720 rpm; dual impeller at 350 rpm 
1.5 hp; 575 V A C ; three-phase; 60 H z ; 
1720 rpm; dual impeller at 350 rpm 
1.5 hp; 460 V A C ; three-phase; 60 H z ; 
1720 rpm; dual impeller at 350 rpm 
eccentric screw; 680 L/h at 1034 kPa 
(250 rpm); 1.5 hp; 460 V A C ; three-phase; 
60 H z ; 1720 rpm 
Rotary vane; 1560 L/h at 517 kPa 
(40 rpm); 2.0 hp; 460 V A C ; three-phase; 
60 H z ; 1140 rpm 
Horizontal; 2.4 m o.d. x 3.7 m long; 
15,900-L capacity 
Horizontal; 1.2 m o.d. x 2.4 m long; 
2840-L capacity 

Horizontal; three-phase separator; 
0.8 m o.d. x 2.4 m long; 940-L capacity; 
M A W P 517 kPa at 177 °C c/w inlet flow 
baffles, coalescing plate section, 
oil overflow wire, 304 S S gas outlet mist 
eliminator, l iquid outlet vortex breakers 

Dual-Polarity Electrostatic Treater (Figure B.4) 

H T - 3 
M X - 2 
P-7 

V-2 

D P E T inlet heaters 
D P E T inlet mixer 
D P E T feed pump 

D P E T vessel 

3-20 kW; 480 V A C ; three-phase; 60 H z 
38-mm helical coil in-line mixer 
Progressing cavity; 570 L/h at 517 kPa 
(590 rpm); 0.5 hp; 480 V A C ; three-phase; 
60 H z ; 1140 rpm 
Vertical; 1.2 m o.d. x 1.8 m high; 
1720-L capacity; M A W P 517 kPa at 
150 °C; c/w 2 kVA; 480 V A C ; single-
phase; 60 H z primary & 9.0, 12.5, 
16.5, and 23.0 k V D C selectable 
secondary transformer 

Heavy-Oil Evaporation Dehydrator (Figure B.5) 

H T - 4 H O E inlet preheater Horizontal; shell-tube heat 
exchanger; 56-kW process duty with 
superheated steam at 690 kPa; M A W P : 
shell (steam) 1034 kPa at 176 °C, 
tube (emulsion) 1034 kPa at 149 °C 
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10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 373 

Tag Name Description 

H T - 5 Treated oil cooler-
vapor condenser 

P-6 H O E oil discharge pump 

P-8 Skimmer feed pump 

V-3 H O E vessel 

V-5 L iquid accumulator 

V-6 Skimmer vessel 

Treated-Oil-Bitumen Tanks (Figure 

H T - 2 Treated-oil tank 
heater 

H T - 2 A Auxiliary treated-oil 
tank heater 

M X - 2 Treated-oil tank 
mixer 

P-2 Treated-oil recirc. 
pump 

P-2A Auxiliary treated-oil 
recirc. pump 

T-2 Treated-oil tank 

T-2A Auxiliary treated-oil 
tank 

Induced Gas Flotation (Figure B.7) 

P-3 

T-3 

V-4 

Produced water pump 

Produced water tank 

I G F unit 

Fin-fan-tube heat exchanger; 
cooling duty 20 kW; condensing 
duty 44 kW; M A W P : 1034 kPa at 177 °C (oil), 
1034 kPa at 149 °C (vapors) 
Gear; 684 L/h at 345 kPa (590 rpm); 1.0 hp; 
460 V A C ; three-phase; 60 H z ; 1725 rpm 
Gear; 342 L/h at 345 kPa (590 rpm); 0.25 hp; 
460 V A C ; three-phase; 60 H z ; 1725 rpm 
Horizontal; 1.4 m i .d . x 2.1 m long; 
3150-L capacity; M A W P 345 kPa at 177 °C 
Vertical; surge vessel; 0.2 m o.d. 
x 0.8 m high; 15-L capacity; M A W P 
517 kPa at 65 °C 
Vertical; two-phase separator; 
0.2 m o.d. x 1.5 m high; 30-L capacity; 
M A W P 517 kPa at 65 °C 

B.6) 

Double-embossed plate coil; 
1140 kPa; 25 k W heat load 
20 kW; 460 V A C ; three-phase; 60 H z 

3.0 hp; 575 V A C ; three-phase; 60 H z ; 
350 rpm; dual impeller 
Eccentric screw; 680 L/h at 
1034 kPa; 1.5 hp; 460 V A C ; 
three-phase; 60 H z 
Rotary vane; 1560 L/h at 517 kPa; 
2.0 hp; 460 V A C ; three-phase; 60 H z 
Vertical; 2.9 m o.d. x 1.9 m high; 
11,130-L capacity 
Horizontal; 1.2 m o.d. x 2.4 m long; 
2840-L capacity 

0.25 hp; 230 V A C ; one-phase; 60 H z ; 
1725 rpm 
Vertical; 0.9 m o.d. x 1.5 m high; 
950-L capacity 
Four-cell flotation unit; 2280 L/h 
capacity at 25 °C; c/w one froth 
skimmer and disperser-impeller 
per cell 
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10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 375 

Vent 

E m u l s i o n 

f r o m F e e d T a n k 

T - l a n d / o r Τ - 1 a 

5r\ FWKO Λ 

(Mb CI Δ Δ D"" 

W a t e r t o 
P r o d u c e d T a n k 

T - 3 

Oil to e i t h e r 
DPET or HOE 

Figure B.3. Schematic flow sheet of free-water knockout. 

Gas 

sûrement; level cont ro l ; o i l , water , a n d gas outlet flow-rate measurement ; 
and determinat ion o f the outgoing o i l and b i t u m e n density. T h e water 
leaving the F W K O is sent d i rec t ly to the i n d u c e d gas flotation ( I G F , V-4) 
uni t , a n d the exi t ing e m u l s i o n may be sent to ei ther the dual -polar i ty elec
trostatic treater ( D P E T , V-2) o r the heavy-oi l evaporat ion ( H O E , V-3) dehy-
drator for fur ther treatment. D e m u l s i f i e r , d i luent , or b o t h may also be 
a d d e d to the exi t ing e m u l s i o n stream. 

Dual-Polarity Electrostatic Treater (DPET, V-2). T h e D P E T (a 
C - E N a t c o ver t ica l V F H - C W W model) process flow diagram is presented i n 
F i g u r e B .4 . T h e purpose o f this ver t ica l vessel is to prov ide for b o t h free-
water removal a n d coalescence o f entra ined water droplets . W i t h i n the 
miniplant ' s conf igurat ion, it p r i n c i p a l l y serves as a p r i m a r y treat ing stage 
f o l l o w e d by the H O E unit as the final treat ing step. Nonetheless , e i ther 
treat ing uni t may be operated independent ly o f the other i n achieving the 
ul t imate goal, a treated o i l - b i t u m e n meet ing market ing specifications: a 
m a x i m u m of 0 .5% B S & W . 

T h e D P E T is des igned to h o l d 1720 L (10.8 bbl) a n d operates safely at 
pressures u p to 517 k P a (75 psi) a n d temperatures u p to 150 °C (300 ° F ) . T h e 
appl icat ion o f a high-voltage, dual -polar i ty e lectr ic potent ia l to electrodes 
ins ide the vessel is used to coalesce and remove smal l droplets of water i n 
the o i l e m u l s i o n . T h e o i l s h o u l d be degassed a n d have a water content less 
than 15% before enter ing the vessel ; however , the treater does have the 
capabi l i ty for free-water knockout . Preheated e m u l s i o n is p u m p e d into the 
b o t t o m p o r t i o n o f the vessel, b e l o w the electrodes, where free water gener
ated b y heat ing or c h e m i c a l treatment may d r o p out. A s more e m u l s i o n is 
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376 EMULSIONS IN THE PETROLEUM INDUSTRY 

Wet 
Oil from 

FWKO 

2kVA 
Trans
former 

-φ—-g— 

Wet Oil 
from F e e d l *\ 
Tank Τ - 1 " Π ^ Γ 

and/or T-1À 

1 L 
1 

HT-3 

DPET 
V - 2 

MX-2 P-7 Sludge 

Wet Oil 
to HOE 

to Disposal I ^ J 

Water to Produced 
Water Tank T-3 

Figure B.4. Schematic flow sheet of DPET treater. 

i n t r o d u c e d to the vessel, the e m u l s i o n rises u n t i l i t comes into contact w i t h 
the electrodes. 

T h e D P E T ' s electrodes are i n the f o r m of concentr ic c y l i n d r i c a l plates 
suspended f r o m the top o f the vessel a n d are connected to a high-voltage 
transformer such that adjacent plates are given opposite charges. A s the o i l 
passes through the electrodes, water droplets are in f luenced by the field to 
create a s inusoidal migrat ion between plates o f opposite charge. T h i s m o t i o n 
serves two purposes : to restrict the u p w a r d flow o f the water i n re lat ion to 
the o i l ; a n d to enhance the rate o f co l l i s ion o f water droplets , w h i c h are 
dis tor ted to f o r m dipoles u n d e r the electr ic field, and thereby increase the 
rate of coalescence. C l e a n o i l leaves f r o m the top o f the vessel, w h i l e water is 
d r a i n e d out f r o m the bo t tom. Instrumentat ion available o n this uni t permits 
pressure a n d temperature measurement o f b o t h the feed and vessel c o n d i 
tions and the treated o i l and outlet water flow rates. 

T h e treated o i l - b i t u m e n , w h i c h s h o u l d contain less than 0 .5% water, is 
then transferred to the treated o i l storage tank (T-2). T h e exit ing water - r i ch 
stream is p u m p e d to a p r o d u c e d water storage tank (T-3) f r o m w h i c h it may 
be p u m p e d to the I G F . 

Heavy-Oil Evaporation Dehydrator (HOE, V-3). F i g u r e B .5 i l lus 
trates the process flow schematics for the H O E unit . T h i s hor izonta l vessel 
can serve as e i ther an alternative to the D P E T (should the o i l - b i t u m e n - r i c h 
stream exit ing the F W K O conta in less than 10% water) or as a secondary 
treater to the D P E T . T h e H O E uni t is des igned to process an e m u l s i o n 
composed of o i l - b i t u m e n (70%), water (10%), and d i luent (20%) at a c o m 
b i n e d rate o f 460 L/h (70 barrels per day) for raw o i l - b i t u m e n o f A P I gravity 
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10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 377 

between 8 and 15 (i.e., density between 1014 a n d 0.966 kg/m 3 , respectively) . 
C h a r t I summarizes the unit 's process design basis. 

T h e emuls ion f e d to the H O E can be preheated to approximately 125 °C 
(257 °F) b y a shel l -and-tube heat exchanger ( H T - 4 ) . T h e hot e m u l s i o n is 
t h e n f e d into the evaporator vessel (V-3) , through a spreader, onto a w i d e , 
shal low tray. T h e spreader ensures that a t h i n u n i f o r m coat o f o i l is deposi ted 
onto the tray, w h i c h is s loped d o w n w a r d a n d is heated f r o m b e l o w b y steam 
coils . A s the e m u l s i o n runs d o w n the tray, water , l ight ends, and any r e m a i n 
i n g d i luent are evaporated. T h i s process is repeated consecutively o n two 
addi t ional trays. 

T h e treated o i l - b i t u m e n is co l lec ted i n the b o t t o m o f the vessel, w h i l e 
the vapors exit at the top. T h e contact temperature i n the vessel is approxi 
mately 150 °C (300 ° F ) , and the total area o f the three trays is approximately 
3.34 m 2 (36 sq ft). T h e treated o i l , w h i c h s h o u l d conta in less than 0 .5% (v/v) 
water, is then p u m p e d f r o m the bo t tom o f the evaporator, fan-cooled and 
sent to the t reated-oi l storage tank (T-2). T h e w a t e r - d i l u e n t vapors are also 
fan-cooled, sent to an accumulator , a n d then transferred to a gravity separa
tor for d i luent recovery. W a t e r is sent to the produced-water tank (T-3) 
before b e i n g processed through the I G F uni t . 

T h e ins t rumentat ion o n this uni t inc ludes pressure and temperature 
c o n t r o l o f the preheated e m u l s i o n ; pressure and temperature measurement 

Wet Oil f rom Feed Tank(s), 
FWKO, Produced OU Tank(s) 

Oil to Produced 
Oil Tank T - 2 
and/or T-2À 

Solvent 
Recovery 

Water to Produced 
Water Tank T -3 

Figure B.5. Schematic flow sheet of HOE treater. 
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378 EMULSIONS IN THE PETROLEUM INDUSTRY 

Chart I. Heavy-Oil Evaporation Dehydrator 
(HOE; V-3) Process Design Basis 

Process Flow to Preheater: at 40 °C (104 °F) 
to 127 °C (260 °F) 

Oil-bitumen (1,020 kg/m3): 324 L/h (729 lb/h) 
Water (1,000 kg/m3): 42 L/h (104 lb/h) 
Diluent (800 kg/m3): 93 L/h (163 lb/h) 
• pressure: 207 kPag (30 psig) 
• water evaporates in the exchanger 
• 95% of diluent flashes in the exchanger 
• process heating duty: 56 k W (192 000 Btu/h) 

Evaporator: contact temperature, 149 °C (300 °F) 

• remaining 5% of diluent flashes 
• steam is superheated 
• 2% (v/v) of raw-oil-bitumen flashes 
• tray duty: 7 k W (25 000 Btu/h) 

Vapor Condenser: from 108 °C (227 °F) 
at 34 kPag (5 psig) to 38 °C (100 °F) 

• condense 46 kg/h (102 lb/h) steam 
• condense 74 kg/h (163 lb/h) diluent 
• condense 7 kg/h (15 lb/h) produced condensate 
• cool all products to 38 °C (100 °F) 
• condensing duty: 44 k W (149 000 Btu/h) 
• based upon 27 °C (80 °F) ambient air cooling 

Oil Cooler: from 149 °C (300 °F) to 38 °C (100 °F) 

• cool 318 L/h (714 lb/h) oil—bitumen 
• cooling duty: 20 k W (69 300 Btu/h) 

Recovered Products: at 38 °C (100 °F) 
and 345 kPag (50 psig) 

Oil-bitumen (1,020 kg/m3): 317 L/h (714 lb/h) 
Water (1,000 kg/m3): 41 L/h (102 lb/h) 
Diluent (800 kg/m3): 102 L/h (178 lb/h) 
• based upon 100% mass transfer equations 
• treated-oil—bitumen contains less than 0.5% (v/v) 

B S & W 

a n d level contro l i n the evaporator vessel, the accumulator , and the gravity 
separator; and measurement o f the outlet flow rates o f the o i l , water, and 
di luent . 

Treated-Oil Tanks (T-2 and T-2A). T h e flow schematics for bo th 
treated o i l - b i t u m e n storage tanks are i l lustrated i n F i g u r e B .6 . T h e treated 
o i l - b i t u m e n storage tank (T-2) holds 11,130 L (70 bbl ) . T r e a t e d o i l - b i t u m e n 
f r o m ei ther the D P E T or the H O E treater can be fed to this tank. T h e 
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380 EMULSIONS IN THE PETROLEUM INDUSTRY 

t reated-oi l p u m p (P-2), w h i c h is ident i ca l to the e m u l s i o n feed p u m p ( P - l ) , 
can also be e m p l o y e d to (1) transfer any off -specif icat ion (i.e., " w e t " ) o i l -
b i t u m e n back to the H O E (with the o p t i o n o f passing i t through the auxil iary 
treated o i l tank (T-2A) w h e r e b l e n d i n g w i t h d i luent can occur) for further 
process ing or (2) rec irculate the contents o f tank T - 2 . T a n k T - 2 is also 
e q u i p p e d w i t h an e lectr ic mixer and a steam-plate coi l - tank heater ident i ca l 
to the uni t ins ta l led i n the feed tank ( T - l ) . 

T h e auxil iary treated-oi l tank (T-2A) holds 2840 L (18 bb l ) . T h e inlet , 
w h i c h can accept flow f r o m the D P E T a n d the H O E or the larger T - 2 tank, 
is e q u i p p e d w i t h an i n - l i n e B S & W meter to moni tor the water content o f the 
t r e a t e d - o i l - b i t u m e n stream. I f the water content is not suff ic iently low, the 
p r o d u c t may be recyc led back to the H O E treater. T h i s tank also has a heater 
a n d a leve l sensor to act as a l o w - l e v e l a larm to t u r n o f f the heater. 

A d d i t i o n a l ins t rumentat ion o n the uni t allows for measurement o f t e m 
perature and pressure ins ide the vessel, flow-rate c o n t r o l o f the of f -speci 
fication o i l , a n d measurement o f rheologica l propert ies o f the off-specif ica
t i o n and p r o d u c e d o i l . 

Induced Gas Flotation (IGF, V-4). F i g u r e B . 7 schematical ly depicts 
the process flow for the I G F uni t . Th is uni t processes a l l the water streams 
generated by the other uni t operations ( F W K O , D P E T , and H O E ) i n the 
m i n i p l a n t b y m o v i n g the r e m a i n i n g o i l f r o m i t p r i o r to disposal or fur ther 
treatment. T h e o i l i n the water collects at the surface o f these bubbles and is 
d r a w n out o f the b u l k l i q u i d as the bubbles rise to the top. A n o i ly foam 

O i l y 
Water f r o m 
both DPET 

and HOE 

Oi ly Water 
f r o m FWKO 

P r o d . 
Water 
Tank 
T - 3 

ι 3 L C V -
920 

P - 3 
Water to 
disposal Oil 

Figure B.7. Schematic flow sheet of induced gas flotation. 
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10 . LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 3 8 1 

forms at the top o f the cells a n d is s k i m m e d of f and col lec ted . T h e o i l content 
o f the water may be r e d u c e d f r o m as h i g h as 5000 p p m to less than 10 p p m . 

Instrumentat ion o n the uni t consists o f a magnetic flowmeter to mea
sure feed rate a n d a l eve l contro l ler to mainta in p r o p e r l i q u i d height i n the 
flotation cells. 

Demulsifier and Diluent Injection. T h e system available for 
demuls i f ier addi t ion consists o f a feed p u m p and flexible hose connect ions 
that a l low for c h e m i c a l in ject ion at various process points . T h e m a x i m u m 
flow rate generated by the demuls i f ier feed p u m p is 6.5 L/h (1.7 U . S . gallons 
p e r h o u r or U S G P H ) . T h e d i luent in ject ion system is ident i ca l except that 
the feed p u m p may del iver u p to 76 L/h (20 U S G P H ) . 

Computer Monitoring System. A data acquis i t ion system is used to 
m o n i t o r and l o g 27 various measurements f r o m the min ip lant . T h e signals 
f r o m the instruments are f e d into an analog-to-digital converter , and the 
resul t ing digi ta l s ignal is conver ted into an appropriate value based u p o n a 
scale factor for its respective instrument . 

Data and Results. 

