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Abstract
The interaction of water droplets and electric fields is present in various
applications like electrowetting, electrostatic lenses or high-voltage com-
posite insulators. Depending on the application, the electric field is used to
actively control the behaviour of the liquid as for example for electrostatic
lenses, or is only considered as a boundary condition which has a nega-
tive influence on, as for instance, the properties of high-voltage composite
insulators. The understanding of the underlying physical mechanisms is
essential to predict and control the behaviour of liquids under the impact
of electric fields. Even though the general behaviour of water under the
impact of constant, alternating and transient electric fields was already
investigated experimentally, theoretical and numerically in the past, the
influence of electric charges on the behaviour of water droplets or the in-
teraction of nearby droplets under the impact of transient electric fields
are still not completely clear. It is well known that water droplets are
significantly influenced by external electric fields, resulting in oscillations
or deformations. Hence, the presence of electric fields might indirectly
impact other physical mechanism like ice nucleation, which is controver-
sially discussed and not unambiguously proven.
The present work aims to expand the knowledge of the impact of electric
fields on sessile droplets under various ambient conditions. Therefore, the
influence of electric charges on the motion of single droplets and the incep-
tion field strength for electrical partial discharges for single and multiple
droplets are experimentally investigated depending on the electric field
strength, droplet volume as well as frequency of the electric field. The
oscillation behaviour and partial discharge inception of water droplets are
significantly influenced by electric charges. In addition, the interaction of
nearby droplets under the impact of transient electric fields is determined
and the behaviour is categorized depending on the influencing factors.
Furthermore, it is confirmed that heterogeneous ice nucleation can be
clearly promoted by the presence of electric fields. While constant elec-
tric fields have an almost negligible influence, alternating and transient
electric fields significantly promote ice nucleation depending on the fre-
quency, type and strength of the electric field.
This present experimental work expands the understanding of the impact
of electric fields on water droplets under various boundary conditions and
might help to improve and optimize applications like the operation of
high-voltage composite insulators at ambient and cold conditions.
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Kurzfassung
Die Interaktion von Wassertropfen und elektrischen Feldern beeinflusst
viele technischen Anwendungen wie z. B. elektrostatische Linsen oder
Verbundisolatoren. Dabei können elektrische Felder aktiv zum geziel-
ten Kontrollieren von Flüssigkeiten genutzt werden (z. B. elektrostatische
Linsen) oder nehmen passiv und ggf. ungewollt Einfluss auf die Anwen-
dung (z. B. Alterung von Verbundisolatoren). Die Kenntnis der zugrunde
liegenden physikalischen Mechanismen ist essenziell für Verständnis des
Verhaltens von Flüssigkeiten unter Einfluss elektrischer Felder. Obwohl
das Verhalten von Wassertropfen unter Einfluss konstanter, alternierender
und transienter elektrischer Felder bereits theoretisch, numerisch sowie
experimentell untersucht wurde, ist beispielsweise der Einfluss der elek-
trischen Ladung oder die Koaleszenz von Tropfen unter Einfluss transien-
ter elektrischer Felder bisher nicht ausreichend erforscht. Aufgrund der
Interaktion zwischen elektrischen Feldern und Wassertropfen, die zu Os-
zillationen oder Deformation der Wassertropfen führen können, werden
möglicherweise auch weitere physikalische Mechanismen wie die Eisnuk-
leation beeinflusst. Dieser Einfluss wird jedoch kontrovers in bestehender
Literatur diskutiert und ist bisher nicht eindeutig bestätigt.
Der Fokus dieser Arbeit ist die Untersuchung des Einflusses elektrischer
Felder auf das Verhalten von Wassertropfen unter verschiedensten Umge-
bungsbedingungen. Dazu wurde der Einfluss elektrischer Ladung auf das
Verhalten einzelner und mehrerer Wassertropfen in elektrischen Feldern
sowie deren Einsetzfeldstärke für Teilentladungen experimentell unter
Berücksichtigung der Feldstärke, Frequenz, elektrischen Ladung, Tropfen-
interaktion und des Tropfenvolumens untersucht. Besonders elektrische
Ladungen beeinflussen das Verhalten von Wassertropfen in elektrischen
Feldern und das Auftreten von Teilentladungen maßgeblich. Des Weit-
eren wurde gezeigt, dass heterogene Eisnukleation durch die Präsenz von
elektrischen Feldern begünstigt werden kann. Während der Einfluss kon-
stanter elektrischer Felder auf die Eisnukleation vernachlässigbar gering
ist, haben alternierende und transiente elektrische Felder in Abhängigkeit
der Frequenz, des Typs sowie der Stärke des elektrischen Feldes einen
großen Einfluss und begünstigen das Gefrieren von Wasser.
Diese umfassende experimentelle Arbeit erweitert das Verständnis des
Einflusses elektrischer Felder auf Wassertropfen unter verschiedensten
Umgebungsbedingungen und kann somit zur Optimierung von Anwen-
dungen wie z. B. dem Betrieb von Verbundisolatoren beitragen.
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Nomenclature

Latin letters, lower-case

Symbol Unit Meaning

a m Radius of nucleus

c kg/m3 Solubility

d - Derivative

d m Diameter

~e m Unity vector

f Hz Frequency

g m2/s Gravitational acceleration

h m Distance

i - Variable

kb m2 kg/(s2 K) Boltzmann constant,
kb = 1.381 · 10−23 m2 kg/(s2 K)

m kg Mass

n 1/m2 Nucleation site density

n0 1/m2 Initial nucleation site density (singular
nucleation model - constant)

p Pa Pressure

q C/m3 Charge density

r m Coordinate in radial direction

s m Length

t s Time

x m Coordinate in x-direction

Continued on next page
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Latin letters (lower-case) continued from previous page

Symbol Unit Meaning

y m Coordinate in y-direction

z m Coordinate in z-direction

Concluded

Latin letters, upper-case

Symbol Unit Meaning

A m2 Area

B T, V s/m2 Magnetic flux density

C - Cluster number

C F, A s/V Capacitance

D C/m2, A s/m2 Displacement field

D m2/s Diffusion coefficient

E V/m Electric field

F N Force

G J Gibb’s free energy

H A/m Magnetic field strength

J 1/(m3 s) Nucleation rate

J A/m2 Current density

LV J/m3 Latent heat of fusion per volume

N - Number

Continued on next page
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Latin letters (upper-case) continued from previous page

Symbol Unit Meaning

NA 1/mol Avogadro constant,
NA = 6.022 · 1023 1/mol

N - Mode number

P - Probability

Q C, A s Charge

R m Radius

S - Contact angle function

S - Single-sided amplitude spectrum

T K Temperature

T0 K Characteristic temperature (singular nu-
cleation model - constant)

Ṫ K/min Cooling rate

U V Voltage

U m/s Velocity

V m3 Volume

W J Work

Concluded
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Greek letters

Symbol Unit Meaning

α ◦ Angle

∆ - Difference

∇ - Nabla operator

δ - Small increment

∂ - Partial derivative

ε As/(Vm) Permittivity

ε0 As/(Vm) Vacuum permittivity (constant),
ε0 = 8.854 · 10−12 As/(Vm)

εr - Relative permittivity

η Ns/m2 Dynamic viscosity

θ ◦ Contact angle

ϑ ◦C Temperature

κ S/m, A/(Vm) Electrical conductivity

λ W/(m·K) Heat conductivity

ν m2/s Kinematic viscosity

ξ - Characteristic ratio of electric forces

ρ kg/m3 Density

γ N/m Surface/interfacial tension

τ s Characteristic time

ϕ ◦ Angle in spherical coordinates

φ V Electric potential

Ψ - Function of permittivities

ω 1/s Angular frequency

Concluded
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Dimensionless groups

Symbol Name Definition and Meaning

Bo Bond number Bo = ρgdd
γ =̂ Force of gravity

Force of surface tension

Boel Electrical Bond
number

Boel = ε0U
2

γhd−d
=̂ Force of electric field

Force of surface tension

ξ Charac. ratio of
electric forces

ξ = Q

ε0Êd2
d

=̂ Coulomb force
Dielectr./electrostr. force

Concluded

Superscripts

Superscripts Meaning

ˆ Amplitude

¯ Mean value

~ Vector (in combination with bold symbol)
∗ Critical/onset quantity

˜ Test quantity

˙ Derivation with respect to time

| | Norm/Strength of vector quantity

Concluded
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Subscripts

Subscripts Meaning

0 Reference/initial condition

A Avogadro

AC Alternating current

adv Advancing

air Air

app Apparent

b Boltzmann

bub Bubble

cer Ceramic

char Characteristic

DC Direct current

d Droplet

d-d Droplet-droplet

el Electrical

ep Epoxy

F Front

g Gas

gel Gelatin

gla Glass

gly Glycerol

Continued on next page
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Subscripts continued from previous page

Subscripts Meaning

gro Groove

het Heterogeneous

hole Hole

hom Homogeneous

ice Ice

in Inception

` Liquid

left Left

life Lifetime

m Melting

max Maximum

min Minimum

mix Mixture

mol Molecule

n Normal

nuc Nucleation

oil Oil

PD Partial discharge

pot Potential

proj Projected

rec Receding

r Relative

right Right

Continued on next page
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Subscripts continued from previous page

Subscripts Meaning

RMS Root mean square

rod Rod

s Solid

sil Silicone

single Single

si Site

surf Surface

surr Surrounding

T Tail

t Tangential

tar Target

tot Total

two Two

w Wall/Substrate

wet Wetted

wa Water

Concluded

xvi



Abbreviations

Abbreviation Meaning

AC Alternating current

App. Appendix

CAD Computer aided design

Chap. Chapter

Charac. Characteristic

CNT Classical nucleation theory

DC Direct current

Dielectr. Dielectric

Elec. Electric

Electrostr. Electrostrictive

EQS Electro quasi-static

FFT Fast Fourier Transformation

ID (Droplet) Identification number

IEC International Electrotechnical Commission

INP Ice nucleating particle

INPs Ice nucleating particles

LED Light emitting diode

LI Lightning impulse

PD Electrical partial discharge

PEEK Polyetheretherketone

PMMA Poly(methylmethacrylate)

SAPPHIRE Semi-automatic APParatus for High-voltage
Ice nucleation REsearch

Continued on next page
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Abbreviations continued from previous page

Abbreviation Meaning

Sec. Section

Subsec. Subsection

SI Switching impulse

Concluded
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1 Introduction
Over 70 % of the earth surface is covered with water [220]. Hence, water
is omnipresent and interacts with various technical systems. The inter-
action between technical systems and water can be used in a targeted
manner or is unintentionally given as a boundary condition. The kind of
interaction is mainly determined by the application itself and the bound-
ary conditions. Various technical systems are specially designed to inter-
act with fluids, more specifically with water or similar liquids, such as
hydropower plants [26, 199], electrostatic lenses [16, 38, 178, 191], elec-
towetting systems [183, 262], displays [10, 124], atomization and spray
systems [88, 282, 285] or processes in food industry [44, 112, 245]. In con-
trast, the unintended interaction between an electric field and water can
significantly affect the reliability of the technical system as it occurs, e.g.
during the operation of high-voltage insulators [2, 207, 225] or can even
cause serious safety risks, as for instance aquaplaning of cars and aircraft
[77, 89, 135]. Besides liquid water at ambient temperature, ice also affects
many applications, especially in cold regions, like aircraft [8, 35], ships
[49, 221], wind turbines [3, 202], photo-voltaic systems [111], structures
such as bridges [125], or components of power transmission and distribu-
tion [62, 63, 65]. Consequently, applications and technical systems are
affected by water independent of the aggregation state of water. In gen-
eral, a safe and reliable operation is the number one priority which has to
be ensured by technical solutions.
The various mentioned applications involve physics of different research
areas such as the hydrodynamics of droplet impact and movement,
droplet-droplet interaction, surface wetting, phase change or heat transfer.
The presence of these different phenomena lead to complex interactions
and physical mechanisms. In addition, external influences like electric
fields even complicate the underlying physics. Simultaneously, the use
of electric fields enables new opportunities to actively control fluid dy-
namic processes and optimize already present applications. This results
in more reliable, efficient and safe operation, and thus is beneficial with
respect to sustainable applications. However, the operation of the elec-
tric fields must be safe to use and should not have a negative impact on
the application. The undesired influence of the electric field might reduce
the reliability, efficiency and/or lifetime of the technical system, which
should definitely be avoided. A detailed knowledge of the physical mech-
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1 Introduction

anisms involved with droplets under the impact of electric fields is a key
to improve the reliability of technical applications and to ensure a safe
operation. Even though the influence of electric fields is already widely
used in applications and research, the general influence of electric fields
on the behaviour of water under various boundary conditions is not yet
completely understood. Thus, the underlying physics has to be investi-
gated in detail depending on different boundary conditions to improve the
understanding of the complicated interrelationships.
Consequently, the main focus of this study is to determine the impact of
electric fields on the behaviour of water droplets under various ambient
conditions.

1.1 Motivation

Electric power transmission and distribution relies on the quality of the
components used, as for instance high-voltage insulators. The insulators
are specially designed equipment to withstand different environmental
stresses such as liquid water present as rain, ice, UV-radiation or different
temperatures [123]. In general, the components are designed to operate
up to 40 years [92] without a significant loss of performance and reliability.
The main task of the insulators is to insulate the high-voltage from the
ground potential for safety reasons and to avoid short circuits [86]. Nowa-
days, composite insulators are favoured compared to glass or ceramic due
to several advantages. The insulator consists of a fibreglass rod covered
by weather sheds made out of silicone rubber, resulting in a lightweight
and robust design [86, 201]. In addition, the silicone rubber leads to hy-
drophobic surface properties [86], which prevents the formation of a liquid
layer on the surface. An electrical conductive liquid layer on the surface
promotes the formation of significant creeping currents, and therefore re-
duces the efficiency of the system. In contrast, only single sessile droplets
are formed on a hydrophobic surface. Even though the formation of sin-
gle droplets is beneficial in terms of the formation of electrical conductive
layers on the surface, the individual sessile droplets generate electrically
critical regions near the three-phase contact line [270]. The electric field
is suppressed or vanishes inside the water droplet and enhanced in the
material with the lowest relative permittivity, generally air. The local
field enhancement can lead to the generation of partial discharges, which
deteriorate the surface due to the generated heat and UV-light. Thus, the
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ageing of the insulator surface is accelerated [2, 87]. The phenomena are
influenced by different parameters such as strength, frequency or type of
the electric field as well as electric charges. Various parameters like the
droplet volume, electric field strength, frequency of the electric field or in-
fluence of the fluid as well as the general impact of electric fields on liquids
have already been investigated in detail, amongst others by Fujii et al.
[75, 76], Nazemi [187], Phillips et al. [207], Rayleigh [223], Schütte and
Hornfeldt [237] and Taylor [259]. Nevertheless, most studies reported in
literature are performed on complex specimens as for instance on the high-
voltage insulator itself [81, 179, 208, 228, 271], and therefore investigate
the overall performance of the insulator. Even though several influencing
factors have been identified, no reliable prediction model for the ageing
of high-voltage insulators could be developed. The high complexity of
the specimens and the neglect of possibly important influencing parame-
ters such as the electric charge might mask physical processes and possible
influences. Hence, the underlying physical mechanisms have to be first de-
termined using simpler arrangements, like a generic specimen and a single
water droplet with well-defined boundary conditions, which can then be
transferred to more complex arrangements. Such simple arrangements
are more appropriate to determine the impact of each influencing factor,
even if the impact is small. Especially, the impact of electric charges on
the movement and the generation of partial discharges is not carefully
controlled or almost neglected in literature. Thus, various previously per-
formed studies might have unintentionally used charged water droplets,
which are assumed to influence the outcome of the investigations. Con-
sequently, in this study the impact of electric charges on the motion of
a single sessile droplet and the generation of partial discharges is investi-
gated under well-defined conditions to improve the understanding of the
ageing mechanisms of high-voltage composite insulators.
Besides the accelerated ageing caused by the presence of liquid sessile
water droplets under ambient conditions, high-voltage insulators and line
conductors are significantly affected by ice accretion [63], especially in cold
regions. Even though high-voltage insulators are affected by accreted ice,
the impact of electric fields on ice nucleation is still not completely un-
derstood. Snow or ice generated by freezing of supercooled water droplets
can adhere on the weather sheds of the insulator or the line conductor.
Accordingly, the ice alters the shape of the insulator and can lead to
bridging of the weather sheds, which reduces the insulation distance and
induce undesired creeping currents or a flashover in the worst case [64, 65].
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In addition, the accreted ice causes additional static (weight of ice and
snow) and dynamic (by line galloping) loads acting on the pylons, which
might result in a collapse of the pylons in the worst case [65]. Any un-
desired modification of the technical systems significantly reduce the ef-
ficiency and reliability of the system. Icing is initiated by ice nucleation,
which is influenced by several influencing factors like the temperature,
substrate or droplet size as shown, e.g. by Holden et al. [103], Kuhn et al.
[134], Vali [265] and Wang et al. [274]. Many of these influencing fac-
tors are already investigated and widely known. Nevertheless, the impact
of electric fields on ice nucleation, which is often called Electrofreezing, is
still not completely understood. Even though several investigations under
different boundary conditions were already performed, the impact of the
electric field is still not clear and even contrarily discussed in literature
[1, 53, 120, 197, 217, 277, 279]. The small influence of the electric field
might be masked by other influencing factors or the statistical nature of
ice nucleation [193]. Especially, the impact of alternating and transient
electric fields depending on the electric field strength and frequency were
rarely investigated in the past. As a consequence, a clean and careful ex-
periment is necessary to ensure well-defined boundary conditions and to
investigate the impact of electric fields. While such experimental setups
are already available to investigate ice nucleation depending on, e.g. the
cooling rate, droplet size or different contamination with ice nucleating
particles [9, 28, 46, 94, 175, 240, 278, 280], an experimental setup to inves-
tigate the impact of electric fields on homogeneous and heterogeneous ice
nucleation under various (type, orientation, frequency and strength of the
electric field) but well-defined boundary conditions is still not available.
The previous experimental setups only cover specific boundary conditions,
such as shown in [197]. Hence, a new experimental setup is developed in
this study to determine the impact of electric fields on ice nucleation un-
der well-defined conditions, which improves the understanding of icing
mechanisms.
In summary, high-voltage insulators are highly affected by the interac-
tion of water and electric fields under various ambient conditions. The
insulator is exposed to water in different aggregation states, namely liquid
water or ice, depending on the boundary conditions. The main focus of the
present study is to investigate the fundamental physical mechanisms influ-
encing the behaviour of water droplets under the impact of electric fields
for different boundary conditions. The results aim to improve the under-
standing of the behaviour of water droplets inside electric fields and help
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to improve the efficiency of high-voltage insulators. Due to the large vari-
ety of boundary conditions, the results are related to other research fields
like, electrowetting, atomization, food science or atmospheric physics.

1.2 Aims and outline of thesis

The main goal of the present study is to improve the understanding of
the behaviour of water droplets under the impact of electric fields. The
thesis has two main emphases: First, to determine the impact of electric
fields on the behaviour of sessile droplets under ambient conditions and
second, to investigate the impact of electric fields on ice nucleation.
Hence, the thesis is divided into two main topics, which are presented in
separate chapters.
The literature presented in the previous section revealed the research
gaps for both topics. Based on the research gaps, the following objectives
are defined, which will be addressed in this thesis.

Droplets under ambient conditions

• Determine the impact of electric charges on the motion and oscil-
lation of sessile droplets depending on the droplet volume, droplet
charge, electric field strength, frequency and type of the electric
field.
• Identify the impact of electric charge on the partial discharge incep-
tion field strength of single and multiple sessile droplets depending
on the droplet volume, droplet charge, electric field strength and
frequency of the electric field.
• Investigate the interaction of two nearby droplets under the impact
of transient electric fields depending on the electric field strength,
impulse type, droplet volume and droplet-droplet separation.

Supercooled droplets - ice nucleation
• Development and construction of an experimental setup to investi-
gate the impact of electric fields on ice nucleation under well-defined
conditions with respect to the electric field and temperature.
• Determine the influence of electric fields on ice nucleation depending
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on the electric field strength, type of the electric field, frequency,
droplet ensemble and temperature.

• Investigate the difference between homogeneous and heterogeneous
ice nucleation under the impact of electric fields.

The defined objectives are categorized by the boundary conditions with
respect to the temperature. This structure is maintained for the entire
thesis, which leads to five parts.
Part I contains Chap. 1, which introduces and motivates the present thesis.
Furthermore, the research gap and the main objectives of the thesis are
defined.
Part II summarizes the theoretical background. The part is divided into
two chapters. Chapter 2 recapitulates the droplet hydrodynamics and
describes the interaction of water droplets and electric fields, namely the
electrohydrodynamic phenomena. In addition, Chap. 3 introduces the
theoretical background for supercooled droplets and ice nucleation.
The results of the experimental investigations are presented in Part III and
Part IV. The subject of Part III is the behaviour of water droplets under
the influence of electric fields under ambient conditions. The experimen-
tal setup used for all experiments is shown in Chap. 4. Subsequently, the
influence of electric fields on the motion/oscillation of sessile droplets and
the partial discharge inception are described in Chap. 5 and Chap. 6 re-
spectively. Furthermore, the droplet coalescence of neighbouring droplets
under the impact of transient electric fields is presented in Chap. 7.
Part IV contains the results of the investigation of ice nucleation under
the influence of electric fields. The part begins with the presentation of
the experimental setup and procedure in Chap. 8. The results of het-
erogeneous ice nucleation and homogeneous ice nucleation under various
different conditions with respect to the type of the electric field are pre-
sented in Chap. 9 and Chap. 10 respectively.
Part V concludes this study and provides a summary of the presented
investigation in Chap. 11 and an outlook in Chap. 12. The major outcomes
of this study are summarized, and open questions for further research are
defined.
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2 Hydrodynamic and
electrohydrodynamic phenomena

The word hydrodynamics originates from the Latin word Hydrodynam-
ica introduced by Bernoulli [17] and describes the motion of fluids. The
motion of a fluid is determined by the forces acting on the fluid and the
fluid properties. Even in equilibrium and at rest, forces can act on the
fluid. The interaction of liquids in motion (hydrodynamics) and electric
fields is called electrohydrodynamics [263]. First studies of electrohydrody-
namic phenomena were performed, among others by Taylor [259, 260] and
Melcher [172]. Subsequently, the effect of electric fields on the behaviour
of different liquids was extensively studied experimentally and theoreti-
cally. Nowadays, many applications like electrowetting [183], electrostatic
atomization [88], inkjet printing [171], electrostatic lenses [38] or electro-
static painting [248] actively use an electric field to manipulate the fluid
flow and motion of the liquid. The following sections summarize the fun-
damentals of the hydrodynamics of single sessile droplets. In addition, the
fundamentals of the electric field and the corresponding electric quantities
are discussed in detail. Based on the definition of the electric field, the
interaction of liquids and the electric field is explained with respect to the
electric field distribution and the resulting forces caused by the electric
field.

2.1 Sessile droplets

A sessile droplet consists of a liquid resting on a substrate in equilibrium.
Hence, the liquid is in contact with additional materials like the substrate
and the surrounding fluid or gas. The different media are separated by
an interface, which can be characterized by a thin surface with negligible
thickness and discontinuous thermodynamic properties in a macroscopic
point of view [73]. The interface between the liquid and a gas is called a
surface [73]. A phenomenon associated with the interface is the interfacial
or surface tension. Thermodynamically the surface tension γ is defined
as energy per unit surface area, which leads to [48, 73]

γ =
(

dW
dA

)
V,T,Nmol

, (2.1)
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Substrate/Wall

Liquid

Gas

γl,g

γl,w

γg,w θ

Figure 2.1: Principle of a sessile droplet and the corresponding interfacial
tensions γ including the definition of the contact angle θ. Any
influence of gravity is neglected.

where W is the surface energy or work and A is the surface area for
constant volume V , temperature T and number of molecules Nmol. The
surface tension describes the change of energy necessary to change the sur-
face area [48] and is always defined with respect to the involved materials.
The unit of the surface tension is J/m2 or N/m. In the following work the
tension at the interface between a liquid and a gas is called surface tension
while the tension on the interface between different liquids or liquids and
solids is named interfacial tension or interfacial energy. From a molecular
perspective the forces on a molecule being in the bulk differ from the forces
acting on a molecule near or at the surface [263]. A molecule inside the
bulk experiences forces from the surrounding molecules from all directions
leading to a zero net force on the molecule. In contrast, a molecule at the
surface of the liquid only experiences forces from the liquid bulk, which
leads to an attraction of the molecule towards the bulk and a non-zero net
force on the molecule. In consequence, the energy of a molecule located at
the surface has to be different compared to that of a molecule in the bulk
[263]. Gibbs et al. [82] developed the definition of the surface tension by
specifying the surface tension as the difference between the energy of the
system and the sum of energies of its components under the assumption
that there is no interface between the different media, which leads to the
definition of Eq. (2.1) [263]. Generally, each thermodynamic system tries
to minimize its free energy [29], and consequently the shape of the liquid
is determined by the state of the lowest possible surface energy, which is
correlated to a low surface area. In case of a droplet levitating in the air
the droplet adopts a spherical shape because of the minimum surface area
of a given volume associated with a spherical shape [48]. In contrast to a
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levitating droplet, the shape of a sessile droplet is more complicated, be-
cause of the substrate present, which leads to additional interfaces. Each
interface leads to an interfacial tension, which determines the shape of
the sessile droplet. Figure 2.1 illustrates a sessile droplet and the three
interfacial tensions on the different interfaces by neglecting any influence
of gravity. Note that the principle is still valid for inclined substrates or
vertical walls. The force balance of the interfacial tension directly at the
three-phase contact line leads to the Young equation [291]

γg,w = γ`,w + γ`,g cos(θ), (2.2)

which relates the static contact angle θ and the surface tension between the
liquid and gas γ`,g, the interfacial tension between the substrate (or wall
as a abbreviation) and the liquid γ`,w and the interfacial tension between
the gas and the substrate γg,w. This equation is only valid for an ideal
solid substrate, which is perfectly smooth, rigid, chemically homogeneous,
insoluble and non-reactive [263]. The static contact angle is always defined
within the liquid as shown in Fig. 2.1.
The shape of the droplet is affected by different influencing factors like
the substrate properties or external forces, as for instance electric fields.
As an example, the roughness of the surface influences the wettability
of the substrate [218] and therefore the shape of the droplet. Figure 2.2
shows the principle shape of a droplet on a hydrophilic and a hydrophobic
substrate. The wettability of a substrate is characterized by the properties
of a fluid to wet the surface, which can be characterized by the static
contact angle. Generally, the higher the static contact angle, the lower
is the wettability of the surface and vice versa. Thus, substrates with
a static contact angle of θ < 90◦ and θ > 90◦ are called hydrophilic
and hydrophobic [141] respectively. Substrates with static contact angles
θ > 150◦ are called superhydrophobic [276].
In practice, an ideal surface does not exist so that no distinct contact an-
gles can be observed, rather a range of contact angles. The measurement
of the static contact angle requires a pinned contact line, which is partially
given for different contact angles. The range of the static contact angle
∆θ is defined by the advancing and receding contact angle and is named
contact angle hysteresis [85]

∆θ = θadv − θrec, (2.3)

where θadv is the advancing and θrec is the receding contact angle. As
long as the contact line of a droplet is pinned, the contact angle can have
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a)

Hydrophilic substrate

Liquid

Gas

θ

b)

Hydrophobic substrate

Liquid

Gas

θ

Figure 2.2: Principle shape of a droplet depending on the wetting proper-
ties of the substrate and the corresponding contact angle θ for
a) droplet on a hydrophilic substrate and b) on a hydrophobic
substrate.

different values. However, if the static contact angle reaches a critical
angle the contact line moves on the substrate. In case of an extension
of the droplet and an outward motion the lowest possible angle for the
motion is called advancing contact angle. In addition, the lowest possi-
ble contact angle, which leads to a retraction characterized by an inward
motion of the droplet is called receding contact angle. In practice, the
advancing and receding contact angle are measured using a syringe im-
mersed in a droplet. The liquid is fed or retracted from the droplet, and
the contact angle is optically measured to determine the contact angle
for the extension or retraction of the droplet. The difference between the
advancing and receding contact angle for water strongly depends on the
properties of the substrate and can reach values of up to ∆θ ≈ 50◦ [273].
A visualization of the contact angle hysteresis and the different condi-
tions of the contact line with respect to its motion is shown in Fig. 2.3. A
pinned contact line prevents the contact line motion and is indicated by
zero on the abscissa. The contact angle can have different values without
a motion of the contact line. If the contact angle exceeds the advancing
contact angle the contact line starts to move. Note that the contact angle
might change during the motion of the contact line because the contact
angle depends on the velocity of the contact line [85]. In contrast, if the
contact angle is lower than the receding contact angle the droplet recedes.
Similar to the advancing of the droplet, the contact angle during receding
might vary because it depends on the receding rate. Due to the fact that
both, the receding and the advancing contact angle, depend on the con-
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Figure 2.3: Schematic of the contact angle hysteresis. Contact angle θ
depending on the different states of the droplet. A movement
of the contact line is observable in the advancing (adv) and
receding (rec) region.

tact line velocity the critical advancing and receding contact angle have
to be determined during the initial movement of the contact line. The
static contact angle can have any value between advancing and receding
contact angle, which mainly depends on the local wetting properties of
the substrate [27]. The pinning of the contact line, which is caused by a
non-homogeneous surface with respect to the wetting properties, leads to
the contact angle hysteresis [48]. For such condition, which is described
by the Young-Laplace equation, the contact line is in a meta-stable (lo-
cally stable) state [27]. Any disturbances like locally changed surface
roughness, surface contamination or surface heterogeneity influence the
observed contact angle [15, 27]. Thus, the contact angle hysteresis can be
interpreted as a characterization of the activation energy to cause droplet
movement from one meta-stable state into another [78]. Microscopically,
the activation energy is given by the distortion of the droplet and leads to
change of the free interfacial energy [78]. Hence, the shape of the droplet
is mainly influenced by the local wetting properties of the substrate, as
for instance the roughness or surface heterogeneity.
In addition, electric charges can influence the equilibrium shape of a
droplet. While the surface tension tends to minimize the surface area,
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electric charges with same polarity as nearby electric charges generate a
repulsion force, which tends to increase the surface area. A force balance
between the repulsion force of the electric charge and the surface tension
leads to the assumption that the charge of a droplet is limited. The max-
imum charge Qmax depends on the volume of the (free floating) droplet
and is given by the Rayleigh limit [223]

Qmax =
√

48πε0γV , (2.4)

where V is the volume of the droplet and ε0 is the vacuum permittivity.
Increasing the electric charge on a droplet causes a deformation of the
droplet [259]. As soon as the Rayleigh limit is reached the repulsion
force of the electric charge exceeds the surface tension, which results in
a disintegration of the droplet [55, 223]. Hence, the droplet is not stable
any more.

2.2 The electric field

The electric field ~E is derived from the Coulomb law, which defines the
force between two charges [74, 131]. The force ~F 2 acting on a charge Q2
resulting from a charge Q1 in the distance r is given by [131]

~F 2 = Q2 ·
Q1

4πεr2 · ~er︸ ︷︷ ︸
~E

, (2.5)

where ε is the permittivity and ~er is the unit vector in radial direction.
The permittivity ε is defined by ε = ε0εr, where εr is the relative permit-
tivity and ε0 is the vacuum permittivity. The vacuum permittivity is a
constant and yields ε0 = 8.854 · 10−12 As/(Vm) [90]. In contrast, the rel-
ative permittivity εr depends on the dielectric properties of the material
and is dimensionless. Equation (2.5) assigns an electric field to the charge
Q1, which decreases quadratically in radial direction. Consequently, the
force on the charge Q2 can be described by means of an electric field in-
stead of explicitly using the origin (Q1) [131]. In general, the electric field
can be defined by the force ~F acting on a positive test charge Q̃ [173]

~E =
~F

Q̃
. (2.6)
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The test charge is introduced because the electric field can only be deter-
mined by the force on a specific charge. An object containing a positive
charge Q̃ is affected by the force ~F inside an electric field ~E. Both the
force ~F and the electric field ~E are vector quantities, which are defined
by their magnitude and direction.
Instead of using the exact charge on an electrode, more commonly the
applied electric potential or potential difference is used to characterize
the electrical arrangement. Hence, the electric potential is introduced
to determine the electric field without explicitly mentioning the electric
charge.
The electric potential φ is defined by the potential energy Wpot per test
charge Q̃ [133, 173]

φ = Wpot

Q̃
. (2.7)

Inserting the definition of the potential energy

W =
ˆ
~F d~s, (2.8)

where the force ~F is acting along the vector ~s, in Eq. (2.7) yields

φ = 1
Q̃

ˆ
~F d~s. (2.9)

Using Eq. (2.6) the electric potential can be expressed with respect to the
electric field

φ = 1
Q̃

ˆ
~EQ̃d~s. (2.10)

This equation can also be expressed in differential form, which leads to

~E = −∇φ, (2.11)

where ∇ is the Nabla operator [133, 173]. The components of an electric
field are calculated by the partial derivatives of the electric potential with
respect to the unit vectors of the corresponding coordinate system.
The electric potential is always defined with respect to a reference poten-
tial φ0. A potential difference

U = φ1 − φ2, (2.12)
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is named voltage U and is often used to characterize the difference in
electric potential between two electrodes.
The electric field can arise from two different sources [133]. First, the oc-
currence of charges, which are sources (positive charges) and sinks (nega-
tive charges) of the electric field. In this case the electric field is also called
electro-static field. Second, the electric field can be generated by a time-
varying magnetic field as defined by the induction law (second Maxwell
equation). Both physical mechanisms can be described by the Maxwell
equations, which characterize electromagnetic fields in general [238] and
can be used to determine the electric potential for a specific geometry
so that the electric field distribution can be calculated. These general
equations can be simplified by only taking into account slow changes of
the field (low frequencies). The resulting equations describe electric and
magnetic quasi-static fields. Furthermore, neglecting temporal changes
of the magnetic flux density ∂ ~B/∂t = 0 leads to the electric quasi-static
(EQS) field, which is described in detail hereafter. The assumption of an
EQS field results in the following simplified Maxwell equations

˛
~H d~s =

‹

A

(
~J + ∂ ~D

∂t

)
d~A, (2.13)

˛
~E d~s = 0, (2.14)

‹

A

~B d~A = 0, (2.15)

‹

A

~D d~A =
˚

V

q dV, (2.16)

where ~H is the magnetic field strength, ~J is the current density, ~D is the
field displacement, t is the time, ~B is the magnetic flux density, q is the
charge density per volume with V being the corresponding volume, ~A is
the surface area pervaded by the field quantities and ~s is the integration
path along a closed curve. Equation (2.13) states that the circular integral
of the magnetic field equals the enclosed current, which is given by the
current and a time variable field displacement. In addition, Eq. (2.14)
defines that the electric field is an irrotational field. Equation (2.16)
is called Gauss’s Law and defines that the envelope surface integral of
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the field displacement equals the enclosed charge [238]. The Maxwell
equations can also be written in differential form

∇× ~H = ~J + ∂ ~D

∂t
, (2.17)

∇× ~E = 0, (2.18)

∇ · ~B = 0, (2.19)

∇ · ~D = q. (2.20)

The Maxwell equations connect the different field quantities, but cannot
be solved without the correlation between the field strengths and the flux
densities. Hence, the material specific correlations for ~D, ~J and ~E are
introduced, which are given by [95]

~D = ε0εr ~E, (2.21)

~J = κ~E, (2.22)

where κ is the electrical conductivity of the material. Using the differential
form of the Maxwell equations, Eq. (2.11), Eq. (2.21) and Eq. (2.22) the
general equation for the electric potential of the EQS field can be derived.
Inserting Eq. (2.11) and Eq. (2.21) into Eq. (2.20) yields

∇ ·
(
ε0εr∇φ

)
= −q. (2.23)

After calculating the divergence of Eq. (2.17) the equation is given by [95]

∇ · ~J + ∂q

∂t
= 0. (2.24)

Note that ∇ ·
(
∇× ~H

)
= 0. Inserting Eq. (2.23) in Eq. (2.24) results in

the equation of the electric potential for the EQS field

∇ ·
(
κ∇φ+ ∂

∂t
ε0εr∇φ

)
= 0. (2.25)

The solution of this equation yields the electric potential, which can be
used to calculate the electric field strength without knowing the charge
distribution. Calculating the electric potential is generally more conve-
nient because the electric charge distribution is unknown while the electric
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potential is often defined by the applied voltage and the geometric ar-
rangement. As already mentioned, the electro quasi-static field describes
time-variant electric fields with slow changes [133]. Such electric fields
are generated by power-frequency voltages (AC, originates from alternat-
ing current) or switching impulse (SI) as well as lightning impulse (LI)
voltages [133]. Electric fields in dielectrics cause displacement currents to
be much larger than the conduction currents ∂ ~D/∂t � ~J [133]. Hence,
Eq. (2.25) can be further simplified to

∇ · (ε0εr∇φ) = 0, (2.26)

which defines the electric potential distribution in absence of charges. As
shown by Eq. (2.26) the electric field distribution is mainly influenced by
the relative permittivities of the involved materials. A special case of the
EQS field is the static electric field, which is time-invariant and generated
using a constant voltage (DC, originates from direct current). In this case
the temporal dependence of all quantities vanishes, so that ∂ ~D/∂t � ~J
is valid [133]. Taking into account this assumption leads to the following
potential equation

∇ · (κ∇φ) = 0. (2.27)

In the case of a constant electric field the electric field distribution is char-
acterized by the electrical conductivities of the involved materials instead
of the relative permittivities. Generally, the field distribution depends on
the electrical properties of the involved materials. Whether the relative
permittivity or the electrical conductivity of the materials characterizes
the field distribution is defined by the type of the electric field. The
characteristic time for the charge relaxation τel = ε/κ [108] and the char-
acteristic time of the problem τchar, which can be defined by the frequency
of the electric field (e.g. τchar = 1/fAC, with fAC as the frequency of an al-
ternating electric field) or the hydrodynamic timescale, can be used to de-
termine the dominant physical mechanism. For τel/τchar � 1 the electric
field is characterized by the relative permittivities, while for τel/τchar � 1
the electric field is determined by the electrical conductivities [211]. Note
that τel/τchar in the order of one leads to a field distribution defined by
both, the electrical conductivities and the relative permittivities.
Assuming a constant permittivity ε or electrical conductivity κ the equa-
tions for the electric potential can be further simplified to

∇2φ = 0, (2.28)
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Dielectric 1, ε1

Dielectric 2, ε2

E1n

E1t

E1

E2n

E2t

E2

α1

α2

Figure 2.4: Principle behaviour of the electric field E and its components
at an interface of two different dielectrics (ε2 > ε1). The
refraction of the electric field is characterized by the angles
α. Adapted by permission from Springer Nature: Springer
Vieweg, High-Voltage Engineering - Electric Stresses by An-
dreas Küchler, copyright (2018).

which is called Laplace equation [133, 139]. The more general case of the
Laplace equation is the Poisson equation, which also takes into account
external charges. For τel/τchar � 1 the Poisson equation is given by
[133, 139]

∇2φ = − q

ε0εr
. (2.29)

The solution of the Poisson or Laplace equation can be determined for
a specific geometry and known boundary conditions such as the electric
potential at the electrodes and yields the electric potential distribution.
Furthermore, the electric potential can be used to determine the electric
field. Generally, the electric potential and the geometric arrangement of
the electrodes is known, so that the electric field is determined by solving
the Poisson or Laplace equation. Especially for geometrical arrangements
with multiple dielectrics the electric field distribution has to be deter-
mined with respect to the boundary conditions at the interfaces between
the different dielectrics. These interfaces and the properties of the dielec-
tric materials are essential for the electric field distribution. The principle
behaviour of the electric field at the interface between two different di-
electrics is shown in Fig. (2.4). The electric field ~E1 in the dielectric 1
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2 Hydrodynamic and electrohydrodynamic phenomena

is inclined with respect to the interface. The angle between the electric
field and the interface is characterized by 90◦ − α1. Hence, the electric
field ~E1 can be divided into two components, which are tangential ~E1t
and perpendicular ~E1n to the interface. The Maxwell equations deter-
mine the conditions at the interface. Using Eq. (2.14) and defining an
infinitesimally small area around the interface yields [133]

E1t = E2t. (2.30)

According to this equation, the tangential electric field strength at the
interface is constant and independent of the relative permittivity of the
materials. Furthermore, using the Gauss law (Eq. (2.16)) and neglecting
any accumulated charges at the interface leads to [133]

D1n = D2n. (2.31)

Thus, the dielectric field displacement perpendicular to the interface is
constant. Taking into account the correlation between the dielectric dis-
placement and the electric field results in

E1n

E1n
= ε2

ε1
, (2.32)

so that the electric field strengths inside the different dielectrics depend
on the ratio of the permittivities [133]. Assuming a perpendicular electric
field to the interface (α = 0) the electric field strength is given by [133]

E1

E2
= ε2

ε1
. (2.33)

The electric field strength is higher in the dielectric with the lower permit-
tivity, so that for ε2 > ε1 the electric field strength E1 is larger than E2.
The decrease of the electric field strength in the dielectric material with
the higher permittivity and the increase of the electric field strength in the
dielectric material with the lower permittivity is called field displacement
[133]. The field displacement is illustrated by Fig. 2.5 with U = U1 + U2
and h = h1 + h2 being the applied voltage and the distance between the
plates, respectively. The actual field strength in the individual dielectric
layers are not only given by the ratio of the permittivities but also depends
on the thickness of the different layers and can be expressed as [133]

E1 = U

h1 + h2
ε1
ε2

(2.34)

E2 = U

h1
ε2
ε1

+ h2
. (2.35)
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2.2 The electric field

εr,1

εr,2
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Figure 2.5: Principle electric field distribution between two electrical con-
ductive plates with two different dielectric materials (ε2 > ε1).
Adapted by permission from Springer Nature: Springer
Vieweg, High-Voltage Engineering - Electric Stresses by An-
dreas Küchler, copyright (2018).

The smaller the thickness of a layer hi the higher the electric field strength.
Consequently, the actual electric field strength strongly depends on the
layer thickness. For the limit case of a negligible layer thickness h1
(h1 � h2) the ratio of the electric field strengths of the individual layers
converge towards the ratio presented in Eq. (2.33). In case of an arrange-
ment consisting of a single dielectric material with vanishing thickness the
electric field strength tends towards infinity (as indicated by E = U/h).
Note that the field displacement is visualized by the higher density of the
electric field lines in Fig. 2.5.
For the more general case (α 6= 0), as shown in Fig. 2.4, Eq. (2.32) is still
valid. Taking into account the tangential and normal components of the
electric field the correlation between the different angles α1 and α2 can
be determined and yields [133]

tanα1

tanα2
= ε1

ε2
. (2.36)

The electric field is refracted at the interface as indicated by Eq. (2.36).
The reason for this refraction of the electric field is caused by a constant
tangential component of the electric field in both dielectric materials, so
that only the normal component of the electric field is affected by the field
displacement. The angle between the interface and the resulting electric
field is determined by the ratio of the permittivities ε1/ε2. For ε2 > ε1 it
yields α2 > α1 so that the electric field is refracted towards the interface.
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2 Hydrodynamic and electrohydrodynamic phenomena

In case of ∂ ~D/∂t� ~J Eq. (2.31) becomes [133]

J1n = J2n. (2.37)

Consequently, the electric field is defined by the ratio of the electrical
conductivities instead of the relative permittivities. The derived corre-
lations are still valid in the same manner and only have to be adapted
with respect to the used quantities. So, J has to be used instead of D,
resulting in a correlation of the electric field strength and the electrical
conductivities.

2.3 Microscopic interaction of sessile droplets
and electric fields

Droplets exposed to electric fields affect the field distribution due to the
dielectric properties of the fluid. Especially, water droplets highly af-
fect the field distribution because of their high relative permittivity of
εr,wa ≈ 81 and generally high electrical conductivity. As already shown,
the electric field distribution depends on the electrical properties of the
involved materials as well as the geometric arrangement. So the droplet
can be in direct contact with one or multiple electrodes or only in con-
tact with a dielectric material [183, 190]. Depending on the geometric
arrangement the electric field is influenced. A droplet, which is in con-
tact with an electrode can be assumed as an extension of the electrode,
and thus has the same electric potential as the electrode, if the electrical
conductivity of the droplet is higher than that of the surrounding air. In
contrast, the electric potential of a droplet resting on a dielectric material
is determined by the local electric field strength at the droplet position.
In the following only droplets isolated from the electrodes are considered.
The electric potential and the behaviour of the droplet mainly depends on
the geometrical arrangement, and thus on the orientation of the electric
field.
The orientation of the electric field can be characterized with respect to
the substrate. Figure 2.6 shows two different orientations of the electric
field for an axisymmetric droplet surrounded by air, where a) shows a nor-
mal orientation of the electric field and b) shows a tangential orientation
of the electric field with respect to the substrate. In addition, any other
direction of the electric field is possible, but can be expressed by a combi-
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a)

Substrate

Liquid

Air ~E

b)

Substrate

Liquid

Air ~E

Figure 2.6: Droplet surrounded by air and different orientations of the
electric field ~E: a) normal orientation and b) tangential ori-
entation with respect to the substrate.

nation of the presented cases (only valid for axisymmetric droplets). Both
arrangements shown in Fig. 2.6 were already investigated in the past, and
it was found that tangentially aligned electric fields have a higher impact
on the droplet behaviour compared to the normal orientation [233]. Con-
sequently, only tangentially aligned electric fields are investigated in detail
in this study.
The electric field distribution mainly depends on the dielectric properties
of the involved materials and the geometrical arrangement. As an exam-
ple, the arrangement shown in Fig. 2.6 involves three different dielectric
materials, namely a surrounding medium, a liquid and the substrate. In
case of a high-voltage insulator the liquid is given by water (e.g. rain),
and the substrate may consist of silicone rubber. The air, water and sili-
cone rubber have different relative permittivities of εr,air = 1, εr,wa ≈ 81
and εr,sil ≈ 2− 3 [133], respectively. Hence, based on a permittivity dom-
inated description of the field distribution, the electric field is suppressed
inside the liquid and enhanced inside the air because of the field displace-
ment. Due to the relatively high electrical conductivity of the water (e.g.
κwa = 5.5 · 10−6 S/m for the high purity water used in these investiga-
tions) the droplet can be assumed as a perfect conductor for sufficiently
low frequencies. For water the ratio of the charge relaxation time and the
characteristic time yields τel/τchar � 1 for all frequencies of alternating
fields investigated in this work (fAC < 200Hz), so that the surface of the
droplet is an equipotential surface. The field enhancement is influenced
by the geometric arrangement, and therefore by the wetting properties of
the substrate.
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a)

Hydrophobic substrate

Liquid

Air

Substrate

Liquid

Air

b)

Hydrophilic substrate
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Air

Substrate

Liquid
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Figure 2.7: Close-up of region near the three-phase contact line for a)
hydrophobic substrate (θ > 90◦) and b) hydrophilic substrate
(θ < 90◦) showing the geometrical arrangement of the involved
materials. a) Thin air gap between the conducting water and
dielectric substrate and b) wedge-like form of the conducting
water resulting in a sharp tip.

The most critical region is located directly at the three-phase contact line.
Figure 2.7 illustrates the critical region near the three-phase contact line
for two different contact angles. In case of a hydrophobic or superhy-
drophobic surface the contact angle is larger than θ > 90◦ [141], which
leads to the arrangement shown in Fig. 2.7a. The close-up of the region
near the three-phase contact line shows a narrowing air gap between the
water and the substrate, which finally ends up at the three-phase contact
line. Regardless of whether the liquid is assumed as a perfect conductor
or a leaky dielectric, an electric field is present in the air gap. The electric
field strength increases with decreasing thickness of the air layer. Due to
the fact that the thickness of the air gap tends towards zero the field en-
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Figure 2.8: Electric field distribution around a droplet with V = 100µl
on a) a hydrophilic substrate and b) a hydrophobic substrate.
The undisturbed electric field is tangentially aligned to the
substrate and has a field strength of Ê0 = 4 kV/cm. Based on
the axis-symmetry only one half of each droplet is shown.

hancement in the air is tremendous, especially at the three-phase contact
line. In contrast, Fig. 2.7b shows the hydrophobic case for θ < 90◦ [141].
In this case the sharp edge formed by the droplet generates high electric
field strength.
The field distribution for both geometrical arrangements is shown in
Fig. 2.8. The electric field is obtained by numerical simulation (COM-
SOL Multiphysics R©) for sessile droplets under the impact of an electric
field tangentially aligned to the substrate. The substrate is given by sil-
icone rubber and is located at y = 0. The following material properties
are used for water, air and silicone to calculate the electric field distribu-
tion: εr,wa = 81, κwa = 5.5 · 10−6 S/m, εr,air = 1, κair = 1 · 10−20 S/m,
εr,sil = 2.9, κsil = 1 · 10−15 S/m. Note that the maximum electric field
strength is limited to Êmax = 15 kV/cm for better visualization of the
field distribution. Therefore, it is not necessary to calculate the exact
field strength at the three-phase contact line, which would be very dif-
ficult due to the singularity of the electric field. However, to determine
accurate results, the mesh is refined in the region close to the three-phase
contact line. The field distribution confirms that the highest electric field
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2 Hydrodynamic and electrohydrodynamic phenomena

strength is located at the three-phase contact line in both cases. Further-
more, the narrowing air gap produced by sessile droplets on a hydrophobic
substrate leads to an increasing electric field strength with decreasing air
gap size.
Analytic solutions of the Laplace equation (Eq. (2.28)) for a sessile droplet
on a hydrophobic substrate also confirms the strong field enhancement di-
rectly at the three-phase contact line. The field enhancement results from
a singularity directly at the three-phase contact line [18, 206, 270]. Hence,
the electric field strength should be infinite according to field theory. How-
ever, in reality the electric field strength cannot be infinite because of the
limited dielectric strength of the materials, which is not taken into account
in the classical field theory. The electric field near the three-phase contact
line is significantly enhanced (as shown in Fig. 2.8) and might locally ex-
ceed the dielectric strength of the surrounding air which causes the gener-
ation of partial discharges. Partial discharges are only locally electric dis-
charges, which does not necessarily result in a complete breakdown of the
insulation distance [133]. In reality, the appearance of partial discharges
limits the electric field strength. If only the geometrical arrangement and
the dielectric properties would define the maximum field strength, any
electric field strength would produce partial discharges caused by the sin-
gularity at the three-phase contact line. However, partial discharges only
occur for sufficiently high electric field strengths, which are higher than
the inception field strength. Thus, the classical field theory does not take
into account all physical influencing parameters. An explanation might
be that the macroscopic contact angle and the microscopic contact angle
are not the same so that the region of the three-phase contact line is not
adequately covered by the theory [69]. Furthermore, charges generated by
the partial discharges affect the local field distribution, but are not taken
into account by the classical field theory.
Even if partial discharges do not lead to a full breakdown of the insula-
tion distance, the discharges affect the insulation performance of nearby
insulation materials. Partial discharges mostly occur as locally concen-
trated and repetitive discharge impulses accompanied by the generation of
UV-light and heat, which promote electrical or thermal erosion [128, 133].
This deteriorates the insulation performance and might cause an acceler-
ated ageing of the insulating material. Therefore, partial discharges have
to be avoided, especially in high-voltage engineering.
Due to the importance to avoid partial discharges in high-voltage engi-
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2.4 Macroscopic interaction of sessile droplets and the electric field

neering, the behaviour of water droplets under the influence of electric
fields and the corresponding inception field strength for the generation
of partial discharges was already investigated by several authors. For in-
stance, the origin of the partial discharges was theoretically examined for
a specific experimental setup, where the droplet is in direct contact with
the electrode, by Vallet et al. [270]. Besides the theoretical investiga-
tions several authors have experimentally explored the partial discharge
behaviour of single sessile droplets [25, 186, 187, 189, 207] and multiple
droplets [99, 121, 148, 186, 187]. They identified different influencing fac-
tors like the electric field strength, volume of the droplet, inclination of
the surface, droplet distance as well as the wettability of the substrate.
With increasing droplet volume the inception field strength of partial dis-
charges is lowered. The same tendency is given for a decreasing distance
between two nearby droplets. Furthermore, the inclination of the sur-
face has an impact on the inception of partial discharges and can lead to
larger inception field strength with increasing inclination angle. In addi-
tion to this fundamental research on single droplets, the impact of par-
tial discharges on high-voltage insulators was also examined using more
realistic geometries such as used in [37, 208, 210]. Based on these in-
vestigations partial discharges were identified to accelerate the ageing of
silicone rubber surfaces which causes erosion, change of surface colour,
loss of hydrophobicity or reduced electrical performance without a visual
indication [4, 181, 182, 225, 295].

