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Abstract. The rain impact and ice accretion on different aerodynamic constructions represent a large problem to their safety 
and operation. Most current de-icing systems include either physical or chemical removal of ice, which is resource- and 
energy-intensive as well as environmentally polluting. A more desirable approach to prevent initial ice formation from 
water droplets on a surface is to employ highly ordered super-hydrophobic materials, which mimic lotus leaves and other 
natural dirt- and water-repelling surfaces and reproduced in many laboratory tests. The ability to fend off water droplets 
could lead to prevention of icing as an inherent material property, which further would prevent ice formations, rather than 
fighting its build-up. Our objective is to draw attention to problems of an extension of this effect to technical applications. 
The main idea of the icing or rain protection of the different aerodynamic constructions may be the use of super-
hydrophobic thermoplastic polymers with the water-repellent properties to prevent corrosion, improve aerodynamics or 
add self-cleaning properties to the material. The purpose of the present study is to explore the possibility of using a fast 
and cheap technology of R2R-EC to enable the fabrication of nanostructures on polymer foils of sizes ranging from 50 
nanometers and up to 100 micrometers with the aim of improving the ice-cleaning and water-repellent properties of the 
coating. This high-speed and low-cost lithography method is developed at DTU and Danapak Flexibles A/S. These super-
hydrophobic surfaces with water-repelling structures provide rebound actions on the impacting droplets with the large 
contact angle θ. For the foils with the different micro- and nanostructures, the wetting properties are measured and impact 
with single droplet is presented. These coatings can be used for different engineering tasks, which need to establish and 
test new anti-icing/rain solutions for complex aerodynamic flows. We will start the present investigation from the initial 
point to include main aspects of the previous water-repellent investigations and test a single droplet impacts on the surface 
with the thermoplastic foil for the coating. 

INTRODUCTION 

Erosion by raindrops is a frequent subject of concern being the destroyer of engineering structures. The impact of 
these interactions can be observed along all exterior solid surfaces in both nature and engineering. Today an intensive 
development of sustainable energy plants (on- and offshore wind farms etc.) offers an additional challenge for the 
anti-water erosion of immobile or rotating elements in their constructions on which surface firstly a significant water-
film is usually formed by an intensive rain from the many droplets. The films also change the droplet blows impacting 
on the surface. Nevertheless, knowledge about the single droplet impacting on the wall has, of course, a basic role in 
studying the phenomena.  

An adjoining problem to the water-erosion under our consideration in the review is the ice accretion inheriting the 
countries with the specific climatic conditions. The ice accretion on civil engineering structures represents a large 
problem to the safety and operation. For example, transmission lines can experience extreme high additional static 
loading due to massive ice accretion on the cable causing power blackouts. Telecommunication and meteorological 
equipment may suffer from ice accumulation or even fail. Larger pieces of the accreted ice fall off imposing a potential 
risk for serious or even fatal accidents of pedestrians around the building or for the traffic crossing the bridge. Apart 
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from increasing the mass and with that the dead weight of a structure, ice can alter the dynamic behavior and the 
dynamic excitation of a structure. Most current de-icing systems include either physical or chemical removal of ice, 
which is resource- and energy-intensive as well as environmentally polluting. A more desirable approach is to employ 
highly ordered super-hydrophobic materials to remove initial water droplets before the icing formation on a surface.  

Last part of our consideration devotes to the central concept of the water-repellent surfaces which fabrications is 
inspired by nature. Indeed many exterior natural coatings of plant surfaces or animal skins contain complex 3D 
structures of different geometries on micro- or nanoscale to reduce the flow friction eliminating the water droplets on 
the surfaces with anti-erosion and de-icing effects. Many have attempted to repeat these natural structures in 
engineering by synthetic coatings with hydrophobic surfaces to reduce aerodynamic losses and erosion by the water-
repellent effect. However, the successful natural solutions could not be profitably reproduced in many engineering 
tasks, dominatingly due to two main factors: a high cost of production of the surface coatings and a low wear resistance 
of the synthetic materials. Recent advances at DTU Nanotechnology have finally overcome these difficulties, opening 
up for the possibility of studying interactions of these wear-resistant coatings with both static and dynamic liquid flow 
interactions. Here we will estimate a perspective for the new technology with the superhydrophobic coating for many 
potential applications of Danish industries. The established hydrophobic and wear resistance properties of the 
nanostructured coatings will be compared with the characteristics of applications where a reduction of the friction 
losses and erosion is vital. Important examples include wind turbines, solar energy panels, offshore and ship 
constructions, highways, power lines, bridge and building constructions etc. The expected outcome is guidelines for 
utilization of surface coatings in different application technologies. However, we will start the present investigation 
also from the initial point of the knowledge including the single droplet impacting on the wall which has, of course, a 
basic role in studying the phenomena on the surface with the thermoplastic foil for the coatings. 

