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FOREWORD

The ADVANCES 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 ACS editorial standards and receive the careful
attention and processing characteristic of ACS publications.
Volumes in the ADVANCES 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

EMULSIONS CAN BE FOUND IN ALMOST EVERY PART of the petroleum pro-
duction and recovery process: in reservoirs, produced at wellheads, in many
parts of the refining process, and in transportation pipelines. In each case
the presence and nature of emulsions can determine both the economic and
technical successes of the industrial process concerned. This book is in-
tended to provide an introduction to the nature, occurrence, handling,
formation, and breaking of petroleum emulsions. The primary focus is on
the applications of the principles and includes attention to practical emul-
sion problems.

Books available up to now are either principally theoretical (such as the
colloid chemistry texts), or they focus on one of the following: emulsions in
general (like P. Becher’s classic book), emulsions in nonpetroleum areas (as
in the food industry), or narrow and highly specialized areas of petroleum
emulsions (such as microemulsions). This coverage leaves an obvious gap:
the petroleum emulsion area, which has an immense practical importance
and, being very diverse, contains a wealth of problems of more fundamental
interest.

To address this lack of an introduction to the field of petroleum emul-
sions, an intensive short course was sponsored by the Petroleum Recovery
Institute entitled “Petroleum Emulsions and Applied Emulsion Technol-
ogy” (first held December 5-6, 1990, in Calgary). This volume, after peer
review and extensive revisions, has evolved out of the manual prepared for
that short course. A wide range of authors” expertise and experiences have
been brought together to yield the first emulsion book that focuses on the
occurrence of emulsions in the petroleum industry. This broad range of
authors’ expertise has allowed for a variety of emulsion problems to be
highlighted. These problems serve to emphasize the different methodolo-
gies that have been successfully applied to their solution. Having a distinct
Canadian perspective, the coverage of types of oil is broadened rather than
narrowed. Thus, examples range from emulsions containing light crude oil
through heavy-oil emulsions and extend to bituminous emulsions.

This book is aimed at scientists and engineers who may encounter
petroleum emulsions, whether in process design, petroleum production, or
in the research and development fields. It does not assume a knowledge of
colloid chemistry, the initial emphasis being placed on a review of the basic

ix
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concepts important to understanding emulsions. As such, it is hoped that the
book will be of interest to senior undergraduate and graduate students in
science and engineering as well because topics such as this are not normally
part of university curricula.

Although the aim of the book is to provide an introduction to the field, it
does so in a very applications-oriented manner. Thus, the focus of the book is
practical rather than theoretical. In a systematic progression, beginning with
the fundamental principles of petroleum emulsions, the reader is soon intro-
duced to characterization techniques and flow properties, and finally to
industrial practice. Chapters 1-4 present the fundamental concepts and
properties involved in emulsions within the context of their occurrence in
the petroleum industry. Chapter 1 sets out the basic foundation for all
subsequent chapters. Selected areas of special importance are then ex-
panded in Chapter 2 on emulsion stability, Chapter 3 on characterization
techniques, and Chapter 4 on rheological properties. All of these use petro-
leum emulsion examples for illustration, and in most cases cover the latest
useful techniques available.

Chapters 5 and 6 begin the progression into more practical emulsion
considerations by describing the flow properties of emulsions in pipelines
and in porous media. Armed with the necessary tools, the reader is next
introduced to some petroleum industry applications of emulsions. Chapters
7 and 8 cover some important areas in which emulsification is a desirable
process: in some enhanced oil recovery processes and in petroleum trans-
portation via emulsion pipelining.

The remaining chapters address the converse, and to many, more famil-
iar, situation in which undesirable emulsions must be broken. This treat-
ment progresses from a focus on commercial chemical demulsifiers that may
be effective to pilot- and large-scale demulsification practice. A common
theme in these chapters is the use of the fundamental concepts in combina-
tion with actual commercial and pilot-scale process experiences. Overall, the
book shows how to approach making desirable petroleum emulsions, trans-
porting and handling them, and breaking them when they become unde-
sirable®.

Acknowledgments
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effort to the short course and to the chapters in this book. I am very grateful

* One important area of petroleum emulsions that is not addressed concerns the
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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.

X



Published on May 5, 1992 on http://pubs.acs.org | doi: 10.1021/ba-1992-0231.pr001

for the consistent encouragement of Conrad Ayasse, without whose support
this entire project would not have been possible. In addition, the staff of the
Petroleum Recovery Institute, especially Gail Swenson, Irene Comer, and
Bev Fraser, contributed greatly to the hosting of a successful short course.
Throughout the preparation of this book, many valuable suggestions were
made by the reviewers of individual chapters, and by the editorial staff of
ACS Books, particularly Janet S. Dodd and Cheryl Shanks.

LAURIER L. SCHRAMM
Petroleum Recovery Institute
Calgary, Alberta

Canada T2L 2A6

July 1991



Published on May 5, 1992 on http://pubs.acs.org | doi: 10.1021/ba-1992-0231.ch001

Petroleum Emulsions

Basic Principles

Laurier L. Schramm

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

If two immiscible liquids are mixed together in a container and then shaken,
examination will reveal that one of the two phases has become a collection of
droplets that are dispersed in the other phase; an emulsion has been formed
(Figure 1). Emulsions have long been of great practical interest because of
their widespread occurrence in everyday life. Some important and familiar
emulsions include those occurring in foods (milk, mayonnaise, etc.), cosmet-
ics (creams and lotions), pharmaceuticals (soluble vitamin and hormone
products), and agricultural products (insecticide and herbicide emulsion
formulations). In addition to their wide occurrence, emulsions have impor-

0065-2393/92/0231-0001 $13.25/0
© 1992 American Chemical Society
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2 EMULSIONS IN THE PETROLEUM 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 properties that may be desirable, for example, in a natural or formulated
product, or undesirable, such as an unwanted emulsion in an industrial
process. Petroleum emulsions may not be as familiar but have a similarly
widespread, long-standing, and important occurrence in industry. Emul-
sions may be encountered at all stages in the petroleum recovery and pro-
cessing industry (drilling fluid, production, process plant, and transportation
emulsions). This chapter provides an introduction to the basic principles
involved in the occurrence, making, and breaking of petroleum emulsions.

Crude oils consist of, at least, a range of hydrocarbons (alkanes, naph-
thenes, and aromatic compounds) as well as phenols, carboxylic acids, and
metals. A significant fraction of sulfur and nitrogen compounds may be
present as well. The carbon numbers of all these components range from 1
(methane) through 50 or more (asphaltenes). Some of these components can
form films at oil surfaces, and others are surface active. It is perhaps not
surprising, then, that the tendencies to form stable or unstable emulsions of
different kinds vary greatly among different oils. Because of the wide range
of possible compositions, crude oils can exhibit a wide range of viscosities
and densities, so much so that these properties are used to distinguish light,
heavy, and bituminous crude oils. One set of definitions can be compiled as
follows (1-3):
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Viscosity Range (mPa-s), Density Range (kg/m?),
Hydrocarbon at Reservoir Temperature at 15.6 °C
Light crude oil 1<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 variation in these properties over different temperatures is even greater
than the table suggests. For example, bitumen in the Athabasca deposit of
northern Alberta is chemically similar to conventional oil but has a viscosity,
at reservoir temperature, of about 10° mPa-s (1 million times greater than
that of water). During heating, as part of an oil recovery process such as hot-
water flotation or in situ steam flooding, emulsions having a wide range of
viscosities can be formed, particularly if they are of the water dispersed in oil
type. When these different kinds of oils are emulsified, the emulsions may
have viscosities that are much greater than, similar to, or much less than the
viscosity of the component oil, all depending on the nature of the emulsion
formed.

As shown in Table I, petroleum emulsions may be desirable or unde-
sirable. For example, one kind of oil-well drilling fluid (or “mud”) is emul-
sion based. Here a stable emulsion (usually oil dispersed in water) is used to
lubricate the cutting bit and to carry cuttings up to the surface. This emul-
sion is obviously desirable, and great care goes into its proper preparation.

An emulsion may be desirable in one part of the oil production process
and undesirable at the next stage. For example, in the oil fields, an in situ

Table I. Examples of Emulsions in the
Petroleum Industry

Occurrence Usual Type*

Undesirable Emulsions
Well-head emulsions Ww/0
Fuel oil emulsions (marine) W/0
Oil sand flotation process, froth W/0 or O/'W
Oil sand flotation process, diluted froth O/W/O
Oil spill mousse emulsions wW/0
Tanker bilge emulsions o/w

Desirable Emulsions
Heavy oil pipeline emulsion Oo/W
Oil sand flotation process slurry oW
Emulsion drilling fluid, oil-emulsion mud o/wW
Emulsion drilling fluid, oil-base mud Ww/0
Asphalt emulsion o/w
Enhanced oil recovery in situ emulsions o/w

2W/O means water-in-oil; O/W means oil-in-water. See the section
“Definition and Classification of Emulsions”.
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emulsion that is purposely created in a reservoir as part of an oil recovery
process may change to a different, undesirable type of emulsion (water
dispersed in oil) when produced at the wellhead. This emulsion may have to
be broken and reformulated as a new emulsion suitable for transportation by
pipeline to a refinery. Here, the new emulsion will have to be broken and
water from the emulsion removed; otherwise the water would cause process-
ing problems in the refining process.

Emulsions may contain not just oil and water, but also solid particles and
even gas. In the large mining and processing operations applied to Canadian
oil sands, bitumen is separated from the sand matrix in large tumblers as an
emulsion of oil dispersed in water, and then further separated from the
tumbler slurry by a flotation process. The product of the flotation process is
bituminous froth, an emulsion that may be either water (and air) dispersed
in the oil (primary flotation) or the reverse, oil (and air) dispersed in water
(secondary flotation). In either case, the emulsions must be broken and the
water removed before the bitumen can be upgraded to synthetic crude oil,
but the presence of solid particles and film-forming components from the
bitumen can make this removal step very difficult.

Some emulsions are made to reduce viscosity so that an oil can be made
to flow. Emulsions of asphalt, a semisolid variety of bitumen dispersed in
water, are formulated to be both less viscous than the original asphalt and
stable so that they can be transported and handled. In application, the
emulsion should shear thin and break to form a suitable water-repelling
roadway coating material. Another example of emulsions that are formulated
for lower viscosity with good stability are those made from heavy oils and
intended for economic pipeline transportation over large distances. Here
again the emulsions should be stable for transport but will need to be broken
at the end of the pipeline.

Finally, many kinds of emulsions pose difficult problems wherever they
may occur. For example, crude oil when spilled on the ocean tends to
become emulsified in the form of “chocolate mousse” emulsions, so named
for their color and semisolid consistency. These water-in-oil emulsions with
high water content tend to be quite stable due to the strong stabilizing films
that are present. Mousse emulsions increase the quantity of pollutant and
are usually very much more viscous than the oil itself.

All of the petroleum emulsion applications or problems just discussed
have in common the same basic principles of colloid science that govern the
nature, stability, and properties of emulsions. The widespread importance of
emulsions in general and scientific interest in their formation, stability, and
properties have precipitated a wealth of published literature on the subject.
This chapter provides an introduction and is intended to complement the
other chapters in this book on petroleum emulsions. A good starting point
for further basic information is one of the classic texts: Becher’s Emulsions:
Theory and Practice (4) or Sumner’s Clayton’s Theory of Emulsions and
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Their Technical Treatment (5) and numerous other books on emulsions (6—
11). Most good colloid chemistry texts contain introductory chapters on
emulsions (12-14), and some chapters in specialist monographs (15, 16) give
much more detailed treatment of advances in specific emulsion areas.

Emulsions as Colloidal Systems

Definition and Classification of Emulsions. Colloidal drop-
lets (or particles or bubbles), as they are usually defined, have at least one
dimension between about 1 and 1000 nm. Emulsions are a special kind of
colloidal dispersion: one in which a liquid is dispersed in a continuous liquid
phase of different composition. The dispersed phase is sometimes referred
to as the internal (disperse) phase, and the continuous phase as the external
phase. Emulsions also form a rather special kind of colloidal system in that
the droplets often exceed the size limit of 1000 nm. In petroleum emulsions
one of the liquids is aqueous, and the other is hydrocarbon and referred to as
oil. Two types of emulsion are now readily distinguished in principle, de-
pending upon which kind of liquid forms the continuous phase (Figure 2):

1. oil-in-water (O/W) for oil droplets dispersed in water

2. water-in-oil (W/O) for water droplets dispersed in oil

This kind of classification is not always appropriate. For example, O/W/O
denotes a multiple emulsion containing oil droplets dispersed in aqueous
droplets that are in turn dispersed in a continuous oil phase. The type of
emulsion that is formed depends upon a number of factors. If the ratio of
phase volumes is very large or very small, then the phase having the smaller
volume is frequently the dispersed phase. If the ratio is closer to 1, then

Oil-in-water (O/W) Water-in-oil (W/O)

<
Figure 2. The two simplest kinds of emulsions. The droplet sizes have been
greatly exaggerated.




Published on May 5, 1992 on http://pubs.acs.org | doi: 10.1021/ba-1992-0231.ch001

6 EMULSIONS IN THE PETROLEUM INDUSTRY

other factors determine the outcome. Table I lists some simple examples of
petroleum emulsion types.

Two very different broad types of colloidal dispersions have been distin-
guished since Graham invented the term “colloid” in 1861. Originally, col-
loids were subdivided into lyophobic and lyophilic colloids (if the dispersion
medium is aqueous then the terms hydrophobic and hydrophilic, respec-
tively, are used). Lyophilic colloids are formed spontaneously when the two
phases are brought together, because the dispersion is thermodynamically
more stable than the original separated state. The term lyophilic is less
frequently used in modern practice because many of the dispersions that
were once thought of as lyophilic are now recognized as single-phase sys-
tems in which large molecules are dissolved. Lyophobic colloids, which
include all petroleum emulsions other than the microemulsions, are not
formed spontaneously on contact of the phases because they are thermody-
namically unstable compared with the separated states. These dispersions
can be formed by other means, however. Most petroleum emulsions that will
be encountered in practice contain oil, water, and an emulsifying agent. The
emulsifier may comprise one or more of the following: simple inorganic
electrolytes, surfactants, macromolecules, or finely divided solids. The
emulsifying agent may be needed to reduce interfacial tension and aid in the
formation of the increased interfacial area with a minimum of mechanical
energy input, or it may be needed to form a protective film at the droplet
surfaces that acts to prevent coalescence with other droplets. These aspects
will be discussed later; the resulting emulsion may well have considerable
stability as a metastable dispersion.

Most kinds of emulsions that will be encountered in practice are lyopho-
bic, metastable emulsions. However, there remain some grey areas in which
the distinction between lyophilic and lyophobic dispersions is not com-
pletely clear. A special class of aggregated surfactant molecules termed
“micelles” and the microemulsions of extremely small droplet size are usu-
ally but not always considered to be lyophilic, stable, colloidal dispersions
and will be discussed separately.

Stability. A consequence of the small droplet size and presence of an
interfacial film on the droplets in emulsions is that quite stable dispersions of
these species can be made. That is, the suspended droplets do not settle out
or float rapidly, and the droplets do not coalesce quickly. Some use of the
term stability has already been made without definition.

Colloidal species can come together in very different ways. In the defini-
tion of emulsion stability, stability is considered against three different
processes: creaming (sedimentation), aggregation, and coalescence. Cream-
ing is the opposite of sedimentation and results from a density difference
between the two liquid phases. In aggregation two or more droplets clump
together, touching only at certain points, and with virtually no change in
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total surface area. Aggregation is sometimes referred to as flocculation or
coagulation. In coalescence two or more droplets fuse together to form a
single larger unit with a reduced total surface area.

In aggregation the species retain their identity but lose their kinetic
independence because the aggregate moves as a single unit. Aggregation of
droplets may lead to coalescence and the formation of larger droplets until
the phases become separated. In coalescence, on the other hand, the origi-
nal species lose their identity and become part of a new species. Kinetic
stability can thus have different meanings. An emulsion can be kinetically
stable with respect to coalescence but unstable with respect to aggregation.
Or, a system could be kinetically stable with respect to aggregation but
unstable with respect to sedimentation or flotation.

In summary, lyophobic emulsions are thermodynamically unstable but
may be relatively stable in a kinetic sense. Stability must be understood in
terms of a clearly defined process.

Microemulsions. In some systems the addition of a fourth compo-
nent, a cosurfactant, to an oil-water—surfactant system can cause the interfa-
cial tension to drop to near-zero values, easily on the order of 10~ to 10™
mN/m; low interfacial tension allows spontaneous or nearly spontaneous
emulsification to very small droplet sizes, ca. 10 nm or smaller. The droplets
can be so small that they scatter little light; the emulsions appear to be
transparent and do not break on standing or centrifuging. Unlike coarse
emulsions, these microemulsions are usually thought to be thermodynami-
cally stable. The thermodynamic stability is frequently attributed to tran-
sient negative interfacial tensions, but this hypothesis and the question of
whether microemulsions are really lyophilic or lyophobic dispersions are
areas of some discussion in the literature (17). As a practical matter,
microemulsions can be formed, have some special qualities, and can have
important applications.

Microemulsions can form the basis for an enhanced oil recovery (EOR)
process (18-20). In an oil-containing reservoir, the relative oil and water
saturations depend upon the distribution of pore sizes in the rock as follows.
The capillary pressure (P,), or pressure difference across an oil-water inter-
face spanning a pore, is

P,=2ycos 0/, 1)

where 1 is the oil-water interfacial tension; 8 is the contact angle, which is
the angle measured through the water phase at the point of oil-water—rock
contact; and rp is the pore radius. The basis for this equation is discussed
further in a later section. In an idealized water-wet reservoir, the interfacial
tension is fixed at some value, and the contact angle is zero. An analogy can

be drawn with the rise of water in capillary tubes of differing radii. In a
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reservoir consisting of such capillary tubes that contain water and oil, water
will be imbibed most strongly into the smallest radius pores, displacing any
oil present in them, until the hydrostatic and capillary pressures in the
system balance. The largest pores will retain high oil contents. Now as water
is injected during a secondary recovery process, the applied water pressure
increases and the larger pores will imbibe more water, displacing oil, which
may be recovered at producing wells. There is a practical limit to the extent
that the applied pressure can be changed by pumping water into a reservoir,
however, so that after water-flooding some residual oil will still be left in the
form of oil ganglia trapped in the larger pores where the viscous forces of the
driving water-flood could not completely overcome the capillary forces hold-
ing the oil in place.

The ratio of viscous forces to capillary forces correlates well with resid-
ual oil saturation and is termed the capillary number (N,). One formulation

of the capillary number is
N.=nv/v (2)

where 7 and v are the viscosity and velocity, respectively, of the displacing
fluid; and vy is the interfacial tension. The functional form of the correlation
is illustrated in Figure 3. During water-flooding, N, is about 10°, and at the
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Figure 3. A generalized capillary number correlation. (Courtesy of K. Taylor,
Petroleum Recovery Institute, Calgary.)
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end of the water-flood the residual oil saturation is still around 45%. How
could a tertiary recovery process be designed so that the remaining oil could
be recovered? Lowering the residual oil saturation requires increasing the
capillary number. This increase could be done by raising the viscous forces,
that is, viscosity and velocity, but in practice the desired orders-of-magni-
tude increase will not be achieved. But, adding a suitable surfactant and
cosurfactant to the water will decrease the interfacial tension from about 30
mN/m by 4 orders of magnitude and thereby increase the capillary number
to about 107,

The micelles present also help to solubilize the released oil droplets;
hence, this process is sometimes referred to as micellar flooding. The emul-
sions can be formulated to have moderately high viscosities that help to
achieve a more uniform displacement front in the reservoir; this uniform
front gives improved sweep efficiency. Thus, a number of factors can be
adjusted when using a microemulsion system for enhanced oil recovery.
These are discussed in detail in Chapter 7.

Making Emulsions. Much of this chapter is concerned with emul-
sion properties and stability, and as a practical matter chemists frequently .
have to contend with already-formed emulsions. Nevertheless, a few com-
ments on how emulsions may be made are appropriate. The breaking of
emulsions will be discussed later.

Emulsions of any significant stability contain oil, water, and at least one
emulsifying agent. The emulsifying agent may lower interfacial tension and
thereby make it easier to create small droplets. Another emulsifying agent
may be needed to stabilize the small droplets so that they do not coalesce to
form larger droplets, or even separate out as a bulk phase. Just a straightfor-
ward casual mixing of these components seldom, however, produces an
emulsion that persists for any length of time. In the classical method of
emulsion preparation, the emulsifying agent is dissolved into the phase in
which it is most soluble, after which the second phase is added, and the
whole mixture is vigorously agitated. The agitation is crucial to producing
sufficiently small droplets, and frequently, after an initial mixing, a second
mixing with very high applied mechanical shear forces is required. This
latter mixing canbe provided by a propeller-style mixer, but more commonly
a colloid mill or ultrasound generator is employed. -

A method requiring much less mechanical energy uses phase inversion
(see also the discussion of phase inversion temperature in the section “Emul-
sifying Agents”). For example, if ultimately a W/O emulsion is desired, then
a coarse O/W emulsion is first prepared by the addition of mechanical
energy, and the oil content is progressively increased. At some volume
fraction above 60-70%, the emulsion will suddenly invert and produce a
W/O emulsion of much smaller water droplet sizes than were the oil droplets
in the original O/W emulsion.
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Physical Characteristics of Emulsions

Appearance. Not all emulsions exhibit the classical “milky” opaque-
ness with which they are usually associated. A tremendous range of appear-
ances is possible, depending upon the droplet sizes and the difference in
refractive indices between the phases. An emulsion can be transparent if
either the refractive index of each phase is the same, or alternatively, if the
dispersed phase is made up of droplets that are sufficiently small compared
with the wavelength of the illuminating light. Thus an O/W microemulsion
of even a crude oil in water may be transparent. If the droplets are of the
order of 1-pm diameter, a dilute O/W emulsion will take on a somewhat
milky-blue cast; if the droplets are very much larger, the oil phase will
become quite distinguishable and apparent.

Physically the nature of the simple emulsion types can be determined by
methods such as

® Texture. The texture of an emulsion frequently reflects that of
the external phase. Thus O/W emulsions usually feel watery or
creamy, and W/O emulsions feel oily or greasy. This distinc-
tion becomes less evident as the emulsion viscosity increases,
so that a very viscous O/W emulsion may feel oily.

® Mixing. An emulsion readily mixes with a liquid that is misci-
ble with the continuous phase. Thus, milk (O/W) can be di-
luted with water, and mayonnaise (W/O) can be diluted with
oil. Usually, an emulsion that retains a uniform and milky
appearance when greatly diluted is more stable than one that
aggregates upon dilution (15).

® Dyeing. Emulsions are most readily and consistently colored
by dyes soluble in the continuous phase.

® Conductance. O/W emulsions usually have a very high spe-
cific conductance, like that of the aqueous phase itself, but
W/O emulsions have a very low specific conductance. A simple
test apparatus is described in reference 15.

® Inversion. If an emulsion is very concentrated, it will proba-
bly invert when diluted with additional internal phase.

® Fluorescence. If the oil phase fluoresces, then fluorescence
microscopy can be used to determine the emulsion type as
long as the droplet sizes are larger than the microscope’s limit
of resolution (>0.5 wm).

Emulsions do not always occur in the idealized form of droplets of one
phase dispersed in another. The occurrence of multiple emulsions, of the



Published on May 5, 1992 on http://pubs.acs.org | doi: 10.1021/ba-1992-0231.ch001

1. ScHraMM Basic Principles 11

types O/W/O and W/O/W, has already been mentioned. Petroleum emul-
sions may also occur within another type of colloidal dispersion. For exam-
ple, in a gas-flooding enhanced oil recovery process one of the ways to
improve the areal sweep efficiency, that is, to maximize the amount of the
reservoir contacted by injected fluids, is to inject the gas as part of a foam.
However, most such foams are destabilized by contact with even small
amounts of crude oil. The mechanism of destabilization appears (21) to
involve emulsification of the oil into droplets that are small enough to permit
their passage inside the foam’s lamellar structure. Such emulsified oil drop-
lets are shown in Figure 4. Once inside the foam lamellae, the oil droplets
have a destabilizing effect on the foam by penetrating through and possibly
spreading over the aqueous—gas interface. The limiting step, however, is
apparently the emulsification and imbibition of oil into the foam.

Droplet Sizes. As stated previously, colloidal droplets are between
about 10 and 1 pm in diameter, and in practice, emulsion droplets are
often larger (e.g., the fat droplets in milk). In fact, emulsion droplets usually

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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have diameters greater than 0.2 pm and may be larger than 50 um. Emul-
sion stability is not necessarily a function of droplet size, although there may
be an optimum size for an individual emulsion type. Characterizing an
emulsion in terms of a given droplet size is very common but generally
inappropriate because there is inevitably a size distribution. The size distri-
bution is usually represented by a histogram of sizes, or, if there are suffi-
cient data, a distribution function.

In some emulsions, a droplet size distribution that is heavily weighted
toward the smaller sizes will represent the most stable emulsion. In such
cases changes in the size distribution curve with time yield a measure of the
stability of the emulsions. The droplet size distribution also has an important
influence on the viscosity. For electrostatically or sterically interacting drop-
lets, emulsion viscosity will be higher when droplets are smaller. The viscos-
ity will also be higher when the droplet sizes are relatively homogeneous,
that is, when the droplet size distribution is narrow rather than wide (4).

If the droplet size is large enough, then optical microscopy can be used
to determine the size and size distribution. Emulsions with somewhat small-
er droplet sizes can be characterized by using cryogenic-stage scanning
electron microscopy. If the emulsion concentration is not too high, and the
droplets are very small, light scattering can yield droplet size information.
When a beam of light enters an emulsion, some light is absorbed, some is
scattered, and some is transmitted. Many dilute, fine emulsions show a
noticeable turbidity given by

L,/ I,=exp (-l) 3)

where I, is the intensity of the transmitted beam, I, is the intensity of the
incident beam, 7 is turbidity, and [ is the length of the path through the
sample. From Rayleigh theory, the intensity of light scattered from each
droplet depends largely on its size and shape and on the difference in
refractive index between the droplet and the medium. Foran emulsion, each
spherical droplet scatters light having an intensity I, at a distance x from the
droplet, according to the following relationship:

I,/ Iyec 75/ %2\ (4)

where \ is the wavelength of the light and r is the droplet radius.

The scattering intensity is proportional to 1/A%, so blue light (A = 450
nm) is scattered much more than red light (A = 650 nm). With incident white
light, a dilute emulsion of 0.1-1-wm size droplets will, therefore, tend to
appear blue when viewed at right angles to the incident light beam. If the
droplets are smaller than 50 nm or so, the emulsion will appear to be
transparent.
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These approaches to determining droplet size distributions are dis-
cussed in detail in Chapter 3.

Conductivity. Conductivity can be used to distinguish O/W from
W/O emulsions because the conductivity is very high when the aqueous
phase is continuous and conductivity is very low when oil is the continuous
phase. Of the numerous equations proposed (4) to describe the conductivity
of emulsions (kg), two are cited here for illustration. If the conductivity of
the dispersed phase («p) is much smaller than that of the continuous phase
(Kg), ke > Kp,

_8kc(2-¢)1-¢)

= (5)
(4+ )(4— &)

where ¢ is the dispersed-phase volume fraction. If, on the other hand, the
conductivity of the dispersed phase (kp) is much greater than that of the
continuous phase (k;), k¢ < Kp,

_ko(l+ )2+ ¢)
BT (6)
(1-)2-¢)
Further discussion of emulsion conductivity and some practical exam-
ples for emulsions flowing in pipelines are given in Chapter 5.

Rheology. Bulk Viscosity Properties. The rheological properties
of an emulsion are very important. High viscosity may be the reason that an
emulsion is troublesome, a resistance to flow that must be dealt with, or a
desirable property for which an emulsion is formulated. The simplest de-
scription applies to Newtonian behavior in laminar flow. The viscosity, 7, is
given in terms of the shear stress, 7, and shear rate, v, by:

T=1y (7)
where 7 has units of millipascal seconds. Many colloidal dispersions, includ-
ing the more concentrated emulsions, do not obey the Newtonian equation.

