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Droplets are frequently observed to move as if they were solid rather than liquid,
i.e., with no slip at the liquid-liquid interface. This behavior is usually explained in
terms of the so-called “stagnant cap” model, in which surfactants accumulate at the
trailing edge of the droplet, immobilizing the surface and increasing the observed
drag coefficient. Here, we show that the drag coefficient for charged droplets is
temporarily reduced by reversing the direction of an electric driving force. Using
high speed video, we simultaneously track the velocity and relative interfacial ve-
locity of individual aqueous droplets moving electrophoretically through oil. The
observed velocity behavior is highly sensitive to the concentration of surfactant.
For sufficiently low or sufficiently high concentration, upon reversal of the electric
field the droplet rapidly accelerates in the opposite direction but then decelerates,
concurrent with a transient rearrangement of tracer particles on the droplet surface.
In contrast, droplets with intermediate surfactant concentrations exhibit neither
deceleration nor significant tracer particle rearrangement. We interpret the observa-
tions in terms of convectively dominated rearrangement of the stagnant cap, and
we discuss the implications for precise electrophoretic control of droplet motion in
lab-on-a-chip devices and industrial electrocoalescers. © 2012 American Institute
of Physics. [doi:10.1063/1.3674301]

. INTRODUCTION

Stokes’ classic result' for the viscous drag force on a sphere, F 4, = 6mpaU, is valid only for
solid spheres in the limit of creeping flow. Because relative motion can occur at liquid/liquid inter-
face, a different drag force is expected for liquid spheres. The first quantitative model was
described independently a century ago by Hadamard® and Rybczynski.? By imposing continuity
of shear and velocity at the liquid/liquid interface, they predicted that a spherical droplet or bubble
of radius @ moving at velocity U would experience a drag force

Farag = 4muasU. (1.1)

3p+2u

Here, A = 5= describes the effect of the viscosity contrast between the inside (y;) and outside
(w) of the spflere. In the limit, where y; — O (i.e., inviscid bubbles), 2 — 1 and the drag force is
4rpaU. In contrast, when y; — oo (i.e., a rigid sphere), A — 3/2 and Stokes’ law is recovered. For
otherwise identical spheres (same density and radius), the Hadamard-Rybczynski theory predicts a
settling velocity up to 50% greater than Stokes’ solution.

Early experiments on the sedimentation of droplets,” however, revealed a marked discrepancy
between the observed and predicted droplet settling velocities, at least for droplets smaller than
~1cm in diameter. In particular, droplets or bubbles containing minute amounts of surfactants (as
small as 10~° M) moved significantly slower than predicted by the Hadamard-Rybczynski solution.’
Experiments with tracer particles demonstrated the existence of a so-called “stagnant cap” at the
trailing end of the droplet, where the surface velocity vanishes.® Frumkin and Levich provided the
first model consistent with this observation, in terms of a gradient in surfactant molecules induced
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convectively along the surface of a droplet.”® This concentration gradient causes a surface tension
gradient, inducing a Marangoni stress that opposes the motion of the interface and ultimately leads
to surface rigidification.

The stagnant cap model has been studied extensively both experimentally and
numerically'"'*~'® in various limiting cases. Davis and Acrivos'' presented an early numerical solu-
tion in the simplified case of no adsorption or desorption of surfactants to or from the interface; an
exact solution was later presented by Sadhal and Johnson.'? Refinements to the model have included
the addition of adsorption/desorption kinetics of surfactant to the interface'® as well as the effects of
droplet/bubble deformation.'” Most experimental studies have focused on the steady rise velocities
of bubbles®'*!*! and droplets*®*'° for application in adsorption column design. More recently,
Zhang and Finch measured the transient rise velocities of bubbles in the case of dilute surfactant
concentrations, and they showed that the steady state rise velocity is independent of the bulk con-
centration of surfactant.> At higher surfactant concentrations, Stebe et al. showed that interfaces can
“remobilize,” if the surfactant has fast adsorption/desorption kinetics and if the surfactant concentra-
tion is sufficiently above the critical micelle concentration. In this situation, surfactant molecules are
convectively forced to the trailing end of the droplet where they desorb and micellize. To replenish
the surface, micelles on the leading end break apart and adsorb. This process prevents the formation
of a gradient in surfactant concentration, so no Marangoni stress immobilizes the surface’™?' and
the drag coefficient predicted by the Hadamard-Rybczynski theory is observed.

