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Numerical analysis of coalescence-induced jumping droplets on superhydrophobic surfaces
KONSTANTINOS KONSTANTINIDIS

Department of Mechanics and Maritime Sciences

Division of Fluid Dynamics

Chalmers University of Technology

ABSTRACT

Bio-inspired superhydrophobic surfaces are used in numerous technological applications
due to their self-cleaning ability. One of the several mechanisms reported in literature
and responsible for self-cleaning is the phenomenon of coalescence-induced jumping of
droplets from such surfaces. The phenomenon is observed for scales below the capillary
length and when gravity is negligible. Primary applications of this technology are on heat-
exchangers or any other that involve surfaces for which anti-icing and water-repellency
properties are desired. This thesis comprises two publications that involve high-fidelity
numerical investigations on fundamental features of the jumping droplets phenomenon
and focuses on two important aspects. The first one is a study on coalescing and jumping
of microdroplets (R < 10 pm). The differences in the jumping process (for example,
reduction of the merged droplet jumping velocity) are pointed out as a function of the
initial size of the droplets. Through an analysis of the energy budget, several degrees
of dissipation are found, which is attributed to a competition between viscosity and the
strong capillarity on the interface. The second publication focuses on the interaction of
the merged droplet with a superhydrophobic surface with hysteresis. It is found that
such a case has a reduced jumping velocity as compared to a no-hysteresis one. Using
a dynamic contact angle model is beneficial to capture the receding contact angle and
provide a more accurate estimation of the overall process. In this work, a combined
Immersed Boundary — Volume-of-fluid method with different contact angle models and a
Navier-slip boundary condition is used. The numerical framework has been extensively
validated.

Keywords: jumping droplets, coalescence, superhydrophobic, surfaces, contact angle, wet-
ting, hysteresis, self-cleaning, CFD, VOF, immersed boundary



ii



ACKNOWLEDGEMENTS

For the co-operation and support in the first part of this project, I feel the obligation
and at the same time pleasure to initially thank Srdjan (Professor Srdan Sasi¢), who as
my main supervisor, has offered me among many others his guidance, his knowledge and
his honesty. I would also like to thank my co-supervisor Andreas (Andreas Mark, from
Fraunhofer-Chalmers Centre) who has contributed in many ways in this project, being
the main responsible of the code IBOFlow — that is used throughout this project — and
providing his experience in numerics and publishing papers. In addition, Johan (Johan
Gohl, from Fraunhofer-Chalmers Centre) as our collaborator has provided important
insights in the project and support with the details and improvement of the code.

Colleagues and friends have also kept encouraging and motivating me during these first
two and a half years of my PhD studies, at the multiphase flow group and at the Fluid
dynamics division, therefore I would like to sincerely express my gratitude to them. Lastly,
I have to express my loving feelings towards my brother and my parents, who provide me
with their unconditional care and support these last 31 years (30 in case of my brother
being one year younger).

iii



iv



ABBREVIATIONS

CFL —  CourantFriedrichsLewy or Courant number

CICSAM - Compressive Interface Capturing Scheme for Arbitrary Meshes
CSF — Continuum Surface Force

MCL —  Moving Contact Line

SIMPLEC — Semi-Implicit Method for Pressure Linked Equations-Consistent
VOF —  Volume of Fluid
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NOMENCLATURE

unit interface normal vector

surface tension body force

interface normal vector

normal wall direction

velocity

slip velocity at wall

normalised kinetic energy in direction ¢

normalised total kinetic energy normalised
normalised surface energy in the liquid—gas interface
averaged normalized vertical velocity of droplet
normalized jumping velocity of droplet

Contact area to solid surface

Number of cells per radius

Hoffman function for Kistler dynamic contact angle model
Pinning or adhesion force

gravitational acceleration

pressure

radius of initial droplets

R, or Repq radius of merged droplet

t
Uc

time

normalized capillary-inertial velocity

Greek Letters

@
AT
Af
AS
At

Az

volume fraction
normalized time step

contact angle hysteresis

normalised available surface energy for coalescence of droplets

time step

cell size
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Hadv
gdyn
erec

interface curvature

slip length

normalized time

normalized capillary-inertial time
dynamic viscosity

density

surface tension

advancing contact angle

dynamic contact angle

receding contact angle

Dimensionless numbers

Ca
Oh
Re
We

capillary number
Ohnesorge number
Reynolds number

Weber number
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Part 1

Extended Summary






1 Background — self cleaning in na-
ture and technological applications

Self-cleaning is the act of removing contaminants from a surface by water when no exter-
nal energy is mechanically directed to the purpose of cleaning. These contaminants can
be dirt particles of various shapes or colloids. The self-cleaning functionality has been
observed in various examples in nature and, because of its benefit, it has been a subject
of extensive research for potential use in technological applications. The most known
cases of surfaces which possess this ability are characterised by their liquid-repellency
and it is their particular surface patterns and textures that cause such a behaviour. For
contact angles above 150° these surfaces are termed superhydrophobic. In numerous
examples, spherical droplets are found on top of such surfaces. Droplet deposition, con-
densation or break-up from larger non-spherical liquid formations are only a few of the
cases representing interaction of droplets with superhydrophobic surfaces. Furthermore,
the surfaces are characterised by low adhesion of liquids and the drops tend either to
move rapidly on them or to rebound, when there are external energies present or when
there is prior inertia of the droplets.

1.1 Self-cleaning in nature

It has been established that numerous biological surfaces are facilitating their clean state
through the phenomenon of self-cleaning[1]. The lotus plant has been the most popular
among these cases, with its leaf remaining clean by removing dirt particles with droplets
rolling off them, a repeated behaviour termed the lotus effect[2]. It takes advantage
of the natural micro-sized structures on the surface that give it a superhydrophobic
behaviour. An example of the micro-structures that enhance superhydrophobicity of
the lotus leaf and facilitate dirt removal is given in Figure 1.1. Furthermore, insects
with large wings, like the cicada, need the wetting properties of a superhydrophobic
surface to remove contaminants such as particles or microorganisms[3]. They facilitate
a self-propelling behaviour of droplets from their surface (that overcomes gravity), a
phenomenon that had not been observed till only recently. In this way their wings retain
their wing-functionality. The self-cleaning process has been observed not only in rainy
environments, but in humid ones as well, where the droplets are formulated on top of
the wings due to condensation. Similar examples of self-cleaning have been observed for
mosquito eyes or for legs of the water-striders. After having observed the self-cleaning
capabilities of the mentioned examples in nature, the obvious task of research is to
identify the mechanisms that facilitate such a functionality. One of those mechanisms is
the subject of this thesis, but it is straightforward to first mention a couple of examples
of self-cleaning in technological applications.



