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We study the dynamics of two pinned droplets under the influence of an applied
electric stress. We find that at a sufficiently strong field, this stress is sufficient
to induce contact of the droplets. Interestingly, upon such contact, the dynamic
behavior sensitively depends on the separation distance between the droplets. Be-
sides the classical “coalescence” regime, we identify two other dynamic regimes:
“fuse-and-split” and “periodic non-coalescence.” In the “fuse-and-split” regime, the
droplets first fuse to form a jet, which subsequently breaks up into two droplets.
In the “periodic non-coalescence” regime, the droplets contact and bounce away
periodically without coalescence. Further analysis indicates that while the electric
stress stretches the droplets into shapes that depend on the initial droplet separation,
the surface tension stress dominates over the electric stress as soon as the droplets
touch. We show that the shapes of the contacting droplets determine their subsequent
dynamics. Our work provides a rationale for understanding the interplay between
surface tension and electric stresses that govern the behavior of charged droplets
and could inspire new methods for characterizing emulsion stability and surfactant
performance. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928854]

. INTRODUCTION

A fundamental understanding of the dynamics of the formation, deformation, and coalescence
of charged droplets in an electric field is important to various applications, including electro-spray
ionization,' ink-jet printing,” electro-wetting,>* manipulation of droplets,> high-throughput injec-
tion,” and de-emulsification.®"!° In the absence of external fields, two neutral droplets without stabi-
lizers spontaneously coalesce upon contact, thereby minimizing the total surface energy.'' Such
coalescence is suppressed when direct contact of the droplet interfaces is prevented by stabilizers
such as surfactants or colloidal particles. In an electric field, droplets experience an electric stress
that can stretch them, as well as surface tension that drives them towards adopting a spherical shape.
The shape-deformation dynamics is thus governed by the interplay between these two stresses.
Two oppositely charged droplets attract, and as a result, approach each other in an electric field.
When the electric stress exceeds the surface tension stress, these two adjacent droplets are stretched
until they touch and coalesce.”'>!3 In fact, a strong electric field can also cause neighboring
particle-stabilized emulsion drops to form transient bridges, which can eventually grow to cause
coalescence of the drops.'? However, contrary to the common perception that droplets of opposite
charge should always attract and coalesce, two such droplets can coalesce only partially or recoil
from each other upon contact, even if the electric field is strong.'>!4'® While it is evident that
the presence of an electric field enriches the dynamic behavior of emulsion droplets, the interplay
between electric and surface tension stresses still remains inadequately understood.
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In this work, we use a simple model geometry to systematically study the dynamics of oppo-
sitely charged droplets. We place a pair of emulsion droplets with different separation distances in
an electric field and investigate the resulting dynamic behaviors. We find that in a strong electric
field, the electric stress always forces the two droplets to contact and discharge; however, upon such
contact, depending on the initial distance between the droplets, three distinctly different dynamic
regimes of subsequent droplet behavior emerge. Besides a simple “coalescence” regime, which is
similar to that of neutral droplets, we find two additional dynamic regimes, which we refer to as
“fuse-and-split” and “periodic non-coalescence.” These novel dynamical behaviors, which cannot
be observed among uncharged droplets, can be accounted for by the geometry of the droplets that
results from the electric field, and the separation distance before the droplets touch. We demonstrate
that, despite the electrical charging, droplets get instantly discharged upon contact. Immediately
afterwards, a short bridge forms between the droplets, and surface tension determines the subse-
quent dynamics. Our work illustrates the intricate interplay between surface tension and electric
forces in the dynamics of droplets and extends our understanding of their deformation and coales-
cence behavior, which is of great interest to the fate of electrified drops in fields including cloud
physics and electrohydrodynamics. Similar experiments could serve as a tool for characterizing the
efficiency of surfactants or colloidal particles in preventing droplet coalescence.

