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ABSTRACT 

This study simulates the dynamic evolution of demulsification in emulsions 
under various electric field parameters, using a multicomponent lattice 
Boltzmann color model that integrates pulsed electric and flow fields. The 
degree of aggregation of dispersed-phase droplets is quantitatively analyzed 
using the area-to-circumference ratio. Results of numerical simulation 
demonstrate the demulsification behavior of dilute emulsions under three types 
of pulsed electric fields: direct current (DC) pulsed electric field, unidirectional 
triangular pulsed electric field, and bidirectional triangular pulsed electric field. 
Findings indicate the occurrence of electrophoretic and oscillatory coalescence 
in dilute emulsions under pulsed electric fields. The improved bidirectional 
triangular pulsed electric field shows enhanced efficiency relative to that of 
either the DC pulsed or the unidirectional triangular pulsed electric field. 
Moreover, the enhanced bidirectional triangular pulsed electric field effectively 
demulsifies oil-in-water dilute emulsions and prevents oil droplets disintegration 
under high-voltage across different component ratios. 
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1. INTRODUCTION 

Oily wastewater has increasingly contributed to 
severe pollution as global industrialization advances. Its 
biodegradation presents a challenge, owing to its 
composition and significant threat to the environment. 
Thus, it has drawn interest in environmental protection 
(Yang, 2007; Zhang et al., 2022). Stably dispersed as an 
oil-water (O/W) emulsion in water, the emulsified oil in 
oily wastewater is difficult to remove using traditional 
methods (Zolfaghari et al., 2016). New and efficient oil 
removal techniques must be developed to eliminate the 
emulsified oil in O/W emulsions. Electro-demulsification 
provides several advantages: short treatment process, 
simple equipment, and minimal secondary pollution. The 
approach is widely used in the demulsification of 
water-in-oil emulsions but rarely in that of oil-in-water 
emulsions (Mohammadian et al., 2018; Mizoguchi & 
Muto, 2019; Yang et al., 2021; Li et al., 2023). The 
conductivity of the continuous phase of water-in-oil 
emulsions far exceeds that of O/W emulsions (Mhatre et 
al., 2015). When exposed to high electric fields, 
excessive current can flow through water-in-oil 
emulsions, leading to the electrolysis of the water phase 
within the emulsions (Peng et al., 2016; Ramadhan et al., 
2023). Research on the electro-demulsification of O/W 

emulsions remains limited. However, an external electric 
field has been found to enhance the migration and 
redistribution of surface charges on oil droplets, lower 
the energy barrier at droplet surfaces, and accelerate the 
coalescence of these droplets.  

Research has verified the feasibility of 
demulsification using electric fields to separate O/W 
emulsions (Ichikawa & Nakajima, 2004; Hosseini & 
Shahavi, 2012). In addition, studies have evaluated the 
effect of various parameters on electric field 
demulsification (Gong et al., 2019; Hu et al., 2021; Zhao 
et al., 2022). Findings on the coalescence of oil droplets 
in O/W emulsions indicate that a pulsed electric field 
exhibits application potential. Moreover, a variable 
pulsed electric field with specific intensity and frequency 
is superior to a constant pulsed electric field in 
promoting droplet coalescence. Studies on bidirectional 
direct current (DC) pulsed electric fields have also 
investigated the chaining and aggregation behavior of oil 
droplets in O/W emulsions (Ren & Kang, 2019). 
Research demonstrates that a bidirectional pulsed electric 
field outperforms both DC and alternating current 
electric fields in demulsification. 

Several studies have simulated the dynamic response 
of droplets in low-viscosity fluids under pulsed DC and 
sinusoidal electric fields (Huang et al., 2020). In addition, 
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mathematical models have been established using 
user-defined functions to simulate the effect of coupled 
electric and flow fields on separating O/W emulsions 
(Wang et al., 2023). Molecular dynamics simulation has 
also been applied to assess the effect of DC electric 
fields on oil droplet motion, revealing negative 
electrophoretic migration (Qi et al., 2022). This method 
has been employed in other studies to investigate the 
effects of bidirectional pulsed electric fields on the 
transformation and aggregation behavior of oil droplets 
in emulsions. The results of these numerical simulations 
indicate that the oil droplets transformed and moved in 
the direction of the electric field (Liu et al., 2022). 
However, research has overlooked the use of the Lattice 
Boltzmann Method (LBM) to simulate the effect of 
bidirectional pulsed electric fields on the demulsification 
of emulsions. 

