
PHYSICAL REVIEW E 104, 064801 (2021)

Ice nucleation forced by transient electric fields
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Icing affects many technical systems, like aircraft or high-voltage power transmission and distribution in cold
regions. Ice accretion is often initiated by ice nucleation in sessile supercooled water droplets and is influenced
by several influencing factors, of which the impact of electric fields on ice nucleation is still not completely
understood. Especially the influence of transient electric fields is rarely or not at all investigated, even though
it is of great interest, e.g., for high-voltage transmission lines or for the food industry. In the present study
the impact of transient electric fields on ice nucleation in supercooled sessile water droplets is experimentally
investigated under well-defined conditions. A set of droplets is cooled down to a certain temperature and is
subsequently exposed to electric fields generated from standard lightning or standard switching impulse voltages,
which are commonly used for testing of high-voltage equipment. The nucleation behavior of individual droplets
is captured using a high-speed camera and the effect of the transient electric field on ice nucleation is analyzed
by considering both the singular and the stochastic nature of nucleation. While the singular nature of nucleation
is referred to during analysis of the relative number of droplets remaining liquid long times after the impulse
voltage, its stochastic nature is accounted for in the analysis of the temporal evolution of the relative number
of frozen droplets. It is shown that low electric field strengths (Ê � 6.52 kV/cm) only have a negligible impact
on ice nucleation, independent of the supercooling. In contrast, high electric field strengths (Ê � 9.78 kV/cm)
promote significantly ice nucleation. It is also shown that depending on the supercooling, the freezing delay of the
different droplets in the ensemble may vary over several magnitudes for the same conditions. It is demonstrated
that the electric field appears to indirectly affect the nucleation rate by generating droplet oscillations, finally
promoting ice nucleation. The experiments clearly demonstrate the possibility to actively force ice nucleation
by applying transient electric fields. These results improve the understanding of ice accretion on high-voltage
insulators and may also lend insight into freezing processes in food industry. We expect that these results will be
a valuable contribution in formulating and/or validating new nucleation models.
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I. INTRODUCTION

Ice accretion is a severe problem for many applications like
aircraft [1], ships [2,3], wind farms [4], food industry [5–7],
or power engineering [8–10]. An accreted ice layer can lead
to serious safety risks or may significantly decrease opera-
tional performance of the application. For aircraft or ships a
safe operation is of first priority and ice accretion should be
avoided, since the ice alters the shape of the wings or the ship,
introduces additional loads and might lead to a functional
failure by, for example, reducing the lift of the aircraft. In
addition to the safety risk due to accreted ice, icing can cause
a significant decrease of reliability as well as efficiency of a

*jens-michael.loewe@tu-darmstadt.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

system. Particularly in cold regions, high-voltage insulators
and conductor ropes may be affected by ice accretion [9].
The insulators are specially designed for power transmission
and distribution and should withstand different environmen-
tal conditions. The reliability of power transmission strongly
depends on the performance of the insulators which insulate
the high-voltage from ground potential [11,12]. Ice accretion
alters the shape of the insulators by bridging the space be-
tween the weather sheds and may lead to increased creeping
currents on the surface or to a flash-over caused by the reduced
insulation distance [13,14]. Furthermore, the adhered ice leads
to additional loads on the pylons or can cause line-galloping,
which might lead to a collapse of the pylons [9]. Finally,
the understanding of the physical mechanisms involved in ice
accretion is essential for an optimization of the application
and to ensure a reliable and safe operation.

Icing involves several physical mechanisms taking place
on significantly different time and length scales. Whether ic-
ing occurs or not is primarily determined through nucleation,
which initiates the freezing process. Ice nucleation depends on
various influencing factors, like the supercooling of the liquid,
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foreign substances in contact with the liquid (ice nucleating
particles) [15,16], or other boundary conditions like varying
pressure [17] or the presence of an electric field [18,19].
Although the effect of many influencing factors has been
investigated in detail, the overall impact of electric fields on
ice nucleation is still controversially discussed due to the fact
that both a negligible and a large influence of the electric field
has been shown in previous investigations [19–27]. Especially,
the different boundary conditions in terms of type of the
electric field, electric field strength, frequency and orientation
of the electric field prohibit direct comparison and general
conclusions.

As an example, these differences are demonstrated through
a comparison of the results reported in Refs. [21,27]. While
Stan et al. [21] investigated the influence of an electric field on
homogeneous ice nucleation, our previous work examines the
impact on heterogeneous ice nucleation [27]. The presence of
a substrate significantly increases the nucleation temperature
and may also alter the electric field distribution around the
droplet, depending on the field orientation and the material
properties. Hence, the electric field locally present at the three-
phase contact line might be significantly enhanced compared
to a free floating droplet as used in Ref. [21]. In addition,
the external electric field strength investigated in Ref. [27] is
up to 4.4 times higher than in Stan et al. [21]. Even though
the electric field is higher in Ref. [27], the droplets are less
deformed because of the pinned contact line.

As revealed by Löwe et al. [27], each droplet is associated
with a minimum electric field strength necessary to influence
ice nucleation. This characteristic field strength might even
be higher for the case of homogeneous compared to het-
erogeneous ice nucleation, so that it is not reached by the
experiments presented in literature. Furthermore, the most
important difference between both studies is the frequency
of the electric field. High-frequency fields as used by Stan
et al. [21] lead to the formation of an electric field inside
the droplet. The droplet is assumed to be a dielectric, because
the charge relaxation time of water is much higher compared
to the characteristic time of the electric field. Lowering the
frequency of the electric field causes a change of the physical
mechanism, because in this case the charge relaxation time
of water is much shorter than the characteristic time of the
electric field. Consequently, the droplet is assumed to be a
perfect conductor, and thus no electric field is present in the
droplet. Nevertheless, the external electric field still exerts an
influence on ice nucleation. In addition, the influence of the
electric field might be small compared to other influences and
might be masked by more dominant factors like the stochastic
nature of ice nucleation itself [28] or by variations caused by
impurities in the sample. In summary, the different experimen-
tal conditions induce different physical mechanisms, and thus
complicate the comparison of different experimental results.