Il. EXPERIMENTAL

We investigate the behavior of a pair of water droplets pinned to needles and submerged in
a continuous oil phase within a custom-built poly (methyl methacrylate) (PMMA) container, as
shown schematically in Fig. 1(a). We use 0.01M potassium chloride (KCl) aqueous solution as the
dispersed phase, which has an electrical conductivity of 1.2 x 10~* S/cm. Liquid paraffin (density:
0.84 kg/l, viscosity: 36 mPa-s, dielectric constant: 2.2; Aladdin Reagent, China) is used as the
continuous phase; the interfacial tension y between the oil and water is 40 mN/m (Tensiometer,
Kruss-SITE100). Two round metallic needles (outer diameter: 0.9 mm) are inserted and aligned
from opposite sides of the container with a separation distance L. Two droplets are injected using
syringe pumps (Longer pumps, China) at a low flow rate of 50 ul/h into the container through
the needles; the surface-to-surface distance between the two droplets is defined as 4. The resultant
droplets remain attached to the nozzles. When the drops reach the desired radii, R, and R,, we
stop the injection and let the droplets sit until the size of the spherical drops remains stable for a
few minutes. The droplets have a diameter ranging from 0.7 mm to 1.3 mm. At the beginning of
the experiment, both droplets have similar size: R;/R, = 1.0 + 0.1. During the experiment, the size
ratio of the two droplets can change to a maximum value of 3 < R|/R; < 5, where R| denotes the
radius of the larger droplet. We define a relative separation //R, where R = (R;> + R,’)/2)?is a
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FIG. 1. Dynamics of oppositely charged droplets in an electric field. Schematic experimental setup (a). A pair of water
droplets submerged in oil is oppositely charged by a high voltage supply. The corresponding current is monitored by an
ammeter (indicated by the letter A in a circle). Images taken with our high-speed camera, showing the dynamics of a pair
of droplets under the influence of a strong electric field: Droplets coalesce when h/R is small, Ca.=58, h/R =0.29,
(b). Droplets first fuse into a jet and then split into two droplets at larger relative separations, here Ca. =76, h/R =0.91,
(c). Periodic non-coalescence of droplets happens when the relative separation is sufficiently large, here Ca. =20, h/R =
1.92, (d). The scale bar corresponds to 1 mm.
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volume-averaged radius obtained from the initial radii of the individual droplets. The balance be-
tween gravitational and capillary forces is determined by the Bond number: B, = (py — po)R?g /Y.
where py, and p, are the density of the water and oil, respectively, and g is the acceleration of
gravity. Note that in our experiment, the density contrast between the droplets and the ambient
fluid is much smaller than that for droplets in air, which leads to a small Bond number: By <« 1.
Therefore, the effect of gravity can be neglected. To start our dynamic experiments, we apply a
voltage U to the droplets using a high voltage power supply (power: 100 W, rated current: 3 mA;
Tianjian Dongwen, China) and monitor the evolution of the current using an ammeter (660E, CH
Instrument, TX, USA), as also shown in Fig. 1(a). The corresponding droplet dynamics are recorded
using a high-speed camera (Phantom v9.1, Vision Research, Inc., Wayne, NJ, USA).

lll. RESULTS AND DISCUSSION

The electric stress, which scales with the applied electric field as eoeqEo’, competes with the
Laplace pressure, which scales as y/R, and causes the droplets to stretch and adopt an elliptical
shape.!®?! The ratio of these two stresses can be expressed as a dimensionless electrocapillary
number Ca, = g0eqEo’R/y, with &4 the dielectric constant of the outer liquid, £ the vacuum permit-
tivity, Eg = U/h the electric field strength between the droplets, and vy the surface tension. At small
enough Ca., two neighboring droplets wit /R > 0 remain separated (Fig. 2, filled circles/green) as
the electric stress cannot overcome the surface tension stress and stretch the droplets to bring them
into contact [see also the multimedia movie in Fig. 2 (Multimedia view)]. Our experiments indicate
that the critical electrocapillary number below which drops remain separated is nearly independent
of the relative separation //R and of order 1, as shown in Fig. 2. These results agree with previous
studies on the contact of two free droplets driven by an electric stress'>!3 (see the supplementary
material? for the comparison of the results).

