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15.1 BACKGROUND

On the one hand electrostatic forces are special in that they may act over large distances. Effects
such as lightning is one example here. This is contrary to hydrodynamic forces, which are near
field forces: one mass element acts on the neighboring elements only. On the other hand, the
effects of electrostatic charges and forces are significant down to a molecular level. Electrostatics
therefore come into consideration in many different cases.

Electrostatics is a very important aspect of high voltage insulation design [1] where knowledge
of the effects of electric fields on materials is required. Electrostatics has also found applica-
tion in a number of different industrial processes, like gas filtration, separation, spraying, and
copying [2,3].

Electrocoalescence is usually the denotation of an industrial separation process used on water-
in-oil emulsions, where the electric fields are used to assist merging of small water drops into
larger ones that will settle more quickly in a separation tank. This topic has relevance to the
petroleum industry, where water-in-oil emulsions are formed by de-pressurization of oil mixed
with water and also in the process of removing water deliberately added as fine emulsions in
desalinizers in petroleum processing plants. The first patent for an electrocoalescer was filed in
1908 [4]. The electrostatic effects arise from the very different properties of oil and water, water
having a dielectric permittivity and conductivity values much higher than those of oil (in practice
one often considers water as perfectly conducting like metals).

It is the interfacial effects that stabilize water in crude oil emulsions. A vast literature exists on
the chemical aspects of emulsion stability and the use of chemical de-emulsifiers [5]. Electrostatic
coalescers have a potential to be an alternative to heating, which is energy consuming, and to the
use of chemical emulsion breakers, which may be detrimental from an environmental viewpoint.
Different voltages like dc, ac, and even pulsed dc are used for electrocoalescence, and much of the
literature has focused on determining the optimum frequencies and electric field levels. Designs
vary in respect to whether or not using electrode insulation, and using laminar or turbulent flows,
the former one being the most popular.

To a large extent the effects of the electrostatic field are explained by body forces acting
on water drops either because they are charged, giving rise to electrophoretic forces, or because
they become polarized in divergent fields, resulting in so-called dielectrophoretic forces. Less
attention has been paid to the phenomena occurring just when two drops are brought close to
each other and eventually merge into one drop.

Without the basic understanding of the final coalescence or merging mechanism, it is not
surprising that the efficiency of an electrocoalescer may vary and even disappear depending on
the oil source and on the working conditions. How the design and settings should be fitted to a
certain well and/or its temporal development is a crucial question. We believe that a closer look
into the physical mechanisms may help overcome this type of problem.

Field-enhanced coalescence and movement of dielectric and conductive particles in an insu-
lating environment has been studied within a number of different disciplines, and it may be
useful to “take a peek over the fence” to see what is available there. The interaction of water
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drops in electric dc fields has been extensively studied as an active process in cloud physics
and rain formation; movement of dielectric moist cellulose particles in oil has been studied
as one process responsible for triggering breakdown in transformer insulation and, finally, the
behavior of suspensions of dielectric particles in oil has been investigated for applications like
electrorheology.

15.2 INTRODUCTION

During the past 100 years, electrocoalescence has been used in different coalescer designs and
various techniques have been promoted based on different voltage shapes, flow characteristics,
and electrode shape and coating. Waterman made a survey of different applications and techniques
for electrostatic treatment of water-in-oil emulsions [6]. Eow [7,8] has lately given a thorough
review of the status and variations of the technique in his two papers.

Experience from oil/water separators on offshore platforms reports that coalescer efficiency
often varies between wells and also with time on a given well. It is not obvious how to adapt the
electrocoalescence process to the specific emulsion properties for a certain oil well. The crude
oil properties will vary with respect to viscosity, conductivity, and water cut, and the interphase
layer can have certain surface tension and rheological characteristics that interact with an applied
electrical field: Electric forces will act on ions generated by carboxylic acids that precipitate at
the interface between water and oil. Knowing that water has a permittivity of around 80 (varying
from 87.9 at 0°C to 55.5 at 100°C) to be compared with that of crude oil (about 3), and that
the conductivity values for water and oil are widely different and may vary over many decades,
one cannot expect a universal optimum voltage frequency to exist for ac coalescers. It may be
worthwhile to have a closer look at the role played by the components of an emulsion, particularly
the influence of materials properties on the field and charge distributions under various conditions:
That is to take a closer look at the basic electrostatic processes.

The aim of this chapter is to give an insight into the physical processes and properties that
we know or suspect may govern the electrically enhanced and induced coalescence process of
water drops in a mineral oil. Even though we do not intend to write a review of the present
status of research on electrocoalescence, we will draw attention to examples from our own and
other studies in this field, as well as more basic relevant background literature. We will mainly be
concerned with electrostatic phenomena in stagnant emulsions and electro-hydrodynamic (EHD)
phenomena, and in a limited way only consider hydrodynamic effects in the liquid bulk. Urdahl
et al. [9] have given a good review of the role hydrodynamic flows play in electrocoalescence.

This chapter is organized in five parts, going from basic textbook knowledge through simpler
cases concerning singular drops or drop pairs towards somewhat more speculative considerations
of emulsion behavior and coalescer designs.

In Section 15.3 (Basic electrostatics) we will discuss subjects like forces between charged
bodies and polarized bodies, differences between charging and conductance in metallic and dielec-
tric bodies in electric fields, potential distribution in multi-dielectric systems and time constants
for charging and charge decay of materials and systems.

In Section 15.4 we look at the forces acting on a single drop, drop pairs, and drops in an
emulsion in homogeneous and inhomogeneous electric fields.

Section 15.5 explains how a drop disintegrates when stressed by an electric field and how
the roles of voltage frequency and shape, surface tension, and drop size are all consistent with
classic theory.

In Section 15.6 (The electrocoalescence mechanism) we discuss the validity of several differ-
ent hypotheses of what really occurs in the sequence from drop proximity to established continuity
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552 Emulsions and Emulsion Stability

in the water phase in the two drops. Weight will be put on explaining an electric field induced
surface instability being the basic coalescence mechanism.

Finally, Section 15.7 deals with practical implications and discusses how the present under-
standing may help in analyzing coalescer performance.

15.3 BASIC ELECTROSTATICS
15.3.1 INTRODUCTION

The characteristics and properties of dielectric materials are described with some detail in text-
books on electromagnetism. We recall only some aspects, which are of interest for the water-in-oil
emulsions considered here.

15.3.2 ELecTrROSTATIC FieLDs AND FORCES IN VACUUM

The theory of electrostatics explains how charges create forces upon other charges and how the
electric field and potential are defined.

An electric field is said to exist at a point where a stationary charge experiences a force. The
electric field E is defined from the force exerted on a positive unit charge introduced at that point
(see Figure 15.1). In practice we have:

E = lim — (15.1)
q'=04q’

The limit ¢" — 0 is required in order for the test charge not to influence the source. The simplest
type of electric field, the electrostatic field, is induced by stationary charges. Two point electric
charges repel each other when they are of same polarity, and attract each other when they are of
opposite polarity. The interaction force follows the law experimentally determined by Coulomb.
In vacuum the force between two point charges ¢ and ¢’ with a separation r has an inverse square
law variation on r:

aq’

F= é
4JT8()I’2 "

(15.2)

where ¢ is the vacuum permittivity and ¢, is a unit vector in the r direction. From Equations
15.1 and 15.2 the electrostatic field created by a point charge g at a point lying at the distance r

5
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FIGURE 15.1 (a) Force on a point charge and Coulomb force between charges of opposite (b) and equal
(c) polarity.
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FIGURE 15.2 Examples of homogeneous (a) and inhomogeneous (b) electric field.

from ¢ is given by:

- q A
E= dmeor? ér (15.3)

The concept of electric field is simplest explained by looking at a planar air capacitor with
two metallic electrodes of area A separated by a distance d. With a voltage U applied between
the two plates one obtains a constant or homogeneous electric field E between them: E = Uld,
as shown in Figure 15.2(a). This field will move free charges towards the electrodes. If one
considers a point charge, this charge will induce an electric field around it that is either directed
from or towards the charge. The field that decays with distance from the charge is divergent or
inhomogeneous (Figure 15.2(b)).

The electric potential V is defined from the work done by moving a unit charge between two
points in an electric field. The potential difference between two points is obtained by integrating
the field along any path between these points. Potential can be defined at points and on surfaces;
surfaces of metallic or other conducting materials are equipotential.

If there are many charges distributed over a volume or a surface, then the resulting field can
be found by summing up the contributions from each of them. It is then easy to show that the
electric field E can be expressed as the gradient of the scalar potential V:

E=-VV (15.4)

The electric potential V at a distance r from a point charge is then given by Equations 15.3
and 15.4:

__ 4
47‘[801‘

(15.5)

If there are several charges, the resulting potential at a point is the scalar sum of the individual
potentials. The electric capacitance of a conductor is defined as the ratio of the conductor’s
charge to the applied voltage, C = Q/V. The capacitance involves geometrical parameters.

It can further be shown that, at any point in an electrostatic field, the following relation holds:

V.E=p/e (15.6)
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FIGURE 15.3 The electric dipole.

where p is the volume charge density. Combining Equations 15.4 and 15.6 leads to the Poisson
equation:

vy =-2

€0

(15.7)

In a charge-free region (p = 0) the above expression becomes Laplace’s equation. When
the electrode- and equipotential surfaces coincide with the surfaces of an orthogonal coordinate
system, Laplace’s equation will be separable and can be solved analytically. This has been done
in Figure 15.2 for rectangular (Cartesian), cylindrical, and spherical coordinates respectively.

