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Abstract

Superhydrophobic surfaces are advantageous in numerous applications due to
their anti-icing, water-repellent and enhanced heat-transfer abilities. A great
number of studies have been performed in order to improve those properties,
with their self-cleaning ability standing out as their most desirable feature.
This thesis focuses on passive self-cleaning mechanisms and uses advanced
numerical simulations to characterize the properties of superhydrophobic sur-
faces and a series of fundamental phenomena that facilitate liquids and con-
taminant removal.

A detailed numerical framework has been developed in discrete steps, tack-
ling the increased complexity that each separate study introduced. Initially,
a volume of fluid (VOF) model is used to simulate droplets jumping from su-
perhydrophobic surfaces, a phenomenon initiated when two or more droplets
coalesce on a superhydrophobic surface. This part of the work was within
the capillary-inertial dominated spectrum, where the droplets pertain the
strongest capillarity. Simulations of coalescence and jumping of droplets of
various sizes were performed, providing insights into the interaction of hydro-
dynamic forces and surface tension. The next step was the understanding and
implementation of effective contact angle hysteresis and explore its influence
on the jumping efficiency. Hysteresis, introduced either by static or dynamic
modeling of the contact angle, increased the energy dissipation of a surface
and showcased re-attachment events for the merged droplet.

During the course of the project, another study reported the removal of
a particle by a single droplet. This self-cleaning mechanism occurs when a
droplet initiates spreading on a hydrophilic particle, capturing it in the pro-
cess. Due to its oscillations, the droplet interacts with the superhydrophobic
surface and the particle-droplet system jumps from the surface. To describe
this phenomenon, a numerical study was performed using a combined VOF-
immersed boundary method, with a special focus on formulating and imple-
menting the capillary force attracting the particle. The latter formulation was
validated benefiting from an experimental study, and a parameter study fol-
lowed with regards to the properties of the involved phases and the wettability
of the solids.

In the final part, pillar-shaped structures were introduced on the superhy-
drophobic surface to explore the effect of having structured surfaces on the
particle-droplet coalescence and jumping. A comparison was performed be-
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tween jumping from a smooth superhydrophobic surface and those from a
pillared surface, showcasing the ability of the latter to achieve jumping and
to undergo all the stages of the process. Finally, different configurations of
pillars were tested, revealing that narrower and taller pillars with a sufficient
spacing promote self-cleaning with the least dissipated energy.

Keywords: Superhydrophobic, self-cleaning, droplet jumping, interfacial phe-
nomena, DNS, VOF, immersed boudnary method, CFD, particle removal
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Nomenclature

d̂ unit vector for centerline of droplet/particle spheres (-)

n̂ unit interface normal vector (-)

fCCF capilary continuum body force (kg·m−2·s−2)

Fcap capilary force (kg·m·s−2)

FCCF total capilary continuum force (kg·m·s−2)

FIB total hydrodynamic forces on solid from IBM (kg·m·s−2)

fSF surface tension body force (kg·m−2·s−2)

I particle moment of inertia (kg·m2)

n interface normal vector (m−1)

nDS normal vector to solid surface (-)

nw normal wall direction (m)

rVi distance of surface point from center of rotation (m)

tdS hydrodynamic stresses on particle surface (kg·m−1·s−2)

tC tangential vector to solid surface towards direction of contact line
velocity (-)

TCCF total torque from capillary continuum force (kg·m2·s−2)

tCl tangential vector along the wall towards from the projection of the
interface normal (-)

TIB total torque from hydrodynamic forces on solid from IBM (kg·m2·s−2)
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tint tangential vector to the interface, away from the solid (-)

v velocity (m·s−1)

vP particle velocity (m·s−1)

K∗
rot normalised oscillation kinetic energy of droplet (-)

K∗
rot normalised rotational kinetic energy of system (-)

K∗
tot normalised total kinetic energy normalised (-)

K∗
tra normalised translational kinetic energy of objects (-)

Ki or K∗
i, tra normalised kinetic energy in direction i (-)

Ktotal or K∗
tot normalised total kinetic energy normalised (-)

Slg normalised surface energy in the liquid–gas interface (-)

ωP particle angular velocity (rad·s−1)

v∗ averaged normalized vertical velocity of droplet (-)

v∗
jump normalized jumping velocity of droplet (-)

Acont Contact area to solid surface (m2)

cR Number of cells per radius (-)

fHoff Hoffman function for Kistler dynamic contact angle model (-)

Fpinning Pinning or adhesion force (N)

g gravitational acceleration (m·s−2)

h height of pillars (m)

l∗con arch length of spreading at ideal wetting position (m)

lcon arch length of spreading (m)

p pressure (kg·m−1·s−2)

R or Ri or Rd radius of initial droplets (m)
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Rc or Rend radius of merged droplet (m)

Rp radius of particle (m)

t time (s)

tCI capillary-inertial time scale (s)

UCI normalized capillary-inertial velocity (-)

vslip slip velocity at boudnary (m·s−1)

w width of pillars (m)

a angle of spreading (◦)

Greek Letters

β spreading factor in epxonential rate of spreading with time (log-
scale) (-)

Φ solid area fraction of wetted area over total surface area (-)

α volume fraction (-)

χ fraction of solid volume in cells (-)

∆τ normalized time step (-)

∆θ contact angle hysteresis (◦)

∆E∗
rel normalised available surface energy for particle-droplet jumping

(-)

∆S normalised available surface energy for coalescence of droplets (-)

∆t time step (s)

∆x cell size (m)

κ interface curvature (m−1)

λ slip length (m)

τ normalized time (-)
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τCI normalized capillary-inertial time (-)

µ dynamic viscosity (kg·m−1·s−1)

ψ angle of interface and capillary force diraction (◦)

ρ density (kg·m−3)

σ surface tension (kg·s−2)

θadv advancing contact angle (◦)

θdyn dynamic contact angle (◦)

θrec receding contact angle (◦)

Dimensionless numbers

Ca capillary number (-)

Oh Ohnesorge number (-)

Re Reynolds number (-)

We Weber number (-)
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CHAPTER 1

Introduction

This thesis addresses the modeling of self-cleaning processes at the micro-scale,
that occur in the presence of droplets (wetting a superhydrophobic surface)
and contaminant particles. It discusses the current industrial needs regarding
surfaces exhibiting extraordinary phenomena, such as self-cleaning, expanding
on the types of superhydrophobic surfaces available. The work argues that in
order to design superhydrophobic surfaces for self-cleaning, detailed
numerical analysis is to be utilized. Through simulations that repro-
duce the different mechanisms of self-cleaning, the work manages to identify
the different physical phenomena that occur at early stages of the
mechanisms and, therefore, it is able to fundamentally study all the stages
of these mechanisms. The subsequent studies will develop a continuum
framework to understand the behavior of droplets when wetting a
substrate and interacting with a contaminant. Finally, the thesis will
conclude with an investigation of specific properties, such as energy dissipation
at different scales, contact-angle hysteresis on superhydrophobic surfaces, in-
teractions with specific particle types and sizes, and interactions with surface
structures that can hinder certain stages of self-cleaning.

3



Chapter 1 Introduction

1.1 Need for Innovative Surfaces

The project was conceived in response to current demands in industrial ap-
plications regarding surfaces often exposed to liquid films and droplets. To
improve these interactions first there is a need to identify the problems. Sur-
faces that are exposed to outer environments can be subjected to rain droplets
and water film floodings. With the swift removal of liquid from surfaces, pro-
cesses can benefit from factors such as the improved air flow, the heat trans-
fer efficiency, and the prevention of corrosion or salt depositions. Moreover
droplets in motion can coalesce and agglomerate, removing other droplets,
dirt particles or colloids. On the other hand, in condensation environments,
like the condensation in a condenser heat-exchanger, droplets are beneficial
since drop-wise condensation is more efficient than film condensation. How-
ever, the process requires the removal of droplets in an efficient way to offer
space for new nucleations of condensing droplets. Research studies focused to
the application of superhydrophobic surfaces, that exhibit high contact angles
of 150◦ and higher, and reduced contact area with the droplets, as the most
efficient solution of the identified issues[1].

By exhibiting high water repellency, superhydrophobic surfaces can pro-
vide highly desirable self-removal of droplets and other contaminants, and,
therefore, they are promising for various industries. For instance, in the con-
struction industry, superhydrophobic coatings can be applied on windows,
building facades and rooftop panels[2], [3], significantly reducing maintenance
costs by preventing dirt accumulation. In the automotive industry, these sur-
faces can be used on windshields, and improve the efficiency of condensers in
heat exchangers, where the surface is in constant contact with water. Superhy-
drophobic surfaces facilitate heat transfer rates by drop-wise condensation[4],
[5] and remove particles via self-cleaning behavior[6]–[10]. Additionally, super-
hydrophobic surfaces are crucial in the development of anti-icing coatings[11]–
[13] for aircraft or in wind turbines, where ice accumulation is a significant
issue, often addressed with other costly solutions. Finally, even the field for
design of electronics[9] has considered superhydrophobic surfaces in order to
enhance the performance of devices by self-cleaning properties that can reduce
bacterial adhesion.

The wetting of a surface is broken down to a list of different interactions
of a liquid with a solid, with the existence of a surrounding gas. These inter-
actions span between different scales, starting from the molecular scale which
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1.2 Numerical simulations and surface wetting

is a few nanometers, to the continuum scale which it is established at around
100 nanometers. Capillary forces dictate the balance of forces in wetting phe-
nomena, while surface tension is responsible for the strength of the existing
forces. The contact line, the triple-phase conjunction line of the different
phases (the surrounding gas, the wetting liquid and the solid surface) is the
location where the capillary forces act[14]. In the case of a droplet, they also
account for the Laplace pressure of the droplet[15], which also affects the cur-
vature of the droplet, and create balance in a static wetting configuration.
In this system, an energy balance that minimizes the Gibbs free energy can
compute the wetting area[16] and the liquid-gas interface area. For this calcu-
lation, one needs to provide the surface energy or surface tension of each pair
of contacts (liquid–gas, solid–liquid, solid–gas) which is not straightforward to
know at any occasion, while it can be highly dependent on the chemical vari-
ations of the solid surface. Therefore different means to simulate the capillary
interactions are required.

