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In this paper we present a literature review on the role of surface-active components in emulsions and foams.
Models are presently unable to accurately predict scenarios involving multiphase flows with complex chemistry,
and this is a major obstacle for many petroleum production/transport systems. This paper highlights some of the
most important physical phenomena that are relevant for understanding and ultimately predicting the flow
behaviour of complex fluid systems. Some of the main topics addressed are fluid interfaces with surfactants,
droplet coalescence and breakup, emulsions, and foams.

1. Introduction

In this paper we present a literature review on the role of surface-
active components in emulsions and foams. In a system of two or
more immiscible fluids, entrainment of one fluid phase into the other
fluid phase will occur given enough deformation of the fluid interfaces,
for example caused by some external force such as shaking of a sealed
bottle containing oil and water (Fig. 1). The entrainment process leads to
a dispersion where one phase is suspended as droplets or bubbles
throughout the other substance producing emulsions (liquid droplets
dispersed in an immiscible second continuous liquid), and foams (gas
bubbles dispersed in a continuous liquid) for gas-liquid systems. From a
thermodynamically point of view these dispersions are unstable, and
this instability can be understood by considering the surface energy of
the system that arise from the product of the total interface area between
the immiscible fluids and the surface tension. An energy minimum exists
for a fully separated system of immiscible fluids compared to a dispersed
system which has a significant larger total interface area. For a dispersed
system, continued coalescence of droplets over time will decrease this
potential energy, a process that can be accelerated by external in-
fluences, such as gravity, which promote the interaction between
droplets. The coalescence process is a result of drainage and rupture of
the thin liquid film of the continuous phase separating the suspended
droplets. In the case of “clean” immiscible fluid systems (no additives),
the coalescence process is normally fast, e.g., in the order of seconds for
a mineral oil-water dispersion produced in a bottle shake test. However,
the high rate of coalescence for “clean” fluid systems is facilitated by
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fully mobile liquid film interfaces at the droplet scale. The introduction
of surfactants and particles that collect at the interfaces may severely
limit or block this mobility and significantly reduce liquid film drainage
rate and in some circumstance causing the complete stabilization of
emulsions and foams (Fig. 2, Fig. 3). In general, surfactants encompass a
large variety of chemicals with different structures, charges, and solu-
bilities. Due to their versatile nature and functionalities, surfactants
found a widespread use in a variety of applications where foam or
emulsion stability is essential for the final products. Some of the specific
examples include food, pharmaceuticals, cosmetics, and detergent pro-
duction. Furthermore, the concentration of surfactants and interfacial
mass transport have major contributions to both formation and stabili-
zation of emulsions and foams. A surfactant adsorbed at internal in-
terfaces will decrease the interfacial tension which play a role in both
the formation and stability of the dispersion, e.g., lower surface tension
allows smaller droplets/bubbles to be formed during entrainment. Sec-
ondly surfactants stabilizing action can be described by two mecha-
nisms, steric and electrostatic, where electrostatic stabilization is
characteristic to anionic surfactants which create repulsive interactions
at the droplet surfaces which resist the thinning of the liquid film be-
tween droplets. In the following sections we will go into greater detail on
these phenomena as presented in the literature. This governs the specific
effects of different surfactant types, namely non-ionic, anionic, and
cationic surfactants.

The focus for this review is fluid systems containing surface active
components that cause fluid mixtures to alter their behaviour in flowing
systems, and the status of modelling activities on simple macro- and
microemulsions and foams are reviewed. Furthermore, the attention is
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List of symbols

Greek

a droplet collision efficiency

y shear rate

7* critical shear rate

r surface excess (surface adsorption)

Teq equilibrium interfacial concentration or surface excess

Iy surface concentration in a thin film

I'(t) dynamic surface adsorption

I'pp surface concentration within the Plateau borders (Pb)

| VS adsorption capacity

13 energy dissipation

€ emulsion holdup

Ef thin film elasticity (also referred to as &5 /ry)

o continuous phase viscosity

fe continuous phase viscosity

Nar dispersed phase viscosity (droplet)

Nem emulsion viscosity

6 contact angle

A factor representing the ratio of viscosities of liquids
forming the droplet

A thickness of the dispersion band

Am viscosity ratio: dispersed phase/emulsion

Ue dynamical continuous phase viscosity

I disjoining pressure

Mg repulsive electrical double-layer forces

I repulsive steric forces

) . attractive van der Waals forces

Pe continuous phase density

P, Capillary pressure

P, local capillary pressure of the growing local concavity

c surface tension or surface tension of a freshly formed
interface

Geq equilibrium surface tension

Co surface tension of a pure solvent

T integration variable

Te characteristic collision time

Tc characteristic time describing a quasi-plateau

T4 drainage time for droplet-droplet coalescence

74 interfacial coalescence time

77 drainage time for drop-interface coalescence

v volume of droplets in the band characterizing their size

Vg gas velocity

@ concentration of dispersed phase

@ concentration of continuous phase

@q concentration of dispersed phase

¢ (7) concentration of surfactants in the subsurface layer

Vi maximum interfacial coalescence rate

Q foamability number

Roman

A surface area of a thin film

A Plateau border area

B, Boussinesq number

c molar concentration of surfactant in the bulk

Cc surfactant concentration

Cc factor in order of 1 (reflecting the Ca*)

C, bulk surfactant concentration

Cq Capillary number

Ca* critical value of the Capillary number

Cap “mean field” Capillary number

Cy constant (Cy = O (1))

cor normalized surfactant concentration

Cs surfactant concentration at the subsurface

dso Sauter mean droplet diameter

d characteristic length

D diffusion coefficient

D droplet diameter

D dimensionless factor characterizing the degree of
anisotropy

D* renormalized diffusion coefficient

Dy apparent diffusion coefficient of a surfactant

Dnax maximum droplet size

Drimee  maximum stable droplet size in TI regime

Drymex ~maximum stable droplet size in TV regime

E, activation barrier energy

f friction factor

GiSurfactant diffusionG' Surfactant diffusionG'elastic emulsion
component

AG free energy change for the formation of an activated site

h thin film thickness

H Hamaker coefficient

H, emulsion height

her critical film thickness

k1 coefficient depending on the ratio of gravity to viscous
forces

ko coefficient depending on the ratio of capillary suction to
viscous forces

K ratio between the adsorption and desorption rate constants

L DPL thickness

L impeller diameter

L, initial DPL thickness

Nyi viscosity group forces

Nye Weber group forces

Py Plateau borders

AP Young-Laplace pressure

Tq droplet radius out of contact area

ri asymmetry parameter (fluid system dependent)

R droplet radius

Reg; surface elasticity modulus

Re Reynolds number

R, mean droplet radius

Ry1 and R, principal radii of curvature with R, = R,; = Ry for
spherical droplets

Rpax and Ry, equatorial radii of a droplet

Ry Py, length (in the order of the bubble radius)

Riim limiting droplet radius

directed at systems where surface-active agents or surfactants stabilize
or destabilize emulsions or foams. To that end, it is assumed that “sta-
bilizing” an emulsion is equivalent to increasing the coalescence/sepa-
ration time scales for the droplets, while “destabilizing” an emulsion is
to decrease this time scale. Consequently, the key to predicting the
behaviour of these complex fluid systems is to predict the droplet coa-
lescence/separation time scales. The matter of droplet coalescence is

however profoundly complex and predicting this process from first
principles would require modelling of the detailed molecular structure
of individual chemical components, which will not be possible in the
foreseeable future. Nonetheless, these effects can be very important for
predicting flows with surface active components. For instance, in
multiphase petroleum production/transport systems, the fluids usually
contain either natural surfactants or chemical additives. These fluids are
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Fig. 1. Bottle emulsion separation shake test of oil (red) and water (blue). Left:
fully separated phases before shaking (minimum surface area configuration).
Middle: emulation layer of droplets after shaking. Closeup of the emulsion layer
showing water droplets in oil.

often exposed to high-shear environments such as pumps and chokes,
potentially leading to emulsions with high effective viscosities and
subsequently high flow resistance. The total flow resistance in the sys-
tem will then be a strong function of the stability of the emulsion, since a
very stable emulsion may remain unchanged throughout the entire pipe
length, leading to a high frictional pressure drop, while a semi-stable
emulsion may gradually separate on the way, leading to a lower total
frictional pressure drop. It is thus clear that methods for predicting the
effect of surfactants and chemicals are needed. In the short term, we
believe that progress can be made on the modelling of complex fluid
systems by deploying pragmatic fluid characterization techniques,

a)
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yielding bulk parameters that can be applied in flow simulations.
However, to develop such methods, a good overview and understanding
of the underlying physics is needed.

In the following sections we provide an overview of some of the most
important elements and concepts related to surfactant-rich fluid sys-
tems. This governs dispersion systems, namely emulsions and forms in
presence of surfactants and particles as stabilizing agents. Section 2
discusses interfacial hydrodynamics and how this affects the behaviour
of foams and emulsions. In section 3 we focus on droplet coalescence and
breakup, highlighting some of the most applied modelling approaches
for these processes, and in section 4 we discuss how these processes
relate to the stability of foams and emulsions. In section 5 we outline
how surfactants can affect the stability of foams and emulsions, and in
section 6 we provide a summary of the most important elements of this
literature review.

2. Fluid interfaces

The interface between two immiscible phases can be described as a
dividing line of a certain thickness and properties that are different from
the properties of the two distinct phases (Tadros, 2013a). A defining
characteristic of the interface is that it is in a state of tension and work is
required to extend the surface. This surface tension arises from an
imbalance of the cohesive forces on molecules of a liquid at the interface
compared to the bulk liquid. Surfactant adsorption at liquid-gas and
liquid-liquid interfaces has a profound effect on both interfacial tension
and overall properties of the respective dispersion systems presented in
this review. In the following sections we highlight some of the most
important types of interfaces and phenomena to consider when model-
ling interfacial dynamics.

