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A B S T R A C T   

In this study, comparative assessment of the technical performance, energy usage and economic impact of ul
trasound, electrostatics and microwave on the coalescence of binary water droplets in crude oil was conducted. 
The effect of different oil properties such as crude oil viscosity (10.6–106 mPa s) and interfacial tension (IFT) 
(20–250 mN/m) on the coalescence time and energy consumption was examined. In addition, operation con
ditions such as inlet emulsion flow velocity (10–100 mm/s), electric field type, ultrasound frequency and applied 
voltage amplitude (0–30 kV) were evaluated. The numerical models showed good agreement with experimental 
findings in the literature. Moreover, the process time of the dewatering process increased with rising inlet flow 
velocities. The elevation of the coalescence time with velocity can be attributed to the increasing effect of flow 
disturbance, and the reduction of the emulsion residence time. As regards the IFT, the coalescence time reduced 
as the IFT was increased. This can be associated with the improved stability of emulsions formed at lowered IFT. 
As the maximum droplet size is directly proportional to the IFT, lowering the IFT reduces the peak diameter of 
the droplets that are present in the emulsion. Moreover, the coalescence time followed the order: ultrasound <
microwave < electrostatics approaches under varying IFT. The coalescence energy increased from ~15 J, ~90 J 
and ~25 mJ to ~61 J, ~235 J and ~26 mJ for microwave, electrostatics and ultrasound techniques, respec
tively, as the viscosity was raised from 10.6 to 106 mPa s. Ultrasound coalescence showed significant energy and 
economic savings in comparison to microwave and electro-coalescence. Hence, ultrasound coalescence would be 
a potential method for standalone or integrated demulsification over the two other techniques. However, there 
are indications that beyond a viscosity of 300 mPa s, the effect of ultrasound becomes weak with significant 
hindrance to droplet movement and accumulation. This analysis provides fundamental insights on the 
comparative behavior of the three emulsion separation techniques.   

1. Introduction 

The existence of stable emulsions during oil production and pro
cessing continue to pose substantial environmental and economic 
drawbacks during exploration, transportation and refining. For instance, 
untreated crude oil emulsions could cause clogging and erosion of 
transportation pipelines and equipment parts [1,2]. Moreover, the vis
cosities of water-in-oil emulsions are significantly higher than that of 
water and crude oil. This results in drops in operation pressure and 
excessive cost of pumping [3–5]. Likewise, there have been reports of 
catalyst poisoning due to emulsions during oil refining [6–8]. These 
emulsions are often produced due to the abundance of water and 

turbulence during oil extraction and processing. The aqueous medium 
originate from immense underground formation water, water drilling 
and flooding as well as prolonged utilization of oil reservoirs. The water 
combines with the crude oil which produces stable emulsions under flow 
turbulence at chokes and constricted pores as well as surface active 
agents. Due to the prevalence of these emulsions and the associated 
operational difficulties, numerous evaluation of different methods, pa
rameters and operating conditions for crude oil emulsion dehydration 
have been conducted [9–20]. 

The key approaches that have been investigated for the demulsifi
cation of oil emulsions are biological [9–11,21–23], chemical [12–15] 
and physical [16–20] methods. Biological approach usually involves the 
utilization of certain whole cells or bacterial metabolites such as 
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Achromobacter, Bacillus and Alcaligenes species for oil dehydration. 
Although microbial dewatering provides enhanced environmental and 
energy savings benefits, they are hampered by several technical chal
lenges. The usage of microbes often encounters challenges such as pro
hibitive production cost, which becomes more significant with increased 
scale of operation [21]. In addition, the biological process can be 
severely limited by operating conditions such as elevated temperature, 
varying pH etc. [9–11]. Chemical demulsification provides advantages 
with flexibility and high separation efficiency. However, chemical 
demulsifiers are hindered by their detrimental impact on human health 
and environment as well as the significant cost requirements. Although 
novel chemical demulsifiers have been developed, there remains sig
nificant challenges that need to be addressed. For instance, ionic liquids 
(ILs) and deep eutectic solvents demulsifiers usually have significant 
viscosities which could reach 85,000 mPa s [24–26] and several ILs 
remain toxic to micro-organism and aquatic life [27,28]. The increased 
viscosity of ILs could result in prohibitive pumping costs. Moreover, the 
utilization of nanoparticles has potential health effects [29]. Due to their 
very small size, nanoparticles could be inhaled and cause heart prob
lems, lung inflammation and damages [30]. Hence, their usage needs to 
be carefully controlled or minimized to avoid these adverse health 
impacts. 

Consequently, there is a need for the development of potential sub
stitutes to chemical and biological demulsifiers. Physical dehydration 
techniques are important solution portfolio with prospects for allevi
ating the environmental, technical and economic challenges faced by 
other methods. Because of their physical separation mechanisms, the 
environmental impact and human health influences are relatively min
imal in comparison to chemical methods. Moreover, physical methods 
could be used in combination with chemical dewatering to lower the 
usage and environmental degradation associated with surfactants. 
Amongst the physical approaches that have been investigated, ultra
sound, electrostatic and microwave supported oil emulsion coalescence 
are the three main demulsification techniques. Ultrasound, electrostatic 
and microwave supported coalescence provide enhancements over 
chemical and biological approaches. Hence, several studies have eval
uated their usage for demulsification of crude oil emulsions [16–19]. 