1.2 Numerical simulations and surface wetting
Numerical simulations are essential for studying and designing superhydropho-
bic surfaces, particularly since experimental approaches can face various chal-
lenges. These difficulties arise due to the complex nature of the processes in-
volved in wetting interactions, which combine the principles of fluid dynamics,
surface properties, chemical composition and multi-scale features. Since the
mechanisms behind self-cleaning processes of these surfaces are yet unclear,
and depend on different physical principles, the explanation and quantifica-
tion of these interactions pose challenges for experimental studies. Hence, it
becomes difficult to isolate the individual phenomena such as dynamic be-
havior of contact angles, pinning and contact angle hysteresis[14], or droplet
coalescence and spreading dynamics[16]. Experimental methods tend to focus
on macroscopic outcomes, such as the overall removal of contaminants[17],
without being able to directly observe in detail the interfacial and contact
phenomena. On the other hand, numerical simulations offer a framework to
control each contributing factor in self-cleaning, analyze them independently
or in combinations, therefore providing insights into the fundamental mechan-
ics taking place.

Moreover, the design process of surfaces will be aided by predicting how
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Chapter 1 Introduction

they will perform under various conditions and droplet-substrate configura-
tions. Simulations allow us to explore the performance limits and optimize
surface characteristics, such as roughness, geometry, and wettability provid-
ing as a result possible improvements for the testing and manufacturing of
surfaces. The focus is concentrated on the usage of models for the contact
angle behavior. Superhydrophobic surfaces often possess geometrical features
appearing on a surface. The features, which are responsible for roughness
and other disparities of the surface, can instigate pinning and other contact
line deformities[18]–[20], when their size is comparable to the length scales of
the system. Therefore it is understood that there is a need to develop mod-
els which can capture i) the influence of micro-scale phenomena at the very
vicinity of the contact line (intrinsic wettability) and ii) the influence of geo-
metrical features appearing on a surface. The models suggested also need to
be compared with numerical results that fully resolve the geometries of these
so-called micro-structures, as well as with experimental results.

Numerical computations can also resolve with high fidelity multi-scale inter-
actions of different fluid phases, enabling researchers to examine early-stage
dynamics, such as droplet coalescence and capillary bridge formations[21].
Such studies highlight the essential role of numerical models in uncovering
the often-hidden mechanisms that influence droplet motion.

Practical considerations also support the use of numerical simulations in
design and manufacturing of superhydrophobic surfaces. Simulations can re-
duce design costs and accelerate the development period, minimizing the need
for iterative experimental trials. Efficient and accurate simulations can iden-
tify surface properties such as roughness and contact angles, and suggest im-
provements. These insights are crucial for fine-tuning surface designs[22] for
applications ranging from anti-icing to self-cleaning. By studying the funda-
mentals of the interaction of droplets with each other or with other particles
deposited on a surface, the simulations provide a possibility to understand the
dynamical interaction of the droplets at the early-stage of self-cleaning up to
their eventual detachment from a surface.

Numerical analysis can also estimate the behavior of agglomerates in hu-
mid or dry surroundings and their possible return to the surface. There is
also a possibility of heat-transfer studies in such processes[23], [24], which
can be beneficial to improve the behavior of dropwise condensation, but such
studies have not been the scope of this project. As a result, the ability to in-
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1.3 List of studies of thesis

clude such physics in a numerical analysis allows for understanding of wetting
behavior, that has been triggered by local effects at micro-scales, in compar-
ison to experimental studies that mostly depend on the general outcomes of
particle removal and measurements of heat transfer rates. However, despite
the mentioned advantages, numerical models still possess innate and early-
development challenges, particularly in terms of assumptions and boundary
conditions that may not always reflect the real-world behaviors. Many current
models rely on simplified representations of dynamic contact angle behavior,
surface roughness, capillary forces and interfacial numerics. These limitations
call for a continued development and validation of numerical models to ensure
their accuracy and applicability.

Therefore, numerical studies have a lot of advantages but the currently
implemented models are often limited to certain applications or include an
extensive list of assumptions. This thesis aims at contributing to this ongoing
development by proposing novel models and approaches for wetting analysis
and capillary effects, specifically tailored to applications involving superhy-
drophobic surfaces. In particular, we focus on improving the representation
of dynamic contact angles[16] and including correct adhesive physics both be-
tween a droplet and a substrate and a droplet and a captured contaminant,
areas where current models lack consistency. Additionally, the simulation
framework was validated against experimental data to ensure that the find-
ings are both accurate and practically relevant. Development of new models,
validation procedures and critical thinking in the assumptions that the study
can afford, has helped to acquire accurate and pinpoint information with sim-
ulations. This thesis considers the development of new models for wetting
analysis and capillary effects and the validation of important simulation set-
tings, as one of the key contributions to the field.

1.3 List of studies of thesis
This thesis had a gradual increase in complexity, with utmost target to create
a trustworthy framework that is able to study dynamics of droplets, wetting
of superhydrophobic surfaces and capturing of dirt (contaminant) particles by
droplets forming colloids.

i. The first study focuses on the hydrodynamics fundamentals that govern
the coalescence of two equally sized droplets and the subsequent jump-
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Chapter 1 Introduction

ing droplet phenomenon. It is investigated at different scales the effect of
hydrodynamic physics, specifying the dominant dynamics, that drive coa-
lescence dynamics. It is evaluated how the presence of a superhydrophobic
surface influences coalescence, whereas a computational framework is de-
veloped, able to recover all the core principals for the fluids (liquid and
gas).
In particular, the study focused on the accurate modeling of the interface
transport phenomena, while maintaining a sharp interface and providing a
trustworthy representation of its curvature, which is a crucial parameter
when calculating the surface tension force. Moreover, it compared the
validity of a constant normalized velocity under the theory of capillary-
inertial regime and identified the scales for which deviations are observed.
The study revealed the critical role of surface tension and droplet size in
determining the efficiency of droplet jumping, laying the groundwork for
further investigations.

ii. The next phase involved the effects of dissipation, often caused by pinning,
which in a fluid dynamics study is noticed by the contact angle hysteresis
under dynamical motion of the contact line on a solid surface. By studying
how contact-angle hysteresis modeling influences droplet jumping, signifi-
cant understanding of its restrictive nature was obtained. Hysteresis, the
dependence of the contact angle on the history of the droplet’s movement,
was quantified in order to understand its impact on the jumping behav-
ior. The research demonstrated that hysteresis can significantly affect the
contact angle behavior, influencing the energy required for a droplet to
jump. This finding highlighted the importance of accurately modeling
hysteresis in simulations to predict actual behaviors of superhydrophobic
surfaces in the jumping droplet sequences.

iii. In the third part of the project, a fully resolved particle was introduced in
the domain. The purpose was to investigate for the first time a particle
being captured by a single droplet as it was first reported by Yan et al.[25].
In this process, a droplet spreads and captures a hydrophilic particle,
while due to its generated motion and displacement, it interacts with the
superhydrophobic surface and the particle-droplet jumping is achieved.
The development work for the framework focused on producing a trust-
worthy particle behavior, by introducing and validating an adhesive, cap-
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1.4 Structure of the thesis

illary force. Moreover, the immersed boundary method was used to model
the particle surface, and the rigid-body dynamics equations were coupled
in the solver to account for its motion. The results were successfully
compared with the mentioned experimental study.

A series of parameter studies were performed by varying properties of
the droplet, substrate and the particle. With the numerical study that
followed, a temporal evolution of the energy budget of the system was
provided. The results of the parameter studies highlighted how contact
angles contribute to energy dissipation and how the particle-to-droplet
size ratio impacts the jumping velocity.

iv. The final phase of this thesis examined the mechanism of particle-droplet
jumping by extending the framework to accommodate a surface textured
with pillar-shaped structures. The results from the previous numerical
work with the modeled smooth superhydrophobic surface were compared
to those using patterned surfaces, for which reported jumping. In addi-
tion, the influence of textured surfaces was investigated, with a series of
different pillar configurations and dimensions. The effect of the presence
of pillars was also studied for different pillar contact angles.

The findings revealed that higher pillars promoted more efficient jumping
by reducing the dissipation due to a decreased substrate contact during
oscillations. Additionally, the study showed that wider pillars increased
the contact area and dissipation, thereby reducing the jumping veloc-
ity. Larger spacings between pillars favored the Cassie-Baxter state and
promoted droplet detachment, while lower contact angles suggested the
Wenzel state of wetting, with flooding of valleys.

1.4 Structure of the thesis
The structure of this document goes as follows. First, in Chapter 2 the thesis
provides the theoretical background that is required to understand its aims
and main targets. An analysis of superhydrophobic surfaces is provided, fo-
cusing on their wetting properties and advantages, and highlighting the main
mechanisms that facilitate the process of self-cleaning. In the next sections,
it is given the background regarding the two main self-cleaning mechanisms
that this thesis deals with, the jumping droplets phenomenon and the one
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Chapter 1 Introduction

that involves removal of a particle by a single droplet. The main objectives
are stated in the last section of Chapter 2, with an emphasis on the scope
of the work and how the numerical studies were designed and carried out in
order to accomplish the thesis’ objectives.

The numerical methods are explained in Chapter 3 by mentioning all the
models that were included in the multipurpose framework developed for study-
ing of self-cleaning studies from superhydrophobic surfaces. In Chapter 4, se-
lected results are offered from the list of papers that are included in the thesis.
This selection has been made with regards to the main findings of each study
and how each of them fulfills the main objectives. The thesis finishes with a
summary of the main conclusions of the included papers, reaffirming that the
study’s objectives have been met.
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CHAPTER 2

Background

2.1 Superhydrophobic surfaces

2.1.1 Biological surfaces

Superhydrophobic surfaces are commonly found in nature. Many times in bi-
ology studies, scientists are fascinated by the performance of certain biological
organisms with surfaces that excel in water-repellency and remain clean ben-
efiting from different mechanisms of self-cleaning. This extreme hydrophobic
behavior, from the old greek words "hydor"-water and "phobia"-fear, that of
a superhydrophobic surface, is based on the ability to efficiently dewet the
surface either by motion, shedding, gravity or other forms and minimizing the
area of contact between liquid and solid[1]. In order to develop this charac-
terization, natural surfaces have undergone many stages of evolutions. One
example comes from the lotus plant, since the lotus leaf shows removal of dirt
particles by droplets, taking advantage of the micron-size structures that have
developed on the upper surface of the leaf. This behavior has been termed
the lotus effect.[26], [27]

Some insects that carry large wings in relation to their body need neat
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Chapter 2 Background

Figure 2.1: The lotus leaf (top-left) and the structure of its superhydrophobic sur-
face(bottom). The droplet(top-right) captures dirt particles before re-
moving them, Ref.[26].

surfaces, clean from dirt particles or microorganisms that can deteriorate the
wings performance. A nice example is the cicada wings, which has been
described in the literature multiple times for its ability to remove contami-
nants[6], making use even of the jumping droplets phenomenon, see Section
2.2. The two-layer structure of the surface with features of both micron-
and nano-size has been suggested to be key behind its unique abilities[28].
By studying such surfaces, scientists try to create similar roughness patterns
for applications that require superhydrophobicity[29]. Such studies belong to
the category of biomimetics, as they mimic the biological surfaces to create
artificial ones, for technological purposes.