Although the influence of electric fields has been contro-
versially discussed in previous studies, molecular dynamics
simulations have revealed an unequivocal impact of electric
fields on ice nucleation [29–34]. However, in these studies
the investigated electric field strengths are much higher than
achievable in experiments. Nevertheless, Yan et al. [32] as-
sume that localized high electric fields and the associated
orientation of nearby water-dipoles might cause an increase

of the local supercooling, finally resulting in the formation
of a sufficiently large ice nucleus to induce heterogeneous
ice nucleation. This mechanism might also be present in the
present experiments, however, the type of electric field is also
different, so a direct comparison is difficult.

Although the influence of constant and alternating electric
fields was extensively investigated in the past using experi-
ments and simulations, the influence of transient electric fields
has been only rarely studied [35,36]. In most cases, alternating
electric fields are assumed to be quasi-static and thus, are not
considered as transient electric fields even if the field strength
varies over time [37]. In contrast, transient electric fields are
applied only for a short time (in the micro- and milliseconds
range). Generally, these electric fields are characterised by
a steep increase and a slower decrease of the electric field
strength. Such transient electric fields might occur in power
transmission and distribution systems due to lightning strikes
in an overhead power line or during switching operations [38].
Within the scope of ice accretion, the abrupt change of the
boundary conditions might serve as a disturbance of the meta-
stable state of sessile supercooled droplets and therefore, a
candidate for promoting ice nucleation.

In the present work, the impact of transient electric fields
on ice nucleation in supercooled sessile water droplets is ex-
perimentally studied under well-defined conditions. A set of
40 sessile droplets is cooled down to a constant temperature
between ϑ = −5.9 ◦C and ϑ = −21 ◦C, and is subsequently
exposed to standard lightning or switching impulse voltages
with an electric field strength up to Ê = 22.82 kV/cm. For
each impulse type, the same set of droplets is used for all
field strengths to guarantee a high repeatability of the ex-
periments by minimizing the influence of varying impurities
inside the droplets. The experiments are repeated at least four
times for each experimental condition, resulting in a minimum
of 95 nucleation events for almost all conditions; only for
high switching impulse voltages of Ê = 19.56 kV/cm is the
number of nucleation events varied between 35 and 88 due to
significant droplet disintegration during the impulse voltage
application. A high-speed camera is used to capture the nu-
cleation events and to investigate ice nucleation with respect
to different timescales.

II. EXPERIMENTAL SETUP

The experiments are performed using SAPPHIRE, which
has been presented in detail in Ref. [39] and is therefore only
briefly described here. A schematic of the experimental setup
is shown in Fig. 1. Up to 40 water droplets with a mean
diameter of the wetted surface between d = 0.96 mm and
d = 1.07 mm are placed on a specimen holder. The droplets
are generated using a piezo driven drop-on-demand generator
built according to Harris et al. [40] and using high purity water
(Millipore Milli-Q Type 1, electrical conductivity of γel =
5.5 × 10−6 S/m at 25 ◦C). The droplets are deposited on a
sapphire glass sheet of high heat conductivity, which serves as
the sample holder. Prior to droplet deposition, the glass sheet
is carefully cleaned by rinsing isopropanol over the substrate.
After deposition, the glass sheet with the droplets is placed
inside a groove in the ceramic body. Subsequently, the glass
sheet and the droplets on top are covered with silicone oil to
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FIG. 1. Schematic of the experimental setup used in the present
study. Adapted and published with permission from Ref. [39] under
the Creative Common License—Attribution 4.0 International (CC
BY 4.0).

prevent droplet evaporation, condensation of additional water
and to reduce the Wegener-Bergeron-Findeisen process [41].

The ceramic body comprises two electrodes embedded in
conductive adhesive to generate an electric field tangentially
aligned to the sapphire substrate. The ceramic body defines
the position of the droplets inside the electric field and en-
sures good heat distribution in the substrate because of the
high heat conductivity of 40 W/m K at 25 ◦C and 80 W/m K
at −40 ◦C. Two stacked Peltier elements controlled by a
commercially available controller are used to cool down the
ceramic block. The heat generated by and transferred through
the Peltier elements is dissipated using a water based CPU
cooler. The actual temperature of the droplets cannot be mea-
sured directly because the temperature sensor might influence
the electric field distribution or ice nucleation itself. Hence,
the temperature is measured inside the ceramic block and is
correlated to the current droplet temperature via calibration.
A more detailed description of the calibration procedure can
be found in Löwe et al. [39]. In addition to the calibration
for a constant cooling rate, reported in Löwe et al. [39],
the indirect temperature measurement is also calibrated for
the present experiments performed at constant temperature.
To minimize heat exchange with the surrounding and to en-
sure well-defined conditions, the entire setup is housed in
Styrofoam and placed inside a climate chamber operated at
a constant temperature of ϑ = 7.5 ◦C. Ice nucleation in the
droplets is observed from above using a high-speed (Photron
Fastcam MC2.1-10K) video camera. A magnification lens
(Navitar 12x Zoom Lens) with coaxial illumination is attached
to the camera to capture the nucleation process with a spatial
resolution of approximately 2.7 × 10−5 m/px. The video data
is analyzed using an in-house Matlab code to detect the nucle-
ation of the individual droplets by the vanishing glare points
as shown in Löwe et al. [39] and to determine the temporal
evolution of the frozen fraction of droplets during and after
the high voltage impulse.

The electric field is generated using two single-stage im-
pulse generators [38] with a maximum voltage level of |U | =

(a)

(b)

FIG. 2. Example measurements of the temporal evolution of the
voltage generated by the impulse generator for (a) standard light-
ning impulse voltage (1.2/50 µs) and (b) standard switching impulse
voltage (250/2500 µs). Each curve shows the norm of the supplied
voltage signal of one electrode.

25 kV for each of the generators. Each impulse generator
is connected to one of the electrodes in the ceramic and is
operated with opposite polarity to generate an electric field
tangentially aligned to the sapphire substrate, which is not
affected by the grounded protection layer below the ceramic
body. A self-made Thyristor switch is used to trigger both
impulse generators at the same time. Example measurements
of the temporal evolution of the applied voltage during a
standard lightning impulse voltage (1.2/50 µs) and a standard
switching impulse voltage (250/2500 µs) are shown in Fig. 2.
Both signals are triggered simultaneously, and their evolu-
tion is in excellent agreement with respect to the maximum
amplitude and evolution of the signal, finally resulting in a
well-aligned electric field for the deposited droplets. Due to
the different characteristic times of the impulses, they cover
completely different timescales, which enables to not only
study the general effect of a highly transient high voltage
impulse on ice nucleation, but also to examine the role of time.

