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Abstract

Blade icing can affect wind turbines to generate electricity. In severe cases, 30% of

power generation is lost in a year, and safety problems in the vicinity of wind power

plants are also caused. Researchers have designed anti-icing and de-icing technolo-

gies to reduce these effects, and excellent ice-detecting devices are a prerequisite for

using anti-icing and de-icing technologies. Ultrasonic attenuation technology can

effectively and reliably detect the presence of ice without affecting the aerodynamic

performance of the blade, providing a reliable guarantee for anti-icing and de-icing

systems. Deicing and anti-icing systems are divided into active and passive, active

heating blades are still the most effective anti-icing and de-icing methods, but their

energy consumption is too high. Although there are many existing de-icing methods,

there are not many practical uses. This article introduces them separately and lists

their advantages and disadvantages. The use of ultrasonic anti-icing and de-icing is

an economical and reliable means that has been proven to be used for anti-icing and

de-icing of blades. However, under normal circumstances, a single anti-icing de-icing

system cannot completely solve the problem of icing of the blades. This paper sug-

gests using both ultrasonic and hydrophobic coatings to cope with more icing

conditions.
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1 | INTRODUCTION

With the rapid development of the world economy, lots of countries are increasingly demanding energy resources. Owing to release a lot

of greenhouse gases, chemicals and toxins substances from the combustion of the fossil fuels such as coal and oil,1 People began to look

for renewable energy to provide energy consumption, such as wind energy,2-4 hydrogen energy,5-7 solar energy,8-10 biogas and

biomass energy.11-15 With the wind power growing rapidly, generate electricity by using wind turbines is economical and

environmentally friendly.16 As can be seen in Figure 1, China's total installed capacity of wind turbines in 2016 is much higher than in

other countries.

China has the largest wind power market in the country, and the installed capacity of wind power is growing steadily year by year. The high

density of air is conducive to the development of wind energy resources in cold regions. Figure 2 shows wind resource changes in different sea-

sons. The wind speed from June to August is significantly lower than other months. There are also data showing that wind resources in cold

regions are 10% higher than other regions.17,18
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Figure 3 shown the icing blades,19,20 and the surface icing on the blades can seriously affect the power generation efficiency of the

wind turbine.21,22 For example, North America and China often install wind farms in the mountains of the cold regions but the wind turbine

blades freeze causes a large amount of power loss. As shown in Figure 4, Tammslin et al. estimate that 20% of wind farms will be installed

in ice-prone areas.23

This paper mainly investigates various ice monitoring systems and anti-icing and deicing technologies, and compares their advantages

and disadvantages. In view of the instability of the ice detection system and the high energy consumption of the anti-icing and

deicing technology, the optimal ice monitoring system for the fan blade and an economical and reliable anti-icing and deicing system is

proposed.

F IGURE 1 Total installed capacity in 2016

F IGURE 2 Wind resources in different seasons17

F IGURE 3 Ice on wind turbine blades19
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2 | EFFECT OF ICING ON THE PERFORMANCE OF WIND TURBINES

Many researchers used icing wind tunnel tests or artificial ice molds to perform a large number of ice-covered blade performance change experi-

ments. Computational fluid dynamics (CFD) is a new technique that can play an important role in simulating wind blade experiments and provide

economic details of flow physics that cannot be achieved in icing wind tunnels.24 Ferrer et al25 studied the performance of wind turbine rotors

using their own 3D computational fluid dynamics model. Kwon and Masoud26 conducted an experimental study on the characteristics and numer-

ical values of the ice-wing flow field. Zhu et al. calculated the resistance to icing and used a numerical method of computational fluid dynamics.

Virk et al. and Etemaddar et al21,27 used numerical methods for computational fluid dynamics to investigate the effects of ice on blade perfor-

mance under different parameters.

2.1 | Problems of the icing blades in cold weather

1. Measurement error

During the measurement phase, the anemometer, wind vane and temperature sensor are affected by ice accretion. The anemometer error is

40% when the fan blades have no ice and the error when there is ice accretion on the fan blades is 60%.

2. Power loss

Icing changes the aerodynamic capability of the blade in turn c through affecting the surface roughness of the blade. In particular, a small

amount of icing at the front end of the blade greatly affects blade performance.28 The power loss due to icing is 0.005 to 50% per year and the

degree of loss is related to the duration of icing.29 Figure 5 shows the amount of power lost by wind turbines in various adverse environments.30

The main cause of wind turbine generator power loss is Ice on blades: Stop due to intervention; Strong winds. It can be seen that the loss of

power generated by Ice on blades to wind turbines is much higher than other adverse environmental factors.

3. Mechanical failure

F IGURE 4 Swiss iced leaves taken by Tammelin et al23
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Ice accretion increases the total mass of the blade and increases the load on the blade. Inhomogeneities caused by ice accretion can also

cause blade instability and can lead to wind turbine blades to be damaged by excessive vibration. Low temperatures can cause oil failure at the

joints of the fan components with increasing friction between the components results in excessive component temperatures and a significant

reduction in service life.29

4. Electrical failure

Falling ice or snow in the cabin of a wind turbine can cause condensation of electronic components.

