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Abstract

The coalescence of a water drop in a dieletric oil phase at a water layer interface in the presence
of an electric field is simulated by solving the Navier-Stokes and charge conservation equations with
the finite element method. The proprietary software Comsol Multiphysics is used for this purpose.
The interface between the oil and water phases is tracked by implementing a Level Set approach. The
sensitivity of the model with respect to some input parameters are reported. In particular, the
calculations are sensitive to the size of the computational grid elements, interface thickness and re-
initialisation parameter. The ratio between the volume of secondary droplets and the initial drop
volume is calculated as a function of the initial drop size and compared with experiments available in
the literature. A good quantitative agreement can be obtained if the parameters are suitably tuned.
The model also predicts a strong role played by the water phase conductivity in the formation of

progeny droplets.
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1. Introduction

External electric fields are used in the oil industry to promote migration of droplets in the water-
in-oil emulsions formed during the oil extraction process and to enhance their coalescence [1, 2]. In
the presence of an electric field, the rate of film thinning between two coalescing droplets increases
[1], but partial coalescence can occur if the field strength is too high [3-6]. The formation of small
secondary droplets undermines the efficiency of the separation process; it would therefore be highly
beneficial to understand the operating conditions that favour incomplete coalescence. It has recently
been shown [5] that the ratio between the volume of the secondary droplet formed and the initial
drop volume is strongly correlated with the product of the Weber and Ohnesorge numbers. According
to the same authors, the volume of the secondary droplets decreases if pulse-DC fields are used: the
incidence of partial coalescence almost vanishes in the frequency range between 1 and 100 Hz using

square, sawtooth and sinusoidal waves [6].

Although the findings described above can have an important impact on the development of
compact electrocoalescers, a mathematical description of the process is needed for the extrapolation
of these results to more general cases and provide guidelines to select the best operating conditions
under which the separation efficiency is enhanced. In general, modeling of two-phase electro-
hydrodynamic flows are usually based on the simultaneous solution of Navier-Stokes, Poisson and
charge distribution equations (neglecting magnetic phenomena), coupled with a method to track the
interface between the two fluids. Convection of free charge needs to be modelled for a leaky dielectric
fluid with non-zero conductivity whenever the time scale for the flow is comparable to the electric
relaxation time. In this respect, Ristenpart et al. [7] have shown that the extreme case of non-
coalescence is most probably related to the mechanism of charge transfer through short-lived bridges
between bouncing drops. This suggests that the time resolution of the electric field variation is

essential to capture the phenomenon of partial coalescence.

The accurate modeling of moving interfaces is also extremely important and is an area currently
under active investigation. Explicit approaches, such as boundary integral and front-tracking methods,
track discrete points on the interface surface. The motion and deformation of droplets under the
presence of an electric field [8-12] and electro-jetting due to Taylor’s instability [13] have been
reproduced using this type of techniques. However, their implementation is not straightforward as

the addition of surface-marker points is usually needed in order to obtain sufficient interface



resolution when stretching, coalescence and pinching occur. On the other hand, implicit methods,
such as Level Set, Phase Field or Volume of Fluid methods, handle topological changes easily by
defining an auxiliary function to represent the interface. These methods have also been used
extensively to model droplet motion, deformation and coalescence under the effect of an externally
applied electric field [14-20]. Each implicit technique to represent the interface has its own
advantages and drawbacks. The Level Set method [21], which is used in this paper, is relatively simple,
represents the effect of surface tension slightly more accurately. These features are important to
correctly simulate the shape of the droplet during pinching, as this subsequently determines the
formation of a progeny drop [7]. Also, the Level Set method has already been applied to reproduce
partial coalescence in the absence of the electric field [22, 23]. To the authors’ knowledge, there few
attempts reported in the literature at predicting the occurrence of incomplete coalescence in the
presence of an electric field. Teigen et al. [23] modelled the process using a combination of level-set
and ghost fluid methods, as described in detail in [24]. Suppression of partial coalescence was
predicted for an intermediate value of the electric Bond number, reproducing qualitatively the trend
of previous investigators [25]. However, the physics of charge relaxation was not considered, which
has instead been included in this work. In another modelling study [26], an electrokinetic model was
employed to reproduce the transition from complete to partial electrocalescence at increasing
conductivity, revealing the importance of considering the charge separation dynamics. The aim of this
work is to provide a mathematical description of the phenomenon. For this purpose, a finite element
approach combined with the Level-Set method is adopted to analyse the process of partial
coalescence. The proprietary software Comsol Multiphysics (Comsol, Sweden) software has been used
for this purpose. Most of the model equations presented in Section 2 are already implemented in
Comsol (in particular, they are included in the Laminar Two-Phase Flow, Level-Set and Electric currents
modules). The only user-defined function is the electric force which has been added as a volume force