2.4 Macroscopic interaction of sessile droplets
and the electric field

Besides the electrical field enhancement near the three-phase contact line,
the electric field causes a force on dielectric and charged bodies. Hence,
a droplet placed inside an electric field experiences a force depending on
the electric field strength and the orientation of the electric field. The
force generated by the electric field is a volume force similar to gravity
and has to be considered in the momentum equation [263]. Assuming an
electrostatic field the force per volume that acts on the dielectric body
can be derived using a virtual process [200]. The following derivation
of the force is recapitulated according to Panofsky and Phillips [200].
Equation (2.8) defines the work of a force ~F acting along the distance ~s.
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According to this definition the incremental work δW resulting from the
virtual displacement δ~x in the absence of additional mechanical work is
defined by

δW = −
ˆ
~F V · δ~x dV, (2.38)

where ~F V is the force per volume, δ~x is the virtual displacement and
V is the considered volume. The incremental work is negative because
energy has to be provided in order to cause the virtual displacement.
Accordingly, this work equals a change of the energy in the system. A
different representation is given by the rate of change of energy, which is
given by

dW
dt = −

ˆ
~F V · ~U dV, (2.39)

where ~U = d~x/dt and defines an arbitrary velocity field in the dielectric.
The change of energy resulting from the virtual displacement δ~x can also
be expressed in terms of the electric field ~E and field displacement ~D as
stated in the following equation

δW = 1
2δ
ˆ
~E · ~D dV. (2.40)

Using the correlation between the electric field and the field displacement
given by Eq. (2.21) the incremental work can be expressed by

δW = 1
2ε0

ˆ
D2δ(1/εr) dV +

ˆ
~E · δ ~D dV (2.41)

= −ε0

2

ˆ
E2δεr dV +

ˆ
~E · δ ~D dV. (2.42)

The first term on the right-hand side of Eq. (2.42) represents the change
in energy by an incremental change of the relative permittivity. The
second term on the right-hand side determines the change of energy by
the change of the displacement field and can be expressed in terms of the
electric potential and charge density instead of the electric field and field
displacement by using Eqs. (2.11) and (2.20) which yieldsˆ

~E · δ ~D dV = −
ˆ
∇φ · δ ~D dV =

ˆ
φ δq dV. (2.43)

Inserting Eq. (2.43) in Eq. (2.42) results in [200]

δW =
ˆ (

φ δq − ε0

2 E
2δεr

)
dV. (2.44)

30



2.4 Macroscopic interaction of sessile droplets and the electric field

Based on this equation the rate of change of energy can be calculated by
differentiating the equation with respect to time:

dW
dt =

ˆ (
φ
∂q

∂t
− ε0

2 E
2 ∂εr

∂t

)
dV. (2.45)

To further simplify Eq. (2.45) the expressions for ∂q/∂t and ∂εr/∂t have
to be determined depending on the arbitrary velocity field ~U . Accord-
ing to Panofsky and Phillips [200] the partial derivatives of the relative
permittivity and the charge density can be determined using the conser-
vation equations for charge and mass as well as the total derivative of
both quantities. This results in the following expressions

∂q

∂t
= −∇ · (q~U), (2.46)

∂εr

∂t
= −dεr

dρ ρ
(
∇ · ~U

)
− (∇εr) · ~U . (2.47)

Inserting Eq. (2.46) and Eq. (2.47) in Eq. (2.45) yields

dW
dt =

ˆ [
− φ∇ · (q~U)

+ε0

2 E
2
(

dεr

dρ ρ
)
T

(
∇ · ~U +

(ε0

2 E
2∇εr

)
· ~U
)]

dV. (2.48)

Simplifying this equation and using the correlation defined in Eq. (2.11)
results in the rate of change of energy depending on the electric field, the
electric charge and the material properties

dW
dt =

ˆ [
q~E + ε0

2 E
2∇εr −

ε0

2 ∇
(
ρE2

(
dεr

dρ

)
T

)]
· ~U dV. (2.49)

A comparison of Eqs. (2.49) and (2.39) yields the force per volume ~F V

[200, 263]

~F V = q~E︸︷︷︸
Coulomb force

− ε0

2 E
2∇εr︸ ︷︷ ︸

Dielectric force

+ ε0

2 ∇
[
ρE2

(
dεr

dρ

)
T

]
︸ ︷︷ ︸

Electrostrictive force

, (2.50)

where the first term on the right-hand side describes the Coulomb force,
which determines the force per volume on a body containing electric
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charges and is the most dominant force in constant electric fields [263].
Furthermore, the second term is called dielectric force, which defines the
force on a non-homogeneous dielectric liquid. This term only dominates
in case of alternating electric fields if the inverse of the frequency is much
smaller than the charge relaxation time of the liquid 1/f � τel = ε/κ
[263]. Furthermore, the charge of the droplet has to be sufficiently small.
The third term is called electrostrictive force, which only occurs in di-
electric materials and can be interpreted as a modification of the fluid
pressure in terms of liquid [263]. In case of an incompressible fluid, the
electrostrictive force can be neglected [80]. Note that the Nabla operator
is a vector, and thus Eq. (2.50) is a regular vectorial equation.
In case of a perfectly conducting liquid (τel/τchar � 1) the droplet it-
self is field-free because of electric induction [18]. The net charges of the
droplet are located at the interface of the droplet due to the repulsive
force of charges with the same polarity. As a consequence, the electric
field lines and the force resulting from the electric field are perpendicular
to the surface of the droplet [18]. The reason for this are the vanishing
electric field inside the droplet and the continuity conditions of the tangen-
tial component of the electric field on the interface of the droplet, which
results in a vanishing electric field tangentially aligned on the surface.
Due to symmetry, a perfectly symmetric droplet would always experi-
ence a net force of zero. However, small disturbances of the homogeneous
electric field are always present. These disturbances are caused by the
net charge distribution inside the droplet or the experimental setup and
cause a non-homogeneous electric field resulting in a non-zero force act-
ing on the droplet. The resulting force induces a distortion of the droplet
and can also be interpreted in terms of an increased pressure inside the
droplet, which is often referred to the electrostatic pressure. In case of a
perfect dielectric (τel/τchar � 1) the electric field inside the droplet does
not completely vanish. However, due to the high relative permittivity of
water compared to air and most substrates the electric field is strongly
depressed in the droplets, which leads to an almost field-free droplet.
The force on the surface of the droplet has two components, namely a
normal and a perpendicular component, which satisfy the boundary con-
ditions at the interface as defined by Eqs. (2.30) and (2.31). Note, that the
high purity water used in this study can be assumed as a perfect conductor
in case of alternating and constant electric fields because the relaxation
time (τel = ε/κ) is in the order of 10−6 s to 10−4 s, and therefore much
lower than the order of the characteristic time of the electric fields (10−2 s
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to 1 s) tested in this investigation. Nevertheless, in electro-hydrodynamics
electrical and hydrodynamic phenomena are coupled so that the hydro-
dynamic timescale is also important. Both characteristic times determine
the behaviour of the droplet. Fast hydrodynamic processes like a droplet
impact can take place on a smaller timescale compared to the charge re-
laxation time so that the droplet is assumed as a dielectric during impact.
In contrast, a resting droplet with an almost infinite characteristic hydro-
dynamic time has to be assumed as a perfect conductor because charges
have enough time to adjust themselves to the boundary conditions [211].
The force resulting from the electric field is directly coupled with the
momentum equation of the droplet. Consequently, the electric field can
produce a droplet motion, deformation or oscillation depending on the
type of the electric field. Droplets exposed to constant electric fields ex-
perience a constant force because the electric field strength is constant.
The constant force leads to a deformation which might result in a move-
ment of the droplet [13]. In contrast, an alternating electric field results
in an alternating force. The frequency of the force acting on the droplet
mainly depends on the dominant physical mechanism and the dominant
force with respect to the Coulomb, dielectric and electrostrictive force.
In case of a large charge Q on the droplet and a sufficiently small elec-
tric field strength, the Coulomb force, which is directly proportional to
the electric field, is dominant. Hence, the force on the droplet has the
same frequency as the applied electric field. In contrast, an uncharged
droplet is not affected by the Coulomb force and only experiences the di-
electric force. The electrostriction term does not cause a net force on the
droplet by integrating the relevant term of Eq. (2.50) over a large portion
of the dielectric with extremities in a field-free region [200]. Under this
assumption the electrostriction term vanishes and can be neglected. The
dielectric force is proportional to the square of the electric field, so that
the force acting on the droplet is proportional to the doubled frequency
of the electric field.
Figure 2.9 illustrates the correlation between the individual fractions of
the force depending on the electric field strength and the charge of the
droplet. Applying a sinusoidal voltage with a frequency fAC leads to an
electric field of the form ~E(t) = Ê sin(ωt)~e, where Ê is the amplitude
of the electric field, ω is the angular frequency and ~e is the unit vector.
The two regimes shown in Fig. 2.9 characterize the different regimes for
charged and uncharged droplets. Both the Coulomb and the dielectric
force are acting on the droplet simultaneously, but usually one force is
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Figure 2.9: Principle of forces ~F acting on a dielectric body depending
on the electric charge Q and the electric field strength E re-
sulting from an alternating electric field. The two different
regimes I and II characterize the oscillation frequency of the
droplet fd depending on the frequency of the applied voltage
fAC. Reprinted (adapted) with permission from [150], c© 2019
IEEE.

dominant. Regime I defines the regime for charged droplets. The amount
of charge on the droplet is large enough so that the Coulomb force is
dominant. In this case the droplet oscillates with the same frequency as
the applied electric field, due to fd ∝ ~F V ∝ ~E ∝ sin(ωt). This behaviour
can be observed for low electric field strengths and a sufficient amount of
charge. Increasing the electric field strength leads to a different behaviour
which is characterized by regime II. In this regime the dielectric force is
dominant and induces droplet oscillations with twice the frequency of the
applied electric field, due to fd ∝ ~F V ∝ ~E

2
∝ 1 − cos(2ωt). The re-

sulting force on the droplet contains both the Coulomb and the dielectric
force. As a consequence, the behaviour of the droplet is determined by
the electric field strength and the electric charge of the droplet. The size
of the two regimes is also influenced by the electric charge and electric
field strength. The higher the electric charge, the larger is the gradient of
the linear slope (dashed line in Fig. 2.9) of the Coulomb force, which leads
to an intersection of both forces at higher electric field strength. Conse-
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quently, increasing the electric charge increases regime I for a constant
electric field strength and vice versa. However, sufficiently high electric
field strengths always cause a dominant dielectric force resulting from the
quadratic dependence of the force on the electric field strength.
Besides the electric field strength and the electric charge, the droplet
volume significantly influences the droplet movement. The oscillatory
force generated by the electric field can cause resonance of the droplet,
which can finally result in droplet movement for large amplitudes caused
by high electric field strengths. The resonance frequencies of a liquid
droplet (consisting, for instance, of water) surrounded by a fluid having a
much lower density (ρd � ρair) such as air under the impact of an electric
field are given by [138, 237]

fN =
[
N (N − 1)(N + 2)γ

12Vdπρd

]1/2
for N ≥ 2, (2.51)

where N is an integer corresponding to the different modes, ρd is the
droplet density and γ is the surface tension of the water droplet with re-
spect to the surrounding fluid (air). Note that any viscosity effects are ne-
glected, which mainly damp the oscillation of the droplet. Equation (2.51)
is only valid for small oscillations, i.e. only for low electric field strengths.
High electric field strengths generate large droplet deformations, which
are not covered by the theoretical model. For a surrounding medium with
a similar density compared to water (ρd ≈ ρsurr), like oil, the resonance
frequencies are defined by a more general relation [138]

fN =
[
N (N + 1)(N − 1)(N + 2)γ
12Vdπ [(N + 1)ρd +Nρsurr]

]1/2
for N ≥ 2. (2.52)

As found by Schütte and Hornfeldt [237], the resonance frequencies of a
free droplet, which is described by Eq. (2.51), can also be used to accu-
rately determine the resonance frequencies of a sessile droplet on a hy-
drophobic substrate. However, the different boundary conditions, namely
the broken symmetry, produce additional resonance frequencies in case of
a sessile droplet [237]. The mode number is defined by N − 1, because
N = 0 would lead to a droplet movement and N = 1 is associated with
droplet expansion, which is not stable [73]. Hence, the first resonance
mode is given for N = 2. Figure 2.10 shows the first three characteristic
modes of a sessile droplet under the influence of an electric field. The
orientation of the electric field is tangentially aligned to the substrate.
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a) t = 0ms t = 9ms t = 18ms t = 27ms t = 36ms

b) t = 0ms t = 5.5ms t = 11ms t = 16.25ms t = 21.75ms

c) t = 0ms t = 2.5ms t = 5ms t = 7.75ms t = 10.5ms

Figure 2.10: One cycle of the first three modes forN = 2, 3, 4 of uncharged
droplets. a) Example of Mode 1 (N = 2) of a 20µl droplet at
27Hz and Ê = 3.81 kV/cm, b) example of Mode 2 (N = 3)
of a 30µl droplet at 23Hz and Ê = 4.67 kV/cm and c) ex-
ample of Mode 3 (N = 4) of a 60µl droplet at 48Hz and
Ê = 7.37 kV/cm. Reprinted figure (adapted) with permis-
sion from [156]. Copyright 2020 by the American Physical
Society.

The first resonance mode shown in Fig. 2.10a is characterized by a prin-
ciple motion parallel to the substrate and is often called rocking [52],
rachetlike [194] or bending motion [164]. The droplet periodically leans
sideways in the gap between the electrodes and changes its direction with
a characteristic frequency while the three-phase contact line is still pinned.
In contrast, the second mode has a principle direction perpendicular to the
substrate as shown in Fig. 2.10b. Even if the undisturbed electric field is
tangentially aligned to the substrate the droplet oscillates perpendicularly
to the substrate. The motion is characterized by a periodically upsetting
and stretching of the droplet. The third resonance mode is shown in
Fig. 2.10c and is characterized by surface oscillations with a character-
istic number of steady nodes on the surface. For N = 3 the number of
steady nodes on the surface yields two. The oscillation of the droplets
is characterized by a periodically bulging between the nodes. Modes of
higher orders are characterized by a higher number of steady nodes on
the surface. Accordingly, the behaviour of droplets oscillating in higher
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2.4 Macroscopic interaction of sessile droplets and the electric field

orders are assumed to have a similar behaviour as droplets oscillating in
third resonance mode.
The different oscillation modes induce periodic changes of the contact
angle, which significantly influences the electric field distribution in that
region. As already mentioned, the solution of the Laplace equation de-
pends on the droplet shape, especially at the three-phase contact line,
and theoretically has a singularity directly at the three-phase contact line
[18]. Hence, the electric field strength should be infinite at this point ac-
cording to theory. However, in reality the electric field strength cannot
be infinite, so that the dielectric strength of the gas and the occurring
partial discharges limit the electric field strength. Nevertheless, the local
electric field directly at the three-phase contact line is enhanced so that
the net charges of the droplet are concentrated in this region. From a
macroscopic point of view the force caused by the electric field can be
assumed to be concentrated at the three-phase contact line [18]. Using
this macroscopic approach Young’s equation (Eq. (2.2)) can be modified to
take into account the impact of the electric field. The resulting equation is
named Young-Lippmann equation because among others Lippmann [146]
investigated the impact of electric field on the wetting of liquids. The
Young-Lippmann equation modifies the interfacial tension between the
substrate and the liquid

γw,`,el = γw,`,0 − γel, (2.53)

where γw,`,el is the modified interfacial tension between the substrate and
the liquid. In addition, γw,`,0 is the interfacial tension between the sub-
strate and the liquid without an electric field and γel is the artificial in-
terfacial tension resulting from the electric field. Inserting Eq. (2.53) in
Eq. (2.2) results in

γg,w = γw,`,el + γ`,g cos(θel), (2.54)

where θel is the resulting contact angle under the impact of the electric
field. A comparison of Eqs. (2.2) and (2.54) expresses the contact angle
under the impact of an electric field and the contact angle without an
electric field [211]

cos(θel) = cos(θ) + γel

γ`,g
. (2.55)

A more common representation of this equation is given by [115, 142]

cos(θel) = cos(θ) + CU2

2γ`,g
, (2.56)
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a) b) ↑ Ê c) ↑ Ê d) ↑ Ê

Figure 2.11: Formation of a Taylor cone by a sessile droplet
(dd ≈ 1.00mm) under the impact of a switching impulse volt-
age with an electric field strength Ê = 13.04 kV/cm in top
view. a) droplet in absence of an electric field, b)-c) forma-
tion of the Taylor cone and d) Taylor cone with jet (emission
of droplets).

where C is the capacitance of dielectric layer (for the electrowetting on
a dielectric [115]) and U is the applied voltage between the electrodes.
Consequently, the presence of an electric field causes an altered contact
angle, which is lower than the equilibrium contact angle in absence of an
electric field. The electric field can be used to increase the wettability
of a surface without changing the properties of the substrate, and thus
is a reversible process. The active manipulation of the surface wetting is
called electrowetting [183, 219]. Most applications like electrostatic lenses
use the electric field to manipulate the contact angle or the curvature of
the fluid in a desired manner. In contrast to the oscillations generated
by the electric field strength, electrowetting is associated with a contact
line movement. Generally, the state of electrowetting is achieved for high
electric field strength, which results in a large change of the contact angle
that exceeds the advancing contact angle.
In addition to the changed contact angle, the presence of an electric field
provokes deformations of the droplet. The shape of the droplet is de-
fined by the forces present at the interface of the droplet, namely gravity,
surface tension and the force resulting from the electric field. Taylor
[259] observed the formation of a conical shape and found that droplets
exposed to high electric field strength can become unstable, similar to
highly charged droplets. The conical shape of the droplet is called Taylor
cone and is accompanied by the emission of tiny charged droplets [136].
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2.4 Macroscopic interaction of sessile droplets and the electric field

A Taylor cone is characterized by a semi-vertical angle of 49.3◦ [259]. The
formation of tiny droplets is associated with stresses tangentially aligned
to the interface of the droplet [41] and results from the conical shape be-
coming unstable. Hence, the formation of small droplets generated by a
Taylor cone can only be observed for dielectric or leaky-dielectric liquids.
In case of a perfectly conducting liquid (τel/τchar � 1) the field inside the
droplet and the tangential component of the electric stress on the droplet
interface vanish, and consequently no Taylor cone is formed. However,
even a droplet consisting of a conducting liquid can be deformed and can
generate a conical shape [42]. The formation of the Taylor cone is not
necessarily associated with electric charges [166, 195] but can also assist
the formation of the Taylor cone especially for a droplet which is in con-
tact with an electrode. An example for the formation of a Taylor cone
by a sessile droplet is shown in Fig. 2.11. The droplet is clearly affected
by the electric field and forms a cone. A liquid jet originates from the
cone resulting in the formation of tiny droplets. Consequently, high elec-
tric fields precipitate the disintegration of the droplets similar to electric
charges.
In summary, sessile droplets are significantly influenced by the presence
of an electric field. The shape and motion of the droplet are mainly deter-
mined by the electric field strength and are assumed to be influenced by
the presence of charges. In addition, the droplet interacts with the elec-
tric field and results in electrical critical points at the three-phase contact
line. The interaction between the fluid dynamics of a sessile droplet and
the associated electrical phenomena yields a complex system with various
influencing factors. The individual influencing factors interact with each
other, and all together determine the behaviour of the droplet under the
impact of an electric field.
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3 Ice nucleation
The freezing of liquid water is associated with a first-order phase tran-
sition, which is initiated by ice nucleation [117]. Ice nucleation can be
defined as the first presence of a thermodynamically stable ice phase [266]
and initiates the transition from a meta-stable to a thermodynamically
stable state [117]. The meta-stable state, given by a locally unstable ther-
modynamic state of the liquid, is a necessary prerequisite for nucleation
[71, 117, 216]. In case of ice nucleation the meta-stable state results from a
liquid temperature below the melting temperature. The resulting temper-
ature difference is called degree of supercooling. Hence, the supercooling
is the thermodynamic driving force of the phase transition of the super-
cooled liquid to a lower-energy state [117]. Whether ice nucleation occurs
is determined by the formation of an ice nucleus of a sufficient size to
overcome the energy barrier of Gibbs free energy ∆G [216]. The forma-
tion of a new phase inevitably results in the formation of a new interface
between the liquid and the solid phase, which requires energy to form,
because individual bonds between water molecules are broken and water-
ice bonds are generated [216]. An ice nucleus originates from fluctuations
in time and space of the temperature or density of the supercooled liq-
uid [216] and is given by a spontaneous formation of a molecular cluster
(germ) of sufficient size. This molecular cluster has similar properties as
the new phase in terms of density [117]. The spontaneous formation of
a germ mainly depends on the stochastic motion of the molecules, and
consequently nucleation is a stochastic process [216, 266]. The stochastic
nature of nucleation leads to time-consuming experiments, which neces-
sitate numerous repetitions of the experiments to generate reliable data.
Based on experimental data, several theories have been developed to de-
scribe and predict the nucleation behaviour. Amongst others, the classi-
cal nucleation theory (CNT) describes ice nucleation with respect to its
stochastic nature.
In general, ice nucleation can be divided into homogeneous and hetero-
geneous ice nucleation. Homogeneous ice nucleation is characterized by
ice nucleation inside a supercooled liquid without the influence of any
foreign substances [266]. Thus, this type of nucleation only depends on
the stochastic motion of the molecules. In contrast, heterogeneous ice
nucleation is influenced by a foreign substance, which promotes ice nucle-
ation [106, 266]. The foreign substance, often referred to as ice nucleating
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particle (INP) [266], can be any particle like dust particles, volcanic ash,
biomass or a substrate in contact with the supercooled liquid [114]. In
general, the nucleation temperature is higher in case of heterogeneous
compared to homogeneous ice nucleation (lower degree of supercooling),
because the foreign substances reduce the necessary energy barrier for the
phase transition, and thus promotes nucleation. Both homogeneous and
heterogeneous ice nucleation are of great relevance for different research
areas, because any kind of icing is initiated by ice nucleation. Both phys-
ical mechanisms are present in nature, but heterogeneous ice nucleation
is more common in technical applications, because technical processes are
not perfectly clean and often involve foreign substances or substrates.

3.1 Homogeneous ice nucleation

Homogeneous ice nucleation is only influenced by molecular motion of
the liquid phase and not by other foreign substances. The energy barrier
necessary for the transition from supercooled liquid to ice can be deter-
mined by the difference in Gibbs free energy of both thermodynamic states
∆G = G2 −G1, where G1 and G2 are the Gibbs free energies before and
after nucleation, respectively [213, 216]. The Gibbs free energy of pure
supercooled liquid G1 is given by:

G1 = V GV,`, (3.1)

where V is the liquid and total volume, because no ice is present, so that
the liquid volume equals the total volume V = V`. Furthermore, GV,` is
the Gibbs free energy of the liquid with respect to the volume. During
nucleation a new interface is generated between the solid and the liquid
phase. Hence, the Gibbs free energy after nucleation is given by

G2 = V`GV,` + VsGV,s +As,`γs,`, (3.2)

where γs,` is the interfacial tension between the solid and the liquid, As,`
is the surface area of the solid in contact with the liquid, and V` and Vs
are the volume of the liquid and the solid phase, respectively. The index
` labels properties of the liquid, whereas the index s indicates properties
of the solid phase. The first term on the right-hand side of Eq. (3.2)
defines the Gibbs free energy of the liquid volume. Similarly, the second
term defines the Gibbs free energy of the solid volume. Note that after
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3.1 Homogeneous ice nucleation

nucleation the bulk volume V is defined by V = Vs + V`. The third term
on the right-hand side defines the interfacial energy between the solid and
liquid phase, which results from the generation of a new interface. Thus,
the difference in energy ∆G = G2 −G1 is given by

∆G = −Vs∆GV +As,`γs,`, (3.3)

where ∆GV = GV,`−GV,s, which defines the change in Gibbs free energy
with respect to the volume. Assuming a constant heat capacity of the
solid and the liquid phase ∆GV can be approximated by [213]

∆GV = LV ∆T
Tm

, (3.4)

where LV is the latent heat of fusion per unit volume, ∆T is the degree
of supercooling and Tm is the melting temperature. The degree of super-
cooling is defined by the temperature difference between the melting tem-
perature Tm and the current temperature T , which yields ∆T = Tm − T .
Assuming a spherical solid phase with a radius R and an isotropic inter-
facial tension γs,` the difference in energy can be expressed by [213]:

∆G = −4
3πR

3∆GV + 4πR2γs,`. (3.5)

The first term on the right-hand side of Eq. (3.5) defines the release of
the latent heat of fusion during the phase transition, and the second term
defines the energy necessary to form a new interface between the solid
and the liquid phase. Besides the properties of the liquid and the solid,
both terms depend on the radius R of the (spherical) solid phase. The
dependence of the energy barrier with respect to the radius R of the solid
phase is shown in Fig. 3.1.
The two dashed lines show the dependence of the volume free energy and
the interfacial energy on the radius R. While the volume free energy
is proportional to −R3, the interfacial energy is proportional to R2. The
resulting Gibbs free energy is given by the sum of both terms and is shown
as a solid line. The formation of a new interface results in an increase of
the Gibbs free energy, which leads to an energy barrier. In contrast,
the release of latent heat of fusion during phase transition lowers the
Gibbs free energy and results in a lower-energy state. The critical energy
barrier ∆G∗ is defined by the maximum of the Gibbs energy and can be
characterized by the critical radius R∗. To further minimize the Gibbs
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Figure 3.1: Gibbs free energy G depending on the radius R. The critical
radius R∗ defines the energy barrier ∆G∗ necessary to initiate
the phase transition.

free energy and to reach a lower-energy state, the critical energy barrier
∆G∗ must be overcome, which strongly depends on the size of the solid
phase. For R < R∗ the unstable solid phase is named ice germ [269],
because it vanishes over time. The phase transition between liquid and
solid is not initiated, because reducing the size of an ice germ leads to a
lower energy state, which is more favourable than increasing the size of the
germ. Accordingly, the energy necessary to overcome the energy barrier
is not present in this case. In contrast, a solid phase with size R ≥ R∗

will grow in size, because increasing the size will further minimize the
Gibbs free energy as indicated by Fig. 3.1. In this case the solid phase
is thermodynamically stable and will increase in size. Henceforth, the
solid phase is called ice nucleus [213]. In consequence, only a nucleus with
a certain size can initiate the phase transition between liquid and solid,
which transfers the resulting phase into a lower-energy state.
The critical size R∗ of a nucleus is defined by the maximum of ∆G given
by Eq. (3.5), which can be calculated by:

d(∆G)
dR = 0, (3.6)

and leads to
R∗ = 2γs,`Tm

LV ∆T . (3.7)
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The critical energy barrier ∆G∗ can be determined by inserting Eq. (3.7)
into Eq. (3.5), which yields [213]

∆G∗ =
16γ3

s,`T
2
m

3L2
V ∆T 2 . (3.8)

As indicated by Eq. (3.8) the critical energy barrier ∆G∗ depends amongst
the properties of the liquid like LV or Tm on the degree of supercooling
∆T . The larger the degree of supercooling, the lower is the critical energy
barrier to initiate the phase transition. Hence, the higher the degree of
supercooling of a liquid, the more favourable is the formation of an ice
nucleus of sufficient size R ≥ R∗. In addition, the critical size of the ice
nuclei also depends on the degree of supercooling, so that according to
Eq. (3.7) the critical size decreases with increasing degree of supercooling.
The decrease of the critical size depending on the degree of supercooling
is shown in Fig. 3.2. The critical radius is calculated using an interfa-
cial tension between ice and water of γs,` ≈ 0.032N/m [100], a latent
heat of fusion per volume of LV ≈ 333.12 · 106 J/m3 [50] (assuming a
density of ρ = 999.84 kg/m3 at 0 ◦C [113]) and a melting temperature
of Tm = 273.15K. Due to the fact that the formation of an ice nucleus
depends on the molecular motion, the formation of small germs is much
more favourable than the formation of large germs. Accordingly, the for-
mation of an ice nucleus at low degrees of supercooling is less common
than for large supercoolings, which is shown by the rapid increase of the
critical radius for low degrees of supercooling in Fig. 3.2.
Homogeneous ice nucleation is often characterized by the nucleation rate,
which defines the frequency of ice nucleation events per unit volume and
unit time [269]. In consequence, the nucleation rate is inevitably con-
nected to the formation of an ice nucleus of a certain size, which leads to
the phase transition. A nucleation event is observed if an ice nucleus of
sufficient size is present. Accordingly, the size distribution of ice germs
inside the supercooled liquid is essential. The number of spherical clusters
NR with a radius of R in the supercooled liquid is given by a Boltzmann
distribution [213]

NR = N0 exp
(
−∆GR

kbT

)
, (3.9)

where N0 is the number of all atoms in the liquid, ∆GR is the free energy
associated with a cluster of size R and kb is the Boltzmann constant.
Note that Eq. (3.9) is valid for all R if the temperature is higher than
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Figure 3.2: Critical radius of nucleus R∗ depending on the degree of su-
percooling ∆T according to Eq. (3.7).

the melting temperature T > Tm. In contrast, for temperatures T < Tm
the equation is only valid for R < R∗, because ice germs larger than R∗
are already solid ice particles and not part of the liquid any more [213].
Hence, a further increase of the size always leads to R > R∗ and results
in nucleation.
To determine the nucleation rate two physical phenomena have to be taken
into account. First, the formation of an ice nucleus of sufficient size and
second the attachment of atoms from the liquid bulk to the ice nucleus,
which is associated with germ growth. The number of critical ice germs
C∗ is obtained by inserting ∆G∗ into Eq. (3.9), which yields:

C∗ = C0 exp
(
−∆G∗

kbT

)
, (3.10)

where C0 is the number of atoms per unit volume. Assuming that in-
dividual atoms are attaching to the cluster with a frequency of f0,C the
nucleation rate can be defined by [213]

Jhom = f0,C C0 exp
(
−∆G∗

kbT

)
. (3.11)

The frequency f0,C is a complex function influenced by the vibration fre-
quency of the atoms, the activation energy for diffusion in the liquid
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Figure 3.3: Homogeneous nucleation rate Jhom depending on the degree
of supercooling ∆T .

and the surface area of the critical nucleus [213]. Inserting Eq. (3.8)
in Eq. (3.11) results in the nucleation rate depending on the degree of
supercooling

Jhom = f0,C C0 exp
(
−

16γ3
s,`T

2
m

3kbTL2
V (∆T )2

)
, (3.12)

which describes the number of nucleation events per unit volume and
unit time. The unit of the nucleation rate is m−3s−1. The homoge-
neous nucleation rate Jhom depending on the degree of supercooling ∆T
is shown in Fig. 3.3 and is calculated using the following parameters:
f0,C ≈ 1011 Hz (approximation based on the data for pure metal)[213, 235],
C0 = NA/18.02 · 10−6 m3/mol = 3.35 · 1028 m−3 (NA being the Avo-
gadro constant NA = 6.022 · 1023 1/mol), γs,` ≈ 0.032N/m [100, 122],
Tm = 273.15K, kb = 1.381 · 10−23 m2 kg/(s2 K), LV = 333.12 · 106 J/m3

[50] and T = Tm − ∆T . As shown in Fig. 3.3, the nucleation rate
is constant for a wide range of supercoolings and rapidly increases for
∆T > 41K.
In general, the nucleation rate is calculated from experimental results,
which contain the number of liquid and frozen droplets depending on
the temperature. The exact number of atoms inside the droplets C0 is
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not known. Furthermore, Eq. (3.3) is defined for a unit volume, whereas
experiments commonly use droplets of different sizes [216]. Hence, the nu-
cleation rate should be determined using the individual nucleation events
of a droplet ensemble. The droplet ensemble consists of N0 droplets with
a volume of Vd. It is assumed that ice nucleation inside the droplets is
not influenced by nearby droplets, so that each droplet defines a specific
volume to investigate ice nucleation. Furthermore, it is presumed that the
phase transition in each droplet is the result of a single nucleation event
[216]. This assumption is valid for homogeneous nucleation, because the
growth velocity of ice is very fast at high degrees of supercooling [216]. In
consequence, the first nucleus already initiates the phase transition and
causes the droplet to freeze. Furthermore, the latent heat of fusion re-
leased during the transition from supercooled liquid water to ice increases
the temperature and reduces the probability of the formation of a sec-
ond ice nucleus [216]. Due to the fact that each ice nucleus causes the
droplet to freeze, the number of frozen droplets Ns produced during the
time interval dt in the volume N`Vd is given by [216]

dNs = N`VdJ (T )dt. (3.13)

Taking into account a constant number of droplets during an experiment
leads to dNs = −dN`, because an increasing number of frozen droplets
inevitably reduces the number of liquid droplets [216]. Replacing the
frozen droplets Ns with the number of liquid droplets N` results in

dN` = −N`VdJ (T )dt. (3.14)

Eq. (3.14) is a differential equation with respect to time. Integrating the
equation using the number of droplets initially present in the ensemble
N0 at t = 0 and N` as the number of liquid droplets at a specific time t
yields [216]

N` = N0 exp [−VdJ (T )t] . (3.15)
Consequently, the nucleation rate for a constant temperature is given by

J (T ) = − ln (N`/N0)
Vdt

, (3.16)

which mainly depends on time. Instead of a constant temperature, the
droplets are often exposed to a constant cooling rate Ṫ = ∂T/∂t, which
leads to ˆ T0

T

J (T )dT = − ln (N`/N0) Ṫ
Vd

, (3.17)
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where T0 and T are the initial temperature (all droplets are still liquid)
and the current temperature, respectively.
The same result could also be obtained by assuming that ice nucleation
is a stochastic process and using Poisson distributed to describe the ex-
perimental data [216].
While homogeneous ice nucleation is important for ice particle formation
in clouds [98], it is of secondary importance for many other technical
applications, because the presence of foreign substances (like impurities
or even the liquid container itself) inevitably results in heterogeneous
nucleation. Accordingly, heterogeneous nucleation is much more relevant
for technical applications.

3.2 Heterogeneous ice nucleation

Heterogeneous ice nucleation is influenced by the presence of a foreign
substance, which promotes ice nucleation and results in a lower degree of
supercooling necessary to initiate the phase transition [269]. The foreign
substance can be any kind of particle immersed or in contact with the
liquid as well as any substrate in case of sessile droplets. For simplification
the ice nucleus is assumed to be a spherical cap (the influence of gravity
is neglected) and is formed directly on a flat substrate or wall as shown in
Fig. 3.4. Note that the principle shown in Fig. 3.4 is also valid for inclined
substrates or vertical walls.
The solid nucleus surrounded by a supercooled liquid is in a thermo-
dynamically stable state, and its shape can be described by the Young
equation [291], which equates the interfacial tensions

γw,` = γw,s + γs,` cos(θ), (3.18)

where γw,` is the interfacial tension between the liquid and the sub-
strate/wall, γw,s is the interfacial tension between ice and substrate/wall
and γs,` is the interfacial tension between ice and liquid. In addition, θ
denotes the static contact angle, which is defined by the angle between
γw,s and γs,`. Similarly to homogeneous ice nucleation, heterogeneous ice
nucleation also initiates a phase transition to a lower-energy state. The
release of energy can be determined by equating the energy before and
after nucleation, which yields ∆Ghet = G2 − G1. Taking into account
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Figure 3.4: Schematic of a capped spherical ice nucleus on a sub-
strate/wall surrounded by a liquid including the corresponding
interfacial tensions γ and the contact angle θ. Adapted figure,
Copyright c© 2009 from Phase Transformations in Metals and
Alloys, Third Edition (Revised Reprint) by Porter et al. [213].
Reproduced by permission of Taylor and Francis Group, LLC,
a division of Informa plc.

the different interfacial tensions as well as the volume free energy leads to
[213]

∆Ghet = −Vs∆GV +As,`γs,` +Aw,`γw,` −As,wγw,`, (3.19)

where the first two terms on the right-hand side are the difference in
surface and volume free energy as already introduced for homogeneous
nucleation, see Eq. (3.3). Note, that Vs and As,` describe the volume
of the spherical capped ice and surface area of the liquid-solid interface,
respectively. The two additional terms on the right-hand side take into
account the interfacial energy due to the foreign substrate, where Aw,` is
the surface area between the substrate/wall and liquid, and As,w is the
surface between the substrate/wall and ice. Using the volume and surface
area of the footprint of the spherical cap, the change in Gibbs free energy
during the phase transition can be expressed depending on the radius R
of the spherical cap as

∆Ghet =
[
−4

3πR
3∆GV + 4πR2γs,`

]
S(θ), (3.20)
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where S(θ) only depends on the contact angle θ and is defined by

S(θ) = [2 + cos(θ)][1− cos(θ)]2

4 . (3.21)

A comparison of Eq. (3.20) and Eq. (3.5) reveals that the change in Gibbs
free energy for heterogeneous nucleation is given by an additional factor
S(θ) compared to homogeneous nucleation. Due to the fact that S(θ)
amounts only values in the interval [0, 1], the change of Gibbs energy for
heterogeneous nucleation is the same or lower compared to homogeneous
ice nucleation. Hence, the change of the Gibbs free energy of heteroge-
neous ice nucleation can be expressed by

∆Ghet = ∆GhomS(θ). (3.22)

The critical energy barrier and the associated cluster size to initiate ice
nucleation is determined by the maximum of Eq. (3.20) with respect to
the radius R, which can be calculated by

d(∆Ghet)
dR = 0. (3.23)

Solving the equations yields the critical radius R∗ of an ice nucleus to
overcome the energy barrier and to initiate ice nucleation

R∗het = 2γs,`Tm

LV ∆T . (3.24)

As shown by Eq. (3.24), the critical size of the nucleus does not depend on
the contact angle, and therefore is independent of the wetting properties
of the substrate. Thus, the critical radius is the same for homogeneous
and heterogeneous nucleation. Inserting Eq. (3.24) into Eq. (3.20) results
in the critical energy barrier ∆G∗het for the phase transition

∆G∗het =
16γ3

s,`T
2
m

3L2
V ∆T 2S(θ). (3.25)

In contrast to the critical radius, the critical energy barrier ∆G∗het depends
on the contact angle and is influenced by the surface properties. Usually,
the contact angles in most applications and experiments are character-
ized by θ 6= 180◦ resulting in S(θ) < 1, which always leads to smaller
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nucleation temperatures compared to homogeneous nucleation. A com-
parison of the critical energy barrier for homogeneous and heterogeneous
nucleation reveals that the critical energy barrier in case of heterogeneous
nucleation is also lowered by the factor S(θ)

∆G∗het = ∆G∗homS(θ). (3.26)

Using the same approach as for homogeneous nucleation, the nucleation
rate of heterogeneous ice nucleation Jhet can be determined by inserting
Eq. (3.25) in Eq. (3.11), which yields the heterogeneous nucleation rate

Jhet = f0,C C0 exp
(
−∆G∗het

kbT

)
. (3.27)

A comparison of the homogeneous and the heterogeneous nucleation rate
is shown in Fig. 3.5. The contact angle in case of heterogeneous nucleation
is assumed to be θ = 70◦, while the values of f0,C , C0 and kb are identical
for homogeneous and heterogeneous ice nucleation (see Sec. 3.1 for further
details). The lower energy barrier in case of heterogeneous nucleation
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Figure 3.5: Comparison of homogeneous and heterogeneous nucleation
rates J depending on the degree of supercooling ∆T . In case
of heterogeneous nucleation the contact angle is defined by
θ = 70◦.
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results in lower nucleation temperatures. Hence, the steep increase of
the nucleation rate is observed at a lower degree of supercooling. The
lower the contact angle (better surface wetting), the lower is the critical
energy barrier and nucleation temperature. Finally, for θ = 180◦ (no
wetting) homogeneous and heterogeneous ice nucleation have the same
energy barrier.
As already mentioned for homogeneous ice nucleation, the ice nucle-
ation rate is often determined by investigating ice nucleation of individual
droplets of one ensemble. Thus, the nucleation rate has to be determined
by the temporal evolution of the number of frozen and liquid droplets,
which mainly depends on the droplet temperature. The correlation of the
ratio of liquid and frozen droplets as well as the nucleation rate is described
by several nucleation models, which mathematically model the nucleation
behaviour and mainly originate from different observations during the
experiments.

3.3 Ice nucleation models

Nucleation models are used to describe and predict the nucleation be-
haviour. Most nucleation theories were developed in the scope of nucle-
ation of water droplets in supersaturated humid air and were later ex-
tended to additionally describe ice nucleation. The different nucleation
theories can be categorized by phenomenological, kinetic and microscopic
approaches [68, 116, 137]. The phenomenological approaches are based
on the calculation of the Gibbs free energy for the cluster formation and
the corresponding critical size of an ice germ using macroscopic proper-
ties like the surface tension [116]. In contrast, kinetic approaches use the
molecular interaction to predict nucleation, and thus avoid using macro-
scopic properties like the surface tension. Furthermore, the kinetic the-
ories do not calculate the energy necessary for cluster formation and do
not use some of the strict assumptions of the classical nucleation theory
[83]. The microscopic approaches use first-principle models and investi-
gate the interaction between atoms to calculate the free energy for the
cluster formation using functional density theories as well as molecular
dynamics simulations [116]. In the scope of the present study, only se-
lected phenomenological models, namely the classical nucleation theory,
the singular model and extension of those, are discussed in detail due to
their high relevance for interpreting experimental results. The partially
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contrary approaches mainly originate from experimental observations and
their interpretation. The main difference of these models is given by the
different influencing parameters. This results in a controversial discussion
if ice nucleation is a time or only temperature dependent process [266].
The various approaches and connections between them are subsequently
presented.

3.3.1 Classical (stochastic) nucleation model

The classical nucleation theory (CNT) originates amongst others from the
work of Becker and Döring [12], Frenkel [71], Turnbull and Fisher [264],
Volmer and Weber [272] and was developed to describe the nucleation of
water droplets from vapour. Later the theory was adapted by Bigg [20, 21]
and Carte [32, 33] to also describe ice nucleation, which nowadays is one
of the most common theories taking into account the stochastic nature of
nucleation and using a statistical approach to model ice nucleation.
The CNT assumes that nucleation is a stochastic process, and thus de-
pends on time [265, 266, 269]. The two main assumptions of the CNT are
that ice germs can be treated like liquid droplets and that the interaction
between the solid and liquid phase is characterized by the contact angle
[266].
Ice nucleation experiments are often performed using a specific volume of
liquid, which is cooled to a specific temperature or at a specific cooling
rate until nucleation occurs. This procedure is repeated several times with
a fixed liquid volume under the same conditions or with multiple liquid
droplets of the same size, which are exposed to the same conditions [216].
In case of multiple droplets, each individual droplet has to be isolated from
the others so that the nucleation inside a droplet does not influence the
neighbouring droplets [216]. The nucleation is assumed to be initiated
by a single nucleation event inside the droplet [216]. Furthermore, the
volume of the droplets has to be same [216]. Under these assumptions the
various nucleation events can be compared and merged to a single data
set, which comprises the ratio of liquid and frozen droplets depending on
temperature or time. As a consequence, the experimental data can be used
to determine the nucleation rate, which is often applied to characterize
nucleation.
Taking into account the main assumption of the CNT that ice nucle-
ation is a stochastic process implies that nucleation events are Poisson
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distributed with respect to time [216]. Hence, the probability of nucle-
ation of Ns droplets in the time interval [0, ts] from a droplet ensemble
with N0 droplets can be expressed by [216]

P(Ns, ts) = (VdJ (T )ts)Ns exp[−VdJ (T )ts]
Ns!

, (3.28)

where Ns is a positive integer in the interval [0, N0]. The general formula
given by Eq. (3.28) can be used to determine the probability that all
droplets are still liquid (Ns = 0) in the time interval [0, ts], which yields

P(Ns = 0, ts) = (VdJ (T )ts)0 exp[−VdJ (T )ts]
0! = exp[−VdJ (T )ts].

(3.29)
A comparison of Eq. (3.29) and Eq. (3.15) yields that
P(Ns = 0, ts) = N`/N0 and that the nucleation rate J is given
by

J (T ) = − ln(N`/N0)
Vdt

, (3.30)

which is the same result as presented in Eq. (3.16). It characterizes the ho-
mogeneous nucleation rate depending on the liquid fraction of the droplet
ensemble N`/N0 and time t. For a constant cooling rate the nucleation
rate is described by Eq. (3.17).
In case of heterogeneous ice nucleation the nucleation rate can be ex-
pressed by [102]

Jhet(T ) = − ln(N`/N0)
Vdt

. (3.31)

However, heterogeneous ice nucleation is affected by a foreign substance,
which is in contact with the liquid in a meta-stable state, and thus can be
characterized by the wetted area Awet. Due to the fact that the critical
energy barrier is lowered by the presence of a foreign substrate, which
also influences the rate of nucleation, the nucleation rate is often defined
with respect to the wetted area. Adapting the definition of Eq. (3.16),
which defines the probability of nucleation events per unit volume and
time, leads to

Jhet,surf(T ) = − ln(N`/N0)
Awett

, (3.32)

which defines the probability of freezing per unit surface area and time
[266]. In this case the unit of the nucleation rate is m−2 s−1.
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3.3.2 Singular nucleation model

The singular nucleation model was developed among others by Levine
[143] and Langham et al. [140] and assumes that nucleation is a time inde-
pendent, but temperature dependent process [269]. The main assumption
of the singular model is that all samples contain a certain spectrum of ice
nucleating particles (INP) [269]. Each individual ice nucleating particle
has a characteristic temperature at which the nucleation particle becomes
active and initiates the phase change [266]. The INP with the highest
characteristic temperature inside the sample determines the nucleation
temperature. Therefore, in terms of a droplet ensemble, each droplet has
a characteristic freezing temperature, which is associated with the INPs
and their characteristic temperatures inside the droplets. Thus, nucle-
ation is a time-independent, but temperature dependent process. Both
the classical nucleation theory and the singular nucleation model are used
to interpret experimental results, but there is an ongoing debate whether
ice nucleation is a time-dependent or independent process.
Using the singular nucleation model, the ice nucleation is characterized
by the nucleation site density. The nucleation site density is defined as
the number of nucleation sites causing nucleation per unit surface area (of
INP) [269]. Due to the fact that the singular nucleation model assumes
that ice nucleation is initiated by INPs, the singular model is only valid
for heterogeneous ice nucleation. The singular model assumes a spectrum
of INPs inside a droplet volume. The number of INPs becoming active in
the temperature interval [0, T ] is defined by [102]

nsi(T ) = n0 exp
(
T

T0

)
, (3.33)

where n0 and T0 are constants with the dimensions of nucleation sites per
surface area and Kelvin, respectively. Assuming that the droplet contains
a random distribution of INPs, the probability of droplet freezing during
cool-down is given by Poisson statistics [102]. Following the approach of
Poisson statistics and defining the nucleation site density with respect to
a characteristic surface Asurf the probability of Ns droplets freezing in the
temperature interval [0, T ] is given by [184]

P(Ns, T ) = 1−N`/N0 = 1− exp [−nsi(T )Asurf ] . (3.34)

Hence, the nucleation site density can be determined using the liquid
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fraction N`/N0, which leads to [184]

nsi(T ) = − ln(N`/N0)
Asurf

. (3.35)

The unit of the nucleation site density is m−2.

3.3.3 Further nucleation models

Both the classical nucleation theory and the singular nucleation model are
used to describe experimental data, even if the models are rather contrary.
The different models are affirmed by different experiments and the result-
ing data. As an example, Durant [57], Shaw et al. [244], Zobrist et al.
[296] or Seeley and Seidler [239] showed the stochastic nature of ice nu-
cleation with different experiments. However, Connolly et al. [43], Möhler
et al. [180] or Vali [265] revealed a singular nucleation and time indepen-
dent nucleation behaviour. Neither the classical nucleation theory nor the
singular nucleation model can describe all observations from experiments
presented in the past. In consequence, several authors tried to adapt the
existing models to reconcile both models, e.g. [193, 265, 268]. Subse-
quently, two models are exemplarily shown, namely the VS66 model and
the Soccer ball model [193, 268].
The VS66 model, developed by Vali and Stansbury [268], combines the as-
sumption of the stochastic and the singular model. It is assumed that ice
nucleation can be characterized by a specific nucleation temperature Tnuc,
which depends on the most active INP inside the droplet at a certain tem-
perature. This characteristic temperature is defined by J (Tnuc) = const.,
where the nucleation rate is given by an arbitrary constant defining the
characteristic temperature [266]. Furthermore, it is assumed that the
nucleation temperature fluctuates around this characteristic temperature
and nucleation is activated by the most active INP in the droplet. The
characteristic temperature depends on the cooling rate and on chance
[266]. The specific nucleation temperature Tnuc cannot be determined di-
rectly from the experiments, but can be approximated by them because
of the rapid increase of the nucleation rate at Tnuc [266]. The VS66 model
combines the observed phenomena and describes ice nucleation as a time
and temperature dependent process.
The soccer-ball model was introduced by Niedermeier et al. [193] as an
extension of the already existing conclusions of Marcolli et al. [170] and
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Lüönd et al. [163]. The model is based on the assumption that nucleation
is always initiated by random fluctuations of water molecules [193]. In
consequence, the model takes into account the stochastic nature of nu-
cleation. It is assumed that each water droplet contains numerous ’ice
nucleus’ particles of identical size [193]. The surface of each particle is
subdivided into patches with different properties with respect to the sur-
face wetting. The individual properties are determined by a probability
function so that the contact angles are randomly distributed in the inter-
val [0, π]. The transition between the stochastic and singular behaviour
is affected by the distribution of wetting properties on the particle sur-
face. A narrow range of contact angles causes a stochastic nature while a
broader range of contact angles lead to a purely singular nature [193].
Both models try to combine the stochastic and singular behaviour of
nucleation. Experiments revealed different properties of the nucleation
behaviour, which can be described by different nucleation models. The
combination of both models provided by Vali and Stansbury [268] or Nie-
dermeier et al. [193] shows that the stochastic and singular nucleation
model are not necessarily contrary to one another. As a consequence,
the different properties of the models can be combined. However, the
nucleation behaviour depends on the considered timescale, as stated by
Niedermeier et al. [193], which might lead to a masking of the stochastic
nature of nucleation. Generally, both the singular and the stochastic na-
ture of ice nucleation are present simultaneously, so that ice nucleation is
a time and temperature dependent process. However, one behaviour can
be dominant depending on the boundary conditions.

3.4 Influence of electric fields on ice nucleation

The influence of electric fields on ice nucleation was already investi-
gated experimentally [1, 45], theoretically [118, 119, 230] and numerically
[22, 192, 253, 254, 287, 293] by several authors. However, the impact of
electric fields is not completely understood, because the experimental re-
sults are not in complete agreement. Several authors already showed that
electric fields have an impact on ice nucleation [24, 31, 127, 165, 168, 185,
197, 205, 215, 222, 227, 232, 251, 277, 283, 286, 290], while others could
not observe any influence [47, 53, 167, 203, 214, 247, 279]. The contrary
results are produced with various experimental setups under different con-
ditions, which comprise homogeneous and heterogeneous nucleation, dif-
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ferent temperature ranges, several fluids and different types of electric
fields. Thus, a comparison of the results is rather difficult. The various
boundary conditions such as the different investigated fluids or different
kinds of electric fields with various field strengths increase the complexity
of the physical mechanisms. Especially, the electric field and its proper-
ties as, for instance the type of electric field, namely constant, alternating
or transient, the frequency of the electric field, the electric field strength
or the orientation of the electric field adds a variety of new influences,
which might have an impact on ice nucleation. As already mentioned, nu-
cleation is very sensitive with respect to the boundary conditions so that
some influences might be masked, e.g. by a wrongly selected timescale
[193, 279]. Consequently, the impact of electric fields on ice nucleation
has to be carefully investigated to determine even minor influences of the
electric field on ice nucleation.
As shown in the previous sections, ice nucleation is initiated as soon as the
critical energy barrier is reached and exceeded. The presented theories do
not take into account the effect of an external electric field. Therefore,
several authors have theoretically investigated the impact of electric fields
on ice nucleation and have adapted the existing theories. Even though the
analysis in Chap. 2 showed that the behaviour of water droplets is mainly
determined by the electrical conductivity rather than the permittivity in
low frequency fields, none of the existing models for ice nucleation under
the influence of electric fields takes into account the electrical conductivity
of ice. Instead, the influence of the electric field is assumed to originate
from the different relative permittivities of water, ice and surrounding
fluid, which is only valid for really small electrical conductivities of water
and ice or high frequency fields (τel � τE). However, for the sake of
completeness, the existing models are reviewed. Among others, Kashchiev
[118], Marand et al. [169], Orlowska et al. [197], Saban et al. [230] have
adapted the phenomenological theory of ice nucleation to take into account
the effect of constant electric fields. They have extended the change in
Gibbs free energy ∆G, shown in Eq. (3.5), by adding a term to take into
account the energy associated with the electric field

∆GE = 4πR2γs,` −
4
3πR

3 (∆GV + ∆GV,E) , (3.36)

where ∆GV,E is the additional term taking into account the effect of the
electric field on the liquid volume. If ∆GV,E > 0, the electric field low-
ers the energy barrier, and thus promotes ice nucleation. In contrast, if
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∆GV,E < 0 ice nucleation is inhibited by increasing the energy barrier.
Furthermore, a vanishing electric field leads to the already known energy
barrier shown in Eq. (3.5). According to Kashchiev [118] and Saban et al.
[230] the additional energy ∆GV,E is determined by the change of energy
with respect to the electric field during the formation of an ice nucleus.
Assuming a spherical droplet and a spherical nucleus with coinciding cen-
tres in the origin of a spherical polar coordinate system the impact of an
electric field on the critical energy barrier can be analytically determined
[230]. The energy of a liquid sphere in an external field is defined by [250]

G1,E = 1
2

ˆ
~E` · ~D` dV, (3.37)

where ~E` and ~D` denotes the electric field and the electric displacement
in the liquid, respectively. Using the correlation between the electric field
and the electric displacement ~D = ε~E leads to

G1,E = 1
2ε`
ˆ
E2
` dV, (3.38)

where ε` = εr,`ε0 and is defined by the relative permittivity of the liquid
εr,` and the vacuum permittivity ε0. It is assumed that the liquid droplet
has a constant permittivity ε` and is surrounded by a fluid with a different
permittivity εsurr like oil or air. Furthermore, deformations of the droplet
due to the electric field are neglected. The electric potential of the droplet
φ` in spherical coordinates with r and ϕ being the coordinates in radial
and azimuthal direction is given by

φ` = 3εsurr

2εsurr + ε`
E0r cos(ϕ), (3.39)

where E0 is the norm of the external electric field strength and εsurr as
well as ε` are the permittivity of oil and water, respectively. The resulting
electric field strength inside the droplet is constant and is calculated by
E = −∇φ, which yields [230, 250]

E` = 3εsurr

2εsurr + ε`
E0. (3.40)

Inserting Eq. (3.40) in Eq. (3.38) and assuming a spherical droplet leads
to the energy of the droplet inside an external electric field G1,E

G1,E = 6πR3
`

ε`ε
2
surr

(ε` + 2εsurr)2E
2
0 , (3.41)
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which depends on the permittivity of the liquid ε` and the surrounding
fluid εsurr as well as the electric field strength E0. Following the same ap-
proach as for the pure liquid state, the energy of a liquid sphere containing
an ice nucleus can be determined by [230]

G2,E = 1
2εs

ˆ
E2

s dVs + 1
2ε`
ˆ
E2
` dV`. (3.42)

It is assumed that the change of the permittivity of the liquid due to the
formation of ice is negligible, and thus the permittivity of the liquid is
used to calculate the free energy of the residual liquid phase. Following
the same approach as before and using the following electric potentials
for the ice nucleus and the residual water

φs = 9εsurrε`
(2ε` + εs)(2εsurr + ε`)

E0r cos(ϕ) (3.43)

and
φ` = 3εsurr

(2εsurr + ε`)

(
r − εs − ε`

εs + 2ε`
a3

r3

)
E0 cos(ϕ), (3.44)

where a is the radius of the solid phase, the electric field and the corre-
sponding Gibbs free energy can be determined. This yields the free energy
after nucleation

G2,E =
[

2
3πε`(R

3
` − a3) + 4πε`(εs − ε`)2R3

`

3(εs + 2ε`)2

(
1− a3

R3
`

)
+ 6πεsε

2
`

(εs + 2ε`)2 a
3
]

3εsurrE0

ε` + 2εsurr
. (3.45)

The difference of the free energy ∆GE before and after nucleation char-
acterizes the change of energy caused by the electric field, which is given
by

∆GE = −4
3πR

3E2
0

9ε2
surrε`(εs − ε`)2

(ε` + 2εsurr)2(εs − 2ε`)2︸ ︷︷ ︸
Ψ

, (3.46)

where Ψ is a constant which depends on the permittivities of the involved
materials. The overall change in free energy ∆Gtot is calculated by adding
∆GE to Eq. (3.5), which yields

∆Gtot = 4πR2γs,` −
4
3πR

3
(
LV

∆T
Tm

+ E2
0Ψ
)
. (3.47)
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Comparing Eq. (3.5) and Eq. (3.47) reveals that the electric field influ-
ences the change of the free energy. Whether the free energy is increased
or decreased is determined by the sign of Ψ, which is determined by the
permittivities of the materials involved. The value of Ψ is always pos-
itive Ψ > 0 (for the materials and liquids used in the present study)
so that the total Gibbs energy is decreased and consequently ice nucle-
ation is promoted. Following the same approach as for homogeneous and
heterogeneous nucleation the critical energy barrier to initiate the phase
transition is defined by

d(∆Gtot)
dR = 0. (3.48)

Solving Eq. (3.48) with respect to the radius results in the critical radius
of an ice nucleus exposed to an external electric field to overcome the
energy barrier, and yields

R∗E = 2γs,`

LV ∆T/Tm + E2
0Ψ . (3.49)

Inserting the critical radius into Eq. (3.47) yields the energy barrier under
the influence of an electric field

∆G∗E =
16πγ3

s,`

3 [LV ∆T/Tm + E2
0Ψ]2

. (3.50)

As already mentioned and shown by Eq. (3.50), the impact of the electric
field mainly depends on the electric field strength E and the degree of su-
percooling ∆T . Depending on the relative permittivities of the involved
materials the electric field can inhibit or promote ice nucleation. Further-
more, a low electric field strength or Ψ close to zero leads to a vanishing
influence of the electric field. One of the influencing factors might be dom-
inant depending on the boundary conditions. Whether the temperature or
the electric field is dominant is mainly characterized by the degree of su-
percooling and the electric field strength. Therefore, carefully performed
experiments under well-defined conditions are necessary to determine the
possibly minor influence of the electric field. The controversial results in
literature might result from experiments not conducted carefully enough
or the stochastic nature of nucleation itself, which can mask the impact
of the electric field [279]. Note that the presented theory is only valid
for constant electric fields and does not take into account alternating or
transient electric fields. Furthermore, the influence of the electrical con-
ductivity is neglected, even though it is important for low frequency or
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constant electric fields as shown in Chap. 2. The electrical conductiv-
ity of ice can vary within several orders of magnitudes depending on the
structure of ice and is reported to be in the order of κice ≈ 10−7 S/m to
κice ≈ 10−10 S/m for constant electric fields [102]. Consequently, ice can
also be characterized as a perfect conductor depending on the frequency
of the electric field and the permittivity of ice. In case of τice � τE,
the physical mechanism is dominated by the ratio of the conductivities,
and thus the presented model cannot describe the influence of the electric
field on ice nucleation. Even the transition between both, the influence of
electrical conductivity and permittivity, cannot be described accurately
because the model does not take into account the electrical conductivities
of ice and water. As a consequence, the presented model is only valid for
τice � τE. It is assumed that the experiments performed in this study
cannot be accurately described by this theory. In fact, it is hypothesized
that an adapted theoretical model is necessary to describe the influence
of low frequency or constant electric fields on ice nucleation accurately.
Hence, no general theoretical model to describe the influence of electric
fields on ice nucleation is available at the moment.
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4 Experimental details

4.1 Experimental setup

The experimental setup aims to reproduce the conditions present in real-
world applications while simultaneously generating well-defined condi-
tions. For the investigation of sessile droplets under ambient conditions
a generic insulator model as published e.g. by Nazemi and Hinrichsen
[188] is used to investigate the behaviour under the impact of electric
fields. The generic insulator serving as support for the single droplet
consists of a dielectric material (silicone rubber or epoxy) and has a size
of 10 cm×10 cm×2 cm (l×w×h). A schematic of the generic insulator is
shown in Fig. 4.1. The properties of the dielectric materials are sum-
marized in Table 4.2. To generate an electric field on the surface of the
substrate two rod electrodes with a diameter of drod = 15mm are em-
bedded into the dielectric material with a separation of 20mm. The elec-
trodes are off-centre in z direction so that the electrodes are closer to the
substrate surface (resulting distance to surface: 1mm). The specimen is
produced in a casting mould with a fixed electrode position to ensure a
repeatable production of the specimens. Each electrode made out of brass
is pretreated with a primer prior to the casting process to ensure good
adhesion between the brass and the dielectric material. The electrodes are
inserted in the dielectric on opposite sides to increase the electric creep-
ing distance between the electrodes. In addition, the dielectric material
is degassed prior to the casting process to reduce the amount of air en-
closed in the material in order to prevent the formation of cavities inside
the specimen. Enclosed air in the specimen precipitate high electric field
strength inside the cavity, and therefore might cause the generation of
partial discharges, thus influencing the measurements. Depending on the

20

x

yz

19

Dimensions

are in mm

Figure 4.1: Schematic of the generic insulator with dimensions. Reprinted
(adapted) with permission from [188], c© 2013 IEEE.
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Table 4.2: Overview of the dielectric properties of the used substrate ma-
terials.

