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The coalescence process of oppositely charged drops for different electrical conductivities of liquids is
presented. When the electrical conductivity was relatively low, oppositely charged drops failed to coalesce
under sufficiently high electrical fields and capillary ripples were formed on the surfaces of droplets after
rebound. For a high electrically conductive liquid, it was found that a crown profile of drop fission always
appeared on the top surface of negatively charged drops after the two charged drops contacted and bounced
off. Furthermore, we report here, for the first time, the newly found phenomenon and argue that the break
up might be caused by Rayleigh instability, a form of Coulomb fission. The different mobility of positive and
negative ions is the underlying mechanism that explains why the break up always happened on the negative
side of charged drops.

harged droplets and their dynamics are of interest not only in fundamental research but also in industrial

applications such as electrostatic spraying, phase-separation in ion-containing mixtures, ink printing,

mass spectrometry etc. Although some technology regarding charged droplets such as those used in
electrostatic sprays has been used widely in industry, the problem still has many unsolved mechanisms together
with interesting new phenomena which, until now, have not been found'~.

Ristenpart et al* demonstrated a finding that two oppositely charged droplets bounced off each other and
would not coalesce if their charge exceeded a threshold value. Among the suggested three possible mechanisms®,
the capillary pinch-off mechanism offered a reasonable explanation for the observation, which is in good
agreement with the experiments. The coalescence behavior of oppositely charged droplets depends on the cone
angle, which was controlled by varying the drop size and the applied voltage across the droplets. The cone angle
formed under the balance of charge induced pressure from the applied electric field and capillary pressure
resisting interfacial deformation, is commonly referred to as Taylor cones®. We recently conducted a series of
experiments to verify this phenomenon, during which, a significant and interesting phenomena occurred with the
pinch-off droplets. We experimentally studied coalescence dynamics of liquid droplets with different conduct-
ivities. The coalescence dynamics of droplets having low conductivity was demonstrated clearly in the present
research and the non-coalescence also appeared. However for droplets having higher conductivity under the
electric field, the droplets burst after recoil, which always happened on the negative electrode side. This unique
droplet breakup phenomenon has not been reported before.

The schematics of the experimental setup are illustrated in Fig. 1. The experimental setup consisted of one
stainless steel needle (Iwashita Engineering, Inc. OD 0.36 mm, ID 0.18 mm) and a substrate used to hold the
lower droplet. A small droplet was first generated by the micro syringe and placed on the bottom substrate. Then
the upper droplet was carefully produced using the micro syringe and suspended on the needle. The position of
the upper droplet and lower droplet were aligned by a precise xyz-translation stage. The dynamics of droplet
coalescence were visualized by a high speed camera (Redlake, HK-100G) mounted with a long-distance zoom lens
(Navitar ZOOM 6000) at 10 K frames per second. The pre-trigger function within the camera was used to ensure
that the entire dynamics of droplet coalescence with lower conductivity and droplet bursting with higher
conductivity was fully captured. A halogen light (Kodak, EKTAPRO 5000 projector) was installed opposite
the camera to provide backlighting. It should be pointed out that all the experiments were conducted at room
temperature 23 = 0.5°C and under atmospheric pressure conditions. The analytical sodium chloride was added
into deionized water to vary the liquid conductivity.

In view of the range of conductivity, the research content discussed in this paper will be divided into two parts.
One part considers the lower conductivity range from 0.5 uScm™"' (DI water) to 261 puScm™', the other considers
the higher conductivity range that varied from 5 mScm™ to 30 mScm™". The phenomenology of these two cases
is markedly different. Previous research always used the relatively low conductive liquid as the working fluid.
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Figure 1| Schematic drawings of the experimental setup. The lower droplet was held by treated copper (a), PMMA plate (b) and carbon brush (c) in

different experiments.

[ Ag=1000V

Figure 2| (a) A DC voltage A¢ = 1000 V is applied across the two droplets. The bottom droplet is carefully placed on the treated copper wire with
diameter about 0.17 mm by the needle, and the upper droplet is generated by the needle driven by the syringe. (b) The SEM picture demonstrates the
treated copper wire surface microstructure which can hold the bottom droplet stably due to wetting dynamics at the Wenzel state.

