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ABSTRACT: In electrocoalescence, an electric field is applied to a dispersion of conducting
water droplets in a poorly conducting oil to force the droplets to merge in the direction of
the field. Electrocoalescence is used in petroleum refining to separate water from crude oil
and in droplet-based microfluidics to combine droplets of water in oil and to break
emulsions. Using a microfluidic design to generate a two-dimensional (2D) emulsion, we
demonstrate that electrocoalescence in an opaque crude oil can be visualized with optical
microscopy and studied on an individual droplet basis in a chamber whose height is small enough to make the dispersions two
dimensional and transparent. From reconstructions of images of the 2D electrocoalescence, the electrostatic forces driving the
droplet merging are calculated in a numerically exact manner and used to predict observed coalescence events. Hence, the direct
simulation of the electrocoalescence-driven breakdown of 2D emulsions in microfluidic devices can be envisioned.

1. INTRODUCTION
Electric field-mediated coalescence of conducting water
droplets dispersed in a continuous, poorly conducting
dielectric oil phase (Figure 1) is a long-standing technology

in the petroleum refining industry. This technology has been
used to remove emulsion droplets of water in crude oil,1−7

particularly in the context of the desalting operation of
electrocoalescers. In this operation, fresh water is first
introduced into the crude at the inlet to the electrocoalescer
to remove organic salts by transferring into the water phase.
The introduction of the water creates an emulsion of the water
in oil, which is passed between electrodes. The electric field
between the electrodes coalesces the salt-laden droplets in the
direction of the field. Successive coalescence events between

droplets produce progressively larger droplets that settle under
gravity into a bulk water phase that can be easily removed.
Generally, these water in crude oil emulsions are strongly
stabilized against coalescence by the adsorption onto the
water/oil interface of surface-active components from the oil,
particularly the alkylated, polyaromatic asphaltenes (for
reviews, see Mullins et al.8−10). Asphaltenes adsorb onto the
interface to form interfacial layers, which in time age and give
rise to highly elastic skins that resist droplet coalescence under
typical conditions (for reviews, see refs 11, 12 and the
studies13−18). In an electrocoalescer, these highly stabilized
droplets are forced to merge at sufficiently high electric field
strengths. Despite the importance of the electrocoalescence
process in the refining industry, the fundamentals of this
phenomenon are still evolving. This is in part due to the
difficulty of examination of electrocoalescence in crudes
because of the oil opacity. Therefore, many studies thus far
substitute oil with a clean, transparent fluid that may not
reproduce the crude oil environment, e.g., refs 19−23.
Microfluidics can enable a direct visualization of electro-

coalescence in crudes by generating emulsions in which the
droplets are arranged in a single layer with a small depth
transparent to optical microscopy, e.g., refs 24, 25. Micro-
fluidics also offers the ability to form emulsions of controlled
and uniform size (e.g., through the use of “T” junctions, flow-
focusing orifices, and capillary tips).26−29 The first goal of this
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Figure 1. Induced dipole formation on the surfaces of a pair of
spherical conducting aqueous droplets in a poorly conducting oil
phase due to an imposed uniform electric field E̅ and the dipole−
dipole interaction between the droplets, which creates an interdroplet
attractive force.
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study is to demonstrate these unique fluid handling and
visualization capabilities of microfluidics using crude oil to
demonstrate how the electrocoalesence process in crudes can
be examined in situ using microfluidics.
More recently, interest in electrocoalesence has focused on

lab on chip devices30−40 in which two-dimensional (2D)
water-in-oil emulsions are used for chemical or biological
assays, extractions, and separations. In this context, electro-
coalescence has drawn interest as a means for combining
droplets and breaking water-in-oil emulsions to complete the
chip operations (see for example41−50). As explained below,
the model problem of the electrocoalescence of droplet pairs
has been theoretically and experimentally examined as in
Figure 1. However, few studies have examined theoretically the
dynamics of electrocoalescence of emulsions in which the
breakdown process is determined by multiple attractive and
repulsive forces exerted on each droplet. This multidroplet
process underlies the breakdown of water-in-crude oil
emulsions and the combining of droplets and the breakdown
of emulsions on lab on-chip processes. The second goal of this
study is to obtain theoretical solutions for the electric field in
the continuous phase of a microfluidically generated uniform
2D emulsion to predict electrocoalescence forces and
coalescence events and to compare these predictions with
the experiments.
In this study, we use a microfluidic arrangement to generate

a train of water droplets in a continuous crude oil phase in a
channel. The train is directed to a wide chamber in which the
droplets are arranged in a single layer lubricated from above
and below by very thin layers of oil. We term this freely
moving, two-dimensional assembly a “2D emulsion”. We apply
an electric field along the layer to cause the droplets to merge
and the emulsion to breakdown. Numerical configurations of
droplet arrangements in this 2D emulsion are reconstructed
from images of electrocoalescence experiments in a micro-
fluidic chamber. The electrical forces exerted on the droplets
are computed to predict merging events. These predictions
coincide with the merging events observed in the experiment,
suggesting the breakdown can be simulated and potentially
programmed, and this is the second motivation of our study.
We begin with a brief review. Electrocoalescence of an

isolated pair of droplets of water in a continuous oil under a
uniform applied electric field, Figure 1, has been studied
theoretically22,51−68 and experimentally.19−22,62,68−77 The
electrohydrodynamic forces, which cause the droplets to
merge in the direction of the field, have been described by
the field-induced charge distribution on the surface of the
droplets. For an isolated spherical water droplet of radius a
placed in a uniform oscillating field (E̅ eiωt where E̅ is the
amplitude, t is the time, and ω is the frequency), mobile ions in
the water and possibly oil phases are conducted in the field
direction. In electrocoalesence, the conductivities and dielec-
tric constants of the droplet phase, σp and εp, are larger than
those of the oil continuous phase, σm and εm. Therefore, free
and bound positive (negative) charges accumulate at the side
of the droplet facing (opposite) to the direction of the electric
field. To leading order, an oscillating electric dipole aligned
with the field, t( ), is induced as given by78−81
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Typically, σp ≫ σm and εp ≫ εm, and hence, = 1CM . For a
droplet pair, interaction forces arise principally because the
dipole induced on each of the droplets falls within the dipole
electric field created by its neighbor. For spherical droplets, the
interaction depends on the angle of orientation of the droplet
pair axis with the field, θ, and the edge-to-edge separation
distance, s (Figure 1). If the electric field acting on each
droplet is approximated by the far field dipole field of its
neighbor, then the time average pairwise interaction force
along the centerline is19−21,82
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where E̅RMS, the root mean square of the oscillating field, is
equal to E̅/√2. The dipole field of the neighbor and
correspondingly the force on the droplet intensify as the
droplets approach one another. When the droplets are aligned
with the field, θ = 0, the force is attractive as dipoles line-up
end-to-end. Whereas, when the droplets are alongside each
other, θ = π/2, the force is repulsive as the dipoles are parallel.
Exact solutions for the interaction force between spherical
conductors in a perfectly insulating dielectric ( = 1)
subject to a uniform electric field are obtained by Davis83 using
bispherical coordinates. For θ = 0, the interaction force is
written in terms of the nondimensional function ℑ s a( / ), i.e.,

