
Microgravity Sci. Technol. (2017) 29:229–239
DOI 10.1007/s12217-017-9542-0

ORIGINAL ARTICLE

Electrically Charged Droplets in Microgravity
Impact and Trajectories
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Abstract In this work, the interaction between electrically
charged droplets in microgravity is considered. During the
22 s of microgravity brought by a parabolic flight, water
droplets with a radius r ∈ [0.41 − 0.97] mm were released
one in front of the other. A high-speed camera allowed
studying their interaction in the focal plane. The trajecto-
ries of the droplets are well adjusted by a punctual charge
model. In some experiments, a physical contact between the
charged droplets was observed. These collisions are studied
via a phase diagram comparing the droplet Weber number,
We, and the collision parameter,χ . By comparing these col-
lisions to experiments involving neutral droplets, we deduce
how the collision diagram is affected by electric charges. In
particular, we show that the criterion for an impact between
two droplets is no more χ < 1.

Keywords Charged drop · Thunderclouds · Electric
interaction · Collision diagram · Impact

Introduction

The physics of collisions between droplets has raised the interest
of several scientists since the early 1950s (Swinbank 1947;
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Davis and Sartor 1967; Brazier-Smith et al. 1972). In
the particular case of water droplets, this interest comes
specifically from atmospheric research (Testik 2009; Beard
et al. 2001; Franklin et al. 2005). The experiments were
focused on small droplets (i.e. r ≈ 150 μm to represent
cloud droplets) and large drops (i.e. r ≈ 1 mm to represent
raindrops). The main goal of these studies was to under-
stand how several collisions between droplets could affect
their radius distributions. Indeed, when droplets collide,
they can bounce on each other, stick together or separate
in several smaller droplets. Previous studies investigated
which parameters affect the droplet impact. For example,
Ashgriz and Poo (1990) have shown that impact between
drops depends on their respective radius, speed and angle
of impact. Furthermore, Qian and Law (1997) showed that
the result of the impact also depends on the ambient air
pressure and the liquid composition.

In the literature (Ashgriz and Poo 1990; Qian and Law
1997; Gotaas et al. 2007), the collision between two neutral
droplets (a and b) of the same volume (i.e. the same radius,
ra = rb = r) and composition is commonly described by
a phase diagram comparing the collision parameter χ with
the Weber number We. These parameters are respectively
defined by:

χ = x

(ra + rb)
(1)

We = ρv2rel(ra + rb)

γ
(2)

where x is the projected separation distance between the
centers of the colliding droplets normal to the relative veloc-
ity vector �vrel (see Fig. 1), ra and rb are the radii of each
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Fig. 1 (Color online) Schema
of the relative droplet motion for
neutral (left) and charged
droplets (right). Neutral droplets
move straight on, while the
trajectory of charged droplets is
affected by their electric
interaction. The relative speed
between both droplets
corresponds to the vector �vrel .
While the distance x remains
constant for neutral droplets, it
varies over time for charged
droplets because of the electric
interaction. The collision
parameter χ is calculated from
the distance x = xi and the radii
ra and rb
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droplet, ρ is the droplets density and γ is the droplets sur-
face tension. In the case of neutral droplets, two droplets
sent toward each other are generally supposed to move
straight until impacting. As a consequence, the direction of
the relative speed vrel does not vary over time, which means
that the collision parameter is also constant over time.

According to the parameters χ and We, the collision
between neutral droplets leads to different behaviors. The
collision diagram, shown in Fig. 2, points out each of these
behaviors. If χ > 1, the droplets do not contact each
other. If χ < 1, both droplets impact each other. Four
different impacts can be observed: the bouncing between
droplet, the coalescence, the stretching separation and the
reflexive separation (examples of collisions are accessible in
Supplemental Materials). The frontiers between each
impact behavior on the collision diagram were previously
studied experimentally and theoretically. Figure 2 was built
from the results obtained by Ashgriz and Poo (1990) and
Gotaas et al. (2007) with water at ambient pressure.

Studies such as Ashgriz and Poo (1990) and Qian and
Law (1997) led to a better understanding of the colli-
sion between two neutral droplets. However, in the case
of droplets with an excess of electric charges, the system
acquires one more degree of freedom. Indeed, the electric
attraction or repulsion between droplets adds an interac-
tion, which influences the collision before and during the
impact between droplets. A natural example of the differ-
ences existing between the collisions of neutral or charged
droplets is the contrast between clouds and thunderclouds
(Leblanc et al. 2008).