Notably, all of the above experimental and numerical work on stagnant caps has focused on
gravity or pressure driven flows. It has long been known,?* however, that charged droplets also
move electrophoretically. Many studies on the electrophoretic motion of droplets focus on electro-
lytic solutions where complicated electrokinetic effects can occur, as discussed in detail by Bay-
gents and Saville.?® If the surrounding liquid is sufficiently nonconductive, however, the Debye
length ' is very large compared to the droplet radius (ka < 1) and the electrophoretic force on
the droplet is simply QE, where Q is the droplet charge and E is the applied electric field.>* A bal-
ance of this electrophoretic driving force against the viscous drag and gravitational force gives the
droplet velocity; this balance was used by Millikan in his classic measurements of the elementary
charge using charged oil droplets in air.*>

Charged aqueous droplets in oil also move electrophoretically, but more complicated charge
transfer effects can occur.’> Specifically, in sufficiently large electric fields, a charged drop
moves towards an oppositely charged electrode, and upon contact it becomes oppositely charged
and moves back toward the other electrode. This process continues indefinitely, with the droplet
shuttling charge between two electrodes by “bouncing” between them.?” The observed velocities
have been used to estimate the charge on a droplet by balancing the viscous and electrophoretic
driving forces,”®* an approach predicated on the assumption that the viscous drag is well charac-
terized and time invariant. Little is known, however, about the influence of the stagnant cap on the
motion of charged drops, and no work to date has examined the effect of rapid changes on the
direction of motion of stagnant caps.

In this paper, we demonstrate that the drag coefficient for charged droplets is temporarily
reduced after a reversal in the electric field direction. We show that this drag reduction is highly
sensitive to the type and concentration of surfactant in the droplet; drag reduction occurs at con-
centrations well below or well above the critical micelle concentration (CMC), but not at interme-
diate concentrations. Using tracer particles to visualize the droplet surface, we demonstrate that
the drag reduction is commensurate with a convective time scale for stagnant cap formation and
show that even when the droplet is already at a steady velocity, the drag can be temporarily
reduced by changing the direction of motion. Finally, we discuss the implications for several
applications involving charged drops, including charge estimation via single droplet velocimetry,
precise electrophoretic control of droplet motion in lab-on-a-chip devices, and separation effi-
ciency in industrial electrocoalescers.

5,6,9-15

Il. EXPERIMENTAL METHODS

The experimental apparatus is sketched in Fig. 1 (left). Two spherical brass electrodes (each
6.5mm diameter, separated by S5Smm) are placed in a polystyrene cuvette (12.5mm X
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FIG. 1. (Color online) Left: Schematic of the experimental apparatus (not to scale). Right: Time lapse images of a 0.5 ul
DI water droplet “bouncing” in response to a reversal in the applied electric field. Initially, the droplet moves upward elec-
trophoretically shortly after touching the bottom electrode and acquiring charge. At 1= 0, the polarity of the applied field is
reversed, and the droplet moves downward. The surrounding fluid is 100 ¢S polydimethylsiloxane (PDMS) oil. The black
spots on the droplet are phenolphthalein aggregates on the surface of the droplet. Scale bar is 0.5 mm.

12.5 mm x 45 mm) filled with 100 cS silicone oil (polydimethylsiloxane, Sigma Aldrich). A 0.5 ul
droplet of water (a~0.45mm) with specified surfactant concentration is pipetted manually
between the electrodes. Upon insertion, the droplet moves toward an electrode, whereupon it
acquires charge and then begins “bouncing” back and forth between electrodes in a fashion similar
to previous observations.”° Spherical electrodes are convenient because the dielectrophoretic
forces acting on the droplet®' drive it to the maximum in the gradient in the field, which in this ge-
ometry lies on the line of closest separation between the spheres. In this way, the position of the
droplet relative to the side walls of the cuvette is controlled, minimizing wall effects and simplify-
ing the high speed photography. Silicone oil was chosen because of its extremely low conductivity,
which helps to prevent charge leakage*>* from the aqueous droplet into the surrounding fluid. The
characteristic charge relaxation time is T = €, where ¢ is the oil permittivity and ¢ is its conductiv-
ity. For silicone oil, € & 3¢, and o ~ 10~ " S/m, yielding = ~ 100s.* In our experiments, the drop-
lets typically move between electrodes in less than 1s, so charge relaxation effects are negligible,
and to a good approximation Q remains constant except when the droplet contacts an electrode.

