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ABSTRACT

In this study, a numerical assessment of the coalescence of binary water droplets in water-in-oil emulsion was
conducted. The investigation addressed the effect of various parameters on the acoustic pressure and coalescence
time of water droplets in oil phase. These include transducer material, initial droplet diameter (0.05-0.2 in),
interfacial tension (0.012-0.082 N/m), dynamic viscosity (10.6-530 mPas), temperature (20-100 °C), US (ultra
sound) frequency (26.04-43.53 kHz) and transducer power (2.5-40 W). The materials assessed are lead zirconate
titanate (PZT), lithium niobate (LiNbOs), zinc oxide (ZnO), aluminum nitride (AIN), polyvinylidene fluoride
(PVDF), and barium titanate (BaTiO3). The numerical simulation of the binary droplet coalescence showed good
agreement with experimental data in the literature. The US implementation at a fixed frequency produced
enhanced coalescence (t = 5.9-8.5 ms) as compared to gravitational settling (t = 9.8 ms). At different ultrasound
(US) frequencies and transducer materials, variation in the acoustic pressure distribution was observed. Possible
attenuation of the US waves, and the subsequent inhibitive coalescence effect under various US frequencies and
viscosities, were discussed. Moreover, the results showed that the coalescence time reduced across the range of
interfacial tensions which was considered. This reduction can be attributed to the fact that lower interfacial
tension produces emulsions which are relatively more stable. Hence, at lower interface tension between the
water and crude oil, there was more resistance to the coalescence of the water droplets due to their improved
emulsion stability. The increment of the Weber number at higher droplet sizes leads to a delay in the recovery of
the droplet to spherical forms after their starting deformation. These findings provide significant insights that
could aid further developments in demulsification of crude oil emulsions under varying US and emulsion
properties.

1. Introduction

tremendous negative impact could be caused. For instance, increased
viscosity of emulsions leads to prohibitive costs of pumping [6]. In

The de-emulsification and separation of stable water-in-crude oil
emulsions continue to gain significant attention. This is due to the
unavoidability of the formation of emulsions during crude oil produc-
tion, refining and transportation, and the subsequent detrimental eco-
nomic and environmental impacts of their continued presence.
Emulsions, which majorly occur in the form of water-in-oil [1-3], is
usually found during oil production processes due to the presence of
underground formation water which could attain 90-95% [4,5]. The
challenge becomes intensified when extended duration of reservoir
usage, and continued utilization of water for flooding and drilling are
present. Without proper treatment of the produced emulsions,
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addition, emulsions could result in catalyst poisoning during refining
and pipeline corrosion in the course of transportation [6-12]. Conse-
quently, different methods of dehydration of water-in-oil emulsions
have been studied. These include physical [13-16], chemical [3,17] and
biological [18-20] approaches. Physical dewatering processes like
electrostatic [13], thermal [14], membranes [15] and ultrasound [16]
constitute an important portfolio in the coalescence operation. This is
because the physical route could overcome the challenges of extended
time requirement for separation with biological methods which could
hamper oil production processes. But equally important is the, attenu-
ation of the negative environmental drawbacks that exist with chemical
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approaches.

The utilization of ultrasound in the demulsification of water-in-oil
and oil-in-water emulsions, in contrast to other physical approaches,
offers a viable alternative because of their low cost, simplicity, and
significant efficiencies. Hence, the assessment and optimization of US
assisted coalescence and demulsification have been conducted in
numerous studies [11,21-24]. Significant efficiency upgrade with US
inclusion have been reported of varying degrees such as 65% by Antes
et al. [11], ~70% by Luo et al. [22], ~85% by Sadatshojaie et al. [23]
and more than 93% by Wang et al. [21] and Khajehesamedini et al. [24].
However, the vast majority of these studies were experimental with
relatively few reports on numerical simulation. Although empirical
studies are certainly important to the coalescence process, further de-
velopments require numerical and fundamental investigations. Numer-
ical studies provide the advantage of relatively fast and low cost
comprehensive studies of the parameters variation which might be
expensive and difficult to achieve using experiments.