Properties Silicone rubber Epoxy
Manufacturer Wacker Ciba
Name Powersil 600 A/B Araldit F/HY905
Mixing ratio by weight 90% / 10% 16% / 16.5%
Filler None Silbond W12 EST
Relative permittivity at 50Hz 2.9 ≈ 4.6
Specific Resistance 1013 Ωm ≈ 1013 Ωm
Breakdown field strength 23 kV/mm ≈ 22 kV/mm
Advancing contact angle θadv ≈ 116◦ ± 4◦ ≈ 89◦ ± 4◦

Receding contact angle θrec ≈ 65◦ ± 2◦ ≈ 20◦ ± 3◦

Curing temperature ≈ 20 ◦C ≈ 100 ◦C

dielectric material, the specimen is cured at ambient conditions (silicone
rubber) or is heat treated in an oven (epoxy) to ensure solidification of
the material. The resulting specimen has a smooth surface similar to the
weather sheds of high-voltage insulators. Both, the silicone rubber and
the epoxy have a high breakdown field strength preventing an electrical
breakdown inside the dielectric material (see Table 4.2), even under high
electric field stress.
The electric field is generated by applying a high voltage between the
electrodes. One of the electrodes is always grounded, whereas the other
electrode is connected to a high-voltage source. The type of the electric
field is defined by the high-voltage source. Three different types can be
produced, namely constant, alternating and transient electric fields. A
constant electric field is generated using a high precision constant voltage
source (Heinzinger PNChp 20000) resulting in a maximum electric field
strength of E = 7.4 kV/cm. Alternating electric fields are generated using
a function generator (GW Instek SFG 2104) supplying a sinusoidal signal
with a frequency between fAC = 10Hz and fAC = 120Hz to a custom-
made power amplifier. Subsequently, the signal is amplified by a high-
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voltage transformer (MWB TEO 100/10) to generate a maximum electric
field strength of Ê ≈ 7.4 kV/cm for an applied voltage of Û = 20 kV. This
electric field strength is in the same order of magnitude as the maximum
electric field strength tolerable on the surface of the weather sheds dur-
ing operation (Ê = 6.36 kV/cm) [209]. In the case of transient electric
fields, one of the electrodes is connected to a two-stage Marx generator.
Depending on the configuration, the Marx generator can supply different
types of impulses such as standard lightning or standard switching im-
pulse voltages. Both impulse voltage types are defined by the IEC 60060-
1 standard with respect to the time to peak and the time to half value.
The setup can produce an electric field strength Ê ≈ 18.4 kV/cm for an
applied voltage of Û = 50 kV. Using the different kinds of electric fields
the characteristic timescale of the electric field is changed. While this
electric field strength is in the same order of magnitude as the electric
field strength produced by overvoltages caused by switching operations
(assuming an overvoltage three times higher than the nominal voltage as
approximated by IEC 60071-2 1), the electric field strengths produced by
lightning strikes are much higher in reality (assuming an overvoltage five
times higher than the nominal voltage. Note that even higher overvoltages
were measured, e.g. by Eriksson et al. [61]).
The orientation of the electric field with respect to the substrate surface
is defined by the geometrical arrangement of the electrodes. A setup as
shown in Fig. 4.1 generates an electric field nearly tangentially aligned to
the surface. In most applications a combination of tangential and normal
electric fields is present. In terms of droplet motion and oscillation, an
electric field tangentially aligned to the substrate has a higher impact
compared to an electric field aligned perpendicular to the substrate [233]
and recreates the typical electrical situation as present on the weather
sheds of a high-voltage insulator. Thus, the present experimental setup
generates well-defined boundary conditions with respect to the electric
field and enables the investigations of applications with conditions in a
simplified manner. However, the conditions present on the surface of an
insulator are reproduced very accurately.
The applied voltage is measured with a universal high-voltage divider
(Hilo HVT 40 RCR) for all configurations. The corresponding electric
field strength is determined by a numerical calculation of the electric field

1In this context ’nominal voltage’ refers to the ’highest voltage of equipment’, Um, as
defined by IEC 60071-1.
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Figure 4.2: Dimensionless components of the electric field Ei/Ex,max
along the surface at the centre line (y = 0 and z = 0, see
Fig. 4.1) perpendicular to the electrodes. The data is related
to the maximum field strength in x direction (Ex,max). The
grey rectangle indicates the maximum width of a droplet with
V = 100µl.

performed with COMSOL Multiphysics R©. As a reference the electric field
strength in the centre of the substrate surface in absence of a droplet is
used (see origin of coordinates in Fig. 4.1), because the electric field inside
the droplet is significantly reduced due to the field displacement or even
absent in case of a conductive droplet and cannot be directly measured.
Furthermore, this position characterizes the electric field at the position of
the droplet and can be compared to other experimental setups without any
additional geometrical information. The distribution of the electric field
strength on the substrate surface along the centre line (y = 0 and z = 0)
perpendicular to the electrodes is shown in Fig. 4.2. Each component is
presented in a dimensionless form with respect to the maximum electric
field strength in x direction at a position of x = 0, y = 0 and z = 0 (see
Fig. 4.1). The x component of the electric field is tangentially aligned to
the substrate and is almost constant for a distance of x = ±5mm. In
contrast, the z component of the electric field changes almost linearly in
this region. The maximum size of a hemispherical droplet with a volume
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of V = 100µl (dd = 7.3mm) is represented by the grey rectangle. The
strength of the electric field at the droplet position is mainly defined by the
x component of the electric field. In this region the electric field strength
is almost constant, and the influence of the y component can be neglected.
Hence, the generated electric field is almost perfectly tangentially aligned
to the substrate surface. The electric field strength is directly proportional
to the applied voltage. During the experiments the voltage level as well
as the ambient conditions such as temperature or humidity are recorded
using a data acquisition system (cDAQ-9174 with NI 9229 BNC, NI 9219
and NI 9401) from National InstrumentsTM.

4.1.1 Motion and oscillation of droplets

The behaviour of sessile droplets under the impact of an electric field
is observed optically using a high speed camera. A schematic of the
complete experimental setup comprising the specimen, specimen support,
light source (LED) and a high-speed camera is shown in Fig. 4.3. Back-
light shadowgraphy is used to capture the motion of the droplet under
the influence of the electric field. Accordingly, the light source is directly
pointed at the camera. To generate a uniform backlight an optical diffuser
(PLEXIGLAS R© Satinice with a transmission of 92%) is used. Two dif-
ferent high-speed cameras are used to capture the motion and oscillation
of the droplet, namely the Phantom V12.1 from Vision Research or the
Chronos 1.4 High Speed Camera from Kron Technologies. Each camera is
operated at a minimum frame rate of 2000 fps to capture the motion of the
droplet with a high temporal resolution. The individual frame rate was

CameraLED

Diffusor
Specimen

x-z-stage

Specimen support
Droplet

Figure 4.3: Principle of the experimental setup (not to scale). Reprinted
figure (adapted) with permission from [156]. Copyright 2020
by the American Physical Society.
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chosen according to the applied voltage type and the expected frequency
of the droplet motion or oscillation. Hence, the record frequency was
chosen to be at least ten times higher than the expected oscillation fre-
quency of the droplet. Different magnification lenses are used to capture
a close-up of the droplet and to generate a high spatial resolution.

4.1.2 Measurement of partial discharges

In addition to the droplet motion, the generation of electrical partial dis-
charges (PDs) is investigated. For determining the location of the PDs the
high-speed camera is replaced by a UV-camera (PCO pco.edge 4.2 bi UV)
with a UV sensitive lens (UV-Nikkor 105mm). The UV-camera is used
to capture the location of the PDs in side view or in top view as shown in
Fig. 4.4 and is operated at a maximum frame rate of 40 fps. To ensure a
high quality of the UV-images all light sources are switched off and exter-
nal light is prevented from entering the test chamber by black curtains.
Besides the optical observation, the PDs are also measured electrically us-
ing a commercially available measurement system (Omicron MPD 600).
The measurement system was added to the electrical circuit according to
the IEC 60270 standard to guarantee an accurate measurement of the in-
ception voltage for PDs. A schematic of the electrical circuit is shown in
App. A. In addition, a calibrated coupling capacitor of C = 1200pC was
used to accurately determine the (apparent) charge generated by the PDs.
Prior to the experiments, the setup was calibrated using a defined charge
of QPD = 1 pC (Omicron CAL 542) as required, and the threshold for
the PD detection was set to QPD = 5pC. During the experiment the PD

Specimen

x-z-stage
Specimen support

Drop

UV-camera (top view)

UV-camera (side view)

Figure 4.4: Principle of the experimental setup (not to scale). Reprinted
figure with permission from [157]. Copyright 2020 by the
American Physical Society.
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activity is recorded using the MPD software from Omicron to determine
the charge of each PD impulse and the corresponding voltage level. Fur-
thermore, the experiments are performed inside a shielded and grounded
test chamber to reduce the impact of external influences, resulting in a
background noise level for the PD measurement of only QPD ≈ 0.3 pC.
The PD inception field strength for the complete setup including the spec-
imen but in absence of a droplet is Êin ≈ 9.2 kV/cm and is not reached
during the measurements.

4.2 Preparation

To ensure well-defined conditions the specimens have to be treated with
caution. Especially, silicone rubber has a high affinity to accumulate neg-
ative charges on its surface by contact electrification [161, 298]. These un-
intentional charges influence the electric field distribution, the shape of the
droplet or promote (enhanced) dust accumulation on the substrate sur-
face. Hence, accumulated charges provoke unwanted or unknown bound-
ary conditions. To ensure repeatable surface properties of the specimen,
each substrate is carefully cleaned prior to an experiment with anti-static
wipes soaked in isopropanol resulting in a dust-free surface. A comparison
of different cleaning methods revealed that cleaning the specimen this way
minimizes the surface charges [152]. Thus, the charge transfer between
the sessile droplet and the substrate is also minimized. After the cleaning
procedure any contact of the substrate surface was avoided to prevent
accumulation of new charge.
The experimental setup and the procedure to determine the electric sur-
face potential is described in detail in App. B. Note that the electric
surface potential is directly correlated to the surface charge as indicated
by Eq. (2.29). The difference in electric surface potential between an un-
treated and cleaned surface with the same scale is shown in Fig. 4.5. An
untreated surface, which is directly measured after being taken from the
storage, is shown in Fig. 4.5a. The electric surface potential is mostly neg-
ative with spots of high positive electric potential. Hence, the distribution
is very inhomogeneous. Note that the scale is limited to φ = ±1.5 kV and
that individual spots can have a higher positive or negative electric poten-
tial. The distribution itself is rather random and mainly depends on the
storage conditions and handling of the substrate. In contrast, the cleaned
surface shown in Fig. 4.5b has a very homogeneous electric surface po-
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Figure 4.5: Measured electric surface potential φ for a) an untreated sur-
face directly taken from the storage (Reprinted (adapted) with
permission from [152], c© 2017 IEEE.) and b) a cleaned sur-
face. The electric surface potential of the cleaned surface is
determined by an average of ten measurements. Reprinted
figure (adapted) with permission from [156]. Copyright 2020
by the American Physical Society.

tential, which is almost zero at any position of the substrate. The shown
distribution of the electric surface potential was determined by the mean
electric surface potential distribution of ten measurements. Especially,
in the centre of the substrate the electric potential is very homogeneous.
Both surface charge distributions with individual and adjusted scales can
be found in App. C, see Figs. C.3 and C.4.
High surface charges can cause a charge transfer between the substrate
and the droplet [152], which can significantly alter the outcome of the
experiment. This is one possible reason for inconsistent results reported
in literature. The effect of surface charges seems to have been neglected
or at least underestimated in the past. The higher the charge difference
between the substrate and the droplet, the higher is the affinity for the
charge transfer. However, cleaning the substrate reduces the amount of
charge on the substrate and leads to well-defined boundary conditions
with respect to surface charges. Consequently, the charge accumulation
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on the substrate can be neglected for a cleaned substrate.
In addition to the charges, any surface contamination on the substrate can
influence the outcome of the experiment and cause an increased electric
surface conductivity. Cleaning the substrate removes any visible surface
contamination like e.g. dust and ensures a clean substrate.
Each substrate is used several times unless a visible change of the surface
or their properties like the wetting behaviour was observed. Especially,
before reusing the substrate each surface has to be cleaned carefully be-
cause electric charges transferred from a charged droplet to the substrate
during the previous experiment might lead to unwanted surface charges
[152]. Consequently, the substrate surface has to be cleaned carefully to
ensure constant boundary conditions. In any doubt, the substrate was
exchanged by a fresh one to ensure well-defined surface conditions.

4.3 Procedure

After cleaning the substrate to remove any surface contamination and ac-
cumulated charges on the specimen, the specimen is placed on the speci-
men support (see Figs. 4.3 and 4.4). Subsequently, a droplet is deposited
on the substrate. The generation of charged and uncharged droplets as
well as their positioning is described in detail hereinafter.

4.3.1 Generation of charged and uncharged droplets

The generation of droplets with a well-defined charge or completely un-
charged droplets is important to investigate the impact of charges on the
behaviour of droplets under the influence of electric fields. Especially, the
generation of droplets can lead to unwanted charges caused by the con-
tact to a charged surface. Even commonly used techniques as for instance
pipetting are associated with the generation of charges on the droplets
[39]. Consequently, the generation of the droplet has to be performed with
caution under well-defined conditions. Droplets with a volume between
Vd = 10µl and Vd = 100µl are generated with a custom-built automated
syringe. High purity water (Millipore Milli-Q Type I with an electrical
conductivity of κel = 5.5 · 10−6 S/m at ϑ = 25 ◦C) is used to generate the
droplets. The water is stored in carefully cleaned and gas-tight bottles
under the absence of light to prevent any change of the properties. Each
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Spacer

Automated syringe
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Needle

High-voltage electrode

Insulator
Ground electrode

Droplet

Figure 4.6: Schematic of the droplet charger in sectional view.

bottle is carefully cleaned with isopropanol and flushed several times with
high purity water prior to the filling to prevent any contamination of the
water. A gas-tight syringe (Hamilton 1710 RN - 100µl) is used to meter
the volume of the droplets and is automated by an Arduino (Arduino Uno,
Adafruit Proto-Screwshield, Sparkfun EasyDriver v4.5) and a stepper mo-
tor (Nema 17 - 200 steps/rev). The Arduino controls the stepper motor,
which drives a ball bearing spindle to draw up or release liquid from the
syringe. Using this automated system the flow rate is controlled precisely
and is always kept constant. In addition, the volume of the droplet can
be precisely controlled with an error of ∆V ≈ 5 % of the desired volume.
A metallic needle with an inner diameter of d = 0.5mm or d = 0.7mm
is attached to the syringe. To generate uncharged droplets the needle is
grounded. Charged droplets are generated using a droplet charger similar
to [23], which is schematically shown in Fig. 4.6.
Two circular brass electrodes with a diameter of d = 110mm are sepa-
rated by an insulator at a distance of h = 5mm. The upper electrode is
connected to a voltage source (Heinzinger PNChp 20000), which applies
a constant electric potential up to φ = ±2 kV to the electrode. In con-
trast, the lower electrode is grounded resulting in almost homogeneous
electric field between the electrodes. The metallic needle punctures the
centre of the high-voltage electrode and is electrically connected to this
electrode. Accordingly, the needle has the same electric potential as the
upper electrode. To ensure a reliable detachment of the droplet and to
prevent a wetting of the upper electrode, the tip of the needle is not flush
with the electrode but enters the space between the plates (h ≈ 2.5mm)
as shown in Fig. 4.6. Thus, the liquid only contacts the needle and has
no contact to the brass electrode. The lower electrode has a centred hole
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with a diameter of d = 5mm to enable the droplet to directly fall on the
substrate without contacting the grounded electrode.
The high purity water is forced to flow through the needle with a constant
flow rate by the automated syringe. The electric field between the elec-
trodes causes a migration of charges, resulting in a charged droplet as soon
as the droplet detaches from the needle. Hence, the droplet is charged by
charge separation. After the droplet detaches from the needle, caused by
the gravitational and electrical force higher than the surface tension be-
tween the droplet and the needle, the droplet directly leaves the droplet
charger through the hole in the bottom electrodes and is directly placed
in the centre of the substrate. Note that droplets with V > 10µl gen-
erally do not detach as a single droplet but in multiple stages of smaller
droplets. Consequently, the resulting charge of a droplet is given by the
accumulated charge of the individual droplets. However, the volume of the
resulting droplet can still be accurately determined. The reason for the
detachment of smaller droplets is caused by the gravitational and electric
force acting on the droplet. As a result the charge on the droplet might
be higher than the Rayleigh limit due to the fact that the accumulated
charge of smaller droplets is larger than the charge of a single droplet
with the same volume of all small droplets. However, the droplets are not
disintegrated because the droplets are interacting with the substrate, and
thus are stable even if they are highly charged.
The actual charge on the droplet depends on the flow rate, the needle
size, the droplet volume and the applied voltage between the electrodes of
the droplet charger. Due to the fact that the charge of a droplet cannot
be measured after the deposition because the droplet interacts with the
substrate [152], the charge generation of the droplets is calibrated with
respect to the already mentioned influencing factors. Note that the flow
rate was kept constant for all experiments, and thus has no influence on
the electric charge of the used droplets.
The charge of the droplets was measured using a Faraday cup similar to
[23, 39]. The schematic of the Faraday cup is shown in Fig. 4.7. It consists
of two concentric aluminium cups, both of them electrically insulated from
each other to ensure an accurate measurement. The outer cup is grounded
and serves as Faraday cage, which generates a field-free environment inside
the cup. Thus, external influences are reduced and do not influence the
measurement. The inner cup contains the droplet and is connected to an
electrometer (Keithley 6514), which directly measures the charge. Prior
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Figure 4.7: Schematic of the Faraday cup with connection diagram.

to the droplet deposition the electrometer is reset to ensure an accurate
measurement of the actual charge on the droplet. The charge of the
droplet is transferred to the aluminium cup by conduction (in case of
direct contact) or induction (in case of no contact). Consequently, the
charge of the droplet can be directly measured. Note that large droplets
are produced by several smaller droplets, because the droplet prematurely
detaches from the needle. In this case the charge of the final droplet is
defined by the charge of the individual droplets produced by the droplet
charger. Even though the droplet is produced by several small droplets or
a single droplet, the charge is accurately determined because it represents
the same procedure as used for the experiments.
The setup was calibrated prior to the measurements to determine the
accuracy of the measurement. Instead of a droplet, a well-defined charge
is applied to the inner cup using a charge calibrator (Kistler 5357 B).
Charges in the range between Q = 1 · 10−11 C and Q = 7.5 · 10−7 C are
directly applied to the inner cup and measured by the electrometer. More
details about the calibration can be found in App. D. The calibration
leads to an accurate measurement of the charge with a maximum error
of ∆Q = 5.5 · 10−9 C for the range used in this study. In addition, the
resulting charge of the droplets is determined depending on the droplet
volume and the applied voltage of the droplet charger. The resulting
charge depending on the applied voltage for a needle with a diameter of
d = 0.5mm is shown in Fig. 4.8.
Each measurement was repeated three times and averaged to determine
the charge with high accuracy. The charge of a droplet increases with
increasing applied voltage. For low voltages (U < 250V) the increase
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Figure 4.8: Resulting charge (norm) |Q| of a droplet depending on the
droplet volume Vd and the applied voltage U between the
electrodes of the droplet charger for a needle diameter of
d = 0.5mm. Reprinted with permission from [150], c© 2019
IEEE.

of charge is almost linear as shown by [23]2, but for higher voltages
(U > 250V) the charge increases quadratically with the voltage as shown
in Fig. 4.8. In addition, the higher the droplet volume, the higher is the
resulting charge on the droplet. The corresponding data for a needle with
a diameter of d = 0.7mm is shown in App. D. Generally, the smaller nee-
dle size was used to generate the droplet because the droplets detach much
easier from the smaller needle (due to the lower force of surface tension)
resulting in smaller residuals on the needle. Using the calibrated charge
measurement and the determined correlation between the applied voltage
of the droplet charger and the droplet volume for a fixed flow rate and
needle size the amount of charge can be determined accurately without
measuring the charge of the sessile droplet. To prevent charge accumu-
lation on the substrate by contact, the droplet charger is directly placed
above the substrate surface without touching the substrate. Furthermore,
the position of the droplet charger is centred using fixed points to ensure
that the droplet is placed in the centre of the substrate surface.

2The droplet size is almost constant (no influence of the electric field), so that besides
the charge density, the charge is also linear correlated to the applied voltage.
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4.3.2 Generation of inflexible gelatin droplets

Water droplets can be highly affected by electric fields, possibly resulting
in droplet motion or oscillation. In fact, this motion or oscillation com-
plicates the investigation of partial discharges because the geometry in
the region of the three-phase contact line is continuously changed. Conse-
quently, the generation of inflexible droplets would be beneficial to inves-
tigate the partial discharge inception. In this case however, the electrical
properties of the inflexible droplet must match the electrical properties
of water to accurately reproduce the given configuration. For this pur-
pose inflexible droplets generated by a mixture of gelatin and water are
used instead of pure water. High purity water (Millipore Milli-Q Type
I) is mixed with gelatin (Sigma Aldrich G9391 - Bloom number ≈ 225)
with a weight ratio of 25:1 (25 g of water and 1 g of dry gelatin powder).
The mixture is continuously stirred for at least 5min and simultaneously
heated to a temperature of ϑ ≈ 70 ◦C to fully dissolve the gelatin powder
in water. Afterwards, the liquid is placed on the specimen using an au-
tomated syringe to generate a droplet with precisely controlled volume.
Then, the specimen comprising the liquid droplet is stored in a refriger-
ator at ϑ ≈ 7 ◦C for approximately one hour to cool down the mixture
and to cause solidification. This procedure prevents the entrapment of air
between the gelatin droplet and the substrate, which would produce sig-
nificantly different results compared to liquid droplets with direct contact
to the substrate.
Due to the fact that the gelatin droplets can evaporate, the experiments
are performed shortly after the droplet is completely solid. Even long
storage times in the refrigerator can lead to enormous droplet evaporation,
i.e. a change of the droplet volume. One of the major advantages of gelatin
droplets is that the fluid properties of the liquid mixture are similar to
the fluid properties of water. Hence, the shape of a water droplet can be
reproduced using the water-gelatin mixture as shown in Fig. 4.9. Even if
the overall shape is reproduced very well, the static contact angle is lower
in the case of the gelatin droplet. However, the behaviour of water and
gelatin droplets under the impact of electric fields cannot be compared
directly because of the motion of water droplets. Thus, the difference in
contact angle is less important and has an almost negligible influence.
Besides the geometrical arrangement, the inflexible droplet has to have
the same electrical properties in order to have the same mutual interac-
tion on the electric field as a water droplet. A water droplet made out

81



4 Experimental details

a) b)

Figure 4.9: Comparison of the equilibrium shape of a water and gelatin
droplet in absence of an electric field. Side view of a) wa-
ter droplet and b) a gelatin droplet of the same volume of
V = 100µl.

of high purity water can be assumed to be a perfect conductor for low
frequencies because of the charge relaxation time of τel,wa = 1.3 · 10−4 s
(τel,wa/τAC � 1, where τAC is the characteristic time of the alternating
electric field). To determine the charge relaxation time of the water-
gelatin mixture the electrical conductivity and the relative permittivity
of the solidified mixture was measured3. The measurement results can be
found in App. F.
The electrical conductivity of gelatin decreases with decreasing frequency.
In the low frequency range the electrical conductivity is similar to water
so that the electrical conductivity of the mixture is assumed to be in the
same order of magnitude (κgel ≈ 10−5 S/m) as for water. Due to the
fact that the relative permittivity of water is assumed to be constant for
low frequencies (f < 1GHz) even if the measured values are higher [5],
the relative permittivity of the gelatin-water mixture is also assumed to
be constant for the low frequency range. Thus, the relative permittivity
of the mixture is determined at a frequency of f = 106 Hz. A more
detailed analysis of the measurement and the observed behaviour can be
found in App. F. The relative permittivity of the gelatin-water mixture
strongly depends on the temperature. The lower the temperature, the
higher is the relative permittivity. For a conservative estimation a relative
permittivity of εr = 60 is assumed, which leads to a charge relaxation time
of τel,gel ≈ 5 · 10−5 s. Consequently, the water-gelatin mixture can also
be assumed to be a perfect conductor for low frequencies (all frequencies
of alternating electric fields investigated in the present study), because

3The dielectric measurement was performed in collaboration with Florian Pabst at
the Institute for Condensed Matter Physics (TU Darmstadt).
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Figure 4.10: Schematic of the transverse for positioning multiple droplets
on the substrate.

of τel,gel/τAC � 1, resulting in perfectly reproduced electrical boundary
conditions.

4.3.3 Positioning of the droplets

In case of single droplets, the position of the droplets on the substrate
is controlled by the position of the droplet charger above the substrate.
The position of the droplet charger is fixed by edge guides mounted to the
droplet charger to accurately and repeatably determine the position with
respect to the substrate. Hence, the droplet is always placed directly at
the centre of the substrate, which is located directly in the centre between
the electrodes. The positioning of gelatin droplets or multiple droplets is
performed with a traverse to precisely control the position of each droplet
on the substrate and with respect to each other. A schematic of the
traverse is shown in Fig. 4.10. The traverse is directly placed above the
specimen. The position of the specimen below the traverse is fixed by
a slot with the same size as the specimen. A digital micrometer is used
to change the position of the needle in the x direction on the substrate
surface (see Fig. 4.1). The micrometer moves a slide, which is directly
connected to the needle and guided by the slide guidance to ensure that
the position is only changed in the desired direction. Consequently, the
position of each droplet can be precisely controlled with respect to the
distance of the individual electrodes and the droplet-droplet separation.
The size of the droplet depends on the droplet volume so that the distance
and position of the droplets must be adjusted for each droplet volume.
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a) b) c)

Figure 4.11: Different steps of image analysis with a) original image, b)
black and white image of detected droplet after edge de-
tection and morphological operations and c) detected con-
tour and contact angles superimposed on the original im-
age. Reprinted figure (adapted) with permission from [156].
Copyright 2020 by the American Physical Society.

Prior to the experiments, the position of the droplet is determined with
preliminary tests to determine the necessary settings to generate the re-
quired droplet-droplet separation for a specific volume. For this purpose
the droplet-droplet separation and the droplet size were determined us-
ing shadowgraphy for different settings. This method ensures that both
droplets have the same distance from the electrodes and a fixed distance
between each other. After deposition of the droplet the traverse was re-
moved without moving the substrate or touching the sessile droplet and
substrate.
In case of multiple droplets the needle was always grounded to minimize
the generation of charges.

4.3.4 Analysis of the droplet motion experiments

The analysis of the experiments is performed with an in-house Matlab R©

code to analyse the data with respect to pre-defined criteria. For the anal-
ysis of the droplet motion the video data of the droplet is analysed frame
by frame. The shape of the droplet is analysed in each frame. Therefore,
the projected area of the droplet, centre of mass, deformation in height
and width, curvature of the droplet surface as well as the contact angles
are calculated using edge detection algorithms and morphological opera-
tions. An example of the image analysis for a single frame is shown in
Fig. 4.11. The original image (grey scale image) is shown in Fig. 4.11a and
is analysed by an edge detection to find the contour of the droplet. The
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edge detection analyses the gradient of grey scale between the individual
pixels in the image, and thus can distinguish the dark droplet from the
much brighter background. The location of the substrate is determined
semi-automatically by analysing the contact angles. The reflection of the
droplet interface near the contact angles on the substrate virtually extends
the droplet and produces a non-physical sharp kinks of the droplet inter-
face (locally extreme changes of the curvature at the contact angles). The
reflection of the contact angles is used to determine the interface between
the substrate and the droplet, which is located in the axis of symmetry.
Assuming a horizontal substrate the interface can be constructed by a
straight line.
After performing several morphological operations to determine the shape
of the droplet the image is converted into a black and white image as shown
Fig. 4.11b. The black and white image is used to determine the contour of
the droplet, the projected surface area, the width and height as well as the
contact angles. The result of the analysis is shown in Fig. 4.11c, where the
detected contour (red) and the contact angles (green) are superimposed
on the original image. Due to the fact that this analysis is performed
for each frame of a video all analysed quantities are time dependent. As
an example, the evolution of the contact angles with respect to time is
shown in Fig. 4.12. The figure shows the corresponding contact angle to
the droplet presented in Fig. 4.11. Both, the contact angle on the right
side of the droplet θright and on the left side θleft are shown dependent
on the time t. As indicated by the evolution of the signals, the droplet
oscillates in the first resonance mode, which leads to large changes of the
contact angle on both sides.
Besides the contact angle, the motion and oscillation can be analysed
by several other time dependent quantities. To determine the oscillation
frequency the time evolution of the quantities can be analysed using a
fast Fourier transformation (FFT). As a result, the different frequencies
of the individual signals are determined and can be correlated to the
direction of motion and the applied electric field strength. An example of
such a FFT is shown in Fig. 4.13. The single-sided amplitude spectrum
of the signal is shown as a function of the frequency f in the range from
f = 0Hz to f = 1000Hz. The data presented in this graph corresponds to
the signal of θright presented in Fig. 4.12. The main frequency of the signal
is f = 27.99Hz, which is the same frequency as the applied voltage signal.
Furthermore, several harmonics are present in the signal, as for example
the doubled frequency of the voltage signal (f = 55.97Hz). To determine
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Figure 4.12: Time evolution of the contact angles θ corresponding to the
droplet shown in Fig. 4.11. Reprinted figure (adapted) with
permission from [156]. Copyright 2020 by the American
Physical Society.

the oscillation frequency of a droplet the frequencies of all signals are
analysed and compared to each other. Finally, the oscillation frequency
is determined with respect to the principle direction of motion and the
most pronounced frequencies of the signals. However, the automatized
detection of the oscillation frequency is sometimes not completely clear,
because the analysis of the different time-dependent signals might lead to
different results. As an example, the signals of the area or the contact
angles of a droplet oscillating in the first resonance mode can lead to
believe that the droplet oscillates with twice the frequency of the electric
field (repeating signal after a half period) even if the video data shows
that the droplet oscillates with the same frequency as the applied voltage.
Especially, the first resonance mode is affected by this phenomenon.
Even if the droplet performs an asymmetric motion (by alternating leaning
sideways) the projected area is almost equal in case of the largest ampli-
tude/deformation, which yields a virtually increased frequency (compare
the images shown in Fig. 2.10a). Consequently, the analysis of different
signals possibly generate controversial results. Thus, well-defined criteria
have to be defined to reliably determine the correct oscillation frequency.
For sessile droplets the motion of the centre of mass is always coupled
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Figure 4.13: Single-sided amplitude spectrum S(f) for θright of the cor-
responding signal shown in Fig. 4.12. The droplet is ex-
cited with a frequency of fAC = 27.99Hz. Reprinted figure
(adapted) with permission from [156]. Copyright 2020 by the
American Physical Society.

with the motion of the droplet [176] and can be used to determine the
oscillation frequency of the droplet. Nevertheless, the motion with respect
to different directions is not necessarily coupled so that still various fre-
quencies can be observed. Hence, the frequency of the oscillation cannot
be determined by the motion of the centre of mass alone.
In addition to the motion of the centre of mass, the principle direction
of the motion has to be taken into account. Each oscillation mode has
a principle direction of motion, which characterizes the oscillation. Fur-
thermore, the general definition of an oscillation, which defines the period
of the oscillation as the shortest time to repeat the exact and full motion,
has to be taken into account to prevent a misinterpretation of the signals.
In case of the first resonance mode, the principal motion is parallel to the
substrate. In contrast, higher resonance modes have a principle motion
perpendicular to the substrate. Analysing the motion of the centre of
mass in the principal direction of motion leads to a more reliable determi-
nation of the resonance frequency. Especially, for the first resonance mode
the different time-dependent signals have to be analysed with caution be-
cause the motion can be superimposed by other modes. In this case the
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principal direction of motion is determined by theoretical principal mo-
tion defined by Eq. (2.51). Especially, for mixed motions (superposition
of different oscillation modes) the result is carefully checked and repeated
by hand to rule out any mistakes. A detailed analysis of accuracy of the
method is examined in App. G.

4.3.5 Analysis of the partial discharge experiments

The analysis of the partial discharge experiments is twofold, because the
partial discharge inception field strength is determined electrically and
the location of partial discharges is captured by a UV-camera. During the
experiment the applied, time-dependent voltage level is recorded with the
MPD software from Omicron. Furthermore, the phase-resolved apparent
charge of each individual partial discharge impulse is also recorded with
respect to time. Both signals are synchronized using the time stamp
and can be analysed in an automated way. An in-house Matlab R© code
determines the voltage level for the first appearance of a partial discharge
impulse with an apparent charge of QPD = 5pC, which is defined as
inception voltage. Afterwards, the inception voltage is used to calculate
the inception field strength.
Due to the fact that the electric field is distorted by the droplet, which
depends on the droplet position and the droplet size, the local electric field
strength in presence of a droplet cannot be used as a reference. Instead,
the electric field is calculated at the centre between the electrodes (see ori-
gin of the coordinate system in Fig. 4.1) in absence of a droplet depending
on the applied voltage level. The calculation is based on a numerical sim-
ulation of the electric field performed with COMSOL Multiphysics R©. The
resulting electric field can be used as a reference and only depends on the
geometrical arrangement and the applied voltage. Note that the actual
electric field inside the droplet completely vanishes, because the droplet is
assumed to be a perfect conductor for the investigated frequencies of the
alternating electric field. Furthermore, the electric field strength directly
at the three-phase contact line is higher than the reference value. How-
ever, using the same geometrical arrangement, the different experiments
can be compared and different influencing factors can be determined by
comparing the inception field strength.
In addition to the electrical measurement of the partial discharges the lo-
cation of the partial discharges is determined using a UV-camera. To ac-
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a) b) c)

Figure 4.14: Different steps of optical analysis of partial discharges show-
ing a) an original image, b) an image from camera and c)
the superposition of the coloured UV image and original im-
age. Reprinted figure (adapted) with permission from [157].
Copyright 2020 by the American Physical Society.

curately determine the location of the partial discharges the images of the
UV-camera are superimposed to a reference image as shown in Fig. 4.14.
Figure 4.14a shows the reference image of a sessile gelatin droplet. The
captured UV-light produced by the partial discharges for the same droplet
is shown in Fig. 4.14b. While the emitted UV light is captured with high
resolution the shape of the droplet can only be approximated. Superim-
posing both images leads to an accurate determination of the location
of the partial discharges. The combination of both images is shown in
Fig. 4.14c. Note that the partial discharges are coloured to increase vis-
ibility. The colour strength corresponds to the intensity of the emitted
UV light in Fig. 4.14b.

89





5 Motion of charged and uncharged
sessile droplets

The content of this chapter is partly based on the Master thesis of
Franziska Zajonz [292] and has already been partially published in the
following publication and conference proceeding:

[150] Löwe, J.-M. and Hinrichsen, V. Experimental Investi-
gation of the Influence of Electric Charge on the Be-
havior of Water Droplets in Electric Fields. In 2019
IEEE 20th International Conference on Dielectric Liquids
(ICDL), pages 1–6. IEEE, 2019. ISBN 978-1-7281-1718-8.
doi:10.1109/ICDL.2019.8796707

[156] Löwe, J.-M., Hinrichsen, V., Roisman, I. V., and Tropea, C.
Behavior of Charged and Uncharged Drops in High Alternating
Tangential Electric Fields. Physical Review E, 101(2):023102,
2020. doi:10.1103/PhysRevE.101.023102

5.1 General

The general behaviour of water droplets under the impact of constant and
alternating electric fields was already investigated [13, 59, 196, 237]. How-
ever, the impact of electric charges on the behaviour of droplets is still
not completely understood. Several theoretical models attempt to predict
the behaviour of charged and uncharged droplets without quantifying the
amount of charge necessary to influence the behaviour [75, 76]. Further-
more, the interaction between the electric field strength, the droplet vol-
ume and the charge has not been investigated in detail. Electric charges
are ubiquitous, and already a small amount of charges can significantly in-
fluence the behaviour of droplets in electric fields. Droplets can be charged
unintentionally by charge transfer between the substrate and the droplet
[152], if the substrate surface contains a large amount of surface charges.
In addition, the use of conventional pipettes is associated with the gen-

91

https://doi.org/10.1103/PhysRevE.101.023102


5 Motion of charged and uncharged sessile droplets

eration of unwanted charges on the generated droplet [39]. Consequently,
a careful droplet handling is very crucial for well-defined conditions dur-
ing the experiments. In addition, charged droplets are not only gener-
ated in the lab, but also occur in nature. These could be for instance
charged rain drops which interact with technical systems such as high-
voltage insulators or aircraft [91, 241, 246]. Measurements proved that
droplets generated by collecting raindrops are generally charged. Con-
sequently, sessile droplets generated by rain are also charged. The used
measurement technique and a more detailed description of the investi-
gation are presented in App. H. Thus, applications are also affected by
charged droplets, which has been neglected in many investigations and
this is one possible reason for the lack of accurate prediction models for
the ageing of high-voltage insulators. Hence, experiments performed in
the past (such as [66, 126, 187]) might have unintentionally used charged
droplets with an unknown amount of charge. To determine the impact of
electric charges on the behaviour of droplets under the impact of electric
fields, experiments with well-defined boundary conditions are performed.
The behaviour of the droplets is determined depending on the droplet
volume, the electric field strength, the frequency of the electric field, the
electric charge and the different oscillation modes of the droplet.
An overview of the tested parameters is shown in Table 5.2. Several com-
binations of these parameters are investigated to determine the behaviour
of differently sized droplets under the impact of electric fields. The fre-

Table 5.2: Overview of tested parameters and their quantities. Reprinted
(adapted) with permission from [156]. Copyright 2020 by the
American Physical Society.

Parameter Quantity
Droplet volume Vd in µl 20, 40, 60, 80
Kinematic viscosity ν in m2/s 1.004 · 10−6, 1.88 · 10−6

Electric field strength Ê in kV/cm 2.58, 4.42, 7.37
Frequency of electric field fAC in Hz 27.77,. . . , 83.3
Electric charge Q in nC 0,. . . , 3.36
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5.1 General

quency of the electric field was chosen with respect to the droplet volumes
and the corresponding resonance frequencies of the droplet, see Eq. (2.51).
In addition to pure water, a mixture of water and glycerol is used to study
the impact of the viscosity on the behaviour of droplets under the impact
of electric fields because of the similar properties of glycerol with respect to
density (ρgly = 1260.8 kg/m3) and surface tension (γgly = 63.4·10−3 N/m)
compared to water. A mixture with a volume fraction of 25ml of glycerol
and 100ml of high purity water is used for the experiments. The kine-
matic viscosity of the mixture yields νmix = 1.878 · 10−6 m2/s at 20 ◦C,
and therefore is doubled compared to pure water.
Even though droplets with such a high viscosity do not appear in nature,
the corresponding experiments are used to exceed the knowledge of the
underlying physics and the impact of the viscosity on the motion of the
droplets. Especially, for the generation of theoretical models a detailed
knowledge of all influencing factors is crucial to accurately describe and
predict the physics, i.e. the motion of the droplets.
Assuming that the behaviour of the droplet under the impact of an electric
field is mainly influenced by the force generated by the electric field and
the surface tension, the viscosity should have a negligible impact on the
behaviour of the droplets. Consequently, doubling the viscosity should not
affect the outcome of the experiments. The surface tension acts against
the force of the electric field, which tries to deform the droplet. In addi-
tion, the surface tension tries to minimize the surface energy and shapes
the droplet. However, depending on the size of the droplet also gravity
can influence the shape of the droplet. In addition to these parameters,
the wetting properties of the substrate influences the droplet shape.
To mathematically describe and characterize the behaviour of the droplets
several dimensionless ratios are introduced. The Bond number

Bo = ρgdd

γ
=̂ Force of gravity
Force of surface tension , (5.1)

characterizes the ratio between the gravitational force and the surface
tension, where ρ is the density of the fluid, g is the gravitational accelera-
tion, dd is the droplet diameter and γ is the surface tension. The droplets
considered in this study have a Bond number in the order of unity so
that the shape of the droplet in equilibrium is determined by surface ten-
sion and gravity. Any kind of external forces such as substrate vibrations
or electric fields influence the shape of the droplet and promote droplet
deformations.
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5 Motion of charged and uncharged sessile droplets

As shown in Sec. 2.4 the electric field leads to a force, which in turn can
generate droplet oscillations. The frequency of the droplet oscillation is
mainly determined by the dominant force acting on the droplet. Generally
both the Coulomb force and the dielectric/electrostrictive force are acting
on the droplet because in reality almost every droplet contains net charges,
even if they are very small. The strength of the individual components
is characterized by the amount of charge on the droplet and the electric
field strength. A characteristic ratio ξ is introduced to quantify the ratio
between the Coulomb force and the dielectric/electrostrictive force. The
dimensionless ratio is defined by

ξ = Q

ε0Êd2
d

=̂ Coulomb force
Dielectric/electrostrictive force . (5.2)

For ξ � 1 the Coulomb force is much stronger than the dielectric and
electrostrictive force and determines the behaviour of the droplet. In case
of an alternating electric field the droplet is then assumed to oscillate with
the same frequency as the applied voltage. In contrast, ξ � 1 leads to a
dominant dielectric or electrostrictive force, which causes the droplet to
oscillate with twice the frequency of the applied alternating voltage. A
ratio ξ ≈ 1 indicates that both components of the resulting force are of
the same order of magnitude.
It is assumed that the droplets oscillate with a frequency resulting from
the superposition of the single and doubled frequency of the applied volt-
age. Accordingly, electric charges can significantly influence the oscillation
behaviour of sessile droplets under the impact of alternating electric fields.
To characterize whether the droplets behave like a charged or uncharged
droplet, the oscillation frequency of the droplet fd is compared to the
frequency of the applied voltage signal fAC. This dimensionless ratio is
defined by

fd

fAC
=
{

1 - dominant Coulomb force
2 - dominant dielectric and electrostrictive force

(5.3)

and mainly determines the behaviour of the droplet. Note that the defini-
tion in Eq. (5.3) is based on the observations that only distinct frequency
ratios are present in the performed experiments.
The electric charge of the droplet can also be represented by a dimension-
less quantity by using the Rayleigh charge as a reference. This results in
the ratio Q/Qmax, where Qmax is defined by Eq. (2.4) and depends on
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5.2 Motion of droplets in first resonance mode

the droplet volume. The necessary charge to change the behaviour of the
droplet that produces a dominant Coulomb is subsequently named the
onset charge Q∗. It characterizes the minimum amount of electric charge
to cause a droplet oscillation with the same frequency as the applied volt-
age. It is worth noting that the behaviour of a droplet is always defined
by both the electric field and the electric charge so that the onset charge
defines the minimum necessary charge for a corresponding electric field
strength. Increasing the electric field always leads to a higher amount of
charge necessary to reproduce the same behaviour.
The impact of charges on the behaviour of sessile water droplets is sub-
sequently investigated for the first three resonance modes. Even higher
resonance modes are assumed to have a comparable outcome due to the
fact that increasing the resonance frequency only leads to the same general
motion as for the third resonance mode but with an increased number of
steady nodes on the droplet surface. High electric field strengths induce
oscillations with large amplitudes, especially for a droplet oscillating in
resonance. These oscillations produce periodical changes of the contact
angle that can exceed the advancing contact angle, finally resulting in a
droplet motion. Such behaviour is used for electrowetting applications,
but is prevented by a limited electric field strength for the present ex-
periments. Hence, only droplet oscillation with pinned contact line are
investigated to determine the influence of electric charge on the frequency
of droplet oscillation.

5.2 Motion of droplets in first resonance mode

The principal motion of a droplet oscillating in the first resonance mode
(N = 2) is shown in Fig. 5.1a. This motion is often called rocking [52],
ratchet-like [194] or bending motion [164] and is characterized by a motion
mainly parallel to the substrate. The droplet periodically leans from left
to right and vice versa. Accordingly, the motion is non-axisymmetric,
which is the most important difference to higher oscillation modes, see
Fig. 2.10. In case of Fig. 5.1a the motion of an uncharged droplet is
shown with respect to time. The frequency of the droplet oscillation
is the same as the frequency of the applied voltage, even if no charge
is present. Comparing this behaviour to the motion of a charged droplet
under the same conditions as shown in Fig. 5.1b reveals that the oscillation
frequency is not changed by the presence of electric charges.
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5 Motion of charged and uncharged sessile droplets

a) t = 0ms t = 9ms t = 18ms t = 27ms t = 36ms

b) t = 0ms t = 9ms t = 18ms t = 27ms t = 36ms

Figure 5.1: Comparison of one cycle of an uncharged and a charged droplet
in first resonance mode. a) One cycle of an uncharged droplet
with a volume of Vd = 20µl and a voltage frequency of 27Hz
at an electric field strength of Ê = 3.81 kV/cm and b) one
cycle of a charged droplet (Q = 0.646 nC) with a volume of
Vd = 20µl and a voltage frequency of 27Hz at an electric
field strength of Ê = 4.42 kV/cm. Reprinted figure (adapted)
with permission from [156]. Copyright 2020 by the American
Physical Society.

The droplet still oscillates with the same frequency as the applied volt-
age. However, the shape of the droplet is influenced by the presence of
charges. Comparing the appearance of the droplet in Figs. 5.1a and b
shows that the wetted area is increased due to the presence of electric
charges. Consequently, the shape of the droplet is changed even if both
droplets have the same volume. The increase in wetted area is caused
by the presence of charges with the same polarity. These charges repel
each other and act against the surface tension which tries to minimize
the surface area. The new equilibrium shape is caused by a force balance
between those two forces. Nevertheless, the principal motion is still the
same and is independent of the amount of charge.
To investigate whether this behaviour is valid for different amounts of
charge and electric field strengths, several droplet volumes were investi-
gated under the impact of different electric field strengths and electric
charges. As a result the frequency ratio fd/fAC depending on the char-
acteristic ratio of the electric forces ξ is analysed for each droplet vol-
ume. An example for a droplet with a volume of Vd = 20µl is shown in
Fig. 5.2. The droplet always oscillates with the same frequency as the
applied voltage, independent of the electric charge and the electric field
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Figure 5.2: Dimensionless frequency ratio fd/fAC depending on the char-
acteristic ratio ξ for a droplet oscillating in the first resonance
mode with Vd = 20µl. Reprinted figure (adapted) with per-
mission from [156]. Copyright 2020 by the American Physical
Society.

strength. Even in absence of electric charges the droplet oscillates with
the same frequency as the applied voltage, which is contradictory to the
presented theoretical model (Sec. 2.4). Note that the same result is ob-
tained for all other droplet volumes so that a droplet oscillating in first
resonance mode always oscillates with the same frequency as the applied
voltage, and thus behaves like a charged droplet. Hence, no change of the
oscillation frequency could be observed for the wide range of tested pa-
rameters. Nevertheless, an oscillation with the doubled frequency of the
applied electric field was always recognized perpendicular to the principal
direction of motion, i.e. perpendicular to the substrate.
The behaviour of a droplet in first resonance mode is independent of
the electric charge, electric field strength and volume. Therefore, the
behaviour in first resonance mode significantly differs from the behaviour
of other resonance modes and an explanation for this behaviour is still
missing. The charge relaxation time of water τel � 1/fd is much lower
than the inverse of the applied frequencies so that net charges have always
enough time to be oriented under the influence of the electric field. In
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addition, the water molecules themselves are oriented by the electric field.
However, the characteristic time of the electric field is also much lower
than the time necessary for the alignment of water molecules in an electric
field, because water molecules can follow frequencies up to the GHz range
[242]. Consequently, the reason is not associated with the orientation of
the water molecules or net charges but is assumed to be a result of the
macroscopic non-axisymmetric motion of the droplet and has to be further
investigated.
Depending on the position of the droplet in the electric field and the ac-
curacy of droplet generation (droplet volume), a superposition of the first
and second resonance mode could be observed. In this case both motions
are superimposed and both frequencies, the single and the doubled fre-
quency of the applied voltage, can be recognized. Hence, the resulting
droplet motion is very sensitive to changes of the boundary conditions,
and thus a careful and accurate handling is indispensable.

5.3 Motion of droplets in second resonance
mode

In contrast to the first resonance mode, the second resonance mode
(N = 3) causes a vertical droplet motion perpendicular to the substrate.
The droplet is periodically compressed and stretched resulting in an ax-
isymmetric motion as shown in Fig. 5.3. The principal oscillation be-
haviour of a droplet in the second resonance mode is shown for different
boundary conditions. The motion of an uncharged droplet with a volume
of Vd = 80µl is shown in Fig. 5.3a. The frequency of the droplet oscil-
lation is fd ≈ 54Hz and is twice the frequency of the applied voltage.
Hence, the motion of the droplet is defined by a dominant dielectric force.
A comparison of the observed behaviour and numerical simulations can
be found in [198].
Increasing the amount of electric charge on the droplet causes a change of
the behaviour as shown in Fig. 5.3b. An electric charge ofQ = 2.76 nC and
an electric field strength of Ê = 2.58 kV/cm leads to a droplet oscillation
with the same frequency as the applied voltage signal. The amount of
charge present on the droplet provokes a dominant Coulomb force and a
changed oscillation behaviour. Especially for low electric field strength
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a) t = 0ms t = 4.5ms t = 9ms t = 13.67ms t = 18.33ms

b) t = 0ms t = 9.5ms t = 19ms t = 28.67ms t = 38.33ms

c) t = 0ms t = 4.75ms t = 9.5ms t = 14.5ms t = 19.25ms

Figure 5.3: Comparison of one cycle for an uncharged and a charged
droplet in second resonance mode. a) One cycle of an
uncharged droplet with a volume of Vd = 80µl and a
voltage frequency of 26Hz at an electric field strength
of Ê = 7.37 kV/cm, b) One cycle of a charged droplet
(Q = 2.76nC) with a volume of Vd = 80µl and a voltage fre-
quency of 26Hz at an electric field strength of Ê = 2.58 kV/cm
and c) One cycle of a charged droplet (Q = 3.36 nC) with a
volume of Vd = 80µl and a voltage frequency of 26Hz at an
electric field strength of Ê = 7.37 kV/cm. Reprinted figure
(adapted) with permission from [156]. Copyright 2020 by the
American Physical Society.

and a sufficient amount of charge, the droplet is oscillating with the same
frequency as the applied voltage signal.
A further increase of the electric field strength again induces a change of
the behaviour as shown in Fig. 5.3c. Even for an increased amount of elec-
tric charge (Q = 3.36 nC) the droplet oscillates with twice the frequency of
the applied voltage for the given electric field strength of Ê = 7.37 kV/cm.
The higher the amount of charge, the higher is the electric field strength
necessary to cause the change in oscillation behaviour. Consequently, the
behaviour of the droplet is defined by the interaction of the electric charge
and the electric field strength. This behaviour is well described by the
theory presented in Sec. 2.4.
Due to the fact that the dielectric force is proportional to the squared
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Figure 5.4: Dimensionless frequency ratio fd/fAC depending on the char-
acteristic ratio ξ for a droplet oscillating in second resonance
mode with Vd = 60µl. The dashed line shows the critical char-
acteristic ratio ξ∗ for the change of the behaviour. Reprinted
(adapted) with permission from [150], c© 2019 IEEE.

electric field strength, increasing the electric field strength will always
force the droplet to oscillate with twice the frequency of the applied volt-
age for a sufficiently high electric field. However, the presence of a large
amount of charge, increases the electric field strength necessary to cause a
change of the behaviour. Both, a large amount of charge and high electric
field strength also influence the shape of the droplet, even if the three-
phase contact line is pinned during the oscillation. An example is shown
in Fig. 5.3c, where the wetted surface area is increased compared to the
droplet shown in Figs. 5.3a and b. An even further increase of the electric
field strength would lead to a motion of the three-phase contact line as
observed for electrowetting.
The change of the oscillation behaviour depends on both the electric field
strength and the electric charge. Hence, the change of the frequency can
be analysed depending on the characteristic ratio of the electric forces
as presented for a droplet with a volume Vd = 60µl in Fig. 5.4. For
ξ < 18.47 the droplet oscillates with twice the frequency of the applied
voltage. Hence, the amount of charge present on the droplet does not
cause the droplet to oscillate with the same frequency as the applied

100



5.3 Motion of droplets in second resonance mode

voltage for the given electric field strength. Furthermore, in this case the
electric field strength is high enough to suppress the change in behaviour.
Increasing ξ to ξ∗ = 18.47 leads to a change of the behaviour, and for all
ξ ≥ ξ∗ the frequency of the droplet oscillation is the same as the frequency
of the applied voltage.
The same behaviour was observed for the other volumes and is in good
agreement with the presented theory. Increasing the amount of charge
for a fixed electric field strength can trigger a change of the behaviour.
Accordingly, a specific amount of charge Q∗ is necessary to cause a change
of the oscillation behaviour. This minimum charge Q∗ is determined by
the electric field strength. Droplets with a charge Q < Q∗ will behave
like uncharged droplets for a specific electric field strength and oscillate
with twice the frequency of the applied voltage. In contrast, a charge
Q ≥ Q∗ cause the droplet to behave like a charged droplet, so that the
droplet oscillates with the same frequency as the applied voltage. It is
noteworthy that the ξ∗ is not always a fixed value as shown in Fig. 5.4
but rather a transition region. This intermediate region appears if both
oscillation frequencies can be observed for a fixed ξ.
The maximum amount of charge on a droplet is limited according to
Eq. (2.4). Due to the fact that the charge is limited, increasing the electric
field always provokes a droplet to oscillate with twice the frequency of
the electric field for sufficiently high electric fields. Larger droplets are
able to retain a larger amount of charge compared to smaller droplets.
Hence, it is expected that the minimum charge Q∗ also depends on the
droplet volume. The dependence of the minimum onset charge Q∗ on the
droplet volume is shown in Fig. 5.5. The error bars show the variation of
the data resulting from the charge measurement. An increasing droplet
volume leads to an increasing minimum onset charge independent of the
viscosity of the fluid. Two regimes, namely I and II, can be defined by the
onset charge. Regime I describes the behaviour of charged droplets, where
the droplets oscillate with the same frequency as the applied voltage.
This regime is limited by the Rayleigh limit, which is represented as a
solid line. Hence, the grey region defines non-physical conditions that
cannot be reached in practice because the droplet would disintegrate under
these conditions. Regime II characterizes the behaviour of uncharged
droplets, which oscillate with twice the frequency of the applied voltage.
The border between the two regimes is indicated by the dashed line, which
is defined by a quadratic fit of the experimental data for water droplets.
Consequently, the charge to mass ratio Q/m increases with increasing
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Figure 5.5: Minimum onset charge Q∗ for a frequency change depending
on the droplet volume Vd and Qmax as defined by Eq. (2.4)
for the second resonance mode and different viscosities. Data
for pure water is taken from [154]. Regime I includes droplets
with same frequency and regime II droplets with double the
frequency of the applied voltage. The dashed line visualizes
the two regimes. The solid line limits regime I due to the
Rayleigh limit, therefore the grey area includes non-physical
values. Reprinted figure (adapted) with permission from [156].
Copyright 2020 by the American Physical Society.

droplet volume and is not constant. For large droplet volumes the border
between the two regimes and the solid line, indicating the Rayleigh limit,
intersect. The intersection point is given for a volume of V ∗d ≈ 97µl, so
that droplets with a volume Vd ≥ V ∗d are not affected by electric charges
and always behave like uncharged droplets, even if they contain a large
amount of charge.
Furthermore, the influence of the viscosity is investigated using a water-
glycerol mixture, which leads to an increased viscosity compared to water.
The resulting viscosity is doubled compared to water, and thus should
result in a significant change of the behaviour if the physical mechanism
is influenced by this parameter. As already mentioned, glycerol was used
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5.3 Motion of droplets in second resonance mode

because of the similar fluid properties with respect to water. However,
under the impact of electric fields, the behaviour of liquid droplets is also
influenced by the electric properties of the liquid. Taking into account the
mixing ratio the relative permittivity of the water-glycerol mixture and
the electrical conductivity yields εr,mix ≈ 73 and κel ≈ 13.8 · 10−4 S/m,
respectively [84]. Calculating the charge relaxation time for the mixture
reveals that τel,mix ≈ 4.70 · 10−7 s � τAC, so that the water-glycerol
mixture has to be assumed as a perfect conductor. Consequently, the
mixture has the same electrical behaviour as pure water.
The comparison of the minimum onset charge of the water-glycerol mix-
ture is also shown in Fig. 5.5. For droplet volumes V < 60µl the onset
charge does not depend on the viscosity of the droplet. The increased
viscosity of the water-glycerol mixture has almost no impact on the min-
imum onset charge. In contrast, for larger droplets (e.g., V = 80µl) the
minimum onset charge of the water-glycerol mixture is lower compared to
water. Hence, the viscosity has an effect on droplets with a large volume.
The minimum dimensionless onset charge depending on the Bond number
is shown in Fig. 5.6. The error bars represent the measurement uncer-
tainty of the net charge, the droplet volume and the applied voltage. The
maximum charge defined by Eq. (2.4) is used as a scale for the minimum
onset charge, and the Bond number is used to characterize the volume.
A ratio of Q∗/Qmax = 1 limits both regimes because it defines the maxi-
mum charge of a droplet. Similar to Fig. 5.5 two regimes can be identified.
Regime I contains droplets with a sufficient charge to cause a droplet os-
cillation with the same frequency as the applied voltage. In contrast,
regime II characterizes droplets, which oscillate with twice the frequency
of the applied voltage. The dashed line is a linear fit of the experimental
data for water and indicates the transition between both regimes.
The influence of the electric field is not directly shown in Fig. 5.6. In-
creasing the electric field strength leads to an increase of the minimum
onset charge Q∗, and therefore changes the size of regime I. The higher
the electric field strength, the higher is the charge necessary for a change
of the behaviour. Hence, an increasing electric field strength shifts the
boarder towards lower Bond numbers and reduces the size of regime I.
For a sufficiently high electric field strength regime I vanishes because the
charge necessary for the change in behaviour would exceed the Rayleigh
charge, which is not achievable in practice. Furthermore, large droplet
volumes, i.e. large Bond numbers, also cause regime I to vanish. For such
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Figure 5.6: Dimensionless onset charge Q∗/Qmax depending on the Bond
number Bo for droplets oscillating in second resonance mode.
Regime I includes droplets with same frequency and regime II
droplet with double the frequency of the applied voltage.
The dashed line visualizes the two regimes. Reprinted fig-
ure (adapted) with permission from [156]. Copyright 2020 by
the American Physical Society.

large Bond numbers the charge necessary to change the behaviour of the
droplet also exceeds the Rayleigh charge.
An increasing droplet volume causes an increasing dielectric and electro-
static force, as indicated by Eq. (2.50). However, the maximum possible
charge does not increase in the same manner, because the influence of
the surface tension decreases for an increasing droplet size. Consequently,
large droplets are always acting as uncharged droplets independent of
their net charge for sufficiently large Bond numbers. For the presented
data all droplets with Bo > 4.9 are not affected by net charges. Hence,
the behaviour of small droplets is much more affected by electric charges
than for larger droplets. Especially, for high electric field strengths only
the behaviour of small droplets is affected by electric charges. The lower
the volume, the lower is the minimum onset charge for the change of the
oscillation behaviour compared to higher volumes. Droplets of very large
volumes are assumed to be not affected by electric charges and always
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5.4 Motion of droplets in third resonance mode

oscillate with twice the frequency of the applied voltage even if they are
highly charged.
The linear trend of the dimensionless onset charge and the Bond number
can be observed for a wide range of Bond numbers. In case of pure water
the linear trend is observed for all tested Bond numbers. In contrast,
increasing the viscosity leads to a different tendency for large Bond num-
bers Bo > 4. For Bond numbers lower Bo < 4 the linear trend of the
dimensionless onset charge is also observed for an increased viscosity.