STATE OF THE ART IN STUDY OF DROP IMPACTS AND ICE ACCRETIONS 

The Section is organized as follows. The next Subsection formulates the initial knowledge on the single droplet 
impacting with both dry and wetting walls. The second Subsection describes the problems when the continuous water 
films form under heavy rain condition on surfaces of the engineering structures. The last Subsection presents the 
results of the ice accretion for different conditions.  

A single droplet impacting on dry or wetting walls 

A liquid drop colliding with a solid surface is associated with many phenomena: droplets can stick, spread, bounce 
(rebound), splash etc. Fig. 1 depicts some of the phenomena [1]. The study of the interactions of a droplet hitting a 
wall is well described in the literature (e.g. [2-6]).  

 

 
FIGURE 1. Sketch of main types of the wall interactions of the single droplet. 

 
Although there is a great experimental progress on the droplet impact problem, a consensus has yet to be reached 

on many of its basic configurations, which morphology may take very complex forms (Fig. 2). 
The outcome of drop impact depends on the impact velocity, its direction relative to the surface, drop size, the 

properties of the liquid (its density, viscosity, viscoelasticity, and some other non-Newtonian effects for rheologically 
complex fluids) the surface or interfacial tension, the roughness and wettability of the solid surface as well as on the 
non-isothermal effects (e.g., solidification and evaporation), and air entrapment. A drop may be spherical or elliptic 
(due to oscillations) at the moment of impact. It may impact on the free surface of a liquid in a deep pool, on a thin 
liquid film on a wall, or on a dry solid surface. The impact may be normal (perpendicular) or oblique (at an angle). 
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FIGURE 2. Examples of morphologies of drop impact on a dry surface: a) spread, b) splash and c) rebound [7]. 

 
The last review about the drop impact on a solid surface was published by Josserand and Thoroddsen [8] and we 

will follow their main conclusions. In this review, the authors focus on recent experimental and theoretical studies, 
which aim at unraveling the underlying physics of liquid inertia, viscosity, and surface tension etc. To define the 
different parameters involved in drop impacts, the authors considered as a prototype the normal impact of a spherical 
liquid drop on a flat solid substrate.  

The drop diameter is D = 2R, and the normal impact velocity is V. The liquid and surrounding gas have densities 
ρl and ρg, and dynamical (kinematic) viscosities μl (νl = μl /ρl) and μg (νg = μg /ρg), respectively. The surface tension is 
denoted by γ and the gravity by g, which is oriented along the vertical direction. In general, the impact dynamics were 
first characterized by the Reynolds, Weber, and Ohnesorge numbers, defined with the liquid properties as 

 
  , and ,  (1) 

 
which balance the inertia with the viscous and the capillary forces, respectively.  

To demonstrate a role of the introduced parameters (1) involved in drop impacts, we refer to [9]. In this work, the 
authors provide a comprehensive analysis of the parameter space of the impact problem. The main cross-section of 
this parameter space (the diameter–velocity sub-space) is reproduced in Fig. 3, a. The original overview of 
experimental works on droplet impact by Visser et al. [9] contains only industrial needs of spray/wall interactions in 
the coating, cleaning, cooling, and combustion. The industrial tasks dominate in them plot also because today inkjet 
droplets play an increasing role in fabrication, from the soldering of electronics to microarrays in biotechnology. In 
nature, nevertheless, a drop of water hollows stones or engineering structures causes their erosion during rain. 
Raindrops impact at their terminal velocity, which is greater for larger drops due to their larger mass to drag ratio. At 
sea level and without wind, 0.2-0.5 mm drizzle impacts at 1-2 m/s, while large 5-9 mm drops impact at around 9-30 
m/s (with wind speed). An intensive building of on- and offshore wind farms offers an additional level of the raindrop 
impacts on rotating blades with tip velocities 100-150 m/s. These limits for the raindrops are extremely expanded of 
both cross-sections the impact problem, which was shown by new thick curves of Fig. 3. 

