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Efficient mixing strategies in a fluid involve generation of multi-scale flows which are strongly
suppressed in highly viscous systems. In this work, we report a novel form of multi-scale flow, driven by

an external electric field, in a highly viscous (n ~ 1 Pa s) oil-in-oil emulsion system consisting of micron-

size droplets. This electro-hydrodynamic flow leads to dynamical organization at spatial scales much
larger than that of the individual droplets. We characterize the dynamics associated with these structures
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by measuring the time variation of the bulk Reynolds stress in a rheometer, as well as through a micro-
scale rheometric measurement by probing the spectrum of fluctuations of a thin fiber cantilever driven
by these flows. The results display scale invariance in the energy spectra over three decades with

a power law reminiscent of turbulent convection. We also demonstrate the mixing efficiency in such

www.rsc.org/softmatter micro-scale systems.

Introduction

Multi-scale fluid flow occurs in many natural phenomena. One
example is in fluid turbulence, which is represented as an
energy-cascade flowing from larger scale eddies to smaller
ones where it is dissipated due to viscosity." In pipe-flow of
Newtonian fluids driven by pressure gradients the flow becomes
unsteady when nonlinear inertial forces exceed the dissipative
viscous forces, around the Reynolds number Re ~ 2000, where
Re is the ratio of inertial-to-viscous forces.>> Multi-scale flows have
also been observed at very low Re in non-Newtonian fluids, e.g.
elastic turbulence in polymer solutions* and meso-scale turbulence
in dense suspensions of “active” self-driven systems.>® The source
of the non-linearity in polymer solutions has been attributed to the
presence of elastic stresses that arise from the conformational
change of polymer molecules during the flow, whereas in active
systems the non-linearity arises from mutual interactions.
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Gaining control over the multi-scale flow is also of practical
importance. Such control can be achieved in micro-scale self-
organizing systems, where one is able to control microscopic
interactions through which the connection between inter-
actions at smaller scale and the resulting large scale flow can
be elucidated.”

There are many applications where the accelerated rate of
mass transport afforded by multi-scale fluid flow is desirable.
One such situation of great industrial importance is mixing.®
Situations involving mixing where the Reynolds number is
small, such as in microfluidic devices, require vigorous shear-
induced mixing.® This is an inefficient process because viscous
dissipation suppresses the occurrence of multi-scale flow in low
Reynolds number systems. Chaotic mixing has been achieved
by elegant means,'® but in a flow-through geometry.

In this work, we present a new system - a micron-scale oil-in-
oil emulsion - where mixing is achieved, in a non-flow-through
geometry and in the presence of sub-millimeter scale confine-
ment, via control of electrohydrodynamic flows across multiple
time and length scales. The multi-scale flow observed here
straddles the paradigms of scale-invariant turbulent systems
and self-organizing active matter systems. We demonstrate an
unprecedented level of control, both of the strength of the
hydrodynamic interactions with an external electric field, and of
the energy-injection length scale via the size of the droplets. We
then obtain multiple measures of these unsteady flows using
macro- and micro-scale rheometry, as well as through concurrent
optical microscopy and find self-consistent power law scaling in
the energy spectrum. We also demonstrate the mixing efficiency
in such micro-scale systems through the dispersion of dye.
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In the presence of an electric field, the difference in the
conductivity of a liquid drop and its surrounding liquid results
in the formation of surface charges on the drop. The character-
istic charge relaxation time (z.) in the drop phase and in the
surrounding liquid phase is given by the ratio of the permitti-
vity (¢) and conductivity (o) of the respective medium. When
1. is larger for the drop phase than for the medium, the drop
undergoes spontaneous rotation'" in the presence of field: for
an isolated drop, the axis of rotation lies in the plane normal to
the electric field vector. In addition, the combination of an
electric field and a charged interface gives rise to electro-
hydrodynamic forces, which cause circulatory flows inside and
outside the drop, leading to drop deformation. This scenario is
well captured in the leaky dielectric model presented by Melcher
and Taylor'? and studied extensively thereafter.">'*