For non-Newtonian fluids, the coefficient of viscosity is not a constant, but is
itself a function of the shear rate, thus:

=7y (8)

A convenient way to summarize the flow properties of fluids is by
plotting flow curves of shear stress versus shear rate (7 versus ¥). These
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curves can be categorized into several rheological classifications. Emulsions
are frequently pseudoplastic: As shear rate increases, viscosity decreases.
This kind of flow behavior is also termed shear-thinning. An emulsion may
also exhibit a yield stress, that is, the shear rate (low) remains zero until a
threshold shear stress is reached—the yield stress (Ty)—then pseudoplastic or
Newtonian flow begins. Pseudoplastic flow that is time dependent is termed
thixotropic. That is, at constant applied shear rate, viscosity decreases, and in
a flow curve hysteresis occurs. Several other rheological classifications are
covered in the Glossary: dilatancy, rheopexy, and rheomalaxis. Even viscos-
ity itself is represented in many ways, as shown in Table II.

Some very useful descriptions of experimental techniques have been
given by Whorlow (22) and others (23, 24). Very often measurements are
made with an emulsion sample placed in the annulus between two concen-
tric cylinders. The shear stress is calculated from the measured torque
required to maintain a given rotational velocity of one cylinder with respect
to the other. Knowing the geometry, the effective shear rate can be calcu-
lated from the rotational velocity. One reason for the relative lack of rheo-
logical data for emulsions, compared with that for other colloidal systems, is
the difficulty associated with performing the measurements in these sys-
tems. As suggested by Figure 5, for a practical O/W emulsion, the sample
may contain suspended particles in addition to the oil droplets. In attempt-
ing to conduct a measurement, a number of changes may occur in the sample

Table II. Glossary of Bulk Viscosity Terms
Term Symbol  Explanation

Absolute viscosity n M = 7/v and can be traced to fundamental units
independent of the type of instrument

Apparent viscosity Tapp Mare = /9 but as determined for a non-
Newtonian fluid, usually by a method suitable
only for Newtonian fluids

Differential viscosity mp mp = dr/dy
Specific increase
in viscosity Msp MNsp = Mrel — 1
Intrinsic viscosity [n] [m] = limc_o lim 40 Msp/C

[n] = lime_so lim 40 (1/C) In Mg
Reduced viscosity MNRed MNred = Nsp/C
Relative viscosity MEel MEel = N/Mo

Mo = viscosity of the pure solvent or dispersion
medium
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chamber that make the measurements irreproducible and not representative
of the original emulsion (25). These changes may include

® creaming of the droplets, causing a nonuniform distribution
within the chamber, or even removal of all droplets into an
upper phase away from the region in which measurements are
made

® centrifugal separation of oil, water, and solid phases, making
the emulsion radially inhomogeneous, and possibly breaking
the emulsion

® shear-induced coalescence or finer dispersion of droplets,
changing the properties of the sample

® sedimentation of the solids, causing a nonuniform distribution
within the chamber, or even removal of all solids from the
region in which measurements are made

It is frequently desirable to be able to describe emulsion viscosity in
terms of the viscosity of the continuous phase (7,) and the amount of
emulsified material. A very large number of equations have been advanced
for estimating suspension (or emulsion, etc.) viscosities. Most of these are
empirical extensions of Einstein’s equation for a dilute suspension of
spheres:

=1 (1+2.5¢) (9)

“J=<-oiL

='t1{ < SUSPENSION
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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 (e), fine

particles (—), and large particles (o). After some time, the sample may become
quite stratified, as shown at right.




Published on May 5, 1992 on http://pubs.acs.org | doi: 10.1021/ba-1992-0231.ch001

16 EMULSIONS IN THE PETROLEUM INDUSTRY

where 17, is the medium viscosity and ¢ is the dispersed-phase volume
fraction and is <1. For example, the empirical equations typically have the
form (4):

n=1nl+o,d+ o>+ ayd®+ ) (10)

where the as are empirical constants, and the empirical equations may
include other terms, as in the Thomas equation,

n="n[1+2.5¢+10.5¢>+ 0.00273 exp (16.6¢)] (11)

These equations assume Newtonian behavior, or at least apply to the Newto-
nian region of a flow curve, and they usually apply if the droplets are not too
large and if there are no strong electrostatic interactions. A more detailed
treatment of these relationships is given in Chapter 4.

Emulsions can show varying rheological, or viscosity, behaviors. Some-
times these properties are due to the emulsifier or other agents in the
emulsion. However, if the internal phase has a sufficiently high volume
fraction (typically anywhere from 10 to 50%) the emulsion viscosity in-
creases because of droplet “crowding” or structural viscosity and becomes
non-Newtonian. The maximum volume fraction possible for an internal
phase made up of uniform, incompressible spheres is 74%, although emul-
sions with an internal volume fraction of 99% have been made (15). Figure 6
shows how emulsion viscosity tends to vary with volume fraction; the drop in
viscosity at ¢ = 0.74 signifies inversion. At this point the dispersed-phase
volume fraction becomes 0.26, in this example, and the lower value of ¢ is
reflected by a much lower viscosity. If inversion does not occur, then the
viscosity continues to increase. This condition is true for both W/O and O/W
types. '

A graphic and important example is furnished by the oil spill “chocolate
mousse” emulsions formed when crude oil spills into seawater. These water-
in-oil emulsions have high water contents that may exceed 74% and reach ¢
= 0.80 or more without inverting. As their common name implies, these
mousse emulsions not only have viscosities that are much higher than the
original crude oil but can become semisolid. With increasing time after a
spill, these emulsions weather (the oil becomes depleted in its lower boiling
fractions), and apparently the emulsions become more stable, more solid-
like, and considerably more difficult to handle and break.

Interfacial Viscosity. The foregoing discussion of rheology has dealt
with the bulk viscosity properties. A closely related and very important
property is the interfacial viscosity, which can be thought of as the two-
dimensional equivalent of bulk viscosity, operative in the oil-water interfa-
cial region. As droplets in an emulsion approach each other, the thinning of
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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 of great importance to the ultimate stability of the emulsion. Thus, a
high interfacial viscosity can promote emulsion stability by retarding the rate
of droplet coalescence, as discussed in later sections. Further details on the
principles, measurement, and applications to emulsion stability of interfacial
viscosity were reviewed by Malhotra and Wasan (26).

Properties of the Interfaces

In simple two-phase colloidal systems, a thin intermediate region or bound-
ary, known as the interface, lies between the dispersed and dispersing
phases. Interfacial properties are very important because emulsified drop-
lets have a large interfacial area, and even a modest interfacial energy per
unit area can become a considerable total interfacial energy to be accommo-
dated. For example, suppose we wish to emulsify one barrel (159 L) of oil
into water. For this illustration consider the oil to be in 1 large drop that we
repeatedly subdivide into drops of half the previous radius. Thus, the initial
drop of r = 33.6 cm becomes eight drops of r = 16.8 cm, and so on. Figure 7
shows that the total surface or interfacial area produced increases by a factor
of 2 with each cut. The initial interfacial area of 1.42 m® increases to 7.4 x 10
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Figure 7. Total area and energy changes involved in emulsifying 1 barrel of oil
into water by dispersing into progressively finer droplets.

m® by the time droplets of 0.64-wm radius have been produced. This in-
crease is greater than 5 orders of magnitude! The larger interfacial area will
have a significant total free energy as shown in Figure 7. If the interfacial
tension is 35 mN/m, then by the time the droplet size is 7 = 0.64 pm, the total
energy will have increased from 0.05 x 10* to 2.6 x 10* J. This 2.6 x 10* J of
energy had to be added to the system to achieve the emulsification. If this
amount of energy cannot be provided, for example, by mechanical shear,
then another alternative is to use surfactant chemistry to lower the interfa-
cial free energy, or interfacial tension.

The energy plotted in Figure 7 was obtained by multiplying the total
area by the interfacial tension. Now if a small quantity of a surfactant was
added to the water, possibly a few tenths of a percent, that lowered the
interfacial tension to 0.35 mN/m, it would lower the amount of mechanical
energy needed in the example by a factor of 100. From the area per molecule
that the adsorbed emulsifying agent occupies, the minimum amount of
emulsifier needed for the emulsion can also be estimated. In practice,
lowering interfacial tension alone may not be sufficient to stabilize an emul-
sion, in which case other interfacial properties must be adjusted as well.
These simple calculations do, however, show how important the interfacial
properties can become when colloidal-sized species are involved, as in emul-
sions.
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Surface and Interfacial Tensions. Regarding the molecules in a
liquid, the attractive van der Waals forces between molecules are felt equally
by all molecules except those in the interfacial region. This inequality in the
van der Waals forces pulls the interfacial molecules toward the interior of
the liquid. The interface thus has a tendency to contract spontaneously. For
this reason, droplets of liquid and bubbles of gas tend to adopt a spherical
shape, because this shape reduces the surface free energy. For two immisci-
ble liquids, a similar situation applies, except that it may not be so immedi-
ately obvious how the interface will tend to curve. There will still be an
imbalance of intermolecular forces and a configuration that minimizes the
interfacial free energy.

The surface free energy has units of millijoules per square meter (1
m]/m® = 1 erg/cm?), reflecting the fact that area expansion requires energy.
Surface free energies are usually described in terms of contracting forces
acting parallel to the surface or interface. Surface tension (y°), or interfacial
tension (), is the force per unit length around a surface, or the free energy
required to create new surface area. Thus, the units of surface and interfacial
tension are millinewtons per meter (1 mN/m = 1 dyne/cm). These units for
surface and interfacial tension are numerically equal to the surface free
energy. Interfacial tensions are frequently intermediate between the values
of the surface tensions of the liquids involved and are smallest when the
liquids are the most chemically similar (for pure liquids).

Many methods for the measurement of surface and interfacial tensions,
details of the experimental techniques, and their limitations are described in
several good reviews (27-29). Some methods that are used most in emulsion
work are the du Nouy ring, drop weight or volume, pendant drop, and the
spinning drop. The spinning drop technique is applicable to the very low
interfacial tensions encountered in the enhanced oil recovery and
microemulsion fields (30). In all cases, when solutions rather than pure
liquids are involved, appreciable changes can take place with time at the
surfaces and interfaces.

Young-Laplace Equation. Interfacial tension causes a pressure dif-
ference to exist across a curved surface, the pressure being greater on the
concave side (i.e., on the inside of a droplet). In an interface between phase
A in a droplet and phase B surrounding the droplet, the phases will have
pressures p, and pg. If the principal radii of curvature are R, and R,, then

Ap=p,—ps=vy(1/R;+1/R,) (12)
Equation 12 is the Young-Laplace equation (31). It shows that p, > pg; the
pressure inside a droplet exceeds that outside. For spherical droplets in an

emulsion,

Ap=p,-ps=2Y/R (13)
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so that Ap varies with the radius, R. (More details are given in refs. 13 and
31.) The Young-Laplace equation forms the basis for some important meth-
ods for measuring surface and interfacial tensions, such as the pendant,
sessile, and spinning drop methods and the maximum bubble pressure
method (27-30). In primary oil recovery from underground reservoirs, the
capillary forces described by this equation are responsible for holding back
much of the oil (residual oil) in parts of the pore structure in the rock or
sand. Any secondary or enhanced (tertiary) oil recovery process strategies
are intended to overcome these same forces (32). In the example involving
microemulsions in enhanced oil recovery (discussed under the heading
“Microemulsions”), the Young-Laplace equation was used, without intro-
duction, to demonstrate how lowering interfacial tension can facilitate emul-
sification and incremental oil recovery. In that example r, the pore radius,
was used in place of R in the Young-Laplace equation, and the contact angle
was included.

Contact Angles and Wetting. When a droplet of oil in water comes
into contact with a solid surface, the oil may form a bead on the surface, or it
may spread and form a film. A liquid having a strong affinity for the solid will
seek to maximize its contact (interfacial area) and form a film. A liquid with
much weaker affinity may form into a bead. The affinity is termed the
wettability. Because there can be degrees of spreading, another quantity is
needed. The contact angle, 6, in an oil-water—solid system is defined as the
angle, measured through the aqueous phase, that is formed at the junction of
the three phases. Whereas interfacial tension is defined for the boundary
between two phases, the contact angle is defined for a three-phase junction.

If the interfacial forces acting along the perimeter of the droplet are
represented by the interfacial tensions, then an equilibrium force balance
can be written as

Ywio €08 0="Yg0 = Ysrw (14)

where the subscripts refer to water (W), oil (O), and solid (S). Equation 14 is
Young’s equation. The solid is completely water-wetted if 6 = 0 and only
partially wetted otherwise. Equation 14 is frequently used to describe wet-
ting phenomena, so two practical points are important. In theory complete
nonwetting by water would mean that = 180°, but this contact angle is not
seen in practice. Also, values of 6 < 90° are often considered to represent
“water-wetting”, and values of 6 > 90° are considered to represent “non-
water-wetting”. This assignment is rather arbitrary because it is based on
correlation with visual appearance of droplets on surfaces.

These considerations come into play in oil recovery schemes applied to
reservoirs of mixed wettability or where the rock is predominantly oil-
wetting. Another example is the case of the so-called Pickering emulsions,
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emulsions stabilized by fine particles. A film of close-packed particles has
considerable mechanical strength, which contributes to the stability of an
emulsion. The most stable emulsions occur when the contact angle is close
to 90°, so that the particles will collect at the interface. Combining Young’s
equation with the oriented wedge theory (see later, “Emulsifying Agents™ )
allows some predictions to be made. If the contact angle for a fine particle at
the O/W interface is 6 < 90°, then most of the particle will reside in the
aqueous phase. In this case an O/W emulsion is indicated. Conversely, if 6 >
90°, then the particle will be mostly in the oil phase, and W/O is predicted.

Adsorption at Interfaces: Surface Activity. Surfactants.
Some compounds, like short-chain fatty acids, can be partly soluble in both
water and oil. This dual solubility is because such molecules are amphiphilic
or amphipathic; that is, they have one part that has an affinity for the oil (the
nonpolar hydrocarbon chain), and one part that has an affinity for the water
(the polar group). The energetically most favorable orientation for these
molecules is at the oil-water interface, so that each part of the molecule can
reside in the solvent for which it has the greatest affinity (see Figure 8).

x

Surfactant Molecule

el
T ey
g 1

Micelle

Oil Droplet

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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These molecules that form oriented monolayers at interfaces show surface
activity and are termed surfactants. As there will be a balance between
adsorption and desorption (due to thermal motions), the interfacial condi-
tion requires some time to establish. Because of this time required, surface
activity should be considered a dynamic phenomenon. This fact can be seen
by measuring surface tension versus time for a freshly formed surface.

A consequence of surfactant adsorption at an interface is that it provides
an expanding force acting against the normal interfacial tension. If mr is this
expanding pressure (surface pressure), then <y = v;,0 — 7. Thus, surfactants
tend to lower interfacial tension; if a low enough value of vy is reached,
emulsification can take place because only a small increase in surface free
energy is required, for example, when m ~ 7y, . If solute—solvent forces are
greater than solvent—solvent forces on the other hand, then molecular mi-
gration away from the interface can occur and cause increased surface
tension (e.g., NaCl [aq]).

Gibbs has thermodynamically described the lowering of surface free
energy that results from surfactant adsorption. The general Gibbs adsorp-
tion equation for a binary, isothermal system containing excess electrolyte is

I;=-(1/RT)(dy/dInC,) (15)

where T, is the surface excess of surfactant (mol/cm?), C, is the solution
concentration of the surfactant (M), and y may be either surface or interfa-
cial tension (mN/m). This equation can be applied to dilute surfactant solu-
tions in which the surface curvature is not great and where the adsorbed film
can be considered a monolayer. The packing density of surfactant in a
monolayer at the interface can be calculated as follows. The surface excess in
a tightly packed monolayer can be calculated from the slope of the linear
portion of a plot of surface tension versus the logarithm of solution con-
centration (see Figure 9). From this slope, the area per adsorbed molecule
(a,) can be calculated from

a,=1/(N,I,) (16)

where N, is Avogadro’s number. Numerous examples are given by
Rosen (33).

Surface Films. Insoluble polar molecules (e.g., long-chain fatty ac-
ids) exhibit an extreme kind of adsorption at liquid surfaces. That is, they ean
be made to concentrate in one molecular layer at the surface. These interfa-
cial films often provide the stabilizing influence in emulsions because they
can both lower interfacial tension and increase the interfacial viscosity.
Increasing interfacial viscosity provides a mechanical resistance to coales-
cence. Such systems also lend themselves to the study of size, shape, and
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Figure 9. The association behavior of surfactants in solution, showing the
critical micelle concentration (CMC).

orientation of molecules at an interface. Having an adsorbed layer lowers the
surface tension (to ) by the surface pressure 7 = 7y, — 7, as already noted.
In a surface balance (pioneered by Langmuir and others) m versus the
available area of surface (A) can be determined directly. Another approach is
to measure the lowered surface tension (Wilhelmy plate) and calculate 7.
For very low film pressures, an ideal gas law analogy,

7wA =nRT = nN kT (17)

allows calculation of the effective area per molecule (A/nN,) in the mono-
layer; here n is the number of moles, R is the gas constant, T is absolute
temperature, and k is the Boltzmann constant.

Classification of Surfactants. Surfactants are classified according to
the nature of the polar (hydrophilic) part of the molecule, as illustrated in
Table III. In-depth discussions of surfactant structure and chemistry can be
found in references 33-35.

In aqueous solution, dilute concentrations of surfactant act much as
normal electrolytes, but at higher concentrations very different behavior
results. This behavior (illustrated in Figures 8 and 9) was explained by
McBain in terms of organized aggregates called micelles in which the lipo-
philic parts of the surfactants associate in the interior of the aggregate and
leave hydrophilic parts to face the aqueous medium. (Details are given in
refs. 16 and 31.) The concentration at which micelle formation becomes
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significant is called the critical micelle concentration (CMC). The CMCiis a
property of the surfactant and several other factors, because micellization is
opposed by thermal and electrostatic forces. A low CMC is favored by
increasing the molecular mass of the lipophilic part of the molecule, lower-
ing the temperature (usually), and adding electrolyte. Surfactant molecular
weights range from a few hundred up to several thousand.

Some typical CMC values for low electrolyte concentrations at room
temperature are

Surfactant Class CMC (M)

Nonionic 10-5-10+
Anionic 10-3-10-2
Amphoteric 10-3-10-!

The solubilities of micelle-forming surfactants show a strong increase
above a certain temperature, termed the Krafft point (T). This increase in
solubility is explained by the fact that the single surfactant molecules have
limited solubility, whereas the micelles are very soluble. Referring to Figure
10, below the Krafft point the solubility of the surfactant is too low for
micellization, and solubility alone determines the surfactant monomer con-
centration. As temperature increases, the solubility increases until at Ty the
CMC is reached. At this temperature a relatively large amount of surfactant
can be dispersed in micelles, and solubility increases greatly. Above the

Surfactant Solubility

—
T

s
————
——-——

Surfactant CMC

Concentration

| Kratft Point, T,

Temperature —

Figure 10. The solubility-micellization behavior of surfactants in solution,
showing the Krafft point.
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Krafft point, maximum reduction in surface or interfacial tension occurs at
the CMC because now the CMC determines the surfactant monomer con-
centration.

Cohesion, Adhesion, and Spreading. Two phases A and B may
have an interface between them, AB. Cohesion, adhesion, and spreading can
be defined for the changes shown in Figure 11 (involving always unit surface
area). The work of cohesion represents the energy required to increase
interfacial area by two square units. Thus the energy required to disperse oil
into finer and finer droplets, to make an emulsion, increases as the interfa-

Spreading
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AG = 7°M+
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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
(0), water (W) and air (A).
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cial tension between the droplets increases. The work of adhesion is the
energy involved when two surfaces, initially in contact with each other, are
separated to each contact a third phase. The work of adhesion relates to, for
example, surface energy changes involved when an oil droplet initially in
contact with a solid particle becomes released into water. Spreading occurs
when, for example, emulsified oil droplets reach the air-water interface and
spread over the surface. This spreading is a mechanism for demulsification; a
negative spreading coefficient should thus tend to contribute to emulsion
stability. Spreading is also a mechanism for defoaming by emulsions (36).
Petroleum emulsions have been used to prevent the formation of foams, or
destroy foams already generated, in various industrial processes (37).

Stability of Emulsions

Meaning of Stability. Most emulsions are not thermodynamically
stable. Rather they possess some degree of kinetic stability, and it is impor-
tant to distinguish the degree of change and the time scale. As mentioned
previously, coalescence and aggregation are processes in which particles,
droplets, or bubbles are brought together with (coalescence) or without
(aggregation) large changes in surface area. Thus, there can be different
kinds of kinetic stability. This discussion of colloid stability will explore the
reasons why colloidal dispersions can have different degrees of kinetic stabil-
ity and how these are influenced, and can therefore be modified, by solution
and surface properties. The discussion is carried further, and in more detail,
in Chapter 2.

Encounters between particles in a dispersion can occur frequently be-
cause of Brownian motion, sedimentation, or stirring. The stability of the
dispersion depends upon how the particles interact when these encounters
happen. The main cause of repulsive forces is the electrostatic repulsion
between like-charged objects. The main attractive forces are the van der
Waals forces between objects.

Electrostatic Forces. Charged Interfaces. Most substances ac-
quire a surface electric charge when brought into contact with a polar
medium such as water. For emulsions, the origin of the charge can be
ionization, as when surface acid functionalities ionize when oil droplets are
dispersed into an aqueous solution, or the origin can be adsorption, as when
surfactant ions or charged particles adsorb onto an oil droplet surface. Solid
particles can have additional mechanisms of charging. One is the unequal
dissolution of cations and anions that make up the crystal structure (in the
salt type minerals, for example). Another is the diffusion of counterions away
from the surface of a solid whose internal crystal structure carries an oppo-
site charge because of isomorphic substitution (in clays, for example). The
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surface charge influences the distribution of nearby ions in the polar me-
dium. Ions of opposite charge (counterions) are attracted to the surface, but
those of like charge (co-ions) are repelled. An electric double layer, which is
diffuse because of mixing caused by thermal motion, is thus formed.

In a practical petroleum emulsion situation, the degree of surface charg-
ing is more complicated. An example is the bitumen—water interface, which
becomes negatively charged in alkaline aqueous solutions as a result of the
ionization of surface carboxylic acid groups belonging to natural surfactants
present in the bitumen. The degree of negative charging is very important to
the success of bitumen recovery processes from in situ oil sands and also
separation processes from surface oil sands, such as the hot-water flotation
process (38—42). The degree of negative charge at the interface depends on
the pH and ionic strength of the solution (38, 39) and also on the concentra-
tion of natural surfactant monomers present in the aqueous phase (40, 41).
With bitumen, as with other heavy crude oils, more than one kind of surfac-
tant may be produced (42), and the solution concentrations of the
surfactants depend also on reaction conditions (temperature, etc.) and on
the extent of competing reactions such as the adsorption of the surfactants
onto solid (clay) particles that are present (43, 44).

Electric Double Layer. The electric double layer (EDL) consists of
the charged surface and a neutralizing excess of counterions over co-ions,
distributed near the surface (see Figure 12). The EDL can be viewed as
being composed of two layers:

® an inner layer that may include adsorbed ions

® a diffuse layer in which ions are distributed according to the
influence of electrical forces and thermal motion

Gouy and Chapman proposed a simple quantitative model for the diffuse
double layer, assuming, among other things, an infinite, flat, uniformly
charged surface and point-charge ions. (Further details are given in refs. 14,
31, and 45.) Taking the surface potential to be ¢°, the potential ¢ at a
distance x from the surface is approximately

Y=y exp (—kx) (18)

The surface charge density is given as ¢° = exy’, where € is the permittivity
and « is not conductivity but a special variable defined in equation 19; thus,
¥ depends on surface charge density and the solution ionic composition
(through «). The variable 1/k is called the double-layer thickness, and for
water at 25 °C it is given by

k=3288VI (nm~Y) (19)
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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.)

where I is the ionic strength, given by I = (1/2) 3,cz’, in which ¢, are the
individual ion concentrations and z; are the respective ion-charge numbers.
For a 1-1 electrolyte,

I/k=1nmforI=10'M
/k=10nm for I=10° M (20)

In fact an inner layer exists because ions are not really point charges and
an ion can approach a surface only to the extent allowed by its hydration
sphere. The Stern model specifically incorporates a layer of specifically
adsorbed ions bounded by a plane, the Stern plane (see Figure 13 and refs.
14, 31, and 45). In this case the potential changes from ¢’ at the surface, to
Y(3) at the Stern plane, to ¢ = 0 in bulk solution.

Electrokinetic Phenomena. Electrokinetic motion occurs when the
mobile part of the electric double layer is sheared away from the inner layer
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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). The four types of electrokinetic measurements are elec-
trophoresis, electro-osmosis, streaming potential, and sedimentation poten-
tial, of which electrophoresis finds the most use in industrial practice. Good
descriptions of practical experimental techniques in electrophoresis and
their limitations can be found in references 46-48.

In electrophoresis an electric field is applied to a sample and causes
charged droplets or particles and any attached material or liquid to move
toward the oppositely charged electrode. Thus the results can be interpreted
only in terms of charge density (o) or potential (i) at the plane of shear. The
latter is also known as the zeta potential. Because the exact location of the
shear plane is generally not known, the zeta potential is usually taken to be
approximately equal to the potential at the Stern plane (Figure 13):

L=14(9) (21)

where 8 is the distance from the droplet surface to the Stern plane. In
microelectrophoresis the dispersed droplets are viewed under a microscope,
and their electrophoretic velocity is measured at a location in the sample cell
where the electric field gradient is known. This measurement must be done
at carefully selected planes within the cell because the cell walls become
charged as well and cause electro-osmotic flow of the bulk liquid inside the
cell.

The electrophoretic mobility, pg, is defined as the electrophoretic ve-
locity divided by the electric field gradient at the location where the velocity
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was measured. It remains then to relate the electrophoretic mobility to the
zeta potential ({). Two simple relations can be used to calculate zeta poten-
tials in limiting cases:

® Hiickel theory. For droplets of small radius (r) with “thick”
electric double layers, meaning that «r < 1, it is assumed that
Stokes’ law applies and the electrical force is equated to the
frictional resistance of the droplet, u; = {e/(1.57).

® Smoluchowski theory. For large droplets with “thin” electric
double layers, meaning droplets for which «r > 100, w; = {e/.

These theories are discussed in more detail in references 14 and 50.

With these relations zeta potentials can be calculated for many practical
systems. Within each set of limiting conditions the electrophoretic mobility
is independent of particle size and shape as long as the { potential is con-
stant. For intermediate values of «r, the Henry equation and many other
equations apply (46, 47, 49).

Repulsive Forces. In the simplest example of colloid stability, emul-
sion droplets would be stabilized entirely by the repulsive forces created
when two charged surfaces approach each other and their electric double
layers overlap. The repulsive energy, Vy, for spherical droplets is given
approximately as

_B ek’ T?ry?

Va o exp (—kH) (22)

where the spheres have radius r and are separated by distance H, B is a
constant (3.93 x 10% A7), z is the counterion charge number, and

_exp [zey(8) / 2kT] -1

(23)
exp [zey(8) / 2kT] + 1

Dispersion Forces. van der Waals postulated that neutral mole-
cules exert forces of attraction on each other that are caused by electrical
interactions between three types of dipolar configurations. The attraction
results from the orientation of dipoles that may be (1) two permanent
dipoles, (2) dipole-induced dipole, or (3) induced dipole-induced dipole.
Induced dipole-induced dipole forces between nonpolar molecules are also
called London dispersion forces. Except for quite polar materials, the Lon-
don dispersion forces are the more significant of the three. For molecules
the force varies inversely with the sixth power of the intermolecular dis-
tance.

For dispersed droplets (or particles, etc.) the dispersion forces can be
approximated by adding the attractions between all interdroplet pairs of
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molecules. When added this way, the dispersion force between two droplets
decays less rapidly as a function of separation distance than is the case for
individual molecules. For two spheres of radius r in a vacuum, separated by
distance H, the attractive energy V, can be approximated by

_Ar
12H

A=

(24)

for H < 1020 nm and H < r. The constant A is known as the Hamaker
constant and depends on the density and polarizability of atoms in the
particles. Typically 10 J < A < 107" J. When the particles are in a medium
other than vacuum, the attraction is reduced. This reduced attraction can be
accounted for by using an effective Hamaker constant

A=(VA,-V4,)’ (25)

where the subscripts denote the medium (1) and particles (2).