5.4 Motion of droplets in third resonance mode

Increasing the frequency of the applied voltage might promote the ex-
citation of higher resonance modes. These modes are characterized by
interface oscillations between steady nodes on the surface of the droplet.
Increasing the resonance frequency increases the number of steady nodes
on the interface of the droplet. In case of the third resonance mode two
steady nodes are present on the interface of the droplet. The oscillation
of a droplet in third resonance mode with and without charge is shown
in Fig. 5.7. The principal motion of the droplet is perpendicular to the
substrate, and the droplet periodically buckles between the steady nodes.
An uncharged droplet oscillates with twice the frequency as the applied
voltage as shown in Fig. 5.7a. Increasing the charge on the droplet causes
a change in behaviour so that the droplet oscillates with the same fre-
quency as the applied voltage. It is noteworthy that the electric field
strength has to be sufficiently low to observe this behaviour. An example
of such a behaviour is shown in Fig. 5.7b.
An increase of the electric field strength again induces a change of the be-
haviour, so that the droplet oscillates with twice the frequency of the ap-
plied voltage as shown in Fig. 5.7c. Even if the electric charge for Fig. 5.7c
is lowered compared to Fig. 5.7b the change in oscillation frequency can
be observed. Generally, the lower the electric charge, the lower is the
electric field strength to cause the change in behaviour. Simultaneously,
the higher electric field strength influences the footprint and the wetted
area of the droplet. Also, the higher electric field strength stretches the
droplet and increases the footprint of the droplet. In addition, increasing
the electric field strength creates decreasing amplitudes of the oscillation,
as shown in the comparison of the different time series. The reason for
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5 Motion of charged and uncharged sessile droplets

a) t = 0ms t = 2.5ms t = 5ms t = 7.75ms t = 10.5ms

b) t = 0ms t = 5.2ms t = 10.3ms t = 15.6ms t = 20.8ms

c) t = 0ms t = 2.5ms t = 5ms t = 7.75ms t = 10.5ms

Figure 5.7: Comparison of one cycle for an uncharged and a charged
droplet in third resonance mode. a) One cycle of an uncharged
droplet with a volume of Vd = 60µl and a voltage frequency
of 48Hz at an electric field strength of Ê = 7.37 kV/cm, b)
one cycle of a charged droplet (Q = 3.69 nC) with a volume
of Vd = 60µl and a voltage frequency of 48Hz at an elec-
tric field strength of Ê = 2.58 kV/cm. and c) one cycle of a
charged droplet (Q = 2.72 nC) with a volume of Vd = 60µl
and a voltage frequency of 48Hz at an electric field strength of
Ê = 7.37 kV/cm. Reprinted figure (adapted) with permission
from [156]. Copyright 2020 by the American Physical Society.

this behaviour is the increased surface area of the droplet, which leads to
a larger influence of the surface tension limiting the deformation of the
droplet interface. In general, the behaviour of a droplet oscillating in the
third resonance mode is similar to the second resonance mode. Higher
resonance frequencies are assumed to have a lower impact on the droplet
due to the fact that the amplitude of the oscillation is decreased. Further-
more, the general behaviour is assumed to be the same as for the third
resonance mode.
Besides the quantitative analysis of the droplet oscillation, the change
of the behaviour depending on the electric charge and the electric field
strength can be analysed using the dimensionless frequency ratio and the
characteristic ratio of the electric forces, as presented exemplarily for a
droplet with volume Vd = 20µl in Fig. 5.8. A low amount of electric
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Figure 5.8: Dimensionless frequency ratio fd/fAC depending on the char-
acteristic ratio ξ for a droplet oscillating in third resonance
mode with a volume of Vd = 20µl. The grey area shows the
transition region. Reprinted figure (adapted) with permission
from [156]. Copyright 2020 by the American Physical Society.

charge or high electric field strength lead to low characteristic ratios. For
ξ < 4.34 all droplets oscillate with twice the frequency of the applied
voltage and behave like uncharged droplets. Increasing the characteristic
ratio by increasing the electric charge on the droplet can cause a change
of the oscillation frequency. The lowest characteristic ratio for a change
of the behaviour is ξ∗ = 4.34. Nevertheless, for larger ξ the presence
of both frequencies can be observed. Hence, the transition between the
oscillation frequencies is not given by a distinct characteristic ratio ξ but
by a transition region.
The appearance of the transition region is observed to depend on the
droplet volume and might be influenced by other boundary conditions
like the droplet shape or the local charge on the substrate surface. For
instance, for a droplet with a volume of Vd = 60µl the transition is also
given by a distinct characteristic ratio as seen for the second resonance
mode. The corresponding figure can be found in App. E. An even further
increase of the characteristic ratio is achieved by further decreasing the
electric field strength and results in droplets oscillating only with the
same frequency as the applied voltage. In case of these transition regions
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Figure 5.9: Minimum onset charge Q∗ for a frequency change depending
on the droplet volume Vd and Qmax as defined by Eq. (2.4)
for third resonance mode and different viscosities. Regime I
includes droplets with same frequency and regime II droplets
with double the frequency of the applied voltage. The dashed
line visualizes the two regimes. The solid line limits regime I
due to the Rayleigh limit, therefore the grey area includes
non-physical values.

the onset charge for change of the behaviour is defined as the minimum
charge to cause an oscillation with the same frequency as the applied
voltage. For the data shown in Fig. 5.8 the minimum onset charge is
given by Q∗ = 0.22nC for characteristic ratio of ξ∗ = 4.34.
As already seen for the second resonance mode, the minimum onset charge
to change the oscillation behaviour depends on the droplet volume. The
dependence of the minimum onset charge Q∗ on the droplet volume Vd
for the third resonance mode is presented in Fig. 5.9. The error bars
characterize the measurement uncertainty of the electric charge. Two
regimes can be identified and characterized by the different behaviour of
the droplets. Regime I contains droplets oscillating with the same fre-
quency as the applied voltage, and thus characterizes the behaviour of
charged droplets. This regime is limited by the Rayleigh limit, which de-
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5.4 Motion of droplets in third resonance mode

fines the maximum possible amount of charge on a droplet and is shown
by the solid line. Hence, the grey region defines non-physical values,
which cannot be reached in practice because of droplet disintegration.
The dashed line shows the estimate transition between both regimes and
is given by a quadratic fit. For droplet volumes Vd < 60µl both pure wa-
ter and the water-glycerol mixture follow the same trend. An increasing
volume precipitates an increasing minimum onset charge. In contrast, for
higher droplet volumes Vd ≥ 60µl the data of pure water does not fol-
low the trend any more. At first, the minimum onset charge significantly
increases and subsequently decreases for even higher volumes. Accord-
ingly, the behaviour is the same as for the second resonance mode but
significantly differs for volumes Vd ≥ 60µl. The reason for the different
behaviour is still unclear. However, the general behaviour is comparable
to the second resonance mode.
The dimensionless onset charge depending on the Bond number is shown
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Figure 5.10: Dimensionless onset charge Q∗/Qmax depending on the Bond
number Bo for droplets oscillating in third resonance mode.
Regime I includes droplets with same frequency and regime II
droplets with doubled frequency of the applied voltage. The
dashed line visualizes the two regimes. Reprinted figure
(adapted) with permission from [156]. Copyright 2020 by
the American Physical Society.
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5 Motion of charged and uncharged sessile droplets

in Fig. 5.10. The data shown in Fig. 5.10 is shown in dimensionless
form. The error bars represent the measurement uncertainty of the net
charge, the droplet volume and the applied voltage. Similar to the second
resonance mode, two characteristic regimes can be identified. However,
for large Bond numbers the boundary between both regimes is not well-
defined based on the experimental data. Regime I is limited by a ratio
of Q∗/Qmax = 1, which defines the maximum charge of a droplet. Note
that the charge necessary for a change of the behaviour still depends on
the electric field strength so that the size of the regime I depends on the
electric field strength. The higher the electric field strength, the higher
the necessary charge to induce an oscillation with the same frequency as
the applied voltage, resulting in a shift of the border towards lower Bond
numbers. The size of regime I decreases. Compared to resonance mode
two, the slope of the linear border is lower for the third resonance mode.
Thus, a lower amount of electric charge is necessary to change the be-
haviour of large droplets compared to the second resonance mode. The
scatter of the experimental data for larger Bond numbers is significantly
larger in case of the third resonance mode, but the tendency is still the
same as for the second resonance mode. Hence, the theory is only valid for
small droplet volumes. Larger droplet volumes are affected by additional
influencing factors.
Comparing the values of Q∗/Qmax for the second and third resonance
mode reveals that the values are in the same order of magnitude. Simi-
larly to the second resonance mode, droplets with small volumes are more
affected than larger droplets, which is indicated by the variable size of
regime I.

5.5 Conclusions

The behaviour of droplets under the influence of an alternating electric
field is affected by net charges on the droplet depending on the volume,
the electric field strength, the resonance mode and the amount of electric
charge. Droplets oscillating in first resonance mode are not affected by
electric charges independent of the droplet volume. The droplets always
oscillate with the same frequency as the applied voltage, and thus act like
charged droplets even if they are uncharged. Consequently, the change
of the behaviour predicted by the theory presented in Sec. 2.4 is not ob-
served for the first resonance mode. In contrast, the behaviour of droplets
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5.5 Conclusions

oscillating in higher resonance modes is well described by the presented
theory. The behaviour is mainly defined by the amount of charge present
on the droplet and the electric field strength. Uncharged droplets oscillate
with twice the frequency of the applied voltage because of the dominant
dielectric and eletrostrictive force.
Increasing the charge of the droplet changes the oscillation frequency de-
pending on the electric field strength. For sufficiently high charges the
droplet oscillates with the same frequency as the applied voltage, which
results from the Coulomb force acting on the droplet. A further increase
of the electric field strength leads to a second change of the behaviour, and
the oscillation frequency of the droplet is doubled again. This behaviour
is observed for the second and third resonance mode.
Furthermore, increasing the volume of a droplet requires a higher amount
of charge to cause a change of the behaviour. Generally, smaller droplets
are much more affected by electric charges than larger droplets. Suffi-
ciently high droplet volumes will suppress the impact of electric charges
so that large droplets always oscillate with twice the frequency of the ap-
plied voltage. The amount of charge to trigger a change of the oscillation
frequency is generally low compared to the Rayleigh limit so that it is
likely that droplets contain such an amount of charge in practice. The
influence of the viscosity seems to be negligible for small droplet volumes
but increases with increasing droplet volume.
A visual summary of the different cases is shown in Fig. 5.11. Note that
the behaviour of the droplet always depends on the characteristic ratio
ξ, which is not taken to into account in the visual summary. As shown
in Chap. 5, small droplets are prone to be affected by electric charges,
which provoke an altered behaviour under the impact of electric fields.
Such droplets should be handled with caution during laboratory experi-
ments in order to ensure well-defined conditions, because the behaviour
of such a droplet is very sensitive to the boundary conditions. Not only
initially small droplets are affected by the electric field but also evapo-
rating droplets. While the amount of charge is almost constant on an
evaporating droplet, the volume continuously decreases finally resulting
in changed behaviour. The oscillation in general influences the geometry
near the three-phase contact line, and thus might also impact the gener-
ation of partial discharges. Especially, the frequency of the electric field
can have a significant influence on the frequency and amount of generated
partial discharges.
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Droplet
oscillation

fd = fACE ↓

fd = fACE ↑
Q ↓

fd = fACE ↓

fd = fACE ↑
Q ↑

Vd ↓

fd = fACE ↓

fd = fACE ↑
Q ↓

fd = fACE ↓

fd = fACE ↑
Q ↑

Vd ↑N = 1

fd = fAC
??E ↓

fd = 2fACE ↑
Q ↓

fd = fACE ↓

fd = 2fACE ↑
Q ↑

Vd ↓

fd = 2fACE ↓

fd = 2fACE ↑
Q ↓

fd = fAC
?E ↓

fd = 2fACE ↑
Q ↑

Vd ↑

N > 1

Figure 5.11: Visual summary of principle droplet behaviour depending on
the mode number N , droplet volume Vd, charge Q and elec-
tric field strength E. The symbols ↑ and ↓ indicate large
and small quantities, respectively. The ? case is limited by
the Rayleigh charge and might not be reachable in reality
(volume dependent). The case indicated by ?? can only be
reached with sufficiently high charges and a low electric field
strength. The red and blue colour indicate cases with a dom-
inant Coulomb force and dominant dielectric force, respec-
tively.
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6 Partial discharges generated by sessile
droplets

The content of this chapter has been partially published in the following
publication:

[157] Löwe, J.-M., Hinrichsen, V., Roisman, I. V., and Tropea, C.
Impact of Electric Charge and Motion of Water Drops on the
Inception Field Strength of Partial Discharges. Physical Review
E, 102(6):063101, 2020. doi:10.1103/PhysRevE.102.063101

6.1 General

The presence of an electric field provokes a motion or oscillation of liquid
droplets. This interaction between liquids and an electric field is com-
monly used for electrowetting applications [183, 190, 262] or for optical
lenses [38, 144, 177]. Besides the impact of the electric field on the droplet
motion and shape, the droplet also affects the electric field near the three-
phase contact line. The shape of the droplet causes a field enhancement
at the three-phase contact line, which results in the generation of elec-
trical partial discharges (PD) for sufficiently high electric fields. These
discharges affect the substrate and can alter the surface properties of the
substrate as a result of the generated locally high temperatures or the
emitted UV light [182, 231].
Especially, high-voltage insulators are exposed to PDs generated by ses-
sile droplets on the weather sheds. The PDs accelerate the ageing of the
insulator and affect their performance and lifetime [2, 81, 87]. Hence, a
precise forecast of the lifetime is crucial for a reliable and efficient power
transmission. However, to precisely predict the ageing of such surfaces,
the physical mechanisms and the relevant influencing factors have to be
determined to accurately model the impact of the PDs. Several studies
have been performed to investigate the different influencing factors like
droplet motion or surface contamination on the PD generation of a sin-
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6 Partial discharges generated by sessile droplets

gle droplet [66, 149, 186, 207]. Furthermore, more application-oriented
investigations were performed to determine the influence of the insulator
geometry and the material properties by performing accelerated ageing
tests [101, 179, 271]. In addition, many investigations focusing on elec-
trowetting were already performed [19, 243, 262].
For the classical electrowetting setup, where the droplet is always in con-
tact with one of the electrodes, the field enhancement at the three-phase
contact line was theoretically investigated, and the occurrence of PDs was
optically recorded [270]. In addition, the role of charge accumulation at
the three-phase contact line was investigated in detail [56, 281]. However,
the classical electrowetting setup differs from applications such as high-
voltage insulators, because the sessile droplets present on the weather
sheds are not in direct contact with one of the electrodes. The geometri-
cal arrangements significantly differ, especially regarding the charge dis-
tribution. A droplet in direct contact to one electrode is at the same
electric potential as the electrode, and charges are directly injected into
the droplet. In contrast, a droplet resting on an insulator can only be
charged by charge transfer from the surrounding fluid or the substrate
in case of an alternating electric field as used in this investigation. This
charge transfer is significantly slower compared to a droplet in direct con-
tact with the electrode and is limited [152]. Hence, the experimental setup
might significantly influence the outcome of the experiments.
Even though numerous theoretical and experimental investigations were
performed in the past, the occurrence and the influencing parameters of
PDs for droplets without contact to one of the electrodes is not completely
understood yet. Thus, there are no reliable models for the forecast of the
ageing of high-voltage insulators.
The occurrence of PDs is affected by several influencing factors and is
superimposed on the droplet motion. To predict the generation of PDs,
the coupled system of fluid motion and electric field distribution has to
be solved simultaneously. This is rather difficult because the motion of
the droplet is complex and influenced by several influencing factors as
presented in the previous chapter. Furthermore, the electric field has a
singularity at the three-phase contact line, which makes an accurate esti-
mation very difficult [66, 270]. To reduce the complexity of the problem
the generation of PDs is investigated with stationary droplets consisting
of a yield stress fluid. The experiments serve as reference experiments for
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a) b)

c) d)

Figure 6.1: Exemplary images of gelatin and water droplets with superim-
posed image of UV-camera to visualize the partial discharges
(coloured in magenta). a) Gelatin droplet with Vd,gel ≈ 65µl
in side view for Ê = 12.48 kV/cm and b) Vd,gel ≈ 130µl
in top view for Ê = 10.27 kV/cm. c) Water droplet with
Vd,wa = 20µl in side view for Ê = 9.02 kV/cm and d) in
top view for Ê = 9.63 kV/cm. Reprinted figure (adapted)
with permission from [157]. Copyright 2020 by the American
Physical Society.

numerical simulations4 which enable the development of simplified theo-
retical models and improve the understanding of the individual influencing
factors on the generation of PDs. Especially, the influence of the droplet
motion on the inception field strength for PDs is quantified and analysed
to improve the accuracy of theoretical models.
Note that the investigation of inflexible droplets is only performed to im-
prove the understanding of the physical mechanisms and does not occur
in applications. For the generation of the stationary droplets a mixture
of gelatin and water is used to reproduce the exact geometry of a sessile
water droplet as well as the electrical properties of liquid water. As al-
ready shown in Subsec. 4.3.2, the gelatin droplets reproduce the electrical
properties and the shape of a liquid water droplet almost perfectly. This

4The results of the corresponding numerical simulations can be found in [198].
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can also be seen in the quantitative comparison of the water and gelatin
droplets with respect to the generation of PDs shown in Fig. 6.1. The
figure illustrates images of a gelatin and a water droplet in side and top
view. To visualize the PDs the image of the UV-camera is superimposed
to a regular image of the droplets as described in Subsec. 4.3.5. The in-
tensity of the colour in the images corresponds to the strength of the PDs.
Nevertheless, the intensity was adjusted for each image for better visu-
alization, and thus cannot be compared between the individual images.
The shape of a stationary gelatin droplet is shown in Figs. 6.1a and b.
The droplet has a shape of a spherical cap, which is not influenced by the
electric field. Consequently, no oscillation of the droplet is observable.
As indicated by the images, the PDs are generated directly at the three-
phase contact line. The intensity is the highest directly at the three-
phase contact line and decreases with increasing distance from this region.
The PDs follow the direction of the electric field lines and only occur
at locations with sufficiently high electric field strength. Note that the
partial discharge pattern is affected by the geometrical arrangement, as
indicated by the comparison of Fig. 6.1 and the results of Vallet et al. [270].
An exemplary electric field distribution (top view) including the electric
field lines for the geometrical arrangement used in this study is shown
in Fig. 6.2. The electric field distribution is calculated using COMSOL
Multiphysics R© assuming a hydrophilic substrate (θ < 90◦). The electric
field strength was limited to Ê = 35 kV/cm for better visualization of the
field distribution. A comparison between Figs. 6.1 and 6.2 confirms that
the PDs are oriented along the electric field lines and at regions with high
electric field strength.
The shape of a water droplet generating PDs is shown in Figs. 6.1c and
d. A comparison of the side view between the gelatin and water droplet
reveals no significant difference. In both cases the PDs are generated at
the three-phase contact line. Furthermore, the PDs are only located at
distinct sides of the droplets. However, the water droplets oscillate, which
can be seen by the bright diffuse interface of the water droplet. Compar-
ing the top view of the gelatin and the water droplet reveals the major
difference between both droplets. While the shape of the gelatin droplet
is not altered by the electric field, the water droplet is significantly de-
formed by the electric field. The force caused by the electric field induces
a deformation and oscillation of the droplet, which results an irregular
shape of the droplet. The shape of the water droplet is determined by the
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Figure 6.2: Top view of the electric field distribution around a sessile
droplet with a volume of V = 150µl including the electric
field lines (white solid lines) at the surface of the insula-
tor (z = 0mm). The undistributed electric field strength is
Ê0 = 10 kV/cm.

wetting properties of the substrate as well as the electric field strength
and cannot be approximated by a spherical cap any more.
The irregular shape of the droplet leads to a different PD distribution
along the three-phase contact line. PDs are only observed at distinct
locations of the three-phase contact line, which are oriented along the
electric field lines similar to the gelatin droplet. The arising cones and
edges at the three-phase contact line along the droplet as present on the
right side of the droplet in Fig. 6.1d are more prone to generate PDs. The
shape of the droplet significantly influences the field distribution around
the droplet. Especially, the developed cones and edges generate high elec-
tric field strengths because the droplet is assumed as a perfect conductor
and the curvature of the three-phase contact line is significantly altered
compared to the gelatin droplet. The smaller the curvature of the inter-
face, the higher is the electric field strength on the surface (as indicated
by E ∝ 1/R2, where 1/R2 is the curvature. This relation results from
Eq. (2.16) under the assumption of a sphere with a constant charge in
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6 Partial discharges generated by sessile droplets

free space, which is used as a first approximation). Hence, the cones
and edges of the three-phase contact line locally increase the electric field
strength resulting in the generation of PDs. Similar results were obtained
by Feier-Iova [66] under the assumption of a dielectric droplet.
The irregular shape of the water droplet together with the droplet oscil-
lations cause a complex arrangement, which is difficult to predict. Es-
pecially, the irregular shape of water droplets makes the prediction of
PD more complex than originally presumed. The droplets cannot be as-
sumed as spherical caps and are always deformed prior to the generation
of PDs. Accordingly, the partial discharges can only be estimated by
taking into account the deformation of the droplet as well as the droplet
oscillations. To reduce the complexity single stationary droplets are in-
vestigated. Subsequently, the interaction of two neighbouring stationary
droplets is examined. These results are extended by investigating charged
and uncharged water droplets oscillating in different resonance modes to
determine the impact of electric charges as well as the droplet oscillation
on the PD behaviour. A summary of the tested quantities is presented in
Table 6.2.

Table 6.2: Overview of tested parameters and their quantities to investi-
gate the generation of PDs.

Parameter Quantity
Droplet volume (water) Vd,wa in µl 20, 40, 60, 80
Droplet volume (gelatin) Vd,gel in µl 100, 150, 200, 250, 300
Droplet-droplet separation hd−d in mm 0.25,. . . , 5.37
Electric field strength Ê in kV/cm 0,. . . , 8.63
Frequency of electric field fAC in Hz 27.77,. . . , 83.3
Electric charge Q in nC 0,. . . , 3.68
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6.2 PD inception field strength of single inflexible droplets

6.2 PD inception field strength of single
inflexible droplets

The PD inception field strength Êin of single gelatin droplets depending
on the volume is shown in Fig. 6.3. Furthermore, the PD inception field
strength is shown for different substrates, which have different wetting
properties. Due to the fact that the droplets are produced by solidify-
ing liquid droplets on the surface, the wetting properties of the substrate
significantly influence the contact angles of the final inflexible droplet. A
comparison of the PD inception field strength of the inflexible droplet
with a volume of Vgel = 100, ..., 300µl and the PD inception field strength
of water droplets (Vwa = 20, ..., 100µl) from literature reveals that the
PD inception field strength for gelatin droplets is in the same order of
magnitude [149, 186, 207]. As already known, an increasing volume leads
to a decreasing inception field strength [66, 187, 198], and thus the in-
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Figure 6.3: PD inception field strength Êin (f = 50Hz) for single gelatin
drops depending on their volume Vd on silicone rubber and
epoxy. The error bars show the standard deviation of the
mean value. Reprinted figure (adapted) with permission from
[157]. Copyright 2020 by the American Physical Society.
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creased volume of the inflexible droplets compensates the influence of the
droplet motion and finally results in a good agreement. Consequently,
both the motion of the droplet and an increasing volume reduces the PD
inception field strength. For droplets of the same volume, the inception
field strength is lower for flexible compared to inflexible droplet because of
the droplet motion. The PD inception field strength in the same order of
magnitude again confirms the excellent reproduction of the electrical and
geometrical arrangement by using larger gelatin droplets. The symbols in
Fig. 6.3 show the mean value and the error bars represent the correspond-
ing standard deviation of the mean value. The mean values are calculated
with a minimum of 33 measurements in case of silicone rubber and a min-
imum of 9 measurements in case of epoxy. Generally, the PD inception
field strength decreases with increasing droplet volume. The highest PD
inception field strength is observed for a droplet volume of Vd,gel = 100µl.
For this volume the PD inception field strength is almost independent of
the wetting properties, so that the PD inception field strength is almost
identical for epoxy and silicone rubber. For an increasing droplet volume
the PD inception field strength decreases, however the decrease is larger in
case of epoxy compared to silicone rubber. This volume dependence was
also observed for pure water [149, 207]. Hence, the inception field strength
is lower for epoxy compared to silicone rubber, at least for Vd,gel > 100µl.
The change of the PD inception field strength is caused by the change
of the contact angle. For a droplet volume of Vd,gel = 100µl the static
contact angle is almost identical for epoxy and silicone rubber (θep ≈ 65◦
and θsil ≈ 64.2◦, respectively). In contrast, increasing the droplet volume
leads to a larger difference between the contact angles. For a droplet
with a volume of Vd,gel = 300µl the contact angles are θsil ≈ 71.5◦ and
θep ≈ 61.4◦ for silicone rubber and epoxy, respectively. The influence
of the wetting properties of different substrates was already investigated
for water droplets and revealed lower inception field strengths in case of
lower static contact angles [207]. Numerical simulations also confirmed
the influence of the contact angle and the volume of the droplet [198].
Even though the influence of the droplet volume is counterintuitive, the
behaviour can be explained by the motion of the droplets in case of water
droplets. The smaller the droplet volume the smaller the curvature of
the interface, and therefore the PD inception field strength should be
reduced. Simultaneously, the influence of the surface tension is more
dominant in case of smaller water droplets, so that smaller water droplets
are less deformed by the forces generated by the electric field. As shown
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6.3 PD inception field strength of two adjacent inflexible droplets

by Ouedraogo [198], the influence of the contact angle is much larger than
the impact of the droplet volume for flexible droplets. Hence, the PD
inception field strength is decreased for larger water droplets due to the
larger oscillations and the corresponding changes of the contact angle.
In case of inflexible droplets the impact of the droplet oscillation cannot
explain the decreasing PD inception field strength for larger droplets.
However, for larger droplet volumes a decreased contact angle is observed.
As already stated, the impact of a changed contact angle is much larger
than the impact of the volume, so that the decreasing contact angle (for
an increasing volume) is accompanied by a decreasing PD inception field
strength for inflexible droplets.
Due to the fact that the PD inception field strength mainly depends on
the electric field distribution, the change of the substrate relative permit-
tivity might have an influence on the PD inception field strength. As
already presented in Table 4.2 both substrates have different relative per-
mittivities. However, the change in relative permittivity is rather small
(∆εr ≈ 1.7), and for a volume of Vd,gel = 100µl no difference in the PD
inception field strength could be observed. This suggests that the influ-
ence of a changed relative permittivity of the substrate can be neglected.
In addition, numerical simulations confirmed that lower contact angles
cause lower inception field strengths and that the relative permittivity
of the substrate has only a negligible influence for the present range of
permittivities [198]. Thus, the better the wettability of the substrate, the
lower is the inception field strength for partial discharges. Furthermore,
the simulations showed that large droplets are more prone to generate
partial discharges than smaller droplets [198].

6.3 PD inception field strength of two adjacent
inflexible droplets

In applications such as high-voltage insulators not only single droplets are
present on the weather sheds but rather several droplets. The droplets
might interact with each other, which possibly produces different results
as for single droplets. Thus, several authors have already investigated the
behaviour of multiple water droplets with respect to partial discharges
[149, 229, 284]. The presence of additional droplets can decrease the PD
inception field strength as reported by Lopes et al. [149] for two neigh-
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6 Partial discharges generated by sessile droplets

a) b)

Figure 6.4: Exemplary images of two gelatin droplets a) Vd,gel ≈ 60µl and
b) Vd,gel ≈ 150µl with superimposed image of UV-camera to
visualize the partial discharges (coloured in magenta) in a) side
view for Ê ≈ 9.9 kV/cm and b) top view for Ê ≈ 10.1 kV/cm.
Reprinted figure (adapted) with permission from [157]. Copy-
right 2020 by the American Physical Society.

bouring droplets. Even though several investigations have already been
performed, the influence of the droplet motion on the separation between
the droplets is only investigated superficially [187]. To investigate the
influence of the droplet-droplet separation decoupled from the motion or
oscillation, which might significantly influence the droplet-droplet sepa-
ration, stationary droplets are used. The droplets with the same volume
are carefully placed on the substrate within a well-defined separation to
investigate whether the droplets influence each other or not.
An exemplary partial discharge pattern generated by two neighbouring
droplets is shown in Fig. 6.4. Similar to previous images, the image of the
UV-camera is superimposed on a regular daylight image of the droplets.
The observed pattern is similar to the pattern observed for single droplets.
Partial discharges are generated at the three-phase contact line of both
droplets and only occur at distinct regions, because the PDs are oriented
along the electric field lines. As shown by the intensity of the colour the
strongest partial discharges are located between the droplets. Hence, the
neighbouring droplets interact with each other.
The measured PD inception field strength Êin depending on the droplet-
droplet separation hd−d for different droplet volumes Vd is shown in
Fig. 6.5. Droplets at large separations do not interact with each other, so
that the inception voltage for a large droplet-droplet separation is similar
to the inception voltage of a single droplet. A comparison of the inception
field strengths for single droplets and two droplets with the largest sepa-
ration is presented in Table 6.3. Decreasing the separation between the
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Figure 6.5: PD inception field strength Êin of two gelatin droplets depend-
ing on the separation hd−d for different volumes Vd. The error
bars show the standard deviation of the mean value and the
dotted lines visualize the trend of the data. Reprinted figure
(adapted) with permission from [157]. Copyright 2020 by the
American Physical Society.

droplets lowers the PD inception field strength. The smaller the droplet-
droplet separation, the lower is the PD inception field strength. A typical
droplet-droplet separation can be defined, which leads to an interaction
between the droplets, and thus a decrease of the electric field strength.
This typical separation increases with increasing droplet volume. Hence,
larger droplets interact with each other over larger distances compared to
smaller droplets. The distortion of the electric field is larger in case of
larger droplets, and so the droplets affect each other over a larger separa-
tion compared to smaller droplets.
Consequently, neighbouring droplets can interact with each other depend-
ing on the droplet volume and the droplet-droplet separation. Generally,
larger droplets are more prone to generated PDs and to interact with ad-
jacent droplets. The presence of multiple droplets significantly reduces
the PD inception field strength compared to single sessile droplets. Due
to the properties of the gelatin droplets a movement of the droplets is
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6 Partial discharges generated by sessile droplets

Table 6.3: Mean PD inception field strength for single gelatin drops
Êin,single compared to the PD inception field strength of a
droplet pair Êin,two on silicone rubber depending on the volume.
For Êin,two the converging limit value for large separations is
taken into account. Single outliers are neglected. Reprinted
(adapted) with permission from [157]. Copyright 2020 by the
American Physical Society.

Volume V in µl 100 200 300
Single droplet: Êin,single in kV/cm 8.11 7.89 7.01
Droplet pair: Êin,two in kV/cm 8.04 7.15 6.18

not observed independently of the electric field strength. Hence, coales-
cence of the droplets is not possible. However, water droplets are likely to
coalesce, especially for small droplet-droplet separations or high electric
field strengths. In case of a high-voltage insulator, this would lead to the
formation of larger droplets, which further decrease the PD inception field
strength and increase the amount of partial discharges. Consequently, the
coalescence of small droplets accelerate the surface ageing but is almost
not avoidable because the size and the distribution of the droplets cannot
be actively influenced during operation.

6.4 PD inception field strength for charged and
uncharged water droplets

As shown in Chap. 5, the presence of electric charges can significantly
change the behaviour of sessile droplets under the influence of electric
fields. The frequency of the droplet oscillation is determined by the elec-
tric charge, the volume and the electric field strength. The region near
the three-phase contact line is the most critical one, because the electric
field is enhanced in this region. The droplet oscillation influences the
geometry of the droplet by periodically changing the contact angles. In
the previous subsections it was shown that a change of the contact angle
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Figure 6.6: PD inception field strength Êin of single uncharged water
droplets depending on the volume Vd and resonance mode.
Reprinted figure (adapted) with permission from [157]. Copy-
right 2020 by the American Physical Society.

can lead to a decreased PD inception field strength. Consequently, the
motion of droplets can significantly affect the PD inception field strength.
While the influence of the wetting properties and the droplet volume was
already investigated for (assumedly) uncharged droplets [186, 207], the
effect of the droplet motion, the different oscillation modes and the elec-
tric charge was not investigated in detail. Depending on the resonance
mode, the shape of the droplet is significantly changed during one cycle.
Furthermore, this provokes severe changes of the static contact angle, and
thus might affect the generation of partial discharges.
Electric charges influence the oscillation frequency of the droplet, which
influence the occurrence of critical (low) contact angles. The more fre-
quently these critical contact angles appear, the higher the number of gen-
erated partial discharges. Consequently, the PD inception field strength
and the impact of electric charges have to be determined for the differ-
ent resonance modes. The PD inception field strength Êin depends on
the droplet volume Vd for uncharged water droplets oscillating in the first
three resonance modes as shown in Fig. 6.6. The symbols represent the
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6 Partial discharges generated by sessile droplets

mean value, and the error bars quantify the standard deviation of the
mean value. Each value is based on a minimum of four measurements.
Generally, an increasing droplet volume decreases the PD inception field
strength as already observed for single gelatin droplets and as reported in
literature. Qualitatively the decrease of the PD inception field strength is
independent of the resonance mode. However, the volume dependent de-
crease of the PD inception field strength depends on the resonance mode.
The higher the resonance mode, the lower is the impact of the volume on
the inception field strength.
Each resonance mode is characterized by a different oscillation pattern as
shown in Fig. 2.10. The first resonance mode induces large changes of
the contact angle. Hence, very high and low contact angles are possible.
Furthermore, the frequency of an uncharged droplet oscillating in first
resonance mode is lower compared to higher resonance modes because
the droplet always behaves like a charged droplet and oscillates with the
same frequency as the applied voltage. In contrast, the change of the
contact angle is lower for higher resonance modes because of the changed
motion. However, low contact angles can also be observed in case of the
second resonance mode.
The oscillation frequency of an uncharged droplet is higher compared to
the first resonance mode because an uncharged droplet always oscillates
with twice the frequency of the applied voltage. Thus, small contact angles
are more frequently observed for the second than for the first resonance
mode. This might be a reason for the decrease of the PD inception field
strength. Consequently, the inception field strength of PDs is influenced
by the resonance mode. Higher resonance modes are more prone to gen-
erate PDs compared to lower modes. The larger the droplet volume, the
lower is the difference of the PD inception field strength between the dif-
ferent modes. Comparing these results to already existing measurements
reveals that the inception field strength is in the same order of magnitude
[149, 186, 188, 207]. The small differences might originate from unwanted
charges or different wetting properties of the used substrates.
Especially, electric charges influence the behaviour of sessile water droplets
under the impact of electric fields. The behaviour is determined by
the droplet volume, the electric charge and the electric field strength.
To investigate whether electric charges influence the PD inception field
strength, various droplets with well-defined volume and electric charge
are investigated. The influence of the electric charge can only be deter-

126



6.4 PD inception field strength for charged and uncharged water droplets

5

6

7

8

0 1 2 3 4

P
D

in
ce
p
ti
on

fi
el
d
st
re
n
gt
h
Ê
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Figure 6.7: PD inception field strength Êin of single water droplets de-
pending on the volume Vd and electric charge Q for the first
resonance mode. The error bars show the standard deviation
of the mean value. Reprinted figure (adapted) with permission
from [157]. Copyright 2020 by the American Physical Society.

mined if all other boundary conditions are kept constant including the
resonance mode and the oscillation frequency of the droplet. Due to the
fact that the behaviour of the droplet is mainly influenced by the electric
field strength and the charge, the boundary conditions have to be chosen
accordingly. During the experiments the electric charge on the droplet is
constant, but the electric field strength is increased until the PD inception
field strength is reached. For low electric field strengths and large amount
of charges the droplet oscillates with the same frequency as the applied
voltage. However, increasing the electric field strength causes a changed
behaviour so that the droplet oscillates with twice the frequency of the
applied voltage. Such changes can significantly impact the outcome of the
experiments.
In Sec. 5.2 the first resonance mode was identified to have a constant
oscillation frequency for a fixed droplet volume independent of the net
charge and the electric field strength. Hence, the first resonance mode is
used to determine the influence of electric charges on the inception field
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strength of PDs. The PD inception field strength for charged and un-
charged droplets oscillating in first resonance mode for different droplet
volumes is shown in Fig. 6.7. All experiments are performed on sili-
cone rubber substrates. Each measurement was repeated at least four
times. Increasing the net charge of the droplet decreases the inception
field strength for PDs independent of the droplet volume. Especially, for
a droplet volume of Vd = 20µl the decrease of the PD inception field
strength with increasing electric charge is clearly observable. Neverthe-
less, the trend is not so clear for larger droplet volumes. In case of a
droplet volume of Vd = 40µl or Vd = 60µl the increase of the electric
charge initially induces an increase of the PD inception field strength.
Consequently, smaller droplets are much more affected by the presence of
changes not only with respect to the droplet motion but also with respect
to the generation of partial discharges. The net charge on the droplet af-
fects the electric field around the droplet. For smaller droplets this effect
is larger with respect to the volume compared to larger droplets. Note
that the maximum electric charge on the droplets depends on the droplet
volume. Accordingly, small droplets cannot contain the same amount of
electric charge as large droplets without disintegrating.
The comparison of the PD inception field strengths for different modes re-
veals whether the change of the oscillation frequency has an impact on the
inception field strength of PDs. In contrast to the first resonance mode,
droplet oscillating in second resonance mode oscillates with different fre-
quencies depending on the electric field strength and the charge of the
droplet. While the charge is fixed for each experiment, the electric field
strength is continuously increased to determine the PD inception field
strength. Due to the fact that the oscillation behaviour is determined by
both, the electric charge and the electric field strength, the droplet fre-
quency is not constant for different volumes. Hence, droplets oscillating
with different frequencies are compared with each other, which distort
the outcome of the experiments. Droplets oscillating with a different fre-
quency might cause a different number of PD impulses and additionally
affect the strength of each discharge. To compare droplets oscillating at
different frequencies the electric field strength and the charge has to be
kept constant. Unfortunately, this is not possible in this case because
applying electric charge to the droplet always leads to a reduction of the
PD inception field strength, and thus changes the boundary conditions.
Accordingly, it is not possible to directly compare the different oscillation
frequencies. But even though it is not possible to hold the oscillation fre-
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Figure 6.8: PD inception field strength Êin of single water droplets de-
pending on the volume Vd and electric charge Q for second
resonance mode. The error bars show the standard deviation
of the mean value. Reprinted figure (adapted) with permission
from [157]. Copyright 2020 by the American Physical Society.

quency constant for all experiments, the overall behaviour for the second
resonance mode can be investigated.
The PD inception field strength for charged and uncharged water droplets
oscillating in the second resonance mode is shown in Fig. 6.8. Each ex-
periment was repeated at least four times. Similar to the first resonance
mode, increasing the electric charge results in a decreasing PD inception
field strength. In addition, the smaller the droplet volume, the higher is
the PD inception field strength. Thus, the PD inception field strength
depends on the droplet volume and is larger for small droplet volumes.
Large droplet volumes are less affected by this effect. Comparing the PD
inception field strength of droplets oscillating in the first and second reso-
nance mode reveals that the PD inception field strength is generally lower
for the second resonance mode. The behaviour of droplets oscillating in
higher resonance modes is assumed to be the same as for the second res-
onance mode, because the principle direction of motion is the same and
the amplitude of the oscillation is reduced. Furthermore, the volume de-
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pendence of the partial discharge inception as shown in Fig. 6.6 was lower
for the third resonance mode compared to lower resonance modes. Thus,
this impact is assumed to be lower also for charged droplets.

6.5 Conclusions

Stationary droplets made out of gelatin was proven to replicate the elec-
trical boundary conditions while not being affected by the electric field
with respect to oscillations. Hence, the inception field strength for partial
discharges could be determined for non-moving droplets. The PD incep-
tion field strength is in the same order of magnitude as for water and
depends on the wetting properties of the substrate as well as the droplet
volume. The higher the droplet volume, the lower is the inception field
strength for PDs. In addition, a better wettability of the substrate also
reduces the inception field strength.
Neighbouring droplets can interact with each other depending on the
droplet volume and the droplet-droplet separation. For large separations
no interaction of the droplets could be observed. The PD inception field
strength is the same as for single droplets. Decreasing the droplet-droplet
separation and reaching a characteristic separation, the droplets interact
with each other, and the PD inception field strength is decreased. The
lower the separation between the droplets, the lower is the PD inception
field strength. The typical separation for an interaction of the droplets
depends on the volume. Larger droplets affect each other over a larger
distance. Consequently, the presence of multiple droplets on a substrate
significantly change the overall partial discharge behaviour.
The presence of net charges strongly influences the motion of droplets
under the impact of an electric field and might also have an impact on
the generation of partial discharges. To investigate the influence of the
resonance modes and the influence of net charges, the PD inception field
strength is analysed for different configurations. The PD inception field
strength depends on the resonance mode and the droplet volume. Increas-
ing the volume leads to a decreasing inception field strength. Furthermore,
for small droplets the PD inception field strength is the highest for the first
resonance mode and decreases with higher resonance modes. In addition
to the resonance mode, the partial discharge inception clearly depends
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Table 6.4: Summary of principal influence of different parameters on PD
inception field strength Êin.

Parameter Êin

Volume V ↑ ↓
Volume V ↓ ↑
Charge Q ↑ ↓
Charge Q ↓ ↑
Static contact angle θ ↑ ↑
Static contact angle θ ↓ ↓
Mode number N ↑ ↓
Mode number N ↓ ↑
Droplet-droplet separation hd−d ↑ ↑
Droplet-droplet separation hd−d ↓ ↓

on the net charge of the droplet. Increasing the net charge of a droplet
decreases the PD inception field strength especially for small droplets.
Consequently, the generation of partial discharges is very sensitive to dif-
ferent boundary conditions like the droplet volume, droplet charge, oscil-
lation mode or the presence of nearby droplets. The interaction of these
influencing factors generates a complex system with multiple interactions.
The impact of the individual parameters is summarized in Table 6.4.
Especially, high-voltage insulators containing sessile droplets are affected
by these factors. The interaction of neighbouring droplets determines the
size of each droplet and the droplet distribution on the weather sheds.
Particularly, the droplet size and the droplet distribution can result in
a reduction of the PD inception field strength, and thus promote the
generation of partial discharges. These experimental results improve the
understanding of the partial discharge behaviour of single and multiple
droplets and might help to develop reliable ageing models for high-voltage
insulators.
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7 Droplets under the impact of
transient electric fields

The content of this chapter is partly based on the Master thesis of Marvin
Dietzmann-Kolbe [51], and has been partially published in the following
conference proceeding:

[153] Löwe, J.-M., Hinrichsen, V., and Tropea, C. Droplet Be-
havior Under the Impact of Lightning and Switching Im-
pulse Voltage. In 2018 IEEE Electrical Insulation Conference
(EIC), pages 443–447. IEEE, 2018. ISBN 978-1-5386-4178-1.
doi:10.1109/EIC.2018.8480884

7.1 General

The behaviour of single and multiple droplets under quasi-static electric
fields was described in the previous chapters. In this chapter the impact
of transient electric fields on the behaviour of single and multiple droplets
is investigated. While the impact of switching on and off of a constant
electric field or instantly changing the electric field strength was already
investigated [14, 107, 252], the effect of transient electric fields generated
by standard lightning and standard switching impulse voltage on sessile
droplets has not yet been investigated in detail. Hence, the behaviour
of droplets under the impact of transient electric fields is not completely
understood, because the influence of impulse length and frequency as well
as the corresponding electric field strength is still unknown. The tran-
sient electric fields used in the present experiments are characterized by a
short duration, commonly in the order of several micro- or milliseconds,
with a steep increase of the electric field strength followed by a slower
decrease. For the present investigation standard lightning and switching
impulse voltages are used to generate the transient electric field. Both
impulse voltages are double exponential impulses and are defined by the
IEC 60060-1 standard, which specifies the time to peak and half value.
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Figure 7.1: Exemplary measured temporal evolution of the voltage U
generated by the impulse generator. a) Standard lightning
impulse voltage (1.2/50µs), the insert shows the course to
peak more detailed and b) standard switching impulse volt-
age (250/2500µs).

A standard lightning impulse (LI) is defined as 1.2/50 impulse, where
the first number indirectly defines the time to peak (t = 1.2µs) and the
second number defines the time to half value (t = 50µs). Accordingly,
the standard switching impulse (SI) is defined as 250/2500 impulse (time
to peak t = 250ms, time to half value t = 2500ms). An example of
both impulse voltages obtained from measurements is shown in Fig. 7.1.
Hereinafter, standard lightning impulse voltage and standard switching
impulse voltage are referred to as LI and SI voltage for simplification pur-
poses. These impulse voltages are commonly used to test high-voltage
equipment and to reproduce overvoltages generated by lightning strikes
or switching operations [133]. While it was already shown that time vari-
ant electric fields are able to actively manipulate the behaviour of single
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droplets [211], transient electric fields are also capable to cause coales-
cence of droplets [162, 174, 284]. To increase the understanding of the
underlying physical mechanisms, the behaviour of single sessile droplets
under the impact of transient electric fields is investigated. Subsequently,
the behaviour of two neighbouring droplets is investigated to determine
under which conditions transient electric fields induce electro-coalescence.

7.2 Single droplet behaviour

Single sessile droplets are not only affected by a quasi-static electric field
but also by transient electric fields. The overall behaviour of the droplet
mainly depends on two influencing factors, namely the impulse type, in-
cluding the duration and the steepness, and the electric field strength.
Generally, the higher the electric field strength, the higher is the force
acting on the droplet, which promotes a deformation or oscillation of the
droplet. In addition, the shorter the duration of the impulse, the lower
is the impact on the droplet, because the electric force acts only for a
short time on the droplet and cannot significantly accelerate the fluid.
A characteristic time series for a sessile droplet under the impact of a
SI voltage is shown in Fig. 7.2. The equilibrium shape of a droplet with
a volume of Vd = 90µl is shown in Fig. 7.2a. The applied electric field
with an electric field strength of Ê = 18.4 kV/cm causes a force acting on
the droplet. The force is mainly concentrated at the three-phase contact
line and initiates a movement of the three-phase contact line as shown in
Fig. 7.2b. In case of an electric field tangentially aligned to the substrate

a) b) c) d) e)

Figure 7.2: Time series for a single droplet with a volume of Vd = 90µl
under the impact of a SI voltage (Ê = 18.4 kV/cm). a) undis-
turbed droplet (t = 0 s), b) droplet with moving contact line
(t = 1.11ms), c) surface waves propagating on the interface of
the droplet (t = 4.44ms), d) interaction of the surface waves at
the top of the droplet (t = 7.77ms) and e) oscillating droplet
(t = 11.11ms).
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as given in the present study, the force of the electric field is not homo-
geneously distributed along the three-phase contact line but only acts at
regions orientated in the same direction as the electric field lines. Hence,
the resulting force stretches the droplet and results in an increase of the
wetted area on the substrate while the bulk of the droplet is still at rest.
The contact line movement is the reason for disturbances resulting in sur-
face (capillary) waves travelling from both sides of the droplet towards
the top of the droplet, as shown in Fig. 7.2c. As soon as the surface waves
reach the top of the droplet, they interact and trigger macroscopic droplet
oscillations, see Figs. 7.2d and e. The resulting oscillation is continuously
damped by the viscosity of the liquid until the droplet comes to rest,
which can take up to the order of seconds. Note that the shape of the
droplet at t = 250µs and t = 2500µs is characterized by the oscillation,
similar to Figs. 7.2e.
The impact of the electric field on the movement seems negligible after
initiating the surface waves. Depending on the wetting properties of the
substrate the three-phase contact line can move to its initial position or
stay at the new position after the electric field has decayed, resulting in a
permanently increased wetted area. In addition, the increase of the wetted
area can change the static contact angle of the droplet due to a different
equilibrium shape of the droplet and the contact angle hysteresis.
While the SI voltage causes large macroscopic oscillations and an increase
of the wetted area, the impact of LI voltage is lower for the same electric
field strength. A time series of a water droplet with the same volume as
shown in Fig. 7.2 is presented in Fig. 7.3. The maximum electric field
strength of the impulse is kept constant and amounts Ê = 18.4 kV/cm.
The undisturbed droplet at rest is shown in Fig. 7.3a. Applying an electric
field also causes a force on the droplet and results in a similar behaviour of
the droplet as already described. However, the impact of the LI voltage
is much smaller compared to SI voltages. The initial movement of the
three-phase contact line is also present but hardly to observe.
To visualize the small movement of the contact line and the generated
surface waves, the difference between the actual image and the initial
state shown in Fig. 7.3a is presented in Figs. 7.3b-e. Thereby, the region
close to the left three-phase contact line is magnified and the difference
between the images is brightly coloured for better visibility. Even if the
change of shape is difficult to observe in the time series, the movement of
the three-phase contact line and the resulting surface waves can be clearly
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a) b) c) d) e)

Figure 7.3: Time series for a single droplet with a volume of Vd = 90µl
under the impact of a LI voltage (Ê = 18.4 kV/cm). a) undis-
turbed droplet (t = 0 s), b) detailed view of initial deformation
of the contact line on the left side of the droplet (t = 0.44ms),
c)-e) detailed view of the expanding surface wave on the inter-
face of the droplet (t = 0.88ms, t = 1.33ms and t = 1.78ms,
respectively). The bright colour in image b)-e) indicates the
change to image a).

identified using the high-speed video. The general behaviour of a droplet
under the impact of a LI voltage is the same as for a SI voltage, but with
a smaller contact line motion and smaller amplitudes of the generated
surface waves. Consequently, the size of the droplet is hardly increased
and no significant macroscopic oscillations are visible.
Besides the impulse type, the electric field strength significantly influences
the behaviour of the droplets. Increasing the electric field strength induces
a larger force acting on the droplet, which causes a larger movement of
the three-phase contact line and larger disturbances. Nevertheless, the
impact of SI voltages is larger than for LI voltages at the same electric
field strength. Even if the maximum electric field strength is kept con-
stant for both impulse types, the duration of electric field application is
significantly longer for SI voltages. Due to the different time constants
of LI and SI voltages, not only the duration varies but also the average
electric field strength which is applied to the droplet. Hence, the maxi-
mum electric field strength is applied for a much longer time. Especially,
the duration and the characteristic time scales significantly influence the
physical behaviour. For low frequencies, as present for alternating electric
fields, the droplet can be assumed to be a perfect conductor, so that the
behaviour is mainly affected by the electrical conductivity of water. In
case of transient electric fields the frequencies of the applied electric field
are much higher compared to the investigated alternating electric fields.

137



7 Droplets under the impact of transient electric fields

Table 7.2: Approximated order of magnitude for the characteristic time
scales for water (charge relaxation time) and the different im-
pulse voltages. The values are calculated taking into account
IEC 60060 and the approximation given by [133].

Description Characteristic timescale
Charge relaxation time constant τel = εrε0

κel
≈ 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 ≈ 10−4 s
Time to half value (SI) τ2,SI ≈ 10−3 s

To investigate whether the droplet behaves as a perfect conductor or a
leaky dielectric under the impact of transient electric fields, the charac-
teristic time scales of the impulse voltage and the charge relaxation time
constant of water have to be compared.
Both impulse voltages are defined by two characteristic times, one for
the time to peak and one for the time to half value. The approximated
characteristic time scales for standard lightning and switching impulse
voltages for the given experimental setup are summarized in Table 7.2.
Comparing the different time scales reveals that the characteristic times of
LI voltages are generally smaller than the charge relaxation time constant
of water. The assumption of a perfectly conducting droplet is only valid
for τel � τE , where τE is the characteristic time of the applied electric
field. In this context � and � represents at least a factor of ten, so that
one time constant is significant larger/lower than the other. For LI volt-
ages both time scales are significantly smaller than the charge relaxation
time of water (τel � τ1,LI and τel � τ2,LI) so that the behaviour of the
droplet is characterized by the relative permittivity and an electrostatic
field. In case of SI voltages the characteristic time scales are higher com-
pared to LI voltages. The characteristic time for the time to peak is in
the same order of magnitude than the charge relaxation time of water
(τel ≈ τ1,SI). Hence, the behaviour of the droplet during the time to peak
is characterized by a combination of an electrostatic and electric flow field.
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7.3 Coalescence of neighbouring droplets

During the time to half value the behaviour of the droplet is character-
ized as perfect conductor (electric flow field), because τel � τ1,SI. Con-
sequently, the electric field inside the droplet and the electric field stress
tangentially to the interface of the droplet vanish during this time. There-
fore, the force generated by the electric field only has a component per-
pendicular to the interface of the droplet. During a SI voltage a transition
from an electric flow field to an electrostatic field is observed. This tran-
sition leads to a superposition of both physical mechanisms, so that the
behaviour of the droplet is defined by the relative permittivity and the
electrical conductivity. In this case the force generated by the electric
field has a component parallel and perpendicular to the interface of the
droplet. Thus, the impulse type does not only change the macroscopic
behaviour of the droplet but also the physical interaction of the droplet
and the electric field.
Even though the SI voltage is associated with a transition of the phys-
ical mechanism with respect to the description of the electric field, the
observed behaviour is almost the same for both impulse types, which
suggests the assumption that the overall behaviour is characterized by a
dielectric behaviour. The much larger timescale of the SI voltage results
in a higher impact on the behaviour and causes larger amplitudes, because
a higher electric field strength is applied for a longer time. Accordingly,
the forces resulting from the electric field are applied for a longer time.
Principally, sessile droplets are affected by transient electric fields, which
initiate oscillations and movement of the droplets. The movement of
the three-phase contact line does not only change the wetted area of the
droplet but might also cause an interaction with nearby droplets. In case
of a high-voltage insulator the occurring LI and SI voltages can influence
the surface distribution of sessile droplets and might increase the wetted
area on the silicone rubber surface. Especially, the change of the con-
tact angle and the size of the droplet can be critical for the generation of
partial discharges, as already presented in the previous chapter.

