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The coalescence of droplets in oil can be implemented rapidly by high-voltage pulse electric field, which is an effective
demulsification dehydration technological method. At present, it is widely believed that the main reason of pulse electric field
promoting droplets coalescence is the dipole coalescence and oscillation coalescence in pulse electric field, and the optimal
coalescence pulse electric field parameters exist. Around the above content, the dynamics of high-voltage pulse electric field
promoting the coalescence of emulsified droplets is studied by researchers domestically and abroad. By review, the progress of
high-voltage pulse electric field demulsification technology can get a better understanding, which has an effect of throwing a sprat
to catch a whale on promoting the industrial application.

1. Introduction

Oil demulsification dehydration is widely used in petrochem-
ical engineering, resources recycling, metallurgy, equipment
manufacturing, and other engineering technologies [1]. The
process of demulsification dehydration by a high-voltage
pulsed electric field has gained wide attention because of the
advantages offered by such a technique, which include low
energy consumption, simple structure, and rapid processing
speed [2, 3]. In 1981, Bailes and Larkai [4] proposed an
electric field dehydration scheme for “Pulsed Direct Current
(DC) Electric Field + Insulated Electrode,” the original
mode of pulsed electric field demulsification dehydration.
In 1992, Britain Wareham Oil Field adopted induced sedi-
mentation by a pulsed electric field for oil-water separation.
The approach can effectively expand the particle size of the
droplets from 15 𝜇m to 90 𝜇mwithout any chemical demulsi-
fier [5]. Demulsification dehydration by a pulsed electric field
consumes only 1/18 and 1/29 of the energy required byDCand
alternating current (AC) electric fields, respectively, under
the same conditions [6]. High-voltage pulsed electric fields
exhibit good performance in demulsification dehydration.

In recent years, demulsification by a pulsed electric field
has seen rapid development as a new oil demulsification
method. However, research on the dynamic mechanism of
demulsification by pulsed electric fields has mostly remained
elementary, and the technique still lacks accurate and unified
descriptions. The lack of an in-depth understanding of the
essential mechanism and inherent laws of demulsification
by a pulsed electric field has restricted and hindered the
application of this method [7]. Domestic and foreign scholars
express a more consistent view of the dynamic mechanism of
high-voltage pulsed electric fields promoting the coalescence
of emulsified droplets: in water-to-oil emulsified oil, the
conductivity of oil and droplets, which may be considered
the continuous phase and dispersed phase, respectively, vary
considerably [8, 9]. Droplets are polarised by an external
electric field, and the polarised droplets undergo coalescence
through collision within a short period of time [10–12].
Dipole coalescence and oscillation coalescence effects are
believed to exist in pulsed electric fields, and oscillation coa-
lescence is the main factor influencing droplet coalescence
[2, 13]. To this end, the academic community has conducted
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several studies on the dynamics of pulsed electric fields
promoting the coalescence of droplets.

2. Dipole Coalescence Effect

Neutral droplets without polarisation charges in oil would
be induced dipoles under the influence of electric field
induction, and each induced dipole carries equal amounts
of opposite charges at both ends [14]. Two induced dipoles
could produce interactional electric field forces via the action
of dipole moments, and two polarised droplets close to each
other can overcome their oil resistance and undergo dipole
coalescence [15]. At present, the theoretical models of dipole
coalescence include the spherical droplet model and the
prolate sphere droplet model.

2.1. Spherical Droplet Model. Studies have suggested that
polarised droplets in emulsified oil are arranged along the
direction of the electric field. Then, positive and negative
ions in droplets move to separate ends and form dipoles;
thus, a dipole moment occurs [16]. Two polarised droplets
are equivalent to two dipoles located in the geometric centre
of the droplet, as shown in Figure 1. Assuming that the
dipole moments of two polarised droplets were 𝜇

3
and

𝜇
4
, respectively, the field energy between dipoles could be

obtained by the energy method [17]:
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where 𝑟
1
and 𝑟
2
are the radii of two droplets, 𝜀

0
is the vacuum

dielectric constants, 𝜀
1
and 𝜀

2
are the relative dielectric

constants of the droplet and the oil, 𝐸 is the electric field
intensity, and 𝑊 is the field energy between two dipoles.

