Electrically charged droplet: case study of a simple
generator

Martin Brandenbourger and Stéphane Dorbolo

Abstract: We studied the behavior of a simple apparatus that allows to charge droplets by induction. We imposed the
following constraints (1) any liquid should be charged (mainly whatever its surface tension) and (2) the system is to
remain as simple as possible. The design of the device results of a compromise regarding both constraints. The device

developed is based on a planar capacitor in which the droplet are generated. The influence of the nature of the liquid
(i.e. presence of ions in solution, polarity, surface tension and conductivity) on the charge induced was measured and
was found to be independent of the liquid properties (except for the silicone oil). We deduced that, in the considered
configuration, fluids behave like a “perfect conductor” as soon as conductive relaxation time is smaller than the droplet
ejection time. Under this condition, the charge has the time to move in the droplet to reach the electrostatic regime.

1. Introduction

Basically, rain falling from thunderclouds is composed of

electrically charged droplets [1]. Since Rayleigh’s [?]experiments,

the electrically charged droplet were intensively studied re-
garding applications. Indeed, they are the basis of many ap-
plications such as electrospray [3], electrowetting [4], or elec-
trospinning [5]. Electrically charged droplets have also been
studied from a fundamental point of view. Indeed, electrically

charged droplets lead to impressive behaviors such as the Coulomb

explosion [2] or particular interactions between droplets [6].
Moreover, the understanding of the charge of a droplet is linked
to the study of charging cloud droplets in thunderstorms.

Three different ways to charge droplets can be found in lit-
erature : triboelectricity, radioactive radiations or charge by in-
fluence. The first two manners are frequently used in Millikan
experiments [7]. They have the advantage to charge droplets
easily, without any “complicated” set-up. However, both tech-
niques do not allow to predict the charge induced in the droplet.
On the contrary, the charge by influence allows to determine
precisely the charge in the droplet. Indeed, as we will show,
the geometry of the set-up (and the voltage applied to it) cor-
responds to a given amount of charges induced in the droplet.
However, the mechanism of charging by induction a liquid is
more complex to explain than the charge by induction in a solid
conductor.

Charged droplets generators using the charge by influence
phenomenon have already been studied in the past years. For
example, Jones and Thong [8] have proposed a geometry for a
charged droplet generator using charge by induction. Their ge-
ometry, composed of one needle and one plate, is commonly
used in electrospray devices [9]. In the context of this kind of
device, they proposed also a theoretical approach to predict the
charge induced in the droplet. Assuming that the generator and
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the liquid are perfect conductors, it is possible to calculate the
electric field induced in the charged droplet generator. Know-
ing the electric field in the droplet, they calculate the charge
density in the droplet and thus the total charge in the droplet.
Electrically speaking, a droplet can be modeled by a resis-
tor in parallel with a capacity. Consequently, a characteristic
time 7 can be defined. When an electrical phenomenon occurs
during a time below 7, capacitive effects have to be taken into
account. On the other hand, for duration larger than 7, the sys-
tem behaves like a resistor. The characteristic time is given by

T =¢€€0/0

where €, and o are the relative permittivity and the conductiv-
ity of the liquid, ¢y being the vacuum permittivity. When the
typical time 74 to generated one charged droplet is much larger
than 7, the droplet can be qualified as a “perfect conductor”,
i.e. the capacitive effects cannot be observed [10].

In this paper, we explain how we developed an apparatus
which permits to charge droplets by influence. For our device,
we required that (i) the design is as simple as possible and
(ii) the system is to be able to charge any liquid regardless its
surface tension. To reach these goals, the charged droplet dis-
penser was designed such as an homogeneous electric field is
generated. For this, we propose a geometry which looks like a
planar capacitor. Indeed, theoretically, this kind of configura-
tion can be described by a simple law. It is possible to calculate
the charge induced in the droplet with the same arguments as
Jones et al [8]. Namely, the charge by unit area on a planar
capacitor is :

Q_ Ve
S d

where () is the charge of the droplet, S the surface of the
droplet, V' the tension applied on the capacitor and d is the
distance between the two parts of the capacitor. Under “perfect
conductor” conditions, the total charge induced in the droplet
is given by

(1]

2
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where 74 is the droplet radius. This later equation is a simple
relation which allows to easily predict the charge induced in
the droplet.

