
548

He Li-min1 1, Gong Rong-na2 3 1

Luo Xiao-ming1

1 College of Pipeline and Civil Engineering, China University of Petroleum, Qingdao, Shandong 266580, China
2 Beijing Petrochemical Engineering Co., Ltd. Beijing 100107, China
3 Petro China Oil & Gas Pipeline Control Center, Beijing 100007, China

© China University of Petroleum (Beijing) and Springer-Verlag Berlin Heidelberg 2013

Drop-drop coalescence is important in electric dehydrators used for oil-water separation in 

However, seldom have people investigated the movement and the relative velocity in the process of drop-
drop coalescence. In this paper forces acting on a single droplet and horizontal water droplets in an AC 

and coalescence characteristics of droplets with white oil and water. With a micro high-speed camera 
system and image processing technology, the droplet images were collected and analyzed. The results 

oscillation amplitude is not obvious. When the center-to-center distance between droplets is large, the 
forces acting on droplets in the horizontal direction are mainly dipole-dipole attraction and drag forces. 
There is also the film-thinning force when droplets get closer. The forces are simplified and derived. 

and the relationship of center-to-center distance and time is in accordance with an explinear function 

process is investigated and can be estimated with a fourth order polynomial curve, from which the relative 

diameter and a decrease in oil viscosity, the relative velocity increases. Only when the oil-water interfacial 
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oil production, especially when a large amount of polymer 
is added to enhance oil production. Historically, there are 

gravity or centrifugal settling, heat treatment and electrostatic 
demulsification (Feng and Guo, 2006). Separation methods 

utilizing high electric fields have been used extensively 
in petroleum industry (Eow et al, 2003). Most of the 
conventional electro-separators are huge and bulky, thus 
having high capital and operating costs. A compact 
electrocoalescer will have the advantage of being smaller and 
lighter than traditional ones and thus easier to install on an 
offshore platform and reduce the investment needed. There 
is, therefore, great scope to optimize the design and operation 
of these separators based on a fundamental understanding 
of parameters that affect the coalescence of aqueous drops 
in oil. However, the fundamental mechanisms governing 
the behavior of water in oil emulsion under a high electric 
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field are still not very well understood, due to the complex 

When droplets are exposed to an AC electric field, the 
droplets can be elongated to different shapes. Droplets can 
also be charged by induction by the interaction between the 

other as the charge polarity on adjacent surfaces is opposite. 
Due to the electrically induced force, the two droplets move 

the relative speed of two droplets is increased. Two droplets 
collide which can lead to great damage to the interfacial 
film between two droplets. The film can be ruptured and 

Researchers have paid attention to droplet deformation 
and coalescence for a long time. With the development of 
low-cost high speed cameras, studying the deformation and 
movement of micro droplets is now much more practical. 
Eow and Ghadiri (2003) investigated the deformation of 

DC electric field with a high speed camera. The diameter 
of the drops was about 1 mm. The effect of electric field 
intensity and interfacial tension were analyzed. Before 
rupture, the droplet is elongated and the deformation degree 
is proportional to the electric field intensity. The degree of 

depending on the physical properties of the respective 
systems. Eow et al (2001) and Eow and Ghadiri (2003b) also 
found the shape of drops is related to conductivity, viscosity 
of the continuous phase, interfacial tension and viscosity 
of the drop liquid. The deformation degree is small under a 
small dielectric constant of oil and large interfacial tension. 
Supeene et al (2008) explored the influence of the fluid, 
interfacial, and electrical properties on the system dynamics 
by a numerical method. The simulations were compared with 
analytic solutions, as well as available experimental results, 
which indicated that the predictions from the model were 
reliable even at considerably large deformations.