Significant progress has been achieved in both 
experimental and theoretical research on pulsed electric 
field demulsification in recent years. Moreover, 
bidirectional pulsed electric field demulsification has 
proven to be an effective method (Tang et al., 2024). 
However, gaps persist in understanding the 
demulsification mechanism and the effects of 
bidirectional triangular pulsed electric fields on 
oil-in-water emulsions. The current study demonstrates 
the feasibility of using a bidirectional triangular pulsed 
electric field to separate oil-water emulsions and 
proposes an enhanced version of this technique. The 
findings presented in this study can be applied to the 
demulsification of water-in-oil emulsions, including the 
purification of O/W mixed emulsions in industrial 
processes and the treatment of oil-contaminated 
wastewater. In addition, this research contributes insights 
toward the advancement of more efficient 
demulsification technologies. 

This study investigates the following aspects: 1) 
Simulation of an O/W emulsion. An O/W emulsion with 
10% oil content is simulated by randomly generating 
droplets within the computational domain. The 
demulsification process is analyzed by changing the 
parameters of pulsed DC and unidirectional triangular 
pulsed electric fields. 2) Development of an enhanced 
bidirectional triangular pulse. An improved bidirectional 
triangular pulse based on the unidirectional triangular 
pulsed electric fields is developed, including multiple 
forward and reverse triangular pulse waves within a 
period. The evolution of the dilute emulsion is further  

 

Fig. 1 D2Q9 lattice 

simulated by adjusting pulse duration and electric field 
intensities. 3) Assessment of droplet aggregation. The 
aggregation behavior of oil droplets is evaluated using 
the ratio of total area to total perimeter. 

2. THEORETICAL METHOD 

2.1 Lattice Boltzmann Method for Oil-Water Phase 
Separation 

The LBM models fluid motion through the evolution 
of mesoscopic particle distribution functions. This study 
employs a multiple-relaxation isothermal model, where 
the fluid is incompressible. The distribution functions in 
the LBM model are linked to lattice vectors. Thus, a 
two-dimensional nine-velocity (D2Q9) square lattice 
velocity model is used, as shown in Fig. 1. 
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The discrete evolution equation for the distribution 
function is given by  
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where ,( )if x t  represents the discrete velocity at 
time t and position x, t  is the time step,   denotes 
the relaxation time, and ( , )eq

if x t  indicates the 
distribution function in equilibrium. 

The equilibrium state distribution function is 
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In this study, the dynamic current caused by the 
electric field is negligible; thus, the model ignores the 
effects of magnetic forces. The relationship between 
electric field strength and potential can be expressed as 

E Φ= −                                   (7) 
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The charge conservation equation for the fluid is 

given by  

( ) 0, ( Φ) 0E  =    =                      (8) 

Using the Maxwell stress tensor to represent the 

electric field force on the droplet yields 

2

E b r b r

1
( ) T

2
F EE E   =  −  =                (9) 

where  , v , p , I ,  , and F  represent fluid 
density, fluid velocity, pressure, identity matrix, viscous 
shear stress tensor, and interfacial tension, respectively. 

EF  denotes the physical force or electric field force in 
this article,   represents the conductivity, and   is 
the dielectric constant. 

2.2 Color Model in the Lattice Boltzmann Method for 
Phase Separation 

The LBM color model, first proposed by Gunstensen 
et al. (1991), uses different colors to represent different 
fluid phases. Each phase has a distribution function 
representing the evolution of particles within different 
fluids. The model uses color gradients to represent the 
interactions between different fluids. However, this 
approach does not ensure the two phases of the fluid are 
mutually insoluble. To address this issue, Latva-Kokko 
and Rothman (2005) introduced a recoloring algorithm 
that facilitates the separation of the two fluids while 
maintaining isotropy at the phase interface and 
effectively reducing pseudo-velocity at that interface. 

Let water be the continuous phase (denoted by the 
subscript “b,” shown in blue) and oil droplets the 
dispersed phase (denoted by the subscript “r,” shown in 
red), with k=b or r. In Equation (4), also known as the 
evolution equation, (the collision operator Ω ( , )ki x t  
consists of three operators: 

3 1 2Ω ( , ) Ω , )(Ω ( ,( ) Ω ( , ))ki ki ki kix t x t x t x t= +           (10) 

where 
1 (Ω , )ki x t  represents the single-phase collision 

operator, which describes the mutual collision behavior 
of particles within the two fluids. It is expressed as 
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where   represents the relaxation factor, and 
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if x t  is the equilibrium distribution function given 
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2 ( , )Ωki x t  is the interface perturbation operator 
representing the interactions caused by interfacial tension 
within the interface region of the two fluid phases. Let F 
denote the color gradient at the interface, expressed as  

i

(( ) ( () ))r bi i iF x x x = + − +c c c
.

