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Electrohydrodynamic behaviors of droplet under a uniform
direct current electric field”
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The electrohydrodynamic behaviors and evolution processes of silicone oil droplet in castor oil under uniform direct
current (DC) electric field are visually observed based on a high-speed microscopic platform. Subsequently, the effects of
different working conditions, such as electric field strength, droplet size, etc., on droplet behaviors are roundly discussed.
It can be found that there are four droplet behavior modes, including Taylor deformation, typical oblique rotation, periodic
oscillation, and fracture, which change with the increase of electric field strength. It is also demonstrated that the degree of
flat ellipse deformation gets larger under a stronger electric field. Moreover, both of the stronger electric field and smaller

droplet size lead to an increase in the rotation angle of the droplet.
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1. Introduction

The electrohydrodynamic behavior of droplets under the
electric field plays an important role in a wide range of ar-
eas from science to industry, such as electrospray, electro-
static atomization, jet fracture charge, electric defogging, elec-
tric demulsification, ink jet printing, electrohydrodynamic air
pumps, and beyond.[!! Different droplet behaviors have been
found in the presence of external electric field, including
directional movement, deformation, rotation, fracture, and

(6-10] These complex electrodynamic behav-

[11,12

polymerization.

iors attract many researchers’ interests. 1 The correspond-

ing mechanism has been a subject under investigation. 3]
The study on the droplet deformation due to electrostatic

stresses starts when Taylor!!4!

introduced the leaky dielectric
model to describe small droplet deformation under weak elec-
tric fields. The shortcoming of this theory is that the prediction
deviates from the experimental data when the deformation is
large. To make up this weakness, an extended leaky dielec-
tric model has been proposed for large droplet deformation
in electric fields.!">! It is noticeable that the above theoretical
analysis only obtains solutions for the stable state while the
droplet experiences a transient deformation process. Against

[16] developed a transient

this insufficiency, Dubash and Mestel
deformation theory for electrohydrostatics deformation cases,
while Lin et al.l'”l employed the full Taylor—Melcher leaky
dielectric model to solve the transient electrohydrodynamics
problem as the finite charge relaxation time is provided. How-

ever, their theoretical analysis comes across some difficulties
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in predicting the periodic oscillation deformation which is of-
ten found in the experiments.

Accompany with the development of theoretical method,
some experimental researches have been devoted to revealing
the deformation mechanisms of droplet under electric fields.
Allan and Mason!'®! performed the experiments to investi-
gate the droplet deformation suspended in liquid dielectries at
low electric fields, which showed good quantitative agreement
with theoretical equations based on electrostatie theory. Later,
Torza et al.!') experimentally studied the prolate/oblate de-
formation of droplet in electric fields, while the experiments of
Tsukada’s group!?”! focused on the small droplet deformation
and predicted the deformation with the finite element method.
Note that the experiments mentioned above mainly concerned
the droplet behaviors of relatively small droplet deformation in
the electric fields such as prolate deformation or oblate defor-
mation. If the droplet deforms under a stronger electric field,
more complex behaviors will be observed. For example, Ha
et al.”!1 found the existence of droplet rotation mode and pro-
posed the electric capillary number to analyze the critical frac-

ture mode under DC electric fields. Sato er al.[??]

experimen-
tally studied the deformation and fracture process of droplets
in a uniform electric field, and found five different behavior
modes of droplets and their appearing conditions.

Although some quantitative studies on the rotational be-
haviors of droplets have been reported, quantitative studies
on the other electrodynamic behaviors of droplets are still

scarce. 2023241 Egpecially when the dimensionless function

*Project supported by the National Natural Science Foundation of China (Grant Nos. 51725602 and 51906039) and the Natural Science Foundation of Jiangsu

Province, China (Grant No. BK20180405).
fCorresponding author. E-mail: iamyucheng @seu.edu.cn
© 2020 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

034703-1


http://dx.doi.org/10.1088/1674-1056/ab6835
mailto:iamyucheng@seu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 29, No. 3 (2020) 034703

RS < 1, the unsteady evolution of the droplet under the DC
electric field has not been fully revealed. Here, R and S are the
dimensionless parameters which can be written as

R=2 5= 1)

K1 &

where x is the conductivity, € is the dielectric constant, sub-
script 1 denotes the outer fluid, and subscript 2 denotes the
droplet fluid. In this context, silicone oil and castor oil are used
as droplet fluid and outer fluid, respectively. The behaviors of
single silicone oil droplet under electric fields are experimen-
tally studied and the different behavior modes can be found.
Moreover, the non-steady-state evolution process of droplets
is also demonstrated under electric fields. The effect of differ-
ent working conditions on the behavior modes is analyzed.