In one of such studies, Xu [25] examined the numerical model of the
coalescence of two air bubbles in water. Different parameters such as
inclusion of ultrasound, bubble radius without ultrasound, US frequency
and pressure were evaluated. They showed that the usage of US
improved the coalescence time for bubbles of radius 0.1 mm. Whilst the
coalescence time without US was 0.14 ms, the coalescence of the bub-
bles in the presence of US was completed in 0.09 ms. Furthermore, they
reported that at elevated acoustic pressure with amplitudes nearing 1
MPa, the bubbles were compressed and aggregated at the antinode.
Although the findings are significant, the study was limited to the
evaluation of air bubbles in water, and lacks further evaluation of
important parameters such as interfacial tension, viscosity etc. In addi-
tion, the effect of different transducer materials was not assessed. This is
crucial to the implementation of more environmental friendly alterna-
tive to the lead based PZT transducers which are widespread. In another
study, Nasiri et al. [9] investigated the ultrasound supported removal of
oil from oil-in-water emulsion using artificial neural network. Although
they reported good agreement with experimental data, the model did
not consider the impact of confinement as represented by the
compartment radial and axial dimensions. The study focused on
experimental validation, but a rigorous assessment of the influence of
different parameters is missing. The US frequency was set at 20 kHz and
5% sunflower oil in water was assessed. Mohsin and Meribout [26]
studied the numerical simulation of the coalescence of water droplets in
water-in-oil emulsion with the application of US. The study showed that
there was similarity in the pressure field at 5, 10 and 15% water content.
However, the study was limited to a single frequency and limited
assessment of the coalescence dynamics and influencing parameters
were considered. Khajehesamedini et al. [24] developed a simplified
model based on the population balance approach for the observation of
the US assisted coalescence of water droplets in oil continuous phase.
The assessment included three different crude oils (Cheshmeh Khosh,
Gachsaran 1 and Gachsaran 2). Major drawbacks of the simplified model
are that the radial and axial gradients of fluid volume fraction across the
dimensions of the compartment were neglected and only a single US
frequency of 20 kHz was used.

Several studies related to the coalescence of oil droplets in water
continuous phase have been reported by Pangu and Feke [62-64]. In one
of such experiment, Pangu and Feke [64] designed and examined the
effectiveness of ultrasound in the separation of emulsion consisting of oil
droplets from water continuous phase in a rectangular compartment.
The chamber consists of a PZT transducer and stainless steel reflector at
opposite sides, with a distance of 1.22 cm between them. Effect of
various parameters including porous media type, pore size, electrical
power and residence time were assessed. The residence time showed
significant influence on the demulsification. The oil collection perfor-
mance increased from 27 % at 34.7 s to 75 % at 69.4 s. The demulsifi-
cation behavior with different transducer electrical power indicated that
at 25.8 W and 6.3 W, the oil collection efficiencies were 75% and 62%,
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respectively. Further increment in the electrical power to 47.2 W
resulted in a slower gain in the separation performance (80%). Although
the porous media type exhibited a considerable effect on the oil
collection performance, the pore size provided little differences in the
demulsification. Polymer mesh provided the highest separation perfor-
mance with values around 75% and 80% as compared to glass beads
with oil collection of about 31 % and 52 % at 25.8 W and 47.2 W,
respectively. Lowering the pore mesh size from 10 to 30 pore per inch
resulted in an improvement of 5% in the oil collection. In a different
study, Pangu and Feke [63] assessed the influence of ultrasonic waves on
the relative movement of binary droplets of oil in water continuous
phase. The study consists of a mathematical model which was validated
with experimental data. The mathematical model consists of 1D acoustic
field and spherical oil droplets in non-miscible water phase in the
absence of surfactants and bulk flow. The assumptions made includes
the Newtonian behavior for oil and water, irreversible coalescence,
negligible inertial force and insignificant Brownian diffusion due to high
Peclet number. The driving forces includes body forces (primary
acoustic force, gravity and buoyancy force) and inter-droplet forces
(hydrodynamic interaction, secondary acoustic forces and van der Waals
forces). Based on these forces, the Batchelor equation was utilized to
determine the relative trajectory of the oil droplets [65].

dVvdW
dr

Vi, = V% (— Leos@e, + Msinde,) — w?2G< + F2m>?, D

where @9, is the relative hydrodynamic mobility, V9, is the relative
velocity contribution from body forces, €, and e, are the unit vectors
along the tangential and radial directions, V,qy is the van der Waals
potential, M is the asymmetric relative mobility function, L and G are the
axisymmetry relative mobility function, 6 is the relative angle to the
vertical axis, Vi3 is the relative droplet velocity, Fo o is the secondary
acoustic force, r is the distance between the droplets’ centers.

The experimental investigation consists of chamber with similar
description in Pangu and Feke [62]. Vegetable oil droplets of sizes be-
tween 24 and 193 pm forms 0.01 vol% in aqueous medium. The trans-
ducer has frequencies of ~0.5 and 2 MHz and an estimated energy
density of 90 J/m°>. The relative motion of the binary droplets was used
to obtain the volume cleared due to coalescence. Sensitivity analysis
based on emulsion properties and acoustic parameters were conducted.
The predicted droplets relative trajectory and coalescence time showed
good agreement with experimental findings. However, the prediction of
the coalescence kinetics deteriorates as the binary droplets get closer to
each other. In another study, Pangu and Feke [62] developed a model to
observe the coalescence of vegetable oil droplets in water under the
influence of ultrasonic waves. The model is developed based on the
population balance and it was utilized to estimate the transformation of
the variations of the sizes of the droplets as well as the determination of
the overall rate of coalescence. The emulsion consists of 8 um oil
droplets of 0.5 vol% in water. The ultrasound was operated at fre-
quencies of 0.525 and 1.69 MHz and the estimated energy densities used
was between 0.25 and 20 J/m>. The experimental set-up described in
their earlier study [64] was utilized for the validation of the model. The
validation results indicated that there was good agreement between the
developed model and the experiments. However, there was a general
under-prediction of the experimental data. This difference was linked to
the gradients in the energy density in the demulsification compartment.
Although the findings by Pangu and Feke [62-64] have provided
important findings, the studies were focused on the demulsification of
vegetable oil in water emulsion. In addition, the effect of different
piezoelectric materials, and emulsion properties such as interfacial
tension, viscosity and temperature were not investigated.