The partial derivative of 𝑊 with respect to 𝑟 can be
obtained. Considering that 𝜀

1
≫ 𝜀
2
, the radial electric field

force between the two droplets could be calculated as
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where 𝑑 is the distance between two drops.
Polarisation is a major influence of an external electric

field on droplets in oil. Thus, the magnitude and direction of
the electric field force between the two droplets change with
changing droplet centre lines. In (2), the electric field force
between the two polarised droplets involves attractive force;
the relation is as follows:

3 cos 2𝜃 + 1 > 0. (3)

It can be obtained that

𝜃 < 54.7
∘ or 𝜃 > 125.3

∘
. (4)

Williams [18] determined that the radial force between
two droplets is repulsive when 𝜃 is located between 54.7∘ and
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Figure 1: In sphere coordinates, two droplets were polarized and
become dipoles [17]. 𝜇

3
and 𝜇

4
were the dipole moments of droplet

1 and droplet 2, respectively. 𝑒
𝑟
, 𝑒
𝜙
, and 𝑒

𝜃
were the unit vectors.

125.3∘. Eow and Ghadiri [19] confirmed the above conclusion
by experiments.

Bailey, Bailes, and Waterman et al. [20–22] researched
the electric field force of two spherical polarised droplets
possessing the same radii in the case where the line of centres
was parallel to the direction of the electric field and found that
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where 𝑅
0
is the radius of the droplet.

It can be considered that the above electric field force is
the primary factor influencing droplet coalescence. It is noted
that when the droplet spacing is smaller than a certain critical
distance, the above expression is no longer applicable [23].
In addition, the spherical droplet model does not take into
account the deformation of droplets in the electric field.

2.2. Prolate Sphere Droplet Model. Under the effect of the
electric field, droplets in oil produce polarisation charges at
both ends, which are of opposite polarity to the electrode
plates. The droplets are stretched to approximately prolate
spheres under the action of an electric field force [15]. As
shown in Figure 2, Gong et al. [24] calculated the polarised
electric field force of two approximate prolate sphere droplets
in an arbitrary space by using the Maxwell stress tensor
method. The radial electric field force 𝐹

𝑟
and the tangential

electric field force 𝐹
𝛼
between the two prolate sphere droplets

could be obtained as
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where 𝑏
2
is the minor semiaxis of droplet 2, 𝜆 is the stretching

ratio of droplet, 𝐾
1
and 𝐾

2
are coefficients of force, and 𝛼

 is
the electric field angle.
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Figure 2: Model of two ellipsoidal deforming droplets [24]. 𝑎
1
and

𝑏
1
and 𝑎

2
and 𝑏
2
were the major and minor semiaxis of droplet 1 and

droplet 2, respectively.The distance of two droplets’ center was 𝑑 and
the electric field angle was 𝛼.

Similarly, the critical angle of two droplets at which
attraction-repulsion occurs can be obtained as follows:

𝛼
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𝐾
1

𝐾
2

) . (7)

Considering the influence of droplet deformation on the
critical angle, the following modifier formula is established:

𝛼crit = arctan(
tan𝛼


crit
𝜆

) , (8)

where 𝛼crit is the correction value of critical angle.

2.3. Droplet Dipole Coalescence. Droplets in the electric field
come close to each other under the action of polarisation
force. Then, the oil between the two droplets is exhausted.
Charles and Mason [25], Allan and Mason [26], and Brown
and Hanson [27] found that the oil film immediately bursts
when the spacing between two droplets approaches the
critical value, and then dipole coalescence occurs. With the
asymptotic laws, Atten et al. [28] suggested that the critical
separation of (nondeformed) droplets is a function of the
applied field 𝐸, shown in (9). Equation (9) might be used as
coalescence criteria in attempts to simulate numerically the
evolution of water-in-oil emulsions subjected to an electric
field
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where 𝑠
0
is the thickness of oil film between droplets and 𝛾 is

the interfacial tension. When the droplet spacing is smaller
than the critical value, the oil between droplets is rapidly
exhausted by the electric field force.The electric field intensity

importantly contributes to oil film burst, and the coalescence
angle amongst the droplets and contact time decrease with
increasing the electric field intensity until instantaneous
coalescence occurs. Allan and Mason [29] suggested that
when two droplets come into contact with each other in the
AC/DC electric field, spark discharges pierce the oil film,
causing droplet coalescence. Harpur et al. [30] held the same
perspective and suggested that the droplets are close to each
other because of turbulent mixing because the polarised
electric field gravitation amongst droplets is limited.