7.3 Coalescence of neighbouring droplets

Single sessile droplets are significantly affected by transient electric fields.
The resulting droplet oscillation and movement provoke an interaction
of neighbouring droplets and might finally result in coalescence of the
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7 Droplets under the impact of transient electric fields

a) b) c) d)

Figure 7.4: Time series of two neighbouring droplets with a volume of
Vd = 40µl and a separation of hd−d = 2mm under the impact
of a SI voltage. a) Undisturbed droplets (t = 0ms), b) mov-
ing three-phase contact line and propagating surface waves
(t = 1.45ms) and c)-d) oscillating droplets with pinned three-
phase contact lines (t = 5.5ms and t = 9.5ms, respectively).

droplets. Thereby, the wetted area on the substrate is changed as well
as the resulting droplet volume. Both influencing parameters are crucial
for the generation of partial discharges. Hence, the coalescence of neigh-
bouring droplets and the corresponding influencing factors is investigated
in detail. The behaviour of neighbouring droplets under the impact of
a transient electric field can be characterized by the resulting motion of
the droplets. Three principal behaviours were observed during the exper-
iments. For low electric field strengths the disturbances initiated at the
three-phase contact line of the droplets are hardly recognizable, and there-
fore no macroscopic motion is observable. Apparently, the droplets are
not affected by the electric field. This is the case for very low electric field
strengths and for all LI voltages independent of the electric field strength.
If the electric field strength is increased, the individual droplets are af-
fected by the electric field and the same behaviour as for single droplets is
observable. Both droplets are affected by the electric field, which increases
the wetting area of both droplets so that the droplet-droplet separation is
reduced. Subsequently, the disturbances initiated at the three-phase con-
tact line produce droplet oscillations. In case of a large droplet-droplet
separation, the distance between the droplets is not covered by the three-
phase contact line motion or the oscillations of the droplets so that no
coalescence is observable.
A time series of two neighbouring droplets behaving like single droplets is
shown in Fig. 7.4. The increase of the wetting area permanently reduces
the separation between the droplets. However, the movement of the three-
phase contact line is generally not large enough to cause coalescence and
only results in small reduction of the droplet-droplet separation, as shown
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a) b) c) d)

Figure 7.5: Time series of droplet coalescence under the impact of a
SI voltage. The initial separation between the droplets with
a volume of Vd = 40µl is hd−d = 1mm. a) Undisturbed
droplets (t = 0ms), b) propagation surface waves on both
droplets resulting in a decreasing droplet-droplet separation
(t = 8.06ms), c) formation of a liquid bridge (caused by
droplet oscillations) between the droplets (t = 10.0ms) and
d) complete coalescence of both droplets (t = 16.5ms).
Reprinted (adapted) with permission from [153], c© 2018
IEEE.

in Fig. 7.4b. In contrast, the amplitude of the droplet oscillations are much
larger and might cover the droplet-droplet separation. Both droplets per-
form almost identical motions. The motion is symmetric with respect
to the centre plane between the droplets perpendicular to the substrate.
Consequently, the shaped nodes on the droplet surface partially cover the
droplet-droplet separation at the same time resulting in a significantly re-
duced separation between the droplets. However, for large droplet-droplet
separations no coalescence is observed, as shown in Figs. 7.4c and d. Nev-
ertheless, the resulting shape of the individual droplets is significantly
influenced in terms of wetted area and contact angle. The behaviour of
the individual droplets is comparable to the single droplet motion, and no
interaction between the droplets is visible.
Further decreasing the separation between the droplets or increasing the
electric field strength induces coalescence of the droplets. A time series of
droplet coalescence is shown in Fig. 7.5. For comparison reasons the same
droplet volume was used in Fig. 7.4 and Fig. 7.5, however, the droplet-
droplet separation was reduced from hd−d = 2mm to hd−d = 1mm to
cause droplet coalescence. The general behaviour of the droplets is the
same as already discussed. The applied electric field causes a motion of
the three-phase contact line and an increase of the wetted area, as shown
in Fig. 7.5b. The droplet-droplet separation is decreased, but the mo-
tion of the contact line cannot initiate coalescence because the motion
only covers a small distance of the complete droplet-droplet separation.
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Only for very small droplet-droplet separations the contact line motion
results in coalescence of the droplets. However, the initiated droplet os-
cillation forces the droplets to turn towards each other, resulting in the
formation of a liquid bridge between the droplets, as shown in Fig. 7.5c.
Generally, the liquid bridge is not formed directly at the substrate but
at the closest distance between the droplets, which mainly depends on
the wetting properties. For hydrophilic substrates the closest distance be-
tween the droplets is the distance between the three-phase contact lines
directly at the substrate. In contrast, for a hydrophobic substrate the
smallest distance between the droplets is given at approximately half of
the droplet height. This first connection between the droplets initiates the
full coalescence of the droplets, which covers the complete droplet-droplet
separation and finally results in the formation of a single droplet as shown
in Fig. 7.5d. The merging of the droplets provokes large oscillations of
the final droplet, which result in a further motion of the three-phase con-
tact line. As a consequence, the shape of the final droplet is significantly
changed with respect to the contact angles and the wetted area, as seen
by comparing Figs. 7.5a and d.
The presented behaviour of the droplets is influenced by different param-
eters like the droplet-droplet separation, the electric field strength, the
droplet volume and the impulse type. To categorize the behaviour of the
droplets three different regimes are used, namely no movement, vibration
or movement of the individual droplets without and with coalescence of
the droplets.
The large number of influencing parameters requires numerous experi-
ments to determine the influence of each parameter. To mathematically
characterize the behaviour, dimensionless quantities are more convenient.
Hence, the electrical Bond number is used to characterize the behaviour
of the droplets, which is defined as

Boel = ε0U
2

γhd−d
=̂ Force of electric field
Force of surface tension , (7.1)

where hd−d is the shortest droplet-droplet separation. Note that the volt-
age U is directly proportional to the electric field applied to the droplet
and is used for dimensional reasons. The droplet-droplet separation char-
acterizes the deformation of the droplet necessary to cause coalescence.
The deformation is caused by the electric field and the resulting force. In
addition, the surface tension counteracts the deformation and tries to min-
imize the surface area of the droplet. Hence, the electrical Bond number
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7.3 Coalescence of neighbouring droplets

Table 7.3: Experimental parameters to investigate the coalescence of
neighbouring droplets under the impact of LI and SI voltages.

Variable Quantity
Droplet volume Vd in µl 20, 40, 60, 80, 100
Droplet-droplet separation hd−d in mm 1, 2, 3, 4, 5
Applied voltage U in kV 20, 30, 40, 50
Electric field strength5 Ê in kV/cm 7.4, 11.1, 14.7, 18.4

characterizes the important physical mechanisms to describe the coales-
cence of neighbouring droplets. To obtain the data shown in the following
sections, the droplet volume Vd, the applied voltage U and the droplet-
droplet separation hd−d are varied. The ranges of these parameters are
shown in Table 7.3.

7.3.1 Standard lightning impulse voltage

The results of the experiments performed with LI voltages are presented
in Fig. 7.6. The electrical Bond number Boel depending on the droplet
volume Vd is shown, where each symbol corresponds to a single experi-
ment. Three different regimes can be identified, which are numbered with
Roman numbers. Generally, for low Bond numbers (Boel < 45) no inter-
action of the droplets and the electric field is observed, independent of
the droplet volume. Accordingly, the droplets are at rest, and no visible
motion or disturbance can be recognized. Thus, the applied electric field
of Ê = 7.4 kV/cm does not affect the droplets even for a droplet-droplet
separation of hd−d = 1mm, independent of the droplet volume. The re-
sulting regime is the no interaction regime and is labelled as ’III’. For
small droplet volumes (Vd < 40µl) no interaction between the droplets
and the electric field can be observed up to a Bond number of Boel ≈ 200.
Hence, larger droplets are already affected by lower electric field strengths,
while small droplets are not affected by the same electric field strength.

5Electric field strength corresponding to the applied voltage.
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Figure 7.6: Regime map characterizing the behaviour of neighbouring
droplets using the electrical Bond number Boel and the droplet
volume Vd under the impact of LI voltages. The dashed
lines indicate the transition between the different regimes.
Reprinted (adapted) with permission from [153], c© 2018
IEEE.

A reason for this behaviour is the increased influence of surface tension
for small droplets compared to larger ones.
Increasing the electrical Bond number by reducing the droplet-droplet
separation or increasing the electric field strength leads to the transition
to the single motion regime, which is indicated by the green squares.
Note that the transition between the regimes is continuous. The dashed
boarders are defined by the experimental data and are shown for better
visibility of the different regimes. In this intermediate regime the indi-
vidual droplets are affected by the applied electric field. Each droplet is
excited by the electric field and starts to oscillate. However, the droplets
do not interact with each other and behave like single droplets. For a
droplet volume of Vd = 20µl no interaction between the droplets is ob-
servable even for the shortest droplet-droplet separation and the highest
electric field strength. Consequently, droplets with a volume Vd ≤ 20µl
are almost not affected by LI voltages. In contrast, higher droplet volumes
are clearly affected for electrical Bond numbers Boel > 45.
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7.3 Coalescence of neighbouring droplets

The intermediate regime (labelled with ’II’) is characterized by the ap-
pearance of different behaviours including no interaction and coalescence.
Increasing the Bond number further causes coalescence of the droplets
(regime labelled with ’I’). In this regime the applied electric field forces
the droplets to merge, which finally results in a single droplet. While the
onset of this regime increases for droplet volumes Vd ≤ 60µl, the onset at
higher droplet volumes is almost constant (Boel ≈ 100). Larger droplets
are affected by smaller electric field strengths and interact for even larger
separations. The increased volume and the decreased influence of the
surface tension induces larger oscillations of the droplet, which cover a
larger droplet-droplet separation. The larger the droplets, the more likely
is an interaction with neighbouring droplets. For large Bond numbers
Boel > 100 and large droplets Vd ≥ 60µl only coalescence of the droplets
was observed. Hence, small droplet-droplet separations and large electric
field strengths always evokes droplet coalescence. However, increasing the
separation between the droplets significantly influences the interaction of
the droplets and can avoid the droplet-droplet interaction and coalescence.

7.3.2 Standard switching impulse voltage

To determine the influence of the different types of impulse voltages ad-
ditional experiments with SI voltages are performed similar to the exper-
iments with LI voltages. The experimental results are shown in Fig. 7.7.
The electrical Bond number depending on the droplet volume is presented
for the same parameters as for LI voltages (see Table 7.3). In contrast
to LI voltages, SI voltages also affect droplets with small volumes. For
Boel < 55 no interaction of the droplets and the electric field is observed.
The behaviour for such low electrical Bond numbers is independent of the
droplet volume. Furthermore, the critical electrical Bond number for the
transition between the ’no interaction’ (III) and the ’intermediate’ (II)
regime is almost the same for large droplets 55 < Boel < 175 compared to
LI voltages. Increasing the electrical Bond number by increasing the elec-
tric field strength or decreasing the droplet-droplet separation provokes
an interaction of the droplets and the electric field.
While droplets with a volume of Vd = 20µl are not affected by LI volt-
ages, SI voltages cause an interaction of the electric field and the droplets
for sufficiently high electrical Bond numbers independent of the droplet
volume. Comparing the range of the intermediate regime between LI and
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Figure 7.7: Regime map characterizing the behaviour of neighbouring
droplets using the electrical Bond number Boel and the droplet
volume Vd under the impact of SI voltages. The dashed
lines indicate the transition between the different regimes.
Reprinted (adapted) with permission from [153], c© 2018
IEEE.

SI voltages reveals that the intermediate regime is larger in case of SI volt-
ages. Although no coalescence of droplets with a volume of Vd = 20µl was
observed for LI voltages, Bond numbers Boel > 175 always result in coales-
cence of the droplets, independent of the droplet volume, in case of SI volt-
age. However, the onset electrical Bond number for large droplet volumes
is lower in case of LI voltage compared to SI voltages. Generally, the same
behaviour of the droplets is observable for both impulse types. Increas-
ing the electric field strength or decreasing the droplet-droplet separation
increases the impact of the electric field on the behaviour of the droplets.
For low separations and high electric fields, neighbouring droplets can al-
ways be forced to coalesce, independent of the droplet volume. In contrast
to LI voltages, the effect of droplet size is not observable for SI voltages.
The onset value of the electrical Bond number is almost constant for the
entire range of droplet volumes, so that increasing the droplet volume
does not lower the critical electrical Bond numbers for the transition of
the different regimes.
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7.4 Conclusions

Single sessile droplets and multiple neighbouring droplets are affected by
transient electric fields. The behaviour of the droplets is influenced by
several parameters, namely the droplet-droplet separation, the droplet
volume and the applied voltage (the electric field strength and the impulse
type, respectively). Both tested impulse types influence the behaviour of
single sessile droplets, but the impact on the droplet behaviour is generally
higher for SI voltages compared to LI voltages for the same electric field
strength. The transient electric field produces a movement of the three-
phase contact line, which initiates disturbances and causes surface waves
on the droplets interface, finally resulting in a macroscopic droplet oscilla-
tion. This macroscopic motion might cause an interaction of neighbouring
droplets. Especially, the macroscopic droplet oscillation initiates droplet
coalescence similar to the numerical simulations of droplets oscillating in
resonance presented in [198].
Generally, increasing the applied voltage and the electric field strength,
respectively, causes larger electrical Bond numbers and promotes the in-
teraction of the droplets. Low electrical Bond numbers corresponding to
low voltages, do not initiate a droplet movement or oscillation. At such
conditions the droplet is not affected by the electric field.
In addition, the droplet-droplet separation has a significant influence on
the behaviour of the droplets. Decreasing the droplet-droplet separa-
tion also increases the electrical Bond number and reduces the voltage
necessary for droplet coalescence. In contrast, increasing the separation
between droplets makes the interaction between the droplets less likely.
The droplet volume may have an impact on the interaction of the droplets.
While the droplet behaviour under the impact of SI voltages is almost in-
dependent of the droplet volume, the droplet behaviour under the impact
of LI voltage is significantly influenced by the droplet volume. The smaller
the droplet volume, the smaller is the impact of the electric field. Hence,
small droplets (Vd = 20µl) are not affected by the transient electric field
resulting from LI voltages.
Furthermore, the droplet interaction and behaviour is influenced by the
impulse type. Switching impulse voltages also affects droplets with small
volumes and have an almost constant onset electrical Bond number for
the coalescence regime. In contrast, the onset electrical Bond number
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for the coalescence regime is lower in case of high droplet volumes and
LI voltages compared to SI voltages.
Therefore, transient electric fields can significantly influence the single
droplet behaviour and the interaction of neighbouring droplets.
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Part IV

ICE NUCLEATION OF SUPERCOOLED
DROPLETS
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8 Experimental details

The content of this chapter is partly based on the Advanced Design Project
of Tim Dorau, Moritz Hülsebrock, Patrick Weis and Julia Wenzel [54], and
has been published in the following publication and conference proceed-
ings:

[151] Löwe, J.-M., Hinrichsen, V., Schremb, M., Dorau, T., and Tro-
pea, C. Experimental Investigation of Electro-freezing of Su-
percooled Droplets. In 9th World Conference on Experimental
Heat Transfer, Fluid Mechanics and Thermodynamics, Foz do
Iguacu, Brasilien, 2017

[154] Löwe, J.-M., Schremb, M., Hinrichsen, V., and Tropea, C. Ice
Nucleation in the Presence of Electric Fields: An Experimental
Study. In SAE International, editor, International Conference
on Icing of Aircraft, Engines, and Structures, SAE Techni-
cal Paper Series. SAE International400 Commonwealth Drive,
Warrendale, PA, United States, 2019. doi:10.4271/2019-01-
2020

[160] Löwe, J.-M., Schremb, M., Hinrichsen, V., and Tropea, C.
Experimental Methodology and Procedure for SAPPHIRE:
a Semi-automatic APParatus for High-voltage Ice nucleation
REsearch. Atmospheric Measurement Techniques, 14(1):223–
238, 2021. doi:10.5194/amt-14-223-2021

8.1 Experimental setup

The experimental setup called SAPPHIRE: a Semi-automatic APParatus
for High-voltage Ice nucleation REsearch is used to investigate the im-
pact of electric fields on ice nucleation. A schematic of the experimen-
tal setup, which is capable of investigating ice nucleation of sessile and
emulsified droplets, is shown in Fig. 8.1. The ceramic body made out of
SHAPALTM Hi-M soft serves as a specimen holder and defines the po-
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Electronics

Beam splitter
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Figure 8.1: Schematic of the experimental setup used for the examination
of ice nucleation in a droplet ensemble exposed to an electric
field. Reprinted with permission from [160], under the Cre-
ative Common License - Attribution 4.0 International (CC
BY 4).

sition of the droplets within the electric field. The ceramic has a high
heat conductivity of λcer = 92W/(m·K) at 25 ◦C and approximately
λcer = 95W/(m·K) at −25 ◦C, which ensures a homogeneous, fast and
accurately controlled temperature of the droplets. In addition to the
excellent thermal properties, the ceramic material has a low electrical
conductivity of κcer = 1 · 10−13 S/m and a high dielectric strength of
Emax,cer = 65 kV/mm. Thus, the chosen material is the best compro-
mise with respect to a good thermal conductivity and being an electric
non-conductive material. A sapphire glass sheet with a high heat conduc-
tivity of λgla = 40W/(m·K) at 25 ◦C and λgla = 80W/(m·K) at −40 ◦C
is used as sample holder. Similar to the ceramic material, the sapphire
has a low electrical conductivity of κgla = 10−14 S/m at 25 ◦C and a high
dielectric strength of Emax = 48 kV/mm. Thus, the sample holder has a
heat conductivity, which ensures a homogeneous temperature distribution
throughout the substrate. The experimental setup is enclosed in Styro-
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8.1 Experimental setup

foam to minimize the heat conduction from the surroundings. PMMA
(polymethylmethacrylat) sheets embedded into the Styrofoam enable the
optical access during the experiment. A PMMA sheet directly above the
ceramic body is used to hold the ceramic in position. Furthermore, the
PMMA sheet applies pressure on the ceramic body and the Peltier ele-
ments below to ensure a good heat conductivity between the components.
During the experiments the complete setup is placed inside a climate
chamber (Weiss WK340) operated at a constant temperature of ϑ = 10 ◦C
to ensure well-defined conditions with respect to the surrounding temper-
ature and to reach lower temperatures.

8.1.1 Temperature control

The high heat conductivity of the ceramic body ensures an accurate and
fast control of the droplet temperature. The temperature of the ceramic,
i.e. of the droplets, is controlled using two stacked Peltier elements below
the ceramic body. A commercially available Peltier controller (Meerstetter
TEC-1090-HV) runs the Peltier elements, which are operated in parallel.
A feedback control system given by the Peltier controller and the tempera-
ture measurement is used to accurately control the temperature. The heat
generated by and transferred through the Peltier elements is dissipated
by a custom designed, but commercially available CPU water cooling sys-
tem (Enermax Liqmax II 240/Alphacool Eisblock XPX 1U, Eisstation
DDC, NexXxoS UT60 Full Copper 240 mm Radiator). Thus, the gener-
ated heat is transferred to the surrounding air by forced convection using
a radiator. The temperature of the surrounding air is kept constant at
ϑ = 10 ◦C. Using the Peltier elements to control the temperature enables
an accurate and dynamic control of the droplet temperature. Any kind of
temporally variable temperature profile including constant temperatures,
transient temperature profiles or fixed cooling rates can be realized with
the experimental setup.
To ensure good thermal conductivity throughout the experimental setup,
thermally conductive but electrically non-conductive thermal paste (Ther-
mal Grizzly Kryonaut with a heat conductivity of λ = 12.5W/(m·K))
is used to minimize the heat transmission resistance between the differ-
ent components, namely, the ceramic, the Peltier elements and the CPU
cooler. Thereby, the experimental setup is able to reach a droplet temper-
ature as low as ϑd = −40 ◦C at a constant cooling rate of Ṫ = 5K/min
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Figure 8.2: Infrared thermography image of the sapphire substrate placed
inside the ceramic during the cool-down phase at a cooling
rate of Ṫ = 5K/min. The data represents the tempera-
ture difference at each position with respect to the temper-
ature of the sapphire substrate in the image centre (0,0).
Note the homogeneous temperature distribution in all parts,
which are a) bottom of the ceramic groove (∆T ≈ −3.8K),
b) sapphire substrate (∆T ≈ 0K), c) top surface of the ce-
ramic (∆T ≈ −3.7 K), d) sealing between PMMA cover sheet
and ceramic body (∆T ≈ 5K), and e) PMMA cover sheet
(∆T ≈ 19K). Reprinted (adapted) with permission from [160],
under the Creative Common License - Attribution 4.0 Inter-
national (CC BY 4).

with high accuracy. This temperature range covers the relevant tempera-
tures to observe homogeneous and heterogeneous ice nucleation [70, 140].
The minimum temperature reachable depends on the cooling rate and is
higher the lower the cooling rate. The Peltier elements and the ceramic
body are separated by a grounded aluminium foil to shield the Peltier
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8.1 Experimental setup

elements from the electric field. Thus, the electronics below the ceramic
body are also protected from electromagnetic interference resulting from
the electric field.
The temperature distribution on the sapphire glass sheet without droplets
and not covered by silicone oil during cooling at a constant rate of
Ṫ = 5K/min is shown in Fig. 8.2. The local surface temperature of the
sapphire glass placed in the groove in the ceramic body is measured by
an IR camera (VarioCam hr Head HiRes 640). The emission coefficients
of the different materials, namely sapphire glass, ceramic and PMMA are
defined for each section in the image and were obtained by a calibration
for each material, but still has to be assumed to be an approximation of
the true emission coefficients. Hence, the measured temperature distri-
bution is not a quantitative reference but simply shows the homogeneous
temperature distribution on the sapphire substrate and the other compo-
nents like the ceramic. The temperature is presented as a temperature
difference between the centre of the sapphire substrate at the origin of
the coordinate system and the local temperature. Especially, the temper-
ature distribution on the sapphire substrate, labelled with b) in Fig. 8.2, is
very homogeneous. The temperature difference on the sapphire substrate
yields ∆T ≈ 0K according to the temperature sensor being used.
The bottom of the groove inside the ceramic, labelled with a), has a
slightly lower temperature than the sapphire (∆T ≈ −3.9K). However,
the temperature is still very homogeneous for the entire groove. The
sections label with c) and d) correspond to the top of the ceramic and the
sealing between the PMMA sheet and the ceramic, respectively. They also
exhibit a constant temperature slightly lower than the sapphire. Only the
temperature of the PMMA sheet significantly differs from the temperature
of the sapphire (∆T ≈ 19K). However, this does not influence the droplet
temperature, and thus is not relevant for the experiments.

8.1.2 Temperature measurement

The temperature measurement is essential for an accurate control of the
droplet temperature, because the measured temperature is used as an in-
put signal for the Peltier controller and is part of the feedback control loop.
Nevertheless, the actual temperature of the individual droplets cannot be
measured during the experiments because the temperature sensor would
affect the temperature field or ice nucleation itself. Furthermore, the tem-
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perature measurement would be affected by the electric field, depending
on the sensor type. Therefore, the temperature is continuously measured
inside the ceramic. The temperature sensor is embedded into thermal
paste and is placed in a hole approximately 1mm below the bottom of
the groove in the ceramic body. An appropriate calibration of the temper-
ature at the droplet position and the temperature inside the ceramic body
enables an indirect temperature measurement of the droplet temperature
during the experiments with high accuracy. To ensure an interference free
temperature measurement, a fibre optical temperature sensor (Fiso FOT-
L-SD) is used. The electric potential free measurement of the temperature
eliminates any interaction between the electric field and the temperature
measurement and ensures an accurate measurement. Any other electri-
cal measurement of the temperature like thermocouples or resistor based
temperature measurement might not work correctly under the influence
of strong electric fields. The temperature accuracy of the sensor is lim-
ited and yields δT = ±1K in the temperature range from ϑ = −40 ◦C
to ϑ = 300 ◦C. In addition, the temperature measurement inside the ce-
ramic body is non-invasive with respect to the electric field distribution
at the droplet position. Note that the local electric field strength strongly
depends on the involved materials and their position, so that the electric
field can be locally suppressed or enhanced based on the properties of the
materials.
To determine the difference between the droplet temperature and the tem-
perature inside the ceramic, both temperatures are measured during cali-
bration. A thermocouple (type K) is attached to the sapphire glass sheet
using Kapton tape to accurately measure the temperature at the droplet
position in absence of any external electric field. The Kapton tape secures
the temperature sensor on the sapphire glass and is expected to have only
a small influence on the temperature distribution because of the very thin
height (0.1mm) and the good thermal properties. To reproduce the ex-
act conditions during the experiments, the groove is filled with silicone
oil as done for the experiments. The temperature difference between the
ceramic and the droplet position is measured for different cooling rates
to determine the dependence of the temperature difference on the ac-
tual temperature inside the ceramic. The temperature inside the ceramic
body ϑhole is controlled by the Peltier controller and is continuously de-
creased with a constant cooling rate. Simultaneously, the temperature at
the droplet position ϑgro is continuously measured to determine its de-
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Figure 8.3: Example data obtained during temperature calibration. a)
and b) Sapphire substrate temperature ϑgro as a function
of the ceramic temperature ϑhole for Ṫ = 3K/min and
Ṫ = 5K/min. c) and d) Difference ∆T between the sapphire
substrate temperature ϑgro and the ceramic temperature ϑhole
depending on the latter for Ṫ = 3K/min and Ṫ = 5K/min.
Reprinted (adapted) with permission from [160], under the
Creative Common License - Attribution 4.0 International (CC
BY 4).
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pendence on the actual temperature and the cooling rate. Two different
cooling rates are tested, namely Ṫ = 3K/min and Ṫ = 5K/min.
Each calibration is repeated at least three times to increase the statistical
significance of the data and to ensure a high repeatability. The same test
procedure as for the experiments with droplets is used for the calibration
to ensure that the calibration is performed under the same boundary con-
ditions. Thus, the temperature of the experimental setup is kept constant
for at least 5min prior to the experiment in order to achieve constant
thermal conditions. Typical calibration data for sessile droplets cooled at
a constant rate of Ṫ = 3K/min and Ṫ = 5K/min are shown in Fig. 8.3.
The temperature inside the ceramic body ϑhole depending on the tem-
perature at the droplet position ϑgro is presented in Figs. 8.3a and b.
Comparing the two temperatures reveals that the temperature inside the
ceramic is always lower than the droplet temperature, independent of the
cooling rate as indicated by the difference of the individual runs and the
solid black line. The temperature of the ceramic body should always be
lower, because otherwise a cooling of the sapphire would not be possible.
The temperature difference between both temperatures,
∆T = ϑhole − ϑgro, for the different cooling rates is shown in Figs. 8.3c
and d. The temperature difference ∆T increases with decreasing tem-
perature of the ceramic. This is mainly caused by the thermal inertia of
the system. Comparing Figs. 8.3c and d reveals that the temperature
difference between the droplet temperature and the temperature of the
ceramic body only slightly depends on the cooling rate. Increasing
the cooling rate slightly increases the temperature difference. The
temperature difference mainly depends on the thermal properties of the
ceramic, the sapphire glass and the thermal connection between the
different components. Thus, the better the thermal connection and the
thermal properties, the lower is the difference in temperature. Due to the
fact that the increase in temperature difference for the different cooling
rates is very small, the thermal connection between the components is
considered to be good.
In addition to the measured and calculated temperature difference, a poly-
nomial fit of the data is calculated and shown as solid line, see Fig. 8.3c
and d. The polynomial function describes the difference in temperature
between the ceramic body and the droplet position, depending on the ac-
tual temperature in the ceramic body, and is used to estimate the droplet
temperature based on the measurement inside the ceramic body. Even
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Figure 8.4: Example data obtained during temperature calibration. Test
of the temperature calibration with Ṫ = 5K/min. Differ-
ence ∆T between the indirectly measured sapphire substrate
temperature ϑhole and the target temperature ϑtar prescribed
by the Peltier controller in order to follow the temperature
ramp, depending on the target temperature itself. Reprinted
(adapted) with permission from [160], under the Creative
Common License - Attribution 4.0 International (CC BY 4).

though the data of a single calibration run fluctuates and varies for the
different calibration runs with a constant cooling rate, the trend is de-
scribed with good accuracy by a polynomial of sixth order. Consequently,
the droplet temperature is indirectly measured through the temperature
inside the ceramic body during the experiments, but actively controlled by
the Peltier controller. To verify the accuracy of the calibration, the mea-
sured temperature at the droplet position and the corrected temperature
of the ceramic body are compared. The resulting temperature difference
∆T , depending on the desired target temperature ϑtar for a constant cool-
ing rate of Ṫ = 5K/min, is shown in Fig. 8.4. The target temperature is
defined by the temperature ramp prescribed by the Peltier controller and
the desired droplet temperature. The temperature difference of the esti-
mated and the measured temperature at the droplet position fluctuates
slightly but is almost constant, exhibiting only little deviation, as shown
in Fig. 8.4. Hence, the correction of the temperature inside the ceramic
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via the polynomial fit results in an excellent control of the sapphire sub-
strate temperature. Consequently, the droplet temperature is measured
accurately and reliably during the experiments, even though it is only
measured indirectly.
The maximum temperature difference for target temperatures down to
ϑtar ≈ −34 ◦C is only ∆ϑ ≈ 0.46K. In contrast, a further decrease of
the target temperature leads to a larger deviation of ∆ϑ ≈ 1.94K for
a target temperature of ϑtar = −40◦C. For such low temperatures the
Peltier controller and elements are not able to cool the ceramic body
with the prescribed cooling rate, so that the temperature at the droplet
position cannot follow the desired cooling rate. Thus, the temperature can
be controlled very precisely down to temperatures of ϑd ≈ −34 ◦C. Taking
into account that ice nucleation in sessile droplets is mostly observed at
a mean temperature of ϑd ≈ −25◦C, ice nucleation of sessile droplets can
be investigated with a high accuracy. The total temperature uncertainty
arising from the temperature calibration and the measurement accuracy of
the temperature sensor amounts to ∆T = 1.46K for a target temperature
of ϑtar = −34 ◦C. Note that for emulsified droplets a similar calibration
was performed with an adapted geometry. The corresponding calibration
data and further details can be found in App. L.

8.1.3 Observation system

Ice nucleation is observed from above using a low-speed (Basler A631fc)
or high-speed camera (Photron Fastcam MC2.1-10K) and a high magnifi-
cation lens with co-axial illumination (Navitar 12x Zoom Lens). The use
of an optical beam splitter enables the simultaneous use of both cameras,
but with reduced brightness of both images. Hence, generally only one
camera is used to record the nucleation events. The selection of the camera
mainly depends on the expected timescale of ice nucleation. For very fast
processes like ice nucleation under the impact of transient electric fields
or to record the different stages of ice nucleation in detail, the high-speed
camera is used. In contrast, for slower process like ice nucleation under
the impact of constant or alternating electric fields, the low-speed camera
is used. Optical access is ensured by PMMA sheets embedded into the
Styrofoam housing of the experimental setup. In addition to the optical
access, the PMMA sheets thermally insulate the camera and lens from the
specimen. The inside of the Styrofoam housing is flooded with gaseous
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nitrogen to prevent condensation of water at the PMMA sheets during
the cooling process. This would disturb the optical access, and therefore
should be avoided. Surrounding the region near the ceramic body with
gaseous nitrogen instead of air ensures optical access for all temperatures.
The wide zoom range of the lens, the beam splitter and the different cam-
eras offer a large variability of the experimental setup. Thus, not only
ice nucleation inside individual droplets can be observed with high mag-
nification to locate the position of ice nucleation, but also the nucleation
behaviour of a complete droplet ensemble. Using both cameras ensures
that the different processes during the experiments can be captured very
accurately. Hence, slow and fast processes can be investigated with a
high temporal resolution. During the experiments different phases of the
freezing process are observed on significantly different timescales, for ex-
ample the cool-down phase (slow), ice nucleation and supercooled freezing
(extremely fast), and subsequent thawing (slow).
The measured temperature is correlated to the video data during the ex-
periment. Accordingly, the thermal resolution of the droplet temperature
mainly depends on the frames per second rate of the camera and the ac-
tual cooling rate. For both, the low-speed and high-speed camera, the
minimum resolution for a constant cooling rate of Ṫ = 5K/min is deter-
mined and amounts ≈ 15 · 10−3 K/frame at 10 fps and ≈ 4 · 10−5 K/frame
at 2000 fps. Consequently, the developed observation system is capable to
capture the relevant processes during ice nucleation under the impact of
electric fields.

8.1.4 Electric field generation

The electric field is generated by two rod electrodes made out of brass
embedded into the ceramic body. The electrodes with a diameter of 4mm
and a length of 39mm are embedded parallel to each other and in align-
ment with the sapphire substrate. Before inserting the electrodes using
electrically conductive adhesive, the holes inside the ceramic body are
covered with conductive silver paint. Thus, the electric potential within
the hole inside the ceramic is constant and is defined by the applied elec-
tric potential. Hence, the electrode size is well-defined and given by the
size of the hole inside the ceramic body. This prevents the generation of
partial discharges caused by cavities inside the adhesive. The electrodes
are mounted from opposite sides to increase the creeping distance between
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the electrodes and to prevent surface discharges originating from the elec-
trodes. A high-voltage cable is connected to each of the electrodes and
the connection between the electrode and the cable is encased in epoxy
to prevent electrical discharges between the electrodes and the grounded
aluminium foil placed below the ceramic body.
The generated electric field is tangentially aligned to the sapphire sub-
strate, which represents one of the major stresses of a sessile droplet on
the surface of a high-voltage insulator. In comparison to an electric field
perpendicular to the substrate, a tangentially aligned electric field has a
significantly larger impact on the macroscopic behaviour of sessile droplet
[233] and has a larger impact on ice nucleation [192]. The electric com-
ponents below the ceramic body including the Peltier elements and the
measurement and control electronics have to be protected from the elec-
tric field. Therefore, the electronics are shielded by a grounded aluminium
foil placed below the ceramic body. This grounded foil affects the field
distribution inside the ceramic body and necessitates the electric field to
be generated by two individual high-voltage sources with opposite polari-
ties. Only with two high-voltage sources a well-defined and homogeneous
electric field is generated.
The resulting electric field distribution using two high-voltage sources
with opposite polarity is illustrated in Fig. 8.5a. The results are ob-
tained from numerical simulations of the field distribution using COMSOL
Multiphysics R©. The resulting electric field distribution is very homoge-
neous at the surface of the sapphire substrate, i.e. at the position of the
droplets. As shown in Fig. 8.5b only the component tangentially aligned
to the sapphire substrate is non-zero in the centre of the groove in the
ceramic body. The total width of the groove is 9mm. Only in close dis-
tance to the walls of the groove, the electric field strength in y direction
increases. However, the field distribution is almost perfectly tangentially
aligned to the substrate surface and very homogeneous at the position
of the droplets. Nevertheless, using only a single high-voltage source to
generate the electric field and grounding the other electrode leads to a
distortion of the electric field. The field distribution for this case is shown
in App. J. Due to the fact that one of the electrodes and the aluminium
foil have the same electric potential the generated electric field is dis-
torted and is neither tangentially aligned to the sapphire substrate nor
homogeneously distributed. Only a symmetrical supply of the electrodes
ensures a well-defined and homogeneous electric field at the position of
the droplets.
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Figure 8.5: Numerical results of the electric field distribution in the x− y
plane of the ceramic without droplets in a), and the different
components of the electric field strength Ei along the x di-
rection in the centre of the ceramic at the sapphire substrate
surface in b). The electric field is calculated for a voltage of
Û = ±2.0 kV applied to each electrode. Note that the field dis-
tribution is qualitatively the same for other types of electric
fields. Reprinted (adapted) with permission from [160], under
the Creative Common License - Attribution 4.0 International
(CC BY 4).

163

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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Note that the electric field is only tangentially aligned to the sapphire sub-
strate in absence of droplets. Droplets of high purity water have a charge
relaxation time which is much smaller than the characteristic timescale of
the tested electric fields. Hence, the droplets are assumed to be perfect
conductors and the electric field inside the droplets completely vanishes.
As a result, the surface of the droplet is an equipotential surface and the
electric field lines are always perpendicular to that surface.
The experimental setup is very variable with respect to the generated
electric field. Different types of electric fields, namely constant, alternat-
ing and transient electric fields, are generated to investigate the impact of
electric fields on ice nucleation. The generation of each type is performed
with different high-voltage sources.

8.1.4.1 Constant electric fields

Constant electric fields are generated using two identical high-precision,
high-voltage power sources (Heinzinger PNChp 30000-2 ump) with a max-
imum (electric) output potential of φ = ±30 kV. One high-voltage source
is connected to each electrode and both high-voltage sources are operated
individually with opposite polarity. The maximum applicable voltage is
limited by the dielectric strength between the electrodes embedded into
the ceramic and the grounded aluminium foil. Due to the fact that the
distance between the different electric potentials is very small, the region
is prone to surface flash-overs. Hence, the maximum electric potential
is limited to φmax = ±8 kV for each electrode, which leads to maximum
electric field strength at the droplet positions of Emax = 11.61 kV/cm.

8.1.4.2 Alternating electric fields

The generation of an alternating electric field is more complex than the
generation of a constant electric field. Similar to the generation of a con-
stant electric field, two high-voltage sources with opposite polarity are nec-
essary to generate the electric field. A function generator (BK Precision
4052) generates a sinusoidal signal with small amplitude (Ûmax = 10V -
peak to peak) and a frequency between f = 10Hz and f = 500Hz, which
is amplified by a power amplifier (Thomann TA2400 MK-X). The ampli-
fied signal is used as input signal for two identical high-voltage transform-
ers (Wirges EUVE 30K). Due to the alternating signal, the input signals
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Figure 8.6: Exemplary measured temporal evolution of the alternating
voltage signals U (frequency f = 50 Hz) supplied to the elec-
trodes. The signals are almost perfectly shifted by 180◦.

of the high-voltage transformers have to be shifted by 180◦ to achieve
signals with different polarity. Both high-voltage transformers are con-
nected to the output of the same power amplifier but with shifted phases.
This leads to a perfect shift of both signals of 180◦. The voltage supplied
to each electrode is continuously measured by two custom-made, high-
voltage dividers connected to a computer using a data acquisition device
(National InstrumentsTM BNC-2110). An in-house LabviewTM program
is used to control the voltage level during the experiment and to mea-
sure the voltage level. Similar to the constant electric field the maximum
applicable electric potential for alternating voltages is limited and yields
φmax = ±4.24V for each electrode. This leads to a maximum electric field
strength of Êmax = 7.16 kV/cm.
An exemplary temporal evolution of the perfectly shifted alternating volt-
ages supplied to the electrodes is shown in Fig. 8.6.

8.1.4.3 Transient electric fields

Two single stage impulse generators are used to generate transient electric
fields [133]. Each impulse generator supplies a maximum electric poten-
tial of φmax = ±25 kV to one of the electrodes but with opposite polarity.
Both impulse generators are triggered at the same time using a custom-
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Figure 8.7: Exemplary measured temporal evolution of the voltage U gen-
erated by the impulse generator. a) Standard lightning im-
pulse voltage (1.2/50µs) and b) standard switching impulse
voltage (250/2500µs). Each curve shows the norm of the sup-
plied voltage signal of one electrode. Reprinted (adapted) with
permission from [159], under the Creative Common License -
Attribution 4.0 International (CC BY 4).

made Thyristor switch. To change the polarity of the impulse generator
anti-parallel diodes are used. The characteristics of the impulse voltage
supplied to the electrodes is adjusted by the damping and discharge resis-
tors of the impulse generator. Thus, two different types, namely standard
lightning and standard switching impulse voltages, are generated. These
types of impulse voltages are commonly used in high-voltage engineering
to test high-voltage equipment and are defined by IEC 60060-1. In case of
a transient electric field the maximum applied voltage to each electrode
is φmax = ±12 kV, which results in maximum electric field strength of
Êmax = 22.82 kV/cm.
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An exemplary temporal evolution of the two synchronous standard light-
ning and switching impulse voltages supplied to the electrodes is shown
in Fig. 8.7. Both signals are triggered almost perfectly at the same time.
Furthermore, the course of the two signals are almost perfectly identi-
cal with respect to the maximum amplitude and the temporal evolution.
Hence, the synchronized impulse generators are able to repeatedly gener-
ate a homogeneous transient electric field.

8.1.4.4 Electric field strengths present in applications

The electric field strength present in high-voltage systems mainly depends
on the components of the system. Each component is designed for a spe-
cific voltage level (and the associated electric field strength), so that the
maximum electric field strength at the surface is limited. In case of a
high-voltage insulator operated under alternating voltage, the maximum
field strength on the surface is given by Êmax,AC = 6.36 kV/cm [209].
Hence, the electric field strengths for alternating electric fields generated
by the experimental setup are in the same order of magnitude. However,
e.g. the situation on the surface of an overhead conductor line cannot
be reproduced by the experimental setup because the electric field is per-
pendicularly aligned to the surface of the conductor and the maximum
electric field strength is much higher Êmax,AC = 17 kV/cm [145].
Overvoltages generated by lightning and switching impulse voltages gen-
erally result in higher electric field strengths as the presented maximum
electric field strength for alternating electric fields. Switching impulse
voltages can generate overvoltages of up to three times larger than the
nominal line voltage as stated by IEC 60071-2. The overvoltages gener-
ated by lightning impulse voltages is assumed to be even higher (more
than five times the nominal line voltage as measured by Eriksson et al.
[61]). This results in an electric field strength of Êmax,SI ≈ 19 kV/cm and
Êmax,LI ≈ 31 kV/cm for switching and lightning impulse voltage (based on
the maximum electric field strength of Êmax,AC = 6.36 kV/cm), respec-
tively. While the overvoltages generated by switching impulse voltages
can be reproduced with the experimental setup very well, the overvolt-
ages produced by lightning impulse voltages are generally higher in reality.
Even though the conditions present on the conductor line cannot be re-
produced by the experimental setup, the conditions on the weather shed
of a composite insulator can be reproduced very accurately.
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8.1.5 Boundary conditions

Ice nucleation is affected on different length scales by the electric fields
ranging from the nano-scale, including the orientation of water molecules
[289], to the macro-scale, including macroscopic oscillation of droplets
[224, 237]. Accordingly, the experiments have to be performed under
well-defined and precisely controlled boundary conditions. Changing the
boundary conditions can have a significant effect on the outcome of the
experiments because ice nucleation is an extremely sensitive physical pro-
cess depending on several influencing factors. However, laboratory ex-
periments might exhibit boundary conditions deviating from those of the
applications. One example is the use of silicone oil to prevent the evapo-
ration of the droplets, which is in contact with the droplet interfaces and
result in different wetting properties. Such adaptations possibly influence
the nucleation behaviour. Therefore, the different influences are analysed
in detail to determine their impact on ice nucleation.

8.1.5.1 Surrounding fluid

Generally, droplets are surrounded by air, especially in the scope of high-
voltage insulators affected by ice accretion. In contrast, the droplets are
surrounded by oil in the laboratory experiments in order to prevent the
interaction of neighbouring droplets and to reduce the evaporation of the
droplets. Even though the change of the surrounding fluid affects the
surface tension, the droplet shape is almost not affected in the present
experiments. However, the changed fluid properties might significantly
influence ice nucleation. Droplets are significantly influenced by the pres-
ence of electric fields, which induces droplet oscillations or movement.
This macroscopic motion is influenced by the surrounding fluid because
of a changed viscosity or an increased density. In addition, the oil has
different dielectric properties compared to air, which also have an impact
on the electric field distribution or on the ice nucleation behaviour.
The behaviour of sessile droplets is significantly affected by external elec-
tric fields. As already presented in Part III, the electric field generates
droplet oscillations which are mainly affected by the electric field strength,
frequency of the electric field, droplet charge and droplet volume. The
oscillation of the droplet is very sensitive to changes of the boundary con-
ditions such as the electric charge or the frequency. A change of these
parameters promotes different oscillation modes. In turn, this can affect
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Figure 8.8: Comparison of droplet oscillation for different surrounding
fluids by means of the temporal variation of the normalized
droplet height z∗d. Reprinted (adapted) with permission from
[160], under the Creative Common License - Attribution 4.0
International (CC BY 4).

ice nucleation because the interaction of the droplet and the substrate is
changed. This is the case, especially at the contact area of the fluid and
the substrate, where ice nucleation is expected to take place. Using oil
instead of air significantly increases the viscosity of the surrounding fluid
(ηoil/ηair ≈ 252). Hence, the motion of the droplet surrounded by oil is
significantly damped compared to air. Furthermore, the amplitude of the
oscillation is lowered in case of oil as surrounding fluid.
For comparison reasons the motion of a droplet oscillating in the second
resonance mode is analysed for different surrounding fluids. The result is
shown in Fig. 8.8. Both droplets are exposed to the same electric field
strength of Ê = 3.59 kV/cm (f = 17.56Hz) and have the same volume of
V = 50µl. The principle motion of the droplet is independent of the sur-
rounding fluid. An example of the principal motion is shown in Fig. 2.10b.
The motion of the droplet is analysed by using the dimensionless height
of the droplet z∗d = zd(t)/z0,d, where zd(t) is the time-dependent droplet
height and z0,d is the droplet height in equilibrium without an electric
field. As shown by the data, the oscillation of the droplet is not influ-
enced in terms of frequency by the surrounding fluid. However, the am-
plitude of the oscillation is significantly reduced in oil compared to water
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(z∗d,air/z
∗
d,oil = 5.35). Accordingly, the oscillation of the droplet is dras-

tically damped as a result of the increased viscosity of the surrounding
fluid.
As shown by Eq. (2.52), the resonance frequency of the droplet de-
pends on the surrounding fluid. For air the influence of the surround-
ing fluid is negligible because the density of air is much lower than the
density of water. However, this is not the case for oil as surrounding
fluid. Taking into account the fluid properties of oil and air, namely the
density (ρoil = 920 kg/m3 and ρair = 1.204 kg/m3 at a temperature of
ϑ = 25 ◦C) and the surface tension (γwa−oil ≈ 35.9 · 10−3 N/m [204] and
γwa−air ≈ 72.75 · 10−3 N/m), reveals that the resonance frequency is sig-
nificantly changed, e.g. for the first resonance mode: foil = 0.55fair. The
resonance frequency is almost reduced in half. However, Eq. (2.52) is only
valid for free or sessile droplets on a hydrophobic substrate. The static
contact angle of a sessile droplet on sapphire surrounded by oil exhibits
θ = 78◦ ± 7◦, and is thus hydrophilic. Hence, the results have a limited
validity for this case. Even though the result is not fully applicable to
droplets surrounded by oil, it is expected that the qualitative influence
is still transferable to the present case. The resonance frequency is lower
in case of oil compared to air. However, the principal motion and the
different resonance modes are not affected by a change of the surrounding
fluid.
Despite the fact that the resonance frequencies of the droplet are shifted
to lower frequencies, the motion of a droplet surrounded by oil is not
affected as shown in Fig. 8.8. The frequency of the droplet only depends
on the frequency of the applied electric field. The surrounding fluid does
not have an impact on the frequency but only on the amplitude of the
oscillation.
Shear (flow) inside a droplet resulting from droplet oscillation caused by
the presence of an electric field can affect ice nucleation [22, 224]. Con-
sequently, changing the surrounding fluid results in a changed motion of
the droplet which indirectly has an impact on ice nucleation. Increasing
the electric field strength leads to a larger amplitude of the droplet oscil-
lation, so that a droplet surrounded by oil performs the same motion as
a droplet surrounded by air but at higher electric field strength. Conse-
quently, droplets surrounded by oil have the same behaviour as droplets
surrounded by air.
Besides the impact on the motion of the droplets, the surrounding fluid
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Figure 8.9: Comparison of the electric field distribution for a droplet de-
posited onto a rigid substrate between two plate electrodes
for a) air and b) oil as the surrounding fluid. An alternating
voltage of Û = 10 kV (f = 50Hz) is applied between the elec-
trodes, resulting in an electric field strength of Ê = 4 kV/cm.
Reprinted (adapted) with permission from [160], under the
Creative Common License - Attribution 4.0 International (CC
BY 4).

might also impact the electric field distribution because of the changed
dielectric properties compared to air. The distribution of the electric field
mainly depends on the relative permittivity and electrical conductivity of
the involved materials. For low frequencies the droplet can be assumed
to be a perfect conductor so that the electric field inside the droplet van-
ishes. In contrast, the electric field strength directly at the three-phase
contact line is enhanced and depends on the relative permittivity of the
surrounding fluid. While air has a relative permittivity of εr,air = 1, the
relative permittivity of oil is higher (εr,oil ≈ 2.8). This might significantly
impact the electric field distribution around the droplet. A comparison of
the field distribution around the droplets for the different surrounding flu-
ids is shown in Fig. 8.9. The electric field distribution has been obtained
for the same boundary conditions with respect to the droplet position
and the electric field strength. The droplet is placed in the centre be-
tween two plate electrodes separated by 2.5mm. A symmetrical voltage
is applied to the electrodes resulting in an electric potential difference of
Û = 10 kV. This results in an electric field strength of Ê = 4 kV/cm in
absence of the droplet. The resulting electric field lines are in parallel to
the x axis. Hence, this setup reproduces the electrical situation in the
ceramic directly at the position of the droplets very well. The droplet is
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modelled as a hemisphere and is assumed to be stationary. Thus, the fluid
motion caused by the electric field is not taken into account. Only the
Laplace equation to determine the electric field distribution is solved for
the given geometry using COMSOL Multiphysics R©. The resulting elec-
tric field distribution is almost not affected by the surrounding fluid. The
electric field inside the droplet vanishes and the interface of the droplet
forms an equipotential surface.
The highest electric field strength occurs in the region close to the three-
phase contact line for both cases. Due to the fact that εr,air < εr,oil
the maximum field strength is generally higher in air compared to oil.
However, the small difference in relative permittivity of the different fluids
leads to almost the same electric field distribution. It is worth noting that
the electric field strength shown in Fig. 8.9 is limited to Ê = 10 kV/cm for
a better visualization. However, the field strength inside the air is slightly
higher than in oil. Even for higher frequencies, the electric field inside the
droplet would almost vanish, because the relative permittivity of water is
much higher than the relative permittivity of oil or air.
As shown in Part III the region near the three-phase contact line is prone
to generate partial discharges due to the enhanced electric field strength.
The occurrence of partial discharges mainly depends on the breakdown
strength of the surrounding fluid, which is higher in case of oil compared
to air. Thus, the formation of partial discharges possibly influences ice
nucleation, but is suppressed by using oil instead of air as surrounding
fluid. In contrast, the field distribution inside the droplet is not affected
by the surrounding fluid.
In conclusion, using oil as surrounding fluid instead of air neither changes
the principal influence on the general behaviour of droplets under the im-
pact of electric field nor the electric field distribution around the droplet.
However, oil decreases the maximum electric field strength and signifi-
cantly damps the motion of the droplet. Consequently, the impact of the
electric field on ice nucleation might be underestimated while using oil
compared to air.

8.1.5.2 Electric charges on the droplet and the substrate

Electric charges were proven to have an impact on the macroscopic be-
haviour of water droplets under the impact of electric fields. Not only the
oscillation of droplets is affected but also the generation of partial dis-
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charges. In addition to this dynamic behaviour, electric charges affect the
equilibrium shape of a static droplet caused by an inhomogeneous surface
charge distribution on the substrate or a significant net charge on the
droplet. The charges might originate from droplet generation [39] or sam-
ple preparation. Accumulated charges on the substrate can be transferred
to the sessile droplet [152] and can affect the oscillation behaviour. A
change of the oscillation behaviour with respect to the frequency impacts
the fluid motion, and so electric charges indirectly affect ice nucleation.
The charge of the droplets and the substrate is not actively controlled
during the experiment. Hence, the electric charge is only a boundary
condition for the present experiments. The droplets and the sample are
prepared with extreme caution to prevent charge accumulation during the
preparation. Especially, the sapphire glass is rinsed several times with iso-
propanol and direct contact to the substrate is prevented to minimize the
generation of surface charges. Thus, the sample preparation aims to re-
duce the charges on the droplets and the substrate. Even if the charge of
the individual droplets may vary by an inhomogeneous surface charge dis-
tribution, droplets generated on a different day or from a different source
of water, the impact of electric charges is presumably negligible for the
present experiments. Using the same droplet ensemble to investigate one
influencing parameter leads to an almost constant charge for the individ-
ual droplets. Due to the fact that the charge transfer between the droplets
and the substrate is assumed to take a long time [152], the charge is con-
stant during the experiments. Although, the electric charge is not actively
controlled during the experiments, an unknown essential impact on the
ice nucleation behaviour can be essentially ruled out due to the fact that
the same droplets are used for the experiments.
Besides charged, also uncharged droplets are significantly affected by the
electric field. High electric field strengths generate large droplet defor-
mations, which might finally result in the formation of a Taylor cone
accompanied by the formation of small, highly charged satellite droplets
[166, 261]. The ejection of small droplets leads to a decrease of the droplet
volume, possibly resulting in a reduced wetted area. Especially, hetero-
geneous nucleation depends on the properties of the wetted surface. Re-
ducing the size of the wetted area generally reduces the droplet freezing
rate. However, if the formation of a Taylor cone is observed during the
experiments, the corresponding droplet is not taken into account during
the analysis. Generally, only large droplet deformations and oscillations
are observed during the experiments.
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The careful handling of the droplets and the sample during prepara-
tion aims to reduce the accumulated charges and leads to well-controlled
boundary conditions. The use of the same droplet ensemble during a set
of experiments ensures a high level of accuracy and reproducibility.

8.2 Preparation and Procedure

Careful sample preparation is necessary to generate accurate and repeat-
able results, because ice nucleation inside water droplets is affected by
several influencing factors like the droplet size [20, 97], the proximity of
neighbouring droplets [249], any contamination or impurities on the sub-
strate surface [30, 103] or inside the droplet [106] which possibly promotes
ice nucleation.
Prior to the experiments, the groove inside the ceramic body is carefully
cleaned with isopropanol and is dried using a bellows. In addition, the
sapphire sample holder, which is stored in isopropanol, is rinsed with fresh
isopropanol to remove any contamination or residual oil on the substrate.
To avoid the generation of electric charges or a new contamination of the
substrate, any direct contact to the surface is avoided by using tweezers.
Once the sample holder was carefully rinsed with isopropanol, the sur-
face is dried using a bellows. After each experiment the sapphire sample
holder is intensively cleaned in an ultrasonic bath of isopropanol to re-
move any residual oil on the surface and to ensure well-defined surface
conditions. Subsequently, the sample holder is stored in a Petri dish filled
with isopropanol to prevent any contamination of the substrate.

8.2.1 Generation of sessile droplets

The sessile droplets to investigate heterogeneous ice nucleation are gener-
ated from high purity water (Millipore Milli-Q Type 1, electrical conduc-
tivity of κel = 5.5 ·10−6 S/m). A piezo-driven, droplet-on-demand droplet
generator, similar to [93], is used to deposit the individual droplets with a
well-defined size on a sample holder. The size of the droplets can generally
be adjusted by the nozzle size and the impulse characteristics applied to
the piezo-element. However, for the present experiments the droplet size
is not varied, but is kept constant at dd ≈ 0.73mm. Prior to the droplet
generation, the closed loop system of the droplet generator is purged sev-
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Figure 8.10: Top-view images showing a droplet matrix consisting of
droplets with a mean size of dd = 1.04mm placed on the
sapphire substrate. Reprinted figure (adapted) with permis-
sion from [158]. Copyright 2021 by the American Physical
Society.

eral times with high purity water to minimize the contamination of the
droplets. Afterwards, fresh and degassed high purity water is filled in the
closed-loop system and sealed to prevent any contamination. The water
is vacuum degassed at a pressure of p ≤ 1mbar for at least 30min.
The droplets are positioned in an equidistant matrix on the sapphire sub-
strate. Two linear stages controlled and synchronized with the droplet
generator are operated by an Arduino to adjust the position of the sub-
strate below the droplet generator to generate the equidistant droplet
matrix. An example of such a droplet matrix is shown in Fig. 8.10. The
sapphire glass is placed in the groove inside the ceramic and is subse-
quently covered by silicone oil (ν = 5 cSt) to prevent the droplet evapora-
tion and to minimize the interaction of the neighbouring droplets, similar
to [30]. Covering the droplets with silicone oil avoids mutual influences
on the droplets during the experimental procedure (cool-down), e.g. via
the Wegener-Bergeron-Findeisen process [67, 249]. The contact angle of
sessile water droplets on the sapphire glass surrounded by oil is θ ≈ 78 ◦.
The generated droplets with a size of dd ≈ 0.78mm are associated with
a diameter of the wetted area of dwet ≈ 1mm. In case of heterogeneous
ice nucleation, this diameter is used to characterize the droplets. Gener-
ally, 40 droplets are placed on the sapphire glass with a surface area of
8× 15mm2.
Even though the droplet-on-demand generator repeatedly produced
droplets with an almost constant volume, the size of the sessile droplets
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varies as shown in Fig. 8.10. To ensure that only droplets with the same
size are taken into account during the analysis of the experiments, droplets
which vary in size more than 10 % from the mean diameter are sorted out.
Comparing this size variation to the size variation in already existing lit-
erature reveals that the values are in the same order of magnitude, for
example the deviation is given by 4− 10 % of the volume by Zhang et al.
[294], up to 40 % of the diameter by Atkinson et al. [7], approximately
13 % of the diameter by Atkinson et al. [6] or 3 % of the volume by Budke
and Koop [28].