The relative movement of two droplets in an electric 

and Larkai (1981) and Taylor (1996) indicated that field-
induced charges on the water droplets cause adjacent droplets 
to attract each other. The electrically induced force was 
the most important force to promote droplet coalescence. 
Williams (1989) ignored the deformation of polarized 
droplets in the electric field, and calculated the electrically 
induced force between double droplets based on the spherical 
drop polarization model. Eow did a lot of work on droplet 
coalescence. Eow and Ghadiri (2001, 2002) reviewed the 
development of dehydrating technology and the development 
of investigation into droplet coalescence. Eow and Ghadiri 
(2001) pointed out that under a high strength electric field 
or when the center-to-center distance of two droplets 
was short, the result calculated with the spherical droplet 
polarization model was not accurate. Eow and Ghadiri (2003a) 
investigated the effects of the applied electric field, angle 

and also electrode geometry to droplet coalescence under a 
pulsed electric field. Eow et al (2007) also studied droplet 

coalescence in a new dehydrator. Chiesa et al (2005a, 2005b, 
2006) analyzed all the forces acting on water droplets and 
simulated their movement process numerically. Also, they 
investigated the coalescence process of a small droplet falling 
onto a stationary bigger one experimentally, and compared 
the experimental data with the numerical simulation results. A 

(Zhang et al, 2011; Harpur et al, 1997; Urdahl et al, 1998).
Seldom did people investigate the approaching process 

main emphasis of the present work is placed on investigating 
the movement of two horizontal droplets before coalescence 
in an AC electric field, especially the change of center-
to-center distance and relative speed. The expressions of 

micro-experimental data and numerically predicted results 
were compared and analyzed.

Williams and Bailey (1996) believed dipole-dipole 
coalescence and electrophoresis lead to drop coalescence 

dipole coalescence is the main reason for droplet coalescence 
in AC and DC electric fields. Bailes and Larkai (1982) 
published a theory that dielectric relaxation was important 
during droplet coalescence and before coalesce droplets form 
chains. Chen et al (1994) also found in experiments that 

AC electric field is applied very stable droplet chains form 
between the two electrodes, which can cause current leakage 
and prevent droplet coalescence. 

There is little published on the coalescence of droplets 

approaching process and relative speed of two droplets in an 

placed on investigating the deformation of single droplets, 
movement of two horizontal droplets and droplet coalescence 
in the AC electric field, especially the changes of center-
to-center distance and relative speed. The expressions of 

micro-experimental data and numerically predicted results 
were compared and analyzed.

Forces on a droplet are shown in Fig. 1. The forces acting 
on a droplet include electric force Fe, additional stress caused 

p, gravity G, buoyancy force Fb, drag 
force Fd, and virtual mass force Fa. When surrounded by oil, 
both ends of the drop have different charges induced, like 
a dipole. Thus, the drop will be elongated by the electric 
force to an ellipsoidal shape, which is shown in Fig. 1(b). 

E in the continuous phase. The 
relative dielectric constant is c. Assuming the coordinate of 
a point in the sphere is B (x, y, z), and the angle between the 
direction of the electric field and the radius to point B is . 
Therefore, the induced surface charge density at point B, B 
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(1)0 c3 cosB E

where 0 is the permittivity of vacuum, its value is 8.8542×10-12

Fe S

(2)2
e 0 c3 cosBF E S E S

radii of the both droplets are r1 and r2. Here, r=2r1r2 r1+r2) 
r1=r2, r=r1=r2. d is the 

center-to-center distance between the two droplets. The gap 
between the surfaces of two droplets is h, then ' / (2 )d d r

E.

(a) Forces acting on a drop     (b) Deformation of a drop
Fig. 1

B(x, y, z )

B*(x*, y*, z*)

E

-

-

+

+
p

E

G

Fb

Fe Fe

Fd Fa

From Eq. (2), it can be found the maximum values of the 
surface charge density exist where 
the electric field, the drop will deform into an ellipsoid as 
the electric force on the surface is nonuniform. The surface 
charge density is proportional to the curvature, so the surface 
charge density is a maximum at the two ends of the ellipsoid. 
The eccentricity of the ellipsoid e p and 
drag force Fd  

(3)
2

21 be
a

(4) 
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r
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where a and b are the long axis and the short axis of the 
ellipsoid, m; r0 is the initial radius of the droplet, m;  is 

CD Ap is 
the projected area of the sphere, m2;  is the density of the 

3. In this paper D
24C
Re

. 

In this paper, in order to facilitate the theoretical analysis, 

experiments, the deformation degrees of all the dispersed 
water droplets, the diameters of which are smaller than 200 

droplets can be considered as rigid. 2) The edge effects of 
the plate type electrode is ignored, so it is assumed that 
the electric field is uniform. 3) Compared to the horizontal 
movement of water droplets during the experiment, the 
movement in the vertical direction can be ignored, so only the 
forces acting on the droplets in the horizontal direction were 
analyzed.