= −ℑ
ε ε

⟨ ⟩
̅

s a( / )t
a E

( )r

o m
2

RMS
2 . The bispherical exact solution for the

force demonstrates that the dipole approximation is valid for s/
a > 1, but the exact solution increases much more rapidly than
the dipole approximation for s/a < 1. For 10−3 < s/a < 10−1, a

numerical fit22 is { }πℑ ≈s a( / ) 0.92 a
s

0.8
. For θ = 0, the

bispherical solution shows that the maximum value of the
electric field is at the poles of the droplets facing each other
and is given by ̅E s a( / ). This can be approximated as22,59

{ }≈s a( / ) 1.87 a
s

0.85
for 10−3 < s/a < 10−1.

For a single aqueous droplet in oil subject to a uniform field
(e.g., refs 53, 84−86), the applied field exerts an electrical
normal traction (Maxwell stress) on the induced free or bound
surface charge. This, in turn, causes the droplets to deform in
the field direction as prolate figures, which adopt conical tips
(“Taylor” cones) at higher field strengths before bursting. This

deformation scales as the electrocapillary number = ε ε
γ

̅E E a
c

o m
2

where γ is the interfacial tension. For isolated droplet pairs
approaching each other due to dipolar attraction and small Ec
≪ 1, the droplets remain spherical for s/a > 1. Assuming
spherical shapes (Ec ≪ 1) and balancing the dipolar
interaction force and viscous resistance with the lubrication
theory for close enough separations (typically inertial forces are
negligible), Eow et al.19 and Chiesa et al.20,21 compute
trajectories starting from large separation distances s/a > 1 and
up to coalescence. Their results agree well with corresponding
experimental trajectories. More recent studies58,60−62,66,67,77

account for interface deformation and again map successfully
theoretical predictions with experimental results on the
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trajectories of droplet pairs driven together by electro-
coalescence.
The details of the final stages of electrocoalescence as the

droplets approach to within a few tenths of a radius of each
other and merge are more complicated. The merging process
takes place on time scales of tens of milliseconds, which are
typically much shorter than the time scale for the approach of
droplets. As relatively spherical droplets approach (Ec ≪ 1)
one another, the electric field exerted on the facing poles
intensifies, and pronounced opposing prolate deformations
develop that precede coalescence. These deformations have
been examined theoretically by accounting for interface
deformation in continuum computational simulations61−66

and molecular dynamics simulations.68

The final stages in the electrocoalescence process have also
been visualized in small fluidic cells or microfluidic arrange-
ments in which, in a continuous oil phase, an electric field is
applied across free aqueous droplet pairs along their line of
centers70−74 or anchored droplets at a fixed potential difference
are arranged to face one another.75,87−94 The dynamics are
visualized over a time interval of hundreds of milliseconds from
an initial separation distance so/a. Three regimes are
recognized: (i) no coalescence due to a large gap distance or
a too small field strength, (ii) coalescence at large enough field
strengths, or (iii) partial coalescence and repulsion at typically
larger field strengths than necessary for coalescence.
Coalescence is observed as a liquid bridge forms between
the droplets from their individual prolate deformations. The
liquid bridge then grows in radius to the order of the droplet
radii bringing the droplets together into one fluid mass. In
partial coalescence, the facing droplet interfaces are deformed
into cones that connect to form a narrow bridge that becomes
unstable, breaks, and drives a recoil. In the case of coalescence,
which is of interest here, for anchored droplets at fixed
potentials, Atten et al.89 measured the critical potential
difference Vcrit at which the droplet faces merge. They
correlated their results as the critical electrical capillary number
ε ε

γ
a V

s
o m crit

2

o
2 as a function of so/a < 1 and find critical capillary

numbers in the range of 0.2−0.4. These values agreed with
their numerical calculations and are in the range of other
theoretical calculations of anchored or suspended droplets in
close proximity (so/a < 1), e.g., Latham and Roxburgh,51

Taylor,52 and Atten.59

The dynamics of electrocoalescence of multiple water
droplets in water-in-oil emulsions has only been examined
recently by Garstecki et al.95 They generated a 2D emulsion
with flow focusing of water and hexadecane in a microfluidic

cell and observed electrocoalescence across the emulsion under
an AC field. They find a critical field strength necessary for
electrocoalescence, which decreases with decreasing ω and
increasing σp. This suggests that the faster the free charge
relaxation in the water droplet phase (time scale

ε ε

σ
o p

p
) relative

to the AC oscillation (1/ω), the greater is the charge
separation (dipole strength) for an applied field. This is due
to a redistribution of more free charge on the surface and
higher droplet polarization, resulting in a greater dipolar
attraction.

2. RESULTS AND DISCUSSION

2.1. Visualization of Electrocoalesence in Crudes in a
Microfluidic Cell. Our microfluidic experiments on the
visualization of electrocoalescence of water droplets in an
opaque petroleum crude are undertaken in a polydimethylsi-
loxane (PDMS) transparent cell using flow focusing at an
orifice to form water droplets in the crude in a channel as a
droplet train and directing the train to a wide chamber in
which an AC field is applied to the 2D emulsion, which forms
cf. Figure 2. (The fabrication of the cell, the material properties
of the crude (including the dynamic oil/water tension), and
the details of the applied field and frequency are described in
the Experimental Section.) Figure 2 shows the flow-focusing
production of the water droplets in oil at the orifice and the 2D
emulsion of the droplets in the chamber prior to the
application of the field. As is clear from the images, the
droplets in the crude (which appears opaque and black in a 10
mL test tube) are readily visualized in the microfluidic cell due
to the small thickness of the optical slice (60 μm). The
droplets are monodisperse in size with a diameter of 2a = 36−
48 μm. The assembled 2D emulsion presents interdroplet
distances s, which vary from under one droplet diameter to
several diameters. The separation distances are quantified
when the droplet configuration is rendered for numerical
calculation of the electric field and interdroplet forces. Under
most circumstances in the flow-focusing generation of water
drops in oil, surfactants are required in the oil phase to reduce
the oil/water tension. This is necessary so that the water phase,
drawn into a thread in the orifice, breaks into droplets.96 Here,
the surface-active molecules native to the crude (e.g.,
asphaltenes) serve this role, and importantly, electrocoales-
cence of water droplets in crude can be examined in situ
without any additional surfactants. The naturally reduced
interfacial tensions of crudes against water (here 28 mN/m,
Figure 8 in Experimental Section) allow a large deformability

