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1. Introduction

Abstract

Superhydrophobic surfaces offer many advantages beyond just being hydrophobic (water
repellent) to the surface. The superhydrophobic property can be achieved by artificially
creating geometric structures on the material surface. These geometric structures reduce the
contact area between the liquid and the surface. The contact angle between the liquid and the
surface gives rise to two conditions: hydrophobic and hydrophilic. If the contact angle between
the surface and the liquid is above 90 degrees, a hydrophobic state occurs. If the angle is below
90 degrees, the surface is in a hydrophilic state. One of these two states is determined
depending on the need and provides alternative solutions for many problems that currently
await engineering interventions. Scientific studies in the field of superhydrophobia are
increasing day by day. Interest in superhydrophobia is expected to grow further, as it offers
environmentally friendly and economical solutions to ongoing challenges in various sectors.
Superhydrophobic materials also offer a method of preventing icing due to their ability to
prevent liquid retention on the material surface through their water repellent properties.
Since the reduction of the contact area between the liquid and the material surface on
superhydrophobic surfaces leads to a decrease in the friction factor, the friction of the flow on
the material will also decrease. These properties of superhydrophobic materials generate
interest in sectors such as aviation and marine. This study describes the properties of
superhydrophobic surfaces created through various methods on materials, focusing on
applications such as anti-icing and reduction of friction factor.

manner. Since the desired physical and chemical
materials can be produced in artificial materials designed

With the widespread use of the internet recently,
access to technological and scientific studies and
research and development opportunities are increasing.
For this reason, the development of computers, which
are increasing day by day and almost becoming an
indispensable part of our lives, is accelerating. The use of
developed microelectronics in every field is the event
that triggers the development of computer technology
[1].

In the last quarter of the 20% century, the
developments in the world of science have realized that
material properties at the nanometer (billionth of a
meter) level have become quite important. With
scanning tunnel microscopes that can directly view
atoms and the atomic force microscope derived from this
microscope, the first stage of producing artificial
materials has been realized, while providing the
opportunity to examine atoms one by one and being able
to be transported to the desired location in a controlled

in nanometer sizes, more functional, stronger and faster
processes can be produced. These new types of materials
also open the doors of savings in many areas. Producing
materials that consume less energy, take up less space
and are smaller will also solve the problems in many
sectors [2].

Quantum laws seem to be valid in atomic dimensions.
The material can show visible changes depending on the
arrangement of the atoms. For example, when an atom is
removed from a molecule or an atom is added, the
properties may change partially or completely, and many
properties of the molecule such as physical, chemical,
mechanical and conductivity properties may become
different. This changes the feature in nano-structures
and creates different opportunities for many
technological applications [3].

Micro-electro-mechanical system (MEMS) is a
process technology comprising miniaturized mechanical
and electro-mechanical parts made using micro-
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fabrication methods [4-7]. Microfluidics is the science
and technology of systems that process or manipulate
small amounts of fluidics (10-9 to 10-18L), using
channels measuring from tens to hundreds of
micrometers [8]. Branson et. al. [9] studied
Superhydrophobic Surface Coatings for Microfluidics and
MEMs.

Yu et al. [10] ©presents a controllable
superhydrophobic helix capable of directional bubble
distribution. In the liquid, the bubble tends to stay above
the helical structure and cooperates with the helical
rotation. The speed of bubble delivery can be easily
adjusted in terms of the spacing length of the helix.
Continuous bubble collection and distribution was
accomplished by integrating the helix with a gas needle,
and the anti-flotation transport of the air bubble was
demonstrated using an oblique superhydrophobic helix.

In recent years, scientists have focused on
superhydrophobic surfaces for its non-wetting effect,
corrosion resistance, friction factor, anti-icing, anti-
fogging, anti-bacterial and self-cleaning properties.
Superhydrophobic coated materials can be used at
marine and aerospace industry areas. A major difference
of the properties of a hydrophobic surface and a
hydrophilic surface is given in Figure 1 and Figure 2.

A" W~ 'S

: Hydrophobic Hydrophilic
Contact angle High (> 90°%) Low (< 90%)
Adhesivenessto Poor Good
water
Wettability Poor Good
Solid Surface free o High
energy

Figure 1. Hydrophilic and hydrophobic surface
properties [5].
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Figure 2. Various conditions according to contact angle
of the drop of liquid on the surface [11].

Dou et al. [12] developed a prototype anti-icing
coating with cross-linked hygroscopic polymers grafted
into photolithographically prepared micropores on a
silicon wafer surface. This method greatly reduces the ice
bond strength and there are no durability problems as
water can be reclaimed from moisture or melted ice.
However, this prototype coating is of limited use because
it is impractical to prepare micropores and graft cross-
linked hygroscopic polymers in micropores on different
solid substrates. Therefore, it is more preferable to have
a mechanically sound coating with a durable lubricating
aqueous layer, and most importantly, the coating can be
applied directly over a variety of solid surfaces. Finally, it

is crucial for the practical application of anti-icing
coatings.

Materials that control ice buildup are important for
aircraft efficiency, highway and power line maintenance,
and building construction. Most current defrosting
systems involve the physical or chemical removal of both
energy and resource-intensive ice. A more desirable
approach would be to prevent ice buildup rather than to
end ice buildup. Recently, much attention has been paid
to the freezing of static water droplets resting on
supercooled surfaces. However, ice accumulation begins
with droplet/substrate impact followed by freezing.
Here, the focus is on the behavior of dynamic droplets
affecting supercooled nanostructured and
microstructured surfaces. Detailed experimental
analysis of the temperature-dependent droplet/surface
interaction shows that highly ordered superhydrophobic
materials can be designed to remain completely ice-free
down to approximately -25 to -30°C due to their ability
to repel water acting before ice nucleation. Ice
accumulated below these temperatures can be easily
removed. The factors contributing to droplet retraction,
needling, and freezing are combined with the heat
transfer and wetting dynamics of classical nucleation
theory, laying the foundation for the development of
rationally designed anti-icing materials. In particular, the
potential of hydrophobic polymeric coatings containing
cell and closed cell surface microstructures suitable for
enhanced mechanical and pressure stability, easy
replication and large-scale fabrication, and opportunities
for better tuning of materials and chemical properties are
highlighted [11].