equal to the divergence of the Maxwell stress tensor.

2. Model
2.1 Model Equations

A Level Set approach is employed to track the boundaries between different phases. The evolution

of the boundary is described by the equation [23]:
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where ¢ is a smooth step function which varies from 0 to 1 across different phase domains, A is a re-
initialization parameter, which gives stability to the solution and € is related to the thickness of the
interface. The fluid velocity is denoted by u (bold letters denote vectors). A preliminary step computes
the distance between the initial interface and the nodes of the computational domain, Dsi. The initial
condition for the time dependent study is then calculated as:

1

bo= 1 + etDsi/%

(2)

The positive sign is used in Eq.2 for points initially inside the interface, whereas the minus sign

applies to the domain outside the interface. The interface is described by the Level Set ¢, = 0.5.

In the standard approach, the Level-Set function is initialised as a distance function [27]. Re-
initialisation is however needed to keep the interface thickness constant, because, as the Level-Set
function moves with the average fluid stream velocity, it does not remain an exact distance function
due to numerical errors. Procedures for re-initialization as a distance function at intermediate time
steps are therefore needed to keep the interphase thickness constant. In the approach used in
Comsol, based on the Olsson and Kreiss’ formulation [28], the intermediate step, necessary for
keeping the interphase thickness constant, is combined with the level-set equation into a single
equation, i.e. Eq. 1. The parameter A determines the degree of numerical stabilisation. If it is too small,
the interface thickness is not preserved. If too large, the interface moves incorrectly and convergence

problems arise.

The parameter & determines the interface thickness through Eq.2. The interface is modelled as a
diffuse boundary, so that the Level-Set variable is equal to 0.5 at the interface. The Level-Set variable
exponentially decays to zero and increases to 1 inside and outside the drop, respectively. &
determines the rapidity by which the Level-Set function varies with the distance of the domain points
from the 0.5 Level-Set iso-contour. It could be shown that, as a first approximation, the interface
thickness = 4£D where D is the drop size. This is obviously not a realistic value of interface thickness
but real values cannot be used in simulations. As also shown in this work, convergence problems arise
due to the abrupt change in composition across the two phases. The parameter & is regarded as an

adjustable parameter in this work.

It should be noted that Eq. (1) is a non-conservative formulation of the Level Set equation, which
attains convergence more easily but conserves the integral of the Level Set function only
approximately, therefore introducing some errors in the calculations in terms of mass conservation. A
conservative formulation can be obtained by applying the incompressibility condition V-u=0 [28], so

that Eq.1 becomes:
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However, the solution of the above equation is characterised by convergence problems which and this
makes it unsuitable for a broad testing of the model capabilities. The non-conservative formulation is

therefore used in this paper in order to explore a larger number of cases.