Ultrasound has been commonly used for the demulsification of crude oil 
emulsions because of their enhanced efficiencies, simple design and 
improved economic benefits [9,31,32]. The main drivers during the 
ultrasound emulsification of oil emulsions are primary and secondary 
acoustic forces, van der Waal forces, net buoyancy-gravitational forces 
and hydrodynamic interactions [33–36]. As regards electro-coalescence, 
it is widely utilized for the dehydration of emulsions in oil refineries 
[37–39]. The application of electric fields to these emulsions provides 
improvements in droplet approach through di-electrophoresis, electro
phoresis and dipolar attractions [39,40]. Subsequently, the coalescence 
between droplets in the continuous phase is promoted. Although the 
usage of electric field is usually restricted to low water fractions [20], 
there are reports that indicate the feasibility of utilizing alternating 
current fields for the demulsification of oil emulsions [39]. On micro
wave coalescence, numerous reports have highlighted their viability 
over traditional thermal and RF coalescence method [41–43]. Owing to 
the selective heating of microwaves, less energy requirements and better 
coalescence performance are achievable. In addition, microwave is 
suitable for oil emulsions with high water concentrations [20,44]. Even 
with the developments witnessed with these three physical demulsifi
cation methods, their comparative evaluation under similar conditions 
is rare. 

The comparison of these three methods is critical due to their sig
nificance to the demulsification portfolio. Although some studies have 
focused on the assessment of standalone and integrated demulsification 
approaches, there is a need for further evaluation of these techniques. 
There have been reports on microwave-electro-coalescence [45,50], 
microwave-ultrasound coalescence [49], ultrasound-chemical [47,48], 
ultrasound-electro-coalescence [56], microwave-chemical [54,55] and 
other combinations [46,51–53]. For instance, in their study, Yi et al. 
[48] assessed the demulsification of water in crude oil emulsion with 
natural sedimentation, ultrasound, chemical, and sono-chemical 
methods. The Daqing crude oil contained preliminary water fraction 
of ~0.25. The dehydration approaches were examined at 40, 60 and 
70 ◦C. Furthermore, the ultrasound probe had a resonance frequency of 
20 kHz and a maximal power of 150 W. Surfactant Protein (SP) of 
concentration of 0.25 g/L was used for the chemical separation method. 

Nomenclature 

IFT Interfacial tension 
IL Ionic liquid 
SAGD Steam assisted gravity drainage 
PZT Lead zirconate titanate 
D Electric displacement 
e Coupling matrix 
S Strain 
εs Permittivity matrix 
E Electric field 
cE Elasticity matrix 
ρv Electric charge density 
ko Free space wave number 
μr Relative permeability 
Q Electromagnetic loss 
ρ Density 
cp Fluid thermal conductivity 
µ Viscosity 
Fσ Interfacial tension 
ϕ Phase field dimensionless function 
ε Level thickness 
Wecr Critical Weber number 
AC Alternating current 
DC Direct current 

Re Reynolds number 
We Weber number 
ECS Electrostatics 
MWV Microwave 
USW Ultrasonic Waves 
V Applied voltage 
Qm Monopole domain source 
pt Total pressure 
keq Wave number 
ω Angular frequency 
c Speed of sound 
pb Background pressure 
εr Relative permittivity 
εo Vacuum permittivity 
εr′′ Relative permittivity losses 
μr′′ Relative permeability losses 
H Magnetic field intensity 
Fext External force 
Vf Volume fraction 
h Mesh element size 
t Time 
df Final droplet diameter 
di Starting droplet diameter 
DEWA Dubai Electricity and Water Authority  
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They observed that the demulsification efficiency of the techniques 
followed the order: Natural sedimentation < Ultrasound < Chemical <
Ultrasonic Chemical at the three temperatures studied. For instance, the 
dewatering efficiencies at 60 ◦C were ~4.82%, ~11%, ~18.5% and 
~33.5% for natural sedimentation, ultrasound, chemical and sono- 
chemical methods, respectively. Similar performance trend was re
ported by Xu et al. [57] in their study on the demulsification of steam 
assisted gravity drainage (SAGD) crude oil emulsion. They showed that 
chemical demulsification provided better separation efficiency 
compared to ultrasound at 40, 50, 60 and 70 ◦C. In a different study, 
Yang et al. [47] conducted a comparative assessment of crude oil 
demulsification performance for ultrasonic chemical and thermal 
chemical methods. The experiments were conducted at US frequency 
and power of 40 kHz and 100 W, respectively. In addition, temperatures 
of 55, 65, and 75 ◦C were used. The crude oil was obtained from Dagang 
oil field with water content of 35% on a volume by volume basis. Sur
factant of polyester type was utilized at 50 mg/L for the chemical sep
aration. They highlighted that the ultrasonic chemical methods 
provided enhanced performance compared to the thermal chemical 
methods. At 55 ◦C, separation efficiencies of 79.2% and 48.2% were 
attained for the sono-chemical and thermochemical methods, respec
tively. However, the differences in the demulsification performance for 
the two methods was reduced drastically with rising temperature. The 
performance decreased to a margin of 2.7% and 1.2% at 65 and 75 ◦C, 
respectively. In another study, Parvasi et al. [49] stated that microwave 
showed significantly improved demulsification compared to ultrasound 
coalescence at elevated crude oil viscosity based on a trajectory model. 
However, the study is not comprehensive for different oil properties, and 
separation under continuous flow was not considered. In other studies, 
the improvements provided by microwave over natural sedimentation 
[20] and conventional heating methods [45,46] have been reported. 