5. Safety hazard

Ice on the blades can result in serious safety problems when separated from the blades due to centrifugal forces, especially when there are

roads, houses, wires and transportation routes nearby.

The ice absorption on the fan blade surface has a different shape at different temperatures. The shapes will turn into frost, glaze and enamel

as the temperature rises which is described by Gent et al..31 Soft cream is a kind of thin ice with characteristic of needles and flakes, it usually be

formed at a temperature of 0�C or median volume droplet (MVD) diameter and liquid water content (LWC) are very low, which is easy to remove.

When the LMC and MVD are high, a hard frost is formed with a high density and it is difficult to remove. The glaze is usually formed by rainfall

and is formed during the process of water droplets colliding with the fan blades and flowing back to the ground.

The accretion rate of precipitation is much larger than the accretion rate of water droplets in the cloud. The rain falls on the blades whose sur-

face temperature is lower than 0�C, resulting in high ice density and strong adhesion.

In the process of snowfall, wet snow can easily fall on the blade surface at first and then it is more difficult to remove the surface freezing for

a long time. In addition, the main form of wind icing is frosting, which can occur anywhere in wind turbines, and it is likely to appear at the front

end of blade.32 Figure 6 shows hard frost, glaze, and soft forst.

As can be seen from Figure 7, the effect of the type of ice on the performance of the blades is not independent of each other. And the effect

of atomized ice (frost) on the flow field around the blade is small, while the glaze ice has a great influence on the flow field. Figure 8 is a cross-

F IGURE 5 Power losses due to different alarms in icing blades30

F IGURE 6 Hard frost, glaze, soft cream
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sectional view of the ice coated blade, and it can be seen from the figure that the distribution of the ice accretion on the blade is uneven. During

the rotation process, the ice at the leading edge of the blade is smoother. Due to the action of the wind, water accumulates on both sides of the

leading edge and condenses into a rough ice layer. Of course, due to the shape and gravity of the blades, the distribution of rough ice layers on

the upper and lower surfaces may be different.

2.2 | Ice coating of different types of fan blades

The two types of wind turbines are horizontal axis wind turbines (HAWTS) and vertical axis wind turbines (VAWTS).35,36 The blades of the

HAWTS rotate about an axis that is horizontal to the ground, while the blades of the VAWTS rotate about an axis perpendicular to the ground,

while the VAWTS model is shown in Figure 9.37

The HAWTS is generally built in remote open areas owing to the wind direction is stable. HAWTS wind energy utilization is higher than

VAWTS, which is currently the main means of wind power generation.38 VAWTS is generally used in cities where HAWTS is difficult to use in cit-

ies because the available area of the city is small and the wind direction is very chaotic.39-42 The advantages of VAWTS with a small footprint are

low noise,43 low cost44 and low wind direction requirements,45 but the advantage is that there is no mass production.46 It is worth mentioning

that some researchers have found that multiple dense VAWTS can improve the aerodynamic performance of wind farms.47,48 Savonius is a type

of VAWTS that is intended to be used in HVAC systems. It has the characteristics of simple structure, low cost and easy production, but it has not

been mass produced.49 The researchers used 3D printing technology to make a small Savonius turbine and designed it in a series of optimized

designs, which resulted in the highest conversion of wind energy to ηmax = 6.59%.50

1. VAWTS ice coating characteristics

F IGURE 7 Effect of ice type on the flow field33

F IGURE 8 Ice roughness features34
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Figure 10(a) shows the icing condition of the surface of the VAWT blade in a static state. It can be seen from the figure that the ice accretion

is mainly distributed near the windward side of the blade, and the blade is not completely covered by the accumulated ice, and the distribution of

the surface ice of the blade mainly depends on the angle of attack. Figure 10(b) shows the surface icing of the VAWT blade under operating con-

ditions.51 It can be seen from the figure that the blade is completely covered by ice accretion and the thickness of the ice coating becomes thicker

as the operating time of the fan increases. The increase in wind speed causes the ice coating on the surface of the blade to gather more toward

the trailing edge of the blade, making the blade section look longer.

2. Icing characteristics of symmetrical airfoil and asymmetric airfoil (HAWTS)

The icing characteristics of the symmetrical wing shape (NACA-0012) and the asymmetric wing shape (NACA-23012) were compared.

Figure 11(a)-(c) are ice-covered images of two different types of blades at different wind speeds, temperatures, and liquid water levels.52 As can

be seen in the figure, as the wind speed increases, the ambient temperature decreases, the MVD increases, and the thickness of the ice at the

wing and wind contacts also becomes thicker. The shape of the ice formed by the symmetrical airfoil also has symmetry, and the shape of the ice

formed by the asymmetric wing shape has no symmetry, and the distribution of ice accretion is related to the area where the blade surface con-

tacts the wind.

