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The first droplet produced by a low-conductivity pendant/sessile droplet subject to a strong electric field is particularly
important at the fundamental level because, in contrast to steady electrospray phenomena, its ejection entails complex
charge relaxation and electrokinetic processes. Besides, it is technologically relevant because of its very small diameter
and large electric charge per unit volume. In this work, we present an experimental technique to measure with unprece-
dented accuracy the diameter of the droplet, and to determine for the first time its electric charge. We discuss both the
advantages of our technique over possible alternatives and the limitations of the method. The proposed method is ap-
plied to two alcohols with electrical conductivities of the order of a few ©S/m. The high sensitivity of our experimental
technique allows us to determine the influence of both the magnitude and polarity of the applied voltage on the size and
charge of the ejected droplet. The electric charge of the first-emitted droplet lies in the interval 0.51 < g/gr < 0.66 (gr
is the Rayleigh limit of charge) for the two liquids analyzed. These experimental values are slightly larger than those
obtained from theoretical predictions. The value of ¢ /g for the first droplet is very relevant because it can be regarded

as an upper bound of those of the droplets subsequently emitted in the cone-jet mode of electrospray.

I. INTRODUCTION

Rayleigh! claimed in his pioneering work that a liquid
droplet with an electric charge larger than gz = (87%€,yd>)'/?
(7 is the surface tension, &, is the vacuum electrical permit-
tivity, and d is the droplet diameter) destabilizes due to the
growth of the quadrupole oscillation mode because the re-
pulsive Coulomb force exceeds the attractive surface tension
force (the so-called Rayleigh limit). He also predicted that
higher multipole oscillations can cause the ejection of very
thin jets, known as Rayleigh jets. Taylor? described experi-
mentally the ejection of Rayleigh jets from the conical points
of electrified films, which constituted the first observation of
electrohydrodynamic tip streaming’. Since then, the emis-
sion of Rayleigh jets has been continuously examined in var-
ious experimental configurations, such as levitated bubbles*
and droplets®, electrified films®, and sessile'? and pendant
droplets' =14,

The unsteady disintegration of charged and neutral drops
under externally applied electric fields constitutes a funda-
mental electrohydrodynamic problem with enormous rele-
vance in natural and technological processes. This tip stream-
ing phenomenon has been analyzed theoretically over the
last decades'>?! assuming perfect volumetric charge relax-
ation and ohmic conduction (the so-called leaky-dielectric
model)!31017.21 * Some studies have also considered certain
electrokinetic effects along the process, including volumetric
charge relaxation phenomena'#18-20,

The first tiny droplet produced by the disintegration of elec-
trified drops (Fig. 1) is particularly important at both funda-
mental and technological levels because of its very small di-
ameter and large electric charge per unit volume. During the
ultra-fast ejection of that droplet, a fresh free surface is created
from the stretching of the mother drop apex with a character-
istic time comparable to the electric relaxation time'#. The
Debye layer formed at the free surface over the first stage of

Decanol

Octanol

FIG. 1. Images of the first droplet ejected.

the process is suddenly disrupted, and so is the ohmic injec-
tion of charge into the newly created free surface. This charge
injection plays a crucial role to sustain the droplet formation.
Therefore, the failure of the ohmic conduction is expected to
leave its mark on the size and charge of the emitted droplets.
For this reason, the phenomenon described above constitutes
an ideal candidate to challenge the current electrohydrody-
namic models.

As a first approximation, the ejection of the first droplet is
assumed to be a local process, which takes place in a region
much smaller than the parent drop. In this case, one can as-
sume that the geometrical variables do not significantly affect
the phenomenon'”. The applied electric field magnitude is ex-
pected to have little or at most moderate influence because it
must lie within a relatively narrow range for the ejection to oc-
cur. Under these approximations, the parameters which essen-
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tially characterize the problem are the liquid properties (den-
sity p, viscosity i, surface tension ¥, electrical conductivity
K, and electrical permittivity &) and the electrical permittivity
&, of the dielectric environment (vacuum or gas). The charac-
teristic length d, = (ye2/pk?)'/3, time 1, = €,/K, velocity
vo = (YK /p&,)'/3, electric field magnitude E, = (y/dy€,)"/?,
and the electric charge ¢, = eoE,,dg are defined from those
physical properties. These characteristic scales can be de-
rived from the so-called physical symmetries of the Taylor-
cone jets*?, which involve the conservation of mass, axial
momentum, energy, and the balance between surface convec-
tion and bulk condition of charge in the cone tip. The prob-
lem is governed by the electrohydrodynamic Reynolds num-
ber 8, = pd,v,/p and relative permittivity € = &/€,23. The
dimensionless diameter d/d, and electric charge ratio ¢/qg of
the first-ejected droplet are expected to depend on those two
numbers exclusively.