             (16)

 

Therefore, the perturbation operator is given as 
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3 (Ω , )ki x t  is the recoloring operator that ensures 
particles in the phase interface region do not enter the 
phase region of one another. Leclaire et al. (2013), 
building upon Reis and Phillips (2007), expanded the 
model for immiscible multiphase fluids. This model is 
applicable to fluids with high density and viscosity ratios. 
This study also adopts this simplified model. The 
equation for the recoloring operator is as follows 

3

2
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2.3 Boundary Condition  

In this study, a periodic boundary treatment is 
applied in the Y-direction, allowing particles to exit the 
flow field from one boundary and enter from the 
opposite boundary at the next time step. Meanwhile, a 
bounce-back scheme is used in the X-direction, where 
particles rebound in the opposite direction after colliding 
with the boundary. In this method, boundary particles do 
not participate in collisions, and the distribution function 
at boundary points is determined by adjacent lattice 
points after the collision. 

In the X direction, there is: 

)0,1()0,( 33 = xfxf                            (21)
 

)0,()0,( 31 xfxf =                   (22) 
 

In the Y direction, there is: 

),()0,( 6,5,26,5,2 yNxfxf =                       (23) 

)1,()0,( 8,7,48,7,4 xfxf =                         (24) 
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2.4 Pulse Voltage Formula 

The DC pulse voltage is set with a duty cycle of 50% 
within each period, expressed as 








=

Tt2/T,0

2/Tt0,U
U1                           (25) 

1U  represents the value of the DC pulse voltage at time 
t, U  is the value of the DC voltage, and T  denotes 
the period of the DC pulse voltage. The duty ratio is 
expressed as 

T/Tn f=
, where fT  is the part of the 

cycle corresponding to UU1 = . 

For the unidirectional triangular pulse voltage 
established in this study,  
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where 2U , maxU  and T  represent the voltage 
value, maximum voltage value, and period of 
unidirectional triangular pulse at time t, respectively. k  
is the slope related to the maximum voltage maxU  and 
period T , given by T/U2k max= .  

Based on the unidirectional triangular pulse electric 
field, an improved bidirectional triangular pulse electric 
field is defined as follows: 


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3U , 2U , and 0T  denote the voltage, the 
unidirectional triangular pulse voltage from Equation 
(27), and the total cycle period of the bidirectional 
triangular pulse at time t, respectively. Notably, one cycle 
period may include one or more unidirectional triangular 
pulse waveforms. 

3. SIMULATION RESULTS AND DISCUSSION 

The parameters used in this simulation are 
dimensionless parameters of crude oil, providing new 
insights for the treatment of oily wastewater. However, 
the effect of gravity on the demulsification process is not 
considered in this study. In practical applications, gravity 
can influence the motion dynamics of oil droplets in the 
emulsion.  

This study adopts an isothermal incompressible 
model. In actual demulsification processes, temperature 
often fluctuates, affecting the properties of oil droplets 
(such as viscosity and conductivity).  

In addition, computers cannot accurately simulate 
 

the random distribution of oil droplets in the emulsion, 
potentially leading to uneven distribution of oil droplets 
during demulsification. These factors may contribute to 
discrepancies between simulation results and real 
processes. 

This study employs a computational grid of 
256×256 uniform cells, with the electric field direction 
set from top to bottom (y direction), while neglecting the 
influence of gravity. At the initial stage, the simulation 
models an oil-in-water emulsion with an oil content of 
approximately 10% through program writing and settings. 
The nondimensionalized parameters 1s , 1t , 1U ,and 

1  denote the actual length, time, voltage, and 
interfacial tension coefficient, respectively. Meanwhile, 
s , t , U , and 0  represent the nondimensionalized 
length, time, voltage, and interfacial tension coefficient, 
where 10ss1 = , 

3

1 10/tt = , 21 U/UU = ,and 

210  = . 2U  and 2  represent the unit voltage 
and unit interfacial tension coefficient, respectively. r  
and b  denote the nondimensionalized densities of the 
oil droplets and water, respectively. 

1
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1

b  
represent the actual dielectric constants, whereas r  
and b  are the nondimensionalized dielectric constants 
for the oil droplets and water, respectively. Thus, 
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1

r  and 
1

b  denote the actual electrical conductivities 
of oil and water, respectively, whereas r  and b  
represent the nondimensionalized electrical 
conductivities of the oil and water, respectively. Thus,  
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1

r  and 
1

b  are the actual viscosities of the oil 
droplets and water, respectively, whereas r  and b  
represent the nondimensionalized viscosities of the oil 
and water, respectively. The relationship can be 
expressed as follows: 

,                (30) 

In this study, the parameters for the oil droplets are 
set to typical values for crude oil, with the 
nondimensionalized parameters configured as follows: 

, , , , 
, , , , , 

, . And these are shown in Table 1. 

Table 1 The actual and Nondimensionalized parameters of oil and water. 