The effective Hamaker constant equation shows that the attraction be-
tween particles is weakest when the particles and medium are most chemi-
cally similar (A; ~ A,). The Hamaker constants are usually not well known
and must be approximated.

DLVO Theory. Derjaguin and Landau, and independently Verwey
and Overbeek (45), developed a quantitative theory for the stability of lyo-
phobic colloids, now known as the DLVO theory. It was developed in an
attempt to account for the observation that colloids coagulate quickly at high
electrolyte concentrations, slowly at low concentrations, and with a very
narrow electrolyte concentration range over which the transition from one to
the other occurs. This narrow electrolyte concentration range defines the
critical coagulation concentration (CCC). The DLVO theory accounts for
the energy changes that take place when two droplets (or particles) approach
each other, and involves estimating the energy of attraction (London-van
der Waals) versus interparticle distance and the energy of repulsion (electro-
static) versus distance. These, V, and Vy, respectively, are then added to-
gether to yield the total interaction energy V. A third important force occurs
at very small separation distances where the atomic electron clouds overlap
and causes a strong repulsion, called Born repulsion. The theory has been
developed for several special cases, including the interaction between two
spheres, and refinements are constantly being made.

The value of Vi decreases exponentially with increasing separation dis-
tance and has a range about equal to k', and V, decreases inversely with
increasing separation distance. Figure 14 shows a single attractive energy
curve and two different repulsive energy curves, representing two very
different levels of electrolyte concentration. The figure shows the total
interaction energy curves that result in each case. Either the attractive van
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der Waals forces or the repulsive electric double-layer forces can predomi-
nate at different interdroplet distances.

With a positive potential energy maximum, a dispersion should be stable
if V>> kT, that s, if the energy is large compared to the thermal energy of the
particles (15kT is considered insurmountable). In this case colliding droplets
should rebound without contact, and the emulsion should be stable to ag-
gregation. If, on the other hand, the potential energy maximum is not very
great, V ~ kT, then slow aggregation should occur. The height of the energy
barrier depends on the surface potential, ¥(8) and on the range of the
repulsive forces, k™. Figure 14 shows that an energy minimum can occur at
larger interparticle distances. If this energy minimum is reasonably deep
compared to kT, then a loose, easily reversible aggregation should occur.

Practical Guidelines. The DLVO calculations can become quite
involved, requiring considerable knowledge about the systems of interest.
Also, they present some problems. For example, some distortion of the
spherical emulsion droplets will occur as they approach each other and begin
to seriously interact; these interactions cause a flattening. Also, our view of

—-— —
— —
-
-
- rm—

~ “Distance between particles (H)

Potential energy of interaction (V)

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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the validity of the theory is changing as more becomes known about the
influence of additional forces such as those due to surface hydration. The
DLVO theory nevertheless forms a very useful starting point in attempting
to understand complex colloidal systems such as petroleum emulsions. Em-
pirical “rules of thumb” can be used to give a first estimate of the degree of
colloidal stability that a system is likely to have if the zeta potentials of the
droplets are known.

Zeta Potential Criteria. Many types of colloids tend to adopt a nega-
tive surface charge when dispersed in aqueous solutions having ionic con-
centrations and pH typical of natural waters. For such systems one rule of
thumb stems from observations that the colloidal particles are quite stable
when the zeta potential is about —~30 mV or more negative, and quite unsta-
ble because of agglomeration when the zeta potential is between +5 and -5
mV. An expanded set of guidelines, developed for particle suspensions, is
given in reference 48. Such criteria are frequently used to determine opti-
mal dosages of polyvalent metal electrolytes, such as alum, used to effect
coagulation in treatment plants.

For example, as stated earlier, in order to separate bitumen from oil
sands, a significant negative charge must be present at the oil-water inter-
face. This negative charge is needed to aid in the release of the bitumen from
the sand matrix, and is also needed to prevent attachment of the released
and emulsified droplets to codispersed solid particles such as clays. In fact,
in the flotation recovery process for bitumen the optimal processing condi-
tion correlates with maximizing the negative charge, or zeta potential, on the
droplets (41). On-line measurements of the emulsified bitumen droplet zeta
potentials can be used to monitor and control the continuous oil recovery
process, as indicated in Figure 15 (50). In the Figure 15 example, the maxi-
mum (negative) emulsion droplet zeta potential achieved was about —-35 mV,
which is consistent with the “good stability” guideline just described.

Schulze-Hardy Rule. The transition from stable dispersion to ag-
gregation usually occurs over a fairly small range of electrolyte concentra-
tion. This condition makes it possible to determine aggregation concentra-
tions, often referred to as critical coagulation concentrations (CCC). The
Schulze-Hardy rule summarizes the general tendency of the CCC to vary
inversely with the sixth power of the counterion charge number (for indiffer-
ent electrolyte). Further details and original references are given in refer-
ences 13 and 51.

A prediction from DLVO theory can be made by deriving the conditions
under which V = 0 and dV/dH = 0. The result is

9.75B2€%5T 5

CCC=
2N, A%2®

(26)
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Figure 15. Plot 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 high potentials (y — 1), the CCC varies inversely with z°. As
an illustration, for a hypothetical emulsion, equation 26 predicts a CCC of
1.18 M in solutions of sodium chloride. The critical coagulation concentra-
tions in polyvalent metal chlorides would then decrease as follows:

Dissolved
Salt

ccc
(mol/L)

NaCl
CaClg
AlCl;

1.18
0.018
0.0016

Broad Influence on Stability.

In general, when electrical surface

charge is an important determinant of stability, it is easier to formulate a very
stable O/W emulsion than a W/O emulsion because the electric double-layer
thickness is much greater in water than in oil. (This condition is sometimes
incorrectly stated in terms of greater charge being present on droplets in an
O/W emulsion). This is not to say that W/O emulsions cannot be stabilized,
however. Many reasonably stable oil-field W/O emulsions are stabilized by
another mechanism: the protective action of viscoelastic, possibly rigid, films
formed on the droplets by macromolecules or solid particles.



Published on May 5, 1992 on http://pubs.acs.org | doi: 10.1021/ba-1992-0231.ch001

36 EMULSIONS IN THE PETROLEUM INDUSTRY

Kinetics. Thus far this chapter has mostly been concerned with an
understanding of the direction in which reactions will proceed. However,
from an engineering point of view, it is just as important to know the rates at
which such reactions will proceed. Two principal factors determine the rate
of aggregation of droplets in an emulsion: the frequency of droplet encoun-
ters and the probability that the thermal energy of the droplets is sufficient
to overcome the potential energy barrier to aggregation. The rate of ag-
gregation can be given as —(dn/dt) = k,n® where k, is the rate constant and n
is the number of droplets per unit volume at time t. Forn = nyatt = 0,

Un =kst + Un, 27

During the process of aggregation, k, may not remain constant.

If the energy barrier to aggregation is removed (e.g., by adding excess
electrolyte) then aggregation is diffusion controlled; only Brownian motion
of independent droplets or particles is present. For a monodisperse suspen-
sion of spheres, Smoluchowski developed an equation for this “rapid coagu-
lation”

n=—1_" (28)
1+ 8mwDrngt

where r is the radius, and the diffusion coefficient D = kT/(6wnr). Now k,° =
4kT/(3m), where k,’ is the rate constant for diffusion-controlled aggregation.

When there is an energy barrier to aggregation, only a fraction 1/W of
encounters lead to attachment. The variable W is the stability ratio, W =
ks"/k,. Using W gives “slow coagulation” (hindered) times. In this case, the
interaction energy and hydrodynamic viscous drag forces must be consid-
ered (16).

Finally, particles can also be brought into interaction distances by stir-
ring or sedimentation so that the relative motions of two adjacent regions of
fluid, each carrying particles, can cause particle encounters. Coagulation
due to such influence is called “orthokinetic coagulation” as distinguished
from the Brownian induced “perikinetic coagulation”. The theory for ortho-
kinetic coagulation is much more complicated than that for perikinetic and is
not discussed here. However, shear can also cause dispersion if the energy
introduced allows the interaction energy barrier to be overcome.

Stability to Coalescence. Up to this point, stability to aggregation
has been considered. However, once aggregation has taken place in an
emulsion, there remains the question of stability to coalescence. Usually
emulsions made by mixing together two pure liquids are not very stable. To
increase the stability, an additional component is usually needed, and it
forms a film around the dispersed droplets to provide a barrier to both
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aggregation and coalescence. Although numerous agents and mechanisms
are effective, the additional component is frequently a surfactant. Stability
to coalescence involves the mechanical properties of the interfacial films.
Mechanical properties will be considered further in the next section.

Considering stability to both aggregation and coalescence, the factors
favoring emulsion stability can be summarized as follows:

® Low interfacial tension—low interfacial free energy makes it
easier to maintain large interfacial area.

® Mechanically strong film—this acts as a barrier to coalescence
and may be enhanced by adsorption of fine solids or of close-
packed surfactant molecules.

® Electric double-layer repulsion—this repulsion acts to prevent
collisions and aggregation.

® Small volume of dispersed phase—this reduces the frequency
of collisions and aggregation. Higher volumes are possible (for
close-packed spheres the dispersed-phase volume fraction
would be 0.74), but in practice the fraction can even be higher.

® Small droplet size, if the droplets are electrostatically or steri-
cally interacting.

® High viscosity—this slows the rates of creaming and coales-
cence.

An assessment of emulsion stability involves the determination of the
time variation of some emulsion property such as those described in the
earlier section “Physical Characteristics of Emulsions”. The classical meth-
ods are well described in reference 9. Some newer approaches include the
use of pulse nuclear magnetic resonance spectroscopy or differential scan-
ning calorimetry (52).

Emulsifying Agents. One general theory of emulsion type states
that if an emulsifying agent is preferentially wetted by one of the phases,
then more of the agent can be accommodated at the interface if that inter-
face is convex toward that phase; that is, if that phase is the continuous
phase. This theory works for both solids and soaps as emulsifying agents. For
surfactant molecules it is referred to as Bancroft’s rule; the liquid in which
the surfactant is most soluble becomes the continuous phase. Very often,
mixtures of emulsifying agents are more effective than single components.
Some mixed emulsifiers may form a complex at the interface and thus yield
low interfacial tension and a strong interfacial film.

A second general rule specifies that soaps of monovalent metal cations
tend to produce O/W emulsions, but those of polyvalent metal cations will
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tend to produce W/O emulsions. Figure 16 illustrates the concept. In the
example shown, the calcium ions each coordinate to two surfactant mole-
cules that are aligned with their polar groups near the metal ion. This
coordination forces the hydrocarbon tails into a wedgelike orientation. The
hydrocarbon tails in a close-packed interfacial layer are most easily accom-
modated if the oil phase is the continuous phase. Thus, the oriented-wedge
theory predicts that the calcium soap will produce a W/O emulsion. For the
sodium soap, the charged polar groups of the surfactant tend to repel each
other more strongly. This fact, together with the single cation—surfactant
coordination, makes it most favorable for the polar groups to be in the
continuous phase, and an O/W emulsion results.

An analogous rule to the oriented-wedge and Bancroft theories states
that the liquid that preferentially wets the solid particles will tend to form
the continuous phase. Thus if there is a low contact angle (measured through
the water phase), then an O/W emulsion should form. Exceptions occur for
each of these rules, and sometimes one will work where the others do not.
They do remain useful for making initial predictions.

An empirical scale developed for categorizing single-component or
mixed (usually nonionic) emulsifying agents, using this principle, is the
hydrophile-lipophile balance or HLB scale. This dimensionless scale ranges
from 0 to 20; a low HLB (<9) refers to a lipophilic surfactant (oil-soluble)
and a high HLB (>11) to a hydrophilic (water-soluble) surfactant. In gen-

Sodium Oleate Calcium Oleate
‘/\‘O- Na+ \/\-O. C82+ \
O/VV Emulsion W/O Emulsion
<

Figure 16. The oriented-wedge theory of emulsion type.
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eral, W/O emulsifiers exhibit HLB values in the range of 3-8, and O/W
emulsifiers have HLB values of about 8-18. Empirical tables of HLB values
required to make emulsions out of various materials have been pub-
lished (53). If the value is not known, then laboratory emulsification tests are
required, using a series of emulsifying agents of known HLB values.

For example, to make a 15% O/W emulsion of a paraffinic mineral oil, a

set of emulsion tests is performed with a series of blends of emulsifiers A
(HLB 4.7) and B (HLB 14.9):

Emulsifier Blend HLB Emulsion Test
100% A 4.7 no emulsion

87% A + 13% B 6 no emulsion

68% A + 32% B 8 moderate emulsion
48% A + 52% B 10 stable emulsion
28% A + 72% B 12 moderate emulsion
6% A + 94% B 14 no emulsion

100% B 14.9 no emulsion

In this case an HLB of 10 is required to make the O/W mineral oil emulsion.

Various compilations and equations for determining emulsifier HLB
values have been published (15, 53, 54). For example, in polyoxyethylene
alcohols, C,H,,.,(OCH,CH,),,OH, a class of nonionic surfactants, the HLB
can be calculated from HLB = E/5, where E is the percentage by mass of
ethylene oxide in the molecule. Experimentally, the unknown HLB of an
emulsifier can be determined by mixing it with an emulsifier of known HLB
and an oil for which the HLB required for emulsification is known. A series
of tests such as just illustrated in the example can be used to determine the
unknown HLB. From the previous definition of spreading it might seem that
if an oil does not spread on water, then it should be emulsified in it, and vice
versa. Ross et al. (55) did, in fact, find a correlation between HLB and the
spreading coefficients of oil and water. They found that for a given type of
emulsion, both low interfacial tension and a negative value of the appropri-
ate spreading coefficient are necessary.

A limitation of the HLB system is that other factors are important as
well. Also, the HLB is an indicator of the emulsifying characteristics of an
emulsifier but not the efficiency of an emulsifier. Thus, although all emulsi-
fiers having a high HLB will tend to promote O/W emulsions, the efficiency
with which those emulsifiers act will vary considerably for any given system.
For example, usually mixtures of surfactants work better than pure com-
pounds of the same HLB.

Just as solubilities of emulsifying agents vary with temperature, so does
the HLB, especially for the nonionic surfactants. A surfactant may thus
stabilize O/W emulsions at low temperature but W/O emulsions at some
higher temperature. The transition temperature, that at which the surfactant
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changes from stabilizing O/W to W/O emulsions, is known as the phase
inversion temperature (PIT). At the PIT, the hydrophilic and oleophilic
natures of the surfactant are essentially the same (another term for this is the
HLB temperature). As a practical matter, emulsifying agents are chosen so
that their PIT is far from the expected storage and use temperatures of the
desired emulsions. In one method (56) an emulsifier with a PIT of about
50 °C higher than the storage-use temperature is selected. The emulsion
is then prepared at the PIT where very small droplet sizes are most easily
created. Next, the emulsion is rapidly cooled to the desired use temperature,
at which now the coalescence rate will be slow, and a stable emulsion results.

Protective Agents and Sensitization. The stability of a disper-
sion can be enhanced (protection) or reduced (sensitization) by the addition
of material that adsorbs onto particle surfaces. Protective agents can act in
several ways. They can increase double-layer repulsion if they have ionizable
groups. The adsorbed layers can lower the effective Hamaker constant. An
adsorbed film may necessitate desorption before particles can approach
closely enough for van der Waals forces to cause attraction. If the adsorbed
material extends out significantly from the particle surface, then an entropy
decrease can accompany particle approach (steric stabilization). Finally, the
adsorbed material may form such a rigid film that it poses a mechanical
barrier to droplet coalescence.

Oil-field W/O emulsions may be stabilized by the presence of a protec-
tive film around the water droplets. Such a film can be formed from the
asphaltene and resin fractions of the crude oil. When droplets approach each
other during the process of aggregation, the rate of oil film drainage will be
determined initially by the bulk oil viscosity, but within a certain distance of
approach the interfacial viscosity becomes important. A high interfacial
viscosity will significantly retard the final stage of film drainage and promote
kinetic emulsion stability. If the films are viscoelastic, then a mechanical
barrier to coalescence will be provided, yielding a high degree of emulsion
stability. More detailed descriptions are given in references 26, 57, and 58.

Sensitizing agents can be protective agents that are added in smaller
amounts than would be used normally. Sensitizing agents have several possi-
ble mechanisms of action. If the additive is oppositely charged to the dis-
persed particles, then decreased double-layer repulsion will result. In some
kinds of protecting adsorption, a bilayer is formed with the outer layer
having lyophilic groups exposed outwards. Addition of enough additive to
form only the single layer will have lyophobic groups oriented outward with
a sensitizing effect. If the additive is of long chain length, sometimes a
bridging between particles occurs and induces aggregation (at higher con-
centrations protective action takes over because the potential bridging sites
become covered).
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Creaming, Inversion, and Demulsification

Creaming. Droplets in an emulsion will have some tendency to rise
or settle according to Stokes’” law. An uncharged spherical droplet in a fluid
will sediment if its density is greater than that of the fluid. The driving force
is that of gravity; the resisting force is viscous and is approximately propor-
tional to the droplet velocity. After a short period of time the particle reaches
terminal (constant) velocity, dx/dt, when the two forces are matched. Thus

% - 21’2(92 - Pl)g (29)
dt 97

where r is the particle radius, p, is the droplet density, p, is the external fluid
density, g is the gravitational constant, and 7 is the bulk viscosity. If the
droplet has a lower density than the external phase, then it rises instead
(negative sedimentation). Emulsion droplets are not rigid spheres, so they
may deform in shear flow. Also, with the presence of emulsifying agents at
the interface, the droplets will not be noninteracting, as is assumed in the
theory. Thus, Stokes’ law will not strictly apply and may underestimate or
even overestimate the real terminal velocity.

The process in which emulsion droplets rise or settle without significant
coalescence is called creaming (Figure 17). This process is not emulsion
breaking, but produces two separate layers of emulsion that have different
droplet concentrations and are usually distinguishable from each other by
color or opacity. The term comes from the familiar separation of cream from
raw milk. According to Stokes’ law, creaming will occur faster when there is
a larger density difference and when the droplets are larger. The rate of
separation can be enhanced by replacing the gravitational driving force by a
centrifugal field. Centrifugal force, like gravity, is proportional to the mass,
but the proportionality constant is not g but w’, where w is the angular
velocity (equal to 2 X revolutions per second) and « is the distance of the
particle from the axis of rotation. The driving force for sedimentation be-
comes (p, — p;)w’. Because w’ is substituted for g, one speaks of multiples
of g, or “gs”, in a centrifuge. The centrifugal acceleration in a centrifuge is
not really a constant throughout the system but varies with x. The actual
distance from top to bottom of a sedimenting column is usually small com-
pared to the distance from the center of revolution, so the average accelera-
tion is used. The terminal velocity then becomes

dx _ 2r%(p, — py) ©3x (30)
dt 97

The problem of deaerated bituminous froth produced from the hot-
water flotation of bitumen from oil sands can serve as an illustration. This
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Creaming

Aggregation

Coalescence

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

froth is a W/O emulsion from which the water must be removed prior to
upgrading and refining. At process temperature (80 °C) the emulsion viscos-
ity is similar to that of the bitumen, but the density, because of entrained
solids, is higher. Taking 1 = 500 mPa-s (59) and p, = 1.04 g/mL, the rate of
rise of 20-pm diameter water droplets under gravitational force will be very
slow. According to equation 29:

dr =-3.05x 10 cm/s
dt

3—: =96 cm/year upward

In a commercial oil sands plant, a centrifuge process is used to speed up
the separation. The continuous centrifuges can operate at 2500 x g, the
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droplets having to travel 9 cm to reach the product stream. With the centrif-
ugal force added, according to equation 30, the droplet velocity would
become

dx)’ dx

— | =2500 | —

[dt] [dt]

dx)’ _3

% =7.63 X 1072 cmm/s outward

This result is 2500 x faster than with gravity alone, but the residence time in
the centrifuge would have to be about 20 min, and this length of time is not
practical. To speed up the separation, naphtha is added to the level of 25%.
The naphtha lowers the viscosity to about 4.5 mPa-s (59) and lowers the
density of the continuous phase to 0.88 g/mL. Now the water droplets would
sediment rather than rise under gravitational force, and although the emul-
sion density is much reduced, the absolute value of the density difference
changes very little: Ap = —0.07 g/mL originally, and becomes Ap = +0.09
g/mL! The overall effect is to lower the viscosity by about 2 orders of
magnitude. The droplet velocity now becomes (dx/d¢)" = 1.1 cm/s, which
yields a satisfactory residence time of about 8 s.

In general, for given liquid densities, creaming will occur more slowly
the greater the electrical charge on the droplets and the higher the emulsion
viscosity. Although a distinct process, creaming does promote coalescence
by increasing the droplet crowding and hence the probability of droplet-
droplet collisions.

Inversion. Inversion refers to the process in which an emulsion
suddenly changes form, from O/W to W/O, or vice versa. This process was
encountered in the example of changing emulsion viscosity given in the
earlier section, “Physical Characteristics of Emulsions”, subsection “Bulk
Viscosity Properties” (Figure 6). The maximum volume fraction possible for
an internal phase made up of uniform, incompressible spheres is 74%.
Although emulsions with a higher internal volume fraction do occur, usually
inversion occurs when the internal volume fraction exceeds some value
reasonably close to ¢ = 0.74. Other factors have a bearing as well, of course,
including the nature and concentration of emulsifiers and physical influ-
ences such as temperature or the application of mechanical shear.

The exact mechanism of inversion remains unclear, although obviously
some processes of coalescence and dispersion are involved. In the region of
the inversion point multiple emulsions may be encountered. The process is
also not always exactly reversible. That is, hysteresis may occur if the inver-
sion point is approached from different sides of the composition scale.
Figure 18 shows the irreversible inversion of a diluted bitumen-in-water
emulsion brought about by the application of shear (60).
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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). The stability of an
emulsion is often a problem. Demulsification involves two steps. First,
agglomeration or coagulation of droplets must occur. Then, the agglomer-
ated droplets must coalesce. Only after these two steps can complete phase
separation occur. Either step can be rate determining for the demulsifica-
tion process. A typical W/O petroleum emulsion from a production well
might contain 60-70% water. Some of this (free water) will readily settle out.
The rest (bottom settlings®) requires some kind of specific emulsion treat-
ment.

The first step in systematic emulsion breaking is to characterize the
emulsion to be broken in terms of its nature (O/W or W/O), the nature of the
two phases, and the sensitivity of the emulsifiers. On the basis of such an
evaluation, a chemical addition could be made to neutralize the effect of the
emulsifier, followed by mechanical means to complete the phase separation.
For example, butter results from the creaming, breaking, and inversion of
emulsified droplets in milk.

It follows directly from the previous considerations of emulsion stability
that if an emulsion is stabilized by electrical repulsive forces, then demulsifi-

*Hence the field term “bottom settlings and water”, or BS&W, used to characterize petroleum
samples. (See also the Glossary.)
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cation could be brought about by overcoming or reducing these forces. In
this context the addition of electrolyte to an O/W emulsion could be used to
achieve the critical coagulation concentration, in accord with the Schulze—
Hardy rule. Similarly, demulsifying agents, designed to reduce emulsion
stability by displacing or destroying the effectiveness of protective agents,
can be applied. An example is antagonistic action, that is, addition of an O/W
promoter to break a W/O emulsion (see the earlier section “Protective
Agents and Sensitization”). These considerations are discussed in further
detail in Chapter 9.

Apart from the aforementioned chemical treatments, a variety of physi-
cal methods are used in emulsion breaking. These physical methods are all
designed to accelerate coagulation and coalescence. For example, oil-field
W/O emulsions may be treated by some or all of settling, heating, electrical
dehydration, chemical treatment, centrifugation, and filtration. The me-
chanical methods, such as centrifuging or filtering, rely on increasing the
collision rate of droplets and applying an additional force that drives coales-
cence. An increase in temperature will increase thermal motions to enhance
the collision rate, and also reduce viscosities (including interfacial viscosity),
and thus increase the likelihood of coalescence. In the extremes, very high
temperatures will cause dehydration due to evaporation, and freeze—thaw
cycles will break some emulsions. Electrical methods may involve electro-
phoresis of oil droplets, causing them to collide, to break O/W emulsions.
With W/O emulsions, the mechanism involves deformation of water drop-
lets, because W/O emulsions are essentially nonconducting emulsions. Here
the electric field causes an increase in the droplet area and disrupts the
interfacial film. Increased droplet contacts increase the coalescence rate and
thereby break the emulsion. More details on the application of these meth-
ods in large-scale continuous processes are given in Chapter 10.

List of Symbols

area per adsorbed molecule

available area of surface .sp 0.2 Hamaker constant
a constant (3.93 x 10* A2%2)

solution concentration of the surfactant (M)
individual ion concentrations

diffusion coefficient

terminal (constant) velocity (in creaming)
elementary electronic charge

gravitational constant

distance separating spherical emulsion droplets
ionic strength

~mo S S QWS
~
o
~
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intensity of incident light beam (in light-scattering experiments)
intensity of light scattered (in light-scattering experiments)
intensity of transmitted beam of light (in light-scattering experi-
ments)

Boltzmann constant

rate constant

rate constant for diffusion-controlled aggregation

length of path through sample (in light-scattering experiments)
number of moles; number of droplets per unit volume at time ¢
number of droplets per unit volume at time ¢ = 0

Avogadro’s number

capillary number

pressure, pressure in phase A, pressure in phase B

capillary pressure

radius of small droplets

pore radius

radius of spherical droplets

also used as the gas constant

principal radii of curvature

time

absolute temperature

temperature, termed the Krafft point, at which solubilities of
surfactants show a strong increase due to micelle formation
velocity of displacing fluid

total interaction energy

attractive energy for spherical droplets

repulsive energy for spherical droplets

stability ratio

distance from droplet at which intensity of scattered light is taken
(in light-scattering experiment)

counterion charge number

individual ion-charge numbers

g, 0y, Oy empirical constants in equations describing emulsion viscosity

Y

L 2

I~ o

oil-water interfacial tension also used as a term in the repulsive
energy expression for spherical droplets

shear rate

surface tension

surface excess of surfactant

distance from droplet surface to Stern plane

permittivity

zeta potential

viscosity
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[n] intrinsic viscosity

M viscosity of continuous phase

Tarp apparent viscosity

o differential viscosity

Nhed reduced viscosity

Nhrel relative viscosity

Nsp specific increase in viscosity

0 contact angle of an oil-water interface in contact with a solid
surface

1/k double-layer thickness

K conductivity of continuous phase

Kp conductivity of dispersed phase

K conductivity of emulsions

A wavelength of light (in light-scattering experiment)

g electrophoretic mobility

'rr expanding pressure (surface pressure)

Py external fluid density

Pe droplet density

o charge density

o’ surface charge density

T turbidity

shear stress

Ty yield stress

¢ dispersed-phase volume fraction
11/ potential

/s surface potential

o angular velocity
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Practical Aspects of Emulsion
Stability

E. 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. Generally, two methods are used to
prepare dispersions, namely, building up particles from molecular units
(nucleation and growth) and subdivision of larger bulk materials into smaller
units (grinding or emulsification). The process of emulsification, that is,
dispersion of liquids in liquids, is governed by the surface forces. The free
energy of formation of droplets from a bulk liquid (AG,,,) is illustrated in
Figure 1 and is given by

AC;fcrm = AA'YI2 -T ASconf (]‘)

0065-2393/92/0231-0051 $07.75/0
© 1992 American Chemical Society
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Figure 1. Schematic representation of emulsion formation and breakdown.
(Adapted from reference 1.)

where AA is the increase in interfacial area, vy;, is the interfacial tension
between the two liquids, and TAS,, is the entropy contribution resulting
from the increase in configurational entropy when a large number of drop-
lets is formed. Usually AAvy,, > TAS,,;, and hence emulsification is a non-
spontaneous process. However, the energy required for emulsification is
orders of magnitude larger than the thermodynamic energy (AAvy,,) for
creating a new surface. This larger energy requirement results from the
additional effect of creating a curved interface with a different radius. The
additional energy required can be expressed in the Young-Laplace equation,

Ly —1—] (2)

rn T

AP =1y,

where AP is the Laplace pressure difference and r, and r; are the principal
radii of curvature. The presence of surfactant (which lowers vy,,) lowers the
energy required for emulsification.