Based on the assessment of the reported literature, techno-economic 
comparative assessment of ultrasound, microwave and electro- 
coalescence under similar conditions had not been conducted. Hence, 
in this study, the comparative analysis of the technical performance, 
energy consumption and economic assessment of ultrasound, electro
static and microwave enhanced coalescence of binary water droplets in 
crude oil was conducted. The effect of different oil properties such as 
crude oil viscosity (10.6–106 mPa s) and interfacial tension (20–250 
mN/m) on the coalescence time and energy consumption was examined. 
In addition, operation conditions such as inlet emulsion flow velocity 
(10–100 mm/s), electric field type, ultrasound frequency and applied 

voltage amplitude (0–30 kV) were assessed. This analysis provides 
fundamental insights on the behavior of the three emulsion separation 
techniques under different crude oil properties and process conditions. 

2. Methodology 

The coalescence of binary droplets of water in crude oil phase was 
evaluated under continuous flow conditions. Three different demulsifi
cation approaches were investigated numerically in COMSOL 6.0. The 
methods, which includes ultrasound, electrostatics and microwave, 
were examined under similar emulsion properties and process condi
tions. The emulsion consists of two water droplets in crude oil. The 
water droplets have diameters of 1.27 and 1.52x10-3 mm, and an 
inclination angle of 14.93◦ to the vertical axis. The assessment was 
conducted in a pipe of diameter of 50.8 mm, and cross section length of 
50.8 mm. The model geometry was discretized into meshes which is 
composed of triangular elements with different mesh sizes. This allows 
for the analysis of the independency of the mesh on the output perfor
mance of the model. 

2.1. Ultrasound modeling 

The model geometry consists of the piezoelectric transducer which is 
mounted on a pipe of diameter of 50.8 mm (Fig. 1). The pipe contains 
emulsion of binary water droplets in crude oil, and the transducer ma
terial utilized is lead zirconate titanate (PZT). PZTs are technically 
favorable in demulsification processes due to their relatively high 
piezoelectric coefficient (~600 pC/N). The US transducer has a diameter 
of 25.4 mm and height of 25.4 mm, and operates at a resonance fre
quency of 26.04 kHz. This frequency provided the best performance for 
the ultrasound coalescence. For example, the coalescence time of the 
binary droplets at 26.04 kHz was 30 ms. However, at 20 kHz and 35 kHz, 
the process times were 84 ms and 76.5 ms, respectively. The resonance 
frequency was selected based on Eigen value analysis of the PZT trans
ducer. It was modeled by coupling the electrostatics and solid mechanics 
physics, based on the principle of piezoelectric effect. The acoustic 
propagation in the oil emulsion was described with the pressure 
acoustics, frequency domain physics. The governing equation for the 
piezoelectric transducer is based on the stress-charge constitutive (Eqs. 
(1) and (2)) and Gauss (Eq. (3)) equations. The electric displacement (D) 
is described as [58]: 

Fig. 1. a. Ultrasound coalescence model description b. Mesh utilized for droplet coalescence.  
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D = eS+ εsE (1)  

where e is coupling matrix, S is strain, εs is permittivity matrix and E is 
the electric field. 

The piezoelectric material stress (T) is defined as [58]: 

T = cES − eT E (2)  

where T is the stress, cE is elasticity matrix and eT is the coupling matrix 
transpose. 

The Gauss law is represented as [58]: 

∇ • D = ρv (3)  

where ρv is the electric charge density. 
The electric field (E) is defined as follows [58]: 

E = − ∇V (4)  

where V is the applied voltage. 
The pressure acoustic was used to propagate the ultrasonic wave in 

the emulsion, and it is defined as [58]: 

∇ •

(
− 1
ρ (∇pt − qd)

)

−
keq

2pt

ρ = Qm (5)  

where Qm is the monopole domain source, ρ is the piezoelectric domain 
density, qd is the monopole domain source, and pt is the total pressure. 
keq is the wave number consisting of the ordinary wave number k, the 
azimuthal wave number and the out of plane wave number kz. The wave 
number (keq) is defined as [58]: 

keq
2 =

(ω
c

)2
− kz

2 (6)  

where ω is the angular frequency and c is the speed of sound. 
The total pressure (pt) is defined as follows [58]: 

pt = p+ pb (7)  

where pb is the background pressure. 

2.2. Electrostatics modeling 

The model geometry consists of the electric and ground potential 
electrodes at the top and bottom of the emulsion compartment, 
respectively (Fig. 2). The electrodes (length = 25.4 mm) were described 
through the electrostatics physics. Based on the applied potentials, 
electrostatic force propagates through the crude oil emulsion. This force 
provides significant influence on the droplet coalescence and emulsion 
flow dynamics. The electrostatic force (Fec) is represented as [59]: 

Fec = ∇ • τ (8)  

where τ is the Maxwell stress tensor, which is defined as [59]: 

τ = EDT −
(E • D)I

2
(9)  

where E is the electric field, D is the electric displacement field, DT is the 
transpose matrix of the electric displacement field and I is the identity 
matrix. 