Historically, to account for the long distance nature of electromagnetic forces, Faraday, and
later Maxwell, considered the region of space occupied by an electromagnetic field to be in a
state of stress, where electric (and magnetic) forces are transmitted as tension or compression
by elastic lines of forces. Mathematically, this is generalized by Maxwell’s stress tensor. For an
isotropic medium it is easy to show that the electrostatic energy density is given by:

1
We = —e0E>

5 (15.8)

An electric dipole is an arrangement of two charges +¢ and —q of opposite polarity separated
by a fixed distance d; see Figure 15.3. The resulting potential from both charges at any point is
given by Equation 15.5. Assuming r 3> d the potential at point P will be V = p cos 9/(4n80r2),
where the dipole moment is defined by p =g - d. The radial and tangential electric field components
of the dipole are found by applying Equation 15.4.

2pcosé
E = ——
4 epr3
. (15.9)
psiné
Eg=—
4 eor3

15.3.3 POLARIZATION

Most dielectric materials, in particular liquids, are molecular compounds. An applied electric
field polarizes the medium, i.e., it creates in every volume Av a dipolar moment p proportional
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o Av: p = PAv. The polarization P is generally proportional to the electric field: P = XE ,
x being the electrical susceptibility. .

In liquids there are two mechanisms generating P. The first one, the electronic polarization, is
universal and arises from the field induced rearrangement of the electronic clouds in the molecules.
The second mechanism, orientation polarization, is specific of the so-called polar materials such
that their molecules have a permanent dipole moment (it is the case of water); the field then
tends to align the dipoles along its direction.

The polarization makes it necessary to define a second vector, the electric induction D in
order to describe the electric state of any system with d1e1ectr1c material (D = SoE() + P) Most
often the susceptibility x is a constant scalar so that D= sEo, & = g0 + x being the material
permittivity. Inside a dielectric material, the polarization induces an electric field that partly
counteracts the field Ey from which the polarization originates. The dielectric constant &, = £/gg
gives a measure of the compensation ability.

Two charges ¢ and ¢’ located in a dielectric material with permittivity ¢ will experience a
force according to the Coulomb law F = ¢q’/ (4n£08rr2). If a piece of dielectric material is
placed in an electric field in vacuum, or in a lower permittivity material, the inner electric field
E; is reduced compared to the background field Ey. For a dielectric sphere this reduction is given
by Ei/Eo = 3e2/(2¢2 + €1), where &1 is the permittivity of the sphere and ¢, is the permittivity
of the surrounding material.

15.3.4 CoNDUCTION

Polarization inherently assumes that the material is a perfect insulator. In practice such materials
do not exist. There are always some charge carriers that are free to move once an electric field
is applied. Conduction properties must also be taken into account. In a metal, conduction results
from movement of free electrons, while in dielectric materials it is movement of ions, electron
hopping etc. In a liquid, the conduction mainly takes place through ionic movement. When an
electric field E exerts a force upon an ion it will tend to move and gains an average velocity v
proportional to the electric field given by its mobility K: v = KE. The resulting current density j
is found when introducing the number of charge carriers n (assuming univalent charge carriers):
j = ne(K™ + K™)E. The ability of a material to conduct current is described by its conductivity
y = ne(K* + K7), which is the inverse of its resistivity, defined by p = E/j. Ohmic conduction
is defined by p being independent of E. Resistivity is a material parameter that, combined with
geometrical dimensions of the material, gives the resistance R = U/I.

The conductivity in a bulk dielectric liquid is mainly governed by the ion concentration.
Normally, conductivity is measured with quite low fields. In an insulating liquid (e.g., oil) con-
duction is ohmic only for low electric fields. Ions appear in the liquid by dissociation of traces of
electrolytes dissolved in the liquid. The dissociation constant of a weak electrolyte is a function of
the applied electric field according to Onsager’s theory [10]. (At room temperature, the dissocia-
tion constant will increase by a factor of 10 when the electric field is increased to 5 x 10* V/cm,
compared to ohmic conduction.)

Metals are different from dielectrics in that the electrons are free to move around in the
conduction band. If a metal is placed in an electric field the electrons will move to the surface
of the metal and arrange themselves so that the internal field in the metal is zero.

In many ways one can regard a metal as a dielectric with an infinitely high permittivity or
the other way; model a high permittivity dielectric as conducting body. However, disregarding
conduction in the dielectric material, even if the two cases look similar from the outside, there
is an important difference: The charges on metals are free to move to another object if they get
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FIGURE 15.4 Polarization of conductive (left) and insulating (right) sphere and interaction with electrode
upon contact. Top: No electric field. Evenly distributed free charges (left) and randomly oriented
dipoles (right). Middle: Applied electric field. The conductive sphere is polarized by displacement of
the free negative charges. In the dielectric sphere the dipoles try to align with the electric field lines.
Bottom: Applied electric field, and spheres in contact with the positive electrode. Negative, free charges
have moved to the positive electrode, and the conducting sphere is left with positive net charge. The
dielectric sphere has no free charges and remains with zero net charge.

into contact as shown in Figure 15.4, while there are no free charges in the dielectric so it will
always have zero net charge.

15.3.5 TimMe CONSTANTS

Conductance is the transport of free charges. From the outside it is not a priori easy to see
the difference between charge movement (conductance) and charge rearrangement (polarization)
within a material. In any case a charge-neutral body in an electric field will behave as a dipole.
The main difference is the speed of the processes. For a metal the polarization will, for our
practical cases, be instantaneous, while for dielectric bodies it will involve some time. In general,
the polarization will be a quick process, compared to redistribution of charges by conduction,
which takes more time.

The time constant of charge redistribution or relaxation is a material constant: T = gpg,/y =
eoerp. This is equivalent to the time constant for a capacitor, T = RC, where C is the capacitance
and R the internal resistance. This time constant for a material is an important parameter describing
whether the material behaves like a conductor or an insulator. For time varying fields changing
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much faster than the time constant the material will behave like an insulator and vice versa.
Another important aspect is that charges placed in a dielectric will leak away at a rate given by
this time constant.

15.3.6 INTERFACES

At the interfaces between different materials continuity relations must be expressed. For two
perfect dielectric materials there is continuity of the electric potential and of the normal component
of electric induction:

&2(E2), = €1(E1), (15.10)
Taking into account the conduction of the materials leads to the general relation
82(E2)n _81(E1)n = Oy (1511)

where oy is the surface charge density of free charge carriers and depends on the conduction
properties. When one of the materials (No. 1 here) is conducting, the field £; = 0 and the surface
charge density oy is related to the field E»:

oy = &2E» (15.12)

The action of the field on the surface charge density results in the so-called electrostatic pressure:

oo

Pes = ESQE0 (15.13)

ut

15.3.7 PracTicAL COALESCER SYSTEM

The differences in dielectric properties of emulsions and of materials in electrocoalescers have
several important practical implications: Both ac and dc frequencies are utilized, and one should
consider the effects of the time constants on both drops in the emulsion and the emulsion itself
between the electrodes.

To understand the effect of the applied voltage shape, it is important to be familiar with the
terms of capacitive and resistive voltage distribution. As mentioned earlier in this chapter, the
capacitance of a conductor is defined as the ratio of its charge to its potential, C = Q/V. As an
example, we see from Equation 15.5 that the capacitance of a conducting sphere of radius R
is Csphere = 4meoe, R, when the sphere is surrounded by a dielectric of dielectric constant &,.
A typical capacitor is formed by two parallel conducting plates as shown in Figure 15.5.

The electrodes are separated by a distance d and the space between them is filled by a
dielectric. When ois the surface charge density on the plates according to Equation 15.12, the
electric field between the plates is E = o /¢ = (V1 — V3)/d. Further, if A is the area of the plates,
the capacitance of the parallel plates is

c=2_°4_..2 (15.14)
U T Ay Ty '

Similarly, the resistance R between the plates is given by the conductivity y of the dielectric,
R = d/(yA), and the resulting charge relaxation time is t = RC = gp&,/y. Under dc step
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FIGURE 15.5 Parallel plate capacitor.

conditions the total current between the electrodes is the sum of a dc conduction current and a
transient displacement current. The current density is expressed by

. . . d
J = Jconduction + Jdisplacement = VE + E(E E) (15.15)

Thus, for a constant, or even slowly varying electric field, the current density and the local
electric field will be determined by the conductivity of the dielectric material.

Figure 15.6 shows a simplified electrocoalescer with electrodes coated by a solid insulating
material. As shown in Table 15.1, the conductivity is much lower for a solid insulating material
than for a crude oil emulsion and the time constants will therefore also be very different. If a dc
field is applied all ions and charge carriers will quickly move to the insulating barrier. The field
distribution is governed by the conductivity of the materials and the surface charge on the solid
coating. The effect of this is that the voltage drop between the metallic electrodes mainly takes
place across the solid insulation; as a result there is no field in the emulsion that can activate the
electrocoalescence process.

TABLE 15.1
List of Material Constants
Material Conductivity Dielectric Relaxation
(S/m) Constant Time Constant (s)
Solid insulation 1 x 10710 t0 1 x 10714 4106 53 x 103 t0 3.5 x 10°
Pure oil 1x107B t01x 10712 2t03 27 to 177
Crude oil 1x10% w0 1x1077 203 27 %1074 to 1.8 x 1072
Purified water >4x1070 20°C: 80 1.8 x 1074
90°C: 58 13 x 1074

Water with ~1 20°C: 80 7.1 x 10710

5 wt% NaCl 90°C: 58 5.1 x 10710
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FIGURE 15.6 Example of emulsion between electrically insulated electrodes. Solid line: dc voltage
distribution. Dashed line: ac voltage distribution.