Hydrodynamic interactions are long ranged, and the velocity
associated with the rotational flow generated by a droplet
decays inversely with the square of the distance.'® Neighboring
droplets respond to the electric-field-induced fluid flow in
multiple ways: moving,'® deforming, breaking up, or coalescing -
a detailed study of the frequency-dependent phase diagram was
reported earlier'” and dc fields were found to provide the
strongest hydrodynamic interactions. Beyond a critical value of
the field, an “active” regime appears where a convective electro-
kinetic instability sets in that generates spatial variations in
droplet concentration in the system and an emergent collective
flow pattern is observed. Such instabilities have been observed in
nematic liquid crystals'® and in electrolytes.'>*°

Experimental

Our system consists of an oil-in-oil emulsion, prepared by mixing
silicone oil (a dielectric) and castor oil (a leaky dielectric) in a
volume ratio of 1:3 in a vortex shaker. The castor oil forms the
continuous phase while the dispersed droplets are of silicone oil
(see Fig. 1(a)). The high viscosity of the liquids ensures, even in
the absence of a surfactant, that the quiescent emulsion is stable
for days. In the absence of an external field, the oil-in-oil mixture
is Newtonian, exhibiting a clean, linear dependence of stress on
shear rate (see Fig. S1, ESIt). The material constants for silicone
and castor oils are tabulated in Table S1 (ESIt). The experimental
set-up is shown schematically in Fig. 1(b). The emulsion was
placed between two ITO coated electrodes (spaced 300 pm apart),
mounted in the parallel plate geometry onto a rheometer (Anton
Paar; MCR301), and imaged from below using a high-speed
camera (PCO 1200s) with a 4x magnification objective (NA = 0.2,
working distance = 15.7 mm). The illumination is provided from
the top by a customized LED light source. An alternate (micro-
rheometric) setup involved an optical fiber cantilever that was
clamped at the edge of the cell but tapered to a diameter of
30 um inside the cell which allows optical measurements, with a
10x magnification objective and a CMOS camera (PCO; Edge 4.2),
of cantilever fluctuations driven by the hydrodynamic flows. An
external dc electric field is applied across the electrodes by using a
high voltage source (SRS PS375).
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Fig. 1 (a) The micrograph shown is a snapshot of the emulsion at zero
field. The silicone oil droplets are dispersed in the continuous phase of
castor oil. (b) A rheometer, shown schematically, is used to measure shear
stress in an oil-oil emulsion system. The red rectangular box shows the
region that is being imaged between the electrodes. It is also the region
where a thin optical fiber is placed as a cantilever that responds to the
hydrodynamic flows. (c) Electrical power drawn (P) as a function of E.

Results and discussion

Droplet imaging and velocimetry

Upon increasing the electric field from E =0 to 6.7 V um™"', we

observe a violent breakup of large drops into smaller droplets
(Movie 1, ESIt), coupled with unsteady flows. The observation
of drop breakup is consistent with an increase in the electrical
power drawn by the system above E = 3 V um ™' (see Fig. 1(c)),
and is accompanied by enhanced drop motion. The strength of
the motion increases dramatically with increasing field, and the
system enters the active regime where drop sizes are indepen-
dent of the initial conditions. The droplets continually split into
daughter structures and recombine: while the interfacial electro-
static stresses aid their break-up, surface tension provides the
stabilizing force opposing the production of smaller sized drops.
At each electric field, we observe a steady-state distribution of
droplet sizes N(a), which is shown as a function of the drop
radius a for E > 6 V um™" in Fig. 2. For fields larger than
E=6.7Vum ' there is a steady state droplet size distribution,
and a log-normal form (as indicated in ref. 21) can be fit to the
size distributions, yielding a mean droplet radius = 22 £ 1.3 um.
The key point is that there is a lengthscale (the Hinze scale ay;
highlighted with gray bands in Fig. 2) above which drops do not
survive. The existence of a typical lengthscale for bubbles in
turbulent shear flow was recognized by Hinze,?*> who obtained
ap by equating the disrupting differential pressure forces (op)
on the droplets’ surface to the restoring forces due to surface
tension (y), defined as ay ~ y/op. The inset of Fig. 2 shows the
variation of a;; with E (computed, as elsewhere,> by thresholding
the cumulative count of N(a) at 95%). In the present experiments
the differential pressure forces arise due to both the induced flow
and the accumulated surface charges. The effect of the shear flow

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 The variation of droplet size distribution N(a) normalized with its
maximum value with drop radius a for fields above 6 V um~ is lognormal

2
(red dashed line) with the form s(a) — e (oze(@-#°/(25) /a\/ZnZZ. The fit

yields mean droplet radius = 22 & 1.3 um, for £ > 9V um~*. The gray bands
represent the range of values calculated for ay.

is reflected in the deformations of the droplets (see Fig. S2,
ESIt) while the effect of buildup of surface charges is evident
for droplets of larger size which burst into smaller ones.