Figure 3, b shows in terms of a dimensionless representation of the parameter space assuming the relevance of 
certain forces and processes (the Weber- and Reynolds numbers). The thin line indicates the separation between 
viscosity- and surface tension-dominated regimes (under versus above the line, respectively). Visser et al [9] explain 
the thin curve by the maximum spreading of the impacting droplet which is the result of the competition of forces. On 
the one hand, inertia forces drive the liquid to radial expansion. On the other hand, surface tension (capillary force) 
pulls back the expanding sheet, and viscosity (viscous force) dissipates part of the energy, limiting the maximum 
spreading size. The limiting cases, in which inertia forces are balanced by either surface tension or viscous dissipation, 
were separated by the parameter P = We/Re4/5 = 1 modeled by Clanet et al. [29]. Fig. 3, b does not indicate the 
existing droplet experiments for the P > 1, which can be used to obtain accurate predictions for the rain-scale 
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experiments by using scale-invariant of the existing data, although of course, it is not obvious that this scale-invariance 
must hold. 

 

 

 
(a) (b) 

FIGURE 3. Overview of experimental work on droplet impact showing the phase of inverse (in accordance with the review [9]): 
(a) diameter versus velocity and (b) the Reynolds number versus the Weber number (the plotted data by symbols was indicated in 

[9-29]). The P-line indicates the separation between viscosity - (P < 1) and surface tension - (P > 1) dominated regimes [9].  
The thick lines show possible parameters of raindrops to the ground (black) and on blades of wind turbines (grey) – current data. 

 
Finally, other dimensionless parameters can be present in the dynamics, often hidden in the literature, and related 

to the drop shape (e.g., the aspect ratio of the drop at impact) or the substrate properties, in particular, the contact angle 
θ and roughness distribution describing the hydrophobic properties and slip velocity Vslip on the surface (Fig. 4). The 
slip velocity and contact angle usually are defined in experiments and have strong influence to set the scale-invariant 
roles. 

 

 
 

(a) (b) 

FIGURE 4. Sketches of different types of the drop interactions (a) and slip velocity on the wall (b). 
 
Later-time dynamics of the impact exhibit different behaviors depending on the impact and substrate parameters, 

ranging from smooth spreading to splashing, jetting, and rebound. In reality, only the spreading of drop impact has 
been expanded and described appropriately. In the novel investigation [30] the authors have studied different slip 
conditions and liquid-solid contact angles at the solid surface to show an important of the substrate properties 
(roughness and hydrophobicity under the same Re and We). They considered the limit cases with no-slip, Vslip = 0, 
and free-slip Vslip = U (Fig. 4, b). For the free-slip case, they used both contact angle θ = 90˚ and 180. In the article 
was also investigated the energy budget and dissipation mechanisms during droplet impact on solid surfaces which 
can be employed to estimate of an erosion of solid surfaces in future. The authors have found an interesting fact, that 
for high impact velocities and negligible surface friction at the solid surface (i.e. free-slip case, Vslip = U), 
approximately one-half of the initial kinetic energy is transformed into surface energy, independent of the impact 
parameters and the detailed energy loss mechanism. 
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In nature, unfortunately, the water drops during rain in atmospheric conditions follow splashing which usually 
describes aerosol phase with small bounced bubbles [31]. There have been many attempts to create the splashing 
theory [32-35] but all of them only apply for special cases and do not include the influence of different natural factors, 
e.g. the difficulty in distinguishing between the different aerosol phases (Fig. 2), or the surface wettability or roughness 
etc. Thus, an up-to-date parametric study separating the splashing of the impacting droplet is needed to complete the 
theoretical and numerical description of the complex phenomena. 