If ac is applied at the system then the picture is quite different. Provided the frequency of
the applied voltage has a period significantly shorter than the time constant of the emulsion, then
the ions and charged particles will not have time to move to the insulating barriers and build up
surface charge. It is now the permittivities that govern the electric field distribution; we say we
have a capacitive field distribution.

15.3.8 PoLARrizATION AND CoNDUCTIVITY OF WATER DROPS

Even for highly purified water the electrolytic conductivity will be y > 4 x 107%(Qm)~!. When
salt is added to the water the conductivity increases with the salt concentration as shown in
Figure 15.7 [11]. Typically, seawater has an average salinity about 35 psu (3.5 wt% salt). The
relaxation constant will be less than 1 ns, indicating that one may equal a water drop with a
conductive body.

15.3.9 PRrocesses FOR CHARGING OF Drops

When a conducting body like a water drop hits a metallic plane with an electric field the particle
will receive a net charge Q. For a sphere of radius a in a liquid of permittivity ¢ this is
72
0= ?4718a2E0 (15.16)

The more elongated the particle is in the direction of the field the higher the charge [12].
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FIGURE 15.7 Resistivity of water as a function of salinity.

Water drops can also be charged in other processes such as charge transfer from other bodies,
streaming electrification, adsorption of polar ions on the drop surface (preferential adsorption),
and by drop breakup. The latter case is due to polarization of the water drop. As the drop is
conductive, positive and negative ions will separate on the drop surfaces and provide a net charge
at each drop pole. Consequently, if the drop breaks up, either by collision, turbulence, or a high
field induced instability, the resulting droplets will carry net charges.

15.3.10 CHemicAL SURFACE POTENTIALS IN EXTERNAL ELecTRICAL FIELDS

So far we have considered the interface between the phases (water/oil or oil/electrode) as quite
ideal, only described by its interfacial tension and a location where charges may accumulate.
In reality the interface has its own microscopic electrostatic environment. Between a metallic
surface and liquid there is an electrochemical potential difference; ions from the liquid accumulate
at the interface and get bound to it by their electric images in the metal. At thermodynamic
equilibrium (E = 0) this electric double layer (EDL) has a diffuse part in the liquid. The higher
the number of charge carriers available, the faster the field will decrease with distance from the
surface. The characteristic distance, called the Debye length, is related to fluid conductivity y,
permittivity &, and molecular diffusion coefficient D by Ap = /De/y. As there are much more
ions in water than in oil the Debye length will be much smaller in water than in oil. In aqueous
electrolytes the EDL thickness has a typical value of only 1 nm. At room temperature the thermal
voltage drop across this layer yields a very high internal electric field E = (kT /q)/Ap ~ 300
kV/cm. For low conductivity oils the corresponding higher Debye length and lower internal field
are respectively of the order of 5 wm and 50 V/cm [13]. With external fields of 1 kV/cm, which
is in the design range for a coalescer, the diffuse layer in the oil will be swept away.
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15.4 ELECTROSTATIC FORCES AND MOVEMENT
15.4.1 ELecTROSTATIC FORCES ACTING ON A SINGLE DROPLET

Depending on the charging and polarization of a body (hereafter denoted the water drop) and
the distribution of the external electric field, different forces may act. We distinguish between
electrophoretic and dielectrophoretic forces. We will disregard effects from forces resulting in a
change of the drop shape, assuming a fixed spherical shape.

The movement resulting from an electric field acting on a charged drop is denoted elec-
trophoresis. As explained in Section 15.3 the force is F= qE where the direction of the force
depends on polarity of the charge ¢ and the direction of the electric field. In the case where the
particle is subjected to a homogeneous ac field the particle will oscillate, but over time no net
displacement is observed. For dc fields a net movement will result. These forces do not depend
on material properties. The maximum charge a drop may carry is equal to what it may acquire
upon contact with an electrode (Equation 15.16). However, this charge may leak away to the
surrounding oil. The time constant T for this is given by the relaxation time constant of the
surrounding liquid v = ¢/y, where ¢ is its permittivity and y its conductivity.

Dielectrophoretic forces, on the other hand, do not require net charging, but depend on
material properties. This force only arises for inhomogeneous dc or ac fields. For insulating media
the direction of the force depends on the dielectric constants of the particle and the medium it is
placed in. If the dielectric constant of the particle is higher than that of the surrounding medium
the force will pull the particle towards higher fields (positive dielectrophoresis). If the dielectric
constant of the particle is lower than for the surrounding medium the particle will be pushed
away from the high field region (negative dielectrophoresis). In the case of a drop of water,
which is always much more conducting than the suspending medium, the electric field inside the
drop is zero and the situation is formally equivalent to a medium of infinite permittivity. Rather
simplified, the positive dielectrophoresis can be illustrated by Figures 15.8 and 15.9; the drop
is polarized; equal but opposite charge appears on the sides of the drop and the forces on the
charge placed in the higher electric field will dominate.

The dipole moment p for a spherical particle is given by

— 4neR3BE,, B=(-2—% (15.17)
P= 0/ =0 ~\gp+2e '

+ + + + + + + + + |

FIGURE 15.8 Dielectrophoretic forces on a water drop in oil.
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FIGURE 15.9 Experiment showing a sequence where the dielectrophoretic force attracts a water droplet
out of an emulsion towards a spherical water electrode (From: A. Pedersen, E. Ilstad, A. Hysveen. Forces
and movement of small water droplets in oil due to applied electric field. In: Conf. Proc. Nordic Insulation
Symposium, NORD-IS, 2003 [14]).

where Ry is the radius of the particle, g, is its permittivity, and ¢ is the permittivity of the
surrounding medium. The dielectrophoretic force is given by the dipole moment of the particle
and the gradient of the electric field: F= (pV) E, and the resulting force becomes

F =4neR}BEVE (15.18)
For a conducting water drop, &, — 00, Equation 15.18 is simplified to
F = 47eRJEVE (15.19)
For a homogeneous field VE =0, and consequently F=0.

15.4.2 MEcHANICAL FORCES

In addition to the electric forces there will be forces from gravity, inertia, and from viscous
effects. The buoyancy force is given by

Fy = (pa — pc) gVa (15.20)

where p; and p. are the densities of the drop (water) and continuous phase (oil) respectively,
V, the volume of the droplet, and g is the gravitational acceleration. In emulsions with very fine
droplets (i.e., <10 wm), sedimentation is seen to be hindered by absorption of small particles on
the drop surface.

For a moving droplet forces are transferred from the fluid to the droplets through friction and
pressure difference. These forces are expressed exactly by the following surface integral:

1 - 1 . -
—Fhuid = — | (=pshg + 14 - ng)dA (15.21)
Vi Va

Ad

where V is the volume of the droplet, A is the surface, p;s is the pressure at the droplet surface, ny
represents the unit outward normal vector, and t; is the shear stress tensor at the droplet surface.
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The pressure and the friction on the interface are unknown and Equation 15.21 has to be modeled.
In the Lagrangian framework the models for the surface integral attempt to provide particular
physical meanings.

15.4.2.1 Drag Force

The “steady-state” drag force acts on a droplet in a uniform pressure field when there is no
acceleration of the droplet relative to the conveying fluid. The force is given by

> 1 o a4l
Fy = pcCaAli = 7| (i ~ ) (15.22)

where (i — ) is the relative velocity of particle and surrounding medium. For a droplet Reynolds
number Re; below 1, the drag coefficient C; for a rigid sphere is given by:

24

= — 15.23
Re, ( )

Cy

In fluid spheres, an internal circulation is induced that reduces the viscous part of the drag.
For spherical clean bubbles and droplets, the induced internal circulation is accounted for by the
Hadamard—Rybczynski equation [15]:

24 A+2/3
Cp=— 15.24
4T Req A+1 (15.24)

where A = n4/n, is the viscosity ratio. In case surfactants are present surface tension gradients
might appear. Le Van has suggested a model taking this into account [16,17].

15.4.3 FORCES AND MOVEMENT OF DROP PAIRS

Again we may distinguish between electrophoretic and dielectrophoretic forces. In both cases the
inter-drop forces quickly fall off with distance. When drops are far from each other the forces
may be neglected, at intermediate distances simple formulas based on point charges and dipole
moments may be used, while when within close range charge distributions and drop geometries
must be considered.

The electrophoretic force between two charged drops falls inversely with the square of the
distance (Equation 15.2). The maximum charge a water drop may acquire from an electrode
in a homogeneous field, disregarding drop breakup due to electric forces, can be found from
Equation 15.16. Depending on polarities the force is either attractive or repulsive. These forces
will only play a role in the electrocoalescence process when drops are adjacent and carry charges
of opposite polarity. Furthermore, charged drops will lose their charge due to conduction through
the carrying liquid.

Dielectrophoretic forces between water drops are due to the dipole moment of the drops
induced by the external field. Both ac and dc fields are equally relevant. As mentioned in the
previous chapter, we assume as a first approximation that the water drops are conductive spheres
in an oil continuum, disregarding the conductivity of the oil. When the drops are subjected to
an external field there will be induced charges on them, so that the internal field in the drop
approaches zero. The charges on each hemisphere will have the same magnitude but opposite
polarity. The field at each pole will be higher than the background field by a factor of 3 when the
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FIGURE 15.10 Two drops of different sizes located with a skew angle 6 to a homogeneous electric field E.

drops are more than one diameter apart, see Figure 15.11. When two polarized drops get close to
each other, the drops experience each other’s inhomogeneous field, and they may either attract
or repel each other, depending on their relative position in the external field as explained below.

