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Dynamics and deformation of a drop in a DC electric field
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Abstract: We consider a single conducting drop in
suspension in a poorly conducting liquid between two
horizontal electrodes. When a DC field is applied to the
electrodes, the drop charges and rises within the liquid,
then falls down as its charge leaks away, due to the finite
electric relaxation time of the liquid. The drop keeps
bouncing as long as the high voltage applied remains
above a minimum threshold, We focus our study on the
dynamics and the deformation of a water drop before the
lift-off and during its motion. Electrodes of different ma-
terials are used in order to illustrate the role of interfacial
energy between the electrode and the water.

Introduction

When a conducting particle immersed in a poorly con-
ducting liquid between two electrodes is subjected to an
external electric fietd, a bouncing motion of the particle
is observed. The dynamics of the charged particle de-
pends on many parameters, namely the particle size and
physical characteristics of both the particle and the sur-
rounding fluid. While solid particles are more easy to
study, fluid phase particles (drops or bubbles) present a
more complex behavior, due to their surface deforma-
tion and possible breakup. The deformation of liquid
drops by an electric field has been extensively studied. It
was experimentally found by many authors [1, 2] that, in
sufficiently weak electric fields, conducting drops elon-
gate along the field direction, producing a prolate shaped
drop.

The present paper focuses on the study of dynamics
and deformation of a drop that bounces under the action
of an electric field. This study comes as continuation
of the study done by the authors on a solid conducting
sphere [3].

Experimental set up

The experimental set-up consists of a cubic cell made of
Plexiglass and its dimensions are 70x70x50 mm. In-
side the cell two electrodes, of circular shape and 20 mm
radius, are fixed horizontally 2 cm apart. A metallic ring,
1 mm width and radius 20 mm, rests on the lower elec-
trode in order to compensate for the field divergence at
the center of the electrodes.
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The upper electrode is connected to a high voltage
supply, while the lower one is connected to a computer
through an amplifier and an acquisition board. The cell
is filled with a poorly conducting liquid. A drop of wa-
ter is put initially at rest upon the lower electrode. Its
volume is measured with an accurate micropipette. The
volume of the drops used was 101, which corresponds
to a radius 1.337 mm. The continuous phase liquid
used was corn ol of density 916 kg/m®, permittivity € =
26.9x 10712 F/m and conductivity ¢ = 19x10~'2 $/m.
Conductivity and permittivity have been measured by a
conductivimeter LDTRP-2 supplied by IRLAB.

Along with the aluminum original electrode of the
experimental cell, we used three discs which could be
placed above the lower electrode. These three discs are
made of steel, copper and titanium and are of the same
diameter as the aluminum electrode fixed in the cell.
Copper and steel electrodes are 1 mm thick, while the
titanium one has a thickness of 3 mm.

A high speed camera VDS model HCC1000 was
used to record the motion of the drop. A frame grab-
ber permits the record of bitmap images at a resolution
of 1024 x 1024 pixels. We used a free software, Image],
and programs developed with Matlab to process images
and trace the drop profile.

Time of flight and lift-off voltage

When the drop is bouncing electric pulses are registered
in the external circuit at every impact with the electrode.
The time elapsed between current pulses corresponds to
the time of flight of the drep. For voltages above, but
close to, the lift-off voltage the particle bounces upon the
lower electrode. Also, an oscillatory motion between the
two electrodes was observed for some range of tension
without breakup of the drop.

Let us study first how the time of flight of the drop
depends on the applied electric field. As long as the
drop is not too deformed and the first detachment has oc-
curred, we expect the model for a solid particle [3] to be
of application, with the appropriate change in the drag
coefficient, In this model the inertial term is neglected
and the motion of the particle is determined by the equi-
librium between the electric, gravity and drag forces,
The electric force is expressed as: F, = Qqe ¥/"E,
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where ¢ is the time elapsed since the last impact and
T = ¢/ is the electric relaxation time of the liquid. (e
and g are, respectively, the permittivity and the conduc-
tivity of the liquid). (o is the initial charge of the par-
ticle acquired by contact with the lower electrode. It is
expressed as [4]:

Qo= §w3eR"Eo, o))

In the case of a solid particle, the adhesion force be-
tween the particle and the electrode is negligible for a
mitlimetric size particle. Therefore the minimum thresh-
old E, of the electric field needed te lift the particle
corresponds to the equilibrium between the electric and
the gravity forces. Therefore we can deduce E, from:
GoE. = (m —my)g.