Unfortunately, in practice, a charged droplet cannot be cre-
ated from a planar capacitor. Indeed, a droplet formed on the
top plate wets the surface before falling from the top plate and
the bottom plate needs a hole in its center to allow the droplet
to fall away from the generator. That is why the device devel-
oped in this study is composed of a needle which pierces the
top plate and a hole in the bottom plate.

After a description of the experimental set-up, we present
the study of the different geometrical parameters that may in-
fluence the charge induced in the droplet. Afterwards, we tested
several liquids to check the robustness and the performance of
our charged droplet dispenser. In order to cover a large variety
of fluids, we chose to compare several properties like surface
tension, polarity and ionicity of the fluid. Note also that the
viscosity does not vary too much compared to the viscosity of
the water. We found that most of the considered fluid behaves
like a perfect conductor. Finally, the conclusion are drawn.

2. Experimental set up

2.1. Charged droplet generator

The charged droplet generator is based on the charge by in-
duction mechanism. This kind of device generates an electric
field which attracts positive (or negative) charges in a pendant
droplet or/and extracts negative (or positive) charges out of a
pendant droplet (see, for example [8]).
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Fig. 1. (Color online) Sketch of the charged droplet generator.
Both metal disks are represented by yellow circles. They are
separated by a polycarbonate ring (not represented). The needle
is represented by the grey vertical line. The voltage between

both plates allows to generate an electric field (E) and then, to
charge by influence the pendant droplet. Note that 6, d and W
are parameters to optimize.

The charged droplet dispenser is to be used for charging var-
ious liquids, which implies (i) to be able to generate high elec-
tric fields (ii) to be able to deal with low surface tension fluids.
In order to tackle these constraints, the charged droplet genera-
tor was made of two metal disks, parallel and positioned along
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a vertical axis (see Fig. 1). The top plate was pierced by a nee-
dle from which droplets was formed. A hole was drilled in the
center of the bottom plate to allow the droplet to fall away from
the charged droplet generator.

Three parameters govern the intensity and the geometry of
the electrical field between the plates: the piercing distance §
of the needle into the top plate, the radius W of the hole in the
bottom plate and the distance d between both plates.

From a qualitative point of view, decreasing d allows to in-
crease the electrical field. However, if d is too small, even small
droplet may be larger than d going out of the capacitor. More-
over, if d is too small, electrical breakdown may occur. As
for the hole pierced in the bottom plate, it should be as small
as possible in order to induce large amount of charge in the
droplet. However, the droplet is to be allowed to fall out of the
condenser. Finally, the distance  should be small to be as close
as possible to a planar capacitor configuration. But, if it is too
small, the droplet may stick to the top plate by capillarity ef-
fect. Regarding the different effects, compromises have to be
found in order to reach our goal, see Sect.3.4.

The droplet radius is also an important parameter to deter-
mine as we are interested in the surface charge density, i.e.
o = Q/4nr3. When a given voltage is applied, electrodes
generate a vertical electric field which induces a given charge
in the pendant droplet attached to the needle. Basically, the
droplet faces three forces: its weight, the electrical attraction
by the bottom electrode and the surface tension force due to
the contact with the needle. The detachment occurs when the
weight and the electrical attraction surpass the surface tension
force. That relation reads

1 (47r2o)?
47T60 (d -6 — Td)

4
31 —wripg+

3 5 > 2mry

where p is the density of the liquid, g is the gravity, o is the
charge surface density, r is the radius of the needle and ~ is
the surface tension. Taking typical values, namely r4=1 mm,
p=1000 kg/m3, 0=10 nC/m?, we find that the electrostatic term
can be neglected with respect to the weight. Consequently, the
droplet detaches when the weight of droplet is larger than the
capillary force. Note finally that the surface tension does de-
pend on the surface charge [11]. However, we focus on low in-
duction voltage (up to 200 V). Consequently, the dependance
of the surface tension on the charge can be neglected. To sum-
marize, in the described conditions, the droplet size only de-
pends on the liquid nature. The radii were directly determined
by measuring the volume accumulated by 100 droplets.