Actual parameters density dielectric constant electrical conductivity viscosity 

Oil 
 

3F/m   

Water 
 

78F/m   

Nondimensionalized parameters density dielectric constant electrical conductivity viscosity 

Oil 0.9 0.0019 0.41 0.87 

Water 1.0 0.0098 0.91 0.47 

1

b

1

r

1

r
r






+
=

1

b

1

r

1

b
b






+
=

1=s 1=t 01800 .= 0019.0=r
0098.0=b 41.0=r 91.0=b 9.0=r 1=b
87.0=r 47.0=b

3m/kg9.0 m/S102 4− sPa01.0 
3m/kg0.1 m/S101 3− sPa00298.0 
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Fig. 2 Evolution chart of emulsion in pulsed electric field at V=100. , , 
,  for ,  , , ,  for 

, , , ,  for  

 

3.1 Effect of DC Pulsed Electric Fields on 
Demulsification in Dilute Emulsions 

In this section, DC pulsed electric fields with 
different periods were established. The voltage V all set 
to 100, with a duty ratio n of 50%. The direction of the 
electric field was oriented from top to bottom.  

The results in Fig. 2 are summarized as follows: 1) In 
the initial stages, oil droplets in the dilute emulsion 
migrate from top to bottom in the direction of the electric 
field. The reason is that owing to the different velocities 
of the oil droplets, collisions may occur between them 
during their movement, leading to the aggregation and 
formation of larger oil droplets. 2) When T=103, the high 
frequency of the electric field force exceeds the surface 
tension of the oil droplets. Consequently, the oil droplets 
become elliptical in the direction of the electric field, 
shortening the distance between the oil droplets and 
rendering them prone to aggregation. 3) When T=104 and 
T=105, the lower frequency of the electric field force 
results in a slight change in the shape of the oil droplets, 
retaining its approximately circular form. Consequently, 
the oil droplet aggregation rate decreases under the action 
of these two electric field periods.  

The frequency of the electric field affects the oil 
droplet aggregation rate across the three periods studied. 
Shorter periods lead to faster and more concentrated 
aggregation, whereas longer periods indicate slower and 
more dispersed aggregation. 

3.2 Influence of Unidirectional Triangular Pulsed 
Electric Field on Demulsification in Dilute 
Emulsion 

Figure 3 illustrates the effect of triangular pulsed 
electric fields at different voltages on the demulsification 
of O/W emulsions, with control voltages after 
nondimensionalization set to V=100, V=300, and V=500. 
The period of the triangular pulsed electric field was set 
at 100 for all cases, with the electric field oriented from 
top to bottom. 

The evolution of the emulsion under unidirectional 
triangular pulsed electric fields is described as follows: 1) 
After the application of the triangular pulsed electric field, 
oil droplets in the upper half move downward in the 
directionof the electric field, colliding and aggregating 
with other oil droplets during their movement. 2) When 
the oil droplets move downward and formed larger 
droplets, the effect of the electric field force weakens, 
causing the droplets to sotp moving downward and 
instead aggregate laterally. 3) As the voltage increases, 
the effect of the electric field force on the oil droplets also 
intensifies. The surface tension of the oil droplets is less 
than the electric field force; thus, the droplets become 
more noticeably deformed as the electric field force 
increases. The shape of the oil droplets is nearly circular 
at V=100. Meanwhile, the oil droplets transform into an 
ellipse with a longer major axis as the voltage increases 
to V=300. At V=500, the effect of the electric field force 
on the oil droplets markedly exceeds that of surface 
tension, causing the oil droplets to become elongated into 
a strip-like form. 4) After small droplets aggregate into a  
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Fig. 3 Evolution of dilute emulsion under unidirectional triangular pulsed electric field with varying field 
strengths, maintaining a period of 100 for all cases. , , ,  for 

, , , , for , , 
, ,  for  

 

large area of oil droplets, the shape of the oil droplets 
presents a pointed top, a concave middle, and a bottom 
resembling an elliptical strip. Moreover, the oil droplets 
tend to rupture in the middle, forming two droplets and a 
concave appearance in the middle of the oil droplets. This 
occurrence is attributed to the considerably greater 
electric field force than the surface tension. 

 Under the unidirectional triangular pulsed electric 
field, an increase in voltage leads accelerates the 
movement of the oil droplets in the dilute emulsion. 
Higher voltage also increases droplet deformation, 
increasing the probability of contact between droplets. 
Therefore, as voltage rises, demulsification efficiency 
improves. However, excessively high voltage can 
potentially cause oil droplets to fragment into smaller 
ones. 

3.3 Effect of Bidirectional Triangular Pulsed Electric 
Field on Demulsification in Dilute Emulsions 

The electric field direction was first defined as 
top-to-bottom for positive and bottom-to-top for negative. 
Based on the unidirectional triangular pulsed electric 
field, a bidirectional triangular pulsed electric field was 
established, incorporating both positive and negative 
pulses. Within a cycle, the first half consists of a positive 
triangular pulsed electric field, and the second half 
consists of a negative triangular pulsed electric field. 
Both positive and negative triangular pulsed electric 
fields have a period of 100. This cycle is denoted as T in 
this study. 