2.1. Foams and liquid-gas interfaces

Foams are colloidal dispersions, where a gas is dispersed in a
continuous liquid phase, and liquid-gas (L-G) interfaces are formed
(Schramm, 2005). Foams are created in numerous situations for example
in breaking waves; at the discharging into separators; and in gas-liquid
pipe flow (Fig. 3a). Foam can be characterized as aggregated gas bubbles
in a liquid film network. The shape of the gas bubbles can vary from
spherical for wet foams to polyhedral for dry foams. The maximum
packing density of spheres, ¢, = 0.36 (where ¢, is the liquid fraction),
defines the limit between bubbly flow and wet foam, furthermore the
transition between wet and try foam, at ¢, = 0.01...0.05, is reached
when the gas bubbles premodernity have a polyhedral shape (Cantat,
2018). Foam bubbles vary in diameters within the range of ten to several
hundred pm (sometimes >1000 pm) and, despite being a polyhedral,
typically referred to as spheres with certain diameters (Schramm, 2005).

All foams are thermodynamically unstable. As the continuous liquid
phase bounding gas bubbles forms a liquid film with a large surface area
which is in a state of tension because of surface tension (¢) forces. Foam
stability will depend on the drainage and thinning tendency of the liquid
film between the bubbles as well as its possible rupture resulting from
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Fig. 2. a) Emulsion layer composed of oil droplets dispersed in water phase. b) Two oil droplets approaching each other. c¢) Closeup of the area between two droplets

filled with surfactant rich bult phase.
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Fig. 3. a) Foamy liquid hydrodynamic slug flow in a

4" horizontal pipe with surfactants. b) Polyhedral gas
bubbles in a continuous liquid film network (dry
foam), where the deformation/flow of the foam from
propagation and rearrangement of liquid lamellae is
illustrated. c¢) The intersection between gas-bubbles
with three liquid lamellae meeting at a Plateau
border. Three lamella/Plateau drainage scenarios are

~1lmm

~1lum

illustrated (from the top): drainage with immobile
interfaces; drainage with fully mobile interfaces; and
arrested drainage. d) Interface immobilised by a

gradient in surfactant concentration (Marangoni-Gibbs effect). e) Drainage arrested by disjoining pressure from surfactants in a thin liquid film.

random mechanical action (Nguyen and Schulze, 2003). In most clean
systems without surface active additives, film rupture happens fast when
the film thickness is drained below a critical values (section 2.3.2)
because of the absence of mechanisms/forces opposing the final thin-
ning of the film (e.g., some disjoining forces) below the rupture
threshold. The film rupture theory was originally formulated for the case
of foams (Sheludko, 1967; Vrij, 1966a). In most cases the thin film will
be in contact with the bulk liquid and its drainage is affected by a range
of external and internal forces (which are the same forces acting on a
film between two droplets in emulsion systems). The capillary pressure
of the film meniscus is an external force forcing the liquid out of the film,
and the rate of this drainage in clean systems is mainly determined by
fluid viscosity. Disjoining pressure (II) is an internal force creating
additional pressure inside the film and disjoining interfaces (Sheludko,
1967). Disjoining pressure covers total interactions across the film be-
tween a droplet and a bubble (or two droplets) and is defined by a sum of
short-range attracting van der Waals forces (IT,.4,), repulsive steric (Il;),
and long range repulsive electrical double-layer forces (Iloq;) (Miller and
Liggieri, 2011). Equilibrium liquid films are formed under following
thermodynamic conditions:

dIl
11 . > Oand( h) <0

where P, is the capillary pressure of the liquid film meniscus and h is the
film thickness. Thus, to balance P., the disjoining pressure must increase
in magnitude as the film thickness decreases. Among other factors
influencing foam stability are both evaporation and gas diffusion
through the liquid films.

2.2. Emulsions and liquid-liquid interfaces

Emulsions are colloidal dispersions, where a liquid is dispersed in
another continuous liquid, and liquid-liquid (L-L) interfaces are formed
(Schramm, 2005) (Fig. 4). Emulsions can be classified as nano- (20-200
nm droplets), micro- (0.01-0.2 pm droplets) or fine and macro- (0.2-50
pm droplets) or coarse according to droplet sizes. Emulsions can also,
depending on the type of the continuous phase, be of type water-in-oil
(W/0) or oil-in-water (O/W). The simplest examples of multiple sys-
tems are W/O/W and O/W/O double emulsions. Most emulsions are
thermodynamically unstable and tend to coalesce and separate into
separate phases. Emulsion colloidal stability is often discussed by the
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, suggesting that the
droplet stability against aggregation depends on the balance between
van der Waals attraction and electrostatic repulsion (Derjaguin et al.,
1987). The DVLO theory does however not cover all forces accountable
for the whole variety of relevant interactions, including steric repulsion,
depletion attraction, hydration and hydrophobic interactions, oscilla-
tory surface forces, etc. In the case of emulsions, the droplet’s internal
fluidity' and interfacial mobility will also have a strong impact on the
emulsion stability against flocculation. To obtain meta-stable emulsions

1 Droplet’s internal fluidity is a thermocapillary flow inside a droplet.

Fig. 4. Fully dispersed emulsion in a horizontal pipe (picture from
KPN NEXFLOW).

with oil and water (e.g. mineral oil model emulsions, food, or paints),
surface-active agents contributing to reduction of surface tension need
to be added (e.g. surfactants, macromolecules, or fine solids) (Milton
and Kunjappu, 2012).

Crude oil emulsions are complex fluids systems that have been
extensively studied over the past decades and are considered to be sta-
bilized/destabilized with both production chemicals and a variety of
naturally present surface-active components including asphaltenes,
resins, naphthenic acids, and solids (Berridge et al., 1968; Schubert and
Armbruster, 1992a; Tadros, 2013b). Among other factors favouring for
example W/O emulsion stability, are high bulk phase viscosity and
relatively small volume fractions of the dispersed phase (Auflem, 2002).
Properties of an oil phase capable of forming mesostable emulsions
(separating within 1-3 days) with water were, as identified by Fingas
and Fieldhouse (2003): a viscosity in the range 6-23,000 cP, an
asphaltene content of 3-17%, a resin content of 6-30%, asphaltene — to -
resin ratio 0.47, an average increase in apparent viscosity by 45 cP at a
day of emulsion formation and 30 cP a week later. To form stable
emulsions (meaning no separation for at least 4 weeks), following
criteria have to be fulfilled: a viscosity in the range of 15-10,000 cP,
asphaltene content of 3-20%, a resin content of 5-30%, asphaltene - to -
resin ratio of 0.74, an average increase in apparent viscosity by 1100 cP
at a day of emulsion formation and 1500 cP a week later. This un-
derscores the importance of asphaltene — to - resin ratio effect on ex-
pected emulsion stability.

A special case of extremely stable emulsion that may not separate for
months is a dense-packed layer (DPL) (Hartland, 1979). It forms and
accumulates at the oil-water interfaces in separators and pipelines used
for crude oil emulsion transport. The same is valid for mineral oil
emulsions typically used as model fluids to mimic behaviour of the real
systems (Fig. 5). The DPL acts as a sort of “fluidic filter” accumulating
smallest droplets from separating emulsion. According to different
sources, a DPL formed in separators can be divided into 2 or 3 zones
(upper, middle, and lower) depending on emulsion type, water per-
centage, and dominant stabilization components (Borisevich and Kras-
nova, 2010). In the upper layer, water content is in the range of 30-50%.
In the lower layer, it reaches 90%. The amount of water primarily de-
pends on the temperature of the dehydration process. In crude oil
emulsions, DPL thickness generally increases with increasing contents of
paraffins, asphaltenes, iron sulphides, and solids. Paraffinic compounds
become dominant stabilizers at temperatures around 5 °C and are not
affected by pH of the emulsified water. Certain production chemicals
may also build up gel-like particles acting as stabilizers. pH of the
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Fig. 5. DPL formation in a horizontal pipe (picture from KPN NEXFLOW).

emulsified water has significant effect on DPL stability (Karpenko and
Konovalov, 2019).

2.3. Physicochemical hydrodynamics of thin liquid films (L-G and L-L
interfaces)

2.3.1. Rate of drainage of thin liquid films

The process of droplet-droplet coalescence involves drainage of the
film separating the droplets. The coalescence time scale depends on how
fast this film is drained, and coalescence is understood to occur when the
film thickness drops below some threshold. Various factors including
system chemical composition and surfactants (and their local arrange-
ments and concentration gradients), bulk viscosities, surface tension,
surface dynamic viscosity, and surface elasticity will influence the rates
and times of thin film thinning. The non-homogeneity of the film
thickness also shortens the time of film rupture. The film non-
homogeneity increases with the droplet radius. Surface tension for
clean systems, such as pure water and air, is typically (may change with
temperature) constant and independent of the change in the surface
area. Thus, films composed of clean phases typically survive less than
2-6 s and do not exhibit a measurable pattern of thinning” (Velikov
et al., 1997). The important contribution of the surfactant effect on the
rate of drainage of liquid films has been extensively studied by the group
of Ivanov (Radoeév et al., 1974). One of the effects is associated with the
hydrodynamic flow, that is driving the adsorbed surfactant molecules
away from the film centre as the gradient of adsorption (the
Marangoni-Gibbs effect) tends to restore the equilibrium and restricts
film drainage (Radoév et al., 1974). Ivanov and Traykov later predicted
that the drainage of interfacial films between two droplets happens
much faster when the surfactant is dissolved in the dispersed phase
(Traykov and Ivanov, 1977). A formula for the velocity of film thinning
was derived. It was concluded that the velocity of thinning of emulsion
films differed only slightly from that for foam films when the surfactant
was soluble in the dispersed phase. This provided a hydrodynamic
explanation of the empirical Bancroft rule, stating that “in order to have
a stable emulsion, the surfactant must be soluble in the continuous
phase” (Ivanov and Kralchevsky, 1997).