Figure 2. Schematic of the microfluidic cell including the arrangement of the flow-focusing orifice to form individual droplets and the chamber in
which the droplets assemble into a 2D emulsion and the electric field is applied. Shown also are images of the drop generation at the orifice (the
schematic and the frame from the video) and the 2D emulsion in the chamber (the frame from the video). The scale bars are 50 μm.
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of the interface, ensuring that the water is easily segmented
into drops at the flow-focusing orifice.
Figure 3 shows an illustrative sequence of images of

electrocoalescence events in the chamber, over a period of

approximately 1/2 s, for a field strength electrode = 250 V/mm.
The images are a bird’s eye view of the 2D emulsion, with the
field applied top-to-bottom, and with the assigned times
relative to the moment the field is energized (the video is
available in the Supporting Information.) For the first image
shown in the sequence, no coalescence events have occurred.
The sequence in Figure 3 includes droplet pairs coalescing, as
well as events in which groups of three and four droplets
coalesce. Also evident (the lower right-hand side of the figure)
is a cascading event where two droplets merge, and the
combined drop merges with a neighbor brought closer due to
the prior electrocoalescence event as also observed by
Garstecki et al.95 The coalescence events are clearly between
droplets close enough so that they are a few tenths of a radius
apart. Typically, coalescing droplets are aligned closely with the
field. For an isolated pair of droplets, the dipole interaction
force predicts an attractive force for 0 < θ < θc where θc is
given by 3 cos2 θc − 1 =0, cf. eq (1), and is equal to 54.8°. For
all of the coalescence events in Figure 3, the angle between the
field and the line of centers between the droplet pair falls
between 0 and approximately 55° in agreement with the dipole
force approximation. Droplet pairs with angles larger than
approximately 55° do not coalesce, even at close separation
distance. Isolated droplet pairs that merge follow a common
pattern in which they deform toward each other to create a
joining liquid bridge (Figure 3). The faces of each drop, which
are opposite to the bridging thread, remain more spherical as
the field has not intensified on those surfaces away from the
region between the drops. The connecting thread increases in
radius until the drops merge and readopt a spherical
configuration. While the coalescence process itself takes place
on a time scale of milliseconds, the equilibration to a spherical
shape takes place on a time scale of hundreds of milliseconds
to 1 s. The triple droplet and quadruple droplet merging
evident in the sequence of Figure 3 appear as simultaneous
events between the multiple droplets. In these cases,
connecting liquid threads form between adjoining pairs to
form a merged cylinder that eventually relaxes to a spherical
shape. Qualitatively, over the time frame studied, the
coalescence events appear without noticeable movement of
the droplets toward each other. Critical fields required for the

coalescence of droplets a few tenths of a radius close to one
another appear to be reached, and the droplets coalesce in
place.

2.2. Theoretical Calculation of Electric Field in the 2D
Emulsion. Figure 3 makes clear that, upon application of the
electric field, the electrocoalescence events in the crude oil can
be recognized, cataloged, and sequenced. We demonstrate that
these events can also be predicted by first computing the
electric field distribution in the emulsion and then evaluating
the field at the surfaces of the droplets to calculate the
interdroplet forces and identify pairwise attractive interactions
leading to the merging of droplet pairs. For a given droplet in
the emulsion, the electric field that is experienced is
determined by the imposed far field and by the droplets
around them, and therefore the computation of the field is a
mulitibody calculation. We use COMSOL Multiphysics 4.2 to
obtain a numerical finite element solution for the electric field
in the continuous oil phase. We start with an image captured at
the beginning of an experiment in which the field has been
turned on, but no coalescence has occurred (e.g., the first
image of Figure 3). We render the two-dimensional images,
representing the instantaneous configuration of uncoalesced
droplets, into a three-dimensional (3D) COMSOL computa-
tional domain. This is intended to reproduce the observation
chamber and the arrangements of droplets in the chamber. The
droplets are modeled as fluid spheres and positioned in the
computational domain at their exact locations in the image.
The locations of the perimeters of the droplets in the 2D
images are obtained by edge detection. The intensity range of
each pixel is 0−255, and the perimeter is located by identifying
the change in pixel intensity from bright (within the droplets)
to dark (the exterior crude oil) along directions approximately
perpendicular to the perimeter. The change occurs over the
order of a few pixels, and the perimeter is demarcated as a set
of points at which the area under the intensity vs pixel position
on either side of a given point (relative to the asymptotic
values on either side) is equal. Using this algorithm, the edge is
located to an error of approximately one-half of a pixel or half a
micron. The points are then fit to a circle with a radius, which
is assigned to the radius of the droplet at that point. The center
of the circle is assigned the center location of the droplet. A
sphere is constructed from that center with the assigned radius
and positioned halfway between the top and bottom of the
chamber. The domain height is set equal to the chamber height

= 60 μm, and the domain width ( * = 1 mm) and length
( *=1 mm section) are set equal to the width of the chamber
and the length observed in the captured image. The top and
bottom are maintained at a potential difference chamber, which
is computed from the driving potential difference applied
across the electrodes inserted into the PDMS ( electrode).
Values of the dielectric constant of the cured PDMS elastomer
(2.0)97 are approximately equal to the measured dielectric
constant of the crude (2.5). Hence, for the purposes of the
calculation of chamber, the PDMS and crude in the chamber
are considered as perfect dielectrics in capacitive series, leading

to = +2
chamber electrode

c
, which in the experiments is equal to 250

V/mm. Although the droplets settle downward during their
residence time in the chamber, the approximation that they are
at the center of the chamber for the electrostatic calculation is
valid because the dielectric constants of the PDMS and oil are
nearly equal. The applied potential is 0 V on the bottom, −250

Figure 3. Image sequence of the electrocoalescence of droplets in the
chamber at times of 1.94−2.56 s, referenced from the moment (t = 0)
the field is energized. In the first configuration, at 1.94 s, no droplets
have yet coalesced. The scale bar is 50 μm. The field is applied top-to-
bottom with electrode = 250 V/mm.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.9b04259
ACS Omega 2020, 5, 7348−7360

7351

http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04259/suppl_file/ao9b04259_si_001.avi
https://pubs.acs.org/doi/10.1021/acsomega.9b04259?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04259?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04259?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04259?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.9b04259?ref=pdf