3. Oscillation Coalescence Effect

Taylor [31] suggested that droplets in an electric field form
induced dipoles, and both ends of each dipole produced
two tensions, which were equal but in opposite direction.
Under tension, droplets are stretched into prolate spheres
and return to their original shape after the electric field is
removed. Zhang et al. and Torza et al. [7, 32] suggested that,
under the effect of a pulsed DC electric field, the repeated
stretching deformation of droplets represents a type of peri-
odic vibration. Vibrations could increase the probability of
collision and enhance the collision kinetic energy, thereby
weakening the mechanical strength of the interfacial film.
Droplet vibration is themain cause of oscillation coalescence,
and pulsed electric field intensity and frequency are two
important factors influencing droplet vibration [33].

3.1. Influence of Pulse Frequency on Oscillation Coalescence.
Pulsed electric field frequency exerts an important impact
on the coalescence of droplets in emulsified oil. Brown and
Hanson [27] found that each emulsified oil system exhibits
an optimal pulsed electric field frequency that can enhance
droplet vibration and promote oil film burst and droplet coa-
lescence. Charles andMason [34] proposed a transition effect
theory and suggested that the electric field induces charges
on the droplet and the small droplets begin to disperse with
the increase of electric field intensity, but droplets have a
quick coalescence by the instantaneous pulsed electric field,
and they found that the optimal frequency is beneficial to
droplet coalescence.The dielectric relaxation theory of Bailes
and Larkai [35] also suggests that when the pulse frequency
is at the optimal demulsification frequency, droplets could
be completely polarised at the peak of the electric field. At
this moment, the electric field force between droplets is the
largest, considerably improving the probability of droplet
collision, and the effect of droplets coalescence is significant.
Williams [36] suggested that droplets in an electric field
vibrate along with the pulse frequency. According to the the-
ory of vibration dynamics, the vibration amplitude increases
with the increasing electric field intensity and the vibration
amplitude depends on the electric field frequency. When the
electric field is at a certain frequency band and the vibration
of droplets is the most intense and the most beneficial to
droplet coalescence, this frequency is the optimal coalescence
frequency.

For the package insulated electrode, the optimal pulsed
electric field frequency that promotes droplet coalescence is
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related to the electric relaxation time of the electrode package
layer according to Maxwell-Weiner effect theory [37]
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where 𝑓
𝑝
is the optimal demulsification frequency, 𝜏

𝑀−𝑊

is electric relaxation time of encapsulation layer, 𝑑
𝑠
and 𝑑
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are the thickness of the package layer and the oil, 𝜀
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relative dielectric constants of the package layer, and 𝐶
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and

𝐶
𝑠
are the conductivity of the package layer and the oil.

Zhang et al. [7] suggested that droplets resonate when the
electric field frequency approaches or is equal to the free
vibration frequency of droplets in emulsified oil, and the
optimal pulsed electric field coalescence frequency could be
obtained using linear vibration theory:
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where 𝜔
0
is the free vibration frequency of droplets, 𝐶

𝑚
is

the additional quality coefficient, and𝐶
𝑅
is the restoring force

coefficient.
Gong et al. [38] found that the vibration of droplets under

the action of a pulsed electric field force resembles single-
degree, nonlinear parametric excitation vibration and that the
main impetus of this vibration originates from the harmonic
component of electric field force. Thus, a dynamic model of
droplet vibration could be established as follows:

𝑑
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where 𝐴, 𝐵, and 𝐺 are the coefficients of stress term, 𝜒 is
the vibration amplitude of droplets, and 𝜑(𝜒), 𝑓(𝜒), and 𝑒(𝜒)

are the functions of stress term. The team also suggested
that the optimal pulsed electric field coalescence frequency
deviates from the free vibration frequency of droplets because
of oil viscosity. Greater viscosity leads to larger deviations.
The optimal coalescence frequency may not exist if the
viscosity is too great, as confirmed in Eow and Ghadiri’s [15]
experiments.