8.2.2 Generation of emulsified droplets

Emulsified water droplets are used in this study to investigate the influ-
ence of the electric field in absence of a substrate. Water droplets made
from high purity water (Millipore Milli-Q Type 1) are stabilized in oil
(NovecTM 7500) to generate free floating droplets which are only in contact
with oil and no additional surface or medium. A commercially available
bio-compatible surfactant (Sphere Fluidics Pico-SurfTM 1) pre-dissolved
in NovecTM 7500 oil is used to prevent coalescence of the droplets. The
mixture has a weight ratio of 5% Pico-SurfTM and 95% NovecTM 7500 oil
and is used without further dilution. The emulsion is generated using a T-
junction (Upchurch Scientific MicroTee P-890) with an inner diameter of
0.15mm and constant flow rates of oil and water. Mainly, the inner diam-
eter of the T-junction as well as the ratio of flow rates between water and
oil determine the finial size of the emulsified droplets [79]. An automated
syringe pump (KD Scientific KDS-100-CE) with a constant volumetric
flow rate is used to convey both fluids to the T-junction. The volume rate
of the oil and water is adjusted by the used syringe size (diameter). A 1ml
(inner diameter d = 4.69mm) and a 2ml (inner diameter d = 9.75mm)
syringe are used for water and oil, respectively. Accordingly, the flow
rate of oil is about four times larger than the flow rate of water. Both
fluids are supplied to an individual port of the T-junction using PEEK
(Polyetheretherketone) tubing, which have a high chemical resistance to
prevent any contamination of the fluids by dispersion through the tubing.
The third port directly supplies the emulsion to the sample holder made
out of sapphire.
A custom-made sample holder was designed and produced to investigate
only a single layer of droplets which is exposed to well-defined conditions
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Figure 8.11: Image of the sample holder made out of sapphire. The two-
part design forms a liquid channel to contain the emulsified
droplets.

in terms of temperature and electric field. Furthermore, the movement of
individual droplets during the experiment should be inhibited, because it
complicates the analysis. A two-part design was used to produce a fluid
channel with a height of 0.45mm. The top and bottom part of the channel
are made out of the same material as the specimen holder of the sessile
droplets, namely sapphire glass, due to its high thermal conductivity and
low electrical conductivity. Both parts are joined by using an adhesive. An
image of the CAD (computer aided design) model of the sample holder
is shown in Fig. 8.11. Prior to the experiment the channel is carefully
cleaned by flooding the channel with isopropanol and high purity water.
The emulsified droplets are supplied into the channel through the holes in
the cover. The channel is completely filled with the emulsion to minimize
the movement of the droplets inside the channel. The density of the water
droplets is lower than the density of the oil, so that the droplets float on
top of the oil, as already reported in [258]. Due to the cover and the small
height of the channel, the droplets are completely surrounded by oil and
the contact between droplets and sapphire glass is minimized. The sample
holder comprising the emulsified droplets is placed inside the groove of the
ceramic body. Subsequently, the air gap between the sample holder and
the boundary of the groove is filled with oil (NovecTM 7500) to improve
the heat transfer between the ceramic and the sample holder.
The emulsified droplets have a mean size of dd = 124.8µm. An exem-
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Figure 8.12: Microscopic image of emulsified droplets.

plary image of the generated emulsion taken by a microscope is shown in
Fig. 8.12. As illustrated in the image, the size of the individual droplets
is almost identical and they are closely packed without coalescing. The
size variation of the droplets allowed during the analysis is ±15 % with
respect to the mean diameter. Droplets with a smaller or larger size are
automatically sorted out during the analysis. Using the given combination
of surfactant and water results in an emulsion, which can be stabilized for
several hours and days, as already reported in [105, 258]. For each exper-
iment a fresh ensemble is used due to the fact that the droplets coalesce
after a freezing and thawing cycle, similar to [258].

8.2.3 Experimental procedure

After careful cleaning of the experimental setup including the sample hold-
ers and completed droplet generation, the sample holder containing the
sessile or emulsified droplets is placed in the groove in the ceramic body.
In case of emulsified droplets, the space between the sample holder and
the wall of the groove is filled with heat transfer fluid to improve the
heat transfer from the ceramic to the sample holder. Sessile droplets are
also covered with oil to prevent the interaction of nearby droplets. Sub-
sequently, the groove is sealed by a cover with embedded PMMA sheet
to protect the experimental space from any external influences. Further-
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more, the experimental space is flooded with gaseous nitrogen to avoid
condensation of water during the cooling process.
The experiment is fully automated for a single run and is started by the
in-house LabviewTM program. After starting the experimental procedure,
the temperature is held constant at ϑ = 14 ◦C for at least 5min to ensure
well-defined and repeatable thermal conditions for each run. At the end
of the 5min the cooling process starts automatically and the electric field
is switched on manually. The temperature is constantly lowered at the
desired rate. The temperature and the video data are captured during the
experiment. As soon as a temperature of about ϑd = −40 ◦C is reached
the procedure is stopped and the temperature is increased to initiate the
thawing of the droplets.
For the investigation of the impact of transient electric fields on ice nucle-
ation the procedure is slightly adapted. Instead of cooling at a constant
rate, the temperature is decreased to a specific temperature at a con-
stant rate (Ṫ = 5K/min) and is then kept constant for at least 2min
to ensure a homogeneous temperature distribution. After this time, the
transient electric field is applied to the droplet ensemble. Finally, the
video and temperature data are saved and the next experimental run can
be started.
In case of sessile droplets, the experiments investigating one parameter
are performed with the same droplet ensemble to rule out any influence
of freshly generated droplets. Comparing the ice nucleation behaviour of
different ensembles and the ice nucleation behaviour of a single ensemble
for multiple freezing and thawing cycles reveals that the change of the
droplets can have a significant influence on the nucleation behaviour.
An exemplary comparison is shown in Fig. 8.13. The data is presented
as droplet survival curves. The liquid fraction N`/N0, where N` is the
number of liquid droplets for a specific temperature and N0 is the num-
ber of initially liquid droplets, is shown in dependence on the droplet
temperature ϑd. Hence, the figure illustrates the decay of liquid droplets
for a decreasing temperature. Both experiments are performed under the
same conditions. Droplets of an almost identical size are cooled at a con-
stant cooling rate of Ṫ = 5K/min until all droplets are frozen. The data
shown in Fig. 8.13a are generated by repeating the experiment four times
with freshly generated droplets for each experiment. The general shape
of survival curves is represented by the typical ’S’-shape and is similar
for all experiments. However, the nucleation temperature of the droplets
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Figure 8.13: Comparison of the effect of re-using the same droplets, or
generating fresh ones for each experiment on the observed
nucleation behaviour without an electric field. The data is
presented by the liquid fraction N`/N0 depending on the
droplet temperature ϑd. a) Droplet survival curves obtained
using fresh droplets for each of the shown experiments. b)
Droplet survival curves obtained using the same droplets for
each of the shown repetitions. Republished (adapted) with
permission of [154]; permission conveyed through Copyright
Clearance Center, Inc..
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varies even for constant boundary conditions. Even though, the experi-
ment is carefully prepared and conducted under well-defined conditions,
the repeatability of the experiments is limited.
The variation can be quantified by comparing the mean nucleation tem-
peratures ϑ0.5 for the different experiments. The mean nucleation temper-
ature corresponds to N`/N0 = 0.5 and defines the temperature, where half
of the ensemble is frozen. Using freshly generated droplets for each exper-
iment leads to a large deviation of the mean freezing temperature between
the different runs of ∆ϑ0.5 ≈ 2.2K. Assuming a singular ice nucleation
model, heterogeneous ice nucleation is assumed to take place at a specific
temperature for each droplet. The nucleation temperature of each droplet
depends on the characteristic temperature of the most active nucleation
site inside the droplet [266]. However, ice nucleation is still a stochastic
process, even for perfectly constant conditions [193, 268]. Whether the
stochastic nature of ice nucleation is observable or not is influenced by
the timescale, as reported by [193], and thus might be masked. In spite
of the careful preparation of the droplets and the careful cleaning of the
substrate, a contamination of the droplets cannot be completely ruled out.
Furthermore, the position of the droplets on the substrate vary, and so
the local wetting properties. Consequently, changing the droplets always
leads to changed nucleation temperatures of the droplets because the ice
nucleation particle (INP) spectrum inside the droplet is changed. Hence,
the most active nucleation site is different in each droplet.
Due to the fact that the effect of electric fields on ice nucleation is contro-
versially discussed and only observed in specific experiments, the influence
of the electric field on ice nucleation might be very small. Accordingly,
the large variations in temperature between the different runs with freshly
generated droplets might mask the influence of the electric field. Using
freshly generated droplets for the experiment would necessitate numerous
experiments to determine a statistical significant influence of the elec-
tric field. To rule out the influence of freshly generated droplets and the
changed INP spectrum, the same droplet ensemble is used to investigate
a specific parameter such as the electric field strength or the frequency.
As shown in Fig. 8.13b the variation of the nucleation temperature can
be clearly attributed to the sample preparation. Using the same droplet
ensemble for multiple experiment results in an almost perfect agreement
between the individual repetitions. The almost perfect agreement of the
survival curves yields a difference of the mean nucleation temperature of
∆ϑ0.5 ≈ 0.35K, which is significantly lower compared to the freshly gen-
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erated droplets. Furthermore, this supports the assumption of a singular
nucleation behaviour. The remaining scatter results from the stochastic
nature of ice nucleation. Consequently, repeating the same experiment
with the same droplet ensemble can increase the number of freezing events
exposed to the same conditions, which clearly increases the statistical sig-
nificance of the results. Usually, the data of the individual droplet survival
curves for fixed boundary conditions are combined to one data set con-
taining all freezing events. Thus, it is ensured that a sufficient number of
freezing events is analysed for each boundary conditions.
For emulsified droplets it was not possible to re-use the same droplets
because the freezing and thawing cycle always led to droplet coalescence.
However, the number of detected freezing events is much larger compared
to sessile droplets so that the individual experiments do not have to be
repeated.

8.2.4 Analysis of the experiments

The analysis of the video data is performed with an in-house
MATLAB R© code to ensure a repeatable and accurate analysis of the
videos. At first the video data including the temperatures is imported
into MATLAB R© and the user has to input additional information about
the start and end frame for the analysis as well as the temperatures for
the corresponding frames. Based on this information the cooling rate is
determined and the video is analysed. Afterwards, the pixel to meter ra-
tio is calculated based on a reference length identified by the user in the
image. Thus, the original size of the droplet and the wetted area can be
determined accurately.
The contact angles of the droplets on the sapphire glass surrounded by
oil were measured to be θ ≈ 78.8◦. Hence, the projected area captured
by the video camera equals the wetted area on the substrate and can be
determined by measuring the size of the droplet. The size variation of the
droplets can be defined by the user, so that only droplets with a specific
range of size are taken into account during the analysis. Each frame of the
video within the defined range is analysed in sequence and compared to
the previous frame to detect any change. The freezing of sessile droplets is
detected by the vanishing glare point of the individual droplets. In case of
emulsified droplets, the grey scale change of the droplet (from transparent
to dark), caused by the different light refraction of water and ice, is used
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a) ϑd = −13.99 ◦C

b) ϑd = −22.23 ◦C

c) ϑd = −25.06 ◦C

Figure 8.14: Top-view images showing a droplet matrix consisting of
droplets with a mean size of dd = 1.04mm placed on the
sapphire substrate. The droplet matrix is shown at differ-
ent moments during a nucleation experiment, illustrating the
gradual decay of the ratio of liquid droplets in the ensem-
ble. a) Unfrozen droplet ensemble at ϑd = −13.99 ◦C, b)
partially frozen ensemble at ϑd = −22.23 ◦C, and c) com-
pletely frozen ensemble at ϑd = −25.06 ◦C. Reprinted figure
(adapted) with permission from [158]. Copyright 2021 by the
American Physical Society.
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to detect the nucleation event. For each freezing event the location of the
vanishing glare point is detected. Afterwards, the detected freezing event
is assigned to a specific droplet. An example for the vanishing glare point
is illustrated in Fig. 8.14, which shows the droplet ensemble at different
temperatures. The liquid droplets can be clearly identified by the bright
glare point, while the frozen droplets are characterized by completely
dark circles. Decreasing the temperature leads to an increasing number
of frozen droplets.
Each droplet in the equidistant matrix has a specific identification number
(ID) according to the position inside the matrix. The numbering of the
droplets starts from the upper left corner and proceeds row by row. As
soon as all frames are analysed the result of the automated analysis is
shown to the user. The detected droplets are highlighted on the image
and numbered according to the freezing order. The user can check the
result of the analysis and sort out droplets by hand, e.g. in case of a false
detection. Finally, the data of each freezing event is saved including the
specific time, temperature, size of the droplet, droplet position, freezing
order and the liquid fraction. This information can be used to further
analyse the data.
This semi-automated procedure ensures that the analysis of the video is
performed with fixed criteria and results in an accurate analysis of the
experiments.
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9 Results using supercooled sessile droplets

9.1 Four stages of ice nucleation experiments

During the experiments the water droplets undergo numerous freezing and
thawing cycles. This cycle can be divided into different stages, depend-
ing on the underlying mechanism active at these stages. The four stages
are namely, first and second freezing stage, thawing stage and dissolving
(of residual gas bubbles) stage. Each individual stage is investigated us-
ing a high-speed camera to determine the time resolved behaviour of the
droplets. The first freezing stage is illustrated in Fig. 9.1. Initially, the

a) b) c)

d) e) f)

Figure 9.1: Stages of the freezing process of a supercooled water
droplet. a) Initially liquid droplet at a temperature below
ϑ = 0 ◦C, b) nucleation inside the droplet at a temperature
of ϑ = −22.65 ◦C, c)-e) dendritic growth and freezing of the
droplet, f) end of dendritic growth. Reprinted (adapted) with
permission from [160], under the Creative Common License -
Attribution 4.0 International (CC BY 4).
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9.1 Four stages of ice nucleation experiments

sessile droplets are liquid, as shown in Fig. 9.1a. As soon as the temper-
ature of the droplet is lower than the melting temperature the liquid is
supercooled but still liquid. Further decreasing the temperature increases
the degree of supercooling and promotes ice nucleation inside the droplet,
as shown in Fig. 9.1b. In the presented case ice nucleation is observed at a
liquid temperature of ϑ = −22.65 ◦C. The location of ice nucleation inside
the droplet is located on an arbitrary point and is mainly determined by
the position of the most active nucleation germ at the given temperature
(assuming a singular nucleation behaviour). Furthermore, ice nucleation
is not located at the three-phase contact line and is only caused by the
decreasing temperature because the droplet is at rest. Due to the fact
that the liquid is in direct contact with the substrate and the observed
nucleation temperatures are rather higher compared to the theoretical
nucleation temperature of homogeneous ice nucleation, most probably
heterogeneous ice nucleation at the substrate is observed. In addition,
the substrate and the liquid layer at the substrate have a slightly lower
temperature than the bulk of the liquid, because the substrate is cooled
from below. Hence, heterogeneous ice nucleation is more favourable than
homogeneous ice nucleation, because of the lowered temperature directly
at the substrate.
After the initial ice nucleation, a dendritic growth of the ice phase can be
observed, as shown in Fig. 9.1c-e. As soon as the complete droplet volume
is pervaded by the dendritic ice structure the first phase of solidification
has been completed as shown in Fig. 9.1f [236]. During the dendritic
growth the mixture of solid ice and supercooled liquid water is warmed
up to the equilibrium freezing temperature, because of the release of latent
heat of fusion during the phase transition [236]. Accordingly, the droplet
consists of a mixture of liquid water and ice in local thermodynamical
equilibrium. The residual portion of liquid in between the dendritic ice is
determined by the degree of supercooling [236].
The first stage of freezing is completed on a small timescale as shown in
Fig. 9.1, where the process only takes about t ≈ 2ms. Due to the fact
that the dendritic growth is a fast process, the solidification of the droplet
is only initialized by ice nucleation at a specific location and not multiple
locations as assumed for homogeneous nucleation [216].
At this stage the mixture of water and ice is in local thermal equilibrium
at the melting temperature [235]. A further extraction of heat will lead
to the freezing of the residual liquid water, which is also called second
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a) b) c)

d) e) f)

Figure 9.2: Time series of the second freezing stage. a)-e) Freezing of
the residual water in between the dendritic structure observed
from above resulting in a fully frozen droplet. The images
show the propagation of the boarder (red dotted circle) for the
different stages from a partially frozen to a completely frozen
droplet in top view. f) shows a completely frozen droplet with
entrapped air (bright regions) and deformations of droplet sur-
face (dark contours), caused by the volume expansion during
freezing.

stage of freezing [235]. A time series of the second freezing stage is shown
in Fig. 9.2. The second freezing stage directly follows the first freezing
stage so that the initial phase of the second freezing stage is similar to
the last phase of first freezing stage (Fig. 9.1f) as shown in Fig. 9.2a. Due
to the constant cooling of the substrate the residual water in between the
dendritic structure freezes starting at the substrate surface [236]. The
resulting freezing front propagates perpendicular to the substrate surface
and has to fulfil the boundary conditions on the interface of the droplet
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9.1 Four stages of ice nucleation experiments

[236]. Hence, the freezing front has a curved shape, because it has to be
perpendicular to the interface of the droplet [236].
The top view of the droplet containing the propagating freezing front is
shown in Fig. 9.2b-e. The propagating freezing front cannot be seen di-
rectly from above because of the first freezing stage. However, the position
of the freezing front can be observed on the interface of the droplet, which
is indicated by the dotted circles in the images. Outside these circles the
droplet is completely frozen while the portion inside the circles represents
the capped sphere of water-ice mixture. As soon as the freezing front
reaches the top of the droplet the second freezing stage is completed and
the droplet is completely frozen. The final phase of the second freezing
stage is shown in Fig. 9.2f.
Comparing the duration of the first and second freezing stage reveals that
the duration of the second freezing stage is much longer than the first
and is in the order of tens of milliseconds. Even if the droplet appears to
have the same shape in the top view, the shape of the droplet is altered
because of the volume expansion during freezing [236]. In side view the
droplet has a cusp shape [236]. However, the contour of the deformations
can be observed even in top view as presented and marked in Fig. 9.2f. In
addition to the deformation of the droplet, entrapped air can be observed
by bright regions inside the droplet (see Fig. 9.2f). The solubility of air
in water is higher than in ice so that air bubbles are encapsulated during
freezing [34] and subsequently entrapped in the ice. Even if the water was
degassed prior to the experiments the water still contains resolved gasses.

Once all droplets of an ensemble are frozen and a temperature of about
ϑ ≈ −45 ◦C is reached, the temperature is increased to cause thawing
of the frozen droplets. A time series of the thawing stage is shown in
Fig. 9.3. The temperature of the droplet has to be increased to be higher
than the melting temperature. The start of the melting process is shown
in Fig. 9.3a, which shows a completely frozen droplet. Heat is supplied
from below so that melting is initiated at the substrate. As shown in
Fig. 9.3b the first liquid water can be observed near the contact line and
appears as a ring in top view. Note that even if the liquid water is only
visible near the three-phase contact line the substrate might be complete
or at least partially wetted by liquid water. A further increase of the
temperature leads to a decreasing fraction of ice inside the droplet as
shown in Figs. 9.3c-e. Due to the fact that the density of ice is lower than
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a) b) c)

d) e) f)

Figure 9.3: Melting of a completely frozen droplet. a) Start of the melt-
ing process (ϑ = 0.09 ◦C), b)-e) melting of the ice inside the
droplet starting at the substrate and continually decreasing
the fraction of ice while releasing entrapped air bubbles (Tem-
peratures: b) ϑ = 1.71 ◦C, c) ϑ = 1.74 ◦C, d) ϑ = 1.83 ◦C, e)
ϑ = 2.24 ◦C), f) liquid droplet at a temperature of ϑ = 2.47 ◦C
with air bubbles.

the density of water the residual ice floats on top of a liquid layer and
is in contact with the droplet interface. Figure 9.3e shows the floating
ice residual inside the liquid. With increasing temperature the amount
of ice decreases until the droplet is completely liquid again as shown in
Fig. 9.3f. In this example the droplet is already liquid at a temperature
of ϑ = 2.47 ◦C. The thawing stage is completed as soon as the droplet is
completely liquid. In comparison to the first and second freezing stage
the thawing stage takes even longer and is in the order of several seconds.

During thawing, entrapped air bubbles in the ice are released, which are
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9.1 Four stages of ice nucleation experiments

a) b) c)

d) e) f)

Figure 9.4: Time series of a droplet with entrapped air. a) Just
melted droplet with entrapped bubbles at a temperature of
ϑ = 2.24 ◦C, b)-e) dissolving of bubbles into the water, f) liq-
uid droplet without air bubbles.

observable inside the liquid phase. The individual air bubbles are ran-
domly distributed in the droplet as shown in Fig. 9.3f. In spite of the
lower density of air bubbles compared to water, no movement of the air
bubbles towards the interface is observable.
In the fourth and final stage air bubbles dissolve into the water, as shown
in Fig. 9.4. While Fig. 9.4a shows the last phase of the previous stage
(Fig. 9.3f), the Figs. 9.4b-f show the reduction and dissolving of the gas
bubbles over time. The liquid water generated by melting of ice is un-
dersaturated in terms of gas so that the air bubbles inside the liquid can
dissolve. The driving force for this process is the gradient of dissolved gas.
Each individual bubble becomes smaller with evolving time until it com-
pletely vanishes, as shown in Fig. 9.4f. The lifetime of the bubbles can
be estimated by the Epstein-Plesset theory as tlife ≈ Rbubρair/(3Dcair)
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[60, 147], where Rbub is the radius of the bubble, ρair is the density of
air, D is the diffusion coefficient of air in water and cair is the solubility
of air in water. Assuming a bubble radius of Rbub ≈ 5µm, a density of
ρair ≈ 1.2 kg/m3, a diffusion coefficient of D ≈ 2 · 10−9 m2/s [11] and a
solubility of air in water of cair ≈ 3.7 · 10−2 kg/m3 at ϑ = 0 ◦C [275] the
lifetime yields tlife ≈ 135ms. However, the timescale for the dissolving
of the bubbles is in the order of tens of seconds up to several minutes,
and thus takes much longer than the other stages. The discrepancy of
the observed and the estimated lifetime is supported by Lohse and Zhang
[147], who also reported significantly longer lifetimes for very small bub-
bles compared to the estimate lifetime tlife.
The final stage is completed as soon as all bubbles inside the liquid are
vanished. As soon as the dissolving stage is completed, the droplet ensem-
ble is ready for a new freezing and thawing cycle. However, to guarantee
well-defined and repeatable conditions for each run the droplet ensemble
is heated to a temperature of ϑ = 14 ◦C and the temperature is held
constant for 5min before starting a new cycle. Thus, the influence of air
bubbles present in the liquid on ice nucleation can be neglected and each
run is performed under the same boundary conditions.

9.2 Constant electric fields

Even though several theoretical [118, 230] and experimental investigations
[31, 47, 53, 197, 217, 222, 227, 277, 279] as well as molecular dynamics
simulations [192, 287–289, 293] are performed to determine the influence
of constant electric fields on ice nucleation, the outcome of the different
investigations are rather contradictory. An overview of the different inves-
tigations and parameters reported in literature can be found in App. K.
While some studies report a clear influence of the electric field on ice nu-
cleation such as [197, 217, 277], other studies [53, 279] did not observe
any effect of a constant electric field. The different outcomes might result
from the different experimental setups and boundary conditions. Wilson
et al. [279] assume that the effect of the electric field is very small, and
thus might be masked by the stochastic nature of ice nucleation. This
is one possible reason why several authors have not observed any influ-
ence of the electric field on ice nucleation. In addition, ice nucleation is
very sensitive with respect to the boundary conditions, as for instance by
the presence of contamination on the substrate or in the droplet. Con-
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Table 9.2: Overview of tested parameters and their quantities to investi-
gate the influence of constant electric fields on heterogeneous
ice nucleation.

Parameter Quantity
Mean droplet diameter dd in mm 1.1± 0.19
Electric field strength E in kV/cm 0,. . . , 9.76
Cooling rate Ṫ in K/min 5

sequently, careful sample preparation is necessary to ensure well-defined
boundary conditions to determine even small effects of the external elec-
tric fields and to be able to distinguish the effect of the electric field from
the stochastic scattering of the data. A summary of the experimental
conditions is shown in Table 9.2.

9.2.1 Impact of the electric field strength

The results of the experiments using constant electric fields are presented
as droplet survival curves as shown in Fig. 9.5. Each survival curve com-
prises a minimum of four repetitions for the same conditions, which results
in a minimum of 70 nucleation events for each survival curve. The typical
’S’-shape of the survival curves is preserved independent of the applied
electric field strength, which is also an indicator for well-defined boundary
conditions. Increasing the electric field strength slightly affects the nucle-
ation temperature of the first nucleation event of the droplet ensemble.
Only for the two highest electric field strength the nucleation temperature
of the first freezing event is increased. In addition, for E = 9.76 kV/cm a
horizontal shift of the droplet survival curve in comparison to the survival
curve without the influence of an electric field is recognizable. Never-
theless, for an electric field strength of E < 9.76 kV/cm the electric field
only slightly affects ice nucleation and no significant difference between
the experiments with and without electric field can be recognized. In this
case, the effect of the electric field might be masked by the stochastic
nature of ice nucleation [279]. In contrast, an electric field strength of
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Figure 9.5: Droplet survival curves for varying electric field strength ob-
tained with the same ensemble of droplets for all experiments.
Ratio of current number of liquid droplets N` to the initial
number of liquid droplets N0, depending on the ensemble
temperature ϑd and the electric field strength |E|. Repub-
lished (adapted) with permission of [154]; permission conveyed
through Copyright Clearance Center, Inc..

E = 9.76 kV/cm results in a significant shift of the survival curves to
higher temperatures.
The electric field influences all droplets of the ensemble in an almost
constant manner, because shifting the nucleation curve to higher tem-
peratures, leads to higher nucleation temperatures for all droplets. The
theoretical model of Saban et al. [230] predicts such a constant influence
of the electric field, which results from the reduction of the critical energy
barrier for ice nucleation by the electric field. However, comparing the or-
der of magnitude for the influence of the latent heat of fusion LV ∆T/Tm
and the electric field E0Ψ reveals that LV ∆T/Tm � E0Ψ even for the
highest electric field strength tested. The highest electric field strength
of E = 9.76 kV/cm leads to E2

0Ψ ≈ 1.25 J/m3 assuming a relative per-
mittivity of εr,s ≈ 3.2 for ice (see App. I, [102]), εr,` = 81 for water and
εr,surr ≈ 2.5 for oil. In comparison, the term for the latent heat of fusion
is given by LV ∆T/Tm ≈ 1.2 ·105∆T J/(m3K) (for LV = 333.12 ·106 J/m3

[50]) and is always larger than E2
0Ψ for relevant supercoolings ∆T .
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It can be assumed that the critical energy barrier is slightly reduced by
the electric field in comparison to the experiments without an electric
field, but the model of Saban et al. [230] cannot completely describe the
observed behaviour. One possible reason is that the model was devel-
oped for homogeneous ice nucleation, and thus does not take into account
the possible interaction of the electric field and the substrate. Especially,
the geometry and the dielectric properties of the substrate and the cor-
responding INPs significantly influence the local electric field strength,
which might influence ice nucleation. In addition, the model of Saban
et al. [230] does not take into account that the droplets have to be as-
sumed as a perfect conductor for constant electric fields. Instead, the
model only takes into account the ratio of the permittivities, which is not
valid for the given boundary conditions. Hence, the underlying physics in
the experiment might differ from the theory. However, to determine the
exact reason further investigations and adaptions of the theoretical model
are necessary.
The experimental data can be further analysed with respect to singu-
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Figure 9.6: Nucleation site density nsi of corresponding data as a function
of the degree of supercooling ∆T depending on the electric
field strength |E|. Republished (adapted) with permission of
[154]; permission conveyed through Copyright Clearance Cen-
ter, Inc..
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9 Results using supercooled sessile droplets

lar nature of ice nucleation. For this purpose the nucleation site density
nsi depending on the degree of supercooling ∆T is shown in Fig. 9.6.
The presented data corresponds to the data shown in Fig. 9.5. In ad-
dition, to the data points representing the individual nucleation events,
the best fit of Eq. (3.33) for each electric field strength is shown as solid
lines. As indicated by the good agreement, the experimental data can be
described with the singular nucleation model with good accuracy. Gen-
erally, the nucleation site density increases exponentially with increasing
degree of supercooling. Similar to the droplet survival curves, the electric
field strength shifts the individual curves to lower degrees of supercool-
ing. The higher the electric field strength, the higher is the nucleation
site density for a fixed degree of supercooling. While the change is hardly
observable for low electric field strengths, high electric field strengths sig-
nificantly increase the nucleation site density compared to smaller electric
field strengths or in absence of the electric field.
The impact of the electric field is even more obvious when analysing the
characteristic temperatures ϑi, where i corresponds to the liquid fraction
defined as N`/N0 = i, depending on the electric field strength as shown
in Fig. 9.7. Each temperature ϑi corresponds to a specific liquid fraction,
e.g. ϑ0.25 corresponds to N`/N0 = 0.25 and characterizes the nucleation
temperature necessary to cause 25 % of the droplet ensemble to be already
frozen at this temperature.
Analysing the dependence of the characteristic temperatures on the elec-
tric field strength reveals whether the electric field influences all droplets
of one ensemble in the same manner or not. The characteristic tempera-
tures derived from the experimental data are represented by symbols. For
better visualization of the trend, the data points are connected by solid
lines. As already seen for the droplet survival curves and the nucleation
site density, the influence of the electric field is almost negligible for low
electric field strength. For these low electric field strengths the charac-
teristic temperature is almost constant. However, increasing the electric
field strength leads to an increase of the characteristic temperatures. For
the mean nucleation temperature ϑ0.5 the maximum change between the
highest electric field strength and the reference without electric field yields
∆ϑ0.5 ≈ 1K and increases with an increasing liquid fraction. In spite of
ϑ1, the increase of the characteristic temperature follows a linear trend.
Comparing this temperature increase to the temperature variation be-
tween different repetitions without an electric field (∆ϑ0.5 ≈ 0.5K, an
example is shown in Fig. 8.13) reveals that the change of the character-
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Figure 9.7: Characteristic temperatures ϑi for the decay of a droplet en-
semble depending on the electric field strength E. The present
data corresponds to the experimental series already shown in
Fig. 9.5. The temperature ϑi of an ensemble represents the
temperature, where N`/N0 = i.

istic temperatures is still significant and not masked by the stochastic
nature of ice nucleation. However, the change is in the same order of
magnitude as the accuracy of the temperature sensor (∆ϑ0.5 = ±1K).
Since, the electric field increases the temperature even more for high liq-
uid fractions, an influence of a constant electric field on ice nucleation is
still observable. For ϑ1 the change of the nucleation temperature almost
yields ∆ϑ1 ≈ 5K. The influence of a contamination in the droplet can
be completely ruled out due to the fact that the same droplets are used
for all experiments investigating a single parameter. Consequently, con-
stant electric fields can affect ice nucleation depending on the electric field
strength, even though the influence is very weak.

9.2.2 Singular behaviour of ice nucleation

The singular nature of the present experiments becomes even more ob-
vious by comparing the nucleation temperature of each droplet for the
different repetitions as shown in Figs. 9.8 and 9.9. Figure 9.8 shows the
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Figure 9.8: Variation of the nucleation temperature of the individual
droplets of a typical droplet ensemble obtained with the elec-
tric field turned off. Nucleation temperature of a droplet mea-
sured in three further repetitions of the experiment shown as
a function of the nucleation temperature obtained in the first
experiment.

correlation of the nucleation temperature of the individual droplets in
absence of an electric field. Thus, the general nucleation behaviour with-
out the impact of an electric field can be analysed with respect to the
singular nature of ice nucleation. Each symbol corresponds to a single
nucleation event. The solid line shows the perfect correlation, i.e. identi-
cal nucleation temperatures for the first run and the following repetitions.
As shown by the figure, the deviation from the solid line is rather small
and yields ∆T ≈ 1K for most of the data points. Hence, the nucleation
temperature of each droplet is almost constant and independent of the
number of repetitions. The remaining variation of the data is caused by
the stochastic nature of ice nucleation, which is still present. However, the
nucleation temperature is mainly influenced by the most active nucleation
site in contact with the droplet and its characteristic temperature. This
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Figure 9.9: Variation of the nucleation temperature of the individual
droplets of a typical droplet ensemble obtained with a con-
stant electric field. Nucleation temperature of a droplet mea-
sured in three further repetitions of the experiment shown as
a function of the nucleation temperature obtained in the first
experiment. The plus signs indicate the first, the circles the
second and the triangle the third repetitions. The colour and
size of the individual symbols correspond to the electric field
strength between E = 0 kV/cm and E = 9.76 kV/cm.

characteristic temperature is different for each droplet and ranges from
about ϑd ≈ −15 ◦C to ϑd ≈ −22.5 ◦C. In general, the singular effect of
ice nucleation is much more dominant compared to the stochastic effects
involved in ice nucleation for droplets in absence of an electric field. To
determine whether this effect is also observable when an electric field is
applied, the nucleation temperatures obtained by the different repetitions
have to be analysed for all electric field strength. The result is shown in
Fig. 9.9. The nucleation temperature of each individual droplet observed
in the repetitions of the experiments is compared to the first experiments
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performed with the same boundary conditions, i.e. the same electric field
strength. Each symbol corresponds to a single nucleation event. The size
of the symbols correspond to the electric field strength, the larger the sym-
bol the larger is the electric field strength applied during the experiment.
Again, the solid line represents the perfect correlation. In comparison to
Fig. 9.8, the data shown in Fig. 9.9 exhibits larger scatter. However, most
of the symbols are located close to the perfect correlation. Generally, the
scatter of the data is still lower than ∆T = 1K, but individual droplets
have significantly different nucleation temperatures compared to the pre-
vious runs. These droplets are clearly affected by the presence of the
electric field, which is indicated by large deviations from the perfect cor-
relation. The assumption of a singular nucleation behaviour is generally
valid for the present data, revealing an almost constant nucleation tem-
perature for each droplet. However, both the singular and the stochastic
nature of ice nucleation can be observed in the present data.

9.2.3 Droplet hydrodynamics in electric fields

Besides ice nucleation, the hydrodynamic behaviour of the droplets is
influenced by the electric field. Even though the force generated by the
electric field is constant, droplet oscillations can be observed for high
electric field strengths like E = 9.76 kV/cm. An exemplary visualization
of the droplet deformation is shown in Fig. 9.10. The figure shows the
shape of the droplet in absence of an electric field (Fig. 9.10a) and the
conical deformation of the droplet as well as the increasing size of the
released satellite droplets nearby the droplet (Figs. 9.10b-c). Under the
influence of high electric field strengths the formation of a sharp cone
can be observed, which is accompanied by the release of small satellite
droplets. The developed cone is called Taylor cone [259] and is well-known
by other applications such as electro-spinning. Theoretically the Taylor
cone is characterized by a half angle of 49.3◦, which is in good agreement
with the measured half-angle of approximately 48.5◦ and 50◦ on the left
and right side (in Fig. 9.10c), respectively.
The general physical mechanism of the formation of a Taylor cone is al-
ready widely investigated and is mainly caused by stresses on the inter-
face of the droplet [41, 42, 136, 259]. The formation and the accompanied
release of small satellite droplets are repeatably observed. As soon as
the presumably charged satellite droplets [41] are released, the primary
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a) b) c) d)

Figure 9.10: Formation of a Taylor cone during the experiments with con-
stant electric field (E = 9.76 kV/cm). a) Droplet in absence
of an electric field, b) Primary droplet and satellite droplets
after applying the electric field, c) Formation of a Taylor cone
and d) increased size of satellite droplet nearby the primary
droplet. Republished (adapted) with permission of [154]; per-
mission conveyed through Copyright Clearance Center, Inc..

droplet adopts a more hemispherical shape again. The repeated formation
of a Taylor cone and deformation of the droplets leads to an oscillation of
the droplet, which can be observed during the experiment.
The ejected satellite droplets reside in the space between the individual
droplets. Consequently, the volume of the droplet decreases with an in-
creasing number of experiments. However, the size of the droplets is con-
tinuously controlled during the analysis and individual droplets are sorted
out if the size is too small. Note that droplets which are highly deformed
are not taken into account during the analysis, because the macroscopic
motion of the droplet might also affect ice nucleation. The oscillation of
the droplet might result in a shear flow inside the droplet which possibly
impact ice nucleation [22, 224]. Also, the release of small droplets impact
ice nucleation because large changes of the volume causes a change of
the wetted surface area, and thus leads to a decreasing freezing probabil-
ity. Nevertheless, the change of the volume is very small in the present
experiments so that the influence of the changed volume is negligible.
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9.2.4 Conclusions

Constant electric fields can influence ice nucleation depending on the elec-
tric field strength. While low electric field strengths E < 9.76 kV/cm
are identified to have an almost negligible influence on ice nucleation,
an electric field strength of E = 9.76 kV/cm can promote ice nucleation.
Generally, the nucleation temperatures are increased for increasing elec-
tric field strengths, and thus the electric field promotes ice nucleation.
The characteristic freezing temperatures are used to determine the in-
crease of the nucleation temperatures and revealed a difference of several
degrees depending on the specific liquid fractions. In addition, the nu-
cleation behaviour of the droplets was identified to be predominately of
singular nature rather than stochastic. However, both the singular and
the stochastic behaviour of ice nucleation can be observed by the present
data. In addition to the influence of the electric field on ice nucleation,
the electric field also affects the hydrodynamics of the droplets. For large
electric field strengths the formation of a Taylor cone can be observed,
which is accompanied by the formation of presumably charged satellite
droplets. The periodical formation of the Taylor cone results in droplet
oscillations even for a constant electric field, which might also influence
ice nucleation.
Hence, constant electric fields and the resulting motion of the droplet can
promote ice nucleation.

9.3 Alternating electric fields

The influence of constant electric fields has been extensively investigated
in the past and resulted in controversial results. In the previous section, it
was shown that a constant electric field can have an influence on ice nucle-
ation. In addition to constant electric fields, alternating electric fields are
commonly used in applications such as conventional power distribution
and transmission [109]. Several experimental investigations have already
been performed to determine the influence of alternating electric fields
on ice nucleation [127, 165, 232, 247, 251, 286]. An overview of the dif-
ferent experimental parameters can be found in App. K. Even though
many investigations were already performed, only a few investigations
have been conducted with pure water. Primarily, the different investi-
gations focus on various different liquids and solutions. In addition, all
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experiments are associated with different boundary conditions, such as
the applied electric field strength, frequency of the electric field, degree of
supercooling, physical mechanism of ice nucleation (homogeneous or het-
erogeneous ice nucleation) or the use of different liquids. The summary
of the experimental parameters shown in App. K reveals that most of
the investigations are performed for frequencies f > 1 · 103 Hz, which are
significantly higher than the relevant frequencies for power transmission
and distribution (50Hz for the European power transmission and distri-
bution [109]). Consequently, there is a lack of knowledge of the impact
of electric fields with low frequencies on ice nucleation. This influence
is subsequently investigated with respect to the electric field strength,
the electric history of the droplets, the frequency of the applied electric
field, the singular nature of the electric field and the temperature. The
experimental parameters for the present experiments are summarized in
Table 9.3. The experiments are performed under well-defined boundary
conditions with respect to the electric field and the temperature. Each
individual influencing parameter, as for instance the electric field strength
or the frequency of the electric field, is investigated with the same droplet
ensemble to rule out any influence of the droplet contamination on the
outcome of the experiments. Each combination of electric field strength
and frequency is repeated at least three times, which generally results in
a minimum of 78 nucleation events for each boundary condition. Only a
single set of repetitions, namely the reference (Ê = 0 kV/cm) for a de-
creasing field strength has a decreased number of droplets (55 droplets).

Table 9.3: Overview of tested parameters and their quantities to investi-
gate the influence of alternating electric fields on heterogeneous
ice nucleation.

Parameter Quantity
Mean droplet diameter dd in mm 0.95,. . . , 1.09
Electric field strength Ê in kV/cm 0,. . . , 7.16
Frequency f in Hz 10,. . . , 110
Cooling rate Ṫ in K/min 5
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The reduced number results from the disintegration of individual droplets
and an accompanied size reduction of the droplets. Hence, the droplet size
is significantly changed so that some droplets are sorted out during the
analysis to ensure a constant droplet size. All experiments were performed
with a constant cooling rate of Ṫ = 5K/min.

9.3.1 Influence of the electric field strength

The droplet ensemble with a mean size of dd = 1.04mm is exposed to an
electric field with a constant frequency of f = 50Hz and variable electric
field strength. The electric field strength is increased step-wise after a
minimum of three repetitions at the same electric field strength. Prior to
the runs with increasing electric field strength, the reference experiment
without an electric field is performed.
The results of the experiments are shown in Fig. 9.11, where the change in
nucleation temperature for each droplet ∆ϑnuc depending on the electric
field strength Ê is illustrated. The change of the nucleation temperature
is defined as the difference between the nucleation temperature with and
without an electric field ∆ϑ = ϑnuc|Ê>0 − ϑnuc|Ê=0. The reference tem-
perature ϑnuc|Ê=0 indicted by the dashed line is determined by the mean
freezing temperature of all three repetitions in absence of the electric field.
In contrast, the data for Ê > 0 is not averaged and each nucleation event
is represented as a single symbol. Due to the fact that the experiments
are repeated at least three times, each individual droplet corresponds to
three symbols for constant conditions. The repetitions of the experiments
are performed to increase the number of nucleation events which results
in an increased statistical significance of the data.
As shown in Fig. 9.11 the nucleation temperatures vary even in the ab-
sence of the electric field. The variation of the nucleation temperature
results from the stochastic nature of ice nucleation and the different nu-
cleation temperatures for each droplet. For an electric field strength
Ê ≤ 2.86 kV/cm the change of the nucleation temperature ∆ϑnuc is almost
constant. The maximum variation is ∆ϑnuc = ±4.55K, which is indicated
by the dotted lines in Fig. 9.11. The grey area visualizes the change of
the behaviour. For low electric field strengths no significant influence of
the electric field on ice nucleation can be observed. Even if the electric
field has an impact on ice nucleation for such small electric field strength,
the influence is masked by the stochastic nature of ice nucleation.
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Figure 9.11: Change of the nucleation temperature due to the electric field
Ê, ∆ϑnuc = ϑnuc|Ê>0 − ϑnuc|Ê=0, shown for all droplets in
the present experiments. ϑnuc|Ê>0 and ϑnuc|Ê=0 denote the
nucleation temperature of a droplet observed with and with-
out an electric field. The horizontal dotted lines illustrate
the temperature band of ±4.55K around 0K, which corre-
sponds to the maximum deviation of the droplet nucleation
temperature for low electric field strength. Reprinted figure
(adapted) with permission from [158]. Copyright 2021 by the
American Physical Society.

In contrast, increasing the electric field strength leads to significant
changes of the nucleation temperature. Generally, the nucleation tem-
perature is increased ∆ϑnuc > 0 for increasing electric field strength.
As a consequence, ice nucleation is observed at higher temperatures for
specific droplets. The maximum increase of the nucleation tempera-
ture is observed for an electric field strength of Ê = 7.16 kV/cm and
is ∆ϑnuc ≈ 20K. While the upper limit of the change in nucleation tem-
perature increases for an increasing electric field strength, the lower limit
is almost constant for the entire range of electric field strengths. Thus,
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9 Results using supercooled sessile droplets

the electric field does not decrease the nucleation temperature of the in-
dividual droplets (∆ϑnuc < 0).
Due to the stochastic nature of the ice nucleation, the significance of a
droplet-wise analysis is limited. In fact, numerous nucleation events are
necessary to quantify the effect of the electric field. The large number of
experiments presented in Fig. 9.11 clearly reveals that ice nucleation is
promoted by an alternating electric field depending on the electric field
strength. The higher the electric field strength, the larger is the increase
in nucleation temperature.
A droplet-wise analysis of the data has a limited significance, which can be
increased by an ensemble-wise analysis. Instead of comparing the nucle-
ation temperature of each individual droplet to the reference temperature
of the individual droplet in absence of the electric field, the general be-
haviour of the ensemble is investigated using the droplet survival curves.
The droplet survival curves depend on the electric field strength as shown
in Fig. 9.12a. As already shown in Fig. 9.11, low electric field strengths
Ê ≤ 2.86 kV/cm do not affect the ice nucleation behaviour of the droplets.
The nucleation curves, represented by the typical ’S’-shaped trend, are
virtually not affected and almost identical. A very small and negligible
variance is observable, which results from the stochastic nature of ice nu-
cleation. Hence, for low electric field strengths the result of the ensemble-
and droplet-wise analysis is the same.
Increasing the electric field strength Ê > 2.86 kV/cm leads to a more sig-
nificant impact of the electric field on ice nucleation. The effect of the
electric field turns out to be twofold. First, the shape of the survival curves
is significantly altered from the typical ’S’-shape and second, the temper-
ature range |ϑ0 − ϑ1|, where ϑ0 and ϑ1 correspond to a liquid fraction
of N`/N0 = 0 and N`/N0 = 1, significantly increases. While the lowest
temperature ϑ0 is almost unaffected by the electric field, the temperature
ϑ1 increases for an increasing electric field strength. Hence, ice nucleation
inside the individual droplets is observed at higher temperatures, so that
the electric field promotes ice nucleation.
The corresponding nucleation site density, defined by Eq. (3.35), is shown
in Fig. 9.12b and describes the number of active nucleation sites per unit
area for a specific temperature. The nucleation site density directly cor-
relates with the droplet freezing rate. The higher the number of active
nucleation sites, the higher is the droplet freezing rate. A decreasing tem-
perature, i.e. increasing degree of supercooling, leads to an increasing
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Ê = 6.68 kV/cm
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Figure 9.12: a) Droplet survival curves for varying electric field strength
obtained with the same ensemble of droplets for all exper-
iments. Ratio of current number of liquid droplets N` to
the initial number of liquid droplets N0, depending on the
ensemble temperature ϑd. b) Nucleation site density nsi of
corresponding data as a function of droplet temperature ϑd.
The electric field strength Ê is gradually increased after each
experimental run, starting with Ê = 0. The frequency of
the electric field is f = 50Hz and the mean diameter of the
droplets amounts dd = 1.04mm. Reprinted figure (adapted)
with permission from [158]. Copyright 2021 by the American
Physical Society.
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9 Results using supercooled sessile droplets

nucleation site density. Similar to the droplet survival curves, the trend
of the nucleation site density is not affected by the electric field for low
electric field strengths (Ê < 3.34 kV/cm). On a logarithmic scaled ordi-
nate, the data points follow a constant slope which is almost independent
of the electric field strength in this range (Ê < 3.34 kV/cm). Such a con-
stant slope characterizes a stochastic nucleation behaviour [193]. For the
given droplet size, i.e. the given wetted area, the maximum nucleation
site density yields nsi ≈ 6 · 106 m−2. Note that the maximum and min-
imum nucleation site density also depends on the liquid fraction N`/N0
and its resolution, which is defined by the number of droplets analysed.
The lower the temperature of the droplet ϑd, the smaller is the impact
of the electric field on the nucleation site density. For low temperatures
(ϑd ≤ −22 ◦C) the influence of the temperature is more dominant than
the impact of the electric field, resulting in an almost constant nucleation
site density for low temperatures independent of the applied electric field
strength.
As indicated by the shape of the droplet survival curves, the electric
field has a much larger impact on ice nucleation at higher tempera-
tures ϑd > −20 ◦C. The higher the electric field strength, the lower is
the degree of supercooling necessary to yield a nucleation site density of
nsi ≈ 5 · 103 m−2, which is the lowest nucleation site density for the given
wetted area and resolution of the liquid fraction for the given data. In
contrast to low electric field strengths (Ê < 3.34 kV/cm), the trend of the
nucleation site density is clearly affected by high electric field strengths.
Instead of a constant gradient (on a logarithmic scaled ordinate), the
gradient decreases with increasing degree of supercooling. Initially, the
nucleation site density for large electric field strengths increases rapidly
and is significantly decreased for temperatures ϑd < −10 ◦C. The higher
the electric field strength, the higher is the initial increase of the nucle-
ation site density. According to Niedermeier et al. [193] a changed slope
indicates the transition of pure stochastic to a more singular nucleation
behaviour. Hence, the twofold influence observed by analysing the droplet
survival curves is also observable for the nucleation site density.
The electric field strength significantly impacts the behaviour of individual
droplets and promotes ice nucleation. High electric field strength forces
individual droplets to freeze earlier, while low electric fields have no effect
on ice nucleation. Besides the boundary conditions such as the droplet
size, ice nucleation is clearly affected by two main factors, namely the
temperature and the electric field strength.

208



9.3 Alternating electric fields

−30

−20

−10

0

0 2 4 6C
h
ar
ac
te
ri
st
ic

te
m
p
er
at
u
re

ϑ
i
in

◦ C

Electric field strength Ê in kV/cm
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Figure 9.13: Characteristic temperatures ϑi for the decay of a droplet
ensemble depending on the electric field strength Ê. The
present data corresponds to the experimental series already
shown in Fig. 9.12. The temperature ϑi of an ensemble rep-
resents the temperature, where N`/N0 = i. Reprinted figure
(adapted) with permission from [158]. Copyright 2021 by the
American Physical Society.

To quantify the impact of the electric field and the forced freezing at
higher temperatures, the characteristic temperatures ϑi are analysed. The
characteristic temperatures ϑi correspond to a liquid ratio of N`/N0 = i
and can be determined depending on the electric field strength as shown
in Fig. 9.13. As indicated by the data, the lowest freezing temperature
ϑ0 is almost constant (ϑ0 ≈ −24 ◦C) and does not depend on the electric
field strength. In contrast, the temperature of the first nucleation event
ϑ1 is significantly affected by the electric field. An increasing electric field
strength leads to higher nucleation temperatures. While the first droplet
nucleates at a temperature of ϑ1 ≈ −15 ◦C in absence of an electric field,
the first nucleation event is observed at a temperature of ϑ1 ≈ −3 ◦C for an
electric field strength of Ê = 7.16 kV/cm. All characteristic temperatures
ϑi with 0.25 < i ≤ 1 increase with increasing electric field strength.
The largest change of the nucleation temperature is always observed for
an electric field strength of Ê = 7.16 kV/cm. However, the trend is not
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9 Results using supercooled sessile droplets

observable for i < 0.25. Especially, for ϑ0 and ϑ0.25 the change of the
temperature depending on the electric field strength is negligibly small
and only slightly increases in case of ϑ0.25, but slightly decreases for ϑ0.
The number of droplets affected by the electric field increases with in-
creasing electric field strength, which is indicated by the characteristic
nucleation temperatures. The mean nucleation temperature ϑ0.5 is af-
fected for Ê ≥ 6.5 kV/cm, the temperature ϑ0.75 is already influenced for
Ê ≥ 3.82 kV/cm and ϑ1 increases already for Ê ≥ 2.86 kV/cm. Conse-
quently, the effect of the electric field increases with increasing electric
field strength. Furthermore, for a constant electric field strength, the
influence of the electric field on ϑi increases with increasing i.

9.3.2 Time effects regarding the electric field strength

Using the same set of droplets for all experiments (to investigate the in-
fluence of one parameter) rules out any influence of the contamination
of the individual droplets. However, each droplet is exposed to various
electric field strengths. An alternating electric field leads to an oscillation
of the droplet at which the amplitude is mainly influenced by the electric
field strength. A continuously increasing electric field strength affects the
droplets not only by a decreasing droplet volume caused by the oscilla-
tion and the release of tiny droplets, but also affects the droplets with
respect to the electric history of the droplets. To investigate whether the
impact of the electric field is caused by the continuous increasing electric
field strength or is independent of the electric history of the droplets, the
experiments presented in the previous subsection are repeated. The ex-
periments are performed with an inverse order compared to Subsec. 9.3.1,
starting with an electric field strength of Ê = 6.68 kV/cm, which is then
step-wise decreased. Hence, it can be determined if the exposure of an
electric field strength on the droplets affects subsequent runs with respect
to the number of droplets freezing or the range of nucleation temperatures.
For these experiments a fresh ensemble with a mean droplet diameter
of dd = 1.09mm is used. In addition, the experiments can be used to
determine the sensitivity of the experimental outcome with respect to
the use of a fresh droplet ensemble, i.e. a changed INP spectrum of the
droplets. The comparison of experimental results of Subsec. 9.3.1 and
the experimental data obtained by decreasing the electric field strength
are shown in Fig. 9.14. The data is presented as droplet survival curves.
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Figure 9.14: Droplet survival curves for two different sets of droplets serv-
ing to examine the influence of previous exposure to electric
field strength Ê on ice nucleation. The index of Ê desig-
nates the droplet set. Data with index 1 was obtained by
starting with a low electric field strength, which was then
continuously raised. The data with index 2 started with the
highest electric field strength, which was then step-wise low-
ered. The frequency of the electric field was kept constant at
f = 50Hz. Reprinted figure (adapted) with permission from
[158]. Copyright 2021 by the American Physical Society.