Another well-known review on the topic on the impacting drops by Yarin [3] concluded that for normal impacts 
on a dry solid surface, full characterization of the effect of the surface texture, i.e., wettability and roughness, on the 
drop evolution, is still to be achieved, although several experimental data are already available in the literature. 
Modeling of normal drop impacts on a dry surface resulting in spreading and deposition is reliable, although there is 
still no complete agreement on the boundary conditions to be implemented at the moving contact line. The transition 
from the spreading to the stage, where the contact line is arrested, is also still incompletely understood and poses 
significant obstacles to reliable modeling. The consequences of oblique impacts on dry surfaces (a droplet colliding 
with the wall at an angle) are still insufficiently studied and understood. 

The review by Yarin [3] also dealt with the droplet impacts on liquid surfaces or wettable walls. This water film 
should appear on the surface when subject to rain. Here we will pay your attention to the different effects of the water 
drops colliding with the liquid films. This section deals with the situation involving pre-existing liquid films, or films 
created by impacts of previous drops because a rain should strongly wet the surface. The additional non-dimension 
values of the dimensionless film thickness – H = h/2R (Fig. 7) and K = We*Oh-2/5 becomes also important parameters 
in the dimensionless group. The real pattern of drop splashing, in this case, looks too complicated for any theoretical 
tools except, the numerical ones, because both additional unknown film thickness H and velocity V appear (Fig. 5) of 
which should be found experimentally.  

 

 
FIGURE 5. Sketch of the droplet interacting on the thin liquid film. 

 
However, there are simple models based on a quasi-1D model [36], which can describe the thickness H and the 

crown position for a single impact on a thin pre-existing liquid layer. The authors of [37-39] generalized the simplest 
theory. The single-drop impacts on pre-existing films of the same liquid were experimentally studied by authors of 
[40-42]. These experiments revealed two characteristic flow patterns, like on the solid wall. At sufficiently low impact 
velocities the drops spread in the film under the wall, taking a visible outer rim. At still lower impact velocities 
practically no rim is visible, which termed deposition [42]. By contrast, at higher impact velocities the interaction took 
the shape of crowns consisting of a thin liquid sheet with an unstable free rim at the top (Fig. 8), from which numerous 
small secondary droplets were ejected [43]. Thus, both main forms, i.e. the splashing and spreading, of the impacting 
droplets appear here.  

Yarin [3] concluded in his review that there is an understanding of the nature of the transition to splashing, crown 
formation, and propagation, for a normal drop impact on a thin liquid layer (less than the drop diameter), and that it is 
possible to model these phenomena. Transition to splashing after an oblique impact (a droplet colliding with an angle) 
still needs to be investigated, and models of crown propagation after such an impact still requires to be verified 
experimentally. Impacts on extremely thin liquid films, where the effect of the surface roughness cannot be 
disregarded, deserve more thorough examination. 

Airfoil and body aerodynamics in heavy rain 

Rainfall on the immobile engineering structures and rotating blades of wind turbines (WT) should be considered 
just as an important meteorological factor as it is for aircraft. Indeed, adverse effects of rainfall on aircraft aerodynamic 
were a constantly hot subject in the meteorological aviation community for decades [44]. We try to separate the main 
factors of these influences, which can be applied to the rain erosion of the rotating WT blades and immobile structures.  

Rainfall is a common physical phenomenon in people's life. Practical observation showed that the maximum 
raindrop diameter would not exceed 6 mm and the maximum falling velocity was approximately 9 mm/s without wind. 
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In order to conduct experimental investigations or develop analytical models on the effects of rain on aircraft 
aerodynamics, the characteristics of naturally occurring rainfall need to be understood. An understanding of the 
physics of raindrops is determined by analyzing various parameters, such as raindrop size distribution, the intensity 
of rain, the terminal velocity of a raindrop, the range of rainfall rate and the frequency of rainfall. 

The literature on aviation comprehensively discussed the main detrimental influences of rain on aircraft. Figure 6 
a)-d) shows the several aspects of them, which can be also important for the WT-blade aerodynamics: 

 Rain erosion of the surface (aluminum alloy) [45]. The rain erosion of the blade is also the main problem for 
wind turbines.  

 Rain-induced torque implemented on aircraft and the change in the center of pressure, which can produce a 
change in the balance of the WT-rotor rotation. 