12



2.1 Superhydrophobic surfaces

Figure 2.2: Depiction of contact angle at the contact line location, highlighting the
stresses of Young-Laplace equation at contact line γ cos θ = γSA − γSL

, Ref.[22].

2.1.2 Surface wetting theory

The theory of surface wetting explains how liquids interact with solid sur-
faces. Key concepts include the contact angle ( Fig. 2.2), which measures
the wettability of a surface. Superhydrophobic surfaces exhibit high contact
angles, typically greater than 150 degrees, indicating that water droplets form
nearly spherical shapes and have a minimal contact with the surface[18]. The
Young-Laplace equation describes the balance of forces at the contact line
for a flat surface[22]. In a dynamic motion of the contact line, the adhesive
forces may vary and fluctuate, while an apparent deformation of the contact
angle is noted, which is then termed a dynamic contact angle[30]. In such
situations, the description of the instantaneous forces with analytical formu-
lations becomes more complex, and models have been devised to connect the
continuum properties with the deformation characteristics.

However, deformation also takes place at a static wetting, in occasions when
the liquid is under stresses. The stresses will deform the curvature of the
interface near the contact line, causing a variation of the apparent contact
angle[31]. Before motion is to be initiated from the stresses, a pinning behavior
of the contact line is noticed, which exists in both an advancing or a receding
tendency to move the contact line[32]. The pinning can be caused by surface
roughness or heterogeneities and it literally suggests that the contact line will
not move regardless of the deformation of the interface curvature close to the
solid[1], [33]. The difference between the two limit contact angles, advancing
and receding, as registered before motion of the droplet would occur, is called
the contact angle hysteresis[14].

The contact angle hysteresis is a measure of energy dissipation, as the pro-
vided energy will be partly absorbed in the pinning behavior. Only a part of
that energy will return when the fluid stops applying stresses near the con-
tact line and the interface relaxes from the limit advancing or receding angle.
Superhydrophobic surfaces typically show a reduced contact angle hysteresis
when compared with conventional ones, either hydrophilic or hydrophobic.
Studies have focused on minimizing as much as possible this dissipative in-
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fluence by manufacturing surfaces with a limited contact angle hysteresis[34].
Similarly, the sliding angle is another measurement for hysteresis, by mea-
suring an angle at which a droplet initiates movement on a tilted surface.
Typically, surfaces made of materials that promote low surface energy can
exhibit extreme superhydrophobicity and low hysteresis or sliding angle[35].

2.1.3 Types of surfaces and how are they manufactured
Most attempts to achieve superhydrophobicity have focused on the use of
elongated structures, often rectangular or cylindrical pillars with flat top sur-
faces[36], that create voids between them. As confirmed from the biological
superhydrophobic surfaces, the liquid wets the top of the pillars and creates
a liquid meniscus between the structures, leaving a region of air-pockets in
the cavities between the pillars[37], [38]. As a result, this facilitates water-
repellency and high contact angles. The behavior of wetting micro-structured
patterns is based on the theory developed by Cassie and Baxter [39], which
measures the contact angle for a sessile droplet as a function of the wetted
area, the actual total solid area and the intrinsic contact angle in the abso-
lute vicinity of the surface (nano-scale). The distance between pillars, also
called the pitch, is another significant factor to achieve the state where a liq-
uid droplet is solely suspended to the pillars’ tops. Moreover, the ratio of the
wetted area to the total solid area and the width of the pillars influence the
wetting regime[33]. In case of wide pillars and small pitches, it is challenging
to sustain the Cassie-Baxter state and this would cause partial or full wet-
ting of the side and the bottom of the pillars, two states that are called the
partial-Wenzel and Wenzel states, respectively[22].

Studies have focused on optimizing the connection between the dimensions
of textured patters and a superhydrophobic wetting. However, further im-
provement was achieved with a second layer of nanoscale hair-like features,
similar to what was observed in the lotus leaf, which was enabled by specific
treatments[29]. This layer increases the intrinsic hydrophobicity and enhances
the superhydrophobic performance of textured surfaces. Studies have specifi-
cally linked the presence of such a nanostructured layer to a reduced contact
angle hysteresis, which promotes improved liquid mobility on the surface[40].
Consequently, several advanced manufacturing techniques have successfully
achieved extreme superhydrophobicity by incorporating nanoscale treatments.
For example, Yan et al. [41] demonstrated that such nano-treated surfaces
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2.1 Superhydrophobic surfaces

Figure 2.3: Two examples of manufactured microstructures with pillars that are
used for improved drop-wise condensation by Ref.[42](top-right) and
Ref.[43](bottom-right). Two instants of drop-wise condensation are
shown on a superhydrophobic surface of copper coated with graphene
at Ref.[44].

exhibit significantly enhanced water-repellent properties, outperforming two-
tier treatment with micro-structures, opening new possibilities for practical
applications in self-cleaning and anti-fouling technologies.

In the manufacturing process, two types of surfaces can be highlighted. The
one would be surfaces that can be manufactured in a textured and precise man-
ner that controls the shape and distance of the micro-structures (structures
with dimensions from 0.5 µm and greater)[29], while the second one is with
coated surfaces designed to create random directions of the structures, with
multiple asymmetric points of contacts and different heights between struc-
tures. Such a design also causes the normal direction to the solid to vary
across the surface and enables cases with wetting gradients and capillarity in-
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stabilities. Biological surfaces showcase such properties. On the other hand,
manufactured surfaces with a precise deposition of micro-structures undergo
reinforcement with an additional layer of random nano-structures with an
intrinsic hydrophobic wettability[45]. The latter layer combined with the air-
pockets between the micro-pillars aids to achieve a superhydrophobic behavior
of these hierarchical surfaces.

From the perspective of incorporating superhydrophobic surfaces into nu-
merical studies, a couple of previous studies opted to simulate the interaction
of droplets with micro-structures using the actual shape of pillars with two-
dimensional and three-dimensional analyses[46]. Depending on the dimensions
of the pillars, the refinement of the domain of the fluids requires adjustments
in order to properly capture the influence of the boundary geometry to the
fluid. This thesis will initially evaluate studies that cannot fully resolve such
features. A variety of simulation cases involving droplets on superhydrophobic
surfaces will be performed with the droplet radii spanning from a few microns
to up to 500 µm. The larger cases potentially require cell sizes that may be
up to 100 times larger than the roughness of the surface. For the cells close to
the contact line and aiming at with fully resolving boundary features, such a
high resolution may interfere with the stress singularity problem that happens
when the contact line moves on a no-slip boundary. Hence, within a contin-
uum description, the presence of roughness (microstructures) is modeled with
a slip effect, known as the Navier slip boundary condition, where the velocity
is proportional to the local shear stresses of the fluid[30], [47], [48]. The slip
factor is modeled as a length scale proportional to the grid resolution of the
neighboring wall cells or otherwise the structures height[22]. The contact an-
gle is implemented with a static value or with a dynamic contact angle model,
that can be dependent on the flow properties. In the later stages of the thesis,
the behavior of a smooth surface will be compared with the actual geometry
of a pillared surface, for a case when the dimensions of the pillars exceed the
dimensions of the cells in the domain.

2.1.4 Advantages and disadvantages of superhydrophobic
surfaces

Among the many advantages of superhydrophobic surfaces, water-repellency
and self-cleaning from contaminants are the two important features. In ad-
dition, improved efficiency for drop-wise condensation[49], directionality with
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grooves[50] and a desired wetting gradient[36], [51], [52], defrosting and anti-
icing[53], have been mentioned as other benefits of using superhydrophobic
surfaces in technological applications.

On the other hand, an analysis of the practicality of superhydrophobic
surfaces suggests that superhydrophobicity often degrades in time, with an
increase in the contact-angle hysteresis and a decrease in the mean contact an-
gles observed[29]. The current costly manufacturing procedures of innovative
surfaces require treatments aiming at regenerating the desired wetting proper-
ties after a certain period. Studies have connected the rate of deterioration of
the superhydrophobic quality with the exposed temperatures or the humidity
levels[29]. Often the desired applications for superhydrophobic surfaces are
in enclosed devices, such as in the case of condensing heat-exchangers[54],
and resurfacing would be extremely hard to achieve practically, being both
time-consuming (especially if it causes downtime) and costly.

With an improved and self-sustained self-cleaning quality, we aim in this
study to suggest surface modifications that facilitate more efficient self-cleaning
processes. In addition, we target to uncover the fundamental stages behind
these processes. The goal is to advance the knowledge on self-cleaning surfaces,
aiming at reducing manual and forced cleaning interventions. The efficient re-
moval of contaminants and droplets will then increase the life-time of these
surfaces.

2.1.5 Surface cleaning applications

In this part of the thesis we develop a framework to study specific behaviors of
wetting phenomena involving superhydrophobic surfaces and droplets. Even
though the subsequent studies will focus on two specific self-cleaning mech-
anisms, the jumping of only droplets and the jumping of a particle-droplet
system, it is essential to recognize that the same framework will have the
ability to capture physics within a wider range of configurations of fluid-solid
interaction that facilitate the cleaning of the substrate. Following, a list of
these mechanisms involving superhydrophobic surfaces is presented. The au-
thor considers crucial to emphasize that with the use of the developed frame-
work, research on optimizing superhydrophobic surfaces can be tailored to a
corresponding application. An advantage of these simulations is the ability to
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combine multiple mechanisms and to quantify their respective efficiencies.

Lotus effect
• Superhydrophobic surfaces can achieve self cleaning by harnessing the

lotus effect, where particles are captured and removed by droplets shed-
ding on the surface due to gravity or forced droplet exposure like to a
rainfall. Since high contact angles are acting, the droplet shows lim-
ited pinning forces and low adhesion energy, and it efficiently rolls off or
slides away from the solid surface.[26]

Jumping droplets
• Jumping droplets by a spontaneous coalescence of two or more droplets

is another self cleaning mechanism, which will be explained in detail in
Section 2.2.