When Ca, is above this critical value, the electric stress overcomes the surface tension stress
and the droplets stretch until they eventually touch. We observe that subsequent to such contact,
droplets exhibit three different types of dynamic behaviors: “coalescence,” “fuse-and-split,” and
“periodic non-coalescence.” At small h/R, drops are only slightly stretched when they come in
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FIG. 2. State diagram for the dynamic behaviors of droplet pairs, based on the electrocapillary number Ca = £0e4Eo>R /1y,
and the relative separation 2 /R. The phase map contains 160 independent measurements and is highly reproducible. Four
regimes are identified: (1) separation: two droplets remain separated, as denoted by filled circles/green; (2) coalescence:
two droplets coalesce into a single jet, as denoted by filled squares/blue; (3) “fuse-and-split”: two droplets first fuse into
a jet and then split into droplets again, as denoted by open stars/purple and open circles/purple. This is a transition state;
after one or several “fuse-and-split” events, droplets eventually move towards either the periodic non-coalescence or the
separation regime, depending on the value of the electrocapillary number; the transitions are indicated by the arrows with
gradient colors; (4) periodic non-coalescence: two droplets go through cycles of periodic non-coalescence indefinitely,
as denoted by filled stars/red. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4928854.1] [URL: http://dx.doi.org/
10.1063/1.4928854.2] [URL: http://dx.doi.org/10.1063/1.4928854.3] [URL: http://dx.doi.org/10.1063/1.4928854.4] [URL:
http://dx.doi.org/10.1063/1.4928854.5] [URL.: http://dx.doi.org/10.1063/1.4928854.6]
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contact with each other and they subsequently coalesce to form a stable jet, as shown in Fig. 1(b)
[see also multimedia movie in Fig. 2 (Multimedia view)]; break-up does not happen since the length
of the jet is smaller than the perimeter of its circular cross section.”> We refer to this regime as
the “coalescence” regime (Fig. 2, filled squares/blue); this regime is also expected to occur for two
neutral droplets that are brought in contact with each other.

At larger values of i/R, droplets with high enough Ca, first coalesce into a jet similar to that
formed in the “coalescence” regime; however, here the jet is unstable and subsequently breaks
up into two droplets again, as shown in Fig. 1(c) [see also multimedia movie in Fig. 2 (Multi-
media view)]. We term this new dynamic behavior “fuse-and-split,” plotted as open stars and open
circles/purple in the state diagram in Fig. 2.

At the largest values of /R, we observe the formation of conical tips in both droplets near
the point of contact. Subsequently, even though a brief contact occurs, the droplets do not coalesce;
instead, they bounce away from each other rapidly, as shown in Fig. 1(d) [see also multimedia
movie in Fig. 2 (Multimedia view)]. The separated droplets subsequently repeat this cycle of
approach and rebound indefinitely, until the voltage is turned off. We therefore refer to this regime
as the “periodic non-coalescence” regime, indicated by filled stars/red in the state diagram in Fig. 2.

The dynamic behaviors of the charged droplets are also reflected in the time-dependence of
the electrical current. When the droplets are separated, the current is zero. However, the current
rises dramatically upon contact, after which it decreases and subsequently evolves according to the
respective dynamic regime. Spikes in electrical current coincide with the moment of droplet contact,
as can be seen by comparing the insets with the corresponding data in Fig. 3; we interpret these
spikes as corresponding to a rapid discharging process that occurs right after the initial droplet con-
tact. After this initial spike, in both the “coalescence” and the “fuse-and-split” regimes, we observe
a continuous increase of the current as a function of time, which in both cases coincides with the
formation of a liquid bridge that causes a decrease in the electrical resistance between the injection
needles. The increase is more pronounced in the “coalescence” regime than in the “fuse-and-split”
regime, consistent with the larger cross-sectional area of the bridge in the first case compared to
the second case. Additionally, in the “fuse-and-split” regime, the current again drops to zero after
break-up of the bridge. In contrast, for the “periodic non-coalescence” regime, the current decreases
to zero immediately following the spike and does not grow subsequently, in agreement with the
observed full separation of the droplets immediately after droplet contact. In this case, the process
repeats itself indefinitely, as shown in Fig. 3(c) for two consecutive non-coalescence events.