Atmospheric icing from supercooled droplets in the
atmosphere can have catastrophic consequences for
man-made structures built in cold climates and high-
altitude regions, resulting in both socioeconomic losses
and loss of human life. To reduce the icing problem,
active deicing has been developed, which includes
chemical, thermal and mechanical techniques to remove
the ice that has already accumulated. However, these
techniques are sub-optimal as they face problems such as
high energy consumption, environmental hazards, high
economic costs, and the need for frequent reapplications
[11,12].

Most research in the field of superhydrophobicity
focuses on surfaces with open cell structures, eg; column-
like surfaces and surfaces containing mounds and
valleys. Closed-cell surfaces have been reported to have
a comparative advantage in that they are better at
holding their hydrophobic properties under pressure.
Using LAMMPS simulations in the work of Boinovich and
Emelyanenko [13], the wetting properties of closed-cell
structures (often closely linked to the syphobic
properties of ice) were further investigated. The
simulations show that the wetting of these surfaces
meets the known Wenzel and Cassie-Baxter theories.
However, at the small scale where simulations are made,
the effect of adjusting the roughness scale is not as
predicted by theory. Also, no comparative advantage
could be demonstrated for closed cell surfaces versus
open cell constructs. A physical experiment was also
conducted; here the density of water droplets on the
dynamic behavior of an almost superhydrophobic black
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silicon surface is tested. The results confirm a well-
known problem: Condensation severely impairs the
waterproofing of hydrophobic surfaces.

Literature review and experiments in the study of
Boinovich and Emelyanenko [13] show that
superhydrophobic surfaces have great potential for use
in anti-icing applications, with delayed freezing, reduced
ice accumulation and reduced ice adhesion. However,
major problems remained unresolved, including de-icing
from mechanical damage and reduced icing in humid
conditions.

Ice formation and accumulation reduces the
efficiency of infrastructure components, mechanisms
and machinery, including aircraft, ships, offshore oil
platforms, wind turbines, dams, power stations, power
lines and telecommunications equipment, heat pumps,
refrigerators and air conditioners. In recent years, efforts
have been made to develop a more detailed
understanding of the physicochemical phenomena that
regulate icing processes and to develop more efficient
systems for icing prevention and/or reducing its
consequences [14].

The most popular defrosting strategies are generally
power-consuming and not always efficient and
environmentally safe. For example, mechanical and
electrothermal methods are used to combat factors that
adversely affect the operation of overhead transmission
lines under propeller conditions. The effectiveness of
these methods in preventing wet snow collection, icing,
and freezing rain or frost accumulation has been
repeatedly discussed in the literature. Mechanical action
in an overhead transmission line creates conditions that
disrupt the normal operation of a repaired section. Also,
many of the mechanical methods even create additional
mechanical stress. This stress can cause failure in some
cases. In addition, the application of mechanical methods
to combat icing of power lines generally requires access
to the line and direct transport of wires and electrical
transmission towers. Electrothermal methods are based
on the use of heat developed during the passage of
current through an object protected against icing [15].

In recent years, many electrothermal methods have
been proposed to prevent ice formation or accelerated
ice melting on structural parts subjected to ice formation.
However, these methods require additional power
consumption and expensive equipment. The use of
electrothermal methods of transporting electrical energy
is either accompanied by a redistribution of electrical
flow in networks, and in some cases, a temporary
blackout of some consumers or a more complex network
configuration that allows the network scheme is
required, or the parameters of electromagnetic wave
propagation will be changed. Therefore, the application
of electrothermal methods results in considerable
appreciation of the manufacture and process of an icing
protected object. In some cases, the use of such methods
has adverse effects, such as a reduction in the working
life of an object and an automated system that monitors
its state [13].

Ice-repellent coatings can have a significant impact on
global energy savings and improve safety in many
infrastructure, transportation and refrigeration systems.
In the development of ice-repellent surfaces, the use of

superhydrophobic surfaces most often inspired by lotus
leaves has been avoided in recent years, but these
surfaces fail in high humidity conditions due to water
condensation and frost formation, and even cause
increased ice adhesion due to the large surface area. A
radically different type of ice-repellent material has been
reported based on slippery liquid-filled porous surfaces
(SLIPS), in which a stable, smooth, low-hysteresis
lubricant top layer is retained by flowing a water-
immiscible liquid onto a chemically functionalized
nanostructured surface [15,16].

A direct fabrication method has been developed on
industrially relevant metals, especially aluminum, one of
the most widely used lightweight construction materials.
It has been shown that SLIPS-coated Al surfaces not only
suppress ice/frost build-up by effectively removing
condensed moisture, but also exhibit an order of
magnitude lower ice adhesion than state-of-the-art
materials. On the basis of a theoretical analysis following
extensive icing/de-icing experiments, the particular
advantages of SLIPS as anti-icing surfaces due to very low
contact angle hysteresis are discussed, with highly
reduced floating droplet sizes. Our surfaces have been
shown to be non-freezing, antifreeze, where
conventional materials accumulate ice. These results
show that SLIPS is a promising candidate to develop
robust anti-icing materials for wide applications such as
refrigeration, aerospace, roofs, wires, outdoor signage,
railings and wind turbines [16].

Chen et. al. [17] produced an aqueous lubricating
layer with an anti-icing coating. This anti-icing coating
can be applied directly to various surfaces that needs
treatment. Adhesion strength can be reduced on coated
surfaces to a greater extent than on uncoated surfaces. It
has been proven for the first time that the ice formed on
the anti-icing coating can be formed by a wind movement
in the wind tunnel with controllable temperature and
wind speed. In addition, even the ice grip of the low anti-
icing coating can be maintained when the temperature
drops to -53°C. The strength and durability of the anti-
icing coating has been proven by icing/ defrosting
experiments. The results show that an anti-icing coating
with an aqueous lubricating layer is of great importance
for practical applications. The accumulation of ice on
various surfaces causes serious problems in our daily life.
In some cases, it causes catastrophic events such as plane
crash and power grid collapse, resulting in severe
economic impacts and loss of lives.