In order to study the interaction between charged droplets,
various approaches have been implemented. Studies have
been specifically focused on the simulation of several

charged droplets interacting with each other (Khain et al.
2004) while others have been focused on direct measure-
ments (Beard et al. 2002; Beard et al. 2001; Snarski and
Dunn 1991; Abbott 1974). These measurements always
involve one droplet falling on another because of gravity
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Fig. 2 (Color online) Collision diagram for charged droplets (sym-
bols) as compared to theoretical predictions for neutral droplets (lines).
The y-axis corresponds to the collision parameter χ (Eq. 1). The x-axis
corresponds to the Weber number We (Eq. 2). The orange dashed line
describes the theoretical frontier between coalescence and stretching.
The green line describes the theoretical frontier between coales-
cence and reflexive separation. Both theoretical predictions come from
Ashgriz and Poo (1990). The blue points describe the frontier between
stretching and bouncing between droplets (deduced from measure-
ments of Gotaas et al. (2007). The red circles, triangles and crosses
describe the observed collisions between charged droplets. The red
cross corresponds to an experiment performed with the same sign
of charges. The error bars account for the small difference in radii
between both colliding droplets. Examples of collisions are accessible
in (Supplemental Materials)



Microgravity Sci. Technol. (2017) 29:229–239 231

or several droplets (two charged jets) interacting with each
other. They showed that the electric interaction between two
droplets could be modeled as the interaction between two
charged conducting spheres (Khain et al. 2004).

Even if studies investigated the collision between two
charged droplets (Beard et al. 2001, 2002; Abbott 1974,
there is, to our knowledge, no comparison between the col-
lision diagram of neutral droplets and the collision between
charged droplets. This lack of results is explained by the dif-
ficulty to highlight the influence of the electric interaction
on the droplet trajectories. Indeed, a rapid calculation of the
electric force between two charged droplets shows that the
electric force is 40 times smaller than the droplet weight. As
a consequence, two charged droplets sent toward each other
mainly endure the acceleration of gravity. They quickly
acquire an important speed and the electric interaction
becomes negligible compared to aerodynamic interactions.
Therefore, studies did not observe an influence of the elec-
tric charges (Adam et al. 1968) on the droplets collisions
or were limited to collision parameters χ ≈ 0 (Beard et al.
2002; Beard et al. 2001; Abbott 1974).

Therefore, a precise understanding of the impact between
droplets as a function of the collision parameter χ and
the Weber number We is still needed. Indeed, in systems
made of several droplets colliding with each other, the
impact between droplet can occur on a wide range of colli-
sion parameter χ and weber number We. In order to track
the result of these numerous collisions, we need to under-
stand what is the influence of the electric charges on each
kind of collisions. Moreover, the electric interaction also
influences the possibility of an impact between droplets.
A better knowledge on the collision diagram of charged
droplets would allow to better predict the evolution of
systems such as thunderclouds (Khain et al. 2004). Further-
more, new applications based on the collision of droplets,
such as spreading techniques (Damak et al. 2016) or 3D
printing (Visser et al. 2016) would benefit greatly from
this information. Indeed, the Weber number of the ejected
droplet could be adjusted in order to promote specific impacts
between drops.
In the following Sections, we propose to compare colli-

sions between charged droplets to collisions between neutral
droplets on a large range of We and χ . In order to maximize
the influence of the electric charges, we focused our study
on the interaction between two electrically charged droplets
with a radius r ∈ [0.41−0.97]mm interacting in micrograv-
ity conditions. The specific range of radius was chosen to
maximize the influence of the electric charge. Indeed, while
the charge of micrometric droplets is about 0.01 pC (Khain
et al. 2004), our charged droplets had charges of about 100
pC. As shown in previous studies, the microgravity is a good
tool to study the interaction between droplets and electric
charges (Imamura et al. 2005).

A typical experiment is shown in Fig. 3. For clarity, this
experiment corresponds to droplets that do not impact with
each other. On each side of the image, a charged droplet
generator ejects a droplet. Images separated by 4 ms have
been superposed in order to visualize the droplets motion.
Because of the microgravity conditions, the droplets move
in the direction indicated by their initial speed. Once they
come closer to each other, their displacement is influenced
by their electric interaction.