V = chamber on the top. This is corresponding to the
experimental gradient of 250 V/mm with the electric field
directed from top to bottom. As the potentials are fixed, the
calculations are undertaken assuming a static DC field is
applied. As we demonstrate below, the equations and solutions
for the electric field are all quasi-static. Hence from these
solutions, to obtain the forces on the droplets to compare to
the AC experiments, the square of the DC field strength used

in the force calculations ( chamber
2

2 ) is replaced by 1/2 the square

of the field, corresponding to the time average of the 250 V/
mm AC field in the experiments.
To calculate the electric field, the crude, a poor conductor, is

modeled as a “leaky dielectric”98 with zero volume charge
density. This satisfies ∇2ϕm = 0, where ϕm is the oil
electrostatic potential (made dimensionless with chamber)
and formulated in COMSOL’s cartesian coordinate represen-
tation of the computational domain. Each of the spheres in
the computation domain is modeled as ohmic conductors in
which the volume free charge relaxes quickly relative to 1/ω
(i.e., Ω > 1). Therefore, the potential field in the spheres is
quasi-static and satisfies ϕ∇ = =i0, 1 ,..i

2
p( ) where ϕp(i) is

the nondimensional electrostatic potential within drop i. The
boundary conditions on the surface of each of the spheres are
continuity of the electric potential, ϕm = ϕp(i), ( =i 1, 2 .. )
a n d t h e s u r f a c e c h a r g e d e n s i t y c o n d i t i o n s ,

ε ϕ σ ϕ* = Ω ·{∇ − *∇ }
ρ

τ

∂

∂ ni i ip( ) m( )
is( ) (charge balance) and

ε*ρs(i) = ni ·{ε*∇ϕm − ∇ϕp(i)} (Gauss’s law). Here, ni is the
unit outward normal to the sphere i and τ is the time
nondimensionalized by 1/ω and ρs(i) is the surface charge
density on droplet i nondimensionalized by ε ε /o m chamber .

σ* = =σ
σ

−10 3m

p
and ε* = =ε

ε
0.03m

p
are, respectively, the

ratios of the conductivities and dielectric constants of the
continuous crude oil to the aqueous droplet phase. For Ω large
and ϵ* small, the surface charge balance becomes quasi-static:
ni·∇ϕp(i) = σ*ni·∇ϕm. We use this quasi-static formulation for
the charge balance to obtain the potential fields, which are
thereby quasi-static. In fact, since σ* ≪ 1, this quasi-static
balance reduces to ni·∇ϕp(i) ≈ 0, which requires the
electrostatic field in each of the droplets to be equal to zero
and the droplets to be at uniform (though different)
nondimensional potentials i . The problem could be solved
by computing the potential in the oil outside of the droplets
subject to these constant potential conditions, but the
potentials would have to be obtained by requiring zero charge

on each of the droplets. Here, we retain the quasi-static surface
charge balance at the droplet interfaces, using the measured
values of the conductivities and dielectric constants for the
simulation, and solve for the potentials within each drop as
well as in the oil. In this way, the surface charge density can

later be computed from { }ρ ϕ= − ·∇σ
ε
*
* n1i is( ) m. This charge

density would automatically satisfy zero net charge on each
droplet interface since from the charge balance

∫ ∫ρ σ ε ϕ= { − * *} ·∇nd 1 / di is( ) m
i i

=

{ }∫ ϕ− ·∇ =
σ ε* * n d 0i i
1 1

p,
i

. Here, i is the nondimen-

sional area of droplet i scaled by a2 and the last equality follows
because the droplet potential fields satisfy Laplace’s equation.
The three-dimensional simulation domain is then closed by
side walls in which the potential in the oil has assumed to relax.
We also require nw·∇ϕm = 0 where nw is the unit outward
normal to the side walls. To validate the calculations, we first
compute the electric field and the electrocoalescence force
between a droplet pair aligned with the field, see the
Theoretical Calculation of Electric Field in the 2D Emulsion
Section.
Figure 4a shows the COMSOL computational domain

reproducing the configuration of the droplets in the 2D
emulsion in Figure 3 for a time of 1.94 s, which is prior to any
coalescence events. The figure also shows an overlay of a color
map of the magnitude of the electric field in the droplets and
continuous oil phase in the direction of the applied field.
Although the field details are course, the enhanced electric
fields between close droplet pairs whose center-to-center axes
are approximately aligned with the applied field are clear. In
comparison, the fields between droplet pairs aligned
perpendicular to the field, even when they are very close
together, are not as intensified. This can be understood if we
consider, to a first approximation, the electric field between the
droplets to be a superposition of the uniform far field and the
dipolar fields generated by the dipoles created on the two
droplets of the pair by the uniform field. Again to a first
approximation, the droplet dipoles (Figure 1) lie in the
uniform field direction. Each dipole field is strongest at the
poles and weakest at the equator, and hence, the electric field is
much larger in gaps between droplet pairs aligned with the
uniform field. The electric fields within the droplets are zero.
More details are provided in Figure 4b, which shows the
electric field in the smaller region of the emulsion boxed in red
in Figure 4a and in Figure 4c, which shows the electric
potential of the larger region. Figure 4b clearly indicates the

Figure 4. (a) Rendering of the COMSOL computational domain for the configuration of droplets in the 2D emulsion subject to a uniform field
(up-to-down) as depicted in the image of Figure 2 at 1.94 s, prior to electrocoalescence events. Also shown is a superposition of the magnitude of
the electric field (in the uniform field direction) in the oil and droplet phases. (b) Color map of the magnitude of the electric field for the inset
region shown in (a). (c) Color map of the electrostatic potential around the droplets for the scale as in (a).
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intensification of field strength between droplets aligned with
the field. Note from the color map that the field is of order
5.0−7.5 × 106 V/m between the closest droplets aligned with
the field. This is approximately 20−30 times the applied
gradient of 2.5 × 105 V/m. The potential distribution,
however, indicates that, for a given droplet pair, the dipolar
fields generated from the assemblage of neighboring droplets
also affect the field between the pair. The droplets are at
uniform (though different) potentials as is clear from the color
map of Figure 4c. Consequently, groups of droplets with
uniform potentials within their interiors attenuate the up-down
potential gradient imposed by the electrodes. This is clearly
evident in the transverse zones of nearly uniform color in
Figure 4c that widen as they envelop groups of droplets. If the
conductivities of the droplets were equal to that of the oil, the
applied potential gradient would be unattenuated, and the
potential field would consist of straight, parallel stripes
transversing the domain. The attenuation of the applied field
and the local change in the gradient of the potential from the
strictly up-down direction imposed by the electrodes affect the
polarization of the droplets and the intensity and orientation of
the dipoles induced on the droplets. Changes in dipolar
intensity and direction affect the interdroplet forces and the
pattern of droplet electrocoalescence.
2.3. Theoretical Calculation of Electrocoalescence