Collins et al.'7 analyzed the problem described above
by numerically solving the leaky-dielectric model, and con-
cluded that ¢/qg = 0.44. Gafidn-Calvo ez al. '* rationalized
their numerical and experimental results in terms of the self-
similar collapse of the drop’s tip, the lack of full charge re-
laxation from the bulk to the free surface, and the balance be-
tween inertia, axial viscous stresses, surface tension, and elec-
trostatic suction during the jet’s evolution. This analysis led
to the scaling laws d/d, = 0.6 ; and q/qr = 0.48 {g, where
L= 5};'/385/12 and (g = 5};'/6871/24.

The validity of the two approximations described above can
be tested by looking at the size and charge of the first-emitted
droplet for different applied voltages and when the polarity of
the applied electric field is inverted. The magnitude of the ap-
plied voltage determines the dynamics of the non-local evolu-
tion of the parent drop deformation, establishing the ultimate
boundary conditions for the local ejection. Thus, although
the appearance of local ejection is rather restrictive for the
applied voltage, the influence of this quantity may be notice-
able through the non-local deformation mode prior to emis-
sion. In addition, the different mobilities of the ionic species
in the liquid bulk may lead to different electrokinetic response
times where the charge transport is most compromised (i.e.
where velocities and accelerations become larger). Specifi-
cally, the rate at which the charge migrates to the free surface
during the first droplet formation may significantly depend on
the applied polarity, which dictates the direction of the elec-
troosmotic drift. Therefore, the polarity of the applied voltage
should affect the outcome of the process.

Neither the voltage nor the polarity effects mentioned above
are contemplated in the leaky-dielectric model commonly
used to describe this phenomenon!” or in the approximation
described by Gafdn-Calvo et al.'*. In fact, these two ap-
proaches make use of the equilibrium (polarity-independent)
liquid conductivity to calculate the transfer of charge from the
bulk to the free surface. Since the voltage and polarity effects
are expected to be relatively small, both the diameter and elec-
tric charge of the first-emitted droplet must be measured with
a small uncertainty to unveil those effects, which constitutes a
considerable experimental challenge.

Despite its relevance at both the fundamental and techno-

logical levels, the electric charge of the first droplet that pre-
cedes the steady ejection of the electrospray cone-jet mode has
not as yet been determined experimentally. In this work, we
will develop an experimental method to measure the charge
of the first droplet emitted when a low-conductivity pendant
droplet is subject to an externally applied electric field (Fig.
1). Also, we will measure the diameter and velocity of the
droplet with an unprecedented accuracy, which will allow us
to examine the influence of the magnitude and polarity of
the applied electric field, factors commonly neglected in this
problem.

Il.  EXPERIMENTAL METHOD
A. Experimental setup

Figure 2 shows the experimental setup used in this work.
We placed horizontally three plates made of stainless steel.
The upper and lower plates were 3.6 cm in diameter and 3.31
mm in thickness. The middle plate had a quadrangular shape
of 3.6 cm in side and 0.33 mm in thickness. This plate was
introduced to screen the electric field perturbation caused by
stretching pendant droplet. In this way, the electric field be-
tween the middle and lower plates is practically uniform. A
copper disk of radius Ry = 2 mm and thickness 0.7 mm was
co-axially attached to the upper plate. This element was intro-
duced to ensure the anchorage of the triple contact line. Both
the upper plate and the disk had circular orifices of diameter
200 um at their centers. The middle plate was separated by
a distance of 4.31 mm from the upper one and had an orifice
200 pum in diameter at its center too. The distance between the
middle and lower plate was 1.77 mm. The distances between
the electrodes must be large enough to avoid the electric arc
between them, and small enough to produce a sufficiently in-
tense electric field. We connected the three plates with two
resistors whose electrical resistances were selected to estab-
lish an electric field of approximately the same magnitude in
the two gaps between the plates. These resistances were suf-
ficiently high for the electric current to be smaller than the
maximum value supplied by the voltage amplifier, and low
enough to ensure that the circuit resistance-capacitance time
was much smaller than any electrohydrodynamic time of the
problem. The lower plate was grounded.

