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Current-Voltage Characteristic of Electrospray Processes in Microfluidics
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We use a glass-based microfluidic device to study the electric current behavior of an electrospray
process in the presence of a coflowing liquid. The current shows strong voltage dependence and weak flow
rate dependence, in stark contrast to classical electrospray. By considering that the current is dominated by
convection near the apex of the conical meniscus and driven by tangential electric stresses, we quanti-
tatively capture the voltage and flow rate dependence of the current. Our results elucidate the influence of
external field strength and open the way to achieve robust electric control of the current and of the drop

size in microfluidics.
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Since the pioneering work of Zeleny on the electrically
induced deformation of a spherical liquid drop into a coni-
cal meniscus [1], the applications of electrically assisted
processes have grown enormously [2] in fields like mass
spectrometry [3], powder technology [4], fiber generation
[5-8], and food and drug delivery [9,10]. This widespread
use results from the evolution of the conical meniscus,
which deforms into a liquid ligament or jet that either
breaks into drops or stretches to form fibers. In the case
of drop formation in air or vacuum, the process, which re-
sults in an aerosol or spray, is called electrospray. However,
this term is also used even if the medium is a quiescent
liquid bath [11] or a flowing liquid in a microfluidic device
[12], where emulsions rather than aerosols are generated.

The electrospraying process results from the finite con-
ductivity of the liquid, which promotes the migration of
charges in the bulk towards the bounding interface to
screen the external electric field; this is nothing but the
propensity of any conductor to have a zero net field in
its inside. However, since liquids are easy to deform, the
normal electric field outside the liquid that results from
the presence of this surface charge is able to stretch the
meniscus away from its original spherical shape. This
deformation is opposed by surface tension, which is re-
sponsible for exerting increasingly larger stresses as the
interface progressively deviates from the favored spherical
shape. The characteristic conical shape that typifies elec-
trospray processes, often referred to as a Taylor cone, thus
results from the hydrostatic equilibrium between electrical
and surface tension stresses [13,14].

Despite the fact that the cone formation is driven by the
applied electric field [15,16], it is usually found that the
scaling laws for both the electric current and the jet or drop
diameter do not depend on the field strength and are solely
controlled by the flow rate of the injected liquid [17-22].
Interestingly, there are situations where the opposite be-
havior has been observed, with the current exhibiting a
marked dependence on field strength [23-28]. In these
cases, there is a relatively small disparity between the
tip and the issuing-jet diameters compared to classical
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electrospray, suggesting that this could play a relevant
role in the effect of the external field. Consistent with
this idea, recent theoretical work suggests that this size
difference could indeed affect the local electric field
around the area where the microjet forms, thereby affecting
the current behavior [29]. However, despite the interest in
achieving electric control over the current, as this would
additionally provide a means to change the resultant drop
sizes, the underlying reasons governing the field strength
dependence of the current still remain unclear.

In this Letter, we use a glass-based microfluidic device
in a novel way to quantify the behavior of current as a
function of operating parameters and find that, unlike in
classical electrospray, there is a strong voltage dependence
and a weak flow rate dependence of the current. To under-
stand these results, we consider that the current is domi-
nated by convection near the apex of the cone and driven
by tangential electric stresses rather than by the flow rate of
the liquid. By writing a shear stress balance that accounts
for this additional effect, we capture the order of magni-
tude of the measured current and quantitatively describe its
voltage and flow rate dependence. Our results open the way
to induce electric control over the current and, as a result,
over the size of the drops formed in the process.

