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Project Detail Report

1. Project summary

Wind energy is the fastest-growing source of electricity generation worldwide and it is
considered the main source of renewable energy for electricity production (~9% of total
electricity demand in Turkey). Icing is the most significant obstacle to the integrity of wind
turbines in cold weather. This project proposes a nano-scale coating that eliminates the risk of
icing by preventing condensate accumulation, ice nucleation and ice propagation. The coating
performances in terms of coating stability as well as delay in ice formation and heat transfer
during the impact of droplets were assessed using computational and experimental approaches.
According to our preliminary un-optimized results, the icing time was found to be increased up
to 400%. The aims of this project are to improve the wind energy production share by 5%, to
result in 10% reduction in repair-induced composite materials produced in the wind industry,
and to generate a paradigm shift in a broader context by causing a shift from active de-icing
methods to passive anti-icing approach for different energy and transport industries. Fig. 1
shows the general overview of the project.

Figure 1. Overall view of the project

2. Problem/ Issue

Wind turbines operate at high altitudes and frequently experience icing on their blades. Icing
deteriorates the wind turbine output and reduces the safety in engineering applications. Not only
safety in the form of ice detachment from the blades is an important issue, but also the presence
of ice during the operation negatively affects the blades and results in an increase in power loss
(20-50% power coefficient reduction) and mechanical failure (due to vibration and load
increase). Although the control of icing by applying external energy including heating,
mechanical, or chemical approaches may be possible, these conventional methods are costly
and impractical. On the other hand, passive methods such as coatings and structured surfaces



suffer from a lack of ability to prevent icing conditions. The available passive methods either
are superhydrophobic (SHC) blocking condensation and ice accumulation or slippery (LIC)
preventing droplet accumulation and ice adhesion. The applicability of the SHCs for real-world
applications is questionable mainly due to the loss of functionality at low temperatures (<-
15°C). Also, SHCs suffer from suc: superhydrophobic Coating LIC: Lubricant Infused Coating
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resistance against condensation-induced wetting and display anti frosting behavior.
4. Method
This project consisted of three work packages (WPs), one for modeling and numerical analysis
(WP1), one for synthesis, characterization, stability, and durability analysis of the coatings
(WP2), and one for experimentations and analysis of the obtained results (WP3).

4.1 Numerical analysis (WP1)
WP1 focused on developing a model (COMSOL Multiphysics + MATLAB software) that can
analyze dynamics and freezing of impacting droplets and provide droplet dynamics and
interfacial heat transfer rates for better analysis of obtained results at WP3. Fig. 2 show the
results obtained from the impacting droplets on a surface. The effect of surface wettability on
droplet shape during the impact is evident from the Fig. 2a. As can be seen, droplet spreading
during the first stage of the impact is more pronounced in hydrophobic surface
(90°<WCA<150°) compared to superhydrophobic one (WCA>150°). Fig. 2b shows the
complete stage of droplet spread on a superhydrophobic surface. These results were used to
analyze the experimental results obtained from high-speed camera. In computational model, the
continuum surface force k=-V.(Va/|Val]) is utilized to model the surface tension as an interfacial
force in the momentum equation as shown below:
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Figure 2. a) Impacting droplet dynamics on hydrophobic and superhydrophobic surfaces (i)
hydrophobic (6=120°) (ii) superhydrophobic (6=150°); b) Droplet dynamics during the impact
for D=100pum and v=50m/s

