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Abstract: Icing is a common physical phenomenon, and the icing of wind turbine blades can signifi-
cantly affect the performance of wind turbines. Therefore, researching methods to prevent icing is
of great significance, and the coating method of anti-icing is an effective way to delay icing, with
advantages such as low energy consumption and easy implementation. In this study, using the
coating method as the background, tetradecane phase change microcapsules were prepared, with
a melting enthalpy of 90.8 ] /g and a crystallization enthalpy of 96.3 J/g, exhibiting good coverage
and energy storage efficiency. After mixing tetradecane phase change microcapsules (PCMS) with
polyurethane coating (PUR) and coating them on wind turbine blades, after a 5 min icing wind tunnel
test, the coating could significantly delay the icing on the blade surface, with the highest anti-icing
rate reaching 60.41%. This indicates that the coating has a good anti-icing effect and provides basic
research data for exploring new anti-icing methods.

Keywords: wind turbine blades; anti-icing coating; tetradecane phase change microcapsules (PCMS);
thermal energy storage; wind tunnel test

1. Introduction

With the increasing depletion of fossil fuels, the demand for renewable energy sources
continues to rise globally [1,2]. Due to its widespread distribution, vast development
potential, and environmental friendliness, wind energy has become a popular choice for
renewable energy [3-5]. However, the icing of wind turbine blades in cold regions can
affect their operation and even lead to accidents [6,7]. When icing on the blades exceeds a
certain limit, wind turbines must be shut down to prevent significant impacts on the power
grid [8-10]. Therefore, researching methods to prevent icing on wind turbine blades is an
important research direction.

Currently, there are various methods for preventing icing, among which coating meth-
ods have attracted considerable attention. Conductive coatings are special coatings that
possess electrical conductivity. Typically composed of conductive materials such as metals
or carbon nanotubes, they are applied to the surface of substrates. When electrified, conduc-
tive coatings can conduct electricity and have the ability to convert electrical energy into
thermal energy. This allows conductive coatings to play a significant role in applications
such as anti-icing, heating, or sensing. Lopera-Valle et al. [11] utilized flame spraying
to deposit nickel-chromium—-aluminum-yttrium (NiCrAlY) coatings on fiber-reinforced
polymer composite materials, enabling them to act as heating elements for de-icing through
Joule heating when electrically powered. They further developed heat transfer models
to predict heating and melting times, considering the coating as an interface heat source,
and applied orthogonal expansion techniques and the method of separation of variables to
determine temperatures in solids and melting of ice. Golewski et al. [12] investigated the
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effects of applying new technology to produce various coatings on carbon fiber-reinforced
polymer (CFRP) substrates, evaluating their performance through flame exposure and
solid particle erosion tests. The results indicated that the quartz sand coating demon-
strated significant effectiveness in surface protection and enhancing tensile strength. Liu
et al. [13] prepared ice-phobic coatings with photothermal and anticorrosive properties via
surface-modified pyrolysis and a hydrothermal reaction using rice straw biogas residue as
raw material. The erosion of KOH and surface modification of MoS, made the material
structure rough, and the high-temperature pyrolysis and hydrothermal reaction facilitated
dehydrogenation and decarboxylation reactions, reduced the number of oxygen-containing
functional groups, and lowered the surface energy of the material. The icing wind tunnel
test results showed that the icing area and mass were reduced by 10.54% and 30.08%,
respectively, at a wind speed of 10 m s~! and a temperature of —10 °C. The icing area
and mass were reduced by 10.54% and 30.08%, respectively. The photothermal perfor-
mance test showed that the MoS;-loaded material has good light absorption performance,
and the coating can be rapidly warmed up to 58.3 °C under xenon lamp irradiation with
photothermal cycling stability. Wei et al. [14], for the development of embedded de-icing
elements in polymer matrix composites, prepared nickel-chromium-aluminum-yttrium
(NiCrAlY) coatings on fiber-reinforced polymer composite (FRPC) sheets using a flame
spraying technique. An electric current was supplied to the metal alloy coating by means
of Joule heating (or resistance heating) to generate energy and allow the coating to act
as a heating element for the FRPC structure. De-icing tests were conducted at ambient
temperatures of —5 °C, —15 °C, and —25 °C, with liquid water sprayed on the samples.
A heat transfer model was developed for the heating and melting time of ice during the
de-icing process of flame-sprayed coatings. The model is based on the separated variable
method for solving the finite-length-scale melting problem and the Stefan problem for a
semi-infinite medium, and a coating of about 100 um thickness can effectively melt the ice
accumulation on the polymer composite structure at low temperatures. The agreement
between the computational results of the finite-length-scale model and the experimental
data indicates that the heat conduction model based on the method of separated variables
can be applied to the free boundary problem to predict the phase transition phenomena
induced by thermal spray coatings. Zhuang et al. [15] present the results of laboratory
tests on a carbon fiber-reinforced polymer (CFRP) composite with a single-sided protective
coating. The protective coating consisted of five different powders (Al;O3, aluminum,
quartz sand, crystalline silica, and copper) laminated with a single process during the
curing of the prepreg substrate to the epoxy resin matrix. The specimens were subjected
to flame exposure and solid particle erosion tests followed by uniaxial tensile tests. A
digital image correlation (DIC) system was used to observe the damage location and the
deformation of the specimens. All coatings subjected to solid particle erosion allowed
for an increase in tensile damage force ranging from 5% to 31% compared to reference
samples made of pure CFRP. When exposed to flame, only three of the five tested ma-
terials (Al,O3, aluminum, and quartz sand) could be used to protect the surface, which
resulted in an increase in tensile breaking force of 5.6%. Piscitelli et al. [16] investigated
the wettability of a newly developed superhydrophobic coating, which was applied as
a general aviation coating using a layer-by-layer approach, and which can be used as a
passive anti-icing system for aerospace applications. It was found that the wettability of
uncoated samples decreases with increasing roughness to about 115° at Ra = 4 um. The
increase in water contact angle due to the increase in roughness can be attributed to the
change in morphology. On the contrary, high contact angle values, i.e., about 158°, can
be realized only after coating application. The application of the coating resulted in a
reduction in SFE and WA of 99% and 94%, respectively. Sullivan et al. [17] proposed a
hybrid anti-icing coating composed of thin-film electric heaters and superhydrophobic
coatings, verifying its effectiveness in delaying droplet freezing through cold chamber
experiments. Tong et al. [18] prepared a fluorine-free, low-cost superhydrophobic anti-icing
coating for aerospace composites for morphological and compositional characterization
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and found it to have a low-surface-energy, multiscale layered structure. The coating has
good water repellency and acid/alkaline drops, long durability, and excellent mechanical
stability compared to recent reports. In addition, the coating can delay the ice increase by
120 min and exhibits low ice adhesion strength at 53.6 kPa, which is expected to enable
anti-icing applications such as airfoil wind turbine blades. Qin et al. [19] used polytetraflu-
oroethylene (PTFE) coating to prepare nanoparticles for the anti-icing epoxy resin surface.
The spray-coated PTFE particles can improve the anti-icing performance of the epoxy resin
surface. The wetting behavior of the spray-coated surface, with a CA of 154° and ROA
below 2°, was superior to that of unmodified aluminum, the epoxy resin surface, and the
smooth PTFE surface, which had CAs of 81°, 59°, and 115°, respectively, in addition to
the absence of effective ROA for the aluminum and epoxy resin surfaces, and 23.3° for
smooth PTFE surfaces. The ice attachment strength of the PTFE-coated surfaces was 28 kPa,
whereas it was 1120 kPa for polished aluminum, 161 kPa for smooth epoxy, and 137 kPa
for smooth PTFE surfaces. This demonstrates the suitability of the coating method for
large-area applications with high contact angles and low ice adhesion. Although significant
progress has been made by the aforementioned researchers in coating anti-icing methods,
further enhancement of the anti-icing effect of coatings is still needed.