Figure 1.1: The lotus leaf (top-left) and the structure of its superhydrophobic sur-
face(bottom). The droplet(top-right) captures dirt particles before removing them, Ref.[2].

1.2 Self-cleaning in technological applications

Inspired by the relation between surface hydrophobicity and the phenomenon of self-
cleaning observed in nature, various designs of such surfaces have been proposed and
used in numerous technological applications. The technology has been further improved
in creating surfaces that possess limited or zero contact angle hysteresis. This suggests
that such surfaces do not exhibit pinning or have a zero sliding angle, so that droplets or
dirt particles can be immediately removed from an inclined surface. Another interesting
phenomenon is that degradation of these properties with time has been reported.

There is a considerable list of applications where superhydrophobic surfaces have been
tested and considered beneficial for facilitating self-cleaning. There is, for example, sound
experimental evidence of surfaces that promote anti-icing behaviour due to the rough-
ness of the superhydrophobic surfaces[4]. Moreover, building or textile materials[5] and
solar panels[6, 7] have been suggested to preserve a clean state through the self-cleaning
abilities attributed to superhydrophobicity.

Heat exchangers were one of the first applications involving superhydrophobic surfaces
and related to self-cleaning. An often-met feature of such units is drop-wise condensation
in condensers, a mechanism that enhances heat transfer[8]. In addition, heat exchangers



Figure 1.2: Two examples of manufactured microstructures with pillars that are used for
improved drop-wise condensation by Ref.[12](top-right) and Ref.[15](bottom-right). Two
instants of drop-wise condensation are shown on a superhydrophobic surface of copper
coated with graphene at Ref.[14].

benefit from the presence of low adhesion on superhydrophobic surfaces, thus enabling
anti-fouling opportunities typically on their thin elongated tubes. A variety of studies
have been performed regarding the details of textured and heterogeneous surfaces that
promote drop-wise condensation, when they are exposed in saturated environments[9].
An example of such superhydrophobic surfaces is presented in Figure 1.2. The phe-
nomenon of coalescence-induced jumping droplets has been noticed for the first time
through a similar experiment involving condensation by Boreyko and Chen[10]. In that
work the authors looked at two or more droplets residing on a superhydrophobic surface,
where they approach, merge (the phenomenon also known as coalescing of droplets), and
finally are self-ejected from the surface. This is a mechanism that this thesis will mainly
focus upon, with more details to be discussed in Section 1.4. Finally, the anti-fouling
abilities of superhydrophobic surfaces have been tested in a limited number of studies,
that performed either experiments of removal of dirt particles and colloids or numerical
simulations that dealt with removal of contaminated droplets.[3, 11]



1.3 Mechanisms for self-cleaning

Self-cleaning was initially analysed observing lotus-leafs, which inspired technological
applications to first understand the importance of superhydrophobic surfaces and then
to develop methods that highly improve the hydrophobicity of surfaces. As for the lotus-
leaf effect, self-cleaning is initiated by the presence of an external field (gravity) combined
with the low-adhesion energy between water and the leaf surface. As a result, the droplet
starts to move and rolls on top of the superhydrophobic surface, accumulating other
droplets and dirt particles by inertia until the moment the droplet-particles cluster rolls
off the side of the lotus leaf.

On the other hand, for the cases that droplets condensate on the cicada wings or on the
surfaces of heat exchangers, self-cleaning is facilitated by the removal of the droplets with
a different and fascinating removal mechanism. The mechanism is termed the coalescence-
induced jumping of droplets. Here, the process is initiated by the coalescence of droplets,
while their rapid expelling from the superhydrophobic surface is caused by the release
of the surface energy, in combination with some of the fundamental features behind the
interaction of droplets with the substrate (to be discussed in what follows). As argued in
Wisdom et al.[3], jumping droplets removed particles through the following mechanisms
i) floating, where a hydrophilic particle is first entrained by a single droplet before such a
conglomerate merges with other droplets (or conglomerates) and then jumps, ii) lifting, in
which the particle is captured at the interface of one of the drops or during the oscillations
of the coalescence of more droplets before the merged conglomerate jumps, and, lastly,
iii) by accumulation of smaller particles into a pack, created by the wetting of particles
from condensation and then the creation of liquid bridges with different particle clusters
followed by the initiation of jumping. In the next section we will look in more detail into
different stages of the coalescence-induced jumping of droplets.

1.4 Coalescence-induced jumping of droplets —
identification of different stages

Among the mechanisms that facilitate removal of particles from surfaces, we identify
coalescence-induced jumping droplets as a most promising one for various technological
applications. Our argument resides in a zero requirement for external energy to be pro-
vided to the system in order to facilitate self-cleaning. For example, horizontal substrates
would not be able to facilitate gravity for self-cleaning, in contrast to the jumping droplets.
The process starts with the coalescence of two or more droplets, while they are on top of a
superhydrophobic surface. It has been reported initially by Boreyko and Chen[10] when
the authors reported an out-of-plane movement upon coalescence of droplets, which were
nucleated from condensation on a cold superhydrophobic surface. Various numerical and
experimental investigations followed and uncovered a physical explanation of the process



Figure 1.3: A sequence of stages of two droplets leading to a jumping of the merged droplet.
The stages include the liquid bridge expansion, various forms of oscillation of the merged
droplet and an eventual jumping. The entire sequence is numerically reproduced by a
combined VOF-immersed boundary framework used in this work.

and identified its different the stages.[15-19]. Coalescence is initiated with a formation
of a liquid bridge between the merging droplets. The numerical investigation of Liu et
al.[18] and the corresponding experiment with leidenfrost droplets by the same group[19]
pointed to the specific stages through which the jumping process of droplets undergoes,
as seen in Figure 1.3. The liquid bridge is initiated by the extremely high curvature that
appears at the interface near the point of coalescence. As the bridge expands, liquid
mass moves to the direction of the liquid bridge expansion, with the flow being mostly
governed by the forces of capillarity near the interface and inertia. The liquid bridge
impinges on the superhydrophobic surface and causes expansion of the initiated contact
area on the surface. The interaction of the liquid and solid in the vicinity of the triple
contact line is governed by the wettability of the surface, with the true values of the con-
tact angles and the dynamics of the moving contact line becoming significant factors.The
role of wettability be discussed in the next section.