To avoid complexities associated with increased viscous hindrance®® and image charge attrac-
tion>® when the droplet is in close proximity to the electrode surface, we developed an experimen-
tal procedure to switch the direction of the applied field when the droplet was far from either
electrode, i.e., in “mid-flight” between the electrodes. Because the droplet charge is approximately
constant, the direction of the electrophoretic force QE, and consequently the direction of motion,
is controlled entirely by the sign of E. From the observed velocities, we estimate that the drop
charges are on the order of 10~'" C, which gives rise to an electrophoretic force roughly 5 times
greater than the gravitational force. Electric potentials on the order of 1000 to 2000 V were gener-
ated by a Trek Model 610 E Cor-A-Trol high voltage supply, which has a relay switch that allows
rapid reversal of the applied polarity on command. The time required for complete reversal of the
field polarity was measured by tracking the current with a high-resolution electrometer and found
to be approximately 3 ms, which is small compared to the time scale observed for changes in the
droplet velocity (approximately 100 ms, cf. Fig. 2).

The velocity behavior of droplets subjected to a sudden reversal in the electric field direction
was examined in droplets with three different surfactants: sodium dodecyl sulfate (SDS), Brij-35,
and Triton X-100. SDS was chosen because it is a commonly used ionic surfactant, while Brij-35
and Triton X-100 were chosen as representative nonionic surfactants. For each surfactant, the con-
centration was varied from zero to well above the respective (CMC = 8.2 x 1073 M, 6 x 1072 M,
and 2.4 x 107*M for SDS, Brij-35, and Triton X-100, respectively37’38).

The droplet motion was tracked using a high speed video camera (Phantom v7.3) at a frame
rate of 1000 images per second. The videos were analyzed using standard image analysis techni-
ques to track the droplet position versus time, and the trajectories were differentiated with a
5-point (5 ms) running average to obtain the velocity. To visualize the droplet surface velocity,
2 g/l of phenolphthalein was added to the surfactant solutions. Phenolphthalein is only sparingly
soluble in both the water and the oil, so at low surfactant concentrations the phenolphthalein flocs
rapidly assemble on the droplet surface. At higher surfactant concentrations, the flocs reside both
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FIG. 2. (Color online) Representative droplet behavior in response to a sudden polarity reversal at =0 for three different
SDS concentrations: (a) 0 g/, (b) 0.7 g/1, and (c) 2.5 g/l. Time lapse images at left are centered on the droplet to emphasize the
motion of the phenolphthalein tracer particles (dark spots). Horizontal arrows (red) highlight representative tracers, while ver-
tical arrows (blue) qualitatively depict the direction and magnitude of the instantaneous droplet velocity. The plots at right
show the corresponding droplet velocity and relative tracer velocity versus time. In each case, the applied potential difference
is 1000V; droplet diameters are approximately 1 mm (enhanced online) [URL: http://dx.doi.org/10.1063/1.3674301.1]
[URL: http://dx.doi.org/10.1063/1.3674301.2] [URL: dx.doi.org/10.1063/1.3674301.3].

at the surface and inside the water droplet; presumably at high enough concentrations, the surfac-
tant helps to stabilize the flocs in the aqueous phase. The velocity of phenolphthalein flocs at the
drop surface was also extracted from the high speed video and measured with respect to the veloc-
ity of the droplet centroid. By comparing the velocity of the aggregates on the surface to that of
the droplet itself, the relative surface velocity of the droplet was obtained.