A DC voltage drop was set between the upper and lower
(grounded) plates using a voltage amplifier (Trek, Model
5/80). Positive/negative polarity corresponds to an electric
field pointing in the same/opposite direction as/to the liquid
ejection. A function generator (Keysight, Model 33210A 10
MHz) was used to trigger both the voltage amplifier and the
high-speed camera described below. The pendant droplet was
formed by injecting liquid with a syringe pump (KD Scien-
tific, Legato 210 Series) through the small orifice located in
the center of the upper electrode.

Digital images of pendant drop tip and the emitted droplet
were taken using an ultra-high-speed video camera (KIRANA-
5M) equipped with optical lenses (12X NAVITAR) and a mi-
croscope objective (10 X MITUTOYO). The images consisted



AlP

Publishing

Syringe pump Voltage amplifier Function generator

Upper plate

High-speed
camera

Laser light
Droplet <

@ Middle plate ~ @
Lower plate ~ R
]

FIG. 2. Experimental setup used in this work.

of 924x768 pixels and were acquired at either 5 x 10° or
5 % 10° fps depending on the case. The camera could be dis-
placed both horizontally and vertically using a triaxial trans-
lation stage with one of its horizontal axes (axis x) motorized
(THORLABS Z825B) and controlled by the computer, which
allowed as to set the droplet-to-camera distance with an er-
ror smaller than 200 nm. The camera was illuminated with
a laser (SI-LUX 640, SPECIALISED IMAGING) synchronized
with the camera, which reduced the effective exposure time
down to 100 ns. Different optical magnifications were re-
quired to measure the emitted droplet diameter and charge.
For this reason, those two quantities could not be measured
simultaneously in the same experimental realization. We con-
ducted two sets of experiments: one for measuring the droplet
diameter, and another to determine the electric charge. The
respective magnifications were 70 and 14 x, which resulted
in 0.44 and 2.17 um/pixel, respectively. All the elements of
the experimental setup were mounted on an optical table with
a pneumatic anti-vibration isolation system to damp the vibra-
tions coming from the building.

Table I shows the properties of the working liquids and the
volume ¥ of the pendant droplet. The density p, viscosity 1,
and relative electrical permittivity € were taken from the liter-
ature. The surface tension was measured with the TIFA (The-
oretical Image Fitting Analysis) method?*, while the electri-
cal conductivity was determined by applying a voltage differ-
ence between the ends of a borosilicate capillary filled with
the working liquid. We conducted experiments for two values
of the voltage drop V) between the upper and middle plates:
the minimum voltage Vy = Voyin for which the phenomenon
was observed, and the maximum value Vy = Vomax supplied
by the voltage amplifier. Table I shows the voltage values for
those experiments in which the first droplet diameter could be
determined. Due to its relatively large conductivity, the pen-
dant drop of propanol emitted a tiny droplet in the range of
voltages analyzed. The diameter of that droplet could not be
determined with our image acquisition system. Table I also
shows the values of the pendant droplet volume ¥ in each ex-
periment. This value was slightly reduced for Vi = Vomax to
make the first droplet detach from the ejected thread before
crossing the middle plate.
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FIG. 3. Images of the first droplet ejected with the two polarities.
The green circle approximately corresponds to the circle fitted to the
droplet shape.