3.3.1 Demulsification Efficiency in Dilute Emulsions 
under Bidirectional Pulsed Electric Field with 
Different Electric Field Intensities

 

Figure 4 shows the effect of varying electric field 
strengths on the oil droplet aggregation rate under a 
bidirectional triangular pulsed electric field, as follows: 1) 
The positive triangular pulsed voltage is applied first, 
causing the oil droplets to move from the top to the 
bottom under the influence of the electric field force, as 
well as collide and aggregate with other oil droplets 
during their motion. The changes in the direction of the 
triangular pulsed electric field led to an increase in the 
electric field force on the oil droplets at the bottom of the 
flow field. Meanwhile, the decrease in the electric field 
force at the top of the flow field resulted in the lower 
droplets moving upward. 2) Simultaneously, the frictional 
resistance of oil droplets moving in water increases under 
the influence of viscosity because of the earlier formation 
of larger oil droplets at the top. Consequently, the upward 
movement of the upper oil droplets slows down. 
Therefore, an increase in collision probability and 
aggregation efficiency is observed between the lower and 
upper oil droplets. 3) After small oil droplets aggregate 
into larger ones, their gathering through vertical 
movement decreases. The shape of the oil droplets 
changes periodically in the direction of the electric field 
(between circular and approximately elliptical). This 
change in shape increases the probability of contact with 
nearby oil droplets on both sides. At this stage, the oil 
droplets exhibit a trend of movement and aggregation 
toward the left and right sides of the flow field. 
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Fig. 4 Evolution chart of dilute emulsions under bidirectional triangular pulsed electric fields with varying 
intensities . , , ,  for , , 

, ,  for , , , 
,  for  

 

The results shown in Fig. 4 reveal similarities and 
differences. 1) Before the oil droplets aggregate in the 
middle of the flow field to form larger droplets, an 
increase in electric field strength leads to an increase in 
electric field force. This occurrence promotes oil droplet 
aggregation in the direction of the electric field. By 
contrast, the degree of aggregation decreases in the 
direction perpendicular to the electric field. Consequently, 
a more uniform distribution of large oil droplets is 
observed in the middle of the flow field as the electric 
field strength increases, as shown in Fig. 4. III(c). 2) In 
Fig. 4, the oil droplets aggregate with nearby droplets 
perpendicular to the direction of the electric field. 
Consequently, a more uneven distribution of oil droplets 
is observed in the middle of the flow field after 
aggregation, at lower electric field strengths. 3) The 
distribution of oil droplets in the middle of the flow field 
determines the size of the oil bands on both the left and 
right sides of the flow field thereafter. For instance, at 
V=300, the oil droplets exhibit an uneven distribution in 
the middle of the flow field, with more oil droplets 
gathering on the left side. This occurrence resulting in the 
formation of a single oil band on the left side of the flow 
field. However, at V=500, the oil droplets exhibit a 
relatively uniform distribution in the middle of the flow 
field, with two oil bands of similar size forming on both 
sides. 

3.3.2 Dilute Emulsion Demulsification Using 
Bidirectional Triangular Pulses with Varying 
Periods (T) 

Figure 5 illustrates the effects of varying periods (T) 
on the demulsification evolution of a dilute emulsion, 

under the control of a bidirectional triangular pulsed 
electric field. The electric field intensity remains constant 
across all three T periods.  

The evolution of the emulsion shows the following: 
1) At T=200, the electric field contains only one positive 
and one negative triangular pulse waveform within each 
period T, hence the rapid change in the direction of the 
electric field, as shown in Equation (28). When the oil 
droplet area is small, the viscous force between the 
droplets and water is less than the electric field force 
acting on the droplets. The droplets then move 
periodically in the direction of the electric field because 
of the regular shifts in direction. This pattern reduces the 
probability of droplet contact in the direction of the 
electric field, thus decreasing the droplet aggregation rate. 
2) However, as shown in Figures I(b) and II(b), the 
displacement of droplets within one period T exceeds that 
at T=200 because of the inclusion of multiple positive 
and negative triangular pulse waveforms when T=103. At 
the same stage of emulsion evolution as T=200, larger 
droplets formed at T=103 are closer to the center of the 
flow field, hence the earlier formation of large oil bands. 
The result suggests that the low-frequency change in the 
direction of the electric field allows droplets to move 
farther in one direction in the early stages. Consequently, 
the probability of droplet contact in the direction of the 
electric field rises, resulting in an increase in droplet 
aggregation rate. 3) Moreover, an increase in viscous 
force delays the movement of a larger droplet. At this 
point, the low-frequency changes lead to a reduced 
frequency of droplet deformation in the direction of the 
electric field. The electric field forces ease the deformation

410T = 0t)a(I = 4105t)c(I = 5102t)c(I =
5104t)d(I = 100V = 0t)a(II =
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Fig. 5 Evolution chart of dilute emulsion under bidirectional triangular pulsed electric fields with varying periods 
T at . , , ,  for , , 

, ,  for , , , 
,  for  

 

of large oil droplets, promoting further merging into even 
larger oil droplets. Consequently, the droplet aggregation 
rate decreases, as shown in Figs. I(d), II(d), and III(d). 
The time required for the droplets to form oil bands is 
prolonged at T=105, relative to T=200 and T=103.  