4.2 Coating preparation, characterization, and stability (WP2)
4.2.1 Synthesis and coating
To achieve superhydrophobic surfaces with lubricity, metal organic frameworks (MOF) is used.
Ligand-based method is used to synthesize MOFs. The angle between metal-ligand-metal is
about 145 °. This angle is close to Si-O-Si angle in the zeolitic structures, for that reason with
ZIFs zeolitic architectures are obtained (Fig. 3a). For ZIF structures imidazolate-based ligands
are used and the metal atoms are coordinated through the nitrogen atoms in the ligand. ZIF-8 is
a common structure and the ligand used is 2-methylimidazole which contains a methyl group.
This methyl group gives its hydrophobic nature. Due to their cage structure, MOFs have a very
high specific surface area. By changing the synthesis conditions, the interparticle pore size can
be modified, which also affects the specific surface area (Fig. 3). Under normal conditions, the
size of the cage cannot be modified. However, high rates of stirring result in hierarchical pores.
As a result, higher total pore volumes was achieved. This is very critical for the project proposal
since lubricants will be introduced into the coatings through these pores. It is important to
mention that superhydrophobic MOFs are used to absorb nonpolar liquids. With a higher total
pore size, more liquid can be introduced into the structure. For the ZIF-8 synthesis there are
various methods but in this project proposal microwave solvothermal method was used. This
method is much faster, and the parameters can be controlled more easily. The synthesis was
conducted in an Anton-Paar microwave reactor. 1 mmol of zinc nitrate hexahydrate
(Zn(NO3)2.6H20) and 1 mmol 2-methylimidazole was dissolved in 25 mL of N,N-
dimethylformamide (DMF). This solution was poured into the glass vials and put into the
reactor. The solution was heated to 120 °C and was kept at that temperature for 3 hours. During
this synthesis step, the different stirring rates was tested (0-1200 rpm). At the end of the
reaction, the solid part was filtered and washed with DMF several times. Then the powder was
kept in methanol for 1-2 days then dried at room temperature. Using silanes for coating powder
materials as a hydrophobic surface is a common method. To coat ZIF-8, 1H,1H,2H,2H-
perfluorooctyltriethoxysilane (POTS) was used. An ethanol suspension of 5% POTS and 1%
ZIF-8 was prepared by sonication. The final mixture was applied by an air spray to the surface
cleaned with alcohol and acetone. After obtaining the coatings, the surfaces was exposed to
Krytox 101. By dipping the materials into liquid, ZIF-8 was allowed to absorb the liquid (Fig.
3b). Since surface tension, viscosity, and vapor pressure are among the parameters that affect



the stability and functionality of the proposed lubricants [1-3], further investigations with
different lubricants is planned in near future for TRL>6 applications. In addition to lubricant
type, the effect of different spray rounds (sprayed layers) will also investigated by spraying 1,
2, and 3 layers of final mixture to the substrate, to increase its durability (refer to task 4.2.3).
For 2 and 3 layered coatings, the lubricants will also contain POTS component in the 1% and
2" Jayers.
4.2.2 Characterization
This task focuses on the characterization of prepared coating using different characterization
methods including specific surface measurement, X-ray Diffraction Characterization, Scanning
Electron Microscopy (SEM), Infrared Fourier Transform Spectroscopy, and Contact angle
measurements. For the specific surface area measurements, the BET device is used. After the
drying step, the surface area of ZIF-8 powders is measured. One of the main reasons for
synthesizing framework structures is to obtain high surface areas. Additionally, N2 desorption
is characterized to provide information on the pore size distribution of the material. With XRD
technique, detailed crystallographic information is obtained. For all dried ZIF-8 powders, this
characterization will be performed. Using SEM technique, high magnification of the materials
can be obtained. This allows observing the morphology at the nanoscale. The coating should be
covering all the surfaces with homogenous distribution of the MOF nanoparticles. In addition
to SEM, EDX analyses is performed to observe elemental distribution on the surface. Using the
FTIR characterizations, the bonds between the metal atom and ligands will be confirmed. Water
contact angle (WCA) measurements is performed to characterize the static and dynamic contact
angles on coated samples. The SEM image and WCA values are provided in Fig. 3a.
4.2.3 Durability and stability analysis

This task is designated to investigate the stability and durability of the coatings in terms of
lubricant dynamics, variations in wetting properties, and functionality at operating conditions.
Here, the effects of different parameters such as ambient content (temperature and relative
humidity), and testing conditions droplet impact size/velocity, temperature and humidity) on
the lubricant depletion (evaporation, cloaking, flowing, wetting ridge), erosion, abrasion, and
surface wettability will be investigated. Droplets will be placed on the substrate and visualized
using high speed camera to observe the lubricant dynamics and evaporation for stationary or
sliding droplet at different substrate temperatures ranging from 20 to 60°C (on a controlled
temperature hotplate) (Fig.3b). The obtained results will be used to study the liquid-liquid
(droplet - lubricant), liquid-gas (lubricant/droplet - air/vapor) and liquid-solid (lubricant/droplet
- coating) interfaces. The wetting ridge height will be evaluated using visual results, and ridge
volume can be calculated by Viess(L) = [2(a+wrex)AhdL+Vo, where, L is droplet movement
distance, a+wrex: is total radius of droplet, w a geometric factor to account for the added width
of the wetting ridge, and Vo is the volume of the wetting ridge of size rexo created when the
droplet is first placed on the surface, Ah is the difference between front and behind films heights
of moving droplet (Fig.3c) [4]. For surface wettability (WCA, SA, CAH), the contact angle
measurement device will be used to characterize the alteration in wetting properties of the
coating before and after icing/de-icing cycles and freezing tests. The rainfall erosion will be
simulated by using spray (0.5-1mm with 20-30m/s) [5]. At the end of this task, synthesized
coatings will be evaluated according to i) wetting ridge height, ii) wetting ridge volume, iii)
decrement in coating wettability (WCA, SA, CAH), v) lubricant evaporation time. The obtained