The next stage of the jumping process, as the droplet-surface contact area expands on
the solid surface, corresponds to the effect of high contact angles with the inertia of
the droplet still interacting with the surface. This breaks the symmetry of the droplets
coalescence and causes redirection of the liquid mass outwards from the surface. After the
expansion reaches a maximum wetting area, the contact area decreases, with the merged
droplet retracting from the surface with a receding moving contact line. During the last
two stages of the entire process, the merged droplet oscillates between oblate and prolate
shapes in the xz- and yz-planes. There exists another significant observation near the end
of this retraction, before the merged droplet gets detached. Here, as the merged droplet
moves upwards, a deceleration (i.e. a decrease of the velocity) in the vertical direction is
noticed. It is argued that this phenomenon can be due to the effect of the contact angle or
a dissipation of the translational energy at the period that the air substitutes the liquid
volume between the merged droplet and the solid surface. During the shape oscillation
the contact area is minimised rapidly up to the moment of detachment of the merged
droplet from the surface. As the process is dominated by the capillary and inertial forces,



it is due to the latter that a detachment occurs. Following the detachment, in the final
stage of the process, the merged droplet rises through the gas-phase, continuing its shape
oscillations damped by the viscosity. In the same time, there is a drag force acting on
the droplet, which leads to the stabilisation of the latter’s shape into a spherical one.

1.5 Theory of wetting and a connection to this work

Due to the existence of roughness on superhydrophobic surfaces, two situations have been
theoretically established and examined in numerous studies. The first one is a partial
wetting type[8], also referred to as the partial Wenzel wetting, where the liquid contact
area is fully wetting certain regions of the solid surface, while in the remaining locations
air voids are trapped between the liquid and the solid zones. The second situation is a
consistent existence of voids between all defects and surface textures, while the majority
of the liquid is situated on the tip or highest point of roughness textures. The defects
or similar features with a larger height related to the rest of the surface are typically
termed pillars. In any realistic superhydrophobic surface, the pillars become a resting
area on top of nano- or micro-structures of the surface, while the intermediate regions of
the solid and liquid zones are gas voids. For this situation, theoretical calculation of an
apparent contact angle has been introduced using the Cassie-Baxter theory[20], which
gives the equilibrium contact angle on the pillars. For the Cassie state, the relation that
returns the single apparent contact angle reads:

cosbupp.cp = f(1+cosbeq) — 1, (1.1)

with 04pp.cp being the global apparent contact angle as would be found for a low hys-
teresis case and f the Cassie-Baxter parameter which is given as the projected area of
pillars divided by the projected contact area in a homogeneous plane.

The partial Wenzel wetting bases its theory on the normal Wenzel state that is observed
in wetting occasions where the whole area of a rough solid surface is in contact to the
liquid[21]. The apparent contact angle for the Wenzel state is calculated as:

€08 Ogpp,w = T COS0Oeq , (1.2)

with 84, w being the global apparent contact angle as observed for a low hysteresis case,
0cq the equilibrium or Young’s contact angle and 7y the Wenzel roughness parameter
which is given as the total surface divided by the projected contact area in a homogeneous
plane.

The Cassie-Baxter form of interaction of a droplet with a superhydrophobic surface is
usually treated with a high slip velocity on the solid surface or with the formation of a gas
layer between the liquid and solid zones. Note that here an existence of the contact-angle
hysteresis is fully neglected, which has been observed to be the cause for pinning and



other dissipative behaviours of the contact line. Such a statement requires from us in the
current study to establish the ability of our modelling the variations of contact angle on
the grid-cell level. These variations could be also caused by the dynamic behaviour of
the contact angle, subjected to the contact line velocity or the presence of the imbalance
of the stresses (Young’s equation) in the contact line, when the contact angle differs from
the theoretical equilibrium angle of the system. However, the equilibrium contact angle
is defined as a feature of the surfaces when they are fully flat and homogeneous, otherwise
such a contact angle occurs in purely nanometre scales. At such length scales we consider
that the continuum approach breaks down and intermolecular dynamics are important
to account for.
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2 Objectives and Contributions of the
thesis

The primary objective of this work is to formulate, validate and use a trustworthy frame-
work to investigate numerically and in great resolution the process of coalescence-induced
jumping of droplets from superhydrophobic surfaces. This a considered a necessary step
before introducing the removal of particles into the overall numerical framework that
looks at fundamentals of the self-cleaning process.

2.1 Why are numerical investigations of self-cleaning
necessary?

It is essential to understand the mechanisms that support the process of self-cleaning on
different surfaces if we are to explore its potential use in various industrial applications.
Such surfaces are sometimes located in environments where their quality can be negatively
affected by, for example, fouling, icing or frosting. Such locations and components may
be difficult to reach and substitute, making it very cumbersome or even impossible to
test their performance experimentally.

In addition, we need to identify which geometrical parameter or substrate characteriza-
tion of a superhydrophobic surface could promote the self-cleaning process. In the same
manner, there is a need to recognise limitations in the design of specific surfaces and
to suggest possible improvements. It may become impractical to study experimentally
a wide range of geometrical parameters or features of the surfaces to identify the ones
that could lead to improvements in the self-cleaning. A sound point here is that, in con-
trast to numerical simulations, experiments are often limited with regards to how many
different superhydrophobic surfaces can be tested. Moreover, controlling and recording
the jumping process with the different levels of resolution reduces the possibilities of a
research outcome that identifies fundamental processes between the droplets and parti-
cles during their interaction, or, similarly, the interaction of the both of them with the
superhydrophobic surface, either in a molecular or a modelled form.