Consider two drops of radii Ry and R, separated by a distance s as shown in Figure 15.10.
The axis between the drop centers may have a skew angle 8 with respect to the applied field Ey
as indicated in the figure.

15.4.3.1 Dipole-Dipole Interaction

For large droplet distances s/R >> 1 we can approximate the electrostatic interaction between two
conducting droplets (the spheres are then equipotential surfaces) as the force between two dipoles
located at the sphere centers. This is frequently referred to as the point-dipole approximation.
The forces in radial direction F, and tangential direction Fy are [18]:

F, = 12n¢E3RIR}d~* (3K cos? 6 — 1)
(15.25)
Fp = —121neEZR3R}d~*K, sin 20

where d is the distance between drop centers. The coefficients K; and K, equal 1 in the point
dipole approximation for the droplets.

15.4.3.2 The Dipole-Induced Dipole Model

The point-dipole approximation is not valid when the droplets are approaching each other, and the
dipole moments are changed due to mutual induction between the spheres. In the literature
there are different approaches to find the sphere—sphere forces beyond the point dipole approxi-
mation for multiple particles of arbitrary size and position. Clercx and Bossis [19] presented a
multi-pole expansion method that gives good results, but the calculation is complex. A more
promising model, the multiple image method, was presented by Yu et al. [20]. The first two
terms in the multiple image method give the dipole-induced dipole model (DID), which is simple
and numerically efficient. Siu et al. [21] show that the DID model is in good agreement with
the experimental values obtained by Klingenberg et al. [18] for s/R > 0.1 with equally sized
conductive particles. The DID model is given by Equation 15.25, with coefficients K| and K;
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given by
K14 Rid R3d> N 3R{R3 (3d* — R} — R3)
4 4 4
(@ -R) (=R} (d% = RY = R})
(15.26)
R}d? Ryd? 3R}R3

Ky=1+ 3 3 3

2d*=R;) 2Ad*-R))" (&> Ri-E)

In the limit d — oo the coefficients K| and K approach unity and we recover the point dipole
expression given by Equation 15.25.

15.4.3.3 Analytical Solution

With the geometry defined in Figure 15.10 it is possible to derive analytical solutions for the
potential, the electric field, and the force between the two spheres. The problem is analyzed by
using bispherical coordinates [22]. Carter and Loh [23] calculated the electric field in a sphere—
sphere electrode gap, with equally sized spheres. Later, Davis [24,25] gave a complete solution
for the electric potential, field, and mutual forces for two arbitrary sized spheres carrying any net
charge.

The maximum electric field, appearing at the drop pole A (see Figure 15.10), is conveniently
written

Eq = Egcos6 - E3 (15.27)

where Ey is the background field. The field coefficient E3 is an infinite series depending on the
drop pair geometry. As shown in Figure 15.11 the electric field between the two drops increases
strongly with decreasing drop distance.

The forces are found by integrating the electrostatic pressure over the drop surface. Assuming
uncharged spheres the force components on sphere 2 take the simple form:

(Fy)y = 4me R2E2 (F1 cos20 + F» sin’ 9)
(15.28)

(Fp), = 4meR3E} F3sin 20

where the radial force F, can be either attractive or repulsive, depending on the angle 6, and
Fy induces a torque tending to align the drop pair with the applied electric field. The force
coefficients Fy, F3, and F3 are complex series depending on the drop size ratio Ro/R; and the
drop distance s/R;. As seen from Figures 15.11 and 15.12 the electric field and the attraction
force increases rapidly with decreasing drop distance.

Unfortunately, the computational cost required for calculating F, F», and F3 is high in a
multi-droplet situation. However, the exact solution is excellent for benchmarking other models
in cases with two particles/droplets. The different approximations are compared in Figure 15.13.
For large drop separations s/R> >>> 1 the force coefficients F, F>, and F3 approach the values of
the point-dipole equation (15.25).

For small separations s/Ry < 1, F» and F3 take constant values while F diverges. Atten [26]
proposed the following empirical asymptotic expression, valid in the range 1073 < s/Rg < 10~

F1 =1.25/(1 + (Ro/2R1)* (Ra/s)"* (15.29)
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FIGURE 15.11 Electric field enhancement at the pole A as a function of the reduced drop pair distance
s/Ry. The electric field Ey is parallel to the drop axis.
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FIGURE 15.12 Force coefficient F| as a function of the reduced distance s/R, for different drop size ratios.
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FIGURE 15.13 Comparison of different models for the attraction force between two conducting droplets.
The drops are aligned with the electric field (6 = 0). Drop size ratio R{/Ry = 2.

In the particular case of spheres of equal radius Ry aligned with the field (6 = 0), Williams
[27] derived asymptotic relations for the potential difference between the two spheres:

272 EoR
AV = el e (15.30)
3 <R()>
log | —
s
and the electric field at the facing poles:
272 Ro/s
Epole = —FE—F7F— (15.31)
3 log (Ro/s)
The attraction force then takes the expression:
273 R
F, = lgE(%RZo—/S (15.32)

* [log (Ro/s)12

For drops with a separation of one drop radii or more it is easy to show from Equation 15.25
that the resulting force is repulsive, F, < O when 3 co0s20 < 1, that is, when the angle 6 between
the drop pair and the electric field exceeds 54.7°. Now this does not hold for drops with small
separation. In the case of very small separation the angle approaches 7/2, which can be found
from Equation 15.28, implying that close drops nearly always attract each other. This analysis is
done for a static case, disregarding the influence of hydrodynamic forces. Experiments done by
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Pedersen [28] with drop pairs moving in stagnant liquid due to buoyancy and dielectrophoresis in
a 50 Hz field confirm the transition from repulsive to attractive force at 55°. However, drops that
were expected to repel each other quickly shifted position and then aligned with the electric field.
These observations can be explained by the hydrodynamic drag from one particle influencing the
other.

The above expressions are valid only for spheres. At high fields the electrostatic pressure on
the drop surface tends to stretch a drop to a nearly ellipsoid shape. When two drops are close the
deviation from a spherical shape will be most significant on the surface of the larger drop, in the
direction of the smaller drop. This is due to the lower hydrostatic pressure inside the largest drop.
However, with practical electric fields and drop sizes the deformation will only be of importance
when s/Ry < 1 [29,30].

15.4.3.4 Film-Thinning Force

The film-thinning force is caused by drainage of the liquid film between two approaching droplets.
The derivation of the formulas usually requires that the gap between the particles is small, s < a,
and that the flow is within Stokes regime Re;-s < a, where a = (R R2)/(R1+ R») is the reduced
radius. The film-thinning force is written as [31]

. 6 205 2 R
= ’”‘C“s Wr-er) pig. (15.33)

where Vv, is the two drop relative velocity and e, indicates the direction of the relative motion.
In the case of rigid sphere the function f* = 1. For very close liquid spheres expressions
compensating for proximity effects have been developed by Vinogradova [32] and Barnocky
et al. [33].

15.4.4 ELECTROSTATIC MODELS FOR MULTIPLE SPHERES

When more than two spheres are considered, Laplace’s equation can only be solved numerically.
This is possible with a fast computer code; but with increasing number of spheres the calculation
time can be quite considerable. Faster calculations are obtained by using the method of images
or multipole expansion [34—41]. These methods are applicable to both dielectric and conductive
particles. As mentioned in the previous sections, the electric field of a conducting sphere can be
exactly represented by a dipole p or a point charge Q at the sphere center. Two spheres could
be modeled, to a first order approximation, by two point charges or two dipoles at a distance
s located at the respective sphere centers. However, due to the mutual induction between the
charges or dipoles, the corresponding spheres will no longer be equipotential surfaces. This is
corrected by recursively adding more charges Q' or dipoles p’ at increasing distance from the
sphere centers. The major advantage with these methods is that the force exerted on one sphere
by the other is simply found by summing the forces between all electric images (Coulomb’s
law). Further, the polar interactions in a multiparticle system are pairwise additive. Inspired by
the work by Jones [37], Bosch [42] developed a simpler method using dipole images to calculate
the force between two conducting spheres in an external electric field. The results fit well to the
previous results by Davis [25], and according to the author the method can readily be extended
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to more than two spheres. This method is effective as it uses a simple matrix inversion rather
than numerous charge/dipole iterations.

15.4.5 FORCES AND MOVEMENT IN EMULSIONS

For a water-in-oil emulsion the case is more difficult as analytic expressions are not readily
available. The two main questions are: What is the local electric field?, and, How can forces
between multiple bodies be calculated?

If the distribution of the emulsion is inhomogeneous the background field may be influenced;
increasing in the regions with the lower water cut. This may be explained by the fact that when
two dielectric materials are put in series in an electric field, the stress increases in the lower
permittivity dielectric due to polarization effects. An emulsion with a high water cut will have
higher permittivity than one with a low water cut due to the effect from the high permittivity
and conductivity of water.

We expect that for emulsions with a water cut below 5% it is possible to use the formulas for
fields and forces presented in this section, because only rarely are more than two drops at a time
within near-field distance of each other (i.e., within one drop radius distance; see Figure 15.13).
This allows simulations based on discrete element method (DEM) code [43].

The topic of multiple particle (n > 2) interaction in a flowing dielectric liquid is thoroughly
treated in the field of electrorheology, and will not be discussed further here. See for instance
Refs. 18-21,34,44-47.