Based on the assessment of the reported studies on the modeling of
the US coalescence of droplets in oil continuous phase, it becomes
evident that more work is required to improve our knowledge and
operation of such a process. Hence, the development of an enhanced
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numerical model that considers the axial and radial dimension effects, as
well as the detailed optimization of the coalescence process is needed. In
this study, the numerical assessment of the effect of various parameters
on the acoustic pressure and coalescence time of water droplets in oil
phase was conducted. These include the ultrasound parameters such as
the transducer material, US resonance frequency and the US power.
Moreover, emulsion properties such as initial droplet diameter, inter-
facial tension, dynamic viscosity and temperature were considered. The
evaluation of these variables is important in assessing relevant lead free
transducer materials, and a wide range of crude oil and process condi-
tions which are found either in oil fields or laboratory setups. Further-
more, the study would aid in the development and optimization of
ultrasound assisted dewatering process. Demulsification of emulsions in
pipelines allows for the assessment of the performance of US for inline
dewatering during transportation, thus avoiding bulky and costly stor-
age tanks.

2. Methodology
2.1. Model description and boundary conditions

The evaluation of the coalescence of binary water droplets in crude
oil phase under various acoustic parameters and fluid properties was
conducted with COMSOL Multiphysics 5.6. The numerical model con-
sists of ultrasound transducer and fluid flow equations (Fig. 1). The US
transducer section actuates the acoustic pressure which would drive the
droplet coalescence in the fluid flow section. The US transducer consists
of a piezoelectric material of 25.4 mm diameter and 25.4 mm height
which operate based on the principles of piezoelectricity to convert
electric potential to mechanical strain. Piezoelectricity was activated
through the solid mechanics and electrostatics modules as well as the
piezoelectric effect multiphysics. The fluid flow section occurs in a 50.8
mm diameter pipe which contains two water droplets in oil phase. Water
droplets of diameters between 1.27 and 6.35 x 10~> m were assessed.
Moreover, crude oils of different properties were studied for their effect
on the acoustic pressure and coalescence time (Table 1). The coalescence
was simulated using the pressure acoustics, laminar flow and phase field
modules as well as two phase flow multiphysics. The transducer and
fluid flow sections were linked through the acoustic-structure boundary.

The mesh utilized for the model development has 102,152 triangular
elements with mesh quality of 0.96 (Fig. 2).

Where D, is the pipe diameter, D¢ is the transducer diameter, Hy is the
height of transducer, and L;, is the pipe section length.

2.2. Governing equations

They consist of the constitutive stress-charge form, Gauss and elec-
tric potential equations for the description of the transducer [27]:

D = eS+€,€,4E (@3]

* Solid Mechanics
s ™ Tr
* Electrostatics Material
* Piezoelectric Effect
r T Acoustic-Structure
Boundary
8} Water
Droplets
« Pressure Acoustics
¢ Laminar Flow —
* Phase Field
Oil
L Phase

Fig. 1. Description of the components of the piezoelectric transducer and pipe
coalescence model.
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Table 1
Properties of the crude oil utilized for the model predictions.

Crude Oil Properties

Density (g/cm3) 0.85
Viscosity (mPas) 10.6-530
Interfacial tension (mN/m) 0.062-0.82
Speed of sound (m/s) 1480

D,=25.4mm

| L, =50.8 mm |

Fig. 2. Mesh utilized for the droplet coalescence model.

T=cgS—¢E 3)
VD=p, (O]
E=-VV 5)

where D is the electric displacement field, e is coupling properties, S is
the strain, €, is the permittivity of free space, €, is the relative
permittivity, E is the electric potential, T is the stress, cg is the material
stiffness, eT is the transpose of the coupling properties, p, is the volume
charge density and V is the applied voltage.

The pressure acoustic in the pipe verifies the Helmholtz equation
[27]:

1 keg’ D1
where
pr=p+Ds @
2 (@ 27 2
ki = (2) —k ©)

where p is the piezoelectric domain density; p; is the total pressure; py, is
the background pressure; qq is the monopole domain source; keq is the
wave number consisting of the ordinary wave number k, the azimuthal
wave number and the out of plane wave number k;, Qn, is the monopole
domain source; and c is the speed of sound.