On the other hand, numerical investigations can be used to identify details that experi-
ments are restricted on informing. Therefore, for our research to uncover the fundamen-
tals behind how coalescing droplets can remove solid particles from surfaces, a series of
steps are required. These numerical investigations, as are presented in the current thesis
for the jumping droplets only, assure that the physics of such systems are fully understood
and recovered. Therefore, a thoroughly validated numerical framework is established in
this thesis that will be used in the second part of this project to perform simulations
of self-cleaning involving a number of particles and with multiple droplets. Additionally,
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the framework makes it possible for us to account for the interaction of droplets and
particles (either modelled or resolved) with the microstructures of a superhydrophobic
surface.

2.2 Jumping of equally-sized jumping droplets and
the existence of a cut-off radius

We start from the argument that it is highly improbable to attain any reliable information
on the process of self-cleaning involving particles and droplets that coalesce and jump,
without paying meticulous attention to fine details of the involved phenomena. In the
same manner, it is fair to say that it is problematic to even consider introducing particles
into the framework before the latter is thoroughly validated and trustworthy for jumping
droplets only. More specifically, a part of the physics that is vital in this case is the
interface transport and sharpness, for which we need a robust model that can maintain
a sharp interface and an accurate computation of the curvature between every time-step.
In addition, the high pressure jump at the interface for relatively small droplets requires
minimisation of the spurious velocities, that occur in the velocity field after applying the
conservation laws of mass and momentum. The smaller the size of the droplet, the greater
are the surface tension forces at the interface of the droplet, increasing the mentioned
numerical errors. These problems should be removed altogether or at least drastically
minimised in a framework capable of handling simulations of jumping droplets with sizes
of as low as 0.5 pm in radius. We note here that we work with droplets of 0.5-700 pm
in radius, a size for which gravity can be neglected and the length scale of the problem
remains smaller than the capillary length.

From the initial experimental observations of the jumping-droplets phenomenon, difficul-
ties have been outlined in capturing (both experimentally and numerically) the governing
time-scale of jumping at small scales. The time scale is given by the competing inter-
action between the surface tension and the inertial forces. The process of coalescence
and the liquid bridge dynamics, at length scales that are below the capillary length, are
governed by a capillary-inertial time scale f¢y. Using the initial radius of the droplets as
the length scale of the flow, a capillary-inertial velocity is defined. The jumping velocity
of the droplets is often given for the different length scales normalised by the capillary-
inertial velocity. In fact the normalized jumping velocity happens to have the same value
with the square root of the Weber number, when velocity is set as the average jumping
velocity in the Weber number formula. This is pointed out because the Weber number
gives a relation between the inertial and the capillary forces in a system. The time scales
are decreasing with a power of 3/2 with the droplet radius decrease. As a result, for
droplet sizes approaching a few microns the process accelerates so much that it cannot
be captured by the frame capabilities of cameras in current experimental environments.
It was Boreyko[10] who first suggested that the jumping velocities of the merged droplet,
in relation to variations in the initial radius of the droplets, follow a capillary-inertial
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scaling and adhere to the velocity scales of the phenomenon. The capillary-inertial veloc-
ity is related with a power of —1/2 to the initial radius of the droplets. However, while
this scaling law suggests that the normalised velocity will be constant when reducing
the droplets size, a deviation was observed from this theory for droplets below 25 pm
in radius. The term microdroplets is sometimes used in the relevant literature for such
droplets. We thus identify henceforth in this thesis that the droplets of sizes R < 10 pm
will be referred to as microdroplets. A limited number of studies focused on the causes
of the existence of the observed cut-off radius, with the dominating opinion suggesting
the interaction with sides of micro-structures as the main cause of energy dissipation and
a consequent reduction of the jumping velocity in comparison to the one theoretically
expected by the capillary-inertial scaling.

From a theoretical analysis, we see that for the decreasing droplet sizes the Ohnesorge
number increases (the number that relates the viscous forces to inertial and surface
tension ones), as the latter is inversely proportional to the droplet size. However the
fact that, for the investigated water droplets in this work, the Reynolds number Re
will be above 1, shows that inertia is still able to compete with and possibly overcome
the viscous forces. Moreover, the capillary number Ca (that relates the viscous forces
to the surface tension ones) is well below 1 for droplet sizes of as low as R = 0.2 pm,
hence the capillary forces are markedly exceeding the viscous dissipation. The two non-
dimensional numbers are proportional to the droplets velocity. Considering the velocity
scaling behaviour, the non-dimensional jumping velocity in the microdroplets range is
required to be at least a half of the mean jumping velocity that has been observed in the
previous experimental and numerical studies. These studies report a non-dimensional
jumping velocity v7,,,,,, ~ 0.2 — 0.24 for droplets with R > 25 pm. Otherwise, for a half
of that velocity or lower, the drop in the Reynolds number will suggest that viscosity has
increased its influence in the process.

Following the initial studies exploring the jumping droplets, other experimental studies
that investigated surfaces with improved wetting properties suggested that droplets as
small as R = 0.5 pm seem to have been successfully ejected from the surface[22, 23].
With this we identify the theoretical capability of the jumping process to adhere to the
capillary-inertial scaling of the velocity in microdroplets. We therefore identify the need
to investigate the stages of the jumping in a numerical investigation, as well as the energy
variations in the domain for the kinetic, surface and viscous dissipation energies.

There are numerical studies which observed the continuation of validity of the mentioned
scaling law to droplets radii as small as 0.5 pm for surfaces that are modelled as flat[24].
On the other hand, Attarzadeh and Dolatabadi[25] is an example of a study that per-
formed simulations with pillars and observed different modes of interaction with the
structures for different initialising positions of two equally-sized droplets. However, the
exact interaction at the micro-scale is still not fully understood and, more importantly,
it cannot be generalised for different sizes of micro-structures or droplets. We remind
that the goal of this project is to eventually introduce particles (e.g. dirt) in our numeri-
cal framework, and that is why we support that giving a more fundamental explanation
behind this interaction will help us to estimate the maximum size of particles that can
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be expected to be removed by jumping droplets.