Navier-Stokes and continuity equations are solved using average physical properties for the two

phases:

0
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where p(¢) and u(¢p) are functions of the Level Set function and differ from the pure liquids
properties only in the narrow region close to the interface where ¢ varies. In general, the properties

of the two liquids are weighted according to the equation:

P(¢) =P + (P, — P 5)

In eq. (3), forces due to surface tension and induced by the electric field are included. The force

due to surface tension is calculated as derived in [29]:

Fy=V- (y (I - (nnT)) 6) (6)

where v is the surface tension coefficient, | the identity matrix, n the outward pointing interface
normal vector and & a smooth approximation of the Dirac function which is non-zero only at the

interface. n and 6 are calculated as, respectively:

Vo
n= |V_¢| o 7
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The electric force is calculated from the divergence of the Maxwell tensor:
Fo=V- (c(O)EET-2 e(0) (B B} ©

where g(¢) is the average permittivity. The electric field E is computed by satisfying the charge

conservation equation:
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where o(¢) is the average conductivity. With reference to the computational domain depicted in
Figure 1a, the following boundary conditions have been applied in order to solve this set of equations:
the upper boundary is kept at a fixed electric potential while the opposite one is earthed and no-slip
conditions are prescribed for both boundaries; the domain is axisymmetric; slip conditions are
considered on the right boundary (u-n=0) as done in [22], as this allows significant reduction of the

simulation domain.

2.2 Non-dimensionalisation

Before discussing the results obtained by this approach, it is worth performing a dimensional
analysis to determine which dimensionless groups control the phenomenon in this case. For this
purpose, we shall introduce a characteristic time and length equal to Dy/u and D, respectively, so that:

t u
t=t V=DV u=—r p b
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where D is the drop diameter. For the sake simplicity, the Level Set, Navier-Stokes and charge

conservation equations will be written dropping the dependence of the liquid properties on ¢,

obtaining:
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Inspection of Egs (12)-(16) reveals that the phenomenon is regulated by the Ohnesorge Oh =
2
\/%, electrical Weber number Weg = %, as well as the groups (%), (%) and (Diij) The groups
(}‘7“), (g) are associated with the Level Set method and need to be tuned to reproduce the process.

The last group controls the movement of charge in the process. It compares the time of pumping of

the droplet content into the water layer with the dielectric relaxation time of the fluid. If this group is



<<1, then it is not necessary to consider the movement of charge and Eq. (16) simplifies to the Laplace
equation. For crude oil, the dielectric relaxation time is usually in the range 10%-102 s [30] and the
water droplets in the emulsion are usually smaller than 10* m. Unless the oil is very viscous, this
suggests that the charge movement should also be considered in the analysis. Another important
result of non-dimensionalising the equations is provided by Eq. (15) which shows that the electrostatic
effect is mainly regulated by the product We, Oh?, which could explain why the volume of secondary

droplets formed over the initial drop size has previously been correlated with the product We,;0h [5].

3. Results and Discussion

The properties of the two liquids correspond to the sunflower oil/water system investigated
experimentally by Mousavichoubeh et al. [5] and are reported in Table 1. The interfacial tension is
equal to 25 mN mm™. It was measured according to a technique based on the pendant drop method,
using a contact-angle measuring instrument, EasyDrop from KrussGmbH. No appreciable variation
with time was observed during the measurement. The conductivity was measured using a conductivity
meter, Model 470 from JENWAY Products Inc. The voltage applied between two electrodes was
between 1 and 11 kV. The current was measured using an electrometer, Model 6514 from Keithley

Instruments. The current—voltage relationship for sunflower followed Ohm’s law.

The computational domain is 2D axisymmetric and Figure 1a. In Figure 1b, a close-up of the
domain near the interface is reported to show the quality of the mesh generated with hpyax/D=0.03,
where hnax is the max mesh element size, which corresponds to the level of mesh refinement used in
most of the simulations shown in this paper. The effect of the mesh element size, interface thickness,
re-initialisation parameter, initial drop size and water conductivity on the model calculations are
discussed in the following sections. In a typical simulation, a quite small time increment is employed,
about 107 s at the start of the simulation. The time step then increases up to about 10* s in
approximately 50 time steps and remains almost constant thereafter. However, the time step should
be smaller than about 107° s at the lower value of surface thickness parameter investigated in this

work.