The results indicate that the size of the period T 
affects the droplet aggregation rate by modulating droplet 
displacement. The initial aggregation rate is higher with a 
larger T; however, the time required for droplets to 
aggregate into oil bands is extended at lower frequencies 
of droplet deformation. 

3.3.3 Evolution of Dilute Emulsion with Different 
Component Ratios Under the Control of 
Bidirectional Triangular Pulsed Electric Field 

Figure 6. investigates the evolution of 
demulsification of a dilute O/W emulsion under a 
bidirectional triangular pulsed electric field, with O/W 
component ratios of 5% and 20%. 

 

The oil droplets are more dispersed in the emulsion 
with 5% oil but denser in that with 20% oil. Thus, the 
aggregation rate of the oil droplets is higher in the 20% 
emulsion than in the 5% emulsion. This difference is 
attributed to the higher probability of droplet contact 
under the electric field force with 20% oil. Compared 
with the evolution trend of the oil droplets in the 
emulsion, both types of emulsions exhibit similar 
aggregation behavior: 1) Oil droplets move toward the 
central part of the flow field from the upper and lower 
regions under the influence of the bidirectional triangular 

pulsed electric field. 2) After larger oil droplets form in 
the middle of the flow field, they move toward the left 
and right sides of the flow field, eventually forming oil 
bands.  

The results in Fig. 6 indicate that the bidirectional 
triangular pulsed electric field effectively demulsifies 
dilute emulsions with higher oil content while 
maintaining effectiveness for those with lower oil 
component ratios. 

3.3.4 Analysis of the Demulsification Principle of 
Bidirectional Triangular Pulsed Electric Fields 

Figure 7. illustrates the evolution of streamlines 
under the influence of a bidirectional triangular pulsed 
electric field. When the direction of the electric field first 
changes, the distribution of the majority of streamlines is 
uniform, as shown in I(a). The change in the flow field 
lags behind the change in the electric field, hence at this 
time the direction of the streamlines is opposite to the 
direction of the electric field. The variation in the electric 
field direction leads to a redistribution of charges on the 
surface of the oil droplets, and the electric field force 
prompts the oil droplets to begin moving in the opposite 
direction of the streamlines. This effect disturbs the 
velocity distribution in the flow field, creating unevenly 
distributed vortices, as shown in I(b) and I(c). Under the 
continuous action of the electric field force, the 
streamlines gradually return to a uniform distribution. 
Meanwhile, the flow field repeats the previous process 
after the next change in the electric field direction, as 
shown in I(d). 
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Fig. 6 Evolution chart of dilute emulsions with varying oil-to-water ratios under bidirectional triangular 
pulsed electric field at different periods. Component ratios examined are as follows: 300V =  and 3101T = . 
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4101t)b(II = , 
4105t)c(II = , 

4109t)d(II =  at an oil-in-water ratio of %20  

 

 

 

Fig. 7 shows the evolution of the flow field under the action of a bidirectional triangular pulsed electric field, with 
E representing the direction of the electric field. And t represents the time step, for I(a) , I(b) 

, I(c) , I(d)  
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The phenomena demonstrate that the changes in the 
flow field exhibit a lag, which increases the probability of 
collisions between oil droplets. Meanwhile, the vortices 
generated in the flow field promote the aggregation of oil 
droplets. Moreover, the vortices are more abundant on 
both sides of the flow field, which ultimately leads to a 
trend of oil droplet aggregation perpendicular to the 
direction of the electric field. 

3.4 Conclusion from Simulation Results 

Under a pulsed electric field, oil droplets generate 
internal polarized charges. The distribution of these 
polarized charges at the ends of the oil droplets subjects 
them to the electric field force. Consequently, the droplets 
move from regions of high to low electric potential in the 
direction of the electric field. This movement increases 
the probability of collisions between oil droplets. The 
simulation results indicate the following: 

 a) Oil droplets move in a single direction under the 
action of DC and unidirectional triangular pulsed electric 
fields. In regions of low electric potential, the electric 
field force weakens, prompting a decrease in the 
efficiency of oil droplet aggregation. However, with 
bidirectional triangular pulsed electric fields, periodic 
changes in the direction of the electric field cause 
variations in the electric field force. Consequently, oil 
droplets at both ends of the flow field move toward the 
center, resulting in a high probability of collisions. 
Therefore, the efficiency of oil droplet aggregation under 
bidirectional triangular pulsed electric fields is higher 
than that under the first two types of electric fields.  