III. EXPERIMENTAL PROCEDURE

The sessile droplets are cooled down to a constant temper-
ature between ϑ = −5.9 ◦C and ϑ = −21 ◦C with a constant
cooling rate of Ṫ = 5 K/min. Subsequently, the temperature
is held constant for at least 2 min to ensure a constant tempera-
ture of the droplets before the electric field is applied. Droplets
that are already frozen before the electric field is applied,
are not taken into account during the analysis. Recording
of the camera is triggered simultaneously with the electric
field, so that the video data is automatically synchronized
to the transient electric field. The observation time is lim-
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ited by the maximum recording time of the camera and is
constant for all experiments at �t = 1.5 s with a frame rate of
4000 fps. Consequently, the experimental results for the final
liquid and frozen fraction of the droplets are compared at t =
1.5 s after the electric field is applied. Note that droplets freez-
ing later than t = 1.5 s are not taken into account in the present
analysis. Although individual droplets might also freeze after
longer freezing delays, only those nucleation events observed
for t < 1.5 s are assumed to be possibly related to the transient
electric field. However, such large freezing delays in the order
of several seconds were only rarely observed in the present
study.

After an experiment, the droplet ensemble is heated up to a
temperature of about ϑ ≈ 5 ◦C to melt the frozen droplets and
to prepare the droplet ensemble for the next experiment. Each
experimental condition defined by the degree of supercooling
and an electric field strength is repeated at least four times
to generate a sufficient data basis. Due to the fact that the
droplet ensemble is essentially the same for all experiments
performed with one of the two impulse types, external in-
fluences like a variation of the impurities inside the droplets
can be neglected. During the analysis only droplets with a
diameter within a ±10 % tolerance around the mean value of
the droplet diameters of all considered droplets are accounted
for.

IV. RESULTS

Different influencing factors such as the type of the electric
field, the electric field strength or its frequency were iden-
tified to have an impact on ice nucleation [27], indicating
that not only the characteristics of the electric field (such
as electric field strength or frequency), but also time (e.g.,
duration of application) plays an important role in the scope
of electro-freezing. Therefore, it is expected that the electric
field strength as well as the type of the impulse voltage and
thus, the shape, including the steepness and the duration of
the impulse, have an impact on ice nucleation.

A. Standard lightning impulse voltage (1.2/50 µs)

According to IEC 60060-1 the standard lightning impulse
voltage (1.2/50 µs) is defined by a front time of 1.2 µs and
a time to half-value of 50 µs [see Fig. 2(a) for an example],
which leads to a steep increase and a much slower decrease
of the voltage. In the following the standard lightning impulse
voltage (1.2/50 µs) is simply referred to as a lightning im-
pulse voltage. The characteristic times of the impulse voltage
are significantly shorter than the typical timescale of droplet
oscillations, which are usually in the order of tens to hundred
milliseconds for alternating electric fields [42]. Consequently,
the underlying physical mechanism for the impact of lightning
impulse voltages on ice nucleation can be expected to be
different from the impact of constant or alternating electric
fields, whose characteristic times are much more comparable
to the characteristic time of droplet oscillation.

The final frozen fraction Nf/N0 determined a long time (t >

1 s) after applying the lightning impulse voltage, depending
on the ensemble supercooling and the electric field strength
Ê , is shown in Fig. 3. Here, the electric field strength Ê corre-
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FIG. 3. Final frozen fraction Nf/N0 measured long times after
applying the impulse voltage, depending on the ensemble supercool-
ing �T for lightning impulse voltages of varying peak electric field
strength Ê .

sponds to the peak value of the transient electric field strength
and therefore, it is the highest field strength the droplets are
exposed to during the transient increase and decay of the
electric field. Note that the data presented in this figure are
captured with a low-speed camera (Basler A631fc). Due to
the short duration of the physical process (�t < 1.5 s), all
remaining experiments are investigated with the high-speed
camera to achieve a higher temporal resolution without losing
any information caused by the limited record duration of the
camera. The frozen fraction Nf/N0 is defined as the ratio of ac-
tually frozen droplets Nf and the number of droplets N0, which
are taken into account for the analysis. For the experiments
performed with lightning impulse voltages a minimum of 95
nucleation events is observed for each combination of droplet
temperature and electric field strength.

As shown in the figure, for a low electric field strength,
Ê = 6.52 kV/cm, the electric field has no influence on ice
nucleation, independent of the degree of supercooling. None
of the droplets is forced to freeze by the transient electric
field. However, increasing the electric field strength leads to
an increase of the frozen fraction, depending on the degree of
supercooling. The higher the electric field strength the higher
is the frozen fraction for a given supercooling. For electric
field strengths of Ê � 16.30 kV/cm, even the highest super-
cooling of �T = 21 K does not cause Nf/N0 = 1, i.e., some
droplets remain liquid. For a further increase of the electric
field strength also the frozen fraction increases for a constant
supercooling and always results in a fully frozen ensemble for
a supercooling of �T = 21 K. Moreover, the highest electric
field strength results in a completely frozen ensemble even at
lower supercooling. For the highest electric field strength of
Ê = 22.82 kV/cm a frozen fraction of Nf/N0 = 1 is already
observed for a supercooling of �T = 16 K. In addition, the
mean freezing temperature ϑ0.5, corresponding to Nf/N0 =
0.5, decreases with increasing electric field strength. The
approximate values for the mean freezing temperature ϑ0.5

obtained from linear interpolation are shown in Table I for
varying electric field strength.
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TABLE I. Approximated mean nucleation temperature ϑ0.5 de-
pending on the electric field strength Ê for lightning impulse voltage.
The mean nucleation temperature corresponds to Nf/N0 = 0.5 and
characterizes the approximate temperature, at which half of the en-
semble freezes for a given electric field strength.