The electric field (E) is defined as [59]: 

E = − ∇V (10)  

where V is the applied voltage. 
The electric displacement field (D) is defined as [59]: 

D = εrεoE (11)  

where εr is the relative permittivity and εo is the vacuum permittivity. 
The electric field signal utilized for the coalescence process is the 

sinusoidal waveform. This provides enhanced technical performance in 
comparison to different waveforms such as triangular and saw-tooth 
signals. For instance, sinusoidal field provided coalescence in 135 ms, 
but triangular waveform required a process time of 140 ms. Based on the 
assessment of 0–30 kV, the energy consumption showed an increa
sing–decreasing trend with a maximum at 20 kV. Hence, the applied 
voltage used in this study is generally lower than 20 kV due to this peak 
energy requirement for coalescence. 

2.3. Microwave modeling 

The model geometry consists of the microwave inlet and outlet ports, 

Fig. 2. a. Electro-coalescence model description b. Mesh utilized for droplet coalescence.  
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copper walls and the crude oil emulsion surrounded by air (Fig. 3). The 
microwave is channeled into the oil emulsion from the inlet port through 
air. Thereafter, the microwave exits through the outlet port. Copper 
walls were used because of their low absorptivity to microwaves. The 
microwave simulation includes the electromagnetic waves (frequency 
domain) and heat transfer physics. Furthermore, the electromagnetic 
heating and non-isothermal flow multi-physics were utilized to integrate 
the model physics. The introduced microwave at the inlet port was 
defined based on the wave equation as follows [60]: 

∇×
(
μr

− 1∇× E
)
− ko

2
(

εr −
jσ

ωεo

)

E = 0 (12)  

where ko is the free space wave number, μr is the relative permeability, 
∇ is the Del function, E is the electric field intensity, εr is the relative 
permittivity, εo is the vacuum permittivity, ω is the angular frequency 
and σ is the electrical conductivity. 

Due to the electromagnetic field propagation, there are losses related 
to the electric field, magnetic field dipoles and conduction heat. The 
electromagnetic losses include the losses due to the electric field dipoles 
which is defined as [60]: 

QEdipole =
1
2
εr ′′ωE • E* (13)  

where εr′′ is the relative permittivity losses. 
The losses due to the magnetic field dipoles is defined as [60]: 

QHdipole =
1
2
μr′′ωH • H* (14)  

where μr′′ is the relative permeability losses and H is the magnetic field 
intensity. 

The losses due to the conduction heat is defined as [60]: 

Qcond =
1
2

σE • E* (15)  

where Qcond is the conduction heat. 
The total electromagnetic losses (Q) is the aggregate of the losses and 

it is represented as [60]: 

Q = Qcond +QEdipole +QHdipole (16) 

The cumulative heat losses translate into the electromagnetic heating 
source, and it is incorporated in the heat transfer equation as follows 
[60]: 

ρcp
∂T
∂t

+∇ • ( − k∇T) = Q (17)  

where ρ is the fluid density, cp is the fluid heat capacity, k is the fluid 
thermal conductivity and T is the temperature. 

The heat transfer provides changes in the properties of the emulsion 
such as viscosity and surface tension. Hence, the modified emulsion 
properties influence the nature of the coalescence dynamics. Microwave 
frequency and power of 2.45 GHz and 254 W, respectively, were utilized 
for the coalescence. Although microwave frequency band is broad 
(0.3–300 GHz), heating applications are limited to 0.92 and 2.45 GHz. 
However, the maximum electric field and heating capacity at 0.92 GHz 
is relatively small. Similar conditions have been experimentally used for 
microwave coalescence [19,20,87]. 

2.4. Flow and coalescence dynamics 

The emulsion flow and droplet coalescence dynamics is influenced 
by different techniques through either external force or emulsion 
properties. The ultrasound and electro-coalescence were incorporated 
into the fluid dynamics through external forces, and the microwave 
model was implemented with modified emulsion properties. The coa
lescence model includes the mass conservation in the form of continuity 
equation (Eq. (18)). Moreover, the momentum conservation was 
implemented based on the incompressible form of the Navier-Stokes 
equations (Eq. (19)) [61]. 

∇ • u = 0 (18)  

ρ ∂u
∂t

+ ρ(u.∇)u = − ∇p+
(
μ
(
∇u +∇uT) )+Fσ +Fext + ρg (19)  

where Fext is the external force, µ is the emulsion viscosity, ρ is the 
emulsion density, Fσ is the interfacial tension, u is the fluid velocity 
vector, g is gravity, t is the time, p is the pressure. 

The emulsion density is defined as follows [61]: 

Fig. 3. a. Microwave coalescence model description b. Mesh utilized for droplet coalescence.  
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ρ = ρw +(ρo − ρw)Vf (20) 

The emulsion viscosity is represented as follows [61]: 

μ = μw +(μo − μw)Vf (21)  

where ρo is the crude oil density, ρw is the water density, μo is the crude 
oil viscosity, μw is the water viscosity and Vf is the volume fraction. 