Experimental Setup

In the next lines, we describe how the microgravity condi-
tion was reached and the diverse setups that were developed
in order to perform the experiments.

The microgravity condition was obtained thanks to
ESA parabolic flights performed by Novespace http://www.
novespace.fr/. During such flights, the airplane performed
portions of a parabola. At the top of the parabola, the lift
and the drag compensate and the effect of gravity is reduced
to almost zero. Over all the parabola, we measured a maxi-
mum deviation from microgravity conditions equal to 0.05
g, with g being the earth gravity. The results presented in the
article have been obtained in a period of three days, which
corresponds to 93 parabolas. Each parabola corresponds to
22 s of microgravity. Several experiments are run on each
parabola, in which two electrically charged droplets are shot
against each other. A typical experiment is presented by the
image superposition in Fig. 3.

To generate electrically charged droplets in micrograv-
ity, a specific apparatus was built. The apparatus is shown
in Fig. 4 (top), which depicts two charged-droplet ejectors
facing each other. A detailed schema of one charged droplet
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X

Fig. 3 Image superposition of a typical experiment. Two droplets
were sent toward each other thanks to two charged droplet generators.
The droplet initial speeds correspond respectively to �va and �vb. Four
milliseconds separate each droplet. We observe that the droplet motion
is affected by the electric interaction between droplets. The focus plane
of the high-speed camera is called XZ

http://www.novespace.fr/
http://www.novespace.fr/
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Fig. 4 (Color online) (top)
Picture of two charged droplet
generators facing each other.
(bottom) Schema of the charged
droplet generator. A voltage is
set between the metallic needle
and the metallic plate,
generating charge migration.
The droplets are then ejected
thanks to coaxial airflows
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generator is shown in Fig. 4 (bottom). A cylindrical plas-
tic piece (in grey) encircled a metallic needle. A metallic
plate was fixed at the edge of the plastic piece. A hole in the
plastic piece allowed air to flow around the needle. Two sup-
port screws were screwed up in the plastic piece in order to
maintain the metallic needle location. A voltage generator
allowed controlling the voltage between the support screw
(connected to the metallic needle) and the metallic plate.
The charged droplet generator was coupled to an air pump.
As shown in Fig. 4, laminar airflow was generated around
the needle. In order to generate a charged droplet, we firstly
accumulated liquid at the edge of the metallic needle. This
was done by controlling the water flow injected in the metal-
lic needle. Then, the airflow detached and blew away the
charged droplet. By controlling the airflow, it was possible
to control the droplet generation rate and the droplet size.

The charging of the droplets was performed via charges
migration due to an external electric field. A voltage differ-
ence was applied between the metallic plate and the metallic
needle in order to generate an electric field. When a droplet
was at the edge of the needle, electric charges migrated
from the liquid contained in the needle to the droplet. As
the droplet leaves the needle, it carried on an excess of elec-
tric charges. The number of electric charges induced in the
droplet is linked to the scalar value of the electric field at
the edge of the needle. As a consequence, the charge only
depends on the generator geometry, the droplet surface and
the voltage between the metallic plate and the needle (see,
for example, Brandenbourger and Dorbolo 2014).

Parabolas have been dedicated to the droplet charge mea-
surement. The charge measurement was performed thanks
to a Faraday cup and an electrometer (Keithley 6514). These
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measurements allowed calibrating the charged droplet gen-
erator. From this calibration, the charge of the droplet was
deduced for any radius of an electrically charged droplet.

The motion of the droplets was recorded at 2000 fps
using a high-speed camera (Phantom MIRO M310). The
image superposition in Fig. 3 shows the droplet motion
recorded in the XZ plane. For all the experiments, the dis-
tance between both metallic plates was kept equal to 41
mm.

Droplet Trajectories

In this Section, we first investigate the experiments that did
not lead to impact between droplets. For neutral droplets,
the non-collision corresponds to χ > 1 on the collision dia-
gram (see Fig. 2). Naturally, the frontier between collision
and non-collision can eventually be changed by the electric
interaction. As shown in Fig. 3, because of electric interac-
tions, droplets do not move in a straight line. The goal of

the present Section is to describe the specific trajectories of
these droplets as a function of their relative electric inter-
action. Such a description allows deducing assumptions on
electric interactions between droplets during events that lead
to a collision.