Feed Characteristics. T o date, plant test runs have b e e n c o n d u c t e d 
w i t h a b i tumen- in -water e m u l s i o n c o m p r i s i n g 28 .8% (v/v) b i t u m e n o f 9 A P I 
gravity (i.e., density o f 1007 kg/m 3 ) . Th is e m u l s i o n was p r o d u c e d at an i n si tu 
o i l - sand t h e r m a l recovery project i n nor thern A l b e r t a . A p p r o x i m a t e l y 11.1 
m 3 (70 bbl) o f e m u l s i o n was treated. Separat ion of the b i t u m e n f r o m the 
water phase b y gravity segregation was not a pract ica l so lut ion i n this case 
because o f the slight di f ference i n the two phases' densities (1010 and 1002 
kg/m 3 for b i t u m e n and water, respectively) . Consequent ly , de terminat ion o f 
stream compos i t ion through centr i fugat ion (i.e., A S T M D 96, " S t a n d a r d 
Test M e t h o d for W a t e r and Sediment i n C r u d e O i l s " ) d i d not general ly 
p r o d u c e rel iable results. D e a n - S t a r k analysis, w h i c h was also e m p l o y e d , 
p r o v e d to be more rel iable i n d e t e r m i n i n g b i t u m e n , water , and solids frac
tions i n the e m u l s i o n . H o w e v e r , whereas the results f r o m centr i fugat ion are 
v i r tua l ly i m m e d i a t e , D e a n - S t a r k analysis requires roughly 24 h . T a b l e B .2 
summarizes the comparat ive results o f b o t h methods for a set o f e m u l s i o n 
feed samples. 

Plant Operation Performance. T a b l e B .3 summarizes the targeted 
flow composit ions for the integrated plant operat ion o f a l l four process units 
r e q u i r e d to treat the a forement ioned e m u l s i o n feed to acceptable p r o d u c t 
composi t ions : T h e b i t u m e n (d i lu ted w i t h naphtha) must meet the p e t r o l e u m 
market ing requirements o f no more than 0 .5% B S & W ; for b o t h economica l 
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382 EMULSIONS IN THE PETROLEUM INDUSTRY 

a n d envi ronmenta l reasons, the recovered p r o d u c e d water should conta in no 
more than 10 p p m o f b i t u m e n - o i l . 

Tab le B .4 represents a composi te mass balance for the entire p i lo t -p lant 
operat ion. A n y differences i n the totals are direc t ly attr ibutable to sampl ing 
error , exper imenta l error i n c o n d u c t i n g the D e a n - S t a r k analysis, a n d the 
flow measurement error . 

Table B.2. Dean-Stark Analysis vs. Centrifuge 
Comparative Results of Bitumen Cut 

Sample 
Number 

Dean-Stark 
Analysis 

Centrifugation 
Method % Difference 

1 30.37 30.62 0.83 
2 28.67 30.02 4.59 
3 24.49 17.69 32.26 
4 37.40 18.29 68.62 
5 26.59 29.91 11.77 
6 27.23 27.99 2.77 
7 25.33 32.54 24.93 
8 26.56 27.19 2.33 

Avg. 28.33 26.78 6.71 

NOTE : All values are percent of total weight. 

Table B .3 . Typical Results of Emulsion-Treatment 
Miniplant Dean-Stark Analysis 

Process Stream 
Emulsion 

Feed 
FWKO Oil 

Outlet 
DPET Oil 

Outlet 
HOE Oil 

Outlet 
IGF 
Inlet 

Original Sample (g) 450.0 434.0 421.5 452.5 435.0 

Bitumen (g) 
Water (g) 
Solids (g) 
Total Recovered (g) 

129.0 
319.1 

0.4 
448.5 

126.0 
67.0 
0.3 

193.3 

371.5 
48.3 

1.0 
420.8 

448.6 
2.2 
0.1 

450.9 

5.0 
427.8 

0.3 
433.1 

Recovery (%) 99.67 44.55 99.83 99.64 99.56 

Bitumen Cut (%) 
Water Cut (%) 
Solids Cut (%) 

28.76 
71.15 
0.09 

65.17 
34.65 

0.18 

88.28 
11.48 
0.24 

99.49 
0.49 
0.02 

1.15 
98.78 
0.07 

Table B .4. Typical Example of Emulsion-Treatment 
Miniplant Mass Balance 
Bitumen Water Solids 

Process * g % *B % h % Total 

Emulsion feed 3,202 28.8 7,893 71.1 9 0.1 11,104 
Bitumen outlet 3,176 99.4 16 0.5 4 0.1 3,196 
Water outlet 23 0.3 7,910 99.6 6 0.1 7,939 
Total outlet 3,199 28.7 7,926 71.2 10 0.1 11,135 
Mass balance difference - 3 -0.1 33 0.4 1 11.1 31 (0.3%) 
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10. LEOPOLD Breaking Produced-Fluid and Process-Stream Emulsions 383 
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Glossary of Petroleum Emulsion 
Terms 
Laurier L . Schramm 

Petroleum Recovery Institute, 3512 33rd Street N.W., Calgary, Alberta, 
Canada T2L 2A6 

This glossary provides brief explanations for nearly 200 important 
terms in the science and engineering of petroleum emulsions. The 
field of petroleum emulsions encompasses aspects of so many different 
disciplines that there exists a voluminous body of terminology. A 
selection of frequently encountered terms has been made including 
scientific terms related to the basic principles and properties of emul
sions, and petroleum production and processing terms used to de
scribe practical emulsions and their treatment. In addition, cross-
references for the more important synonyms and abbreviations are 
included. 

X J L VAST POTENTIAL LEXICON is associated w i t h the field o f p e t r o l e u m 
emuls ions , part ly because o f the diversi ty o f occurrences and propert ies o f 
p e t r o l e u m emulsions , and part ly because o f the many scientif ic disc ipl ines 
i n v o l v e d i n their study and treatment, each d isc ip l ine b r i n g i n g elements o f 
its o w n special language. This glossary presents some o f the more c o m m o n 
terms used i n the science and technology o f emuls ions . T h e selections have 
b e e n chosen to encompass the more important e m u l s i o n terms used i n the 
chapters o f this book, and the explanations presented are consistent w i t h the 
usage i n those chapters. 

N o attempt has been made to i n c l u d e every t e r m that may be e n c o u n 
tered i n dea l ing w i t h p e t r o l e u m emuls ions . Some basic knowledge o f u n d e r 
l y i n g fields such as physica l chemistry and c h e m i c a l engineer ing is assumed. 
M a n y n a m e d emuls ions and p h e n o m e n a (such as P i c k e r i n g emulsions) have 
been i n c l u d e d , but n a m e d equations and constants have general ly not been 
i n c l u d e d . 

0065-2393/92/0231-0385 $06.25/0 
© 1992 American Chemical Society 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
11



386 EMULSIONS IN THE PETROLEUM INDUSTRY 

Some terms are used i n other ways b y other researchers, or i n other 
countr ies , and may have legal definit ions di f ferent f r o m those g iven here . 
T h e dist inct ions d r a w n a m o n g l ight , heavy, extra-heavy, and b i t u m i n o u s 
crude oils were made on the basis of U n i t e d Nat ions Institute for T r a i n i n g 
a n d Research ( U N I T A R ) - s p o n s o r e d discussions a i m e d at establ ishing such 
definit ions (1-3). F o r terms d r a w n f r o m the area o f c o l l o i d and interface 
science, m u c h rel iance was p l a c e d on the recommendat ions of the I U P A C 
C o m m i s s i o n o n C o l l o i d a n d Surface C h e m i s t r y (4). F o r important e m u l s i o n 
terms that are f requent ly used i n indust r ia l pract ice , the a im was to be 
consistent w i t h the standard p e t r o l e u m dict ionaries such as references 5 - 7 . 

Absolute Viscosity A t e r m used to indicate viscosity measured b y a stand
ard method , w i t h the results traceable to fundamenta l units . Abso lute viscos
ities are dis t inguished f r o m relative measurements made w i t h instruments 
that measure viscous drag i n a fluid, w i t h o u t k n o w n and/or u n i f o r m a p p l i e d 
shear rates. See also Viscosi ty . 

Acid Number See T o t a l A c i d N u m b e r . 

ACN A l k a n e C a r b o n N u m b e r , see E q u i v a l e n t A l k a n e C a r b o n N u m b e r . 

Adsorption T h e increase i n quantity o f a component at an interface. I n 
most usage i t is posit ive, but i t can be negative. A d s o r p t i o n may also denote 
the process o f components accumulat ing at an interface. 

Aggregation T h e process o f f o r m i n g a group o f droplets that are h e l d 
together i n some way. F o r emulsions , this process is sometimes re ferred to 
as coagulat ion or flocculation. 

Aging T h e propert ies o f emulsions , a n d of crude oi ls , may change w i t h 
t ime i n storage. A g i n g i n c rude oils may refer to changes i n compos i t ion due 
to oxidat ion, prec ip i ta t ion o f components , bacterial act ion, or evaporat ion o f 
components that have l o w b o i l i n g points . A g i n g i n emulsions may refer to 
any o f aggregation, coalescence, c reaming , or c h e m i c a l changes. A g e d e m u l 
sions f requent ly have larger drople t sizes. 

Alkane Carbon Number (ACN) See E q u i v a l e n t A l k a n e C a r b o n N u m b e r . 

Amphoteric Surfactant A surfactant molecule for w h i c h the ionic charac
ter o f the polar group depends o n solut ion p H . F o r example, 
lauramidopropylbeta ine , C 1 1 H 2 3 C O N H ( C H 2 ) 3 N + ( C H 3 ) 2 C H 2 C O O - , is pos i 
t ively charged at l o w p H but is e lectr ical ly neutral , having b o t h posit ive and 
negative charges at intermediate p H . O t h e r combinat ions are possible , and 
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GLOSSARY 387 

some amphoter ic surfactants are negatively charged at h i g h p H . See also 
Z w i t t e r i o n i c Surfactant. 

Anionic Surfactant A surfactant molecule whose polar group is nega
t ively charged. E x a m p l e : s o d i u m dodecy l sulfate, C H 3 ( C H 2 ) n S 0 4 ~ N a + . 

Anisokinetic Sampling See Isokinetic S a m p l i n g . 

API Gravity A measure o f the relative density (specific gravity) o f petro
l e u m l i q u i d s . T h e A P I gravity, i n degrees, is g iven by 

A P I = (141.5/relative density) - 131.5 

where the relative density at temperature Τ (°C) equals the density at Τ 
d i v i d e d b y the density o f water at 15.6 °C. 

Apparent Viscosity Viscosi ty d e t e r m i n e d for a n o n - N e w t o n i a n fluid 
wi thout reference to a par t icular shear rate for w h i c h it applies . Such viscosi 
ties are usually d e t e r m i n e d by a m e t h o d str ict ly appl icable to N e w t o n i a n 
fluids only. 

Asphalt A natural ly o c c u r r i n g hydrocarbon that is a so l id at reservoir 
temperatures . A n asphalt res idue may also be p r e p a r e d f r o m heavy (asphal-
tic) c rude oils or b i t u m e n , f r o m w h i c h lower b o i l i n g fractions have b e e n 
r e m o v e d . 

Asphaltene A polyaromat ic component of some crude oils that has a h i g h 
molecular mass and also h i g h sulfur , n i t rogen, oxygen, and metal contents. 
In pract ica l w o r k asphaltenes are usually def ined operat ional ly by us ing a 
s tandardized separation scheme. O n e such scheme defines asphaltenes as 
those components o f a crude o i l or b i t u m e n that are soluble i n toluene b u t 
insoluble i n n-pentane. 

Basic Sediment and Water That p o r t i o n o f solids and aqueous solut ion i n 
an e m u l s i o n that separates o n standing, or is separated by centr i fuging , i n a 
s tandardized test m e t h o d . Basic sediment may contain emuls i f i ed o i l as w e l l . 
A l s o re ferred to as B S & W , B S W , bot tom settlings and water, or b o t t o m 
solids and water. 

Batch Treating I n o i l p r o d u c t i o n or processing, the process i n w h i c h 
e m u l s i o n is co l lec ted i n a tank and then b r o k e n i n a batch. T h i s m e t h o d is as 
opposed to cont inuous , or flow-line, treat ing o f emuls ions . 

Bicontinuous Microemulsion A possible structure for middle-phase 
microemuls ions is one i n w h i c h both o i l and water phases are cont inuous 
throughout the m i c r o e m u l s i o n phase. A n analogy is the structure of porous 
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388 EMULSIONS IN THE PETROLEUM INDUSTRY 

rock, i n w h i c h b o t h the m i n e r a l phase and the p o r e - t h r o a t channels can be 
cont inuous at the same t ime . See also M i d d l e - P h a s e M i c r o e m u l s i o n . 

Bitumen A natural ly o c c u r r i n g viscous hydrocarbon having a viscosity 
greater than 10,000 mPa-s at ambient deposit temperature , and a density 
greater than 1000 kg/m 3 at 15.6 °C. I n addi t ion to hydrocarbons o f h i g h 
molecular mass, b i t u m e n contains appreciable quantit ies o f sulfur , n i t rogen, 
oxygen, and heavy metals. 

Bottle Test A n e m p i r i c a l test i n w h i c h varying amounts o f a potent ia l 
demuls i f ier are a d d e d into a series o f tubes or bottles conta in ing subsamples 
o f an e m u l s i o n to be b r o k e n . A f t e r some specif ied t ime , the extent o f phase 
separation and appearance o f the interface separating the phases are noted . 
T h e r e are many variations o f this test. I n addi t ion to the demuls i f ier , a 
d i luent may be a d d e d to reduce viscosity. I n the centr i fuge test, centr i fugal 
force may be a d d e d to speed u p the phase separation. T h e r e are also many 
variations o f the centr i fuge test. 

Bottom Settlings and Water See Basic Sediment and W a t e r . 

Breaking T h e process i n w h i c h an e m u l s i o n separates, the former ly dis
persed phase b e c o m i n g a cont inuous phase, separate f r o m the or ig ina l c o n 
t inuous phase. 

BS&W See Bas ic Sediment a n d W a t e r . 

Bulk Phase U s u a l l y refers to a dispers ion as a w h o l e . F o r example, i n an 
e m u l s i o n the t e r m " b u l k phase viscosi ty" refers to the e m u l s i o n viscosity, as 
opposed to the cont inuous-phase viscosity. T h u s the b u l k phase is not a 
separate, single phase at a l l a n d may conta in dispersed so l id a n d l i q u i d 
phases. 

Capillary Forces T h e inter fac ia l forces act ing among o i l , water, a n d s o l i d 
i n a porous m e d i u m . These determine the pressure di f ference (capil lary 
pressure) across an o i l - w a t e r interface i n a pore . C a p i l l a r y forces are largely 
responsible for o i l entrapment u n d e r typica l reservoir condit ions . 

Capillary Number (Nc) A dimensionless ratio o f viscous to capi l lary 
forces. O n e f o r m gives Nc as veloc i ty t imes viscosity d i v i d e d by inter fac ia l 
tension. It is used to indicate h o w strongly t rapped res idual o i l is i n a porous 
m e d i u m . 

Capillary Pressure T h e loca l pressure di f ference across the o i l - w a t e r 
interface i n a pore conta ined i n a porous m e d i u m . O n e o f the l iquids usual ly 
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GLOSSARY 389 

preferent ia l ly wets the so l id ; thus the capi l lary pressure is normal ly taken as 
the pressure i n the nonwet t ing fluid minus that i n the wet t ing fluid. 

Cationic Surfactant A surfactant molecule whose polar group is pos i 
t ively charged. E x a m p l e : c e t y l t r i m e t h y l a m m o n i u m b r o m i d e , C H 3 ( C H 2 ) i 5 -
N + ( C H 3 ) 3 B r - . 

CCC See C r i t i c a l C o a g u l a t i o n C o n c e n t r a t i o n . 

Centrifugal Separator See Separator. 

Centrifuge Test See Bot t le Test . 

Chocolate Mousse Emulsion A name frequent ly used to refer to the 
w a t e r - i n - o i l emulsions having a h i g h water content that are f o r m e d w h e n 
crude oils are s p i l l e d o n the oceans. T h e name reflects the co lor a n d very 
viscous consistency o f these emuls ions . It has also been a p p l i e d to other 
p e t r o l e u m emulsions o f s imilar appearance. 

CMC See C r i t i c a l M i c e l l e C o n c e n t r a t i o n . 

Coagulation See Aggregat ion . 

Coalescence T h e m e r g i n g o f two or more droplets into a single droplet . I n 
an e m u l s i o n coalescence reduces the total n u m b e r o f droplets and also the 
total interfacial area. 

Coefficient of Viscosity See Viscos i ty 

Colloidal A state o f subdivis ion i n w h i c h the particles , droplets , or b u b 
bles dispersed i n another phase have at least one d i m e n s i o n (e.g., diameter) 
be tween ~ 1 and 1000 n m . T h i s def in i t ion inc ludes col loids as a category o f 
dispersions. 

Condensate A n y l ight -hydrocarbon l i q u i d mixture obta ined f r o m the c o n 
densat ion o f hydrocarbon gases. Condensate typical ly contains most ly p r o 
pane, butane, and pentane. 

Contact Angle W h e n two i m m i s c i b l e fluids (e.g., l i q u i d - g a s or o i l -water ) 
are b o t h i n contact w i t h a so l id , the angle f o r m e d between the so l id surface 
and the surface o f the more dense fluid phase is t e r m e d the contact angle. B y 
convent ion , i f one o f the fluids is water, t h e n the contact angle is the angle 
measured through the water phase. 
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390 EMULSIONS IN THE PETROLEUM INDUSTRY 

Continuous Phase I n an e m u l s i o n , a l i q u i d phase i n w h i c h are dispersed 
droplets o f an i m m i s c i b l e l i q u i d o f a di f ferent compos i t ion . A l s o ca l led 
external phase. 

Continuous Treating See F l o w - L i n e Trea t ing . 

Cosurfactant A n y chemica l , whether surface active by i tsel f or not, that 
may be a d d e d to a system to enhance the effectiveness o f a surfactant. 

Creaming T h e process o f e m u l s i o n droplets floating upwards u n d e r grav
i ty or a centr i fugal field to f o r m a concentrated e m u l s i o n (cream) quite 
dist inct f r o m the u n d e r l y i n g di lute e m u l s i o n . C r e a m i n g is not the same as 
the b r e a k i n g o f an e m u l s i o n . See also Sedimentat ion . 

Critical Coagulation Concentration (CCC) T h e electrolyte concentra
t i o n that marks the onset o f coagulat ion. T h e C C C is very system-specific, 
a l though the var iat ion i n C C C w i t h electrolyte compos i t ion has been e m p i r i 
cal ly genera l ized. See also S c h u l z e - H a r d y R u l e . 

Critical Micelle Concentration (CMC) T h e surfactant concentrat ion 
above w h i c h micel les beg in to be f o r m e d . I n pract ice a narrow range o f 
surfactant concentrations represents the transi t ion f r o m a solut ion i n w h i c h 
only single, unassociated surfactant molecules (monomers) are present to a 
solut ion conta in ing micel les . 