microscopic images on the satellite droplets on LIC and a very low wetting ridge on the
proposed coating is evident from Fig. 3d. Based on obtained results recommendations for the
applicability and possible real problems that may run into at full scale will be made for

future TRL6< studies.
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Figure 3. a) ZIF-8 structure, the effect of stirring, the preliminary studies; b) Schematic of
coating preparation steps, ¢) Schematic of wetting ridge, cloaking and evaporation for
stability analysis, d) The absence of satellite droplets on proposed coating in this project.
Compared to LIC very low wetting ridge was observed in the proposed coating

4.3 Experimentation and performance assessment (WP3)

relative humidity (RH) of 20,50,100%

The Experimental Conditions (Exp.Cond.) are Droplet sizes of 20,50,100,400um, impact
velocities of 0,5,50 m/s, impact angles of 5,45,90°; temperatures of -40,-20,-10,-5°C; Ambient]

4.3.1 Ice adhesion
The intensity of ice adhesion is a
parameter that can be used to determine
the level of ice-phobic or anti-icing
nature of a coating. For this, a
cylindrical  polypropylene  chamber
(diameters ranging from 0.3 to 1 mm
and length 1-3.0 mm) is located on the
sample surface, and then filled with
water and cooled down to be frozen.
Next, the sample is fixed to the cold
chamber.  Experiments  will  be
performed for shear force analysis on
different coatings and temperatures (-
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40<T<0°C). The mass, cross-section shape, area, and height of ice are selected based on the
standards [6]. Van der Waals, electrostatic, hydrogen bonding, and mechanical adhesion



interactions are acting forces at the ice/coating interface. Compared to van der Waals force, a
low electrostatic force has a stronger effect mainly due to rapid reduction in former with
distance than latter. The electrostatic forces change with the material’s dielectric constant (er),
where ice adhesion has been reported to deteriorate with & value. Polar molecules of ice with
an exposed hydrogen atom make a strong bond with the surface due to hydrogen bonding.
Furthermore, on the microscopic level, the interlocking of microscopic rough elements also
induces mechanical adhesion at the ice/interface [7]. The ice adhesion at different surface
temperatures, ice/deicing cycles, and coatings properties will be analyzed in this task.
4.3.2 Freezing experiments

The freezing experiments were performed to characterize the icing on coated and uncoated
samples. For this, samples are located in a chamber, in which the surface temperature are
reduced to specified temperature in Exp.Cond.. The chamber humidity was regulated using cold
steam and N2 gas. Two cameras were used to characterize the droplet icing (from side) and
icing propagation speed and ice coverage (top). Fig. 4a shows the obtained results for
experiments at RH=100% and surface temperature of -20°C. The coated surface remarkably
reduced the icing propagation speed and ice coverage ratio. To further investigate the icing,
tests were performed for impacting droplets on supercooled surfaces (section 4.3.3)