We use a microfluidic device made of glass similar to
that used for engineering double emulsions [30]. It consists
of a capillary with a square cross section of inner side 1 mm
and two cylindrical capillaries of similar outer diameter,
coaxially aligned with the square one. We pump a liquid of
conductivity K =10"*S/m and viscosity 1, = 17 cP
through one of these two capillaries, which was pulled to
have an inner diameter d; = 25 pum. Through the voids
left between the outer square cross section and the inner
circular cross section of this capillary, we pump a dielectric
liquid of viscosity 1, = 10 cP, at a constant flow rate of
30 ml/h. The third liquid, which we call a liquid collector,
is also a conductor and flows through the inside of the
second cylindrical capillary. As a result of the imposed
flows, the exit of the device is provided by the voids left
between the outer square cross section and the circular
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cross section of this second cylindrical capillary, as shown
in Fig. 1(a). To apply the external electric field, we estab-
lish an electric potential difference between the metallic
needles in contact with the inner liquid and liquid collector,
which act as electrodes due to their finite conductivity.
Using this liquid configuration, we fix the flow rate of
the inner liquid ¢; and adjust the flow rate of the liquid
collector to maintain a constant tip-to-liquid-collector dis-
tance L = 900 um. We then progressively increase the
applied voltage V and monitor the meniscus behavior by
using high speed imaging and optical microscopy. In the
absence of applied voltage, we observe the expected drip-
ping behavior [31], where drops grow at the tip and detach
when the drag exerted by the outer liquid overcomes
surface tension forces; this is similar to the dripping at
any faucet, except that it is driven by drag rather than by
weight. For low voltages, the inner liquid continues to
drip, but the resultant drop size decreases with increasing
voltage as a result of the additional electric forces exerted
on the drop [32,33]; this is often called the electro-
dripping regime. At even higher voltages, we observe a
pulsating behavior, with the meniscus alternating between
hemispherical and conical shapes [33,34]. This oscillatory
behavior of the meniscus often precedes the steady-state
generation of drops in electrospray. Consistent with this,
by applying a slightly larger voltage, we observe the
formation of a meniscus with a stable conical shape with
a steady-state microjet issuing from its apex, as shown in
Fig. 1(b). The microjet either directly breaks into drops due
to the growth of axisymmetric hydrodynamic instabilities,
as also shown in Fig. 1(b), or undergoes a 3-dimensional,
nonaxisymmetric hydrodynamic instability at higher flow
rates of the inner liquid before breaking into drops, as
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FIG. 1 (color online). (a) Schematic of the experimental de-
vice. The inner liquid is ethylene glycol, and the coflowing,
dielectric liquid is a poly(dimethylsiloxane) oil. The interfacial
tension is y = 40 mN/m. (b) Image corresponding to the cone-
jet mode, with a jet issuing from the conical meniscus and
breaking into drops. The inset shows an image of an extracted
emulsion with average drop diameter 1 um. (c) Image corre-
sponding to the whipping mode, where the jet exhibits an off-
axis, bending instability before it breaks into drops. The scale bar
in all images is 20 pum.

shown in Fig. 1(c). The first mode of drop formation
essentially results from the Rayleigh-Plateau instability
responsible for the breakup of water jets emanating from
a faucet [35,36], although in this case there are fluid flow
and surface charge involved [37]. The second mode is
called whipping and results from the off-axis instability
associated with charged jets [5,25,38]. If the growth rate of
this mode is larger than the growth rate of the axisymmetric
mode, the jet bends off-axis before it can break into drops.

The experimentally measured current is independent of
the hydrodynamic instability associated with the microjet.
This indicates that the mechanism of charge transport in
our device is independent of the fate of the jet. We find that
the current grows linearly with applied voltage, as shown
in Fig. 2. This is significantly different from what is usually
observed in most common electrospray processes, where
the current is essentially independent of the applied voltage
[17-22]. In these experiments, d; is several orders of
magnitude larger than the jet diameter dj, implying that
the electric field near the region where the microjet issues,
which is typically a distance of O(d;) away from the
capillary, very much depends on the charge distribution
near the interface and not so much on the externally
applied field. As a result, 7 # I(V). In addition, near the
issuing jet, the speed of the inner liquid is markedly larger
than it is at the tip, implying that in this region the current is
controlled by the convection of the surface charge, which is
driven by the inner liquid flow rate. As a result, the current
solely depends on ¢; [17].

In our experiments, d; is at most about an order of magni-
tude larger than dj, as is also the case in most situations
where a voltage dependence of the current has been ob-
served. As a result, the local field around the region where
the microjet forms could be affected by the external field,
which would still be significant at a distance of O(d;) away
from the capillary. Based on the linear /-V characteristic of
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FIG. 2 (color online). Experimentally measured current and jet
diameter (inset) as a function of applied voltage at different g;:
(%) 20, (%) 25, (A) 30, (A) 35, (@) 40, (O) 45, (») 50, (>>) 55,
(M) 60, (O)) 65, () 70, () 80, (®) 90, (<) 100, (V) 120, and
(V) 150 wl/h.
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our device, this effect could reflect contributions to
the current from conduction mechanisms. To test this
possibility, we estimate the conduction current in the straight

part of the microjet right after it forms: I g =
27K jgje‘/z Eirdr =~ mK E;'Cdjzet/4, where K is the electric

conductivity of the inner liquid and E' is the average axial
component of the electric field inside the inner liquid, which
we estimate considering that our electrode configuration
resembles a needle-plate configuration, where E = CV/
[zIn(2L/d;)] [29], with z the axial distance measured from
the tip and C a constant equal to 0.59 for our device geometry,
as determined by computer simulations [39]. We find that
the measured current scaled by this theoretical estimate
increases with voltage, as shown in Fig. 3. The slope asso-
ciated with this increase is larger than the slope associated
with the /-V characteristic, indicating that measured and
estimated currents show opposite trends with applied volt-
age; while the measured current increases with voltage, as
shown in Fig. 2, the estimated conduction current decreases
with voltage. This decrease results from the reduction in dje
with voltage, as shown in the inset in Fig. 2. These results
clearly rule out conduction as the responsible mechanism for
the current increase we observe with voltage.