Crude Oil A natural ly o c c u r r i n g h y d r o c a r b o n p r o d u c e d f r o m an under 
g r o u n d reservoir . See also Asphal t , B i t u m e n , E x t r a - H e a v y C r u d e O i l , H e a v y 
C r u d e O i l , L i g h t C r u d e O i l , O i l . 

Cuff Layer Emulsion See Interface E m u l s i o n . 

Darcy's Law See Permeabi l i ty . 

Demulsifier 1. C h e m i c a l : A n y agent added to an e m u l s i o n that causes or 
enhances the rate o f break ing o f the e m u l s i o n (separation into its const i tuent 
l i q u i d phases). Demuls i f i e r s may act b y any o f a n u m b e r o f di f ferent mecha
nisms. 
2. D e v i c e : A n y device that is used to break emuls ions . S u c h devices may 
e m p l o y c h e m i c a l , e lectr ica l , or mechanica l means, or a c o m b i n a t i o n , to 
break an e m u l s i o n a n d cause separation into its consti tuent l i q u i d phases. 

Desalter A n o i l - f i e l d or ref inery apparatus used to separate water and 
associated dissolved salts f r o m crude o i l . 
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GLOSSARY 391 

Detergent See Surfactant. 

Differential Viscosity T h e rate o f change o f shear stress w i t h respect to 
shear rate, taken at a specific shear rate (r/D - dr/dy). 

Diffuse Layer See E l e c t r i c D o u b l e L a y e r . 

Dilatant A fluid for w h i c h viscosity increases as the shear rate increases. 
A l s o t e r m e d shear th ickening . 

Diluent A l o w - b o i l i n g - p o i n t p e t r o l e u m fract ion, such as naphtha, that is 
a d d e d to a more viscous h i g h - b o i l i n g - p o i n t p e t r o l e u m l i q u i d or o i l - c o n t i n u 
ous e m u l s i o n . T h e di luent is usual ly a d d e d to reduce viscosity. 

Dispersed Phase I n an e m u l s i o n , the droplets that are dispersed or sus
p e n d e d i n an i m m i s c i b l e l i q u i d o f a di f ferent compos i t ion . A l s o ca l led inter
n a l phase. 

Dispersion 1. I n col lo ids , a system i n w h i c h finely d i v i d e d droplets , par t i 
cles, or bubbles are d is t r ibuted i n another phase. A s it is usual ly used, 
dispers ion impl ies a d is t r ibut ion wi thout dissolut ion. A n e m u l s i o n is an 
example o f a co l lo ida l d ispers ion (see also C o l l o i d a l ) . 
2. I n o i l recovery f r o m a reservoir , the m i x i n g by convect ion o f fluids flow
i n g i n a porous m e d i u m . 

DLVO Theory A n acronym for a theory o f the stabil ity o f co l lo ida l disper
sions deve loped independent ly by B . D e r j a g u i n a n d L . D . L a n d a u i n one 
laboratory and b y E . J . W . V e r w e y and J . T h . G . O v e r b e e k i n another. T h e 
theory was deve loped to account for the stabil i ty against aggregation of 
electrostatically charged particles i n a dispers ion. 

Double Layer See E l e c t r i c D o u b l e L a y e r . 

Drilling Fluid T h e c i rcu la t ing fluid used w h e n d r i l l i n g a w e l l . T h e d r i l l i n g 
fluid lubricates the d r i l l b i t , forces cuttings out o f the w e l l b o r e u p to the 
surface, and may also prevent b lowouts . D r i l l i n g fluids are usual ly suspen
sions, but emulsions a n d foams may also be used. T h e terms " d r i l l i n g fluid" 
and " d r i l l i n g m u d " are used interchangeably. 

EACN See E q u i v a l e n t A l k a n e C a r b o n N u m b e r . 

Electric Double Layer A n idea l ized descr ipt ion o f the d is t r ibut ion o f 
free charges i n the n e i g h b o r h o o d o f an interface. T y p i c a l l y a part ic le or 
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392 EMULSIONS IN THE PETROLEUM INDUSTRY 

drople t surface is v i e w e d as having a fixed charge o f one sign (one layer), 
w h i l e opposi te ly charged ions are d is t r ibuted dif fusely i n the adjacent l i q u i d 
(the second layer) . T h e second layer may be cons idered to be made u p o f a 
relat ively less m o b i l e S tern layer i n close prox imi ty to the surface, and a 
relatively more diffuse layer at greater distance. 

Electrophoresis T h e m o t i o n o f co l lo ida l species caused b y an i m p o s e d 
electr ic field. T h e species move w i t h an e lectrophoret ic veloci ty that de
pends o n their electr ic charge and the electr ic field gradient . T h e electro
phoret i c m o b i l i t y is the e lectrophoret ic veloc i ty per uni t e lectr ic field gradi 
ent a n d is used to characterize specific systems. 

Electrophoretic Mobility See E lec t rophores is . 

Electrostatic Treater A vessel used to break emuls ions by p r o m o t i n g 
coalescence through the appl icat ion o f an electr ic field. See also Treater . 

Emulsifier A n y agent that acts to stabil ize an e m u l s i o n . T h e emuls i f ier 
may make it easier to f o r m an emuls ion , provide stabil i ty against aggrega
t ion , or prov ide stabil ity against coalescence. Emuls i f i e r s are f requent ly but 
not necessarily surfactants. 

Emulsion A dispers ion o f droplets o f one l i q u i d i n another, i m m i s c i b l e 
l i q u i d , i n w h i c h the droplets are o f co l lo ida l or near -co l lo idal sizes. 

Emulsion Drilling Fluid See D r i l l i n g F l u i d . 

Emulsion Test I n general , e m u l s i o n tests range f r o m s imple ident i f ica
tions o f e m u l s i o n presence and v o l u m e to deta i led component analyses. T h e 
t e r m " e m u l s i o n test" f requent ly refers s i m p l y to the determinat ion o f sedi
ments i n an e m u l s i o n or o i l sample. See also Basic Sediment and W a t e r . 

Emulsion Treater See Treater . 

Enhanced Oil Recovery T h e t h i r d phase o f c r u d e - o i l p r o d u c t i o n , i n 
w h i c h c h e m i c a l , misc ib le fluid, or t h e r m a l methods are a p p l i e d to restore 
p r o d u c t i o n f r o m a deple ted reservoir . A l s o k n o w n as tert iary o i l recovery. 
See also P r i m a r y O i l Recovery, Secondary O i l Recovery. 

Equivalent Alkane Carbon Number (EACN) E a c h surfactant or surfac
tant mixture i n a reference series w i l l p r o d u c e a m i n i m u m interfac ia l tension 
( I F T ) for a di f ferent n-alkane. F o r any crude o i l or o i l component , a m i n i 
m u m I F T w i l l be observed against one o f the reference surfactants. T h e 
E A C N for the crude o i l refers to the n-alkane that w o u l d y i e l d m i n i m u m 
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GLOSSARY 393 

I F T against that reference surfactant. T h e E A C N thus allows predic t ions to 
be made about the interfac ia l tension behavior o f a crude o i l i n the presence 
of surfactant. See references 8 and 9. 

External Phase T h e cont inuous phase o f an emuls ion , i n w h i c h droplets 
of a second phase are dispersed. 

Extra-Heavy Crude Oil A natural ly o c c u r r i n g hydrocarbon having a vis
cosity less than 10,000 mPa-s at ambient deposit temperature and a density 
greater than 1000 kg/m 3 at 15.6 °C. 

Flocculation See Aggregat ion . 

Flotation See Sedimentat ion . 

Flow-Line Treating I n o i l p r o d u c t i o n or processing, the process i n w h i c h 
emuls ion is cont inuously b r o k e n and separated into o i l and water b u l k 
phases. A l s o ca l led cont inuous treat ing. T h i s m e t h o d is as opposed to batch 
treat ing o f emuls ions . See also B a t c h Treat ing , Treater . 

Foam A dispers ion of gas bubbles , i n a l i q u i d or so l id , i n w h i c h at least one 
d i m e n s i o n falls w i t h i n the co l lo ida l size range. T h u s a foam typical ly contains 
ei ther very smal l b u b b l e sizes or, more c o m m o n l y , quite large gas bubbles 
separated by th in l i q u i d films. 

Free Water T h e readi ly separated, nonemuls i f ied , water that is copro-
d u c e d w i t h o i l f r o m a p r o d u c t i o n w e l l . 

Free-Water Knockout (FWKO) A vessel des igned to separate the readi ly 
separated (nonemuls i f ied or " f ree" ) water f r o m o i l or an o i l - conta in ing 
e m u l s i o n . F u r t h e r water and solids removal may be accompl i shed i n a 
treater. 

FWKO See F r e e - W a t e r K n o c k o u t . 

Gas Emulsion A t e r m used to describe c rude o i l that contains a smal l 
v o l u m e fract ion o f dispersed gas. 

Gravity Separator See Separator. 

Gun Barrel A type o f sett l ing vessel used to separate water a n d o i l f r o m an 
emuls ion . Typica l ly , heated e m u l s i o n is treated w i t h demuls i f ier and in t ro 
d u c e d into the g u n barre l , where water settles out and is d r a w n off. A n y 
p r o d u c e d gas is also d r a w n off. 
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394 EMULSIONS IN THE PETROLEUM INDUSTRY 

Hamaker Constant I n a descr ipt ion o f the L o n d o n - v a n der Waals attrac
tive energy between two dispersed bodies , such as droplets , the H a m a k e r 
constant is a propor t iona l i ty constant characterist ic o f the drople t c o m p o 
si t ion. It depends o n the in terna l atomic p a c k i n g and polar izabi l i ty o f the 
droplets . 

Heater Treater See Treater . 

Heavy Crude Oil A natural ly o c c u r r i n g hydrocarbon having a viscosity 
less than 10,000 mPa-s at ambient deposit temperature and a density be
tween 934 a n d 1000 kg/m 3 at 15.6 °C. 

Heterodisperse A c o l l o i d a l d ispers ion i n w h i c h the dispersed species 
(droplets, part ic les , etc.) do not a l l have the same size. Subcategories are 
paucidisperse (few sizes) a n d polydisperse (many sizes). See also M o n o -
disperse. 

Hydrophile-Lipophile Balance (HLB) Scale A n e m p i r i c a l scale cate
gor iz ing surfactants i n terms o f their tendencies to be most ly o i l soluble or 
water soluble , hence their tendencies to promote W/O or O/W emuls ions , 
respectively. 

Hydrophilic A qualitative t e r m re fer r ing to the water -pre ferr ing nature 
o f a species (atom, molecule , droplet , part ic le , etc.). In emuls ions , h y d r o 
p h i l i c usual ly means that a species prefers the aqueous phase over the o i l 
phase. I n this sense h y d r o p h i l i c has the same meaning as o leophobic . 

Hydrophobic A qualitative t e r m re ferr ing to the water -avoiding nature o f 
a species (atom, molecule , droplet , part ic le , etc.). In emulsions , h y d r o p h o 
b ic usual ly means that a species prefers the o i l phase over the aqueous 
phase. I n this sense h y d r o p h o b i c has the same meaning as o leophi l i c . 

Impingement Separator See Separator. 

Interface T h e boundary between two phases, sometimes i n c l u d i n g a t h i n 
layer at the boundary w i t h i n w h i c h the propert ies o f one b u l k phase change 
over to become the propert ies o f the other b u l k phase. 

Interface Emulsion A n e m u l s i o n o c c u r r i n g between o i l and water phases 
i n a process separation or treatment apparatus. Such emulsions may have a 
h i g h solids content and are f requent ly very viscous. I n this case the t e r m 
interface is used i n a macroscopic sense and refers to a b u l k phase separated 
by two other b u l k phases o f h igher and lower density. O t h e r terms are cuf f 
layer, p a d layer, or rag layer emuls ions . 
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GLOSSARY 395 

Interfacial Film A t h i n layer of mater ia l pos i t ioned between two i m m i s c i 
ble phases, usually l iquids , i n w h i c h the compos i t ion of the layer is di f ferent 
f r o m ei ther o f the b u l k phases. 

Interfacial Tension See Surface T e n s i o n 

Interfacial Viscosity T h e two-dimens iona l analog of viscosity act ing 
along the interface between two i m m i s c i b l e fluids. It is also ca l led surface 
viscosity, especial ly where one fluid is a gas. See also Viscosi ty . 

Internal Phase T h e phase i n an e m u l s i o n that is dispersed into droplets ; 
the dispersed phase. 

Intrinsic Viscosity F o r emulsions , the l i m i t , as the dispersed-phase c o n 
centrat ion approaches inf inite d i l u t i o n , o f the specific increase i n viscosity, 
at l o w shear rate, d i v i d e d by the dispersed phase concentrat ion ( [ η ] = l i m c ^ 0 

l i m ^ o T i s p / C ) . 

Inversion T h e process by w h i c h one type of e m u l s i o n is converted to 
another, as w h e n an O/W e m u l s i o n is t ransformed into a W O e m u l s i o n , and 
vice versa. 

Invert-Oil Mud A n e m u l s i o n d r i l l i n g fluid (mud) o f the water -dispersed-
i n - o i l (W/O) type, and having a h i g h water content. See also D r i l l i n g F l u i d , 
O i l M u d , O i l - B a s e M u d . 

Isoelectric Point T h e solut ion p H for w h i c h the e lectrokinet ic , or zeta, 
potent ia l is zero. See also P o i n t o f Z e r o C h a r g e . 

Isokinetic Sampling C o l l e c t i n g samples of a flowing dispers ion us ing a 
m e t h o d i n w h i c h the sampl ing veloci ty ( in the sampl ing probe) is equal to 
the upstream local velocity. I f these velocit ies are not the same (anisokinetic 
sampling) then fluid streamlines ahead of the probe w i l l be dis torted; col lec
t ion of particles or droplets w i l l be i n f l u e n c e d by their iner t ia , w h i c h varies 
w i t h part ic le size; a n d sampl ing w i l l not be representative. 

Kinematic Viscosity T h e absolute viscosity o f a fluid d i v i d e d by the d e n 
sity. 

Laminar Flow A condi t ion o f flow i n w h i c h a l l elements of a fluid passing 
a certain po int f o l l o w the same path , or streamline. A l s o re ferred to as 
streamline flow. 

Light Crude Oil A natural ly o c c u r r i n g hydrocarbon having a viscosity less 
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396 EMULSIONS IN THE PETROLEUM INDUSTRY 

than 10,000 mPa-s at ambient deposit temperature a n d a density less than 
934 kg/m 3 at 15.6 °C. 

Loose Emulsion A p e t r o l e u m industry t e r m for a relat ively unstable, easy-
to-break e m u l s i o n , as opposed to a more stable, dif f icult - to-treat e m u l s i o n . 
See also T i g h t E m u l s i o n . 

Lower-Phase Microemulsion A m i c r o e m u l s i o n , w i t h a h i g h water c o n 
tent, that is stable w h i l e i n contact w i t h a b u l k o i l phase, and i n laboratory 
tube or bott le tests tends to be situated at the bot tom o f the tube, u n d e r 
neath the o i l phase. See also M i c r o e m u l s i o n . 

Lyophilic G e n e r a l t e r m re fer r ing to the c o n t i n u o u s - m e d i u m - p r e f e r r i n g 
nature o f a species. See also H y d r o p h i l i c . 

Lyophobic G e n e r a l t e r m re fer r ing to the c o n t i n u o u s - m e d i u m - a v o i d i n g 
nature of a species. See also H y d r o p h o b i c . 

Macroemulsion I n enhanced o i l recovery terminology, the t e r m 
m a c r o e m u l s i o n is sometimes e m p l o y e d to ident i fy emulsions having droplet 
sizes greater than some speci f ied value, and sometimes s imply to dis t inguish 
an e m u l s i o n f r o m the m i c r o e m u l s i o n or mice l lar e m u l s i o n types. See also 
E m u l s i o n . 

Marangoni Elasticity I n an e m u l s i o n , a t h i n film o f the cont inuous phase 
is created between two droplets closely approaching each other. A n y stretch
i n g i n this film causes a loca l decrease i n the interfac ia l concentrat ion o f 
adsorbed surfactant. T h i s decreased concentrat ion causes the loca l interfa-
c ia l tension to increase, w h i c h i n t u r n acts i n opposi t ion to the or ig ina l 
s tretching force. W i t h t ime the or ig ina l interfac ia l concentrat ion o f surfac
tant is restored. T h e t ime-dependent restoring force is re ferred to as 
M a r a n g o n i elasticity, or the M a r a n g o n i effect. 

Metastable Emulsion A system i n w h i c h the droplets do not part ic ipate i n 
aggregation, coalescence, or c r e a m i n g at a significant rate. 

Micellar Emulsion A n e m u l s i o n that forms spontaneously and has ex
tremely smal l droplet sizes (<10 n m ) . S u c h emulsions are t h e r m o d y n a m i -
cal ly stable a n d are sometimes re ferred to as microemuls ions (q.v.). 

Micelle A n aggregate o f surfactant molecules i n so lut ion . S u c h aggregates 
f o r m spontaneously at suff ic iently h i g h surfactant concentrat ion, the cr i t i ca l 
mice l l e concentrat ion. T h e micel les are o f co l lo ida l d imensions . 

Microemulsion A special k i n d o f s tabi l ized e m u l s i o n i n w h i c h the dis-
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GLOSSARY 397 

persed droplets are extremely smal l (<100 nm) a n d the e m u l s i o n is t h e r m o -
dynamica l ly stable. These emulsions are transparent and may f o r m sponta
neously. I n some usage a lower size l i m i t o f about 10 n m is i m p l i e d i n 
addi t ion to the u p p e r l i m i t . See also M i c e l l a r E m u l s i o n . 

Middle-Phase Microemulsion A m i c r o e m u l s i o n , w i t h h i g h o i l and water 
contents, that is stable w h i l e i n contact w i t h e i ther b u l k - o i l or bulk-water 
phases. This stabil ity may be due to a bicont inuous structure i n w h i c h b o t h 
o i l and water phases are cont inuous at the same t ime . In laboratory tube or 
bottle tests i n v o l v i n g samples conta in ing unemuls i f i ed o i l and water , a m i d 
dle-phase m i c r o e m u l s i o n w i l l t e n d to be situated between the two f o r m e r 
phases. See also B i cont inuous M i c r o e m u l s i o n . 

Miniemulsion T h e t e r m m i n i e m u l s i o n is sometimes used to dis t inguish 
an e m u l s i o n f r o m the m i c r o e m u l s i o n or mice l lar emuls ion types. T h u s a 
m i n i e m u l s i o n w o u l d contain droplet sizes larger than 100 n m and smal ler 
than 1000 n m , or some other specif ied u p p e r size l i m i t . See also E m u l s i o n . 

Monodisperse A co l lo ida l dispers ion i n w h i c h a l l the dispersed species 
(droplets, particles, etc.) are the same size. Otherwise , the system is 
heterodisperse (paucidisperse or polydisperse) . 

Mousse Emulsion See Choco la te M o u s s e E m u l s i o n . 