Furthermore, the coalescence model includes the continuity equa-
tion and the incompressible form of the Navier-Stokes equations [27]:

Veu—0 ©)
0
ﬂai:ﬁf)(u.V)u: = Vp+ (u(Vu+Vu')) +Fo+ Fac+pg a0

where u is the fluid velocity vector, t is the time, p is the density, p is the
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viscosity, F, is the interfacial tension, p is the pressure, F is the US
acoustic force, g is gravity.

Based on the phase field, the interfacial force is represented as
[27,28]:

F, =GV an
where G is chemical potential and ¢ is a phase field dimensionless

function.
The chemical potential was determined by [27,28]:

G-A(—V2¢+<w>> (12)

where 1 is the mixing energy density and ¢ is the level thickness.
The volume fraction, viscosity and density is described as [27]:

1
V; = min (max {%@ 0} 1 ) 13)
p=p,+,—p,)V; 14
#= o+ (= 1) Vs s

Where V; is the volume fraction, p,, is the water density, p, is the
crude oil density, p, is the water viscosity and g, is the crude oil
viscosity.

The phase field is defined based on the following [27]:

o

ol
E*“V(b:v'gv‘l/ (16)

e

0 17

w=—veeTer - 1)p (5)

where o is the surface tension, fy is the external force which is mainly
the US acoustic force, y is the phase field support variable.

The mixing energy density is obtained based on the following
equation which relates it to the surface tension (¢) and the parameter
controlling the interface thickness (&) [27]:

LY s)
3 ¢

The numerical procedure commenced with the solution of the elec-
trostatics and solid mechanics physics in the transducer to simulate the
reverse piezoelectric effect. The charge conservation Eq. (3) provides the
electric displacement field which is required to obtain the material
strain through the constitutive Egs. (1) and (2). Subsequently, the ul-
trasound force was determined with the pressure acoustic model and
was included in the fluid flow field as a volume force. The Navier Stokes
equation (9) was solved for both the oil and water phases, and the phase
field model was used to determine the coalescence and movement of the
water droplets. The two phase-phase field multi-physics was utilized to
couple the interaction between laminar flow field and the phase field
droplet movement. The boundary conditions imposed on the model in-
cludes roller conditions and ground potential at the top and bottom of
the transducer. In addition, ultrasound power of 0-40 W was applied to
the transducer. The no slip boundary condition was used at the pipe
walls. The initial conditions of the displacement and velocity fields are
zero, and the pressure in the fluid region was set as that of the atmo-
spheric condition.

3. Results and discussion
3.1. Model validation

The coalescence model was validated with the work of Luo et al. [29]
using three different water droplet diameters of 275, 400 and 550 um.
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White oil of density of 878 kg/m> and dynamic viscosity of 1410 mPas
was used. While the density, dynamic viscosity and speed of sound of
water were 998.2 kg/m>, 1 mPas and 1482 m/s, respectively. The USW
has a frequency of 20 kHz and a high speed camera was utilized to
capture the coalescence. The results of the present simulation are in
reasonable agreement with the experimental values reported by Luo
et al. [29]. Generally, the trend and magnitude of the coalescence time
was well captured at the three droplet diameters (Fig. 3). The coales-
cence time increases at higher initial droplet size because larger droplets
require more time for the stabilization of their deformation curves.
Therefore, the numerical model was utilized for further investigation of
the parametric analysis of the coalescence process.

The discrepancy between the model prediction and the experimental
data could be associated with the experimental error and the spatial non-
uniformity of the ultrasound energy density in the experiments. The
energy density gradients in the compartment produces lateral ultra-
sound forces. Consequently, the lateral forces populate the droplets in
areas of local energy density maxima which gives rise to differences in
the experimental data as compared to the model results. This description
has been mentioned as well in the work of Pangu and Feke [62]. In their
study on ultrasound demulsification, the presence of spatial non uni-
formity of the ultrasound energy density and their impact of coalescence
has been reported. They observed mismatch in the experimental values
of the evolution of the average radius of the emulsion droplets as
compared to the model predictions. The experiments were consistently
underpredicted by the model estimation and this was attributed to the
energy density gradients in the experiments. Likewise, discrepancy be-
tween the experiments and model estimations of the coalescence time of
binary oil droplets in water continuous phase was observed in another
study by Pangu and Feke [63]. The discrepancy is significant and ap-
proaches more than 20% in some cases. Besides the energy density
gradients, there are experimental errors that have been reported by
numerous groups on the ultrasound assisted coalescence and demulsi-
fication of oil-in-water and water-in-oil emulsions. Errors in experi-
mental investigation of ultrasound coalescence have been reported in
the studies of Ronchi et al. [66], Antes et al. [11], Antes et al. [67],
Atehortua et al. [38], Luo et al. [22]. These errors could make it chal-
lenging to obtain enhanced model prediction compared to experimental
reports.