Since phase change materials cannot be directly added to the surface of wind turbine
blades, phase change microcapsules have become an excellent energy storage material [20].
The uniqueness of phase change microcapsules lies in encapsulating phase change materials
in shells, which solves the problem of the possible leakage of phase change materials and
successfully stores potential energy [21,22]. Phase change microcapsules can absorb or
release heat in a specific temperature range, resulting in a phase change. Combining such
microcapsules with a polyurethane coating delays the dramatic decrease in blade surface
temperature, thereby improving anti-icing performance. When the temperature drops
below a certain threshold, the microcapsules release heat to resist ice formation, effectively
preventing icing.

Coating technology is a surface treatment that is used in a wide variety of industries
to enhance the performance, appearance, and durability of materials. Common coating
technologies include spraying, plating, thermal spraying, and dipping. Impregnation is a
method [23,24] in which the material to be coated is immersed in the coating, absorbed,
and then removed and dried. Due to its ease of operation, wide range of applications,
uniformity of coating, and good adhesion, the dipping technique was chosen as the method
for subsequent experiments in this study.

Interfacial polymerization [25,26] is a suitable method for the preparation of phase
change microcapsules, in which core materials and oil-containing monomers are added to
an aqueous phase, along with hydrophilic monomers and emulsifiers, and subsequently
polymerized to form phase change microcapsules. Phase change microcapsules prepared
via interfacial polymerization have been widely used because of their high encapsulation
efficiency, good mechanical resistance, and simple preparation process [27,28].

Phase change microcapsules are capable of absorbing or releasing heat in a specific
temperature range, leading to a phase change. The novelty of this study is that it is the first
time that such microcapsules have been used on wind turbine blades in combination with
a polyurethane coating, which can slow down the sharp drop in blade surface temperature
and thus improve anti-icing performance.