b) After polarization by the electric field, opposite 
charges accumulate at the ends of the oil droplets. 
Consequently, forces act in opposite directions at each 
end, causing droplet deformation in the direction of the 
electric field. When the electric field strength is 
excessively high and continues to act on the oil droplets, 
it can cause the droplets to split. This effect can be 
mitigated using the bidirectional triangular pulsed electric 
field discussed in this study. The periodic changes in the 
direction of the electric field allow the redistribution of 
polarized charges on the surface of the oil droplets, 
preventing prolonged exposure to excessive electric field 
forces. Thus, compared with other methods, the 
bidirectional triangular pulsed electric field proposed in 
this study can use a higher electric field strength to 
achieve greater demulsification efficiency. 

4. QUANTITATIVE ANALYSIS OF 

DEMULSIFICATION EFFICIENCY IN EMULSIONS 

UNDER PULSED ELECTRIC FIELD 

Under the electric field, oil droplets exhibit 
electrophoretic and oscillatory coalescence, increasing in 
size and periodically changing shape in the direction of 
the electric field. The emulsion contains numerous oil 
droplets; thus, tracking the area and morphological 
changes of each droplet would be computationally 
intensive. In this study, the oil droplet aggregation rate 
and morphological changes are analyzed by calculating 
the ratio of the total area to the collective perimeter, as 
follows: 

r

r
r

L

S
D =                                 (31) 

where rD  is the ratio of the total area to the total 
perimeter of the oil droplets, rS  denotes the total area of 
the oil droplets, and rL  represents the total perimeter of 
the oil droplets. 

During the aggregation of two oil droplets, the total 
surface area of the two droplets remains constant, while 
the total perimeter increases. This behavior leads to an 
increase in rD , indicating that this trend can reflect the 
degree of oil droplet aggregation.  

The rising trend of rD  indicates that oil droplet 
aggregation is dominant at the given time. When 
aggregation is completed, the oil droplet deform because 
of the electric field force. This effect alters the perimeter 
of the droplets, but the area of the oil droplets remains 
unchanged.  

At this stage, the change in rD  denotes the extent of 
shape change in the oil droplets: a smaller rD  indicates 
a greater degree of shape change. Thus, the change in rD  
allows the quantitative analysis of the aggregation 
behavior and shape changes of oil droplets at different 
stages. 

4.1 Quantitative Analysis of Demulsification 
Efficiency in Emulsions Under Different Pulsed 
Electric Fieldss 

As shown in Fig. 8, the rD  value of oil droplets 
changes under different pulsed electric fields, where 

310T = and V=100.  

Within the time step from , the 
changes in  are similar under the three pulsed electric 
fields, indicating the identical demulsification efficiency 
of the three pulsed electric fields on the emulsion at this 
stage. Between , the change in  
for the DC pulsed electric field exceeds that for the other 
two fields, suggesting that the demulsification efficiency 
of the DC pulsed electric field is superior to that of the 
other two fields during this phase. 

At the time point , the rate of change in  
for the bidirectional triangular pulsed electric field 
exceeds that for the unidirectional triangular pulsed 
electric field and continues to rise in the subsequent 
stages. At , the rate of change in  for the 
bidirectional triangular pulsed electric field surpasses that 
for the DC pulsed electric field; meanwhile, the increase 
in  for the unidirectional triangular pulsed electric 
field remains relatively low. 

Quantitative results indicate the following: a) In the 
initial stages of emulsion evolution, the three pulsed 
electric fields exert comparable demulsification 
efficiency; in the intermediate stage, the DC pulsed 
electric field performs better than the others; however, in 
the later stage, the DC pulsed electric field is less 
effective than the bidirectional triangular pulsed electric 
field. b) The unidirectional triangular pulsed electric field 
exhibits a consistently low oil droplet aggregation rate. 
The demulsification efficiency of this electric field on the 
emulsion is inferior to the effects of the other two fields. 
c) The bidirectional triangular pulsed electric field 
demonstrates superior demulsification efficiency in the 
emulsion, with a higher degree of oil droplet aggregation. 

 

4105~0t =
rD

54 103~105t = rD

510t = rD

5103t = rD
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Fig. 8 Variations in  of emulsions under different pulsed electric fields at  and : (a) DC 
pulsed electric field, (b) Unidirectional triangular pulsed electric field, and (c) Bidirectional triangular pulsed 

electric field 
 

 

Fig. 9 Variations in  of emulsions under bidirectional triangular pulsed electric fields across different 
periods at . (a) , (b) , and (c)  

 
4.2 Quantitative Analysis of Demulsification 

Efficiency in Emulsions Under Bidirectional 
Triangular Pulsed Electric Fields  

4.2.1 Different Electric Field Periods 

Figure 9 illustrates the changes in rD  under the 
influence of bidirectional triangular pulsed electric fields 
with different periods, where V=300.  