The dynamics of the system was simultaneously captured by
three techniques: (i) macro-scale rheology using a conventional
rheometer, (ii) micro-scale rheology via the imaging of micro-
scale cantilever fluctuations, and (iii) direct optical imaging of
droplet motions which we discuss first. Fig. 3(a) and (b) show
representative optical micrographs of the droplet motions
at electric fields E = 6.7 and 12 V um™ ' respectively. For
E < 6.7 Vum ', only a periodic convective motion exists in
the system, accompanied by droplet breakup and coalescence
events. For increasing values of E, however, the flow patterns
become random; they initially generate an isotropic chaotic
motion of the droplets without producing any distinctive
spatial structures (E = 6.7 V um ™) (see Fig. 3(a) and Movie 1,
ESIf). For E > 10 V um ™, flow generated coherent structures are
observed (see Fig. 3(b) and Movie 2, ESIt). Here, the droplets
are not uniformly dispersed; instead they form dynamic
clusters that are reasonably dense (area fractions of ~0.45)
which are spatially separated regions of high vorticity (see
Fig. 3(d)). With increasing field, these clusters become more
space filling, though their internal structure does not evolve
appreciably (see Fig. S3, ESIt).

The corresponding spatial velocity and vorticity maps,
shown in Fig. 3(c) and (d) respectively, are obtained from
particle image velocimetry (PIV) extracted from the motion of
droplets (see Fig. S4, ESIt). We also use the spatial-temporal
information from the PIV in Fig. 3(c) and (d) to obtain power
spectrum as a function of the spatial frequency k, and a
power law scaling, albeit over just one decade, with an exponent
o = 1.39 + 0.02 is observed (see Fig. 4). The variation of
mean and root mean square velocities with E is shown in
Fig. S5 (ESIY).
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Fig. 3 Snapshots of the system at (a) £ = 6.7 V um ™ and (b) 12 V um~%.
Typical velocity (shown by arrows) and vorticity (the color map in units
of s fields obtained from particle image velocimetry (PIV) for (c) E = 6.7V um™*
and (d) 12 V um ™2, with v,ms = 20 and 100 pm s~ respectively.
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Fig. 4 The power spectrum, E(k) vs. k, of turbulent droplet motion in the
active regime at different field values. It is fitted to a k~*k dependency
which yields oy = 1.39 & 0.02 as shown by the solid line (the dashed line
indicates the deviation from power law behavior at small k). The inset
shows the consolidated plots, i.e., k**E(k), for different E.

Macro-scale rheometry

Macroscopic rheological measurements reveal time evolution
of the electric field induced shear stresses, measured at the
top electrode. Fig. 5(a) shows the time series of shear stress
fluctuations (t — (t)), where (- - -) denotes the time average, for
various values (each with a different color) of E. We identify
it as the Reynolds shear stress, ie., the contribution of
turbulent motion to the mean shear stress." The data clearly
demonstrate that the internal flow in the cell, which produces
fluctuating stress at the walls, becomes increasingly unsteady

Soft Matter, 2016, 12, 1759-1764 | 1761
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Fig. 5 (a) Temporal fluctuations of shear stress, © — (), with increasing
electric field E. (b) The standard deviation of shear stress fluctuations
(shown in (a)) plotted against E2 exhibits a linear increase above a critical
value of E ~ 3V um™, which corresponds to Cag & 9. (c) The normalized
probability distribution of (z — (z)), P(1), broadens with increasing E.