Forces. From the finite element simulations of the quasi-static
electric field around the droplets in their arrangement in the
2D emulsion, the electrical forces on each of the droplets can
be computed. This provides a detailed understanding and
prediction of the coalescence events. We consider precoales-
cence arrangements at 1.94 s (i.e., Figure 3) and predict the
merging events for t > 1.94 s. Excepting coalescence events, the
fluids in the continuous and droplet phases are relatively static.
The hydrodynamic stresses due to the flow recirculation move
droplets relative to one another. However, Figure 3 indicates
that this drifting does not move the droplets appreciably over
the half-second of the duration of the sequence. (As the drift
velocity is of order 20 μm/s, this short time period would
correspond to (1/2) of a radius in movement.) In our
consideration of the coalescence events, we only examine a
window of 100 ms from an observed configuration prior to any
coalescence (e.g., the first three snapshots in Figure 3). We
therefore neglect the slow flow as the integrated effects of the
hydrodynamic drift forces are negligible. For the static
arrangement, the oil phase is only subject to the nondimen-

sional pressure pm, scaled by { }εo

2
chamber , and the force of the

field on the polarization charge Pm·∇Em = (1/2)(εm − 1)∇{|
Em|

2}. Here, Em = −∇ϕm is the nondimensional electric field

scaled by{ }chamber and Pm is the nondimensional polarization

i n t h e o i l . T h e p r e s s u r e i s g i v e n b y
ε− = − − | |p E( 1)m

1
2 m m

2 where is a constant. The

dimensionless force on droplet i , F i , scaled by

{ }ε ε ao m
2

2
chamber , is the integration of the dimensionless

Maxwell tension, Tm = εmEmEm − (1/2)|Em|
2I, and the

p r e s su r e , whe r e I i s t h e un i t t en so r . Thu s ,

∫= {− + · }pF n n T di i im m
i

= ∫ | · |n E n di i
1
2 m

2

i
where the

contribution of the tangential component of the electric field is
neglected due to the high conductivity of the aqueous phase
relative to the oil.

For a pairwise set of droplets (i, j) we compute the
nondimensional interdroplet interaction force as Fi,j = rî,j·{Fj −
Fi}. Here, rî,j is the unit vector extending from droplet i to
droplet j in the field. As shown in Figure 5a, for droplets “1”

and “2” with dimensionless position vectors r1 and r2 (scaled
by a) from an origin and forces F1 and F2, ̂ = −

| − |r r r
r r1,2

2 1

2 1
. With

this definition, negative values of Fi,j indicate attraction
between the pair along their line of centers and positive
values repulsion. Each droplet only has a certain number of
nearest neighbors, which block its potential coalescence with
other droplets. Therefore, an algorithm is employed to identify
which droplet pairs are not obstructed by a third droplet and
are potentially able to coalescence. For example (Figure 5b),
droplet 2 is an accessible neighbor of droplet 1 if the distance d
from droplet “3” center to the line of centers from droplet 1 to
droplet 2 is greater than the radius of droplet 3.
Using these calculations, in Figure 6, the instantaneous

normalized, nondimensional force F̃i,j between pairs of droplets

(i, j) of accessible neighbors acquired from captured images is
plotted as a function of the pair separation distance, s/a.
Circles denote the fate of the pair over the following 100 ms,
i.e., coalescence (red) or noncoalescence (blue). Figure 6
displays the results of six sets of experiments, of which Figure 3

Figure 5. (a) Position and force vectors for defining the interdroplet
force and (b) algorithm for identifying accessible neighbors.

Figure 6. Plot of instantaneous normalized nondimensional electro-
static force, F̃i,j calculated between droplet pairs in 2D emulsion
configurations as obtained from captured images taken prior to any
coalescence. The nondimensional force F̃i,j is scaled by the Davis83

calculation of the force between a droplet pair aligned with the field
and at one radius separation, i.e., ̃ = ̂ ·{ − } ℑ =F r s aF F / ( / 1)i j i j j i, , .
Filled red (blue) circles indicate droplet pairs that coalesce (do not
coalesce) over an interval of 100 ms from the time that the image
configuration on which the forces are computed is taken.
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represents one set, with approximately 60−80 droplets in each
set, and with all drops considered in the simulation. The total
number of droplet pairs accessible for coalescence, which are
reported in Figure 6, is 288 with 84 pairs coalescing. In Figure
6, the nondimensional force is scaled by the force between two
isolated droplets, which are subject to, and aligned with, a

uniform field ( chamber) at one radius of separation as computed

by Davis;83 thus ̃ = ̂ ·{ − } ℑ =F r s aF F / ( / 1)i j i j j i, , . The dimen-
s ional interdroplet force is therefore given by

{ }ε ε̃ ℑ =F a s a( / 1)i j
1
2 , o m

2
2

chamber . The factor of 1/2 account-

ing for the AC applied field.
The interdroplet separation distances s/a plotted in Figure 6

are between 0.05 and 0.5. Separation distances s/a from 0.5 to
about 2 are observed, but these typically correspond to pairs in
which coalescence is not possible because of intervening
neighbors (Figure 5b). For separations larger than approx-
imately two with no intervening neighbors are present, but
they are too far to coalesce in the 100 ms of observation from
the frame capture. We also note that the shortest edge-to-edge
separation distance observed in the plot is 0.05, which
approaches the limit of the accuracy in the detection of the
droplet edge (0.025).
Figure 6 makes clear that large normalized, nondimensional

attractive forces, from −20 to −40, develop between the
droplets for separation s/a < 0.25. This is as expected, since for
the two-droplet problem, drops aligned with the field can, for
0.05 < s/a < 0.25, develop attractive forces 10 to 100 times the
force at one radius of separation (the normalizing value in
Figure 6). (See Figure 9 and the Atten et al.22 fit