Actual image Actual image

Uncoated= '\ Uncoated | \

After image processing it After image processing
ater
_ = Ice 1=80£)ms;l t=900ms

Figure 4. Ice propagation and coverage speed on coated and uncoated samples. The black and
bright regions after image processing indicates ice and water, respectively
4.3.3 Impacting droplet freezing experiments
The thermal resistance network of the droplet (stationary or impacting, horizontal or inclined)
on the surface is shown in Fig. 5a. The transient heat transfer from surface to the droplet can be
used to measure the required time for droplet icing at different conditions. Furthermore, the
droplet experiences three phases of spreading, retraction, and rebounding upon impact [8] (Fig.
5b). Maximum droplet spread, shrink rate, and spreading time are the main parameters for
spreading and retraction stages. The maximum droplet spreading, which is an indication for
maximum coating/droplet contact area, is a significant parameter in heat transfer from droplet
to the coated surface. While non-dimensional maximum spread factor (Bmax=Dmax/Do) can be
used to characterize the impact dynamics, shrink rate (Breai=Drinai/Dmax) can be used to quantify
the freezing aspect during the shrinking stage [9]. The required time for an impacting droplet
to reach the maximum spreading is referred to as spreading time (tmax). High-speed imaging
analysis assists us to characterize the spreading time as well as shrinking time. The latent heat



of supercooled (Q, = (cAT + q))p ”TDS’), the heat transfer rate at the droplet/surface interface
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used to quantify the transient heat transfer rate during the droplet impact [10]. Fig. 5¢ shows
the compared results for the different surfaces in the literature [11]. As can be seen,
superhydrophobic surfaces have lower freezing time (treeze), While lubricated surfaces provide
larger maximum diameter. The proposed coating has lower maximum diameter and higher
freezing time. The evolutions of droplet contact time (Fig. 5d), freezing onset time, and
rebounding mass fraction at different conditions will be investigated on impacting droplets on
inclined surfaces. The slippery effect will be considered by decomposing the normal and
tangential velocities (Vn and V4, respectively). By considering the tangential Reynolds number,

the heat transfer rate due to the slipping effect is estimated by Qg = 0ytfinahp =

0.664 Rep® Pri/3 k

00 Tfreezing . Here, hp is convective heat transfer (calculated from Nusselt number

Dfinal
and compared with numerical results), and Drinai and Tfreezing Will be obtained experimentally.
Here, additional parameter of H’* (H’=H/Do) will be defined to characterize the maximum height
of the primary and secondary (splashed) droplet perpendicular to the surface during the
retracting stage [12]. The dynamic of the droplet will be characterized using droplet Weber
(We=pDoV?/c) number, impact diameter, velocity, and angle. The fractions, dimensions, and
velocity of splashed droplets will be obtained for estimation of secondary impact effect (can be
estimated by the primary impacts with similar size, angle and velocity) [13].
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Figure 5 a) Thermal resistance model for droplets; b) Results on stages of impacting droplet
and freezing; ¢) Maximum spread factor and freezing time; d) Impact dynamics on inclined
superhydrophobic surface

5. Innovative Aspect

The information on the preparation and characteristics if the coating is provided in previous
section. From commercial point of view to the best of our knowledge, there is no available
commercialized coating to eliminate the icing on surface of any kind in the relevant industry.
In terms of state-of-the-art, there are several studies in the literature proposing SHCs or LICs.
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There are only two study proposing slippery surfaces with superhydrophobic properties. But
since surface roughness introduces boundary layer transition complexity and increases the drag
coefficient in airfoils, the adaptation of a coating with microstructure patterns may not be
applicable for the wind industry. Therefore, the nano-scale coating proposed in this project will
be the first of its kind. Furthermore, SHCs are mechanically weak against external forces and
icing shear removal cycles and stop functioning when exposed to low temperature and high
vapor contents. Furthermore, on micro-structured slippery coatings, the lubricant can be lost
easily from the valley of the microscale features and can lead to exposure of the top of the
underlying substrates, and this may block the mobility of the droplets. By addressing the
shortcomings of the available techniques, the proposed nanoscale coating substantially reduces
the risk of icing at saturated and supersaturated conditions. A summary of the available recent
studies is shown below. Here, “u”, “n” and “un” prefixes stand for microscale, nanoscale, and
combined micro and nanoscale coatings, respectively. IAS is Ice Adhesion Strength, WCA is
Water Contact Angle, CAH is Contact Angle Hysteresis, and SA is Sliding angle.