with increasing E. In Fig. 5(b), we observe that the standard
deviation of the Reynolds stress, (t — (1)), a measure of the strength
of the unsteady flow, grows linearly as a function of the electric field
intensity E> above an electric field value of ~3 V um™". This is also
concurrent with the field strength at which the system shows a
sudden increase in the electrical power intake (see Fig. 1(c)). The
relative strength of the electrostatic and surface tension forces is
given by the electric capillary number Cay, = &y¢E%aly, where ¢, is the
free space permittivity and ¢ is the dielectric constant of the droplet
of size a; Cag > 1 would suggest the deformation of the droplet
from its spherical shape. In our experiments, the onset of unsteady
flow appears at E > 3 V um ' (see Fig. 1(c) and 5(b)) which
corresponds to Cag =~ 9 for a ~ 100 um. The corresponding
normalized probability distribution of (t — (r)), P(z), shown in
Fig. 5(c) for E = 1.7, 6.7 and 11.3 V pum ™, closely resembles
Gaussian distributions. The time series of stress fluctuations is
averaged over the entire surface of the detector and hence is only
sensitive to slowly varying fluctuations happening over a large scale.

Fig. 6(a) shows the power spectrum, Sy,(v), of the time series
data of the Reynold shear stress (t — (t)) for different values of
E. Strikingly, all the graphs have similar features: there is a peak in
S(v) at around 2-3 mHz, and from o, = 3 MHZ tO gy = 0.1 Hz,
the power spectrum exhibits a S(v) ~ v~ * power law. Results at all
the fields shown are fit globally to a single value of «,: this yields
o, = 1.38 £ 0.02. Assuming a linear dispersion relation 2nv ~
Vimsk, where vi,,¢ is the root-mean-square velocity and k is the
wave-vector, the frequencies 14y and Vg are related to lengths-
cales / = 2m/k = vims/v which are 50 mm and 1 mm respectively,
using voms = 100 um s~ these lengthscales are thus larger than
the cell spacing of 300 um but comparable to the lateral extent
(50 mm) of the system (see Fig. 4).

Micro-scale rheometry

In a separate experiment, we examine the spectrum of fluctua-
tions of a fiber cantilever immersed in the flow. Experiments at
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Fig. 6 (a) Power spectrum, S,(v), of macroscopic shear stress fluctuations
obtained from rheometry at different fields E. The power of fluctuations
increases but the frequency dependence of the spectra remains the same
and follows a v~* power law dependence for over a decade of frequencies.
A global fit for all electric fields to one value of o, yields «, = 1.38 + 0.02. The
inset shows the consolidated plots, i.e., 11S(v), for different electric field
values. (b) The power spectrum of micro-scale fluctuations S,(v) of an
optical fiber cantilever, shown on a log-log plot, enables access to higher
frequencies. A regime of power-law scaling with o, = 1.4 is also seen in
these microscale measurements up to 1 Hz, where we see droplet con-
vection. The inset shows collapse of all power spectra in (a) and (b) in the
regime —3 < log(v) < O.

two different field values in the active regime (E = 8.3 and
9.5 V um ') and two acquisition rates (812.9 and 9.97 frames
per second) are shown in a single plot in Fig. 6(b). Since the
fiber diameter is ~30 pm, it measures flow induced stresses at
the droplet lengthscale. In Fig. 6(b), we plot the power spectrum,
S,(v), of these fluctuations versus the temporal frequency v, on a
logarithmic scale. It should be noted that, in the overdamped
regime, the fluctuations in cantilever position are proportional
to stress fluctuations. Here we are able to span about 5 decades
in frequency. Below 1 Hz (log(v) = 0), we find that there is a power
law S,(v) ~ v~* scaling with a fitted value of o, = 1.40 & 0.04.
At a characteristic frequency v. ~ 1 to 3 Hz (depending on
amplitude), there exists a minor peak. Above v (for 0 < log(v) < 2),
there is a different scaling with a power law «, = 2.0 £ 0.03. The
power law exponent of —2 likely arises from the spectral response
of the cantilever at high frequencies while the peak at about 1 Hz is
associated with the frequency of visible convective motion of
droplets. This convective motion can be seen in Movie 3 (ESI}),
corresponding to an acquisition of a small area near the cantilever,
at 116 fps, where droplets can be seen going in and out of focus
with a period of approximately 0.5 second. The big drop rotates,
while the small ones revolve around the big one: both are driven by
the underlying fluid flow.