Similar to the experiments with increasing electric field strength, each of
the present experiments is repeated at least three times with constant
boundary conditions and afterwards the electric field strength is lowered.
The different repetitions are used to generate a larger number of nucleation
events to increase the statistical significance of the data. The experiments
are still performed for a constant frequency of f = 50Hz. The index i of
Êi indicates the different sets and the boundary conditions. The index
i = 1 is used for a set exposed to a continuously increasing electric field
strength and index i = 2 indicates the set which is initially exposed to
the highest electric field strength, which is subsequently lowered.
The corresponding runs which are exposed to the same electric field
strength are coloured identically in Fig. 9.14. As shown in the figure,
the agreement among the different experiments is very high. Especially,
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for low electric field strengths the data coincide almost perfectly. Note
that slight variations of the different experiments are unavoidable and re-
sult from the stochastic nature of ice nucleation as well as the changed
set of droplets, i.e. different nucleation sites inside the droplets and
slightly different droplet volumes. Only for an electric field strength of
Ê = 6.68 kV/cm a larger deviation between the droplet survival curves is
observable. However, the trend is still the same and the survival curves
representing the experiments with decreasing electric field strength is
shifted to lower temperatures. In this case the effect of an increasing
electric field strength is higher than for the decreasing electric field. For
the decreasing electric field strength the impact of an electric field with
Ê = 6.2 kV/cm is higher than for Ê = 6.68 kV/cm, which is an unusual
behaviour compared to the other electric field strengths and leads to the
deviation between both sets. Generally, both experiments show the same
impact of the electric field on ice nucleation. Increasing the electric field
strength increases the influence of the electric field on ice nucleation. In
addition, the higher the electric field strength, the more droplets are af-
fected by the electric field.
The presence of the electric field evokes an earlier freezing of individual
droplets, which is shown by the changed slopes of the droplet survival
curves. Consequently, the electric history of the droplets in terms of
previous applied electric field strength does not have an impact on ice
nucleation during subsequent runs. The experimental results are highly
reproducible even with a changed droplet ensemble under different con-
ditions. Hence, the impact of a changed droplet ensemble, i.e. changed
nucleation sites inside the droplets and a slightly varying droplet diameter,
have an almost negligible influence on ice nucleation. Especially for high
electric field strength and moderate droplet temperatures ϑd > −20 ◦C,
electric fields have a larger influence on ice nucleation compared to the
temperature.
The nucleation behaviour of a droplet ensemble previously exposed to an
electric field with various different field strengths is almost the same as for
an ensemble of freshly generated droplets. Only slight variations are ob-
servable for an electric field strength of Ê = 6.68 kV/cm, which are rather
insignificant and do not disprove the general behaviour. Note that even if
previously applied electric field strengths do not have a direct influence on
ice nucleation, ice nucleation might be indirectly affected by the disinte-
gration of the droplet or a continuous release of tiny droplet caused by the
droplet oscillations under the impact of high electric fields. However, the
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effect seems to be negligible because of the very good agreement among
the droplet survival curves of the different experimental sets.
Due to the fact that previously applied electric fields do not have a di-
rect impact on ice nucleation leads to the result that the electric fields
only influence ice nucleation on a small timescale. As a consequence, ice
nucleation is only determined by the boundary conditions, mainly the
degree of supercooling and the electric field strength present at the mo-
ment of ice nucleation. While large electric field strengths can promote
ice nucleation at moderate temperatures (ϑd > −20 ◦C), ice nucleation
at temperatures lower than ϑd < −20 ◦C are almost not affected by the
electric field independent of the electric field strength. The outcome of
the experiments is independent of the number of repetitions, i.e. freezing
and thawing cycles or higher electric field strengths previously exposed
to the droplets. A similar time-dependent behaviour of ice nucleation
with respect to the singular and stochastic nature of ice nucleation was
already observed by Niedermeier et al. [193], who mentioned that the ob-
served behaviour is affected by the considered timescale. Consequently,
the considered timescale is important in the analysis of ice nucleation
experiments. As a result of the electric field influencing ice nucleation
on rather small timescales, probably in the order of the timescale of ice
nucleation itself, external influences like charge accumulation or a pre-
viously applied electric field, have a rather insignificant influence on the
experimental results. Especially, charge accumulation is associated with a
significantly longer timescale compared to ice nucleation. The amount of
charges is always conserved, and thus electric charges can only be trans-
ferred from the substrate or through the oil to the droplet. Assuming
an almost perfectly clean sapphire substrate, the surface charge on the
substrate is almost negligible. Hence, the charges can only originate from
the oil or charge injected to the oil. The charge relaxation time of silicone
oil τoil ≈ 2.3 · 103 s is much larger than the characteristic timescale of ice
nucleation so that the influence is negligible.
These results are also supported by analysing the characteristic temper-
atures ϑi of the experiments with decreasing electric field strengths, as
shown in Fig. 9.15. Comparing the results to the characteristic tempera-
tures shown in Fig. 9.13 reveals that the lowest nucleation temperature ϑ0
is lower for an ensemble exposed to decreasing electric field strength com-
pared to increasing electric field strength. However, in principle the ten-
dency is the same. An increasing electric field strength leads to increasing
characteristic temperatures. The characteristic temperatures correspond-
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Figure 9.15: Characteristic temperatures ϑi for the decay of a droplet
ensemble depending on the electric field strength Ê. The
ensemble is initially exposed to the highest electric field
strength, which is then continuously lowered after a mini-
mum of three repetitions. The data corresponds to the ex-
perimental series already shown in Fig. 9.14. The temper-
ature ϑi of an ensemble represents the temperature, where
N`/N0 = i. Reprinted figure (adapted) with permission from
[158]. Copyright 2021 by the American Physical Society.

ing to higher liquid fractions i > 0.5 are generally more affected by the
electric field than the characteristic temperatures of lower liquid fractions.
The higher the liquid fraction, the lower is the electric field strength nec-
essary to affect the characteristic temperature. The most significant dif-
ference between the experiments with increasing and decreasing electric
field strengths is observable for the high electric field strengths. While the
characteristic temperature continuously increases with increasing electric
field strength, a continuously decreasing electric field strength causes de-
creasing characteristic temperatures for the highest electric field strength,
as already seen for the droplet survival curves, and corresponds to the
shifted survival curves.
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9.3.3 Singular ice nucleation

The analysis of the data presented in the previous subsection only takes
into account the stochastic nature of ice nucleation, even though it is
well known that ice nucleation can have a singular behaviour with respect
to the temperature. Both the stochastic and the singular nucleation be-
haviour are present in all nucleation experiments but might be masked
by the boundary conditions, such as the observed timescale [193, 266].
Hence, the experimental data has to be analysed in more detail to investi-
gate whether the influence of the temperature and/or the influence of the
electric field has a singular impact on ice nucleation. A singular nucle-
ation behaviour is associated with the presence of nucleation sites in the
droplet, so that nucleation is triggered by the most active nucleation site
becoming active the earliest at a characteristic temperature [216]. Thus,
each nucleation event is characterized by a droplet specific temperature,
so that the nucleation of the droplet mainly depends on the temperature
rather than time. During the experiments the same droplet ensemble
performs several freezing and thawing cycles. According to the singular
nucleation model, the nucleation temperature of each droplet should be
reproducible, almost constant and independent of the number of repeti-
tions. The active nucleation site originates from the water or substrate
not being perfectly clean and summarized under the term INP.
The careful sample preparation aims to minimize these external influ-
ences and to prevent a contamination of the substrate and the droplets.
However, the influence of contamination inside the water or on the sub-
strate cannot be completely eliminated. Each droplet of an ensemble has
a specific INP spectrum [266], which is assumed to be the same, even
though the INP spectrum of individual droplets generated from the same
bulk can differ [267]. This assumption is mainly supported by the high
repeatability of the ’S’-shaped droplet survival curves, indicating a care-
fully controlled experiment and an almost identical INP spectrum for all
droplets.
To further investigate the presumably singular nucleation behaviour of
the data, Fig. 9.16 shows the nucleation temperature of the individual
droplets of one ensemble depending on the different repetitions in absence
of an electric field. Using the nucleation temperature of each individual
droplet ϑnuc observed in the first run as a reference and comparing the
nucleation temperature of the individual droplets in the subsequent runs,
reveals whether the nucleation temperature of each individual droplet of
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Figure 9.16: Variation of the nucleation temperature of the individual
droplets of a typical droplet ensemble obtained with the elec-
tric field turned off. Nucleation temperature of a droplet
measured in two further repetitions of the experiment shown
as a function of the nucleation temperature obtained in the
first experiment. Reprinted figure (adapted) with permis-
sion from [158]. Copyright 2021 by the American Physical
Society.

the ensemble is constant or not. For better visualization, the deviation of
∆T = ±1K from the perfect correlation is illustrated by the dashed lines.
The nucleation events represented by the symbols are located closely to
the perfect correlation and only vary slightly.
Excluding a few outliers, all droplets have an almost fixed nucleation
temperature, varying only by approximately ∆T = ±1K. The almost
constant nucleation temperature of the individual droplets supports the
assumption of a singular nucleation behaviour with respect to the tem-
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Figure 9.17: Variation of the nucleation temperature of the individual
droplets of a typical droplet ensemble obtained with the elec-
tric field of a constant frequency f = 50Hz. Nucleation tem-
perature of a droplet measured in two further repetitions of
the experiment shown as a function of the nucleation tem-
perature obtained in the first experiment. The plus signs
indicate the first and the circles the second repetitions, re-
spectively. The colour and size of the individual symbols cor-
respond to the electric field strength between Ê = 0 kV/cm
and Ê = 7.16 kV/cm. Reprinted figure (adapted) with per-
mission from [158]. Copyright 2021 by the American Physical
Society.

perature. However, the slight variation of the nucleation temperature,
i.e. the scatter of the data, and the outliers indicate that ice nucleation
is still a stochastic process. While ice nucleation in absence of the elec-
tric field is more a singular rather than a stochastic process, the electric
field have a stochastic influence at least for low electric field strength
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(Ê < 2.86 kV/cm). Comparing the temperature variation for such low
electric fields (∆T = ±4.55K), with the variation of the nucleation tem-
perature in absence of the electric field shown in Fig. 9.16, proves that low
electric field strengths impact ice nucleation even though no clear trend
can be observed. Consequently, the impact of the electric field appears to
be stochastic. Nevertheless, the nucleation events under the impact of an
electric field are analysed in the same manner as without an electric field
in order to investigate whether the electric field has a stochastic influence
or not.
The nucleation temperature of each individual droplet measured in the
initial run for specific boundary conditions is compared to the nucleation
temperature of the same droplet and under the same conditions for the
subsequent in Fig. 9.17. Each nucleation event is represented by a single
symbol. The size of the symbol correlates with the applied electric field
strength. Hence, the higher the electric field strength, the larger is the
symbol. The different kinds of symbols represent the different repetitions
under the same conditions, so the plus signs and the circles indicate the
first and second repetitions, respectively. A perfect correlation between
the temperatures, i.e. a constant nucleation temperature, is indicated by
the solid line. In addition, a deviation of ∆T = ±5K from the perfect
correlation is indicated by the dashed line.
While most of the data points are located close to the solid line, which indi-
cates a constant nucleation temperature for constant conditions, the gen-
eral variation of the nucleation temperature is much larger (∆T = ±5K,
ignoring outliers) compared to the data represented in Fig. 9.16. As al-
ready observed in Subsec. 9.3.1, the variation in nucleation temperature is
given by ∆T = ±4.55K for low electric field strengths, and thus is about
five times higher compared to experiments without an electric field. Con-
sequently, even low electric field strengths have an impact on ice nucle-
ation. Although the impact of the electric field appears to be stochastic,
ice nucleation is observed to be still singular even with an applied elec-
tric field. The individual droplets of the ensemble have an almost con-
stant nucleation temperature independent of the electric field strength.
The influence of the stochastic behaviour increases when an electric field
is applied. Consequently, the data presented include both singular and
stochastic ice nucleation behaviour with respect to the temperature and
the electric field.
In addition, the electric field does not affect all droplets of the ensemble in
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Ê

in
K
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by the American Physical Society.

219



9 Results using supercooled sessile droplets

the same manner, so that the impact of the electric field is also singular.
As shown in Fig. 9.12 the number of droplets affected by the electric field
increases with increasing electric field strength. However, ice nucleation
at low temperatures does not appear to be affected by the electric field
independent of the electric field strength. The impact of the electric field
appears to be mainly present at high temperatures.
Therefore, the data is investigated in more detail to determine whether
the impact of the electric field on ice nucleation is of singular or stochas-
tic nature with respect to the individual droplets. For this purpose the
change of the mean nucleation temperature is analysed. The mean nucle-
ation temperature is defined as ∆TÊ = T Ê − T 0, where T Ê is the mean
nucleation temperature for the droplets exposed to an electric field with
a specific field strength and T 0 is the mean nucleation temperature of the
individual droplets in absence of an electric field. The individual mean
nucleation temperatures are calculated for each individual droplet using
the repetitions under the same conditions. This temperature difference
∆TÊ characterizes the mean impact of the electric field for each individ-
ual droplet with respect to the reference experiment without an electric
field. The mean change in freezing temperature ∆TÊ as a function of the
change in freezing temperature for the individual droplet for the highest
electric field strength ∆TÊmax

is shown in Fig. 9.18. Note that ∆TÊmax

is defined as ∆TÊmax
= T Êmax

− T 0, where T Êmax
is the mean nucleation

temperature of the individual droplets with respect to the two highest
electric field strengths, namely Ê = 6.20 kV/cm and Ê = 7.16 kV/cm.
This definition was chosen to take into account the stochastic nature of
ice nucleation. Using this definition sorts the droplets along the abscissa
according to the impact of the electric field on the nucleation temperature.
The higher the impact, the higher is ∆TÊmax

. Furthermore, a drop-wise
analysis is appropriate to determine whether the electric field influences
only the same droplets of one ensemble or not. The same data as shown
in Fig. 9.12 is shown in Fig. 9.18 but separated by electric field strength
for better visibility.
As observed in the previous subsections, an electric field strength
Ê < 3.34 kV/cm does not influence the nucleation behaviour, as shown
in Fig. 9.18a. In contrast, the data for higher electric field strengths
Ê ≥ 3.34 kV/cm is shown in Fig. 9.18b. Each symbol of one kind repre-
sents the mean nucleation temperature of a specific droplet of the ensem-
ble.
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Increasing the electric field strength leads to a significant influence of the
electric field on ice nucleation as already observed in the analysis of the
droplet survival curves in Subsec. 9.3.1. The corresponding data for the
droplet-wise analysis is shown in Fig. 9.18b. Note that not the complete
data set is shown for better visualization. However, the trend of the
missing data set is the same as for the presented data points. The coloured
regions illustrate the trend of the data for the corresponding field strength,
showing a maximum deviation of ∆TÊ = ±2.5K at ∆TÊmax

≈ 16K, which
is constant for all electric field strength.
The representation of the data shown in Fig. 9.18b reveals the singular
impact of the electric field on ice nucleation. The number of droplets af-
fected by the electric field strength increases with increasing electric field
strength. In addition, the effect of the electric field on ice nucleation on
the individual droplets which are affected by the electric field increases
with increasing electric field strength. However, not all droplets are af-
fected by the electric field. Even for the highest electric field strength some
droplets freeze at almost the same temperature. Due to the stochastic na-
ture of ice nucleation the data for a constant electric field strength has a
significant scatter, which is not completely encompassed by the coloured
regions. However, ∆TÊ clearly increases with increasing ∆TÊmax

, which
indicates that droplets which are significantly affected by high electric
field strengths (indicated by large values of ∆TÊmax

) are also significantly
influenced by lower electric field strengths (indicated by large values of
∆TÊ) and vice versa. For a purely stochastic behaviour of ice nucleation
with respect to the electric field, the impact of the electric field on ice
nucleation would be the same for all droplets of the ensemble, resulting
in no consistent trend in Fig. 9.18. Consequently, the impact of the elec-
tric field is more singular than statistical in nature, because only specific
droplets in the ensemble are affected by the electric field.
The increasing number of droplets affected by the electric field for an in-
creasing electric field strength, and the fact that low electric field strengths
do not affect ice nucleation at all, leads to the assumption that ice nucle-
ation of the individual droplets is not only characterized by a characteris-
tic temperature, but also by a characteristic critical electric field strength
necessary to affect ice nucleation. The characteristic electric field strength
appears to depend on the individual droplets of the ensemble. Only, if
the characteristic critical electric field strength is reached, the individual
droplet is affected by the electric field. Furthermore, the characteristic
field strength is associated with the general proneness for ice nucleation
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of the individual droplets, and thus is associated with the nucleation sites
in the droplet. Droplets which are highly prone to nucleate due to their
nucleation sites are also more prone to be affected by the electric field.
This can be clearly observed by the fact that the nucleation temperature
is significantly increased for droplets freezing at a high temperature in
absence of the electric field.
The existing theoretical model presented in Sec. 3.4 cannot describe the
observed behaviour because the model intends to describe the impact of
constant electric fields and only takes into account the stochastic nature
of ice nucleation. The assumption of a general reduction of the critical
Gibbs free energy is not valid, because some droplets are not affected by
the electric field strength. Consequently, existing models, as for instance
[118, 230], cannot describe the singular impact of the electric field on ice
nucleation. Thus, the physical mechanism is more complex.
Similar to the characteristic temperature of each droplet for ice nucleation
as defined by singular nucleation model, the electric field exhibits a sin-
gular behaviour on ice nucleation. Currently, only a hypothesis can be
formulated about the physical mechanism which has to be investigated in
more detail.
The ice nucleation behaviour in absence of an electric field is mainly de-
fined by the ice nucleation particles present in the droplets. The more
active the INP with respect to the temperature, the higher is the nu-
cleation temperature observed in the experiment. As observed in the
experiments, droplets which are already prone to nucleate at high tem-
peratures, nucleate at even higher temperatures under the influence of an
electric field. Hence, the INP become even more active under the influence
of an electric field. Thus, the influence of the electric field is associated
with the INP present in the droplet, i.e. the wetted surface of the droplet
in case of heterogeneous ice nucleation. Generally, the electric field dis-
tribution strongly depends on the involved materials and their geometry,
e.g. small curvatures of surfaces produce large electric field strengths or a
high relative permittivity induces a significant field displacement. Espe-
cially, the curvature of the INP, i.e. the size of the INP, is also known to
have a major effect on the ice nucleation temperature. Thus, the impact
of the electric field significantly depends on the geometrical and electrical
properties of the INPs present in the individual droplets.
For each droplet a necessary critical electric field strength to influence ice
nucleation can be defined. This hypothesis might be an explanation for the
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significant influence of the electric field, but cannot explain the significant
impact of the frequency on the behaviour. It is very unlikely that the
electrical properties of the involved INPs are strongly dependent on the
frequency of the electric field, especially for the given range of frequencies.
In such a case, not only specific frequencies would promote ice nucleation
but the influence of the frequency would continuously increase.
Consequently, it is assumed that the macroscopic oscillation of the droplet
has also a significant influence on ice nucleation. Shear is already known
to possibly affect ice nucleation [22, 224] and is generated by the droplet
motion. The effect of shear might depend on the oscillation frequency
as well as the properties of the INP immersed in the liquid or in contact
with the liquid. Especially, for an INP completely immersed in the liquid,
the size impacts the flow around the particle. The smaller the particle,
the faster is the motion of the particle. In contrast, large droplets are
exposed to significant slip velocities due to their inertia, which leads to
increased shear. Nevertheless, the physical mechanism behind the impact
of the electric field on ice nucleation is still not completely understood
and needs further investigations.

9.3.4 Influence of the frequency of the electric field

Besides the electric field strength, the frequency of the electric field might
have a significant influence on ice nucleation. The summary of the already
performed investigations (App. K) shows that various different frequencies
were already tested. While frequencies up to the kHz-range promote ice
nucleation, higher frequencies (MHz or GHz-range) prevent ice nucleation
by heating the water [257]. Accordingly, the influence of the electric field
on ice nucleation significantly depends on the frequency of the applied
electric field. In addition to the influence of high frequency electric fields
on the microscopic level, electric fields cause an oscillation of the droplet
depending on the electric field strength, frequency of the electric field, the
droplet volume and the charge of the droplet as shown in Chap. 5. The
resulting fluid motion inside the droplet might lead to shear which possibly
affects ice nucleation [22, 224]. During the experiments the oscillation
of the droplets was clearly observable. The amplitude of the oscillation
mainly depends on the frequency of the electric field as well as the droplet
volume and is the largest for a droplet oscillating in resonance. The larger
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the fluid motion, the larger might be the occurring shear flow, which
possibly impacts ice nucleation.
Therefore, the impact of different frequencies on ice nucleation is investi-
gated for a fixed droplet size of dd = 0.95mm. Changing the frequency at
a constant electric field strength of Ê = 2.26 kV/cm should influence the
droplet motion, and thus possibly affect ice nucleation. The results are
represented as droplet survival curves and nucleation site density, which
are shown in Fig. 9.19. In Fig. 9.19a the droplet survival curves are shown
for different frequencies of the electric field. For comparison purposes a
reference without an electric field and a constant electric field (f = 0Hz)
are also shown.
Comparing the different droplet survival curves shows that electric fields
with frequencies f < 90Hz have almost no influence on ice nucleation for
the given electric field strength. The shape of the droplet survival curves
follow the typical ’S’-shape. The observed variance between the survival
curves can be attributed to the stochastic nature of ice nucleation. Note
that the influence of the electric field is significantly influenced by the
electric field strength, and thus a higher electric field strength can also
influence ice nucleation under the impact of low frequency fields. Even
though the general behaviour is the same for such low frequencies, the
nucleation temperature of the first nucleation event ϑ1 increases with in-
creasing frequency. The droplet comprising the most active nucleation
sites is slightly affected by the change of the frequency and becomes ac-
tive at even higher temperatures. Similar to the effect of the electric field
strength, increasing the frequency leads to a significantly changed droplet
survival curve, which does not follow the classical ’S’-shaped trend. How-
ever, the largest impact is not observed for the highest frequency, but
for a frequency of f = 100Hz. A further increase of the frequency again
reduces the influence of the electric field. In addition, to the changed
trend of the survival curve, the temperature range of nucleation |ϑ1− ϑ0|
increases with increasing frequency and is affected the most for the fre-
quencies f = 100Hz and f = 110Hz.
The nucleation site density, corresponding to the droplet survival curves,
is shown in Fig. 9.19b. For large degrees of supercooling the impact of the
electric field and the different frequencies becomes negligibly small. At
such low temperatures, ϑd < −22 ◦C the temperature is the predominant
influencing factor, similar in magnitude to the impact of the electric field
strength as shown before. Hence, the nucleation site density is represented
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from [158]. Copyright 2021 by the American Physical Soci-
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by an almost constant slope. In addition, an electric field with a frequency
of f ≤ 90Hz does not influence ice nucleation, which is indicated by
the almost constant gradient of the nucleation site density for the entire
range of temperatures. The influence of the frequency of the electric
field is only observable for frequencies f > 90Hz and for temperatures
ϑd > −22 ◦C. Similar to the influence of the electric field strength, the
nucleation site density rapidly increases at low degrees of supercooling
and has a changing gradient depending on the temperature. The influence
of the frequency of the electric field is assumed to be associated with the
macroscopic oscillation of the droplet, because the microscopic orientation
of the water molecules is much faster and can follow external electric fields
with frequencies of up to the GHz range [242]. Consequently, it is assumed
that the impact is mainly caused by the droplet oscillation. Note that the
oscillation of the droplets is mainly influenced by the droplet volume, so
that the frequency with the highest impact on ice nucleation varies with
the droplet volume.
The largest oscillation of the droplets is associated with the droplet
resonance, and so it is assumed that one resonance frequency of the
droplet with a mean diameter of dd = 1.09mm is close to a frequency
of f = 100Hz. However, the observation from above does not allow
determining the frequency of the droplet oscillation. Furthermore, the
theoretical oscillation frequency presented by Eq. (2.51) is only valid for
free droplets or sessile droplets on a hydrophobic substrate, and thus the
equation is not valid for sapphire which is hydrophilic. Consequently, it
can only be assumed that the droplets are excited close to a resonance
frequency, but most probably not perfectly in resonance, which leads to
the significant impact of the electric field.
Even though the volume dependence of the frequency and the actual res-
onance frequency was not further investigated, it was shown that the
frequency of the electric field can have a significant influence on ice nu-
cleation. Due to the fact that the experiments concerning the impact of
the frequency of the electric field are performed in the same manner as
the experiments concerning the electric field strength, it is assumed that
the same assumptions with respect to the repeatability and the accuracy
of the experiments are still valid for the experiments investigating the
influence of the frequency of the electric field.
The observed results are also confirmed by analysing the characteristic
temperatures ϑi which are illustrated in Fig. 9.20. As already observed,
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Figure 9.20: Characteristic temperatures ϑi for the decay of a droplet
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experimental series shown in Fig. 9.19. The tempera-
ture ϑi of an ensemble represents the temperature, where
N`/N0 = i. Reprinted figure (adapted) with permission from
[158]. Copyright 2021 by the American Physical Society.

the characteristic temperature ϑ1 corresponding to the first nucleation
event significantly depends on the frequency of the electric field. A signif-
icant impact is observable for the frequencies f = 40Hz and f = 100Hz,
which leads to the highest nucleation temperatures. While the charac-
teristic temperature ϑ0 is significantly increased by applying an electric
field compared to the reference without an electric field, the characteris-
tic temperatures ϑi with 0 ≤ i < 1 are almost constant for frequencies
f ≤ 90Hz. At a frequency of f = 100Hz the characteristic temperature
ϑi is increased, while the impact decreases with decreasing liquid fraction.
The lowest nucleation temperatures are only affected by applying an elec-
tric field, but not by changing the frequency of the electric field. Hence,
the temperature is the more dominant influencing factor compared to the
frequency of the electric field for large degrees of supercooling, which is
similar to the effect of the electric field strength. Even though the effect
of the changed frequency is not as significant as the impact of the electric
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field strength, an influence of the frequency on ice nucleation was clearly
observed.

9.3.5 Conclusions

While constant electric fields have an almost negligible influence on ice
nucleation, alternating electric fields significantly promote ice nucleation
depending on the boundary conditions. Electric fields with an electric
field strength Ê < 2.86 kV/cm do not influence ice nucleation. How-
ever, increasing the electric field strength leads to a significant impact of
the electric field on ice nucleation, as indicated by the droplet survival
curves and the nucleation site density. The impact of the electric field
increases with increasing electric field strength. An increasing electric
field strength increases the characteristic temperature such as the mean
nucleation temperature. Thus, increasing the electric field strength pro-
motes ice nucleation. Nevertheless, the lowest nucleation temperature is
almost not affected by the electric field, so that not all droplets of the
ensemble are affected in the same manner. Droplets which are already
prone to nucleate at high temperatures are even more prone to nucleate
under the influence of an electric field. The number of droplets affected
by the electric field increases with increasing electric field strength. In ad-
dition, it could be shown that the impact of the electric field is of singular
nature rather than stochastic. Each droplet is associated with a critical
electric field strength necessary to affect ice nucleation. Consequently,
only specific droplets of the ensemble are affected, which appear to be the
same for the different electric field strengths. Accordingly, the nucleation
behaviour is not only singular with respect to the temperature, but also
with respect to the electric field strength. However, the experimental data
shows also the presence of the stochastic nature of ice nucleation.
Although the droplet ensemble is exposed to different electric field
strengths, the previously exposed electric field strengths do not have any
influence on ice nucleation. Therefore, an electric field can only influence
ice nucleation on a small timescale. Ice nucleation is mainly influenced by
the boundary conditions directly at the moment of nucleation.
Besides the electric field strength, the frequency of the electric field was
identified to have a significant influence on ice nucleation. Especially for
a frequency of f = 100Hz, ice nucleation was significantly promoted. The
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impact of the frequency of the electric field is assumed to originate from
the fluid motion and the associated shear.
In summary, alternating electric fields can significantly promote ice nu-
cleation and increase the nucleation temperature depending on the fre-
quency and the electric field strength. Existing theoretical models cannot
describe the observed behaviour, so that further investigations are nec-
essary to reveal the physical mechanism behind the observations and to
prove or falsify the presented hypothesis.

9.4 Transient electric fields

As shown in the previous section, a quasi-static but time-variant electric
field has a larger impact on ice nucleation compared to a time-invariant,
static electric field. The time dependence and the type of the electric
field have a significant influence on the outcome of the experiments. To
extend the investigation of the influence of different types of electric fields
on ice nucleation, transient electric fields are investigated. The impact
of transient electric fields has only been rarely investigated [24, 167, 205,
290] in comparison to alternating or constant electric fields. Even though
a variety of experiments have already been performed in the past, the
impact of transient electric fields on sessile droplets, which are not in
contact to one of the electrodes, is still unknown. Several experimental
setups, like the classical electrowetting setup using single droplets [290] or
a completely enclosed bulk of water [24, 205], are used to investigate the
impact of transient electric fields on ice nucleation. These experimental
setups recreate conditions useful for example for food preservation, but
cannot emulate the conditions present for supercooled sessile droplets only
in contact with dielectrics, which are affected by transient electric fields.
Such conditions are present at the weather sheds of high-voltage insulators
under the impact of lightning or switching impulse voltages, which are
generated by a lightning strike on an overhead line or a switching operation
inside the power transmission and distribution system [133]. Although
alternating electric fields vary in time, these kinds of electric fields are
often assumed to be quasi-static because of the low frequencies [238].
In contrast, transient electric fields are generally characterized by a fast
increase and a slower decrease of the electric field strength. The use of
the standardized lightning and switching impulse voltages ensure a well-
defined electric field with respect to time and an accurate reproduction of
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Table 9.4: Overview of tested parameters and their quantities to investi-
gate the influence of transient electric fields on heterogeneous
ice nucleation.

Parameter Quantity
Mean droplet diameter dd in mm 0.96,. . . , 1.07
Electric field strength Ê in kV/cm 0,. . . , 22.82
Temperatures ϑ in ◦C -5.9,. . . , -21
Impulse type (IEC 60060-1) in µs 1.2/50, 250/2500

the boundary conditions present in power transmission and distribution
systems.
Due to the time-variance of the electric fields, the experimental procedure
is changed compared to constant or alternating electric fields. The ex-
periments are not performed using a constant cooling rate but a constant
temperature. The experimental procedure was described in Subsec. 8.2.3.
An overview of the tested parameters is shown in Table 9.4. In addition
to the calibration procedure shown in Subsec. 8.1.2, the evolution of the
temperature is determined for each temperature level prior to the experi-
ment to ensure that the temperature at the droplet position is accurately
determined during the experiment. Due to the fact that the calibration
was performed for a constant cooling rate, it may be that the tempera-
ture is changing over time for a constant temperature. To avoid a false
calculation of the droplet temperature, the calibration data is used to de-
termine the actual droplet temperature at the moment the electric field
is applied. This ensures well-defined boundary conditions with respect to
the temperature.
The duration and the rate of change is much faster for transient electric
fields compared to constant or alternating electric fields. To capture all
relevant physical mechanisms, a high-speed camera is used to investigate
the nucleation behaviour of the sessile droplets. The use of the high-
speed camera limits the recording time because of the limited memory of
the camera. For the maximum frame rate of the camera (4000 fps) the
maximum recording time is t = 1.5 s. It might be possible that individual
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droplets freeze after the recording is already finished. Those nucleation
events are not taken into account because they cannot be clearly correlated
to the applied electric field.
As already presented in the previous section, the impact of electric fields
on ice nucleation depends on different influencing factors like the electric
field strength or the frequency, i.e. the time. Due to the fact that ice nu-
cleation is a time-dependent process it is assumed that the duration of an
impulse has a significant impact on the outcome of an experiment. Thus,
two impulse voltages, namely standard lightning and standard switching
impulse voltage, are used. The different impulses cover different time
scales, which enables the investigation of the role of time. Besides that,
the general influence of high-voltage impulses on ice nucleation is investi-
gated. Each measurement is repeated at least four times under constant
conditions (a specific impulse type and temperature) to generate numer-
ous nucleation events and ensure reliable results.

9.4.1 Impact of standard lightning impulse voltages

The standard lightning impulse voltage is defined by IEC 60060-1 as
1.2/50 impulse and is subsequently called lightning impulse voltage. The
first number of the definition is related to the time to peak, which is
t = 1.2µs and the second number characterizes the time to half value,
which is t = 50µs. Thus, the electric field strength has a fast and steep
increase followed by a slower decrease. The characteristic time scales of
a lightning impulse voltage (compare Table 7.2) are much lower than the
general resonance frequencies of a liquid droplet, which are in the order of
tens to a hundred milliseconds. This leads to the assumption that the in-
fluence of time/duration of presence of an electric field is more important
for transient compared to constant or alternating electric fields.
The nucleation behaviour is analysed using the frozen fraction Ns/N0
after a constant time of t = 1.5 s. The resulting frozen fraction depending
on the electric field strength and the degree of supercooling is shown in
Fig. 9.21. Note that these results were obtained by the low-speed camera.
After recognizing that nucleation of the individual droplets takes place
in a very short time, the following experiments are performed with the
high-speed camera to obtain a higher temporal resolution of the exper-
imental data. Nevertheless, the data of the present figure is evaluated
after t = 1.5 s for comparison purposes. The amplitude of the electric
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Figure 9.21: Final frozen fraction Ns/N0 measured long times after ap-
plying the impulse voltage, depending on the ensemble su-
percooling ∆T for lightning impulse voltages of varying peak
electric field strength Ê. Reprinted (adapted) with permis-
sion from [159], under the Creative Common License - Attri-
bution 4.0 International (CC BY 4).

field strength Ê corresponds to the highest amplitude of the electric field
during the impulse voltage is applied and characterizes the highest elec-
tric field strength exposed to the droplets. Similar to the liquid fraction,
the frozen fraction is defined as the ratio of the number of frozen droplets
Ns and the number of initially liquid droplet N0. It characterizes the
impact of a specific electric field strength at a given temperature. For
lightning impulse voltages a minimum of 95 nucleation events for a spe-
cific combination of temperature and electric field strength is investigated
to determine the behaviour. The results are presented in Fig. 9.21.
Both the temperature and the electric field have a significant influence
on ice nucleation. Increasing the electric field strength leads to an in-
creasing impact on ice nucleation, and thus to a larger frozen fraction
for a constant degree of supercooling. Furthermore, the impact of the
electric field increases with increasing degree of supercooling. While low
electric field strengths Ê < 9.78 kV/cm have no impact on ice nucleation,
independent of the degree of supercooling, larger electric field strengths
significantly promote ice nucleation. For Ê ≤ 6.52 kV/cm none of the
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droplets freeze under the influence of the transient electric field, indepen-
dent of the degree of supercooling. In contrast, electric field strengths
6.52 kV/cm < Ê < 19.56 kV/cm cause an increasing number of frozen
droplets. However, the electric field strength does not cause all droplets to
freeze (Ns/N0 = 1) even for the highest degree of supercooling ∆T = 21K.
The higher the electric field strength, the lower is the necessary degree of
supercooling to cause an effect of the electric field on ice nucleation. In-
creasing the electric field strength even more (Ê > 16.30 kV/cm) results in
a completely frozen ensemble for a sufficiently high degree of supercooling.
For an electric field strength of Ê = 19.56 kV/cm a ratio of Ns/N0 = 1 is
reached for a supercooling of ∆T = 21K. Larger electric field strength re-
sults in an already completely frozen ensemble at lower supercoolings. For
the highest electric field strength Ê = 22.82 kV/cm a completely frozen
ensemble is already observed for a supercooling of ∆T = 16K.
To quantify the increasing impact of the electric field strength, the mean
freezing temperature ϑ0.5, which corresponds to Ns/N0 = 0.5, is analysed
depending on the electric field strength. Due to the fact that the exper-
imental data is only given for specific frozen fractions, the mean freezing
temperature is approximated by the available experimental data. A lin-
ear approximation of the two frozen fractions the closest to Ns/N0 = 0.5

Table 9.5: Approximated mean nucleation temperature ϑ0.5 depending on
the electric field strength Ê for lightning impulse voltage. The
mean nucleation temperature correlates to Ns/N0 = 0.5 and
characterizes the electric field strength to freeze half of the
ensemble. Reprinted with permission from [159], under the
Creative Common License - Attribution 4.0 International (CC
BY 4).

Ê in kV/cm ϑ0.5 in ◦C
13.04 -19.66
16.30 -15.05
19.56 -14.04
22.82 -12.58
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Ê. Both ensembles are exposed to lightning impulse voltages.
The data shown in Fig. 9.21 is indicated by the index 1 and is
compared to the data obtained with a fresh ensemble (index
2). Reprinted (adapted) with permission from [159], under
the Creative Common License - Attribution 4.0 International
(CC BY 4).

is used to calculate the mean freezing temperature for each electric field
strength. The result is summarized in Table 9.5.
The mean freezing temperature ϑ0.5 is significantly affected by the electric
field and decreases with increasing electric field strength. Note that for
Ê < 13.04 kV/cm no mean freezing temperature is calculated due to the
fact that less than the half of the ensemble is frozen after t = 1.5 s. Increas-
ing the electric field strength from Ê = 13.04 kV/cm to Ê = 22.82 kV/cm
results in an increase of the mean freezing temperature of ∆ϑ0.5 ≈ 7K.
The experiments are performed with the same set of droplets to rule out
any influence associated with the droplet position or contamination of
the droplets. However, a second set of droplets is used to investigate
the repeatability and sensitivity of the results with respect to a changed
droplet ensemble. The resulting frozen fractions of the different ensembles
are compared in Fig. 9.22, depending on the electric field strength Ê and
the degree of supercooling ∆T . The hollow symbols and the solid lines
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9.4 Transient electric fields

correspond to the data presented in Fig. 9.21, which are labelled with the
index 1. The filled symbols and dashed lines represent the data of the new
ensemble and are labelled with the index 2. Identical colours correspond
to the same electric field strength.
As shown by the data, the agreement of the different ensembles is very
good. For low electric field strengths (Ê = 6.52 kV/cm) almost no devia-
tion between the sets is observable. The electric field does not cause any
droplet to freeze, independent of the degree of supercooling. For larger
electric field strengths only slight variations are observable, but the trend
is still the same. An increasing electric field strength leads to an increas-
ing frozen fraction. For supercoolings of ∆T > 10K the resulting frozen
fraction of the second ensemble is generally lower than the first ensem-
ble. The difference between the ensembles is most likely caused by the
change of the droplets, which is associated with a changed INP spectrum
inside the droplets affecting the nucleation temperature. Furthermore, the
mean droplet size of the ensemble varies slightly, which also has an impact.
However, the change of the INP spectrum seems to have an insignificant
influence compared to the impact of the electric field.

9.4.2 Impact of standard switching impulse voltages

To investigate the impact of the impulse duration and a change of the
characteristic time scales of the impulse voltage, the same experiments
are performed with standard switching impulse voltages. The standard
switching impulse is defined by the IEC 60060-1 as a 250/2500 impulse
and subsequently called switching impulse voltage. Hence, the impulse is
characterized by a time to peak of t = 250µs and a time to half value of
t = 2500µs. This leads to an impulse with a significantly longer dura-
tion and to different characteristic time scales (see Table 7.2) compared
to lighting impulse voltages. Even if the characteristic time scales are
increased compared to lightning impulse voltages, the characteristic time
scales are still lower than the characteristic timescale of the typical droplet
oscillations given under the influence of alternating electric fields. All ex-
periments are performed with a single set of droplets to rule out any influ-
ence of droplet contamination or changed droplet size. The experiments
are performed with the same procedure as for the lightning impulse.
The resulting frozen fraction of the droplet ensemble under the influence
of switching impulse voltages after a duration of t = 1.5 s, depending on
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Ê = 6.52 kV/cm
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well as the electric field strength Ê for a switching impulse
voltage. Reprinted (adapted) with permission from [159],
under the Creative Common License - Attribution 4.0 Inter-
national (CC BY 4).

the electric field strength Ê and the degree of supercooling ∆T , is shown
in Fig. 9.23. For the experiments performed with switching impulse volt-
ages a minimum of 95 nucleation events for each combination of electric
field strength and degree of supercooling is analysed to ensure a high
statistical significance of the data. Only for an electric field strength of
Ê = 19.56 kV/cm the number of nucleation events taken into account for
constant conditions is lowered to 35 nucleation events. The reason for
the lowered number of nucleation events is given by the influence of the
electric field itself. At such high electric field strengths, the droplets are
significantly deformed and release tiny droplets. This causes a continu-
ous decrease of the droplet volume, which results in a reduced number
of droplets being taken into account during the analysis. The effect of
the electric field on the motion of the droplets is described later in more
detail. The reduced number of the droplets ensures a well-defined droplet
size during the experiments and repetitions, which enables the comparison
of the different experiments. Although the number of nucleation events
is reduced for the highest electric field strength, the obtained data is still
sufficient to derive statistical significant effects of the electric field on ice
nucleation.
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Table 9.6: Approximated mean nucleation temperature ϑ0.5 in depen-
dence on the electric field strength Ê for switching impulse
voltage. The mean nucleation temperature correlates to
Ns/N0 = 0.5 and characterizes the electric field strength to
freeze half of the ensemble. Reprinted with permission from
[159], under the Creative Common License - Attribution 4.0
International (CC BY 4).

Ê in kV/cm ϑ0.5 in ◦C
9.78 -14.95
13.04 -12.56
16.30 -10.62
19.56 -9.05

Similar to lightning impulse voltages, low electric field strengths
(Ê ≤ 6.52 kV/cm) does not influence ice nucleation, independent of the
electric field strength. None of the droplets within the ensemble are caused
to freeze, independent of the degree of supercooling. The frozen fraction
increases with increasing electric field strength and increasing degree of
supercooling. The higher the electric field strength, the higher is the in-
fluence of the electric field on ice nucleation. The influence of switching
impulse voltages is higher compared to lightning impulse voltages. Com-
paring the data of Figs. 9.21 and 9.23 reveals that the frozen fraction
is higher for switching compared to lightning impulse voltages for fixed
boundary conditions. While an electric field of Ê = 9.78 kV/cm yields a
frozen fraction of about 12.5 % at ∆T = 21K for lightning impulse volt-
ages, the same electric field strength causes about 80 % of the droplets
to freeze at ∆T = 21K if the ensemble is exposed to switching impulse
voltages. In addition, switching impulse voltages enhances the impact
at low degrees of supercooling. While no ice nucleation is observed at a
supercooling of ∆T = 5K for lightning impulse voltages, switching im-
pulse voltages cause up to approximately 12.5 % of the droplet ensemble
to freeze at such low degrees of supercooling. Furthermore, an electric
field strength of Ê = 16.30 kV/cm already leads to a fully frozen ensemble
at ∆T = 21K, and thus is lower than the electric field strength in case
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of a lightning impulse voltage. For the highest electric field strength a
completely frozen ensemble is already achieved at ∆T = 13.5K, which is
significantly lower than for lightning impulse voltages (∆T = 21K) for a
constant electric field strength of Ê = 19.65 kV/cm.
The impact of switching impulse voltages is also shown by the mean nu-
cleation temperatures ϑ0.5. Similar to lightning impulse voltages, the
mean nucleation temperature is approximated by the given data using a
linear approximation of the frozen fractions the closest to Ns/N = 0.5.
The resulting mean nucleation temperatures for droplets under the im-
pact of switching impulse voltages are presented in Table 9.24. In-
creasing the electric field strength significantly reduces the mean nucle-
ation temperature. Generally, the temperatures are higher compared to
lightning impulse voltages (see Table 7.2). However, the increase from
Ê = 9.78 kV/cm to Ê = 19.56 kV/cm leads to almost the same increase
of the mean freezing temperature of ∆ϑ0.5 ≈ 6K compared to lighting
impulse voltages. Consequently, the general impact of transient electric
fields on ice nucleation is independent of the impulse duration and char-
acteristic timescales. Nevertheless, the impact of switching impulses is
higher compared to lightning impulses. This increased influence is asso-
ciated with the extended duration of the electric field. The longer the
electric field is applied, the longer is the droplet influenced by the forces
caused by the electric field, which results in a larger macroscopic reaction
of the droplet. To determine the reason for this behaviour the motion of
the droplets is analysed in more detail.
A time series of a part of the droplet ensemble is shown in Fig. 9.24.
The droplets are held at a constant temperature of ϑ = 5.9 ◦C. Initially
the droplets are at rest as shown by Fig. 9.24a. An electric field with
Ê = 19.56 kV/cm is triggered at t = 0ms and applied to the droplets.
Due to the applied electric field the droplets are significantly deformed as
shown in Figs. 9.24b and c. Mainly, the droplets closest to the electrodes
(upper row) are affected the most by the electric field. The conical de-
formation of the droplets was also observed for droplets under the impact
of constant electric fields and is called Taylor cone [259]. The formation
of a Taylor cone can be associated with the release of tiny droplets from
the tip of the Taylor cone. Generally, the formation of such droplets can
be observed during the experiments. The tiny droplets come to rest in
the space between the individual droplets of the ensemble, which can be
observed in the pictures. The change in volume of the droplets is assumed
to be negligible due to the fact that the volume of the released droplets
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is rather small. However, many repetitions causes a significantly reduced
volume of individual droplets. Note that also droplets in the centre of the
ensemble might form a Taylor cone and release tiny droplets, even if it is
not shown in the time series.
After t = 2ms the deformation of the droplets is the largest (Fig. 9.24b)
and decreases afterwards (Figs. 9.24c). At t = 6ms the droplets are again
in their initial position. Even though the droplets have been significantly
deformed by the electric field the final shape and position of the droplets
is almost not influenced. The appearance of the ensemble is almost the
same before and after the impulse voltage is applied. It is noteworthy
that the contact line of the droplets moves during the deformation, which
results in a slightly changed position of the contact line after the impulse
voltage. However, the change in position cannot be seen in the time series.
For lighting impulse voltages the formation of a Taylor was not observed
during the experiments. As already shown in Chap. 7, the macroscopic
movement and deformation of droplets exposed to lighting impulses is
much lower compared to switching impulses. The same behaviour is
observed in the present experiments. The general behaviour of single
droplets was already presented in Figs. 7.2 and 7.3 and the conclusions
are transferable to the present experiments. Due to the fact that the
deformations and oscillations of the droplets are much smaller in case of
lighting impulse voltages, no image series is shown for that case.
As discussed in Chap. 7, the characteristic time scales of the impulse and
the charge relaxation time of water mainly affects the behaviour of the
droplet under the influence of the electric field. Generally, the character-
istic timescales of the impulse voltage is much smaller than the charge
relaxation time of the droplet, so that the droplet can be assumed as a
leaky-dielectric. Only the characteristic time to half value for the switch-
ing impulse is larger than the charge relaxation so that the droplet is
assumed to be a perfect conductor during this period of the switching
impulse. The formation of a Taylor cone is generally possible for conduct-
ing and non-conducting liquids [41]. However, the release of tiny droplets
is only possible in case of a dielectric or leaky-dielectric liquid [41]. In
case of a conducting liquid, the electric field inside the droplet completely
vanishes and so does the force tangentially aligned to the interface of the
droplet. These tangentially aligned forces on the interface of the droplet
were identified to be necessary to cause the formation of tiny droplets [41].
Nevertheless, the formation of a Taylor cone and the possibly associated
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a)
t = 0ms

b) t = 2ms

c)
t = 4ms

d) t = 6ms

Figure 9.24: Part of a droplet ensemble during the impact of a switching
impulse voltage with Ê = 19.56 kV/cm at ϑ = −5.9 ◦C (no
freezing is observed). Each image shows the droplets at a
different time after triggering of the impulse. a) Time of
trigger, b) deformation of the droplets after t = 2ms, c) after
t = 4ms and d) after t = 6ms. The mean droplet diameter
is dd = 1.01mm. Reprinted (adapted) with permission from
[159], under the Creative Common License - Attribution 4.0
International (CC BY 4).
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generation of tiny droplets is only observed for switching impulse volt-
ages, which is associated with the duration of the impulse. It seems that
the duration of a lightning impulse is not long enough to cause a Taylor
cone. Hence, the Taylor cone is assumed to be formed during the time to
peak of a switching impulse voltage, which is significantly longer than the
duration of a lightning impulse.
Ice nucleation is influenced by both impulse types, but the behaviour of
the individual droplets mainly depends on the impulse type. Due to the
fact that the switching impulse has an increased impact on ice nucleation,
it is assumed that not only the presence of an electric field promotes ice
nucleation but also the macroscopic motion caused by the electric field.
The macroscopic motion and the possibly generated shear flow might pro-
mote ice nucleation [224]. It is assumed that the influence originates from
the macroscopic motion rather than the molecular motion of water, be-
cause water molecules are able to follow electric fields with frequencies up
to the GHz range [242]. Accordingly, the characteristic frequency for the
orientation of the molecules is much lower than the characteristic time of
the applied impulses and the molecules have always enough time to ori-
ent themselves in the electric field. In addition, the macroscopic motion
can be clearly observed during the experiments. Even if the characteris-
tic timescale of the impulse voltages are significantly higher than typical
oscillation frequencies under the impact of alternating voltages, the result-
ing motion might significantly impact the shear flow inside the droplet,
i.e. ice nucleation [224]. This might be an explanation for the increased
impact of switching compared to lightning impulse voltages.

9.4.3 Singular vs. stochastic behaviour

In the previous subsections, the impact of the electric field was evaluated
after a constant time of t = 1.5 s, which revealed the long time effect of
the electric field on ice nucleation. Using this approach, the individual
droplets are categorized as frozen or unfrozen, which is associated to a
singular point of view. However, it is well known that ice nucleation is
a stochastic process, and thus a time-dependent process, regardless of
any singular nature, when studied with an appropriate timescale [193,
265, 266]. To investigate the time-dependence of the process, the high
temporal resolution of the high-speed camera is used to determine the
exact moment ice nucleation with respect to the applied electric field.
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Figure 9.25: Liquid fraction N`/N0 depending on time t and degree of
supercooling ∆T under the impact of transient electric fields
with Ê = 16.3 kV/cm. a) shows the resulting liquid fraction
for lightning and b) for a switching impulse voltage. Time
t = 0ms refers to the instant when the transient electric field
is triggered. The dashed line shows the trend of the applied
impulse voltage. Reprinted (adapted) with permission from
[159], under the Creative Common License - Attribution 4.0
International (CC BY 4).
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The temporal evolution of the liquid fraction for the two impulse
types is shown in Fig. 9.25 for a constant electric field strength of
Ê = 16.30 kV/cm. Figure 9.25a corresponds to the lightning impulse
voltage and shows the experimental data as symbols for various degrees
of supercooling. In addition, the dashed line indicates the temporal evo-
lution of the voltage signal, i.e. the temporal evolution of the electric
field. The same illustration is used for Fig. 9.25b representing the data
for the switching impulse voltage. The time t = 0 s corresponds to the
moment the electric field is generated. The camera and the electric field
are synchronized by triggering both at the same time.
As shown by the data, the droplets do not freeze instantaneously after the
electric field is applied and can have a significant nucleation delay up to
t = 1.5 s. Individual droplets freeze after this time, but these nucleation
events are not taken into account due to the fact that these nucleation
events cannot be clearly correlated to the presence of the electric field.
Freezing delays larger than t > 1.5 s might be related to the stochastic
nature of ice nucleation, which can cause droplets to nucleate after a
specific time even without the influence of an electric field. It is assumed
that the impact of this process is rather small because such large freezing
delays were only rarely observed during the experiments.
The first nucleation event is observed at t = 2.5 · 10−4 s for both im-
pulse types and is associated with the temporal resolution of the camera.
Using a frame rate of 4000 fps the maximum temporal resolution yields
∆t = 2.5 ·10−4 s. Hence, any nucleation event occurring at t < 2.5 ·10−4 s
is recognized at t = 2.5 · 10−4 s. The temporal resolution of the camera
limits the investigation of the first moment of freezing. This results in an
accumulation of freezing events at t = 2.5 · 10−4 s, which can be observed
for lightning and switching impulse voltages. Even if the resolution is lim-
ited to very small timescales, the temporal evolution of the liquid fraction
can be accurately measured for larger orders of time. This reveals the
stochastic nature and the time dependence of ice nucleation. The indi-
vidual nucleation events cover several orders of magnitude in time, which
indicates that the droplets do not freeze at the same time.
For lightning impulse voltages and supercoolings ∆T < 21K the major-
ity of the droplets freeze significantly after the impulse is applied. Fur-
thermore, in most cases the electric field has already decayed when the
droplets freeze. For high supercoolings like ∆T = 21K the exact moment
of nucleation of the first droplets cannot be determined. Hence, it might

243



9 Results using supercooled sessile droplets

be possible that for large supercoolings the electric field is still present
when the first droplets freeze. This observation supports the assumption
that the impact of an electric field is not only caused by the presence of
the electric field but also as a consequence of the macroscopic motion of
the droplet in the presence of an electric field.
For switching impulse voltages the first nucleation events for ∆T ≥ 16K
is observed slightly later than for lightning impulse voltages. However, the
impact of the electric field is higher compared to lighting impulse volt-
ages, which results in a faster decay of the liquid fraction. In contrast, for
supercoolings ∆T < 16K the first nucleation event is observed later than
for lightning impulse voltages. Even though ice nucleation is initiated at
a later time, it is more pronounced for switching impulse voltages. For
constant conditions, the decay of the liquid fraction is generally larger for
switching compared to lighting impulse voltages. Accordingly, switching
impulse voltages have a higher impact on ice nucleation and promote ice
nucleation more than lighting impulse voltages. The general onset of nu-
cleation is observed shortly after the maximum electric field strength is
applied for large supercoolings ∆T > 8.4K. Hence, the majority of the
ensemble freezes during the electric field is applied. Only for small super-
coolings ∆T < 13.5K droplets freeze after the electric field has already
decayed. In contrast, the onset of nucleation spreads over approximately
two orders of magnitude for the lighting impulse voltage.
Both impulse types significantly promote ice nucleation. However, the
different impulse voltages lead to a different temporal decay of the liquid
fraction. Even though the characteristic time scales of both impulses differ
by almost two decades, the overall nucleation behaviour is comparable for
both impulse types. In addition, a counter-intuitive behaviour could be
observed. An increasing characteristic timescale of the impulse leads to
a decreasing time span for the onset of nucleation. The larger the degree
of supercooling, the lower is the difference in the onset of nucleation with
respect to time between the different impulse types.
To further analyse the behaviour of the droplets, the experimental data is
used to calculate the time-dependent nucleation rate J . Assuming that
the freezing of the droplets is initiated by heterogeneous ice nucleation, the
nucleation rate is determined with the wetted area Awet. For nucleation
events at constant temperature the time-dependent nucleation rate can
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be calculated by [102, 266]

N`
N0

= exp
[
−
ˆ t

0
AwetJsurf(t)dt

]
. (9.1)

The resulting nucleation rate defines the probability of freezing per unit
surface area and time and has the unit m−2s−1. Using the survival curves
obtained from the experimental data the nucleation rate is given by

Jsurf(t) = − 1
Awet

d
[
lnN`(t)

N0

]
dt . (9.2)

The calculated nucleation rate for lightning and for switching impulse
voltages for a constant temperature of ϑ = −13.5 ◦C is shown in Fig. 9.26
as semi-logarithmic diagram to ensure a detailed presentation of the data
over a wide time span. Note that the data presented in Fig. 9.26 is re-
duced compared to Fig. 9.25. Only the data used for the calculation of the
nucleation rate is shown. In addition, the figure shows the dependence on
the electric field for a constant temperature, so that the number of curves
is reduced in Fig. 9.26a because an electric field strength Ê < 13.30 kV/cm
has no impact on ice nucleation for lightning impulse voltage at the given
temperature. For both, lightning and switching impulse voltages, the
nucleation rate is characterized by a steep increase until the maximum
nucleation rate is reached and a steep decrease afterwards. Even though
the different impulse types have significantly different timescales, the max-
imum of the nucleation rate appears at almost the same time instant for
both impulses. The maximum nucleation rate is reached after approxi-
mately t ≈ 2−4ms. In case of lightning impulse voltages, the electric field
has already decayed at this time. Hence, the impact of the electric field is
associated with a physical mechanism on a larger timescale as given by the
impulse voltage. The exact time until the maximum is reached depends
on the degree of supercooling. The analysis of the other temperatures
revealed that an increasing degree of supercooling causes the maximum
nucleation rate to appear earlier in time. In addition to the temperature,
the maximum nucleation rate is affected by the electric field strength. The
higher the electric field strength, the higher is the maximum nucleation
rate. As shown in Fig. 9.26 the maximum nucleation rate is almost iden-
tical for an electric field strength Ê = 19.56 kV/cm independent of the
impulse type. However, for smaller electric field strengths, the maximum
nucleation rate differs for lightning and switching impulse voltages. Over-
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Figure 9.26: Temporal evolution of the nucleation rate Jsurf depend-
ing on the electric field strength Ê at a temperature of
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 volt-
age. Reprinted (adapted) with permission from [159], under
the Creative Common License - Attribution 4.0 International
(CC BY 4).
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all, the general behaviour and the order of magnitude of the nucleation
rate is very similar for the different impulse types.
Due to the fact that some droplets freeze after the electric field has already
decayed, which is assisted by the maximum nucleation rate appearing at
t ≈ 2−4ms, the impact of the electric field is assumed to only influence ice
nucleation indirectly. As shown in the previous subsection, the presence
of an electric field leads to a deformation of the droplet. Furthermore, the
introduced disturbances at the three-phase contact line and the resulting
droplet oscillation are associated with a macroscopic motion of the droplet.
Based on the observation that the wetted area of the droplet is almost not
influenced by the electric field, it is assumed that a shear flow is induced
by the electric field. Directly at the substrate, the no-slip condition has to
be fulfilled. Simultaneously, the bulk of the droplet oscillates, and a flow
profile inside the droplet is generated, which is associated with shear. The
larger the droplet motion, the large is the shear inside the droplet, which is
known to possibly affect ice nucleation [224]. Therefore, it is evident that
transient electric fields promote ice nucleation by inducing a macroscopic
motion. Generally, ice nucleation is promoted by both, lightning and
switching impulse voltages, but the impact of switching impulse voltages
is higher compared to lightning impulse voltages. This effect is caused by
the larger fluid motion generated by the switching impulse voltages.

9.4.4 Conclusions

In addition to alternating electric fields, transient electric fields sig-
nificantly promote ice nucleation. Both standard lighting and switch-
ing impulse voltages can generate electric fields, which can promote
ice nucleation. While electric fields with an electric field strength of
Ê ≤ 6.52 kV/cm are identified to have no impact on ice nucleation in-
dependent of the degree of supercooling, higher electric field strengths
promote ice nucleation. An electric field strength of Ê > 19.56 kV/cm
leads to a fully frozen ensemble depending on the degree of supercooling.
Generally, the higher the electric field strength, the higher is the impact on
ice nucleation. In addition to the electric field strength, the degree of su-
percooling influences the nucleation behaviour of the individual droplets.
The higher the degree of supercooling, the more prone are the droplets to
nucleate. Accordingly, applying an electric field can force ice nucleation
of the droplet ensemble.
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The nucleation behaviour was investigated with respect to different time
scales. The frozen fraction was analysed after t = 1.5 s and revealed
the long time effect of the transient electric fields, which corresponds
to a singular point of view. A more detailed analysis of the nucleation
behaviour with respect to time revealed that the individual droplets do
not freeze at the same time. Individual droplets experience a significant
nucleation delay of up to t = 1.5 s. Consequently, nucleation is a stochastic
and time dependent process independent of the presence of a singular
behaviour.
The impact of switching impulse voltages is observed to be higher com-
pared to lighting impulse voltages for the same electric field strength. The
formation of a Taylor cone, which is associated with the release of tiny
droplets, is only observed for switching impulse voltages. In addition,
the macroscopic motion caused by the impulse is also higher in case of
switching compared to lighting impulse voltages. Due to the fact that
several droplets freeze after the electric field has completely decayed, the
influence of the electric field is not only associated with the electric field
strength but also with the droplet motion caused by the presence of an
electric field. Thus, the impact of the electric field on ice nucleation is
presumably not caused by fast physical processes like the molecule orien-
tation, but by slow processes like droplet oscillations and the shear inside
the droplet.
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10 Results of emulsified supercooled
droplets

While sessile droplets are always in contact with a substrate which in-
evitably leads to heterogeneous ice nucleation, emulsified droplets are only
in contact with the surrounding fluid. Thus, emulsified droplets can be
used to investigate homogeneous ice nucleation as reported in literature by
various authors [226, 255, 258]. However, the impact of electric fields on
homogeneous ice nucleation is rarely investigated experimentally, amongst
others by Stan et al. [247]. Using an emulsion to investigate ice nucleation
overcomes two major problems: the presence of a substrate, which leads
to heterogeneous nucleation and a high sensitivity of the process caused
by the large number of droplets [129]. The major challenge to investigate
homogeneous ice nucleation under the impact of electric fields is to sta-
bilize the individual droplets and to prevent coalescence of the droplets,
because it is already known that electric fields can cause coalescence [72].
Electro-coalescence is often used to merge nearby droplets. Consequently,
the droplets have to be stabilized, which is often achieved by adding a
surfactant [105], but this surfactant should not influence ice nucleation.
Using a commercially available surfactant and performing the experiments
carefully with respect to the application of the electric field, the influence
of electric fields on homogeneous ice nucleation could be successfully inves-
tigated. The absence of a substrate reveals the general impact of electric
fields on ice nucleation. A summary of the experimental conditions for
constant electric fields is shown in Table 10.1.

Table 10.1: Overview of tested parameters and their quantities to investi-
gate the influence of constant electric fields on heterogeneous
ice nucleation.