The forces acting on spherical double droplets of the same 

Fig. 2 Charge distribution and forces on droplets in 
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Taking droplet 1 for example, it moves to the right, and its 

1
1
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t

(6)
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where 1x , m1 and 1v   are the position, mass and velocity of 
droplet 1; fluidF   represents the vector of forces acting from 

extF  is the external force; and d-dF  
represents the droplet-droplet force. The modeling framework 
proposed by Chiesa et al (2005b) is employed in this paper.

�
fluidF

on droplet 1, which is modeled by summing the drag force 

dF , the virtual mass force vmF , and the buoyancy force bF .  
As is shown in Fig. 2, when there is a relative movement 

between the droplet and the continuous fluid, there is a 
drag force dF   acting from the fluid on the droplet in the 
opposite direction of its movement. In this work, the effect of 
internal circulation in the dispersed droplet on the drag force 
is ignored, and then the expression of the drag force dF   is 
described as Eq. (5).

The virtual mass force vmF  represents the acceleration 
of the continuous fluid which is caused by the motion of 
the dispersed droplet when the fluid and the droplet have a 
relative acceleration (Chiesa et al, 2005b). In this paper, the 
continuous phase is stationary, and there is no acceleration, so 

vm 0F .
The buoyancy force bF   is in the opposite direction to 

(8)b c d gF gV e

where Vd is the droplet volume; and ge   represents the gravity 
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vector.
2.2.2 Modeling the external force ext�

As is shown in Fig. 2, the only external force acting on a 
dispersed droplet is gravity G, expressed as follows:

(9)

2.2.3 Modeling droplet-droplet force d-dF
The droplet-droplet force in the applied electric field 

mainly consists of the film-thinning force fF , due to the 
drainage of the fluid between the droplets, and the electric 
force eF  due to the difference in polarization over the droplet 
interface.

is crucial to the water-oil emulsion, and the lifetime of the 
liquid film is governed by the film-thinning and rupture 
processes. The film-thinning force, which is caused by the 
drainage of the liquid film between the two neighboring 
droplets, can prevent two droplets from touching each 
other. The derivation of fF  requires that the gap between 
the droplets are very small, h<<r, and here r represents the 
reduced radius. For rigid liquid droplets, the expression of the 

(10)

where c represents the viscosity of the continuous phase, rv  
and re   are the relative velocity vector and the direction of the 
relative motion, respectively.

The dipole-dipole force eF  between two droplets can be 
divided into two parts: the radial force rF  and the tangential 
force tF . There are two different models for calculating 
the droplet-droplet electrically induced force. For a large 
droplet gap h>>r, the electrically induced force is only 
affected by the polarization of droplets, and the electrostatic 
interaction between two droplets can be approximated as the 
force between two dipoles located at the spherical droplet 
centers, then point-dipole model is chosen to calculate eF .
For small separations h<r, the size of water droplets cannot 

induced force, then dipole-induced-dipole model is applied to 
calculated eF .

The expression of point-dipole model (Klingenberg et al, 
1991) is:

(11)

(12)

with 
   w

w 2
where  represents the angle between the center line of 

present work =0°.

For a large droplet distance, there is no film-thinning 
force, and the droplet-droplet force d-dF

 
only includes the 

electrically induced force eF   (point-dipole model), and can 
be expressed:

(13)

The expression of the dipole-induced-dipole model (Siu et 
al, 2001) is indicated as follows:

(14)

(15)

with

For small gaps between two droplets there is the film-
thinning force acting on droplet 1. Then the droplet-droplet 

electrically induced force (dipole-induced-dipole model), and 
can be expressed as follows: 

(16)

2.2.4 Theoretical analysis of the relative movement of two 
droplets

According to above force analysis, Eq. (7) can be 

(17)

When droplet 1 is very far away from droplet 2 (h>>r), Eq. 
(17) can be derived as:

Let
2 42 3

o 2
1

d

18 E r d
f

c c
2 2 2

d 1

9
2

f
r

f1 is concerned with the 
center-to-center distance d, so it is a time dependent variable, 

which is shown as , where d0 
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represents the initial center-to-center distance before applying 

t 
t, 
f1 

can be seen as a coefficient independent of time. Then the 
movement of the water droplets in the time increment can be 
achieved. This indicated that the displacement of droplet 1 is 

twice as as follows:

(19)/e t Bx A Ct D
with

1
2

2

ZA
f  

2

1B
f  

1

2

fC
f  

2D Z  
where Z1, Z2 A, B, 
C and D are dependent on the diameters of the droplets, the 
center-to-center distance, the density and permittivity of the 
dispersed phase and the continuous phase, the viscosity of the 

When two droplets get closer (h<r), the following 
expression is achieved:

2 42 3 2
2 1 c c c

3 2 2
d d 1 d 1

9 3 1 9 9d
d 2 2

E r d K rv v
t h r r      

 (20)
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3
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9 9
2 2
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f

h r r

the coefficient f3 is considered as independent of time, and 
the movement in each time increment is investigated. After 
integrating of Eq. (20) twice, the displacement expression of 
droplet 1 is achieved as follows:

/e t Fx E Gt H (21)
   

 3
2

4

4

3

4

1

ZE
f

F
f
fG
f

where Z3 and Z4 are integration constants. The coefficients 

E, F, G and H K1, the diameters 
of droplets, the center-to-center distance, the density and 
permittivity of the dispersed phase and the continuous phase, 
the viscosity of the continuous phase and the applied electric 

According to above analysis, under the applied electric 

the relationship is /e t Bx A Ct D . However, just for the 
different center-to-center distances and different forces acting 

For the same size droplets, the displacements of droplet 1 and 
2 both exhibit the same relationship /e t Bx A Ct D .

distance of two droplets also changes with the explinear 
function.

above analysis indicates that: if the movement process of two 
droplets is divided into multiple parts, in each time increment 
the center-to-center distances all change with the explinear 
function /e t Bx A Ct D . Our proposed model is also 

3 Experimental method

3.1 Experimental facility
The micro-experimental setup used for investigation is 

shown in Fig. 3.

High
voltage
power
supply

Test
cell

Droplet

Microlens Hight-speed
digital camera

Computer

Fig. 3 Schematic diagram of the experimental system

The rectangular Perspex cell was 10mm×20mm×70mm 
(Fig. 4), and two thin copper plates (24mm×70mm) were 
selected as the electrodes. The electrodes were fixed on 
opposite sides of the cell, and connected to a high voltage 
power supply. The temperature was 20 °C during experiment.  

50-400 Hz) was generated by the high voltage power supply. 
The deformation and movement of emulsion drops in the 
AC electric field was imaged with a high speed camera 
(Fig. 5 NAC Hotshot) equipped with microscopic lenses 
and continuously recorded by a computer. The total optical 

Three types of white oil and distilled water were chosen 
as the continuous phase and dispersed phase, respectively. For 
small drops, deformation can be ignored, so the water droplet 

droplet coalescence, the droplet diameter is smaller than 200 

properties of white oil and distilled water are presented in 
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was added to change the interfacial tension. The amount and 
interfacial tension is shown in Table 2.

Table 1

Medium mPa·s
Relative dielectric 

constant
Surface tension

mN·m-1

1# white oil 2160 2.26 31.5

2# white oil 2.24 31.7

3# white oil 303 2.23 31.7

1.71 72.9

Table 2

-1

0 41.1

10 26.7

60

100 5.52

400 2.06

3.2 Method for analyzing drop images
The resolution of images from the high speed camera 

manipulate the captured images. With this software, images 
can be processed by filtering, fast Fourier transform (FFT) 

the image, we can choose measurement ranges and measure 
object properties, such as distance, area, center, angle, 
circle length, long axis and short axis. Also we can choose 
automatic or manual mode to calculate other properties, such 
as vibration frequency, deformation degree, relative velocity, 
movement trail and so on.