Finally, the “perfect conductor” conditions, used to find the
Eq. (2) have to be checked regarding the time to generate a
droplet using our dispenser. The droplet were generated by
manually actioning the piston of the syringe until the droplet
detaches. The typical time for creating a droplet is 3 seconds
while the detachment takes typically milliseconds. Consequently,
the detachment time 74 defined as the time required for the cre-
ation and the detachment of the droplet is of the order of sev-
eral seconds. The conductive relation time 7 has to be much
smaller than some seconds to allow to consider the fluid as a
perfect conductor.
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2.2. Charge detection set-up : The Faraday cup

The measurement of the charge of the droplet was performed
by using a Faraday cup. This kind of device is usually used
in ions beam experiments. Contrary to this scientific field, the
Faraday cup developed here aims to measure the charge of
mesoscopic objects, i.e. charged droplets. The Faraday cup cre-
ated to achieve this goal is schematized in Fig. 2. The same
kind of device was used in a recent work [12]. It was com-
posed of two concentric cups. The air space between both cups
was covered by an insulated cap to protect the inside of the de-
vice from charged droplet which could fall into the device. The
inside cup was connected to the input “high” connector of an
electrometer (Keithley 610C) while the outside cup was con-
nected to the input “low” connector and to the chassis ground.

The electrometer was set in coulombmeter mode. When a droplet

falls into the Faraday cup, it discharges on the inside of the cup.
Droplets were added in the cup up to reach the maximum mea-
surable value of the electrometer. As the number of droplets is
known, the charge per droplet can be accurately determined.

Insulated cap

electrometer

low connector
high connector

0.45m
s
S
B
i

chassis ground

Fig. 2. (Color online) Illustration of the Faraday cup. The droplet
falls into the inner cup and discharges. The electrometer measures
the charge of the droplet in comparison to the chassis ground.

3. Generator configuration

This section aims to study the influence of the geometrical
parameters (d, W, ¢) on the charge induced in the droplet. All
experiments performed for this purpose was made with bidis-
tilled water.

3.1. Influence of d

First of all, the influence of d, the distance between both
disks, is considered. Fig. 3 presents the charge measured on
the droplet as a function of d while W = 5 mm and 6 = 3
mm. The red curve is the fit made on the data between d = 5
mm and d = 26 mm by the function

4] Q=

ale

where « is a fitting parameter. « is find to be equal to 0.23
m/pC. However, the calculated parameter by the Eq (2) is equal
to 0.058 m/pC. The quantitative discrepancy between the o pa-
rameters comes from the hole W and the needle ¢ that deviates
the generator from the planar capacitor. However, the depen-
dence in 1/d is well found, which confirm the planar capacitor
behavior of our device.

The largest deviation from the 1/d law is obtained at d = 3
mm. Consequently, it seems that the law is in great agreement
with the measurements except for small distance d. This last
behavior can be explained by the study of § and W as we will
see in the next section.
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Fig. 3. (Color online) Charge induced in the droplet as a function
of the distance between both plates d (W = 5 mm and § = 3
mm). Error bars are hidden by the points size. They correspond
to a standard deviation calculated on 10 measurements. The red
curve is a fit by the Eq. (4) between d = 5 mm and d = 26 mm.

3.2. influence of § and W

The effect of § is directly linked to the distance d. Indeed,
é begins to be non-negligible as soon as it is comparable to
d. Practically, the geometry of our charged droplet generator
does not allow to vary continuously the distance §. Indeed, the
needle has to be weld to the top disks to allow a good electrical
connection. During the measurements on the effect of d, & was
fixed to 3 mm. The study of the charge induced as a function
of d indicates that the measurements differs from the behavior
described by the Eq. (2) when d < 5 mm. As a consequence,
the assumption that supposes that § begins to be non-negligible
when it is comparable to d is confirmed.

We now consider the case of small distance d (namely d < 5
mm) between the metal disks. In this case the presence of the
needle (i.e §) becomes significant. Consequently, the geometry
becomes different from the case of a planar capacitor. Indeed,
the system approach the geometry described by Jones et al [8]
(only a needle and a plate) and for very small d, the droplet
begins to be out of the charged droplet generator before it de-
taches from the needle (which implies that the electric field
does not apply on the whole droplet). Moreover, for short dis-
tances between circular plates, the hole in the bottom plate is
not anymore negligible. As a consequence, the electric field
generated by the system is smaller than expected. These argu-
ments are confirmed by the measurement at very small d (see
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Fig. 3) and by the study on the effect of the variation of W (see
further).
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Fig. 4. (Color online) Charge induced in the droplet as a function
of the radius of the hole in the bottom plate, W (d = 10 mm
and 6 = 5 mm). Error bars correspond to a standard deviation
calculated on 10 measurements.