Results

Figure 5 shows two examples of experiments performed
in microgravity. The graphs on the left side (A. and C.)
show the relative horizontal (�x = xa − xb) and verti-
cal (�z = za − zb) droplet positions over time of two
electrically charged droplets in the XZ plane. The charges
and the radii of each droplet is indicated in Table 1. The
first experiment (A.) corresponds to charged droplets with
the same sign of charge (Table 1, case +/+). The curva-
ture of the trajectories changes when the droplets are near
each other (�x ≈ 0), meaning that the droplets influence
each other. The second graph on the left (C.) corresponds
to two droplets with opposite charges (Table 1, case +/-).
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Fig. 5 (Color online) The graphs A. and B. show an experiment
performed with droplets of the same sign of charge, correspond-
ing to the case +/+ in Table 1. The graphs C. and D. show an
experiment performed with droplets of opposite signs of charges, cor-
responding to the case +/- in Table 1. The graphs on the left side
describe the relative position �x and �z of two droplets during their

motion in the plane XZ. The orange curves correspond to fits of
the trajectory taking into account a Coulomb interaction (see Eq. 7).
The graphs on the right side compare the value of the Coulomb
force (red crosses), the dipole force (orange triangles) and the total
electric force (green points) as a function of the relative position
Rrel
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Table 1 Characteristics of both experiments described in Fig. 5

Case +/+ Case +/-

qa(pC) −56.6 −91.3

qb(pC) −56.6 63.2

ra (mm) 0.86 0.77

rb (mm) 0.97 0.64

vrel (m/s) 1.08 1.64

ptheo 0.3206 0.0821

pf it 0.3386 0.0824

perr (%) 5.3 0.4

etheo 146.1838 48.9406

ef it 156.9317 50.0385

eerr (%) 6.84 2.2

The symbols qa/b and ra/b correspond respectively to the charge
and the radius of each droplet. The relative initial speed between
two droplets is indicated by the symbol vrel . The symbols ptheo/f it

and etheo/f it correspond to the two parameters from Eq. 7 respec-
tively deduced from the droplet parameters or the droplet trajectories.
Finally, perr and eerr indicate the relative error between each of the
two previous parameters

Contrarily to the previous cases, we observe that the rela-
tive distance between droplets increases less quickly after
their crossing. In other words, the curvature of the function
is inverted, indicating an attraction between droplets.

The graphs on the right side of the Fig. 5B and D show
the calculated electrical force between the droplets as a
function of their relative position Rrel = 2r/(ra + rb),
where r is the distance between the center of mass of the
droplets and ra and rb are the droplet radii. The considered
electric force takes into account the monopole-monopole,
monopole-dipole and dipole-dipole interactions:

Fel = Fc + Fdip

= qaqb

4πε0r
2 + 1

4πε0
q2
a rb

(
1
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− r

(r2−r2b )2

)
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(
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(
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(3)

where Fc = qaqb

4πε0r
2 corresponds to the Coulomb interac-

tion and the rest of the equation, Fdip, corresponds to the
dipolar forces. The charges qa and qb are respectively the
electric charges of droplets a and b and ε0 corresponds to
the vacuum electrical permittivity.

As expected, the first case described in Fig. 5B corre-
sponds to repulsive forces while the second case (D.) corre-
sponds to attractive forces between droplets. The curves also
show that, in most of the cases, the dipolar component of the
electric force is mainly negligible until a distance between

droplets corresponding to approximately 3 Rrel . Indeed, the
green points and the red crosses are superposed during the
majority of the experiments. Beyond these two examples, it
as to be noted that we observed the same behavior over more
than ten analyzed droplet trajectories.

Discussion

As stated in the previous section, we were able to
observe several charged droplet trajectories. The observa-
tions showed that the electric interactions between droplets
influence their trajectories. In the next lines, we aim at
describing quantitatively these trajectories.