Electrostatic repulsion
• Contaminants (particles) are subjected to electrostatic charges, which

repel them and lower their adhesive properties[55], [56]. Existence of sta-
tionary or moving droplets would facilitate the particle removal, there-
fore these scenarios have scientific interest. Hydromagnetics should be
considered for this setup.

Grooves removal
• Droplets and liquid films can be influenced by the existance of grooves

between microstructures of the substrate. These grooves possess anisotropic
wetting properties that help guide the liquid to a specific direction, car-
rying it away for collection or other purposes[50], [57]. In case of con-
densation, condensed microscale droplets can start shedding, sweeping a
number of other droplets in their path, following a series of coalescence
events along the microgrooves and the eventual dewetting[58].

Surface Vibrations
• With elastic vibrations or oscillatory rigid-body motion of the surface,

particles and droplets can be removed from a substrate with their ac-
quired momentum. The contaminants need to overcome the adhesive
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forces acting on them, and depending on the nature of adhesion, a com-
bination of different cleaning mechanisms may be required to overcome
adhesion for their eventual removal[6].

Air Shear Cleaning

• Shear flow is considered a typical method for cleaning surfaces. In the
existence of a superhydrophobic surface, the minimal work of adhesion
that is required to remove droplets can set them in motion with shear
flow, facilitating dirt particles removal or even droplet jumping perpen-
dicular to the surface[59]. In the case with roughness at the scale of
a few micrometers, the shear flow should influence neither the struc-
ture of the surface pattern nor their nano-coated treatment that enables
hierarchical wetting properties.

2.2 Droplet coalescence and jumping
Droplets coalescing and jumping became the topic of extensive research due
to the ability of the droplets to self-remove from the surface without the use
of external energy[60], [61]. The kinetic energy that was recovered during
coalescence is the aftermath of the released surface energy, coming from the
difference in surface energy of the two initial spherical droplets and the final
settled spherical merged droplet. A high curvature, present at the location
where coalescence initiates, causes the creation and the subsequent rapid ex-
pansion of a liquid bridge. This creates oscillation waves transversing through
the droplets interface. The inertial expansion of the liquid bridge initiates
the point of contact with the substrate and the expansion of the contact area
with the superhydrophobic surface stores energy which is recovered by the
droplet during its upwards momentum. Most of the upwards momentum en-
ergy is gained through interaction of the liquid bridge hitting the substrate
and subsequent shape oscillations that expand the merged droplet in the ver-
tical direction, before it eventually retracts and jumps from the surface[4],
[61]–[64].

For a numerical study, to accurately capture the removal of particles, it is
needed to develop a trustworthy framework that is able to recover the droplets
jumping scenario and to deepen the understanding of different stages of that
process, in full detail and at the smallest hydrodynamic scales. Therefore, the

19



Chapter 2 Background

surface tension force, contact line stresses, curvature handling and interface
sharpness and transport should be controlled by the framework in a trustwor-
thy manner and for all the relevant temporal and spatial scales. We initiate
the study from a point that the hydrodynamics is properly captured. We fol-
low by focusing on the interaction of the interface and the solid at the location
of the contact line. In this topic, the thesis pays close attention to the contact-
angle influence and the existence of pinning and the degree of hysteresis. The
exact contact angle value at the advancing or receding motions of the contact
line needs to be controlled by the framework and the effect should be validated
and quantified to master the interaction of the droplets and a superhydropho-
bic surface using a continuum description. Therefore, with simulations we aim
at recovering with accuracy the stages through which the process goes.

The jumping droplets was reported initially by Boreyko and Chen[60].
When a liquid condensates, the formed droplets coalesce and then sponta-
neously depart from the superhydrophobic surface. By studying the behavior
of the merged droplets of different sizes, the authors reveal the connection
between the relevant mechanisms of the process and the capillary and inertial
forces, suggesting that viscosity is not the main reason for dissipation. In the
same study they showed how the jumping velocity follows the capillary-inertial
scaling, based on the time and velocity scales of the capillary-inertial regime.

Subsequent studies defined the efficiency of the jumping motion as a per-
centage of the released surface energy[61]. Either using experimental[34],
[42], [52], [65] or numerical analyses[59], [66]–[73], researchers reported the
main stages of the process, estimated the influence of the surface wettability
and roughness structures, understood the importance of size matching for the
droplets and located the cut-off regions[67] in the smallest and larger length
scales where the capillary-inertial scaling occurs.

It is essential for a numerical study, such as the one carried out in this work,
to assure the validity of interface transport modeling. The simulations require
accurate calculation of the curvature at every time step. Due to the Laplace
pressure, spurious currents can arise from artificial velocities induced at the
interface[74]. Such errors are even more pronounced at the micrometer scales
due to the strong surface tension.

From the numerical perspective, it has been a challenge to resolve the evo-
lution of all stages of the jumping process, which is even more difficult at the
smallest length-scales. At a specific length scale, the competing interaction of
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the surface tension and inertial forces dictate the time scales (the capillary-
inertial time scale tCI) during wetting and coalescence, which is additionally
dependent on the fluid properties. The coalescence dynamics and the liquid
bridge expansion are governed by the identified time scales, which in turn de-
fine the instance of the maximum expansion point. The time scales decrease
with a power of 1.5 following a decrease in the radius of the droplet. This
suggests that experimentally capturing the jumping process at the scale of a
few microns becomes next to impossible.

The eventual normalized jumping velocity is presented as the ratio of the
jumping velocity and the capillary-inertial velocity scale UCI of the system.
The capillary-inertial velocity scales with the initial radius of the droplets with
a power of −0.5. To follow a capillary-inertial scaling, the normalized velocities
are required to be constant and the jumping velocity needs to scale one to one
with UCI. Therefore, when the radius decreases the real jumping velocity
increases exponentially. In their study, Boreyko and Chen[60] expanded on
this relation and pointed the existence of a cut-off radius, under which the
droplets-substrate interaction is not solely governed by the surface tension,
inertia and the capillarity-induced wetting forces. At the length scales (i.e.
droplet radius) below Ri ≤ 25 µm, the jumping efficiency drops and the
identified scaling law breaks down. Later, this finding was validated from the
mentioned studies, even though different values for the cut-off radius were
reported[66], [67]. Further details are also offered in the introduction section
of Paper B. Above the cut-off radius, the non-dimensional jumping velocity
has been computed around 0.20 – 0.26[34], [45], [61], [64], [69], [72], [75]–[82].

A limited number of studies studied the cause of the cut-off behavior. We
exemplify the numerical work of Attazardeh and Dolatabadi[66], which in-
troduced rectangular pillars beneath jumping droplets, and suggested that
the ratio of the characteristic dimension of the pillars and the radius of the
droplets is an important parameter. This numerical study concluded that
the interaction with the sides of micro-structures affected the energy dissipa-
tion. Assuming this is a major effect, it is pointed out that the cut-off radius
becomes dependent on the dimensions of the pillars for the surfaces having
textured patterns, as well as on the distance between pillars.

The Ohnesorge number Oh compares the viscous forces to the combina-
tion of the inertial and surface tension forces. Since its definition makes that
number inversely proportional to the radius of the droplets, it increases when
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the droplets become smaller. Experimental and a couple of numerical stud-
ies mentioned ejection of coalescing droplets for sizes as small as R = 0.5
µm[51], [52], [81], [83]. Therefore, the droplets with a high Ohnesorge num-
ber are considered capable to overcome the viscous dissipation of the fluid.
However, viscous effects that are attributed to the contact line behavior are
less straightforward to estimate theoretically for a dynamic case and they can
only be modeled within a continuum framework if a suitable dynamic con-
tact angle model is in place, or if the geometrical features are well resolved.
Nevertheless, in the latter case, the study needs to account for the stresses
singularity at the location of the contact line, which predicts infinite stresses
while the interface is in contact to the solid and a no-slip behavior is con-
sidered. This has been ameliorated in multiple studies by the existence of a
slip boundary condition. The Navier slip implementation has been often in-
troduced for modeling patterned superhydrophobic surfaces as a flat surface,
but different slip length values have been implemented. In a more popular
approach, the slip length has been connected to the smallest cell size in the
domain of interest[84]. Other studies promote a slip length that relates to the
height dimensions of surface structures, modeling the presence of a gas as air
pockets beneath the liquid[22]. In that case, the boundary is considered to
have a flat geometry for the numerical studies.

2.3 Particle-droplet coalescence and jumping
Droplet coalescence and jumping has been a topic for extensive numerical and
experimental studies, with main interest to study the fundamental physical
phenomena that govern the process. On the other hand, when a particle is in-
volved, the complexity increases. From an experimental side, a limited number
of works that published on this subject faced difficulties to study all relevant
spatial scales and to identify the underlying phenomena. In particular, it is
not straightforward to separate the effect of a droplet-substrate contact from
that of a droplet-particle contact, and to define and quantify the energy losses
that are attributed to either of the interactions.

Of particular interest are the studies that suggested removal of particles
harnessing the jumping droplet phenomenon. Wisdom et al.[6] described that
the droplets can capture the contaminants under the following three circum-
stances. First, a behavior of floating was observed, where a droplet that has
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entrained a solid particle, fully wetted by the droplet, coalesces with another
droplet and initiates a jumping reaction. The second form was termed as lift-
ing and includes a particle that is captured at the interface of a droplet before
coalescence or that the particle is captured by the interface of an oscillating
merged droplet following coalescence. The third mechanism suggested the
existence of an aggregate of particles, acting as a colloid after being wetted
by a liquid droplet and promoting the formation of liquid bridges between
particles. When two such agglomerates come into contact, the creation of a
large liquid bridge can initiate motion that causes jumping.

In a numerical study by Farokhirad and Lee[85] the authors studied the
removal of a spherical particle by jumping droplets. To decrease complexity
in the study the particle was already encapsulated by one of the droplets. It
is important to highlight that the capillary forces that attract a solid body
to a liquid cannot be neglected at the micrometer scales, where the capillary
forces are significant in relation to the hydrodynamic stresses. The men-
tioned work considered a model that was developed for implementation for
a Lattice-Boltzmann fluid dynamics solver, which had been earlier validated
for different cases. The studies for the validation of the adhesion model from
earlier work[86] were limited, and the particle-droplet study did not expand
regarding possible spontaneous wetting phenomena in the case of jumping
droplets.