Some experiments were carried out on stagnant emulsions to get a preliminary impression of
the behavior of such a complicated system. The amplitude, frequency, and waveform (square/sine)
of the applied voltage were varied. The experiments were similar to what was previously reported
[48]; a drop of fine water-in-oil emulsion (diameters below 10 wm) was injected into a pure oil
phase in a homogeneous electric field between two electrodes.

In the experiments it was impossible to avoid charged drops due to the tribo-electric effects
during processing of the emulsion. The bulk fluid had a very low conductivity giving a charge
relaxation time of several minutes. The effect of charged droplets seemed to influence the elec-
trocoalescence for all emulsions. Generally, for frequencies below ~100 Hz the movement of
the majority of drops was dominated by the electrostatic alternating forces on the droplets being
electrically charged. Charged droplets were either resident or obtained from drops touching each
other and exchanging charge before separating again. Charges were easily scattered across the
emulsion due to the drop—drop interactions. The resulting oscillating movement of the bulk oil
lowered the electrocoalescence efficiency. For higher applied frequencies, above ~300 Hz, elec-
trostatic movements of charged drops were locally confined and less influencing the surrounding
emulsion. In general, coalescence efficiency decreased with decreasing emulsion average drop
size and water cut, and there was no clear observable effect on the efficiency of the coalescence
from the voltage shapes. The presence of a larger drop, as shown in Figure 15.14, increased the
coalescence rate strongly by “sucking up” small droplets from the emulsion.

Water-in-oil emulsions without chemical stabilizers added, with 10 to 20 pwm initial drop size
and water cuts up to 20%, showed no field induced coalescence. Chemically stabilized emulsions
with even smaller drop sizes (1 to 10 pm diameter) behaved differently. These stabilized emul-
sions, being vastly denser, showed a highly active electrocoalescence. Furthermore, for the case
of the denser chemically stabilized emulsions, we observed an unexpected sudden and continuous
expansion of the emulsion volume during some time (and voltage periods) starting at applica-
tion of the electric field. The phenomenon was promoted by high electric fields, suppressed by
an increasing voltage frequency, and most intense using bipolar square voltages. The expansion
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FIGURE 15.14 Picture from emulsion experiments in a horizontal electric field, showing a large drop
sucking up small droplets from the emulsion.

FIGURE 15.15 Chain formation in a stagnant liquid. Square wave voltage, 3.5 kV/cm horizontal electric
field.

FIGURE 15.16 Chain formation along the horizontal electric field. Small, stable droplets in the chain tend
to obstruct coalescence.

continued until the emulsion volume had reached a new and lower density. The higher optimum
frequencies preserved emulsion density and therefore coalescence efficiency. For increasing fre-
quencies up to 10 kHz the chain formation became less pronounced as the coalescence efficiency
increased.

Very often droplets formed chains that were aligned with the electric field; see Figure 15.15.
These drops grew larger in time as chains coalesced internally, and more drops were added to the
ends of the chains. Often, the coalescence rate for chains of larger droplets (>100 wm) was lower
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than theoretically expected, apparently due to intervening particles and very small, stable water
droplets as seen in Figure 15.16. The droplet chain formation seemed a natural and significant
part of the multi-droplet electrocoalescence.

15.5 DROP INSTABILITIES

So far we have treated the water drops as rigid spheres. However, when an electric field is applied
on a soft conductive body like a water drop, it will change its shape, become elongated, and in
the end may break up due to electric field forces [49]. This is explained by the classic theory by
Taylor [50] developed for water drops in dc fields. We have studied the phenomenon for water
drops in oil under various voltage shapes and frequencies, and found good agreement with classic
theory. However, classical theory only considers an ideal interface between oil and water only
characterized by its interfacial tension. In reality the interface has not a zero thickness, and we
expect that for real emulsions surface rheology will play a role introducing new time constants
and gradients in the surface characteristics (such as the Marangoni effect known from chemistry).

15.5.1 CuAssicAL THEORY OF DROP INSTABILITIES

In the absence of an electric field the interfacial tension 7" will keep the water drop spherical
with radius » when the gravitational effects are negligible (Bond number Bo = Apgr?/T < 1).
The pressure difference across the interface of a drop of radius » due to surface tension is then
Ap = 2T /r. The shape stability is therefore higher for smaller drops.

When a uniform field is applied, the drop will deform due to the electric stress on the surface,
and the drop will elongate in the direction of the electric field. There are two different classical
approaches to model the elongation of the drop. Both models assume that the drop takes the
shape of a prolate spheroid. Sherwood [51] used an energy argument, where the drop takes a
shape that minimizes the total energy, which is the sum of the electrostatic and surface energy.
In this model it is possible to vary the permittivity and conductivity of the drop liquid and of the
suspending fluid. Taylor [49,50] used a simpler approach, seeking for a static solution such that
the pressure difference across the drop interface is the same at any point on the surface. This
pressure difference is due to the effect of interfacial tension and electrostatic pressure. Postulating
that the shape of the deformed drop is an ellipsoid, it is sufficient to estimate Ap at two points,
at the drop pole and at the equator. Balancing the two pressure differences, Appole = Apeq, gives:

2 N b V)
Eo,/ FTOS =2.<;>‘ (2—;—<;> ) b (15.34)

where

1 1
b= —e3n(—1°) 2 (15.35)
2 1—e

where e is the eccentricity defined by e = /1 — b%/a?, and a, b are the semi-axes of the prolate
spheroid. The drop elongation as a function of the applied electric field is plotted in Figure 15.17.

The drop elongation increases with the field up to a limiting aspect ratio above which the
droplet becomes unstable. The corresponding field is called the critical field E.. Considering the
special case of a fully conductive droplet, Taylor [50] showed that a stationary prolate spheroid
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FIGURE 15.17 Theoretical elongation of a water drop as a function of the applied electric field. a is the
long semi-axis and b is the short one.

has a maximum possible aspect ratio a/b = 1.9, as shown in Figure 15.17. At this maximum
value of a/b the applied field E, equals the critical field E., found to be:

T
E.=0.648 | — (15.36)
2¢erg

At higher values of the applied field E, the drop becomes unstable at the poles and breaks up.
This model fits well to experimental data for dc and low frequency alternating voltages. More
accurate expressions for the critical field can be found in Ref. 52.

15.5.2  EXPERIMENTAL OBSERVATIONS OF DISINTEGRATION OF WATER DRoOPS IN OI1L

A study of instabilities of sub-millimeter water drops in refined naphthenic oil was performed
varying the frequency and the shape of the applied ac voltage [53]. The drops were slowly falling
by gravity in a horizontal electric field while the voltage was gradually increased. A camera was
used to observe the changes in shape and to determine in what conditions the instability occurs.

For dc voltage it was difficult to keep the drop in the field of view as it easily got charged
and was pulled toward an electrode. The frequency of applied ac voltage was varied from 2 Hz
to 2000 Hz. When increasing the voltage amplitude, the droplets deformed into prolate spheroids
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FIGURE 15.18 Drop breakup field strength for (a) varying frequencies of a pure sine voltage and
(b) different shapes of applied voltage at 250 Hz.

pulsating at twice the voltage frequency as expected. For low frequencies in the range 2 to
50 Hz the measured critical field for drop disintegration is in very good agreement with the
theoretical values obtained from Equation 15.36, independently of the voltage waveform. At
higher frequencies, however, the critical field increases with the applied frequency as shown in
Figure 15.18(a).

The different voltage waveforms used in this study were triangular, sinusoidal, or square.
For frequencies above ~100 Hz the observed critical field was also depending on the voltage
waveform when the frequency was kept constant, as shown in Figure 15.18(b).

The disintegration of water droplets is well predicted by theory for low applied frequencies,
independently of the voltage waveform. However, at increasing frequencies, a stronger field is
required to reach the drop instability. This can be understood taking into account the inertia of the
system. For very low frequency, the drop deformation follows the changes in electrostatic pressure
so that, despite the oscillating character, at every moment the drop is in quasi-static equilibrium.
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Instability then occurs when the maximum field value takes the critical expression (15.36). Raising
the frequency makes the inertia effects grow; when inertia forces become of the same order as
the capillary and electric forces, the amplitude of drop oscillation decreases and a higher field is
required to reach the critical elongation a/b. At high frequencies, the oscillation amplitude is very
small and can be disregarded; then instability sets in when the effective field takes the critical
value E.. Therefore we expect a ratio /2 between high and low frequency critical values of the
effective field for sine waveform and /3 for triangular waveform. This justifies the observations
that £ chuam <FE 2“6 <E glangle at a given high frequency. Furthermore, results of Figure 15.18
are in reasonable agreement with these estimates.

Increasing the conductivity of the water phase did not induce any noticeable effect on the
critical field strength. This is expected, due to the huge difference in conductivity of water and oil.
The influence of surface characteristics was also investigated by adding asphaltenes. Adding these
compounds leads to a decrease in the stability of the water drops in an electric field, presumably
due to the lowering of the interfacial tension.

Very likely the above considerations about the effect of inertia are only part of the story.
Strictly speaking, Equation 15.36 gives the highest field strength for which a static deformation
of the drop can exist. This implicitly corresponds to a dc applied field (a square waveform ac field
practically provides a constant electrostatic pressure). A detailed instability analysis is necessary
in the case of ac applied field of sine or triangular waveform to account for the influence of
frequency. The frequency and waveform of the voltage should play a role in the development
of the pointed ends of the drops and the subsequent formation of a thin jet or ejection of small
droplets. The observed drop disintegration is not always like the Taylor cone-jet formation shown
in Figure 15.19, which assumes stationary (dc) conditions.