Numerous studies on optimal demulsification frequency
have been conducted. Wang [39] suggested that the forming
and disappearing time of electric short-circuit were different
for the emulsion, being acted on by the electric field, with
different water contents and the optimal demulsification
frequency allows the pulse output time to be shorter than
the short-circuit forming time, and so the accident of short-
circuit would not happen with the frequency. Liu and Li [8]
suggested that insulated electrodes could be equivalent to the
RC circuit and that the effect of demulsification is reduced
with the increasing electric field frequency mainly because of
the voltage decrease in the emulsion. This finding illustrates
the presence of the optimal demulsification frequency in the
pulsed electric field. Wang [40] suggested that the electric
field force is related to electric field frequency. At extremely
low frequencies, the distribution voltage of emulsion droplets
is small because of the large capacitance; thus, a lower electric

field intensity, which is not conducive to droplet coalescence,
is obtained. When the frequency is excessively large, the
droplets cannot properly respond to changes in the external
electric field. Moreover, the charge of the induced electric
charges is relatively small, resulting in a smaller electric field
force that is also not conducive to droplet coalescence. These
findings illustrate the existence of the optimal demulsification
frequency in a pulsed electric field. Yang et al. [41] use the
double capacitance model to estimate the optimal frequency
of promoting droplet coalescence in pulsed electric fields
produced by cylindrical electrodes.

Peng et al. [42] suggested that an optimal pulse frequency
of droplet coalescence exists in the initial emulsified oil
system. Droplet size increases gradually in the process of
coalescence and the optimal coalescence frequency changes.
In addition, when using advanced pulsed electric fields with
variable frequency to promote the coalescence of droplets
in emulsion oil, the method for determining the variable
frequency and the time interval may be given by

𝜔reso = Ψ (𝜔
0
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where 𝜔reso is the parametric excitation resonance fre-
quency of the droplet, 𝑚 is equal to (𝜀

0
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𝑅√𝜌)/(𝜇√8𝛾), 𝜇 is the viscosity of oil, 𝛾 is the

interfacial tension stress, 𝑅 is the radius of the droplet, 𝜙

is the droplets volume fraction in oil, and 𝑡
1
is the time

interval of electric field changing. Experimental results [43]
also show that the pulsed electric fieldwith variable frequency
exhibits superior effects in comparison with those of pulsed
electric fields with a constant frequency on the coalescence of
emulsion droplets.

3.2. Influence of Electric Field Intensity on Oscillation Coales-
cence. In addition to pulsed electric field frequency, another
important parameter affecting oscillation coalescence is
pulsed electric field intensity. Through experiments, Taylor
[47] suggested that the maximum coalescence of droplets in
emulsified oil is related to the intensity of the external electric
field to a certain extent. Induced droplets with charges would
burst when the electric field intensity exceeds a certain value,
and the effect of coalescence decreases significantly. Gan [48]
found that droplets undergo tensile deformation under the
action of a pulsed electric field with higher amplitude. One
end of the droplet became ellipsoid in shape, whereas the
other end resembled a cusp. Greater electric field intensities
result in larger deformations of the droplets.Through experi-
ments, Eow and Ghadiri [19] observed that a droplet under
a pulsed electric field gradually stretches with increasing
electric field intensity.The droplet then breaks down into two
small droplets, consistent with the research of Taylor [49].
The tandem thus theoretically defined the dimensionless
parameter of electric fieldWe (Weber number = 2𝑅𝜀

0
𝜀
2
𝐸
2

0
/𝜆),

which indicates the significance of the electrostatic stress with
respect to the interfacial tension and similar to that in fluid
mechanics, to measure the stability of droplets and define the
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Figure 3: Curve of amplitude-frequency of droplet under different
oil’s viscosity [44]. Curve 1–curve 6 were curves of amplitude-
frequency characteristic of the droplet in oils whose viscosities were
10, 30, 40, 47.2, 55, and 70 Pa⋅s, respectively. It showed that the
smaller the oil viscosity, the larger the vibration amplitude.

critical ratio of the major semiaxes to the minor semiaxes
when the droplet was burst. Evidently, an optimal intensity of
pulsed electric field also exists for the oscillation coalescence
of droplets.