In order to understand the trajectories of each droplet, we
need to consider the electric force Fe (see Eq. 3) describing
the Coulomb and dipolar interactions which influence both
droplet. While the Coulomb interaction describes only the
interaction between static charges, the dipolar force takes
into account the motion of the electric charges inside the
droplet. As a consequence, taking into account the dipo-
lar interaction means that the time for a charge to move in
the droplet is considered negligible with respect to the time
scale of the droplet motion. In order to check the validity of
this assumption, we estimate the characteristic time scale of
the charge displacement as (for more details, see Pfeifer and
Hendricks 1967):

τ = εrε0/σ (4)

where εr and σ are respectively the relative permittivity and
the conductivity of the liquid. In the case of bidistillated
water, τ = 0.13 ms. Figure 5 shows that the interaction
between both electrically charged droplets becomes non-
negligible at a distance of approximately 3 mm (r < 3Rrel).
If we take a droplet speed of v = 1 m/s (which is in accord
with Table 1), it takes 3 ms for a droplet to travel this
distance. We deduce that the timescale of the charge dis-
placement is negligible compared to the motion time scale
of both electrically charged droplets. However, the small
distance at which dipole interaction becomes non-negligible
(r < 3Rrel) indicates that the dipole interaction should have
a small influence on the droplets motion. As a consequence,
the first step is to describe each droplet trajectory by only
taking into account the Coulomb force. Note that the dipo-
lar interaction could eventually be non-negligible in systems
involving higher electric charges and smaller drop radii.
With this assumption, the droplet trajectory can be seen as a
two-body problem influenced by a Newtonian force:

�FN = k

r2
�ur (5)

where k is a constant (in our case k = qaqb/4πε0), r is
the relative distance between the droplets and ur is a unit
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vector. The classical way to resolve this two-body system is
to reduce the problem to a one-body system influenced by a
central force:

μ
d2�r
dt2

= �FN (6)

The reduced mass is μ = mamb

ma+mb
, where ma and mb cor-

respond respectively to the mass of the droplet a and b. This
classical problem has a solution in polar coordinates (r, θ).
From Eq. 6 the distance between the charged droplets as a
function of θ is expressed as:

r(θ) = p

(∓)1 + e cos(θ − θ0)
(7)

where p = (±)μC2

k
and e = (±)(

p
r0

+ 1). The sign (±)
corresponds respectively to droplets with the same sign of
charges or with different signs of charges. The constantC =
r2θ̇ is derived from the angular momentum conservation
and r0 is the minimal distance between droplets.

The trajectories on the Fig. 5 have been adjusted by Eq. 7.
The results of the fits correspond to the orange lines on the
Fig. 5A and C. A comparison between the fitting parameters
and the measured value of ptheo and etheo can be seen on
Tab. 1. The difference between the fits and the experiments
are described by the relative errors perr =| ptheo − pf it |
/pf it and eerr =| etheo − ef it | /ef it .

The fits from Eq. 7 on the Fig. 5A and C are in good
agreement with the observations. The errors ptheo and etheo

are relatively low for both experiments. Note that slightly
larger errors on ptheo and etheo were found for experi-
ments where droplets interact with each other at a larger
relative distance r (not showed in this article). From these
results, we can say that the Coulomb electric force is ade-
quate to describe the interaction between two electrically
charged droplets in this range of droplet charge, radius and
speed. In other words, the two electrically charged droplets
can be approximated as two point charges in this set of
experiments.

In order to highlight the small influence of dipolar forces,
more precise measurements are required. This could be
achieved by tracking the droplet in the three dimensions.
Indeed, during our measurements our principal source of
error came from the droplets defocusing from the XZ plan.
In particular, the droplet defocus influences the measure-
ment of the constant C from Eq. 7. In order to limit the
error on C due to defocus, we chose to measure the constant
only on portions where electrically charged droplets were
perfectly focused.

Finally, note that a second significant source of error is
the accuracy of the microgravity conditions. Indeed, given
the droplet radius and charge, an error of 0.05 g is enough
to create a force with the same order of magnitude as the
electric interaction between two charged droplets spaced of

few centimeters. While most of the parabola had a smaller
error on the gravity, this g-jitter also explains the difficulty
to acquire numerous measurements.

Droplet Impacts

If the electric interaction influences the trajectories of two
electrically charged droplets sent toward each other, one
can understand that it also influences the impact between
electrically charged droplets. In this Section, we focus
our attention on experiments where we observed a contact
between charged droplets. In the collision diagram for neu-
tral droplets, these experiments correspond to an impact
parameter χ < 1. Naturally, the frontier between impact and
non-impact between charged droplets can eventually vary.
In this Section, we compare the collision diagram for neutral
droplets with the collision diagram for charged droplets.