In Kibar et al. [18]’s study, the diffusion profiles of
liquid jets hitting superhydrophobic/hydrophobic
surfaces were examined and the data to be obtained as a
result of the experiments were estimated. A liquid jet was
sentusinga 1.75 mm inner diameter glass tube nozzle on
the hydrophobic surfaces with flat and smooth 93, 104
and 117° contact angles. The angles of inclination
between the liquid jet and the surface are in the range of
15-45°. As a result of the experiment, it was observed
that the azimuth angles, where the widest widths occur,
are only affected by the inclination angle. The forward
length of the spreading profile of the imping liquid jet
increases accordingly with the increase of the inclination
angle and becomes higher than at a critical angle. It
decreases as the angle of inclination increases. This
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critical angle is also not affected by the weber number.
The theory in the literature is in good agreement with the
equation predicted in the study for the azimuth angle at
which the largest widths occur.

Allred et al. [19]’s study, hydrophilic surfaces showed
promise in capillary wicking and boiling applications, as
they increase the maximum heat flow that can be
dispersed. Conversely, highly non-wetting
(superhydrophobic) surfaces have been found to be
largely ignored for these applications, as they have been
shown to promote the formation of insulating vapor film,
which greatly reduces heat transfer efficiency.

2. Method

With the development of nanotechnology day by
day, the range of fields and sectors affected by the studies
in this field is expanding. The increase in scientific
studies in this field paved the way for new scientific
studies and provided the opportunity to work in more
specific areas. With the development of nanotechnology,
it has become easier to understand the
superhydrophobic structures already found in nature,
and this advantage has opened the way to be designed
and used in line with the needs. The hydrophobic and
self-cleaning feature of the leaf of the Lotus flower in
nature has increased the interest in hydrophobic and
superhydrophobic, and studies in this field have shown
that hydrophobic surfaces have many advantages
besides being non-wetting and self-cleaning. An

exemplary hydrophobic surface is shown in Figure 3.

Figure 3. Leaves of Alchemilla vulgaris (a) and crimson
clover Trifolium incarnatum (b) have a hairy surface that
traps aqueous Methylene Blue solution in
superhydrophobic drops and ethanolic Sudan Red
solution in hydrophilic drops [20].

It has been determined that a hydrophobic surface
provides the opportunity to prevent icing together with
its non-wetting property. It is very interesting that a
surface being hydrophobic causes non-wetting,
preventing icing and also reducing friction between the
liquid surface.

2.1 The non-wetting effect of superhydrophobicity

The most important parameter that determines the
wettability or non-wetting property of a solid surface is
the contact angle resulting from the bark free surface
energy. The spreading area on the surface of a drop of
liquid and the equilibrium at the contact line are defined
by Young's Equation (1) [21,22].

4

cosOg = (Ys¢ — Vis)/ Ve 1)

In Equation (1), 8¢ represents the equilibrium contact
angle of the water drop, and y;, y.s and y;;, represents
the surface tensions between solid-gas, solid-liquid,
liquid-gas phases.

The contact angle obtained by Young's equation gives
information about the wettability properties of the
surface. If the contact angle obtained is less than 90
degrees, it is called a wetted surface (hydrophilic), if it is
greater than 90 degrees but less than 150 degrees, it is
called a non-wetted surface (hydrophobic), and if it is
greater than 150 degrees, it is called a super-non-wet
(superhydrophobic) surface. General view of liquid drop
on hydrophilic, hydrophobic and super hydrophobic
surfaces are shown in Figure 4.

LG
)
,V\(r

sl

(a) (b) (©

Figure 4. General view of liquid drops on (a) hydrophilic,
(b) hydrophobic, (c) super hydrophobic surfaces [23].

The contact angle can reach up to 120° on a solid and
smooth surface [22,23]. This contact pain can only be
seen in materials such as teflon with very low surface
energy. If we want to obtain a larger contact angle, the
surface must be rough in micro or nano size [22,23]. This
roughness has 2 consequences. The first of these is called
the Wenzel state because if the liquid drop fills the micro
and nano-sized spaces on the surface, since this increases
the contact area of the liquid with the surface, the other
is called the Cassie state because it does not fill the micro
or nano-sized spaces on the surface, and if air sacs are
trapped in these spaces, the contact area of the liquid
with the surface decreases considerably [23]. Water
drops on hydrophobic surface with regular micro surface
is shown in Figure 5.

e a
2 0

(@) (b)

Figure 5. Water drops on hydrophobic surface with
regular micro surface (a): Situation on pillars (Cassie
Condition), (b): Situation where it penetrates between
pillars (Wenzel case) [23].

The achievement of a hydrophobic surface is achieved
using many methods, such as micro surface treatment
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and regular surface fabrication, spray or coating [24]. In
the studies carried out by obtaining a regular surface on
a smooth surface, the roughness on the surface is
obtained by creating regular and repeating columns.
Hydrophobic surfaces with different properties can be
obtained by changing parameters such as the shape, size,
distance between these columns and the applied
material.

2.2. Application areas of hydrophobic surfaces
2.2.1. Marine applications

Reducing the drag of a liquid is very important for
materials whose surface comes into contact with the
liquid, such as ship submarine pipelines and torpedoes
[25]. In this direction, in some previous studies,
continuous air bubbles were sent on solid surfaces,
thereby reducing the contact area between the liquid and
solid surface and thus reducing the drag resistance [26].
Today, with the development of nanotechnology, it has
been observed that superhydrophobic surfaces appear to
be covered with a thin layer of air film when immersed in
water. As a result of this observation, having a
superhydrophobic surface for surfaces that have to move
in the liquid will provide a great advantage as it will
reduce the viscous surface friction [25].

2.2.2. Aerospace applications

Brown et. al [27] studied durability of
superhydrophobic duplex coating systems for aerospace
applications. Superhydrophobic surfaces, have been
shown to offer improvements to heating-based anti-icing
and de-icing systems, reducing energy requirements for
ice prevention and facilitating ice removal.