In another work, Yan et al.[25] for first time pointed out the existence of
a passive self-cleaning mechanism of a jumping particle-droplet. In the pres-
ence of a superhydrophobic surface, a sessile droplet initiates spreading on a
spherical solid particle with hydrophilic wettability. The liquid bridge created
from the spreading process expands, as the liquid front at the point of the
contact line is spreading over the particle surface. The inertial motion of the
formed liquid bridge, followed by oscillations in the shape of the droplet, and
displacement of the spreading liquid towards the direction of the particulate
sphere, causes contact of the liquid bridge front with the substrate and expan-
sion of the contact area. As a result, the droplet interacts with the substrate
and an upwards motion follows. During particle wetting, the droplet reaches
maximum expansion area on the particle. The capillary forces acting at the
contact line are responsible for the adhesion of the particle on the interface of
the droplet. As an aggregate, the particle-droplet system detaches from the
substrate, overcoming gravitational forces. It then performs travels through
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the air and a rotation around the center of mass of the system may also appear.
Specific complex details from the mechanism still lack characterization and

it is considered that numerical simulations are required to succeed in quanti-
fying the contact line physics or the dynamic oscillations of the droplet, which
is caused by the spreading motion on the particle and the impingement of the
spreading liquid front on the superhydrophobic surface. The novelty of this
task is highlighted by the absence of other numerical studies and the previ-
ously mentioned challenges in modeling the interaction of the interface with
the particle. The models developed must address the contact line’s movement
on the superhydrophobic surface, droplet spreading on a curved particle sur-
face, and the very small temporal and spatial scales governed by the fluid and
particle properties.

In this study, the numerical modeling was selected with intention to han-
dle general moving solid bodies, such as a spherical particle. The immersed
boundary method (IBM) approach was opted, since it can model the location
of moving boundaries and generic geometrical shapes. Both the superhy-
drophobic surface and the particle were modeled under this method, using a
structured mesh for the domain, which incorporated adaptive mesh refinement
(AMR) to refine locations such as the solid boundary or the interface, where
we require finer resolution. The IBM is capable of computing the fluid hydro-
dynamic forces on the bodies’ surfaces on the triangulated surface meshes of
the immersed body. In conclusion, the thesis tries to emphasize in the limited
knowledge that was available regarding the particle-droplet jumping mecha-
nism, prior of the work performed in the two latter papers that are included
in the thesis.

2.4 Thesis objectives and aims of the research
work

• Characterize properties of superhydrophobic surfaces and ex-
plore their design for self-cleaning purposes.

• Identify processes of mechanisms of droplets:

i. during wetting superhydrophobic surfaces,

ii. during coalescence,

24



2.4 Thesis objectives and aims of the research work

iii. during spontaneous spreading on curved surfaces.

• Develop a comprehensive framework handling complex inter-
actions of droplets, particles and surfaces.

In this thesis, it is considered as main target in this study to bring further
knowledge on properties of superhydrophobic surfaces in de-wetting situations
that facilitate self-cleaning. The value of such work would be to suggest new
designs or to provide characterization of designs that are currently used in
various applications. To develop on that, the project has been broken down
to two further objectives that will eventually guide us to the main aim of this
study.

For the thesis, as the second objective, it is specified the need to enhance
the current knowledge on several mechanisms that can occur in the presence
of droplets smaller than the capillary length and that belong to the region
where capillary and inertial forces are dominant. The third objective then
becomes the need for a numerical framework that will be able to capture all
the details of the processes that occur in these mechanisms, with a sufficient
time- and spatial-resolution.

Within the self-cleaning mechanisms where only droplets are involved, it is
isolated in Paper A the droplet coalescence and then the simplified modeling
of wetting contact angles as processes that need to be understood. A study
of the jumping velocity and energy efficiency in the topic of jumping droplets
has been performed in that regard. In Paper B, a detailed study related to
advanced contact-angle models, for the mechanism of jumping droplets, was
undertaken with an outlook to characterize the wetting behavior of superhy-
drophobic surfaces with regard to effective contact angle hysteresis.

Paper C had two connections with the three main objectives. First, the in-
clusion of a particle required additional models to handle the relevant physics
at the continuum scale. However, the study also analyzed i) the unique mech-
anism of particle-droplet jumping involving a single droplet and ii) the spread-
ing dynamics of a droplet on a spherical surface of a hydrophilic particle within
the capillary-inertial dominated scales. We consider the latter process to be
of particular interest and therefore the spreading rate factor was evaluated
to estimate the gained inertial kinetic energy in the system. Therefore, more
processes of self-cleaning mechanisms were identified, and we were able to
enhance the current numerical models within the framework with the devel-
opment of a model for capillary forces on solids, that was validated for the
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process.
The last study of Paper D focused on understanding the interaction of a

droplet with a microstructured superhydrophobic surface during the particle-
droplet jumping mechanism. Pillars were introduced within the numerical
framework and studied their dynamic wetting and de-wetting during jump-
ing. With the findings obtained in Paper D, an analysis of different pillared
patterns on superhydrophobic was presented, that offered clear directions for
designing superhydrophobic surfaces having an improved jumping efficiency.
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Methods

The numerical framework had to be developed in steps and validation was
required when additional models were introduced. The basis of the software
was a finite volume solver of the principal fluid dynamics equations that de-
scribe the motion of fluids as continuum, solving for the conservation of mass
and momentum in the cells of the discretized domain. The equations for an
incompressible case write as:

∇ · v = 0 ,
∂ (ρv)
∂t

+ v · ∇ (ρv) = −∇p+ ∇ · (µ∇v) + ρg + fSF , (3.1)

with v being the velocity vector, P is the pressure, ρ is the density of the cell,
µ is the dynamic viscosity and g is the gravitational acceleration. The body
force fSF per unit volume is the force caused by the surface tension, acting at
the location of an interface of two fluid phases and normal to it.

The existence of a sharp-interface is handled with the method of volume-
of-fluid (VOF). This method belongs to the general category single-fluid
equation, sharp-interface methods for multiphase flows and it uses a color
function to prescribe the location of the phases. The color function is updated
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with a transport equation that only advects it to obtain the new interface
position. This model is often used instead of other direct numerical simulation
(DNS) methods such as the following:

1) the level-set method, that obtains the interface with a smoothed Heavy-
side function and advects it with artificial diffusion,

2) the phase-field method, which is a diffuse-interface method that solves
the Cahn-Hilliard equation with the chemical potential between the phases
to provide the forces at the interface,

3) the front-tracking method, where the interface is a surface mesh with
langrangian markers and may require intervention steps to mitigate surface
mesh distortion.

These multiphase models have also been used as a combination of two mod-
els. In this work, the preference to the VOF approach was based on the sim-
plicity of the implementation, the strong sharpness of the interface and the
absence of diffusive behavior of the two phases. In order to assure that VOF
accurately represent the interface motion, special attention is required to the
convective process of the transport equation, the face velocities for the cell
faces that are occupied with different phases, and the time- and spatial dis-
cretization to assure fully resolved interface and a well computed curvature at
each time-step.

In the color function equation for VOF, the solver computes the volume
fraction field with the following transport equation:

∂α

∂t
+ v · ∇α = 0 , (3.2)

where α is the volume fraction chosen to be the color function. It is needed
to emphasize that in another approach, a compressive term is used to mit-
igate numerical diffusion. However, in the implementation of the software,
a smoothened volume fraction gradient is used, as by Brackbill et al.[87], to
estimate the curvature κ with better accuracy, especially for highly distorted
interfaces. This technique refines the volume fraction gradient by applying
a series of Laplacian filters to the volume fraction field[74]. The approach
that uses the gradient of the volume fraction to get κ has been also part of
the original continuum surface force (CSF) method [87], which uses the body
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force fSF in the momentum equations, calculated as:

fSF = σκn , (3.3)

where σ is the surface tension between of the interface and n is the normal
vector at the interface.

For the computations of the next time-step, the fluid properties are given
by volume averaging using the updated interface location:

ρ = αρ1 + (1 − α) ρ2 , (3.4)
µ = αµ1 + (1 − α)µ2 , (3.5)

where the sub-indices represent the two different phases.
To compute κ the equation uses the divergence of the normal vector to the

interface as:
κ = −∇ · n̂ , (3.6)

with n̂ being the unit vector normal to the interface, which is computed from
the volume fraction respectively:

n̂ = n
∥n∥

= ∇α
∥∇α∥

. (3.7)

The transport equation contains only a convective term, but a couple of
advanced models are required to obtain the optimum transport behavior of
the interface. First, there was focus on the calculation of the velocities on
the faces. The Rhie-Chow[88] model uses a higher order interpolation of the
pressure field, to give an estimation of the velocity variation across the face of
the cell, as a result of the pressure gradient at the face. Similarly, the balanced-
force method[89] is interpolating with regards to the surface tension force fSF

to get a better velocity at the interface. Moreover, the convective scheme
selected for the discretization of the volume fraction equation is the fully
compressive and bounded scheme CICSAM (compressive interface capturing
scheme for arbitrary meshes) to get the volume fraction at the face, as a
function of the volume fraction at the faces. The scheme compares the velocity
normal at the interface, the angle between the local velocity and the normal
vector to the interface and the Courant number (CFL), which compares the
transport per timestep with the cell size. The boundedness of CICSAM is
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further enhanced by restricting CFL < 0.5.
The linear system of equations is solved in a segregated manner according

to the SIMPLEC method[90] for coupling between the equations, solving for
the velocity components and the pressure in a co-located grid. In the adaptive
mesh refinement, the mesh obtains a cubic form and problems of mesh quality
are avoided.

As mentioned in section 2.2 a slip velocity is given at the boundary for the
superhydrophobic surface, which is modeled with the Navier slip boundary
condition. The slip velocity vslip is obtained from:

vslip = λslip
dv

dnw

∣∣∣∣
wall

, (3.8)

where nw represents the normal direction to the wall and λslip is the slip
length between the stagnation point and the boundary.

To implement a contact angle that distinguishes between an advancing and
receding motions of the contact line, the method provided in G ohl et al.[91]
was used, referred to as quasi-static. It determines the apparent contact an-
gle, implemented by editing the interface normal at the wall, with the static
advancing or receding angle for the surface. It chooses based on whether the
contact line velocity indicates advancing or receding motion.