The surfactant effect is closely related to the practically important
hydrodynamic stability of foams and emulsions. Lifetimes of foam films
stabilized by two ionic surfactants were measured and showed
remarkably good linear relationship to the surfactant concentration
logarithm at a wide concentration range. The drainage velocity typically
slows down with a decrease of the film thickness. From the values of the
capillary pressure P, the film elasticity ¢;/r; and the contributions of the
disjoining pressure IT (under a set of selected values of parameters), the
drainage velocity of the thin film can be calculated using modified
Reynolds-Scheludko equations (Sanfeld and Steinchen, 2008). The film
thickness velocity for small droplets (1.53 pm) with higher surface
tension (17 erg/cmz) is larger than the film thickness velocity for
droplets with low surface tension (3 erg/cmz).3

According to work of Henschke et al., drainage times for drop-
interface and droplet-droplet coalescence can be calculated as

2 Impossible to observe typical stages of film thinning.
3 An erg is the amount of work done by a force of 1 dyne exerted for a dis-
tance of 1 cm: 1 erg = 1.000000 x 1077 J.
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(Henschke et al., 2002):

(62)'n, "
465/ H'orpr;

T =

where the Hamaker coefficient H is in the power of 1/6 and, thus, its
value does not significantly affect the results. It can be fixed at 1 x
1020 Nm, while the asymmetry parameter ry, depends on the fluid
system.

2.3.2. Critical thickness of thin liquid films

Scheludko’s theory states that the liquid film reaches upon thinning
the state of kinetic instability and then, due to spontaneously growing
thermal fluctuations (surface waves), collapse of the film occurs at its
critical thickness (Scheludko, 1962). This collapse leads to the event of
droplet or bubble coalescence. The Scheludko’s criterion gives the
condition for this critical translation from metastable to spontaneously
growing surface wave amplitude:

dn_drp,
dh dh

where P, is the local capillary pressure of the growing local concavity, h
is the film thickness and II is the additional (disjoining) pressure. The
equation is applicable for small film radii of <0.05 mm.

The Radoev-Scheludko-Manev model from 1983 (applicable to
larger film radii) described a new theoretical approach concerning the
film destruction or “black spot formation” (Radoev et al., 1983). It
yielded a new more general formula describing quantitatively Sche-
ludko’s criterion and considering the effect of the film’s thickness local
inhomogeneity. It was, however, established later that a different
mechanism of film rupture could occur as a result of solute transport
across the liquid film and appearance of the Marangoni instability
(Dimitrova et al., 1988).

2.3.3. Thin film elasticity

The theory of film rupture formulated for foams is, with a slight
modification, applicable for films in emulsions (Ivanov and Traykov,
1976). It is suggested that the true stability of the liquid films is related
to their thermodynamic properties, i.e. surface tension and disjoining
pressure. As for the coupling of hydrodynamic properties and mass flow
of surfactants at the interface, it is closely related to the time evolution of
the film drainage, which can be expressed by the interfacial mobility of
thin liquid layer alone. The interface with adsorbed surfactant layers
will vary in thickness, density, and rheology depending on the molecular
dimensions, surface loading, and interactions between the surfactant
molecules. While the lifetime of the films is strongly affected by the
interfacial mobility, the thickness of rupture is dependent on the
mobility factors. Several mechanisms have been proposed for the final
rupture of a thin film and it is generally accepted that the film rupture
occurs due to instabilities arising in the interfacial regions caused by
surfactant concentration or temperature gradients. The surfactants tend
to accumulate at the L-L interfaces and reduce interfacial tension. As
emulsions are dynamic systems, bulk fluid motion or flow disturbs ho-
mogeneity of the molecular composition at the interfaces. This creates a
local interfacial tension gradient attempting to restore to its equilibrium
state — a process that also creates a flow. That flow is known as
Gibbs-Marangoni effect and it plays a role in returning the thin film to its
original shape. The resistance to surface deformation can be expressed in
terms of the surface elasticity. For the L-L or L-G interfaces, the film
elasticity can be expressed as (Christenson and Yaminsky, 1995; Ata
et al., 2011):

do _ 4c (do/dc)’

Er==2 tny 5=

where Ey is the elasticity, A is the surface area of a film, D is the sur-
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factant diffusivity, k is the Boltzmann constant, T is the temperature, and
c is the surfactant concentration on the film surface. The second equa-
tion is derived from the first by introducing the Gibbs absorption
equation, and it underscores that the source of the surface elasticity is
that a change in surface area will yield a change in the surfactant con-
centration, which subsequently leads to a change in the surface tension.

2.4. Surfactant interfacial transport and adsorption

Surface tension of a freshly formed interface (o) is close to that of a
pure solvent (6, ). It will continuously decay over time until reaching the
equilibrium (o), the process known to take milliseconds to days for
different systems. The interfacial concentration or surface excess of a
surfactant solution at equilibrium is given by I',;. The surface adsorption
is driven by adsorbing and desorbing fluxes of surfactant molecules to
and from the surface and is a dynamic process. As a droplet or a bubble is
formed, the surface excess (I') (which can be calculated from the Gibbs
adsorption isotherm equation) will become smaller than the I';;. In this
case, the system will try to return to the equilibrium state by creating a
higher adsorbing surfactant molecule flux (Eastoe and Dalton, 2000).
The surfactant transport at the interface can be described by several
models, including two examples presented here: a diffusion control
model and a mixed diffusion-kinetic) (Eastoe and Dalton, 2000; Liu and
Messow, 2000).

The diffusion control model is based on the classical 1946 model
by Ward and Tordai governing the diffusion of molecules from the bulk
to the interface and back diffusion from the interface to the bulk as the
interface becomes saturated (Ward and Tordai, 1946). The original
equation assumes that every simple molecule arriving at the interface is
likely to arrive at an empty site:

F(t):\/g 2C,\t — /% dr

where I'(t) is the dynamic surface adsorption, D is the diffusion coeffi-
cient, C, is the bulk surfactant concentration, t is the time, ¢ (7) is the
concentration of surfactants in the subsurface layer and 7 is the inte-
gration variable.

In the diffusion control model, the time scale of adsorption from the
subsurface (imaginary plane near the actual L-G interface) to the
interface is very fast and the diffusion from the bulk to the subsurface is
the rate controlling step. When the Ward and Tordai equation is solved
by Laplace transformation, dynamic surface adsorption for short and
long time limit adsorption can be calculated:

I'(t)= 2C0\/g and I'(¢)

:2\/2 (C,,fC.&)\ﬂ+Cx\/t77%/ 00 4

(t>n)

Vi — 7T

where t; is a certain long time at which the concentration at the sub-
surface has reached a constant value of C;..

As the L-G interface is strongly curved, interface curvature plays an
important role in the adsorption calculation. A spherical interface is
characterized by larger ratios of the surface area of a bubble to the
volume surrounding it, meaning that more molecules per unit area are
available near a spherical interface compared to planar. It has been
suggested that the bubble radius at which interface curvature effects
become significant, shall be estimated for individual surfactant systems
(Alvarez et al., 2010). The equations for adsorption at spherical in-
terfaces for both short and long time limit adsorption are also published
by the authors of the diffusion control model (Liu et al., 2004). At the
same time, the dynamic surface tension for spherical interfaces at short
and long time limit adsorption can be calculated by combining the
abovementioned equations with the Gibbs equation and the Langmuir
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isotherm equations (Liu et al., 2004).

The mixed diffusion-kinetic model describes the molecular diffu-
sion from the bulk to the subsurface as in the diffusion control model,
but the rate controlling process is the transfer of the molecules to the
interface. It is said that the instantaneous adsorption at the L-G interface
might be delayed due to potential energy barriers, molecular reor-
ientation before adsorption, absence of an available site and micellular
presence (Eastoe et al., 1998; Poptoshev and Claesson, 2002; Danov
et al., 1996). Liggieri and Ravera modified the Ward and Tordai equa-
tion by introducing a renormalized diffusion coefficient (D*), taking into
account both diffusion to the subsurface and crossing a potential barrier
(Ravera et al., 1993):

« E, . AG
D" = Dexp “RT or D* = Dexp “RT

where E, is the activation barrier energy and AG is the free energy
change for the formation of an activated site. According to the model,
only the subsurface molecules with energy greater than E, will be
adsorbed at the interface. Even a small increase in the E, may corre-
spondingly cause a significant decrease in the adsorption and especially
in the long time limit case.

3. Droplet coalescence and breakup

The stability of foams and emulsions is an extremely intricate and
complex phenomenon, where predicting coalescence of two droplets or
bubbles can be a useful starting point. In fact, understanding the thin
film rupture is an important precursor to understand the overall stability
of a system. As two droplets approach each other, a hydrodynamic
interaction builds up leading to a weak deformation of the front parts of
droplets. This causes the interface curvature to be shaped into a concave
lens shaped dimple. As the attraction forces overcome the energy barrier
created by increase of surface energy during deformation, an outflow of
fluid from the dimple will cause the size of the dimple to decrease. This
leads to formation of a plane thin liquid film. Usually, the film formation
between two droplets is followed by drainage, reducing its thickness
(Sheludko, 1967).

It is commonly accepted that foam and emulsion separation may
occur as a result of the four different mechanisms.

1. Creaming or sedimentation is a result of a density difference between
the two immiscible phases. In the case of an O/W emulsion, the oil
droplets will accumulate at the top and form a cream layer.

2. Flocculation is caused by the droplets aggregating due to the pres-
ence of a minimum in the interaction energy. The individual droplets
remain separated by the thin liquid film. Flocculation enhances
creaming and is often a prerequisite step to coalescence.

3. Coalescence is the merge of two or more droplets resulting from
breakage of the thin liquid film, which ruptures under the action of
attractive forces or hydrodynamic instabilities (Ivanov and Traykov,
1976). It can be followed by coagulation which is the gradual pre-
cipitation of droplets as they increase in size.

4. Ostwald ripening is a process of molecular diffusion transfer from a
smaller droplet or a bubble to the larger droplet or bubble. The
processes driven by chemical potential differences. As described by
Laplace, larger bubbles have smaller curvature and, therefore, lower
pressure than the small bubbles.

3.1. Droplet-droplet coalescence

Coalescence takes place when droplets collide and merge. The thin
film drainage time and the neck expansion comprise main stages of the
occurring coalescence mechanism. Despite the significant progress in
investigation of the thin film properties, not much information is
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available about coalescence rate in real emulsion systems. Multicom-
ponent mixtures of crude oil specific surface-active agents and other
factors, including emulsification conditions, temperature, pressure, and
pH, make it difficult to evaluate each single contribution and predict
emulsion and foam stability. These real systems also manifest a
nonlinear dynamic viscoelastic response accompanied by memory ef-
fects. The same behaviour is most likely characteristic for coalescence,
where the thinning and rupture of the thin films happens beyond the
linearity-range limit. This creates the need for experimental studies of
complex real systems and better understanding of the combined effects
to develop better models.