The results of the above literature research show that icing problem is one of the important factors affecting the operation of wind turbine

blades and wind turbines. Therefore, reasonable and feasible deicing technology is an important key factor to improve the performance of wind

turbine.

3 | ICE MONITORING TECHNOLOGY

3.1 | Test considerations

Conventional ice monitoring equipment is unable to accurately provide ice accretion information on the blades, causing the relevant managers to

fail to react and eventually lead to damage to the wind turbine.52,53

F IGURE 9 Experimental setup for evaluating the relative performance
of different VAWT designs37
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The ice detecting device is installed as close as possible to the tip end of the blade, and although it is difficult, the detection accuracy

is high. It can be seen from Figure 12 that the ice thickness and the accumulated ice mass at the tip of the blade are higher than other

parts, regardless of the speed of ventilation, the different LWC, the median diameter of different diameters, and the different freezing tem-

peratures. It is thus concluded that the absorption of ice by the tip of the blade is higher than that of the other parts of the blade. When

the system icing information is received, the blade icing is usually more serious because the traditional measuring devices are carried out in

F IGURE 10 (a) Ice coating at different angles of attack with the blade at rest; (b) ice coating at different wind speeds during blade operation
within 30 minutes51
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the cabin. The cabin altitude is lower than the highest point of the blade and there is a possibility that the cabin does not freeze when the

top of the blade freezes.21 It can be seen from Figure 12 that the amount of ice distribution in different regions of the blade is different.

Of course, the difference in the amount of ice accumulated on the blade may be caused by ice shedding.55 The detector just detected an

ice-free area and it led to a judgment of the entire ice-free. In order to avoid coincidences, it is important to ensure that the ice detector

has a wide range of detection.54

3.2 | Detection method

Ice testing will help to detect ice early and protect it early, which has a great effect on improving safety, generating efficiency of wind turbine

energy and reducing maintenance costs of wind turbines. Ice detection technology is divided into two aspects of direct detection and indirect

detection.56

F IGURE 11 Ice shape of two airfoils
under different conditions52
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3.2.1 | Direct detection

Direct detection is usually measured using the physical properties of ice.

1. Ultrasonic damping

The principle of this technology is that ice can affect the transmission of sound waves. Acoustic components are installed at both ends of the

area where measurement is required, and the received signal is measured. If the signal changes, this indicates the presence of ice in the range.56

This monitoring method is very sensitive and consumes less energy. Pengwang et al. used a principal componment analysis-based (PCA)

method for ice monitoring and verified the feasibility of ultrasonic ice monitoring.57 This method not only avoids the influence of temperature on

the monitoring results, but also the scope of ice monitoring is not limited to the tip of the fan blade. As can be seen in Figure 13, the PCA method

can effectively detect the accumulation of ice at the tip and mid-end of the blade.57 At the tip of the blade, ice above 1 mm thickness can be mon-

itored, while in the middle of the blade, ice above 4 mm thickness can be monitored. Fully meet the actual monitoring needs.

Disadvantages: Less practical application, lack of practical application experience.

2. Piezoelectric sensor

F IGURE 12 Ice thickness and ice
mass distribution54
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Piezoelectric ceramic sensors58 and piezoelectric lead zirconate titanate59 are sensors that can be placed on the surface of the blade. This

kind of monitoring method can collect the response signal by inputting the sinusoidal sweep voltage to the driver, and can judge the ice coating of

the blade by analyzing the wavelet packet energy (WPE) of the signal.58

Figure 14 shows the wavelet packet energy values at different ice thicknesses on the blade surface. It is easy to see that as the thickness of

the ice layer increases, the energy value of the wavelet packet has a significant decrease. In addition, Guo et al also found that as the frequency

range of the input voltage increases, the energy of the wavelet packet changes more obviously.

Disadvantages: there are certain errors and may change the aerodynamic performance of the blade surface.

3. Resonance frequency measurement

The vibrating probe is vibrated at a certain frequency to expose it to the same environment as the blade. If ice is generated on the probe, the

vibration frequency of the probe will decrease due to the increase in mass.56

Disadvantages: there is no way to accurately determine the ice accumulation on the blade, and there is a large error. Moreover, the coverage

of ice accretion has a great relationship with the shape of the surface of the object and the speed of movement.

4. Vibration diaphragm

The vibration of the silicon diaphragm reflects the ice state, and the vibration of the diaphragm can be known by measuring the capacitance

between the coil and the diaphragm.60 When icing occurs, the capacitance will be smaller because the instrument can be made very little so it

does not affect the performance of the blade.56

Disadvantages: less applied in practice.

5. Electrical change

Changes in blade surface capacitance will indicate the formation of ice.61 The difference in relative dielectric constant between ice and water

can affect the change of capacitance. Table 1 lists the dielectric constants of some materials. It can be seen that the difference between the

dielectric constants of water and ice is very large, and the electrical changes on the surface of the blade during icing are very pronounced.

F IGURE 13 (a) PCA blade tip
monitoring results; (b) PCA blade mid-
section monitoring results57

F IGURE 14 Relationship between the thickness of the ice layer
and the energy value of the wavelet packet
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Disadvantages: only the icing conditions in the vicinity of the instrument can be monitored. Monitoring instruments may affect the aerody-

namic capabilities of the blades.