In this study, phase change microcapsules were prepared and characterized via inter-
facial polymerization using tetradecane (C14) as the core material and isocyanate (IPDI)
as the shell material, referring to the method of Zhu et al. [29]. These microcapsules were
blended with polyurethane to form PCMS-PUR and applied to wind turbine blade surfaces,
and the effectiveness of the coatings was verified with icing wind tunnel experiments. This
study provides an important reference for the anti-icing technology of wind turbine blades.
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2. Materials Preparation and Blade Model

The research roadmap is illustrated in Figure 1. Firstly, PCMS were prepared. Subse-

quently, PCMS-PUR was prepared by mixing PCMS with PUR. Finally, this coating was
applied to wind turbine blades.

IPDI 0 NH
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Figure 1. Research Roadmap.

2.1. Preparation of Tetradecane Phase Change Microcapsule Polyurethane Coating

1.

Preparation of Oil Phase Materials;

Prepare a mixture of 9.9 g of petroleum ether and 0.1 g of dibutyltin dilaurate as the
catalyst.

Weigh 3 g of C14 in a beaker and add 0.02 g of the catalyst and 2 g of IPDI dropwise.
Seal the beaker with plastic wrap, place it in a heat-collecting constant temperature
magnetic stirrer, and heat and stir at 60 °C for 30 min to obtain an oil phase with a
core-shell ratio of 6:4.

Preparation of Water Phase Materials;

Place 0.05 g of sodium dodecyl sulfate (SDS) in a beaker.
Pour 50 g of deionized water into the beaker and place it in a 60 °C water bath.
Homogenize for 3 min at 10,000 rpm using a homogenizer to obtain the water phase.

Preparation of PCMS;

Prepare an aqueous solution of ethylenediamine: add 1.275 g of ethylenediamine to
24.43 g of water.

Add the oil phase to the water phase and homogenize for 3 min at 60 °C and 10,000 rpm.
Transfer the mixture to a three-neck flask and react at 60 °C for 6 h.

During the intense reaction stage in the first 3 hours, add half of the ethylenediamine
aqueous solution, and add the remaining half after 3 hours of reaction.

After 6 h of reaction, filter and dry the product using a filtration drying device to
obtain PCMS powder.

Preparation of PCMS-PUR.

Grind the dried PCMS-PUR into powder.
Mix the powder with PUR coating to obtain PCMS-PUR coating.
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2.2. Blade Model

For this study, a NACAQ0018 blade made of fiberglass-reinforced plastic (FRP) was
chosen as the base material. NACAQ0018 is a commonly used symmetric airfoil, especially
in vertical-axis wind turbines. FRP is a widely used material in large wind turbines. The
dimensions of the blade were determined via the icing wind tunnel used in this study, with
a chord length of 100 mm and a span height of 20 mm. Refer to Figure 2 for a schematic
representation.

(a) (b)

Figure 2. (a) Blade Model; (b) Wind Turbine Blade with Coating.

20mm

3. Material Characterization and Analysis
3.1. Material Characterization

In this study, scanning electron microscopy (SEM, SU8010; Hitachi, Tokyo, Japan)
was used for the morphological analysis of PCMS and PCMS-PUR. Differential scanning
calorimetry (DSC, *DSC250, TA Instruments, New Castle, DE, USA) was employed to
analyze the phase transition temperatures and enthalpies of PCMS and PCMS-PUR over
the temperature range of —50 °C to 70 °C at a heating rate of 10 °C/min. The thermal
storage characteristics of the PCMS were analyzed, and their encapsulation efficiency and
energy storage efficiency were calculated. Thermal gravimetric analysis (TGA SDT 650, TA
Instruments, Inc., New Castle, DE, USA) was conducted on PCMS and PCMS-PUR in the
temperature range of 30 °C to 600 °C under a nitrogen flow rate of 10 °C/min.

3.2. Analysis of Material Characterization Results
3.2.1. SEM Analysis

SEM was used to analyze the morphology and microstructure of PCMS and PCMS-
PUR. First, Figure 3a shows the surface morphology of PCMS. It can be seen that the surface
of the microcapsules presents microspheres with uniform size and regular shape. This
feature is attributed to the stable oil-in-water emulsion formed at the preparation stage,
where pure C14 is completely encapsulated in the shell material after 6 h of reaction and
releases the latent heat of phase transition when the phase transition temperature is reached.
Secondly, in Figure 3b, we show the attachment of PCMS to the polyurethane surface, where
fine pores appear on the coating surface. This surface porous structure helps to improve the
stability of the microcapsules and better protects the interior of the encapsulated material,
thus extending its lifetime. In addition, the attachment of microcapsules improved the
thermal storage properties of the polyurethane. Finally, the results of scanning electron
microscopy tests confirmed that the prepared PCMS had a distinct core—shell structure,
consistent with the typical structure of microcapsules.



Coatings 2024, 14, 645

6 of 19

Figure 3. (a) SEM Image of PCMS at 1000x Magnification; (b) SEM Image of PCMS-PUR Coating at
500 x Magnification.