Multiple Emulsion A n e m u l s i o n i n w h i c h the dispersed droplets t h e m 
selves conta in even more finely dispersed droplets o f a separate phase. T h u s , 
there may occur o i l -d ispersed- in-water -d ispersed- in-o i l (O/W/O) and water-
dispersed- in-oi l -dispersed- in-water ( W O W ) m u l t i p l e emuls ions . M o r e 
compl i ca ted mul t ip le emulsions are also possible. 

Naphtha A p e t r o l e u m fract ion that is operat ional ly def ined i n terms o f the 
dis t i l la t ion process b y w h i c h i t is separated. A given naphtha is thus def ined 
by a specific range of b o i l i n g points o f its components . N a p h t h a is sometimes 
used as a di luent for W/O emulsions . 

Nelson Type Emulsions T h e dif ferent types of phase behavior i n 
microemuls ions are denoted as N e l s o n type I I ( - ) , II(+), a n d I I I . These refer 
to e q u i l i b r i u m phase behaviors and dis t inguish, for example, the n u m b e r o f 
phases that may be i n e q u i l i b r i u m and the nature o f the cont inuous phase. 
See also reference 10. W i n s o r type emulsions are s imi lar ly ident i f ied , but 
w i t h di f ferent type numbers . 

Newtonian Fluid or Emulsion A fluid or e m u l s i o n whose rheologica l 
behavior is descr ibed by Newton ' s law of viscosity. H e r e shear stress is set 
propor t iona l to the shear rate. T h e proport ional i ty constant is the coeff icient 
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398 EMULSIONS IN THE PETROLEUM INDUSTRY 

of viscosity, or s imply , viscosity. T h e viscosity o f a N e w t o n i a n fluid is a 
constant for a l l shear rates. 

Nonionic Surfactant A surfactant molecule whose polar group is not 
e l e c t r i c a l l y c h a r g e d . E x a m p l e : p o l y o x y e t h y l e n e a l c o h o l , C n H 2 n + 1 -
( O C H 2 C H 2 ) m O H . 

Non-Newtonian Fluid or Emulsion A fluid whose viscosity varies w i t h 
a p p l i e d shear rate (flow rate). See also N e w t o n i a n F l u i d . 

Oil L i q u i d p e t r o l e u m (sometimes i n c l u d i n g dissolved gas) that is p r o 
d u c e d f r o m a w e l l . I n this sense o i l is equivalent to crude o i l . T h e t e r m o i l is, 
however , f requent ly more broadly used and may i n c l u d e , for example, syn
thetic hydrocarbon l i q u i d s , b i t u m e n f r o m o i l (tar) sands, a n d fractions ob
ta ined f r o m crude o i l . 

Oil-Base Mud A n e m u l s i o n d r i l l i n g fluid (mud) o f the water -dispersed- in-
o i l ( W O ) type, and having a l o w water content. See also D r i l l i n g F l u i d , 
I n v e r t - O i l M u d , O i l M u d . 

Oil Color A qualitative test for the presence o f emuls i f i ed water i n an o i l . 
E m u l s i f i e d water droplets w i l l t e n d to i m p a r t a hazy appearance to the o i l . 

Oil-Emulsion Mud A n e m u l s i o n d r i l l i n g fluid (mud) o f the o i l -d ispersed-
in-water (O/W) type. See also D r i l l i n g F l u i d , O i l M u d . 

Oil Mud A n e m u l s i o n d r i l l i n g fluid (mud) o f the water -d ispersed- in-o i l 
( W O ) type. A m u d having a l o w water content is re ferred to as an oil-base 
m u d , a n d a m u d having a h i g h water content is re ferred to as an i n v e r t - o i l 
m u d . See also D r i l l i n g F l u i d , O i l - E m u l s i o n M u d . 

Oil Sand A sandstone deposit that contains b i t u m e n . A l s o re fer red to as 
T a r Sand. 

Oleophilic Refers to the o i l - p r e f e r r i n g nature o f a species. See also H y 
d r o p h o b i c . 

Oleophobic Refers to the o i l - a v o i d i n g nature of a species. See also H y d r o 
p h i l i c . 

Optimum Salinity I n microemuls ions , the sal inity for w h i c h the m i x i n g o f 
o i l w i t h a surfactant solut ion produces a middle-phase m i c r o e m u l s i o n c o n 
ta in ing an oi l - to-water ratio o f 1. I n mice l lar enhanced o i l recovery p r o 
cesses, extremely l o w interfac ia l tensions result , and o i l recovery tends to be 
m a x i m i z e d w h e n this c o n d i t i o n is satisfied. 
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GLOSSARY 399 

O/W A b b r e v i a t i o n for an o i l - in -water emuls ion , that is, o i l droplets dis
persed i n water. 

O/W/O A b b r e v i a t i o n for an o i l -d ispersed- in-water -d ispersed- in-o i l m u l t i 
p le emuls ion . H e r e the water droplets have o i l droplets d ispersed w i t h i n 
t h e m , and the water droplets themselves are dispersed i n o i l f o r m i n g the 
continuous phase. 

Pad Layer Emulsion See Interface E m u l s i o n . 

Paucidisperse A co l lo ida l dispers ion i n w h i c h the dispersed species 
(droplets, part icles , etc.) have a few dif ferent sizes. Paucidisperse is a cate
gory of heterodisperse systems. See also M o n o d i s p e r s e . 

Permeability A measure o f the ease w i t h w h i c h a fluid can flow (f luid 
conductivi ty) through a porous m e d i u m . P e r m e a b i l i t y is def ined by Darcy 's 
law. F o r l inear , hor izonta l , i sothermal flow, permeabi l i ty is the constant o f 
proport ional i ty between flow rate t imes viscosity and the p r o d u c t o f cross-
sectional area o f the m e d i u m and pressure gradient a long the m e d i u m . 

Petroleum A general t e r m that may refer to any hydrocarbons or hydro 
carbon mixtures, usual ly l i q u i d , but sometimes so l id or gaseous. 

Phase Inversion Temperature (PIT) T e m p e r a t u r e at w h i c h the hydro 
p h i l i c and o leophi l i c natures o f a surfactant are i n balance. A s temperature is 
increased through the P I T , a surfactant w i l l change f r o m p r o m o t i n g one 
k i n d o f emuls ion , such as O/W, to another, such as W/O. 

Pickering Emulsion A n e m u l s i o n s tabi l ized by fine part ic les . T h e par t i 
cles f o r m a c lose-packed structure at the o i l - w a t e r interface, w i t h significant 
mechanica l strength, w h i c h provides a barr ier to coalescence. 

PIT See Phase Invers ion Tempera ture . 

Point of Zero Charge T h e solut ion p H at w h i c h an interface is e lectr ical ly 
neutra l . T h i s p H is not always the same as the isoelectr ic point , w h i c h refers 
to zero charge at the shear plane that exists a smal l distance away f r o m the 
interface. 

Polydisperse A co l lo ida l dispers ion i n w h i c h the dispersed species (drop
lets, part icles , etc.) have a w i d e range of sizes. Polydisperse is a category of 
heterodisperse systems. See also M o n o d i s p e r s e . 

Porosity T h e ratio of the v o l u m e of a l l v o i d spaces to total v o l u m e i n a 
porous m e d i u m . 
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400 EMULSIONS IN THE PETROLEUM INDUSTRY 

Porous Medium A so l id conta in ing voids , or pore spaces. N o r m a l l y sucn 
pores are quite smal l c o m p a r e d to the size o f the so l id and are w e l l d is t r ib
u t e d throughout the so l id . 

Pour Point T h e lowest temperature at w h i c h an e m u l s i o n , or other petro
l e u m mater ia l , w i l l flow u n d e r a s tandardized set o f test condit ions . 

Power Law Fluid or Emulsion A fluid or e m u l s i o n whose rheologica l 
behavior is reasonably w e l l - d e s c r i b e d by the p o w e r law equat ion . H e r e shear 
stress is set p r o p o r t i o n a l to the shear rate raised to an exponent n , where η is 
the p o w e r law index. T h e fluid is pseudoplast ic for η < 1, N e w t o n i a n for 
η = 1, and dilatant for η > 1. 

Primary Oil Recovery T h e first phase o f c r u d e - o i l p r o d u c t i o n , i n w h i c h 
o i l flows natural ly to the w e l l bore . See also E n h a n c e d O i l Recovery, Secon
dary O i l Recovery . 

Protection T h e process i n w h i c h a mater ia l adsorbs onto droplet surfaces 
and thereby makes an e m u l s i o n less sensitive to aggregation and/or coales
cence, by any of a n u m b e r o f mechanisms. See also Sensit izat ion. 

Pseudoplastic A fluid whose viscosity decreases as the a p p l i e d shear rate 
increases. A l s o t e r m e d shear t h i n n i n g . 

Rag Layer Emulsion See Interface E m u l s i o n . 

Reduced Viscosity F o r emulsions , the specific increase i n viscosity d i 
v i d e d b y the dispersed-phase concentrat ion (r/Re<i = %p/C). 

Relative Viscosity I n emuls ions , the viscosity o f the e m u l s i o n d i v i d e d by 
the viscosity o f the cont inuous phase (% e l = η/η0). 

Replica A metal film dupl icate o f a sample used i n scanning e lectron 
microscopy. F o r example, an e m u l s i o n sample may be fast-frozen i n a cryo-
gen, f rac tured to reveal in ter ior structure, then coated w i t h a meta l film to 
preserve the structure. 

Reverse Emulsion A p e t r o l e u m industry t e r m used to denote an o i l - i n -
water e m u l s i o n (most w e l l h e a d emulsions are W/O). 

Rheology Strict ly, the science o f deformat ion and flow o f matter. R h e o 
logica l descript ions usually refer to the proper ty o f viscosity and departures 
f r o m Newton ' s law o f viscosity. 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.c

h0
11



GLOSSARY 401 

Bheomalaxis A special case of t ime-dependent rheologica l behavior i n 
w h i c h shear rate changes cause irrevers ible changes i n viscosity. T h e change 
can be negative, as w h e n structural l inkages are b r o k e n , or posi t ive , as w h e n 
structural elements become entangled (like work-hardening) . 

Bheopexy D i l a t a n t flow that is t ime dependent . A t constant a p p l i e d shear 
rate, viscosity increases; i n a flow curve, hysteresis occurs (but opposite to 
the thixotropic case). 

Salinity Requirement See O p t i m u m Salinity. 

Schulze-Hardy Rule A n e m p i r i c a l rule s u m m a r i z i n g the general ten
dency of the cr i t i ca l coagulat ion concentrat ion ( C C C ) of an e m u l s i o n or 
other dispers ion to vary inversely w i t h the sixth p o w e r o f the counter ion 
charge n u m b e r o f a d d e d electrolyte. See also C r i t i c a l C o a g u l a t i o n C o n 
centrat ion. 

Secondary Oil Recovery T h e second phase o f c r u d e - o i l p r o d u c t i o n , i n 
w h i c h water or an i m m i s c i b l e gas are in jected to restore p r o d u c t i o n f r o m a 
deple ted reservoir . See also E n h a n c e d O i l Recovery, P r i m a r y O i l Recovery. 

Sedimentation T h e sett l ing o f suspended particles or droplets due to 
gravity or an a p p l i e d centr i fugal field. Negat ive sedimentat ion, w h e n d r o p 
lets rise upwards , is also ca l led flotation a n d is a part o f the c r e a m i n g 
process. 

Sensitization T h e process w h e r e b y smal l amounts o f a d d e d co l lo ida l m a 
ter ial make an e m u l s i o n more sensitive to coagulat ion b y electrolyte. A d d i 
tions o f larger amounts o f the same mater ia l usual ly make the e m u l s i o n less 
sensitive to coagulat ion, and this feature is t e r m e d protec t ion . 

Separator A vessel designed to separate the o i l phase i n a p e t r o l e u m fluid 
f r o m some or a l l o f the other three consti tuent phases: gas, solids, and water . 
Free-water knockouts fa l l u n d e r this category, but so do separators capable 
o f break ing and r e m o v i n g water a n d solids f r o m emuls ions . Separators range 
f r o m gravity to i m p i n g e m e n t (coalescence) to centr i fugal types. 

Shear Plane A n y species u n d e r g o i n g e lectrophoret ic m o t i o n moves w i t h a 
certain i m m o b i l e part o f the electr ic double layer that is c o m m o n l y assumed 
to be dis t inguished f r o m the m o b i l e part b y a sharp plane, the shear plane . 
T h e zeta potent ia l is the potent ia l at the shear plane. 

Shear Rate T h e rate o f deformat ion o f a l i q u i d w h e n subjected to a 
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402 EMULSIONS IN THE PETROLEUM INDUSTRY 

mechanica l stress (shear stress), shear rate is a measure of the relative 
m o t i o n between fluid part ic les . I n straight para l le l flow, the shear rate is the 
veloc i ty gradient p e r p e n d i c u l a r to the d i rec t ion o f flow. 

Shear Stress A certa in a p p l i e d force p e r uni t area is n e e d e d to p r o d u c e 
deformat ion i n a fluid. F o r a plane area a r o u n d some po in t i n the fluid, and 
i n the l i m i t o f decreasing area, the component o f d e f o r m i n g force p e r uni t 
area that acts para l le l to the plane is the shear stress. 

Shear Thickening See Di la tant . 

Shear Thinning See Pseudoplast ic . 

Soap See Surfactant. 

Specific Increase in Viscosity T h e relative viscosity minus uni ty (r/S P = 

Stability Stabi l i ty refers to the fact that a system may be i n one o f a 
n u m b e r o f states o f t h e r m o d y n a m i c potent ia l energy. T h e state w i t h the 
lowest potent ia l energy is re fer red to as the stable state. A system may also 
be i n a metastable state. A col lo idal ly metastable e m u l s i o n is a system i n 
w h i c h the droplets do not part ic ipate i n aggregation, coalescence, or c ream
i n g at a significant rate. 

Stem Layer A part o f the electr ic d o u b l e layer that lies between the 
surface and a hypothet ica l boundary—the Stern surface. Ions w i t h i n the 
Stern layer are cons idered to be adsorbed. See also E l e c t r i c D o u b l e L a y e r . 

Streamline Flow See L a m i n a r F l o w . 

Surface See Interface. 

Surface Area T h e area o f a surface or interface, especial ly that between a 
dispersed a n d a cont inuous phase. T h e specific surface area is the total 
surface area d i v i d e d by the mass o f the appropriate phase. 

Surface Tension T h e contract ing force per uni t length around the p e r i m 
eter o f a surface. T h i s force is usual ly re ferred to as surface tension i f the 
surface separates gas f r o m l i q u i d or so l id phases, and interfac ia l tension i f 
the surface separates two nongaseous phases. A l t h o u g h not strict ly def ined 
the same way, surface tension can be expressed i n units o f energy per uni t 
surface area. F o r pract ica l purposes surface tension is f requent ly taken to 
reflect the change i n surface free energy p e r uni t increase i n surface area. 
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GLOSSARY 403 

Surfactant A n y substance that lowers the surface or interfac ia l tension o f 
the m e d i u m i n w h i c h it is dissolved. Soaps (fatty a c i d salts) are surfactants. 
Detergents are surfactants or surfactant mixtures whose solutions have 
c leaning propert ies . 

Suspension A system conta in ing so l id particles dispersed i n a l i q u i d . 

TAN See T o t a l A c i d N u m b e r . 

Tar Sand See O i l Sand. 

Tertiary Oil Recovery See E n h a n c e d O i l Recovery. 

Thixotropic Pseudoplast ic flow that is t ime dependent . A t constant ap
p l i e d shear rate, viscosity gradually decreases; i n a flow curve, hysteresis 
occurs . That is, after a given shear rate is a p p l i e d and t h e n r e d u c e d , i t takes 
some t ime for the or ig inal dispersed species' al ignments to be restored. 

Three-Phase Separator See Separator. 

Tight Emulsion A p e t r o l e u m industry t e r m for a pract ica l ly stable e m u l 
s ion, i n contrast to a less stable, or " l o o s e " e m u l s i o n (q.v.). 

Total Acid Number (TAN) A proper ty o f c rude o i l . T h e ac id n u m b e r 
expresses the amount o f base (potassium hydroxide) that w i l l react w i t h a 
given amount o f c rude o i l i n a s tandardized t i t rat ion procedure . A large ac id 
n u m b e r indicates a h i g h concentrat ion o f acids i n the o i l , usual ly i n c l u d i n g 
natural surfactant precursors . 

Treater A vessel used for the break ing o f emulsions and the consequent 
removal of solids and water ( B S & W ) . E m u l s i o n break ing may be accom
p l i s h e d through some c o m b i n a t i o n o f thermal , e lectr ica l , c h e m i c a l , or me
chanica l methods. A treater might be a p p l i e d to break an e m u l s i o n and 
separate solids a n d water that c o u l d not be r e m o v e d i n a separator. 

Turbidity A coeff icient re lated to the scattering o f l ight w h e n i t passes 
through a dispers ion ( inc luding emulsions) . T u r b i d i t y is a func t ion o f the 
size and concentrat ion o f droplets or part ic les . 

Turbulent Flow A c o n d i t i o n o f flow i n w h i c h a l l components o f a fluid 
passing a certain po int do not fo l low the same path . T u r b u l e n t flow refers to 
flow that is not laminar . 

Ultrasound Vibration Potential (UVP) T h e electrokinet ic potent ia l o f 
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404 EMULSIONS IN THE PETROLEUM INDUSTRY 

c o l l o i d a l species detected b y the electr ic field generated w h e n the species 
are made to move by an i m p o s e d ultrasonic field. T h i s m e t h o d can be 
a p p l i e d to W/O emulsions that do not transmit l ight . F o r l o w potentials , the 
U V P can be quantitat ively re lated to the electrophoret ic mobi l i ty . 

Upper-Phase Microemulsion A m i c r o e m u l s i o n , w i t h a h i g h o i l content, 
that is stable w h i l e i n contact w i t h a bulk-water phase, and i n laboratory tube 
or bott le tests tends to be situated at the top of the tube, above the water 
phase. See also M i c r o e m u l s i o n . 

UVP See U l t r a s o u n d V i b r a t i o n Potent ia l . 

Viscoelastic A l i q u i d (or solid) w i t h both viscous and elastic propert ies . A 
viscoelastic l i q u i d w i l l d e f o r m and flow u n d e r the inf luence o f an a p p l i e d 
shear stress, but w h e n the stress is r e m o v e d the l i q u i d w i l l s lowly recover 
f r o m some o f the deformat ion . 

Viscosity A measure o f the resistance o f a l i q u i d to flow. It is proper ly the 
coefficient o f viscosity, and expresses the proport ional i ty between shear 
stress and shear rate i n Newton ' s law o f viscosity. 

Wet Oil A n o i l conta in ing free water and/or emuls i f ied water. 

Wettability A qualitative t e r m re fer r ing to the water- or o i l - p r e f e r r i n g 
nature o f surfaces, such as the minera l surfaces i n a porous m e d i u m (rock) of 
an o i l -bear ing reservoir . T h e flow o f emuls ions i n porous m e d i a is i n f l u e n c e d 
b y the w e t t i n g state o f the walls o f pores and throats through w h i c h the 
e m u l s i o n must travel . See also Contac t A n g l e . 