The observed rapid discharging of the droplets reduces the electric stress. Before contact, the
droplets are oppositely charged and have a typical surface charge density of g9eqEy. Upon droplet
contact, the droplets discharge. This happens in a characteristic time scale 7, = gogq/07g,>+> where
o4 is the conductivity of the droplet phase. Therefore, the magnitude of the current spikes caused by
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FIG. 3. Measured electrical current as a function of time in the three different dynamic regimes, with corresponding images
of the charged droplets. In all three cases ((a)-(c)), the current increases sharply upon initial droplet contact; the resultant
current spike exceeds the value of current threshold (3 mA) for overcurrent protection. (a) Coalescence regime: following
the current spike, the current increases continuously, reflecting the formation of a stable liquid bridge. (b) “Fuse-and-split”
regime: after the spike, the current rises as the droplets coalesce into a jet. It drops to zero when the jet splits (see inset image
at 18 ms); (c) “periodic non-coalescence” regime: current spikes occur periodically as the droplets contact repeatedly. The
applied voltage for the experiments is 2 kV. The time resolution for all the current plots is 8 - 107 s. The outer diameter of
the nozzle in the optical images is 0.9 mm.
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the discharging of the droplets is on the order of o4E. In our experiments, the electrical conductivity
is relatively large (oq =~ 1.2 X 1073 S/cm); as a result, the current spikes can exceed the threshold
current (3 mA) allowed by the instrument for safety reasons (Fig. 3). This causes the current to
decrease to zero after the observed spikes. To further confirm that the rapid discharging indeed
causes the rise in current upon droplet contact and then subsequently leads to the decrease of the
current, we have carried out experiments using deionized water droplets with a much lower electric
conductivity (g ~ 5.5 x 107® S/cm) than the salty water (see the supplementary material®%). We
indeed observe that also in this case, the current rapidly rises right upon droplet contact (see Fig. S1
in the supplementary materials>?). In this case, however, the values of the current right after this rise
are on the order of 107> A, and thus much smaller than the values measured with salty water, which
are on the order of 10> A; note that the observed decrease is comparable to the corresponding
decrease in conductivity. Considering this current is smaller than the threshold value (3 mA), it
does not subsequently decrease to zero, but rather maintains a relatively constant value presumably
determined by the applied voltage and the electrical resistance of the bridge. Our results are thus
supportive of our interpretation that the rise in electrical current results from rapid discharging of
the salty droplets which can subsequently cause the decrease of current.

Immediately after the initial droplet contact, as soon as the droplets discharge, surface tension
starts to dominate the dynamics of the droplets. In our experiments, the typical time scale for
the discharging process is 7 = 5.8 - 107!% 5. To identify the relevant time scale in the coalescence
process, we estimate the Ohnesorge number Oh = 7,/7., where 7, = uR/y and 7. = \/ pR3/y, with
p and y the density and viscosity of the fluid, are the viscous-capillary and inertial-capillary time
scales. Since in our experiments, Oh << 1, viscous effects are negligible and the characteristic
time scale of coalescence is 7.. Furthermore, we find that 7. ~ 6 ms, which is around seven orders
of magnitude larger than the time scale for the discharging process. As a result, the droplets are
essentially discharged instantaneously upon contact and surface tension immediately dominates the
subsequent dynamic behavior of the droplets.