A dynamic contact angle model was further used to model the hysteresis
phenomena, caused by surface roughness or pinning of the contact line. The
Kistler model was selected, that applies the Hoffman function fHoff [92], [93],
which is a function obtained by correlation to experimental data. The initial
value for static configuration is provided by the advancing θadv and receding
θrec angles that are experimentally provided for each surface. A modification
on the Hoffman function by Jiang et al.[94] that was specific for high contact
angle surfaces has also been implemented. That study demonstrated that
the Kistler dynamics contact angle model is able to capture the behavior
of experimental data for hydrophobic and superhydrophobic surfaces. The
equation reads

θdyn = fHoff

(
Ca+ f−1

Hoff (θst)
)
, (3.9)
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where fHoff (x) =

cos−1

(
1 − 2 tanh

[
5.16

(
x

1 + 0.332x0.99

)0.62
])

. (3.10)

The solids are modeled as immersed bodies in the eulerian domain and the
immersed boundary method (IBM)[95] is implemented to resolve the surface
location, impose the boundary conditions for the fluid at the solid surface and
compute the forces of the fluids that act on the surface. The method that
was used to set the boundaries is the mirroring immersed boundary method
(MIBM), which is a second-order accurate in imposing the boundary. From
the location of the interface, a mirrored point towards the fluid is used. The
point is equal distance from the wall as the node on the side of the solid is
to the surface, in the normal direction to the surface ndS. The velocity of
the fluid in the surrounding cells is interpolated in the mirrored point vext.
Then the velocity on the ghost cell to the solid side is prescribed, following the
equation which assumes constant velocity gradient at the surface and considers
the velocity of the boundary to be given from the surface velocity of the body
vIB for a no-slip boundary condition. The implementation of slip boundary
requires the term vslip t̂C from the slip velocity and tangential direction of
the velocity of the contact line t̂C . The equation that provides vghost is the
following:

vext + vghost

2 = vIB + vslip t̂C , (3.11)

where t̂C is given by

t̂C = vext − (ndS · vext)ndS

∥vext − (ndS · vext)ndS∥
.

The method performs for each triangulated area of the solid surface an
extrapolation for the pressure and the fluid shear stresses on the boundary
using the values of the properties from the mirrored cell in the fluid side. Then
the total hydrodynamic force FIB is provided from the following:

FIB =
∫

Atr

tdS · n̂dS dS, (3.12)
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where the fluid stress tensor is given by:

tdS = −p I + µ
(

∇v + (∇v)T
)
. (3.13)

The torque to the body TIB is calculated by:

TIB =
∫

Atr

r × (tdS · n̂dS) dS . (3.14)

In the existence of an interface attached to the solid surface, which is the
location of the contact line Cl, a capillary force Fcap is also acting towards
the solid and enables the adhesion responsible for capturing particles at an
interface. This thesis studies capturing spherical particles with a droplet at
the capillary-inertial scales. The adhesive force that the droplet exerts on
the particle results from the line force along the contact line with direction
tangential to the surface[95], [96], as per the definition:

Fcap =
∫

Cl

σ t̂int dl , (3.15)

with t̂int the unit vector tangential to the interface. It is given by

t̂int = n̂dS − (n̂ · n̂dS)n̂
∥n̂dS − (n̂ · n̂dS)n̂∥

. (3.16)

In the work by Washino et al. [97], it was introduced a computational
model, the continuum capillary force (CCF), to obtain Fcap on solid surfaces
during the spreading of the gas–liquid interface. The approach inherits sim-
ilarities to the CSF model used in VOF method [87], since the CCF model
integrates the volume fraction gradient across each cell to specify the intersec-
tion between the interface location and the solid surface. The method returns
a body force per volume of each cell fCCF which subsequently sums for all
the cells. By incorporating both the liquid-gas and solid-fluid interfaces, the
model identifies the contact line based on the intersection of these interfaces,
enabling precise capillary force calculations at this boundary.

In the CCF framework, the solid volume fraction field χ is utilized to achieve
a gradual transition between phases, allowing for the calculation of the eule-
rian gradient across the solid surface. This gradient, in conjunction with two
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Dirac delta functions for the liquid-gas and solid-fluid boundaries, estimates
the line force along the contact line [97], [98]. The resulting force fCCF for a
cell containing the contact line is thus given by:

fCCF = σt̂int(∇α · tCl
)(∇χ · ndS). (3.17)

The tangential unit vector along the wall, projection of the interface normal
to the wall is given by:

t̂Cl
= n̂ − (n̂dS · n̂)n̂dS

∥n̂ − (n̂dS · n̂)n̂dS∥
. (3.18)

The overall capillary force FCCF and torque TCCF are then determined by
summing the cell contributions:

FCCF =
∑
Vi

fCCF ∆Vi , (3.19)

TCCF =
∑
Vi

(rVi
× fCCF ) ∆Vi , (3.20)

where rVi
represents the distance from the triangular solid surface’s center at

cell i to the rotation center of the particle.
For verification, we compare the CCF model against an analytical capillary

force derived for a spherical particle and a stationary droplet partially wetting
the particle. This force, representing the total line force integration around
the contact line, is given by:

Fcap, ideal = 2πσRp sin a cosψ , (3.21)

where Rp is the particle radius, a is the spreading angle from the particle
center and ψ is the angle between the interface at the contact line and the
direction of the centerline for the spherical particle and droplet d̂. From the
geometry of the problem the method gets the angle as ψ = θeq,p+a−π/2, with
θeq,p being the equilibrium contact angle based on the mean of the particle’s
advancing and receding contact angles.

To approximate this ideal case’ force, it was computed the direction of the
force from the center of the particle to the droplet’s mass center. The center of
the droplet at a time instant was given by volume averaging. The magnitude
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is based on the spreading angle a, computed by evaluating the liquid volume
fraction at the periphery of the particle over a radial distance Rp from the
particle center. The implementation checks over the periphery starting from
the direction of vector d̂ and evaulating volume fraction of periphery points
across a single plane. One horizontal and one vertical plane are used since the
spreading can be assymetrical and a is given by the mean of the spreading
angles in each plane.

We observed limitations in the CCF model under highly dynamic contact
line conditions, where sudden retractions or advances at the particle sur-
face affected FCCF without capturing the physical peaks in attractive forces.
To understand this, a comparison of the CCF model force to the analyti-
cal solution Fcap, ideal was performed. While directional behaviors were in
agreement, the magnitude of CCF force exhibited stronger fluctuation and
in cases showed inaccuracies between high and low values when compared
to the result of the ideal case Fcap, ideal. The magnitudes were also com-
pared with the total hydrodynamic force calculated with IBM. Following the
forces reaction to the hydrodynamic forces due to Laplace pressure inside
the droplet, a modification to the magnitude of the capillary force is sug-
gested from the mean of the CCF method and the analytical formula, such as
∥FCCF, modif ∥ = 0.5 (∥FCCF ∥ + ∥Fcap, ideal∥) .

A rigid-body dynamic solver is coupled to the solver to estimate the motion
of the particle. An improved Euler time-stepping scheme is selected and cou-
pling follows the Newmark method[99]. The stresses at each each face of the
surface mesh for the solid particle are computed, to provide the correct force
and torque contribution to the body. The particle motion is then obtained
from the equations for translation and rotation:

mP
dvP

dt
=
∑

i
Fi = FIB + FCCF + Fgravity , (3.22)

IdωP

dt
=
∑

i
Ti = ωP × (I · ωP ) . (3.23)

It is noted that I stands for the moment of inertia of the particle. The frame-
work was developed to accommodate non-spherical particles, but further stud-
ies on the influence and fundamental behavior of the capillary force Fcap will
be required, in order to adopt particle jumping with generic particles under
such dynamic wetting phenomena.
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CHAPTER 4

Results Selection

Additional to the summary of the papers, offered in Section 1.3, a selection of
results is provided here to facilitate the reading of the main outcomes in the
current thesis and provide sufficient evidence for the conclusions.

4.1 Paper A
The first paper focused on investigating droplets with radius below 10 µm, or
else mentioned as microdroplets, for the case of binary equal-sized jumping
droplets. It compared the jumping mechanism with the jumping of larger
droplets that belong to the capillary-inertial regime. The Ohnesorge num-
ber was used to make a qualitative comparison of the flow forces existing in
each case. A simulation of droplets instantaneously coalescing, oscillating,
spreading on a smoothed superhydrophobic surface and eventually jumping
was performed, with a number of different sizes of as low as Rd = 0.5 µm.
This comparison is available in Figure 8 of Paper A or Figure 4.1 in the thesis.
The results are presented in a logarithmic scale for the Ohnesorge number,
with a second axis depicting their corresponding initial radius. The theoret-
ical study of Boreyko et al.[60] suggested a constant jumping velocity in the
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Figure 4.1: Jumping velocities v∗
jump normalized with UCL at different droplet sizes

and corresponding Ohnesorge number (log-scale). The red and black
dashed lines represent the captured trends (i.e. different interpolation
lines in log-scale) of jumping velocities from larger droplets and micro-
droplets.

non-dimensional capillary-inertial velocity scaling U . Instead we observed a
slight decline in the velocity, which below the observed cut-off threshold it was
reduced at a stronger rate. This is in contrast to experimental results by En-
right et al.[83] that have used surface with micro-structures up to 0.8 µm and
observed minimization of jumping velocity in the microdroplets. However, the
numerical study included a smooth surface with static angles and hysteresis of
up to 3◦, therefore the actual interaction with roughness is considered a more
significant factor for dissipation, in relation to pure hydrodynamic interaction
of capillary, inertial and viscous forces. The jumping velocity results are ac-
companied by the evolution of the upwards velocity of the merged droplet for
the size of 1 and 100 µm, to further emphasize the differences in the process,
and showcase the ability of a microdroplet to undergo the same shape oscil-
lation and dewetting process as the larger droplets of the capillary-inertial
regime.

4.2 Paper B
Paper B developed on the established framework within Paper A and focused
on the modeling of the interaction between droplet and superhydrophobic
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Figure 4.2: Time evolution of the upwards velocity for the droplets with Rd = 100
µm and Rd = 1 µm. Time and velocity are normalized with UCL. The
microdroplet reached reduced velocity and jumped at a later instant
than the larger one.

surface. With benchmark experimental studies that studied superhydropho-
bic surfaces with evident hysteresis proper[29], [52], a validation and an 1-to-1
comparison with an ideal case that models no-hysteresis. The experimen-
tal values for the contact angles were θadv = 162◦ and θrec = 147◦, which
accounts for a hysteresis of 15◦ in static situations. When the simulation
models no-hysteresis, uses for contact angle the mean between the advancing
and receding ones. The evolution of the upwards velocity for the two cases
is provided in Figure 4.3. The size of both droplets in this comparison is
Rd = 25 µm. Following the evolution of the jumping velocity a case with
significant hysteresis gathers reduced upwards velocity and detaches at a later
stage, withing a deceleration phase of the process. Therefore it has reduced
jumping velocity and part of the droplet re-wets the surface before eventual
jumping, with jumping velocity decreased by more than half of the velocity for
a case that was modeled without hysteresis. In Paper B, a further depiction of
instants for the two cases are provided with Figure 7 of Paper B. A number of
additional studies were performed with various droplets’ sizes, which analyzed
the behavior of different equilibrium contact angles and different amount of
hysteresis. Main outcome from these investigations were i) the delayed jump-
ing and ii) the reduced jumping velocity for the cases with larger hysteresis
at same sizes.
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Figure 4.3: Time evolution of upwards velocity (normalized) for a case without and
with hystereis. The the crosses (×) and circles (◦) represent the mo-
ments where detachment and re-attachment occured correspondingly.
It was observed a significant decrease for the jumping velocity, whereas
a temporary re-attachment for the droplets with the hysteresis present
is observed before jumping ultimately.