 Possible destabilization effect of water vapor condensation on airfoil boundary layer [46]. 
 Premature trailing edge separation for NACA64-210 airfoil in the rainfall condition at an angle of attack of 

12-14 [47]. 
All factors mentioned in Fig. 6 for aircraft should also impact on the aerodynamics of the WT-blades but there is 

a significant difference between them concerning with the angle of the rainfall which is about the same for the wings 
and can be arbitrary for the rotating blades. Another potential detrimental influence of the water film is the water film 
separation occurring over the airfoil somewhat aft of the minimum pressure area, as shown in Fig. 10, b. The water 
film separates a sheet interacting with the airflow over the airfoil and deflecting the free-stream air up thus encouraging 
separation. 

 

  
 

(a) (b) (c) 

 
(d) 

FIGURE 6. The main influences of rain on aircraft, which also can play a critical role in WT operation: 
(a) surface erosion; (b) tracts of the raindrop; (c) vapor condensation; (d) streamlines under different conditions [48]. 

 
According to published literature in the last decades, the following aspects has been investigated on the effects of 

rainfall on aircraft: aerodynamic performance degradation [48], raindrop trajectory [49], rain-affecting mechanisms, 
flight dynamic performance in heavy rain conditions [48, 50], and surface water film flowing characteristics [51, 52]. 
All these results are open studies on WT operation in rain conditions because the blade rotation makes a possibility of 
any rain direction for the airfoil surface.  

Next question for the future studies is to test the lotus effect at the heavy rain condition. While single drop impact 
studies have been conducted amply in the past, testing of more practical and complex flow situations, including 
reduced flow resistance still remains an open yet industrially and academically important area of the study of the 
aerodynamics in heavy rain for mobile and moving different engineering structures. 
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Ice accretion for different atmospheric conditions 

The relevance of the icing problem is determined by the specific climatic conditions in the Arctic countries in 
which a control of the ice accumulation is important. The ice accretion on civil engineering structures represents a 
large problem to the safety and operation. Larger pieces of the accreted ice fall off imposing a potential risk for serious 
or even fatal accidents of pedestrians or for the traffic crossing around the building, bridge [53]. Other cases where 
ice accumulation imposes potential risks for operation, safety and erosion are: wind turbines operations in cold 
conditions, solar panels etc. (see Fig. 7) 

 

  
(a) (b) 

FIGURE 7. Examples of the icing on (a) – a WT-profile [54] and (b) –  a cable [53]. 
 
The effect of icing should be considered during the design process, including safety assessment, anti-erosion, and 

economic evaluation. Also, the effect of icing on the rotor aerodynamics should be considered since this may change 
the load distributions and dynamic responses. For stall-regulated wind turbines, icing can make the blades stall earlier 
than intended. Additional mass on the blade due to icing yields higher inertia forces on the rotor and may change the 
natural frequencies of the blade that should be considered during fatigue lifetime assessment of the structure. Possible 
ice throw from the wind turbines operating under ice condition is an important issue for wind farms near populated 
areas such as a ski resort or farmlands [54].  

A modern solution to the anti-icing problem should include, but are effectively not limited to the following 
statements:  

1. The ice-phobic material has to reduce significantly ice and snow build-up. 
2. The material has to be inexpensive and environmentally friendly. 
3. The ice-phobic material should be easily manufactured and applied as a coating of a bulk material to be used 

for both fabricated and new constructions. 
4. This material has to withstand weather conditions of the coast at 0-300 m above sea level in the Arctic and it 

should be tested under realistic environmental conditions, for example in an icing wind tunnel at sufficiently 
high airspeeds to match the conditions encountered in nature. 

ANTI-WETTING AND DE-ICING BY SUPER-HYDROPHOBIC STRUCTURES 

Production of new engineering materials with super hydrophobic properties is inspired by nature, where many 
plants grow water-repellent structures on their surfaces, consisting of complex 3D micro and nano-papillae [47]. 
Superhydrophobic surfaces are a popular solution for research on the de-icing. A number of studies freezing of water 
droplets on cooled super-hydrophobic surfaces have been carried out on samples of relatively expensive components, 
such as microstructured fluorinated Si, Al or Gold Thiols [55,56]. However, these successful solutions are hard to 
profitably reproduce in many engineering tasks due to a high cost of production of such surface coatings. 