3.2.2. DSC Testing and Calculation of Encapsulation Efficiency and Energy
Storage Efficiency
Since encapsulation efficiency and energy storage efficiency are crucial factors and
prerequisites for evaluating phase change microcapsule materials, we conducted differential
scanning calorimetry (DSC) testing on the prepared PCMS and evaluated their phase change
performance.
We investigated the thermal storage characteristics of PCMS at different concentrations
to determine the optimal concentration. Firstly, PCMS with concentrations of 13%, 26%,
and 38% were selected, mixed with PUR, and subjected to DSC testing, as shown in Figure 4.
The following results were obtained:
- The melting enthalpy (AHm) of PCMS at 13% concentration was 3.7 ] /g, and the
crystallization enthalpy (AHc) was 3.3]/g.
- The melting enthalpy (AHm) of PCMS at 26% concentration was 14.7 J/g, and the
crystallization enthalpy (AHc) was 14.0 ] /g.
- The melting enthalpy (AHm) of PCMS at 38% concentration was 24.9 J/g, and the
crystallization enthalpy (AHc) was 27.0]/g.

0.8

L —— 13% concentration PCMS
0.6 ——26% concentration PCMS
——38% concentration PCMS

04

0.2

1

S

N
T

S
N
—

Heat Flow(Normalized)(W/g)
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1 " 1 " 1 " 1 " 1 " 1
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Figure 4. DSC Curves of PCMS at Different Concentrations.
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The phase change data are summarized in Table 1. From the results, it can be observed
that the higher the concentration of PCMS, the greater the values of melting enthalpy and
crystallization enthalpy. This indicates stronger interactions between molecules or ions,
resulting in the need for more energy or the release of more energy during the transition
between the solid and liquid states or between the solution and solid states. Therefore, the
higher the concentration of PCMS, the more energy will be released when water droplets
impact the surface.

Table 1. PCMS-PUR at Different Concentrations.

Melting Process Crystallization Process

Concentration Tm (°C) AHm (J/g) Te °C) AHc (J/g)
13% 47 37 173 33
26% 54 14.7 1838 14.0
38% 7.8 249 195 27.0

Tm: melting temperature; AHm: enthalpy of melting; Tc: crystallization temperature; AHc: enthalpy of crystallization.

In summary, we have selected PCMS with a concentration of 38% for further ex-
periments. Next, we will conduct DSC testing and further analysis on C14, PCMS, and
PCMS-PUR with a concentration of 38%.

Pure C14 exhibits dual-peak exothermic behavior during the cooling process and
quasi-single-peak endothermic behavior during the melting process. Its melting point (Tm)
is 7.1 °C, with a melting enthalpy of 172.9 ] /g and a crystallization enthalpy of 182.2]/g.

The PCMS have a Tm of 7.4 °C, a melting enthalpy of 90.8 ] /g, and a crystallization
enthalpy of 96.3 ] /g. The higher crystallization enthalpy compared to the melting enthalpy
indicates that more heat is released during the transition from the liquid to the solid state.
The PCMS possess high melting and crystallization enthalpies, indicating their significant
thermal storage capacity. Moreover, they exhibit sustained heat release within the range of
—30 °C to 5 °C, allowing them to function over a wider temperature range and providing
thermal storage and release capabilities.

As for the PCMS-PUR, its Tm is 7.8 °C, with a crystallization enthalpy of 24.9 J/g
during the exothermic process and a TC of —19.5 °C. This indicates that the coating has
a lower phase change temperature and a certain crystallization enthalpy, suggesting its
thermal storage capacity. The negative TC value indicates the coating’s good stability and
its ability to function at lower temperatures.

According to the following formula, the encapsulation efficiency K of the PCMS can
be calculated from the melting enthalpy obtained from DSC:

K — AHm, micro — PCM
o AHm, PCM

x 100% (1)

where AHm,micro-PCM and AHm,PCM represent the melting enthalpies of the PCMS and
C14, respectively.

Based on the enthalpy of phase change, the energy storage efficiency (E) is typically
used as an indicator of the storage and release of latent heat by microcapsules. It can be
obtained using the following formula for the energy storage efficiency E of PCM materials:

~ AHm,micro — PCM + AHc, micro — PCM
o AHm,PCM + AHc¢, PCM

E x 100% 2)
where AHc,micro-PCM and AHc,PCM represent the crystallization enthalpies of the PCMS
and C14, respectively. In comparison to C14, the phase change behavior and thermal
storage performance of PCMS were studied. The DSC curve can be seen in Figure 5, and
the phase change data are shown in Table 2.
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Figure 5. DSC Curves of C14, PCMS, and PCMS-PUR.
Table 2. Phase Change Data.
K E Melting Process Crystallization Process
Sample %) (%) Tm AHm Te Tr AHc
O (J/g) O (WO J/g)
C14 7.1 172.9 0.8 182.2
PCMS 53 53 7.4 90.8 —16.9 -1.7 96.3
PCMS-PUR 7.8 24.9 —19.5 27.0

Tm: melting temperature; AHm: enthalpy of melting; Tc: crystallization temperature; AHc: enthalpy of crystalliza-
tion; Tr: reference temperature.