Parameter Quantity
Mean droplet diameter dd in µm 124.8± 18.7
Electric field strength E in kV/cm 0, . . . , 13.06
Cooling rate Ṫ in K/min 5
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10 Results of emulsified supercooled droplets

10.1 Constant electric fields

Each experiment is performed with a new droplet ensemble, because of
droplet coalesce during thawing. As already mentioned in Subsec. 8.2.3
the use of different droplet ensembles leads to variations of the nucleation
behaviour resulting in a larger scatter of the data. The reported scatter
of the data is influenced by the number of droplets, so that the number of
nucleation events should be as high as possible to ensure reliable results.
Using the closely packed emulsion, a minimum of 1500 nucleation events
can be observed for each electric field strength. Hence, the number of
nucleation events is significantly higher compared to sessile droplets.
All experiments are performed using a constant cooling rate of
Ṫ = 5K/min. At first, each ensemble is held at a constant temperature of
ϑd = 14 ◦C for five minutes to ensure constant boundary conditions while
the electric field strength is slowly increased to the desired field strength.
The field strength has to be increased slowly to avoid droplet coalescence.
Only without droplet coalescence during the experiments the impact of
the electric field strength on ice nucleation can be investigated. An ex-
emplary time series of the nucleation experiment for emulsified droplets is
shown in Fig. 10.1. Compared to sessile droplets, the first freezing event
is observed at significantly lower temperatures. The nucleation of the in-
dividual droplets is determined by the colour change of the droplets as

a) b) c)

Figure 10.1: Exemplary time series of a nucleation experiment of emulsi-
fied droplets. The images show a section of the complete
ensemble observed in the experiments, where a) contains
unfrozen droplets at ϑd = −22.56 ◦C, b) a partially frozen
droplet ensemble at ϑd = −33.97 ◦C and c) a completely
frozen droplet ensemble at ϑd = −35.30 ◦C.
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10.1 Constant electric fields

shown in Fig. 10.1. While liquid droplets are transparent, frozen droplets
are non-transparent leading to a darker appearance. The results of the
individual experiments with various electric field strengths are analysed
in the same manner as for sessile droplets.
The fraction of liquid droplets N`/N0 in dependence of the current droplet
temperature ϑd and the applied electric field strength E is shown in
Fig. 10.2. All survival curves exhibits the typical ’S’-shaped trend, which
indicates a very clean and careful experimental procedure and reflects
the contamination within the droplets [212]. The first droplets nucleate
at a temperature of ϑd ≈ −22 ◦C almost independent of the electric field
strength. Furthermore, the lowest nucleation temperature of ϑd ≈ −35 ◦C
is also very constant and does not depend on the applied electric field
strength. Compared to the experiments with sessile droplets, the nucle-
ation temperatures of the individual droplets are significantly lower and in
the right order of magnitude for homogeneous ice nucleation as reported
in literature [96, 130]. This is also a good indicator that the dominant
mechanism is given by homogeneous ice nucleation instead of heteroge-
neous ice nucleation. As indicated by the almost identical trend of all
survival curves, the influence of a constant electric field seems negligi-
ble. The slight variation between the individual curves is caused by the
changed droplet ensemble and the stochastic nature of ice nucleation.
In addition to the survival curves, the nucleation rate J is shown in
Fig. 10.2b. The nucleation rate is calculated according to Eq. (3.16) by
the liquid fraction, the volume of the droplets as well as the constant cool-
ing rate instead of the time. As already indicated by the survival curves,
the trend of the different nucleation rates is almost identical, indepen-
dent of the applied electric field strength. The gradient of the nucleation
rates is almost linear for a temperature between ϑd ≈ −32.56 ◦C and
ϑd ≈ −36 ◦C, which indicates a stochastic nucleation behaviour [193].
For higher temperatures (ϑd > −32.5 ◦C) the gradient of the nucleation
curves decreases, but is still almost constant up to a temperature of
ϑd ≈ −25 ◦C. Note, the maximum and minimum of the nucleation rate
are mainly defined by the droplet size and the resolution of the liquid
fraction. The given boundary conditions yields Jmax ≈ 4 · 1013 m−3s−1

and Jmin ≈ 4 · 108 m−3s−1 as maximum and minimum nucleation rates,
respectively.
To investigate the influence of the electric field on ice nucleation in more
detail the characteristic temperatures of the survival curves are analysed.
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10 Results of emulsified supercooled droplets
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Figure 10.2: Experimental data to obtain the influence of constant electric
fields on emulsified droplets. a) Liquid fraction N`/N0 and
b) corresponding nucleation rate J depending on the droplet
temperature ϑd and the electric field strength E.

Each characteristic temperature ϑi corresponds to the liquid fraction
N`/N0 = i. Typical liquid fraction ratios are chosen to determine the
impact of different electric field strengths and to reveal even small influ-
ences, which might be masked by the illustration of survival curves. The
resulting characteristic temperatures ϑi depending on the electric field
strength E are shown in Fig. 10.3, where the characteristic temperature
ϑ1 defines the highest nucleation temperature and ϑ0 the lowest nucle-
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Figure 10.3: Characteristic temperatures ϑi for the decay of a droplet en-
semble depending on the electric field strength E (constant
electric field). The present data corresponds to the experi-
mental series already shown in Fig. 10.2. The temperature ϑi
of an ensemble represents the temperature, where N`/N0 = i.

ation temperature. The characteristic temperatures are almost perfectly
constant independent of the electric field strength. Only ϑ1 varies slightly
for the range of applied electric field strength. Nevertheless, no clear trend
is observable. The slight variations of the nucleation temperature of the
droplets freezing first might be caused by the different droplet ensem-
bles. Even if the droplets are produced from the same bulk the individual
droplet contain a different spectrum of unwanted ice nucleating particles
[267], which result from water and sample preparation being not perfectly
clean.
Hence, homogeneous ice nucleation of water droplets is not affected by
constant electric fields up to E = 13.06 kV/cm. The electric field strength
could not be further increased because such high electric field strength
lead to a destabilization of the droplets, which results in droplet coales-
cence. Hence, it is still not clear if higher electric field strengths would
influence ice nucleation. Such high electric fields might occur in clouds,
but in most technical systems the electric field strength is limited. In case
of high-voltage insulators the maximum electric field strength amounts
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10 Results of emulsified supercooled droplets

to ERMS ≈ 4.5 kV/cm [209]. As already shown in Sec. 9.2 the impact
of constant electric fields on heterogeneous ice nucleation is rather small
and might be masked by the stochastic nature of ice nucleation for small
electric field strength. This might be also the case for homogeneous nu-
cleation. Polen et al. [212] reported a significant variance between the
individual runs and repetitions even if high purity water is used. Conse-
quently, the scatter of the data originate from the water being not per-
fectly clean. In general, no influence of a constant electric field in ho-
mogeneous ice nucleation could be determined for the tested electric field
strength, which is in good agreement with the results reported by Stan
et al. [247]. However, Stan et al. [247] investigated the impact of alternat-
ing electric fields with significantly lower electric field strength. Therefore,
the present experiments enhance the knowledge of the impact of constant
electric fields on homogeneous ice nucleation, especially for high electric
field strengths.

10.2 Alternating and transient electric fields

For heterogeneous nucleation it was shown that the impact of alternating
and transient electric fields is much more significant than for constant
electric fields. This might also be the case for homogeneous ice nucle-
ation. While electro-coalescence was already observed for constant elec-
tric fields if the electric field was switched on or the electric field strength
was increased too fast, the droplets could not be stabilized under the
impact of alternating and transient electric fields. Applying the electric
field always leads to a destabilization of the droplets for alternating and
transient electric fields. Even if the alternating voltage is increased very
slowly, electro-coalescence could be observed for very small electric field
strengths. Electric fields are known to promote coalescence [72]. Conse-
quently, the presented method to stabilize the droplets cannot be used
to determine the impact of alternating or transient electric fields on ho-
mogeneous ice nucleation. However, using other methods to stabilize the
droplets even under the impact of alternating or transient electric fields
might reveal new insights of the influencing factors of homogeneous ice nu-
cleation. Even though homogeneous ice nucleation could not be observed,
the macroscopic interaction of the emulsified droplets and the electric field
could be clearly observed by coalescence of the droplets.
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11 Summary
In this study two main subjects have been investigated, namely the im-
pact of electric fields on the hydrodynamic behaviour of sessile droplets
at ambient conditions and on supercooled droplets, i.e. on ice nucleation.
The two topics involve different physical mechanisms which were experi-
mentally investigated. Generic experimental setups were used to generate
well-defined boundary conditions to determine the impact of the various
influencing factors. Several new results and conclusions were obtained by
the experiments and their analysis.
Sessile water droplets are highly affected by the presence of electric fields.
The general behaviour of the droplets is already known and has been
widely investigated. Electric fields induce a deformation or oscillation of
the water droplets, depending on the electric field strength, frequency of
the electric field, droplet volume and substrate properties. Large electric
field strengths might even lead to a motion of the droplet. As part of this
study, the impact of electric charges on the behaviour of water droplets
under alternating electric fields is investigated using a high-speed camera.
The electric charge of the droplet is revealed to significantly influence the
oscillation behaviour of sessile droplets. The oscillation of the droplets is
investigated for the first three resonance modes. While uncharged droplets
always oscillate with twice the frequency of the applied voltage, charged
droplets oscillate with the same frequency as the applied voltage signal.
The frequency of the droplet oscillation is mainly determined by the dom-
inant force acting on the droplet, and thus is defined by the electric field
strength and the charge present on the droplet.
In case of a highly charged droplet and a low electric field strength, the
Coulomb force causes the droplet to oscillate with the same frequency as
the applied voltage. In contrast, a dominant dielectric and electrostrictive
force leads to an oscillation with twice the frequency of the applied voltage.
Both forces are generally present at the same time, because a perfectly
uncharged droplet cannot be produced in reality. To characterize the be-
haviour of the droplets a regime map is derived by the experimental data,
depending on the electric charge and the Bond number of the droplet. In
addition, the onset charge necessary for the change in behaviour, depend-
ing on the droplet volume and the electric field strength, is determined.
Besides the electric charge, the electric field strength is identified to have
a large impact on the droplet behaviour. Sufficiently high electric field
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11 Summary

strengths always cause the droplet to oscillate with twice the frequency of
the applied voltage, because the amount of charge on a droplet is limited
by the Rayleigh limit. Especially small droplets exposed to small elec-
tric field strengths are highly affected by the presence of electric charges.
While this behaviour is valid for the second and third resonance mode,
a droplet oscillating in the first resonance mode is not affected by the
presence of electric charges. In the first resonance mode, the droplets al-
ways oscillate with the same frequency as the applied voltage, and thus
behaves like a charged droplet even in absence of electric charges. Conse-
quently, the behaviour of droplets under the impact of alternating electric
field mainly depends on the electric field strength, electric charge, droplet
volume and frequency of the electric field.
In addition to the general behaviour of the droplets and the influence of
electric charges, the partial discharge inception of sessile droplets under
the impact of alternating electric field is investigated. Due to the fact
that water droplets are significantly deformed under high electric field
strengths, which results in a complicated shape of the droplet, inflexible
droplets made out of a gelatin-water mixture are used to determine the
general partial discharge inception field strength of non-moving droplets.
The occurring partial discharge patterns obtained by a UV-camera of in-
flexible droplets and water droplets are compared and identified to be
almost identical with respect to the electrical properties of the inflexi-
ble droplets. Furthermore, the partial discharges are localized with high
resolution and originate from the three-phase contact line. The partial
discharge inception is influenced by several influencing factors such as the
droplet volume, surface wettability or droplet-droplet separation. The
larger the droplet volume, the lower is the partial discharge inception
field strength. Furthermore, the lower the wettability of the substrate,
the higher is the electric field strength necessary to cause partial dis-
charges. In addition, a lower separation of the two droplets leads to a
lower partial discharge inception field strength.
The interaction of nearby droplets mainly depends on the droplet-droplet
separation and the droplet volume. Larger droplets can interact over a
larger distance. A sufficiently large separation of the droplets prevents
the interaction. In case of water droplets, the oscillation behaviour of
the droplet, namely the specific resonance modes, have an impact on the
occurrence of partial discharges. The higher the frequency of the res-
onance mode, the lower is the partial discharge inception field strength.
Similarly, an increasing droplet volume promotes the generation of partial
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discharges. In addition, electric charges are identified to further promote
the occurrence of partial discharges. The higher the electric charge, the
lower is the partial discharge inception field strength. Under the impact of
an electric field water droplets adapt a complex shape, which significantly
complicates the prediction of the inception field strength for partial dis-
charges. All boundary conditions, like the electric field strength, droplet
volume and shape, electric charges and the wetting properties, have to be
taken into account to describe the partial discharge behaviour of a sessile
water droplet under the impact of an alternating electric field.
While inflexible droplets were used to investigate the interaction of neigh-
bouring droplets with respect to partial discharges, the coalescence of
nearby droplets is investigated using water droplets. Transient electric
fields generated by standard lighting and switching impulse voltages are
used to determine the behaviour of single and two neighbouring droplets
depending on the droplet volume, the electric field strength, type of the
electric field and the droplet-droplet separation. Switching impulse volt-
ages are identified to have a larger impact on the droplet behaviour com-
pared to lightning impulse voltages. The transient electric field causes a
movement of the three-phase contact line and initiates surface waves on
the droplet interface, which finally results in a droplet oscillation. This
oscillation of the droplets might cover the separation of nearby droplets
and can lead to coalescence of the droplets. A regime map is generated
for both impulse types to characterize the behaviour of the droplets de-
pending on the electrical Bond number and the droplet volume. In case
of lightning impulses, larger droplets are generally more prone to interac-
tion than small droplets. In addition, increasing the electric field strength
or decreasing the droplet-droplet separation also promotes an interaction
of the droplets. In case of a switching impulse the inception of the in-
teraction of nearby droplets does not depend on the droplet volume, but
on the droplet-droplet separation and the electric field strength. Conse-
quently, the presence of a transient electric field impacts the droplet size
and distribution at the surface of a high-voltage insulator.
The experimental results show that the behaviour of sessile droplets un-
der ambient conditions is influenced by various factors. The prediction
of the behaviour is rather complex and challenging. All influencing fac-
tors, as for instance the electric charge or the deformation of the droplet,
have to be taken into account to ensure reliable results. Especially, the
influence of factors investigated in this study might have been underes-
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timated in previous studies, and the necessity of conducting careful and
clean experiments has been underlined.
A careful and clean experiment is not only important for droplets under
ambient conditions but also to investigate the impact of electric fields
on ice nucleation. An experimental setup was developed and built to
generate well-defined conditions with respect to the electric field strength
and temperature. All boundary conditions are controlled very precisely to
investigate the impact of electric fields on ice nucleation inside sessile and
emulsified droplets. The droplets are subjected to a constant cooling rate
or a constant temperature and exposed to constant, alternating as well as
transient electric fields. Droplet survival curves and the nucleation site
density/nucleation rate are used to quantify the influence of the electric
field strength, the frequency of the electric field and the type of the electric
field. The same droplet ensemble is used for a specific set of experiments
to rule out the influence of a changed droplet position or contamination
of the water.
Constant electric fields are shown to slightly affect heterogeneous ice nu-
cleation. The impact of the constant electric field is rather small and only
observable for high electric field strengths. The mean nucleation temper-
ature is decreased with increasing electric field strength. Accordingly, ice
nucleation is promoted by the presence of a constant electric field. In
addition, the nucleation behaviour is mainly of singular nature due to
the fact that the nucleation temperature of the individual droplets is al-
most constant for all repetitions. Consequently, ice nucleation inside the
droplets is associated with an almost constant and characteristic temper-
ature. Furthermore, the formation of a Taylor cone, which is associated
with the formation of tiny satellite droplets, is observed during the exper-
iments. The periodical appearance of the Taylor cone results in droplet
oscillations, which is a possible reason for the impact of constant electric
fields on ice nucleation.
Besides the investigation of constant electric fields, the impact of alter-
nating electric fields on heterogeneous ice nucleation is investigated, de-
pending on the electric field strength and the frequency of the electric
field. For the investigation of the electric field strength a constant fre-
quency of f = 50Hz is used. In comparison to constant electric fields,
alternating electric fields have a higher impact on ice nucleation. Increas-
ing the electric field strength significantly promotes ice nucleation, i.e.
causes the droplets to freeze at higher temperatures. While low electric
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field strengths have a negligible influence on ice nucleation, an increase of
the electric field strength leads to a higher impact on ice nucleation.
The influence of the electric field is identified to be twofold. The tempera-
ture range of droplet freezing is significantly increased due to the fact that
the nucleation temperature of individual droplets is increased by the elec-
tric field, while the lowest nucleation temperature is almost not affected.
In addition, the shape of the droplet survival curves is significantly al-
tered by the electric field. Hence, the electric field mainly promotes ice
nucleation inside droplets, which are already prone to ice nucleation at
moderate or low degrees of supercooling. As a result the mean nucleation
temperatures can be significantly increased by applying an alternating
electric field. Generally, ice nucleation inside the droplet is only affected
by the conditions present at the moment of nucleation. Thus, the electric
field influences ice nucleation on a rather short timescale. A previous ex-
posure of the droplets to an electric field did not influence subsequent ice
nucleation in the experiments.
Similar to the nucleation behaviour under the influence of constant elec-
tric fields, the nucleation temperature of the individual droplets is almost
constant for all experiments. Each droplet has a characteristic tempera-
ture of nucleation, which is described by the singular nature of ice nucle-
ation. In addition, not only the temperature reveals a singular behaviour
but also the electric field. During the different experiments, usually the
same droplets are affected by the electric field, so that the impact of the
electric field is not equal for all droplets of one ensemble. Instead, only
specific droplets are affected by the electric field. However, the number
of droplets affected by the electric field increases with increasing electric
field strength. Consequently, the droplets do not only have a characteris-
tic temperature but also a characteristic electric field strength necessary
to impact ice nucleation. Furthermore, the frequency of the electric field
has a significant influence on ice nucleation. Specific frequencies are able
to promote ice nucleation. The influence of the frequency is assumed to
be associated with the droplet oscillation and the fluid motion inside the
droplet. Hence, alternating electric fields significantly promote ice nucle-
ation depending on the electric field strength and the frequency.
The impact of transient electric fields is investigated using standard light-
ing and switching impulse voltages to generate electric fields on different
characteristic time scales. For this kind of experiment the droplet en-
semble is cooled down to a specific temperature, which is kept constant
during the experiment. The impact of the transient electric fields is anal-
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ysed by the frozen fraction after a specific time interval. Low electric field
strengths do not influence ice nucleation, independent of the character-
istic time scales of the electric field. In contrast, increasing the electric
field strength forces the droplets to freeze, depending on the electric field
strength and the degree of supercooling. The higher the degree of super-
cooling, the more droplets are affected by the electric field.
Generally, the impact of electric fields generated by switching impulse
voltages are higher compared to lightning impulse voltages. Hence, a
larger number of droplets freeze in case of a switching impulse voltage
compared to a lightning impulse voltage for the same conditions with re-
spect to temperature and electric field strength. In addition, droplets
exposed to switching impulse voltages are significantly deformed by the
electric field, as already seen under ambient conditions. The deformation
of the droplet appears as a Taylor cone and results in the release of tiny
droplets. Consequently, the droplets are disintegrated over time by the
electric field.
The experiments revealed not only long term effects but also effects on a
short timescale. A high-speed camera is used to investigate the moment
of nucleation and revealed that the individual droplets have a significant
nucleation delay with respect to the electric field. The impact of the tran-
sient electric field does not only impact nucleation on a molecular scale
but also on a macroscopic scale. Due to the fact that numerous droplets
freeze after the electric field has already decayed it is assumed that the
droplet motion and oscillation as well as the associated shear flow inside
the droplet might impact the nucleation. In summary, transient electric
fields can be used to force ice nucleation inside sessile droplets.
The investigation of the impact of electric fields on homogeneous ice nucle-
ation was limited to constant electric fields because the emulsified droplets
could not be stabilized under the impact of alternating and transient
electric fields. To prevent coalescence of the droplets, the electric field
strength has to be increased very slowly. For the tested electric field
strengths no significant influence on ice nucleation could be observed.
In summary, the conducted experiments expand the knowledge about the
behaviour of sessile water droplets under the influence of electric fields
under various different conditions. Several influencing factors are identi-
fied to significantly impact the behaviour of the droplets. The control of
these parameters enable an active manipulation of the droplet behaviour.
However, to control these parameters fundamental knowledge of the as-
sociated physical mechanisms is necessary. The present study contributes
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to a better understanding of these physical mechanisms and might be the
base for further investigations finally resulting in optimized applications.
Especially, the extended knowledge about the impact of electric charges,
the partial discharge inception of water droplets and the impact of electric
fields on ice nucleation is important for the development, operation and
optimization of high-voltage insulators to ensure a reliable and efficient
power transmission and distribution under various different conditions.
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12 Conclusions and outlook
The results of this study extend the knowledge of the behaviour of water
droplets under the impact of high electric fields under various ambient
conditions. The various experiments performed under well-defined con-
ditions allow clear conclusions about the physical mechanisms and the
influencing factors involved. Simultaneously, the research questions de-
fined in the opening of the study are largely answered and the following
objectives have been met:
Droplets under ambient conditions

X Impact of electric charges on the motion and oscillation of sessile
droplets depending on the droplet volume, droplet charge, electric
field strength, frequency and type of the electric field.

X Influence of electric charges on the partial discharge inception field
strength of sessile single and multiple droplets depending on the
droplet volume, droplet charge, electric field strength and frequency
of the electric field.

X Interaction of two nearby droplets under the impact of transient
electric fields depending on the electric field strength, impulse type,
droplet volume and droplet-droplet separation.

Supercooled droplets - ice nucleation
X Development and build of an experimental setup to investigate the

impact of electric fields on ice nucleation under-well defined condi-
tions with respect to the electric field and temperature.

X Influence of electric fields on ice nucleation depending on the electric
field strength, type of the electric field, frequency, droplet ensemble
and temperature.

(X) Difference between homogeneous and heterogeneous ice nucleation
under the impact of electric fields.

The impact of alternating and transient electric fields on homogeneous
ice nucleation is not yet completely clear and needs further investigation.
Hence, this objective has only partially been achieved.
In addition, the performed experiments revealed new results and con-
clusions, which raised further questions about the underlying physical
mechanisms and the influencing factors. These questions have to be
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investigated and answered in future studies. Subsequently, the open
questions are defined and highlighted for the different boundary condi-
tions.

Droplets under ambient conditions

The impact of electric charges on the motion of a sessile droplet was iden-
tified within this work. However, the motion of a droplet oscillating in the
first resonance mode was not affected by the presence of electric charges.
Instead, the droplet always behaves as a charged droplet, independent of
the amount of charge present on the droplet. The physical reason for this
behaviour is still unknown and requires further investigation. A possible
reason is the non-axisymmetric motion of the droplet, which results in
an internal flow inside the droplet causing the droplet to oscillate with
the same frequency as the applied voltage. Hence, the internal flow of
a droplet oscillating in first resonance should be investigated using par-
ticle image velocimetry or numerical simulations to reveal whether the
behaviour is caused by the internal flow of the droplet.
Furthermore, the impact of charges on the inception of partial discharges
was investigated. It was shown that the prediction of the partial dis-
charge inception field strength is rather complicated for water droplets,
because of the deformation of the droplets under the influence of large
electric fields. Thus, reliable theoretical models for prediction of the par-
tial discharge inception field strength are still missing. The newly achieved
results together with already existing results can be used to develop new
theoretical models to predict the occurrence of partial discharges for ses-
sile water droplets. This might lead to an increased knowledge about the
ageing behaviour of high-voltage insulators. Finally, more reliable pre-
diction models to determine the lifetime of high-voltage insulators can be
developed with the extended knowledge.
While the behaviour of single and two adjacent droplets was investigated
with respect to the inception of partial discharges and the coalescence
of the neighbouring droplets, the interaction of multiple sessile droplets
with differing sizes is still unknown. The investigation of more complex
systems including multi-droplet arrangements, might reveal different
interaction mechanisms. In addition, the interaction of multiple droplets
might have an impact on the behaviour of each individual droplet and
the inception of partial discharges. Such investigations would not only
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extend the knowledge to develop reliable prediction models for partial
discharges, but would also reproduce conditions present in applications
more accurately.

Supercooled droplets - ice nucleation

The influence of electric fields on ice nucleation was extensively studied in
this work. However, existing theoretical models were unable to describe
the observed behaviour. While the theoretical models are generally de-
veloped for constant electric fields, the impact of a varying frequency or
transient electric fields on ice nucleation is not captured by the theoret-
ical models. Consequently, the existing models presumably are based on
a different physical mechanism as it is present in the experiments.
For the development of such physics based theoretical models the exper-
imental investigations should be enlarged to examine the impact of the
frequency of an electric field on ice nucleation in more detail. As part
of this work it was shown that the frequency significantly influences ice
nucleation. The interaction of the droplet oscillation and the frequency of
the electric field on ice nucleation was not investigated in detail. It is as-
sumed that mainly the oscillation, especially in resonance, of the droplets
affects ice nucleation, which still has to be confirmed using additional in-
vestigations. The results will improve the understanding of the underlying
mechanisms and might help to develop theoretical models.
While the present work focuses on the investigation of the underlying
physical mechanisms, the results can still be used to optimize applica-
tions. The field of anti-icing research, including the development of anti-
icing surface and methods, is of increasing importance for aircraft or power
transmission and distribution systems. Repeating the conducted experi-
ments with different substrates can reveal additional applications, which
possibly benefit from the presence of an actively controlled electric field.
Hence, the existing anti-icing methods or surfaces could be improved and
further optimized based on these experiments.
The impact of alternating and transient electric fields on emulsified
droplets could not be investigated within the scope of this study. The
emulsified droplets could not be stabilized to resist coalescence under the
impact of time-variant electric field. Thus, a new method should be de-
veloped to stabilize emulsified droplets. The new method should prevent
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coalescence of the droplet with and without the presence of alternating
and transient electric fields and should have a negligible impact on ho-
mogeneous ice nucleation. The results of further experiments possibly
reveal the physical mechanism behind the influence of electric fields on
ice nucleation, and thus are essential for the development of theoretical
models.
In conclusion, the existing experiments should be extended to determine
the impact of influencing factors in more detail. Furthermore, the ex-
perimental investigations should be used to develop theoretical models.
Both, the experimental investigations and the prediction models gener-
ally expand the knowledge of the impact of electric fields on sessile water
droplets and enable the optimization of certain applications.
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Appendix

A Electrical circuit for the measurement of
partial discharges

A schematic of the electrical circuit for the measurement of partial dis-
charges (PDs) according to IEC 60270 is shown in Fig. A.1. An alter-
nating voltage U generated by a high-voltage transformer is supplied to
the specimen Ca. The impedance Z (ohmic resistor) acts as a filter and
limits the current in case of a breakdown of the specimen. Furthermore,
it prevents charges to flow towards the high-voltage source to ensure an
accurate measurement of the PD impulses. A coupling capacitor Ck is
used to determine the (apparent) charge of the PDs. The PDs generated
by the specimen cause electric charges to flow from the coupling capacitor
to the specimen. A calibration of the charge prior to the measurement
enables the accurate measurement of the charge, i.e. the PD impulse.
The measurement instrument MI is connected with a connection cable
CC to the coupling device CD. The change of charge on the coupling ca-
pacitor is recognized by the measurement instrument and correlated to
the applied voltage. For the present work, the PD measurement system
MPD 600 from Omicron is used. The calibration and the measurement
are performed according to the IEC 60270 standard.

60270 © IEC:2000 – 61 –
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Figure 1a – Coupling device CD in series with the coupling capacitor
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Figure 1b – Coupling device CD in series with the test object
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Figure A.1: Electrical circuit for the measurement of partial discharges
according to IEC 60270. Reproduced from IEC 60270 ed.3.0,
Copyright c© 2000 IEC Geneva, Switzerland. www.iec.ch.
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Appendix

B Measurement setup to determine the electric
surface potential on silicone rubber

The content of this chapter is partly based on the Master thesis of Jan
Engelhardt [58], and has already been partially published in the following
publication and conference proceeding:

[152] Löwe, J.-M., Secklehner, M., and Hinrichsen, V. Investi-
gation of Surface Charges on Polymeric Insulators and the
Influence of Sessile Water Droplets. In 2017 INSUCON -
13th International Electrical Insulation Conference (INSU-
CON), pages 1–7. IEEE, 2017. ISBN 978-1-9998-1569-1.
doi:10.23919/INSUCON.2017.8097170

[155] Löwe, J.-M., Engelhardt, J., Secklehner, M., and Hinrich-
sen, V. Determination of the Spatial Impulse Response of
Compensating Electrostatic Voltmeters. IEEE Transactions
on Dielectrics and Electrical Insulation, 27(1):49–57, 2020.
doi:10.1109/TDEI.2019.008305

The measurement of the electric surface potential is performed with an
electrostatic voltmeter (TREK Model 431B) equipped with a non-contact
square shaped probe (3455ET) and a two-axis positioning system. The
measurement setup is shown in Fig. B.2. The specimen is placed on the
sample holder, which is mounted on the two-axis positioning system. Two
stepper motors (Nema 23) connected to spindle drives are used to inde-
pendently control the position of the specimen in each direction (x and
y direction) with a positioning accuracy of up to 40 µm. The position
of the specimen is continuously measured by two potentiometers to accu-
rately control the position with respect to the probe of the electrostatic
voltmeter. The probe is mounted above the specimen using a height ad-
justable tripod. The distance between the probe and the surface is fixed
for each measurement and is adjusted prior to the measurement. How-
ever, the distance is continuously monitored with a laser distance sensor
(Waycon LAR-30) during the measurement to determine variations of the
distance (e.g., by an uneven surface of the specimen), which would influ-
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B Measurement setup to determine the electric surface potential on silicone rubber

Probe

SpecimenMovable specimen 

holder

Laser sensor

Tripod

Measurement 

electronics

Figure B.2: Experimental setup for automated measurement of the elec-
tric surface potential. Not shown: spindle drive, stepper mo-
tors and computer.

ence the accuracy of the measurement. The stepper motors are driven
with conventional stepper drivers (DQ542MA), which are controlled by
an in-house LabVIEWTM program. An automated routine continuously
changes the position of the specimen below the probe of the electrostatic
voltmeter following a specified pattern. For the measurement of the elec-
tric surface potential the motion of the specimen is stopped. This ensures
an accurate measurement of the electric surface potential with an accu-
racy of ∆φ = ±1V. The high accuracy is achieved by a calibration of
the sensor depending on the substrate-sensor distance and the probe ge-
ometry. A more detailed description of the calibration procedure can be
found in [155]. The calibration is necessary to compensate the influence
of the surrounding on the measurement of the electric surface potential
directly below the probe. Due to the capacitive measurement principle
of the electrostatic voltmeter the measurement device can only determine
the electric surface potential of a single spot by compensating the effect
of nearby influences. In addition to the position of the specimen, the en-
vironmental conditions like the pressure, temperature and humidity are
continuously logged. The data is captured by a data acquisition system
from National Instruments (cDAQ-9174, NI 9229, NI 9401, NI 9219). The
measured data is saved by the LabVIEWTM program and analysed with
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an in-house Matlab R© code. The automated system enables the selection
of the scanned area, speed and resolution.

C Electric surface potential measurement on
silicone rubber

Figure C.3 and C.4 show the electric surface potential distribution on an
untreated and a cleaned substrate, respectively. Compared to the illustra-
tion presented in Sec. 4.2 both figures are scaled individually to illustrate
the maximum, the minimum and the distribution of the electric surface
potential in more detail. For an untreated surface the electric surface po-
tential is very inhomogeneous with spots of high positive electric potential
(φ > 4 kV). However, generally the substrate has a negative electric sur-
face potential. Individual locations on the surface have an electric surface
potential of |φ| > 5 kV. In contrast, Fig. C.4 illustrates the mean electric
surface potential of ten measurements of a cleaned substrate. The scale
was adjusted to visualize the electric potential distribution in more detail.
Generally, the spots of high negative or positive electric surface potential
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Figure C.3: Measured electric surface potential φ of an untreated sub-
strate after it has been stored in a cabinet. Reprinted
(adapted) with permission from [152], c© 2017 IEEE.
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Figure C.4: Mean electric surface potential φ for a cleaned substrate. The
distribution is determined by the mean of ten measurements.
Reprinted figure with permission from [156]. Copyright 2020
by the American Physical Society.

are removed, so that the distribution of the electric surface potential is
more homogeneous. The entire surface of the substrate has an electric
surface potential of almost zero. Especially, the electric surface potential
at the centre of the substrate is very homogeneous. Consequently, the ac-
cumulated surface charges were reduced and residual charges are assumed
to have a negligible effect.

D Calibration of the electric charge
measurement

The accuracy of the electric charge measurement was determined using a
well-defined electric charge. This charge was generated by a charge cali-
brator (Kistler 5357 B) which was directly connected to the Faraday cup.
Simultaneously, the electric charge of the Faraday cup was measured by
an electrometer (Keithley 6514). The dependence of the measured on the
applied electric charge is shown in Fig. D.5. The solid line indicates the
perfect agreement between the measured and applied electric charge. The

273



Appendix

10−11

10−10

10−9

10−8

10−11 10−10 10−9 10−8

M
ea
su
re
d
ch
ar
g
e
|Q

|i
n
C

Applied charge |Q| in C

10
−9

5 · 10
−9

10
−8

10
−9

10
−8

Figure D.5: Measured electric charge |Q| of the electrometer depending
on the applied electric charge |Q| of the charge calibrator for
a large range of electric charges. Reprinted figure with per-
mission from [156]. Copyright 2020 by the American Physical
Society.

red crosses show the experimental data. Each experiment was performed
at least three times. The error bars represent the measurement uncer-
tainty of the complete measurement chain. All experiments are almost
perfectly aligned on the diagonal, so that the measured charge almost
perfectly equals the applied charge. Note that the error bars for small
amounts of charge appear larger than for high amounts of charge because
of the logarithmic scale. Especially in the range of Q ≈ 10−9 C, the meas-
urement error is almost negligible. It was also found that the polarity of
the electric charge does not have any influence on the measurement accu-
racy. The measured charge has a high accuracy with a maximum error of
∆Q = 8.12 · 10−9 C for the full range and ∆Q = 5.5 · 10−9 C for the range
used in this work [156]. The generated droplet charge depends on the
needle diameter, the applied voltage between the electrodes of the droplet
charger and the droplet volume. The dependence of the droplet charge on
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Figure D.6: Resulting electric charge |Q| of a droplet depending on the
droplet volume Vd and the applied voltage U between the
electrodes of the droplet charger for a needle diameter of
d = 0.7mm.

these parameters for a needle with a diameter of d = 0.7mm is shown in
Fig. D.6. Generally, the behaviour is similar to the presented data for a
needle with a diameter of d = 0.5mm, but the resulting charge is smaller
for a larger needle size. The reason for this behaviour is the size of the
detaching droplets. The smaller the needle, the smaller are the individ-
ual droplets detaching from the needle. The cumulative charge of several
small droplets is larger than the cumulative charge of larger droplets with
the same resulting volume. Hence, the charge of the droplets produced
with a smaller needle diameter is higher.

E Additional data for charged and uncharged
droplets under the influence of alternating
electric fields

The presence of the transition region mainly depends on the droplet vol-
ume. Both the transition region and the distinct transition can be ob-
served in second and third resonance mode. While no distinct transi-
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tion between the regimes can be observed for a droplet with a volume
Vd = 20µl oscillating in third resonance, a distinct transition is observ-
able for a droplet with a volume of Vd = 60µl. The corresponding data is
shown in Fig. E.7. The dimensionless frequency ratio, depending on the
characteristic ratio of the electric forces, is presented for varying electric
charge of the droplet. The dashed line shows the critical characteristic
ratio of ξ∗ = 18.47. The corresponding minimum charge Q∗ to change the
oscillation behaviour of the droplet yieldsQ∗ = 1.29nC. It is assumed that
the occurrence of the transition region is associated with slightly varying
boundary conditions with respect to the electric charge on the droplet or
the electric charge on the substrate. The behaviour of the droplet is very
sensitive to a change of the electric charge and even small deviations can
significant influence the behaviour of the droplets as seen for the distinct
transition between the different regimes.
The critical characteristic ratio and corresponding minimum onset charge
are determined for all droplet volumes using a representation similar to
Fig. E.7. For convenience, not all figures for the different volumes and
resonance frequencies are shown. The data of the other volumes follow the
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Figure E.7: Dimensionless frequency ratio fd/fAC depending on the char-
acteristic ratio ξ for a droplet oscillating in third resonance
mode with a volume of Vd = 60µl. The dashed line shows the
critical characteristic ratio ξ∗ for the change of the behaviour.
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F Measurement of electrical properties of gelatin droplets

same trend and are indirectly presented by the analysis of the minimum
onset charge depending on the droplet volume, see Figs. 5.5 and 5.9 for
the second and third resonance mode respectively.

F Measurement of electrical properties of
gelatin droplets

A water-gelatin mixture is used to generate inflexible droplets to measure
the inception field strength in the absence of any motion of the droplet.
However, to accurately reproduce the electrical situation with respect to
the field distribution, the gelatin-water mixture must have similar electri-
cal/dielectrical properties compared to water. The electrical/dielectrical
properties, namely, the electrical conductivity and the relative permittiv-
ity of the water-gelatin mixture, were measured with a Novocontrol Alpha-
N High Resolution Dielectric Analyzer with actively controlled tempera-
ture (Novocontrol Quatro)6.
The electrical conductivity κel of the gelatin-water mixture and pure wa-
ter, depending on the frequency f and the temperature ϑ, is shown in
Fig. F.8. The electrical conductivity of the gelatin-water mixture is al-
most constant for frequencies f > 102 Hz and decreases with decreasing
frequency. The gradient at low frequencies is constant in the double log-
arithmic scaled illustration. Generally, the electrical conductivity of the
gelatin-water mixture is higher than the electrical conductivity of water
for high frequencies (f > 102 Hz) and is in the same order of magnitude
for smaller frequencies. The characterization of the behaviour of a mate-
rial under the influence an electric field is mainly defined by the charge
relaxation time, which in turn is defined by the electrical conductivity and
the relative permittivity.
The relative permittivity εr of the gelatin-water mixture and pure wa-
ter, depending on the frequency f and the temperature ϑ, is shown in
Fig. F.9. The relative permittivity of water is given as a reference. Gen-
erally, the relative permittivity of water is assumed to be constant and
yields εr,wa ≈ 80, which can be observed for f > 104 Hz. At such high
frequencies the relative permittivity of the water is constant. However,
decreasing the frequency leads to an increasing relative permittivity. The

6at the Institute for Condensed Matter Physics (TU Darmstadt) in collaboration with
Florian Pabst.
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Figure F.8: Measured electrical conductivity κel depending on the fre-
quency f and the temperature ϑ for water and gelatin.

reason for the increasing relative permittivity is associated with the elec-
trode polarization caused by ionic conduction of water [5] and is also
known as Maxwell-Wagner-Sillars polarization [132]. Although deionized
water is used, the water might contain free dissolved ions. The pres-
ence of an electric field leads to a motion of the ions towards one of the
electrodes (depending on their polarity) resulting in the formation of an
electric double layer at the interface of the electrode [110, 132]. The elec-
tric potential drops rapidly in this double layer, which indicates a huge
electrical polarization of the material [110]. Such an electric polarization
is associated with an almost field-free bulk. Especially for low frequencies,
the electrode polarization can dominate during the measurement of the
relative permittivity [110]. The electrode polarization is mainly observed
for materials with high electrical conductivity and always appears dur-
ing the measurement of dielectric properties, leading to extremely large
values [132]. Note that the electrode polarization depends on several influ-
encing factors such as the electrode geometry, but cannot be completely
prevented during the measurement [110, 132]. Due to the artificial in-
crease caused by the measurement procedure, it is generally assumed that
the relative permittivity of water is constant even for low frequencies and
yields εr,wa ≈ 80 [5]. At high frequencies (f > 105 Hz) the measured
relative permittivity is in good agreement with values from literature.
The same frequency dependence as shown for water is also observed for
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Figure F.9: Measured relative permittivity εr depending on the frequency
f and the temperature ϑ for water and gelatin. Reprinted
figure (adapted) with permission from [157]. Copyright 2020
by the American Physical Society.

the gelatin-water mixture. The electrode polarization is observed at even
higher frequencies which results from the higher electrical conductivity of
the water-gelatin mixture compared to water. Due to the fact that the
huge increase in relative permittivity is caused by the electrode polar-
ization and is only an artificial effect, the same assumption as for water
is applied to the gelatin-water mixture. Hence, the relative permittivity
is assumed to be constant independent of the frequency. Similarly, the
relative permittivity is determined at high frequencies, where the relative
permittivity is constant. Besides the electrical conductivity, the relative
permittivity also depends on the temperature of the gelatin-water mix-
ture. The lower the temperature, the higher is the relative permittivity
as shown in the insert in Fig. F.9.

G Accuracy of image processing and droplet
motion analysis

The accuracy of the image processing is analysed using three different
reference arrangements, which consist of drop like shapes resting on a flat
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a) b) c)

d) e) f)

g) h) i)

Figure G.10: Different steps of image analysis for various reference ob-
jects. For each reference object an original image, a black
and white image of the detected shape after edge detection
and morphological operations and an image of the detected
contour superimposed on the original image is shown. a)-c)
images of a half sphere, d)-f) images of reference object im-
itating a hydrophilic droplet (θ < 90◦) and g)-i) images of
reference object imitating a hydrophobic droplet (θ < 90◦).

surface. Each arrangement replicates the shape of a droplet resting on
a surface. The shape of the droplet is mainly influenced by the wetting
properties of the substrate, and so a half sphere, a hydrophobic droplet
and a hydrophobic droplet are reproduced. An image of each arrangement
is analysed in the same manner as the images of the moving droplets. Dif-
ferent steps of the analysis are shown in Fig. G.10. For each arrangement
an original image, an image of the detected shape of the droplet and
the result from the image detection superimposed on the original image
is shown. The visual comparison already reveals a high accuracy of the
image detection in all cases. To further classify the accuracy of the pro-
cedure the data obtained by the image analysis is compared to the known
dimensions. Note that in case of a half sphere the projected area is known
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G Accuracy of image processing and droplet motion analysis

by the dimensions of the half sphere, and thus can be used for the com-
parison. A comparison of the diameter, the height, the projected area
and the contact angles of the arrangements is shown in Table G.2. The
reference values of the contact angles are determined using the software
ImageJ and the contact angle extension. The analysis is performed by
hand.
In case of the half sphere the maximum deviation between the reference
value and the data obtained from the image analysis is given for the pro-

Table G.2: Comparison of the data obtained by the image analysis and
known dimensions for the different cases shown in Fig. G.10.
In this analysis d is the diameter, h is the height, Aproj is the
projected area and θright, θleft are the right and left contact
angle, respectively.

Case Parameter Reference Image analysis
Half sphere

d in cm 2.99 2.98
h in cm 1.54 1.57
Aproj in cm2 3.51 3.73

θ < 90◦

d in cm 2.80 2.92
h in cm 1.11 1.11
θright in ◦ 73.9 70.9
θleft in ◦ 74.5 69.5

θ > 90◦

d in cm 3.06 3.09
h in cm 2.78 2.79
θright in ◦ 143.4 142.6
θleft in ◦ 144.1 144.0
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jected area and yields ∆Aproj = 6.25 %. For the diameter and the height
the deviations are ∆d = 0.27 % and ∆h = 2.21 %, respectively. In case
of θ < 90◦ the maximum deviation is given for the left contact angle
∆θleft = 7.19 %. For the diameter and the right contact angle the devia-
tions are ∆d = 4.1 % and ∆θright = 4.23 %, respectively. For θ > 90◦ the
deviation between the reference and the image analysis yields ∆d = 0.97 %
for the diameter, ∆h = 0.35 % for the height as well as ∆θright = 0.56 %
and ∆θleft = 0.1 % for the right and left contact angle, respectively. Thus,
the shape of the droplet can be analysed with high accuracy. The overall
accuracy of the method mainly depends on the accurate detection of the
droplet boundary because parameters like droplet height, width, area or
contact angle are derived from the detected boundary. The more accurate
the detection of the droplet boundary, the more accurate is the tempo-
ral evolution of these parameters. Due to the fact that the video data is
analysed frame by frame the detection accuracy is assumed to be constant
during the analysis. This assumption is valid because the recording rate
of the camera is high enough so that the droplet appears to be stationary
in each frame. Furthermore, the motion of the droplet is rather small, and
thus does not affect the image quality with respect to the illumination or
contrast.
Besides the image detection the accuracy of the mathematical operations
to determine the frequency of the signal are important. To verify the
correct analysis of the signals several test signals were tested. To ensure
accurate results, the FFT was performed with respect to the Nyquist
criterion. In addition, the sampling frequency of the video data was chosen
to be at least ten times higher than the highest expected frequency. The
test signals confirmed the proper functionality of the routine for the given
frequencies.
Consequently, the automated analysis performed with the in-house
Matlab R© code has a high accuracy. Furthermore, the fixed criteria for
the analysis (detection of the droplet boundary) lead to repeatable re-
sults. In contrast, an analysis by hand is less repeatable because the
criterion to determine the droplet contour is not fixed and influenced by
the subjective impression of the analyser. Besides the good accuracy, the
automated analysis of the experiments enables the analysis of numerous
experiments in a short time.
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H Measurement of electric charge of raindrops

H Measurement of electric charge of raindrops

The content of this chapter is partly based on the Bache-
lor theses of Henrik Scholz [234] and Johannes Hollerith [104].

The measurement of the electric charge of raindrops is performed with
a specifically designed measurement setup. A schematic of the setup is
shown in Fig. H.11, which consists of three main components, namely, the
Faraday cup, a tank to collect water and a waterproof box protecting the
electronics and measurement devices. The measurement of the electric
charge and the amount of the liquid is separated to ensure an accurate
measurement of each quantity. The charge is determined using a Fara-
day cup, similar to the procedure shown in Chap. 4. As a measurement
device a charge amplifier (Kistler 5073A) is used, because it has a small
design and a good accuracy. The charge amplifier is directly connected
to the Faraday cup with a shielded cable. Prior to the measurements the
charge amplifier was calibrated using a charge calibrator (Kistler 5357B).
The obtained results are almost similar to the results shown in App. D.
The charge measurement is automatically activated as soon as rain is de-
tected. The rain is collected by a tank and the water level is continuously
measured (Adafruit eTape Liquid Level Sensor). An increasing liquid
level in the tank is detected and activates the charge measurement. The
measurement is controlled by an Arduino Uno. The charge is continuously
measured as long as the liquid level increases. Once, the liquid level is con-
stant the charge is measured for three more minutes and is subsequently
paused. The liquid tank is automatically emptied by an automatic valve if
the tank is full. In contrast, the Faraday cup is not emptied, because the
size of the Faraday cup was chosen appropriately to prevent a completely
filling of the cup. Generally, the evaporation of the water is used to empty
the Faraday cup. However, in exceptional circumstances the cup might
also be complete filled. The collected data is saved on a memory card.
In addition to the charge and the liquid level, the actual time, humidity
and temperature (Adafruit SHT10) are also recorded. The measurement
setup is powered by two 12V batteries and can autonomously perform
measurements for several days. The roof of the high-voltage laboratories
was chosen as installation location to ensure a safe and unhindered rain
collection.
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Figure H.11: Schematic of the measurement setup to determine the elec-
tric charge of rain.

Note that this device is not able to measure the charge of single raindrops,
but rather measures the net charge of a specific amount of liquid. This
is due to the limited accuracy and sensitivity of the measurement of the
liquid level. Furthermore, the measurement is based on the assumption
that both the Faraday cup and the tank are exposed to the same amount
of rain per square meter. Thus, the estimated liquid volume and the mea-
sured charge are correlated. A direct measurement of the liquid volume
present in the Faraday cup is not possible.
The measurements revealed that the collected rain almost always con-
tains a positive or negative net charge. Consequently, it is assumed that
sessile droplets formed by rain are also charged. This assumption is also
supported by other investigations reported in literature [36, 91, 246, 256].

I Measurement of electrical properties of ice

During the experiments to determine the influence of an electric field on
ice nucleation, the temperature of water is varied over a wide range. In
addition, the water undergoes a phase change from liquid to solid. The
phase transition and the temperature change can significantly influence
the electric/dielectric properties of water. Hence, the electric/dielectric
properties, namely the electrical conductivity and the relative permittiv-
ity, of water in liquid and solid state are investigated. Similar to the
gelatin-water mixture, the measurement was performed with a Novocon-
trol Alpha-N High Resolution Dielectric Analyzer with actively controlled
temperature (Novocontrol Quatro)7.

7at the Institute for Condensed Matter Physics (TU Darmstadt) in collaboration with
Florian Pabst.
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Figure I.12: Measured electrical conductivity κel depending on the fre-
quency f and the temperature ϑ for water and ice.

The resulting electrical conductivity κel of water and ice depending on the
temperature ϑ and the frequency f are shown in Fig. I.12. For high fre-
quencies the electrical conductivity is constant and decreases for a decreas-
ing frequency. While the electrical conductivity decreases with a constant
gradient at low frequencies, the electrical conductivity has no constant
gradient in case of ice, independent of the temperature. In addition, the
gradient is much smaller for ice compared to water. Both the electrical
conductivity of water and ice strongly depends on the temperature. A de-
creasing temperature leads to a decreasing electrical conductivity. Note
that water at ϑ = −10 ◦C is still liquid in this case but in a supercooled
state. Decreasing the temperature, decreases the electrical conductivity
by several orders of magnitude.
In addition to the electrical conductivity, the relative permittivity εr, de-
pending on the temperature ϑ and the frequency f , is measured for ice
and water. The results are shown in Fig. I.13. As already mentioned
in App. F the increase of the relative permittivity is caused by electrode
polarization and artificially increases the permittivity. Hence, the relative
permittivity of water and ice is mainly determined at high frequencies.
For liquid water, the relative permittivity increases with decreasing tem-
perature. As soon as the water is frozen, the relative permittivity is signif-
icantly reduced compared to liquid water. The relative permittivity of ice
still depends on the temperature and decreases with decreasing tempera-
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Figure I.13: Measured relative permittivity εr depending on the frequency
f and the temperature ϑ for water and ice.

ture. The measured relative permittivity of ice is assumed to be constant,
similar to water. Comparing the relative permittivity of ice at high fre-
quencies with values from literature (εr,ice = 3.07, . . . , 3.3 at ϑ = −40 ◦C)
reveals a very good agreement [102]. Consequently, the relative permittiv-
ity and conductivity of frozen droplets are significantly reduced compared
to liquid droplets. This significantly impacts the electric field distribution
around the droplet.

J Distorted electric field distribution

The electric field is generated using two high-voltage sources to generate a
homogeneous electric field tangentially aligned to the sapphire substrate.
The reason for the use of two high-voltage sources with opposite polarity
is given by the grounded aluminium foil below the ceramic body. This
grounded foil protects the electronics below the ceramic body from the
electric field but also influences the electric field distribution. Using only
one high-voltage source leads to a distorted electric field distribution as
shown in Fig. J.14. The results are obtained from a numerical simulation
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Figure J.14: Numerically obtained electric field distribution in the x − y
plane of the ceramic without droplets using only one high-
voltage source in a) and the corresponding components of
the electric field strength Ei along the x direction in the
centre of the ceramic at the sapphire substrate surface in b).
The electric field is generated using a single voltage signal of
Û = 4.0 kV in combination with a grounded electrode. Note
that the field distribution is qualitatively the same for other
types of electric fields. Reprinted (adapted) with permission
from [160], under the Creative Common License - Attribution
4.0 International (CC BY 4).
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performed with COMSOL Multiphysics R©. One electrode is connected to
the high-voltage source and the other electrode is grounded. Due to the
fact that the grounded foil below the ceramic body and one electrode
have the same electric potential, the electric field is not homogeneous
at the position of the droplets. As shown in Fig. J.14b the electric field
strength is not constant at the position of the droplets and depends on the
position of the individual droplets. The electric field strength decreases
with increasing distance from the right electrode. Hence, the individual
droplets are exposed to different electric field strengths, which clearly lim-
its the comparability of the individual nucleation events. Consequently,
two high-voltage sources with opposite polarity have to be used to pro-
tect the electronics and to generate a well-defined and tangentially aligned
electric field.

K Literature review of ice nucleation
investigations

In the past, several investigations were performed to determine the impact
of electric fields on ice nucleation. An overview of the most important lit-
erature is shown in Table K.3. Although the table may not include all
previous investigations, still a wide range of electric field strengths includ-
ing high and low electric field strengths have been investigated for constant
electric fields. In contrast, only low electric field strengths are investigated
for alternating electric fields. Comparing the electric field strength applied
during the present experiments to the electric field strength of previous in-
vestigations reveals that the employed electric field strength in this study
are much larger. In addition, the investigated frequencies of the previous
investigations are generally much higher f > 103 Hz. Note that the im-
pact of electric fields with low frequencies relevant for power transmission
and distribution have not been investigated in detail. Hence, the present
study provides an extension of available data and aims to determine the
impact of low frequency electric fields on ice nucleation.
In addition to constant and alternating electric fields, transient electric
fields were already investigated and proven to impact ice nucleation. How-
ever, the number of investigations is limited and is extended with the
presented experiments.
Table K.3 includes experimental investigations and molecular dynamics
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simulations. Due to the different experimental setups and boundary con-
ditions the comparability between the different investigations is limited.

Table K.3: Overview of the most important investigations focusing on the
impact of electric fields on ice nucleation. The overview con-
tains experimental investigations and molecular dynamic sim-
ulations.

Author & reference Type fE in Hz Êmax in
kV/cm

Rau [222] DC 0 60
Pruppacher [214] DC 0 30
Roulleau et al. [227] DC 0 n.a.8

Doolittle and Vali [53] DC 0 6
Marand and Stein [168] DC 0 100
Svishchev and Kusalik [253] DC 0 5 · 104

Svishchev and Kusalik [254] DC 0 1 · 105

Zangi and Mark [293] DC 0 5 · 104

Wei et al. [277] DC 0 1
Orlowska et al. [197] DC 0 60
Yan and Patey [287] DC 0 5 · 104

Xanthakis et al. [283] DC 0 n.a.9

Nie et al. [192] DC 0 5 · 105

Carpenter and Bahadur [31] DC 0 800
Dawson and Cardell [47] DC 0 4
Wilson et al. [279] DC 0 0.5
Peleg et al. [203] DC 0 103

Salt [232] AC 60 n.a.10

8No information about the electric field, up to 8 kV applied to a wire
9No information about the electric field, 12 kV applied to the sample with 6mm
thickness and a small air gap

10No information about the electric field, up to 15 kV applied to the sample
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Continuation of Table K.3
Author & reference Type fE in Hz Êmax in

kV/cm

Sun et al. [251] AC 103, ..., 2·105 5 · 10−3

Koizumi et al. [127] AC 1, ..., 9 · 106 0.8
Stan et al. [247] AC 3, ..., 100·103 1.6
Yahong et al. [286] AC 0.5, ..., 10·106 ≈ 0.25
Ma et al. [165] AC 105, ..., 107 1
Peleg et al. [203] AC 0.01, ...105 103

Braslavsky and Lipson [24] Transient - n.a.11

Mandal and Pradeep Kumar
[167]

Transient - ≈ 10

Petersen et al. [205] Transient - n.a.12

Yang et al. [290] Transient - 4.5 · 105

End of Table

L Temperature calibration for emulsified
droplets

The temperature calibration described in Löwe et al. [160] was performed
with a sapphire glass sheet and sessile droplets. In contrast, the investiga-
tion of emulsified droplets uses a different sample holder, which supersedes
the calibration using the glass sheet. The temperature correlation between
the temperature measurement inside the ceramic block and the droplet
position significantly depends on the geometry of the sample holder. To
ensure an accurate temperature measurement, the calibration is repeated
using the new sample holder. During the calibration the experimental
setup should reproduce the situation during the experiments with emul-
sified droplets as accurately as possible. Hence, the temperature sensor
11No information about the electric field, up to 10 kV applied to the sample
12No information about the electric field, up to 6.5 kV applied to the sample
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target temperature and current temperature ∆T , depending
on the target temperature ϑtar.

has to be placed inside the fluid channel of the sample holder directly at
the position of the emulsified droplets. A type K thermocouple is inserted
into the fluid channel and the sample holder is placed in the groove in-
side the ceramic body. The sample holder and the air gap between the
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sample holder and the groove are filled with NovecTM 7500 to reproduce
the experimental configuration as accurate as possible. Afterwards, the
sample is cooled down with a constant cooling rate of Ṫ = 5K/min and
both the temperature inside the ceramic body and at the droplet position
are recorded. The experiment is repeated four times to minimize the in-
fluence of the statistical scatter. The temperature at the droplet position
ϑgro, depending on the temperature inside the ceramic body ϑhole down
to temperature of ϑ = −40 ◦C, is shown in Fig. L.15a. The solid black
line indicates the perfect agreement between both temperatures, resulting
in a vanishing temperature difference between the droplets position and
the ceramic body. As shown by the data, the temperature of the droplets
ϑgro is always higher than the temperature of the ceramic body ϑhole. The
temperature difference ∆T = |ϑhole − ϑgro|, depending on the tempera-
ture inside the ceramic, is shown in Fig. L.15b. The higher the degree
of supercooling, the higher is the deviation between both temperatures.
Note that the temperature difference ∆T decreases for supercoolings in
the range of ϑ ≈ −38 ◦C because at such low temperatures the experimen-
tal setup cannot follow the desired cooling rate of Ṫ = 5K/min any more.
In this case the groove temperature converges towards the temperature
of the ceramic block, which leads to a smaller deviation between both
temperatures. Even if the experimental setup cannot follow the desired
cooling rate at such high degrees of supercooling, the experimental setup
has an accurate temperature control.
In general, ice nucleation in water droplets is observed at temperatures
higher than ϑ = −40 ◦C, so that the experimental setup is only operated
in the calibrated range with a high accuracy. To accurately determine
the temperature of the droplets, depending on the measured tempera-
ture inside the ceramic body, the calculated temperature difference ∆T
of the four runs is fitted by a polynomial of sixth degree. The polynomial
is used to calculate the droplet temperature depending on the current
temperature inside the ceramic. The accuracy of the correction is tested
by comparing the deviation between the desired target temperature and
the current temperature of the droplets ∆T . The deviation of the tem-
peratures, depending on the desired target temperature ϑtar, is shown
in Fig. L.15c. As shown by the data the temperature of the droplets
only varies about 0.5K down to temperature of ϑ ≈ −35 ◦C. For larger
a supercooling the deviation increases because the experimental setup is
approaching the lowest temperature possible for the given configuration.
Taken into account the accuracy of the temperature sensor (Fiso FOT-
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L-SD) δT = ±1K, the maximum temperature uncertainty is given by
δT = 1.5K down to a temperature of ϑ ≈ −35 ◦C. Thus, the temperature
of the droplets can be accurately controlled.
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