B. Experimental procedure

As mentioned above, we conducted two sets of experi-
ments to measure the droplet diameter and charge indepen-
dently. The droplet was ejected following the same proce-
dure in both cases. The pendant droplet was inflated until the
prescribed volume was reached (see Table I). We checked
that the volume was practically the same in all the repetitions
of the experiment by looking at the position of the droplet
apex. Then, a constant voltage drop was applied until the first
ejected droplet reached the lower electrode. The camera was
synchronized with the power supply to record images at a cer-
tain instant after the voltage drop was applied. The camera
delay was selected in the interval 8-19 ms depending on the
liquid and on whether either the droplet diameter or charge
was to be determined.

Due to its small size, surface tension makes the droplet
adopt a quasi-spherical shape despite the action of the aero-
dynamic and electrical forces. In fact, the Weber number
We= pavfld /Y (Pq is the air density and v, the droplet speed)
takes values of the order of 1072 in our experiments, which in-
dicates that the surface tension is dominant, and consequently
the droplet deformation is negligible. To measure the diam-
eter, the droplet edge was detected in the image with a sub-
pixel resolution method?, and the resulting contour was fit-
ted by a circle (Fig. 3). In some cases, the edge detection
method failed, and the contour was manually determined at
the pixel level. We analyzed n = 10 images for each exper-
imental realization. In this way, we obtained a set of values
{d;} (i=1,2,...,n) for the Ith experimental realization. The
outcome of that realization is the mean value d; = n~! Yiid;.
The final result is the value averaged over N = 10 experimen-
tal realizations, d = N~! ZEIIV d;, and the error is the corre-
sponding standard deviation. We checked that the diameter
did not significantly decrease due to evaporation along the
droplet path between the upper and lower plates.

The charge of the first-emitted drop is that produced by the



Liquid _p (kg/m®) p (mPas) y (mN/m) K (US/m) &  Vomin (KV) Vomax kV) Zinin (HD Finax (UD

1-Propanol 803 1.94 23.7 21 20.3 - - - -
1-Octanol 827 7.20 23.5 2.6 10 2.55 3.75 8.0 7.0
n-Decanol 828 11.8 28.0 094 76 2.78 3.75 8.0 6.0

TABLE I. Properties of the working liquids, the values of V considered in our experiments, and the corresponding pendant droplet volume 7.
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FIG. 4. Images of the first-emitted octanol droplet moving between
the middle and lower plates for V() = Vopin. The arrows indicate the
position of the first droplet. The darker grey region is a mirror im-
age of the electrified meniscus located between the upper and middle
plates. The left-hand image shows the isolines of voltage calculated
with COMSOL.

ions trapped in that drop during the ejection process. Pure-ion
evaporation is expected to occur only for a small set of liquids,
such as concentrated sulfuric acid solutions, ionic liquids, and
liquid metals, which have not been used in this work. In addi-
tion, we verified that liquid evaporation did not take place over
the drop path. Therefore, we can safely suppose that both the
diameter and charge of the first-emitted droplet remain con-
stant all the way down to the lower plate. To measure the
droplet charge, we analyzed the path followed by the droplet
in the gap between the middle and lower electrode (Fig. 4).
The applied electric field in this region is practically uniform
because the perturbation produced by the electrified tapering
meniscus is shielded by the middle plate. In fact, and as shown
in Fig. 4, the distortion produced by the middle plate orifice in
the electric field is negligible in the region analyzed. Also, we
verified that the electric field produced by both the droplets
moving behind the first droplet and the charge induced in the
lower plate by the first-emitted droplet was negligible as com-
pared to the applied electric field. The distance between the
first and second droplet in Fig. 4 slightly increases over time,
which indicates that the charge density of the former is sig-
nificantly greater than that of the latter. For V) = Vomax, the
octanol droplet size was so small that the drag force made the
subsequently emitted droplets catch the first. For this reason,
we do not report the value for the droplet charge in that case.