6. Temperature change

The batch temperature sensors are divided into two parts. One sensor is exposed to the same environment as the blade and the other is

placed at room temperature. The two sensors are simultaneously heat treated. If the external sensor does not accumulate ice, its temperature will

change immediately. If there is ice, the ice will delay the temperature change for a while. It can be judged whether or not there is ice accumulation

by comparison.55 The temperature and time curves of the three types of temperature sensors are shown in Figure 15. Series 1 is a temperature

sensor that does not have ice accretion outside. Series 2 is a temperature sensor at normal temperature and series 3 is a temperature sensor that

freezes outside.

Disadvantages: it is impossible to timely reflect the ice coating on the fan blades.

7. Optical measurement technology

a. Reflected light: If ice accumulates on the blade, the direction of the light emitted to it will change again. By measuring the reflected light, it can

be known if there is ice produced. This technology also measures the rate of icing of ice accretion events.56

b. Infrared measurement: The principle of this technique is that when the ice appears, the emissivity of the infrared light changes dramatically,63

which is analyzed using infrared remote sensing technology,64,65 and the data collected can be used to obtain leaf table ice information.65,66

Since the infrared radiation detected by the infrared sensor is not only from the surface of the blade, related researchers have verified the fea-

sibility of infrared monitoring ice accretion.55 Given the emissivity of several substances listed in Table 2,67 it can be seen that the difference

between the emissivity of aluminum and various types of ice is very large. When ice accumulates on the blade, the light emittance of the blade

surface will be changed significantly. Of course, the emissivity of light also depends on temperature, wavelength and direction of radiation.68

c. Light internal reflection: The realization of this method is based on the reflection characteristics of light, when light is transmitted from a high

refractive index medium to a low refractive index medium, the light is completely reflected inside. But if there is ice on the surface of the fan

blade, the light will pass through the ice.

d. There is also a method of monitoring the presence of blade ice that takes advantage of the total internal reflection effect of light. The light

source is placed on the surface of the blade, and the collected projection circle radius is observed to determine the presence of ice on the

TABLE 1 Relative permittivity of some substances62

Medium Relative permittivity

Air 1.0006

Quartz 4.2

Water (distilled) 81

Ice 3.15

F IGURE 15 Temperature change of temperature sensor56
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blade.69 This monitoring method can also calculate the thickness of the blade ice layer by the projection aperture size, and the calculation for-

mula is as follows:

h=
D−d

4tan arcsin n1=n2ð Þ½ � ð1Þ

where n1 = 1.0 is the air refraction index and n2 = 1.31 is ice refraction index; d is the source size; D is the image size.

However, this method has many disadvantages: (a)the shape of the ice surface may change the position and shape of the projection aperture;

(b)there is an error between the calculation result and the actual situation; (c)the observation period is limited, and it is not easy to measure during

the day; (d)installation of the light source may change the aerodynamic performance of the blade.

e. Ice load measurement

The method of the ice load measurement is proposed in ISO.12494 and it can measure the weight of ice. Rotate at a uniform speed with a

pole and the ice on the windward side is the least when the pole is frozen.56

3.2.2 | Indirect detection

1. Difference in output power

It can be assumed that the expected power is the output power of the fan in normal operation. When the actual power is lower than the

expected power, it can be conclued that there is ice on the blade. However, this method has its drawbacks because there may be other reasons

leading to the reduction of blade power.

2. Double anemometer

The two anemometers are placed in the same environment as the blades. One anemometer is heated and the other does not process and

compare the velocities of the two anemometers. If the velocity of the anemometer without velocity tends to zero or lower than that of the heated

anemometer, it can be assumed that there is ice.22,70 The relationship between wind speed and time of the two anemometers is shown in

Figure 16(a). The measurement started at 0:00 A.M., and it could be seen that the speed of the unheated anemometer was significantly slower

than that of the heated anemometer. The two anemometers were not nearly equal until the ambient temperature rose at 12:00 noon. It can be

assumed that this environment can freeze the blades at night. The disadvantage of this technique is that a small amount of ice does not cause sig-

nificant differences in speed and it is particularly prone to errors and cannot be measured without wind.63 In the absence of ice, the velocities of

the two anemometers may differ due to lower temperatures and errors. It is also impossible to predict the intensity, start and end time of ice

events.72

3. Dew point and temperature

Detecting the presence of ice when the dew point and air temperature are close.56

TABLE 2 Emissivity of various substances67

Surface Emissivity

Ice 0.970

Snow 0.986

Water 0.983

Frost 0.985

White fibre glass 0.956

AL 0.050
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4. Noise detection

The frequencies of noise generated by the fan operating in ice and ice-free conditions are different. Statistical comparison of these noise

levels can determine whether there is ice on the blade.71 Noise is usually generated by aerodynamic forces, and blade icing changes the aerody-

namics of the blades and changes the frequency of noise changes. By measuring the noise near the fan, the high frequency range of the noise

increases with the increase of wind speed.73 In Figure 16 (b), it can be seen that the noise level generated by the rotation of the ice-covered

blades is significantly higher than that generated by the clean blades.