Droplet Breakup. As described by the Young-Laplace equation,
before creation of a new surface can take place, deformation of the dispersed
phase is required. In laminar flow, this deformation is produced by viscous
forces exerted by the surrounding bulk liquid, that is, n,(dv/dz), where 7, is
the viscosity of the continuous phase and dv/dz is the velocity gradient. The
energy input to create the necessary velocity gradient can be of the order of
10® times the thermodynamic energy (Av,,). The excess energy is dissipated
as heat.

The phenomenon of droplet breakup is of great importance in the
preparation of emulsions. If a stream of liquid is injected with little turbu-
lence into another liquid with which it is immiscible, the cylinder that may
form is unstable, breaks down in several spots, and breaks up into droplets
(Figure 2a). If the injection rate is such as to produce turbulence, the
disruption is faster, and many smaller droplets are produced (Figure 2b). If
in addition the liquid impinges against a surface, many smaller droplets will
be formed.
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a) Low
turbulence

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.)

In actual situations several processes occur simultaneously. The details
of any particular dispersion processes are also affected by the viscosity of
each phase, the shear in the system, the interfacial energy, the pressure of
solid particles, and dissolved substances. In nonuniform shear flow (e.g.,
tubular Poiseuille flow), for example, droplet breakup can be related to the
bulk rheological properties of the dispersed and continuous phases and the
critical Weber number (We,) as shown in Figure 3 (3). The We is a dimen-
sional group defined by .

We = MY 3)
Y
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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 v, is the rate of extension (shear rate multiplied by deformation
parameter); R is the radius of the particle; and 5, and 7, are the viscosities of
the continuous and dispersed phases, respectively. At a given 1,/7,, lowering
v, (through the use of surfactants) lowers the energy (described by the We,)
required for droplet breakup. Figure 3 shows that the greater the viscosity
ratio (m,/m,), the easier it is to form the emulsion. This concept provides an
explanation for the observations that in heavy-oil reservoirs (high 7,/1,
ratio), water-in-oil emulsions are produced in preference to oil-in-water
emulsions.

Stability in Oil-in-Water Emulsions

Stable emulsions often form during industrial processing. On the micro-
scopic scale, the reasons that the droplets remain dispersed fall into two
broad categories: (1) physical barriers to coalescence and (2) electrical re-
pulsion between droplets. An example of a physical barrier is the presence of
finely divided solids at the oil-water interface. Of primary concern, how-
ever, is the consideration of electrical forces because their influence is
significant at relatively longer distances. Electrical repulsive forces arise
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when the double layers surrounding charged droplets overlap, and thus the
“thickness” of the double layer in relation to the size of the particle is an
important parameter.

Application of DLVO Theory. Some of the concepts and expres-
sions of Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory of col-
loid stability have been described in Chapter 1, or can be found in many
different textbooks (4, 5). The application of DLVO theory to oil-in-water
colloids with special reference to the stability of bitumen-in-water emulsions
will be discussed here.

Theoretical Aspects. The basic concept of DLVO theory is that the
stability of a colloid can be described in terms of the repulsive and attractive
interactions between droplets:

Vtot(h) = Vrep(h) + Vattr(h) (4)

where V,,,, V..., and V,,, are the total, repulsive, and attractive interactions,
respectively; and h is the separation distance between the particles. Previ-
ously, when DLVO theory was applied to bitumen-in-water emulsions (6), it
was assumed that the repulsive interaction originating from the overlapping
double layers surrounding two droplets of radius a and could be expressed

by:
Vi(h) = 9‘.11'.‘51‘,(;_”_72 exp (~kh) (5)

and
v =tan [%] (6)
2= ‘33(—';’5 (M)

where n, is the number of ions per unit volume, k is the Boltzmann constant,
T is the absolute temperature, z is the valency of the ion, e is the electronic
charge, €is the permittivity of the continuous phase,  is the zeta potential of
the droplet, and « is the Debye-Hiickel function that characterizes the
extension of the double layer. The origin of the attractive interaction was
assumed to be the van der Waals or dispersion force, which can be expressed
as

—-Aa 5.32h A
V=A% [ A 5
wel) 12h{ N n[+5.32h” ®)
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where A is the Hamaker constant that can be calculated from Lifshitz
theory (7, 8) and \ is the London wavelength of roughly 100 nm (9). The
Hamaker constant used in the study was 1.7 x 10 J (6).

Determination of the Electrophoretic Mobility. To evaluate the
equation for the double-layer interaction (eq 5), the zeta potential, {, must
be known; it is calculated from the experimentally measured electrophoretic
mobility. For emulsions, the most common technique used is particle elec-
trophoresis, which is shown schematically inr Figure 4. In this technique the
emulsion droplet is subjected to an electric field. If the droplet possesses
interfacial charge, it will migrate with a velocity that is proportional to the
magnitude of that charge. The velocity divided by the strength of the electric
field is known as the electrophoretic mobility. Mobilities are generally deter-
mined as a function of electrolyte concentration or as a function of solution
pH.

Many different commercial instruments can be used for particle electro-
phoresis. They can generally be divided into two categories: (1) those in
which the velocity of the particle is determined by observing the particle
through a microscope and determining the velocity by timing the movement
over a grid of known dimension, and (2) those that determine the velocity by
the Doppler shift of scattered radiation from the moving particle. Instru-
ments in the second category have the advantage of measuring the velocity
of a large number of particles in a short time, but they are generally more
expensive.

\YJ
o“—»
OoO—

U: Electrophoretic Mobility, £
sec cm

Figure 4. Schematic diagram of particle electrophoresis.

Calculation of the Zeta Potential. The conversion of electropho-
retic mobility to zeta potential is complicated somewhat by the existence of
the electrophoretic relaxation effect. Figure 5 shows a schematic diagram of
this effect. As we expose an emulsion droplet and its surrounding double
layer to an electric field, the double layer distorts to the shape shown in the
figure. This distorted double layer now creates its own electric field that
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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 motion of the particle. The magnitude of the opposition is
related to the thickness of the double layer in relation to the size of the
particle. This relationship can be expressed by the parameter ka, where « is
as defined for eq 7 and a is the radius of the particle.

In the limits of small ka (ka <« 1) and large ka (ka > 300), simple
equations can convert the electrophoretic mobility, U, to zeta potential.
These are the Hiickel and Smoluchowski equations, respectively. They may
be expressed by

Hiickel equation (xa < 1) U= 556 (9)
57
Smoluchowski equation (ka > 300) U= fe (10)
n

where 7 is the viscosity of the continuous phase. The limited range of
applicability of these equations, however, leaves a large area (i.e., 1 > ka >
300) where the extent of the relaxation effect would need to be accounted
for. For example, in a solution containing 0.01 M univalent electrolyte, k =
3.31 x 10°®° m™, and for 1.0-um radius droplets, xa = 330, a situation just
barely covered by the Smoluchowski equation.

O/Brien and White (10), taking into account the relaxation effect, de-
rived {he relationship between electrophoretic mobility and zeta potential.
The results of the theoretical calculation are shown in Figure 6. Figure 6
shows the relationship between electrophoretic mobility, U, and zeta poten-
tial for two values of ka, 114 and 285. Each value of ka has its own relation-
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Ka=285
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Figure 6. An example of the relationship between electrophoretic mobility and
zeta potential.

ship between zeta potential and electrophoretic mobility; practically this
means that knowing both electrolyte concentration and particle size is vital.
In addition, the obvious maximum in mobility makes it difficult to determine
a unique value of zeta potential when the measured mobility is close to the
maximum value. The combination of these two factors can make it difficult
to determine a zeta potential when dealing with emulsions that commonly
possess a wide distribution of particle sizes. We will assume that we are
dealing with an emulsion that is polydisperse and has particle that range in
radius from 2.0 to 5.0 um. The electrophoresis measurements are being
conducted in a solution containing 3.0 X 10™* M NaCl. The value for ka in
these situations is 114 for a 2-um droplet and 285 for a 5-um droplet. If the
mean electrophoretic mobility measured was 9.9 wm/s-cm/V with a variation
of £5.0%, without knowledge of the size of the droplets (almost a certainty
because of the dark field illumination used in most particle electrophoresis
apparatus), the zeta potential could range from —115 to ~200 mV.

In reference to the example of the stability of bitumen-in-water emul-
sions, production samples were obtained from the Alberta Research Coun-
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cil’s 150-cm physical simulator. These were acquired as steam injection
experiments with the simulator were being conducted on Athabasca oil
sands. The emulsion was diluted and electrophoretic mobilities were deter-
mined with a Rank Brothers MKII electrophoresis apparatus, in which the
velocity is determined by timing the movement of the particles. Measure-
ments were conducted as a function of electrolyte concentration in the
presence of NaCl, CaCl,, and Al,(SO,);. Mobilities were converted to zeta
potentials by using the Smoluchowski equation (eq 10) and are shown in
Figure 7. All curves show similar trends in the zeta potential in that the
potential slowly becomes more electronegative with increasing electrolyte
concentration and then slowly decreases towards zero. The existence of this
minimum has been reported previously and is not expected from double-
layer theory. Currently this is an area of research (11, 12). The bitumen
droplets also show reduced zeta potential in the presence of either Ca** or
Al** ion.

Interpretation of the Energy Diagrams. Once the values of zeta
potential are determined, eq 9 can be evaluated. The results obtained are
summed to those of the van der Waals interaction (eq 8) and plotted as a
potential energy of interaction as a function of separation distance between
the droplets. The energy is often expressed in terms of kT units, in order to
better relate the energy of the interaction to the thermal energy of Brownian

0 T T T I
Alx(SO4)3
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E CaCla
K]
£ -50 -
1]
2
g
N NaCl
-100|- .
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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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motion. DLVO theory predicts that if an energy of more than 15kT exists in
the energy diagram, under the conditions of no flow, the emulsion would be
stable. This stability is due to the small probability that one droplet would
possess this much energy.

Figure 8 shows the calculated energy diagrams for the bitumen-in-water
emulsions as expressed in eq 4. The figure shows that in solutions containing
20 mM CaCl, there is a net negative energy of interaction at all separation
distances; that is, as bitumen droplets meet, they will coagulate and coalesce.
If the droplets are immersed in a solution of 10 mM CaCl,, an energy
maximum of 8kT is shown at 3.5 nm. This energy “barrier” is not of sufficient
height to result in a stable emulsion but will slow the rate of coagulation. The
prediction for 3 mM CaCl, is a stable emulsion as a large positive energy is
experienced at 13 nm. In solutions containing NaCl, the energy diagrams
show that the emulsion will be stable in solutions containing 10 mM NaCl
As the concentration is increased, however, the large positive energy ap-
pears to shift to shorter distances, but the more interesting feature is the
appearance of a energy minimum. With 300 mM NacCl, the minimum is of
sufficient depth (~11kT) that droplets could become closely associated but
would still remain 3—-4 nm apart. In this situation the emulsion would appear
to flocculate but could be easily redispersed by mechanical agitation.

To confirm the applicability of DLVO theory, coagulation tests were
performed on the production samples. The results, shown photographically

T T T
201 NaCl r cacl 2
10 mM
10+ - - 3ImM -
100 mM
o
>'_ i0mM
0
300 mM 20 mM
10t - —
1 | 1 ]
0 20 0 20
h, nm

Figure 8. The energy diagram for bitumen-in-water emulsions in the presence

of NaCl and CaCl;. In the presence of 300 mM NaCl the emulsion should

flocculate, and in the presence of the 20 mM CaCl, the emulsion will coagulate.
(Reproduced with permission from reference 6. Copyright 1982.)
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in Figure 9, indicate rapid coagulation in a 20 mM solution of CaCl, and
flocculation and creaming in the presence of 300 mM NaCl. These results
confirm the applicability of DLVO theory for bitumen-in-water emulsions.

Ionizable Surface-Group Model. One of the mechanisms to
develop interfacial charge is the ionization of functional groups on the
surface of the dispersed phase. Healy and White (13) developed this concept
into a model to predict the electric properties of interfaces. When this model
was applied to the bitumen-water interface, it was assumed that the surface
charge originated from the dissociation of carboxy group that belong to
natural surfactants present in the oil (14). This work was extended in a later
study (15) where the zeta potentials as calculated by the model were used in
conjunction with DLVO theory to predict the stability of the bitumen-in-
water emulsions. Agreement between the expected and observations from
coagulation tests was excellent over a wide range of solution pH and electro-
lyte concentration.

The model can also be applied to the conventional crude-oil-water
interface (16, 17). Those studies demonstrated that it was necessary to in-
voke the dissociation of up to three different types of functional groups to
successfully use the model. Another interesting finding was that the electro-

Figure 9. The behavior of bitumen-in-water emulsions in the presence of 300
mM NaCl (right side) and 20 mM CaCly. The emulsions are behaving as
predicted by DLVO theory.
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phoretic mobility with pH curve for conventional crude-oil-in-water emul-
sions would change with time after dispersion. When applying the model,
this aging process was thought to be due to certain functional groups leaving
the interface.

Non-DLVO Forces. Although DLVO theory worked very well for
the electrolyte-induced coagulation of bitumen-in-water emulsions, it can-
not be applied in some cases.

Polymer-Induced Flocculation. Polymer-induced flocculation is
the most commonly used technique for breaking water-in-oil emulsions in
the petroleum industry. This topic will be covered in much more detail in
Chapter 9, but will be briefly covered in this section.

For the polymer to be effective, it must adsorb to the interface and
maintain a certain configuration. Thus the following discussion describes
various experimental techniques used for the study of adsorption density and
configuration of polymer at the interface. After adsorption occurs, the main
mechanisms of flocculation are due to the adsorption of a single polymer
molecule on separate particles, interaction through the interpenetration of
adsorbed polymer, and interactions due to the loss of freedom of movement
of the polymer chains.

Experimental Techniques for the Study of Polymer Adsorption.
The theory of polymer adsorption and configuration is still not fully devel-
oped because the difficulties encountered in designing experiments are
immense. A technique is required to measure the configuration of a polymer
molecule at the interface and thus obtain concentration also.

Although the configuration of the adsorbed polymer cannot be seen
directly, some experimental techniques can give an idea of the concentration
and configuration. For example, bound polymer concentration can be deter-
mined through measuring the concentration of polymer in solution after the
introduction of an emulsion of known surface area. Various spectroscopic
techniques (infrared, electron spin resonance, nuclear magnetic resonance)
may distinguish the loss of rotational and translational freedom when a
polymer segment adsorbs onto an interface, and thus the amount of bound
segments of a polymer can be estimated. Adsorbed layer thickness can be
indirectly obtained by either determining the increase of hydrodynamic
radius of the droplets or by measuring the diffusion coefficient of the emul-
sion droplets. This information can also be obtained by ellipsometry, assum-
ing sufficient refractive index difference between the droplet, adsorbed
layer, and bulk solution.

Interaction of Droplets with Adsorbed Polymer Layers. In the
simplest case of polymer-induced flocculation, a single polymer molecule
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adsorbs onto two separate droplets, and the result is flocculation. This type
of situation is favored by low coverage of polymer on the surfaces and the
continuous phase being a relatively good solvent. If these conditions are met,
it is possible for the polymer to adsorb to the surface and remain extended
into the solution in order to attach to another droplet.

As two polymer-coated droplets approach each other, the adsorbed
layers will begin to interact. The extent of the interaction can be interpreted
through the free energy of two different terms, the interpenetration term
and the mixing term. The interpenetration term is repulsive and entropic in
nature; that is, the loss of freedom of movement as the layers interpenetrate
results in a repulsion term. This repulsion term can be overcome, however,
by altering the mixing term, which can be repulsive or attractive in nature.
The mixing term has been handled the same as for the dilution of polymer in
bulk solution. The magnitude of the term is dependent upon the number of
polymer molecules in the overlap region, volume fractions of the solvent and
polymer in this area, and a parameter known as the Flory—Huggins interac-
tion parameter that takes into account the enthalpy of mixing and volume of
mixing effects. By altering the solution conditions, a situation can be created
in which the continuous phase becomes a poorer solvent for the adsorbed
polymer; flocculation results. This situation can be created by changing the
temperature, adding a poorer solvent to the colloid, or adding electrolyte.

A special case to consider is the existence of what is termed depletion
flocculation. This term originated from the observation that the addition of a
small amount of nonadsorbing polymer will cause flocculation in a system.
The reason for this effect is that, as the particles approach each other, the
mobile chains of nonadsorbing polymer are squeezed out from between the
particles. As the particles approach to very close distances, almost pure
solvent exists between the particles, and at a given separation, the osmotic
pressure that results from this pure solvent drives it out into the bulk
solution and thereby causes flocculation.

Hydration and Hydrophobic Forces. As surfaces approach each
other to distances less than 10 nm, a force exists that is not accounted for in
conventional DLVO theory. This force can be repulsive or attractive in
nature and can be of magnitude greater than either the double-layer or van
der Waals interactions. This force was discovered by Israelachivili and co-
workers (18-20) using a unique apparatus that they developed that directly
measured the force between two mica surfaces. For solid mica surfaces
immersed into water, the force was repulsive and oscillatory and exponen-
tially decayed as a function of distance from the surface (see Figure 10).

The origin of this force is thought to be the modification of the orienta-
tion of water molecules in the vicinity of a surface to form a structure. As
surfaces approach each other, additional energy is required to decompose
this structure. The oscillatory property of the force was thought to be due to
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Figure 10. Schematic representation of the force as a function of distance
between two mica surfaces as reported by Israelachivili and Adams (18).

the various “layers” of water molecules. A complete theory on the origin and
quantitative behavior of this force is not available. It is an area of current
research effort (21, 22).

Although the predicted bitumen-in-water emulsion stability can be ac-
complished without invoking this force, recent research has shown (23) that
this force exists between liquid bilayers immersed in aqueous and nonaque-
ous liquids. With some types of oils, it may be important to consider this
force.

Thin-Film Stability in Water-in-0il Emulsions

Importance of Thin Films. In order for coalescence to result in
ultimate separation of the water droplets from the continuous medium,
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thinning and disruption of the liquid film (called “thin film” prior to rup-
ture) between the droplets must take place. Again this process is governed
by the surface forces (van der Waals, double-layer, and steric forces) that
operate in the liquid lamellae between the droplets. The rupture of the thin
film is usually the result of thermal or mechanical fluctuation, which results
in stretching of the liquid surface with formation of surface waves that will
grow in amplitude and result in droplet coalescence. Any force that “damp-
ens” the formation of such waves will reduce or prevent coalescence. In
systems containing surfactants, wave dampening occurs as a result of the so-
called Marangoni effect, which arises from the presence of the surfactant
film. If a film is subjected to local stretching as a result of thickness fluctua-
tion, the consequent increase in surface area causes a local increase in
interfacial tension (decrease in the surface excess of the adsorbed surface-
active agent in that region) that opposes the stretching (see Figure 11).
Because a finite time is required for surfactant molecules to diffuse to this
region of the interface to restore the original surface tension (Marangoni
effect), the fluctuations will tend to dampen rather than grow (i.e., rupture is
prevented).

Persistent Films. The stability of water-in-crude-oil emulsions and
the factors contributing to that stability are long-standing problems of im-
portance in the production of oil from underground reservoirs. Although a
great deal of effort has been expended in the investigation of the destabiliza-
tion of water-in-oil emulsions, the actual mechanisms are still not well
understood. Although natural surfactants present in the crude oil can in
their own right stabilize the emulsions, other types indigenous material in
the oil tend to gather at the interface and play a significant role in hindering
the thinning and rupture of the liquid films and act as a structural barrier to
coalescence of the water droplets. Asphaltenes and porphyrinic compounds
may be the stabilizing agents. Furthermore, the presence of finely divided

4 N 7\

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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solids such as sand, wax crystals, and clay particles can stabilize emul-
sions (24). All these “natural stabilizing agents” prevent thinning of the thin
film and explain why the crude-oil films are so persistent. An example of a
persistent film is shown in Figure 12, which is a photomicrograph of the
bottom layer of a water-in-oil (Leduc crude) emulsion treated with
demulsifier. Even after 3 days, the water droplets are still enveloped by a
thin crude-oil film that will not drain any further without additional treat-
ment.

Recent work (25-27) has shown that surfactants or medium-chain alco-
hols that modify the rigidity of the film, in combination with demulsifiers
(which act mainly to flocculate the water droplets) can considerably speed
up the separation process (see the section entitled “Effect of Demulsifier
Mixture”).

Use of Ultrasonic Vibration Potential To Monitor Coales-
cence. The complex chemical nature of crude oils makes it difficult to
relate the dispersion behavior to the physicochemical properties at the
crude-oil-water interface. In addition, the nonpolar and nontransparent
nature of the oleic phase provides significant obstacles for studies of the
interactions of the suspended water droplets in real systems. Recent devel-
opment (28, 29) of electroacoustical techniques has shown considerable
promise for electrokinetic measurements of colloidal systems and the direct
monitoring of the rate and extent of coagulation (flocculation and coales-
cence) of water droplets in nontransparent water-in-oil media. The electro-
acoustic measurement for colloidal systems in nonpolar media is based on
the ultrasound vibration potential (UVP) mode, which involves the applica-

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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tion of a sonic field and the detection of an electric field. A schematic
diagram of the probe and the principle of UVP are represented in Figure 13.

When voltage U, is applied at the transducer, a sound wave propagates
into the colloid. If the densities of the dispersed and continuous phases
differ, relative motion between the colloidal particles and their double layer
will result. The combined relative motion will generate an electric field,
which is detected as voltage U, between the electrodes. The measured
signals are proportional to the high-frequency electrophoretic mobility
p(w). As derived by Babchin et al. (28), the frequency-dependent electro-
phoretic mobility, u(w), for the case of low potentials, can be expressed by

() = SR (1)
\(6mnR)® + [—gwpeffRZJ

with
R=1+18 (12a)
5
9 [omp [ 23]
= + — T ll== ].2b
Peft = Po 4R p Y ( )

where €, 1, and p are the dielectric permittivity, viscosity, and density of the
continuous phase, respectively; p, is the density of the particle; p,y is the
effective density of a sphere in oscillatory motion; 8 is the thickness of a fluid
layer surrounding the particle that influences liquid flow around the particle

Transducer
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Figure 13. Schematic diagram showing the principle of UVP. (Reproduced
with permission from reference 27. Copyright 1990 Elsevier.)
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[8 = (27/pw)™]; ¢ is the electrokinetic potential; f(kR) is the Henry function;
Kk is the Debye-Hiickel function that characterizes the extension of the
double layer; R is the particle radius; and w is the frequency.

The supplementary phase angle ¢(w) between the applied electric field
and the particle velocity response, at a fixed frequency w is given by

2wR?pu;
tan d(w) = ———= 13
Hw) 9 R (13)

The magnitude of the potential difference between the electrodes, AW,, in
the circuit U, is given by

UVP(w) = “’—AK-'EGI w(w) (14)

where ® is the volume fraction of dispersed phase, Ap is the density differ-
ence between the dispersed and continuous phases, c is the sound velocity in
the emulsion, K* is the complex conductivity of oil, and G is a geometrical
factor dependent on the geometry of the electrodes.

Equations 11-14 clearly show that an increase in the effective particle
radius, promoted by a coagulation process, will result in the diminution of
the UVP signal and a shift in the phase angle. In addition, the low value of
the complex conductivity of oil, K*, acts as a natural amplifier to provide for
a significant AW, that makes it easy to monitor UVP even for small values of
u(w). Figure 14 shows that the UVP signal is sensitive to the water content in
the emulsions.

Figure 15 shows the sensitivity of the UVP signal to the coagulation
process. Photographs taken at 3, 12, and 24 min show that as the droplet size
grows, the UVP signal decreases. Thus by measuring the UVP signal, coagu-
lation can be monitored.

By monitoring both the UVP signal and phase angle ¢, changes in zeta
that effect only the UVP signal can be distinguished from changes in particle
radius that effect both the UVP and ¢(w) (30).

Effect of Demulsifier Mixture. In previous studies (27) Duo-
meen C, which was effective in causing flocculation of the water droplets,
was not very effective in breaking the interfacial film formed between the
water droplets, which inhibits coalescence. (Duomeen C is a mixture of
many types of surfactants; the general classification is a fatty acid ester
nitrogen derivative.) However, Duomeen C in combination with docusate
sodium (Aerosol OT), a hydrophilic surfactant, was much more effective in
causing water separation compared to the individual chemicals. This effect is
shown in Figure 16 for a 6 vol% water-in-oil (Leduc crude) emulsion in
which both the UVP signal (20 min after chemical addition) and the volume
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Figure 14. Sensitivity of UVP signal to water content in the emulsions.

of water recovered by centrifugation are plotted against the weight percent
of Duomeen C in the mixture.

As expected, Aerosol OT, the water-soluble surfactant, by itself had
practically no effect on either the UVP signal or the water separation.
Duomeen C alone also had little effect on the amount of water recovered by
centrifugation. The change in UVP signal therefore, likely reflected
Duomeen C’s ability to flocculate the droplets. The mixture of the two
chemicals, however, performed in a synergistic manner, a 1:1 mixture of
chemicals being most effective. Also, a direct correspondence is apparent
between the minimum in UVP signal and maximum in water recovery by
centrifugation.

Film Drainage and Demulsifier Adsorption. To enhance the
coagulation process, a common practice is to use chemical demulsifiers that
are believed to
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UVP signal, mV«s/m
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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. promote the flocculation of the droplets by weakening the
repulsive forces that stabilize the emulsion

2. enhance the drainage of the interfacial film between the floc-
culated droplets.

The choice of chemical is usually based on trial-and-error procedures;
hence, demulsifier technology is more of an art than a science. In most cases
a combination of chemicals is used in the demulsifier formulation to achieve
both efficient flocculation and coalescence. The type of demulsifiers and
their effect on interfacial area are among the important factors that influ-
ence the coalescence process. Time-dependent interfacial tensions have
been shown to be sensitive to these factors, and the relation between time-
dependent interfacial tensions and the adsorption of surfactants at the oil-
aqueous interface was considered by a number of researchers (27, 31-36).
From studies of the time-dependent tensions at the interface between or-
ganic solvents and aqueous solutions of different surfactants, Joos and co-
workers (33-36) concluded that the adsorption process of the surfactants at
the liquid-liquid interface was not only diffusion controlled but that adsorp-
tion barriers and surfactant molecule reorientation were important mecha-
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Figure 16. Comparison of the coalescence process using mixtures with a total
concentration of 100 ppm.

nisms depending on the system. For surfactant adsorption from the oil phase
to the oil-water interface, a reorientation process at the interface was
thought to be the rate-controlling step; adsorption occurred at a much
slower rate than that observed for a purely diffusion-controlled situation.

Vogler (31) developed a mathematical model to derive semiquantitative
kinetic parameters interpreted in terms of transport and adsorption of
surfactants at the interface. The model was fitted to experimental time-
dependent interfacial tension, and empirical models of concentration-de-
pendent interfacial tension were compared to theoretical expressions for
time-dependent surfactant concentration. Adamczyk (32) theoretically re-
lated the mechanical properties of the interface to the adsorption kinetics of
surfactants by introducing the compositional surface elasticity, which was
defined as the proportionality coefficient between arbitrary surface defor-
mations and the resulting surface concentrations. Although the expressions
to describe the adsorption process differed from one another, it was demon-
strated that the time-dependent interfacial tensions mirrored the change of
surface-active substances at the interface.
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For studies with real systems, Isaacs et al. (27) used the simplified
approach of examining changes at the oil-water interface without specifying
adsorption mechanisms or pathways. Based on measurements of time-de-
pendent interfacial tensions, the following expression (termed the spreading
rate parameter) served to characterize the relative adsorption performance
of demulsifiers or demulsifier combination:

spreading rate parameter = J2__Y¢e (15)

At

where vy, and v, are the steady-state value of oil-aqueous interfacial tension
in the absence and presence of added chemical, respectively; At represents
the time required to reach the steady-state tension, vy,.. A schematic of the
technique used to measure this parameter is shown in Figure 17 together
with the depiction of the adsorption of Duomeen C from the oil to the oil-
water interface and Aerosol OT from the water to the water—oil interface.
To understand the reasons for the dewatering effectiveness resulting
from the interactions between the two surfactants, time-dependent interfa-
cial tensions were measured to examine the transfer of the surfactants from
the bulk to the interface. Based on these measurements, Figure 18 shows a
plot of the apparent spreading rate parameter, which is a measure of both

Capillary tube

L
w
O f Aqueous phase

.
Oil drop

C12H25NH - CzH4 - NHz-—b R- NHz e

H /COz-CaHn
<= R-807 «—— SO;-

c
™~ CH,-CO, - CgHy7

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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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

the ease of deformation of the interface and the speed of adsorption or mass
transfer of material to the interface, as a function of the ratio of Duomeen C
and Aerosol OT concentrations in the mixture. Clearly, the maximum
spreading rate occurs at a 1:1 ratio of the reagents. Figure 19 shows an
excellent agreement between the spreading rate parameter and both the
water recovery by centrifugation and the final UVP signal. The direct cor-
relation between results of dynamic interfacial tensions and the results of
coalescence or dewatering efficiency is a new phenomenon that has the
potential for quantitative analysis and tailor-making demulsifiers for a par-
ticular crude-oil emulsion system.