Ê in kV/cm ϑ0.5 in ◦C

13.04 −19.66
16.30 −15.05
19.56 −14.04
22.82 −12.58

To examine the effect of the droplet ensemble and its
associated nucleation site spectrum on ice nucleation, some
experiments with a lightning impulse voltage were repeated.
A fresh droplet ensemble with an almost identical mean
droplet diameter (d = 1.07 mm compared to d = 0.96 mm
in the previous ensemble) is exposed to lightning impulse
voltages with the same electric field strength as before. A
comparison of the dependence of the frozen fraction of
droplets on supercooling and electric field strength observed
for the different droplet ensembles is shown in Fig. 4. The
data shown by hollow symbols and solid lines correspond to
the data already shown in Fig. 3. In comparison, the results
from the new ensemble are shown by the filled symbols and
the dashed lines. Identical colors indicate the same electric
field strength for both ensembles.

As shown in the figure, the data from both ensembles
are in very good agreement. For the lowest electric field
strength of Ê = 6.52 kV/cm almost no deviation between the
individual sets is observable; the electric field does not af-
fect ice nucleation regardless of supercooling. Higher electric
field strengths, using a fresh droplet ensemble, are associated
with a slight decrease of the frozen fraction for �T � 10 K.
However, ice nucleation, i.e., the dependence of Nf/N0 on su-
percooling and the electric field strength, is very comparable
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Ê2 = 13.40 kV/cm
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Ê = 6.52 kV/cm
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for the different droplet ensembles, demonstrating the high
repeatability of the experiments and the significance of the
effect of the electric field on ice nucleation.

The slight deviation between the data observable in Fig. 4
presumably originates from the changed spectrum of nucle-
ation sites and the slightly different mean droplet sizes in the
different droplet ensembles. Even a careful sample prepara-
tion and producing the droplets from the same bulk liquid
cannot completely rule out the influence of impurities in the
water [43]. Nevertheless, the data is in very good agreement
and therefore, a transient high voltage field is proven to sig-
nificantly affect ice nucleation in sessile water droplets.

B. Standard switching impulse voltage (250/2500 µs)

In comparison to the standard lightning impulse voltage
(1.2/50 µs), the typical timescales associated with a standard
switching impulse voltage (250/2500 µs) are two orders of
magnitude longer and consequently, the corresponding tem-
poral gradients of the field strength are smaller. The standard
switching impulse is characterized by a time to peak of 250 µs
and a time to half-value of 2500 µs [see Fig. 2(b) for an exam-
ple, IEC 60060-1]. Therefore, the electric field resulting from
a standard switching impulse is applied for a significantly
longer time duration compared to a standard lightning impulse
voltage, which provides insight into the mechanisms taking
place during ice nucleation in a highly transient electric field.
The standard switching impulse voltage (250/2500 µs) is re-
ferred to as switching impulse voltage. Similar to the case of
lightning impulse voltages, the characteristic timescales of the
impulse are significantly smaller than the typical resonance
frequency of droplets under the impact of alternating electric
fields.

The final frozen fraction of droplets for the experiments
with switching impulse voltages applied is shown in Fig. 5.
For the experiments performed with switching impulse volt-
ages a minimum of 95 nucleation events is observed for an
electric field strength Ê < 19.56 kV/cm, whereas a minimum
of 35 nucleation events is analyzed for Ê = 19.56 kV/cm.
Especially for an electric field strength of Ê = 19.56 kV/cm
and large supercooling, the number of droplets taken into
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TABLE II. Approximated mean nucleation temperature ϑ0.5 de-
pending on the electric field strength Ê for switching impulse
voltage. The mean nucleation temperature corresponds to Nf/N0 =
0.5 and characterizes the approximate temperature at which half of
the ensemble freezes for a given electric field strength.

Ê in kV/cm ϑ0.5 in ◦C

9.78 −14.95
13.04 −12.56
16.30 −10.62
19.56 −9.05

account during the analysis is significantly reduced due to the
release of tiny droplets from the main droplets for higher field
strengths, which will be elaborated below. The various repeti-
tions of the experiments and the release of tiny droplets causes
a continuous decrease of the droplet volumes: these drops are
excluded from further analysis. However, the remaining data
basis still allows statistically significant conclusions concern-
ing the effect of a transient electric field on ice nucleation.

Similar to the experiments with lightning impulse volt-
ages, the lowest electric field strength of Ê = 6.52 kV/cm
has no significant impact on ice nucleation in the sessile
droplets, independent of the degree of supercooling. The
frozen fraction increases with both increasing supercooling
and increasing field strength. However, in contrast to the
lightning impulse voltage, the effect of the switching impulse
voltage on ice nucleation is significantly stronger for the same
electric field strength. While a lightning impulse voltage with
Ê = 9.78 kV/cm does not significantly affect ice nucleation
for lower supercooling and results in a small frozen fraction
of only 12.5 % at �T = 21 K (see Fig. 3), approximately
80 % of the droplets are frozen at �T = 21 K after applying
a switching impulse voltage, as shown in Fig. 5. A switching
impulse also significantly enhances nucleation for smaller su-
percooling at that low field strength. It enhances ice nucleation
such that a frozen fraction of 12.5 % is observed already for
a smaller supercooling of �T = 10.9 K. Moreover, a fully
frozen droplet ensemble, Nf/N0 = 1, is observed already for
an electric field strength of Ê = 16.30 kV/cm at �T = 21 K.

For the highest electric field strength of Ê = 19.56 kV/cm,
the droplet supercooling associated with Nf/N0 = 1 is signifi-
cantly decreased. While that electric field strength results in
Nf/N0 = 1 only for �T = 21 K, in the case of a lightning
impulse the switching impulse causes Nf/N0 = 1 even for a
droplet supercooling of only �T = 13.5 K. Finally, a switch-
ing impulse voltage with a high electric field strength causes
Nf/N0 > 0 even for the smallest supercooling of �T = 5.9 K.
Similar to lightning impulse voltages, the mean nucleation
temperature decreases with increasing electric field strength.
The mean nucleation temperatures are generally lower in the
case of a switching impulse voltage compared to a lightning
impulse voltage. Table II shows the approximate mean nucle-
ation temperatures for the data shown in Fig. 5.