3.2. Mesh sensitivity study

The mesh sensitivity study was conducted in order to ensure that the
solution is independent of the grid. Five different meshes were used
(Table 2). The acoustic criteria was selected as h < £ with second order
element. This criterion is essential for accurate prediction of the ultra-
sound propagation [54-58]. Although the acoustic criteria provide
reasonable estimation for the ultrasound, the predictions for the laminar
flow was inadequate. Hence, the coarse, base, fine and extremely fine
meshes were selected as more refined grids relative to the acoustic
criteria mesh. Although the acoustic criteria mesh predicted the US
pressure reasonably, it was deficient in the estimation of the flow per-
formance. Similarly, the coarse mesh was inadequate in the determi-
nation of the flow velocity along the radial centerline of the pipe. The
flow prediction improved significantly for the base, fine and extremely
fine meshes. Since the base mesh showed a slight difference relative to
the extremely fine mesh, the mid-sized fine mesh was utilized for further
studies as it provides an improved accuracy and requires less compu-
tational time (Fig. 4).

3.3. Temporal sensitivity study

The time step sensitivity of the analysis is crucial in order to avoid
output values that varies temporally. Hence, three different time steps of
10 ps, 100 ps and 1 ms were assessed. There were minimal differences
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The droplets’ motion and coalescence are generally influenced by
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force) and inter-droplet forces (secondary acoustic forces, van der Waals
forces and hydrodynamic association). The van der Waals forces were
neglected as they have little impact on the coalescence. The coalescence
of the droplet begins with the weakening/thinning of the liquid film
between the water droplets. The weakening of the film could be
observed at 0.1 ms with the formation of a disc between the droplets.
Thereafter, the film undergoes significant breakage along the droplet
sides starting at 0.3 ms. After the rupture of the film, the droplets then
undergo deformation in the axial direction. The deformation proceeded
until a larger coalesced droplet was formed at 8.1 ms (Fig. 6) [30-33].
Similar observations of the coalescence of droplets were highlighted by
Yamashita et al, 2017 [34] and Pons, 2000 [35]. The coalesced droplet
then begins to compress under continued application of USW at 9.8 ms.
The compressing phenomenon has been reported as well in the study of
Xu [25] for air bubbles in water under increased US pressure.

3.4.1. Transducer material type

The effect of six different piezoelectric material types (BaTiOs, PZT,
AIN, PVDF, ZnO and LiNbO3) on the coalescence of two droplets of water
in oil continuous phase was examined. The US transducer materials were
excited at their natural frequencies in order to ensure that optimal waves
are produced. The acoustic pressure distribution was then determined
based on the resonance frequencies of each piezoelectric material. The
result showed that the US transducer material has considerable influ-
ence on the propagation mode and magnitude of the acoustic waves. The
difference in the pattern of propagation of the US in the fluid media can
be associated with the crystal orientation (Table 3). This vast variation
in their structures can be associated with the different acoustic distri-
butions observed. In their study, Kuroiwa et al. [36] highlighted that the
large amount of the piezoelectric properties is attributed to their crystal
orientation.

As regards the magnitude of the US pressure, the increasing trend of
the total acoustic pressure followed the order: PZT > LiNbO3 > BaTiO3
> PVDF > AIN > ZnO under natural frequency excitation (Fig. 7). The
differences in the maximum US pressure for the various materials could
be associated with the varying acoustic impedance and piezoelectric
coefficient. Although the PVDF has the least acoustic impedance (2.7 x
10° kg/m?), the acoustic pressure was lower than that of PZT. For
example, whilst PVDF showed a maximum pressure of 5 x 102 Pa, PZT
has a peak pressure of 3.5 x 10° Pa. The possible reason for this is due to
the high piezoelectric coefficient of 600 pC/N of PZT as compared to 33
pC/N in the case of PVDF. The piezoelectric coefficient of Lithium
niobate could reach 70 pC/N which makes them have an intermediate

Ultrasonics Sonochemistry 88 (2022) 106085

Table 3
Crystal structures of the different transducer materials.

Piezoelectric material Crystal orientation

PZT Perovskite
PVDF Orthorhombic
LiNbO3 Trigonal

ZnO Wurtzite

AIN Hexagonal
BaTiO3 Tetragonal

pressure between PZT and PVDF.

The order of the coalescence time followed PZT < PVDF < AIN <
LiNbO3 < BaTiOs < ZnO (Fig. 8). This is generally consistent with the
synergy between the determined acoustic pressure magnitudes trend of
the transducer materials as well as the acoustic impedance and piezo-
electric coefficient. It is expected that as the acoustic pressure magnitude
increases, the time taken for the coalescence of the droplets would
reduce. Although the coalescence time of PZT is 1.7 times less than that
of LiNbOs, the overall assessment which includes environmental impact
makes Lithium niobate a possible substitute for PZT.