5. Variation of blade resonance frequency

Ice accretion on the blade changes its resonant frequency and records its frequency. Therefore, it can then confirm whether the blade is fro-

zen by comparing itself with the icing history frequency.56

6. Measuring liquid water content and median volume droplet diameter

The blade ice load can be confirmed by measuring the liquid water content (LWC) and median volume droplet diameter (MVD) values through

comparing the data.

7. Visibility and cloud base height

Visibility and cloud height can be used to monitor icing in the cloud. When the temperature is below 0�C, icing in the cloud begins. However,

this method has some drawbacks and the data of cloud height and visibility is not easy to obtain.74

8. Engine room mechanical vibration and power curve

The method is to determine the ice coating condition of the fan blade by collecting the vibration and power curves of the wind turbine

nacelle. Skrimpas et al. determined the feasibility of this method by analyzing the data of 13 wind turbines in the winter of 2012–2013.75

This method has strong instability and should be combined with local weather forecasts to achieve better ice prediction results.

3.3 | Predicting ice loss

Predicting the production losses caused by icing will allow the plant to prepare for the implementation of the next plan. Pedersen et al.76 combine

the weather forecast value with the traditional CFD model by proposing a method for predicting the power loss caused by ice accretion as listed

in Figure 17.

At present, the research and application of the ice monitoring technology for wind turbine blade is still in an immature stage. And the existing

ice state analysis methods and new optical fiber ice sensor can be used to realize the ice state detection of the wind turbine blades, and obtain

F IGURE 16 (a) Heating and comparison of wind speed for heating anemometer; (b) comparison of noise levels between ice accretion blades
and clean blades71
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the ice state of wind turbine blades timely and accurately, which is very important significance for the ice warning, ice detection and eliminating

the harm of ice to wind turbine.

4 | ANTI-ICE SYSTEM AND DE-ICING SYSTEM

Anti-ice system and de-icing system can be divided into passive technology and active technology.77 Passive technology mainly uses the physical

properties of matter to remove ice accretion or prevent accumulation of ice while active technology applies external conditions such as chemicals

or heat. Generally speaking, single anti-ice deicing technology can not solve the problem of ice accumulation on blades.78 Figure 18 shows the

thickness that glaze and frost ice can accumulate on the blade under various anti-ice deicing protection.79,80 As can be seen from the figure, the

use of a single anti-icing and de-icing method to suppress the accumulation of ice is not as effective as the combination of the two anti-icing and

de-icing methods.

F IGURE 17 Basic framework76

F IGURE 19 (a) Clean leaves and several leaves with different degrees of ice; (b) relationship between wind speed and rotor; (c) relationship
between wind speed and power generation capacity81

F IGURE 18 Effects of different techniques for two different types of ice79; (a) relationship between the amount of glaze ice accretion and
the accretion time and the means of ice removal; (b) relationship between the amount of accretion and the accretion time of frost ice and the
means of ice removal
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4.1 | Effect of ice accumulation

Ice accumulation will change blade surface roughness, increase air resistance and then affect the aerodynamic capacity of the blade. Figure 17

(a) shows the fan blades of four different degrees of icing. In Figure 17(b) and Figure 17(c), the power generation performance of the clean blades

and the blades of the four icing degrees are compared. There is a great relationship between the amount of electricity generated and the degree

of icing of the leaves. The power generation of the blades in Case 2 and Case 3 is much less than that of the clean blades. The case 4 blades have

almost no electricity due to the excessive amount of ice coating.

4.2 | Passive technology

4.2.1 | Passive ice protection systems

1. Special coating

The use of a hydrophobic coating on the fan blades prevents water from adsorbing on the blades and therefore does not form ice on the

blades. Many researchers have done a lot of researches on this aspect. Super-hydrophobic substances have been found in lotus leaves, which can

be used on the anti-icing of leaves. It has also been found that the skin of marine fish has the ability to self-clean and maintain super-oiliness in

water and is superhydrophobic.82,83 Bacterial biofilms have been found to have very low surface tension in air and are highly hydrophobic.84 Bear

et al.83 developed a particle coating that strongly repels water which consists of special silica particles. Campos et al.85 combined a silica and fluo-

ropolymer binder to precipitate a water-repellent coating. Hsieh et al.86 combines spheroidal silicon and fluoropolymer to create the water and oil

repellency coating. Wu et al.87 also produced a wear-resistant and water-resistant superhydrophobic coating for blade surfaces. It is experimen-

tally determined that the ratio of RFOTE-SiO2 and SiO2 is 2:4 which has the best hydrophobic oleophobicity and FESEM image is in Figure 20.