3.1 Effect of the mesh size and interface thickness parameter

In order to assess the effect of { and the mesh element size, the following case is analysed. The

initial drop size is 1.196 mm and the electric field strength is 373 V. mm™. Under these conditions,



partial coalescence occurs and the ratio between the volume of the secondary droplets formed and

the initial drop volume, V., is equal to about 0.088, as measured by Mousavichoubeh et al. [3].

The calculated values of V. are reported in Table 2. This ratio is calculated from the Level Set
parameter by integration over the computational domain Qqrop, Where the initial or secondary drops
are present (i.e. excluding the water layer). Considering that inside the water phase ¢ =0, V: is

therefore computed as:

Jo,. (1 — )|
v, = rop tfinal (17)
derop(l B ¢)dﬂ|t0

for 0< ¢ <0.5,

For all cases presented in this section, the re-initialization parameter A is set equal to 1 m/s, which
is comparable to the maximum fluid velocity in the system, and the drop is falling from an initial

distance of 0.1 mm.

The results shown in Table 2 reveal that tuning of the interface thickness, &, is strictly connected
to the level of mesh refinement, i.e. hmax/D. With £/D=0.03 or 0.05, the calculated volume of
secondary droplets becomes invariant with the grid element size when this is sufficiently small. In this
case the volume ratio of the secondary droplet to that of the initial drop is very close to the
experimental value. However, the phenomenology described in the two simulations is different, and
the results are compared in Figures 2 and 3. The interface is given by the loci where the Level-Set
variable is equal to 0.5. The value of £/D=0.02 does not produce realistic results and convergence fails
in a number of cases of h,,,/D. The behaviour observed experimentally is also reported in Figure 4.

The numerical results obtained with §/D=0.03 and h__ /D=0.03 reproduce the experimental

max
observations accurately, whereas with §/D=0.05 and h__ /D =0.03 a jet-like behavior is reproduced.
The predicted volume ratio is, however, very close to the experimental value in both cases. For
§/D=0.03 and h,__ /D=0.03, the model is able to correctly predict both the volume of secondary
droplets formed as well as the kinetics of coalescence, i.e. with a good correspondence between
experimental and simulation times. However, some very small droplets formed cannot be reproduced,
as an excessive mesh refinement would be necessary. In this regard, in Figure 5 the variation of the

Level-Set variable is shown at different simulation times for §¢/D=0.03 and h__ /D=0.03. From the

calculations, it appears therefore evident that additional secondary droplets are most likely to form.

Table 2 also reveals that decreasing the interface thickness excessively leads to convergence

problems, and a solution is obtained only for §/D=0.02 and h_, /D =0.03, which, however, provides



a largervalue of the secondary droplet volume formed as compared to the experiments. Decreasing
further the grid element size to 0.02 causes non-convergence again, as £/D should usually be smaller

than the maximum grid size. This requirement becomes more critical when /D is small.

3.2 Effect of the re-initialisation parameter

In the previous section the re-initialisation parameter was set to 1 m/s. However, different values
of A can lead to different simulation outcomes. In particular, with a too small value of A the interface
thickness does not remain constant during the simulation time. On the other hand, if A is too large
convergence becomes difficult. This means that A should be optimized for a given application. A
guideline to select an initial value of lambda is to set it equal to the maximum fluid velocity in the
system and then follow an optimisation procedure. The values of A used in this section are comparable
to the calculated maximum fluid velocity in the system, but it has been considered as an adjustable

variable in this work.

The volume ratio of the secondary droplet formed is shown in Figure 6 as a function of the re-
initialisation parameter for D=1.196 mm, §/D=0.03 and h__ /D =0.03. The progeny droplet volume
remains almost constant for a wide range of values of A, namely between 0.4 and 1.4 m/s, whereas it
increases rapidly as A is reduced below 0.4 m/s. At values of A > 1.4 m/s, convergence is not obtained.
The fact that the calculations only vary slightly within a range of A can be an indication of the possibility
to apply a single value of A to reproduce experiments with different operating conditions. This point
is addressed in the next session, where the model is used to fit experimental data obtained with

different initial drop size.