At instability the deformation and eventually disintegration depended on the ac frequency
and shape. We could see that the behavior around the critical voltage was nonstationary; at lower
frequencies dominated by pulsation of the droplet. During this dynamic situation, aspect ratios
far exceeding the theoretical 1.9 from the stationary situation were observed. Several factors will
play a role: Ejection of mass from the ends of the drop involves loss of charge, viscosity, and
drop sizes etc.

Different instabilities from the pointed ends of the droplet were observed, involving ejection
of drops of various sizes from large droplets to very fine clouds, as shown in Figure 15.20.

Once the instability has started it will continue until the original drop size is reduced
below the critical limit. In our experiments the instability usually ended with a violent final
breakup, observed in different modes like separation into a few droplets (sometimes by a sausage
instability) or a more explosion-like event.

Increasing
electric
° field

FIGURE 15.19 Drop stretching and Taylor cone formation with thin jet instability during increasing field.
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(©

FIGURE 15.20 Observed instability types: (a) ejection of single droplets, (b) ejection of cloud of droplets,
and (c) ejection of cloud of fine droplets.

15.5.3 DyNamic STupy oF DROP SHAPE FOR TRANSIENT ELECTRIC FIELDS

The resonance modes n > 2 for a free drop have been calculated theoretically [54] for water
drops in air. For a water drop in a dielectric liquid the n = 2 mode dominates, as the drop surface
dynamics is damped by viscous effects. The transient oscillations of a drop elongating to a steady
state spheroid can be studied by applying a short square wave voltage pulse. In the same way, the
relaxation of the drop surface can be observed when the voltage is turned off. This can be used
to measure the surface elasticity and other dynamical properties of the water/oil interface, such
as the time constant of surfactant absorption. The drop surface elasticity e follows the definition
given by Gibbs [55,56]

dT
e =
dlnA

(15.37)

where T is the interfacial tension and A is the surface area of the drop. Figure 15.21 shows as
a typical example the transient evolution of a water drop in a liquid without surfactants, while
Figure 15.22 shows the damping effect when the drop surface is saturated by asphaltenes.

This significantly damped dynamic behavior affects the instability formation, which is slowed
down by the less flexible drop surface. Water drops with asphaltene saturated surfaces would
frequently exhibit a stationary elongation of more than twice the theoretical break-up value
a/b=1.9.

15.6 THE ELECTROCOALESCENCE MECHANISM

From Sections 15.4 and 15.5 we obtain a picture of an applied electric field that induces attractive
forces between close drops: it brings pairs of drops closer until they eventually coalesce. This
picture applies for stagnant emulsions but not strictly in the case of electrocoalescers in which
the suspending oil is in motion. For an emulsion characterized by a laminar or turbulent flow,
due to the action of shear, the drops in a volume around a particular drop have a relative motion,
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FIGURE 15.21 Transient oscillations of a 1.34 mm diameter water drop in paraffinic oil Exxsol D80.
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FIGURE 15.22 Transient deformation of a 1.25 mm diameter water drop in naphthenic oil with 100 ppm
(wt) asphaltenes dissolved. Measurements after 155 min saturation time.
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which can bring some of them in close vicinity at some moments. In the separators not applying
electric fields, these quasi-collisions of drops result in pairs of drops rolling off each other during
some time. Without an electric field the rate of natural coalescence for adjacent drops is very low.
In the presence of an applied electric field, the rate of coalescence is much higher and increases
with the field magnitude. We can thus distinguish two stages in the electrocoalescence process,
the first one that brings two drops in close vicinity (and which is determined mainly by the flow),
and the second one in which the electric field promotes their coalescence [26].

In this section we focus on the second stage, i.e., on the coalescence of two close drops
under the action of an electric field. This is a rather complex situation and we consider here the
simplest possible case by assuming that:

* The water droplets are electrically neutral (no net charge).

e The water is assumed to be perfectly conducting and the suspending oil perfectly
insulating.

* The two droplets are identical and their centers are aligned with the electric field.

Moreover, the following considerations implicitly assume that the drops have a small radius and
that the distance between their facing interfaces is smaller than their radius.

15.6.1 MERGER OF DRrOP PAIRS

The main question that arises concerns the nature of the mechanism resulting in the final merging
of two very close drops; this is important for practical applications because a good knowledge of
this mechanism could help to augment or hinder electrocoalescence. Three main scenarios may
be proposed:

* The field strength between the water drops is high enough to initiate an electric discharge
and a shock wave that punctures the oil film.

* The attraction force between the drops brings them closer and closer and coalescence
takes place at the end of the process of thinning of the oil film separating them.

* The electrostatic pressure induces a deformation of the water—oil interfaces and coales-
cence arises for a finite value of the drop separation when at least one of these interfaces
becomes unstable.

The possibility of getting partial discharges between water drops was suggested by Lundgaard
and colleagues [48]. However, such a mechanism for triggering coalescence appears very unlikely.
For drops of diameter exceeding, typically, a millimeter, the electric field should induce their
disintegration and not a discharge. For droplets of diameter 2Ryp < 100 wm (which is the case
for emulsions treated by electrocoalescers), electrical discharges between close droplets appear
impossible. Indeed, similarly to the case of gases, there is a minimum required potential difference
for electron avalanches in the oil phase. Now from the results given in Section 15.4, the potential
difference AV between two electrically neutral drops is lower than the product of the field Ey
(applied to the emulsion) and the distance between drop centers. For close identical droplets this
gives AV < 2RoEp. With a background field Ey = 1 kV/mm (being a high field in a coalescer),
we obtain AV < 100 V, a value lower than the minimum Paschen voltage for self-sustained
discharge in the suspending oil. Therefore in electrocoalescers used to augment the size of water
droplets of the water-in-oil emulsions, the coalescence cannot be triggered by electrical discharge
between droplets.

© 2006 by Taylor & Francis Group, LLC



578 Emulsions and Emulsion Stability

FIGURE 15.23 Two conducting spheres at distance s.

In conventional coalescence models, film drainage between drops plays an important role as
a barrier to overcome to get the drops in contact [57]. For two undistorted spheres of radius Ry
at a small distance s (see Figure 15.23) the law for film thinning deduced from Ref. 32, and
which is also given by Allan and Mason [58], is:

d 2F
as _ __Sz (15.38)
dt 3R

where F is the interaction force and 7 the oil viscosity. Clearly as the attraction force increases
as s decreases, the drop separation s decreases to zero in a finite time which gives an upper
bound for the coalescence time. Let us consider the simplest case of two drops of radius Ry
between which a potential difference AV is maintained. A good approximation of the attraction
force is [26]:

R
F= %s(AV)Z 20 (15.39)
S

The velocity of drop approach is then constant:

ds 1e(AV)?
- __ 15.40
dt 3 1nRo ( )

Defining f.. as the time necessary for the drop separation to pass from Ry/3 to zero we obtain:

nR3
 g(AV)?

(15.41)

tec

A typical value is 7. & 50 ms for AV/Ry = 1 kV/cm.

This picture of total film draining holds for rigid spheres of well-defined radius. This appar-
ently excludes the cases where drops upon collision form flat channels, dimples, etc. However,
the strong electrostatic pressure in the zone of small distance between droplets tends to keep
the facing surfaces convex and very likely prevents the formation of flat channels or dimples.
Moreover, the radii of curvature of the facing parts of the interfaces should tend to decrease
which should help film draining and, hence, diminish the upper bound of coalescence time.

In the above scenario of film thinning, it was implicitly assumed that the parts of the drop
surfaces subjected to strong electric forces keep their smooth shape. If we refer to the qualitatively
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similar problem of disintegration of a single conducting drop in a uniform field, it is clear that
the interfaces will destabilize when the effect of electrostatic pressure, inducing a deformation
of the facing interfaces, overcomes the restoring action of surface tension. We can therefore give
the following description of the process of electrocoalescence: after a first stage of approach
of the two droplets resulting from the action of the shear (or of the electric field in a stagnant
emulsion), there is a second stage of film thinning and drop deformation until the interfaces
destabilize and lead to the generation of a bridge between the drops in a very short time. The
instability development has not yet been investigated and characterized; from the study of single
drop disintegration (see Section 15.5), and from recent observations, one can only infer that it
is a very rapid process possibly involving the formation of a rather narrow jet. The conditions
under which instability and coalescence set in are better delineated.

15.6.2 CriticAL CONDITIONS

Several studies have focused on this question. Strictly speaking they do not concern the instability
conditions but rather the determination of stationary solutions for two identical drops, the shape
of which is distorted by the action of the electric forces. In these studies a dc applied field is
assumed; the results also apply for ac sinusoidal fields provided that the frequency is very low
and that the drops can be considered to be in quasi-static conditions at any time. The critical field
(Eg)erit (or critical potential difference AV, between the drops) is determined as the maximum
value beyond which a stationary solution no more exists.

The first study was performed in connection with raindrops in thunderstorms. Latham and
Roxburgh [59] observed that drops placed not close to each other in an electric field would
deform to ellipsoids and eventually disintegrate for high stresses. If the drops are very close,
then coalescence would occur instead through an instability resulting in mass transfer from one
drop to the other. Their derivation was based on the assumption of the drops taking an ellipsoidal
shape and on the formulas of Davis [60] for the field value at the facing poles of spheres. They
determined the critical value of the applied field as a function of the relative initial spacing so/Rg
of the drops and they found a fairly good agreement with their experimental measurements.
A very interesting property can be derived from their results [61]: the critical separation Sci; is
a fraction of the separation sy of the undistorted drops (scrit = 0.63s0). This means that only a
limited drop deformation is possible; beyond the critical deformation, the electrostatic pressure is
higher than the capillary pressure and there is a dynamic process with the drop locally elongating
until it reaches the other drop surface.