The drainage times for droplet-droplet coalescence can be calcu-
lated as:

(67, r1/3

f— c a
which is the same equation that can be used to calculate drainage times
for drop-interface coalescence (Henschke et al., 2002). Both coalescence
times can be used as closures for emulsion separation models. Once the
film between two droplets drains to an infinitesimal thickness, the
intermolecular forces become dominant and rupture the film. A con-
necting neck is formed, and its expansion dynamics are controlled by the
Young-Laplace pressure (REF):

1 1
AP=
“(&J+RM)

where R,; and R,» denote the principal radii of curvature with R, =
R,1 = Ry for spherical droplets. It has to be mentioned that the neck
expansion dynamics will, to a large extent, be affected by presence of
surfactant molecules adsorbed at the coalescing interfaces and creating a
gradient of interfacial tension.

As seen from the equation above, prediction of droplets sizes is
highly important for accurate prediction of droplet deformation,
breakup, and coalescence. Coalescence timescales when two droplets of
certain size meet are of particular interest. Some studies experimentally
confirm that the larger the droplet diameter, the more stable the droplets
are against coalescence. While others mention that larger droplets burst
faster than the smaller ones. The explanation here could be given by
hydrodynamic regimes of thinning of the neck region, which are affected
by e.g., non-uniformity of surfactant distributions and/or differences in
viscosities or densities of the fluid systems. However, it seems that
coalescence timescales are dependent on the droplet size distributions
(polydispersity) as expressed through a change in the functional
dependence of the droplet lifetime on its radius. The majority of studies,
however, agree that small (pm size) droplets are more unstable when
their radius is larger. Just the opposite is the case of big droplets (above
300 pm): the lifetime increases with the size (Basheva et al., 1999).

3.2. Droplet deformation and elongation

Deformation and elongation (transition from spherical to ellipsoidal
shape) are processes preceding droplet break-up. Types of droplet
deformation and their deformation in flow have been extensively stud-
ied with both experimental and modelling techniques (Renardy, 2007a).
The driving forces of deformation are shear stresses acting on a droplet,
while interfacial tension is the resistance force supporting the shape of a
drop and restoration to the original shape. It is well known that low
interfacial tension is one of the major causes for deformation of droplet
shape. The degree of deformation on the droplet length scale is governed
by the capillary number:

C,=pu,U/o

where y, is the dynamical continuous phase viscosity, U is the charac-
teristic velocity of the flow relative to the droplets, and ¢ is the constant
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surface tension (the effects of surface tension gradients due to changes in
surfactant concentrations or temperature variations are not included).
The morphology of a droplet or its elongation is characterized by a
dimensionless factor, the degree of anisotropy:

_ Rmnx - Rmin
Ripax + Rynin

where Ry and Ry, equatorial radii of a droplet.

Taylor’s theory of droplet deformation is predetermined by a
generalized Weber group. He studied a single drop as a function of the
maximum velocity gradient in the flow field, where the only intrinsic
length scale is the undeformed droplet radius. In this case (with further
assumptions of Newtonian fluids and absence of surfactants), the two
non-dimensional parameters governing droplet shape and stability are
the ratio of shear and interfacial stresses, expressed by the capillary
number C,. The fundamental linear approximation for calculating the
degree of droplet anisotropy is based on the Taylor’s model for the
viscosity of dilute emulsions and is expressed as (Taylor, 1934):

_16+192
C16(A+1) ¢

where A represents the viscosity ratio of dispersed to continuous phase.
Droplet anisotropy for moderately concentrated emulsion droplets can
be calculated as follows (dynamic interactions between drops are
considered):
16 +19 4

b= {16(i+ 1)] [H
where ¢ is the concentration of dispersed phase. Deformation of droplets
in flow is by large extent determined by the viscosity of the continuous
phase. This was established through an inverse calculation of the fluid
viscosity from monitoring the shape of a surfactant-stabilized droplet in
flow (Megias-Alguacil and Windhab, 2006). Droplet deformation in a
viscous fluid flow is another complex case. One of the most complete
solutions includes contributions of all factors influencing droplet shape
(including interfacial tension). In this study, droplet anisotropy is
calculated from the earlier described Taylor’s model for the viscosity of
dilute emulsions and compared with experimental data (Jackson and
Tucker, 2003).

The majority of publications considers droplets either as being
spheres or focus only on the intermolecular and hydrodynamic in-
teractions inside the thin film between them. This neglects the role of the
spherical parts of the droplets outside of the zone of flattening. In real
emulsions droplets of the same size can be either spheres or be flattened
with the intervening film. Even when there is a planar film, the spherical
parts of the droplets outside it can play a substantial role for the droplet
interactions and overall emulsion stability. Occurrence of flocculation in
an emulsion is significantly affected by the droplet deformation in the
zone of contact between two droplets (Ivanov et al., 1999). In 2003,
Jackson and Tucker presented a model for large deformation of an
ellipsoidal droplet with interfacial tension (Jackson and Tucker, 2003).
The model considers that both fluids are of Newtonian nature. It allows
any value of viscosity ratio but did not incorporate droplet breakup or
coalescence. The model was verified using experimental results from the
literature including steady shapes in simple shear, transient shapes
during shear reversal, widening in simple shear, relaxation after step
shear, and the critical capillary number for breakup in both shear and
planar elongation. It must be mentioned that in predicting emulsion
stability, it is important to precisely determine the range of the droplet
sizes and flow conditions, where droplet deformation has an inhibiting
effect on droplet coalescence. In the meantime, droplet deformation and
elongation will also affect overall emulsion viscosity (briefly described
under 5.2) (Torza et al., 1972).

52454
40+

qa} C,
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3.3. Droplet breakup

3.3.1. Extensions of Hinze's correlations

The possibility of droplet breakup is governed by whether external
stresses exceed forces stabilizing droplet shape. The forces involved in
droplet deformation and breakup are thought to comprise two dimen-
sionless groups, a Weber group Ny, and a viscosity group Ny;. The
breakup will occur when group Ny, exceeds its critical value, (Nwe) crir.
It was theoretically shown that (Ny.) i depends on Ny; but also on the
patterns of relative velocity variation over time (Hinze, 1948). In 1955,
Hinze specified the importance of efficient droplet dispersion as he
described three detailed cases of droplet deformation and breakup,
including that in a simple viscous flow, that in an air flow, and that in a
turbulent flow (Hinze, 1955). The article is based on the earlier exper-
imental studies by Taylor (1934), Lenard (1904), and Clay (1940),
respectively. All the cases are thought to arise from different dispersion
mechanisms, explaining differences in the (Nwe) cri. Thus, experimen-
tally obtained (Nwe) crit values for one dispersion process may, therefore,
not be applicable to other processes. (Nwe) ¢rir depended on the type of
droplet deformation and on the flow pattern around it. Droplet breakup
was shown to be significantly influenced by the density differences be-
tween dispersed and continuous phases (valid for both L-L and L-A in-
terfaces). A formula for the maximum droplet size in emulsion was
derived:

Dy (p./ 6)(3) / (5) €5 =0.725 (with a standard deviation of 0.315)

where p, is a continuous phase density, ¢ is interfacial tension and ¢ is
the energy dissipation. It was assumed that the average size of the largest
droplet in the field corresponds to the average energy input across this
field and that Dy,qe ~ Dgs, which is the value for which 95% of volume is
contained in the droplets with D < Dgs (Clay, 1940).

Assuming homogeneous and isotropic turbulence in a pipe, Hinze’s
correlation was modified through using the mean rate of energy dissi-
pation expressed in terms of a friction factor (Brauner, 2001):

Diax Pev2D 06 P o
—=0.55 f m
( D )0 ( c ) c(l - Ed)f

where f is the Fanning friction factor. The equation is based on a single
drop in a turbulent flow and can only be applicable to dilute emulsions.
For concentrated emulsions, a new modification of Hinze’s correlation
was proposed based on an energy balance between the turbulent kinetic
energy of the continuous phase and the surface energy produced from
the dispersed phase (Brauner, 2001):

3/5v, —3/5 £-2/5 P e v \"°
Dy =2.22 DCSWe 35 £~ Q} m
¢ (1 —a,) 1 -,

where Cy is a constant (Cy = O (1)).

3.3.2. Critical value of the capillary number

Another approach is to consider a critical value of the Capillary
number (Ca*) as the determining factor for droplet stability. This follows
from theoretical calculations and experimental data and depends on the
ratio of viscosities of the droplet and continuous phase ,4. The following
quantitative approximation at small A values is proposed (Hinch and
Acrivos, 1979):

Ca* =0.054 17

Grace (1982) determined that some minimal limit of Ca* = 0.4
corresponds to the fluid systems of equal phase viscosities (dro-
plet/continuous phase), 4 = 1. It was also demonstrated that droplets
will not breakup in laminar flow at 4 > 4 (case of high droplet viscosity)
(Grace, 1982). In turbulent flow, however, the situation is different as
the local flow velocity varies chaotically.
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The critical conditions for droplet breakup will however change
when the continuous phase is not viscous but viscoelastic. Surface
stresses at the interface can vary and are a function of the Reynolds and
the Weissenberg numbers (the latter is the ratio of characteristic times of
outer action and inner relaxation). It is demonstrated numerically that
the Ca* increases with increasing Weissenberg number (Renardy,
2007b).

4. Modelling of droplet coalescence and breakup (emulsion and
foam stability)

The outcome of two droplets or an interface of a fluid body and a
droplet colliding depends significantly on the impact of velocity. At high
impact velocity, splashing, bouncing (example of non-coalescence),
coalescence, partial coalescence (formation of a daughter droplet),
temporary coalescence and even droplet fragmentation may occur. If
colliding with an interface of a fluid body at low velocities, a droplet
may continue resting on a reservoir without coalescing for up to a few
seconds. The complexity of the processes and mechanisms occurring in
emulsion flow or in foam systems makes it difficult to predict their
stability. Thus, certain dominant contributions must be preselected in
order to produce reliable predictions. Some of the dominant factors can
be flow regimes (affecting velocities of the droplets and bubbles), type
and concentration of surfactants, viscosities of the phases, or presence of
particles. As some of these parameters are relatively easy to estimate,
effects of multicomponent surfactant mixtures possibly combined with
fine solid particles generate uncertainty, which is especially relevant for
the crude oil production and processing. Surfactants and mixing con-
ditions will significantly affect droplet sizes and size distributions.
Dispersed phase fraction and generated droplets of certain stability will,
in turn, affect overall stability of the system.