In conventional turbulence the length scale at which the
energy is injected to the system is well defined." This energy is
then progressively distributed towards smaller scales, described
through the relevant power-spectrum. The present experiments
suggest an alternative scenario: the electrical energy is directly
injected to the droplets which generates their motion. As the field
increases, the activity of these droplets increases. At high fields,

This journal is © The Royal Society of Chemistry 2016
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corresponding to Cag > 1, drops deform and break. In addition
drops move, coalesce and form clusters. All of this yields a broad
distribution of droplet sizes and the system self-organizes to
form cellular structures of convective flows. Thus, the steady
state reflects a multiplicity of energy injection length scales.

Mixing

To demonstrate the mixing efficiency of the system, the following
experiment is performed. The prepared emulsion (see Experi-
mental section) is divided into two portions. The first portion is
used to partially fill the rectangular cell (of dimension 25 mm x
4 mm X 0.25 mm). In the second portion the oil red O dye is
added to give it a red color. The dyed emulsion is then used to fill
the rest of the cell. It produces a clearly detectable front in the cell
(see the micrograph at ¢ = 0 in the top inset of Fig. 7). The height
of the front (%) is measured with respect to the initial height
(ko) at ¢ = 0. The system is kept in a horizontal position and on
application of the field the dye begins to diffuse at a much faster
rate. The top inset of Fig. 7 displays the micrographs captured at
different times (marked above each image) of the dispersion for
E =5V um™". The image in the bottom inset of Fig. 7 shows the
corresponding time evolution of %, which varies as square root
of t, i.e.,, h = hy + /2Dert, as shown by the yellow dashed line.
The grayscale intensity is averaged over the cell width; the darker
region corresponds to the space where the dye has spread. The
variation of the effective dispersion coefficient (D) as a function
of E is plotted in Fig. 7. Clearly the mixing begins to occur for
E > 3Vum ', in accordance with the onset of flow in the system
(see Fig. 1(c) and 5(b)). The dyed fluid is transported and spread
across the length of the cell by the multi-scale flow arising from
the collective motion of the droplets, thereby enhancing the
mixing of viscous fluids in a micro-scale system (see Movie 4,
ESIT). The typical value of the molecular diffusivity (D) of the
oil used®*® is ~107® mm?® s~ %; thus the ratio Deg/D ~ 0(10%).
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Fig. 7 Variation of effective dispersion coefficient (Deg) with E. The top
inset displays micrographs captured at different times (marked above each
image) for £ =5V um~% At t = 0, the height of the dyed front (in red color)
is ho. The grayscale image in the bottom inset shows the time evolution of
h, which varies as h — hy = v/2Dgrt, highlighted by the yellow dashed line.
The dark region in the grayscale map corresponds to the space occupied
by the dye, and vice versa.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

The largeness of the ratio suggests that turbulent dispersion is
the dominant mechanism for the mixing.

The experiments with dye also shed some light on the
self-organization process. The system organizes into cellular
clusters, whose length scale is comparable to the cell thickness.
With increasing field, this length scale remains unchanged (see
Fig. S3, EST}).

Conclusions

We have characterized the multi-scale flow that arises on appli-
cation of an electric field in an oil-in-oil emulsion system. Three
independent experimental modalities were employed to obtain
the power spectra in both space and time: they are all consistent
with the power law scalings that exemplify multi-scale spatio-
temporal flow.

Beyond a critical value of the field, a convective electro-
kinetic instability sets in that generates spatial variations in the
droplet concentration in the system and an emergent collective
flow pattern is observed. However, the mechanism of convective
instability in our system is still unclear and we plan to explore
its origin in a future study.

Multi-scale flow has also been observed in linear pipe flow
of polymer solutions®® with a direct energy cascade (as in con-
ventional turbulence) from large to small scales. In our experi-
ments, however, the source of the nonlinearity that leads to
multi-scale flow comes from droplet deformation and breakup.
The present experiment illustrates a unique situation where
energy is injected into the continuous phase at multiple length
scales, length scales that extend from a single drop to multi-drop
clusters. In this self-organizing multi-scale flow, we demonstrate
that turbulent dispersion is the dominant mechanism for mixing
at micro-scales.
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