Winsor Type Emulsions T h e three types o f microemuls ions denoted as 
W i n s o r types I, II , a n d I I I refer to e q u i l i b r i u m phase behaviors a n d dis t in 
guish, for example, the n u m b e r o f phases that may be i n e q u i l i b r i u m and the 
nature o f the cont inuous phase. See reference 11. N e l s o n type emulsions 
(q.v.) are s imi lar ly ident i f ied , but w i t h di f ferent type numbers . 

W/O A b b r e v i a t i o n for a w a t e r - i n - o i l e m u l s i o n , that is, water droplets dis
persed i n o i l . 

W/O/W A b b r e v i a t i o n for a water-dispersed- in-oi l -dispersed- in-water m u l 
t ip le e m u l s i o n . H e r e the o i l droplets have water droplets d ispersed w i t h i n 
t h e m , and the o i l droplets themselves are dispersed i n water f o r m i n g the 
cont inuous phase. 
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GLOSSARY 405 

Yield Stress F o r some fluids, the shear rate (flow) remains at zero u n t i l a 
threshold shear stress, t e r m e d the y i e l d stress, is reached. B e y o n d the y i e l d 
stress flow begins. 

Zero Point of Charge See P o i n t o f Z e r o C h a r g e . 

Zeta Potential P r o p e r l y ca l l ed the e lectrokinet ic potent ia l , the zeta p o 
tential refers to the potent ia l drop across the mobi le part o f the e lectr ic 
double layer. A n y species u n d e r g o i n g e lectrophoret ic m o t i o n moves w i t h a 
certain i m m o b i l e part o f the e lectr ic double layer that is assumed to be 
dis t inguished f r o m the mobi le part by a sharp plane, the shear plane . T h e 
zeta potent ia l is the potent ia l at that plane . 

Zwitterionic Surfactant A surfactant molecule whose polar group c o n 
t a i n s b o t h n e g a t i v e l y a n d p o s i t i v e l y c h a r g e d g r o u p s . E x a m p l e : 
lauramidopropylbeta ine , C11H23CONH(CH2)3N+(CH3)2CH2COO- at neutra l 
and alkaline solut ion p H . See also A m p h o t e r i c surfactant. 
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definition, 403 
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Adsorbed polymer layers, interaction with 

droplets, 62 
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definition, 386 
demulsifier, to enhance coagulation, 

69-73 
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polymer, experimental techniques, 62 
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stability, 316 
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definition, 6-7, 386 
droplet, kinetics and methods of 

preventing, 36 
See also Coagulation, Flocculation 
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Aging—Continued 
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importance in emulsion preparation, 9 
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principles, 280-287 
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surfactant mixing rules, 281 
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Amphiphilic compounds as surfactants, 21 
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Analysis speed, importance, 125 
Anionic surfactants 

definition, 387 
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INDEX 407 

Anionic surfactants—Continued 
examples, 24t 

Anisokinetic sampling 
defined and illustrated, 178 
definition, 387 

API gravity, definition, 387 
Apparent viscosity, definition, 387 
Appearance, emulsions, factors affecting, 10 
Asphalt, definition, 387 
Asphalt emulsions, function, 4 
Asphaltene 

as stabilizing agent in W/O emulsions, 65 
definition, 387 

Asphaltene dispersant, to prevent accumula
tion of insoluble asphaltenes, 331 

Association behavior, surfactants in solution, 
23/ 

Attractive energy between particles, equa
tion defining, 32 

Attractive interactions between droplets, re
lated to emulsion stability, 55 

Automated (Coulter) counter to determine 
size distribution, 91 

Automated image analysis with microscopic 
techniques, 109, 11/ 

Axial annular flow, equation, 167 

Β 

Ballast resistance, variation with position, 
conductivity probe, 210 

Bancroft's rule and theory of emulsion type, 
37 

Barth number, equation defining, 179 
Basic sediment and water (BS&W) 

definition, 387 
determined by centrifugation, 86 
pipeline specifications, 318 
See also Bottom settlings and water 

Batch treating, definition, 387 
Bench-top testing, to select emulsion 

breakers, 335 
Bicontinuous microemulsions, description, 

271, 387 
Bidisperse suspension, effect of particle size 

ratio and solids concentration on 
relative viscosity, 144 

Bimodal suspension, See Bidisperse 
suspension 

Bimodal system formed by addition of solids 
to an emulsion, 158 

Bingham plastic fluid, properties, 134 
Bitumen 

definition, 388 
oil recovery related to zeta potential, 34, 

35/ 
recovery process, effect of negative 

surface charging, 28 

Bitumen—Continued 
separated from sand matrix, 4 
upgrading to synthetic crude oil, 4 
viscosities related to transport problems, 

171 
viscosity reduced by use of O/W 

emulsions, 296 
with and without clays, fluorescence, 107, 

108/ 
Bitumen-in-water emulsion 

calculated energy diagrams, 60 
coagulation tests, 60-61 
D L V O theory applied, 55 
effect of solids addition on viscosity, 154 
effect of solids shape on viscosity, 157 
effect of solids size on viscosity, 157 
electrophoretic mobilities related to zeta 

potential, 58-59 
shear-induced inversion, 43-44f 

Bituminous froth 
produced by flotation process, 4 
water removal by creaming, 41 

Blockage mechanism, droplet entering pore 
throat, 228-229 

Blue-light vs. white-light fluorescence, 
effect on sizing water droplets, 111 

Bora repulsion, definition, 32 
Bottle test 

description, 98, 388 
equipment needed, 363 
execution, 365 
tor testing emulsions, best use, 349 
interpreting results, 351 
observations, 368 
possible errors, 368 
reasons for difference from plant 

operations, 350 
test solutions, 364 

Bottom layer of W/O emulsion, photomicro
graph, 66/ 

Bottom settlings and water (BS&W) 
definition, 44 
See also Basic sediment and water 

Breakdown 
schematic representation, 52f 
See also Demulsification 

Breaking of emulsions 
definition, 388 
See also Demulsification 

Breakup caused by heating in optical 
microscopy, 107, 110/ 

Brownian motion 
effect on relative viscosity, 142 
related to energy of interaction, 59 

Bruggeman's equation for effective 
conductivity, 199 

BS&W, See Basic sediment and water, 
Bottom settlings and water 
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408 EMULSIONS IN THE PETROLEUM INDUSTRY 

Bulk phase, definition, 388 
Bulk properties of emulsions, determination, 

81-89 
Bulk viscosity properties of emulsions, 

importance, 13 

C 

Calibration of conductivity probe, 202-212 
Capacitance, to determine nature of 

continuous phase, 84 
Capillary forces 

definition, 388 
factors affecting, 265 

Capillary number 
correlated to residual oil, 8 
definition, 388 
equation, 267 
equation defining, 8 
flow in a typical oil reservoir, 267 
function in enhanced oil recovery, 9 
in oil mobilization, 267 
water-wet Berea sandstone, 267 

Capillary pressure 
definition, 388 
equation defining, 7 
factors affecting, 265 
in capillary tube, equation, 264 
in porous medium, equation defining, 

221 
multiphase flow in porous media, 223 

Capillary tube power law model, flow of 
non-Newtonian emulsions in porous 
media, 253 

Capillary tube to measure viscosity, 136 
Capillary viscometer, equations for deter

mining viscometric functions, 165 
Capture mechanisms, description, 247, 256 
Cationic polymer, effect on electrophoretic 

mobility, 100, 103/ 
Cationic surfactant 

definition, 389 
examples, 24t 

Cavernous porosity, definition, 220 
C C C , See Critical coagulation concentration 
Centrifugal force, to enhance creaming, 41 
Centrifugal separation 

of phases, problem in rheological 
measurements, 15 

process-stream emulsions, 357 
Centrifugal separator, See Separator 

definition, 401 
Centrifugation 

to determine emulsion stability, 98 
to determine oil, water, and solids content 

of emulsion, 86 
Centrifuge cut, in bottle testing, 352 
Centrifuge test, See Bottle test 

Characterization, crude oils and containants, 
to select emulsion breakers, 332 

Characterization of emulsions, 79-125 
by determining stability, 96-104 
by DSC, 122 
by Karl Fischer titration, 87 
by near-IR spectroscopy, 122 
by various microscopic techniques, 

104-120 
determining nature of dispersed phase, 

81-84 
determining oil, water, and solids content, 

84-86 
determining oil and water but not solids 

content, 86-88 
importance of chemical and physical na

ture of dispersed phase, 89 
importance of determining bulk proper

ties, 81 
modified Dean-Stark procedure, 84 
necessary steps, 80 
new developments, 120-124 
Ν MR spectroscopy, 120 
normal vs. detailed, 125 
physical nature of dispersed phase, 91-96 
See also Size distribution, 91 

Charged interfaces, emulsions, 27 
Chemical applications, commercial emulsion 

breaking, 329 
Chemical composition of porous medium, 

importance, 221 
Chemical methods for emulsion breaking, 

327 
See also Demulsifiers 

Chemical treatment of emulsions 
use of demulsifiers, 344 
See also Demulsifiers 

Chloride salts, problems in production and 
refining operations, 319 

Chocolate mousse emulsion, definition, 
389 

Chromatographic techniques to determine 
size distribution, 96 

Circular-port probe, effect of particle 
bouncing on sampling efficiency, 188 

Classification 
of emulsions, 5 
of surfactants, 23 

C M C , See Critical micelle concentration 
Co-mingled production, description, 344 
Coagulation 

definition, 7 
droplet, first step in demulsification, 44 
enhanced by demulsifiers, 69 
monitored with UVP technique, 66 
See also Aggregation, Flocculation 

Coagulation tests, bitumen-in-water emul
sions, 60 
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INDEX 409 

Coalescence 
agglomerated droplets, second step in 

demulsification, 44 
and impingement, process-stream emul

sions, 355 
caused by demulsifier, 345 
definition, 7, 389 
effect of demulsifier mixture, 68 
monitored with UVP technique, 66 
preventing with surfactants, 36 
promoted by creaming, 43 
related to rupture of thin film, 65 

Coefficient of viscosity, See Viscosity 
Cohesion, definition, 26 
Colloidal dispersion 

definition, 389 
degrees of kinetic stability, 27 
droplet sizes, in emulsions, 11 
reasons for stability, 54 
two broad types, 6 

Colloidal systems, emulsions as special 
kind, 5 

Colloids, lyophobic, D L V O theory of 
stability, 32 

Commercial emulsion breaking, chemical 
applications, 329 

Commercial emulsion-breaking products, 
composition, 330f 

Computer monitoring system, emulsion-
treatment miniplant, 381 

Concentration 
dispersed-phase, effect on rheological 

behavior, 140 
electrolyte 

effect on relative viscosity, 143 
related to zeta potential of bitumen-in-

water emulsions, 59-60 
solids 

downstream of short-radius elbow, 
effect of particle size, 193 

downstream of short-radius elbow, 
effect of straightening vanes, 194/ 

downstream of short-radius elbow, 
profile, 191 

effect on relative viscosity, 144 
effect on sampling efficiency of side-

wall sampler, 182-183 
measured by conductivity probe, 

200-212 
measured by gamma-ray compared to 

conductivity probe methods, 211 
measuring in pipelines, conductivity 

methods, 194-212 
measuring in pipelines, sampling meth

ods, 176-194 
variations downstream of elbow, 191 

surfactant 
effect on droplet size, 237 

Concentration—Continued 
effect on sensor potential, conductivity 

probe, 203, 204/ 
in transport emulsions, 299 

water, in emulsion, economic effects, 309 
Concentric cylinder rotary viscometer, 

description, 137 
Condensate, definition, 389 
Conductance, emulsion, 10 
Conductivity of emulsions 

equations for determining, 13 
to determine nature of continuous 

phase, 84 
to determine water content, 88 
to distinguish O/W from W/O emul

sions, 13 
to measure concentration and particle size 

distribution, 195 
to measure effective porosity, 195 
to measure solids concentration in pipe

lines, 194-212 
mixture effective, definition, 195 
See also Effective conductivity 

Conductivity probe, local solids concentra
tion measurements, 200-212 

Cone-and-plate viscometer 
description, 138 
equations for determining viscometric 

functions, 165 
Confocal microscope, use in sizing particles, 

112, 113/ 
Contact angle 

definition, 20, 264, 389 
related to emulsion type and stability, 21 
related to type of emulsion formed, 38 

Containants, characterization to select emul
sion breakers, 332 

Continuous phase 
definition, 5, 390 
emulsions behaving as toward solids, 160 
related to conductivity, 13 

Continuous-phase viscosity, effect on emul
sion viscosity, 141 

Continuous treating, See Flow-line treating 
Corrosion considerations, pipeline transport 

of emulsions, 305 
Cost issues, prioritization, 334 
Costs, transportation, three different 

systems, 308-309, 310* 
Cosurfactant 

definition, 390 
to form microemulsions, 7 

Couette viscometer, equations for determin
ing viscometric functions, 166 

Coulter counter, to determine size distribu
tion, 91 

Counterion charge number and 
Schulze-Hardy rule, 34 
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410 EMULSIONS IN THE PETROLEUM INDUSTRY 

Counterion concentration, See Electrolyte 
concentration 

Creaming 
definition, 6, 41, 390 
droplet, problem in rheological measure

ments, 15 
preventing in stored O/W emulsions, 307 
to remove water from bituminous froth, 

41 
Critical capillary number, mobilization of 

residual oil, 267 
Critical coagulation concentration (CCC) 

and Schulze-Hardy rule, 34 
definition, 32, 390 
predicted from D L V O theory, 34 

Critical micelle concentration (CMC) 
definition, 390 
definition and typical values, 25 
surfactants in solution, 23f 

Critical velocity related to capture mecha
nisms, 247 

Crude oil 
characterization to select emulsion 

breakers, 332 
composition, 2 
definition, 390 
emulsified droplet, 2f 
emulsions in the ocean, 4 
See also Heavy crude oil 

Cuff layer emulsion (interface emulsion), 
definition, 394 

D 

Darey's law 
equation, 220, 221, 222 
modified for non-Newtonian fluid through 

porous media, 253 
See also Permeability 

Dean-Stark analysis 
emulsion-treatment miniplant, 382 
to monitor the separation efficiency, 362 
to determine oil, water, and solids content 

of emulsion, 84 
vs. centrifuge, comparative results of 

bitumen cut, 382 
Deep-bed filtration process compared to 

interception, 256 
Defoaming by emulsions, spreading as 

mechanism, 27 
Degradation rate, emulsion, related to pipe 

diameter, 303 
Demulsification 

by spreading, 27 
chemical methods, 327 
electrical methods, 326 
enhanced by thermal methods, 326 

Demulsification—Continued 
heavy-crude-oil transport emulsion, basic 

procedure, 306 
last step of emulsion transport, 305 
mechanism and methods, 44-45 
methods, 322-326 
physical methods, 45 
related to quality of interface, 321 
transport emulsions, techniques, 305 
various options for accomplishing, 316 
See also Breakdown, Emulsion breaking 

Demulsifier 
adsorption to enhance coagulation, 69-73 
and diluent injection, emulsion-treatment 

miniplant, 381 
auxiliary chemical selection, 332 
definition, 390 
in oil-field and refinery applications, 327 
factors affecting performance, 344 
factors affecting selection, 332-336 
mechanism of reducing emulsion 

stability, 45 
mode of action, 345 
to facilitate phase separation for deter

mination of oil, water, and solids, 86 
to produce desirable oil quality, 329 
See also Chemical treatment, Emulsion 

breakers 
Demulsifier mixture, effect on coales

cence, 68 
Density differential, increasing to cause 

demulsification, 316 
Density measurement 

to determine water content, 88 
to distinguish light, heavy, and bituminous 

crude oils, 3-4 
Depletion flocculation, causes, 63 
Desalter, definition, 390 
Desalting 

crude oil, process, 318 
mechanical equipment, 323 
optimizing system for maximum perfor

mance, 325 
Destabilization 

emulsions, electrostatic, 100 
foams in EOR process, 11 

Detergent, See Surfactant(s) 
Dewatering effectiveness, resulting from in

teractions between two surfactants, 72 
Diameter, sampler, effect on sampling effi

ciency of side-wall sampler, 182-183 
Dielectric constant to determine water 

content, 88 
Differential scanning calorimetry to 

determine free and emulsified water, 
122 

Differential viscosity, definition, 391 
Diffuse layer, See Electric double layer 
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INDEX 411 

Diffusion, natural surfactants from oil-water 
interface to aqueous phase, 65/ 

Dilatant 
behavior in emulsion-solids mixture, 154 
definition, 391 
properties, 134 

Diluent 
definition, 391 
recycle versus emulsion transportation, 

308 
Dilution 

as cause of phase inversion, 10 
method to determine nature of continu

ous phase, 83 
Direct observation in electron microscopy, 

112 
Dispersant, asphaltene, to prevent accu

mulation of insoluble asphaltenes, 331 
Dispersed phase 

characterization of physical nature, 91-96 
definition, 5, 391 
difficulties in determining, 81 
effect of concentration on rheological 

behavior, 140 
effect of viscosity on emulsion viscosity, 

141 
effect of volume fraction on emulsion 

viscosity, 141 
importance of chemical and physical 

nature, 89 
volume related to stability, 37 

Dispersed-phase properties of emulsions, 
determination, 89-96 

Dispersion, definition, 391 
Dispersion force 

equation defining, 55 
for droplets, described, 31 

Dispersions, colloidal 
definition, 389 
degrees of kinetic stability, 27 
droplet sizes in emulsions, 11 
reasons for stability, 54 
two broad types, 6 

Dispersity, effect on emulsion viscosity, 303 
Distribution, fluids in porous media, factors 

affecting relative permeability, 224-225 
D L V O theory 

applied to O/W emulsions, 55-61 
cases when not applicable, 62-64 
colloidal stability, 230-231 
confirmed for bitumen-in-water emulsions 

by coagulation tests, 60-61 
definition, 391 
for stability of lyophobic colloids, 32 
problems with calculations, 33 
theoretical aspects, 55 
to describe short-range interaction 

between droplets, 230 

Double layer, definition, 391 
Double-layer thickness, equation defining, 

28 
Drainage, film, enhanced by demulsifiers, 

69 
Drilling fluid, definition, 391 
Droplet(s) 

behavior in an electric field, 56, 100 
breakup, importance in emulsion prepara

tion, 52 
causes of interactions, 230 
dispersion as problem in rheological 

measurements, 15 
electrophoretic relaxation effect, 56 
growth rates as indicator of emulsion 

aging, 304 
interaction related to emulsion stability, 

55 
interaction with adsorbed polymer layers, 

62 
kinetics of aggregation, 36 
pressure difference caused by interfacial 

tension, 19 
surface charge determined by electropho

resis, 270 
Droplet retardation model, flow of emul

sions in porous media, 254 
Droplet size 

as indicator of emulsion aging, 304 
effect on surfactant concentration, 237 
effect on UVP signal, 68 
factors affecting, 237 
in emulsions, 11 
methods to determine, 12 
related to emulsion appearance, 10 
related to light scattering and emulsion 

appearance, 12 
related to permeability, 239 
related to stability, 37 
water, factors affecting, 361 
See also Size, droplet 