4.1. Foams

Terms steady pneumatic” and dynamic® foams are typically distin-
guished for modelling purposes (Bhakta and Ruckenstein, 1995; Exer-
owa and Kruglyakov, 1997). Ruckenstein’s model for predicting foam
stability is one of the most elaborate ones (Ruckenstein and Bhakta,
1996; Bhakta and Ruckenstein, 1997). The model predicts the effects of
surfactant and salt concentrations on the drainage and collapse of foams.
It is shown that both parameters strongly influence the surface viscosity
via surface adsorption I" and hence affect the foam drainage. Neethling’s
and Grassia’s models predict foam stability as a whole (Grassia et al.,
2006; Neethling et al., 2005). In a foam with steady uniform bubble size,
liquid volume fraction ¢, and where Plateau border area A° are directly
to a proportionality constant in the order of the inverse square of bubble
radius, the following foam drainage equation was deducted:

B (ot ) <o
ot dy VA dy ¢

where v, is the gas velocity, k; is a coefficient depending on the ratio of
gravity to viscous forces, and k; is a coefficient depending on the ratio of
capillary suction to viscous forces. While these models comprise the
main processes governing foam stability, a uniform surfactant distri-
bution is assumed within the foam. As the surfactant concentration can
be non-uniform and evolves over time, foam stability models should
include conservation laws for surfactant transport.

4 Pneumatic foams are produced by a continuous stream of gas bubbles rising
to the surface of a foaming liquid. Pneumatic steady foams are those under
steady-state conditions.

5 Dynamic foams are those under hydrodynamic conditions.

6 Plateau borders are channels formed where the thin films from the lamella
meet. Plateau border area A is a total cross-sectional area of Plateau borders in a
foam.
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4.1.1. Surfactant accumulation in the top foam layer

Coalescence within the top layer of foam bubbles can be considered
as one of the most important mechanisms in evaluating overall foam
stability. The process comes along with surfactant accumulation in the
top foam layer (Dukhin et al., 2008). The interface of a bubble formed
near the bottom layer will adsorb surfactants from that layer as the rising
bubbles convectively transport surfactants to the upper layers (Fig. 6).
This leads to surfactant accumulation in the top layer and higher sta-
bility of the top layer, promoting stabilization of the foam as a whole
(Bikerman, 1953). Thin films rupturing within the top foam layers could
lead to a local surfactant accumulation with similar effect on the overall
stability (Arbuzov and Grebenshchikov, 1937). Once the surfactant
concentration within a dry foam’ increases in comparison with the
initial surfactant concentration, the bulk concentration and the surface
concentration (I'py) within the Plateau borders (Pp) are higher than in
the film (T'y). This leads to reduction of surface tension at the boundary
between P;, and the film, which then becomes lower than the surface
tension in the film centre. Differences in surface tension contribute to a
rise in Marangoni flow towards the thin film and retardation of the film’s
drainage. It has to be mentioned that the surfactant accumulation in the
top layer practically stops when the critical micelle concentration (CMC)
is reached (strong downwards surfactant flow contradicts convective
upward flow).

An equation for local increase of surfactant concentration as result of
thin film rupture was derived by Dukhin et al. and is based on a 2D

approach (Dukhin et al., 2001):
AC 3T, C,
~ -

Co 4355 435n,

R

where Ry, is the radius of curvature of the Plateau border Py, and R, is the
Py, length (in the order of the bubble radius). In most cases h,, is negli-
gible as is small compared to one of the other two terms.

Surfactant accumulation in the top layer and evaluation of the
overall foam stability may be further complicated by droplet formation
and spreading during rupture of the thin films. Droplet formation is an
interesting phenomenon that can occur in various foam systems and is
strongly influenced by the bubble dimensions and surfactant concen-
trations. It was first described by de Vries and explained as a capillary
wave mechanism (Vrij, 1966b). With decreasing average film thickness
h, the attractive disjoining pressure I1 enhances the amplitude of some
modes of thermally excited capillary waves present at film surfaces. At a
given critical film thickness h.,, corrugations on the two opposite film
surfaces can touch each other resulting in the rupture of the thin film
(Ivanov, 1980). The process of droplet formation and spreading will
affect local surfactant concentrations though surfactant transport with
the droplets.

4.1.2. Solid-stabilized foams

Many similarities can be observed in the behaviour of small solid
particles and surfactant molecules at L-L and G-L interfaces. Important
differences also exist. Stability of emulsions stabilized by solid particles
is well studied and presented in the next chapter (4.2.7). Influence of the
solid particles on the formation and stability of the foams is highly
dependent on the surfactant type, particle size and their concentration
(Kruglyakov and Taube, 1972; Pugh, 1996). Hydrophilic particles are
known to enhance foam stability as they accumulate in the Plateau
borders and slow down film drainage. Hydrophobic particles, on the
other hand, enter the L-G interfaces of the foam and contribute to
destabilization via the so-called bridging-dewetting mechanism (Gar-
rett, 1980). The mechanism implies that a solid particle comes in contact

7 HLB values of a selection of surfactants correlated against use (Griffin,
1949).
8 The HLB determines whether a surfactant is hydrophilic or lipophilic.
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with two opposite surfaces of the foam film and forms a solid bridge
between them. Then, the particle is dewetted by the liquid and the three
phase contact lines come in direct contact as the thin interfacial film gets
perforated at the particle surface.

4.2. Emulsions

The theoretical results and experimental data discussed in section 3
refer to a single droplet or the limiting case of dilute emulsion where
overall system dynamics and interactions can be neglected. Several
specific cases are discussed below.

4.2.1. Emulsion separation in gravity settlers or separators

A mathematical model taking into account the droplet size distri-
bution and using rate expressions for the description of droplet-droplet
and droplet-interface coalescence was developed for prediction of
emulsion separation in horizontal gravity settlers (Padilla et al., 1996).
Experimental data was obtained in a continuous laboratory mixer-settler
to verify the model. It was registered that the dispersion band thickness
(layer between separated phases) decreased as the droplet size
increased. The band thickness was also more sensitive to the inlet
droplet size in the large size range. The obtained expression for the
droplet-droplet coalescence frequency described well droplet growth
rate from the passive to the active interface.

A(0,0,2)=22 (U’% + u’*%>2

Where 4, = 0.13 x 10~*cm/s for the used emulsion system (10%
Acorga M5640 in Escaid 103-0.25 M NaSO4 aqueous solution), z is the
height above the passive interface and at an arbitrary distance from the
settler inlet and v is the volume of droplets in the band characterizing
their size. The droplet-interface coalescence frequency was found to be
independent of the droplet size and the thickness of the dispersion band;
thatis A*(v,H) = 2; (4, = 0.305 s~ !) for the considered emulsion system.

The effect of turbulence on the separation of W/O and O/W emul-
sions in batch settlers was predicted by a model describing emulsion
height H, and holdup ¢, with an initial droplet diameter ¢, and inter-
facial coalescence time 74 allowing for the turbulence decay time t; and
coalescence incubation time ¢, (Fig. 8) (Jeelani et al., 1999). Batch
separation of W/O and O/W emulsions sampled directly from a process
stream or formed in a mixer are schematically illustrated in Figure and
Figure. As residual turbulence is present in both cases, the separation is
partly hindered by it. The turbulence also delays the interfacial coales-
cence until a time ¢t,. For a given batch emulsion, the sedimentation and
coalescence profiles for different interfaces could be predicted by
knowing the values of the initial sedimentation velocity of the droplets
v,, the maximum interfacial coalescence rate y,,, the time taken for the
decay of turbulence t4, and the incubation time for interfacial coales-
cence to begin t,..

Many of the existing models apply to specific separator geometries at
steady-state conditions. The original model used in the next study was
developed for the steady-state operation of a settler with a wedge-
shaped emulsion band (Ruiz, 1985). A modification of that numerical
model was later applied for computing thickness and droplet-size
composition of an emulsion band formed in a shallow-layer settler
under dynamic conditions (Gomes et al., 2007). Separation predictions
were confirmed to be satisfactory for small step-changes (wedge of the
emulsion band compared every 10 cm) and were in close agreement
with the experimental data.

A modification of Hartland’s models for emulsion phase separation
was used in combination with settling experiments performed on a
dispersion rig set up. The new model included only one fitting param-
eter, namely droplet collision efficiency (), which is characteristic for
each specific emulsion system and is a function of the interfacial film
elasticity and rate of the film drainage (Noik et al., 2013). One of the
main assumptions of the new model is based on using the initial droplet
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Fig. 6. Models for surfactant distribution within dry foam. a) Uniform surfactant distribution, (b) increasing surfactant concentration with decreasing distance (h)

from the foam top (H is the foam height) (Dukhin et al., 2008).

volume as a basis for prediction of the droplet volume evolution, which

also explains model’s sensitivity to the variations in droplet sizes.

1 dv 1
=a

v, dt

Te

where v is the droplet volume evolution, v, is the initial droplet volume,
11: is the parameter representing the mean collision frequency between

droplets of diameter D with the characteristic collision time z.. D is the
average droplet diameter in volume (D50, v) of the droplet population.

A comprehensive model for prediction of settling behaviour of W/O
emulsions was recently developed by Li et al. (2021). The model
included water fraction and viscosity predictions, droplet displacement
calculations, and droplet breakdown probability factor, the latter
allowing for adjustment of the modelling predictions towards specific
emulsion systems. Gravitational emulsion separation model formulated
as a population balance equation was presented by Garcia et al. (2022).
A modification of Kynch’s theory, typically used to predict solid particle
sedimentation, was implemented. The model successfully predicted
continues emulsion separation and droplet coalescence and was found to
be more accurate compared to an earlier model developed by the au-
thors (Garcia and Betancourt, 2019).