The droplets in the images used to determine the charge cor-
responded to spots 1-2 pixels in diameter for octanol, and 4-6
pixels for decanol, which explains why the diameter had to
be measured from a different set of experiments. The centers
of those spots were determined manually. The droplet charge
was obtained by fitting the path calculated from the momen-

tum equation to the experimental one. The droplet path y(r)
obeys to the differential equation

rd3 d%y 1 nd? (a’y>2

—pa——C
Pa D dt

LT E— 1
P arr — 1" 2Py M
In the above expression, E is the electric field between the
middle and lower plates,

ColRe) = 22 f(Re) @

is the drag coefficient,

f(Re) = 100-261Re%3%—-0.105Re" 43! ~0.124/[1+log(Re?)] 3)

is the correction due to the finite value of the Reynolds number
Re= p,|dy/dt|d/a, and W, is the air viscosity>®. We have ne-
glected the effect of gravity and the contribution of the droplet
virtual mass to the drag force due to the droplet acceleration®”.
It is worth mentioning that the contribution of the acceleration
term on the left-hand side of Eq. (1) is smaller than that of the
other terms but it cannot be neglected to get an accurate result.
As mentioned in Sec. IT A, the distances between electrodes as
well as the electrical resistances of the two resistors (Fig. 2)
were chosen so that the magnitude of the electric field between
the upper and middle electrodes is similar to that obtained be-
tween the middle and lower one. In this way, the first-emitted
droplet does not experience a large acceleration after crossing
the middle plate, the second-order derivative on the left-hand
side of Eq. (1) plays a secondary role, and, therefore, time
discretization errors become smaller. The Reynolds number
takes values in the range 5-10. For this interval of Re, the
deviation from the Stokes law given by f(Re) [Eq. (2)] is sig-
nificant too. We have verified that the results are practically
the same when f(Re) is calculated with other commonly used
approximations®,

As mentioned above, it is not possible to measure accu-
rately the droplet diameter in the same experimental realiza-
tion as that used to determine the charge. For this reason, d in
Eq. (1) is an input variable whose value is obtained from the
experiments conducted to determine it, as described above.
This is probably the major limitation of the experimental pro-
cedure proposed in this work. To reduce the influence of the
diameter d on the calculation of the charge g, we regard as
optimization variable ¢/gg instead of ¢. In this way, Eq. (1)
becomes

3/2 2 12 2
pd dy ¢ Pad <dy>_ @

12(2¢,) /2 di? —

E-—1 ___¢
ax 16(2e,)12 "

dt
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FIG. 5. Experimental path y(z) of the first octanol droplet for Vy =
Vomin and positive polarity (symbols), and the solution to Eq. (4)
calculated for d = 6.0 um, vp = 18.5 m/s, and different values of
q/qr as indicated by the labels.

Since Cp ~ d %735 for the interval 3-7 of Re in our exper-
iments, d'/2Cp ~ d~023, the drag force in Eq. (4) is little
sensitive to the value of d, and so is ¢/qr.

We fitted the numerical solution of Eq. (4) to the experi-
mental droplet path using ¢/gr and the initial velocity vy as
the optimization variables. In the fitting, the diameters are
randomly sampled from the normal distribution whose mean
value and standard deviation are those calculated in the experi-
ments described above. For each diameter, we calculated g/qr
and vg leading to the minimum mean square deviation be-
tween the numerical and experimental paths. In this way, we
obtained a set of n pair of values {(q/qg)i,voi} (=1,2,...,n)
for the Ith experimental realization. The outcome of that
realization are the mean values (¢/qr); = n~ ' Yi=0(q/qr)i
and vo; = n! ﬁi’[ voi. As expected, the sets of values
{(q/qr)i,voi} exhibit very small standard deviations, and both
(¢/qr)r and vy practically coincide with the values obtained
by considering the mean diameter in the fitting.

Figure 5 shows the experimental path and the solution of
Eq. (4) calculated for different values of ¢/qg and fixed values
of d and vy. As can be observed, there is a remarkable agree-
ment for g/qr = 0.67, while the rest of the values of ¢/qr
lead to significant deviations from the experimental data. It
is worth noting that the paths in Fig. 5 significantly deviate
from each other for 7 2 50 us. Therefore, the fitting effec-
tively uses hardly half the experimental path to determine the
droplet charge. This means that, if the distance between the
middle and lower plates were reduced, e.g., by half, the tech-
nique sensitivity would not be enough to measure the effects
detected in this work.