3.4.2. Droplet size

The influence of different initial droplet sizes on their coalescence in
the oil phase was assessed. The studied droplet pairs have diameters of
0.254, 0.3175, 0.635, 1.27 and 2.54 x 10 m. The droplets were
selected in order to be consistent with what is present in crude oil
emulsions [29,61]. It was observed that the size of the droplets has
significant effect on their coalescence, with smaller droplets aggregating
relatively faster (Fig. 9). The coalescence time which was 7.2 ms for D =
1.27 x 10" m reduced to 0.6 ms for D = 0.254 x 10°> m. The increment
in the coalescence time as the initial droplet diameter increases can be
attributed to changes in the Weber number. In the study of the coales-
cence of Wang et al. [45], they highlighted that the rising of the Weber
number at higher droplet sizes leads to delay in the recovery of the
droplet to spherical forms after their starting deformation. This would
aid in providing insight for the behavior of neighboring droplets during
demulsification.

_ /’douz
T 0

We 19)

where dy is the initial droplet size, p is the density, u is droplet relative
velocity and ¢ is the surface tension.

5.8 ms E

Fig. 6. Description of droplet coalescence process with time.
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3.4.3. Interfacial tension

The effect of the interfacial tension on the US acoustic pressure and
droplet coalescence in water-in-oil emulsion was assessed. This is
important in determining optimal interfacial tension, significance of

tension lowering emulsifiers and suitability of different crude oils for
coalescence. Five different water—oil interface tension including 0.012,
0.022, 0.042, 0.062 and 0.082 N/m were investigated. These values are
selected to have similarities with those reported in the literature for
crude oil-water emulsions [29,46-49]. The results showed that the
coalescence time reduced across the range of surface tensions evaluated
(Fig. 10). For instance, the coalescence time reduced from 12.3 ms to
8.1 ms as the interfacial tension increased from 0.012 N/m to 0.082 N/
m. This reduction can be attributed to the fact that lower interfacial
tension produces emulsions which are relatively more stable. Hence, at
lower interface tension between the water and crude oil, there was more
resistance to the coalescence of the water droplets due to their improved
emulsion stability. Similar impact of the interfacial tension obstruction
of coalescence in emulsions has been reported elsewhere [22,29]. For
example, in the experimental study of Luo et al. [22], they reported that
the dehydration efficiency (£) increased as the interfacial tension was
raised from 4.79 to 10.35 mN/m at US frequencies of 25.8 kHz and
126.4 kHz. The demulsification efficiency denotes the effectiveness of
the treatment method in the dehydration of the water-in-oil emulsion. It
is defined as follows [50]:

(@1 — @)

1 2
o x 100 (20)

&(%) =

where Q; is the quantity of water after treatment and Q; is the quantity

Coalescence Time (ms)

0.012 0.022 0.042 0.062 0.082
Interfacial Tension (N/m)

Fig. 10. Effect of the interfacial tension on the coalescence time.
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of water before treatment (where measurements are in weight or volume
basis).

Furthermore, the demulsification efficiencies increased from ~25%
to ~68% and ~16.6% to ~56.5% at 25.8 kHz and 126.4 kHz, respec-
tively. The findings of Luo et al. [22] further corroborate the validity of
the developed coalescence model.

3.4.4. Viscosity

The impact of varying the viscosity of the crude oil on the coales-
cence of the water droplets in the oil phase was investigated. The vis-
cosities studied ranged from 10.6 to 530 mPas in order to cover light,
medium and heavy crude oils. It was observed that increasing the vis-
cosities hindered the coalescence of the water droplets (Fig. 11). The
coalescence time rose from 7.2 ms at 10.6 mPas to 8.7 ms at 530 mPas.
The main causes for the behavior under varying viscosities could be the
increment of the attenuation coefficient and flow inhibition as the vis-
cosity increases. Majumdar et al. [51] reported that the attenuation
coefficient has a direct relationship with the viscosity based on equation
(20). The relationship was based on empirical assessment of the atten-
uation coefficient from their study, and provides acceptable congruence
with the theoretical prediction of Stokes [52].

_ 8z’

a=3 1)

A similar observation to Majumdar et al. [51] was noted by Sutilov
and Alferieff [53] where they showed that increasing viscosities raises
the attenuation of US.

(4
“= e 3T @

where a is the attenuation coefficient, f is frequency, p is the density, c is
the speed of sound, y is the dynamic viscosity and y’ is the bulk viscosity.

Subsequently, as the USWs are attenuated more with rising viscos-
ities, the effectiveness of US in droplet coalescence in viscous oils is
significantly hindered. This lowering of the US impact would increase
the time required for droplets coalescence. Another cause of higher
coalescence time with rising viscosity is the resistance to the droplet
motion in the oil phase through viscous flow resistance. This restricts the
transfer and mechanical vibration which improves the coalescence of
the water droplets [22].