4.2.2. Dense-packed layer

As illustrated in Figure and Figure, a DPL is expected to be present in
separating emulsion systems. Formation and methods for DPL prediction
have extensively been studied by Hartland and colleagues, who also
established the following equation for the change of the DPL droplet
diameter (Hartland and Jeelani, 1988):

d(dy) dy
dx

6 Talm

where 7,4 characterises the droplet-droplet coalescence time. The same
group developed a model for prediction of DPL/emulsion separation
profiles taking into account the initial droplet diameter and interfacial
coalescence times for an emulsion of given height, dispersed phase
holdup, and physical properties (Fig. 7) (Jeelani and Hartland, 1998) of
the most recent publications predicts the initial thickness of the DPL as a
function of surfactant (Span 80) concentration and mean droplet size
(Dinh et al., 2020). It is assumed that the coalescence rate only depends
on the area of the thin film between two droplets. The quantitative
model for the DPL separation kinetics allows for estimation of the coa-
lescence frequency per unit area, which can be verified by simple bottle
test experiments. A complete time evolution of the DPL separation ki-
netics is described by the following equation:

dL_ AL ( L t\™"
dt T, L, 7.

10

where L is the DPL thickness, L, is the initial DPL thickness, z. is the
characteristic time describing a quasi-plateau and A = 3RT"0 (R, is the
mean droplet radius).

4.2.3. Modelling of phase inversion

Phase inversion or a shift from an O/W to a W/O emulsion and vice
versa may occur at a range of water fractions. This behaviour can crit-
ically influence emulsion viscosity and pressure drop, which is unfav-
ourable in pipes and boosting systems. Predicting phase inversion is
therefore important and may be based on minimising the free energy of
the system, which can be considered equal to the interfacial energy
(Brauner, 2003). The interfacial energy is directly related to the droplet
size and concentration, which have to be known or predicted before-
hand. Brauner and Ullmann combined a methodology to predict the
droplet size during pipe flow and used it as a closure for a model pre-
dicting the phase inversion point in dilute and highly viscous emulsion
systems (Brauner and Ullmann, 2002). Being reliable for unstable sys-
tems, these models might fail in the presence of surfactants. As
demonstrated by Plasencia (2013) after addition of surfactant the
inversion point of a model oil-water system changed from 40% to 80%
WC. Indeed, many crude oil systems show phase inversion at rather high
water cuts (>50%) independent of the oil viscosity.

4.2.4. Concentrated emulsions
Concentrated emulsions are defined according to the volume fraction
of the dispersed phase being greater than 12-20 vol % (Tadros, 2013b).

4.2.4.1. Laminar flow. One of the cases of interest arises from the flow
of crude oil emulsions at low velocities in horizontal pipes. Coalescence
plays a dominant role at low Re numbers, and emulsion destabilization
can occur leading to formation of a second continuous fluid layer. This
will in turn affect the effective viscosity of the mixture, which affects
pressure drop inside the pipeline. One of the most interesting and
industrially relevant cases is concentrated emulsions. The Ca* values
here are found to be below the lowest limit and are strongly concen-
tration dependent. A generalization can still be applied by modifying the
definitions for Ca* and 4 and substituting viscosity of the continuous
phase 7, by the emulsion viscosity 7,,,. The expression for the modified
“mean field” Ca,, given by (Jansen et al., 2001):

Nom ¥
Ca — em
" 6/R
where 7 is the shear rate, o is the interfacial tension, and R is the droplet
radius. The corresponding modified viscosity ratio A, can be expressed
as:

A =N/ Mo
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Fig. 7. Schematic diagram showing the heights of the sedimenting (upper) and coalescing (lower) interfaces in W/O emulsion. (b) Variation with time in the heights
of the sedimenting (upper) and coalescing (lower) interfaces in W/O emulsion (Jeelani et al., 1999).
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Fig. 8. Heights of the sedimenting and coalescing interfaces and the DPL formed at the top of a O/W emulsion due to the upward sedimentation of lighter oil drops in
heavier water. (b) Schematic variation in the heights of sedimenting and coalescing interfaces in O/W emulsion (Jeelani and Hartland, 1998).

Where 7, is the viscosity of the dispersed phase (droplet). The effect of
droplet concentration is also shown in Fig. 9, where the critical shear
rate (7*) for the condition of breakup is presented as a function of the
reciprocal droplet radius for emulsions of different concentrations
(laminar flow conditions). As the concentration increases, the lower is
the shear rate required for the droplet breakup to occur. Obtained

The droplet breakup at a given shear rate can continue up to a
limiting droplet size (Rgn). Rim s dependence on the shear rate (7*) is
described by a parabolic law. The following scaling law then becomes
valid (Mason and Bibette, 1996):

I
Rim=C —
ny

11

where C is the factor in order of 1 (reflecting the critical capillary
number Ca*).

4.2.4.2. Turbulent flow. The transition to higher velocities and corre-
sponding transition to turbulent flow significantly complicates predic-
tion of the droplet breakup. Large fluctuations of local velocities and
stresses inherent to turbulent flows make it difficult to experimentally
confirm numerical results. This has been illustrated by Sleicher already
in 1962 (Sleicher, 1962). “Inertial turbulent” (TI) and “viscous turbu-
lent” (TV) flow regimes are generally accepted as two different modes of
turbulent flows, which differ in the ratio of characteristic sizes of a liquid
droplet and a turbulent vortex (Kolmogorov, 1949; Hinze, 1955). The
minimal droplet size in the TI regime depends on the ratio of dynamic
pressure fluctuations (breakup of a droplet) and surface tension. Droplet
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Fig. 9. Dependence of the critical shear rate vs. droplet breakup on droplet size
in emulsions of different concentrations (Jansen et al., 2001).

breakup in the TV regime occurs under shear stresses acting via the
continuous phase. For low viscosity droplets, the following equations of
the maximum stable droplet size are valid for TI and TV regimes,
respectively (Vankova et al., 2007):

Diimax =A1 (€77 6™ p*1°) = Avd,

where A; is the front-factor of the order of 1, ¢ is the intensity of energy
dissipation, and p, is the continuous phase density. The term in brackets
designated as dy is a characteristic length.

Dy e =As (€72 5, p 1 6)

where the constant A, ~ 4 and 7, is the viscosity of the continuous phase.

For emulsions with arbitrary viscosity of phases, a generalization can
be applied, resulting in the following formula for the maximum stable
droplet size (Eastwood et al., 2004):

3/5
€' Dl/3m1u
DTV,max =A4; <1 + A4’7d’% dk

where A3 and A4 are the constants, 7, is the viscosity of the dispersed
droplets.

An important factor in “natural” (production) formation of crude oil
emulsions is contribution of turbulence or mixing. At the same time,
emulsion separation or coalescence is affected by the turbulence energy
(Schubert and Armbruster, 1992b).

4.2.5. Dilute emulsions in turbulent flows

Experiments investigating the influence of dispersed-phase viscosity
and interfacial tension on the Sauter mean diameter (dsz) were per-
formed in a stirred tank by Wang and Calabrese (1986). Droplet sizes for
low to moderate viscosity dispersed phases were found to be normally
distributed in volume and could be correlated by normalization with
dsz. The final correlation of dsz /L was as follows:

d
S2=0053 We * [1 40,97V "]

where L is the impeller diameter, Vi is the “tank viscosity group” or
capillary number representing the ratio of dispersed phase viscous to
surface forces, We is the tank Weber number. It was shown that the
droplet size distributions broadened as the interfacial tension and vis-
cosity increased and as impeller speed decreased. At constant
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emulsification conditions, the relative influence of interfacial tension
decreased as the dispersed phase viscosity increased. For low interfacial
tension systems, surface resistance to breakage become negligible rela-
tive to viscous resistance.

4.2.6. Fine emulsions

If droplets are sufficiently small (micrometre scale or smaller), it is
the Brownian motion and not sedimentation that defines the coagulation
behaviour of an emulsion. For microemulsions, droplet surface defor-
mation is typically small and can be considered as negligible (solitary
and well-separated droplets). However, in the case of highly concen-
trated emulsions, droplet deformation can play a significant role in the
efficiency of coalescence process and overall emulsion separation, as the
coalescence efficiency of slightly deformable droplets results from an
interplay between the thin film resistance and short-range molecular
attractions.

4.2.7. Particle stabilized emulsions

Emulsions stabilized by highly dispersed solid particles assembled at
the interfaces are known as Pickering emulsions (Pickering, 1907). Ex-
amples of how spherical particles can adsorb at the water-air or
water-oil interfaces are shown in Fig. 10 (lower left corner -
solid-stabilized aqueous foams or O/W emulsions, lower right corner -
solid-stabilized aerosols or W/O emulsions may form) (Binks, 2002).
The relevant parameter is contact angle (9), which the particle makes
with the interface as particle wettability plays the major role. Emulsion
viscosity in Pickering emulsions will increase with particle concentra-
tion, and the stabilization is dependent on the particle shape, size,
concentration, wettability, and ability to interact with the interfaces
(Sacanna et al., 2007). In reality, the stability and rheology of the
Pickering emulsions are determined by the interactions between the
solid particles and low molecular weight surfactants. Stabilization is
only possible if the particles are smaller than emulsion droplets.
Nano-meter scale particles form a solid-like network typical for “mild”
elastic bodies. Even a small decrease in size (from 20 to 10 nm) may lead
to a significant change in the rheology of the system. The elastic
modulus of a system containing 10 nm particles is independent on fre-
quency, which is characteristic for elastic materials. At the same time,
particles with sizes less than 0.5 nm are governed by Brownian motion
and do not accumulate at the interfaces (no contribution to emulsion
stability) (Binks, 2002). Thus, there is a clear similarity in the behaviour
of structured systems stabilized by solid particles and highly concen-
trated emulsions.