2.3 Jumping of microdroplets as a first focus in this
thesis

With this work it is identified the smallest scale for the phenomena of the capillary-
inertial regime to be still relevant for the jumping process. This is achieved by the
level of resolution which is used in this numerical investigation. The simulations of
jumping droplets on flat surfaces, even though they inherit a degree of simplification of
the problem and include an assumption that modifies the main idea of the influence of
roughness present on superhydrophobic surfaces, can still provide valuable information for
the phenomena. More specifically, it helps uncover the details of the behaviour of droplets
spanning all radius ranges of the capillary-inertial scaling. Using a basic formulation for
the boundary condition of the wall velocity and contact angles, our investigation gives
the smallest droplets size for which the numerical framework is still able to capture all
the stages of the jumping process and help with estimating the available energy that
would facilitate self-cleaning. The details of this study are given in Paper 1 of this thesis.

As a general comment here, it can be stated that the interaction of the contact line with
the surface and the special features of the superhydrophobic surface cause the prediction
of the moving contact line dynamics and of the true values of the contact angle to be a
great challenge. In order to not lose information, the interaction needs to be modelled
with respect to the geometrical features of a superhydrophobic surface and the physical
phenomena, captured theoretically and experimentally, that govern the movement and
stresses of a contact line. Only the behaviour of the contact line for the cells adjacent to
the wall will require a specific treatment, which is implicitly imposed in our framework
that accounts for the continuum physics of the fluids. More on this subject will be given
in the Methodology section.

2.4 Jumping droplets from superhydrophobic surfaces
with hysteresis as a second focus of the thesis

Superhydrophobic surfaces attribute their behaviour to the structures that control their
interaction with the fluids. These structures can be both manufactured in a textured and
precise manner or they could be coated in manners that would create random directions of
the normal surface to the wall, multiple and asymmetrical points of contacts and different
heights between the structures. In the case of biological surfaces, superhydrophobic
surfaces are mostly observed with such random patterns. The manufactured hierarchical
surfaces, on the other hand, are obtained by precise deposition of micro-structures, which
then undergo treatments that add an additional layer of random nanostructures on the
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solid surface. It is these nanostructures that are responsible for a certain degree of
hydrophobicity, with the larger micro-structures (from 0.5 pnm and greater) that cause
the very high (superhydrophobic) contact angles. As a result, the surface demonstrates
superhydrophobicity only when the droplets reach a size comparable to the size of the
microstructures or larger[22, 23, 26].

The interaction of droplets with such structures has been mostly simulated using rectan-
gular pillars in 3D or in 2D simulations using randomised surfaces. The required level of
resolution would necessitate using computational cells much smaller than a micrometer,
something that would cause excessive computational cost, which, in turn, would make un-
feasible any systematic study involving variation of the governing parameters. Hence, a
connection of a superhydrophobic surface to the continuum domain is preferably achieved
by defining and obtaining the two angles responsible for hysteresis, the advancing contact
angle and the receding contact angle. These angle become available for any actual sur-
face by performing an experiment with a static droplet and measuring the contact angles
through enlarging and decreasing of the droplet volume. Moreover, it is straightforward
to find situations where hysteresis exists on the surface. The reasons for the existence
of the pinning effect, that is experimentally observed and which is caused by hysteresis,
could be a non-optimal superhydrophobic coating or pattern, problematic manufacturing
of the surface or even degradation of the surface that causes a superhydrophobic surface
to gradually lose its ability of a contact angle near 170° and the contact angle hysteresis of
nearly 0°. Various dynamic contact angle models have been suggested and implemented
in numerous applications, and giving a full account about them is outside of the scope of
this thesis. We do find them important in order to control the sensitivity of the jumping
droplets process to the actual contact angles that the merged droplet experiences. The
values of such angles can be close to the advancing or receding contact angles observed
for a certain surface in a static experiment. However, due to the presence of high ve-
locities and acceleration in flow systems where inertia is strong, it is straightforward to
recognise that these values can be exceeded. For such a case, the numerical results do
not highlight the possible sensitivity of the jumping efficiency, a study which we have
decided to undertake in the scope of this project. A detailed analysis can be found in
Paper B of the thesis.

After adding the effect of superhydrophobic structures to the boundaries with a scheme
for imposing contact angles, we used a slip velocity for the interaction with the idealised
flat solid surface. The contact angle in various numerical cases in our work was imple-
mented through either a static formulation or a dynamic contact angle model, that can be
dependent on the flow parameters. Since we have in mind the interaction to general solid
structures (e.g. particles) as the next step, we have recognised a need to have a reliable
and flexible model that could handle both particles and superhydrophobic surface. Flows
around moving bodies can be modelled using a dynamic moving mesh around the body
or an immersed boundary method. The latter can be implemented in a structured mesh
with the existence of a solid body implicitly calculated. Therefore, the immersed bound-
ary method was chosen in order to account for correct calculations of forces on the solid
bodies or boundaries. The method uses a triangular surface mesh for the immersed body,
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but it does not require any refinement of the fluid cells as a function of the geometrical
characteristics of the body. The forces are evaluated from the average normal vector
of the unstructured faces on the body surface by using fictitious ("ghost") cells in the
solid phase. For our framework the grid is given by a hexahedral type octree mesh with
Adaptive Mesh Refinement (AMR), which allows for higher accuracy in the calculation
and transport of the surface tension forces in the vicinity of the interface. Therefore, we
use in this work a combined VOF-Immersed boundary that has a benefit of limiting the
computational time and following a single-mesh approach both for interfaces and for the
existence of movable or static solid surfaces.

2.4.1 Motivation for the organisation of research in this work

We emphasise here that the order of steps that should be taken to formulate a validated
and trustworthy numerical framework is of great importance to reach the goals of this
project. Wettability effects, capillarity and strong inertial forces are the driving forces
behind the studied type of the self-cleaning process. All our actions are designed in such
a way as to focus on the details of one of the mentioned physical phenomena, and after-
wards to create the entire framework in a building block approach. The capillary-inertial
effects are discussed in Paper A, whereas the behaviour of the interface-solid interaction
is addressed in Paper B with the detailed approach of modeling for superhydrophobic
surfaces with defects or other pinning phenomena that cause hysteresis and/or dynamic
behaviour of the contact line. With the conclusions of the analysis of the two papers pre-
sented in the thesis, we set up the possibility of carrying out simulations with jumping
droplets trapping and removing contaminants from a superhydrophobic surface.
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3 Methodology

3.1 Methods used in the thesis

The Volume-Of-Fluid method (VOF) together with the continuum surface force (CSF)
approach for introducing the surface tension force (Brackbill et al.[27]) is one of the Eu-
lerian techniques used to model a sharp interface in a continuum framework. It adds to
mass and momentum conservation laws a transport equation of a colour function that
locates the two phases, with the volume fraction being most often selected as that func-
tion. The method is popular both in academia and industry, as it typically requires less
computational time and user intervention as compared to methods which use Lagrangian
markers to represent the interface (e.g. the front-tracking method, Tryggvason et al.[28]).
Another Eulerian method is the level-set method that uses a smoothed Heaviside func-
tion across the interface to solve for its movement and to compute the curvature[29], thus
artificially diffusing the interface. The diffusive approach may lead to problem in mass
conservation. Similarly, the phase-field approach is a diffuse-interface method which uses
the chemical potential and solves the Cahn-Hilliard equation to introduce the inter-facial
forces[30].