Normally, two uncharged droplets would always coalesce upon contact driven by surface ten-
sion. However, our experiments show that droplets can separate from each other immediately after
the initial contact, with the subsequent dynamic behaviors depending critically on the initial separa-
tion distance between the droplets. Interestingly, recent models and computer simulations propose
to interpret non-coalescence phenomena in terms of the shape of the bridge that forms between the
droplets right after contact.'®?%?” Based on this, we hypothesize that the rich dynamics observed for
our charged droplets can be accounted for by the different geometric conditions set by the imposed
electric stress and separation distance before droplet contact. When two droplets touch, a short
liquid bridge forms between them. Whether the droplets coalesce or not is then determined by the
pressure difference between the bridge, Ppyidge, and the droplets, Py, Which can be estimated using
the Young-Laplace equation as'>

AP = Pyriage = Pourx = v - (1/Rs = 1/Ry) = 27/ Rpuks (D

where R and R, are the principal radii of curvature of the liquid bridge, with R corresponding to the
radius of the smallest cross section of the bridge, as indicated in the inset in Fig. 4(a), and Ry is
the radius of the droplets. Considering that Ry, >> R, R,, the second term in the previous equation
can be neglected. As a result, AP =~y - (1/Ry— 1/R,). Hence, depending on whether R, > R, or
R < R,, the bridge either grows or thins, respectively. The competition between these two effects
can be characterized by the intersection angle between the slopes of the of droplets’ surfaces right
at contact, as indicated in the inset in Fig. 4(a). This angle is then given by tan(8/2) = R,/R,."
When 6 < 90°, 1/R, is the dominating curvature and AP < 0, resulting in coalescence. By contrast,
when 6 > 90°, 1/R; is the dominating curvature and AP > 0, resulting in non-coalescence. In our
experiment, the intersection angle 6 can be precisely controlled by setting the relative separation of
the droplets. When the relative separation /R is small, droplets are slightly stretched and form a
small angle 6 upon contact, thus causing coalescence (Fig. 4(a), filled dots). This is similar to the
coalescence behavior exhibited by neutral droplets. At large /R, droplets become highly stretched
and @ is large; as a consequence, non-coalescence is observed (Fig. 4(a), open dots). At the critical
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FIG. 4. (a) A plot of the intersection angle 6 formed between two contacting droplets (insets) versus relative separation
h/R, as shown by the insets. Small &2/ R leads to small 8, where droplets coalesce following contact as indicated by the filled
squares (voltage: 1 kV) and filled circles (voltage: 1.5 kV); by contrast, large /R leads to large 6, where non-coalescence
occurs as shown by the open squares (voltage: 1 kV) and open circles (voltage: 1.5 kV); the dashed lines represent the
boundaries between the coalescence and non-coalescence. (b) Schematic of the corrugated jet pinned between two nozzles.
The dashed lines depict the corresponding unperturbed jet of equal volume, with radius r. The jet is unstable when L > 2mtr.
(c) Evolution of the coalesced jet in the regime of “fuse-and-split.”” The coalesced jet following the droplets contact will
evolve into a single wave corrugation and lead to the splitting of the jet into two droplets with different sizes.

relative separation /#/R ~ 1.8 which characterizes the transition between “fuse-and-split” and “peri-
odic non-coalescence” on the state diagram in Fig. 2, droplets intersect at an angle of approximately
90°, consistent with the critical angle predicted from the above theoretical arguments. We notice that
this critical /4/R is slightly larger than that for two free droplets in an electric field, as studied by
Thiam et al.'> We attribute this difference to the different geometry in these experiments: Droplets
are pinned at the nozzles in our experiment while they are free in the experiments of Thiam et al.'?
(see the supplementary material®” for the comparison of the results).