In cases when use of surfactants shall be avoided due to environ-
mental concerns, use of particles may be an efficient option for emulsion
formation and stabilization. A first order theoretical model for the case
of O/W emulsion formation in presence of particles was recently
developed by Stern et al. (2022). Interfacial energies, component den-
sities, particle sizes and the agitation rates were included as

air or oil
0
water
air or oil
air or oil
water
water

Fig. 10. Adsorption of spherical particles to different interfaces (Binks, 2002).
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Table 1
HLB range and surfactant use.
HLB range Use
1to3 Anti-foaming agent®
3to6 W/O emulsifier
7t09 Wetting agent®
13 to 16 Detergent®
81to 16 O/W emulsifier
16 to 18 Solubiliser or hydrotrope®

emulsion-specific parameters. The model was successfully able to pre-
dict the rate droplet formation in studied Pickering emulsion systems. A
combined effect of particles and surfactants on emulsion stability was
modelled by Ali et al. (Ali and Chakrabarti, 2022). The two machine
learning algorithms developed in this study were able to predict emul-
sion stability with 45-60% accuracy. The model, however, correctly
indicated that higher water solubility of surfactants and extended mix-
ing result in higher emulsion stability.

It is important to mention that surfactants added or present in
emulsion systems containing solid particles will modify the particle
wettability and can therefore reduce or enhance emulsion stability. One
concrete example is a study describing the effect of Span 80 surfactant
on the hydrophobicity of layered double hydroxide (LDH) (prone to
stabilizing O/W emulsions). Water-in-paraffin oil emulsions were sta-
bilized by the mixture of Span 80 and LDH, resulting from hydro-
philization of the particles (Wang et al., 2009). Certain surfactants,
including Span 80 may, at concentrations above the critical micelle
concentration, also fully displace particles from the interfaces and
contribute to reduced emulsion stability (Drelich et al., 2010).

4.2.8. Droplet coalescence in pipe flow

Pereyra et al. applied a mechanistic model for separation of O/W
emulsions in a horizontal pipe settler by transforming the separation
time of the batch settler to a residence time of the mixture in the pipe
(Pereyra et al., 2013). The separation time was calculated by dividing
the streamwise axial length of the pipe with the characteristic convec-
tive time of the flow. The model could predict droplet concentrations
and thickness of the continuous layers in the vertical direction and along
the pipe by simply considering two timescales characterising
droplet-droplet and droplet-interface coalescence (Voulgaropoulos,
2017). The model assumes one average droplet size and, thus, neglects
polydispersity of the emulsion system.

5. Modelling surfactant contribution

For surfactants present in oil/water systems, the HLB (hydrophile-
lipophile balance)® value is often considered to be the most important
parameter in determining whether the surfactant micelles or micro-
emulsion droplets will reside in water, oil or a third phase. Generally, a
HLB value below and above 10 indicate whether the surfactant is oil or
water soluble respectively. Furthermore, HLB may be correlated against
its behaviour as given in Table 1. The limitation here is that the HLB
values were originally derived based on the data obtained at ambient
temperature (Griffin, 1949). Models predicting surfactant effects on
emulsion or foam stability generally assume reduction of surface tension
as the main contribution from surfactants. It can be mentioned here that
the temperature fluctuations and interactions with the aqueous and oil
phases have to be taken into account as they may have just as significant
effect on the surface tension as surfactant presence. The effect of the
molecular characteristics of surfactants can be predicted based on the
certain surfactant-specific parameters. For instance, an increase in the

9 HLB of the non-ionic surfactants ranges from 0 to 20 (0-6 being hydro-
phobic, 6-9 water dispersible, and 9-20 hydrophilic).
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surfactant chain length is known to promote reduction of the surface
tension at low surfactant concentrations (Smit et al., 1990). Ordering of
the surfactant head groups normal to the interface may determine the
effectiveness of the surfactants with branching of the hydrophobic tails
(Rekvig et al., 2003). In some cases, addition of surfactants may also
result in formation of equilibrium colloidal systems (surfactant levels
exceeding CMC). The generic phase behaviour of non-ionic surfactants is
illustrated in Fig. 11 (Davis, 1994).

The current chapter is limited to the molecular-based surfactants.
However, it should be mentioned that emulsions can also be effectively
stabilized by particle-based surfactants (Pickering stabilization is
mentioned in 4.2.7). Non-ionic surfactants'® are often used for stabili-
zation of model/mineral oil emulsions and/or so-called reference fluids
developed to investigate and predict dynamics of emulsion stability in
real crude oil systems (Voulgaropoulos, 2017; Simonsen et al., 2014).
One of the commonly used examples is Span 80, which is a sorbitan ester
of a naturally occurring oleic acid. In agreement with its HLB value of
4.3, the surfactant is highly effective at forming O/W emulsions. Surface
tension of a system stabilized by a non-ionic surfactant can be calculated
by combining Gibbs adsorption equation for non-ionic surfactants with
Langmuir adsorption isotherm. The final surface equation of state (EOS)
can be written as:

6=06,— Rt In(1+Ky.)

where o, is the surface tension of a system without surfactant, I'y, is the
adsorption capacity, K; is the ratio between the adsorption and
desorption rate constants, R is the universal gas constant, t is the tem-
perature and c is the molar concentration of surfactant in the bulk. The
EOS equation can be used to link concentration of a non-ionic surfactant
to the interfacial tension of a system. Another way to predict not only the
surface tension, but also the dynamic surface tension is by using statis-
tical mechanical models incorporating surfactant tail length, concen-
tration, and temperature (Cho et al., 2018).

5.1. Surfactant effect on the neck expansion velocity of bubbles and
droplets

As mentioned in section 3.1, neck expansion velocity is a second
defining factor in the rate of coalescence (after the thin film thinning).
Results of numerical simulations reveal that the surfactant concentra-
tion along the interface of coalescing droplets and bubbles is not uniform
during coalescence, and two peaks of concentration are located sym-
metrically on either side of the neck for the initial times (Martin and
Blanchette, 2015). It was recently estimated that the presence of sur-
factants modifies the geometry of the approaching interfaces compared
to systems without surfactants. The case of Span 80 dissolved in the bulk
phase is presented by Chinaud et al. (2016). These models predict sur-
factant effect on partial coalescence of droplets and bubbles with a flat

PHASE DIAGRAM:
WATER-OIL-NONIONIC SURFACTANT
SURFACTANT CONC. = 7 weight%

O/W MICELLES

—.‘-—_H I - R T -
10 0 20 40 6 8 100
WATER —> relative®  OIL

Fig. 11. Phase diagram of C;3Es, n-octane and water (Davis, 1994).
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fluid interface, however, similarities can be drawn towards
droplet-droplet and bubble-bubble coalescence.

5.2. Surfactant effect on emulsion viscosity (rheology)

The correlation of surfactant concentration and type on the viscosity
of polysaccharide emulsions (weak gel-like medium) was studied by
Manca et al. (2001). Abil B8842 (high-molecular weight) and Triton
N101 (low-molecular weight) surfactants were used. One can see that
the concentration of both surfactants leads to viscosity reduction at low
shear rates, which is followed by its significant increase at high shear
rates (Manca et al., 2001). Opposite behaviour of the 40 wt% Triton
N101 emulsions can be explained by the structural contribution of the
surfactant molecules at this high concentration (no more details are
given). It was suggested that at low shear rates, the polysaccharide
matrix shows a limited connectivity induced by surfactant micelles (this
associates with disruption in connectivity between the polymer chains).
At high shear rates, smaller gel domains are formed and the surfactant
contribution to the increase in system rheology is expected.

More sources refer to the mechanisms of surfactant contribution to
emulsion viscosity. The increase in emulsion viscosity caused by the
low-molecular weight surfactants leads to reduced mobility of the
continuous phase due to formation of micelles at high surfactant con-
centrations (Reynolds et al., 2001). If high molecular weight surfactants
are used, the increase in viscosity can be explained by the adsorption of
large molecules and consequent formation of structured interfacial
layers (example of protein-stabilized emulsions) (Dimitrova and
Leal-Calderon, 2004).

5.3. Surfactant effect on foam stability

The effect of the non-ionic surfactants on the interactions in the thin
foam films is typically estimated by the dependence of the equilibrium
film thickness on the surfactant concentration. According to a range of
studies summarized by Manev and Nguyen (2005), the equilibrium film
thickness is also dependent on the pH and increases with increasing
alkalinity, and the maximum equilibrium thickness (at a given ionic
strength) has similar values for the majority of non-ionic surfactants. At
the same time, the electrostatic disjoining pressure decreases at high
surfactant concentrations, which directly affects formation of the equi-
librium films. Experimental characterization of the foamability or foam
stability of a solution can be performed using a number of techniques,
including Bikerman’s method, the Ross-Miles method, and the Bartsch
method (Pugh, 2016). Prediction of the foamability of a surfactant so-
lution seems to be difficult when the results are correlated to the bulk
surfactant concentration. More clear correlations can, however, be
established with regard to the surfactant type, surface tension and/or
surface mobilities and surface elasticities calculated from the surface
tension values (Petkova et al., 2020). An example showing the volume of
entrapped air after 100 shakes (shaking method) in solutions stabilized
by a range of ionic and non-ionic surfactants is given in Fig. 12. Sig-
nificant differences in the foaming profiles of the non-ionic and ionic
surfactants are observed. In the case of ionic surfactant, electrostatic
repulsion between the foam film surfaces stabilizes the dynamic foam
films already at moderate surface coverage and relatively high ionic
strength (up to 100 mM NacCl). A dimensionless parameter ‘foamability
number’ (Q), which is a compilation of surfactant concentration, surface
tension, surface concentration, molecular weight, and diffusion coeffi-
cient, was introduced to evaluate the surfactant contribution (Verma
et al., 2020). It was shown that the Q and solution foamability had a
linear relationship for the tested solutions containing cationic and
anionic surfactants.