3.3 Variation of the model parameters with droplet size

The experimental measurements of V, as a function of the initial droplet size for the system with
properties reported in Table 1 [3] are shown in Figure 6. The numerical calculations obtained from the
solution of the model equations are also reported in the same graph for comparison. The values of
the model parameters used for each initial droplet size, namely A and £/D, are given in Table 3. Using
slightly different values of A (0.5-0.6 m/s) and §/D (0.02-0.03), it is possible to reproduce
approximately the trend of V. versus D, apart from the smallest initial drop size, where under-damped
oscillations do not readily occur, as it is shown by Vivacqua et al. [31]. The increasing/decreasing trend
provided by the model calculations is also due to the fact the values of the interface thickness and re-
initialisation parameters are different. This is due to convergence problems at certain values of these

parameters, which prevented from using exactly the same values in all cases. It should be noted that
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a more accurate optimization of the parameters could be carried out to fit the experimental data more
closely; the results in Figure 7 are shown to demonstrate the capabilities of the model to replicate
some aspects of the process using almost constant values of the parameters. However, this attempt
fails while trying to reproduce the coalescence behaviour of the droplet with 0.576 mm initial size. It
should be observed that a transition from partial to complete coalescence is expected by progressively
decreasing the initial drop size. Below a certain value of the droplet size coalescence should become
complete, as the deformation and necking tendency induced by the electric field decreases while the
pumping action of surface tension is enhanced. However this does not occur experimentally when the
initial drop size is 0.576 mm. For this diameter, either full coalescence or non-coalescence could be
simulated only, with the two different behaviours obtained with different values of the initial falling
distance, 0.08 and 0.1, mm respectively. This is perhaps due to the fact that starting the simulation
from a position closer to the interface, determines a smaller contact angle at the intersection of the
two Taylor cones formed between the drop and layer surfaces. In this respect, it has been shown that
the phenomenology changes from full coalescence to bouncing or non-coalescence beyond a certain
value of this contact angle [7]. Also, bouncing may be favoured by a larger kinetic energy of the droplet
approaching the interface. The two different simulated behaviours are presented in Figure 8, where
a complete coalescence and a bouncing/partial coalescence are shown in Figure 8 (a&b), respectively.

Pillai et al. [26] also predicted that a larger initial separation distance demotes complete coalescence..

3.4 Effect of water conductivity

The water phase is always associated with the presence of dissolved salts, and this is particularly
true during offshore oil extraction. Most of the existing literature, however, focuses on the
electrocoalescence of distilled water droplets. Water salinity affects the electrical conductivity of the
water phase, but its effect on the electrocoalescence process has not been reported in the literature
extensively. In Figure 9, V. is plotted as a function of oy for D=1.196 mm, A=1 m/s, £/D = 0.03 and
hmax/D =0.03. Surprisingly, according to the model predictions, a clear maximum is found at 6~1073
S/m. Above about oy *2x10?% S/m V, becomes practically independent of . In Figure 10, the time
evolution of the drop-interface coalescence event is reported for o, =103 S/m, revealing a jet-like
behavior. The dynamics of coalescence at 6, =2x102 S/m is shown in Figure 11. In line with the trend
of data in Figure 9, the pattern becomes similar to what previously illustrated in Figure 4 for oy

~5.49x10° S/m.

A possible rationale for this finding can stem from the fact that varying conductivity can produce

different contrasting effects.
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1) As the conductivity is increased, the dipole moment induced onto the drop increases. This
brings about a higher deformation of the drop, which tends to increase the volume of the
secondary drop ejected. However, this effect becomes negligible beyond a certain value of

conductivity [8].

g/o

) decreases and the
Du/y

2) With the increasing conductivity, the dimensionless group (

movement of charges becomes faster. Accordingly, the charges on the droplet surface close
to the interface will tend to leak quickly into the water layer and a strong electrostatic
repulsion ensues from the unbalanced charge on the opposite surface of the drop.