Through calculations, we determined that the PCMS have an encapsulation efficiency
and energy storage efficiency of 53%. This indicates excellent latent heat storage capacity
during phase change, meeting its application requirements in energy storage.

3.2.3. TGA Testing

To assess the thermal stability of the synthesized PCMS, we conducted TGA testing
on the samples, mainly characterizing the temperature of mass loss and the percentage of
mass loss. The test conditions were conducted under a nitrogen atmosphere, with a heating
rate of 10 °C/min in the temperature range of 30~600 °C.

The TGA curves and the derivative thermogravimetric (DTG) curves of PCMS and
PCMS-PUR are shown in Figure 6 after data processing. From the graph, three distinct
mass loss processes were observed within the temperature range of 30~600 °C. The first
stage of mass loss occurred between 150~200 °C, mainly due to the evaporation of moisture
adsorbed on the sample surface during heating. This process of mass loss did not affect the
results of the TGA test. The second stage of mass loss occurred in the temperature range of
200~250 °C, during which the PCMS began to release the core material C14, leading to a
sharp decrease in mass, and the overall structure may also be disrupted, resulting in mass
loss. The third stage of mass loss occurred in the temperature range of 300~350 °C, mainly
due to the decomposition of the shell material. As for the PCMS-PUR, it exhibited two
mass loss processes, both within the temperature range of 250~300 °C, and the mass loss
temperature range was higher than that of the PCMS. After 400 °C, the mass loss tended
to stabilize.
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Figure 6. (a) TGA Curves of PCMS and PCMS-PUR; (b) DTG Curves of PCMS and PCMS-PUR.

These results indicate that the PCMS-PUR has good thermal stability in the tempera-
ture range of 30~250 °C, which means it can maintain stability over a wide temperature
range, suitable for use on wind turbine blades to delay icing. In summary, the coating
has potential applications and can be used to improve the anti-icing performance of wind
turbine blades.

4. Ice Protection Testing
4.1. Icing Wind Tunnel System

The icing wind tunnel test is the most basic research means to carry out wind turbine
anti-/de-icing technology. According to the type of wind tunnel, icing wind tunnels can be
divided into open-circuit icing wind tunnels and return-flow icing wind tunnels. The open-
circuit icing wind tunnel has a simple structure and utilizes the natural low-temperature
environment for refrigeration, but due to the influence of the external environment, it is
difficult to regulate the temperature of the test environment, which affects the test. The
return-type icing wind tunnel, through the refrigeration system, adjusts the temperature
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of the test environment and the airflow after the test section through the pipeline back to
re-use, so as to improve the efficiency of the refrigeration system and improve the quality of
the flow field. At the present stage, most of the mainstream icing wind tunnels use reflow
icing wind tunnels.

To verify the performance of the anti-icing coating, dynamic icing experiments were
conducted using an icing wind tunnel system. Figure 7a shows a schematic diagram of
the icing wind tunnel test system, while Figure 7b presents a photograph of the icing
wind tunnel test site. In this system, supercooled air and supercooled water mist are
uniformly mixed in the mixing section of the wind tunnel. They enter the test section to
form a supercooled cloud mist flow. The blade model is mounted on a support in the
test section, positioned at the center of the oncoming flow. When the oncoming flow with
different temperatures and cloud mist parameters impacts the leading edge of the blade,
icing phenomena can occur. The cross-section of the wind tunnel test section is sized at
250 mm x 250 mm, with a controllable temperature range of 0 °C to —20 °C and a wind
speed range of 1 m/s to 20 m/s [30].

b

coolling section

Figure 7. (a) Schematic diagram of the icing wind tunnel test system; (b) actual photo of the icing
wind tunnel test system.

4.2. Dynamic Icing Test Scheme in the Wind Tunnel

To investigate the ice distribution on the surfaces of uncoated blades, blades coated
with PUR coating, and blades coated with PCMS-PUR coating, the blades were horizontally
fixed in the wind tunnel system. Flow rates of 40 mL/min and pressures of 0.3 MPa were
selected, with temperatures set at —5, —10, and —15 °C under three different temperature
conditions, and wind speeds of 3, 6, and 9 m/s were chosen under each temperature
condition. The experiment scheme is outlined in Table 3.

Table 3. Experiment Scheme.

Working Condition Coating Type Tem?]ecr)ature Wlnc(ln\lflesl)oaty
1 Uncoated 3m/s
2 PUR coating 3m/s
3 PCMS-PUR coating 3m/s
4 Uncoated o o 6m/s
5 PUR coating -5 C1/5_01g Cc/ 6m/s
6 PCMS-PUR coating N 6m/s
7 Uncoated 9m/s
8 PUR coating 9m/s
9 PCMS-PUR coating 9m/s

4.3. Evaluation Parameters

After the 5 min icing wind tunnel test was completed, photos of the icing on the three
types of materials were captured using a high-speed camera (model 107 Phantom v5.1,
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boasting a resolution of 1024 x 1024 pixels). These photos were then processed using
drawing software to depict the icing contours after 5 min.