Modelling and experimental efforts with emphasis on interfacial
rheology and stress-deformation behaviour of interfaces containing
different surfactant types have been summarized in a comprehensive
review by Sagis (2011). The transient evolution of the flow around a
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Fig. 12. Volume of trapped air vs. dynamic surface tension (Petkova
et al., 2020).

spherical bubble rising in a liquid containing a partially soluble sur-
factant was numerically simulated by Cuenot and Jacques (1997). The
model accounted for bulk mass surfactant transfer, adsorption and
desorption parameters, which are often neglected in models. The results
describe the temporal evolution of the relevant scalar and dynamic
interfacial quantities as well as the changes in the flow structure and the
increase of the drag coefficient. These effects are mostly relevant for
bubbly flows. It has also been shown that mixing liquids of different
polarities may result in a surfactant-like behaviour of the liquid with
smaller surface tension (Tran et al., 2020). In this case, foam or froth
formation is expected. Thin film thickness reached by the liquid films
before drainage was computed from the experimental variations of
surface tension with the mixture composition. The described effect is
noted to have potentially large consequences for the flow of fluids in
contact with gases. Among some of the recent attempts to model
surfactant-dependent thin film drainage at L-L and L-G interfaces are the
works by Ozan and Jakobsen (Ozan and Jakobsen, 2019, 2020; Ozan
et al., 2021). Effects of surface rheology on the drainage of thin films
containing low surfactant concentrations (inhomogeneous coverage)
were investigated for the systems with water as continuous phase.
Marangoni stresses and surface viscosities were shown to have a sig-
nificant effect on the coalesce timescales of bubbles and droplets with
viscosity similar to the one of water. The two parameters were, however,
mentioned to overshadow each as simulation parameters were varied.
Presence of surfactants were shown not only to contribute to the
occurrence of Marangoni flows, but also to increase interface immobility
through contribution to higher interfacial viscosity. Droplet and bubble
approach velocity had a significant effect on the surface rheological
parameters (Ozan and Jakobsen, 2019). A surface analogous of the
Upper Convected Maxwell model was used to estimate the effects of
surface viscoelasticity on the thin film drainage between two fluid
droplets. The model was developed a surfactant-laden surface with
uniform molecular distribution over the interface. Time dependent
viscoelasticity was shown to be essential for accurate prediction of the
coalesce timescales. This was associated with the behaviour shift
resulting from elastic forces and interface mobility affected by surfactant
presence (Ozan and Jakobsen, 2020).

5.4. Emulsions

Emulsion stability is determined mainly by the elasticity (thermo-
dynamic factor) and viscosity (kinetic factor) in droplet interactions
(Izmailova et al., 2000; Danov, 2001), both of which closely interrelate
with the intermolecular interactions in surfactant layers adsorbed at the
interfaces. The chemical nature of each specific surfactant and fluid
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system represents the primary practical interest. Depending on the
surfactant type, the two effects either have the same order of magnitude,
or the surface elasticity is more important than the surface viscosity for
the tangential mobility of interfaces and for its impact on the emulsion
viscosity (Danov, 2001). When shear stress is applied, surfactants
adsorbed at the interface will generate a stress gradient resulting in the
increase of the elastic emulsion component (G). This increase leads to
consequent delay of droplet coalescence and increase in the overall
emulsion stability. Interfacial adsorption layers of surfactants will, to a
large degree, also influence viscosity and flow characteristics of emul-
sions under applied stress or force.

5.4.1. Dilute emulsions

Analysis of surfactant (presumed soluble in both phases) effects on
the slow motion of a droplet in dilute emulsion system was performed by
Danov (2001), who presented three key parameters influencing the flow
of droplets: 1). The viscosity ratio of the phases, A =1,/ 1,; 2). The ratio

tuf and 3). Elasticity of the

1o
interfacial layer and diffusion of a surfactant expressed as =

of surface (2D) viscosity expressed as

Regs
2n,Degy 2

where Reg; is the surface elasticity modulus and Dy is the apparent
diffusion coefficient of the surfactant. If the droplet size distribution and
the interfacial properties of the system are known, the effective viscosity
of the emulsion can be calculated as:

o _ 3
’7——17(1-"—2(8))@

o

where ¢ is the mobility parameter of the interfacial layer averaged for all
droplets and depends on the three parameters listed above.

5.4.2. Concentrated emulsions

A model predicting influence of both the surfactant concentration and
hydrodynamic conditions on the mean droplet diameter (dsz) was
developed and experimentally confirmed using whey protein concentrate
(as surfactant) (Tcholakova et al., 2003). The O/W emulsions were pro-
duced by passing through a homogenizer. The applied pressure at the
inlet, flow rate, emulsification duration, and corresponding number of
passes were varied. It was concluded that at low surfactant concentrations
the Sauter mean droplet diameter ds» is governed by the surfactant spe-
cific threshold adsorption value (I'*) and can be calculated as follows:

60T
dy = ———
(I—®)Cp
where @ is the volume fraction of the dispersed phase and CY is the
normalized surfactant concentration. The equation confirms that the ds»
is independent of the dispersed phase volume fraction or the hydrody-
namic regime. At high surfactant concentrations, however, ds; was
found to be independent of the protein surfactant concentration and was
determined mainly by the power of dissipation in the emulsification
device.

The same model was later applied to evaluate the effect of surfactant
type (anionic, non-ionic and protein), surfactant concentration and ionic
strength of the aqueous solution (concentration of NaCl) in turbulent
flow (Tcholakova et al., 2004). The model well described the defect of
non-ionic and protein surfactant concentrations (low concentration
range) on ds; at high NaCl concentration of 150 mM. The model was also
found inapplicable to emulsions stabilized by the ionic and non-ionic
surfactants at low NaCl concentrations.

5.5. Asphaltenes as crude oil emulsion stabilizers

Asphaltenes are known to form a cross-linked interfacial film
responsible for the stability of crude oil emulsions. Just like surfactants,
asphaltenes are assumed to follow a Langmuir type equation of state and
their surface coverage is considered as to be the main contributor to the
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changes in interfacial tension (Interfacial Rheology of Asphaltenes at,
2013). As the interface becomes full of asphaltene molecules or their
colloidal aggregates, and the critical surface coverages are reached, a
subsequent reduction of the asphaltene surface mobility will cause
resistance to droplet deformation and droplet coalescence. As resins are
always present in crude oils, their contribution to the interface stabili-
zation and interactions with asphaltenes have to be accounted for (2.2).
Resins are structurally similar to asphaltenes, but smaller in molecular
weight. This allows them to form “networks” with the asphaltene ag-
gregates, which can diffuse and adsorb to the interfaces faster than pure
asphaltene aggregates. At the interface, a molecular rearrangement oc-
curs, and resins become the primary adsorbent by displacing the
asphaltenes and possibly reducing the interface stability (Yang et al.,
2007).

5.6. Role of production chemicals in crude oil emulsion stability

It is often observed that the stability of a crude oil emulsion can in-
crease by up to 10-fold if certain production chemicals are leaked into or
mixed with the fluid systems. Among other factors, the resulting stability
increase arises from the decrease of the surface tension caused by the
earlier discussed rearrangement and/or adsorption of additional
surface-active compounds (both particulate and molecular-based). This
effect is even more difficult to predict as the original surfactant con-
centrations, fluid temperatures, flow conditions and phase fractions are
already dynamic parameters. The majority of the oil field production
chemicals are water-soluble and may (under certain conditions) favour
stable O/W emulsions (Hustad et al.). As the pH of the water phase af-
fects emulsion stability, acidization operations must be properly
designed. The expected changes in interfacial composition arising from
surfactant concentration, surface activity, molecular dimensions,
post-adsorption conformational changes, and interactions can be pre-
dicted through modelling (Guzman et al., 2016). However, such models
often require detailed knowledge about the molecular and physico-
chemical properties of the system. Without examples of the potentially
introduced production chemicals, one could use mixed surfactant sys-
tems to better understand the combined effect of several stabilizers
adsorbed at a L-L interface.

One relevant study investigated the effect of a range of chemicals on
the properties of the interfacial films in model W/O toluene and
heptane-toluene emulsions stabilized by asphaltenes as well as diluted
water-in-bitumen emulsions (Ortiz et al., 2010). The investigated
chemicals included Aerosol OT, nonyphenol ethoxylates, polypropylene
oxide/polyethylene oxide block-copolymer, dodecylbenzene sulfonic
acids (branched and linear), docecylbenzene sulfonic acid-polymer
blend, diisopropyl naphthalene sulfonic acid, and sodium naph-
thenate. Emulsion stability was correlated to a stability parameter,
which is a function of the crumpling film ratio and interfacial tension (or
surface pressure). Either increase or decrease in emulsion stability was
observed as a result of the surfactant addition. This mostly was attrib-
uted to their ability to eliminate the crumpling point. Surfactants that
failed to do so consequently decreased the crumpling ratio (the surface
area at which the film crumpled relative to the initial surface area).

6. Summary

The stability of emulsions and foams is considered to be a crucial
component for modelling complex fluid systems such as crude oils and
other surfactant-stabilized systems. Specifically, the stability of oil/
water emulsions can have a substantial effect on the total pressure loss in
oil production systems and may also have important implications with
respect to the presence of free water and subsequent corrosion issues.
Gas-liquid foaming may substantially affect the flow characteristics of
systems, possibly leading to extremely long slugs that cause problems for
the separation facilities.

This review highlights some of the key physical mechanisms that
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govern droplet coalescence and break-up in the presence of surfactants,
as well as various modelling efforts reported in the public literature.
Many of the phenomena governing coalescence and break-up may be in
practice impossible to model in detail because of the sheer complexity of
the problem. Developing relatively pragmatic methods for modelling
emulsion/foam stability, using simple characterization methods to
calibrate the models for each specific fluid system, could be a promising
approach. Still, a good understanding of the underlying fundamentals is
important when formulating pragmatic models. Specifically, a general
understanding of the most underlying phenomena will be helpful in
establishing the limitations in the models, and to establish guidelines on
how the models should be used. Some of the mechanisms to be
considered in a model for emulsion/foam stability are.

1. Film drainage between colliding droplets, and the associated influ-
ence of surfactants.

2. Droplet collision frequency and efficiency.

. Surfactant diffusion from the bulk to the interface.

4. Droplet deformation.

w

It should be noted that the studies reviewed in this document either
consider liquid-liquid emulsions or gas-liquid foams, but none consider
the simultaneous existence of both at the same time as may be the case in
three-phase flows. Three-phase flows are common during production
and transport in the oil and gas industry, and a relatively limited number
of models exists for predicting three-phase flows (Zhang and Sarica,
2006; Cazarez et al., 2010), much less coalescence and separation in
three-phase systems. It is thus unclear how emulsions and foams interact
when simultaneously present in the same fluid bulk.
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