Conclusions

The procedures for breaking oil-in-water and water-in-oil emulsions are very
different. For oil-in-water emulsions, the interfacial charge contributes to
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Figure 19. Comparison of electroacoustic analysis and dewatering efficiency of
the mixed demulsifier as a function of the apparent spreading rate.

the stability; in water-in-oil emulsions, the strength of the interfacial film of
oil that forms between the water droplets is of prime concern. In this
discussion the presence of solids at the interface was not considered; if they
are present, however, the additional stability in their presence would require
attention.

The more common emulsion formed in the petroleum industry is the
water-in-oil type. The sensitivity of electrokinetic sonic analysis to coagula-
tion—coalescence processes in water-in-oil media is of great importance. It
allows for rapid selection and optimization of different chemical
demulsifiers. In addition, as a research tool, it supports the development of a
fundamental understanding of chemical treatment of water-in-oil emul-
sions.
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List of Symbols

a
A

c
do/dz

Y12
‘YS/e

particle radius

Hamaker constant

sound velocity in the emulsion
velocity gradient

electronic charge

Henry function

geometrical factor dependent on geometry of electrodes
Boltzmann constant

number of ions per unit volume
principal radii of curvature
particle radius

absolute temperature
electrophoretic mobility
voltage

attractive interaction

repulsive interaction

total interaction

Weber number

valency of the ion

thickness of fluid layer surrounding a particle

increase in interfacial area

free energy of formation of droplets

Laplace pressure difference

increase in configurational entropy

time required to reach steady-state tension

thermodynamic energy

density difference between dispersed and continuous phases
potential difference between electrodes

steady-state interfacial tension in absence of added chemical
interfacial tension between two liquids

steady-state interfacial tension in presence of added chemical
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rate of extension

dielectric permittivity

zeta potential of droplet
viscosity of continuous phase
viscosity of continuous phase
viscosity of dispersed phase

/M,  viscosity ratio

K

A

p
Po
Pefr
¢

Debye-Hiickel function that characterizes extension of double
layer

London wavelength

density

particle density

effective density of a sphere in oscillatory motion

phase angle

¢(w)  supplementary phase angle
®

w

volume fraction
frequency
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Emulsion Characterization

Randy J. Mikula

Department of Energy, Mines, and Resources, CANMET, 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.

AN EMULSION IS USUALLY DEFINED as a system consisting of a liquid
dispersed with or without an emulsifier in an immiscible liquid, usually in
droplets of larger than colloidal sizes. In petroleum emulsions, solids play an
extremely important role in both the formation and stability of emulsions.
These solids can be oil-phase components such as wax crystals or precipi-
tated asphaltenes, or mineral components that are partially oleophilic, a
property that allows them to act as stabilizers between the oil and water
phases.

Characterization of such emulsions therefore often involves three
phases: the water phase, the oil phase, and the solids. Complete charac-
terization of an emulsion could therefore involve detailed chemical and
physical analysis of all of the emulsion components, as well as any bulk
properties that might be of interest (viscosity, density, etc.). This level of
detail is clearly beyond the scope of this discussion. For the purposes of this
chapter, emulsion characterization will be defined as the quantification of
the phases present, the determination of the nature and size distribution of
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© 1992 American Chemical Society
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the dispersed phase, and the measurement of the stability of the dispersed
phase.

Chemical properties of the individual phases will not be discussed in this
chapter because any number of conventional analytical techniques can be
applied to the separated oil, water, and solids phases that might make up a
typical emulsion. From a processing point of view, when treating (separat-
ing) emulsions, the main concerns usually are total oil, water, and solids in
each of the feed, product, and tailings streams. As long as water in the
product oil and oil in the tailings water are low, then the process is working,
and detailed analysis of the composition of the emulsion components is not
required. A fundamental understanding of the interactions between emul-
sion components that determine stability is often only required or “resorted
to” when process upsets occur. Interfacial properties, film rigidity or
strength, and surface tension between the various emulsion phases are ex-
tremely important in determining stability of the dispersed phase, but they
will not be discussed in detail here because these measurements fall under
the category of techniques used to characterize the individual emulsion
components. A number of review articles and books discuss these tech-
niques and many aspects of emulsion science and emulsion characteriza-
tion (1-13).

Emulsion characterization and technology development have been
driven by the medical, agricultural, food, and cosmetics industries; the pe-
troleum and oil industries have borrowed these technologies and adapted
them to their particular applications. A number of books and review articles
discuss aspects of emulsion technologies specifically related to oil-field and
petroleum applications (14, 15). These petroleum applications have become
especially important since the advent of surfactant flooding and other ter-
tiary oil recovery methods in which emulsions are used and/or formed.

The characterization techniques that will be discussed here are used in
field situations, on-line, and in the laboratory. In order to characterize an
emulsion, it is necessary to determine the amount of each phase present, the
nature of the dispersed and continuous phases, and the size distribution of
the dispersed phase. The stability of an emulsion is another important prop-
erty that can be monitored in a variety of ways, but most often, from a
processing point of view, stability is measured in terms of the rate of phase
separation over time. This phenomenological approach serves well in pro-
cess situations in which emulsion formation and breaking problems can be
very site specific. However, emulsion stability is ultimately related to the
detailed chemistry and physics of the emulsion components and their inter-
actions, and these details cannot be completely ignored.

This chapter is structured according to the types of information pro-
vided by the various characterization techniques. Applications in the field or
in the laboratory are discussed, along with advantages and disadvantages. An
exception to this format is made for the microscopic techniques, which,
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because of their wide applicability (and because they happen to be my
specialty), will be covered separately. Microscopy is seen by many as the
ultimate characterization tool, at least in terms of droplet size distribution,
because direct observation of a sample is simple to interpret. In spite of the
perception of microscopy as the ultimate characterization method, many
problems and pitfalls can be encountered in interpreting microscopic ob-
servations, and these will be discussed at length.

Two other techniques that might also warrant separate discussion, elec-
trokinetics and viscosity determinations, are covered in detail in Chapters 2
and 4 and will only be briefly mentioned here. The figures are given with
detailed captions so that they may be referred to independently of the main
text.

Bulk Properties

Although surface phenomena determine the fundamental properties of
emulsions in terms of size distributions and stability, the bulk properties or
bulk compositions are the yardsticks by which plant operators and process
personnel measure process efficiency. Accurate determination of the oil,
water, and solids (if present) is therefore one of the most important aspects
of emulsion characterization.

Oil-Continuous or Water-Continuous Emulsions. In most
emulsion systems, the nature of the dispersed phase is quite clear. There is
usually little doubt that an oil-water emulsion with 5% water is a water-in-oil
emulsion, oil being the continuous phase. In many separation and treatment
processes, in addition to the oil product (which might contain some emulsi-
fied water), and the water tailings (which might contain some emulsified oil),
there can be an interface emulsion, a so-called rag layer, whose continuous
and disperse phases are generally unknown. Figure 1 shows an optical mi-
crograph of such an emulsion in which the oil and water are both continuous
and dispersed, depending upon where in the sample one looks. Often these
emulsions build to a certain level, continuously re-form and break in the
separator, and never cause operational problems. Occasionally, however,
they can build to such an extent that they require removal and separate
treatment. Knowledge of the nature of the dispersed phase is therefore
critical in determining an effective treatment.

The ratio of the oil to water alone is not sufficient to determine which is
the dispersed phase because the presence of emulsifiers or solids can signifi-
cantly affect the amount of dispersed phase distributed in a given amount of
continuous phase. Figure 2 shows an example of a fire flood emulsion that is
water-in-oil, although the emulsion contains 63% (by weight) water. Explo-
sives are often water-in-oil emulsions with up to 92% water phase (16, 17).
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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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Figure 2. Scanning electron micrographs (at three magnifications) of a fire
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 um
up to about 10 um. The large features labeled O 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 continuous phase is oil or
water. The simplest is the dilution method, in which a drop or two of the
emulsion is added to water. If it is an oil-in-water emulsion it will spread and
disperse. If it is water-in-oil it will remain as a drop (18). The dilution test
can be effective, but care must be taken that sampling the emulsion does not
itself determine the continuous phase. For instance, drawing a water-in-oil
emulsion up through the capillary of a dropper can cause the emulsion to
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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 (19, 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 routmely 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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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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then include percent water, percent solids, percent bitumen—oil with fines,
percent bitumen—oil without fines, and percent solids with fines. Often the
fine solids that pass through the thimble are ignored and simply included
with the bitumen or oil content. Other common modifications to the stand-
ard procedures include the type of solvent used or the refluxing time.

The major disadvantage of this technique is the time required for the
refluxing and for sample workup after the extraction to complete the gravi-
metric determinations. Because bitumen and heavy oil may sometimes con-
tain asphaltenes or heavy organic components that may be in solid form in
the oil phase, interpretation of the fine solids component requires other
information about solids composition. The advantage of the technique is that
the sample can be relatively large, an important consideration in many
situations where sample streams are quite heterogeneous.

Centrifugation. Another commonly used technique for determina-
tion of oil, water, and solids is a simple centrifuge test. As with the Dean-
Stark method, a standard procedure has been developed by several organiza-
tions (27, 31, 32). Basically, the test consists of diluting the emulsion with a
known amount of solvent and centrifuging for a fixed time. With the spe-
cially designed centrifuge tube shown in Figure 4, the amount of water and
solids in the sample can be read volumetrically. The water-and-solids is the
denser phase, so the results are generally reported as BS&W (basic sediment
and water) as a volumetric percent. Because it is fast and reliable, the
centrifuge test is probably the most commonly used technique for field
evaluation of water content in oil product streams.

The most common variation to the API, ASTM, and IP methods for field
use is the addition of demulsifier or knockout drops to facilitate the separa-
tion of the phases. The demulsifier is generally added at concentrations
significantly above what would be normal operational levels. The disad-
vantages of this technique are that it does not separate the water and solids,
and it is not useful for very high-water-content streams. Filling the centri-
fuge tube with a representative sample can also be difficult, especially with
viscous emulsions.

Oil and Water Content without Solids. The presence of solids
in an emulsion system reduces the characterization options because tech-
niques that can quantify all three phases are not readily available. In many
situations, however, only quantification of water in the oil product or oil in
the tailings water is important. In other cases, the solids content is insignifi-
cant. In these situations, the range of techniques available is much more
extensive and, in general, more applicable to field and on-line applications.
Obviously, the methods discussed earlier also apply to these systems, along
with a variety of spectroscopic and chemical analytical techniques.
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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 centrifuged 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. The Karl Fischer titration is a fast and accu-
rate method for determining water content. Although the ASTM, API, and
IP standards quote a water range of 0.02 to 2.0% (33), the technique can be
successfully used at higher water contents (>10%). The technique involves
titrating the emulsion sample with the Karl Fischer reagent consisting of a
mixture of I, SO,, and pyridine dissolved in methanol. The iodine is reduced
by the sulfur dioxide in the presence of water to form HI and SO;. These are
immediately complexed by the pyridine and neutralized. Once all of the
water is reacted, highly conductive free iodine appears, and the end point is
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identified by the increase in conductivity. Although most substances are
inert to the Karl Fischer reagent, mercaptans and sulfide sulfur will interfere
and must be below 500 ppm by weight. High water determinations by this
method relative to those determined by Dean—Stark distillations might indi-
cate interferences from other compounds or minerals that can react with the
Karl Fischer reagent (34, 35). Process streams with high mineral or solids
content can therefore be difficult to analyze accurately.

Electrical Properties. The electrical properties of oil and water are
quite different in terms of conductivity and dielectric constant (both of
which can be related). These differences can be measured accurately with a
capacitance probe and correlated to the amount of water in an oil stream.
This type of probe is commonly used in on-line situations to monitor percent
water in oil pipelines (36, 37). Generally, water and solids cannot be dif-
ferentiated, so the signal is proportional to the total solids and water content.
These systems have seen the greatest applications in monitoring relatively
low water contents. In principle, techniques based on electrical properties
can be calibrated for process streams with significant water and solids con-
tents. However, the capacitance of the fluid changes with either an increase
in solids or an increase in water, so the use of electrical properties in these
situations is limited to streams where only one or the other is changing.

Other Methods. Gamma-ray attenuation measures the density of the
sample, which is related to changing oil or water content. Gamma-ray den-
sity meters are quite common in process monitoring, but they are useful for
emulsion characterization only in cases where the solids content is known to
be zero or completely constant (38). Otherwise the density information
obtained cannot be reliably related to oil or water content.

Microwave-based meters have also been used to monitor water content
in emulsions (39). Microwave techniques can be used in two ways: Either
the attenuation of the microwave radiation due to absorption by the water
phase is measured, or capacitance or resonance changes in a microwave
cavity are noted. The capacitance-change method is much more sensitive,
although both, like the gamma-ray absorption method, are limited in that
solids content must be constant or zero in order to accurately interpret the
information obtained. Both of these techniques are applicable to field situa-
tions and on-line monitoring.

In special cases where the continuous phase is reasonably transparent,
absorbance of light or simple turbidimetry can be related to oil or water
content in an emulsion.

Rheology. Viscosity and other fluid-flow parameters of emulsions
are important, not just for establishing pumping and handling protocols, but
because they relate to other emulsion properties, such as size distribution of
the dispersed phase, the presence of solids or emulsifiers, and the nature of
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the continuous phase. Many commercial instruments perform rheological
determinations, and many thorough reviews cover various aspects of viscos-
ity and other rheological parameters (40—43). The operating principles of
the various instruments and the characterization techniques available will be
covered in Chapter 4.

Emulsion instability and phase separation during viscosity measure-
ments limit the applicability of many of the measurement techniques. This
phenomenon is illustrated in Figure 5. The reproducible peak in shear stress
with increasing shear rate is related to bitumen separating from this emul-
sion at the rotor—plate interface of a conventional viscometer.

Dispersed-Phase Properties

The chemical and physical nature of the dispersed phase is generally the
primary consideration in order to define or to characterize an emulsion.

10
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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.



Published on May 5, 1992 on http://pubs.acs.org | doi: 10.1021/ba-1992-0231.ch003

90 EMULSIONS IN THE PETROLEUM INDUSTRY

10

o

SHEAR STRESS Pa
IS

1) 1 1 1 1 L
o 200 400 600 800 1000
SHEAR RATE 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.

After all, the stability and size distribution of this phase determine most bulk
emulsion properties. Fixed proportions of oil, water, and solids can be
combined in various ways to produce emulsions having different size distri-
butions of the dispersed phase, given only small differences in emulsifier or
ion additions to the water or oil phases. These physical differences can lead
to significantly different viscosity and stability in emulsions with nominally
identical bulk composition.

The selection of optimum treatment protocols may depend significantly
on determination of the size distribution of the dispersed phase. For in-
stance, centrifugation might not be effective in a system with high viscosity
and a very small size distribution of dispersed phase. Stokes’ law can be used
to predict the residence time needed if size distribution and viscosity are
known. The smaller the average size of the dispersed phase, the larger the
-residence time required. In fact, the residence time increases as the inverse
of the square of the diameter of the dispersed phase.
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This section will focus mainly on characterization of the physical nature
of the dispersed phase or its size distribution. Electrokinetic characteriza-
tion techniques, which determine the electric double-layer properties of the
dispersed phase, will be only briefly mentioned. Again, electrokinetic prop-
erties, their significance, and their measurement have been covered in re-
view articles (44, 45).

Aside from microscopy, the techniques for determining the size distri-
bution of the dispersed phase in emulsion systems can be broadly divided
into three categories: techniques that depend upon the differences in elec-
trical properties between the dispersed and continuous phases, those that
effect a physical separation of the dispersed droplet sizes, and those that
depend upon scattering phenomena due to the presence of the dispersed
phase. Overviews of these types of techniques are found elsewhere (14, 13,
46-49).

Size Distribution Using Electrical Properties. As mentioned
earlier, for water content determinations, techniques that depend upon
differences in electrical properties do not distinguish between water and
solids. This property limits their applicability to systems in which solids are
negligible or the process stream is so well defined that the differences in
signal can be attributed to differences in size distribution and not to total
water and solids (50, 51). Clearly these measurements require extensive
calibration and are not generally applicable to oil-field emulsions.

A technique that is widely used in spite of these drawbacks, however, is
performed with the automated (Coulter) counter (51-53). In this instru-
ment, the emulsion droplets (or particles) are diluted in an electrolyte and
passed through a fine capillary that connects two larger chambers containing
immersed electrodes. A potential difference is applied between the elec-
trodes. The resistance change that occurs when an oil droplet passes through
the orifice between the plates is proportional to the amount of electrolyte
displaced and therefore to the size of the particle. Figure 6 shows a sche-
matic of a typical experimental setup. A wide range of orifice sizes is avail-
able to cover size ranges from 0.4 pm to about 500 pm.

This technique, or variations of it that might measure voltage, current,
or capacitance changes, is also known as a sensing-zone technique. These
methods always require calibration and are limited to oil-in-water emulsions
because the technique depends upon the displacement of electrolyte in the
sensing zone. Dilution of the emulsion is often required because the appear-
ance of two particles in the sensing zone at one time would be measured as a
single larger particle. The size range analyzed in a single capillary is also
limited because particles on the order of 40% of the capillary diameter lead
to blockage, and particles smaller than about 2% of the capillary diameter do
not produce a signal above the noise (background) and are effectively invisi-

ble.
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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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Size Distribution Using Scattering Properties. The size
range probed by the various scattering techniques is a function of the wave-
length; neutron-scattering, X-ray-scattering, and light-scattering techniques
are related in terms of the physical interaction between the radiation and the
particles and cover sizes from 0.4 nm to hundreds of micrometers.

Light Scattering. The most common commercially available sizing
instruments depend upon light scattering to obtain size information. The
availability of inexpensive, well-defined light from laser sources has resulted
in a wide variety of scattering techniques using light (16, 54-59).

Light scattering can be broadly divided into time-averaged scattering,
with which either spatial distribution or intensity is measured, and time-
fluctuation scattering, which includes photon correlation spectrometry, in
which scattering is correlated to the microscopic motion of individual scat-
tering centers. These techniques have been discussed in detail in several
reviews (59-63). Only a brief overview of the most common time-averaged
methods will be given here. These methods include Fraunhofer diffraction
and light scattering at larger angles, (Mie scattering), which are the basis of
many commercially available sizing instruments.

Quasi-elastic light scattering or photon correlation spectrometry,
Fraunhofer diffraction, and other techniques that depend upon light have
the same drawback; namely, the opacity of most oil production samples
makes them unsuitable for use. Typical problems with the theory and subse-
quent data reduction of the scattering information to a size distribution
include an assumption of the nature of the size distribution (typically log-
normal, although software is available with other options) and an inability to
distinguish aggregates from large single particles. Solids and the dispersed
phase of the emulsion cannot be distinguished from each other, a disad-
vantage shared with the sensing-zone techniques. In addition, the sample
must be dilute enough to minimize multiple scattering.

Figures 7 and 8 illustrate the experimental setup and examples of the
signal observed in Fraunhofer diffraction for monodisperse particles and for
a polydisperse sample, respectively. The detection system in most commer-
cial instruments is either an array of intensity sensors or a single detector
with a moving mask that measures intensity differences of the overlapping
concentric rings that are not discernible in Figure 8. Although no calibration
is necessary for monodisperse spherical systems, the data are output as an
equivalent spherical diameter and the range of applicability is generally for
sizes exceeding 10 wm. For many emulsion systems, the refractive index is
close to that of water; therefore, the practical lower limit is 10 pm (13). For
solid particulate systems, the refractive index is generally large; conse-
quently, the applicability of this technique can be extended to smaller sizes.

Most instrument manufacturers use scattering at larger angles, as well as
diffraction, to probe the smaller sizes (smaller than about 10 wm). Scattering
at larger angles involves a distinct dependence upon refractive index, and



Published on May 5, 1992 on http://pubs.acs.org | doi: 10.1021/ba-1992-0231.ch003

94 EMULSIONS IN THE PETROLEUM INDUSTRY

SAMPLE |:| DIFFRACTED
- LIGHT
o —
o o ol _ I__—I DETECTORS
o 00 4 —_ (small angles)
o O 0 = ot =
e PO S
o°N o ABSORBED LIGHT
\O o DETECTORS
o O ° . on (turbidity)
Y
\
LIGHT SOURCE \ \
\ \

M.
D SCATTERED LIGHT

DETECTORS
(large angles)

Figure 7. Schematic of a light-scattering apparatus. Three techniques are
illustrated. First, attenuation of the incident light or turbidimetry 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 either the position or wavelength dependence of
the scattered light at larger angles. Assumptions about an “average” refrac-
tive index or the nature of the size distribution (bimodal or log-normal, for
instance) must be made to determine a size distribution from the light-
scattering information at larger angles. /

X-ray and Neutron Scattering. Small-angle X-ray and neutron scat-
tering also can be used to probe emulsion size distributions, but at a much
smaller resolution, down to the molecular level (about 4-A resolution with
neutron scattering) (64-67). This level of detail in determining molecular
aggregates is clearly not applicable to emulsions commonly encountered in
oil extraction and processing situations, although the principles are the same
as for light-scattering phenomena.

Size Distribution by Physical Separation. Size distributions
obtained by physical separations generally involve systems of solid particles
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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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that are not affected by the handling required. However, some new develop-
ments in hydrodynamic chromatography, size exclusion chromatography,
and field-flow fractionation may have applications to microemulsion systems
and perhaps to the larger emulsions more commonly encountered in the oil
field. Detailed descriptions of these techniques can be found in the litera-
ture (68).

Chromatographic Techniques. Hydrodynamic and size exclusion
chromatography are similar in that they depend upon conventional chro-
matographic principles of flow (of particles or droplets in this case) in a
carrier fluid. In size exclusion chromatography, the larger particles exit the
system first because they are not slowed by interactions with pores in the
packing material. In hydrodynamic chromatography, the larger particles exit
first because they are too big to stay in the slow carrier-fluid velocity zones
near the packing or at the walls of the chromatographic column.

Figure 9 illustrates these techniques. These techniques are most appli-
cable to the separation of microemulsions, micellar systems, or large mole-
cules. Typical size ranges up to 1 pm, although hydrodynamic chromatogra-
phy has been applied to larger systems when used without packing (up to 60
pm) (69-72). Unstable systems cannot be characterized with these tech-
niques because of interactions with the column or packing material. The
major advantage of the techniques is the physical separation of the size
fractions for further characterization.

Sedimentation Techniques. Other techniques that effect a physical
separation include gravitational or centrifugal sedimentation, in which parti-
cles or emulsion droplets are separated on the basis of size and density. The
separation that occurs can be quantified by monitoring X-ray or light absor-
bance as a function of position. Stokes” law then can be used to determine
the particle size distribution from the absorbance data as a function of the
sedimentation time (73, 74).

Field-Flow Fractionation. Field-flow fractionation (Figure 9) is like
the other physical separation techniques except that a field is applied at right
angles to the flow; particles or droplets are thereby separated depending
upon their interaction with the field. The field can be electric, magnetic,
gravitational, thermal, or whatever force might interact with the particles.
Fractionation using either gravity or centrifugal force is the principle behind
some commercially available instruments (75-81).

Emulsion Stability

Determining emulsion stability is one of the most important tests that can be
performed on an emulsion. The ease with which the oil and water phases
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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 Z‘oplets are more strongly affected by the flow and elute more quickly
than the smaller ones. C: Field-flow fractionation depends upon separation of
Sflowing 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.

97
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separate establishes the treatment protocol for the emulsion and ultimately
determines the cost of treatment. Determination of the most effective
demulsifier for a particular process is generally done off-line, and the effec-
tiveness of a demulsifier depends upon the degree of destabilization. The
destabilization is most often monitored by simply observing the phase sepa-
ration as a function of time. When a clear interface is present between the oil
and water layers, this method can be very effective, but when the separation
is not so distinct, operator bias can affect the results. To overcome this bias,
centrifugation can be used to clarify the interface (82, 83), light scattering to
automate the determination of separation (84, 85), or microscopic tech-
niques to monitor droplet coalescence (86-88).

Bottle Tests. The most common method of determining relative
emulsion stability is the simple bottle test. There are probably as many
different bottle test procedures as there are people who routinely use them.
In general they involve dilution of the emulsion with a solvent (to reduce
viscosity), shaking to homogenize the emulsion or to mix in the demulsifier
to be evaluated, and a waiting and watching period during which the extent
of phase separation is monitored along with the clarity of the interface and
the turbidity of the water phase. Depending upon the viscosity of the origi-
nal emulsion, the test may be done at elevated temperatures or with varying
amounts of diluent. Separation might also be enhanced by centrifugation,
although usually not when diluent is also added.

Figure 10 shows a bottle test as a function of time in which the upper oil
phase steadily increases in volume. This type of test provides a significant
amount of information relating to both the stability of the emulsion phase
and the clarity of the separated water.

Centrifugation. Centrifugation is a modification of the bottle test
in which the sedimentation force is artificially increased to effect separation.
Diluent may or may not be added depending upon the stability of the
emulsion. Specially designed stroboscopic centrifuges monitor phase sepa-
ration as a function of time; they provide information exactly analogous to
the bottle test previously described (at higher gravity, or g, forces) while
continuously observing the sample interface. In both the simple bottle test
and the centrifuge test, settling and separation of the oil and water phases
are dependent upon the size of the dispersed phase and the viscosity of the
continuous phase (Stokes” law). Therefore, the upper part of the oil phase
often contains significantly less water than the layer near the oil-water
interface. Depending upon the process conditions, the water content as a
function of depth and time in the oil layer might be a very important
parameter. The water content as a function of depth in the oil layer can then
be determined by spin or centrifuge tests (at high speed for water content
determination) or by Dean—Stark tests.
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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. Bottle tests and centrifugation may be somewhat
crude, but they do offer a relative measure of emulsion stability that com-
bines, to some extent, all of the factors that affect stability. Electrokinetic
measurements are somewhat more elegant because they allow direct mea-
surement of the degree of electrostatic stability in an emulsion system. The
zeta potential, or relative magnitude of the electric charge on the surface, is
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related to emulsion stability, as is the thickness of the double layer (the
diffuse layer of compensating charge). For electrostatically stabilized sys-
tems, the double-layer thickness can be as important in determining relative
stability as the surface potential as measured by the zeta potential.

A wide variety of electrokinetic measurements or instruments can be
used to quantify the electrostatic stability of the dispersed phase. These
measurements will only be summarized here.

A dispersed emulsion droplet (electrostatically stabilized) can be
thought of as a charged center with a pliable cover of compensating charge
due to orientation of the water molecules (or counterions) around the drop-
let. When exposed to an electric field, the droplet will move according to the
surface charge.

The motion of the droplet in an applied electric field distorts the rela-
tionship between the charged center and the outer layer to create a dipole.
With this simplistic view, it is possible to understand the principle behind
electrophoretic mobility, whereby the relative motion of particles or emul-
sion droplets is measured with an applied electric field. These measure-
ments often depend upon microscopic observation of the droplet motion in
the applied electric field and a calculation of droplet velocities to determine
their electrophoretic mobility. Figure 11 is a schematic of a typical experi-
mental setup.