The final results of the experiments for measuring the
droplet charge and velocity are the values averaged over N =5
experimental realizations, ¢/qr = N~ Y1~V (q/qgr); and v =
N-! ):E]]V vor, and the errors are the corresponding standard
deviations. The electric charge g is obtained as ¢ = (q/qr)qr.
where gr is calculated from the mean droplet diameter. The
error is obtained from those of (¢/gg) and gg with the stan-

» (mm)

1 1 1 1
0 20 40 60 80
1 (us)

FIG. 6. Comparison between the paths y(r) and x(¢) followed by a de-
canol droplet when the electric field is applied vertically (solid lines)
and horizontally (dashed lines), respectively. The red and blue lines
correspond to the paths calculated for 0.95 ¢ and 1.05 ¢, respectively
(g is the electric charge measured in one of the experments). The
blue square in the sketch represents the frame of the images acquired
in the experiments.

dard formula of propagation of uncertainty?’.

We devote the rest of this section to examine two alterna-
tives to the proposed experimental method which could lead to
more accurate results. A natural question is whether the sensi-
tivity of the experimental technique for measuring the droplet
charge increases when the electric field is applied horizontally.
Figure 6 compares the paths followed by a decanol droplet
when the electric field is applied vertically (solid lines) and
horizontally (dashed lines). The red and blue lines correspond
to the paths calculated for 0.95 ¢ and 1.05 ¢, respectively. The
results were obtained by integrating the corresponding differ-
ential equations simulating the conditions of one of the exper-
iments. The difference between the final positions is around
24 and 25 um when the electric field is applied vertically and
horizontally, respectively. These values correspond to around
12 pixels in the experimental images. Therefore, the two con-
figurations exhibit practically the same sensitivity, and that
sensitivity allows us to measure the electric charge with er-
rors below 10%. Nevertheless, the setup for the axial field is
much more convenient because it does not interfere with the
image acquisition system.

As mentioned above, the major limitation of our exper-
imental technique is probably our inability to measure the
droplet diameter and charge in the same experimental real-
ization. In his founding experiment to determine the elemen-
tary charge, Millikan ** solved this problem by measuring the
downward terminal speed reached by an oil droplet in the ab-
sence of the electrical force, and the upward terminal speed
when the droplet motion was inverted by the action of a known
electric field. Measuring the stopping potential®! might in
principle provide accurate values of the droplet charge as well.
However, and given the large speed (~ 20 m/s) at which the
droplet is ejected, these procedures would require inverting
voltages of the order of kilovolts in times of the order of tens
of us, which considerably complicates the experimental pro-
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Liquid € SIJ Bemin Bemax 7/,::‘111 ,yn,;ax
1-Propanol 20.3 2.96 - - - - -
1-Octanol 10 1.61 2.13 - 100 - 134

n-Decanol 7.6 1.55 2.16 395 1.00 0.75 1.16

B

TABLEII. Values of the dimensionless parameters characterizing the
experiments.

cedure.

Ill.  RESULTS AND DISCUSSION

Consider a pendant drop of volume 7 and triple con-
tact line radius Ry. For a fixed geometry, an externally ap-
plied voltage Vj produces electrohydrodynamic tip streaming
within a small hypervolume of the parameter space defined
by the dimensionless numbers {0y, €, B., ¥*, B}, where
B, = &VZ/(Roy) is the electric Bond number, »* = 7' /R}
is the dimensionless volume, and B = pgR(Z) /v is the gravita-
tional Bond number, and g is the gravitational acceleration.
The first two parameters involve only physical properties of
the liquid and outer medium, as explained in the Introduction,
while the last three parameters account for the geometrical
and electrical boundary conditions. In principle, the polarity
of the voltage also intervenes in the problem. In this section,
we present experimental results obtained for different values
of the dimensionless parameters mentioned above. Table II
shows only the values for which the diameter of the first emit-
ted droplet could be measured. This requisite considerably
reduces the parameter space hypervolume mentioned above.
The pendant droplet volume ¥* was slightly adjusted to pro-
duce the tip streaming ejection between the two electrodes.