Taylor [62] considered the case of two closely spaced drops between which a potential dif-
ference AV is applied. The drops are anchored on two rings, which prevent them from moving
toward each other. His main assumption was to consider that the spherical shape of the drops is
distorted only in the zone delimited by the rings. Solving numerically the approximate equation
for the deformed interfaces, he obtained predictions in good agreement with his experimental
measurements. The most interesting results concern the asymptotic case of very small spacing of
drops (so/Rp < 1) characterized by the following critical conditions:

1 T
Scrit = =S0 AVt ~ 0.385g | — (15.42)
2 \ eRo

Again static solutions exist only for a limited deformation correlated with a limited potential
difference. An important point to be noted here is that the critical conditions correspond to a
local field value in the oil film between the drops AV i/scrir independent of the separation sg.
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FIGURE 15.24 Deformation of close droplets.

Through a more sophisticated numerical treatment of the drop deformation problem, Brazier-
Smith [63] confirmed that for so < Rg the surface distortion is mainly restricted to the zone
where the drop surfaces are close (see Figure 15.24). By examining the time evolution of the
drop shapes, it was shown [64] that for large enough drop separation (sg > 1.2Ry), like for a
single drop, the instability occurs through the cone-jet mode. For smaller separations there is no
evidence for a jet-like formation.

In the case of very small values of the distance so between nondeformed drops, which is of
interest for electrocoalescer applications, we propose a physical picture [61] which illustrates the
phenomenon and justifies the laws obtained by Taylor. The drops are distorted only in the zones
where the interfaces are at a short distance and where the electrostatic pressure pes takes high
values:

1, 1 AV?
Des = z€E” = ~¢

5 56 (15.43)

By denoting s the separation between drops and by taking the following parabolic expression for
the distance z between the interfaces at the radial distance r from the 2 drops axis:

2 2
= — =51+ — 15.44
z=s+ R s[ + R0S:| ( )

we see that the electrostatic pressure distribution has a characteristic scale (Ros)Y/2. The distorted
zone of the drops then has a radius rgisy = A(Ros)V/2, A being a numerical constant (outside
this region the drop deformation can be neglected). This is an asymptotic solution valid for
s/Rg < 1/A%. Assuming that the centers of the spherical parts of the drops are immobile and
that the deformed parts (r < rgist) are characterized by a radius of curvature R < Ry, a simple
relation between R and R is deduced [61]:

1 1 1 so—s

R Ro A Ros

(15.45)
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where sq is the spacing between the undistorted drops. Balancing the capillary pressure difference
between pole and spherical part and the electrostatic pressure at the poles leads to [61]:

4 T
av)? = v %s(so —5) (15.46)

The maximum of AV gives the critical conditions:

1 | T S0
AVerig = KSO %s Scrit = E (15.47)

and we recover Equation 15.42 by taking A = 2.6. In the case of two drops subjected to a uniform
field Ey, the main difficulty is to evaluate AV; using the asymptotic expression for AV valid for
spheres (Equation 15.30), the following critical value for the field can be proposed:

2R T
(Eo)erit = 0058 log( —2 ) .| — (15.48)
Ro S0 eRy

This relation can also be used to determine the critical separation sg for a given applied field Ej.

All the investigations recalled here considered only two identical drops. In the case of drops
of different radii, the biggest drop has the lowest internal pressure (due to surface tension) and
its surface is more easily deformed. Therefore it is the interface of the biggest drop that will
become unstable first (see Figure 15.24).

Up to now we have examined the case of dc applied field. Using an ac voltage of rectangu-
lar shape defines conditions for drop deformation fully equivalent to dc ones. With a sinusoidal
applied voltage, the problem is different and it is not possible to take into account the effective
applied field only. The electrostatic pressure has a mean value and a sinusoidal component at the
doubled frequency. This periodic component induces a periodic modulation of the surface distor-
tion whose amplitude and influence on the interface stability depend on frequency. The example
of the disintegration of a single drop (see Section 15.5) illustrates such a role of frequency, which
presumably should influence the critical conditions.

In the practical case of demulsification of crude oils, which contain numerous chemical
components, the situation is not as ideal as hypothesized in the aforementioned studies. With
surfactants the surface tension might vary with the interface deformation and expansion, which
should drastically modify the conditions of electrocoalescence (for example naphthenic acids have
a stabilizing effect on water-in-oil emulsions). In the case where the drops are covered with a
surface film (like asphaltenes, bitumen, and resins) having a certain stiffness, the drop deformation
is affected by this stiffness and the thinning of the coating layer might play the major role in
controlling the coalescence process. Another phenomenon to take into account is the presence
of particulate surface layers which would act as spacers maintaining the surfaces of close drops
at a finite distance and thus hindering coalescence. In all these cases it is not possible to use
the electrocoalescence conditions deduced from the analysis of the ideal case and, therefore, to
design a “universal” electrocoalescer; the basic phenomena must be clearly characterized before
attempting to derive critical conditions for electrocoalescence.
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15.6.3 EXPERIMENTAL INVESTIGATIONS OF FALLING DRrOPS

Contrary to many earlier investigations on basic phenomena of drop—drop electrocoalescence
we have used ac fields. The influence of the shape, frequency, and magnitude of ac electric
fields was studied in an optical bench under homogeneous field conditions described in Ref. 48.
Furthermore, the influence of factors like salinity and surface-active substances has been studied.

The greater part of the experiments was done with one smaller drop falling on to a larger
drop resting at the lower electrode. The stationary drop was either in direct contact with the
electrode surface (non insulated drop), or separated from the electrode by a polypropylene disk
(insulated drop). Observations were made with a fast (1000 fps full resolution) video camera.
Under sinusoidal ac voltages we typically would see the lower surface (with lower curvature and
internal pressure) starting to deform and oscillate with the applied field when the drop approached,
and then starting to deform when the falling drop came close. When using square wave ac the
oscillations disappeared. As water has a higher density than oil, the drop will fall down and after
some time reach a terminal velocity, until it gets close to the surface of the lower drop where it
is retarded by the film draining forces as shown in Figure 15.25.

Without an applied field the falling drop would generally roll off the larger drop
(Figure 15.26). Applying an electric field will create a force that increases the velocity. For
lower fields the falling droplet would now rest for some seconds at the summit of the lower
one before coalescing, while for increasing fields a quick coalescence would occur. Even at 10*
frames per second we could not resolve the final coalescence event. Often, after the collapse, a
smaller satellite drop was pinched off from the larger drop, as seen from Figure 15.27(c).

A large number of experiments were done in order to study coalescence efficiency between
drops that collide. A set-up like that shown in Figure 15.27(a) was used. The size of the falling

Drop velocity (mm/s)

0.0+

07 06 05 04 03 02 01 00
Drop—drop distance (mm)

FIGURE 15.25 Velocity of the lower interface of a 200 wm drop as the drop falls on to the larger drop;
influence of applied field and frequency. Square wave ac voltage.
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FIGURE 15.26 Drop impact at zero electric field with drop rolling off.
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FIGURE 15.27 Experiments with falling drop: (a) Experimental set-up with small drops falling on a large
drop at 3 to 4 kV/cm; (b) 90 wm drop falling and deformation of lower drop; and (c) 500 pm drop falling,
coalescing, and forming a satellite drop.

drop was in the 200 wm range, and a square ac voltage with varying amplitude was used. The
square voltage was used to avoid the more imprecise situation of a time variant force occurring
under sine wave conditions. The time for drops to coalesce after they appeared to be in apparent
contact was recorded. Then at higher stresses the coalescence would occur instantaneously when
the drop hit or came so close that it looked like impact and at even higher stresses the coalescence
would occur before the impact. Typical results are shown in Figure 15.28. Figure 15.28(a) suggests
that we have two dependencies between time to coalesce: one for times above 0.05 sec where
more than one half period is needed for coalescence to occur and one for shorter times where we
are in the range where instantaneous coalescence occurs. At the present time we cannot explain
the different results between isolated and non-isolated stationary drops.

In another experiment we found indications that for small diameter falling drops we had to go
to higher fields, which is perfectly in line with the hypothesis that the instantaneous coalescence
is governed by instability formation with a critical field that increases when size of the smaller
drop is reduced. However, these results were obtained with sine voltage excitation, and therefore
difficult to interpret.

15.6.4 NON-IDEAL SURFACES

When the influence of asphaltenes was studied the water drops were kept for 20 min to allow
saturation on their surfaces. Typical coalescence times are shown in Figure 15.28(b). The dif-
ferences between oils with and without asphaltenes can be explained by the reduced interfacial
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FIGURE 15.28 Coalescence time for water drops added 3.5 wt% NaCl in naphthenic oil under the influence
of a 10 Hz square wave electric field. 200 pm falling drop. (a) Pure oil (no additives). A break in the curves
occurs at 50 ms, corresponding to half the voltage period. (b) 100 ppm asphaltenes dissolved in oil phase.
Saturated drop surfaces. Non-isolated, 4 mm stationary drop.

tension of the asphaltene oil. For oils with asphaltenes added the interfacial tension varied with
time starting at 35 mN/m and falling towards 5 mN/m over a 20 min period, compared to the
pure oil having a surface tension of 40 mN/m. One important difference between the pure oil
and oil containing asphaltenes was that the voltage to get a coalescence time of 0.5 msec was
reduced from 1350 V/cm to 700 V/cm. Another important difference was the time needed to
drain the upper water drop once puncture of the surfaces was established. For the pure oil the
drop collapsed within one millisecond, while for asphaltene saturated water drops the draining
could take more than 1 min (see Figure 15.29). In the latter case no satellite was formed. This
clearly shows the influence of the stiff surface layer. How such a stiff layer would influence
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(b)

FIGURE 15.29 Surface covering. Top (a): Slow draining (>0.5 sec) of asphaltene covered coalesced drop.
Bottom (b): Particulate maters preventing coalescence of a 200 pwm droplet.

the formation of the instability cone remains unknown. However, our results indicate that the
timescales for the instability formation are sub-millisecond in all cases.