By observing many droplets, the average electrophoretic mobility or
charge on the emulsion can be determined. For highly charged systems, it
may be possible to destabilize the dispersion by adjusting pH. Compression
of the double layer by changing the concentration of counterions can also
destabilize emulsions or dispersions that are electrostatically stabilized. Al-
ternatively, the addition of surface-active agents can bring the system to its
zero point of charge, or electrostatically destabilized state. The methods for
making these measurements range from direct observation, which can be
very tedious, to some fairly automated systems that count particle by particle
to give a distribution of electrophoretic mobilities (44, 45). These automated
instruments are invaluable in cases where mixtures of dispersed droplets and
solids might have differing electrophoretic mobilities.

Figure 12 shows the electrophoretic mobility of a population of oil
droplets that have a significant average negative charge. The photograph in
the same figure shows the behavior of these electrostatically stabilized parti-
cles. The electrophoretic mobility of the oil droplets can be modified in a
variety of ways by adding other ions or polymers to affect the surface charge
or to neutralize it.

Figure 13 illustrates the effect of a cationic polymer that neutralizes the
charge somewhat and brings the droplets close to the zero point of change.
The accompanying photomicrograph shows the treated particles coagulat-

ing.
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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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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).

In spite of the droplets being destabilized electrostatically, no evidence
of droplet coalescence is seen. By the same token, an electrostatically stabi-
lized emulsion might still coalesce and separate, sediment, or cream if other
destabilizing forces overbalance the electrostatic component. Creaming re-
fers to concentration of the dispersed phase without completely separating
the oil and water phases.

Film stability and interfacial forces are important in determining emul-
sion stability and the likelihood of creaming or complete separation of the
phases. Characterization of these interfacial effects is an important factor in
determining the fundamental properties that might ultimately determine
coalescence kinetics. Some relevant papers and reviews have been published
elsewhere (54, 89-96).

The presence of the electric double layer and its distortion when drop-
lets move is the principle behind several related methods such as the sedi-
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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.

mentation potential techniques (also represented in Figure 11). One fairly
new technique that deserves special mention is the electrosonic amplifier,
which can measure electrical currents in an emulsion that is sonically agi-
tated (and thereby create dipoles in the electric double layer) or measure the
sound wave generated when the emulsion is electrically stimulated. The
advantage of this technique is that neither dilute solutions nor transparent
systems are required (to allow for direct observation of the dispersed phase).
Unfortunately, the relationship between the measured signal and electro-



Published on May 5, 1992 on http://pubs.acs.org | doi: 10.1021/ba-1992-0231.ch003

104 EMULSIONS IN THE PETROLEUM INDUSTRY

phoretic mobility of the emulsion is not as straightforward as in conventional
microelectrophoresis that employs direct observation (97).

Microscopy

Microscopy is often the last word in the determination of the size distribu-
tion of dispersed systems (98—101). Throughout the literature, distributions
obtained by various particle and emulsion sizing techniques are compared to
the values determined by microscopy (13, 102-107). Establishing a repre-
sentative sample is a concern for all of the techniques discussed and is not
necessarily a particular problem for microscopic observation, although this
criticism is often given for the microscopic methods. Indeed, many of the
sample handling concerns discussed in this section apply equally to samples
prepared for other techniques.

In solid particulate systems, direct observation is justifiably the last
word. In emulsions where creaming, sedimentation, and coalescence can
change the nature of the sample, microscopic observation has unique sample
handling problems. If these special sampling problems are addressed, then
microscopy can indeed provide the benchmark for the physical characteriza-
tion of the dispersed phase in emulsion systems.

Figure 14 shows a multiple emulsion easily characterized with optical
microscopy in the fluorescent mode. Other techniques are not capable of
distinguishing this emulsion from a simple oil-in-water emulsion with a
much larger size distribution.

The complex mathematical treatments for light-scattering experiments
and the experimental complexities of some of the other characterization
techniques mean that, in general, greater care is taken in the interpretation
of the results and operators are aware of potential data reduction problems.
In microscopy, because “seeing is believing”, the tendency is to ignore
sampling problems and to reach conclusions that are sometimes based on
sampling artifacts or peculiarities of the microscopic observation technique.

As long as the possible problems are known, microscopy can be re-
garded as the single most important emulsion characterization tool. In the
appropriate circumstances it can give information about the relative
amounts of oil, water, and solids in an emulsion system; their interactions or
associations; the size distribution of the dispersed phase; and the rate of
coalescence of the dispersed droplets. Various microscopic techniques can
be used to define not only the physical nature of the sample, but also the
chemical composition, both mineral and organic.

Optical Microscopy. Optical microscopy involves the use of trans-
mitted light, reflected light, polarized light, fluorescence, and more re-
cently, techniques such as confocal microscopy. Each of these variations has
particular strengths and applicability.
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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.

Transmitted-light microscopy requires a sample sufficiently thin to al-
low light to pass through it. This requirement is often accomplished by
simply smearing the emulsion sample on a slide. Care must be taken to
ensure that the slide is properly prepared to accept the continuous phase. A
hydrophilic glass surface, for instance, can invert an oil-continuous emulsion
to a water-continuous one. Correct determination of something as basic as
the nature of the continuous phase can therefore be difficult with emulsions
that are unstable. Careful observation of emulsion behavior using both
hydrophilic and oleophilic sample holders is sometimes required to deter-
mine the effect of emulsion interactions with the sample holders. When
emulsion instability makes sample collection and observation difficult, fast
freezing the emulsion and subsequent observation of the frozen sample can
avoid emulsion changes due to sample preparation and handling.

The transmitted-light technique is limited by the opaque nature of most
oil samples and, in cases where the sample cannot be made thin enough, an
alternative technique using reflected light is available.

Figure 15 is a schematic of the experimental setup for reflected-light
microscopy. By use of reflected light, the sample can simply be put in a small
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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 well slide. Often a cover slip is put over the sample, and an oil
immersion lens is used. This setup allows one to focus beyond the cover slide
and observe the sample past the level of the cover-slip-sample interface
where air bubbles are commonly entrapped. Figure 16 shows air bubbles
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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.

trapped at the sample—glass interface that might be mistaken for dispersed-
phase droplets, especially if transmitted light is used.

Clays and other solids are often transparent to white light, and in these
cases, polarized light can be used to observe the clays. To enhance observa-
tion of the oil, the fluorescence behavior of the organic phase is used. This
approach involves incident light of violet or ultraviolet wavelength and ob-
servation of the fluorescent light in the visible region. The incident reflected
beam is filtered out, and the returning light is due to the fluorescent behav-
ior of the oil phase. Figure 17 shows the fluorescence of bitumen associated
with clays in contrast to the behavior of bitumen that is relatively clay free.
The differing fluorescent behavior might be indicative of a particular oil
component that preferentially associates with the mineral phase.

This fluorescence technique is mainly applicable to oil-in-water emul-
sions in which the oil phase appears as bright spots in a dark background
(because the water does not fluoresce). The effect is illustrated in Figures 18
and 19. Figure 18 shows an oil-in-water emulsion under white light. Al-
though the clays and other solids are visible, there is little or no evidence of
the dispersed oil phase. Figure 19 illustrates that the oil phase appears
bright and is much easier to resolve with fluorescent light. The oil droplets
can be seen to be quite distinct from the continuous water phase (although -
the clays are now invisible). This type of image is particularly suitable for
image analysis and automated droplet counting and size characterization.

A potential problem with optical microscopy, especially with high-inten-
sity mereury vapor lamps (for blue-violet incident light) is localized sample
heating. With some marginally stable emulsions, the heating effect could be
enough to break the emulsion. This effect is illustrated in the series of
photographs in Figure 20. The first image is of a multiple emulsion (water-
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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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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-oil-in-water) under white light that is broken after a short observation
period under blue-violet light (fluorescence mode).

The availability of low-cost computing and image analysis compatibility
has helped to reduce the time involved in quantification of microscopic
analysis to determine size distribution. The comparison of images to rulers
photographed under the same conditions and the use of split-image micro-
scopes (105-107) have largely been replaced by automated image-analysis
techniques. Most suppliers of image-analysis equipment offer programs or
routines to separate or “deagglomerate” the spheres when oil droplets are
touching or agglomerated. These programs and the ability to automatically
size emulsion droplets greatly reduces the tedium of size analysis by micro-
scopic methods.

To be confident of an average size analysis within 10%, approximately
150 particles should be sized. To increase the confidence level to 5%,
approximately 740 particles should be sized (104). Of course these numbers
are only a rough guide, and the actual confidence levels will depend upon
the nature of the size distribution. Figure 21 shows a problem that can occur
when too much reliance is placed on automated image analysis, namely,
inaccurate sizing of droplets that are slightly out of focus. The fields of view
to be analyzed, either manually or with automated methods, have to be
chosen carefully.
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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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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 of the interactive nature of the microscopic technique, in other
words, the human factor, there can be differences in size analyses by differ-
ent operators, and operator bias to either small or large particles. Missing
large particles affects the mass distribution, and neglecting small particles
affects the number distribution. Of course these concerns are not limited to
microscopic analysis, if size distributions are biased.
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Particles smaller than about 0.5 pwm begin to approach the resolution
limit of the optical microscope, and often particles can be recognized but not
sized properly because of limitations in both the resolution and the depth of
field or focus in the optical system.

The confocal microscope solves some of these problems and adds a new
dimension to optical microscopic analysis. The confocal microscope digitizes
the intensity information in a field of view and, by adjusting the focus, makes
it possible to reconstruct an image that is in focus over a significant depth in
a sample. Through this reconstruction, the optical image that can be pro-
duced provides more information about associations between the water, oil,
and solid phases. Figure 22 shows a series of confocal microscope photo-
graphs of a typical interface emulsion. The diameter of the oil droplet
increases as the plane of focus passes in sections through the droplet.

Electron Microscopy. Both scanning and transmission electron
microscopy have been used extensively to characterize emulsion sys-
tems (107-110). Transmission electron microscopy is somewhat less com-
mon and almost invariably involves the observation of replicas or metal
reproductions of the emulsion sample. Scanning electron microscopy (SEM)
is much more analogous to conventional optical microscopy. The scanning
electron microscope offers significant advantages over the optical micro-
scope in terms of depth of field and resolution. However, the vacuum
environment and energy deposited by the electron beam means that sample
handling and preparation are much more difficult.

The two main techniques commonly discussed in the literature are
known as direct observation (or frozen hydrated observation) and the ob-
servation of replicas. Both techniques involve the fast freezing of the sample
in a cryogen such as liquid nitrogen, propane, or freon. The frozen sample is
then fractured to reveal the interior features. This fractured surface can be
coated with a metal film or observed directly. Often, the metal film is
removed from the sample and observed as a replica. This type of procedure
allows the creation of a permanent archive of the samples prepared, and the
observation is the same as with any other electron microscope sample with
no concern about contamination of the microscope or beam damage to the
sample.

Transmission electron microscopy, with few exceptions, involves the
creation of replicas because it depends upon the electron beam passing
through the sample, with regions of low or high density appearing as bright
and dark areas. When replicas are used in transmission electron microscopy,
the metal or carbon replica is shadowed with a second metal to accentuate
the topography of the emulsion on the replica. These methods are outlined
in Figure 23.

Scanning electron microscopy is relatively simple compared to transmis-
sion electron microscopy, and the images obtained are significantly easier to
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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.)

113
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Figure 23. The freeze-fracture sample preparation technique and the six main
steps in preparing a sample for electron microscopy. T he 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
interior features. This fractured sample can then be 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 andto
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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interpret. In addition, the direct observation option gives the potential for
much more information about the chemical composition of the emulsion.
Figures 24 and 25 show typical water-in-oil emulsions studied by frozen
hydrated observation in a scanning electron microscope.

With direct observation, the sample must be kept cold in the electron
microscope, and care is required to prevent sample damage in the beam and
to prevent microscope contamination. In addition, these frozen samples are
often difficult to image because of charging effects that distort the image.
The benefit of this extra care in sample handling, however, is that electron
beam interactions with the sample produce characteristic X-ray signals that
allow identification of components of the emulsion being observed. This
technique has been refined to the point where, in special cases, chemical
compositional differences at the emulsion interface can be identified, as well
as the composition of the dispersed and continuous phases (109, 110).

Figure 26 shows an oil-in-water emulsion with corresponding X-ray
spectra of the continuous and dispersed phases and of the interface itself.
Figure 27 illustrates the resolution improvements of SEM observation rela-
tive to optical microscopy. Figure 28 shows corresponding X-ray spectra that
identify the droplets as oil and suggest that they may be stabilized by fine
clay particles.

High-speed computers and the ability to digitize electron signals at
video rates mean that, in spite of poor initial image quality in dealing with
direct observation of frozen hydrated samples, several relatively noisy im-

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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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 can be averaged to reduce the noise level and produce an image that is
close in quality to that obtained from replicas.

The optical and electron microscopic techniques are quite complimen-
tary in terms of the information that they can provide. Optical microscopy, in
fluorescence mode or with polarized light, can provide information about
the organic phases in the emulsion. Electron microscopy, through the X-rays
excited in the sample, can provide information about the inorganic or min-
eral phases present.

The practical lower limit of emulsion sizing with optical microscopy is
on the order of 0.5 pm. This limit is much lower with electron microscopy,
on the order of 0.1 wm or less with direct observation of frozen samples in a
scanning electron microscope, and 0.01 wm or less with replicas and trans-
mission electron microscopy. Sizes smaller than these lower limits can be
recognized with each of these techniques, but quantification of the size
distribution becomes difficult. Furthermore, at levels of about 0.01 wm, it is
extremely difficult to avoid artifacts and subsequent misinterpretations. As
mentioned earlier, sample preparation is an extremely important consider-
ation in both optical and electron microscopic techniques. With optical
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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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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 of the sample with the sample holder can affect
which phase is observed as continuous and, with electron microscopy, arti-
facts due to the freezing process can affect interpretation of the re-
sults (108).

Microscopic techniques offer the potential for complete emulsion
characterization because they are capable of quantifying volumetrically the
relative amounts of oil, water, and solids present, determining the size
distribution of the dispersed phase, and determining some chemical compo-
sitional information about both the organic and inorganic components.
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1 HICRON

Figure 27. Electron micrograph of discrete oil droplets on the interior surface
of an air bubble. These oil droplets are less than 1 um in diameter and illustrate
the high resolution possible using frozen hydrated observation.

However, the researcher must be aware of the limitations of this technique
in terms of sample handling and preparation, and of the very real danger of
overinterpreting images once they are acquired.

New Developments

New developments in emulsion characterization can simply mean recent
applications of well-established technologies to emulsion systems or the
application of unconventional methods that, although not in widespread use,
may be well established in particular operations. Several of the techniques
discussed previously could have been assigned to this section; conversely,
some of those discussed here might not be regarded as new by those who
may be using these techniques extensively. Admittedly, the distinction is
partly a reflection of my own bias.

Nuclear Magnetic Resonance Spectroscopy. Nuclear mag-
netic resonance (NMR) spectroscopy offers several intriguing possibilities to
identify water “structure”, or the ordered arrangement of water molecules
at an emulsion or solid surface. This type of information might help in
understanding the differences between emulsified water and continuous-
phase water, especially in those emulsions that contain portions of both.
Information on the range of structure in the water phase helps in under-
standing the effective size of some dispersed and solid phases in emulsion
systems and therefore some of the factors affecting 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.

Nuclear magnetic resonance spectroscopy can probe bulk properties of
either the water (via proton NMR spectroscopy) or the organic phases (via
carbon-13 NMR spectroscopy). On-line sensors have been developed to
determine oil and water content in certain emulsion systems, although the
NMR technique requires a magnetic field and radio frequency generators to
produce the signal, which means that it is not rugged enough for many on-
line applications (111). However, as a quick laboratory test for oil or water
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content, it has a wider range of applicability. The signal can be affected by
magnetic or paramagnetic species, and to a lesser extent, by the solid phase,
if for example, the organic species are absorbed on a solid surface.

Near-Infrared Spectroscopy. Near-infrared (NIR) spectroscopy
is a technique that has been around for some time but, like NMR spectros-
copy, has only recently been improved and developed for on-line applica-
tions. Near-infrared analysis (NIRA) is a nondestructive technique that is
versatile in the sense that it allows many constituents to be analyzed simulta-
neously (112, 113). The NIR spectrum of a sample depends upon the

.anharmonic bond vibrations of the constituent molecules. This condition

means that the temperature, moisture content, bonding changes, and con-
centrations of various components in the sample can be determined simulta-
neously. In addition, scattering by particles such as sand and clay in the
sample also allows (in principle) the determination of particle size distribu-
tions by NIRA. Such analyses can be used to determine the size of droplets
in oil-water emulsions.

To determine the oil, water, and solids contents simultaneously, sophis-
ticated statistical techniques must usually be applied, such as partial least-
squares analysis (PLS) and multivariate analysis (MVA). This approach re-
quires a great deal of preparation and analysis of standards for calibration.
Near-infrared peaks can generally be quantified by using Beer’s law; conse-
quently, NIRA is an excellent analytical tool. In addition, NIRA has a fast
spectral acquisition time and can be adapted to fiber optics; this adaptability
allows the instrument to be placed in a control room somewhat isolated from
the plant environment.

In Figure 29, the spectrum of an oil-sand sample shows the fundamental
C-H peaks at 3.5 pm. From the two peaks in this region, one could deter-
mine the aromatic—aliphatic ratio of the hydrocarbons present in the sample.
The fundamental water vibration is at approximately 3 wm (this peak would
be substantially larger in a conventional emulsion sample), and the funda-
mental vibrations due to clays are at approximately 2.8 wm. The shape of the
clay peaks indicates that kaolinite and a small amount of swelling clays such
as bentonite are present in this sample.

Differential Scanning Calorimetry. Differential scanning calo-
rimetry (DSC) is a technique with the potential to determine the relative
amounts of free and emulsified water. The freezing, or more correctly, the
supercooling behavior of emulsified water is very different from that of free
water, so the amount of free versus emulsified water in a sample can be
characterized. This parameter is important in the characterization of pro-
duced fluids and interface emulsions in which water might exist simulta-
neously as both continuous and emulsified phases.
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Figure 29. NIR spectrum of an oil-sand sample illustrating peaks due to clay

minerals (C), 0il (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.

Figure 30 shows a plot of the amount of heat absorbed by the sample as a
function of time for a sample that has both emulsified and free water. The
emulsified water, or dispersed-phase water, is in small volumes, a condition
that lessens the likelihood of a nucleation site for the beginning of the
freezing process and results in supercooling of the dispersed phase (114).
The latent heat of crystallization or solidification is then taken up at a lower
temperature than for the free water, which freezes at a higher temperature.
The degree of supercooling is greater for emulsions of smaller size distribu-
tions, and, in special cases, the technique can also give an indication of the
size distribution of the emulsion. These latent heats and freezing tempera-
tures can also be affected by solutes that depress the freezing point and by
fine solids that provide nucleation sites. In spite of these potential interfer-
ences, the technique is one of the few that will allow a determination of free
versus emulsified water.
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Figure 30. Freezing behavior of an emulsion characterized by differential
scanning calorimetry. The free water will freeze at approximately 273 K
Emulsified water w:ﬁ 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

To select and use the emulsion characterization technique best suited to the
application at hand, it is necessary to develop an understanding of the
unique capabilities and limitations of each method. Oil-field emulsion
characterization requirements are generally fairly straightforward. Opera-
tions, production, and research personnel are generally interested in deter-
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mining the extent of change from normal operation in terms of some base-
line data. In most cases, this determination involves simple analysis for total
water, oil, and solids. When operations begin to drift, a wide range of
corrective actions can be taken to remedy the situation; the most important
factor is therefore speed of analysis so that drift in product or tailings quality
can be quickly recognized. This requirement for speed means reliance on
on-line sensors or, more commonly, on a regular sampling protocol and
centrifuge tests.

Some of the more sophisticated techniques offer detailed information or
levels of accuracy that are not required in day-to-day operations. However,
when operational upsets cannot be handled by normal methods, details of
the emulsion properties have to be understood. For example, subtle changes
in the size distribution of the dispersed phase (while total oil, water, and
solids remain constant) can be important in determining process perfor-
mance. An oil-in-water or water-in-oil emulsion can invert during processing
as one or the other phase is removed, and the point in the process when this
inversion occurs can have implications for the efficiency of the operation.
The addition of diluent to reduce oil-phase viscosity, for instance, is much
more efficient if oil is the continuous phase.

The efficiency of any water-removal steps depends upon the size distri-
bution of the dispersed water and the stability of the emulsion. Emulsion
formation may be exacerbated by inappropriate pumping speed or other
process variables. An evaluation of the chemical and physical factors that
determine emulsion size distribution or emulsion bulk properties is essential
to optimize emulsion breaking efficiency.

The detailed emulsion characterization methods discussed herein can
be used to help resolve operational upsets only if a base line of data exists for
normal operation. In fact, without a thorough characterization of the normal
emulsion properties such as size distribution and mineral and organic com-
position, the techniques for detailed characterization may actually hinder
the understanding and ultimate solution of a particular processing problem
by introducing extraneous information. When a base line of data exists,
detailed information on the size distribution and the relationship between
the dispersed, continuous, and solid phases is invaluable.
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Rheology of Emulsions
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This chapter presents a brief review of the rheological classification of
Sluids 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 bimodel system is discussed.

Rheological Classification of Fluids

A fluid, that is, a liquid or a gas, is a substance that undergoes continuous
deformation under the action of an applied shear force or stress. In other
words, when a fluid is subjected to shear, it flows. On the other hand, a solid
deforms under the action of an applied shear force and retains its original
shape upon the cessation of the applied shear force (I).

The manner by which a fluid obeys a given shear-stress—shear-rate
relationship determines its class within the rheological classification of a

fluid.

Newtonian Fluids. A fluid is said to be Newtonian when it obeys
Newton’s law of viscosity, given by

=-my (1)

where 7 is the shear stress (Pa or N/m? force per unit area), 7y is the shear
rate exerted on the fluid (s), and 7 is constant and is referred to as the fluid
dynamic or the shear viscosity (kg/m-s or Pa-s).
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A rheological instrument such as a viscometer can be used to evaluate T
and v and hence obtain a value for the shear viscosity, 7. Examples of
Newtonian fluids are pure gases, mixtures of gases, pure liquids of low
molecular weight, dilute solutions, and dilute emulsions. In some instances,
a fluid may be Newtonian at a certain shear-rate range but deviate from
Newton’s law of viscosity under either very low or very high shear rates (2).

To be more precise, the general tensor equation of Newton’s law of
viscosity should be obeyed by a Newtonian fluid (2); however, for one-
dimensional flow, the applicability of eq 1 is sufficient. For a Newtonian
fluid, a linear plot of 7 versus ¥ gives a straight line whose slope gives the
fluid viscosity. Also, a log-log plot of T versus < is linear with a slope of unity.
Both types of plots are useful in characterizing a Newtonian fluid. For a
Newtonian fluid, the viscosity is independent of both T and v, and it may be a
function of temperature, pressure, and composition. Moreover, the viscosity
of a Newtonian fluid is not a function of the duration of shear nor of the time
lapse between consecutive applications of shear stress (3).

Fluids that do not obey Newton’s law of viscosity can be broadly
grouped into time-independent and time-dependent non-Newtonian fluids.
Subclassifications for each group are convenient (3).

Time-Independent Non-Newtonian Fluids. Time-indepen-
dent non-Newtonian fluids are characterized by having the fluid viscosity as
a function of the shear rate (or shear stress). However, the fluid viscosity is
independent of the shear history of the fluid. Such fluids are also referred to
as “non-Newtonian viscous fluids”. Figure 1 shows a typical shear diagram
for the various time-independent non-Newtonian fluids.

Pseudoplastic Fluids. A pseudoplastic or a shear-thinning fluid is
one of the most commonly encountered non-Newtonian fluids. The varia-
tion of the shear stress, T, versus the shear rate, v, for a pseudoplastic fluid is
shown in Figure 2. A plot of T versus v is characterized by linearity at very
low and very high shear rates. The slope at very low shear rate gives the

Bingham plastic

[ Generalized plastic

%)

%]

g To Shear-thickening

* Newtonian

F oy

(3]
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Figure 1. Shear diagram for the vari- 0
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viscosity at zero shear rate, 7,. The slope of the linear portion of the curve at
high shear rates gives the viscosity at infinite shear, 7... In the intermediate
range of shear rate, the viscosity is a variable, and it decreases with shear
rate. In this region of the T versus y curve, the Ostwald-de Waele equa-
tion (4), commonly called the power law, is usually used to correlate the
shear stress and shear rate. This power law is given as

T=-Ky[y]"* (@)

where K and n are constants. When n = 1, a Newtonian fluid is obtained. For
a pseudoplastic fluid, n is less than unity. In the region where the power law
is valid, a log-log plot of T versus y gives a straight line whose slope is n.

The power law does not describe the regions of the viscosity curve near
v =0 and y — . To this end, the Ellis model at low shear rates and the Sisko
model at high shear rates can be used (2). The models are given by

Ellis: y=-7 1, K || “'1] (3)
- Mo

Sisko: T=—y (M, + K, | v|*™) (4)

where K, K,, a, and 3 are adjustable parameters. Both the Ellis and Sisko
models contain Newton’s law and the power law as limiting forms. Each of
these models contains three adjustable parameters in contrast to two for the
power law. Sisko’s model finds many uses for viscosity correlations for
greases at high shear rates (5).

Reiner-Philippoff’s model (6) is normally used to fit the entire
pseudoplastic curve:

Mo~ M

=—. m+_____
= [" 1+T2/A] (5)
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where 7, and 7., are the fluid viscosities in the limits of y — 0 and y — oo,
respectively; and A is an adjustable parameter.

Most macromolecular fluids and concentrated emulsions are
pseudoplastic fluids. They can also exhibit viscoelastic characteristics.

Dilatant Fluids. Dilatant fluids or shear-thickening fluids are less
commonly encountered than pseudoplastic (shear-thinning) fluids. Rheo-
logical dilatancy refers to an increase in the apparent viscosity with increas-
ing shear rate (3). In many cases, viscometric data for a shear-thickening
fluid can be fit by using the power law model with n > 1. Examples of fluids
that are shear-thickening are concentrated solids suspensions.

Fluids with a Yield Stress. Both pseudoplastic and dilatant fluids are
characterized by the fact that no finite shear stress is required to make the
fluids flow. A fluid with a yield stress is characterized by the property that a
finite shear stress, 7, is required to make the fluid flow. A fluid obeying

T="To— MaY (6)

is called a Bingham plastic. Here the parameter 7 is a constant. 7 is not a
real viscosity but a viscosity defined after the vy-axis is shifted to 7, (see
Figure 1). For most practical fluids with a yield stress, the plastic viscosity,
g, is a function of shear rate. Such fluids are referred to as generalized
plastic. Drilling mud is a good example of a generalized plastic fluid.

Time-Dependent Non-Newtonian Fluids. Time-dependent
non-Newtonian fluids are characterized by the property that their viscosities
are a function of both shear rate and shear history.

Thixotropic Fluids. Thixotropic fluids are characterized by a de-
crease in their viscosity with time at a constant shear rate and fixed tempera-
ture. When shear rate is steadily increased from 0 to a maximum value and
then immediately decreased toward 0, a hysteresis loop is formed, as shown
in Figure 3. The shape of the hysteresis loop is also a function of the rate by
which the shear rate, v, is changed. Oil-well drilling muds, greases, and food
materials are examples of thixotropic fluids.

Rheopectic Fluids. Rheopectic fluids are characterized by an in-
crease in their viscosity with time at a constant shear rate and fixed tempera-
ture. As for a thixotropic fluid, a hysteresis loop is also formed with a
rheopectic fluid if it is sheared from a low to a high shear rate and back to a
low shear rate. However, a different rate is usually followed upon lowering
the shear rate, as is shown in Figure 3. Bentonite clay suspensions and sols
are typical examples of rheopectic fluids (3).
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Viscoelastic Fluids. A full description of viscoelastic fluids was given
by Skelland (3):

These materials exhibit both viscous and elastic properties. In a
purely Hookean elastic solid, the stress corresponding to a given
strain is independent of time, whereas for viscoelastic substances
the stress will gradually dissipate. In contrast to purely viscous
liquids, on the other hand, viscoelastic fluids flow when sub-
jected to stress, but part of their deformation is gradually recov-
ered upon removal of the stress.