Fabrication of superhydrophobic surfaces in thermoplastic foils 

In order to scale up the production of superhydrophobic surfaces, the structures made in semiconductor materials 
or metals can be transferred into plastic via imprint. Nowadays there are multiple imprint platforms available, and the 
development is leaning towards roll-to-roll production of the structured surfaces. One of the examples of a successful 
roll-to-roll platform is R2R extrusion coating. This process has a high throughput and a potential for production of 2m 
wide foils at a speeds of up to 1000 m/min [57]. A schematics of the process is presented in Fig. 8, a. The melted 
polymer is pressed between two cylinders, hereby connecting with the carrier foil. The micro and nano-structured 
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molds are introduced at the cooling roller, where the polymer is cooled down and undergoes pressure, which results 
in the transfer of the pattern from the molds onto the foil.  

The extrusion coating process is a well-established method for manufacturing of packaging foils. Introducing the 
micro and nano-structures into surfaces of thermoplastic polymers that increase the surface roughness, can change 
wettability properties and increase hydrophobicity. Such superhydrophobic thermoplastic foils can be used to prevent 
corrosion, improve aerodynamics or add self-cleaning properties to the material, as well as icing and rain protection 
of different aerodynamic constructions. 

 

 
FIGURE 8. (a) A sketch of the Roll-to-Roll Extrusion Coating process: the structured molds are attached to the “Cooling Roll”, 

where the melted polymer is brought into contact with the mold using the “Pressure Roll”. It is possible to structure sheets up to 2 
m in width. (b), (c), (d) Represent the investigated structures and (e), (f), (g) represent the respective contact angle measurement.  

(b) Flat PP surface, (c) micropillars, (d) nano-needles.  
 
Multiple parameters determine the functionality of the produced foils: first of all, the yield of the pattern transfer 

(how much the produced structures resemble the intended structure in the mold). Secondly, the shape and size of the 
intended structure. Additionally, the type of the extruded polymer and lastly, the test and handling conditions. The 
high yield of the pattern transfer is important in order to achieve the consistent quality of the foils and provide a stable 
performance. The yield of the pattern transfer has been investigated for both micro- and nano-structures [57, 58] where 
good results for structures of the sizes between 100 μm down to 50 nm have been presented.  

The hydrophobic effect in foils produced with the R2R EC has been demonstrated by Telecka et al [59]. 
Hydrophobicity is determined by the structure type and size. In Fig. 8 different shapes of structures are shown for PP 
foils (b,c,d) and the respective contact angles are presented in (e,f,g). For a flat PP surface the water contact angle is 
measured to be 102°±1°. Structuring the surface with a micropillar pattern changes the contact angle to above 150°; 
an array of nano-sized randomly distributed nano-needles (so-called nano-grass) further improves the water contact 
angle to exceed 160°. The contact angle hysteresis (difference between the advancing and receding angle at roll-off) 
is below 10° for the nano-grass structures, which makes these samples superhydrophobic. The superhydrophobic 
structures are inspired by the surface structures produced by several plants and animals, the so-called lotus effect. In 
Fig. 9 a, b an SEM image of the surface of a lotus flower is shown and a droplet resting on the surface, as measured 
by Wijesena et al [60]. A superhydrophobic polymer surface is presented in Fig. 9, c, d. The artificial water-repelling 
structure’s rebound actions on the impacting droplets resemble the Lotus effect  in the natural plants. 

 

    
(a) (b) (c) (d) 

FIGURE 9. (a) Super-hydrophobic surface of a lotus leaf [61]; (b) droplet of water on the leaf demonstrating the Lotus effect 
[61]. (c) Super-hydrophobic surface created in a lab, mimicking the lotus-leaf structure; (d) a droplet of water on an artificial 

superhydrophobic surface (Photo by Jesper Scheel) 
 

A water droplet impacting the flat PP foil does not achieve a full rebound, as it stays pinned to the surface 
(Fig. 10, a). The superhydrophobic nano-grass structures provide the total rebound at an impact with a similar water 
droplet (Fig. 10, b), demonstrating the Lotus effect and proving the superhydrophobicity. Different polymer types 

(a) (b) (c) (d) 

(e) (f) (g) 

30 μm 1 μm μ μ
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would show different results, depending on the initial contact angle with water. This effect should be optimized in 
terms of durability of the surfaces versus the surface properties of the polymer.  