To compare the anti-icing effectiveness of the uncoated, PUR coating, and PCMS-PUR
coating, the following parameters were used as evaluation indicators:
1. Ajces
2. FE

_ Aice
~ Ablank
where F represents the ice coverage area ratio, A stands for the ice-covered area, and
Aplank indicates the area of the blade contour. In Equation (3), as Ajc. decreases, F also
decreases, indicating a better anti-icing effect of the coating. The schematic diagram of the
blade ice coverage area ratio is shown in Figure 8.
3. R

The anti-icing rate of the PUR coating:

x 100% 3)

Ajce— (Uncoated) — Ajce— (PUR)

Rl = x 100% @)

Ajce— (Uncoated)

The anti-icing rate of the PCMS-PUR coating:

Ajce— (Uncoated) — Ajce— (PCMS—PUR)

R2 = x 100% (5)

Ajce (Uncoated)

where R represents the anti-icing rate. Ajce-(Uncoated) 18 the icing area of the uncoated blade,
Ajce-(PUR) 18 the icing area of the PUR-coated blade, and A;ce.(pcms-puUR) is the icing area of
the PCMS-PUR-coated blade. R1 is the anti-icing rate of the PUR coating, and R2 is the
anti-icing rate of the PCMS-PUR coating. When the icing area on the surface of the coating
decreases, the anti-icing effect is better, which means the coating can reduce ice formation.
Therefore, when the value of R2 is lower, it indicates that the PCMS-PUR coating can reduce
icing on the blade surface more effectively, demonstrating better anti-icing performance.

/,Aice

/
Ablank

Figure 8. Schematic Diagram of Ice Coverage Area Ratio.

4.4. Results and Discussion
4.4.1. Surface Temperature

To explore the solidification heat release capability of the PCMS-PUR coating, a ther-
mal imager was used to record the temperature variation at the leading edge of the blades
during the icing wind tunnel test, as shown in Figure 9. Under the experimental conditions
of —5 °C temperatures and 3 m/s wind speeds, the surface temperature changes of the
blades with and without the coating were compared over 5 min. The results showed that
at the beginning of the experiment, the surface temperature of the uncoated blade was
—1.7 °C. Over time, the temperature gradually decreased, eventually reaching —5.9 °C.
This indicates that the uncoated blade experienced significant cooling under icing condi-
tions, with the surface temperature dropping rapidly. In contrast, the surface temperature
of the blade coated with the PCMS-PUR coating started at —1.3 °C. Compared to the
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uncoated blade, the temperature decrease was smaller over the same period, stabilizing at
around —3 °C in the end. This demonstrates the solidification heat release capability of
the coating. The PCMS-PUR coating releases heat when encountering low temperatures,
resulting in relatively stable surface temperatures of the coating.

-1

—#— Uncoated
—e— PCMS-PUR coating
2F
3+
o
S
E 4t
5t
-6
1 1 1 1
0s 100s 200s 300s
t(s)

Figure 9. Surface Temperature Variation with and without coating.

Therefore, blades coated with PCMS-PUR can effectively slow down the rate of sur-
face temperature decrease in low-temperature environments, significantly reducing the
likelihood of icing. This provides strong support for improving wind turbine performance
and reliability under adverse weather conditions.

4.4.2. Icing Distribution

The test results for icing after 5 min at —10 °C and 3 m/s for untreated blades, PUR-
coated blades, and blades coated with PCMS-PUR are shown in Figure 10.

T=-10C Evdi - A T=-10C
U=3m/s ; B ’ U=3m/s

Uncoated i , L "¢ PCMS-PUR |

—

Figure 10. Temperatures of —10 °C and wind speeds of 3 m/s on an icing physical map.

The icing shapes on the surface of uncoated, PUR-coated, and PCMS-PUR-coated
blades were processed using plotting software. Figures 11-13 illustrate the icing patterns of
the three coatings at wind speeds of 3 m/s, 6 m/s, and 9 m/s and temperatures of —5 °C,
—10°C, and —15 °C, respectively. Blade icing occurred mainly at the leading edge.
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Figure12. (a) T=—-10°CU=3m/s;(b) T=-10°CU=6m/s; (¢) T=—-10°CU =9 m/s.

When the temperature is constant, the icing tends to increase with the gradual increase
in wind speed for all three coatings. This is attributed to the increase in wind speed, the
number of impacts of supercooled water droplets on the blade surface per unit of time
increases, leading to an increase in the liquid water content, which in turn leads to an
increase in the amount of icing on the blade surface. At —5 °C, the amount of ice formation
significantly increases on the uncoated leading edge of the blades. This is because the
uncoated blades are directly exposed to the environment without any protective layer,
making them more susceptible to the influence of supercooled water droplets, resulting in
increased ice formation. The increase in icing at the leading edge of the PCMS-PUR-coated
blade is smaller because the PCMS-PUR-coated blade is capable of releasing heat at low
temperatures, which slows down the sharp decrease in the blade surface temperature and
reduces the speed of the freezing of supercooled water droplets. Thus, the increase in the
amount of icing is slower.
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Figure13. (a) T=—-15°CU=3m/s;(b) T=—-15°CU=6m/s; () T=—-15°CU =9 m/s.