Some researchers have mixed silica and other reagents on the glass surface to verify the hydrophobicity of their coating as shown in Figure 21. It

has been verified that it has a strong hydrophobicity after coating the third layer.88,89

The hydrophobic coating has the advantages of low cost and convenient maintenance, which can reduce the maintenance cost of the fan. In

fact, no coating can completely prevent icing, but coating is the only way to prevent pests.77

Although hydrophobic coating is very convenient, it is unrealistic to use only hydrophobic coating to prevent icing in the case of severe icing

of fan blades. In addition, the hydrophobic coating may be destroyed when the ice falls off.66 The uneven adsorption of ice on the leaves due to

the detachment of ice can also cause balance problems.

2. Black paint

F IGURE 20 Coating surface image
(FESEM). (a) RFOTE-SiO2: SiO2 = 1:5; (b)
RFOTE-SiO2:SiO2 = 2:4; (c) RFOTE-SiO2:
SiO2 = 3:3; (d) RFOTE-SiO2: SiO2 = 6:087
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The black paint is applied to the fan blades, and the black heat absorption property is used to raise the temperature of the blade to achieve

the purpose of preventing ice. The black paint is generally used together with the hydrophobic coating.

When it is slightly frozen, the waterproofing of the black paint is sufficient and rapid, but as mentioned above, it is completely insufficient to

use the paint alone to prevent icing,70 which has the same disadvantages as the hydrophobic paint. Black paint is not easy to control and it is easy

to cause overheating. As the blade material may be affected by high temperature, its power generation performance is lowered.70

3. Chemicals

Chemicals have not been used for wind turbine blade deicing but they are commonly applied in aircraft wings. The chemicals can prevent

water from freezing but it can pollute the environment.90

If chemicals are used in the blade, it also needs to consider how to prevent corrosion and how to prevent corrosion from falling off the blade.

It can increase the roughness of blade and affect its aerodynamic performance. This method is not currently used for wind turbine blades.

4.2.2 | Passive deicing

1. Flexible blade

Using the physical properties of the blade to de-ice, the blade has sufficient flexibility to break the ice after its own bending.91 But the ice

with bending rupture has great kinetic energy and may have safety problems. The research information of this technology is relatively small.

2. Blade turning to the sun

The icing blades turn to the sun to get more heat. This method can alleviate the slight icing, but it is not useful for extreme icing.91 However,

this technical design is complicated and has not been applied to blade deicing and may also damage the blade when it is frequently turned to

the sun.

4.3 | Active technology

4.3.1 | Active anti-ice

Active ice protection systems require energy supply, heat, chemical or pneumatic. Most mature active anti-ice technologies prevent the ice

adsorption by heating the blades and keeps the blade temperature above 0�C to prevent icing from freezing. The roughness variation of the ice

F IGURE 21 (a) SiO2 and polydimethylsiloxane-urea copolymer (TPSC) coating. A-layer; b-two layers; c-three floors; d-four floors88; (b) SiO2

and polymethyl methacrylate (PMMA) coating. A-clean glass; b-layer; c-two layers; d-three floors89
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coated blades before and after heating is given in Figure 22. It is apparent in the figures that heating under different iced shapes significantly

reduces the roughness of the blade surface.

For conventional thermal anti-icing system (hot air system), there is a great limit to the temperature of the hot air because of the temperature

sensitivity of the blade polymer material.52 In order to solve such problems, Hung et al. developed a surface heating technique for polymeric

materials.93

Disadvantages: there are some disadvantages that the electric anti-icing technology places a thermal pad and a foil on the surface of the

blade, which changes the aerodynamic ability of the blade and reduces the performance of the blade. The installed composite metal and carbon

fiber components also absorb light and affect the blade surface.77 In addition, generating heat also consumes a lot of energy. Moreover, it will also

cause a change in its performance if the blade is overheated.70

1. Air layer

Through the small holes in the surface of the blade, air is circulated inside and on the surface of the blade, so that the surface of the blade is

covered by air and the droplet is blocked by the flowing air instead of falling on the surface.77

Disadvantages: there is currently little research on this technology, and flowing air may affect the aerodynamic capabilities of the blade.

2. Microwave

Microwave is also a method of using heat to maintain the surface temperature of the blade to prevent the formation of ice.

Disadvantages: covering the surface of the blade with microwave-reflecting material or installing a microwave emitter on the tower has not

been successfully implemented.94

4.3.2 | Active de-icing system

Prior to the introduction of various types of active de-icing devices, the experimental setup used in previous de-icing studies is shown in

Figure 23.

The ultrasonic experimental blade structure in the figure consists of many simple rectangular plates.95 Both ultrasonic de-icing devices are

carried out in the refrigerator at temperatures of −15�C and − 16�C, respectively18,95 and the thermal deicing experiment used a wind tunnel.96

F IGURE 22 Effect of heat on blade roughness92
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1. Heating element

There are many types of heating elements and the most important of these is the insertion of a heating resistor in the blade which generates

heat to form a film of water between the ice and the blade, and then discharges the ice through the centrifugal force of the blade.97,98

The heating element is controlled by the ice detecting device described above, the detecting device detects the presence of ice and the

heating element is turned on. If the temperature sensor detects that the temperature is too high when the ice cleaning is completed, the informa-

tion is sent in time to stop the heating element from heating to prevent the temperature from being too high to damage the blade.68 There is a lin-

ear relationship between the amount of heating of the blade and the difference between the outside and the blade temperature.