The effect of W is shown in Fig. 4. Measurements was made
for d = 10 mm and § = 5 mm. The figure shows that an
increase in W is directly linked to a decrease of the charge
induced in the droplet. It implies that the hole in the bottom
plate affects the geometry assumed in section 2.1 as soon as
W is to large. Note that the radius of the hole cannot be too
small. Indeed, the droplet have to be able to leave the generator.
Consequently, W has to be larger than the radius of the droplet.

3.3. Influence of V

Afterwards, the influence of the voltage V' between the metal
disks has been studied. The measurements made on water are
plotted in red triangles in Fig. 5 for which the charge normal-
ized by the surface of the droplet is reported as a function of the
voltage. Fig. 5 clearly shows the linear behavior of the charge
in the droplet as a function of the voltage. Measurements con-
firm the linear behavior stated by the Eq. (2) in the range of
voltage studied (i.e. from 0 to 200 V).

Finally, the variation of the polarization between both metal
disks has been studied. As predicted in Eq. (2), this variation
only induce a change in the sign of the charge. Indeed, when
the higher voltage is on the top disk, the droplet is charged
positively and when the higher voltage is on the bottom disk,
the droplet is charged negatively. Moreover, we did not ob-
serve any change in the absolute value of the charge. Note that
this last observation has been made for all liquids listed in the
Tab.??tabl

3.4. Best design of the charged droplet generator
According to Eq. (2), it seems that, for a given droplet ra-
dius, r4, the best configuration to charge the droplet is reached
when d is about zero and V' is as important as allowed by the
power supply. In practice, the charge induced in the droplet be-
gins to decrease for small d compare to d. The optimal d is then
defined as the limit where the Eq. (2) remains valid. In our con-
figuration (r,, set on 3 or 5 mm), this limit is d = 5 mm. Once
d has been minimized, it is also possible to increase the charge
by rising V. This increase is also limited by two effects: (i)

Can. J. Phys.

09 F
08 F
0.7 F
0.6 |

05 F

QIS (UC/m?)

04 F

03 f

02 f

01 F

0 50 100 150 200 250
V (V)

Fig. 5. (Color online) Charge induced in a droplet, normalized
by the droplet surface, as a function of the voltage applied on
the charged droplet generator. Red triangles, purple pentagons,
Black squares, Blue stars, Green diamonds and Yellow circles
represent respectively measurements made on bidistilled water,
Triton-x-100, acetone, ethanol, n-octane and silicon oil. The red
continuous line is a linear fit on these measurements.

electrical breakdown may occur between the plates and (ii) for
a too large voltage, a Taylor cone is formed, and droplets are
ejected from the needle before reaching their maximum size.
This limit corresponds to the formation of an electrospray. It is
expressed as follow :

[5] QR = 2’/TM 16’}/607"3

with ~y the surface tension of the liquid. Eq. (2), indicates also
that an increase in 74 increase the charge induced in the droplet.
However, this parameter is generally fixed by experiment re-
quirements. Finally, W, the radius of the hole in the bottom
plate has to be reduced to maximize the charge induced in the
droplet. However, it has to be large enough to allow the droplet
to fall away from the droplet generator. Consequently, its value
has to be calculated to be as short as possible in regard to the
droplet radius. In consequence, our optimal set of parameters
isd=5mm,d =2mmand W = 2.5 mm. Indeed, § = 2 mm
allows to avoid any droplet wetting on the upper plate while
allowing to use the planar capacitor hypothesis.

In terms of dimensionless parameters, the optimal geometry
of this charged droplet generator has to follow the Eq. :

[6] w = 27’d U = VUBreakdown

And, in a more general way, the set of parameters has to repsect

(7] ﬂ>1
w

which implies that W and ¢ will be negligible from the point
of view of the planar capacitor hypothesis.
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bidistilled water | HCI (IM) | Triton X-100 | Acetone Ethanol n-octane Silicone oil
o (mS/cm) 5.5107° 330 5.5107° 2.1107* | 1,1107° 107° 10~
rq (mm) 1.63 1.56 1.25 1.21 1.19 1.24 1.11
v (mN/m) 70.8 63.6 32.0 23.7 21.7 21.8 19.0
Polarity polar polar polar polar polar non-polar | non-polar
Ions in solution yes yes yes no yes no no
€r 80.1 4.6 80.1 20.7 24.3 2 2.9
7 (s) 1.310™% 1.1107* 1.310™* 87107° ] 19107° | 1.810° % 25.5

Table 1. Properties of the considered liquids: the conductivity (o), the surface tension () , the polarity, the presence (or not) of ions in
solution of the liquids charged, the relative permittivity (e,) and the relaxation time (7). All these measurements was reported at room
temperature. The conductivity values are drawn from [13] and [14] while the surface tension measurements has been made by pendant

droplet measurements on a CAM 200 (KSV Ltd).
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Fig. 6. (Color online) Charge induced in HCI droplets with
different molarities, normalized by the droplet surface, as a
function of the liquid conductivity. The highest conductivity
correspond to a droplet of HCL 1M.