A dynamic contact angle allows for variations of the implemented angle
with regards to the contact line velocity. The model of Kistler was selected
to be compared with the static angles of the quasi-static method (see again
Chapter 3). It would allow for further relaxation of the contact angle at high
dynamic motions of the contact line. The inherited static hysteresis of the
pinning phenomena was already accounted for within the simulation with the
quasi-static values. In a dynamic case, were the interface gains speed, in
advancing or receding motion, the model jumps between the two contact an-
gles and introduces discontinuity for the normal vector field of the interface,
between time-steps and cells. This is smoothened due to the series of cells
introducing the contact angle value. In Figure 4.4, the jumping velocities, of
cases with different contact angle models or different sizes, are depicted with
reference to the initial radii of the droplets. Between the quasi-static and the
Kistler mode, the latter is showing more pronounced decrease in the jumping
velocity. However, the comparison of both models to the no-hysteresis gives a
more profound difference. Lastly, to the Kistler model behavior, it is needed
to mention that the moments of receding behavior showed the lowest con-
tact angles and the most dissipation of energy in the system. Therefore, it is
concluded that a comprehensive study which has validated its hysteresis con-
nection to experimental data, showed increased dissipation due to hysteresis.
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Figure 4.4: Jumping velocities v∗
jump at different radius. The jumping velocity as

a function of initial droplet radius with three contact-angle implemen-
tations, without hysteresis, with static hysteresis (Quasi-static) and
dynamic contact model (Kistler). For a surface that showshysteresis,
an equilibrium static contact angle can overpredict the jumping veloc-
ity.

The study, in addition, agreed with former experimental studies, that targeted
a minimum hysteresis with the manufacturing of new superhydrophobic sur-
faces in order to achieve maximum energy conversion in the jumping process.

4.3 Paper C
In paper C, the study investigates the particle-droplet mechanism. We intro-
duced a steel particle, following a case in the experimental publication[25],
with size Rp = 80 µand a droplet with initial radius Rd = 120 µm. The
details on the numerical setup have been provided in Chapter 3 and the con-
figuration is available on the corresponding section in Paper B. We aim to
understand how the released surface energy and the acting forces interact
during the process where a single droplet merges with a particle. In Figure
4.5 a comparison of experimental and numerical images at the same instant
is made. They show that the model accurately replicates critical stages of the
particle-droplet interaction, including coalescence, capillary wave motion, and
the final jumping phase. This side-by-side validation underscores the model’s
capability in simulating complex droplet oscillations and particle motion, con-
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Figure 4.5: Comparison of numerical simulation with particle jumping against ex-
perimental images by Yan et al.[25]. The particle has radius Rp = 80
µm and the droplet Rd = 120 µm. The positions of the objects in
the numerical instants match the ones in the experiment. The top left
image denotes gravity direction. Reprinted (adapted) with permission
from ACS Nano 16, 8 (2022). Copyright 2022 American Chemical So-
ciety.

firming the framework’s ability in capturing the particle adhesion and jumping
with the droplet.

The velocity of the system is studied, formulated as kinetic energy. We
distinguish the kinetic energy as computed from the upwards vertical velocity
of the system, the kinetic energy of the droplet and the particle from their
individual translational velocity magnitudes and the oscillation kinetic energy
of the droplet, which is the total droplet energy subtracting the translational
droplet energy. In Figure 3 of Paper B each mode is provided, within the
grid validation study that was performed for the article. The study tested
three levels of grid refinement (20, 30, and 40 cells per droplet diameter) and
demonstrated consistent energy behavior for the finer grids, validating that the
chosen resolution (30 cells per droplet diameter) captures the energy dynamics
efficiently without unnecessary computational demand. This finding supports
using this grid size in further simulations to balance accuracy and efficiency.
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Figure 4.6: Energy budget obtained by the simulation of particle-droplet jumping
from Figure 4.5. The released surface energy ∆E∗

rel is presented nor-
malized by the total available energy in the system. In addition, it is
offered the translational kinetic energy of the particle and the droplet
K∗

tra and the total kinetic energy of the system K∗
tot. The upwards

kinetic energy of the system (in z direction) is presented as K∗
z, tra with

orange and the rotational kinetic energy of the system K∗
rot is also

available. Finally, the losses in the system are plotted as measured by
subtracting the available surface energy and the kinetic energies from
the total available energy of the system. The vertical dotted gray line
is the instant of detachment.
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Figure 4.7: Normalized arch lengths of spreading over time. Three different time-
steps are evaluated showcasing time-step convergence. The spreading
has a constant exponential rate with the spreading factor of β = 0.37
. The asterisk shows the jump of the particle-droplet system.

The energy amounts in the system have been compared with an approach
that pinpoints the surface energy at any time of the simulation and subtracts
it from the initial surface energy. In Figure 4.6 the energy balance for the case
of the video images is presented. The total kinetic energy is superimposed to
understand what was the maximum energy passed to the droplet and the
particle at any point of the simulation. After detachment the kinetic energy
in the system reduces due to viscous dissipation and due to the damping of
the oscillations for the droplet.

Regarding the particle-droplet jumping mechanism, a study was also per-
formed in the initial spreading of the droplet across the spherical surface of
the particle. Details on how the spreading area was computed are offered
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Figure 4.8: Computed hydrodynamic forces due to pressure and capillary adhesive
forces obtained from the simulation (magnitude) for three different grid
resolutions. The forces are normalized by the ideal capillary force at
rest.

in Paper C. Figure 4.7 shows the droplet’s normalized spreading length on a
particle surface, from the arch length of the contact area. During spreading
stage, the length lcon is increasing with an exponential rate, with near con-
stant factor β ≃ 0.37 . This value is compared to the experiment of Yan et al.
which computed it to be between β ≃ 0.4−0.7 when different particle-droplet
pairs were tested. Moreover, it is within the range 0.25 − 0.66m that other
numerical studies suggested for spreading on curved surfaces or planes. In
the figure present, a comparison of three different time-steps was available,
to emphasize that the simulations show convergence for the time-step that
was selected within the rest studies. The spreading was the most dynamical
process of the system, and offers a strong example of the time-step influence
in the whole particle-droplet jumping mechanism.

Figure 4.8 depicts the hydrodynamic and capillary forces against simulation
time, that are enforced on the particle during the wetting from the droplet.
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Figure 4.9: Top to bottom sequence: Upwards (z-direction) kinetic energy, trans-
lational kinetic energy of particle and droplet, and oscillational kinetic
energy of droplet in the mechanism of particle-droplet jumping for 4
different pillars configurations of width (w) and solid area ratio (Φ).
The plots suggest that energy is dissipated in the cases of wider pillars,
while the pitch between pillars has a reduced influence. The asterisk
symbols indicate the moment of jumping.

The forces were compared across three grid sizes, a case with 20 cells per ra-
dius at maximum refinement, with 30 and 40 cells. It is noticed the oscillatory
pattern of the forces following the increase during initial spreading. The cap-
illary force is responsible for capturing the particle and is modeled with the
adopted CCF method, presented in Chapter 3. Its magnitude is within the
same mean value as the hydrodynamic force, while the contact line oscillates
around the location of the ideal wetting area. In the figure the forces were
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normalized by the ideal capillary force at rest, and the finer grids (30 and
40 cells per droplet radius) yielded very close force magnitudes. The results
emphasize the role of capillary forces in achieving successful detachment, as
larger forces facilitate the particle-droplet launch from the substrate.

4.4 Paper D
In the last study of the project, rectangular pillars were introduced on top of
the superhydrophobic surface, with equally spacing between the pillars. The
complexity for the numerical framework was therefore increased and the pil-
lars were modeled with the IBM. The intrinsic wettability of such structures
that offer superhydrophobicity is hydrophobic, and an analogous contact an-
gle (θeq = 105◦) was imposed. The mechanism of particle-droplet jumping
was then introduced for first time into such a surface, whereas similar studies
has been performed for the binary droplet jumping case. As the droplet, in a
case with same particle and droplet properties as in Paper C, spreads on the
particle, it then interacts with the hydrophobic surfaces of the pillars, expand-
ing and wetting the top of the pillars, before jumping. With this research,
it was targeted to examine how the different superhydrophobic surfaces with
micro-structures of various dimensions and spacing, change the outcome on
the particle jumping.

In the first part of the study it was highlighted the ability to showcase
jumping for the particle-droplet system, in a surface configuration that follows
the literature for suitable width, stepping and solid area fraction. The result
was compared with the case from Paper C for its velocity variation and for a
comparison of video images from the simulation, which further included the
experimental images too. The jumping occurred at slightly later instant with
reduced velocity. Following this validation on jumping possibility (further
details in Paper D), we compared the velocities behavior for the particle-
droplet system, where the superhydrophobic surface would adopt 4 different
configurations. The kinetic energies are available in Figure 4.9 and suggested
that for wider pillars the particle jumped with reduced velocity. In Paper
D, the evolution of the contact area, length of contact line and mean contact
angle are additionally offered. The increased energy dissipation was connected
with the larger contact area between droplet and superhydrophobic surface
both on top, but also noted at the pillar’s side areas. By contrast, altering
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the pitch size (the stepping between pillars) had a less pronounced effect,
with larger spacing only showing marginal increases in jumping efficiency.
Therefore, it is suggested that the characteristic width of pillars, relative to
the size of the droplets for each application is of higher importance and it
should be optimized in the manufacturing of functioning micro-structured
superhydrophobic surfaces.