However, our experiment results show that droplet coalescence with
different conductivity induced by an electrostatic field behaves dif-
ferently. Before the experiment was conducted, the copper wire was
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Figure 3 | A typical process of lower conductive droplet coalescence
induced by the electrostatic field. The supplementary video shows the
whole process. The initial upper/bottom droplet diameter is 1.25 and
1.32 mm respectively. The conductivity of the droplet liquid is

34.3 pS/cm.

cleaned using abrasive paper. The SEM picture in Fig. 2 (b) indicates
the microstructure generated using abrasive paper. The lower droplet
can stand on the copper wire in a stable manner due to the wetting
dynamics of Wenzel state’. A fixed voltage 1000 V was applied across
the needle and copper wire. The measurement results are shown in
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Figure 4 | Liquid bridge widths as a function of time. Symbols are the
experimental data under different conductivity and coalescence models,
and the lines are power laws fittings. The exponent of the scaling power law
is 0.44, 0.35, 0.35, and 0.57 for the droplet liquid conductivity of

0.54 pScm™', 34.3 uSem™', 93.5 uScm™" and 261 puScm™', respectively.
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Fig. 3. We herein propose that the entire dynamics of droplet coales-
cence can be divided into the following stages. First, two droplets
generally approached each other and deformed into a double cone
when the electric field was activated. On contact with each other, a
liquid bridge formed and the two droplets were quickly repelled. This
phenomenon has been observed by Bird et al’ where two oppositely
charged droplets recoiled rather than attracted®. After the stage of
repelling, the two droplets eventually coalesced because of the
attractive Coulomb force between the opposite charges on the surface
of the droplets. In this case, as shown in Fig. 4, liquid widths varied
with time under different conductivities. It is clear to see that the
width of the liquid bridge, along with time, can satisfy the power
scaling law r;, o< t* with the exponent 0.35, when the conductivity is
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in the moderate range (34.3 pScm™" and 93.5 uScm™'). It should be
pointed out that the scaling law in our case is not close to the theory
suggested by Egger et al.’. However, in the cases of very low conduc-
tivity (0.5 pSem™") or very high conductivity 261 pScm™'), the expo-
nent is changed to 0.44 and 0.57, respectively. The behavior reported
here is similar to previous work where two mercury droplets coa-
lesced on a planar surface®. Nevertheless it is reasonable to get a
different exponent due to very weak or very strong capillary wave
interface. Furthermore, such kind of capillary waves propagating on
the surface of the droplet are of significant interest. To quantitatively
obtain the fluctuation amplitude of the capillary waves, a coordinate
stage was built and illustrated in Fig. 5(a) where the x axis denotes the
capillary wave fluctuation amplitude, and the y axis the arc length

= capillary after 700us

capillary after 800us
= capillary after 900us
capillary after 1000us

0.8 1 1.2 1.4

s(mm)

capillary after 700us

capillary after 800us
= capillary after 900us

capillary after 1000us

1.4

Figure 5| (a) Schematic of extracted capillary waves on the droplet surface, (b) capillary wave evolution and fluctuation with droplet conductivity of
34.3 pS/cm, (c) capillary wave evolution and fluctuation with droplet conductivity of 93.5 pS/cm.
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Figure 6 | High-speed images of uni-polarization droplet bursting, in case (a), lower droplet is on the negative side; in case (b), upper droplet is on the

negative side.

along the original droplet shape. A Matlab code was written to locate
the center point of the original droplet. A radial line originating at the
center point rotates along the droplet periphery with a small angle 6.
This radial line will generate two nodal points (P; and P,) with a
droplet shape if the two images are added together. The geometric
length of the two nodal points was used to characterize the amplitude
of the capillary waves. It should be noted that the measured geomet-
ric distance is a little different from the tangent direction distance
adopted in Reference'. Fig. 5(b) and (c) demonstrate the capillary
waves at several stages of recoil. It is indicated in Fig. 5 that the
fluctuation of the capillary waves versus arc length grows in a self-
similar manner. Comparing the results in Fig. 5(b) and Fig. 5(c), we
found that the fluctuation of the capillary waves was nearly the same
under various levels of conductivity. However it seems that the waves
in Fig. 5(c) propagate slightly faster than those in Fig. 5(b), which
may be explained by more charges on the droplets due to larger
conductivity.