2.3 Superhydrophobic materials’ icing prevention

The materials used in the construction industry,
power lines, aviation industry and many other areas are
exposed to icing and this creates many disadvantages. In
these sectors, materials that are not exposed to icing are
of great interest and demand. Defrosting or de-icing
methods used today require high amounts of energy or
harm the environment. In many studies, it has been
investigated how to overcome this problem by examining
the dynamics of various cold surfaces and water droplets
hitting these surfaces. As a result of the experiments, it
was concluded that the superhydrophobic surfaces to be
formed with nanostructures can prevent the initial
growth of ice. Test of anti-icing properties of
superhydrophobic coated material is shown in Figure 6.

While the destruction of ice spread in a thin layer,
which may occur as a result of natural or artificial
reasons in many materials used today, is unpredictable,
the extent of the danger it may pose is also quite large.

Melting removal, which is used as a de-icing method,
causes damage to the material and the time this process
will take is unpredictable. Melting with salt, which is used
as another method, causes corrosion on the material. In
addition, ethylene glycol, which is used as another
method, is a highly toxic substance.

Untreated areais ©

oated area
completely has noice on
coveredbyice  thesurface
Figure 6. Test of anti-icing properties of

superhydrophobic coated material [28].

Scientists are working to eliminate the threat of ice in
areas where itis needed, and they are doing many studies
to develop more environmentally friendly methods with
less energy. Many studies by scientists show that surface
geometry can be a solution to the problem of icing
formation. Mishchenko et. al. [29] investigated the
collision dynamics of the water droplet with a
superhydrophobic surface at plus and minus
temperatures. According to the results obtained as
shown in Figure 7, they hypothesized that a
superhydrophobic surface could repel water down to -
30°C and thus prevent ice formation.

Mishchenko et. al. [29] created various geometric
structures, various types of nanostructures and
superhydrophobic surfaces of various sizes on a fluoride-
based silicon. They carried out a series of experiments by
dropping water droplets in a volume of 15 ul (a few
millimeters in radius) onto the silicon surface from a
height of 10 cm, with temperatures ranging from +20°C
to -35°C. Droplets ranged between -5 °C and +60 °C.

As aresult of the experiment, the researchers came to
the following conclusions:

On an ordinary, untreated rough aluminum surface,
the shrinkage of the drop after expansion does not
matter: Imax = I'min. This result leads to a wide field of
interaction and as a result, the freezing of the drop occurs
within a few seconds (Figure 8).

Although the droplets contract strongly on a smooth
silicone hydrophobic surface, they still maintain a non-
zero contact area and will freeze sooner or later at any
negative substrate temperature (few seconds if the
temperature is lower than -10°C) (Figure 8).

In droplets, the superhydrophobic nanostructured
surface has a complete contraction (r min = 0) for surface
temperatures down to minus 25-30°C (Figure 8). Simply
put, after hitting the surface, the droplets bounce off so
fast that they don't have time to solidify. This can be
verified by monitoring the behavior of the droplets for all
three substrate types. Thus, icing does not occur on the
surface.
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Figure 7. Ice accumulation on flat aluminum (A), smooth fluorinated Si (B), and microstructured fluorinated Si (C)
surfaces. The advancing contact angle (CA) of the water droplets on these surfaces is indicated [29].
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Figure 8. Dynamics of droplet behavior on hydrophilic, hydrophobic and superhydrophobic surfaces placed at an angle
of 30° (left) and horizontal (right). The temperature of all surfaces is below zero. Drop temperature 0°C. The top-down
photos describe the collision of the drop, the moment of maximum expansion (rmax), followed by compression (rmin),
and freezing. For superhydrophobic surfaces, the compression radius is zero if its temperature is above minus 25 -

minus 30°C [29].
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During the experiments, scientists achieved a very
important result. It has been determined that
superhydrophobic surfaces can be an alternative to
prevent ice as well as repel water as shown in Figure 7.
In the Cassie case, the decrease in the contact area
between the liquid and the surface minimizes the contact
between the surface and the liquid, thus reducing the
contact time of the water with the surface so that the
water does not have a chance to freeze. In this way, ice
will be prevented from forming without the need for any
de-icing method. With superhydrophobic materials, it
will be possible to solve engineering problems in many
fields, save energy and eliminate the damage to the
environment.

2.4 Effect of superhydrophobicity on friction

The advantages of hydrophobic surfaces are seen as a
solution to many problems in the field of engineering. For
example, the transmission of a fluid from one place to
another requires solving many engineering problems.
While transporting the fluid from one place to another is
carried out with pumps, these pumps constitute 20% of
the electricity consumption [30]. Today, with the
increase in the need for energy, the use of fossil fuels
creates the necessity of being economical in terms of
both the greenhouse gas it creates and the unity of being
depleted. Reducing friction losses can be a solution to
both increasing efficiency and reducing the energy used
in pump systems. With the developing surface coating
technologies, materials with low surface energy can be
produced and superhydrophobic surfaces can be created.
In these created surfaces, the non-slip condition created
by the fluid with the surface is eliminated, so the shear
stress and friction force are reduced.

It is visualized that the flow in a pipe can be laminar
and turbulent, with the help of a capillary tube placed in
a transparent tube made by Osborne Reynolds and a
colored liquid injected through this capillary tube. The
line formed by the colored liquid injected through the
capillary tube in the transparent tube gives us an idea
about the type of flow. At low speeds and flow rates, the
line formed by the colored liquid is seen as a straight and
sharp line. In this case, the type of flow in the transparent
pipe is called laminar flow. At high speeds and flow rates,
the line formed by the liquid, on the contrary to
appearing as a straight line, follows a random trajectory
and its boundaries are broken. This type of flow is called
turbulent flow. The transition to laminar flow followed
by turbulent flow is called the transition regime [31].
Flow types are shown in Figure 9.

Laminar Transitional Turbulent

;

Figure 9. Schematic view of turbulent flow, transitional
flow and laminar flow [32].