 

 
FIGURE 10. (a) A water droplet landing on an unstructured PP surface. (b) A water droplet landing on a nano-structured foil 

produced using a roll-to-roll extrusion coating process. The droplet stays pinned to the flat PP surface, at the same time the 
superhydrophobic structures provide the total rebound of the droplet.  

 
The presented results should be used to define and design optimal super-hydrophobic surfaces among the different 

micro- and nanostructured patterns. These data can be used for further testing the existing and new theoretical and 
empirical models of heterogeneous nucleation. Furthermore, this investigations should deal with the study of how 
complex aerodynamic flows (Fig. 6, d) that may change the hydrophobic properties of the polymer foils, as the 
previous studies have only been dealing with interaction of the resting or free-falling droplets on super-hydrophobic 
surfaces. 

Further studies of the anti-wetting and de-icing properties of the thermoplastic foils 

This high-speed and low-cost method looks very promising, however, the present investigation started only from 
an initial point to test a single droplet impacts on the surface with the thermoplastic foil for the coatings. These coatings 
can be easy to use for the different engineering tasks, which need to establish and test new anti-icing/rain solutions in 
the complex aerodynamic flows to include main aspects of the previous water-repellent investigations as an effective 
de-icing technique. 

 

  
(a) (b) 

FIGURE 11. (a) Wind tunnel and (b) Absorptive bromide-lithium refrigerator [64]. 
 
In next investigations, it should be studied how realistic flows around basic aerodynamic bodies and rotor blades 

influence the surface contact time and the contact area of impinging water droplets for the different super-hydrophobic 
coatings. The testing aerodynamic profiles [62] with the foil coating should be studied under realistic environmental 
conditions in a climatic wind tunnel at sufficiently high airspeeds and low temperature to match the conditions 
encountered in nature. The climatic conditions in the laboratory tests are provided by the combination of a wind tunnel 
and an absorptive bromide-lithium refrigerator (Fig. 11). Measuring techniques, including non-intrusive optical 
systems (high speed cameras, LDA, PIV), in combination with rapid prototyping techniques (3-d printing) for fast and 
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accurate manufacturing of geometrically complex test section elements [63], will be used to study the icing processes 
under various external conditions. 

CONCLUSION 

In the current investigation, we described the state of the art in the study of anti-rain and de-icing which 
unfortunately restricts by the tests of the single droplet. Later-time dynamics of the impact exhibit different behaviors, 
depending on the impact and substrate parameters, ranging from smooth spreading to splashing, jetting, and rebound. 
In practice, only the spreading of impacting drops has been expanded and described appropriately. For the more 
complex cases (splashing, jetting, rebound, spray etc.), an up-to-date parametric study separating in the splashing of 
the impacting droplet is needed to create appropriate theories. 

Moreover, the understanding of the nature of the transition to splashing, crown formation, and propagation, for a 
normal drop impact on a thin liquid layer (less than the drop diameter) has been presented in literature and shown to 
be modeled by relating simple models. Unfortunately, the consequences of oblique impacts on dry surfaces (a droplet 
colliding with the wall at an angle) and on wetted surfaces are still insufficiently studied and understood. Thus, the 
typical situation when droplets impact at an angle on the blade surface has not been solved still! 

The raindrop conditions have extremely expanded the limits for of the impact problem, which were early studied 
for the industrial needs of mm-size spray/wall interactions in the coating, cleaning, cooling, combustion and new 
material fabrication. Many successful results of the airfoil of the aircraft should be expanded at the blades of WT 
operating at strong rain or icing conditions because the turbine rotation makes a possibility of any rain and snow 
directions causing at the airfoil surface.  

In the current review as a new idea, it was suggested for aerodynamic bodies and WT blades protection against the 
water/ice erosion to use coating based on the thermoplastic polymer in order to exploit the lotus effect. In practice, 
this can be accomplished by using new manufacturing technique as that was proposed by DTU and Danapak Flexibles 
A/S and can be easy to use. This original approach may open up ways for the current and new applications using the 
anti-erosion superhydrophobic coating for which the testing should continue to be an active research area in both its 
experimental and theoretical aspects several next years. Next question for the future studies is to test the lotus effect 
also at the heavy rain and icing conditions in the climatic wind tunnels. 
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