The volume fraction is described as [61]: 

Vf = min
(

max
[

1 + ϕ
2

, 0
]

, 1
)

(22)  

where ϕ is a phase field dimensionless function. 
The interfacial force is described based on a phase field interface as 

follows [61]: 

Fσ = λ

(

− ∇2ϕ+

(
ϕ
(
ϕ2 − 1

)

ε2

))

∇ϕ (23)  

where ε is the level thickness and λ is the mixing energy density. 
The phase field dimensionless function (ϕ) and support variable (ψ) 

are described as below [61]: 

∂ϕ
∂t

+ u.∇ϕ = ∇ •
σλ
ε2 ∇ψ (24)  

ψ = − ∇ • ε2∇ϕ+
(
ϕ2 − 1

)
ϕ+

(
ε2

λ

)
∂fext

∂ϕ
(25)  

where fext is the external force. 

Fig. 4. Mesh independence assessment a. electro-coalescence b. microwave coalescence.  
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3. Results and discussion 

3.1. Mesh sensitivity study 

The assessment of the impact of the model mesh density on the 
output parameter is essential in ensuring that the solution is stable and 
shows minimal discretization errors. Hence, the grid independence 
study was conducted for the methods of coalescence utilized (Fig. 4). 
The mesh sensitivity analysis of the ultrasound coalescence was high
lighted in a previous study [35]. Hence, fine mesh size of 101,434 was 
used for the ultrasound method. Four different mesh sizes namely 
coarse, base, fine and extremely fine meshes were examined for the 
electro-coalescence and microwave coalescence (Table 1). Courant 
numbers lower than one was set for the meshes to ensure model stability. 
This condition could be observed in different reports on water–oil 
multiphase flows [62,63]. Moreover, for accurate capture of the elec
tromagnetic waves, a condition of mesh element size, h ≤ λ

20, was uti
lized in agreement with the reports such as Litman et al. [64] and 
Malyuskin and Fusco [65]. However, further mesh refinement was 
required for the capture of the flow phenomena. The coarse mesh 
showed poor predictions of the flow velocity of the water droplets. The 
droplet velocity is an important contributor to settling, coalescence and 
separation. Although the estimations with the baseline meshes provide 
improvements over the coarse meshes, there were still significant 
mismatch over time. Hence, the fine meshes was used for further anal
ysis of the electro-coalescence and microwave coalescence. The fine 
meshes require relatively less computational time, and provides close 
estimations within ~5% to the extremely fine meshes. 

3.2. Model validation 

The numerical model for the electro-coalescence was validated with 
the experimental study of Mohammadi et al. [66]. The work is based on 
the electro-coalescence of two water droplets in crude oil. The water has 
viscosity and dielectric constant of 0.97 mPa s and 1000, respectively. 
The crude oil has viscosity and dielectric constant of 15.1 mPa s and 2.5, 
respectively. The properties of the water and crude oil is presented in 
Table 2. The experiments consist of two electrodes, one on the left with 
high voltage and the other on the right with ground voltage. The high 
voltage was obtained from a signal generator with frequency of 50 Hz 
and sinusoidal voltage amplitude of 10–20 kV (Table 3). The mean 
radius of the binary water droplets is ~625 µm. Four different experi
mental runs were used for the evaluation of the numerical model 
(Fig. 5). The electro-coalescence model showed good agreement with 
the study of Mohammadi et al. [66]. The predicted droplets approach 
time was within ~10% from the experimental report. The duration for 
the droplets approach was taken as the time for two separate droplets to 
come into contact. The approach time for the droplets decreased with 
rising applied voltage. Conversely, lower inter-droplet skew angle and 
distance lead to enhanced approach of the droplets, with reduced time 
observed. The ultrasound model was validated in our previous report 
[35] with reasonable agreement with the work of Luo et al. [67]. The 
experimental study of Luo et al. [67] is based on the coalescence of water 
in white oil. Ultrasound frequency of 20 kHz and droplets radii of 137.5, 
200 and 275 µm were assessed. 

3.3. Coalescence dynamics and energy assessment 

The coalescence dynamics and energy assessment during the dehy
dration of two water droplets in crude oil was examined. The technical 
performance was analyzed based on the impact of varying inlet flow 
velocity, interfacial tension and viscosity of crude oil on the coalescence. 
The study of the coalescence dynamics allows for the determination of 
the demulsification parameters such as the droplets approach and coa
lescence times. Whilst the approach time signifies the time taken for two 
distant droplets to come into contact, the coalescence time is defined as 
the time it takes for the droplets to merge into a single droplet. These 
time estimations are strong indications of the dewatering efficiencies of 
crude oil emulsions. Moreover, the evaluation of the energy usage of the 
coalescence methods is critical because it influences the viability of 
large-scale implementations and process economics. This provides 
important information on the most effective methods for various oper
ating conditions and emulsion properties. 

3.3.1. Inlet flow velocity 
The effect of the emulsion flow velocity on the coalescence dynamics 

and energy consumption was assessed for the three dehydration 
methods (Fig. 6). This is important for emulsion separation under 
continuous or semi-batch oil operations. Flow velocities between 10 and 
100 mm/s were evaluated. The flow corresponds to the laminar region 
with Reynolds number (Re) of 40.74–407.36. There were significant 
differences between the coalescence time and energy usage for the 
methods studied. Generally, the process time of the dewatering process 

Table 1 
Mesh types utilized for modeling the coalescence process.  