lll. RESULTS

The typical behavior of a charged droplet in response to a sudden change in the direction of
the applied electric field is shown in the time lapse images in Fig. 1 (right). In this example, after
contacting the bottom electrode, the droplet initially moved upward electrophoretically; at t =0
the polarity was reversed and the droplet rapidly began moving downward. To the naked eye, the
change in direction looked instantaneous, but analysis of the high speed video reveals more com-
plex behavior. The detailed velocity behavior of three representative droplets with different sur-
factant concentrations is shown in Fig. 2. The time lapse images on the left show cropped views
centered on the droplet to illustrate the tracer particle motion, while the graphs on the right show
the absolute droplet velocity and the relative tracer velocity. Focusing first on the case of no added
surfactant (Fig. 2(a) and supplementary movie #1 (Ref. 45)), we see that initially the droplet
moved upward at an approximately constant velocity, as indicated qualitatively by the vertical
arrows (blue) in the time lapse images and quantitatively in the velocity data at right. Notably,
during this time period the tracer particles did not move measurably with respect to the drop center
(Fig. 2(a) left, horizontal arrows (red)), suggesting the drop was translating as a rigid sphere. Fol-
lowing the reversal of the electric field at +=0, the droplet changed direction and moved
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downward at an initially high velocity which then decayed to a steady, lower magnitude. Concur-
rent with this velocity decay, the phenolphthalein tracer particles were observed to move in the op-
posite direction (with respect to the drop center). As the droplet reached a steady velocity, the
tracer particles likewise slowed down relative to the drop center (Fig. 2(a) right). We emphasize
that the tracer particles were essentially stationary with respect to the droplet center except for the
transient rearrangement following the electric field reversal.

The observed droplet velocity behavior was highly sensitive to the surfactant concentration in
the droplet. Fig. 2(b) shows the behavior of a droplet with an intermediate concentration of SDS,
slightly below the CMC. The droplet initially moved upward at a steady velocity, and there was
no measurable relative motion of the tracer particles. Upon reversal of the applied electric field,
the droplet accelerated in the opposite direction in a manner qualitatively similar to the no surfac-
tant case. Quantitatively, however, the velocity behavior was quite different; the droplet velocity
did not decay appreciably (cf. Fig. 2(a)). Instead, the droplet velocity reached a maximum value
and plateaued. The behavior of the tracer particles also differed significantly; a very slight and
shortlived “bump” in the velocity occurred near t =0, yielding a barely discernible displacement
in the positions of the tracer particles (Fig. 2(b) and supplementary movie #2 (Ref. 45)). Inspection
of the high speed video shows that the velocity bump occurred simultaneously with a small defor-
mation of the droplet shape, i.e., the aspect ratio of the droplet momentarily decreased. This rapid
deformation occurred whenever the surfactant concentration was near the CMC. Since surfactants
are known to impart an elastic character to liquid interfaces®”** one possible explanation is that
the rapid change in the direction of the driving force caused an elastic deformation of the droplet.
The important point here, however, is that outside of this short-lived deformation; the droplet sur-
face was effectively rigidified at intermediate surfactant concentrations.

At even higher surfactant concentrations, the velocity behavior again differed (Fig. 2(c) and
supplementary movie #3 (Ref. 45)). Initially, the upward droplet velocity was steady, but in con-
trast to the behavior at lower SDS concentrations the tracer particles were observed to recirculate,
suggesting that the surface of the droplet was in motion. Note that at the higher surfactant concen-
trations, a substantial fraction of the phenolphthalein flocs resided inside the droplet, allowing in-
ternal recirculation to be visualized. After the reversal of the field polarity, the droplet reversed
direction and exhibited displayed a transient decay in velocity similar to the no added surfactant
case. The tracer particles likewise reversed their direction of recirculation, with the absolute mag-
nitude of their velocity decaying by approximately a third over a timescale commensurate with
the droplet velocity decay.

Additional experiments indicated that the behavior discussed above is robust. For dilute or high
surfactant concentrations, transient velocity decays occurred following a polarity reversal regardless
of the initial polarity and regardless of which electrode was live or grounded. Likewise, the behavior
was insensitive to the absolute distance of the droplet from the electrodes; transient velocity decays
were observed even if the polarity was reversed while the droplet was in close proximity to an elec-
trode, although quantitatively the magnitudes of the velocity decay differed (data not shown). The
effects of increased viscous hindrance and image charge attraction complicate interpretation of
near-electrode behavior, so we focus here on the “mid-flight” behavior far from the electrodes.