4 Results and discussion
4.1 Deformation degree of the drop

eccentricity of droplets is taken as the deformation degree 
of droplets. The difference of the maximum and minimum 

5 -1 and the frequency 
is 50 Hz. The deformation degree increases gradually with 
time, and reaches a maximum value at 6 ms. After that the 
deformation degree reduces gradually, and at 10 ms, it reduces 

of different sizes give the same variation characteristics at a 
frequency of 50 Hz, which is to say the deformation period is 
about 10 ms. That means the frequency is 100 Hz, which is 

Fig. 4 Experimental cell

Insulating
layer

High
voltage

electrode

Oil

dcda

D

Fig. 5 High-speed digital camera

Fig. 6

0 ms 2 ms 4 ms

6 ms 8 ms 10 ms

Fig. 7 shows the average eccentricity of the droplets 
at different frequencies. The oscillation period of the drop 
is different under various electric field frequencies. The 
curve of the drop deformation degree is like a sine curve. 
Under different electric field frequencies, the frequency of 
eccentricity is about 100, 200, 400, and 600 Hz respectively, 
which is about twice the electric field frequency. This is 
associated with the waveform of the sinusoidal AC electric 
field. As can be seen from Eq. (2), the electric force is 
proportional to the square of the electric field intensity, 

intensity at a certain point of the drop does not change. 
Therefore, the drop will undergo an oscillation period during 
a half period of the AC electric field, which results in the 

frequency.
At different frequencies, the average eccentricity is 

about 0.63, meaning that the average deformation degree 
is not influenced by the electric field frequency when the 
diameter is almost the same. For the average deformation 

of deformation degree is influenced by frequency, and it 
decreases gradually with an increase in the electric field 
frequency. This is because the period will decrease with an 
increase in frequency, thus the time during which the electric 

not fully stretched when the frequency increases, therefore, 
the oscillation amplitude will decrease.

Fd 
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characteristics of distilled water droplets in different oils were 
investigated.

Eow et al (2003) found that the deformation degree is 

during a cycle. We take the average deformation degree of 
one cycle as a factor to investigate. For 3 types of white 

drop is not so significantly influenced by oil viscosity for 
the average deformation degree of the drop is related to the 

force caused by oil will inhibit deformation when the drop 

oscillation amplitude of the droplet, but does not affect the 
average deformation degree. 

The oscillation amplitude decreases with an increase in oil 

3# white oil is the smallest. The eccentricity of the drop with 

to 0.67 and from 0.60 to 0.65. The oscillation amplitude of 
the droplet in 1# white oil with the highest viscosity is the 
smallest.

drag force. The higher the viscosity is, the bigger the drag 
force is. The interfacial tension among three types of oil and 
distilled water is almost the same, so the additional stress is 
almost the same. When the drag force is higher, the resistance 
is also higher. Then the deformation rate will reduce, as a 
result at the same time the oscillation amplitude will also 
reduce. 

Fig. 9 shows the eccentricity of a distilled water drop 

intensities in 3# white oil when the electric field frequency 
is 50 Hz. From Fig. 9, it is easy to see that with an increase 

increases gradually, but the oscillation amplitudes under 
different electric field intensities are all about 0.15. This 
means the variation of eccentricity under different electric 
field intensities is almost the same in a given dispersion 
system. 

With an increase in the electric field intensity, the 
electric force Fe increases, so the droplet deformation degree 

the curvature is the maximum. According to Eqs. (2) and 

Fig. 7

0 4 8 12 16 20
0.58

0.60

0.62

0.64

0.66

0.68

0.70
f=50 Hz D=887 μm

0 2 4 6 8 10
0.58

0.60

0.62

0.64

0.66

0.68

0.70
f=100 Hz D=861 μm

0 1 2 3 4 5
0.58

0.60

0.62

0.64

0.66

0.68

0.70
f=200 Hz D=816 μm

t, ms

e

0.0 0.6 1.2 1.8 2.4 3.0 3.6
0.58

0.60

0.62

0.64

0.66

0.68

0.70
f=300 Hz D=893 μm

Time
t, msTime

t, msTimet, msTime

E
cc

en
tri

ci
ty

e
E

cc
en

tri
ci

ty

e
E

cc
en

tri
ci

ty
e

E
cc

en
tri

ci
ty

Fig. 8 

0 4 8 12 16 20

0.56

0.60

0.64

0.68

0.72

0.76

0.56

0.60

0.64

0.68

0.72

0.76

e
E

cc
en

tri
ci

ty
e

E
cc

en
tri

ci
ty

Time t, ms

1# D=837 μm 2# D=887 μm 3# D=866 μm

1# D=1031 μm 2# D=979 μm 3# D=994 μm

0 5 10 15 20

Time t, ms



555

(4), the electric force and the additional pressure acting on 
both endpoints of the ellipsoid will increase. The additional 
pressure will prevent droplet deformation. When the electric 

the drop, while the additional pressure prevents deformation. 
Therefore, under the combined effect of additional pressure 
and drag force, the increased electric force does not increase 

droplet oscillation amplitude does not increase. However, if 

would break, which is not conducive to droplet coalescence.