Reference Type TAS (kPa) | WCA | CAH | SA | Reference Type IAS (kPa) | WCA | CAH | SA
[14] u-SHC NA 156 NA | NA [15] n-SHC NA 161 NA | NA
[16] n-SHC NA 168 3 NA [17] n-SHC NA 165 NA 1
[18] un-SHC NA 151 NA | NA [19] un-SHC NA 150 NA 8
[20] un-SHC 16.3 154 12 | NA [21] un-SHC 51 154 3 NA
[22] 1n-SHC 53.6 155 NA 5 [23] 1n-SHC NA 156 NA | NA
[24] un-SHC 2.65 161 NA 2 [25] un-SHC NA 160 0 NA
[26] un-SHC NA 164 NA 4 [27] un-SHC NA 161 NA | 14
[28] un-SHC 64 170 NA 3 [29] u-SHC 50 168 NA 5
[30] un-SHC NA 172 NA 3 [31] un-SHC NA 180 NA | NA
[32] n-LIC 7 84 34 | NA [33] n-LIC 17 NA 5 NA
[34] n-LIC NA 103 NA | 11 [35] n-LIC NA 132 NA | 29
[36] n-LIC NA 90 NA | 10 [37] n-LIC NA 111 NA | 10
[38] n-LIC 6.2 105 NA 5 [39] n-LIC NA 120 NA | 85
[40] n-LIC NA 100 NA 4 [41] n-LIC NA 120 5 NA
[42] n-LIC NA 109 2 NA [43] n-LIC NA 104 <3 |NA
[44] pun-LIC 4 104 NA | NA [45] pun-LIC 6 98° NA | NA
[46] un-LIC NA 104 NA | NA [47] pun-LIC <1 108 10 | NA
[48] yn-LIC NA 162 NA 9 [49] pn-LIC 5.0 109 6 NA
[47] un-LIC 0.65 108 55 | NA [43] pn-LIC 6.2 106° | NA 5
[50] un-LIC NA 120 5 NA [51] pun-LIC 25 92 NA 5
[52] n-LIC- 12 115 NA 3 [53] pn-LIC NA NA 25 5
[54] un-LIC NA 107 1.4 | NA [55] pn-LIC 8 112 1 1
[56] p-LIC-SHC NA 180 25 60 [57] p-LIC-SHC 38 150 NA | 10

This study | n-LIC-SHC <10 >150 <7 | <7

6. Applicability

The proposed technique not only addresses the limitations of available passive methods, but it
is durable, has low cost, has lower complexity, and most importantly, it is adaptable for large
scales via cold spray coating method. The proposed coating not only is suitable for metallic
surfaces, but our preliminary results also indicated the applicability of the coating for composite
materials (materials being used in wind industry). Figures above shows the actual blades that
are manufactured by the TP1 Company. The implementation of the coating to the turbine blades
will be performed using spray coating. Since spray coating is currently used by the wind turbine
manufacturers to coat the blades with anti-corrosion paint, addition of a second round of spray
(anti-icing coating) will be easy to be implemented on site. After that, the coating will be waited
for 1-2 day(s) at room temperature to dry, and the coated part will be ready for use. The


https://www.tpicomposites.com/

manufacturers have already use spray coating and there is no risk of
coating process. Saying that, as shown in figure to the right,
utilization of the coating in actual working environment requires
additional optimization (inlet pressure - Pin, nozzle size - D, distance
- L) and inspection (uniformity), which is the matter of higher TRL
levels than the proposed lab-scale study (max TRL5). Although the
feasibility analysis is mainly applicable for >TRL5 studies, in terms
of cost analysis, more than 13% of the annually manufactured blades
require icing-induced repairing, with total repair cost of 4.5ME€.
Approximately the cost of painting of blades is 4M€. It is estimated
that the anti-icing coating increases the paint cost by a maximum of
15%, that is, a maximum of 5.75€/Lit (0.6M€/yr paint price
increment vs. 4.5M€/yr repair cost). The proposed project also
addresses the objectives of Eleventh Development Plan (On Birinci Kalkinma Plani) and it aims
to enhance the wind energy capacity by 5%, which is in line with the targeted 38,8% share of
renewable resources in electricity generation by 2023. The research group has already file a
patent application for the proposed coating as passive anti-icing method for different
applications such as renewable energies (solar and wind), aviation (motor air intake and sensing
devices), self-cleaning (water-free paths), and transmission lines.