Results

In the case of the collision between neutral drops, both
drops moves along a straight line before the impact. Indeed,
neutral droplets do not remotely interact with each other.
Therefore, the collision parameter χ = x/(ra + rb) is the
same whichever the distance r between the droplets. Exper-
imentally, χ is generally calculated when droplets are near
each other, in order to minimize any measurement errors.
In the case of charged droplets, we showed that the droplet
trajectories are influenced by the electric interaction. As a
consequence, the distance x in the definition of the colli-
sion parameter χ varies over time (see Fig. 1). The main
goal of this article is to highlight the possible influence of
the electric interaction on the droplet collision. Therefore,
the collision parameter was calculated at a particular dis-
tance xi (see Fig. 1) at which the electric force starts to be
non-negligible. During the analysis of the impacts between
two charged droplets, the electrical force Fel (Eq. 3) was
considered non-negligible when it corresponded to 15 per-
cent of its maximal value. The limit was chosen in order
to minimize the error on the measurements and maximize
the influence of the electric force. At this limit, in the
range of kinetic energy explored, both droplets are suffi-
ciently far from each other to behave as if they were neutral.
Ultimately, note that in further experiments involving bet-
ter quality of microgravity condition or in simulations, this
limit should be reduced toward 0%.

This modification in the calculation of the parameter χ

implies that the collision diagram now takes into account the
droplet trajectory just before the impact between droplets. In
doing this, we highlight any influence of the electric charge
just before the impact or during the impact without changing
the definition of χ for neutral droplets.
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In the case of the parameter We, only a small adjust-
ment on the droplet radius has to be made. Because of
the complexity to generate electrically charged droplets in
microgravity, the droplet radius may vary from 1 to 15
percent between both interacting droplets. Therefore, each
Weber number was associated to an error bar corresponding
to the standard deviation calculated from both radii.

In Fig. 2, the red symbols correspond to impacts between
charged droplets observed in microgravity. The parame-
ters χ and We were calculated as described in the pre-
vious paragraph. The data in Fig. 2 are given with an
error bar corresponding to the variation in radii between
both droplets. During our experiments, we observed colli-
sions between electrically charged droplets within a wide
range of radii and charges (0.41 < r < 0.97 mm and
57 < |q| < 190 pC). According to the Weber number,
we observed reflexive collisions (red triangles), stretch-
ing separations (red circles) or no collisions at all (red
crosses). Collisions between droplets with the same sign
of charges are represented by empty circles/triangles while
the collision between droplets with opposite sign of charges
are represented by full circles/triangles. In order to com-
pare the measurements performed on charged droplets
to the collision between neutral droplets, we reported in
Fig. 2 the frontier between the different kinds of neutral
collisions.

In the case of oppositely charged droplets, because of
the difficulty to generate collisions between droplets dur-
ing parabolic flights, we only observed stretching collisions
during our measurements. The majority of these collisions is
found in the expected zone of the neutral collision diagram.
In other words, we observed mainly no differences between
neutral droplet impacts and charged droplet impacts. How-
ever, at high collision parameter χ , we observed one reflex-
ive collision in the neutral bouncing region. Even if more
observations are needed to draw conclusions, it seems that
the reflexive collision region is extended in the case of
charged droplets. The observation indicates that the bounc-
ing between two electrically charged droplets with opposite
charges could be impossible.

In the same way, the majority of the experiments per-
formed with colliding droplets of the same sign of charge
are well located in the neutral collision diagram. How-
ever, one specific observation, described as the red cross
in Fig. 2, indicates once again that the presence of electric
charges affects the boundary of the neutral collision dia-
gram. In this particular case, we observed repulsion between
both charged droplets that is sufficient to avoid an impact
between them. This observation indicates that repulsion
between droplets may be important enough to avoid the
collision between droplets in parts of the diagram where
χ < 1.

Discussion

We observed two specific experiments where the result
of the impact was different from the neutral predictions.
Firstly, we observed a stretching separation in the neutral
bouncing zone. However, the absence of numerous mea-
surements in the present set of experiment does not allow
developing a predictive theory on the whole zone corre-
sponding to droplet bouncing. Indeed, the modeling of the
bouncing between two colliding droplets is a difficult prob-
lem that was raised several times. Such a phenomenon is
linked to several parameters such as the ambient air pres-
sure (Qian and Law 1997), the droplet surface tension or
the droplet viscosity. The observation tends to show that
the influence of the electric charge of the two droplets can
be added to these other variables. Given the last results on
the interaction between charged droplets (Bird et al. 2009;
Ristenpart et al. 2009), such a behavior is expected. Yet,
more quantitative measurements are needed in the case of
two droplets impacting each other. In the future, the absence
of bouncing between droplets due to their electric interac-
tion could be used for applications in which droplet merging
and coalescence is required (e.g. Damak et al. 2016)

Secondly, we observed the non-collision between two
charged droplets with the same sign of charge in the part
of the diagram corresponding to χ < 1. In the next lines,
we suggest a model to answer to this observation. In order
to extrapolate the part of the diagram where collisions may
be avoided due to the electric repulsion, we investigate the
energy conservation in the reference frame corresponding to
the center of mass of both droplets.