4. Influence of the liquid

In order to check the domain of validity of the “perfect con-
ductor” hypothesis, several liquids were used to obtain charged
droplets. The fluids tested were : bidistilled water, a mixture of
water and Triton X-100, ethanol, acetone, n-octane and sili-
cone oil (with a viscosity of 1.5 cSt, near the water viscosity).
Each of these liquids have different fluid and electrical proper-
ties. In Table 1, the conductivity o, the surface tension v, the
polarity, the presence of ions in solution are reported and the
relative permittivity are reported.

The Fig. 5 (a) shows results of measurements on the charge
induced in a droplet for a voltage applied on the charged droplet
generator between 0 and 200 V. The charge of the droplet was
normalized by the surface of the droplet, 4772 (the droplet radii
were measured as explained in Sect. 2.1). This normalization
is explained by the fact that the different liquids do not have
the same surface tension.

The first measurements (i.e. measurements which aim to
study the geometry of the charged droplet generator) was made
with bidistilled water and are in agreement with the “perfect
conductor” hypothesis. Moreover, in the Fig. 6, we report the
measurements made with solutions of HCI (from 0 to 1M). We
found that, using our device, the HCI mixtures does not be-

have differently from water. This confirms that the water ful-
filled perfect conductor conditions. Besides, bidistilled water
has specifics properties. It is a polar liquid with ions in solution
and a high surface tension. We extend then our study to other
liquids in order to check the influence of these properties.

The liquid named Triton X-100 in the Table 1 is bidistilled
water with an addition of 1CMC (critical micelle concentra-
tion, which correspond to 0.23mM) of the non-ionic surfactant
Triton X-100. This liquid was used to check the influence of
the surface tension on the charge induced in the droplet. Ace-
tone does not possess ions in solutions, it is then possible to
check whether the charge in the droplet is due to ion (which
compose the liquid) migration. Acetone and ethanol are also
polar. On the contrary, n-octane does not possess ions in solu-
tion and is apolar. It is thus possible to verify the influence of
the molecules polarity. Finally, silicone oil at 1.5 cst is a liquid
with viscosity near water but with a smaller electrical conduc-
tivity than any other liquids tested.

The Fig. 5 shows that almost all of the liquids tested be-
come electrically charged in the same way. Because of the er-
rors bars, no distinction can be made between the charge in-
duced in the different liquids.The silicone oil is the only tested
liquid which does not charge as well as the others. Indeed, it
does not charge significantly below 200V. Let us remind that
these observations are made between 0 and 200 V, and thus at a
small voltage compare to the electrospray limit [9]. In this con-
figuration, it seems that it is not surfactant, ions in solution or
molecules polarity which leads the droplet to charge. These ob-
servations confirm the assumption generally made which sup-
pose that it always exist free charges in a liquid (coming from
redox reactions, exchanges with gas around the droplet or im-
purities). As a consequence, the only relevant parameter in this
system is the conductive relaxation time of the liquid used.
Our measurements allow to determine the limit of electrical
conductivity (with respect to the relative permittivity) below
which the “perfect conductor” hypothesis is valid. For exam-
ple, In the case of a liquid with a relative permittivity equal to
10, a liquid with a conductivity less than 10~ mS/cm cannot
be charged using to our system.

5. Conclusion

In conclusion, an electrically charged droplet generator has
been developed. This device was designed to generate charged
droplets from any liquid. This study has also underlined how
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to optimize the different parameters of the generator. It has
been proved that the perfect conductor approach is in agree-
ment with the measurements made on the apparatus at a volt-
age between 0 and 200V. Moreover, a detailed study was per-
formed on the influence of the liquid on the charge induced in
the droplet. It results from this study that a large panel of lig-
uids could be charged by the generator. We found that any fluid
with a conductive relaxation time smaller than 1s charges like
a perfect conducting fluid. Our device allows then to study the
influence of an electrical charge on fundamental properties of
the fluid like the surface tension or the wettability on a surface.
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