When the wind speed is certain, with the gradual decrease in temperature, the icing
volume of all three coatings will increase. This is because at lower temperatures, water
vapor in the air is more likely to condense into the form of supercooled water droplets.
Subcooled water droplets are water droplets in the air that are below freezing temperature
but still in the liquid state. When these supercooled, water droplets come into contact
with the blade surface and they will quickly freeze into ice, increasing the amount of
icing on the blade surface. In the case of a wind speed of 6 m/s and a temperature of
—5 °C, for example, icicles appeared on the uncoated blade. This phenomenon may be
due to the difference in thermal conductivity between the FRP blade and the ice layer.
The relatively high thermal conductivity of the ice layer results in faster heat transfer
from the blade surface to the ice layer, causing the supercooled water droplets to freeze
quickly. However, the lower thermal conductivity of the FRP blades results in a slower
rate of heat conduction, so the time required to reach thermal equilibrium between the
supercooled water droplets and the blade surface increases, prolonging the freezing time
of the supercooled water droplets. During this time, due to the combined effect of airflow
and gravity, the unfrozen water droplets begin to flow downward and gradually converge
to form icicles. At lower temperatures, such as —10 °C and —15 °C, the freezing speed of
the supercooled water droplets is faster due to the lower ambient temperature, making
the unfrozen water droplets unable to flow and quickly freeze on the surface of the blades,
which reduces the generation of ice columns.

At the same temperature and wind speed, the blank blade has the largest icing area,
while the icing area of the PCMS-PUR-coated blade is significantly smaller than that of the
PUR-coated blade only. This is because when PCMS-PUR comes into contact with super-
cooled water, its temperature drops to the freezing point, causing the internal phase change
material to solidify, converting the chemical energy into heat, which is then released. This
heat transfers to the blade and the water impedes the process of water vapor condensing
into ice on the PCMS surface. This phenomenon can be attributed to the properties of
the PCMS, such as its solidification temperature and heat release capacity, as well as the
structure and properties of the microcapsule surface, which are very effective in preventing
ice formation or slowing down ice growth. Liquid phase change microcapsules solidify on
contact with surface water droplets and release heat, thus preventing water vapor from
condensing on the surface.
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4.4.3. Ice Area Ratio

The bar graph in Figure 14 clearly illustrates the changes in the ice area and ice area
ratio on the surfaces of different coated and uncoated blades. When the wind speed is 3 m/s
and the temperature is —5 °C, the ice area ratio of the uncoated blade is 5.9%, while that of
the blade with PCMS-PUR is 2.5%. When the wind speed is 3 m/s and the temperature
is —10 °C, the ice area ratio of the uncoated blade is 8.4%, while that of the blade with
PCMS-PUR is 3.3%. When the wind speed is 3 m/s and the temperature is —15 °C, the
ice area ratio of the uncoated blade is 8.5%, while that of the blade with PCMS-PUR is
4.1%. With the decrease in ambient temperature, the ice area at the leading edge of all
blades tends to increase. This is because at lower temperatures, water is more likely to
condense into ice at the leading edge of the blade, leading to an increase in the ice area. The
PCMS-PUR exhibits good performance in reducing ice formation on the blade, especially
at lower temperatures and wind speeds, demonstrating significant anti-icing effects.

200
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Figure 14. (a) Icing area: Aj; (b) icing area ratio: F.

When the temperature is —15 °C and the wind speed is 3 m/s, the ice area ratio of
the uncoated blade is 12.4%, while that of the blade with PCMS-PUR is 7.4%. When the
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temperature is —15 °C and the wind speed is 6 m/s, the ice area ratio of the uncoated
blade is 11.2%, while that of the blade with PCMS-PUR is 6.9%. When the temperature
is —15 °C and the wind speed is 9 m/s, the ice area ratio of the uncoated blade is 13.7%,
while that of the blade with PCMS-PUR is 9.7%. At the same wind speed, with the decrease
in temperature, the ice area ratio of both the uncoated blade and the blade with PCMS-PUR
tends to increase. This indicates that icing becomes more severe at lower temperatures. In
contrast, the blade with PCMS-PUR exhibits a lower ice area ratio. This demonstrates that
the coating has good anti-icing effects under different conditions and can effectively reduce
blade icing, thereby improving the performance and reliability of wind turbines.

In summary, these data help evaluate the anti-icing performance of the PCMS-PUR
under different environmental conditions, providing important references for wind tur-
bine operation.