Mesh Type Number of Mesh Elements 

Electro-coalescence Microwave coalescence 

Coarse 60,000 91,000 
Base 109,000 287,000 
Fine 350,000 614,000 
Extremely Fine 487,000 1,320,000  

Table 2 
Properties of crude oil and water.  

Fluid 
type 

Viscosity 
(mPas) 

Density (g/ 
mL) 

Dielectric 
constant 

Surface tension 
(mN/m) 

Crude 
oil  

15.1  0.857 2.5 43 

Water  0.97  1.020 1000 72  

Table 3 
Electro-coalescence conditions and droplets configuration [66].  

No. Preliminary inter-droplet 
skew (o) angle/distance 
(µm) 

Droplets 
Radii (µm) 

Mean electric 
field (kV/mm) 

Applied 
voltage (kV) 

1 3/452 616/624 28 20 
2 6/668 618/625 28 20 
3 19/462 605/625 28 20 
4 2/506 618/625 14 10  

Fig. 5. Model validation with the electro-coalescence experiment of Moham
madi et al. [66]. 
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increased with rising inlet flow velocities. The behavior of the model in 
this manner is consistent with the experimental reports of microwave 
coalescence [20], ultrasound coalescence [68] and electro-coalescence 
[45,69]. For instance, Aterhortua [68] reported the lowering of the ul
trasound demulsification efficiency of crude oil emulsion with 30 wt% 
water content as the flow velocity was elevated. Ultrasound of frequency 
of 1 MHz and combined power of 80 W was utilized. On increasing the 
emulsion flow rate from 50 to 100 mL/min, they highlighted that the 
unseparated water rose from 2.6 to 5.0 wt%. Similar observation was 
reported by Binner et al. [70] in their microwave demulsification ex
periments. For applied microwave power between 2 and 12 kW, the 
dehydration time increased consistently as the flow rate rose from 100 to 
200 cm3/s. The increasing trend of the coalescence time with velocity 
can be attributed to the increasing effect of flow disturbance and low
ered residence time. In their study, Arnold and Stewart [71] noted that 
the residence time is influential on the coalescence process according to 
the following equation: 

t =
π
6

(
df

n − di
n

∅Ls

)

where df is the final droplet diameter, di is the starting droplet diameter, 
∅ dispersed phase volume fraction, Ls is the definite system experi
mental parameter and n is the parameter indicating the probability of 
droplets bouncing prior to coalescence. 

Flow fluctuations and reduced residence time could provide hin
drance to the coalescence dynamics at higher velocities. This is 
demonstrated in the reduced final droplet size at lower residence times. 
At Re below 122.21, the coalescence time followed the order ultrasound 
< microwave < electrostatic supported coalescence. However, the order 
was ultrasound < electrostatics < microwave coalescence at Re above 
122.21. The variation in the sequence with velocities can be attributed 
to the steeper rate of increase of the microwave coalescence time 

relative to electro-coalescence. Furthermore, there was a reducing- 
increasing trend for electro-coalescence which transitions at about 30 
mm/s. Ultrasound provides a consistent significant difference in com
parison to microwave and electro-coalescence. Microwave and electro- 
coalescence showed close process time at flow velocity of ~30 mm/s. 
For instance, the coalescence time was 25, 130, 130 ms for ultrasound, 
electrostatics and microwave enhanced coalescence. However, the dif
ference in the performance of electro-coalescence and microwave coa
lescence becomes wider at velocities farther from 30 mm/s. Whilst 
microwave provides improved performance over electro-coalescence by 
a margin of 70 ms at 10 mm/s, electro-coalescence showed enhance
ment of 90 ms at 50 mm/s. The performance of coalescence at higher 
velocities could be bolstered by the utilization of flow straighteners, 
avoidance and minimization of chokes and valves in regions of demul
sification and the integration of ultrasound with microwave or electro
statics techniques. 

Likewise, the flow velocity of the crude oil emulsion impacts the 
energy usage during dewatering processes (Fig. 7). The energy usage 
followed the order ultrasound < microwave < electrostatics coalescence 
methods at Re lower than 81.48. Whilst lower energy yielded faster 
coalescence with ultrasound, more energy was consumed to achieve a 
relatively slower coalescence with microwave and electric field 
enhancement. For example, at 10 mm/s, coalescence times of 30.00, 
165.08, and 100.00 ms were attained with energies of 30x10-3, 32.06 
and 25.4 J for ultrasound, electrostatics and microwave techniques, 
respectively. Conversely, the sequence at Re more than 81.48 was ul
trasound < electrostatics < microwave. Hence, ultrasound provides the 
best performance in terms of coalescence performance and energy usage 
at all flow velocities investigated. 