3.4.5. Temperature

The coalescence process was evaluated at elevated temperatures
because some of the industrial oil operations such as refining occurs at
increased temperatures. Hence, the effect of elevated temperatures on
the coalescence of water droplets in oil was studied at 20, 40, 60, 80 and
100 °C. It was observed that the coalescence time was independent of

75

Coalescence Time (ms)

6.5

10.6 106 212 318 424 530
Viscosity (mPas)

Fig. 11. Effect of the crude oil viscosity on the coalescence time.
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the temperatures in the range studied. The coalescence was negligibly
affected even with the reduction in the oil viscosity as the temperature
increased (Fig. 12). For example, the increment of the temperature of the
crude oil from 293.15 K to 373.15 K resulted in the lowering of the
viscosity of oil from 56.80 to 35.64 mPas. This insignificant influence of
the temperature on the coalescence could be due to the rather small
difference between the viscosities at changing temperatures as well as
the absence of emulsifiers. A similar finding is reported in the study of
Atehortua et al. [38] where they showed that at 60 and 70 °C there was
insignificant difference in the dewatering efficiency. The final mass
percentages of water left after demulsification were 2.4% and 2.6% with
US at 60 and 70 °C, respectively. Without the US, the remaining water
content were 4.2 and 4.0% at 60 and 70 °C, respectively. Xu et al. [39] as
well demonstrated that at 60 and 70 °C, there was minimal difference in
the demulsification efficiency. In another study, Ye et al. [10] showed
that for temperatures of 60, 70 and 80 °C, there was little difference in
the dehydration. Their experiment, which was tested at different
acoustic intensities (0-0.9 W/cmz) and irradiation times (0-20 min),
consistently showed only slight differences. Although enhancement in
the frequency of coalescence was mentioned by Bera et al. [30] at high
temperature, this behavior cease to hold when the surfactant used was
with concentrations lower than 0.01 mM. The hexadecane droplet
coalescence in water continuous phase became erratic under low
emulsifier amount. This shows that the improvement in the coalescence
process described by Bera et al. [30] tends to rely significantly on the
presence of surfactants.

3.4.6. US frequency

The effect of US frequencies at 26.04, 30.02, 34.64, 43.53 and 48.53
kHz on the acoustic pressure and droplet coalescence was determined.
These range of frequencies were utilized because many of the ultrasound
transducer applications for coalescence of crude oil emulsions perform
optimally at those values [11,22,37,44]. Although the transducer
diameter remained the same for all the frequencies studied, the trans-
ducer height reduced in order to account for the inverse relationship
between frequency and piezoelectric material mass. It was observed that
the acoustic pressure generally reduced and then increased thereafter as
the frequency of the US increased (Fig. 13). At 26.04 kHz, a peak
acoustic pressure of ~1.15 x 10° Pa was obtained which continued to
reduce to ~6.23 x 10* at 34.64 kHz. However, the pressure rose
thereafter to ~3.79 x 10° Pa at 48.53 kHz. A similar observation was
observed by Rashwan et al. [40] where the maximum acoustic pressure
reduced between 30 and 70 kHz, and increased thereafter at 90 kHz. The
US frequencies influences changes due to the reflected waves from hard
wall boundaries [40]. Moreover, impacts could be complicated due to
different wavelengths and periodic time at different US frequencies. The
reduction in the maximum US pressure between 26.04 and 34.64 kHz
could be attributed to attenuation effects described in Egs. (20) and (21).

=@~ Coalescence Time (ms)  —e=—Viscosity (mPas)
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Fig. 12. Effect of the emulsion temperature on the coalescence time.
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Since the attenuation coefficient has a direct relationship with the US
frequency, the effect of the US could be lowered as the frequency
increased. The different pressure distribution patterns with varying
frequencies have been highlighted in some studies [40,42,43]. For
example, in their numerical study, Hasnul Hadi et al. [42] reported
varying pressure distribution pattern in ethanol at US frequencies of 20,
40 and 60 kHz. This behavior was attributed to wave interference at
different frequencies. In an experimental hydrophone measurement,
Leong et al. [43] showed that at US frequencies of 400 kHz and 2 MHz,
different pressure distribution was detected in water in an ultrasound
reactor chamber. The pressure magnitude varied at different positions
within the chamber geometry. Moreover, Rashwan et al. [40] found
similar occurrence with a sono-reactor containing distilled water at
frequencies 20, 30, 40, 50, 70 and 90 kHz showing different pressure
distributions. Although the above studies were focused on water and
ethanol, they provide useful insights on the behavior of the pressure
field under different frequencies.
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Fig. 14. Effect of the US frequency on the coalescence time and trans-
ducer height.