Droplet size distribution 
effect on viscosity of transport emulsions, 

301 
related to stability and viscosity, 12 

Droplet-type structure in microemulsions, 
description, 271 

Dual-polarity electrostatic treater 
emulsion-treatment miniplant, 375, 376/ 
internal structure, 358f 

Dyeing 
emulsion, 10 
to determine nature of continuous phase, 

84 
Dynamic interfacial tension in alkaline 

flooding, 284 
Dynamic simulators to select emulsion 

breakers, 336 
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412 EMULSIONS IN THE PETROLEUM INDUSTRY 

Ε 

E A C N , See Equivalent alkane carbon 
number 

Economic effects, emulsion water 
concentration, 309 

Economics, emulsion pipeline transportation 
system, 307 

Effective conductivity 
Bruggeman's equation, 199 
concentrated mixtures, 198-200 
dilute mixtures, 196-198 
mathematical description, 196-200 
Maxwell's equation, 197 
various empirical expressions, 199 

Effective Hamaker constant equation, 32 
Effective viscosity, non-Newtonian fluid, 

equation defining, 253 
Effluent water quality, goals of refiner and 

oil producer, 320 
Einstein's equation for dilute suspension of 

spheres, 15 
Einstein's relationship between viscosity 

of suspension and volume fraction, 
148 

Electric double layer 
composition, 28 
definition, 391 
formation mechanism, 28 

Electric double-layer repulsion, related to 
stability, 37 

Electrical conductivity, See Conductivity 
Electrical energy to enhance emulsion 

breaking, 348 
Electrical methods of demulsification, 45, 

326 
Electrical properties 

to determine size distribution, 91 
to determine water content, 88 

Electrical repulsive forces as enhancers of 
emulsion stability, 54 

Electroacoustical techniques to monitor 
coalescence, 66-68 

Electrokinetic measurements 
four types, 30 
to determine emulsion stability, 99 

Electrokinetic phenomena, emulsions, 29 
Electrolyte concentration 

effect on relative viscosity, 143 
related to zeta potential of bitumen-in-

water emulsions, 59-60 
Electron micrograph 

discrete oil droplets on interior surface of 
air bubble, 120 

O/W emulsion, 117/ 
W/O emulsion, 115/ 116/ 

Electron microscopy, to characterize emul
sions, 112-120 

Electrophoresis 
description, 30, 392 
to study surface charge of droplets, 270 

Electrophoretic mobility 
conversion to zeta potential, 56 
definition, 30 
determination, 56 
effect of cationic polymer, 100, 103f 
emulsified oil droplets, 100, 102/ 
frequency-dependent, equation defining, 

67 
related to zeta potential, 57-59 
schematic representation, 101/ 

Electrophoretic relaxation effect, emulsion 
droplets, 56 

Electrosonic amplifier technique to deter
mine emulsion stability, 103 

Electrostatic dehydration for emulsion 
breaking, 326 

Electrostatic desalter 
one-stage, 323/ 
three-stage, 324/ 

Electrostatic forces, emulsions, 27 
Electrostatic stability, measurement in 

emulsion systems, 99 
Electrostatic stabilization of emulsions, 100 
Electrostatic treater 

definition, 392 
dual-polarity 

emulsion-treatment miniplant, 375, 
376/ 

internal structure, 358/ 
Ellis model at low shear rates, equation, 133 
Emulsification 

changes in interfacial area and energy 
involved, 18 

description, 51-54 
general comments, 9 
in porous media, 257 
O/W emulsions for transportation, 298 
schematic representation, 52/ 

Emulsified crude-oil droplets in foams in 
EOR process, 11/ 

Emulsified droplet of crude oil, photomicro
graph, 2/ 

Emulsified vs. free water determined by 
DSC, 122 

Emulsifier (or emulsifying agent) 
and theory of emulsion type, 37 
categorized by H L B scale, 38-39 
controlling to effect demulsification, 316 
definition, 392 
effect on amount of mechanical energy 

needed for emulsification, 18 
effect on viscosity, 147 
functions, 9 
types, 6 
See also Surfactant(s) 
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INDEX 413 

Emulsion(s) 
age related to stability, 316 
appearance, 10 
appearance related to light scattering, 12 
as blocking agents in porous media, 228 
as colloidal systems, 5 
as problem in petroleum industry, 313 
behavior, basic philosophy, 315 
breaking, See Demulsification 
bulk properties, determination, 81-89 
bulk viscosity properties, 13 
characterization, See Characterization of 

emulsions 
charged interfaces, 27 
chemical treatment, use of demulsifiers, 

344 
See also Demulsifiers 

chocolate mousse, See Mousse emulsions 
classification, 5 
conductance, 10 
conductivity, See Conductivity 
definition, 1, 5, 79, 392 
determining dispersed phase, 81 
dispersed-phase properties, determina

tion, 89-96 
dyeing, 10 
electrokinetic phenomena, 29 
electrostatic forces, 27 
electrostatic stabilization, 100 
failure, description, 303 
flow, See Flow 
fluorescence of oil phase, 10 
formation, 1, 9, 51-54 
from primary vs. secondary recovery, 343 
importance, 1 
importance in enhanced oil recovery, 263 
in situ formation in porous media, 257 
interfacial viscosity, 16 
inversion upon dilution, 10 
mixing with other liquids, 10 
Newtonian, flow in porous media, homo

geneous model, 251 
non-Newtonian, flow in porous media, 

homogeneous model, 252 
occurring in petroleum industry, 313 
origins of surface electric charge, 27 
O/W, See Oil-in-water emulsions 
petroleum, See Petroleum emulsions 
physical characteristics, 10 
preparation, 1, 9, 51-54, See also Emulsi

fication 
quality, See Quality, emulsion 
repulsive forces between droplets, 31 
rheological behavior, 139-140 
rheological classifications, 14 
rheology, 13, 139-151 
stability, See Stability of emulsions 
stable, conditions for formation, 314 

Emulsion(s)—Continued 
texture, 10 
transportation versus diluent recycle, 308 
treatment 

agents employed, 344-348 
pilot-scaled plant, 369 

trucked versus pipelined, 342 
turbidity, equation defining, 12 
type, See Emulsion type 
viscosity, See Viscosity of emulsions 
W/O, electron micrograph, 115/*, 116f 
See also Process-stream emulsions, Trans

port emulsions 
Emulsion breakers, See Demulsifier 
Emulsion characteristics 

effect on flow of O/W emulsions through 
porous media, 230-243 

effect on flow of W/O emulsions in porous 
media, 248-249 

Emulsion drilling fluid, See Drilling fluid 
Emulsion injection for recovery of heavy oil, 

287 
Emulsion properties, importance of under

standing, 125 
Emulsion test, definition, 392 
Emulsion treater, See Treater 
Emulsion type 

determined from conductivity, 13 
factors influencing formation, 5 
methods to determine, 10 
related to contact angle, 21 
related to wetting of emulsifying agent, 37 

Emulsion water concentration, economic 
effects, 309 

Energy diagrams 
bitumen-in-water emulsions, 60/ 
interpretation, 59-61 

Enhanced oil recovery (EOR) 
alkaline flooding, 280-287 
definition, 392 
emulsion injection, 287 
emulsions produced, 343 
importance of emulsions, 263 
importance of interfacial parameters, 

268-271 
matrix acidization, 287 
micellar-polymer flooding, 271-280 
microemulsions as basis, 7 
residual oil as target, 265 
types of activity, 343 

Entrapment, See Oil entrapment 
Equipment 

bottle test procedure, 363 
emulsion breaking, 322-326, 346 
emulsion-treatment miniplant, 371 
group gathering systems, 341 
preparation of transport emulsions, 299 
separation, selecting, 353 
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414 EMULSIONS IN THE PETROLEUM INDUSTRY 

Equivalent alkane carbon number (EACN) 
definition, 392 
equation, 282 

Ethoxylated alkylphenols used in transport 
emulsions, 299 

External phase, definition, 5, 393 
Extra-heavy crude oil, definition, 393 

F 

Failure, emulsion, description, 303 
Fanning friction factor, equation defining, 

173 
Feed characteristics, emulsion-treatment 

miniplant, 381 
Feed tanks, emulsion-treatment miniplant, 

371, 374/ 
Field application 

alkaline flooding, 286 
micellar-polymer process for enhanced oil 

recovery, 279 
Field-flow fractionation to determine size 

distribution, 96, 97/ 
Film drainage, enhanced by demulsifiers, 69 
Film formation, related to stability, 37 
Film stability, importance of characterizing, 

102 
Films, persistent, and natural stabilizing 

agents, 65 
Filtration model, flow of emulsions in 

porous media, 256 
Fire flood emulsion, scanning electron 

micrographs, 83/ 
Flocculation 

caused by demulsifier, 345 
definition, 7 
effect of demulsifier mixture, 68 
enhanced by demulsifiers, 69 
monitored with UVP technique, 66 
polymer-induced, for breaking W/O emul

sions, 62 
See also Aggregation, Coagulation 

Flory-Huggins interaction parameter, 
related to interaction between polymer-
coated droplets, 63 

Flotation 
to separate bitumen from sand matrix, 4 
See also Sedimentation 

Flow 
emulsion vs. two phases simultaneously, 

228 
factors affecting, 222 
fluid, along a curved pipe, 189 
in curved pipes, sampling efficiency, 190 
in more than one direction, velocity equa

tions, 222 
in porous media 

characterized by three parameters, 256 

Flow—Continued 
droplet retardation model, 254 
effect of average droplet size, 237 
filtration model, 256 
homogeneous models, 251 
mathematical models, 251-256 
situations encountered, 219 
theories describing, 251 

multiphase, in porous media, 223 
Newtonian and non-Newtonian fluids in 

smooth pipes, 172, 173 
O/W emulsions in porous media, 227-248 

effect of medium characteristics, 243 
effect of pore size and pore distribu

tion, 244 
effect of velocity, 247 
effect on permeability, 228 

O/W emulsions through porous media 
effect of emulsion characteristics, 

230-243 
effect of emulsion stability, 230-233 

power law fluids in smooth pipes, 174 
simultaneous, emulsified and bulk 

dispersed phase, 250 
single fluid, and Darcy's law, 222-223 
through 90° elbows, secondary flow 

pattern, 189-191 
W/O emulsions in porous media, 248-250 

effect of emulsion characteristics, 
248-249 

effect of medium characteristics, 249 
effect of velocity, 250 

See also Laminar flow, Turbulent flow 
Flow behavior 

effect of volume fraction of internal 
phase, 16 

types, 14 
Flow properties of fluids, summarized by 

plotting, 13 
Flow rate 

Darcy's equation, 221, 222 
effect of emulsion quality on relationship 

to pressure drop, 233 
equations for multiphase flow, 223, 224 
factors affecting, 222 

Flow structure ahead of the sampler, source 
of sampling errors, 189-194 

Flow-line treating, definition, 393 
Fluid, definition, 131 
Fluid dynamics, oil-water-sand systems, 

171-212 
Fluid flow, See Flow 
Fluid-flow parameters, importance, 88 
Fluidization tests to calibrate conductivity 

probe, 205 
Fluids 

Bingham plastic, 134 
drilling, 391 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.ix

00
2



INDEX 415 

Fluids—Continued 
generalized plastic, 134 
in porous media, factors affecting relative 

permeability, 224-225 
Newtonian, 131, 397 
non-Newtonian, 132, 398 
power law, 400 
pseudoplastic, 132 
rheopectic, 134 
shear-thickening, 134 
shear-thinning, 132 
thixotropic, 134 
time-dependent non-Newtonian, 134 
time-independent non-Newtonian, 132 
viscoelastic, 135 
wetting, 224 
with yield stress, properties, 134 

Fluorescence 
oil phase, to determine emulsion type, 10 
technique to characterize emulsions, 107, 

108/, 109/ 
Foam 

definition, 393 
use in gas-flooding EOR process, 11 

Formation of emulsions, 1, 9, 51-54 
Fracture porosity, definition, 220 
Fraunhofer diffraction to determine size 

distribution, 93 
Free energy of formation of droplets, equa

tion defining, 51 
Free water 

definition, 353, 393 
vs. emulsified determined by DSC, 122 

Free-water knockout (FWKO) 
definition, 393 
emulsion-breaking equipment, 346, 347f 
emulsion-treatment miniplant, 371, 375/ 
oil-field treating equipment, 325 
use in emulsion treatment, 353 

Freeze-fracture sample preparation tech
nique, for electron microscopy, 114/ 

Freezing behavior, characterized by DSC, 
123, 124/ 

Friction losses in laminar flow, estimates, 
173 

FWKO, See Free-water knockout 

G 
Gamma-ray attenuation, to determine water 

content, 88 
Gamma-ray method, compared to con

ductivity probe method, 211 
Gas emulsion, definition, 393 
Gas-flooding enhanced oil recovery process, 

11 
Gas separators, oil-field treating equipment, 

325 

Generalized plastic fluid, properties, 134 
Gibbs adsorption equation for binary iso

thermal system, 22 
Gibbs free energy change for cohesion, 

adhesion, and spreading, 26/ 
Glass beads 

effect of size on conductivity probe cali
bration curve, 208 

See also Particles 
Gravitational separation, process-stream 

emulsions, 355 
Gravity as emulsion-breaking technique, 346 
Gravity separator, See Separator definition, 

401 
Group gathering systems in petroleum pro

duction operations, 341 
Gun barrel, emulsion-breaking equipment, 

346, 348/ 393 

H 
Hamaker constant 

definition, 394 
effective, equation defining, 32 

Heat, to enhance emulsion breaking, 326, 
346 

Heater treater 
definition, 403 
function, 326 
oil-field treating equipment, 326 
process-stream emulsions, 357 

Heating, potential problem with optical 
microscopy, 107, HOf 

Heavy crude oils 
definition, 394 
major problems in pipelining, 342 
pipeline transportation as emulsions or 

dispersions, 295-312 
viscosities related to transport problems, 

171 
viscosity reduced by use of O/W emul

sions, 296 
Heavy-oil evaporation dehydrator, emulsion-

treatment miniplant, 376, 377/ 
Heterodisperse, definition, 394 
Homogeneous models, flow of emulsions in 

porous media, 251 
Huckel equation, to convert electrophoretic 

mobility to zeta potential, 57 
Huckel theory, to calculate zeta poten

tials, 31 
Hydration forces, as surfaces approach each 

other, 63 
Hydrodynamic chromatography, to deter

mine size distribution, 96, 97/ 
Hydrophile-lipophile balance (HLB) scale 

definition, 394 
for categorizing emulsifying agents, 38-39 

Hydrophilic, definition, 394 
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416 EMULSIONS IN THE PETROLEUM INDUSTRY 

Hydrophobic forces, as surfaces approach 
each other, 63 

Hysteresis loops formed in rheopectic and 
thixotropic fluids, 134 

I 

Impingement and coalescence, process-
stream emulsions, 355 

Impingement separator, definition, 401 
Induced gas flotation 

emulsion-treatment miniplant, 380 
process-stream emulsions, 357 

Induced gas flotation cell, diagram, 359/ 
Injection, one liquid stream into another, 

52-53 
Inorganic solid removal to achieve pipeline 

specifications, 319, 320 
Instrumentation 

pipeline transport of emulsions, 299 
See also Equipment 

Interaction energy, determining, 32-33 
Interactions 

droplet, related to emulsion stability, 55 
droplets with adsorbed polymer layers, 62 
potential energy, determination, 59 
surfactant, effect on water recovery, 72 

Interception capture, description, 247, 256 
Intercrystalline porosity, definition, 220 
Interface 

definition, 17, 394 
evaluating in process-stream emulsions, 

352 
oil-water, control in petroleum processing 

unit, 321 
stability predicted by ionizable surface-

group model, 61 
Interface emulsion, definition, 394 
Interfacial area 

changes involved in emulsifying 1 barrel 
of oil, 18 

increased by cohesion, 26 
Interfacial effects, importance of charac

terizing, 102 
Interfacial energy, changes involved in 

emulsifying 1 barrel of oil, 18 
Interfacial film 

definition, 395 
effect on emulsion stability, 22 
factors affecting physical characteristics, 

232 
Interfacial parameters, importance in 

enhanced oil recovery, 268-271 
Interfacial properties, importance, 17 
Interfacial surface charge, importance in 

enhanced oil recovery, 269 
Interfacial tension 

cause of pressure difference, 19 

Interfacial tension—Continued 
definition, 19, 268 
disrupted by emulsion breakers, 329 
dynamic, in alkaline flooding, 284 
effect of surface films, 22 
effect of surfactants, 22 
emulsion flow in porous media, 229 
equation, 269 
importance in enhanced oil recovery, 

268-271 
methods of measurement, 268 
reduced by surfactants, 231 
related to stability, 37 
time-dependent, related to surfactant 

adsorption, 70-72 
See also Surface tension 

Interfacial viscosity 
definition, 16, 395 
effect of surface films, 22 
importance in enhanced oil recovery, 269 

Intergranular porosity, definition, 220 
Internal phase 

definition, 5, 395 
effect of volume fraction on flow 

behavior, 16 
Interpénétration term, related to interaction 

between polymer-coated droplets, 63 
Interpreting results, bottle test and plant 

test, 351 
Intrinsic viscosity, definition, 395 
Inversion 

caused by drawing W/O emulsion up 
through capillary, 83 

definition, 42/ 43, 395 
diluted bitumen-in-water emulsion, 43, 

44/ 
method of emulsion preparation, 9 
upon dilution, 10 

Invert-oil mud, definition, 395 
Ionizable surface-group model to predict 

emulsion stability, 61 
Ionization, functional groups on surface of 

dispersed phase, 61 
Isoelectric point, definition, 395 
Isokinetic sampling 

compared to conductivity probe method, 
210 

defined and illustrated, 178 
definition, 395 

Κ 

Karl Fischer titration, for determining water 
content, 87 

Kinematic viscosity, definition, 395 
Kinetics, droplet aggregation, 36 
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INDEX 417 

Knockout drops, to facilitate phase separa
tion for determination of oil, water, and 
solids, 86 