However, when we conducted the experiment of droplet coales-
cence in the case of higher conductivity, a new phenomenon with
respect to uni-polarization droplet bursting was observed. When two
highly conductive droplets approach closely under the electric field,
one of the droplets will burst. Specifically, the bursting always hap-
pened with the droplet connected to the negative electrode. Several
experiments were carried out to establish the underlying mechanism
and the experiment setup is shown in Fig. 1. First, the lower droplet
was carefully placed on a copper wire, and then the upper droplet was
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generated by the micro syringe. Fig. 6 shows the high-speed camera
images of the droplet bursting always on the negative electrode side.
The typical size of droplets in the experiment was about 1~2 mm. In
case A, the upper droplet was used as the anode and the lower droplet
served as the cathode, while in case B the inverse applied. The con-
ductivity of the liquid droplet was 20.48 mS/cm and the analytical
sodium sulfate was added into deionized water to change the con-
ductivity. It is clear to see that, from Fig. 6, bursting happened at the
droplet surface crest after the initial contact between these two drop-
lets and a crown profile appeared on the droplet’s surface connected
with the negative electrode. The radial outward liquid surface motion
from the bursting point was clearly observed in the images. It is
noteworthy that, as shown in Fig. 6, both in case A and case B, the
droplet bursting point always happened at the cathodic droplet crest.
Fig. 7 illustrates the details of two cases of droplet bursting process. It
is evident that even with a large discrepancy in droplet size, the
bursting still happened at the negative side. Fig. 8 shows the droplet
bursting dynamics of diluted hydrochloric, which shows that droplet
bursting also happened at the cathodic droplet crest. Actually, in
order to verify the effect of different ions and droplet size to droplet
bursting dynamics, we tried to use different ions including sodium
chloride, sodium sulfate, potassium chloride as well as diluted hydro-
chloric, all of the experimental results show the same phenomena
that droplet bursting always happened at the cathodic droplet crest.
In particular, we considered whether droplet size had any effect to
such uni-polarization bursting.
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Figure 7 | Unequal-sized droplets bursting and coalescence process. In case C, the lower droplet is on the negative side; in case D, the upper droplet is on

the negative side.
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Case (F)

Figure 8 | Diluted HCl droplets bursting and coalescence process (Conductivity is 10.34 mS/cm); In case E, the lower droplet is on the negative side; in

case F, the upper droplet is on the negative side.

What makes the droplets burst after the two charged droplets
contact and why does the burst always happen on the negative elec-
trode? We propose the possibility that the bursting is a consequence
of the Rayleigh instability and Coulomb fission of charged droplets.
The Rayleigh limit"' model explains the mechanism that the charge
on a droplet surface would cause instability to fission before reaching
alimiting value. For a certain droplet size, a maximum charge quant-
ity on the surface was given by the Rayleigh limit'"'* g = 8m(eoyR)"/2.
When the surface charge density is sufficiently high, the Coulombic
repulsion force overcomes surface tension and the droplet disrupts,
which is termed Coulomb fission''. During the approach of the two
spherical droplets, the charges on the droplets’ surface increases.
When they contact, a liquid bridge generates between the two drop-
lets due to coalescence and the ions in the liquid will flow from one
side to the other under the electrical potential through the liquid
bridge. According to Fig. 5, it demonstrated that the higher conduc-
tivity, the shorter capillary wavelength. Therefore, the higher con-
ductivity liquid is easier to reach the bursting condition of Coulomb
fission.

We also suggest a mechanism that could lead to this break up for
the negatively charged droplets after coalescence. The research on
chemical physics shows a reasonable excuse for this phenomenon.
When the liquid bridge is formed, the negative ions run from the
negative electrode to the positive electrode and at the same time
positive ions in the liquid move to the negative side. The distribution
of ions on the charged droplets indicates the negative ion concen-
tration at the surface exceeds the positive ion concentration in larger
quantities due to the difference of the ion’s running mobility".
Hunter and Ray™ analyzed this mobility quantitatively and con-
cluded that the higher mobility of negative ions would make the
charge on the droplet’s surface of the negative electrode much higher
than the positive side. In this case the charge to mass ratio or charge
to surface ratio around the area of the liquid bridge connected with
the droplet would reach the Rayleigh limit earlier than the positive
one. This is also the reason why the droplet break up happened on the
negative electrode. The bursting happens on the surface crest of the
droplet and shows a crown profile around the position where the
liquid bridge was located. Due to the movement of negative ions and
their high running mobility, the charge concentration at the connec-
tion of the negative charged droplet surface to the liquid bridge
approached the Rayleigh limit earlier than the positive side. So the
bursting would always appear on the negatively charged drops.
Actually we also found that every peak of the crown similar to a
Taylor jet of charged droplets. The bursting pattern caused by
Coulomb fission in this paper is quite different to the existing find-
ings of charged droplet break up. For lower conductive liquid, we
found that increasing the charging voltage could only make the

oppositely charged droplet fail to coalesce when the two drops
directly contact but no break up appeared on the negative side drop-
lets (Fig. 3). It could also be explained by the suggested mechanism of
ion mobility that the ions concentration is lower in the low conduct-
ive liquid which is difficult to reach the Rayleigh limit and cause
Coulomb fission.

In summary, we reported experiments on the interaction of oppo-
sitely charged droplets for different conductive liquids. The coales-
cence dynamics of the droplets are affected mainly by the Taylor cone
angle which was caused by the coupled field of surface tension and
electric force. For highly conductive liquids, special bursting phe-
nomena due to Coulomb fission occurred after the droplets’ coales-
cence, which was discovered for the first time. Deeper research on the
mechanism of bursting phenomena and instability of the charged
droplet’s surface will be conducted in the future.
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