In many studies, the friction factor observed in
laminar flow is higher than in turbulent flow. The reason

why it provides the non-slip condition on hydrophobic
surfaces is that the area where the liquid contacts the
existing hydrophobic surface is small and accordingly
liquid drops can roll on the hydrophobic surface. Effect of
hydrophobic property on velocity profile is shown in
Figure 10. Drops of water that can roll on a solid surface
reduce the frictional force on the surface [31].
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Figure 10. Effect of hydrophobic property on velocity
profile [33].

Pehlivan et. al. [34] created turbulent flows between
5000 and 30000 Reynolds numbers from a 1 meter long
and 15.8-millimeter diameter Flora polymer-based
material (FEP, FEP-C, FEP-G) covered with hydrophobic
copper pipe. Pressure losses and variation of friction
factor were measured. While the contact angle of a water
droplet with the copper surface without hydrophobic
coating was 65', the contact angle on the inner surface of
the pipe where hydrophobic properties were obtained by
coating FEP, FEP-C, FEP-G were measured as 93", 96" and
102'. FEP with the lowest contact angle has the lowest
reduction in friction factor compared to the uncoated
copper pipe, while the pipe covered with FEP-G with the
highest angle has the highest reduction in friction factor.
It has been determined that the decrease in the friction
factor on the inner surface of the pipe with the increase
in hydrophobicity that occurs proportionally with the
increase of the contact angle will cause a decrease in the
energy that will be spent in the transmission of the fluid
from one place to another.

Ouetal. [35] created Micro protrusions parallel to the
flow direction on the superhydrophobic surface in
microchannels, and this structure was measured with the
Micro -PIV technique. The maximum shear velocity in
the microchannel was determined to be 60% of the
average flow velocity. They emphasized that
superhydrophobicity is the most important factor for
reducing the sliding friction factor on the surface.

Choietal. [36] coated various sizes of grid patterns on
a flat sheet. They stated that this process reduces the
friction factor by 20-30%. In addition, they found that the
friction factor decreased more in the flows parallel to the
patterns on the nanostructure compared to the
transverse flows. They explained this with the air layer
formed between the grids.

Chinappi and Casciola [37] covered the uncoated
smooth material surface with a hydrophobic coating and
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calculated the slip lengths on these surfaces by molecular
dynamic simulation (MD) method. According to the
calculated results, the shift length, measured at 20 nm
resulted in values of 0.2-0.5 nm when measured with the
help of the MD technique. The reason for these two value
differences is explained by the air layer formed between
the liquid-solid surfaces.

Nouri et al. [38] analyzed the reduction of friction on
hydrophobic surfaces using the Large Eddy Simulation
(LES) equations in their study. They also confirmed the
friction reduction value, which decreased by 30% in the
results they found, with the numerical simulation
method (DNS). They stated that the turbulent part of the
flow near the wall changes with the shear rate on the
surface. They stated that this effect occurs when the slip
length exceeds a certain value.

Bidkar etal. [39] stated that there is friction reduction
between 20% and 30% on hydrophobic surfaces in the
turbulent flow regime. They stated that the higher the
Reynolds number, the lower the ability of hydrophobic
surfaces to hold air, and the decrease in friction
accordingly.

3. Conclusion

Literature researches and studies show that
nanotechnology is one of the strongest bridges that can
be formed between the present and the future. With the
inspiration taken from nature and the discoveries of
science, it will become more possible with
nanotechnology to meet the needs of humanity and our
environment with more effective and more
environmentally friendly methods using less energy.
Superhydrophobic surfaces also play an important role
in achieving this goal. It is quite clear that
superhydrophobic surfaces offer more environmentally
friendly engineering solutions with less energy, as they
do not hold water, prevent icing and reduce friction
losses. It is expected that the use of such designed
surfaces and materials will become widespread in the
future and will open the door to many more innovations.

There are low-cost applications of
superhydrophobic materials with low water contact
angle and slide angles [40].
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1. Introduction

Abstract

In this study long-term trend analysis of precipitation and temperature series are determined
in the Hirfanli dam basin of Turkey. Data is obtained from the Turkish State Meteorological
Service for the period of 1968 to 2017 for Gemerek, Kayseri, Kirsehir, Nevsehir, Sivas and Zara.
Mann-Kendall, Spearman's Rho and Innovative Trend Analysis are used for trend analysis with
95% confidence levels. According to the results of the temperature series upward trend were
determined. The results of all methods are similar but increasing significant trends were
determined by Mann Kendall and Spearman's Rho except Zara. According to the precipitation
series results, with decreasing trends in Gemerek, Kirsehir, Nevsehir and Zara, increasing
trends were determined in Kayseri and Sivas. The results of Mann Kendall and Spearman's
Rho methods show parallelism with each other. Contrary to other methods, Innovative Trend
Analysis determined a decreasing trend in Kayseri. As a result of the analysis, the trends in the
precipitation series are not significant at the 95% confidence level. In addition to statistical
analyzes, evaluations were made in terms of integrated disaster management for drought
disaster in the basin with arid climate characteristics.

Studies on climate and climate components have
reported that temperatures have increased and

Along with the global climate change, the causes of the
events that adversely affect the climate are the
irregularities in the precipitation regimes with the
increase in temperatures. It is observed that global
climate change affects hydrological and climatological
parameters, such as the decrease in glacial masses in the
world, changes in sea water levels and irregularities in
precipitation [1].

As can be seen in the literature, the effects of global
climate change on various hydro-meteorological
parameters are being investigated [2-10].

Global climate change has become an important
problem affecting civilization around the world. Global
climate change manifests itself to different degrees in
various geographies in Turkey. These effects were
investigated using hydro-meteorological climate
parameters [11-21].

precipitation has decreased in recent years [22].

Keskin et al. [23] examined the effects of global
climate change on the Eastern Anatolia region by using
precipitation and temperature parameters. Toros [24]
evaluated low and high temperature data and
precipitation data of 18 stations. Altin et al. [25]
conducted trend analysis using rainfall and temperature
series of 33 stations in the Central Anatolia region
between 1975 and 2007 using the Mann Kendall test.