A convenient quantitative measure of the velocity behavior is the ratio of the maximum
observed downward velocity following the field reversal, U,,,,, to the final steady downward ve-
locity, Uf,q. This ratio was measured systematically as a function of SDS concentration for two
different applied potentials (1000 and 1500 V). No phenolphthalein was added in these trials to
focus solely on the effect of SDS. Several trends are apparent (Fig. 3). First, the velocity ratio fol-
lows a complicated nonmonotonic concentration dependence. At low SDS concentrations, the ve-
locity ratio U, /Uping is approximately 1.5, consistent with Fig. 2(a). As the SDS concentration is
increased, the velocity ratio decreases, eventually reaching a minimum value close to 1 (indicating
no change in velocity, cf. Fig. 2(b)) at concentrations approximately 20% of the CMC. As the con-
centration is increased further up to the CMC, the velocity ratio climbs back up to 1.5 (cf. Fig.
2(c)), but at even higher concentrations the velocity ratio begins to decrease again. A second major
trend is that the velocity ratio is insensitive to the applied field strength. Increasing the magnitude
of the field strength by 50% had little effect on the magnitude of the velocity ratio over the entire
range of concentrations.



012101-6 B. S. Hamlin and W. D. Ristenpart Phys. Fluids 24, 012101 (2012)

The number density and exact distribution of phenolphthalein flocs differed on each droplet
(as seen in Fig. 2), so differences in floc density conceivably could affect the velocity behavior.
Since similar velocity decays were observed with and without phenolphthalein (cf. Figs. 2(a) and
3), however, a key implication is that the presence of phenolphthalein is not responsible for the
observed velocity decays. We tested this hypothesis more directly by systematically varying the
concentration of phenolphthalein in deionized water droplets (Fig. 4). The phenolphthalein con-
centration was varied from O to 13.5 g/l, far above the typical phenolphthalein concentrations of
2-3 g/l used here. The velocity ratio U,,;/Ujs,a Was found to be insensitive to phenolphthalein
concentration over the range of concentrations tested, with velocity ratios averaging about 1.4.
The observations suggest that the droplet deceleration is insensitive to phenolphthalein concentra-
tion. Notably, even droplets with no surfactant or phenolphthalein (i.e., pure deionized water)
exhibited a velocity ratio of about 1.4, suggesting that surface active contaminants were present in
the system (discussed in more detail below).

To test whether similar velocity behavior occurs with nonionic surfactants, we measured
U nad Ufing over a wide range of concentrations of Triton X-100 and Brij-35 in deionized water at
1500V applied potential (Fig. 5). Qualitatively the behavior is quite similar to that found with
SDS, with velocity ratios close to 1.5 at very low surfactant concentrations, a decrease to 1 at in-
termediate concentrations closer to the CMC, and an increase again at even higher concentrations.
In contrast to SDS, however, relatively little surfactant induced a decrease of the velocity ratio:
concentrations as small as 10> times the CMC yielded a velocity ratio close to 1, as opposed to
approximately 20% of the CMC for SDS. Also, with the nonionic surfactants, the velocity ratio
was not observed to increase back up to 1.5 at higher concentrations, instead plateauing near val-
ues of 1.2 to 1.3.

Additional experiments for varied surfactant concentration, but with phenolphthalein tracer
particles, were conducted to characterize the relative surface motion of the droplets. The observa-
tions are summarized qualitatively in Table I. At low concentrations, the surface motion is similar
among the three surfactants studied; we observe a transient rearrangement of the surface following
the reversal of the applied electric field, concurrent with a decrease from the peak velocity. Inter-
mediate concentrations below the CMC were likewise similar between surfactants; we observed
no appreciable relative surface motion and no droplet velocity decay. The behavior for Brij-35
and Triton X-100 is qualitatively different at higher concentrations, however, as we observe
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FIG. 3. (Color online) The effect of SDS concentration on the ratio of the peak velocity to the final velocity following a po-
larity reversal for two different applied electric potentials: circles (blue), 1000 V; triangles (red), 1500 V. Droplets were
0.5 ul deionized water with no phenolphthalein. Each point is the mean of 5 trials; error bars represent one standard
deviation.
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FIG. 4. (Color online) The effect of phenolphthalein concentration on the ratio of the peak velocity to the final velocity fol-
lowing a polarity reversal for 1 ul deionized water droplets with no added surfactant. The applied potential was 1500 V.
Each point is the mean of 5 trials; error bars represent one standard deviation.

transient motion of the surface rather than the continuous recirculation exhibited by droplets with
high concentrations of SDS.