At present, there are many choices for blade heating. Finnish blade heating system has installed 10 carbon brazing elements in different posi-

tions of the fan and has been used for a long time. Resistance heating systems in Japan have been used for wind turbine blades.99

Before the use of heating elements for deicing in the wind power industry, the aerospace industry had been in use for many years. The

heating efficiency of this method is close to 100%. The demand for energy will hardly increase with the blade size.70

Disadvantages: (a)the installation of heating elements at the front end of the blade changes the structure of the blade, which makes the load

on the heating elements very large; (b)these metal or carbon brazed parts can cause lightning strikes; (c)the surface roughness of the blade may

change due to the insertion of components in the blade; (d)during the reflux process, the water on the blades melting due to ice accumulation

may re-freeze, and the ice volume will be very large this time, which may cause danger23; (e)Thermal anti-icing technology consumes a lot of heat,

and the energy used for anti-icing in the early stage accounts for at least 25% of the total energy.23 Although with the development of various

technologies, consumption has decreased a lot but it is still very large.

2. Ultrasonic

Ultrasonic technology is a new type of ice protection technology that has been used in nondestructive testing for decades before it is used

for deicing of blades. The principle of this technique is to form shear stress on the surface of the ice and the blade, and use shear stress to sepa-

rate the ice from the blade.100,101 Shear stress is mainly caused by Lamb waves and SH waves in the composite ice system. Figure 24 shows the

shear stress direction of the composite ice system and the composite sheet and the ice layer.

F IGURE 23 Various deicing devices
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If the resultant force is greater than the adhesion of the ice, the ice will fall off. The adhesion of ice depends on the contact area of the ice

and the blade, the surface roughness of the material, the temperature and other factors. In Table 3, it is concluded that many researchers have

measured the adhesion of ice to aluminum at different temperatures. They use a lot of different methods. I hope that these data will help others

in future research.

The focus of this technique is how to generate the appropriate waves to make this stress effectively separate the ice and the blades.

Rose et al and others studied ultrasonic deicing at the university and created several ultrasonic de-icing devices.111,112 Palacios et al.111 an

ultrasonic de-icing system was developed which is intended for use in helicopter rotor blade de-icing. Habibi et al113 combined ultrasonic and low

frequency vibration to provide us with a new method of deicing. Wang et al.114 designed a light ultrasonic guided wave deicing system.

The interfacial stress concentration factor is an important technical criterion. The higher the interfacial stress, the greater the shear stress

between the ice and the blade. The effect of the wave on the frequency is called dispersion and the dispersion is also an important selection

criterion.

Habibi et al studied a new type of wind turbine icing protection method.106,108 This method combines ultrasound and low frequency vibration

to increase its effectiveness. Ultrasonic generates shear stress to remove ice accumulated on the blade and low frequency vibration increases suf-

ficient stress in a short time. The combination of the two will cause the ice to fall off.115

Ultrasonic deicing has been proven by many scholars to be achievable. Ultrasonic deicing is superior to other deicing methods. It only requires

a light sensor, small volume and weight, low aerodynamic impact on the blade, and much lower energy consumption than other de-icing methods.

Moreover, the ultrasonic deicing also avoids the backflow of the ice after melting, thereby avoiding the secondary solidification problem.

Disadvantages: due to the late application of ultrasonic deicing technology on wind turbine blades, the technology is not mature enough.

3. Warm air

This is a surface indirect heating method in which hot air is sent to the blade shell,56 and a layer of water film is formed between the blade

and the ice layer by heat, and then the ice is removed from the blade by centrifugal force.95 This technology has been used on an Enercon wind

turbine in Finland. This technology does not affect the aerodynamic performance of the blade and there is no danger of being struck by lightning.

Its disadvantage is very obvious that more energy is needed as the length of the blade increases.71 The amount of heat required to heat the

material from the root of the blade to the tip of the blade. The heat utilization of this technology is very low, only 30%.

4. Flexible pneumatic rubber boots

Such de-icing equipment is generally installed in an area where the blade is easy to freeze, and the accumulated ice is removed by the air

expansion force. The device is mounted on the surface of the blade, it expands and breaks the ice on the blade, and the ice is then discharged by

F IGURE 24 (a) Anisotropic multi-
layer structure; (b) shear stresses at
contact surfaces between aluminum plate
and ice cover102

TABLE 3 Adhesion of ice on aluminum

Refs. T/�C Test type Ice type SAT-kPa

103 −11 Pull Freezer 558

104 −11 Pull Freezer 931

105 −11 Rotating instrumented beam Impact 97

106 −4 Rotating rotor Impact 27

107 −2 Shear window Impact 103

108 −10 Archimedean screw driven by a motor Impact 80

109 −10 Beams spinned in a centrifuge Impact 350

110 −10 Beam clamped to a shaker Impact 285
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centrifugal force and aerodynamic force when ice is detected. This device has low power consumption and low cost and is easy to maintain. Dis-

advantages are that this technology is currently only used in small aircraft de-icing systems. It is not practical for wind turbines. It increases the

aerodynamic drag of the blades and generates a lot of noise when discharging ice. Ice emissions can create safety issues, and such devices can

increase the maintenance burden on wind turbines.