Drought disaster, which emerged with the
oscillations in hydro-meteorological parameters with the
effect of global climate change, is one of the main subjects
of researchers today. This disaster, which is examined on
a global and local scale, is also evaluated in terms of
countries [26-36].

In this study, Hirfanli Dam basin, which is located in
the semi-arid climate region where climate change can be
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seen due to its location, was chosen as the study area. The
drought situation in the basin and the Central Anatolia
region, where it is geographically located, has been
examined with different methods in the literature [37-
42]. Temperature and precipitation series analyzes were
made by using Mann Kendall (MK), Spearman’s Rho (SR)
and Innovative Trend Analysis (ITA). In addition,
evaluations were made from the perspective of
integrated disaster management for the basin's fight
against drought.

2. Integrated Disaster Management

Disasters are events that affect every geography and
every society. Disasters encountered in the developing
and changing world have revealed the importance of the
concept of integrated disaster management. Disaster
management is one of the main areas of activity under
the responsibility of the public administration. It is an
interdisciplinary, transdisciplinary and transdisciplinary
field of study that covers all processes from detection of
risks, control of natural, social, human and technological
conditions, education of decision makers and all
stakeholders, creation of disaster awareness and disaster
culture, and planning to control in management. The
management model, which is called integrated disaster
management today, is a strategic management system
that aims to identify risks before disaster or emergency
occurs, to prevent or minimize damages, to respond
effectively and quickly when disaster occurs, and to carry

N
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I <1000
I 1000 -
[ 1250 - 15
[ 1500 -
1750 - 2
[ 2000 - 2
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Hirfanli Dam Basin

out post-disaster recovery efforts by providing
integration. The phases of this strategic management
system are mitigation, preparedness, response and
recovery phases [43-45].

3. Material and Methodology
3.1.Study area and data

The sub-basin containing the Hirfanli Dam Basin,
which is located between 33.3°E and 38.7°E longitudes
and 38.3°N and 40.1°N latitudes, is within the Kizilirmak
River Basin, and has a surface area of approximately
26700 km?2. In the basin, the altitude varies between 799
and 3880 m (Figure 1). The east part of the basin is the
hilliest region of the basin, which consists of high peaks
and is bordered by mountainous areas. Plateaus, wide
plains, and meadows are more common in the west part
of the basin [38-40].

Temperature and precipitation data between 1968
and 2017 were obtained from the Turkish State
Meteorological Service. The mean temperature of the
basin is 10.03 °C, and the mean annual precipitation
value is 424.82 mm. In addition, geographical and
meteorological details of the stations are given in Table
1. The temperatures in the basin decrease from west to
east, and the distribution of precipitation increases from
west to east contrary to temperatures. The spatial
distribution of temperature and precipitation is given for
the basin in Figures 2-3, respectively.

26E 28F 30FE RNE ME HGE IBE HNE NF HE
1 1 1 1 1 1 1 1 1 1
BLACK SEA
42°N+ "L F42°N
-
&
40°N -40°N
Z.
g
38N = 38N
36°N F36°N
MEDITERRANEAN SEA
T T T T T T T T T T
26E 28FE 30FE RNE ME HGE IBE HE NF HE
0 125 25 50 75 100
Kilometers

Figure 1. The geographical and topographical situation of the study area [41].
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Table 1. Geographical and meteorological information of the stations.

Stations Latitude (N) Longitude (E) Elevation (m) Pmean(mm/year) Tmean (°C/year)
Gemerek 39.11 36.04 1173 403.31 9.64
Kayseri 38.44 35.29 1093 390.13 10.54
Kirsehir 39.09 34.10 1007 383.49 11.47
Nevsehir 38.35 34.40 1200 413.20 10.70

Sivas 39.45 37.01 1285 443.70 9.19

Zara 39.54 37.45 1348 515.11 8.66

) ) 34=0|‘0”E ) ) 35°0|'0”E ) ) 36=0|’0"E ) ) ) 37’0|'0'I ) ) ) ) SSEOI'O"E )
N

T
40°0'0"N

39°0'0"N

| Mean Temprature
Value
High : 11,47
7 ® Meteorology Station - =
z - Low: 8,66 -g
€40 15 30 60 90 120 &
G| O — S— K|
' ' " a00E ' ' e ' ' " 3600E ' ' " s00E ' ' " s00E

Figure 2. Spatial distribution of temperatures [42].
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Figure 3. Spatial distribution of precipitation [42].
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3.2. Mann Kendall (MK) trend test

The MK test is independent of the distribution of
variables [46-47]. Whether there is a tendency in the
time series is tested by the null hypothesis (Ho: no trend)
[2, 48-49]. The pairs x;, xj in the series X1, X2, ..., Xn are
divided into two groups. The test statistic (S) is
expressed by Equation (1), where for i <j the number of
pairs with xi <x; is P and the number of pairs with xi> x; is
M. Kendall correlation coefficient with Equation (2);
variance is calculated by Equation (3). If there are equal
values in observations in the series, the variance value is
calculated using Equation (4).

S=P-M &))]
= T @)
[nin-1)2n+5)
g, = |———— (3)
5T 18
5. = Ii'n:r:-J.l 2n+5)-L t; ;- L0 20;+5) )
5T 18

Standardized MK test statistics are calculated by
Equation (5).

—= ;520
0 ; §=0 (5)
== ;. 5=0

G

If the absolute Z obtained by Equation (5) is less than
the critical Z of the normal distribution corresponding to
the selected a significance level, the Ho is accepted;
otherwise, the existence of the trend is determined.
Positive values indicate the presence of an increasing
trend, while negative values indicate a decreasing
tendency [50].

3.3.Spearman’s Rho (SR) trend test

SR method is a simple and fast method used to
investigate whether a linear trend exists. The purpose of
the SR test is to investigate the existence of a linear
relationship between the two-observation series [51-
52]. Using Equation (6), the rs value for the SR test
statistic is calculated [53-54].

If the observation period (n) exceeds 30 years, the Z
value is calculated using Equation (7) [11, 55].

Z=pVvn-1 7N

If the Z value at a selected a significance level is
greater than the za value determined from the standard
normal distribution table, the Ho (No trend) hypothesis
based on the fact that the observation values do not

change over time is rejected and it is concluded that there
is a certain trend.