2. Experimental section

As shown in Fig. 1, the experimental system consists of a
high-voltage power supply (maximum output voltage of 30 kV,

model: P303M1E), electric field trough and high-speed visu-
alization microscopy system. The electric field trough is com-
posed of transparent acrylic glass, where two parallel brass
plates are fixed on the inner wall as positive and negative elec-
trodes. The size of the brass plate is set to 5 cmx5 cm and
their distance is 2 cm, which are respectively connected to
the positive and negative electrodes of the high-voltage DC
power supply. Thus, the parallel plate electric field can be
constructed with the spatial uniformity and reduce the influ-
ence of the electric field line distortion. The high-speed visu-
alization microscopy system consists of a high speed charge
coupled device (CCD) and a microscope, which can monitor
the electrodynamic behavior of droplet under different operat-
ing conditions in real time. The physical properties of the flu-
ids are presented in Table 1. The electric field trough is filled
with castor oil to build a capacitor, and a silicone oil droplet is
placed in the castor oil through a pipette.

.

Fig. 1. Experimental setup: (a) schematic diagram; (b) corresponding physical diagram (1: high voltage power supply; 2: electric field trough;

3: microscope; 4: transformer; 5: high speed CCD; 6: computer).

Table 1. Physical parameters.

Working fluid Density/(g/cm?) Relative permittivity Conductivity/(S/m) Viscosity/(Pa-s)
Outer fluid castor Oil 0.955 5.3 4.5x 1071 0.71
silicone oil (50 cSt) 0.960 3.0 1.23x 10712 0.05
Droplet fluid silicone oil (500 cSt) 0.970 3.0 1.23x 10712 0.49
silicone oil (1000 cSt) 0.971 3.0 1.23x 10712 0.97

3. Experiment validation

In order to verify reasonability of working conditions,
several kinds of droplets with different viscosities are prepared
in the experiments, and the experimental results are compared
with the theoretical ones.!”*! In Figs. 2(a)-2(c), the relative
electric field strength and interfacial tension which are ex-
pressed by the dimensionless electric capillary number Cag
can be written as
_ aElEg

C
ag 2y )

2

where a is the initial diameter of the droplet, ¥ is the interfa-
cial tension of the inner and outer fluids, E is the electric field
strength. The degree of deformation D can be written as

dy—dy
 dytd,’

3

where d,, is the length of the axis parallel to the direction of the
electric field, dy is the length of the axis perpendicular to the
direction of the electric field.!'*] According to Taylor’s small
deformation theory, the degree of deformation D is linear with
the electric capillary number Cag as follows: >4
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where A is the ratio between the drop viscosity , and outer
fluid viscosity pp, i.e., A = Wo/u;.

It can be seen from Fig. 2 that as Cag increases, D of
the oblate ellipses also increases. In small region of Cag,
the experimental values are closer to the Taylor’s theoretical
predictions.?*! But after Cag is larger than 1, the experimental
data begin to deviate significantly from the Taylor’s theoretical

predictions. In addition, the deviation degree between experi-

mental results and theoretical predictions is different when the
inner and outer fluid viscosity ratios are inconsistent. It is due
to the fact that Taylor’s leaky dielectric theory ignores charge
convection, which leads to inaccurate prediction of droplet de-
formation behavior. The charge convection has a reverse resis-
tance to the droplet deformation and reduces the flow intensity
of the electrohydrodynamics, which causes the flat elliptical
deformation of the silicone oil droplet smaller than the theo-
retical value. In general, it proves the reasonability of working
conditions of current experiment.
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Fig. 2. Effect of Cag on D under different operating conditions: (a) A = 0.07, (b) L = 0.7, (c) A = 1.4. The straight line is Taylor’s small deformation theory

curve.
4. Results and discussion

4.1. Typical behavior modes

Under the action of a uniform DC electric field, the be-
haviors of silicone oil droplets suspended in castor oil are
mainly divided into four modes, namely Taylor deformation
mode,!'*! typical oblique rotation mode,!*2% periodic oscil-
lation mode, 222520 and fracture mode. 222!

Figure 3(a) shows the unsteady evolution of droplets over

t=10.8s|t=11.4s

t=139s|t=164s]t=184s|t=220s

time in the Taylor deformation mode. When the outer elec-
tric field strength is within a certain range, the induced electric
charge can overcome the interfacial tension and the pressure
difference between the inside and outside of the droplet which
causes Taylor deformation.!'#! The deformation degree of the
droplet increases with the time increasing and the droplet will
become a flat elliptical shape. At that time, the short-axis di-
rection of the droplet is parallel to the direction of the electric
field which is defined as Taylor deformation mode.