Krafft point, definition, 25 

L 

L-shaped probes 
thick, effect of particle bouncing on sam

pling efficiency, 185 
thin, effect of particle inertia on sampling 

efficiency, 178-181 
Laminar flow 

definition, 395 
Newtonian and non-Newtonian fluids in 

smooth pipes, 172 
Laplacian differential pressure, to move 

droplet through pore equation, 228 
Light crude oil, definition, 395 
Light scattering 

related to droplet size and emulsion ap
pearance, 12 

to determine size distribution, 93 
London dispersion forces, definition, 31 
Loose emulsion, definition, 396 
Loudon micellar-polymer flood, 279 
Lower-phase microemulsion, definition, 396 
Lyophilic, definition, 396 
Lyophilic colloids, definition, 6 
Lyophobic, definition, 396 
Lyophobic colloids 

definition, 6 
D L V O theory of stability, 32 

M 

Macroemulsion, definition, 396 
Maintenance requirements, emulsion pipe

lines, 307 
Marangoni effect, defined, 65 
Marangoni elasticity, definition, 396 
Mass balance, emulsion-treatment 

miniplant, 383 
Material balance requirements, oil wells, 

362 
Mathematical description 

effective conductivity, 196-200 
one-dimensional two-phase flow, 224, 227 

Mathematical models, flow, emulsion in 
porous media, 251-256 

Matrix acidization, for enhanced oil recov
ery, 287 

Maxwell's equation for effective conductiv
ity, 197 

Mechanical energy to enhance emulsion 
breaking, 346 

Mechanical methods of demulsification, 45 
Metastable emulsion, definition, 396 

Metzner-Reed modified Reynolds number, 
equation defining, 175 

Micellar emulsion, definition, 396 
Micellar flooding, function in enhanced oil 

recovery, 9 
Micellar-polymer flooding 

field application, 279 
general sequence, 277 
nonideal phase behavior, 278 
oil bank formation, 277 
phase behavior, 271 
principles, 271-280 
process design, 276 
salinity requirement diagrams, 274-276 

Micelle 
definition, 396 
effect on surfactant behavior, 23 

Micelle-forming surfactants, effect of tem
perature on solubility, 25 

Microemulsion 
definition, 396 
formation, 7 
structure, 271 
upper-phase, definition, 404 

Microemulsion injection scheme, 278/ 
Microscopy 

to characterize emulsions 
electron, 112-120 
optical, 104-112 

Microwave apparatus for investigating W/O 
emulsions, 249 

Microwave techniques to determine water 
content, 88 

Middle-phase microemulsion, definition, 
397 

Mie scattering to determine size distribu
tion, 93 

Miniemulsion, definition, 397 
Mirror interface, evaluating in process-

stream emulsions, 352 
Mixing 

importance in emulsion preparation, 9 
with other liquids, emulsions, 10 

Mixing term, related to interaction between 
polymer-coated droplets, 63 

Mixture effective conductivity, definition, 
195 

Mixtures 
concentrated, effective conductivity, 

198-200 
dilute, effective conductivity, 196-198 

Mobilization, See Oil mobilization 
Modified Dean-Stark procedure, to deter

mine oil, water, and solids content of 
emulsion, 84 

Monodisperse, definition, 397 
Monodisperse suspension, effect of particle 

size ratio and solids concentration on 
relative viscosity, 144 
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418 EMULSIONS IN THE PETROLEUM INDUSTRY 

Mousse emulsions 
chocolate, definition, 389 
example of effect of volume fraction on 

viscosity, 16 
formed in the ocean, 4 

Multiphase flow in porous media, 223 
Multiple emulsion 

definition, 397 
types possible, 5 

Ν 

Naphtha 
definition, 397 
effect on emulsion viscosity, 43 

Natural stabilizing agents and persistent 
films, 65 

Near-IR spectroscopy to characterize emul
sions, 122 

Near-IR spectrum, oil-sand sample, 122, 
123/ 

Nelson-type emulsions, definition, 397 
Neutron scattering to determine size distri

bution, 94 
Newtonian and non-Newtonian emulsions, 

equation correlating viscosity data, 151 
Newtonian behavior, emulsions, 13 
Newtonian emulsions, flow in porous media, 

homogeneous model, 251 
Newtonian fluid 

definition, 131, 397 
properties, 134 

Newton's law of viscosity, equation, 131 
Ν MR spectroscopy to characterize emul

sions, 120 
Non-Newtonian emulsions, flow in porous 

media, homogeneous model, 252 
Non-Newtonian fluid, 132, 398 
Nonideal behavior, phases, 278 
Nonionic surfactant 

definition, 398 
examples, 24f 
to stabilize petroleum emulsions, 172 
used in transport emulsions, 299 

Ο 

Oil 
definition, 398 
effect of concentration on relative viscos

ity, emulsion-solids mixture, 160 
Oil bank formation, importance in residual 

oil recovery, 277 
Oil brightness, related to water droplet size, 

352 

Oil color 
definition, 398 
evaluating in process-stream emulsions, 

352 
Oil content of emulsion 

determined by near-IR spectroscopy, 122 
determined by NMR spectroscopy, 121 
determining, 84-88 

Oil dehydration, concern in production 
operations, 317 

Oil entrapment 
mechanisms in porous media, 264-266 
pore doublet and snap-off models, 

265-266 
Oil loss related to water content, production 

operations, 321 
Oil mobilization in porous media, 267 
Oil mud, definition, 398 
Oil phase 

fluorescence to determine emulsion type, 
10 

observation enhanced with fluorescent 
light, 107, 108/ 109/ 

Oil recovery, related to zeta potential, 34, 
35/ 

Oil recovery scheme, related to type of pro
cess-stream emulsion, 343 

Oil sand, definition, 398 
Oil-base mud, definition, 398 
Oil-continuous emulsions, determining dis

persed phase, 81 
Oil-emulsion mud, definition, 398 
Oil-in-water emulsions (reverse emulsions) 

definition, 400 
electron micrograph, 117f 
flow in porous media, 227-248 
in major pipeline systems, 296 
stability, 54-64 
stability due to electrical surface charge, 

35 
used to reduce viscosity of heavy crude 

oils, 296 
Oil-sand sample, NIR spectrum, 122, 123/ 
Oil-treating simulators, fluid path, 337f 
Oil-water interface, control in petroleum 

processing unit, 321 
Oleophilic, definition, 398 
Oleophobic, definition, 398 
One-stage electrostatic desalter, 323f 
Operating data, need to understand before 

selecting emulsion breakers, 3,33 
Optical microscope in reflected-light mode, 

schematic, 106/ 
Optical microscopy in fluorescent mode, to 

characterize multiple emulsions, 104, 
105/ 

Optical microscopy, various techniques to 
characterize emulsions, 104-112 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

2-
02

31
.ix

00
2



INDEX 419 

Optimum salinity, definition, 398 
Organic acids in some crude oils, formation 

of soaps, 172 
Organic phase, observation enhanced with 

fluorescent light, 107, 108/ 109/ 
Oriented-wedge theory of emulsion type, 

38/ 
Orthokinetie coagulation, definition, 36 
Ostwald-de Waele equation, 133 
O/W, definition, 399 
O/W emulsions, See Oil-in-water emulsions 
O/W/O, definition, 399 

Ρ 

Packing density, surfactant in monolayer at 
interface, 22 

Pad layer emulsion (interface emulsion), 
definition, 394 

Paraffin crystal modifier to prevent paraffin 
deposition, 332 

Parallel-disk viscometer, equations for 
determining viscometric functions, 166 

Parallel-plate viscometer, description, 139 
Particles 

in a dispersion, interactions and forces, 27 
sand, glass, and polystyrene, effect on 

conductivity probe measurements, 
208f 

See also Glass beads, Polystyrene parti
cles, Sand particles, Solid particles 

Particle bouncing, source of sampling errors, 
185 

Particle inertia, source of sampling errors, 
177-185 

Particle inertia parameter, equation defin
ing, 179 

Particle interactions related to emulsion 
quality, 233 

Particle radius, effect on UVP signal, 68 
Particle shape 

effect on conductivity probe calibration 
curve, 206 

effect on viscosity, 155 
Particle size 

effect on conductivity probe calibration 
curve, 205-206, 208-209 

effect on relative viscosity, 142, 143 
effect on sampling efficiency of side-wall 

sample, 182 
effect on solids concentration downstream 

of short-radius elbow, 193 
effect on viscosity, 157 

Particle size distribution 
effect of sampler diameter using side-wall 

sampler, 182, 184/ 
effect of sampling velocity ratio using 

side-wall sampler, 182, 184/ 

Particle size ratio, effect on relative viscos
ity, 144 

Particle sizing 
limits with optical vs. electron microscopy, 

117 
white-light vs. blue-light fluorescence, 111 
with confocal microscope, 112, 113/* 

Paucidisperse, definition, 399 
Performance issues, prioritization, 334 
Performance parameters, production and 

refining operations, 317-322 
Perikinetic coagulation, definition, 36 
Permeability 

definition, 220, 399 
effect of oil-phase viscosity, 243 
effect on emulsion flow, 244 
reduction by flow of O/W emulsion in 

porous media, 228 
related to droplet size, 239 
See also Relative permeability 

Persistent films and natural stabilizing 
agents, 65 

Petroleum, definition, 399 
Petroleum emulsions 

desirable and undesirable, 3 
examples, 3t 
importance, 2 
made to reduce viscosity, 4 
occurrence within another type of colloi

dal dispersion, 11 
Petroleum soaps 

formed by organic acids in some crude 
oils, 172 

produced in alkaline flooding, 280 
Phase behavior 

environments, 272-274 
factors affecting, 274 
in micellar flooding, 271 
in surfactant-enhanced alkaline flooding, 

282 
nonideal, 278 
types, 272-274 

Phase-behavior diagrams, crude oil and sur
factant, 283 

Phase inversion, See Inversion 
Phase inversion temperature, definition, 40, 

399 
Phase relationships and ability of micellar 

fluid to recover oil, 277 
Physical barriers to coalescence, 54 
Physical characteristics of emulsions, 10 
Physical methods of demulsification, 45 
Physical nature of dispersed phase, charac

terization, 91-96 
Physical separation to determine size distri

bution, 94, 96 
Pickering emulsion 

definition, 399 
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420 EMULSIONS IN THE PETROLEUM INDUSTRY 

Pickering emulsion—Continued 
wettability, 20 

Pilot-scaled plant for heavy-oil emulsions 
treatment, 369 

Pipe diameter, related to emulsion degrada
tion rate, 303 

Pipe flow calibration curve using isokinetic 
sampling, 210 

Pipeline(s) 
advantages, 342 
conductivity methods, 194-212 
effect of shutdown and restart on trans

port emulsions, 305 
flow of Newtonian fluids, 173 
flow of power law fluids, 174 
maintenance requirements, 307 
measuring solids concentration, 176-212 
metering and custody transfer, 307 
predicting pressure drop, 172 
sampling methods, 176-194 

Pipeline pumps and valves, effect on emul
sion properties, 304 

Pipeline requirements, reducing inorganic 
solids, 319 

Pipeline specifications, water content, rea
sons needed, 318 

Pipeline system for emulsions 
components, 297 
operation, 300 

Pipeline transport 
corrosion considerations, 305 
heavy crude oils, major problems, 342 
heavy crude oils as emulsions or disper

sions, 295-312 
problems caused by high viscosities of 

heavy crude oil and bitumen, 171 
Pipelined versus trucked emulsions, 342 
PIT, See Phase inversion temperature 
Plant, pilot-scaled, for heavy-oil emulsions 

treatment, 369 
Plant operation performance, emulsion-

treatment miniplant, 381 
Plant test 

interpreting results, 351 
ultimate proof of demulsifier's perfor

mance, 350 
Point of zero charge, definition, 399 
Polar molecules, adsorption at liquid sur

faces, 22 
Polarized light 

to observe clays in emulsions, 107 
vs. reflected light, visibility of oil droplets, 

108 
Polydisperse, definition, 399 
Polymer adsorption, experimental tech

niques, 62 
Polymer-induced flocculation for breaking 

W/O emulsions, 62 

Polyoxyethylene alcohols, calculating H L B 
values, 39 

Polystyrene particles, effect of probe relative 
wall thickness on sampling efficiency, 
187 

Pore doublet model, oil entrapment, 
265-266 

Pore size, effect on emulsion flow, 244 
Pore size distribution 

definition, 221 
effect on emulsion flow, 244 

Porosity, definition, 220, 399 
Porous medium 

definition, 220, 400 
effect of characteristics on O/W emulsion 

flow, 243 
effect of characteristics on W/O emulsion 

flow, 249 
flow of emulsions, 219-258 
flow of O/W emulsions, 227-248 
flow of single fluids and Darcy's law, 

222-223 
flow of W/O emulsions, 248-250 
in situ emulsification, 257 
mathematical models for emulsion flow, 

251 
multiphase flow, 223 
oil entrapment mechanisms, 264-266 
oil mobilization, 267 
properties, 220-222 

Porphyrinic compounds as stabilizing agents 
in W/O emulsions, 65 

Potential 
electric double layer, equation defin

ing, 28 
surface, charged emulsion droplet in 

aqueous solutions, 30f 
See also Zeta potential 

Potential energy of interaction, determina
tion, 59 

Pour point, definition, 400 
Power law equation, 133, 174 
Power law fluid or emulsion, definition, 400 
Preparation of emulsions, See Emulsification 
Pressure 

across pore throat, to move droplet 
through, 228 

effect on emulsion stability, 232 
Pressure difference 

caused by interfacial tension, 19 
Young-Laplace equation, 19 

Pressure drop 
in porous media, effect of emulsion qual

ity, 233 
predicting for flow of emulsions in pipe

lines, 172 
Primary oil recovery 

definition, 400 
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INDEX 421 

Primary oil recovery—Continued 
resulting emulsions, 343 

Probes 
circular-port, effect of particle bouncing 

on sampling efficiency, 188 
effect of position on calibration curve for 

sand particles, 206, 207/ 
straight, effect of particle bouncing on 

sampling efficiency, 188 
thick L-shaped, effect of particle bouncing 

on sampling efficiency, 185 
thin L-shaped, effect of particle inertia on 

sampling efficiency, 178-181 
Process-stream emulsions 

sampling, 349 
source and nature, 341-344 
testing, 349-353 

Process design 
emulsions for pipeline transportation, 297 
micellar flooding, 276 

Process plant design considerations, 
360-363 

Product-stream quality requirements, 362 
Production facilities, flow diagram, 354f 
Production operations, performance param

eters, 317-322 
Protection, definition, 400 
Protective agents to enhance stability of dis

persion, 40 
Pseudoplastic fluid 

definition, 14, 400 
properties, 132 

Pseudoternary diagrams, 
oil-water-surfactant system, 271, 272/ 

Pumping costs, effect of emulsion water 
concentration, 310 

Pumps, effect on emulsion properties, 304 

Q 

Quality 
definition, 233 
effect on emulsion viscosity, 242 
effect on pressure drop in porous media, 

233 
effect on rheological behavior, 233 
related to emulsion viscosity, 234, 237f 
related to particle interactions, 233 

Quality requirements, product-stream, 362 

R 

Rag layer, defined, 81 
Rag layer emulsion (interface emulsion) 

definition, 394 
optical micrograph, 82/ 

Recovery, See Primary recovery, Secondary 
recovery, Enhanced oil recovery 

Reduced shear stress, equation, 143 
Reduced viscosity, definition, 400 
Re-entrainment velocity, definition, 247 
Refining operations, performance param

eters, 317-322 
Reflected light vs. white light, visibility of oil 

droplets, 108 
Reflected-light microscopy to characterize 

emulsions, 105 
Refractive index, related to emulsion 

appearance, 10 
Reiner-Philippoff s model, equation, 133 
Relative permeability 

definition, 224 
effect of wetting preference, 225 
factors affecting, 224-225 
multiphase flow in porous media, 224-227 
oil-wet system, 226, 227/ 
related to fluid distribution, 225 
water-wet system, 226 

Relative viscosity 
definition, 400 
effect of counterion molarity and particle 

size, 143 
effect of oil concentration, 

emulsion-solids mixture, 160 
effect of particle size, 142 
effect of particle size distribution, 143 
effect of particle size ratio and solids 

concentration, 144 
vs. reduced shear stress, polystyrene 

spheres of various sizes, 143/ 
vs. shear stress, different particle sizes of 

cross-linked polystyrene spheres, 142/ 
See also Viscosity 

Relaxation effect, See Electrophoretic relax
ation effect 

Replica 
definition, 400 
observation in electron microscopy, 112 

Repulsion term related to interaction 
between polymer-coated droplets, 63 

Repulsive energy for spherical droplets, 
equation defining, 31 

Repulsive forces between droplets in emul
sions, 31 

Repulsive interactions between droplets 
related to emulsion stability, 55 

Repulsive potential energy, effect on total 
interaction energy, 32-33 

Residual oil 
after water-flooding, 8 
definition, 265 
recovery and oil bank formation, 277 

Retention time, conventional oil-treatment 
systems, 361 

Reverse emulsions, See Oil-in-water emul
sions 
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422 EMULSIONS IN THE PETROLEUM INDUSTRY 

Reverse-emulsion-breaking chemicals, types, 
330 

Reynolds number, equation defining, 173 
Rheogram, See Shear diagram 
Rheological behavior 

effect of dispersed-phase concentration, 
140 

effect of emulsion quality, 233 
of emulsions, 139-140 

Rheological classification 
of fluids, 131-136 
types, 14 

Rheological measurement problems, oil
field emulsions, 15 

Rheological properties 
importance, 13, 88 
See also Viscosity 

Rheology 
definition, 400 
of emulsions, 13, 139-151 

Rheomalaxis, definition, 401 
Rheopectic fluids, properties, 134 
Rheopexy, definition, 401 
Rotational viscometers to measure rheologi

cal properties, 137 

S 

Salinity, effect in alkaline flooding, 281 
Salinity requirement 

chemical flooding system, 275 
function of diagrams in micellar-polymer 

system, 274-276 
optimum salinity, definition, 398 

Salt removal, importance in refining, 
318-319 

Sampler diameter 
effect on particle size distribution using 

side-wall sampler, 182, 184/ 
effect on sampling efficiency of side-

wallmcircular and thin-walled L-
shaped probes, 188-189 

effect of particle inertia, 179 
effect of probe relative wall thickness, 

185-187 
effects of sampling velocity and probe 

relative wall thickness, sampler, 
182-183 

Sampling 
anisokinetic, 178, 387 
isokinetic, 178, 210, 395 

Sampling efficiency, 45° and thin-walled L-
shaped probes, 188-189, 190/ 

causes of problems, 176-194 
circular and thin-walled L-shaped probes, 

188-189 
effect of particle inertia, 179 

Sampling efficiency—Continued 
effect of probe relative wall thickness, 

185-187 
effects of sampling velocity and probe rel

ative wall thickness, 187 
flow in curved pipes, 190 
side-wall sampling 

effect of particle size, 182 
effect of sampler diameter, 182-183 
effect of solids concentration, 182-183 

Sampling errors 
caused by particle bouncing, 185 
caused by particle inertia, 177-185 
caused by side-wall sampling, 182 

Sampling methods to measure solids con
centration in pipelines, 176 

Sampling process streams, 349 
Sampling transport efficiency, definition, 

181-182 
Sampling velocity ratio, effect on particle 

size distribution using side-wall sam
pler, 182, 184/ 

Sand particles 
effect of probe relative wall thickness on 

sampling efficiency, 185-187 
effect of size on conductivity probe cali

bration curve, 208 
effect of size on sampling efficiency, 179 
effect on heavy-oil transport, 172 
See also Particles 