3.4. Innovative trend analysis (ITA)

According to this approach proposed by Sen, the
recorded set of hydrometeorological data is divided into
two equal halves from the median year [56]. The trend
was not observed above the 1:1 line, and it was observed
that decreasing trend is observed when the data 1: 1 line
is located in the lower triangular region, and there is an
increasing trend when it is located in the upper
triangular region [56]. Sen [57] provided statistical
control of the statistical process and results with this
method. The steps of the stated statistical process are
given in Equations (8-13) [57-60].

E(s) = [EGR) - EG)) 8)

of = n—‘:[E-:ﬁ}l - 2E(7: ¥; ) — E()) 9)
Py = E.KHSI:_IE;?I_E;FT (10)
cri:%%:{l—pﬁﬁ) (11)

0; =£cﬂil—p;—_—,n—) (12)

CLis-w = 0 % Scritical Os (13)

In equations: ¥; average of first data, ¥=: the average
of the second data, p: correlation between the first and
second data, s: slope value, n: number of data, @: standard
deviation of all data, ; : slope standard deviation, 5. y¢a;
: In the one-way hypothesis (for example 95% confidence
level) Z shows critical values. The critical upper and
lower limit values calculated by Equation 6 were
established to determine the limits of the hypothesis test.
Each station has a trend in the time series when the slope
value s is outside the upper and lower confidence limits.
The trend direction s depending on the sign. Slope value
(s) can be positive or negative. This means that there is
an increasing (+) or decreasing (-) trend in the time
series [57-62].

4. Results

The MK, SR and ITA were applied to identify the
tendency in the Hirfanli Dam Basin stations recorded by
TSMS in the period of 1968-2017. The results of the
analyzes performed at 95% confidence levels are shown
in the Tables 2 and 3 respectively. Graphical results of
ITA also shown Figures 4-5.

According to temperature results (Table 2 and Figure
4), increasing trends were determined at all stations.
Statistically significant trends of upward (Z>Zcr) were
designated in the Gemerek, Kayseri, Kirsehir, Nevsehir
and Sivas pursuant to MK and SR. On the other hand, the
ITA results of stations, a significant upward trend could
not be determined but stations have upward trend. The
findings of this results, obtained by MK, SR and ITA
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methods for the Hirfanli dam basin, show parallelism for
temperature series.

According to Table 3 and Figure 5, MK, SR and ITA
results of the stations. According to the MK and SR
results, a significant trend could not be determined. An
upward trend detected Kayseri and Sivas. Gemerek,
Kirsehir, Nevsehir and Zara have downward trend. For
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ITA results, Gemerek Kayseri, Kirsehir, Nevsehir and
Zara have downward trend. There is just Sivas has
upward trend. The findings of precipitation results,
obtained by MK, SR and ITA methods for the Hirfanli dam
basin, show parallelism except Kayseri. The results of
Kayseri have upward for MK and SR but ITA show
downward trend.
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Figure 4. Graphical ITA results of temperature series.
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Figure 5. Graphical ITA results of precipitation series.
Table 2. MK, SR and ITA results of temperature series.
Stations Zcr Zmk Trend Zsr Trend CLita S Trend
Gemerek  +1.96 2.46 Significant upward 2.53 Significant upward +0.0568 0.0341 Upward
Kayseri +1.96 4.80 Significant upward 4.55 Significant upward +0.0695 0.0526 Upward
Kirsehir +1.96 3.35 Significant upward 3.40 Significant upward +0.0645 0.0337 Upward
Nevsehir +1.96 4.02 Significant upward 4.06 Significant upward +0.0673 0.0457 Upward
Sivas +1.96 3.36 Significant upward 3.36 Significant upward +0.0581 0.0413 Upward
Zara +1.96 1.77 Upward 1.80 Upward +0.0508 0.0225 Upward
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Table 3. MK, SR and ITA results of precipitation series.

Stations Zcr Zmk Trend Zsr Trend CLita s Trend
Gemerek +1.96 -0.08 Downward -0.03 Downward +1.1895 -0.2965 Downward
Kayseri +1.96 1.14 Upward 1.05 Upward +1.3414 -0.0810 Downward
Kirsehir +1.96 -0.36 Downward -0.25 Downward +1.2302 -0.2707 Downward
Nevsehir +1.96 -0.23 Downward -0.19 Downward +1.2699 -0.9218 Downward
Sivas +1.96 0.86 Upward 0.79 Upward +1.1621 0.5354 Upward
Zara +1.96 -1.70 Downward -1.72 Downward +1.4146 -0.7675 Downward

5. Conclusion

In this study, the effect of global climate change on
the temperature and precipitation series in the Hirfanli
Dam Basin was investigated. The temperature and
precipitation records measured by TSMS in the period
1968-2017 were used. An upward trend has been
determined in the temperature values throughout the
basin. For precipitation series downward and upward
trends have been determined.

As a result of global climate change, drought in the
basin is expected to increase even more in the future. In
line with this expectation, it is important to identify risks
and hazards, take all necessary precautions, take
responsibility for disasters and to raise awareness in
order to prevent and reduce damages within the scope of
the modern disaster management approach [63]. In line
with the disaster management approach, for the drought
disaster and other possible disasters in the basin:

e Strategic disaster action plans should be prepared
with a participatory understanding.

e Disaster management policies should be established
with a culture of cooperation between central and
local governments, non-governmental organizations,
professional chambers and the private sector.