The advantages of using VOF in our framework, that is part of the code IPS IBOFlow®,
we fully demonstrate in our publications. It is due to the ability to retain a sharp interface
throughout the whole process of coalescing, that enables the framework to introduce and
handle maximum refinement cells near the interface. With that resolution the framework
becomes able to capture the three-dimensional effects of the high curvature locations and
the transport of shape oscillations that are caused by its presence. This requires a highly
accurate estimation of the curvature. To this regard, smoothening of the gradient of the
volume fraction in the calculations for the curvature is used, as suggested by Brackbill
et al. in their original publication. Alternative methods that permit an acceptably
accurate estimation of curvature are the implementation of height functions and the
geometric reconstruction of the interface. Testing the functionality of such methods in
the research questions addressed in this work is certainly of potential interest. However,
we are confident with the validation procedures we have undertaken and consider our
current framework capable of reproducing the complex physics of jumping droplets in
the entire range of spatial and temporal scales we have been interested in.

Moreover, the developing of the framework has involved the implementation of the
balanced-force method to calculate the velocity at the faces of cells that are neighbour-
ing to the interface location[31]. This implementation and its combination with the
SIMPLEC segregated solver[32], as well as the CICSAM scheme[33] for the estimation
of the advective velocity in the colour function equation, introduced a greatly improved
estimation of the transport of interfaces at length-scales that often witness high spurious
velocities in other VOF implementations.
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The boundaries are modelled with an immersed boundary method. The mirrored IBM
(MIBM) (Mark et al.[34]) takes into account the ghost cells velocity in order to set the
exact required velocity at the wall. We have chosen a slip boundary condition at the
superhydrophobic surface, following the Navier slip boundary that connects the velocity
at the wall with the gradient of the velocity and the slip length. The slip length was
chosen to be as high as the size of the adjacent cell on the wall, in order to obtain the
best possible agreement with with the experimentally observed jumping velocity. We
have also verified that the chosen slip length gave grid-independent results. Furthermore,
the contact angle was imposed by setting the normal of the interface in the adjacent
cell of a solid body. Within the CSF method, the normal vector of the interface is
computed by the gradient of the volume fraction. For the cells which are adjacent to the
wall, multiple cells in the vicinity of the contact line were used to impose the contact
angle. This assumption is a fair one because the interface is not located in these cells
and the transport equation for the volume fraction is not highly affected by the imposed
direction of the gradient of the volume fraction in these cells. When the equation is
solved for the mentioned cells, it does not influence the volume fraction computed for
that cell, which should be a constant 0 or 1. The value of the contact angle was chosen
with either a static formulation or using two contact-angle models, the so-called quasi-
static that returns the advancing or receding value as taken from experimental data, or
a fully dynamic contact angle model. In this study the latter one is the Kistler model,
with an introduced modification in the correlated Hoffman equation[35] to account for
the high contact angles on a superhydrophobic surface. For the last two schemes, the
contact line velocity is required, which is computed by the tangential to the boundary
part of the velocity at the adjacent cells to the solid boundary. The details of the contact
angle implementation are described by Gohl et al.[36]. The method is also provided in
Paper B.

3.2 Validation of the numerical framework

The validation of the framework has been independently performed for both publications
in the thesis, in order to avoid any ambiguities related to its performance for each of the
research questions treated. The time- and grid-independence investigations presented in
the two papers eventually affirm a minimal influence to the results from slight variations
of the time-step or the cell size, with regards to the benchmark setup that had been
selected. We note here the connection between the slip length used in the Navier slip
boundary condition and the grid convergence. When performing a grid study, the slip
length was investigated according to the resulting jumping velocity. In other words, we
have opted for that length to be a function of the droplet radius targeting that the
jumping velocity remained constant. Alternative trials of grid convergence that were
performed with a slip length varying according to the smallest cell size, and in effect
keeping it equally proportional to the cell size, showed less consistency in the jumping
velocity.
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Figure 3.1: A walidation case with three unequal droplets coalescing and jumping. Note
that a very good qualitative matching is obtained with experimental images by Yan et
alf37] (with permission). We demonstrate a strong ability of the framework to capture the
capillary effects for the interface and the merged droplet’s shape oscillations.

Among different validation studies presented in papers A and B, we have focused on
the correspondence of the phenomenological behaviour of the simulated merged droplets
to equivalent experimental cases. We have thus compared our simulation results with
recorded videos from experimental studies of other authors that focus on elucidating dif-
ferent stages of the jumping droplets process. One such example is the case of coalescing
of three unequal droplets and eventual jumping of a large merged one, see Fig. 3.1. The
figures on the top represent experimental recordings, whereas the bottom ones are snap-
shots from our simulations. The goal for the simulations is to capture shape oscillations
and the different stages of the process. We see that first the two larger droplets merge,
but also that during their coalescing a liquid bridge with a third droplet is formed. We
argue that the different shape deformations during the merging are well captured by
our simulations, with the latter also adhering to the non-dimensional time-scales of the
system. Moreover, the detachment of the final merged droplet appeared to take place
similarly for both cases, with a limitation that only a single frame was publicly available
from the experiment of Yan et al.[37]. This specific case demonstrates the abilities of our
simulation tool regarding the interface capturing and advection. This also shows that we
accurately represent the surface force near the interface, in an example where multiple
locations of strong capillary forces exist in the domain at the regions of high curvature.
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4 Selected results