We thus hypothesize that the behavior is due to convec-
tion but driven by the external electric field rather than
driven by the liquid flow rate. To test this, we evaluate the
convective contribution to the current in the straight part of
the microjet right after it forms: I.o,, = 7dj,ou,, where o
is the surface charge density, which results from the mi-
gration of charges to the interface in an attempt to decrease
to zero the electric field inside the inner liquid and u; is the
interface speed. We obtain this speed by writing a simple
tangential stress balance at the jet surface [40,41]:
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FIG. 3 (color online). Experimentally measured current scaled
with calculated current, assuming conduction, as a function of
applied voltage at different ¢,: ((J) 45, (M) 60, and (O) 70 w1/h.
Experimentally measured current scaled with calculated current,
assuming convection, as a function of applied voltage at different
qi: (%) 20, () 25, (A) 30, (A) 35, (@) 40, (O) 45, (») 50,
(™>) 55, (W) 60, (O) 65, () 70, (<) 80, (®) 90, (<) 100,
(V) 120, and (V) 150 ul/h.

where u, and w; are the viscosities of the outer and inner
liquids, respectively, u, and u; are the average velocities of
the outer and inner liquids, respectively, E, is the tangential
component of the electric field, and & is the thickness of the
shear layer outside the jet. The first and third terms in the
stress balance are the viscous stresses exerted by the inner
and outer liquids, respectively, on the surface of the jet,
while the second term is the tangential electric stress on the
jet surface. To estimate 6, we approximate the jet by a
cylinder and take into account the enhanced shear stress on
a surface with this shape compared to the more familiar flat
shape, which results in a reduced shear boundary layer of
thickness & = dj; [42]. For the surface charge density, we
assume that the normal component of the electric field
outside the jet is given by Taylor’s field [43], since this
field strength is what is at least required to induce the

formation of a conical meniscus [13]. As a result, o =

€E, = &/2y/(ed,), with € the permittivity of the outer

dielectric liquid, E, the normal component of the electric
field outside the jet, and 7y the interfacial tension. Finally,
we estimate E, by considering the needle-plate expression
evaluated in the straight part of the microjet right after
it forms.

With all these ingredients, we solve for u; in Eq. (1) and
consider the measured voltage and flow rate dependence
of dj, to estimate the convection current. By doing so, we
are able to capture the experimentally measured current
dependence with voltage; the measured current normalized
by this theoretical estimate does not depend on voltage
and is of order 1, as shown in Fig. 3. We thus are able to
describe the order of magnitude of the experimental
measurements as well as their dependence with voltage,
confirming our hypothesis.

Our model further predicts a weak ¢g; dependence of
the current, as shown in Fig. 4(a). This is in contrast to

conventional electrospray, where I ~ q}/ 2 [13,17]. To see
whether this prediction is consistent with our data, we
measure the current as a function of ¢; at various voltages
and normalize it with the theoretical expectation, as shown
in Fig. 4(b). We see that this ratio is independent of g¢;
and of order 1, emphasizing the agreement between our
model and the experimental results. For other liquids and
geometrical configurations, the results are similar and well
described by our model [44].

The key to our data is the importance of the tangential
electric stress. When d;/ dje 1s not very large, we find that
the electric field in the straight part of the jet right after it
forms, at a distance O(d;) away from the capillary tip,
given to a first approximation by that of the needle-plate
configuration, is still large and able to affect the transport
of surface charge. In classical electrospray, however, since
d;/d; is very large, the imposed needle-plate field has
significantly decreased near the region where the microjet
forms and does not contribute to the surface charge trans-
port; in this case, the charge is convected solely by the flow
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FIG. 4 (color online). (a) Calculated convection current as a
function of g; for different applied voltages: (%) 1350, (A) 1500,
and (@) 1650 V. (b) Experimentally measured current normal-
ized with the calculated convection current versus g; for different
applied voltages: (%) 1350, (A) 1500, (@) 1650, (») 1800,
(H) 1950, (<) 2100, (#®) 2250, and (V) 2400 V.

rate. As a result, the current in these situations is not
affected by the voltage, and it depends only on the inner-
fluid flow rate. Decreasing this length-scale disparity
changes the relative influence of the external field which
at some point is able to affect the behavior of the electric
current. This is consistent with other experiments [23-28],
which could also be rationalized in terms of a stress bal-
ance similar to that of Eq. (1) [45]. In these cases, however,
the viscous stress due to the outer flow is absent.