For the experiments with asphaltenes the surface of the larger drop often got contaminated
with small particles. These would tend to concentrate at the summit of the larger drop and could
prevent coalescence, as shown in Figure 15.29.

Experiments in oils with asphaltenes added gave the same results for 10, 200, and 2000 Hz
square wave voltage. This is in line with our theory that it is the level of the instantaneous
field, and the dipole moment this field induces, that in the case of uncharged droplets govern the
coalescence process.

15.6.5 EXPERIMENTS WITH SupPPORTED DROPS

As it is troublesome to do visual observations with moving drops, several experiments were done
with drops fixed in various ways; hanging on capillaries or resting on PTFE surfaces as shown
in Figure 15.30. These experiments often produced effects that could not be reproduced with free
drops.
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FIGURE 15.30 Non-coalescing drop pairs. Experiments with (a) drops hanging from glass capillaries and
(b) drops resting on a Teflon surface.

With water filled glass capillaries we found that for low frequencies coalescence occurred
at low background fields. With increased frequencies the field at which coalescence occurred
increased until finally at 10 kHz we could get stable “instability cones” without coalescence
occurring at all. The drops were not in contact with the water inside the capillary as seen
from Figure 15.30(a). We explain the missing coalescence by a force due to the good capac-
itive coupling at higher frequencies between the water drop and the water column inside the
capillary that “glued” the drops to the capillaries, and thereby preventing them to freely coalesce.
Furthermore, the water jets from the capillaries hit each other with opposing direction.

Similar experiments were performed with drops resting on a horizontal Teflon surface. Small
drop pairs became unstable and coalesced as expected, independent of the applied frequency in
the range 10 Hz to 10 kHz. However, with large droplets (radius ~ 1 mm) we could observe a
stable channel forming between the two drops as shown in Figure 15.30(b). Apparently, again
this was due to forces adhering the drop to the solid surface, thus preventing their mass centers
to move.

Attempts to reproduce these effects for free drops and emulsions failed, and we conclude that
one should be careful to extrapolate experiences with supported drops to real emulsions.

15.7 SOME CONSIDERATIONS REGARDING PRACTICAL
ELECTROCOALESCERS

Possibly the largest problem for an oil/water separator, and also for an electrocoalescer, is to treat
oils with a low water cut and small drops: Small drops gravitate slowly towards the bottom of a
sedimentation tank, and the distances between drops will be considerable. The overall coalescence
efficiency is given by the drop collision rate and the probability that the drops will coalesce once
they are in close proximity to each other.
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This far we have mainly looked at electrostatic forces on drops and drop pairs under stagnant
or laminar flow conditions. This is relevant for the typical older generation electrocoalescers in
large sedimentation tanks. However, during the last decade a new concept has arrived, where
shear movement in the emulsion is applied to create more frequent drop collisions [9,26,65].
From an analysis of movement of drops suspended in liquids one may calculate the collision
frequency. With this we do not mean direct impacts between drops, but situations where the
drops gets close enough to allow the short range electrostatic forces to give a large enough
force to pull them together. So “impact” is based on a criterion determined by when the drops
come within a certain capture radius where the electrostatic attractive forces exceeds the viscous
drag. Increasing turbulence and shear flow can increase this collision rate. The upper allowed
limit of the turbulence is where it rips apart drops that get in proximity of each other, or even
more extreme; results in drop fragmentation. An efficient collision cross section can be developed
depending on drop size, electric field, and liquid shear movement.

Once the drops are within each other’s efficient cross section, the achieved time to coalescence
is reduced with increasing background fields as described in Figure 15.28. At a certain critical
voltage and drop distance combination, instantaneous coalescence will occur. The coalescence
efficiency can be increased by raising the field towards the limit where the larger drops in the
emulsion start to become unstable.

The designer has, on the one hand, to balance shear flow (or turbulence) between high
collision frequency between drops and ripping apart drop pairs or existing large drops. On the
other hand, he has to balance the electric field between the need of getting large collision cross
sections and high coalescence efficiency, and the danger of destroying large drops by initiating
instabilities.

Our analysis points at electrostatic attractive forces and surface instability as being the gov-
erning factors for electrocoalescence. From this point of view a high dc field, where the driving
field is continuously high, seems favorable. However, if covered electrodes are chosen in order to
reduce the risk of breakdown from water plugs, this may result in a resistive voltage distribution.
Then the solid, highly resistive dielectric barrier may take all the voltage leaving the emulsion as
a low field region. The use of so-called pulsed dc, which has been suggested by several authors
[66], is an attempt to solve this problem. During the voltage steps, the pulsed dc redistributes
the field from a resistive to a capacitive distribution. Though after some time, which is given
by the time constant of the emulsion, the distribution will fall back to the resistive mode, and
a new voltage transient is needed. Transients therefore need to be applied with short intervals.
However, if they become too short, the system will not get time to relax back to its initial state
and the effect of the steps will be reduced. A better alternative is to use high frequency ac fields
that distribute voltages capacitively all the time, giving increased fields in the emulsion compared
to the low frequency or dc case. It is the net conductivity of the emulsion that determines how
high a frequency is required, as described in Section 15.3.

For a drop pair, an ac field will, in general, result in a lower coalescence efficiency than a
dc field, because during parts of the period the field will have fallen below the critical level;
the duty cycle, being the percentage of time where the field is above the critical value, will be
less than 100%. The duty cycle of a dc voltage is 100%. However, as explained above, dc can
result in problems in coalescers with covered electrodes. To overcome this, one can use an ac
square voltage. The forces will act equally efficiently as under dc field conditions, with a duty
cycle of 100%. Increasing the field will also increase the duty cycle, but also stress the insulation
system, which often is sensitive to the peak stress. The downside of using square ac voltages is
that it will invoke some form of power electronics, which can be costly, while sine voltages are
easily produced using a transformer.

© 2006 by Taylor & Francis Group, LLC



588 Emulsions and Emulsion Stability

There have been discussions about optimum frequencies for ac coalescers. It is difficult to
imagine any “universal optimum.” We would suggest that in the case of covered electrodes, as
explained above, the main criterion is that the duration of one half period of the voltage should
be short compared to the time constant of the oil, as explained in Section 15.3. For uncovered
electrodes where the drops are charged at the electrode surfaces, under laminar flow or stagnant
fluid condition, the drift velocity and the separation of the drops will be determining factors.
When coalescence occurs between singular droplets and not at the electrode surfaces, it will
mainly occur between oppositely charged drops. The drops must therefore be allowed to keep
their acquired charge long enough to meet drops of opposite polarity. As drops lose charge with
time as they propagate away from one electrode towards the opposite it could be advantageous
to divide the electrode gaps into shorter gaps where less charge is lost. Additionally, it would
be advantageous to have an inhomogeneous field that allows uncharged drops to be attracted to
an electrode and become charged. One should also consider that in addition to the attractive or
repulsive forces between charged drop pairs, the applied field will also act on each charged drop.
As we observed in our emulsion experiments, the interaction with the applied field (Equation 15.1)
can be stronger than between the drops (Equation 15.2).

We have this far mainly considered emulsions with a low water cut. The coalescer design will
have to be adapted to the conditions of the particular oil reservoir as discussed by Tsabek [52],
for example. For systems with high water cuts the drop—drop collisions become more frequent
and chain formation more likely to occur. Forces that keep drop chains together are described in
studies dealing with particle/oil suspensions used for rheological purposes [44].

In the production of crude oil, it is not only the emulsified water that is the problem; there are
gases under varying pressures, and there may be sand particles and salts that must be removed by
gas scrubbers, cyclones, sedimentation tanks etc. The sequence in which this equipment is assem-
bled is not indifferent to the final result; e.g., if one at an early stage can remove smaller particles
then particle stabilizing of the drop surfaces is less likely to occur in the electrocoalescer. This
far the electrocoalescers have usually been combined with and built into the sedimentation tanks.
It seems advantageous to apply a more compact unit in front of the sedimentation tank, taking
advantage of the liquid mixing in the turbulent flow in pipelines before the sedimentation tank
with a more stagnant condition. If drop sizes at the inlet can be increased, then the volume of the
sedimentation tanks can be reduced. The effect of an experimental compact coalescer is shown
in Figure 15.31.

Finally, one must not forget a possible influence of streaming electrification and triboelectric
effects that may start to play a role at higher liquid velocities. Most scientific studies are done
either as optical studies in stagnant emulsions or looking at drop size distributions for model sys-
tems with liquid flows. In these studies there is little support for hypotheses or conclusions on the
significance of this aspect. However, charging of droplets occurred frequently in our experiments
that mainly concerned forces on neutral, polarized drops and was a nuisance throughout our
investigations. Most likely, charging will also occur in practical coalescers, but as time constants
of the oil are small one would expect the effects to be limited. Still, this is an open question that
should be further investigated.
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