This section will offer only some salient findings presented in the two papers of the thesis.
In Paper A a thorough investigation is presented for microdroplets (with R < 10 pm) of
the jumping velocity evolution, the energy budget and the final energy conversion of the
available surface energy to translational upwards motion. A connection to the Ohnesorge
non-dimensional number Oh is also presented with an intention to analyse up to what
extent are the viscous forces the sole contributor of the dissipation in the non-linearly
decreasing time-scales of the problem, as the radius of droplets decreases. A claim is made
that the capillary forces do not showcase the same linear decrease with the decrease of
the length scale of the problem, whereas the inertial forces do. This effect is noticed by
a more rapid decrease in the surface energy for the case of microdroplets in comparison
to larger droplets (R = 100 pm). It is suggested that the stronger influence of capillarity
near the high curvature locations (or points with apparent dimples) is considered a key-
factor for the more smoothed interface shape of the merged droplet for the microdroplet
(R = 1 pm) case, while the inertial effects on the interface seem to be minimised. The
analysis of the capillary number C'a and the Reynolds number Re introduces that inertia
should still counter-act the viscous forces, while capillary forces are expected to dominate
the physics of the problem.

The analysis of the energy budget from Figures 6 and 7 of the paper A brings into
our knowledge that the coalescence of microdroplets experiences less oscillations in the
transport of the kinetic energy than is the case for larger droplets. The re-distribution of
the energy in the different directions, when the merged droplet oscillates between different
oblate and prolate shapes, is documented with less noise but with a higher dissipation
of the kinetic energy, in regards to the total available energy that was released from the
surface energy of the initial droplets. These results are presented in Figure 4.1, where it
is pointed out that the normalized jumping velocity is decreased by nearly 25% between
the two droplet-size cases and that the energy conversion is down by 40%.

The second paper deals with the influence on the jumping process outcome of the modelled
modes of interaction between a droplet and a wall, when this interaction is implemented
through boundary conditions. We note an important effect of the type of contact-angle
formulation and implementation, as well as the ability of the framework to dynamically
adjust the contact-angle values. Therefore, several variations of the contact-angle formu-
lations are presented in paper B, with an intention of pointing out how such formulations
change the overall jumping droplets process and the jumping velocity when hysteresis
is effectively introduced in the simulation. To account for the hysteresis effect, contact
angles are implemented with the quasi-static method or with the Kistler model. Fig-
ure 4.2, found also in paper B, shows the changes of the jumping velocity with different
contact-angle representations and for droplets of different initial sizes (R = 200 pm to
12.5 um). The hysteresis introduced is for a superhydrophobic surface from Mulroe et
al.[23], with a contact-angle hysteresis of Af = 15°.

21



(A) . . . % (B) . . . .
= — Keotal = -
o6k R =100 upm o ost R 1pm Emtar ]
— X
— Ey _ Ky
0.5 z 0.5 K,
=3
204F Boaf
o o
= =
5] 5]
2 03f 203l
@ 3
& £
M M
0.2 0.2
) W/\M\ ‘)
_ AN
ol . . . \\04 oo AN
1 2 3 4 5 6 7 2 3 4 5 6 7
Time T Time T
1.0 . . . . . . T
(C) — R=100pm
— R= 1pm
0.8t 4
k-J
» 0.6}
=3
2
o
5
D04
]
b=
=
@ 02}
0.0f
0 1 2 3 1 5 6 7

Time T

Figure 4.1: The kinetic energy for a droplet of A) R = 100 ym and B) for R =1 ym. The
total kinetic energy of the merged droplet, shown together with the kinetic energy stored
separately in each direction to observe the oscillations. C) The release of the available
surface energy in the simulations of two droplet sizes. Observe considerably smoother
oscillations in the microdroplet case with a more rapid release of the surface energy.

The same figure shows that a relatively small decrease in the jumping velocity is present
for a no-hysteresis case for R < 25 pm droplets, while a significantly increased reduction
is introduced for all droplet sizes when hysteresis is present. Between the two ways to
account for hysteresis, the Kistler model is showing a more pronounced decrease in the
jumping velocity, something that led us to carry out a detailed analysis in Paper B of the
advancing and receding movements of the contact line. We have observed that the nature
of the Kistler model permits a much lower contact angle to be imposed in a receding case.
As a result, during the detachment, where a rapid receding movement takes place, a
strong deceleration for the merged droplet was identified, causing the eventual decrease
in the jumping contact angle (compared to the case with the quasi-static method used).

Another significant observation in our results was that the merged droplet showed ability
to re-attach to the surface after initial detachment. This sequence of detachment—re-
attachment occurrences has been observed multiple times in certain cases during the
coalescing process. We have also established a connection between the jumping velocity
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Figure 4.2: The normalized jumping velocity for ve initial droplet radii (R between 12.5
and 200 pm). Note that the increasing degree of hysteresis leads to a signicant reduction
in the jumping velocity.

and the moments that the droplet detaches from the surface. The longer a merged droplet
would stay attached to the surface, while a retracting oscillation from the surface takes
place, the more reduction in the eventual jumping velocity is seen. An example of this
behaviour would be for the cases with smaller droplets (R = 25 nm) and with higher
hysteresis, where the jumping velocity was decreased up to the level that the velocity
was neutralised after the last detachment.
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5 Future prospects

The second part of the project will be focused on the interaction between the droplet
interface and a solid particle, with an intended outcome to remove the particle from
a superhydrophobic state. The plan for the first study case is to look at a droplet
spreading over a hydrophilic particle, while it sits on a superhydrophobic surface. Recent
developments in the field suggest that even for this case a bridge between the particle and
the droplet will be formed at the capillary-inertial scales and an out-of-plane movement
of the particle with the droplet can be observed.

Finally, a combination of the simultaneous coalescence of droplets and the interface cap-
turing a particle before the droplets jump will be the final goal for this project. Then,
a parametrization of surface properties will be investigated with numerous possible re-
search strategies, for example to model pillars or to test different dynamic contact angle
models and observe what cases would promise the best removal efficiency for particles of
random shapes and different sizes.
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6 Summary

In this thesis we have numerically studied a promising mechanism for self-cleaning that
can be used in numerous technological applications. The mechanism involves superhy-
drophobic surfaces and droplets that are coalescing and jumping. The goal was to create a
numerical framework that resolves in high resolution the important features of the droplet
jumping phenomenon, something we deemed necessary before introducing solid particles
(contaminants) in the framework. A first study, presented in Paper A, investigated jump-
ing of microdroplets and provided important insights into the physical mechanisms that
influence their jumping ability, with the focus on the energy budget.