Moreover, a study on height of the pillars was undertaken and we consider
important to emphasize it in the selected results since such a variation in the
surface produced a considerable influence on the jumping outcome. A list of
selected instants in a close-up view is available in Figure 4.10. The longer
void between the liquid meniscus of the interface, formed between two pillars,
and the bottom of the surface promoted a faster retraction and led to higher
jumping velocity. A similar study was performed for the intrinsic wettability
of the pillars. The contact angle was reduced from θeq = 105◦ to θeq = 90◦ and
a comparison of the two cases focused in the evolution of the kinetic energies
and the overall behavior of the system with three-dimensional images. The
comparison (available in Figure 4.11) showed that, at lower contact angle, the
droplet loses its ability to stay suspended on the pillars throughout the pro-
cesses of spreading and capturing the particle, leading to a transition to Wenzel
wetting state from initial Cassie-Baxter. The resulted enhanced dissipation
due to wetting the surface prevented the detachment of the particle-droplet
system. As a conclusive remark from this study, superhdyrophobic surfaces
that would enhance self-cleaning with droplets, would require sufficiently tall
and narrow pillars with adequate hydrophobicity at their nanoscale.
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t= 0.136 ms

t= 0.409 ms

t= 0.818 ms

t= 1.227 ms

Figure 4.10: Video instants of the droplet spreading on the particle and the
particle-droplet jumping for substrates with pillar heights h = 24
µm (left images)and 45 µm (right images) — with Rp = 80 µm and
Rd = 120 µm. The contact area with the pillars is highlighted and
the contact line is visualized with black curve. The droplet reaches
closer to the bottom of the substrate for the case with the shorter
pillars and the particle-droplet system obtained a reduced jumping
velocity.
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t= 0.136 ms

t= 0.409 ms

t= 0.818 ms

t= 1.227 ms

Figure 4.11: Video instants of the droplet spreading on the particle and the
particle-droplet jumping for substrates with implented contact angles
θeq = 105◦ (left images and 90◦ µm (right images) — with Rp = 80
µm and Rd = 120 µm. The contact area with the pillars is highlighted
and the contact line is visualized with black curve. The case with the
lower contact angle fully wetted the substrate, whereas the system
adhered to the structured surface.
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CHAPTER 5

Conclusions and future work

5.1 Conclusions

This thesis explores fundamental physical processes and mechanisms respon-
sible for self-cleaning of superhydrophobic surfaces. Two mechanisms were
the focus of the thesis; i) a jumping droplet upon coalescence of two or
more droplets and ii) a particle-droplet jumping, which occurs following a
spontaneous spreading of a droplet on a solid particle resting on a super-
hydrophobic surface. By applying numerical simulations and formulating a
series of case studies, a comprehensive framework has been developed and
validated, progress has been achieved in understanding the adhesion of par-
ticles on droplets and, finally, guidelines have been provided regarding the
needed wetting properties of superhydrophobic surfaces, including the opti-
mum designs of surfaces with deposited micro-structures. This section reviews
the main findings of each study and how they contributed to the objectives of
this work.

Paper A starts with a literature review on the phenomenon of coales-
cence and jumping of droplets from superhydrophobic surfaces, highlighting
the jumping velocities and the cut-off radius below which droplets do not
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jump, and comparing the findings of other works for the case of microdroplets
(R < 25 µm). Following a validation of the VOF-based numerical framework
using experimental data and previous numerical works, simulations at differ-
ent length scales were performed to explain the influence of simplified wetting
models on the jumping efficiency, as well as to compare the interchange of
surface tension, inertia and viscous effects. They key finding was that micro-
droplets as small as 0.5 µm were able to jump, amid with a reduced efficiency,
and, as a result, that the primary cause for the existence of a cut-off radius
is not the viscous forces but the interaction with the micro-scale geometrical
features of the superhydrophobic surfaces. These findings support our objec-
tive to provide quantitative insights into the dynamics of both the coalescence
and jumping parts of the entire mechanism.

Paper B focuses on the effect of the contact-angle hysteresis and how ef-
fectively the jumping of coalescing droplets can be captured within the frame-
work, which uses modeling to predict the contact angle and the dynamics
of the moving contact line. Following validation studies that focused both
on the detailed capturing of dynamics of a sharp interface and on jumping
from superhydrophobic surfaces with a recorded hysteresis – by comparing to
corresponding experimental studies – it was found that hysteresis impacts the
jumping droplets process by delaying detachment, followed by a re-attachment
event on the surface, before eventual jumping with a significantly reduced up-
wards kinetic energy. Additionally, the jumping process has been studied at
different spatial scales in order to observe at which droplet radius the process
exhibits a stronger dissipation stemming from the contact angles. Implemen-
tation of a dynamic contact model enhances hysteresis, reducing the values
applied at the receding phase of the merged droplet from the surface and
minimizing the jumping ability. In general, the results showcase a strong
sensitivity of the jumping velocity on the values of the implemented contact
angles. By analyzing the restrictive nature of contact-angle hysteresis, this pa-
per provides critical insights into the need for the existence of low-hysteresis
surfaces in applications requiring a rapid droplet removal.

Paper C examines the mechanism of particle-droplet coalescence and jump-
ing, becoming the first numerical study that succeeded in capturing the spread-
ing of a droplet onto a solid particle, its interaction with the superhydropho-
bic surface and the eventual jumping of a particle-droplet system. A coupled
VOF-IBM framework was enhanced with a rigid-body dynamic solver for the
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computation of forces on the particle surface and with a suggested represen-
tation of a capillary force, an extension of the Capillary Continuum Force
method by Washino et al.[97]. This representation has been validated with
great agreement against experimental images of the process provided by Yan
et al.[25]. The subsequent case studies varied the physical properties of the
droplet, the particle and the wettability of both the superhydrophobic surface
and the solid particle. The study has been able to identify the effect of contact
angles, suggesting that superhydrophobicity with a low degree of hysteresis
plays an important role in the jumping velocity. Similarly, the hydrophilic na-
ture of the contaminant particle enhanced the jumping efficiency. Moreover,
the energy budget has been studied in order to observe the rate of release of
the available surface energy in the system in relation to the kinetic energy
absorbed. Finally, there were studies regarding the influence of a range of
properties, such as the viscosity and the particle density, the particle-droplet
size ratio. An increased rate of dissipation was identified when the droplet
was significantly larger than the particle or when it was smaller or of a similar
size to a significantly heavier particle. This study thus validated the intro-
duced numerical models for complex droplet-particle interactions, confirming
the robustness of the framework, and provided guidelines for the design of
functional surfaces for various technological applications.

Paper D concludes the work in this thesis and evaluates for the mecha-
nism of particle-droplet coalescence and jumping the influence of micro-pillars
that are present on structured superhydrophobic surfaces. Following a grid
independence study, the simulations affirmed the superhydrophobic behavior
of such surfaces. The particle-droplet system was able to jump, following the
same stages of the process as the ones appearing for smoothed surfaces, mod-
eled with extreme superhydrophobic contact angles. Then, a series of surfaces
with differing pillar configurations were studied, with the results suggesting
that the width of the pillars significantly affects the energy dissipation. Simi-
larly, the jumping was more efficient when using higher pillars that hindered
the wetting of the bottom of the surface. When significantly reducing the
contact angle of the pillars, it has been shown a transition from a Cassie-
Baxter to a Wenzel wetting state that fully wetted the bottom of the surface
and adhered the particle-droplet system to the surface. In the latter case,
the particle-droplet system did not jump. Therefore, this research provided
knowledge on the wetting dynamics of structured superhydrophobic surfaces
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and was able to characterize the dimensions for the micro-pillars that enable
the design of surfaces with enhanced self-cleaning properties.

To summarize, the thesis successfully achieved its objectives, advancing
the understanding of self-cleaning mechanisms on superhydrophobic surfaces
through comprehensive simulation studies. The presented results not only val-
idated the proposed numerical models but also offered practical guidelines for
designing surfaces that facilitate self-cleaning properties. Each study demon-
strated the important role that factors such as the droplet size, contact-angle
hysteresis, particle properties and interactions, and surface microstructures
play in either facilitating or limiting droplet detachment and contaminant
removal. The validated framework proved effective for capturing intricate in-
teractions present in droplet-particle-superhydrophobic surface systems. The
studies yielded quantitative insights into optimizing surface properties, includ-
ing designing low-hysteresis surfaces for a rapid droplet removal, using specific
microstructure configurations to enhance the jumping efficiency, and tailor-
ing particle-droplet size ratios to reduce energy losses. This work provides the
base for advancing superhydrophobic surface designs tailored to various indus-
trial applications and demonstrates the benefits of using advanced numerical
modeling for developing high-performance, self-cleaning surfaces.

5.2 Future work

With the completion of this study, progress has been made regarding our
understanding of the fundamentals of the interaction of micrometer- sized
droplets with superhydrophobic surfaces and spherical solid particles. In ad-
dition, detailed information is provided on the topic of evolution of coales-
cence of two or more droplets and the coalescence-induced oscillations of the
merged droplet. Finally, valuable knowledge is gained regarding the behav-
ior of an oscillating droplet interacting with pillared structures that cause
superhydrophobicity under certain conditions. Future studies will have the
ability to build on the work presented in this thesis by implementing and
validating various adhesion properties for a list of extended configurations
such as generic-shaped solid particles, different pillar shapes and their place-
ment strategies, introduction of multiple droplets and particles, as well as
actual solid substrates with geometries provided by three-dimensional laser
scanning.
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In the final phase of this work, an intriguing idea on understanding and
characterizing elasticity deformations of pillars or other surface singularity
points has been proposed. The idea behind this study would be to obtain
more knowledge for the behavior of the contact line and of the capillary stresses
acting at it, when the pillars undergo deformation. It would be of great interest
to find out whether the contact line shows more frequent pinning occurrences
or whether droplet and particle jumping mechanisms dissipate more energy
due to such solid motion. Moreover, information could be provided on the
behavior of capillary forces on hydrophilic surfaces, such as the solid particle,
answering the potential of peak forces in the case of elastic deformation or
other types of existing surface singularities. The framework developed in
this study, which utilizes the immersed boundary method and the coupling
with solid mechanics and a rigid-body motion solver, is considered vital to
perform such analyses. Finally, even though numerical simulations themselves
provide important information, future studies could be useful for developing
new experimental tools, that would allow the measurement of loads on points
of structured surfaces and locate and track the contact line at time-scales
that the current experimental configurations do not capture. This will help
in validating the simulations at length-scales smaller than the ones presented
in the current thesis, where the continuum approach starts to approach its
definition limit.
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