Fig. 3. Evolution of silicone oil droplets over time in different modes (viscosity ratio A = 1.4, initial diameter @ = 3.05 mm). (a) The deformation evolution
process of droplets in Taylor deformation mode with Ey = 2 kV/cm. (b) The deformation evolution process of the drop in the typical oblique rotation mode
with Ey = 3.25 kV/cm. (c) The evolution process of drop deformation in periodic oscillation mode with Ey = 3.9 kV/cm. (d) The deformation evolution

process of the drop in the fracture mode with £y = 4.5 kV/cm.
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As the electric field strength increases, the flat elliptical
droplet begins to become unstable. Once the electric field
strength exceeds the threshold value, the droplet cannot keep
stable after the flat ellipse deformation. It can be found that
the droplet will rotate in the oblique direction with a certain
angle between the long axis direction and the vertical elec-
tric field direction, which is defined as typical oblique rotation
mode.>”! Figure 3(b) shows the non-steady state of droplet
shape over time in a typical oblique rotation mode. The thresh-
old electric field strength of the droplet from the Taylor defor-
mation mode to the oblique rotation mode is called the rotation
critical electric field strength E.

As shown in Fig. 3(c), a periodic oscillation mode is ob-
served between the typical oblique rotation mode and the frac-
ture mode, which shows periodical changes of droplet shape.
In this transition mode, the droplets undergo a cyclic oscil-
lation process between the deformed rotation state and the
elongated-contraction deformation state, and finally reach a
stable state of the oblique rotation with deformation. The am-
plitude of the oscillation between these two states becomes
smaller and smaller until the oscillation disappears, and its
final steady state coincides with the typical oblique rotation

Olagey (2) —=— Fy=1.5 kV/cm
—®— F;=2.0 kV/cm
—A— Fy=2.5 kV/cm

Taylor deformation

—0.2
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—4—FEy=5.5kV/cm

mode.

When Ej reaches a higher value, the applied outer elec-
tric field eventually causes breakup of the droplet, which is
called the fracture mode. In the fracture mode, the drop first
undergoes the Taylor deformation period, then evolves to the
oblique rotation phase and eventually fractures. Figure 3(d)
shows the unsteady state of the droplet shape over time in the
fracture mode.

4.2. Deformation parameters in different modes

4.2.1. Effect of electric field strengths on D and « in
Taylor deformation mode

In the Taylor deformation mode, when the applied outer
electric field is within the critical electric field strength, the
force of the outer electric field on the induced electric charge
overcomes the interfacial tension and the inner and outer pres-
sure difference. Thus, the droplet can produce a flat elliptical
deformation which causes the short axis direction to be paral-
lel to the electric field direction. Subsequently, the deforma-
tion degree of the silicone oil droplet increases and eventually
tends to a steady state.

40
(b) —=—F,=1.5kV/cm
—®—FE;=2.0 kV/cm
201 —A—F,=2.5 kV/cm
as
5 oWﬂ\.
720 L
Taylor deformation
T 4 6 s 10 12
t/s
(d) —8— F,=4.05 kV/cm
50T —e— Fy=4.75 kV/cm

—4— Fy=5.5 kV/cm

—0.1f
Q
3
—-0.2
0.3k . .typic.al obllique. rota.tion ypical oblique rotation
] 2 4 6 8 10 12 1 0 2 4 6 8 10 12
t/s t/s
100 Ey=3.5kV
or periodic oscillation (f) —=—Lo=o. /cm
—e—E;=3.9 kV/cm
—0.1+ 80
. —+—Fy=4.1 kV/cm
—0.2} 601
Q 3
—0.3F 40F as
—0.4F —*—F,=3.5kV/cm 20k s
—*—F;=3.9 kV/cm
—0.5F, ) —*—E;=4.1kV/cm ofs ) _periodic oscillation
0 5 10 15 20 25 30 0 5 10 15 20 25 30

t/s

t/s

Fig. 4. (a) and (b) The effect of electric field strengths on D and ¢ in Taylor deformation mode with A = 1.4, @ = 3.05 mm. (c) and (d) The
effect of electric field strengths on D and o in typical oblique rotation mode with A = 1.4, a = 1.24 mm. (e) and (f) The effect of electric field
strengths on D and ¢ in the periodic oscillation mode with A = 1.4, a = 3.05 mm. o denotes the steady-state rotation angle.
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Figures 4(a) and 4(b) show the effect of three different
electric field strengths which are below the critical electric
field on degree of deformation D!'#! and rotation angle c. The
rotation angle « is the angle between the long axis direction
of the oblate ellipses and the direction of the vertical electric
field. It can be seen that firstly D increases rapidly in a short
time after applying a DC electric field, and then the growth
rate becomes slower, and finally D gradually keeps into a fixed
value. Moreover, it is demonstrated that, under the same vis-
cosity ratio and initial size, the higher the electric field strength
can produce the larger the force which is applied by the outer
electric field, and the larger D in the final steady state. It is
worth noting that the silicone oil droplet can only deform but
without rotation during the Taylor deformation.