We have shown that the framework is able to capture the surface tension force in the all
the studied configurations and with an accuracy that is parallel or superior to the most
highly reputed sharp interface codes. We have found that the transport and shape of the
interface agree very well with experimental findings related to coalescing and jumping
of droplets, showing a minimal loss of information. An investigation was also performed
of the influence of substantial hysteresis present on a superhydrophobic surface and the
contact-angle implementations on the dynamics of the jumping process. Among other
things, we have proven that the overall process efficiency and the final jumping velocity
of a merged droplet are as sensitive to the changes in the actual (i.e.true) contact-angle
values as some experimental investigations were suggesting. It is concluded that the
influence of the receding contact angle is substantial to the overall process performance,
which justifies that great attention should be paid in any high-fidelity simulations to
capturing its dynamic variations.
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1 | INTRODUCTION

Johan G6hl* | Andreas Mark® | Srdjan Sasic'

Abstract

We develop a numerical framework for simulating the coalescence and jump-
ing of microdroplets on superhydrophobic surfaces. The framework combines
the volume of fluid (VOF) method with models for advancing and receding
contact angles on a number of superhydrophobic surfaces. We demonstrate
the temporal and spatial convergence of the framework and show agreement
between our numerical results and other experimental studies. The capillary-
inertial scaling is investigated together with the existence of a cut-off behav-
iour frequently observed in the lower size-range of that regime. We investigate
findings in some of the previous studies that the cut-off behaviour can be
attributed to viscosity effects and dissipation due to interaction with surface
microstructures. We exemplify specific features related to the jumping process
and the corresponding energy budget analysis when microdroplets coalesce
and jump. We have tested droplets of a radius as small as 0.5 pm that are still
jumping but recorded a decrease in the jumping velocity and the degree of
energy conversion compared to the jumping of larger droplets. We argue and
prove that strong capillary forces originating from the high curvature oscilla-
tions dissipate the energy of the system significantly faster in the case of
microdroplets.

KEYWORDS

contact angle, microdroplets, VOF-immersed boundary, wetting

surfaces.””! The research activity related to jumping droplets
has been steadily increasing for the last decade, with applica-

The phenomenon of droplets jumping upon coalescence on
superhydrophobic surfaces has been relatively recently
observed.! It immediately attracted considerable research
focus, as no external energy is required in order for the drop-
lets to jump. The driving force behind the process is the
combination of strong capillary forces, which are present
during coalescence, and low adhesion to the surface,
which is observed in the case of superhydrophobic

tions being found in, among others, anti-icing and defrosting
technologies,B’GJ heat transfer from drop-wise
condensation,”*! and various self-cleaning mechanisms.”*?!
Those technological applications are often inspired by
mechanisms that have been observed in nature and that
aim at providing benefits for animals and plants, such as
water-repellency or self—cleaning.m] Suitable examples in
that manner are the lotus leaf"*'*! and the cicada wings.""®!
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Coalescence and jumping of droplets on superhydro-
phobic surfaces have been investigated both experimen-
tally and numerically. Studies agree that the properties of
surface microstructures””'®! or the number of coalescing
droplets"®*! are important factors in determining both
the likelihood and the overall efficiency of the entire pro-
cess. The jumping velocity follows the so-called capillary-
inertial scaling law for droplet sizes where gravity can be
deemed negligible.!'?! Furthermore, while experimental
studies have often demonstrated the necessity of having
high droplet-surface contact angles for the jumping to
take place, less attention has been paid to the influence of
the hysteresis between the advancing and receding angles.
In most cases, such hysteresis has been minimal.'”’ A
decrease in the value of the contact angle or an increase in
the hysteresis causes the contact behaviour to change from
a Cassie-Baxter to a partial Wenzel wetting one and a con-
sequent impediment of jumping.[ls] The Young’s equation
determines the ideal equilibrium state in which the triple
contact line settles between gas, liquid, and solid
phases.”?!! This equation expresses the force acting at the
liquid-solid interface, from which the adhesion energy is
often calculated. When a droplet moves, a three-phase
contact line is formed, and, as a consequence, there is a
well-known problem for a chosen numerical framework to
overcome the inability of the no-slip boundary condition
to correctly represent the contact line movement and the
induced stress singularity.”>?*! Various measures have
been suggested to overcome this problem, including the
so-called slip models and the Navier-slip boundary condi-
tion, the most popular among them.?>2)

Moreover, there have been an increasing number of
numerical studies looking at fundamental phenomena
and characteristic features of the droplets jumping pro-
cess.?*?7! Liu et al!>®! identified four stages that the
merged droplet experiences during coalescence and
jumping: (i) a liquid bridge expansion, (ii) acceleration
upon impingement of the liquid bridge on a superhydro-
phobic surface, (iii) retraction of the merged droplet from
the surface until the moment of departure, and
(iv) deceleration of the merged droplet in air. Previous
numerical studies have also shown that the jumping
velocity follows the capillary-inertial scaling law.[*2!
These studies predicted jumping of droplets for even
higher Ohnesorge numbers than did the early experimen-
tal works.[!! Here, it is worth noting that various multi-
phase flow frameworks have been used to study the
jumping of droplets. A number of them have used
continuum-based methods that focus on tracking or cap-
turing the interface movement,”*? volume of fluid
(VOF) probably being the most frequently used among
them.!**%! Surface tension is treated as a body force at
the location of the interface, which categorizes VOF as a

sharp-interface method. Using VOF, Wasserfal et al.>”!
calculated 6% as the degree of energy conversion, the lat-
ter being defined as the amount of the released surface
energy related to the kinetic energy, and also mentioned
a reduction of that value when unequal droplets coalesce.
Attarzadeh and Dolatabadi®®® looked at the jumping of
droplets when the microstructures on a superhydropho-
bic surface were of sizes comparable to water droplets of
around 20 pm. In add