Flour dough, Napalm, jellies, and concentrated emulsions are typical exam-
ples of viscoelastic fluids.

In the previous sections, the non-Newtonian viscosity (1) was used to
characterize the rheology of the fluid. For a viscoelastic fluid, additional
coefficients are required to determine the state of stress in any flow. For
steady simple shear flow, the additional coefficients are given by

T — T = “//1('9)'7%1 (7a)
Tog — Ta3 = "‘//2('9)’731 (7b)

The functions ¢, and ¢, are known as the primary and secondary normal
stress coefficients (7). Subscripts 1, 2, and 3 for T and =y refer to the flow
direction, shear axis, and neutral axis, respectively. In general, the primary
and secondary normal stress coefficients are strong functions of the shear
rate vy, and ¢, is usually about 10% of ¢,. Moreover, ¢, is a positive quantity,
whereas i, is a negative quantity. Nonzero values of ¢, and ¢, give rise to the
die-swell phenomenon, fluid climbing up a rotating shaft (Weissenberg
effect), and secondary flow between moving surfaces.

For steady-state shearing flows, the relationship between the shear-
stress tensor and the shear-rate tensor is given by Criminale-Ericksen—
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Filbey equation (7). For cases of small deformation and deformation gradi-
ents, the general linear viscoelastic model can be used for unsteady motion
of a viscoelastic fluid. Such a model has a memory function and a relaxation
modulus. Bird and co-workers (6, 7) gave details of the available models.

In the previous sections, fluids were classified in distinct categories.
However, some emulsions cannot be fitted into any one category. Some
dispersions or emulsions exhibit various non-Newtonian behaviors depend-
ing on the level of the shear rate. For example, dispersions of latex particles
exhibit a Newtonian behavior at very low shear rate; a random three-dimen-
sional structure is formed, and the Brownian motion is dominant. This
condition is shown as a region A in Figure 4. At still a higher shear rate, the
three-dimensional structure changes to a two-dimensional one and the vis-
cosity decreases with shear rate. In this regime, the fluid exhibits a shear-
thinning behavior. This is region B. At still higher shear rate, the three-
dimensional structure lends itself to a completely two-dimensional structure
and the suspension behaves as a Newtonian fluid (regime C). When the
shear rate is increased further, the two-dimensional ordered structure be-
comes unstable and the suspension viscosity increases (8, 9). In this regime
(D), the fluid has a shear-thickening behavior. As will be discussed in the
section “Viscosity of Emulsion with Added Solids”, this behavior was ob-
served for a bitumen-in-water emulsion with added solids.

References 10 and 11 give more details of the rheological properties of
fluids.

Viscosity Measurements: Instruments

The directly measured variables are not the fluid properties such as viscos-
ity, but the forces, torques, and rate of rotation pertaining to a given appa-
ratus (7). In some cases, the measured shear stress, 7, and shear rate v data
can be used to construct a model or use an established model to fit the data.

Some of the typical apparatus used to measure the rheological behavior
of fluids will be discussed in the following section. A detailed compilation of
commercial rheological equiprent is given in reference 12.

Capillary Tube. Basically, for these devices, the frictional pressure
drop associated with the laminar flow of the fluid of interest is measured in a
capillary tube. Normally, various tube lengths and diameters are used to
eliminate end effects (13, 14). Appendix 1 (taken directly from ref. 7) gives
the interrelationship between the measured flow rate, pressure drop, shear
stress, and shear rate (equations A-1 to A-3).

The capillary tube viscometer is not suitable for settling suspensions.
This instrument suffers from the fact that the shear rate is not constant
across the tube radius and the fluid cannot be sheared as long as desired. It is
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log T Figure 4. Shear diagram for a typical suspen-
sion.

a one-pass system. However, a fairly high shear rate can be achieved in a
capillary tube viscometer.

Rotational Viscometers. Rotational viscometers are the most
widely used instruments for the measurement of the rheological properties
of a fluid (e.g., a pure liquid, emulsion, or suspension). The test fluid is
placed in a gap formed by either two coaxial rotating cylinders, two flat discs,
or a flat disc and a cone. The major advantages of the rotational viscometers
are

Ease of use.

Commercial availability.

The shear rate can be changed in a preset manner.
A wide range of viscosity can be handled.

The test fluid can be sheared to any length of time.

S T

A fairly uniform shear stress is imposed on the fluid,
mainly because of a narrow gap or the use of an appropriate

design.

N

. They can be used for relatively nonsettling suspensions.

8. They can be adopted to measure normal stresses for viscoelas-
tic fluids.

9. They can be adopted for use at high temperature and pres-
sure.

One of the major disadvantages is that a very viscous test fluid cannot be
subjected to a prolonged period of high shear rate without extensive tem-
perature rise within the test fluid. This effect is due to the fact that the
temperature control system cannot cool the test fluid fast enough to coun-
teract the internal heat generation due to fluid flow (15).

Concentric Cylinder Rotary Viscometer. These instruments are
designed to have the test fluid in the annulus between two concentric
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cylinders that are subjected to shear due to the rotation of either the inner or
the outer cylinder. The torque required to rotate one of the cylinders is a
measured quantity. From the geometry of the cylinders and the rotational
speed, the shear rate can be evaluated. Appendix 1 gives a summary of the
stress—shear relationships in equations D-1 to D-3. Figure 5 shows a simple
arrangement for a concentric cylinder viscometer.

The concentric cylinder viscometers are supplied with different inner
and outer cylinders such that various gap widths can be formed. For rheo-
logical measurements of emulsions and suspensions, care must be taken to
ensure a gap width of at least 20 times the suspended particle size in order to
avoid “wall effects”. Moreover, experiments should be conducted with dif-
ferent gap widths to ensure the absence of any wall slip that is usually
encountered in emulsion viscosity measurements (16). However, uniformity
of shear rate can be achieved only when the ratio of the gap width to the
inner cylinder radius is small.

Cone and Plate Viscometer. A cone and plate viscometer is shown in
Figure 6. The test fluid is placed in the gap between the cone and the plate.
The cone angle can be from 0.3° to 10°. The cone is made to rotate. In
instruments such as a rheogoniometer, the flat bottom plate is provided with
pressure-sensing devices for the measurement of normal stresses for visco-
elastic fluids (quantities ¢, and ¢, of Appendix 1). For small cone angles
(e.g., 1°), the shear rate within the gap is very uniform. However, for the
larger angles (e.g., 5°), the shear rate within the gap is not very uniform, and
it is not suitable for non-Newtonian fluids. Because of the small gap, this

Fixed support

Torsion wire

Indicator——> [T T T T T T T T T Flgeale

id—>F=] =1  Rotating
U™ Bob [ —cup

Figure 5. Concentric cylinders arrangement.
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type of a viscometer is not very suitable for viscosity measurement of suspen-
sions. Such viscometers can give fairly low and high shear rates.

The pertinent rheological expressions for the cone and plate are given in
Appendix 1, equations B-1 to B-5.

Parallel Plate Viscometer. This instrument resembles the cone and
plate viscometer, except that it has a flat horizontal rotating plate in place of
the cone. The shear rate within the narrow gap of the two plates is not as
uniform as for the cone and plate viscometer. The limiting shear rates for the
parallel plate viscometer are similar to those of the cone and plate instru-
ment. This type of a viscometer is suitable for rheological measurements of
suspensions and emulsions.

The equations defining the various rheological quantities are given in
Appendix 1 by equations C-1 to C-5.

Rheology of Emulsions

The rheological behavior of an emulsion can be Newtonian or non-Newto-
nian depending upon its composition. At low to moderate values of dis-

i
e

{I

I Rotating cone
with angular
velocity W

-

Figure 6. Cone and plate viscometer. (Reproduced with permission from refer-
ence 7. Copyright 1987 Wiley.)
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persed-phase concentration, emulsions generally exhibit Newtonian behav-
ior. In the high-concentration range, emulsions behave as shear-thinning
fluids (17-21).

Figure 7 shows the rheograms (shear stress versus shear rate plots) of a
typical emulsion system at different values of dispersed-phase concentra-
tion. The volume—surface mean diameter of the oil droplets for the system
shown is 10 wm. For a given concentration, the variation of log 7 against log -y
is linear, a result indicating that the emulsions follow a power law (eq 2).

The rheograms shown in Figure 7 indicate that the emulsions consid-
ered are Newtonian up to a dispersed-phase concentration of 40% by vol-
ume as the slope of the rheograms is unity. At dispersed-phase concentra-
tions above 40%, the slope of the rheograms is less than unity, a result
indicating a pseudoplastic or shear-thinning behavior; that is, the apparent
viscosity (the ratio of the shear stress to the shear rate) decreases with an
increase in the shear rate. In the concentration range in which emulsions
behave as non-Newtonian fluids, the deviation of the slope of the rheograms
from unity increases with the increase in the dispersed-phase concentration.
Also, quite likely at very high concentrations of the dispersed phase, emul-
sions may develop a yield stress (yield stress is the stress that must be
exceeded before any flow of material can take place).

Han and King (22) had shown that concentrated emulsions can exhibit
viscoelastic behavior even though the dispersed and the continuous phases
are both Newtonian. For a given shear stress, the primary normal stress
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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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coefficient, ¥, was maximum at a dispersed-phase volume fraction of about
0.3. The system used was Indopol L100—glycerine (22).

Viscosity of Emulsions. The viscosity of an emulsion, defined as
the ratio of shear stress to shear rate, depends upon several factors:

the viscosity of the continuous phase

the volume fraction of the dispersed phase

the viscosity of the dispersed phase

the average particle size and particle size distribution
shear rate

the nature and the concentration of the emulsifying agent

N o Utk D

temperature

The viscosity of an emulsion is directly proportional to the continuous-phase
viscosity (7,), and therefore, all the viscosity equations proposed in the
literature are written in terms of the relative viscosity (7,). If an emulsifying
agent is present in the continuous phase, as is the case with emulsions, 7, is
then the viscosity of the emulsifier solution rather than the viscosity of the
pure fluid phase (i.e., oil or water alone). When an emulsion is prepared,
some of the emulsifying agent becomes adsorbed at the oil-water interface;
this adsorption tends to lower the original concentration of emulsifier in the
continuous phase and cause an associated decrease in 7,. However, the
amount of emulsifier adsorbed is usually very low compared with the total
amount present, and therefore any decrease in concentration of the emulsi-
fier can easily be neglected (23).

The volume fraction of the dispersed phase is the most important factor
that affects the viscosity of emulsions. When particles are introduced into a
given flow field, the flow field becomes distorted, and consequently the rate
of energy dissipation increases, in turn leading to an increase in the viscosity
of the system. Einstein (24, 25) showed that the increase in the viscosity of
the system due to addition of particles is a function of the volume fraction of
the dispersed particles. As the volume fraction of the particles increases, the
viscosity of the system increases. Several viscosity equations have been
proposed in the literature relating viscosity to volume fraction of the dis-
persed phase. We discuss these equations in a later section.

Unlike a solid-in-liquid suspension, the viscosity of an emulsion may
depend upon the viscosity of the dispersed phase. This dependence is espe-
cially true when internal circulation occurs within the dispersed droplets.
The presence of internal circulation reduces the distortion of the flow field
around the droplets (26), and consequently the overall viscosity of an emul-
sion is lower than that of a suspension at the same volume fraction. With the
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increase in dispersed-phase viscosity, the internal circulation is reduced, and
consequently the viscosity of an emulsion increases. The phenomenon of
internal circulation is important only when the emulsifier is not present at
the droplet surface. The presence of an emulsifier greatly inhibits internal
circulation (27), and the emulsion droplets behave more like rigid particles.
Thus, in the presence of emulsifiers, the effect of dispersed-phase viscosity
on the overall emulsion viscosity is negligible.

For monodisperse or unimodal dispersion systems (emulsions or sus-
pensions), some literature (28-30) indicates that the relative viscosity is
independent of the particle size. These results are applicable as long as the
hydrodynamic forces are dominant. In other words, forces due to the pres-
ence of an electrical double layer or a steric barrier (due to the adsorption of
macromolecules onto the surface of the particles) are negligible. In general
the hydrodynamic forces are dominant (hard-sphere interaction) when the
solid particles are relatively large (diameter >10 pwm). For particles with
diameters less than 1 wm, the colloidal surface forces and Brownian motion
can be dominant, and the viscosity of a unimodal dispersion is no longer a
unique function of the solids volume fraction (30).

In systems where Brownian motion is significant, the relative viscosity
decreases with the increase in the particle size. Figure 8 shows Krieger’s
data (31) for a 50% monodispersion of polystyrene spheres in benzyl alcohol
in the absence of both steric and electroviscous forces. At a given shear
stress, the relative viscosity decreases with the increase in the particle size.
This result implies that the importance of the Brownian motion decreases
with increase in particle size. Krieger (31) showed that the effect of the
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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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Brownian motion can be taken into account by plotting 7, against the re-
duced shear stress 7,, given as

T, =— (8)

where k is the Boltzmann constant and T is the absolute temperature. The
data for the different sized particles then fall on a single curve, as shown in
Figure 9.

Figure 10 shows the variation of the relative viscosity with the
counterion molarity at different reduced shear stress values for
monodisperse polystyrene latex having a diameter of 0.192 wm at dispersed-
phase volume fraction ¢ = 0.509. Clearly, 7, is a function of the electrolyte
concentration in addition to the reduced shear stress.

Figure 11 shows the relative-viscosity—concentration behavior for a vari-
ety of hard-sphere suspensions of uniform-size glass beads. Even though the
particle size was varied substantially (0.1 to 440 wm), the relative viscosity is
independent of the particle size. However, when the particle diameter was
small (~1 pm), the relative viscosity was calculated at high shear rates, so
that the effect of Brownian motion was negligible. Figure 8 shows that 7,
becomes independent of the particle size at high shear stress (or shear rate).

The effect of particle size distribution on the viscosities of suspensions
and emulsions has been investigated (28, 32-35). Most of these studies
indicate that the effect of particle size distribution is of enormous magnitude
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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 high values of dispersed-phase concentration. At low concentrations,
however, the effect is small.

Figure 12 shows Chong et al. (28) data for monodisperse and bidisperse
(bimodal) suspension systems. In a bidisperse suspension, the volume frac-
tion of small spheres (diameter d) in the mixture is kept constant at 25% of
the total solids. The figure shows that the viscosity of a bidisperse suspension
is a strong function of the particle size ratio, d/D, where D is the diameter of
the large particles. The viscosity decreases substantially by decreasing d/D at
a given total solids concentration. The data for the unimodal system fall well
above the bimodal suspensions. Also, the effect of particle size distribution
decreases at lower values of total solids concentration.

Figure 13 illustrates another very interesting point. Here the relative
viscosity of a bimodal suspension is plotted as a function of volume percent
of small spheres in total solids. At any given total solids concentration, the
relative viscosity decreases initially with the increase in volume percent of
small spheres, and then it increases with further increase in small spheres.
The minimum observed in the relative viscosity plots of a bimodal suspen-
sion is quite typical. There are no fundamental reasons why a similar behav-
ior would not be true for emulsions.
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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 pm. (Reproduced with permission from reference 30. Copyright 1965
Academic Press.)

A similar study was conducted by Poslinski et al. (36) on the effect of a
bimodal size distribution of solids. They confirmed the findings of Chong et
al. (28) in that the relative shear viscosity can exhibit a minimum for a plot of
relative viscosity versus volume percent of small particles in total solids.
Moreover, the primary normal stress also exhibited a minimum. Poslinski et
al. showed that the relative viscosity can be predicted from the knowledge of
the maximum packing volume fraction of the bimodal solids systems.

Shear rate influences the viscosity of emulsions quite significantly when
their behavior is non-Newtonian. As discussed earlier, in the low ¢ range,
emulsions exhibit a Newtonian behavior, and consequently shear rate does
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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 of emulsions. In the high ¢ range where emulsions
exhibit non-Newtonian behavior, the apparent viscosity decreases signifi-
cantly with the increase in the shear rate.

The chemical nature and the concentration of an emulsifying agent also
play a role in determining the viscosity of emulsions (37). The average
particle size, particle size distribution, and the viscosity of the continuous
phase (to which an emulsifier is normally added) all depend upon the prop-
erties and concentration of emulsifying agent. Also, ionic emulsifiers intro-
duce electroviscous effects, leading to an increase in the emulsion viscosity.

The viscosity of emulsions is a strong function of temperature; it de-
creases with the increase in temperature (18). The decrease in emulsion
viscosity that occurs with raising the temperature is mainly due to a decrease
in the continuous-phase viscosity. The increase in temperature may also
affect the average particle size and particle size distribution. When the
apparent viscosity of an emulsion (at a given shear rate) is plotted as a

American Chemical Society
Library
1155 16th St., N.W.
Washington, D.C. 20036
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function of 1/T (see Figure 14), a linear relationship is normally observed.
The data follow the Arrhenius type relationship:

n=A exp (B/T) (9)

where A and B are constants dependent upon the system and shear rate and
T is the absolute temperature.

Emulsion Viscosity Equations. Only a few viscosity—concentra-
tion equations have been developed purely for emulsion systems. Most
equations have been adapted by analogy from studies with suspensions of
solid particles (20).

For suspensions of nondeformable spherical globules at very low con-
centrations, Einstein (24, 25) derived the following relationship between the
viscosity of the suspension and the volume fraction:

7,=L=1+2.5¢ (10)
Ne
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Figure 14. Effect of temperature on the viscosity of emulsions.
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The main assumptions made in arriving at eq 10 were (1) no interaction
between the globules and (2) no slippage at the particle-fluid interface.
Most emulsions of practical interest exceed the concentration for which eq
10 is valid. With increasing concentration, the hydrodynamic interaction
between the globules increases, and eventually mechanical interference
occurs between the particles as packed-bed concentrations are approached.
To take into account the increased hydrodynamic interaction, many investi-
gators (30, 38—43) have expanded eq 10 into the polynomial form:

7 =1+Kp+K,p>+K;dp*+ ... (11)

where K;, K, K; . . . are constants.

Several closed-form equations have also been proposed. Using Ein-
stein’s equation (eq 10), Roscoe (42) and Brinkman (43) independently de-
veloped the following equation for the higher concentration suspension:

n,=1/(1-¢)*° (12)

This equation reduces to Einstein’s equation in the limit of ¢ — 0.

On the basis of the analogy with the influence of variable pressure on a
material that obeys Hooke’s law, Richardson (44) calculated the compress-
ibility of an emulsion whose dispersed-phase volume concentration is in-
creased from ¢ to ¢ + A¢@. From this calculation he derived the following
expression for the relative viscosity of concentrated emulsions:

In n,=K¢ (13)

where K is a constant that depends on the system.
Broughton and Squires (45) later modified Richardson’s equation to

In n,=K,¢p+K, (14)
where K, and K, are constants that depend on the system. This form showed
better agreement with their experimental data.

Hatschek (46) developed the following equation for concentrated emul-
sions:

7=1/(1-¢"%) (15)
which was later modified by Sibree (47, 48) to
n.=1/[1-(h)"*] (16)

where h is a hydration factor that depends on the emulsion system.
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Eilers (49, 50) proposed the following empirical equation to fit his data
on polydisperse bitumen emulsions:

1-K¢

T

where the constant K varied from 1.28 to 1.30. For uniform spheres Eilers
proposed K = 1.35.

Using functional analysis, Mooney (51) derived the following equation
for concentrated suspensions:

n=exp [12_'512” ¢] (18)

where K is a constant. This equation is a solution of the following functional
equation:

_ ¢ b ]
N+ by) =, [1_K¢2]77r [I_Kd)l (19)

which Mooney arrived at on the basis of theoretical arguments. Equation 18
is widely quoted in the emulsion literature.
Barnea and Mizrahi (52) modified Mooney’s equation to

7= exp [ ?'(_;6(: ] (20)

Equation 20 was found to fit the viscosity data of a variety of suspensions.
Using functional analysis similar to Mooney, Kreiger and Dou-
gherty (53) derived the following equation:

1

JEETYERE o

N:

where [7] is the intrinsic viscosity and ¢, is the maximum packing con-
centration.

In the region of high concentration levels, that is, near maximum pack-
ing concentration, Frankel and Acrivos (54) derived the following theoreti-
cal equation on the basis of lubrication theory:

_(98)(/ ¢ o5
T (@ ) 22)

This equation and all the other equations discussed so far are valid only for
Newtonian emulsions. As mentioned earlier, emulsions exhibit non-Newto-
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nian behavior at high concentrations. This behavior means that the viscosity
equations must incorporate the shear rate effect.

The general tendency in the available literature is to apply the Newto-
nian viscosity equations to non-Newtonian emulsions at high shear rate.
According to Sherman (55), Mooney’s equation can be applied to non-New-
tonian emulsions at high shear rates.

Pal and Rhodes (18, 20) recently used an empirical approach to corre-
late the viscosity data of emulsions. On the basis of the extensive amount of
experimental data collected, the following correlation was proposed:

“ 2.49

=1+ 9787 (23)
1.187 - (¢ / ¢*)

where ¢* is the dispersed-phase concentration at which the relative viscosity
becomes 100. Both the Newtonian and non-Newtonian emulsions were
correlated by eq 23. Figure 15 shows comparison of the correlation with the
experimental data. As can be seen, the correlation describes the experimen-
tal data quite adequately. The theoretical basis for this correlation also was
given (20).

The normalization of the volume fraction ¢ with either ¢, as in eq 22 for
suspensions or by ¢* as in eq 23 for emulsions tends to suggest that the
relative viscosity, 7,, can be better correlated by the ratio of (¢/¢,,) or (¢/¢*)
than by simply the use of the volume fraction ¢ alone. Such a normalization
takes into account the effect of forces other than the hydrodynamic forces.
Such plots are given by Poslinski et al. (36) and Pal and Rhodes (20).

Summary.
1. Emulsions can exhibit Newtonian, shear-thinning, and visco-
elastic behaviors.

2. In the absence of colloidal forces for a monodispersion, the
relative viscosity is independent of the particle size.

3. When Brownian motion and/or colloidal forces are present,
the relative viscosity of a dispersion becomes a function of the
particle size.

4. The viscosity of a bimodal dispersion is a strong function of
the particle size ratio of the two particle fractions.

5. Mooney- or Pal-Rhodes-type correlations can be used to cor-
relate emulsion relative viscosities with the dispersed-phase
volume fraction.

Viscosity of Emulsion with Added Solids

Little work has been done on the rheology of emulsions with added solids,
despite the fact that handling of mixtures of emulsions and solids is encoun-
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Figure 15. Relative viscosity vs. ¢/¢* correlation for emulsions. (Reproduced
with permission from reference 20. Copyright 1989 Wiley.)

tered in many engineering processes. For example, heavy crude oil is often
produced in the form of oil-in-water (O/W) or water-in-oil (W/O) emulsions.
The produced emulsions often contain some solids despite the use of me-
chanical filters, though the concentration of solids is generally low [less than
5% by weight (56)]. As will be discussed, solids behave quite differently from
the oil droplets in the emulsion with respect to the rheological properties.
The concentration of the solids and that of the oil in an emulsion are
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generally not “additive” for the evaluation of the viscosity. This condition is
particularly true when the solids are of different size and shape than the
spherical oil droplets.

In this section, we discuss the effects of solids addition on the rheology
of oil-in-water emulsions, in particular, the effects of solids size (size distri-
bution) and shape (spherical versus irregular). Because the type of the oil
used to form an emulsion is important in determining the viscosity of the oil-
in-water emulsion, the rheology of the emulsion—solids mixtures is also
influenced by the type of oil. Thus, two distinct emulsion systems with added
solids will be discussed: (1) synthetic (Bayol-35) oil-in-water emulsions (21,
57) and (2) bitumen-in-water emulsions (58). The synthetic oil has a viscos-
ity of 2.4 mPa-s, whereas the bitumen has a viscosity of 306,000 mPa-s at 25
°C. The Sauter mean diameter of the oil droplets is 10 wm for synthetic oil,
and 6 wm for bitumen-in-water emulsions. The synthetic O/W emulsions are
fairly shear-thinning, whereas the bitumen O/W emulsions are fairly Newto-
nian.

We also discuss the conditions under which emulsions can be consid-
ered as a continuous phase toward the added solids, where the prediction of
the emulsion—solids viscosity is possible.

Effect of Solids Addition. Figure 16 shows the variation of the
viscosity with shear stress when solids are added to a synthetic O/W emul-
sion. The solids are sand particles with a Sauter mean diameter of 9 wm. The

80 -A \ \0 60% Synthetic 0/W Emulsion |
l o \ Sand Particles 9 um
g 60 -‘? \ vY—V¥Y 0.0
G ‘ < ’\ A—A 0.041
c} 41 * A—A 0073
3 O—<O 0.109 |
% A &—@ 0.150
S
*—
0\’.
0 1 1 1 1 : N
0 10 20 30 40 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.)



Published on May 5, 1992 on http://pubs.acs.org | doi: 10.1021/ba-1992-0231.ch004

154 EMULSIONS IN THE PETROLEUM INDUSTRY

oil concentration (solids-free basis) is 60% by volume. The addition of solids
to the emulsion increases the viscosity of the emulsion, and the viscosity of
the emulsion-solids mixtures decreases with increasing 7 (shear thinning).
The addition of solids to emulsions may also introduce yield stress. The
addition of smaller solids was found (57, 58) to result in more pronounced
yield stress than that of larger solids.

The effect of solids addition to a bitumen-in-water emulsion is shown in
Figure 17; the bitumen concentration (solids-free basis) is about 59% by
volume, and the added solids are the 9- and the 33-pm silica sand (Figures
17a and 17b, respectively). The addition of solids to the emulsion increases
the viscosity for both the 9- and the 33-pm silica sand. Figure 17a shows that
after a rapid decrease, the viscosity tends to increase with increasing shear
stress; that is, the emulsion—solids mixture exhibits dilatant behavior. The
dilatant behavior becomes more noticeable as the solids volume fraction
increases. Comparison of Figures 17a and 17b indicates that the larger size
solids result in a more pronounced shear-thickening behavior. The sharp
increase in the viscosity at low shear stress with decreasing 7 is indicative of a
yield stress (Figure 17a). However, the yield stress is not obvious with the
33-wm solids (Figure 17b). Shear-thickening behavior is also observed with
spherical glass beads. The degree of shear thickening increases with solids
volume fraction. Also, the onset of shear thickening occurs at a lower shear
stress for the larger particles. Similar conclusions have been made by
Barnes (59) in a review on shear thickening in suspensions.

Various explanations in the literature concerning shear thickening all
tend to rely on some kind of change in the relative spatial disposition of the
particles. According to Goodwin (60) and Hoffman (61), a change in the flow
pattern takes place when dilatancy occurs. At a very low shear rate, the
particles tend to arrange themselves to be as far as possible from one
another. When the shear rate increases, the hydrodynamic forces increase,
and the particles are forced into layers. In other words, the particles follow
the fluid streamlines with a minimum contact. This process is characterized
by a decrease in the viscosity as the shear rate is increased. This shear-
thinning behavior was observed in the study reported here for both the
solids-free emulsions and the emulsion—solids mixtures.

When the shear rate increases up to a critical value, the layers begin to
disrupt, and the two-dimensional layering is disturbed. With further in-
crease in shear rate, a three-dimensional random arrangement is obtained.
Thus, the viscosity begins to increase with the shear rate, (i.e., shear-thick-
ening behavior) (8, 9).

Shear thickening was not observed for synthetic oil emulsions with
added solids. This observation is in agreement with Barnes (59) that almost
all solids suspensions showed shear thickening, whereas shear thickening
was never observed in emulsions. Considering the dramatic difference in the
viscosity of the synthetic oil and the bitumen, the interparticle interaction



Published on May 5, 1992 on http://pubs.acs.org | doi: 10.1021/ba-1992-0231.ch004

4. PALETAL Rheology of Emulsions 155

160
659.7% Bitumen in Water Emulsion
V\ Sand Particles 9 ym oy 0.150
—_
n 120 vy
© v v/'
% v Vyve-y—v—"" 0.127
v
~— B80+} v—
@ %VV-V—V———"V/ 0.108
= S
0 hA_A__‘——-—A"""'_—'A 0.067
€ 40} A-—- A A A B.os2
—*o—% % %
O 0.0
30 40 50 60
90 L] ¥ L] L] L L]
68.4% Bitumen in Water Emulsion ¢g = 0.127
Sand Particles 33 um v
/
o 70 t v/v 4
o vy— 0.115
—v/ ——]
~ 50 -gv-vf ; .
- -———A 0.096
n ——A—A
£ a-a—d
& O @pap-a—a2—2 A & °"°Z"o
'S 'Y .023
2506520 S s
10 | L 1 1 1 g 'y
0 10 20 30 40 50 60 70
b)

T, (Pa)

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 oil droplets is much weaker. However,
the bitumen droplets behave more like solids compared with the synthetic
oil droplets; this behavior thus causes dilatancy.