3.3.2. Viscosity 
The influence of crude oil viscosity on the coalescence of the binary 

Fig. 6. Effect of inlet flow velocity on approach and coalescence time.  
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water droplets at 10–106 mPa s was examined. This range allows for the 
investigation of broad types of crude oil. The viscosity showed signifi
cant impact on the coalescence of the water droplets. Generally, the 
process time for the droplets coalescence and approach increased as the 
Re decreased and viscosity increased for the approaches studied (Fig. 8). 
This behavior could be associated with the inhibition of flow dynamics 
at increased viscosities. Moreover, there are reports of attenuation of 
ultrasound as the fluid viscosity is elevated [72–74]. The process time 
followed the order ultrasound < electrostatics < microwave coales
cence. The difference between the coalescence and approach times are 
~7.4, ~21 and ~32 ms for ultrasound, electrostatics and microwave 
techniques, respectively. There are indications from experimental re
ports in the literature that support this sequence of coalescence time 
[75–81]. For instance, Yang et al. [76] observed that sono-chemical 
methods produced enhanced crude oil dewatering over thermal- 

chemical coalescence approach. They reported demulsification effi
ciencies of 48.2 and 79.2% at 55 ◦C for thermal and ultrasound assisted 
methods, respectively, under similar crude oil emulsion properties. 
Furthermore, the coalescence time and demulsification efficiency out
lined for electrostatics method is usually significantly more than those of 
ultrasound techniques at different viscosities. Yin et al. [80] highlighted 
that the coalescence of two water droplets in oil resulted in increased 
approach time with viscosity. The approach time increased from 1050 
ms to 4450 ms as the oil viscosity was raised from 29.5 to 96.2 mPa s. In 
the study of Huang et al. [75], the approach and coalescence time ob
tained for coalescence under electric field were 770 and 848 ms, 
respectively. The electric field, droplet diameter, oil viscosity was 
5.4x105 V/m, 0.6 mm and 870 mPa s, respectively. In a different work, 
Huang et al. [78] showed that the coalescence was attained after 117 ms 
for a less viscous silicone oil (viscosity = 20.47 mPa s) under AC field of 

Fig. 7. Effect of inlet flow velocity on energy consumption.  

Fig. 8. Effect of crude oil viscosity on approach and coalescence time.  
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3.75x105 V/m. This is significantly higher in comparison to ultrasonic 
approaches [33,67]. Luo et al. [67] showed that the coalescence of bi
nary droplets provided coalescence times of ~20 and ~30 ms with 
viscosity increment from 791 mPa to 1410 mPa s. 

The energy consumption decreased as the Re was increased for the 
three coalescence approaches assessed (Fig. 9). This can be attributed to 
the lower crude oil viscosity requirements at higher Re. As the coales
cence time is delayed due to flow inhibition and attenuation, more en
ergy would be consumed for the emulsion separation at lower Re. 
Furthermore, the coalescence energy increased from ~15 J, ~90 J and 
~25 mJ to ~61 J, ~235 J and ~26 mJ for microwave, electrostatics and 
ultrasound techniques, respectively, as the viscosity was raised from 
10.6 to 106 mPa s. The order of performance of the methods is ultra
sound < microwave < electrostatics. Although microwave coalescence 
requires more process time, lower energy was utilized in comparison to 
electro-coalescence. For instance, whilst the coalescence times was 
~250 and ~130 ms for microwave and electrostatics, the energy usage 
was ~240 and ~53 J, respectively, at 106 mPa s. Ultrasound coales
cence showed significant energy savings in comparison to microwave 
and electro-coalescence. The coalescence time and energy consumption 
are ~26 ms and ~26 mJ, respectively. Hence, ultrasound coalescence 
would be a potential method for standalone or integrated demulsifica
tion. However, Parvasi et al. [49] mentioned that ultrasound perfor
mance reduced significantly for high viscous oils. They highlighted that 
microwave showed enhanced separation than ultrasound coalescence 
beyond a certain viscosity limit. Luo et al. [34] have indicated that this 
limit is above 300 mPa s. Beyond this viscosity, the impact of ultrasound 
becomes weak with significant hindrance to droplet movement and 
accumulation. 

3.3.3. Interfacial tension 
The impact of the IFT between water and oil on coalescence time and 

energy usage was examined at 25–250 mN/m (Figs. 10 and 11). The 
values were selected because they represent similar range of IFT that 
have been reported in the literature [35]. Generally, the coalescence 
time increased as the Weber number (We) was increased. This can be 
associated with the improved stability of emulsions formed at reduced 
IFT under rising We. At lower IFT, the droplet restorative stress exceeds 
the external stress. The restorative stresses include the droplet surface 
stress and droplet internal viscous stress. Based on the force balance, 
Hinze [82] described the peak diameter that could be sustained by 

droplets as follows: 

dpeak = Wecr
3
5

(
σ
ρo

)3/5

ε− 2/5  

where σ is the interfacial tension, ε is the average rate of energy dissi
pation, ρo is the crude oil density, Wecr is the critical Weber number. 

Hence, lowering the IFT reduces the maximum size of the droplets 
that are attainable in the emulsion. Moreover, the coalescence followed 
the order ultrasound < microwave < electrostatics approaches. The 
improvements in the coalescence time for the microwave over electro
statics could be attributed to changes in the fluid properties with se
lective heating. Due to temperature gradient between the oil and water, 
the IFT and viscosity is lowered. The IFT is lowered more by the 
expansion of the droplet volume because of the microwave heating. 
Consequently, coalescence is enhanced by elevated frequency of colli
sion and lowered flow inhibition [20]. 