Bailes and Dowling [33] considered that the square wave
could produce the maximum electric field intensity after
comparing the pulse square wave, the pulse half-wave, and
the pulse triangle wave. Nishiwaki et al. [50] estimated the
optimal electric field intensity of droplet coalescence

𝐸
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= 0.64√

𝜆

2𝜀
2
𝜀
0
𝑅
0

. (14)

The electric field force of droplet deformation was deter-
mined by the amplitude of pulsed electric field intensity,
which exerts an influence on the parametric excitation
vibration of droplets in oil. Higher electric field intensities
result in greater resonance amplitudes of the droplets, but the
change in the pulsed electric field intensity cannot determine
the monotonic change in coalescence frequency [51].

3.3. Influence of System Physical Parameters on Oscillation
Coalescence. At present, research on emulsified droplet oscil-
lation coalescence mainly focuses on the calculation and
optimisation of the electric field frequency and intensity.
However, the physical parameters of the medium in an
emulsified oil system, including the oil viscosity, interfacial
tension stress, and the oil dielectric constant, also exert
important impacts on droplet vibration.

Through the establishment of the vibration kinetic model
of a single droplet in oil, Gong and Peng [44] found that the
viscous force of oil could hinder droplet stretching deforma-
tion.The demulsification optimal electric field frequency and
resonant amplitude decrease with the increasing oil viscosity,
as shown in Figure 3. By using the amplitude-frequency
characteristics of the stretching vibration of droplets, the
team theoretically explained the impact of oil viscosity on the
optimal demulsification frequency, as well as the causes of the
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Figure 4: Influence relation graph of interface tensile stress on
amplitude [45]. The unstable vibration could be inhibited by
increasing the electric field frequency. The vibration amplitude of
droplets suddenly increased with decreasing the interface tensile
stress.

optimal demulsification frequency deviating from the natural
vibration frequency.

The group further studied the influence of the inter-
face tensile stress of oil droplets on the vibration of these
droplets in a pulsed electric field [45] and drew the following
conclusion: the vibration amplitude peak increases with
decreasing interface tensile stress. Under a small interface
tensile stress, the droplets undergo unstable vibration. This
vibration could be bettered by increasing the electric field
frequency, as shown in Figure 4. The resonance frequency
of droplets increases with increasing interface tensile stress.
Therefore, droplets of large interfacial tension stress show
good demulsification under a high-frequency electric field.

The oil dielectric constant has a direct influence on the
force acting on droplet by electric field. The oil, with high
dielectric constant, has a better performance of electrical
conductivity and the droplet is polarized easily, which pro-
motes larger electroforce acting on droplet [52]. In pulsed
electric field, the high dielectric constant of oil makes the
vibration amplitude of droplets increase although it does
not have a direct correlation to the coalescence frequency
of droplets. In addition, the radius of droplet affects directly
the frequency of vibration. The smaller the droplet radius
is, the greater the droplet natural frequency is [7]. So, the
coalescence frequency of droplets with the smaller radius has
a tendency of increasing.

4. Matching of Electric Field Parameters

The contributions of pulsed electric field parameters to the
coalescence of droplets in oil are not identical: the pulsed
electric field intensity directly affects the tensile deformation
of droplets, the pulsed electric field frequency exerts a larger
influence on the vibration of droplets, and the pulse duty
ratio exerts an important influence on the polarisation of
the droplet surface charge and the control of short-circuiting
of droplet chains between electrode plates. Viewed from
the perspective of effective energy, the contributions of
pulsed electric field waveforms, such as the unidirectional
square wave, the sine wave, and the triangle wave, also vary
in promoting the coalescence of droplets [53]. Therefore,
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Figure 5: Quantity of electric charge as a function of frequency and duty ratio at water contents 10% and 30% [41]. Obviously, there are the
matching relations of frequency and duty ratio with the optimal coalescence of droplets.

matching of electric field parameters is an important subject
in the dynamic research of pulsed electric fields promoting
coalescence and presents important guiding significance in
the industrial applications of pulsed electric field demulsifi-
cation technology.