The impact of switching impulse voltages on ice nucleation
is observed to be significantly higher compared to the effect
of lightning impulse voltages. Thus, typical timescales asso-
ciated with the switching impulse voltage result in a much
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Groove filled with oil

FIG. 6. Part of a droplet ensemble during the impact of a switch-
ing impulse voltage with Ê = 19.56 kV/cm at ϑ = −5.9 ◦C (no
freezing is observed) in top view. Each image shows the droplets
to a different time after triggering of the impulse. (a) Sketch of
arrangement, (b) Time of trigger, (c) deformation of the droplets after
t = 2 ms, (d) after t = 4 ms, and (e) after t = 6 ms. The mean droplet
diameter is d = 1.01 mm.

longer duration to which the droplet ensemble is exposed
at high electric field conditions compared to the case of the
lightning impulse voltage. Consequently, different mecha-
nisms potentially influential for ice nucleation may be affected
by this enhanced duration of the electric field. On the mi-
croscopic level, water molecules have more time to better
rearrange, and on the macroscopic level viscous and inertial
forces are more likely to be overcome than in the case of a
shorter impulse duration. Particularly, the latter is associated
with a significantly increased droplet deformation compared
to the situation during the lightning impulse.

A time series of a droplet ensemble, illustrating the impact
of a switching impulse voltage on droplet deformation in
top view, is shown in Fig. 6. The droplets are cooled down
and held at a temperature of ϑ = −5.9 ◦C for 5 min before
triggering an impulse with Ê = 19.56 kV/cm at t = 0 ms. As
shown in Figs. 6(c) and 6(d), corresponding to 2 and 4 ms after
applying the impulse voltage, the droplets are significantly
deformed through the transient electric field. Some droplets
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t = 0 ms t = 0.56 ms t = 2.44 ms t = 4.33 ms t = 6.11 ms(a) (b) (c) (d) (e)

FIG. 7. Side view time series of a sessile water droplet (V = 50 µl) surrounded by air and exposed to a switching impulse voltage (Ê =
18.43 kV/cm) under ambient conditions. The corresponding video can be found in the Supplemental Material [47].

located close to the electrodes (top row in the pictures) are
significantly deformed. These droplets form a Taylor cone
parallel to the substrate, which is associated with the release of
tiny droplets from the deformed droplets under observation, as
reported in Refs. [44,45]. Note that also droplets farther away
from the electrodes sometimes release tiny droplets, which
can be observed in the space in-between the main droplets.
Due to the fact that the released droplets are rather small, the
change of the droplet volume is almost negligible during a sin-
gle experiment. However, performing several repetitions with
the same set of droplets will eventually lead to a noticeable
volume decrease for individual droplets.

While the largest deformation of the droplets is shown in
Fig. 6(c), a retreating of the deformation is shown in Fig. 6(d).
After a time of t = 6 ms the droplets are in their initial state.
Interestingly, even if the droplets are significantly deformed
during the applied impulse voltage, the wetted surface area
and the shape of each individual droplet is not permanently
altered. The appearance of the droplets is almost the same
before and after application of the impulse voltage. The con-
tact line of the droplet slightly moves during the impact of the
electric field but returns to almost the same position in which
it was prior to application of the electric field.

In contrast to lightning impulse voltages, the switching im-
pulse voltage significantly deforms the droplets. For lightning
impulse voltages the movement of the contact line is much
smaller and no formation of a Taylor cone is observable. Only
small oscillations can be recognized. Droplet coalescence is
prevented by the rather large droplet-droplet separation, al-
though in general the deformation of the droplets can lead
to coalescence of neighboring droplets [46]. The top-view of
the droplets allows observation of the droplet deformation and
nucleation.

A side view image sequence illustrating the macroscopic
behavior of a water droplet exposed to a switching impulse
voltage is shown in Fig. 7. The corresponding video can be
found in the Supplemental Material [47]. The applied electric
field leads to a force which is concentrated at the three-phase
contact line. As soon as the electric field is applied, the three-
phase contact line is forced outwards. These disturbances
form capillary waves traveling from both sides of the droplet
towards the center, see Figs. 7(b) and 7(c). As soon as these
waves reach the top of the droplet they interact with each other
and lead to further droplet oscillations, as shown in Figs. 7(d)
and 7(e). After the initial impulse and motion of the contact
line, the contact line is pinned, while the droplet oscillates.
Due to the liquid viscosity and surface tension the droplet
oscillation decays over time. As soon as the electric field
vanishes and the oscillation is completely damped, the three-
phase contact line moves towards its initial position. Whether

the three-phase contact line returns to the initial position or
not mainly depends on the electric field strength applied to
the droplet and the local wetting properties of the substrate.

The droplet behavior under the impact of lightning impulse
voltages is basically similar to the behavior during switching
impulse voltages. However, the outward motion of the contact
line is significantly smaller and hardly recognizable. Conse-
quently, the disturbances initiated at the three-phase contact
line are also much smaller and do not lead to significant
droplet oscillations. In fact, the amplitude of the oscillation
is much smaller and thus, the oscillations decay much faster
compared to switching impulse voltages. The contact line
immediately returns to the initial position after causing the
disturbances.

Generally, the behavior is very similar to the behavior
during switching impulse voltages, but the impact is almost
negligible for a lightning impulse voltage. Both, Figs. 6 and 7
show that a transient impulse can have a significant impact
on droplet motion and can result in large deformations and
oscillations. However, the actual droplet deformation clearly
depends on the type of the impulse and its corresponding
timescales. The larger timescales of switching compared to
lightning impulse voltages appear to be much more compara-
ble to the typical timescale of droplet motion, thus resulting
in more pronounced droplet deformation for the same electric
field strength.