Table III shows the diameters dy and d_ of the droplets
of octanol and decanol ejected with positive and negative po-
larities, respectively. For Vy = Vomin, the volume of the oc-
tanol droplet emitted with positive polarity is about 23% larger
than that of the one ejected when the polarity is inverted. For
Vo = Vomax, the size of the octanol droplet decreases down to
around 2-3 pum, which falls below the resolution limit of our
experimental technique. This implies that the magnitude of
the applied electric field significantly affects the ejection pro-
cess in this case. In the case of decanol, this influence be-
comes much smaller, and the polarity has opposite effects for
Vo = Vomin and Vo = Vomax- The influence of the electric field
magnitude on the measurements indicates that, if the voltage
drop between the upper and middle plates were kept constant,
and the distance between them were varied, then the measure-
ments would change significantly for octanol, and to some lit-
tle extent for decanol.

Table IV shows the charges ¢ and g_ of the droplets of
octanol and decanol ejected with positive and negative polari-
ties, respectively. The values of ¢/gg obtained for octanol are
significantly larger than those measured for decanol. For oc-
tanol, (¢/qr)+ > (¢/qr)—, while this ratio is hardly affected
by polarity in the decanol case. As shown in Table V, droplet
velocities one order of magnitude larger than v, were obtained

Vo = Vomin Vo = Vomax
dy (pm)|d— (um)|dy (um)|d_ (1m)
Octanol |[6.0+0.5{5.6£0.6 - -

Decanol [9.9+0.418.9+£0.7(9.4+0.8|19.94+0.5

TABLE III. Diameters d4 and d_ of the first droplet emitted with
positive and negative polarities, respectively.

in all the cases.

The results obtained in this work are compared with pre-
vious experimental and numerical results for the droplet
diameter!?, as well as with previous simulation results for the
electric charge'*!7. Our measurements of the droplet diame-
ter are consistent with the exponent of the scaling law derived
by Gaiidan-Calvo er al. '*. However, the prefactor of that scal-
ing law leads to an overestimation of the droplet diameter. It
must be noted that this scaling law does not account for the
influence of the voltage magnitude and polarity, which play
a non-negligible role in our experiments. The predictions of
both Collins er al.'7 and Gafidn-Calvo et al. '* slightly un-
derestimates the ratio ¢/qgg measured in our experiments. As
mentioned in the Introduction, during the ultra-fast ejection
of the first-emitted droplet, the mother drop apex suddenly
stretches, giving rise to a large fresh free surface both per unit
volume and time. In fact, this process takes place with a char-
acteristic time comparable to the electric relaxation time. For
this reason, conduction of charge from the bulk to the newly
created surface cannot be described in terms of the constant
(hydrostatic) conductivity considered in those theoretical pre-
dictions. When the polarity is inverted, the chemical composi-
tion of the ions transferred to the free surface changes, and so
does the mobilities of those ions. This effect is not accounted
for by the ohmic model either, in which the conductivity is
assumed independent of the polarity. The polarity effect is
expected to become more noticeable for liquids with anions
and cations of very different sizes (mobilities), such as ionic
liquids. Unfortunately, we did not succeed in extending our
analysis to those liquids. These deviations from the ohmic ap-
proximation are expected to leave their mark on the diameter
and charge of the first-emitted droplet.

Overall, our results show the complexity of the present elec-
trohydrodynamic phenomenon, revealing the role played by
factors commonly neglected in the first-order approximation.
Models such as that solved by Pillai et al. '® are potentially
capable of accounting for the electrokinetic effects mentioned
above if the parameters characterizing the present electrohy-
drodynamic phenomenon are appropriately selected. How-
ever, their results do not consider polarity effects. In fact, Pil-
lai er al. '® use “symmetric anion and cations” with equal dif-
fusivities (or mobilities), which is a convenient simplification
but not applicable to our case. Appropriate characterization of
the present electrochemical process and the further resolution
of the complete model, constitutes a formidable task given the
intricacy of the problem.