¢ In this context, all stakeholders, governorships, local
governments, public institutions, development
agencies, universities, city councils, professional
chambers and non-governmental organizations
should come together to prepare plans and share
them with the public, knowing their responsibilities
within the framework of cooperation.

e Short films and public service announcements should
be created to inform about disasters.

e Disaster education issues should be reviewed and
new topics should be strategically added. Disaster
education should be given starting from primary
school age and education should be repeated at
regular intervals.
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1. Introduction

Abstract

The Yalnizardig roller compacted concrete (RCC) dam, constructed in 2015, is located in the
Mediterranean region of Turkey, intended for electric power production. It is approximately
303 m long and 92 m in height. In this paper, it is aimed to determine the performance of the
grouting method, conducted to control the water seepage and improve the foundation of the
Yalnizardi¢ dam. The engineering properties of the site were introduced by geological
mapping, drilling, and laboratory tests. The seepage of the foundation was determined by the
in-situ Lugeon test method, also referred to as a water pressure test, which is estimate the
mean hydraulic conductivity of rock mass. As a result of the tests, high-permeable and
permeable zones were determined in the dam axis area. To make a barrier layer for these
permeable zones, grout curtains were built in the left abutment, thalweg and right abutment
with two lines of grouting holes which is proposed according to the Lugeon test and rock
quality designation (RQD) results. Consolidation grouts were built to increase the density of
the soil which makes the strength of the dam's foundation. After the groutings, check
boreholes were drilled and water pressure tests were performed to control the seepage along
the foundation and dam site. The results indicated that average Lugeon (LU) values reduced,
and the values were within the recommended limit. The process shows considerable accuracy
in evaluating grouting efficiency.

foundation elevation of 1263 m. The dam's height from
thalweg is 92 m, and its body fills volume totals 571,293
3

Yalnizardic Dam Hydroelectric Power Plant is m°.

located in the Mediterranean region within the borders

Seepage during reservoir impoundment is a

of Antalya on the northeastern part of Alanya, Turkey
(Figure 1). It is built to produce energy by utilizing the
available water potential of the Gevne Stream that flows
through the Goksu Basin. The research region is situated
between the heights of 1385 m and 1205 m in the Géksu
River Basin on the Gevne Stream, which is the source
branch of the Ermenek Stream of this river. The installed
capacity amounts to 33.13 MW, with an energy
production of 90 GWh per year. The average annual
discharge is 8.76 m3/s, and the average yearly water
volume totals 276.10 hm®. The maximum water level of
the dam lake reaches 1359.40 m, with a total storage
volume of 109.525 hm3. A circular diversion tunnel with
a diameter of 4 m and length of 230 m was constructed.
A summary of the dam's characteristics includes a crest
elevation of 1361 m, a crest length of 303 m, and a crest
width of 12 m. The thalweg elevation is 1269 m, with a

common issue observed in many dams worldwide.
Seepage in fractured or unconsolidated terrains can
escalate to erosion, which ultimately leads to the
formation of concentrated leakage pathways. This can
jeopardize the stability of a dam and result in unforeseen
dam failure. Therefore, the hydraulic and mechanical
characteristics of the rock foundation are critical
parameters in dam design [1]. Several methods have
been developed to detect dam seepage. In addition to
geophysical surveys such as ground-penetrating radar
(GPR), self-potential (SP), and various types of logging
(such as gamma-gamma, neutron-neutron, and caliper
logging), permeability and pressure water tests are
commonly used methods. The decision to install a grout
curtain primarily depends on the results of these tests [2-
3].
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Figure 1. Location map of the Yalnizardi¢ Dam Site.

Grouting is one of the most common methods of
foundation reinforcement, defined simply as the filling of
fractures and gaps in the base rock with cement slurry,
resulting in a relatively impermeable rock mass, greater
strength, and reduced deformability. The success of this
method depends on the overall properties of the ground,
which include irregularities, apertures, and the space
volumes of the fractures. These factors directly influence
the grout mixture and quantity needed for effective
application. Grouting is used in dam construction to
reinforce the foundation of the dam. This is achieved by
making the ground impermeable, preventing seepage
through the foundation, reducing hydrostatic pressure
on the downstream side, and obstructing the washout
and erosion of fine-filling materials. Despite being
designed to prevent leakage, dams may still experience
seepage. In such cases, preventing piping is crucial, and
this is achieved by grouting with appropriate materials
based on the results of the Lugeon test. Grouting often
constitutes a significant portion of the dam budget [1, 4-
6].

Grouting in dam engineering has been extensively
studied to enhance the strength and durability of weak
soils while reducing permeability. Kocbay and Kilic [7]
investigated the engineering geological properties of
rock masses in the Obruk Dam region of Turkey. The
study focused on various factors such as discontinuities,
degree of weathering, strength, and hydraulic
conductivities, to identify potential problems and
necessary precautions for construction. However, no
recommendations were provided regarding
impermeability. Agan [8] suggested the use of grout at
the Mezra Dam site in Turkey. However, the focus of the
study was primarily on presenting the findings of site
investigations, rock mechanics, and geological

21

assessments. Giirocak and Alemdag [9] assessed the
depth of grout and conducted seepage analyses using the
finite element technique at the Atasu Dam site in Tiirkiye,
based on the values obtained from Lugeon tests.

Kocianova et al. [10] focused on novel techniques for
remediation grouting and examined the composition of
grout mixtures. Lin et al. [5] developed a new grouting
model for a super high arch dam, while Chhun etal. [11]
investigated the impact of a newly developed cement
grout on the strength of silty sand through a laboratory
study.

The seepage of the dam foundation and body
following impoundment, as well as the measures taken to
prevent it, were examined in case studies by Turkmen
[12], Chun et al. [13], and Ozcelik and Tuzlu [14].

Alkaya and Yesil [15] investigated the grouting
procedure of the Cindere Dam in Tiirkiye, while Ozcelik
[16] examined the Deriner Dam in Tiirkiye.

Numerous studies have been conducted on specific
aspects related to dams, such as the grouting procedures
[15-16], case studies about seepage following dam
impoundment [12-14], grout techniques and mixtures [5,
10-11], and geological properties of rock masses [7-9],
including discontinuities, degree of weathering, strength,
and hydraulic conductivities.

This study presents an analysis of the geotechnical
properties of rock masses, including permeability and
rock quality designation, at the Yalnizardic Dam site in
Turkey after grouting application in the foundation. The
study provides a detailed description of the grouting
application process based on the proposed method. The
study uniquely assesses the effectiveness of the grouting
application through a regional comparison of
permeability before and after remediation, utilizing
check boreholes.
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2. Geological Characteristics of the Dam Site

The dam site is characte