The electrical timescale characterizes the behavior of the
liquid with respect to a perfect conductor or a leaky-dielectric
and is given by τel = ε/γel, where ε = ε0εr is the permittivity
of water defined through the vacuum permittivity, ε0, and
the relative permittivity, εr, and γel is the electric conductiv-
ity of the water. Assuming a relative permittivity of εr = 81
yields a timescale of τel ≈ 10−4 s for water. Due to the fact
that τel/τE � 1, the liquid can be assumed to be a perfect
conductor when considering slow processes (e.g., exposition
to power-frequency alternating voltages or DC voltages with
τE as a characteristic timescale of the electric field). An im-
pulse voltage can be characterized by two different times;
the front time and the time to half-value. Table III shows
the characteristic timescales for both lightning and switching
impulse voltages. A comparison of these timescales reveals
that the timescale for a lightning impulse voltage is much
smaller than the electric timescale of water, (τ1,LI � τel and
τ2,LI � τel). Hence, the liquid behaves as a dielectric during
the impact of the lightning impulse voltage. As a consequence,
the electric field inside the droplet does not vanish, which
leads to electrical stresses normally and tangentially aligned
to the droplet interface. In contrast, a droplet exposed to a
switching impulse voltage behaves differently. Comparing the
characteristic timescales of switching impulse voltage with
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TABLE III. Characteristic timescales for water (charge relax-
ation time) and time constants of the test voltages according to IEC
60060-1 and Ref. [38].

Description Characteristic timescale

Charge relaxation time τel = ε

γel
≈ 10−4 s

Time to peak (LI) τ1,LI ≈ 10−7 s
Time to half value (LI) τ2,LI ≈ 10−5 s
Time to peak (SI) τ1,SI ≈ 10−5 s
Time to half value (SI) τ2,SI ≈ 10−3 s

the characteristic electric timescale of water reveals that the
droplet can be assumed as a dielectric during the time to
peak, because τ1,SI < τel. However, during the decrease of
the electric field strength τ2,SI > τel, so that the droplet can
be assumed to be a perfect conductor. As a consequence, the
electric field inside the droplet vanishes and there is no force
tangentially aligned to the surface of the droplet generated by
the electric field.

The electrical stress tangentially aligned to the droplet in-
terface is a necessary requirement for the emission of small
droplets from a Taylor cone [48]. However, only during
switching impulse voltages is the characteristic time of the
impulse decrease long enough to generate Taylor cones and
consequently, the formation of a Taylor cone is only observed
during switching impulse voltages.

The stronger impact of the switching impulse voltage on
the droplet motion might also be the reason for its stronger im-
pact on ice nucleation compared to lightning impulse voltages.
The reorientation of the water molecules is much faster than
the applied impulse voltages, because water molecules can be
aligned by electric fields even for a frequency in the GHz
range [49]. Hence, the difference between the lightning and
switching impulse voltage presumably does not result from an
effect on the molecular length scale, but may be based on the
macroscopic motion of a droplet. Generally, the macroscopic
oscillation of sessile droplets has a characteristic timescale
in the order of milliseconds and thus, is significantly larger
than the characteristic time of the impulse voltages. How-
ever, the longer characteristic times of the switching impulse
cause significantly stronger droplet oscillations compared to a
lightning impulse at the same field strength value. Therefore,
it is assumed that the increased macroscopic droplet motion
for longer characteristic times of the electric field is the main
reason for the increased impact. This assumption will be ana-
lyzed in more detail in the following section.

C. Singular versus stochastic behavior

So far, the experimental data has been discussed only from
a point of view corresponding to the singular nature of nu-
cleation. The data shown in Figs. 3 and 5 only represents
the final frozen fraction obtained for a defined temperature
and electric field strength long times (t = 1.5 s) after applying
the impulse voltage, which may be reasonable when only
taking into account the long term effect of the impulse voltage.
However, nucleation is still a stochastic process governed by
molecular motion, regardless of any singular appearance when
studied with respect to an appropriate timescale [50–52].
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FIG. 8. Liquid fraction Nl/N0 depending on time t and super-
cooling �T under the impact of transient electric fields with Ê =
16.3 kV/cm. Panel (a) shows the resulting liquid fraction for light-
ning and panel (b) for a switching impulse voltage. Time t = 0 s
refers to the instant when the transient electric field is triggered. The
dashed line shows the applied impulse voltage.

The temporal evolution of the liquid fraction of droplets for
a constant electric field strength Ê = 16.30 kV/cm is shown
for different ensemble supercooling in Fig. 8. While the data
shown in Fig. 8(a) corresponds to a lightning impulse voltage,
the data in Fig. 8(b) is obtained from applying a switching
impulse voltage. The time t = 0 s refers to the time instant
when the transient electric field is generated. The temporal
evolution of the impulse voltage is shown as a dashed line in
the figure for both cases. As shown in the figure, for both types
of impulse voltage, the droplets do not freeze instantaneously
after the impulse voltage is applied, but exhibit significant
freezing delays ranging up to almost �t = 1.5 s. Although
some droplets may take longer than �t = 1.5 s to freeze, these
are not considered in the present analysis, since at these times
no direct influence of the electric field is anymore expected.
In fact, droplets with a much longer freezing delay might nu-
cleate due to the stochastic nature of nucleation, which causes
droplets to freeze after a delay even without the influence of
an electric field. However, this behavior was rarely observed
during the experiments.

As shown in Fig. 8, the droplets do not freeze simulta-
neously, but the time instant of nucleation in the individual
droplets covers several orders of magnitude and is clearly
stochastically driven. The temporal resolution of the high-
speed camera prevents analysis of the nucleation events for

064801-8



ICE NUCLEATION FORCED BY TRANSIENT ELECTRIC … PHYSICAL REVIEW E 104, 064801 (2021)

t < 2.5 × 10−4 s, which all accumulate in the first measure-
ment at t = 2.5 × 10−4 s. Nevertheless, the data shown in
Fig. 8 clearly allows examination of the effect of varying
exposure time for lightning and switching impulse voltages
on the temporal decay of liquid droplets in the ensemble.
For lightning impulse voltages and supercooling �T < 21 K,
the major onset of nucleation in the droplet ensemble is ob-
served significantly after application of the impulse voltage,
when the voltage has already completely decayed. Based
on the data for �T � 18.5 K, the major onset of nucle-
ation is after field application. However, the limited temporal
resolution of the data prohibits a clear conclusion for that
supercooling.