IV. DISCUSSION

The experimental observations clearly demonstrate that droplets with sufficiently low or suffi-
ciently high surfactant concentrations will decelerate significantly from a peak velocity following
a sudden polarity reversal, and that the magnitude of the velocity decay is sensitive to the surfac-
tant type and concentration. The key question is: why do the droplets decelerate?

Several physical effects are readily discounted. First, we note that the Reynolds number based
on the droplet radius ranges from Re =0.01 to 0.05, so inertial effects should be negligible; even
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FIG. 5. (Color online) The effect of nonionic surfactant concentration on the ratio of the peak velocity to the final velocity
following a polarity reversal at 1500 V: squares (green), Brij-35; circles (blue), Triton X-100. Droplets were 0.5 ul deion-
ized water with no phenolphthalein. Each point is the mean of 5 trials; error bars represent one standard deviation.
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TABLE I. Qualitative summary of tracer particle motion observed following a polarity reversal.

c <k CcmMC c<cMmc czCcMC C>CcMC
SDS Transient surface motion ~ Immobilized surface ~ Transient surface motion ~ Continuous recirculation
Brij 35 Transient surface motion ~ Immobilized surface Immobilized surface Transient surface motion
Triton X-100  Transient surface motion  Immobilized surface Immobilized surface Transient surface motion

if inertial effects were significant, they would tend to inhibit acceleration in the opposite direction
following the polarity reversal, rather than causing a deceleration in the new direction. A second
possible explanation involves slow changes in the electric field polarity, i.e., the droplets simply
move at a velocity determined by the instantaneous value of the electric field strength. Our elec-
trometer measurements, however, indicate that the applied potential reaches a new steady value
within 3ms of reversal, which is small compared to the 100 ms time scale over which droplet
deceleration and transient tracer particle rearrangement are observed. Moreover, a mechanism
based on slow changes in the electric driving force is inconsistent with the observed dependence
on the surfactant concentration.

A third and more subtle mechanism could involve electrical interactions with the electrodes,
either through image charge or dielectrophoretic forces. Note that the image charge force is
always attractive and scales as Q*/(2 d)*, where d is the distance between the drop center and elec-
trode surface; the dielectrophoretic force for our geometry is also attractive toward the electrode,
with the force increasing in magnitude as d decreases. Straightforward scaling estimates suggest
that the magnitude of the image charge and dielectrophoretic forces are negligible compared to
the electrophoretic driving force when the droplet is near the midpoint between the electrodes.
More importantly, both forces would cause an acceleration toward the electrode, rather than the
observed deceleration.

The experimental observations instead suggest that the deceleration is associated with tran-
sient changes in the instantaneous drag coefficient. Notably, the ratio of the peak velocity to the
final velocity is always observed to be within the range 1.5 to 1. For our droplets, the viscosity ra-
tio is u/it=10"2 so A1 and the ratio of the velocities for the Hadamard-Rybcynzki solution
and the Stokes solution is also 1.5 to 1 (cf. Sec. I). The magnitude of the observed velocity decay
is thus consistent with a transition between drag coefficients predicated on slip or no-slip, respec-
tively, at the liquid/liquid interface. The tracer particle motion observed at low surfactant concen-
trations is consistent with this interpretation: the maximum tracer particle velocity occurs when
the droplet velocity is maximal, and as the droplet decelerates to the final velocity, the tracer parti-
cle velocity concurrently decays to zero (cf. Fig. 2(a)).

If one posits the existence of a stagnant cap, then the observations at low surfactant concentra-
tion are explicable in terms of the transient relocation of the cap following the polarity reversal.
For dilute surfactant concentrations, the change in direction of motion forces the stagnant cap to
relocate to the other side of the droplet. During this transition, the droplet surface becomes tempo-
rarily mobile, allowing the droplet to “slip” through the oil at a higher velocity. A schematic of
this proposed mechanism is shown in Fig. 6(a). The droplet initially moves at a steady velocity
with a stagnant cap established on the trailing edge (7 < 0), but after the droplet changes direction
the surfactants relocate (0 < ¢ < a/U) until the cap reforms at the opposite side of the droplet, again
inhibiting recirculation within the drop (> a/U).