The eccentricity of 4 different droplets in 2# white oil 

seen that the drop deformation degree increases with an 
increase in droplet diameter. The reason is that the electric 
force increases with an increase in the droplet diameter. 
However, the variation of deformation degree for different 

influence of droplet diameter on oscillation amplitude can 
be ignored, which is relative to the interaction of additional 
pressure, electric force and drag force when the drop is 
deformed. The electric force and the deformation degree 

endpoints of the long axis, the curvature is the largest, so the 
electric force and the additional pressure is also the biggest. 
However, the increased droplet diameter can also increase 
drag force. Under the effect of additional pressure and 
drag force, the increase in the oscillation amplitude caused 
by increasing electric force can be inhibited. Therefore, 
the increase in the droplet diameter does not increase the 
deformation oscillation amplitude. 

4.2 Movement characteristics of double droplets

50 Hz and 4.36×105 -1, respectively. The initial relative 
center-to-center distance of the two droplets is 2.1, and the 

dipole electrically induced force acting on the droplets can 
overcome the drag force and the droplets will attract each 
other and then make contact. After that, the drainage and 
rupture of the liquid film occurs, eventually completing the 
entire coalescence process.

Fig. 9 
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Fig. 11

Initial state –2000 ms
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between two droplets
Fig. 12 shows the change curve and local enlarged view 

of the center-to-center distance between the two droplets at 
6 s before coalescence. Fig. 12(a) indicates that the center-
to-center distance gradually reduces and the mean velocity 
increases. The change of center-to-center distance at 1 s 

AC electric field, the intensity and direction of the electric 

polarization and the electrically induced force all vary with 

center distance between droplets as shown in Fig. 12(b), the 

As shown in Fig. 13, negative velocity values represent 
that the droplets move towards each other and they become 
much closer, while positive velocity values indicate that due 

varies with time that the absolute value of the velocity 
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According to theoretical analysis, if the movement 
process of double droplets is divided into several small parts, 
the center-to-center distance in each time increment changes 

with time: /e t Bx A Ct D

parts: from –6 to –1 s and from –1 to 0 s. Fig. 14 shows a 

of the center-to-center distance between two droplets.
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(a) Change of center-to-center distance with time

Fig. 12 Change of the center-to-center distance 
between two droplets with time

(b) Local enlarged view

-1000 -800 -600 -400 -200 0
150

160

170

180

190

200

t，msTime

C
en

te
r-

to
-c

en
te

r d
is

ta
nc

e 
d,

 μ
m

Fig. 13 The instantaneous relative velocity 
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(a) Center-to-center distance at from 1 to 6 s before coalescence
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(b) Center-to-center distance at from 1 to 0 s before coalescence

Fig. 14 Experimental data and fitted curve of the center-to-center 
distance between two droplets

A n  e x p l i n e a r  f u n c t i o n  i s  s e l e c t e d  t o  f i t 
experimental data.  From –6 to –1 s the expression 

/55140.07685.3e 0.161 7860.28td t  is achieved. After 
–1 s the expression /12753.264995.13e 0.445 5150.69td t  
is obtained. Two different fitted curves both show a good 
consistency. The differences of coefficients in the two 
relationships are mainly caused by the different forces acting 
on droplets at various stages. Eqs. (19) and (21) correspond 
to two different movement processes. As the center-to-
center distance between droplets decreases, the dipole-
dipole electrically induced force will sharply increase, so 
f1<f3. For a large center-to-center distance (from –6 to –1 s), 
when two droplets get closer the drag force will prevent them 
moving together. As the center-to-center distance further 
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reduces (after –1 s), in addition to the drag force, there is 
also the film-thinning force acting on droplets to prevent 
them getting closer, so |f2|<|f4

A>E and B>F are achieved. With the decrease in the center-

electrically induced force both increase, but the rate of 
increase of the latter is much larger than that of the former 
and the electrically induced force can overcome the resistance 