In the case of switching impulse voltages, the major onset
of nucleation for �T � 16 K is slightly later compared to the
situation during a lightning impulse. However, at these later
times the actual effect of the switching impulse is much more
pronounced compared to the effect of the lightning impulse.
For the remaining supercooling the situation concerning
the major onset of nucleation is exactly the opposite, i.e.,
the onset of nucleation is earlier in the case of switching
impulse voltages for �T < 16 K. However, the actual effect
of the impulse voltage on nucleation is still more pronounced
in the case of the switching impulse, also for weaker super-
cooling. Generally, the very first onset of nucleation observed
in the droplet ensemble is significantly spread over approxi-
mately two orders of magnitude in the case of the lightning
impulse, while it is rather focused to smaller time intervals in
the case of the switching impulse, at least for �T > 8.4 K.
Moreover, for switching impulse voltages, a clear temporal
overlap is observed for �T > 8.4 K between the onset of
nucleation and the field application. For high supercooling the
major portion of the nucleation events is observed before the
field has completely decayed, but still after the maximum of
the applied voltage.

Concluding, the different types of impulse voltage result
in a similar temporal evolution of nucleation in a droplet
ensemble. However, when considering that the characteristic
times of the switching impulse voltage are approximately two
orders of magnitude longer than those of the lightning impulse
(see Table III), the observed behavior somehow appears to
be counterintuitive. For increasing characteristic times of the
impulse voltage, the time interval, in which the major part
of nucleation takes place, actually decreases. Moreover, at
least for �T < 21 K the major onset of nucleation is rather
invariant for the significantly varying characteristic times of
the impulse voltages. Therefore, the influence of the impulse
voltage on nucleation indeed appears to be based on a rather
slow physical process such as fluid flow and resulting shear
induced by droplet oscillation. Otherwise, the major onset of
nucleation should vary significantly more between the dif-
ferent impulse types. The effect of a switching impulse on
droplet deformation is much more pronounced compared to
a lightning impulse, and also its effect on ice nucleation is
enhanced. While the major onset of nucleation is not sig-
nificantly changed, the major part of the nucleation events
actually takes place over a much smaller time interval for the
switching impulse.

Assuming heterogeneous nucleation to occur with a con-
stant rate on the substrate area wetted by a droplet, Awet, the
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Ê = 9.78 kV/cm

Ê = 13.04 kV/cm
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FIG. 9. Temporal evolution of the nucleation rate J depending
on the electric field strength Ê at temperature ϑ = −13.5 ◦C, shown
for (a) lightning impulse voltage and (b) switching impulse voltage.
Time t = 0 s refers to the instant when the transient electric field is
triggered. The dashed line shows the evolution of the applied impulse
voltage.

nucleation rate J (t ) in dimensions of s−1m−2 is related to the
fraction of liquid droplets as [50,53]

Nl (t )

N0
= exp

[
−

∫ t

0
AwetJ (t )dt

]
. (1)

The nucleation rate represents the probability of freezing per
unit surface area and time, and can be calculated from the
experimental data as

J (t ) = − 1

Awet

d
[
ln Nl (t )

N0

]
dt

. (2)

A comparison of the time dependent nucleation rates deter-
mined for different electric field strengths using Eq. (2) is
shown in Fig. 9 as an example. The data is shown in a semi-
logarithmic diagram to account for the significant dependence
of the nucleation rate on time. Figures 9(a) and 9(b) contain
selected data for lightning and switching impulse voltages,
respectively, each for a supercooling of �T = 13.5 K. For
clarity purposes the data shown in Fig. 9 is reduced com-
pared to the data shown in Fig. 8. Not every nucleation event
is shown in the figure but only those data which has been
actually used for the calculation of the nucleation rate; i.e.,
for every video frame only one value of the liquid fraction
is shown instead of showing all nucleation events. Moreover,
the number of electric field strengths for which data is shown
in Fig. 9(a) is reduced because only electric field strength
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Ê � 16.30 kV/cm have a significant impact on ice nucleation
at a temperature of ϑ = −13.5 ◦C.

Even though the lightning and switching impulse voltage
are characterized through significantly different timescales,
the general trend of the time dependent nucleation rate is
almost identical for both cases, implying a minor effect of
the temporal evolution of the impulse voltage on the tem-
poral evolution of the nucleation rate. Instead, the temporal
evolution of the nucleation rate appears to be primarily con-
trolled by mechanisms associated with a significantly longer
timescale. After a certain delay with respect to the activation
of the impulse voltage, the evolution of the nucleation rate
is characterized by a sharp rise until its maximum value is
reached after approximately t ≈ 2–4 ms, which is indepen-
dent of the impulse type, as shown in the figure. Note that
the exact time until the maximum nucleation rate is observed
depends on the degree of supercooling. The analysis for differ-
ent supercoolings revealed that a higher supercooling causes
the maximum to appear earlier in time. Moreover, the maxi-
mum nucleation rate is controlled by the applied electric field
strength. The higher the electric field strength the higher is
the maximum nucleation rate. While the maximum nucle-
ation rate for an electric field strength of Ê = 19.56 kV/cm
is almost independent of the impulse type, the maximum
nucleation rate for lower electric field strength significantly
differs for lightning and switching impulses. For the most,
the maximum nucleation rate observed for switching impulse
voltages is larger compared to the one observed for light-
ning impulse voltages, confirming the pronounced effect of
switching impulse voltages on ice nucleation for the same
temperature, as already shown in Fig. 8.

It is noteworthy that the nucleation rate qualitatively has
a very similar temporal evolution as the applied voltage. In
addition, even though the different impulse types are charac-
terized through significantly varying characteristic timescales,
the evolution of the nucleation rate and the instant of appear-
ance of its peak value is very comparable for both types of the
electric field. Consequently, the maximum nucleation rate for
lightning impulse voltages is observed after the electric field
has already completely vanished. In contrast, the maximum
nucleation rate for switching impulse voltages is observed
while the electric field is still present. Nevertheless, the max-
imum of the nucleation rate is observed for both impulse
types at almost the same moment after field application. This
again implies that in the present experiments and for the given
electric field strengths, nucleation is significantly affected by
a comparably slow physical process such as fluid or droplet
motion. This assumption is supported by the fact that the
electric history of a droplet ensemble has been shown to have a
negligible effect on ice nucleation in a droplet ensemble [27].