4.2.2. Effect of electric field strengths on D and « in
typical oblique rotation mode

As the electric field strength exceeds the critical value,
rotation disturbance occurs at that time and the flat elliptical
deformed droplet becomes unstable. After undergoing Taylor
deformation, the droplet begins to rotate toward the oblique
direction whose long axis direction and the vertical electric
field direction appear at a certain angle and maintain the steady
state, and enter the oblique rotation phase with deformation.
Figures 4(c) and 4(d) show the effect of electric field strengths
on D and « in typical oblique rotation mode. It can be seen that
higher electric field strength can cause larger D and « at the
final steady state. But once the droplet starts to rotate, D will
decrease to some extent and the larger electric field strength
can promote larger reduction of D. In the final steady state
condition, D will keep almost unchanged as the electric field
strength increases.

4.2.3. Effect of electric field strengths on D and « in
periodic oscillation mode

In the periodic oscillation mode, the droplet does not im-
mediately maintain the steady state but undergoes a transition
mode with periodical shape changes of droplet. In this tran-
sition mode, the droplet undergoes a cyclic oscillation pro-
cess between the deformed rotation state and the elongated-
contraction deformation state, and finally reach a stable state
of the oblique rotation with deformation. Figures 4(e) and 4(f)
show the effect of electric field strengths on D and « in the pe-
riodic oscillation mode. After applying the DC electric field,
D will increase at the first short time and o remains unchanged
at around zero. Then o will increase sharply and D still keeps
stable. Finally, the droplet keeps at a certain D and « after a
period of oscillation.

4.3. Effect of different working conditions parameters

Figure 5 presents the dimensionless critical electric field
strength E./Eq with different initial diameter and viscosity

of droplet. Eq is the theoretical critical rotating electric field

strength of rigid sphere and described as**!

2 21(1‘[1,1 (R—‘r2)2

Q™ 38182(17RS). ©)

As shown in the figure, the decrease of viscosity of droplet
leads to an increasing critical rotating electric field strength.
In addition, the increase of droplet size can cause the decrease
of critical electric field strength at the same viscosity ratio.
Besides, the effect of drop diameter is much smaller than vis-

cosity.
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Fig. 5. The dimensionless critical electric field strength E./Eq with differ-
ent initial diameter a and viscosity of droplet ;.

In the oblique rotation mode, the droplets sequentially un-
dergo flat elliptical deformation and oblique rotation with de-
formation and finally maintain a steady-state rotation angle Os.
However, the rotation angle can change under different electric
field strength Ey. The final stable rotation angle of the droplet
is related to the electric field strength, droplet size, inner and
outer fluid viscosity ratio. Figure 6 presents the steady-state
rotation angle o of the droplet with the electric field strength
Ey when A = 1.4. Tt can be seen that a higher electric field
strength leads to larger steady-state rotation angle when the
droplet is stable. Additionally, it can be found that the smaller
droplet size can cause greater change of the steady-state rota-

tion angle.
80
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Fig. 6. The steady-state rotation angle o of the droplet with different di-
mensionless electric field strength Ey/Eq when A = 1.4.
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5. Conclusion

In this paper, a high-speed visualization microscopic ob-
servation platform for the dynamic behavior of droplets un-
der uniform DC electric field is established. The different dy-
namic behavior modes and evolution processes of silicone oil
droplets in castor oil under uniform DC electric fields are ex-
perimentally studied. Moreover, the effect of different work-
ing conditions (such as electric field strength, droplet diameter,
etc.) on droplet behavior can be found. Through this visualiza-
tion experiment, the main conclusions can be listed as follows:

(i) The electrohydrodynamic behaviors of silicone oil
droplets in castor oil fluid under DC electric fields can be di-
vided into four modes: Taylor deformation, typical oblique ro-
tation, periodic oscillation and fracture. The mode transition
occurs with the increase of electric field strength.

(i) The experimental value of D is closer to the Tay-
lor theoretical prediction value when the electric capillary is
small. The experimental data begins to significantly devi-
ate from the theoretical prediction when Cag is larger than 1.
In addition, higher viscosity ratio can induce small deviation
from the theoretical value.

(iii) The critical electric field strength of rotation in-
creases with the decrease of viscosity ratio and the droplet
size, but the droplet size has little effect compared with the
viscosity ratio.

(iv) The higher electric field strength and smaller droplet
size can cause larger rotation angle when the droplet is finally

stabilized.
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