{ }πℑ ≈ −s a( / ) 0.92 a
s

0.8
for the two-droplet forces.) For

larger values of the separation distance (0.5 > s/a > 0.25),
the attractive forces drop off dramatically to the range of −10<
F̃i,j < 0. This is also expected due to the significant reduction in
the dipolar force (Figure 9a). Repulsive forces (F̃i,j > 0) are
small over the entire range of separation distances, of order 1−
10. This is also in agreement with the repulsive interaction
force between two droplets aligned perpendicular to the field,
where the repulsive force in magnitude is 0.1.83 The calculated
larger repulsive values are due to the attractive interaction
forces of neighboring droplets on the droplet pair, which act to
push the droplets away from each other.
From Figure 6, an assessment can be made on whether

droplet pairs, which are calculated to be attractive in the
instantaneous configuration in the images, do in fact coalesce
in the 100 ms following the image capture. The figure indicates
that almost all of the droplets with the largest attraction, |F̃i,j| >
20, which fall in the range s/a < 0.25, do coalesce. This is made
clearer in a histogram plot, Figure 7a, of the count of the
number of pairs, which coalesce (or do not coalesce), binned
as a function of the normalized droplet pair force, |F̃i,j| > 20.
The reason that the few pairs (3, cf. Figure 7a) that do not
coalesce is the fact that one member of the pair coalesced with
a member of another pair. However, less than half of the
droplet pairs with smaller computed attractive forces, |F̃i,j| < 20,
coalesces, even when the distance of separation is small (0.05 <
s/a < 0.35). Pairs with even smaller attractions (|F̃i,j| < 10) and
greater separations (0.35 < s/a < 0.5) do not coalesce at all.
To understand these results, we note that a coalescence

event occurs as droplet pairs approach to a critical distance
where the field strength is large enough that droplets deform

significantly and join through a liquid bridge, as seen in Figure
3. For the instantaneous configurations on which the
normalized attractive and repulsive forces are calculated, the
measured separation distances that are plotted are small (0.05
< so/a < 0.5). Coalescence is achieved as long as the droplet
pair, either initially or within the 100 ms of observation, comes
to a separation distance such that the critical field strength
(which is a function of the dipoles of its neighbors) for
coalescence is reached. To predict coalescence, we can use the
results on the merging of anchored droplets. As reviewed in the
introduction, in these studies (Atten et al.89), anchored, facing
droplets are held at a fixed potential difference V and
positioned at initial separation distances 10−3 < so/a < 1.
The droplets deform and are found to merge when the
imposed potential difference V exceeds a critical value Vcrit.
The merging occurs at a critical distance, scrit/a, which is
approximately 0.6 so/a. At this critical distance, the Maxwell
tensions exerted by the normal electric field strengths at the
facing poles are large enough that equilibrium solutions for
prolate shapes no longer exist and droplets merge. This critical
potential difference is correlated in terms of a critical
electrocapillary number, which can be defined in terms of
the electric field strength at the facing poles of the droplet pair

at the coalescence point, i.e., = ε ε
γ

E a V
sc,crit

o m crit
2

crit
2 . This is equal to

0.2−0.4, depending on the initial separation and the size of the
capillary tips anchoring the droplets to the droplet radii.
With the above as context, consider first the droplet pairs

with a large net attractive force, |F̃i,j| > 20 (so/a < 0.25). By

Figure 7. Histograms of the number of droplet pairs that coalesce or
do not coalesce binned as a function of (a) normalized pairwise force
F̃i,j and (b) separation distance s/a.
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examining the droplet pairs in this class, we observe that in
most cases, the pair is aligned along the field (or close to this
orientation) and at a short enough separation distance, so that
the electric field at the facing poles is large. In addition, in
these cases, the neighbors are either located at a far enough
distance that they do not interact with the pair in the
calculation of the interdroplet force or are arranged around the
droplet pair perpendicular to the field so that only small
repulsive forces are exerted. In these cases, the field at the poles
is large enough that the critical capillary number is exceeded
and the droplets coalesce. From the color map in Figure 4b as
an example and using the exact calculations, we find that the
droplets with large net attractive force (|F̃i,j| > 20) have electric
fields at their facing poles, which are 20−30 terms larger than
the applied field strength. The electrocapillary number
corresponding to the applied field strength of 250 V/mm
and γ = 28 mN/m (the value of the dynamic tension at the
residence time for the droplets in the wide chamber) is equal

to = ε ε
γ
̅E E a

c
o m RMS

2

= 5 × 10−4 (using the RMS value for the

field). The droplets with large attractive force |F̃i,j| > 20
(separations s/a < 0.25 and electric field amplification of 20−
30 the applied strength) have electrocapillary numbers in the
range of 0.2−0.45. This is in the interval for coalescence and
explains why they coalesce. It is also important to note that the
electrocapillary numbers, at the point of coalescence with
amplification of the fields, are still relatively small. Therefore,
the droplets remain spherical until the point of coalescence, as
is evident in the images of Figure 3a,b, and this is true in all of
the remaining cases discussed below. The classes of droplets in
Figure 6 with very small mutual attraction forces |F̃i,j| < 10 and
large separations 0.35 < s/a < 0.5, on examination, have
electric field values at their poles less than 10 times the applied
strength. This leads to electrocapillary numbers no greater than
0.05, insufficient for coalescence.
In the class of droplets in Figure 6 with small attractive

forces |F̃i,j| <20 for s/a < 0.35, some merge and some do not.
An examination of the pairs in this category shows that the
ones that do not merge have field amplification at the poles,
which are smaller than 10, and hence electrocapillary numbers
below the range required for coalescence. The ones that do
merge have the requisite amplification, though, interestingly
their attractive force is not as large as the droplets in the class
where |F̃i,j| > 20. Case by case examination shows the
coalescing pairs have neighbors in the field direction, which
are close enough to exert attractive forces that reduce the net
attractive interdroplet force between the pair. Thus, droplets
can merge even if the attraction is not large. For this same
reason, the few droplets pairs with net repulsion, which do
merge in Figure 6 on examination, have bounding neighbors in
the field direction that exert strong attractions on the pair
members. This provides a resulting net repulsion between the
members, even though the field on the facing surfaces of the
droplets of the pair is large enough for coalescence. The above
analysis of the criteria for electrocoalescence does not take into
account the effect of the asphaltene film on the droplet
interface on the coalescence. When an asphaltene film is
present with a large surface elasticity, the elastic forces
contribute to the restoring effects. This phenomenon acts
against the Maxwell stress, and thus the restoring forces due to
the tension are not the only surface restoring forces. The
dynamics of the interface for this case has not been studied in
detail, but a starting point would be to assume an equation of

state for the tension, which would include the elastic effect due
to the stretching of the asphaltene film. Following Rane et al.,17

we could start with their supposition that the Langmuir

equation of state is valid, { }γ γΓ = + Γ −∞
Γ
Γ∞

RT( ) ln 1o

where Γ is the surface concentration of the asphaltene, Γ∞ is
the maximum packing concentration of the asphaltene, and γo
is the tension in the absence of asphaltenes. As the area of the
interface changes during electrocoalescence, the surface
concentration changes. If we assume no additional adsorption
during the time scale of the electrocoalescence process, then
the surface concentration is given by the conservation
equation, and the area expansion represents the strain on the
film. For this case, the elasticity of the layer, which would