We also observe a velocity decay and transient rearrangement when no surfactants are added,
which would seem to suggest that no stagnant cap would be present and no velocity decay should
be observed. It is well known, however, that surface active contaminants or impurities are difficult
to entirely remove and that they readily serve to form stagnant caps; workers as early as Bond and
Newton® observed behavior consistent with stagnant caps even with ostensibly “clean” liquids.
Although the nature of the contaminants is unclear, the observed behavior is consistent with the
dynamic rearrangement of a stagnant cap composed of surface active contaminants.

The stagnant cap mechanism is also qualitatively consistent with the behavior observed at in-
termediate surfactant concentrations. As the concentration is increased closer to the CMC, the cap
increases in size until it subsumes the entire droplet, i.e., the “cap angle” is effectively 180°. In
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this situation, the drop surface is effectively rigidified regardless of the direction of motion; in
other words, the cap has nowhere to go because it already covers the surface (Fig. 6(b)). Accord-
ingly, neither a velocity decay nor transient surface motion would occur following a polarity re-
versal, which is consistent with the experimental observations (cf. Fig. 2(b)). At even higher
concentrations, more complicated effects associated with micellization and remobilization occur
(discussed in more detail below).

The time scale over which the transient rearrangement occurs is consistent with a mechanism
based on convectively dominated rearrangement of the stagnant cap. The conservation equation
for the surfactant concentration I at the drop surface is

dl’ Dze
—+u,-V,\'=D,V’T +D,Vc il +—
7 +u -V, sViI'+ D,V it + isT

V- (TE), 4.1)

where u is the local surface velocity, V denotes the surface gradient operator, D, and D, are the
surface and bulk surfactant diffusivities, respectively, c is the bulk concentration, z is the valence
of the ions, e is the elementary charge, kp is the Boltzmann constant, and T is the temperature. The
first two terms on the right-hand side of Eq. (4.1) represent diffusion along the surface and sorp-
tion into the surface, respectively, while the last term represents electromigration. Because of the
coupling between both the flow field and the electric field, a full solution is challenging, but scal-
ing estimates indicate that some of the terms are negligible for the experimental conditions inves-
tigated here. Selecting the droplet radius a as the characteristic length scale and the absolute drop
velocity U as the characteristic velocity, nondimensionalization of Eq. (4.1) yields

) PO LS S U o P
— ;- VI =—V I 4+—Vc¢- — V(T'E), 4.2
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where the various dimensionless terms are defined as
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& Ds ch Dh X ro 0 ka a ( )

Here I'j is the maximum possible surface concentration, ¢, is the bulk concentration of surfactant,
and E; is the electric field strength along the droplet surface. Substitution of the characteristic val-
ues a=1mm, U=10mm/s, and D;=10""" m?/s (Refs. 41 and 42) yields Pe,= 10°, indicating
that surface diffusion is negligible. The relative magnitude of the sorption term depends on J,
which gauges the relative magnitudes of the bulk surfactant concentration and maximum surface
concentration.

As for electromigration, we first note that z is effectively zero for nonionic surfactants, so
electromigration is negligible. For ionic surfactants (e.g., SDS), we obtain an approximate esti-
mate for £, by assuming the droplet and surrounding oil are perfect dielectrics, so that the classical

result for a sphere in a uniform electric field pertains,* viz.,

3

S 44
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s

Here, €¢,, = 78 and ¢, = 3 are the dielectric constants of the water and the oil, respectively. We
estimate the field strength as £, ~ ®,,,/d, where ®,,, is the applied potential and d is the elec-
trode separation. With these estimates, even for applied field strengths as high as 300 V/mm, the
dimensionless field strength is only Ey =~ 200, so the ratio E(/Pe, is negligibly small. Thus, to a
good approximation, the surfactant concentration on the drop surface is governed by

b oo 7 e

— -VI'=-—-Ve - 4.5

7 T Vs Pe, VO 4.5)
A key implication is that in the limit of small bulk surfactant concentrations (¢ — 0), the influence
of sorption is negligible and the surfactant concentration (and consequent Marangoni stress) is
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governed completely by convective forces. Notably, substitution of the characteristic magnitudes
a=1mm, U= 10mm/s yields a convective time scale of 100 ms, which is commensurate with the
time scale over which the velocity is observed to decay experimentally (cf. Fig. 2).