Unfortunately, we could not extend our analysis to other
liquids to explore the dependency of d/d, and g/qg on their
corresponding scaled variables {; and {z. This probably re-
quires increasing both the electrode-to-electrode distance and
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Vo = Vomin Vo = Vomax

Vo = Vomin Vo = Vomax

7+ GO [q— (O)[q+ (FO) [q— (FC)

Octanol | 40+8 | 32+6

Octanol {0.6640.090.5940.07

(9/qr)+ | (a/ar)- | (a/qr)+ | (4/qr)-

Decanol | 7247 |61 4+10| 67£8 | 74+7

Decanol [0.5240.04|0.51£0.06|0.53 +0.010.52+£0.03

TABLE 1V. Electric charge ¢4 and g (left) and electric charge in terms of the Rayleigh charge, (¢/qr)+ and (g/qr)— (right), of the first

droplet emitted with positive and negative polarities, respectively.

Vo = Vomin Vo = Vomax

Vo = Vomin Vo = Vomax

Vot (m/s) | vo_ (m/s) | voy (m/s) | vo— (m/s)

Octanol |18.2£0.7| 171 - -

("O/V(‘)Jr ("0/"0)7 (VO/VU>+ (VO/VnL
Octanol | 8.94+0.4 | 8.3£0.5 - -

Decanol |15.5+0.3|16.1+0.6|18.3+0.6|17.84+0.5

Decanol | 10.1£0.2|10.5+0.4(12.0£0.4]|11.6+0.3

TABLE V. Velocity vo+ and vo_ (left) and velocity in terms of the characteristic velocity, (vo/vo)+ and (vo/v,)— (right), of the first droplet
emitted with positive and negative polarities, respectively, measured right beyond the middle plate orifice.

the applied voltage up to values unreachable with our exper-
imental setup. It is also necessary to select appropriately the
liquid conductivity and viscosity within a very narrow range.
In fact, we succeeded in measuring the droplet diameter and
charge for &, ~ 1.6 (Table II). However, when the value of
this parameter was varied, different phenomena prevented us
from conducting the experiment properly. For the sake of
illustration, Fig. 8 shows the electrohydrodynamic response
of propanol (8 = 2.96) for Vo = 3.75 kV. A stream of tiny
droplets is ejected from the apex of the mother parent drop
for times in the interval 0-3 us. These droplets are produced
by the growth of the varicose instability. The surface charge
in the liquid thread located within the observation window
increases over time, which gives rise to a sequence of non-
axisymmetric instabilities. The kink, ramified, and multiple-
branch instabilities, frequently observed in electrospray ex-
periments as the electric Bond number increases’2, arise in
the course of the experiment.

The electrohydrodynamic response of low-conductivity
pendant drops to a step-change in the electric field magnitude
has been examined both numerically and experimentally on
numerous occasions. Under certain conditions, tiny droplets
are emitted from the tip of the electrified droplet before the
steady cone-jet mode of electrospray is established. Despite
the importance of this electrohydrodynamic process at both
the fundamental and technological levels, the electric charge
of the first-emitted droplet has not as yet determined exper-
imentally. In this work, we have presented an experimental
technique to determine with unprecedented accuracy the di-
ameter of that droplet and to measure its electric charge. We
have discussed the advantages of our method over possible al-
ternatives. The major limitation of our technique lies in the
narrow range of electrical conductivity and viscosity within
which the method can be applied.

The proposed method has been used to examine the dis-
integration of two alcohols, octanol and decanol, commonly
used in electrospray, and whose electrical conductivities take
values of the order of a few uS/m. The high sensitivity of
our experimental technique allowed us to determine the influ-
ence of both the magnitude and polarity of the applied elec-
tric field on the size and charge of the ejected droplet. The
dependency of the results on those two factors reveals the

complexity of this electrohydrodynamic phenomenon. The
electric charge of the first-ejected droplet lied in the interval
0.51 < g/qr < 0.66 for the two liquids analyzed. These ex-
perimental values are slightly larger than those obtained from
theoretical predictions!*!”. To the best of our knowledge, this
the first time that the charge of the first-emitted droplet in elec-
trospray is determined experimentally. This quantity is very
important because it sets an upper bound for the charge den-
sity of the droplets emitted in the cone-jet mode of electro-
spray.
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