Thanks to the previous study of charged drop trajectories,
we can take the following assumptions: (i) Droplets can be
approximated to point charges (which implies a Coulomb
interaction); (ii) there is no dissipating force during the
droplet motion. By comparing the energy of the system at
an infinite distance between droplets to the system energy
at the minimum distance between them, we have:

μv2rel

2
= k

r0
+ μC2

2r20
(8)

The left hand side of the equation corresponds to the
kinetic energy of the droplets, with vrel corresponding to
the droplet relative speed when they are far from each other.
The electric energy is considered equal to zero at an infi-
nite distance. On the right hand side of the equation, the
first term corresponds to the electrostatic energy of the
system. The distance r0 corresponds to the minimum dis-
tance between droplets. The second term corresponds to the
rotational energy of the system. At the minimal distance
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between droplets, the kinetic energy of the system equals
to zero. Because of the angular momentum definition, we
deduce:

C = χvrel(ra + rb) (9)

Equation 8 allows to express r0 as a function of χ . The
limit of an impact can be expressed as the point where the
distance between the center of mass of the droplet is smaller
than the radius of both droplets:

r0 < (ra + rb) (10)

From Eqs. 8 and 10, we then deduce the following limit
for a possible impact between charged droplets:

χ <

√
1 − Ve,0

Ek,inf
(11)

Where Ve,0 = k
(ra+rb)

and Ek,inf = μv2rel
2 . By knowing

Ve,0 and Ek,inf, we can deduce the range of χ for which it is
impossible to observe any impact between droplets.

Generally speaking, Eq. 11 indicates that, for charged
droplets, the limit of a possible collision is not anymore
χ = 1. In the case of two droplets with opposite sign of
charges, χ > 1 can lead to collision between droplets. On
the other hand, in the case of two droplets with the same
sign of charge, collisions can be impossible for χ < 1.

In Fig. 6 (top), the theoretical limitation deduced from
Eq. 11 is confirmed by experimental measurements. The
droplet speeds vrel were calculated at the same distance
where the collision parameter χ were calculated. The green
circles correspond to the observation of a non-contact
between droplets while the red triangles correspond to the
observation of a contact between droplets. The green cir-
cle near the orange line (i.e. at the edge between a contact
and a non-contact between droplets) corresponds to the red
cross presented in Fig. 2. The Fig. 6 (top) not only shows
the validity of Eq. 11 but demonstrates also that the Weber
number and the collision parameter are not anymore suffi-
cient to completely describe the collision between charged
droplets. Indeed, the measurements demonstrate that the
electric repulsion/attraction before the impact have to be
taken into account.

Therefore, the limit of an impact between charged
droplets can only be described on the neutral collision dia-
gram for a given excess of electric charges in both drops.
Typically, for a given electric charge, the impact bound-
ary can be plotted as a function of We. Indeed, the Weber
number can be introduced in Eq. 11:

χ <

√
1 − kρ

Weμγ
(12)
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Fig. 6 (Color online) (top) Collision parameter χ (Eq. 2) as a func-
tion of the ratio between the electric energy and the kinetic energy. The
red triangles represent interactions between droplets that lead to an
impact. The green circles represent interactions between droplets that
do not lead to an impact. The orange line corresponds to the limit of a
non-impact between droplets (see Eq. 11). (bottom) Collision param-
eter χ as a function of the Weber number We. The black dash-dotted
lines describe the frontier of an impossible collision in the case of
droplets with the same sign of charge. The lower curve, named B1, cor-
responds to the configuration of the experiment described by the red
cross in Fig. 2. The upper curve, named B2, corresponds to the same
experiments but with droplets two times more charged

In the case of the experiment corresponding to the red cross
in Fig. 2 (i.e. two droplets with the same sign of charge),
the matching frontier is plotted as a black dash-dotted line
(B1) in Fig. 6 (bottom). The collisions above the black dash-
dotted line are impossible due to charge repulsion. On the
contrary, below the black dash-dotted line, the repulsion
between droplets is not important enough to avoid collisions.