The glass-based microfluidic device used in the way
shown here also allows the steady generation and extrac-
tion of drops with an average size that can be much smaller
than the smallest geometrical feature of the device [inset in
Fig. 1(b)]. We emphasize the key role played by the liquid
collector; it neutralizes the electric charge on the drops and
drags them out of the device, ensuring its steady-state
operation. From a technical point of view, the use of liquid
wires enables the application of electric fields without
patterned electrodes or metallic components inside the
device. This further allows the use of glass capillaries,
which widens the selection of liquids that could be used
compared to the more common polydimethylsiloxane
devices. Our method thus opens new avenues to the use
of electric fields in microfluidics for drop generation.
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appropriate stress balance based on Eq. (1).


http://dx.doi.org/10.1103/PhysRev.10.1
http://dx.doi.org/10.1146/annurev.fluid.39.050905.110245
http://dx.doi.org/10.1146/annurev.fluid.39.050905.110245
http://dx.doi.org/10.1126/science.2675315
http://dx.doi.org/10.1016/0040-6090(84)90241-4
http://dx.doi.org/10.1016/0304-3886(95)00041-8
http://dx.doi.org/10.1016/S0032-3861(01)00540-7
http://dx.doi.org/10.1063/1.373532
http://dx.doi.org/10.1002/adma.200400719
http://dx.doi.org/10.1126/science.1067595
http://dx.doi.org/10.1038/386410a0
http://dx.doi.org/10.1016/j.jcis.2003.10.035
http://dx.doi.org/10.1063/1.2790785
http://dx.doi.org/10.1146/annurev.fluid.39.050905.110159
http://dx.doi.org/10.1146/annurev.fluid.39.050905.110159
http://dx.doi.org/10.1098/rspa.1964.0151
http://dx.doi.org/10.1016/0021-9797(87)90186-X
http://dx.doi.org/10.1038/nphys807
http://dx.doi.org/10.1017/S0022112094003472
http://dx.doi.org/10.1017/S0022112094003472
http://dx.doi.org/10.1103/PhysRevLett.79.217
http://dx.doi.org/10.1016/S0021-8502(96)00433-8
http://dx.doi.org/10.1080/02786829708965479
http://dx.doi.org/10.1080/02786829708965479
http://dx.doi.org/10.1017/S0022112003004385
http://dx.doi.org/10.1017/S0022112096004466
http://dx.doi.org/10.1016/0168-1176(94)04024-9
http://dx.doi.org/10.1016/0168-1176(94)04024-9
http://dx.doi.org/10.1017/S0022112006002102
http://dx.doi.org/10.1016/S0021-8502(99)00033-6
http://dx.doi.org/10.1063/1.1384013
http://dx.doi.org/10.1063/1.3277018
http://dx.doi.org/10.1017/S0022112004000308
http://dx.doi.org/10.1126/science.1109164
http://dx.doi.org/10.1103/PhysRevLett.99.094502
http://dx.doi.org/10.1063/1.868577
http://dx.doi.org/10.1016/0021-8502(94)90199-6
http://dx.doi.org/10.1016/0021-8502(94)90199-6
http://dx.doi.org/10.1016/S1387-3806(98)14025-3
http://dx.doi.org/10.1016/S1387-3806(98)14025-3
http://dx.doi.org/10.1112/plms/s1-10.1.4
http://dx.doi.org/10.1017/S0022112007007409
http://dx.doi.org/10.1103/PhysRevLett.90.144502
http://dx.doi.org/10.1146/annurev.fl.01.010169.000551
http://dx.doi.org/10.1146/annurev.fl.01.010169.000551
http://dx.doi.org/10.1146/annurev.fluid.29.1.27
http://dx.doi.org/10.1098/rspa.1955.0121
http://dx.doi.org/10.1098/rspa.1955.0121
http://link.aps.org/supplemental/10.1103/PhysRevLett.105.154503
http://link.aps.org/supplemental/10.1103/PhysRevLett.105.154503