The US produced lengthier coalescence time at higher frequencies
(Fig. 14). For example, the coalescence times at 26.04 kHz and 43.53
kHz were 7.2 and 9.6 ms, respectively. Xie et al. [37] suggested that
demulsification is enhanced at small frequencies because of the small
ratio of standing waves in the even US fields as well as elevated distance
of US effective radiation. Similar findings were reported by Wang et al.
[21] that as the US frequency increased, dehydration performance of
water-in-oil emulsion improved. In their experiment, whilst ~95%
demulsification efficiency was reached at 10 kHz, this dropped further
to ~92% and ~91.2% at US frequencies of ~30 kHz and ~36.5 kHz,
respectively. Luo et al. [22] showed the same trend in their experimental
study with a frequency of 25.8 kHz providing better dehydration per-
formance than a frequency of 126.4 kHz. Moreover, the experimental
findings and model estimates of Pangu and Feke [62] revealed that the
volume averaged radius of the binary droplet increased with time at US
frequencies of 0.525 and 1.69 MHz. However, the model prediction
showed that the lower frequency (0.525 MHz) produced elevated vol-
ume radius sizes as compared to the higher frequencies (1.69 MHz). This
agrees with the observation in this study as larger coalesced drops at
lower frequency (0.525 MHz) is an indication of better coalescence.
Similar trend was observed in their experiments below 120 s, after
which the slower rate of coalescence at lower frequency resulted in
increased volume sizes between 120 and 300 s.

3.4.7. Ultrasound power

Four ultrasound power (0, 2.5, 10 and 40 W) levels were considered
in order to determine their influence on the coalescence process. It could
be observed that the coalescence time was lower with the usage of US as
compared to the case without the transducer. This shows that the US
waves were important in lowering the coalescence time required. This
phenomenon has been confirmed experimentally in other studies.
Studies such as Luo et al. [22], Aterhortua et al. [38], Antes et al. [11],
Xu et al. [39] and Xie et al. [37] have demonstrated the significance of
US in hastening the coalescence process. In this work, the coalescence
time was reduced from 8.5 ms to 5.9 ms as the applied power was
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increased between 2.5 and 40 W (Fig. 15). This could be due to the in-
crease in the secondary acoustic force as the intensity of the US was
increased. The secondary acoustic force influences the interaction be-
tween droplets and could impact their coalescence and dewatering.
Different experimental reports on the synergistic effect of the US could
be found elsewhere [8,21,37,44]. Ye et al. [10] showed that the coa-
lescence was improved as the acoustic intensities rose up to 0.38 W/cm?.
The residual water content after treatment was lowered by 66.67% at
60 °C. Yang et al. [8] determined that the demulsification efficiency
reached about 98% as the US power increased to 100 W. Yi et al. [44]
reported that for 50, 100 and 150 W power, the coalescence was
enhanced as the power was elevated. Pangu and Feke [64] showed that
the oil collection efficiency was 62, 75 and 80% for the applied ultra-
sound power of 6.3, 25.8 and 47.2 W, respectively. However, the
demulsification process was for vegetable oil droplets in water. Xie et al.
[37] and Wang et al. [21] found similar increasing trend of dehydration
as the US power per unit area was raised within a specified range.

4. Conclusion

In this study, a numerical assessment of the coalescence of water
droplets in oil phase was conducted. In particular, the effect of trans-
ducer material, initial droplet diameter (0.05-0.2 in), interfacial tension
(0.012-0.082 N/m), dynamic viscosity (10.6-530 mPas), temperature
(20-100C), US frequency (26.04-43.53 kHz) and applied transducer
power (2.5-40 W) were considered. The materials assessed include PZT,
LiNbO3, ZnO, AIN, PVDF, and BaTiOs. The numerical simulation of the
binary droplet coalescence showed good agreement with previous
experimental data. The US implementation produced enhanced coales-
cence as compared to gravitational settling. Moreover, the results
showed that the coalescence time reduced across the range of interfacial
tensions which were considered. This reduction can be attributed to the
fact that lower interfacial tension produces emulsions which are rela-
tively more stable. Hence, at lower interface tension between the water
and crude oil, there was more resistance to the coalescence of the water
droplets due to their improved emulsion stability. The increment of the
Weber number at higher droplet sizes leads to a delay in the recovery of
the droplet to spherical forms after their starting deformation. At
different ultrasound (US) frequencies and transducer materials, a vari-
ation in the acoustic pressure distribution was observed. Possible
attenuation of the US waves, and the subsequent inhibitive coalescence
effect under various US frequencies and viscosities, was discussed.
Nonetheless, the quick coalescence showed that US can be applied for
both static as well as to moving emulsion phase. This has the advantage
to eliminate cumbersome storage tanks and to consider placing the US
probes directly on the carrying pipelines, in contact with the passing
emulsion fluid or using some acoustic matching layers to proceed with
inline demulsification. As future work, different flow regimes with
different droplets velocities will be considered to assess their respective
effects on oil-water demulsification. In addition, the usage of multiple
ultrasonic probes as well as high intensity focused ultrasonic probes
should be investigated. The coalescence of the binary droplets could be
utilized to predict the demulsification process with multiple or enlarged
droplets. Descriptions of the scaling of the droplet coalescence could be
found in the works of Boxall et al. [59], Hamedani [60] and Leister et al.
[41].
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