account for the surface film, is Γ = −Γ γ∂
∂Γ |Γ=Γ
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where Γo

is the asphaltene concentration at the point in which the field is
applied. Following in this way, two nondimensional groups
would appear. The first group is the electrocapillary number

and a second group ( = ε ε ̅
ΓE E a

EE ( )
o m

2

o o
) corresponding to the ratio

of the Maxwell stress to the film elasticity. Note that in this
formulation, the surface concentration Γo is directly related to
the aging. For electrocoalesence, these ratios should exceed
critical values. We note that other elastomechanical expressions
could be formulated instead of the Langmuir equation of state,
but in all cases, a second group would appear representing a
value for the characteristic Maxwell stress to the characteristic
film elasticity. Rane et al.17 undertake measurements of the film
elasticity by oscillating a pendant drop and find that Eo
increases with the age of the drop, with values between 0
and 30 mN/m for aging between 0 and 120 min. Hence, the
elasticity is of the order of the tension. In our analysis, we base
our criteria for electrocoalescence on the values of Ec, stating
that when Ec is large enough, electrocoalescence occurs as the
Mawell stresses are sufficiently larger than the tension. Since
the elasticity is the same order as the tension, if Maxwell
stresses are sufficiently large to exceed the restoring force of
tension, the same should be true for the restoring force of
elasticity. If the interfacial tension is extremely low (<1mN/
m), then the dominant effect would be the elastic resistance.
Alternatively, if the droplets are only aged a short amount of
time, the elasticity is very low and the dominant effect is the
tension.

3. CONCLUSIONS

This study has examined the process of electrocoalescence in a
2D emulsion of conducting water droplets in an insulating oil
phase, which is generated in a microfluidic cell. An electric field
applied across the emulsion induces charge separation and
dipole formation in the conducting water droplets. The
polarized droplets attract each other through dipolar forces,
which intensify as the droplets approach to within a few tenths
of a radius of each other. Petroleum crude is used for the oil
because of the important applications of electrocoalescence to
the removal of water from the crude. However, current interest
is focused on the “droplet-based” microfluidic lab on chip
applications that use electrocoalescence to combine droplets
and break emulsions. Our microfluidic design uses flow
focusing of water in oil to generate water droplets of uniform
size, which are guided downstream as a single layer into a wide
observation chamber. The 2D emulsion forms as the droplets
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collect in the chamber and an electric field is applied across the
chamber to induce electrocoalescence. Our study provides two
unique contributions: We demonstrate that our microfluidic
design enables the electrocoalescence process in an opaque
continuous phase to be visualized on the scale of the droplets
with optical microscopy because the narrow chamber height
allows the emulsion to become transparent. Electrocoalescence
events are observed on an individual droplet basis, allowing an
in situ examination of the merging process. Our study also
demonstrates that the droplet scale data can be modeled to
identify critical conditions for electrocoalescence using a local
electrocapillary number. Numerical simulations for the electric
field around the droplets in 2D configurations rendered
directly from frame captures of microscopy images are
obtained and used to compute the forces on the droplets.
From the calculated forces, the mutual forces of attraction (or
repulsion) between droplet pairs in the rendered images are
examined as a function of the pair separation distance. These
calculations are correlated with whether the droplet pair
coalesced in the short (100 ms) time interval that followed
from the captured frame on which the force calculation was
based. Large mutual attractive forces at small separations (a
few tenths of a droplet radius) correlated to electrocoalescence
of the pair as the electric field between the droplets exceeded
the value necessary for coalescence. Larger separations
(approximately one-half of a radius) and very small attractive
(or repulsive) forces correlated to noncoalescing droplets as
the electric field strengths are too low. Almost all droplet pairs
with repulsive interactions did not coalesce. For droplet pairs
at close separation (a few tenths of a droplet radius) and
intermediate values for mutual attraction, some pairs coalesced
and some did not. An examination of the electric field on the
droplet surfaces showed that for droplet pairs in this class that
did coalesce the field strength between the droplets became
large enough for coalescence. However, the net forces on each
of the droplets (and hence the mutual force of attraction) were
reduced because of the attractive interactions with neighboring
droplets. Our demonstration that the electric field in a 2D
emulsion can be computed exactly from rendered images and
used to correlate coalescence events allows for a more in-depth
study of the factors affecting electrocoalesence. This can open
the possibility of programming the electrocoalesence process
by manipulation of the applied electric field. Our approach of
simulating directly the multiple droplet electrocoalescence to
identify critical field strengths is also applicable to a three-
dimensional study, although the visualization of the droplets in
3D would require other techniques such as pulsed field
gradient (PFG) NMR since the 3D crude would be opaque in
a microfluidic arrangement in which the channel height was
larger to accommodate a 3D dispersion of droplets. The use of
PFG-NMR to study water in crude oil emulsions has been
undertaken by Sjoblom et al.99−101

4. EXPERIMENTAL SECTION
A petroleum crude (ExxonMobil) with εm = 2.5 and σm = 1.1 ×
10−8 S/m (measured by an impedance analyzer, Agilent),
viscosity μm = 0.023 kg m−1 s−1 (cone and plate viscometer),
and density ρm = 8.75 × 102 kg/m3 is used, and the aqueous
droplet phase is DI water with an assumed εp of 80, a measured
σp of 1.2 × 10−5 S/m (conductivity meter), and ρp = 1.0 × 103

kg/m3. The crude oil/DI water dynamic interfacial tension, γ,
is measured using a pendant drop tensiometer (Kruss) and is
shown in Figure 8. (All data at 20 °C, the temperature of

experiments). The asphaltene content of the crude was
obtained by extraction of the asphaltene with heptane (see
e.g., ref 9 ASTM 863-69 standard), and the asphaltene content
was 0.5 percent by weight and visually the crude appeared
opaque.
The microfluidic cell is made using soft lithography102 and

fabrication of two layers of polymerized and cured PDMS. One
layer containing the open fluidic channels and chamber
inscribed on one face is molded by curing PDMS (Sylgard
184, Dow Corning) over a negative epoxy master of the fluidic
features. The second is a flat layer to seal the channel. The two
layers are bonded together following exposure to an oxygen
plasma and mounted on a standard glass microscope slide.
Access ports cored into the top layer using a biopsy punch
allow the introduction of the oil and aqueous streams via
polyethylene tubing (1.5 mm OD) inserted into the ports and
connected to syringe pumps (Harvard Apparatus PHD). The
exit port allows the emulsion to exit through inserted tubing. A
monodisperse train of water droplets suspended in the crude is
generated by flow-focusing streams of crude and water through
separate channels from entry ports to an orifice where the
droplets are formed. The train is directed through a feeding
channel to a holding chamber (width = 3 mm and length