31

2 4

ff
f f

 and C<G . The two 

s and after –1 s are consistent with the explinear function. 
According to theoretical analysis, if the movement process is 

more similar to an explinear function.
As shown in Fig. 15, the mean relative velocity of 145 

fitted curve of the center-to-center distance in Fig. 14. This 
indicates that as the center-to-center distance decreases, 
the electrically induced force and acceleration greatly 
increase, as a result the mean relative velocity increases. 
As the approaching process is divided into two parts at –1 
s, a discontinuous point appears in the mean velocity curve. 
Therefore, if the movement process is divided into more 
segments, the number of discontinuous points will increase 

the movement process which is divided into several parts can 
achieve a good consistency, the obtained velocity curve is not 
continuous and can not facilitate the analysis of the whole 
movement process before coalescence.

-14t4, and a good agreement is obtained. Fig. 16(b) 

–6 to –1 s, when the center-to-center distance is large, dipole-
dipole force (point-dipole model) and drag force both act 
on the droplet, and the relative movement is quite slow, but 
tends to accelerate. After 1 s, the center-to-center distance 

further decreases, the dipole-dipole force increases rapidly, 

force, so the relative movement is quite fast, and also tends 

the average relative velocity is quite small, and tends to be 

h r) is from 0.5 to 1, and the dipole-dipole force changes 
from the point-dipole model to the dipole-induced-dipole 
model. At the same time, the film-thinning force begins to 
act on droplets. Therefore, in this special period the dipole-
dipole force can overcome the sum of the drag force and 
film-thinning force, and then all the forces reach a relative 

movement, so the mean velocity tends to be constant.

Fig. 15 Average relative velocity of double droplets
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the center-to-center distance experimental data, and a fourth 
order polynomial relationship x=at4+ bt3+ ct2+dt+e can give 

As is shown in Fig. 16(a), the relative movement process 

polynomial function d=156.31–0.05t–1.50×10-5t2–2.67×10-9t3
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Fig. 16 Center-to-center distance and average 
relative velocity of double droplets



4.2.3 Influence of electric field intensity on movement 
velocity

Usually the coalescence efficiency in water-in-oil 
emulsion increases with increasing electric field intensity. 

strength of droplet-droplet coalescence, the electrically 
induced force will greatly increase the deformation of water 
droplets. Then the droplet will burst into smaller droplets, 

micro-experiment, distilled water and 1# white oil are 
selected as the dispersed phase and the continuous phase. The 

The initial relative center-to-center distance before 

Fig. 17. The two droplets attract and approach each other due 
to the electrical force acting on the droplets. According to Eq. 
(11), the dipole-dipole electrical force is proportional to the 

data show that the dipole-dipole electrical force between two 

intensity, which can accelerate the relative velocity of the 

electric intensity.

words, the relative velocity of the larger droplets is faster than 

bigger water-doublets move faster than the smaller ones in 

separated from the oil emulsion more quickly.

Three different pairs of droplets, with diameter of 220 

4.36×105, 4.90×105, and 5.45×105 -1. The relative velocity 
of the double droplets in the 1 s before coalescence is shown 
in Fig. 19.

Fig. 19 show that the relative velocity curves of different 

movement of the water droplet in the applied electric field, 
besides the electrical force, the drag force and the film-
thinning force are both affected by the viscosity of the 

example, under the same electric field when the center-to-
center distances are the same the electrically induced forces 
in different oil are approximately the same. However, in 

preventing the droplets to approach each other are much 
larger than those in the other oil. Therefore, due to the larger 
resistance force acting on droplets in more viscous 1# white 
oil, the acceleration is much smaller and the relative velocity 
is much lower. As the viscosity of 2# white oil is quite low, 
then water droplets move more quickly.

Natural emulsifying agents consisting of aliphatic acids, 
asphaltene and wax exist on the oil-water interface, hindering 
droplet coalescence. The existing emulsifying agents make 

order to investigate the effect of interfacial tension on droplet 

surfactant concentrations (10, 60, 100, and 400 ppm) with 
distilled water as the reference dispersed phase.