The energy usage increased with rising We for all the coalescence 
approaches (Fig. 11). The energy consumption followed the sequence of 
ultrasound < electrostatics < microwave for IFTs lower than 140 mN/m. 
However, the order of energy utilization was ultrasound < microwave <
electrostatics for IFT more than 140 mN/m. Ultrasound consistently 
showed the least energy requirement amongst the three methods eval
uated. For instance, the energy consumption reduced from ~12 mJ to 
~7.5 mJ as the IFT increased from 25 to 250 mN/m. In contrast, mi
crowave and electrostatics methods consumed ~8 J and ~12 J at 250 
mN/m. In addition, it could be observed that microwave was more 
effective in saving energy when the IFT is less than 140 mN/m. 

3.4. Economic analysis 

Based on the technical performance of the coalescence methods, the 
cost estimation was determined at different oil flow velocities (Fig. 12 a- 
b). Three conditions including cases 1, 2 and 3 were evaluated. Case 1 
has a Re of 40.74 and flow velocity of 10 mm/s; case 2 has a Re of 122.21 
and flow velocity of 30 mm/s; and case 3 has a Re of 203.68 and flow 
velocity of 50 mm/s. This provides the cost variations as the crude oil 
flow conditions are changed. The cost of energy of 6.27 cents per kWh, 
based on Dubai Electricity and Water Authority (DEWA) data, was uti
lized [83]. In addition, the cost of pumping was neglected in the eco
nomic assessment because the coalescence operation was assumed to be 
added on to an online crude oil processing and transportation plant. It 

Fig. 9. Effect of crude oil viscosity on energy consumption.  
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could be observed that the unit annual price of coalescence of the two 
droplets with ultrasound was $ 32.92 at the different flow velocities. The 
unit yearly cost of coalescence with electric field increased from $ 6499 
to $ 6590.98 as the flow velocity was elevated from 10 to 50 mm/s, 
respectively. Microwave coalescence exhibited higher cost than elec
trostatic assisted coalescence except at 30 mm/s. The unit annual cost 
rose from $ 6698.25 to $ 7603.04 as the emulsion velocity increased 
from 10 to 50 mm/s. The unit costs of the coalescence of the binary 
droplets could be extended to industrial and commercial scale demul
sification through scaling estimates. For instance, different studies such 

as Leister et al. [84], Hamedani [86] and Boxall et al. [85] have outlined 
some coalescence scaling methods. 

4. Conclusion 

In this study, the comparative assessment of the technical perfor
mance, energy usage and economic analysis of ultrasound, electrostatic 
and microwave enhanced coalescence of binary water droplets in crude 
oil was conducted numerically. The effect of different oil properties and 
operation conditions on the coalescence time and energy consumption 

Fig. 10. Effect of interfacial tension on approach and coalescence time.  

Fig. 11. Effect of interfacial tension on energy consumption.  
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was examined. The numerical coalescence model showed good agree
ment with experimental findings in the literature. Moreover, the process 
time of the dewatering process increased with rising inlet flow veloc
ities. The increasing trend of the coalescence time with velocity can be 
attributed to the intensification of the flow disturbance, and the 
reduction in the residence time of the emulsion. The behavior of the 
model in this manner is consistent with the experimental reports of 
microwave coalescence, ultrasound coalescence and electro- 
coalescence. As regards the IFT, the coalescence time reduced as the 
IFT was increased. This can be associated with the improved stability of 
emulsions formed at reduced IFT. At lower IFT, the droplet restorative 
stress exceeds the external stress. The restorative stresses include the 
droplet surface stress and droplet internal viscous stress. Based on the 
force balance, Hinze [82] described the peak diameter that could be 
sustained by droplets. As the maximum droplet size is directly propor
tional to the IFT, lowering the IFT reduces the peak diameter of the 
droplets that are present in the emulsion. Moreover, the coalescence 

time followed the order ultrasound < microwave < electrostatics ap
proaches under varying IFT. 

The coalescence energy increased from ~15 J, ~90 J and ~25 mJ to 
~61 J, ~235 J and ~26 mJ for microwave, electrostatics and ultrasound 
techniques, respectively, as the viscosity was raised from 10.6 to 106 
mPa s. Ultrasound coalescence showed significant energy and economic 
savings in comparison to microwave and electro-coalescence. Hence, 
ultrasound coalescence would be a potential method for standalone or 
integrated demulsification over the two other techniques. However, 
Parvasi et al. [49] mentioned that ultrasound performance reduced 
significantly for very high viscous oils. They highlighted that microwave 
showed enhanced separation than ultrasound coalescence at elevated oil 
viscosity. Luo et al. [34] have indicated that this behavior occurs at 
viscosities above 300 mPa s. Beyond this viscosity, the impact of ultra
sound becomes weak with significant hindrance to droplet movement 
and accumulation. The parameters of the coalescence of the binary 
droplets could be extended to industrial and commercial scale 

Fig. 12. Effect of inlet flow velocity on the process economics a. ultrasound, electric field and microwave enhanced coalescence b. ultrasound (magnified).  
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demulsification through scaling estimates. For instance, different studies 
such as Leister et al. [84], Hamedani [86] and Boxall et al. [85] have 
outlined some coalescence scaling methods. This analysis provides 
fundamental insights on the behavior of the three emulsion separation 
techniques under similar emulsion properties and process condition. 
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