Saturation of fluid phase, definition, 223 
Scanning electron microscopy to character

ize emulsions, 112-120 
Scattering properties to determine size 

distribution, 93 
Schulze-Hardy rule 

briefly stated, 34 
definition, 401 

Secondary flow pattern, flow through 90° 
elbows, 189-191 

Secondary oil recovery 
definition, 401 
emulsions produced, 343 

Sedimentation 
definition, 6, 401 
problem in rheological measurements, 15 
techniques to determine size distribution, 

96 
to calibrate conductivity, 205 

Sedimentation potential techniques, to 
determine emulsion stability, 103 

Sensing-zone technique to determine size 
distribution, 91, 92/ 

Sensitization 
definition, 401 
to reduce stability of dispersion, 40 

Sensor potential, effect of temperature and 
surfactant concentration, 203, 204/ 
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INDEX 423 

Sensor voltage profile, conductivity probe, 
210 

Separation equipment, selecting, 353 
Separation processes, schematic, 356f 
Separator, definition, 401 
Settled bottom layer of W/O emulsion, 

photomicrograph, 66/ 
Settling tanks, emulsion-breaking equip

ment, 346 
Shape of particles 

effect on conductivity probe calibration 
curve, 206 

effect on viscosity, 155 
Shear diagram 

emulsion sample with a high solids con
tent, 89/ 

emulsion sample with bitumen removed, 
90/ 

O/W emulsions at different oil concentra
tions, 140/ 

pseudoplastic fluid, 133/ 
thixotropic and rheopectic fluids, 135/ 
typical suspension, 136, 137f 
various time-independent non-Newtonian 

fluids, 132/ 
Shear-induced coalescence, problem in 

rheological measurements, 15 
Shear-induced inversion, bitumen-in-water 

emulsion, 43, 44/ 
Shear plane, definition, 401 
Shear rate 

at wall for flow of power law fluids in 
smooth pipes, equation, 175 

at wall for laminar flow in pipe, equations, 
174 

definition, 401 
effect on emulsion viscosity, Newtonian 

vs. non-Newtonian behavior, 145 
equation defining, 13 

Shear stress 
definition, 402 
effect on viscosity of O/W emulsion with 

solids, 153 
equation defining, 13 
rate relationship for power law fluid, 252 
reduced, equation, 143 
vs. shear rate plots, See Shear diagrams 

Shear-thickening fluid (dilatant) 
definition, 131, 391, 397 (Newtonian) 
emulsion-solids mixtures, 154 
properties, 134 

Shear-thinning fluid (pseudoplastic) 
definition, 14, 132, 398 (non-Newtonian), 

400 
emulsion-solids mixtures, 154 
properties, 132 

Side-wall sampler with a projection, errors 
found, 182 

Side-wall sampling 
advantages and disadvantages, 181 
factors affecting, 182 

Simultaneous flow, emulsified and bulk dis
persed phase, 250 

Sisko model at high shear rates, equation, 
133 

Size, droplet, See Droplet size 
Size distribution 

determined by physical separation tech
niques, 94 

determined by techniques based on scat
tering properties, 93 

determined by techniques using electrical 
properties, 91 

determined by various microscopic tech
niques, 104 

effect on relative viscosity, 143 
effect on selection of treatment protocols, 

90 
methods to determine, 12 

Size exclusion chromatography to determine 
size distribution, 96, 97f 

Size of particles, See Particle size 
Size of solids, See Particle size 
Sizing particles, See Particle sizing 
Sludge in process-stream emulsions, 353 
Small-angle X-ray scattering to determine 

size distribution, 94 
Smoluchowski equation 

for rapid coagulation, 36 
to convert electrophoretic mobility to zeta 

potential, 57 
Smoluchowski theory, to calculate zeta 

potentials, 31 
Snap-off model, oil entrapment, 265-266 
Soaps 

of metal cations, types of emulsions 
produced, 37 

petroleum 
formed by organic acids in some crude 

oils, 172 
produced in alkaline flooding, 280 

See also Surfactant(s) 
Sodium hydroxide 

effect of concentration in alkaline flood
ing, 281 

effect on droplet size, 237 
Solids 

as dispersed phase with emulsions as con
tinuous phase, 160 

as stabilizing agents in W/O emulsions, 66 
distribution downstream of a vertical 

elbow, 191 
effect on viscosity of O/W emulsion, 

153 
importance in petroleum emulsions, 79 
origins of surface electric charge, 27 
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424 EMULSIONS IN THE PETROLEUM INDUSTRY 

Solids—Continued 
presence in emulsions, 4 
See /also Particles 

Solids concentration 
downstream of short-radius elbow, 191 

effect of particle size, 193 
effect of straightening vanes, 194f 

effect on relative viscosity, 144 
effect on sampling efficiency of side-wall 

sampler, 182-183 
measured by conductivity probe, 200-212 
measured by gamma-ray compared to 

conductivity probe methods, 211 
measured by isokinetic sampling vs. con

ductivity probe, 210 
measuring in pipelines 

conductivity methods, 194-212 
sampling methods, 176-194 

variations downstream of elbow, 191 
Solids content 

determined with near-IR spectroscopy, 
122 

determining, 84-86 
Solids shape 

effect on conductivity probe calibration 
curve, 206 

effect on viscosity, 155 
Solids size, See Particle size 
Solids wetting caused by demulsifier, 345 
Solubility, micelle-forming surfactants, 

effect of temperature, 25 
Solubilization parameter, equation defining, 

274 
Specific increase in viscosity, definition, 

402 
Specific surface area, definition, 221 
Speed of analysis, importance, 125 
Sphere in oscillatory motion, effective den

sity equation, 67 
Spinning drop method 

adsorption of oil-soluble and water-solu
ble surfactants from bulk, 72f 

diffusion of surfactants from oil-water 
interface to aqueous phase, 65 

to measure interfacial tension, 268 
Spreading, definition, 26-27 
Spreading rate parameter 

effect of surfactant concentration, 73 
effect on water recovery, 73 
to characterize adsorption performance of 

demulsifiers, 72 
Stability 

electrostatic, measurement in emulsion 
systems, 99 

film, importance of characterizing, 102 
interface, predicted by ionizable surface-

group model, 61 
thin-film, W/O emulsions, 64-73 

Stability of emulsions 
definition, 6, 402 
determined by bottle tests, 98 
determined by centrifugation tests, 98 
determined by electrokinetic measure

ments, 99 
determined by sedimentation potential 

techniques, 103 
D L V O theory explained, 32 
effect of particle interactions, 27 
effect of repulsive forces between drop

lets, 31 
effect on flow through porous media, 

230-233 
enhanced with protective agents, 40 
factors affecting, 231 
factors favoring, 37 
importance of determining, 96 
in porous media, 232 
oil-field W/O emulsions due to films 

formed by macromolecules, 35 
oil-in-water, 54-64 
practical aspects, 51-74 
reduced with sensitizers, 40 
related to contact angle, 21 
related to droplet interactions, 55 
related to droplet size, 12 
related to emulsion age, 316 
related to interfacial viscosity, 17 
thermodynamic vs. kinetic, 27 
to coalescence, 36 

Stabilization of emulsions, electrostatic, 100 
Stable emulsion, conditions for formation, 

314 
Stern layer, definition, 402 
Stern model, potential changes, 29 
Stokes' law 

and centrifugation tests, 98 
applied to droplets in an emulsion, 41 

Stokes number, equation defining, 179 
Storage of transport emulsions, 307 
Straight probe, effect of particle bouncing 

on sampling efficiency, 188 
Straightening vanes, effect on concentration 

profile downstream of 90° elbow, 194 
Straining capture, description, 230, 247, 256 
Streamline (laminar) flow 

definition, 395 
Newtonian and non-Newtonian fluids in 

smooth pipes, 172 
Surface-active agents, See Emulsifiers, 

Surfactant(s) 
Surface, See Interface 
Surface activity, surfactants, 21 
Surface area, definition, 402 
Surface charge 

at interfaces, importance in enhanced oil 
recovery, 269 
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INDEX 425 

Surface charge—Continued 
origin in emulsions, 27 

Surface charge density, equation defining, 
28 

Surface films, effect on emulsion stability, 
22 

Surface forces, droplets, related to emulsion 
stability, 65 

Surface free energy, effect of van der Waals 
forces, 19 

Surface potential, charged emulsion droplet 
in aqueous solutions, 30/ 

Surface tension 
definition, 19, 402 
effect of adsorbed layer, 23 

Surface wettability, importance in enhanced 
oil recovery, 270 

Surfactant(s) 
adsorption related to time-dependent 

interfacial tensions, 70-72 
and emulsion stability, 230, 231, 232 
classification, 23 
concentration as indicator of emulsion 

aging, 304 
concentration in transport emulsions, 299 
cost, O/W transport emulsions, 307 
definition, 403 
diffusion from oil-water interface to aque

ous phase, 65 
dual solubility, 21 
effect of concentration on droplet size, 

237 
effect of concentration on sensor poten

tial, conductivity probe, 203, 204/ 
effect of concentration on spreading rate 

parameter, 73 
effect of interactions on water recovery, 

72 
effect on amount of mechanical energy 

needed for emulsification, 18 
effect on emulsion stability, 232 
effect on interfacial tension, 22 
examples, 24i 
function in transport emulsions, 298 
in monolyer at interface, packing density, 

22 
micelle-forming, effect of temperature on 

solubility, 25 
mixing in alkaline flooding, 281 
mixture, behavior toward oils, 282 
natural, ability to stabilize W/O emul

sions, 65 
to prevent coalescence and aggrega

tion, 37 
to stabilize petroleum emulsions, 172 
types used in transport emulsions, 299 
See also Emulsifiers, Micelle-forming 

surfactants 

Surfactant-enhanced alkaline flooding, 282 
Suspension, definition, 403 
Sweep efficiency, improved by emulsions as 

blocking agents in porous media, 229 
System mechanical parameters, need to 

understand before selecting emulsion 
breakers, 333 

Τ 
T A N (total acid number), definition, 403 
Tar sand, (oil sand), definition, 398 
Temperature 

effect on emulsion stability, 231 
effect on H L B , 39 
effect on sensor potential, conductivity 

probe, 203, 204/ 
effect on solubility of micelle-forming 

surfactants, 25 
effect on viscosity, 147 
effect on viscosity of transport emulsions, 

301 
treating, refinery and oil production emul

sion-breaking processes, 322 
Terminal (constant) velocity, equation defin

ing, 41 
Tertiary oil recovery, See Enhanced oil 

recovery 
Test solutions, bottle test procedure, 364 
Testing procedures, process-stream emul

sions, 349 
Texture, emulsion, 10 
Thermal energy 

related to energy of interaction, 59 
to enhance emulsion breaking, 326, 346 

Thermodynamic concepts, emulsion forma
tion, 51 

Thin-film stability, W/O emulsions, 64-73 
Thin films, importance in W/O emul

sions, 64 
Thixotropic, definition, 14, 403 
Thixotropic fluids, properties, 134 
Thomas equation for emulsion viscosity, 16 
Three-phase separators to separate pro

duced fluids, 355 
Three-stage electrostatic desalter, 324/ 
Tight emulsion, definition, 403 
Time-averaged light scattering to determine 

size distribution, 93 
Time-dependent interfacial tensions, related 

to surfactant adsorption, 70-72 
Time-dependent non-Newtonian fluids, 

properties, 134 
Time-independent non-Newtonian fluids, 

properties, 132 
Torsional flow between two disks, equation, 

167 
Total acid number (TAN), definition, 403 
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426 EMULSIONS IN THE PETROLEUM INDUSTRY 

Transmission electron microscopy to charac
terize emulsions, 112-120 

Transmitted-light microscopy to characterize 
emulsions, 105 

Transport, See Pipeline(s), Pipeline 
transport 

Transport emulsions 
aging, indicators, 303 
effects of pipeline shutdown and restart, 

305 
effects of pumps and valves, 304 
preparation, 298 

Transportation costs, three different sys
tems, 308-309, 310# 

Treated-oil tanks, emulsion-treated 
miniplant, 378, 379/ 

Treater 
definition, 403 
oil-field treating equipment, 326 

Treating equipment, selection, 325 
Treating temperature, refinery and oil pro

duction emulsion-breaking processes, 
322 

Treatment protocols, dependence on size 
distribution, 90 

Trucked versus pipelined emulsions, 342 
Truncated cone-and-plate viscometer, equa

tions for determining viscometric func
tions, 168 

Turbidity 
definition, 403 
evaluating in process-stream emulsions, 

352 
of emulsions, equation defining, 12 

Turbulent flow 
definition, 403 
Newtonian and non-Newtonian fluids in 

smooth pipes, 172 

U 

Ultrasound vibration potential (UVP) 
definition, 403 
to monitor coalescence, 66-68 

Upper-phase microemulsion, definition, 404 

V 

Valves, effect on emulsion properties, 304 
van der Waals force 

effect on interfacial molecules, 19 
equation defining, 55 
explanation, 31 

Velocity 
critical, related to capture mechanisms, 

247 
effect on flow of O/W emulsions in porous 

media, 247 

Velocity—Continued 
effect on flow of W/O emulsions in porous 

media, 250 
flow in more than one direction, equa

tions, 222 
measurements for particle electrophore

sis, 56 
terminal, equation defining, 41 

Vessel capacity determination, conventional 
oil-treatment systems, 360 

Vessel diameter, conventional oil-treatment 
systems, 360 

Viscoelastic, definition, 404 
Viscoelastic fluids, properties, 135 
Viscometric functions, equations for deter

mining, 165 
Viscosity of emulsions 

cause of transport problems, heavy crude 
oils and bitumen, 171 

concentrated emulsions, equations cor
relating with volume fraction, 149 

concentrated suspensions, equations cor
relating with volume fraction, 150 

continuous-phase, effect on emulsion 
viscosity, 141 

decline rates as indicator of emulsion 
aging, 304 

definition, 404 
described in terms of viscosity of continu

ous phase, 15 
effect of aging, 301 
effect of Brownian motion, 142 
effect of chemical nature and concentra

tion of emulsifying agent, 147 
effect of dispersed-phase viscosity, 141 
effect of naphtha, 43 
effect of shear rate, Newtonian vs. non-

Newtonian behavior, 145 
effect of solids addition to O/W emulsion, 

153 
effect of solids shape, 155 
effect of solids size, 157 
effect of temperature, 147 
effect of volume fraction, 16 
effect of volume fraction of dispersed 

phase, 141 
equations, 13, 148-151 
factors influencing, 141 
from shear diagram or power law, 133 
heavy crude oils, reduced by use of O/W 

emulsions, 296 
importance, 88 
instruments for measuring, 136-139 
interfacial, importance in enhanced oil 

recovery, 269 
lowering to cause demulsification, 316 
measured with capillary tube technique, 

136 
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INDEX 427 

Viscosity of emulsions—Continued 
measured with rotational viscometers, 137 
methods of reducing to enable pipeline 

transport, 171 
Newton's law, equation, 131 
O/W emulsions prepared from different 

crude oils, 242 
polydisperse bitumen emulsions, equa

tions correlating with volume 
fractions, 150 

proportional to continuous-phase viscos
ity, 141 

related to ambient deposit temperatures, 
3 

related to droplet size distribution, 12 
related to emulsion quality, 234, 237f 
related to emulsion stability, 37 
related to volume fraction, equations, 

148-151 
Thomas equation, 16 
to distinguish light, heavy, and bituminous 

crude oils, 3-4 
transport emulsions, 300-301 
with added solids, 151-162 
See also Relative viscosity, Rheological 

properties 
Viscosity of dispersed-phase, effect on 

emulsion viscosity, 141 
Viscosity of oil phase, effect on O/W emul

sion flow behavior, 243 
Viscosity ratio, related to emulsion forma

tion, 54 
Viscosity-concentration equations, for 

emulsion systems, 148-151 
Viscous forces 

factors affecting, 264 
related to capillary forces, 8 

Voltage, as function of solids concentration, 
conductivity probe, 205 

Volume fraction 
dispersed phase, effect on emulsion vis

cosity, 141 
effect on flow behavior, 16 
related to viscosity, equations, 148-151 

Vonnegut's formula for interfacial tension, 
269 

Vugular porosity, definition, 220 

W 
Wall thickness, L-shaped probes, effect on 

sampling efficiency, 185-187 
Water concentration in emulsion, economic 

effects, 309 
Water constant, effect on viscosity of trans

port emulsions, 301 
Water content 

determined by gamma-ray attenuation, 88 

Water content—Continued 
determined by Karl Fischer titration, 87 
determined by microwave techniques, 88 
determined by NMR spectroscopy, 121 
determined by techniques based on elec

trical properties, 88 
determined with near-IR spectroscopy, 

122 
determining in emulsions, 84-88 
effect on UVP signal, 68 
free and emulsified, determined by DSC, 

122 
typical standards, 321 

Water-continuous emulsions, determining 
dispersed phase, 81 

Water droplet size, factors affecting, 361 
Water-in-oil emulsion, electron micrograph, 

115/, 116/ 
Water percentage, increasing to cause 

demulsification, 316 
Water-phase structure identified with NMR 

spectroscopy, 120 
Water quality 

effluent, goals of refiner and oil producer, 
320 

evaluating in process-stream emulsions, 
352 

Water recovery, effect of surfactant interac
tions, 72 

Water-wet reservoir for enhanced oil recov
ery, 7 

Wave dampening resulting from Marangoni 
effect, 65 

Weber number 
equation defining, 53 
related to emulsion formation, 54 

Wet oil, definition, 404 
Wettability 

definition, 20, 264, 404 
effect of flow of W/O emulsions in porous 

media, 249 
effect on flow of O/W emulsions in porous 

media, 246 
of porous medium, definition, 224 
surface, importance in enhanced oil 

recovery, 270 
Wetting 

described by Young's equation, 20 
of emulsifying agent, related to emulsion 

type, 37 
of solids, caused by demulsifier, 345 

Wetting fluid, multiphase flow in porous 
media, 224 

Wetting preference of solid, effect on rela
tive permeability, 225 

White light 
vs. blue light fluorescence, effect on sizing 

water droplets, 111 
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White light—Continued 
vs. reflected light, visibility of oil droplets, 

108 
Winsor type emulsions, definition, 404 
W/O, definition, 404 
W/O/W, definition, 404 

X 

X-ray scattering to determine size distribu
tion, 94 

X-ray spectra 
dispersed and continuous phases and in

terface of O/W emulsions, 118/, 119/ 
oil droplets on interior surface of air 

bubble, 121 

Y 

Yield stress 
conditions for development, 140 
definition, 405 

Yield stress—Continued 
resulting from addition of solids to emul

sions, 154 
Young-Laplace equation, 19, 52 
Young's equation for equilibrium force bal

ance, 20 

Ζ 

Zero point of charge (point of zero charge), 
definition, 399 

Zeta potential 
calculation, 56 
charged emulsion droplet in aqueous solu

tions, 30/ 
definition, 405 
equation defining, 30 
related to electrophoretic mobility, 57-59 
related to emulsion stability, 34 
to monitor and control continuous oil 

recovery, 34, 35/ 
Zwitterionic surfactant 

definition, 405 
examples, 24f 
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