Bailes and Dowling [33] suggested that the coalescence
efficiency of droplets in the pulsed electric field is a function
of the electric field amplitude, the electric field frequency,
and the pulse waveform.These parameters presented optimal
values and strongmatching relationship. According to theory
of charge relaxation, Midtgård [54] found that the promotion
of coalescence by a pulsed electric field is a function of
the electric field frequency and pulse duty ratio and that
the optimal coalescence electric field frequency and optimal
coalescence pulse duty ratio could be obtained by optimising
the parameters of coalescence electric field. Yang et al. [41]
obtained matching functions of the polarised electric field
as well as the parameters of the pulsed electric field; the
optimal coalescence electric field frequency and the optimal
coalescence pulse duty ratio of the water content were 10%
and 30%, respectively, as shown in Figure 5.

Gong et al. [46] suggested that the stretching ratio, 𝜆, of
droplets in oil cannot indefinitely increase with increasing
electric field intensity. By taking 𝜆 ≤ 1.9 as the control con-
dition of stable droplet deformation, the group established
a calculation graph of optimal demulsification electric field
parameters shown in Figure 6. The optimal matching values
of the coalescence electric field frequency and electric field
intensity of droplets in SsangYong 70 SN base oil could be
obtained by using Figure 6. Under the given oil viscosity 𝜇,
interfacial tension stress 𝛾, medium dielectric constant 𝜀

2
,

droplets density 𝜌 and droplets initial radius 𝑅, 𝑡, shown in
Figure 6, was 2.765 by the relation of 𝑡 = 3.4152𝜇

2
/(𝑅𝜌𝛾).

0 0.2225 0.25

2.765

0

0.1

0.242

0.5

0.6

0.7

0.8

0.9

𝜆 = 1.9

m

t

P

Figure 6: Sketchmapof confirming optimal demulsification electric
field parameters [46]. Using the map, the frequency and intensity of
optimal coalescence could be obtained by 𝑡 and 𝑚.

The point 𝑃was the intersection of curve 𝑡 = 2.765 and curve
𝜆 = 1.9, and curve 𝜔

2
/𝜔
2

0
= 0.242 also went through the

point 𝑃 by which the optimal coalescence frequency could
be calculated. And a vertical, going through 𝑃, intersected
the horizontal axis of coordinate system and 𝑚 = 0.2225

was obtained. By the relation of 𝑚 = 𝜀
0
𝜀
2
𝐸
2
𝑅/𝛾, the optimal

coalescence intensity 𝐸 could be calculated. This figure is
of important guiding significance in the parameter selection
and structural design of high-performance demulsification
devices featuring pulsed electric fields.
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5. Conclusion

As an effective physical demulsification method, applica-
tion of high-voltage pulsed electric field is widely used
to dehydrate emulsified oil. Researchers have summarised
the dynamic behaviour of pulsed electric fields promoting
coalescence as dipole coalescence andoscillation coalescence,
and a number of studies have been conducted regarding these
two effects. In early dynamic studies of dipole coalescence,
researchers commonly used the spherical dipole model to
study the forces between droplets. Considering the deforma-
tion of droplets in oil subjected to an electric field, researchers
have studied the action between polarised droplets in an
arbitrary space by the double prolate sphere droplet model.
The study of oscillation coalescence has mainly concentrated
on solving the optimal coalescence frequency. However,
considering only the optimal demulsification frequency is
insufficient. The influences of pulsed electric field intensity,
pulse duty ratio, and physical parameters of the system must
also be considered. The matching of the optimal demulsifi-
cation parameters presents good guiding significance in the
practical applications of pulsed electric fields. The efficiency
of demulsification with a single pulsed electric field is rela-
tively limited. Coupling physical fields, such as the centrifugal
field and the temperature field of negative pressure, will be
the developmental mainstream of this technology.Therefore,
dynamic research on coupled fields promoting coalescence
demulsification may be expected to be a popular topic in the
future.
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