= 10 mm) in which the droplets arrange themselves in an
arbitrary configuration to form the 2D emulsion, and in which
the electric field is applied. Droplets leave the chamber through
an exiting channel ending in an exit port. Feeding and exit
channel widths to the chamber are 300 μm and 2 mm long,
and the height of the channels and chamber is = 60 μm,
which (see below) is small enough for the crude to be
transparent. The flow-focusing orifice is 50 μm in width, and at
the flow rates of oil and water used (qm = 0.2 μL/min and qp =
0.02 μL/min, respectively), droplets approximately 40 μm in
diameter are generated. The droplets move through the
feeding channel and the chamber as a single layer. For the field
generation, planar electrodes of aluminum are inserted through
the cell, perpendicular to its lateral plane, and sited parallel to
the chamber at a distance c. The electrodes were connected to
an amplifier (TeK) controlled by a frequency generator
(Agilent), which applied a potential electrode across the
electrodes. To prevent accumulation of charge and reduction
of field strength, a sinusoidal AC rather than a DC driving
potential is applied across the electrodes. The applied field is

oscillated at a frequency ω = 500 Hz so that Ω = =
σ

ε ε ω
4.5p

o p

and the free volume charge in the conducting aqueous phase
relaxes quickly relative to the inverse of the frequency. Droplet
coalescence events in the chamber are visualized by optical

Figure 8. Dynamic interfacial tension between a crude oil droplet and
DI water over a period of 2000 s; the graph shows three realizations.
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microscopy using a microscope (Nikon) in the bright-field
mode and recorded with a high-speed camera (Redlake, 50
frames/s) with a 10×, N.A. 1.4 (air) objective. The sensor has
a pixel area of 1280 × 1024, and the field of view in the
observation cell was 1 mm × 1 mm or a resolution of
approximately 1 μm per pixel.
The experiments are undertaken in a continuous flow-

through mode. The width of the chamber in the microfluidics
device is much larger than the width of the microchannel,
which feeds the droplets into the chamber. Therefore, the
droplet movement in the chamber is relatively slow, and the
droplets appear to drift very slowly across the field of view. At
the oil flow rate qm used, the characteristic velocity of the
droplets in the channel is μ×q /( 300 m)m ≈ 200 μm/s and in

the chamber is ⟨v⟩ = μ× ≈q /( ) 20 m/sm . In the
absence of an applied field, a steady state is established, the
field is then energized for a few seconds, and a video of the
coalescence dynamics in the chamber is recorded from the
moment the potential is applied. The field is then turned off,
and the slow flow in the chamber flushes the coalesced drops
out. The experiment is then repeated after microscopy
observation reveals there are no coalesced droplets in the
chamber. Thus, for the droplets observed in the chamber
during an experiment, the approximate time between their
formation at the orifice and the initiation of the field is
approximately 500 s ( /⟨v⟩) as the residence time of the
droplets in the channel feeding the chamber is only
approximately 10 s (2 × 103 μm/200 μm/s). This 500 s
time represents the approximate “aging time” of the droplets
from their formation at the flow-focusing orifice. This time is
important in applying the results of this microfluidic
electrocoalescence study to the operation of field electro-
coalescers. The residence time of the droplets in the
electrocoalescer from their point of formation is important as
it determines how long asphaltenes (and other surface-active
material in the oil) have been allowed to adsorb from the oil
onto the droplet surface. As we noted in the introduction, the
greater this aging time the more elastic the interfacial layer and
the more difficult it becomes for the droplets to merge.
Conventional coalescers operate with a residences time of 30−
40 min103 to deliver production rates of tens to hundreds of
kilobarrales of oil/day. Newer compact designs, which have
improved the efficiency of the electrocoalescence process,
operate with lower holding volumes that have reduced this
residence time.6,7 The residence times of 10 min in our
experiments are of the order of the times for more compact
electrocoalescers, so our study reflects realistic conditions.
More importantly, the aging time can be increased (or adjusted
to a desired value) within our microfluidic chip design by using
longer, serpentine-shaped channels feeding into the chamber as
undertaken by Nowbahar et al.24

5. COMPUTATIONAL METHODS

To validate the COMSOL calculation of the electrostatic field
in the 2D emulsion of multiple water droplets in oil and the
calculations of the forces on the droplets, we first simulate the
electric field between two equally sized spherical droplets
(radius a = 20 μm). The simulation is carried out for droplets
in our computational chamber with the center-to-center axis
between the droplets perpendicular to the top and bottom
walls on which the potential difference chamber is applied. The
bounding surfaces of the chamber are set to be far from the

droplet pair ( = = = 10a). This represents the
condition of a uniform electric field applied at infinity to two
isolated drops, as solved by Davis83 analytically using
bispherical coordinates. In Figure 9, we provide a color map

of the field strength in a slice perpendicular to the top and
bottom of the chamber. It contains the equatorial planes of
both droplets for the conductivity and viscosity ratios of our
multidroplet water-in-oil simulations (σ* = 10−3, ε* = 0.03).
Since the droplets are so much more conductive than the oil,
their electric fields are essentially zero in the droplets, as
evident from the map. The intensification of the field between
the droplets, which is the driving force of the electro-
coalescence, is apparent with the highest field strengths at
the poles of the facing droplets. Quantitatively, we obtain the
attractive electrical force between the droplets, scaled by

ε ε ao m
2 chamber

2

2 , (denoted by ℑ s a( / ) as in the introduction)

through the integration of the normal electric field on the
surface of the droplets. This force is compared in Figure 9 with
the exact analytical solution obtained by Davis.83 The
agreement is excellent, demonstrating that because of the
very low conductivity ratio of the oil to the water droplet
phase, the field is essentially that of a continuous phase. The
agreement also provides confidence in our COMSOL solutions

Figure 9. (a) Pair of isolated droplets aligned with a uniform electric
field applied far away (up-to-down) and a color map of the electric
field in the uniform field direction as computed numerically
(COMSOL). (b) The nondimensionalized attractive force ℑ s a( / )
exerted on each of the pairs as a function of the edge-to-edge
separation s/a as computed from the COMSOL simulation and the
bispherical analytical solution83 and compared to the dipole
approximation.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.9b04259
ACS Omega 2020, 5, 7348−7360

7357

https://pubs.acs.org/doi/10.1021/acsomega.9b04259?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04259?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04259?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.9b04259?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.9b04259?ref=pdf


for the multidroplet simulations. We also note that the dipole−
dipole approximation for the force is satisfactory for
interdroplet separations s/a larger than one.
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