A comparison was made with the results of previous studies, as shown in Figure 15. In
this study, the icing area was 55.7 mm?, 74.7 mm?, and 84.7 mm? for a wind speed of 6 m/s
and ambient temperatures of —5 °C, —10 °C, and —15 °C, respectively, whereas in the study
by Liu et al. [13], the icing areas were 88.3 mm? and 109.3 mm?. A comparison shows that
the results of this paper have minor differences from previous studies. These differences
mainly stem from the differences in experimental conditions and coatings. However, the
n-tetradecane phase change microencapsulated polyurethane coating used in this study
showed better anti-icing results.

110 + u Ref 13 -
® PCMS-PUR coating
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Figure 15. Comparison of results.

4.4.4. Anti-Icing Rate Analysis

Figure 16 depicts the variations in the anti-icing rates of the two coatings. At an
ambient temperature of —15 °C and a wind speed of 3 m/s, the ice protection rate was
51.7%; at an ambient temperature of —5 °C and a wind speed of 3 m/s, the ice protection
rate was 57.7%; and at an ambient temperature of —10 °C and a wind speed of 3 m/s, the ice
protection rate was 60.4%. Under the same wind speed condition, the highest anti-icing rate
was found at a temperature of —10 °C. This phenomenon may be related to the properties
of the PCMS-PUR coating since the phase transition temperature of C14 is usually around
—10 °C. In this temperature range, the anti-icing coating may release more heat. This heat
release helps prevent supercooled water droplets from freezing on the blade surface and
reduces leading-edge icing, which improves the efficiency of the anti-icing coating and
enhances operational stability and durability in adverse weather conditions. The anti-icing
rate is 40.9% when the ambient temperature is —5 °C and the wind speed is 9 m/s; 56.8%
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when the ambient temperature is —5°C and the wind speed is 6 m/s; and 57.7% when the
ambient temperature is —5 °C and the wind speed is 3 m/s. Under the same temperature
conditions, the highest anti-icing rate was found when the wind speed was 3 m/s. With the
increase in wind speed, the anti-icing rate gradually decreased. These data further validate
the effectiveness of PCMS-PUR coating in reducing icing on the leading edge of the blade.
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PUR coating
| Il PCMS-PUR coating
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10%
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-5°C -10 °C -15°C

Figure 16. Anti-icing rate: R.

Coating wind turbine blades with PCMS-PUR significantly improves their anti-icing

performance, further validating the potential of this coating in mitigating icing problems.

5. Conclusions and Discussion
1.

In this study, PCMS were prepared via interfacial polymerization and added into
PUR coating to form PCMS-PUR coating, which was applied to wind turbine blades.
The enthalpy of melting of the microcapsules was 90.8 J/g, and the enthalpy of
crystallization was 96.3 ] /g, indicating that they have excellent thermal energy storage
capacity.

Through the icing wind tunnel experiment, it is found that at a certain temperature
and a certain wind speed, the leading edge of the uncoated blade is more likely to be
affected by the supercooled water droplets, leading to an increase in the icing amount.
The PCMS-PUR coating can release heat at low temperatures, slowing down the
sharp decrease in the surface temperature of the blade, which makes the supercooled
droplets slow down the speed of icing. Therefore, the increase in icing is slow.
When the wind speed is certain, the icing area ratio gradually increases as the tem-
perature decreases. When the wind speed is 3 m/s and the temperature is —15 °C,
the icing area ratio of the uncoated blade is 8.5%, while the icing area ratio of the
PCMS-PUR coating blade is 4.1%. When the temperature is certain, the icing area ratio
increases gradually with the increase in wind speed. When the temperature is —15 °C
and the wind speed is 6 m/s, the icing area ratio of the uncoated blade is 11.2%, while
the icing area ratio of the PCMS-PUR coating blade is 6.9%. In comparison, the icing
area ratio of the uncoated blade is higher. This indicates that PCMS-PUR coating is
more effective in delaying icing and helps to reduce the degree of blade icing.

At different wind speeds and the same temperatures, compared with the uncoated
blade, the icing area of the blade coated with PCMS-PUR coating is significantly
reduced, and the anti-icing rate is as high as 60.41%. At different temperatures and
the same wind speed, the anti-icing rate is as high as 57.7%, which indicates that
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PCMS-PUR coating shows good anti-icing performance at different wind speeds and
temperatures, which can effectively reduce the icing on the leading edge of the blade
and improve the performance and reliability of the wind turbine.

5. PCMS is able to absorb and release a large amount of heat during the phase change
process and has good heat storage and release ability, which is suitable for regulating
and stabilizing the surface temperature of the blades, thus delaying the icing. This
study provides basic research data for exploring new anti-icing methods and reveals
the great potential of PCMS in delaying the icing of wind turbine blades.

Discussion: Through this experimental study, it was found that phase change micro-
capsules can effectively maintain the blade surface temperature in a high range and avoid
its excessive reduction to the ambient temperature level. By adjusting the concentration
and content of phase change microcapsules, different degrees of anti-icing effects on wind
turbine blades can be realized. Future research will continue to explore more optimized
phase change microcapsule concentrations to further improve coating performance and
increase wind turbine blade surface temperatures.
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