Integrating the equation of motion [3] for a DC field
leads to a relation between the time of flight Ai and the
applied field Ey: )

2

In the case of a fluid phase particle, a drop, the main
differences with the solid state particle are the deforma-
tion of the drop and the adhesion to the electrode. The
adheston force acts just when the particle is in contact
with the electrode. However during a rebound there is
not physical contact between the drop and the electrode.
This is due to the fact that electric breakdown takes place
when the drop is very close to the electrode. This break-
down produces an electrical conducting path that charges
the drop before the contact is produced. Experiments
show that the charging process, when the drop ¢comes
close to the electrode, is a very quick process. The elec-
tric force dominates and the rebound is very fast and oc-
curs before the contact is produced. On the other hand,
the drop deforms much at the impact than when in flight,
but during the flight of the drop, which takes few sec-
onds, its shape can be approximated to a sphere. In con-
clusion, the model derived for the time of flight of a solid
particle is applicable to a drop as long as the first detach-
ment has occurred.

We must emphasize here that the threshold field E,
determined from equilibrium between electric force and
gravity is not the lift-off field in the case of a drop. In-
deed, the electric force necessary to first lift the drop has
to overcome both gravity and adhesion force. Thus the
lift-off field, that we will refer to as Ey;p1—o5y, must be
higher than E,. E, can be measured experimentally by
slowly decreasing the voltage for an already bouncing
drop until it returns to rest. We have observed that the
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voltage at which the drop first detaches from the elec-
trode is clearly higher than that at which it returns to rest
when decreasing the voltage.

Experimental records of time of flight of the drop for
a range of applied electric field fits well the theoretical
model (2). From the fit we get a value of the threshold
voltage E, = 1.1 x10° V/m, and a relaxation time 7 =
2.0 5. These values are to be compared with the value
directly observed for E,., ES*P = 1.6 x10° V/m, and the
value obtained from the liquid properties, 7°°F = ¢/o =
14s.

‘When the drop is at rest on the electrode, and due to
the adhesion of the drop to the electrode, an increase of
the applied field leads to a higher deformation of the drop
before it lifis. Two scenarios are possible at lift-off. One
is that the drop lifts entirely conserving its initial volume
and recovering a less deformed spheroidal shape. The
second possibility is that the major volume of the drop
rises within the surrounding liquid, and a small droplet
remains stuck at the electrode. In the latter case the drop
engenders regular bounces upon the tip of the droplet at
rest on the electrode. If the voltage is kept at some value
slightly higher than the lift-off threshold, an amount of
the liquid in the resting droplet passes to the moving drop
at each contact. After a few rebounds the drop recovers
completely its initial volume, Then, as long as the ap-
plied voltage is kept somewhat above the threshold, the
drop bounces without any loss of mass, What kind of
behavier we encounter depends on the material chosen
for the electrode.

To evaluate the lift-off field Ey;p:_,77. we have o
consider the adhesion of the drop to the electrode. The
adhesion force, which tends to retain the drop in contact
with the electrode can be expressed as: F, = 2wyrsind,
where & is the contact angle and r the radius of contact
area. . .

For a small contact radius r the contact angle is
wf2 < @ < 7. The lift-off of the drop requires an electric
force equal to the adhesion plus the gravity forces, that
is: QoEift—ops = 2ary + (m — my)g, where we have
taken sinf ~ 1. Assuming that the drop charge (Jy is

" that of the initial spherical drop (1), an estimation of the

minimum electric field necessary to lift the drop against
gravity and adhesion force can be expressed as follows:
Ez — 2rry{m—my

lift—off = ~ (2/3)n%eRZ "

Studying the drop deformation {following sections),
permits an estimation of the surface tension v ~ 1.0
mN/m. Therefore an evalvation of the lift-off field for
a radius contact » = 0.44 mm and R = 1.34 mm, gives
avalue: Eypop7 = 1.63x10° V/m. The experimental
value found was By | 57 = 171X 10® V/m, which is
near the theoretical vaiue,
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Figure 1: Deformation of a bouncing water drop of radius 1.34
mun as function of EF.

Deformation of the drop

For an ellipscidal drop of semi axes & > b, the degree
of drop deformation can be expressed conveniently by
the parameter: D = 222 with R the radius of the non-
deformed spherical drop. For a non charged conduct-
ing drop in a constant electric field, the deformation is
determined by minimizing the total energy of the drop:
electric plus surface energy. According to Taylor [1], for
small deformations is: D = 232 = %‘—E':ﬁ.