The assumption of a relatively slow physical process pri-
marily controlling the temporal evolution of the nucleation
rate appears to be confirmed based on the characteristic time
of droplet oscillation. The transient electric field causes a
transient force acting on the droplet. The resulting force can
be assumed to be concentrated at the three-phase contact line,
because the electric field strength is significantly increased in
this region [54]. Generally, the force acts on the three-phase
contact line directed outwards, thus tending to increase the
wetted surface area, while the contact line friction counteracts

the force of the electric field and damps the droplet response
on the transient external force. As reported by Wang and
Jones [55] the contact line friction depends on the contact line
velocity, so that in the present case a large force is generated
because of the small timescale of the impulse. As a result only
a small motion of the contact line is recognized and the wetted
area is almost not increased. Nevertheless, the disturbance of
the shape equilibrium of the droplet results in droplet oscilla-
tion which is controlled by the surface tension and the inertia
of the droplet. Even for small droplet sizes (dd ≈ 1 mm),
viscosity effects can be neglected for the considered system
(due to a Laplace number La = σρrd/μ

2 � 1, where μ is the
dynamic viscosity of water, σ is the surface tension, ρ is the
fluid density and rd is the radius of the droplet.) In addition,
the damping effect through contact line friction is much larger
than the effect of viscosity [56]. The characteristic time for
droplet oscillation and response in such an arrangement is thus
given as [56]

τ =
(

ρ r3
d

σoil−wa

)1/2

, (3)

where σoil−wa is the surface tension at the oil-water interface.
Using ρ = 1000 kg/m3, rd = 0.5 mm and σoil−wa = 35.9 ×
10−3 N/m [57] to describe the considered system results in a
characteristic time of oscillation of τ = 1.87 ms. This charac-
teristic time of a droplet, which is mainly affected by surface
tension, is in almost perfect agreement with the duration until
the maximum nucleation rate is observed after field applica-
tion, finally indicating droplet motion to be the major pathway
through which a transient electric field affects ice nucleation.

As mentioned before, the footprint of the droplet is con-
stant during oscillation, since the three-phase contact line is
pinned. Also the fluid particles directly at the wall are at
rest, fulfilling the no-slip condition. In contrast, the bulk is
in motion as seen in the high-speed videos (compare Fig. 7).
This velocity difference leads to a velocity profile inside the
droplet which is associated with a certain shear, from which
is already known that it may promote ice nucleation [58].
Therefore, it appears evident that the transient electric field
indirectly promotes ice nucleation by generating a shear flow
inside the droplet. The larger the electric field, the larger is
the force acting on the droplet which finally results in a larger
droplet oscillation amplitude. The shear inside the droplet also
increases for stronger droplet oscillations and thus leads to
increased nucleation for higher electric field strengths.

V. SUMMARY AND CONCLUSION

Ice nucleation under the impact of transient electric fields
has been experimentally examined under well-defined con-
ditions. Two characteristic voltage types, namely standard
lightning impulse voltage (1.2/50 µs) and standard switching
impulse voltage (250/2500 µs), which are typically used in
high-voltage engineering and testing, were used to investigate
the ice nucleation characteristics in water droplets at vary-
ing degrees of supercooling. Numerous nucleation events has
been examined by using an ensemble of 40 droplets and by
repeating the individual experiments for certain thermal and
electrical conditions at least four times. The temporal evolu-
tion of the decay of liquid droplets in the ensemble has been
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captured using a high-speed video camera, and ice nucleation
has been analysed by considering nucleation as both a singular
and a stochastic process.

The experiments reveal a significant effect of transient
electric fields on ice nucleation for certain conditions. As
reported in previous related studies, the effect of the electric
field on ice nucleation depends on the degree of supercooling.
For low electric field strengths, Ê � 6.52 kV/cm, the electric
field does not affect ice nucleation, independent of both the
degree of supercooling and the type of the impulse voltage. In
contrast, higher electric field strengths may significantly affect
ice nucleation, and electric field strengths Ê � 19.56 kV/cm
lead to ice nucleation in all droplets of the ensemble for
sufficiently high supercooling. In general, ice nucleation is
more strongly promoted using standard switching compared
to standard lightning impulse voltages for the same electric
field strength.

It has been shown that ice nucleation inside the individual
droplets does not take place simultaneously. The instant of
nucleation in the droplets is rather associated with a significant
freezing delay, variable over several orders of magnitude up to
several seconds. An analysis of the time dependent nucleation
rate reveals that the presence of an electric field increases
the nucleation rate. The higher the electric field strength the
higher the nucleation rate. Although the temporal resolution
of the high-speed camera limits clear conclusions for times
t � 2.5 × 10−4 s, the experimental data indicates that at a
given electric field strength, the major onset of nucleation
for higher supercooling is not significantly affected by the
type of the impulse voltage, although the characteristic time
of the impulse voltage types differs by two orders of mag-
nitude. Therefore, the effect of the impulse voltage on ice
nucleation does not appear to be related to fast physical pro-
cesses such as field induced molecular orientation. Enhanced
nucleation through transient impulse voltages is presumably
due to macroscopic droplet motion and resulting shear in the
resulting flow in the droplet as shown by the comparison of the

characteristic timescales of the nucleation rate and the droplet
oscillation.

The effect of the standard switching impulse voltage on
macroscopic droplet motion is much more pronounced than
that of a standard lightning impulse voltage, since it is associ-
ated with longer characteristic times commensurate with the
droplet oscillations. Consequently, also the effect of the stan-
dard switching impulse voltage on ice nucleation is enhanced
compared to a standard lightning impulse voltage for the same
electric field strength.

In conclusion, strong transient electric fields can be used to
actively promote ice nucleation. The performed experiments
improve the understanding of the mechanisms during nucle-
ation and indicate that fluid motion plays an important role for
ice nucleation in transient electric fields. This is an influence
which has not yet been incorporated into nucleation models
and presents a challenge for future studies.
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APPENDIX: SUPPLEMENTAL MATERIAL

The Supplemental Material [47] contains three videos of
the experiments. Selected video showing the impact of a
switching impulse (Ê = 18.43 kV/cm) on a single droplet
with a volume of V = 50μl at ambient temperature. An
exemplary experiment of a droplet ensemble exposed to a
lightning impulse voltage generating an electric field strength
of Ê = 19.56 kV/cm at a temperature of ϑ = −13.5 ◦C and
an experiment of a droplet ensemble exposed to a switching
impulse voltage generating an electric field strength of Ê =
13.04 kV/cm at a temperature of ϑ = −13.5 ◦C [47].
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