7. Estimated cost and Project Scheduling

All the necessary equipment for testing and characterization are located in Sabanci University.
The project’s technology readiness level is at TRL4. Additional and more comprehensive tests
will be performed on the coating at different droplet, surface and ambient conditions (i.e.,
velocity, angle, temperature, humidity, etc.) to increase the readiness level to TRL5 or 6. The
required materials (consumables) for TRL scale up are provided in Fig. 6a. The main expenses
are at the Q2 and Q3 of project. In the last quarter the costs are only for purchasing the actual
wind turbine blade composite material for testing. It should be noted that there are no available
coating in the relevant industry for cost comparison. Also, the project calendar along the costs
are provided in Fig. 6b.

a) Consumable Price Consumable Price
2-Methylimidazole / 25 g 1,756 TL Krytox 101 and 103 9,680 TL
N,N-Dimethylformamide 1H,1H,2H,2H-
anhydrous, 99.8% /2 L 5,823 TL Perfluorooctyltriethoxysilane / 25 g 7,660.5TL

Zinc nitrate hexahydrate / 100 g 1,586 TL Methanol anhydrous, 99.8% /2 L 1,954 TL

Composite blades 10,000 TL

Total Cost 38,459 TL

-22 | Oct-22 | Nov-22 | Dec-22 | Jan-23 | Feb-23
21
2.2
2.3
3.1
3.2
3.3

|Expenses | 7,470 TL| 9,606 TL| 11,383 TL | 10,000 TL |

Figure 6. a) Project’s required consumable budget, b) project plant and quarterly budgets
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8. Target Group of the Project Idea (Users):
At this stage, the target group of the project is wind turbine blade manufacturers. The research
group has already discussed the idea with TP1 Composites. In the second stage, the main target
of the technology is renewable energy industry such as solar panel and wind turbines and with
the help of Sabanci University Industry Relationship office, we will search the possible users
in this field (such as LM Wind Power, SolarAPEX). We will also exploiting the technology’s
applications in other areas such as aviation. The developed technology can also be integrated
in civil engineering applications such as bridge cables.
9. Risks

9.1 Numerical analysis:
Risks: Despite the strong background of the group in numerical analysis and simulation, the
following problems in convergence may be encountered during the modeling. RL) Convergence
problem for high droplet impact velocities due to air compressibility and droplet deformation
between droplet and surface before impact.
Plan Bs: The following approaches can be used to eliminate the convergence: B1i) Utilization
of different convergence approaches such as fully coupled, segregated methods, and sequential
solution such as in the fluid flow. BLit) Using orders of magnitude smaller time scales (down
to 1x1072%) can solve the divergence issue. BLiii) The model can be changed to a quasi-steady
model and be linked at different time scales.

9.2 Material preparation and characterization
Risks: R2) Obtaining ZIF-8 particles with low specific surface areas and pore volumes. R3)
Obtaining ZIF-8 particle size that is suitable for hydrophobic property. R4) The coating may
not be homogenous and not we adhesive. RS) Obtaining contact angles may be below 150°
Plan Bs: B2) In this case, ZIF-8 can be synthesized with other methods. One of these methods
is solvothermal with conventional heating setup. In this setup, under similar conditions the ZIF-
8 can be synthesized in an oven. Another technique is dry heating; in this technique dry
precursors are mixed and put into an autoclave and heated to 120 °C for 24 hours then washed
[58]. B3) For obtaining different particle sizes, the methods in described in B2.1 can be used.
Every synthesis method will result in different particle size range [58]. B4) The first thing that
can be applied for this situation is using a dip coating setup with a slow raising rate. The coating
mixture may not be wetting the surface. For that situation the surface can be treated with plasma
or ozone before coating. The silane component may need better interacting functional groups.
Before coating, the surface can be coated with a SiO> sol-gel. Another coating can be an epoxy-
based polymer. The surface can be coated with an epoxy resin then cured. BS) If the
hydrophobic properties are not enough, ligands
with better polarities can be used. TheZIF-8 is Maiorrisks Probability (0-10) Impact (0-10) Plan B

not the only MOF that can be used. Thenovelty Rt~ 7 5 B1
of the project does not come from ZIF-8. R2 6 3 B2
Instead of 2-methykimidazole, 4-5 R3 2 9 B3
dicholoroimidazolate can be wused with R4 4 8 B4

R5 3 8 B5

methanol at room temperature to synthesize
ZIF-71 [59]. The probability and impact of the major risks are provided in the figure to the
right.
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