The electric field with a period 310T =  reaches an 
inflection point in growth at 5102.1t = , after which the 
change in the shape of oil droplets dominates the change 
in rD . However, this change stabilizes within a specific 
range, indicating that the aggregation behavior of the oil 
droplets ends after the inflection point of growth, leading 
to a stabilization in the evolution of the emulsion. 

 The electric fields with periods 410T =  and 
510T =  lag behind the electric field with 310T = , and 

their rD  values simultaneously reach an inflection point 
in growth at 51025.2t = . This finding suggests that the 
bidirectional pulsed electric fields of both periods exhibit 
similar demulsification efficiencies.  

The results demonstrate the following: a) The 
demulsification efficiency of the bidirectional triangular 
pulsed electric field is improved at shorter period, 
causing a higher oil droplet aggregation rate. b) As the 
period is extended, the demulsification efficiency of the 
bidirectional triangular pulsed electric field weakens, and 
this reduced efficiency tends to stabilize at longer 
periods. 

4.2.2 Different Electric Field Intensities 

Figure 10. illustrates variations in  under the 
influence of bidirectional triangular pulsed electric fields 
with different field strengths.  

rD 310T = 100V =

rD
300V = 310T = 410T =

510T =

rD
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Fig. 10 Variations in  of emulsions under bidirectional triangular pulsed electric fields with different field 
strengths at . (a) , (b) , and (c)  

 

At V=500, rD  reaches an inflection point in 
growth at 510t = . At this moment, the highest oil 
droplet aggregation occurs. However, rD  rapidly 
declines, indicating the disintegration of the oil droplets 
under the influence of the electric field force after 
aggregation. At 5102t = , rD  reaches another 
inflection point in growth, after which its value gradually 
stabilizes.  

At V=300, rD  reaches an inflection point in 
growth at 5104.2t = . This finding suggests that the oil 
droplet aggregation rate at this field strength is 
significantly lower than that at V=500.  

Compared with the first two fields, the bidirectional 
pulsed electric field at V=100 demonstrates a markedly 
lower rate of change in rD  throughout the entire time 
step. The lowest oil droplet aggregation rate occurs at 
V=100.  

The findings demonstrate that high-intensity electric 
fields contribute to the high oil droplet aggregation rate, 
achieving levels significantly higher than those observed 
in low-intensity fields. However, oil droplets may exhibit 
fragmentation under the influence of high-intensity 
electric fields.  The curve with V=500 shows stability in 
the later stages of oil droplet aggregation, indicating that 
voltages above this value will disrupt the stable state and 
cause the oil droplets to break apart. Therefore, the 
optimal voltage for oil droplet aggregation is V=500. 

4.3 Conclusion from Quantitative Results 

Analysis of the quantitative results presents the 
following:  

a) The bidirectional triangular pulsed electric field 
achieves higher comprehensive demulsification 
efficiency than both DC pulsed and unidirectional 
triangular pulsed electric fields.  

b) The use of a bidirectional triangular pulsed 
electric field with a small period and high intensity can 
achieve optimal demulsification results.  

c) A bidirectional triangular pulsed electric field 

with high intensity can rapidly enhance demulsification 
efficiency. However, oil droplets may exhibit 
fragmentation at high intensities. Therefore, the effect of 
using high intensities should be considered during 
demulsification. 

5. CONCLUSION 

Through numerical simulation and quantitative 
analysis, this paper found that:  

a) The improved bidirectional triangular pulsed 
electric field has good demulsification effects on dilute 
emulsions. Moreover, its demulsification effect is 
superior to that of direct current pulsed electric fields and 
unidirectional triangular pulsed electric fields. 

b) The intensity and period of the electric field are 
two important parameters affecting the demulsification 
effect, as they directly or indirectly influence the collision 
probability of oil droplets. 

c) Oil droplets may fragment under the action of high 
electric fields, but the bidirectional triangular pulsed 
electric field proposed in this paper does not continuously 
apply high intensity to the oil droplets. Therefore, the 
bidirectional triangular pulsed electric field can use 
higher electric field intensities to achieve better 
demulsification effects. 

Additionally, there are several aspects of the 
bidirectional triangular pulsed electric field that require 
more in-depth research:  

a) There exists a critical value for the electric field 
intensity in terms of its demulsification effect on 
emulsions. However, the relationship between the critical 
value of electric field strength and other parameters still 
merits investigation. 

b) The pulsed electric field proposed in this paper 
includes a different number of waveforms within each 
period, and the impact of the number of waveforms on 
the demulsification effect still needs further investigation.  

rD
510T = 100V = 300V = 500V =
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c) Extremely high electric field intensities may cause 
unstable turbulence in the movement of oil droplets. The 
current mathematical models cannot adequately simulate 
this situation, so improvements to the mathematical 
models are necessary. 
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