The frontier shows that, for particular droplet radius and
charge, parts of the classic collision diagram are not acces-
sible. Indeed, the Fig. 6 (bottom) shows that a part of
the bouncing and the coalescence region is not accessible.
Of course, in other configurations, with a more important
droplet charge or a smaller radius, a more important part
of the neutral collision diagram may be inaccessible. For
example, in the case of droplets with a charge two times
more important, the second frontier (B2) shows that a larger
part of the classic diagram is inaccessible.
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Now that a first theory is able to describe the behavior
of the collision between charged droplets, the future aim
is to confirm the diagrams in Fig. 6 with several measure-
ments on a larger range of energy ratio Ve,0/Ek,inf. This
can be achieved by increasing the droplet charge density or
decreasing the droplet relative speed. Still, with these first
results, we can already give predictions on the behavior of a
diluted gas of charged droplets.

Let us consider a system composed of several charged
droplets only interacting with their nearest neighbor. These
drops can have different charges and speeds. Therefore, the
collision between two droplets is restricted to a certain range
of energy ratio Ve,0/Ek,inf. An example of a range of energy
ratio is depicted as the hatched lines in Fig. 6 (top). For
this specific range of energy ratio, we can deduce from the
Fig. 6 (top) the collision parameter needed for a collision to
occur.

If charged droplets collide randomly, the probability of a
collision with a specific impact parameter χi is uniformly
distributed. As a consequence, we observe in Fig. 6 (top)
that the collision between droplets with different sign of
charges is more likely than the collision between droplets
with the same sign of charges. This collision probability is
quantified by Eq. 11. Therefore, Eq. 11 could be used to
predict the evolution over time of several charged droplets
impacting with each other.

Furthermore, the Fig. 11 indicates the limit for which
collisions between droplets is impossible for any collision
parameter χ . Indeed, if Ve,0 = Ek,inf, impacts between
droplets are impossible even for χ = 0. For droplets with
a typical charge q = 50 pC and radius r = 1 mm, this
behavior corresponds to a droplet relative speed vrel = 0.14
m/s.

Such reasoning on the collision probability between
charged droplets can be linked to specific domains of stud-
ies. For example, atmospheric research uses a collision
efficiency parameter to describe the evolution of a cloud of
droplets (charged or not) (Khain et al. 2004; Abbott 1974).
Equation 11, which better physically describes the system,
could also be used for such a purpose. In other words,
Eq. 11 quantifies how likelier to occur is a collision between
droplets with opposed charges than between droplets with
the same charge. Another domain of interest concerns the
spreading of pesticides. Indeed, since several years (Law
2001), farmers use charged droplets to increase the effi-
ciency of the pesticide interaction with plants. New research
have also shown that the use of electrically charged droplets
could especially increase the spreading of pesticides on
hydrophobic surfaces (Damak et al. 2016). In this last case,
the collision between charged droplets is primordial. There-
fore, Eq. 11 could be used to optimize the collision rate
between charged droplets by controlling the energy ratio
Ve,0/Ek,inf of the system.

Conclusion

In the present work, we were able to study the trajectories
of two electrically charged droplets facing each other. The
microgravity conditions allowed us to measure the influ-
ence of electric charges on the droplets motion, contrary to
previous studies (Adam et al. 1968). The results show that
taking into account the Coulomb interaction between punc-
tual charges is sufficient to describe the droplet trajectories
in the range of droplet speed, charge and radius that were
investigated.

Furthermore, when both droplets collide, the result of the
collision is influenced by their charges. Contrary to neu-
tral droplet collision, the impact parameter χ = 1 does
not define the frontier between collision and non-collision
for charged droplets. We were able to determine the limit
for a collision to happen as a function of the electric and
kinetic energies of the system (see Eq. 11). In particular,
we showed that regions of the collision diagram are inac-
cessible because of the repulsion between droplets with the
same sign of charge. Moreover, by predicting the collision
probability, Eq. 11 is found useful to describe the evolution
over time of a diluted gas of charged droplets. These first
experimental and theoretical results lay the foundations for
extensive studies on the collision diagram between charged
droplets.
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