Effects of Solids Shape. The viscosities of emulsion—solids mix-
tures are compared when irregular-shaped silica sand and spherical glass
beads are added separately to an oil emulsion. The results are shown in
Figure 18 for different sizes of glass beads and silica sand for synthetic oil.
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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 emulsion—solids mixtures are non-Newtonian fluids, a shear
stress or a shear rate must be specified when any comparison is made. In
Figure 18a, comparison is made between the 22-um silica sand and the 19-
pm glass beads at a shear stress of 6 Pa. The differences in the solids mean
diameter and in their size distributions are small. The degree of influence on
the viscosity is therefore mainly due to the solids shape. Similar results are
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shown in Figures 18b and 18c for larger solids sizes. Evidently, the addition
of the irregular-shaped silica sand results in a much higher viscosity than
that of the spherical glass beads.

For the bitumen-in-water emulsions, different types of flow behavior
such as shear thinning and shear thickening were observed over the shear-
stress range studied; therefore, comparison of the viscosity is made at three
typical shear stresses, 1, 14, and 50 Pa. At a shear stress of about 1 Pa, the
mixtures acted as a shear-thinning fluid, whereas at shear stresses of 14 and
50 Pa, the mixtures acted as a dilatant fluid. Results (58) showed that the
irregular-shaped silica sand always gave a higher viscosity than the smooth
spherical glass beads.

The effect of particle shape has received little attention in the published
literature, though rodlike particles with different aspect ratios have been
studied (62). The difficulty with the irregular-shaped solids lies in the
characterization of the irregularity of the surface and the sharpness of the
edges of the surface. However, generally, the more the solids shape deviates
from that of a sphere, the higher is the viscosity of the suspension (63). The
rotation of nonspherical particles in shear flow may increase the frequency
of contact and trap layers of liquid on to their surfaces. Both of these effects
result in an increase in the effective solids volume fraction. Furthermore,
according to Clarke (63), irregular-shaped solids may also interlock and
scrape harshly together rather than making simple impact; thus 1rregular
shape causes high energy loss.

Effects of Solids Size. The effect of solids size on the viscosity of
the emulsion-solids mixtures is shown in Figure 19 for synthetic O/W emul-
sions. The oil concentration (solids-free basis) is 60% by volume, and the
solids used are silica sand. The comparison is made at shear stresses of 6 and
14 Pa. The viscosity is expressed as the relative viscosity (ous/Tow)s> that is,
the viscosity of the emulsion—solids mixture divided by the viscosity of the
solids-free emulsion. At low solids volume fraction (<0.1), solids size has
little effect.

However, at higher solids volume fractions, the effect of solids size
becomes significant, especially at low shear rates. The smallest sand particles
(9 pm) give the highest viscosity. At a solids volume fraction of about 0.17,
the addition of the 40-pm sand increases the viscosity of the emulsion by a
factor of 3 (Figure 19a), whereas the 9-wm sand increases the viscosity by a
factor of 25. Furthermore, the effect of solids size on the viscosity becomes
less pronounced at a higher shear stress, as shown in Figure 19b. This result
is consistent with the fact that the effect of the yield stress becomes weaker
with increasing 7. The same trends were observed when different sizes of
glass beads were added to the synthetic O/W emulsions (57).

The effect of solids size on the viscosity of bitumen-in-water emulsions
containing solids is shown in Figure 20. The shear stresses at which the
comparison is made are 1, 14, and 50 Pa. At a very low shear stress (Figure
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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 addition of the 9-pm sand gives a higher viscosity than that of the
33-pm sand, particularly at high solids volume fraction. However, when
comparison is made at shear stresses of 14 and 50 Pa, the two fractions yield
approximately the same viscosity, and the size effect becomes negligible
(Figures 20b and 20c). The same conclusion was reached for the spherical
glass beads (58).

Points of Special Interest. The addition of solids to an emulsion
forms a bimodal system. If the coarse particles are sufficiently larger than
the fine particles in a bimodal system, then the viscosity of the bimodal
system can be predicted from the unimodal viscosity data (35). In the emul-
sion-solids mixtures, if the solids are much larger than the oil droplets, then
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the emulsions behave as a homogeneous or a continuous phase toward the
solids. Thus, the viscosity of emulsion—solids mixtures can be predicted from
the viscosity data of the pure emulsion and the pure solids suspensions.

The conditions under which emulsions can be considered as a continu-
ous phase toward the solids are determined by analyzing the dependence of
Tows/Tow ON the oil concentration. Figure 21 shows the variations of the
relative viscosity (7)o Tow). With solids volume fraction for different values of
dy/d,, where d, is the mean diameter of solid particles and d, is the mean
diameter of oil droplets. The addition of the solids was made to the emul-
sions having oil concentrations of 40-60%. Figure 21a, where d /d, is about
1, shows that at the same solids volume fraction the relative viscosity is
higher for the emulsions with higher oil concentrations. This finding indi-
cates that an interaction between the solids and the oil droplets gives rise to a
higher viscosity.

As the size ratio of the sand particle to the oil droplets d,/d, increases to
about 2, there is less dependence on the oil concentration, as shown in
Figure 21b. When the size ratio increases to about 3, as shown in Figure 21c,
the relative viscosity becomes independent of the oil concentration; this
result indicates that the emulsions act as a continuous phase toward the
solids. Under this condition, the solids and the droplets behave indepen-
dently, and no interparticle interaction occurs between the solids and the
droplets. Yan et al. (64) showed that when the emulsions behave as a con-
tinuous phase toward the solids, the viscosity of the mixtures can be pre-
dicted quite accurately from the viscosity data of the pure emulsions and the
pure solids suspensions. The viscosity of an emulsion-solids mixture having
an oil concentration of B, (solids-free basis) and a solids volume fraction of
¢, (based on the total volume) can be calculated from the following equa-
tion:

Tous(Bor ) = To(Bo) Tl B (24)

'w

where 7,,(B,) is the viscosity of the pure emulsion having an oil concentra-
tion of By, 7,,(®,) is the viscosity of the pure solids suspension having a solids
concentration of ¢,, and 7, is the viscosity of water.

The critical size ratio above which emulsions can be regarded as a
continuous phase toward solids is not a unique value for the following
reasons. First, the size distributions of the solids and the oil droplets are
most likely to be different from one system to another. Second, the viscosity
of the oil used to form the emulsions also affects this critical size ratio.
Evidence of this dependence on oil viscosity is the fact that in the bitumen
(viscosity 306 Pa-s)-in-water emulsions, the solids do not “see” the emul-
sions as a continuous phase even at a size ratio of 6. If solids are regarded as
having an infinite viscosity, Farris (35) found that the critical size ratio is
about 10 for a bimodal solids suspension.
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duced with permission f%m reference 57. Copyright 1991 Pergamon
Press.)

As was just shown, the emulsions act as a continuous phase toward the
solids when the solids are much larger than the emulsion droplets. However,
when the added solids are of a size similar to the emulsion droplets, the oil
droplets cannot be treated as solids. Figure 22 shows the variation of (7,
1), with the total particulate volume fraction, that is, the sum of the solids
volume fraction and that of the oil in the emulsions. The added solids were
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silica sand (9 pwm). Both the average diameter (d/d, = 1) and the size
distribution of this fraction of sand is close to the oil droplets. Figure 22
shows that as the solids concentration increases, the curves for the emul-
sion—solids mixtures deviate significantly from the solids-free emulsion
curve, a result indicating that the solids do not behave in the same manner as
the oil droplets, even though the sizes of the solids and the oil droplets are
similar. In other words, the oil and the solids concentrations are not additive.
A mixture of emulsion—solids always has a higher viscosity than the solids-
free emulsion at the same total concentration of the dispersed phases. Simi-
lar conclusions were also made with respect to bitumen-in-water emulsions.

Summary.

1. The non-Newtonian nature of emulsion—solids mixtures de-
pends on the nature of the pure emulsions. Addition of solids
to a highly shear-thinning emulsion also results in a shear-
thinning mixture. However, addition of solids to a fairly New-
tonian bitumen emulsion results in a more complex mixture
that can exhibit different non-Newtonian behaviors at differ-
ent shear stress or shear rate.

2. The addition of irregularly shaped solids always gives a higher
viscosity than smooth spherical solids.
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3. The effects of solids size (size distribution) on the rheology of

emulsion-solids mixtures is also significant. Smaller solids
tend to give a higher yield stress, whereas larger solids tend to
induce more pronounced shear-thickening behavior. When
the emulsion—solids mixtures are of shear-thinning nature,
smaller solids yield a higher viscosity than larger solids. How-
ever, when shear thickening occurs, the effect of solids size on
the viscosity of the mixtures seems negligible.

4. When the solids are sufficiently larger than the oil droplets in

an emulsion, the solids “see” the emulsion as a continuous
phase. The viscosity of the mixture can be predicted from the
viscosity data of the pure emulsion and the pure solids suspen-
sion. The critical size ratio for this to occur depends on the
viscosity of the oil used to form the emulsion, and it lies
between 3 and 10.

The solids cannot be treated as oil droplets even if the size and
size distribution of the solids are similar to the oil droplets.
The addition of solids to an emulsion generally gives a higher
viscosity than the pure emulsion at the same total concentra-
tion.

List of Symbols

a particle diameter

A, B Arrhenius constant

d diameter of the small particles in a bimodal suspension
D diameter of the large particles in a bimodal suspension
d, Sauter mean diameter of oil droplets (pm)

d, Sauter mean diameter of solid particles (pm)

h hydration factor

k Boltzmann constant

K power law constant

n power law constant

oW oil-in-water emulsion

T absolute temperature (K)

WO water-in-oil emulsion

Greek

Bo oil concentration in emulsion—solids mixture, solids-free basis
v shear rate (s™)

n viscosity (Pa-s)
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[n] intrinsic viscosity

o viscosity at zero shear rate

M. viscosity at infinite shear rate

Ty plastic viscosity

Thow viscosity of bitumen-in-water emulsions (Pa-s)

hows viscosity of bitumen-in-water emulsions with added solids (Pa-s)

e continuous-phase viscosity

Now viscosity of O/W emulsions (Pa-s)

Nows viscosity of emulsion-solids mixtures (Pa-s)

n, relative viscosity

Tow viscosity of solids in water suspensions (Pa-s)

Nw viscosity of water (Pa-s)

T shear stress (Pa)

T, reduced shear stress

¢ volume fraction of dispersed phase

¢* dispersed-phase concentration at which relative viscosity be-
comes 100

¢ maximum packing concentration

&b, volume fraction of oil in O/W emulsions

&, volume fraction of solids in emulsion—solids mixtures or volume
fraction of small spheres in a mixture

Uy, U, primary and secondary normal stress coefficients

Subscripts

0 value evaluated at y —» 0

o0 value evaluated at y — oo

bw, bws bitumen-water, bitumen-water—solids

B Bingham plastic

c continuous phase

m value evaluated at maximum packing

ow, ows oil-water, oil-water—solids

p particles

r relative viscosity, viscosity of an emulsion or dispersion normal-
ized with the continuous-phase viscosity, 7,

sW solids—water

T 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 20.5, 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 WORLD RESERVES OF CONVENTIONAL CRUDE OIL continue to decline,
heavy oil and bitumen are becoming increasingly important sources of en-
ergy. In general, heavy crude oils and bitumen have viscosity ranges from a
few hundred to several thousand centipoises. Because of their high viscosi-
ties, it is not feasible to transport them in conventional pipelines without
reducing their viscosities. Three methods were introduced to reduce the
viscosity of heavy oils and enable them to be transported in conventional
pipelines: heating the oil during transportation, adding a diluent, and emul-
sifying the heavy oil in water. The first two methods are expensive at 1991
prices. However, the emulsification method has a potential application
whenever an ample water supply is available.

Transport of viscous crude oils as concentrated oil-in-water emulsions

0065-2393/92/0231-0171 $12.75/0
© 1992 American Chemical Society
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has been demonstrated on a large scale in an Indonesian pipeline and in
California (I). A major disadvantage of this mode of transport is that it
requires dewatering of the emulsion after transport. Consequently, the oil-
in-water emulsions must be prepared with the highest possible oil volume
fraction.

To stabilize emulsions, a surfactant, which increases the repulsive force
between oil droplets, is used. Nonionic surfactants are the preferred type
because they are effective in brines, are generally cheaper, and often form
less viscous emulsions than do ionic surfactants. In addition, their emulsions
are easier to break, and they do not introduce inorganic residues that might
lead to refinery problems. They are chemically stable at oil reservoir tem-
peratures and are noncorrosive and nontoxic. The surfactant type and con-
centration required for a particular situation can be determined by conduct-
ing laboratory tests. A typical concentration of 0.1 1b of surfactant per barrel
of oil is used for emulsions containing about 50-70% oil (2).

The presence of natural organic acids in some crude oils, especially
asphaltic crude oils, may eliminate the need for expensive surfactants. These
acids react with strong alkali (usually NaOH) to form petroleum soaps.
These soaps diffuse into the oil-water interface, decrease interfacial tension,
and form emulsions. Many researchers have used dilute alkali solutions
(=0.1 wt% NaOH) to form stable oil-in-water emulsions containing up to
75% oil (1, 3).

Another aspect of the transportation of heavy-oil-in-water emulsions,
especially for short-distance pipelines, is the presence of sand particles. Fine
sand particles are usually produced with heavy oils. The presence of these
particles will change the flow resistance and pumping requirements for
heavy-oil-in-water emulsions. First, the dynamic viscosity of an emulsion
will change in the presence of fine particles (). Second, sand particles,
because of their higher density, will flow in a distinct layer at the bottom of
the pipe (5).

The objectives of this chapter are (1) to give a brief review of various
formulas to predict friction losses for flow of oil-in-water emulsions in
smooth pipes, and (2) to discuss various methods that measure in situ solids
concentration in pipelines.

Predicting the Pressure Drop for Flow of Emulsions in
Pipelines

A large body of literature is available on estimating friction loss for laminar
and turbulent flow of Newtonian and non-Newtonian fluids in smooth pipes.
For laminar flow past solid boundaries, surface roughness has no effect (at
least for certain degrees of roughness) on the friction pressure drop of either
Newtonian or non-Newtonian fluids. In turbulent flow, however, the nature
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of the flow is intimately associated with the surface roughness. Significant
increases in friction loss in turbulent flow over rough surfaces have been
reported 6).

Extensive studies (6) have been conducted to understand the effect of
pipe roughness on friction loss in turbulent flow of Newtonian fluids in
rough pipes. The phenomenon of turbulent flow with non-Newtonian fluids
in rough pipes, however, has received very little attention (7).

Flow of Newtonian Fluids in Smooth Pipes. Estimates of fric-
tion losses in laminar flow

pUD
Mg

Re = <2100

[where Re is the Reynolds number, p; is the fluid density (kg/m®), U, is the
bulk (average) fluid velocity (m/s), D is the pipe inner diameter (m), and u;is
fluid viscosity (Pa‘s)] of Newtonian fluids in smooth pipes can be obtained
from the Hagen—Poiseuille equation (6):

f=16/Re (1)

The Fanning friction factor (f) is defined as

f=== (2)

where 7, is the shear stress at the wall of the pipe (Pa). The friction factor
can be also expressed in terms of the pressure gradient along the pipe (Ap/L,
where p is pressure and L is pipe length). For steady flow, a force balance
yields

EDzAp =@DLn, (3a)
or
L= DAp (3b)
4L

where D is the diameter and L is length of the pipe. Substituting equation 3b
in equation 2 yields

AT
2pr!2:[ L @
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The shear rate at the wall (y,,) for laminar flow in a pipe can be calcu-
lated as follows:

_ du
Yw = dT (T)

(5)

r=D/2

where u(r) is the local fluid velocity and r is the radial position. The velocity
profile for fully developed steady flow of a Newtonian fluid flowing under
laminar conditions in a pipe is

(6)

u(r) = DR IS [ Ap ]
Mg L

4

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

8U,
v =80 7

Many useful correlations have been published to determine the friction
factor for fully developed turbulent flow of Newtonian fluids in smooth
pipes. One of the earliest correlations was given by Blasius (8) as follows:

f=0.079/Re"® (8)

Equation 8 is valid for 3000 < Re < 100,000. Another commonly used
correlation was given by Drew et al. (9):

£=0.0014 + 0.125(Re) > 9)

Equation 9 is valid for 3000 < Re < 3,000,000.

Flow of Power Law Fluids in Smooth Pipes. Oil-in-water
emulsions having oil volume fractions greater than 0.5 are often non-Newto-
nian shear-thinning fluids (3, 10-13). For such fluids, the shear stress (1) and
the shear rate () can be related by the power law model:

T=ky" (10)

For a Newtonian fluid, the power law index n = 1, and k is the fluid viscosity.
Also, for shear-thinning (pseudoplastic) fluids, n < 1.

The friction losses for the flow of non-Newtonian pseudoplastic fluids
under laminar flow conditions can be determined by using the method
suggested by Metzner and Reed (14) as follows:
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f=16/Re’ (1)
Re’, the Metzner-Reed modified Reynolds number, is defined as

Re’ = %ﬂf (12)
kl( 8)" -1

where n’ and k” are the Metzner-Reed modified power law constants for

pipe flow. These constants are related to the power law constants obtained

with a viscometer as follows:

n=n (13a)

1+3n [ (13b)
4n

The shear rate at the wall for the flow of power law fluids in smooth pipes
under laminar conditions can be calculated as follows (15):

_8U,

D

1+3n

4n (14)

w

For n = 1 (Newtonian fluids), equation 14 reduces to equation 7.

Dodge and Metzner (16) presented an extensive theoretical and experi-
mental study on the turbulent flow of non-Newtonian fluids in smooth pipes.
They extended von K4rmén’s (17) work on turbulent flow friction factors to
include the power law non-Newtonian fluids. The following implicit expres-
sion for the friction factor was derived in terms of the Metzner-Reed modi-
fied Reynolds number and the power law index:

1 4

04
Tf - n/07 T)

n/1.2

(15)

log (Re’f""2) -

Dodge and Metzner (16) obtained excellent agreement between calculated
(with equation 15) and experimental friction factors over values of n” from
0.36 to 1 and Re’ from 2900 to 36,000.

The flow of oil-in-water emulsions in pipelines was examined by various
researchers both in laminar and turbulent flow regimes (3, 10, 18-20). These
studies showed that pressure drop predictions based on equations 11 and 15
are in some cases higher than the experimental measurements in both
laminar and turbulent flow regimes. In the laminar flow regime, this differ-
ence was explained by Wyslouzil et al. (3) and Gillies and Shook (5) in terms
of droplet migration away from the pipe wall as a result of high shear rates.
However, in the turbulent flow regime, the viscoelastic properties of oil-in-
water emulsions may be the cause for this difference (10).
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Measuring the Solids Concentration in Pipelines

In practice, testing an emulsion for purposes of pipeline design requires a
sample to be removed from a container or a pipeline. Although the testing is
often straightforward, sampling is not, especially when an emulsion contains
sand. Because the concentration and particle size distribution of the dis-
persed phase are so important, the rest of this review will deal with this
aspect.

Sampling Methods. A number of methods have been used to mea-
sure solids concentration in pipelines. Reviews of these methods are given
by Kao and Kazanskij (21) and recently by Baker and Hemp (22). In general,
the principle of any of these methods is to find a specific property that is
significantly different for the two phases, for example, electrical conductiv-
ity, dielectric constant, density, refractive index, or absorption of electro-
magnetic radiation. Solids concentration can be determined by measuring
this property for the mixture, then using a calibration curve. Any of these
methods will give inaccurate measurements if the values of the specific
property of the two phases approach one another or if the solids concentra-
tion is very low.

Sampling is widely used in industry to measure in situ solids concentra-
tion, composition, and size distribution from fluid—solid systems (23). It is
probably the only reliable method for use at low solids concentration. It is
also used to calibrate and evaluate newly developed methods of measuring
solids concentration (24). A number of methods of sampling differ primarily
in the geometry of the sampling device. Figure 1 shows schematic diagrams
of the most commonly used sampling methods.

Serious errors in measuring solids concentration arise as a result of
improper sampling. The effectiveness of sampling devices is usually ex-
pressed as the ratio of the measured solids concentration, C, to the upstream
local solids concentration, C,. The concentration ratio (C/C,) is also known
as the aspiration coefficient (25), separation coefficient (26), or sampling
efficiency (27).

Three main factors can cause the sampling efficiency of a sampling
device to deviate from unity (i.e., ideal sampling):

1. particle inertia
2. particle bouncing

3. flow structure ahead of the sampler

In the following sections the effect of these parameters on the performance
of various sampling devices will be discussed.
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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. Particle inertia is a major source of sampling errors
when the densities of the two phases are significantly different. Because
particle inertia is different from that of an equivalent volume of fluid,
particle motion does not follow the distorted fluid streamlines. Conse-
quently, sample solids concentration and composition will be significantly
different from those in the pipe. Sampling errors due to inertia depend on

® how the sampling device disturbs the flow field

® how the particles respond to this disturbance
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Thin L-shaped probes are commonly used to measure solids concentra-
tion profile in slurry pipelines (28-33). However, serious sampling errors
arise as a result of particle inertia. To illustrate the effect of particle inertia
on the performance of L-shaped probes, consider the fluid streamlines ahead
(upstream) of a sampling probe located at the center of a pipe, as shown in
Figure 2. The probe has zero thickness, and its axis coincides with that of the
pipe. The fluid ahead of the sampler contains particles of different sizes and
densities. Figure 2A shows the fluid streamlines for sampling with a velocity
equal to the upstream local velocity (isokinetic sampling). Of course, the
probe does not disturb the flow field ahead of the sampler, and conse-
quently, sample solids concentration and composition equal those upstream
of the probe.

Sampling with a velocity different from the upstream local velocity

A
—@ L 4
) o—- - - o—- - U
- 0
U=U, Isokinetic Sampling
B
it - VN.\
L 1 2 Vs
U"ee® i Te—— %
-« *
-o0 -« /
c Vs -
o0 b S
°—o - d
U Py e m—— - - - Yo

o \\:___

u>U,

Figure 2. Isokinetic and anisokinetic sampling. (Reproduced with permission
from reference 23. Copyright 1989 Gulf Publishing Company.)



Published on May 5, 1992 on http://pubs.acs.org | doi: 10.1021/ba-1992-0231.ch005

5. Nasr-EL-DIN  Fluid Dynamics of Oil-Water-Sand Systems 179

(anisokinetic sampling) will distort the fluid streamlines ahead of the sam-
pler. The distortion of the fluid streamlines depends on the ratio of the
sampling velocity, U, to the upstream local velocity, U,. If the velocity ratio
(U/U,) is less than unity, the fluid streamlines will diverge away from the
probe, as shown in Figure 2B. Particles of low inertia will follow the fluid
streamlines, whereas those of high inertia will move in straight lines like
bullets. As a result, the sample obtained has a higher solids concentration,
with more coarse and dense particles, than in the pipe.

An opposite trend occurs if the velocity ratio is higher than unity. In this
case the fluid streamlines converge into the probe (Figure 2C), but the
particles will respond according to their inertia; particles of low inertia will
follow the streamlines into the probe, whereas those of high inertia will miss
the probe. One ends up with a sample with a lower solids concentration, with
more fine and light particles, than in the pipe.

The preceding discussion shows that the sampling efficiency for thin L-
shaped probes is a function of two parameters: the deviation from the
isokinetic conditions and the response of the particles to the deflection of
the fluid streamlines upstream of the sampler. The deviation from the
isokinetic conditions is a function of the velocity ratio (U/U,), whereas the
particle response is a function of the ratio of particle inertia to fluid drag.
This ratio in a dimensionless form is known as the particle inertia parameter,
the Stokes number, or the Barth number (K), defined as:

psds2 UO
18"'f Rsm

K= (16)

where p, is the solids density, d is the mean particle diameter, and R,,, is the
sampler radius. The effect of particle inertia on sampling efficiency for thin
L-shaped probes has been studied extensively in fluid-solid systems of low
solids concentration. Reviews on the performance of thin L-shaped probes to
sample from gas—solid systems were given by Fuchs (27), and recently by
Stevens (34). Unlike gas—solid systems, few investigations have been con-
ducted on sampling from liquid—solid systems. Rushton and Hillestad (28)
measured solids concentration profiles in vertical and horizontal slurry pipe-
lines by using different sampling techniques. For L-shaped probes, they
found a linear relation between the inverse of the sampling velocity (1/U)
and the concentration ratio (C/C,), where C, is the average solids concentra-
tion over the pipe cross section. The slope of the line was found to be a
function of the settling properties of the solids. Nasr-El-Din et al. (33)
examined both theoretically and experimentally the performance of L-
shaped probes when used to sample from slurry pipelines. Figures 3-5 show
good agreement between their model and their experimental measurements
for sand particles having a mean particle size, ds, of 0.19 mm (fine sand),
0.45 mm (medium sand), and 0.91 mm (coarse sand), respectively.
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Figure 3. Predicted and observed sampling efficiencies for the fine sand. (Re-
produced with permission from reference 33. Copyright 1984.)
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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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Figure 5. Predicted and observed sampling efficiencies for the coarse sand.
(Reproduced with permission from reference 33. Copyright 1984.)

Another way to collect a sample from a pipeline or a container is by
withdrawing the sample from an opening in the wall (see Figure 1C). This
method of sampling, known as side-wall sampling, is widely used in industry,
not only for slurry pipelines (28), but also for mixing vessels (35-37) and
slurry heat exchangers (38). The advantage of this technique is its simplicity
of operation, because it uses a small aperture in the wall of the pipe and does
not disturb the flow with a probe. On the other hand, the main disadvantage
is that the sampling efficiency is a strong function of particle inertia and the
solids distribution upstream of the sampler.

Rushton (35) was the first to draw attention to the errors associated with
wall sampling. Sharma and Das (37) mentioned that the mechanism of parti-
cle collection using an opening flush with the wall is different from the
concept of isokinetic sampling. Moujaes (38) used wall sampling to measure
solids concentration in upward vertical slurry flows. He found the sample
concentration to be consistently lower than the true values in the pipe,
especially with the coarse sand particles.

Torrest and Savage (39) studied collection of particles in small
branches. The sampling transport efficiency, E, defined as the ratio of the
solids flow rate in the branch to that in the main pipe, was found to be a
function of particle settling velocity (V,) and the upstream bulk velocity (Uy,)
as follows:
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40(V, + U,) - 58.4

(17)
1-125(V,+ U)

E=158.7xQ

where Q is the branch flow rate (m%s) and (V, + U,) is in meters per second.
This correlation is valid for the range of 0.04 < (V, + U,) < 0.4 m/s.

Nasr-El-Din and co-workers (40, 41) studied wall sampling from an
upward vertical slurry flow. They found that this type of sampling caused
serious errors in measuring solids concentration and particle size distribu-
tion. Figures 6-8 show that the sampling efficiency for side-wall sampling
from a vertical pipeline is always less than unity and is dependent on particle
size, upstream solids concentration, and sampler diameter, respectively.
Figures 9 and 10 show that the sample mean particle diameter using side-
wall sampling is smaller than that in the pipe, especially at low sampling
velocity ratios.

The results discussed so far indicate that the sampling efficiency of a
side-wall sampler from a vertical pipeline is always less than unity. One way
to increase sample solids concentration is by using a side-wall sampler with a
projection (see Figure 1D). Nasr-El-Din et al. (40) examined the perfor-
mance of such sampling devices. They found that the projection increased
the sample solids concentration. However, the variation of the sampling
efficiency with the velocity ratio was different from that obtained with a
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Figure 6. Effect of particle size on the sampling efficiency of side-wall sam-
pling. (Reproduced with permission from reference 40. Copyright 1985.)
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