5 -1

Fig. 17
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The frequency and intensity of the applied AC electric 
5 -1

the same initial relative center-to-center distance. The relative 

the droplets may overcome the drag force and help them 
approach each other. With the decrease in center-to-center 
distance between two droplets, the average relative velocities 
of all the five groups of droplets increase. The relative 
velocity of the large droplets grows faster because under the 
same electric field the electrically induced force acting on 

Fig. 18 Relative velocity of double droplets of different sizes
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droplets were the same. The relative velocities of five pairs 

shown in Fig. 20(a). The interfacial tension between distilled 
water and 1# white oil is the largest (Table 2), so the ability 

Therefore, the deformation of distilled water droplets is the 
smallest, and the polarization is weakened, then the velocity 
towards each other is slow. Fig. 20(a) indicates that under the 

400 ppm). When the frequency and electric field intensity 
are 50 Hz and 4.36×105 -1

smaller droplets the interfacial tension has little effect on the 
relative velocity because the droplets tend to be rigid and the 
interfacial tension decreases with the decreasing diameter.

4.3 Movement characteristics of droplets in emulsion
The coalescence characteristics of little droplets in 2# 

speed microscopic camera system. Most of the droplets are 

used during previous experiments (Eow et al, 2001; 2003; 
Eow and Ghadiri, 2003b). As shown in Fig. 21, at first the 
nearby droplets in area 1 begin dipole coalescence to form 

large droplets attract small ones more easily to form even 
larger droplets. After dipole coalescence droplets are easier to 
move together to form short droplet chains. As shown in areas 
2 and 3, there are only 3 droplets in a short chain. When short 
chains come close to each other, they may attract each other 
under the effect of electric force and form longer droplet 
chains. Short chains in areas 2 and 4 form longer chains 
in area 5, at the same time droplets at the end of the chain 
coalesce when the chains get closer. As shown in Fig. 21(k), 
the chains in area 5 can attract small droplets around them. 
Also in Fig. 21(l), the droplets in chains can also coalesce to 
form larger droplets. Thus there are 3 types drop coalescence 
in chain coalescence. These are 1) coalescence within 

chains, 2) coalescence between chains and 3) coalescence by 
attracting small nearby droplets. 

21(f) and (j), it can be found the increase in electric field 
intensity deforms the droplets to be ellipsoidal after chains 
is formed. The deformation degree of a drop in a chain is 
0.43, while a drop with the same diameter not in the chain 
do not deform and is like a rigid sphere. The higher electric 

nearby droplets.

5 Conclusions

of droplets increases with an increase in the electric field 
intensity and droplet diameter. The electric frequency and oil 

2) The amplitude of deformation oscillation is mainly 
affected by electric field frequency and oil viscosity. High 
frequency and high oil viscosity will decrease the oscillation 

3) The forces acting on a double droplet system in an AC 

Fig. 19 Relative velocity of double droplets in #1 and 2# 
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with different surface tensions
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electric field are analyzed theoretically. For large center-to-
center distances, there are mainly dipole-dipole electrically 
induced force and drag force acting on the droplet in the 
horizontal direction. For small center-to-center distances, 
in addition to the dipole-dipole force and drag force, there 
is also the film-thinning force to inhibiting droplets from 
getting close. Combined with Newton’s second law, the force 

the relative movement is divided into several small segments, 

an explinear function. The more segments into which the 
movement process is divided, the smaller the error is.

4) A micro-experiment is conducted to investigate the 

the center position of droplets at different times, the variation 
of the center-to-center distance between the droplets and the 
instantaneous velocity of relative movement can be measured. 
The movement in the 6 seconds before coalescence is divided 
into two parts: from –6 to –1 s and from –1 to 0 s. Using 
an explinear function to fit each partial movement process 

process of water droplets a fourth order polynomial x=at4+ 
bt3+ ct2+dt+e is proposed to fit the center distance between 

promote droplet coalescence. A high electric field intensity 

an appropriate range of electric field intensity, increasing 
the intensity can improve the efficiency of electrostatic 
coalescence. Under the same electric field, the relative 
velocity of big droplets is faster than that of small ones. The 
oil viscosity affects relative velocity due to the drag force. 

High viscosity of oil decreases the movement velocity. 
Only when the interfacial tension is high, can it influence 
the droplet movement velocity and for smaller droplets the 

6) From the micro scale experiment, it can be found that 
dipole coalescence and chain coalescence mainly occur under 

may form chains. There are 3 types of droplet coalescence in 
chains.
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