At large bulk surfactant concentrations, in contrast, y increases in value, and a more compli-
cated interaction between the bulk and the surface occurs. At values near and above the CMC
(Fig. 6(c)), the droplet velocity decays from a maximal velocity (similar to the case of low

(A) c << CMC: Cap Limited Transient Surface Motion

t<0 O<t<alU t>>a/U

=) El

(B) c < CMC: Immobilized Surface
t<0 O<t<all t>>a/U

(C) c 2 CMC: Micelle Limited Transient Surface Motion
t<0 O<t<alU t>>al/U

(D) ¢ >> CMC: Continuous Recirculation
t<0 O<t<alU t>>a/U
E

FIG. 6. (Color online) Schematic of the proposed mechanisms driving the velocity behavior following a polarity reversal.
Arrows (blue) qualitatively indicate direction and magnitude of the droplet velocity. (a) At low concentrations, a stagnant
cap transiently relocates, allowing the droplet to momentarily slip through the surrounding fluid at a higher speed. (b) At
concentrations closer to the CMC, the stagnant cap covers the droplet, and the surface is effectively rigidified regardless of
direction. (c) At concentrations near or above the CMC, an asymmetry in the micelle concentration within the bulk of the
droplet transiently reverses, again allowing the droplet to slip through the surrounding fluid at a higher speed. (d) At very
high concentrations, the gradient in micelle concentration vanishes and continuous recirculation is observed.
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surfactant concentration). We hypothesize that this decay at high surfactant concentrations is
caused by an asymmetry in micellar concentration inside the droplet, rather than a gradient along
the surface. As discussed in detail by Stebe et al.,’>*" as a droplet moves an asymmetry is formed
in the local micellar concentration at the leading and trailing edges of the drop. The convective
shear pulls surfactant monomers to the trailing edge, where they micellize to maintain the local
monomer concentration in the bulk at the CMC. At the leading edge, micelles break apart to
replenish the surface. If there is an asymmetry in the rates of adsorption and desorption at the lead-
ing and trailing edges of the droplet, then a local depletion of micelles and corresponding stagnant
cap will form. If the micelle sorption kinetics are fast compared to convection, then increasing the
surfactant concentration further (Fig. 6(d)) prevents local depletion of micelles and again remobil-
izes the surface. This latter behavior is consistent with the observed decrease in velocity ratio
observed at very high SDS concentrations (cf. Fig. 3).

V. CONCLUSIONS

In this work, we demonstrated that a transient velocity decay can occur when charged droplets
are subjected to a sudden change in the applied electric field direction. The magnitude of the ve-
locity decay is highly sensitive to the surfactant type and concentration, but insensitive to the elec-
tric field strength. The observed time scale of the velocity decay, the observed surface motion and
the surfactant concentration dependence are all consistent with a mechanism based on the convec-
tively dominated rearrangement of a stagnant cap. Although the mechanisms presented in Fig. 6
are qualitatively in accord with the experimental observations, several details remain to be
explained. For example, surface immobilization occurred at widely differing values of the surfac-
tant concentration for the different surfactant types: ¢/CMC = 10> for Brij-35 and Triton X-100,
but ¢/CMC = 10~! for SDS. Likewise, full remobilization and recirculation was observed at suffi-
ciently high SDS concentrations but was not observed for the non-ionic surfactants. Since this
behavior presumably depends sensitively on the adsorption/desorption kinetics of the individual
surfactants, more detailed numerical calculations will be helpful in interpreting these effects.

Regardless of the underlying details, the observations reported here have several implications
for practical applications. First, precise control of the location of charged droplets in lab-on-a-chip
devices?®" will most easily be accomplished at intermediate surfactant concentrations where no
velocity decay occurs. If surfactants are undesired, then care must be taken into account for the
transient velocity decrease following any changes in direction. Likewise, simulations of droplet
motion within electrostatic separators or electrocoalescers®® should take into account the non-
uniform velocity following contact with an electrode or another drop;*° a fascinating question
involves the effect of the stagnant cap rearrangement on the dynamics of the Taylor cone formed
when a droplet approaches an electrode or another droplet.** Most importantly, the results pre-
sented here highlight the need to fully characterize the drag on a droplet before using its observed
velocity to estimate the charge, since errors of 50% could easily occur simply by assuming Stokes
drag. Drag characterization experiments of the kind presented here should be conducted whenever
precise charge measurements are necessary.
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