3) On the other hand, a higher polarization determines a stronger clamping force between the
drop and the interface and larger current flows into the water bulk. It has been demonstrated
that convective charge transfer plays an important role in the electrohydrodynamics of the

process [32].

In the light of the above considerations, it is likely that the mechanism of charge transfer plays a
key role in the secondary droplet formation. Further evidence is shown in Figure 12 where the
maximum value of the secondary droplet volume formed corresponds to the highest value of space

charge density in the region of coalescence.

Hamlin et al. [32] report the existence of a critical ionic conductivity that governs the response of
a small charged droplet contacting a larger, oppositely charged droplet. Below the critical conductivity,
the droplets partially coalesce; above the critical conductivity, the droplets bounce off one another.
However, in Figure 2 of their work, the experimental data are quite scattered and the ratio of the
secondary droplet size over the initial drop size may have a maximum with conductivity at low values
of field strength. Also, in Figure 12 it is shown that the space charge becomes almost constant with
beyond a certain value of conductivity. This is in qualitative agreement with Hamlin et al. [32]. The
bouncing behaviour could not be reproduced for our system for the range of conductivity investigated,
but the phenomenon also probably depends on the initial drop-interface separation distance.
However, the predicted behaviour needs to be confirmed by further experimental work and this will

constitute the basis for future work.

Conclusions

The partial coalescence of water droplets in dielectric oils in the presence of an electric field has
been analysed by the use of the Level-Set Method to describe the interface. It makes use of the Level

Set approach to describe the interface. The effects of the mesh size, interface thickness, re-
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initialisation parameter, drop size and water conductivity have been assessed. Non-
dimensionalisation of the model equations has shown the importance of charge transfer mechanisms
and also suggested that the phenomenon is mainly regulated by a combination of the Ohnesorge and

electrical Weber numbers, as found experimentally in previous work [5].

The model proved to be capable of reproducing some phenomena observed experimentally. A
satisfactory quantitative agreement can be achieved by the right selection of the model parameters
and mesh element size. The occurrence of non-coalescence can also be reproduced, although it was
predicted under conditions which do not display this behavior experimentally. The model also predicts

an important role played by the water conductivity, which needs experimental validation.

The approach proposed can therefore be used for quantitative predictions of
electrohydrodynamic phenomena, but the need for tuning the adjustable parameters is obviously a
non-desirable feature. However, tuning these parameters does not require extensive work and a
future aim is to verify whether the same values of the parameters can be used to predict a broader
range of operating conditions, including more complex polydisperse water-in-oil systems. Also, the
use of parameters can in principle be avoided by resorting to the approach described by Osher &

Fedkiw’s [27] which will be considered in future work.

This study constitutes the basis for the development of a reliable mathematical description which
can be used for the design of a compact and efficient electrocoalescers, in order to provide useful
guidelines for the selection of the most suitable electric field conditions to minimise the occurrence

of partial coalescence.
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Figure 1: (a) Sketch of the simulation domain. (b) Close-up of the mesh for hmax/D=0.03.
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Table 1: Properties of the experimental liquids (after Mousavichoubeh et al., 2011b).

Liquid Conductivity  Viscosity Density Dielectric constant
uSm?(£5%) mPas kgem3 -

Distilled water 5.49 1.00 1000 80

Sunflower oil  7.62 x 10 46.5 922 4.9

Table 2: Effect of the interface thickness and maximum element size on the calculation results for the

base case (NC: not converged).

Volume of secondary droplets V,/Initial Drop Volume

§/D
hypay/D 0.05 0.03 0.02
0.1 0 0.023 NC
0.05 0.0055 0.096 NC
0.03 0.084 0.088 0.144
0.02 0.082 0.086 NC

Table 3: Model parameters for the calculations shown in Figure 6.

Dropsize §/D A  hp./D
mm © mfs -
0.576 0.03 0.6 0.03
0.829 0.02 0.6 0.03
0.984 0.03 0.5 0.03
1.1 0.03 0.6 0.03
1.196 0.03 0.6 0.03
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