5. Electric impulse

Electromagnetic pulses are used to bend the metal to break and remove ice. The use of electromagnetic induction row technology on a com-

mercial aircraft of Raytheon has brought hope to the research of this technology.116 Disadvantage is there is still a lack of applications on wind

turbines and the discharge of ice may also create safety problems.

4.4 | Suitable anti-icing technology

Compared with the use of thermal technology to prevent ice deicing, ultrasonic anti-icing and deicing technology consumes very little energy and

does not affect the aerodynamic performance of the blade.

However, ultrasonic anti-icing technology is not good at handling too thick ice coating. In addition, ultrasonic technology is used for deicing

rather than ice protection in most practical situations.

Hydrophobic coatings and ultrasonic anti-icing technology can be combined to achieve better anti-icing effects. The hydrophobic coating

does not affect the operation of the ultrasonic transmitter, and the ultrasonic emitter is small in volume and does not affect the coverage of the

hydrophobic coating on the surface of the blade. Although thermal deicing technology can be used in combination with a hydrophobic coating to

reduce energy consumption, the heat generated may cause the hydrophobic coating to be failed.

Therefore, the main conclusions of the above literature findings can be expressed as follows:

a. The passive deicing method is troublesome and energy-consuming. It usually plays an auxiliary role and does not have a broad space for

development.

b. Electric-thermal coatings in active anti-icing method have some potential safety hazards, while photothermal coatings have limitations, while

hydrophobic coatings are widely used, safe and non-polluting, with strong anti-icing ability and good development.

5 | FUTURE WORK

In the future, the development of the wind power industry will be rapid and more advanced anti-icing and de-icing technologies can reduce the

power loss caused by wind generators.

But people's demand for energy will make wind turbines work more frequently, which may increase the rate of ice accumulation on the

blades. Therefore, it is necessary to make the anti-icing and deicing technology more intelligent in the future,117 such as the use of intelligent

robots which is a detection system that automatically recognizes and processes targets118-120 and it can improve the efficiency of anti-icing and

de-icing.121

Because the sensor is to be installed at the tip of the blade in the wind blade ice detection system, the problem of information transmission

between the sensor and the control center should be emphasized. Maybe it will be developed a technique to remotely detect the state of ice

accumulation in the blade in the future.

It is now found that there are few sensors can be used to detect ice accumulation. In the future, more excellent sensors should be developed

and discovered as much as possible. The sensor should not only provide the presence of ice accretion but also provide accurate ice thickness

information to prevent safety problems caused by excessive ice accumulation.

The use of ultrasonic technology to deal with blade ice accretion is very effective, but it is not long-term application and lacks practical experi-

ence. In the future, the experience of aerospace using ultrasonic deicing should be learned. More use of ultrasonic technology to deal with

blade ice accretion, and should also combine ultrasonic technology with other anti-icing technologies, and it is expected to achieve better anti-

icing effect.

In the future, with the development of detection methods, some theories and methods such as Orthogonal Experimental Design,122,123

Multidisciplinary design optimization124,125 and Field synergy analysis126-128 can be employed for deicing instead of anti-icing to save

energy.
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6 | CONCLUSION

It is well known that the improvement of micro-combustion efficiency129-133 and the progress of and energy material,134 emission technol-

ogy135-138 and energy utilization technology139-141 can not effectively solve the energy crisis and emission problems142, which lead to wind

energy is used more and more frequently. Wind turbine icing is a serious problem that wind power must face in cold regions. This paper summa-

rizes several main ways of causing icing of wind turbine blades, describes several wind turbine blade icing inspection systems and anti-icing and

de-icing systems. An optimal ice monitoring technique was selected and a new type of anti-icing and deicing technology was proposed.

1. It is effective and accurate to monitor blade icing using principal component analysis (PCA). This monitoring technology accurately monitors

the tip and mid-end icing of the blade without affecting the blade's aerodynamic capability, which is difficult for other sensors. The ice layer

above the 1 mm thickness of the blade tip and above the thickness of 4 mm or more in the middle end of the blade can be accurately and

timely monitored by this monitoring technology, which can fully meet the requirements of practical applications.

2. The ultrasonic anti-icing system has low energy consumption and has little aerodynamic influence on the fan blades. Ultrasonic deicing can

remove the ice coating on the blades within 3–6 minutes. However, a single anti-icing technology can only deal with the icing of parts of the

blade. Ultrasonic anti-icing technology can be combined with hydrophobic coatings to form a new type of anti-icing technology. This technol-

ogy can handle a wider variety of blade icing problems.
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