In figure 1 we show how the deformation D of the
drop varies with the applied field. From the slope of the
best fit we obtain an estimation of v ~ 1 mN/m. In
this estimation we suppose that the drop has lost encugh
charge for the theory of a neutral drop to be of applica-
tion.

As we mentioned at the beginning, when the drop
is still at contact with the electrode, its deformation un-
der an electric field depends highly on the magnitude of
the adhesion force. The goveming parameters are the
area of contact and the angle of contact. For lift-off of
the drop to be possible, the area of contact has to be
small or equivalently, the contact angle has to be high.
This is related to the wetting characteristic of the elec-
trode material. Partial wetting surfaces have a contact
angle less than 90° while not wetting (or hydrophobic)
surfaces bave contact angles greater than 90°.

The area and angle of contact highly affect the shape
taken by the drop and the lift-off process. We have ob-
served this process with four different types of electrode
material, Along with aluminum electrode, we used steel,

titanium and copper. It was seen that for steel and cop-

Figure 2: A water drop of radius 1.34 mm resting oa a steel
electrode and subjected to an electric field: a) Eo=0, b) Ep =
1.316x10° Vim, ¢) Eo = 1.711x10° V/m, d) after lift-off at
By =1.716 x10° Vim.

per electrode lift-off and bounces of small drops are pos-
sible. While for aluminam and titanium electrodes no
lift-off is possible. In this case, increasing the applied
electric field leads o a deformation of the drop into a
bell shape. Further increase of the electric field leads
first to oscillations of the wpper tip of the drop and then
to an ejection of small droplets from this tip towards the
upper electrode.

Figure 2 shows a water drop immersed in corn oil
on a steel electrode for different electric field values. In
the last frame the drop is moving within the liquid just
after first lift-off. At first, the shape of the drop is quite
spherical and the contact radius estimated from recorded
images is about 0.44 mm. The contact angle is ~ 160°
with no applied field. This angle reaches a value ~ 115°
for a value of the electric field £y = 1.71 x10° V/m.

The deformation D of the drop for a steel electrode
is plotted in figure 3 as a function of the electric field.
It is seen that the degree of deformation, for a drop at-
tached to the electrode, is largely greater than that for
the bouncing motion. Also its dependence is not linear.
A theoretical model for the deformation in this case is
much more involved than for the drop in metion. The
charge on the drop is not negligible and its distribution
over the surface depends on the shape. In turn, this shape
will be determined by the local equilibrium of the elec-
trostatic, gravity and capillary pressures onto the surface.
Therefore, a complete thecretical model must take into
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Figure 3: Deformation of a water drop of radius 1.34 mm, at
rest on a steel electrode and subjected to an electric field Eq.

account the electric field distribution around the charge
drop.

For titanium electrode, the contact radius is esti-
mated to be 1.1 mm which is about two times and half
that for a steel electrode. That is the area of contact is
more than six times greater for the titanium electrode
than the steel electrode. The contact angle without ex-
ternal field is estimated to be ~110° and for By =
2.71%105V/mn (near breakup value) it reaches approxi-
mately 90°, (see figare 4). This is consistent with a less
interfacial energy for the interface titanium-water than
for the interface steel-water,

Conclusions

‘We have carried out an experimental study of a bouncing
drop under effect of an external electric field. It has been
shown that a formerly established model for a bounc-
ing ball describes well the dynamics of the drop in the
limit of small deformation. Unlike the solid particle case,
two critical voltages are of importance, the first one is
the threshold voltage necessary to the first lift-off of the
drop. The second one is that for which the drop returns
to rest when decreasing the voltage. The former is higher
than the latter due to the adhesion force which acts be-
fore the first lift-off,

The deformation of the drop in motion for the range
. of electric field used (between 1 and 2.5 x10° V/m) was
found to be less important in comparison to the deforma-
tion before the first lift-off. Indeed, the deformation can
reach a value of (.65 for a water drop of radius ~ 1.34
mm before it lifts, whereas during its motion the defor-
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Figure 4: Shape taken by a drop of radius 1.34 mm resting on
a titanizm electrode, a) without applied field, b) with field £y
= 1.18x10% V/m, ¢) Bo = 1.77x10° V/m, d) Ep = 2.71x10°
Vim,

mation do not exceed 0.3. It has also been shown that
the material from which the electrode is made influence
highly the degree of the deformation and the critical field
necessary for lift-off. As a consequence, for some ma-
terial the contact area is so high that the adhesion force
prevents any lift-off of the drop. Increasing the applied
field only leads to the breakup of the drop.
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