When the relative initial separation /R is smaller than a critical value of 1.8, droplets coalesce
and form a jet. The subsequent fate of this jet depends on the exact value of the relative separation.
The jet will remain stable for small #/R, which represents the regime of “coalescence”; it splits
into two droplets of different size at larger /R, which represents the regime of “fuse-and-split.”
As surface tension dominates the dynamics after coalescence, we analyze the fate of the pinned jet
using linear stability analysis. In this context, the pinned jet is unstable when its length exceeds the
length of its circumference.”® In our experiments, the jet radius is determined by the initial relative
separation h/R of the droplets, according to mass conservation. Hence, a larger h/R leads to a
smaller jet radius. Thus, there exists a critical value of 4/R where the jet radius satisfies the splitting
condition, 2rr = L, where L and r are the length and the radius of the jet, respectively. This analysis
yields a critical value of 4/R ~ 1 (see the supplementary material?? for the calculation of the critical
h/R), which is close to the value /R =~ 0.5 where a transition between the “coalescence” and the
“fuse-and-split” regimes is observed experimentally (Fig. 2). In addition, since we only fit one
wavelength in the length L, and there are no restrictions for the fluid at the bounding needles, the
amplitude maximum and minimum can occur anywhere within L (see Fig. 4(b)). As a result, jet
break-up will generally result in droplets of different sizes, as we also observe experimentally (see
Fig. 4(c)).

We also note that the “fuse-and-split” is an unstable regime that does not occur indefinitely.
After each “fuse-and-split” step, the increasing size difference between the droplets always leads to
larger /R and smaller Ca.. As a consequence, eventually the two resultant droplets cannot over-
come this increased separation and remain separated indefinitely [see multimedia movie in Fig. 2
(Multimedia view)], as shown by the open circles in the phase diagram (Fig. 2). We confirm this
by directly calculating the change in /#/R and Ca, during “fuse-and-split” events. For an event with
initial #/R = 0.98 and Ca. = 16, the resultant droplets after the first “fuse-and-split” event have
h/R =2.05 and Ca, = 3.7, as shown by the arrow with a color gradient in the phase diagram; the
system thus enters the regime where the field is unable to pull the drops together. Alternatively, at
higher electric field strengths, the droplet dynamics can transition from the “fuse-and-split” regime
to the “periodic non-coalescence” regime (see multimedia movie in Fig. 2 (Multimedia view)), as
shown by the open stars in the phase diagram. In a representative event with initial #/R = 1.09 and
Ca. = 43.6, after the first “fuse-and-split” event, we have #/R = 1.95 and Ca. = 12.7, as indicated
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by the arrow with gradient color in the phase diagram; the resultant droplets now lie in the “periodic
non-coalescence” regime, where droplet approach and separation repeat indefinitely.

IV. CONCLUSION

We have investigated the dynamic behavior of oppositely charged droplets pinned to nee-
dles. Our work demonstrates that the interplay of electrostatics and surface tension leads to rich
dynamics, which we rationalize by constructing a state diagram expressed as a function of the
electrocapillary number and the relative separation between the droplets. Apart from the common
“coalescence,” similar to the classic picture of neutral droplet coalescence, we have found two new
and previously unreported dynamic regimes: “fuse-and-split” and “periodic non-coalescence.” Our
investigation further indicates that upon initial contact, droplets are rapidly discharged and, as a
consequence, surface tension rather than the electric stress dominates the subsequent dynamics.
By analyzing the corresponding capillary instability, all the observed dynamical regimes can be
attributed to the different shapes of the droplets at the time of contact; this shape is determined
by the relative separation //R of the droplets. We further demonstrate that droplets in the unstable
“fuse-and-split” regime eventually transition into a different dynamic regime; they either become
stably separated or enter the “periodic non-coalescence” regime as a result of the increased h/R
and decreased Ca,. after the splitting event. Our work enhances the understanding of the dynamics
of electrically charged droplets and the observed behaviors should be generally applicable to emul-
sions stabilized by both surfactants and particles. We expect that the critical values of electrocapil-
lary numbers and relative separation depend critically on emulsion stability. Thus, our work could
also inspire the development of new methods for measuring emulsion stability or the performance
of stabilizers.
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