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Abstract—To achieve the construction of a low-carbon power 
system, the development speed of the wind power generation 
system is further improved. Wind energy is abundant at high 
altitudes, but wind turbines built here are easy to ice up in 
winter. To reduce the power loss caused by icing and ensure the 
stability of power dispatching, it is very important to apply anti-
/de-icing methods to wind turbines. In this paper, a pneumatic 
impulse de-icing structure that could be applied to wind 
turbines is proposed. To explore the influence factors on de-
icing effects of this new structure, icing and de-icing tests were 
carried out in an artificial climate chamber. Results show that 
de-icing structures with tubes made by elastic materials could 
peel the ice off more easily, and the de-icing effects are getting 
better with the increasing of tube width. In addition, with the 
decrease in icing temperature, the average critical de-icing 
pressure rises firstly and then declines, and the average de-icing 
area ratio is slightly affected. With the increase of ice thickness, 
the average critical de-icing pressure rises firstly and then 
declines as well. However, the average de-icing area ratio shows 
a reverse trend. 
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I. INTRODUCTION 
As countries around the world pay more attention to 

energy security, ecological environment and climate change 
issues, accelerating the development of green energy power 
generation has become the international consensus to 
promote energy transformation and cope with global climate 
change. As clean and renewable energy, wind energy plays 
an important role in the transformation from fossil energy 
system to low-carbon energy system[1-2].  

Wind turbines are mainly built at high altitudes, but the 
higher humidity and lower temperature make wind turbines 
more easy to ice up during winter[3]. The ice layer changes 
the original aerodynamic structure of blades, resulting in 
decreasing of lift and increasing of drag[4-5]. What’s more, the 
uneven icing of blades will change the inherent frequency of 
wind turbines, resulting in unwanted vibration[6]. Therefore, 
it is very vital to install anti- or de-icing technologies on 
wind turbines working in icing areas.  

At present, the main methods to prevent wind turbines 
from icing are divided into passive and active methods[7]. 
The passive methods use various paints to change the 
physical and chemical properties of the blade surface to 
reduce ice accumulation. The super-hydrophobic coating[8-9], 
which is the most representative passive method, can 
effectively delay ice accumulation. However, the 

hydrophobic property will be weakened as the number of 
icing increases[7]. The active methods mainly include thermal 
methods and mechanical methods. Thermal methods, 
including the electric heating method[10] and hot air heating 
method[11], have good de-icing effects but consume much 
time and energy[12-13]. Mechanical methods use different 
devices to apply external forces to the ice layer, and the ice 
layer will be removed by considerable normal stress or 
tangential stress generated by these devices. The electro 
impulse de-icing (EIDI) method has the advantage of high 
de-icing efficiency[14-15]. However, it still consumes too 
much energy and is at the risk of being struck by lightning. 
Compared with the EIDI method, the energy consumption of 
the pneumatic de-icing method is lower[16]. The pneumatic 
de-icing method was implemented on helicopter rotor blades 
back in the 1980s[17]. This method is to attach a tube-like flat 
airbag manufactured by organic polymer materials to the 
leading edge of aircraft wings. However, the deflection of the 
inflated airbag is large, usually 6mm to 10mm[18], which 
limits its application. 

In this paper, a pneumatic impulse de-icing structure for 
wind turbines is proposed, and the maximal deflection is less 
than 3mm. To explore the de-icing effects of this new 
structure, icing and de-icing tests were carried out in an 
artificial climate chamber. According to the test results, the 
influences of tube parameters, icing temperature and ice 
thickness on the de-icing effects are obtained. 

II. DESIGN OF PNEUMATIC IMPULSE DE-ICING STRUCTURE 

A. Pneumatic Impulse De-icing Structure Sample 
The test sample with pneumatic impulse de-icing structure 

is designed on a 400mm×80mm×20mm epoxy board, which 
is shown in Fig.1.  

  
(a) Test sample 
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(b) The cross section of test sample 

Fig.1  The diagram of test sample. 

There is a 400mm×56mm×4mm groove on the top of 
epoxy board, on which a flat tube made by nylon material is 
fixed by structural adhesive. The groove will be filled with 
modified liquid epoxy (MLE), and after curing, the MLE 
becomes elastic layer with good viscosity. To protect the 
MLE after curing, a thin aluminium alloy skin is attached on 
its surface.  

B. De-icing Theory of Test Sample 
The operation of the test sample is given in Fig.2. When 

there is ice covering the aluminium alloy skin, a certain 
volume of pressured gas generated by the air compressor will 
be pumped into the tube from the inflation inlet. The tube 
will expand under the effect of pressured gas, leading to 
distortion of metal skin. When the distortion is considerable, 
the ice could be peeled off from the metal skin under the 
combined effects of bending and shear forces. The inflating 
process will last less than 1 second, and when the pressured 
gas escapes from the outlet, the metal skin will restore the 
initial flat state under the effect of MLE. 

[ Tube inflated ]

[ Tube uninflated ]

FixedFixed

IcePressured gas  
Fig.2  The operation of test sample. 

The change of sample surface deflection under pressured 
gas could be expressed by structural dynamic equation, 
which is given as follow: 

 
2

02
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dtdt
+ + = −  (1) 

where w is the surface deflection, m is the mass of the object, 
c is the damping coefficient, k is the elastic coefficient, S is 
the area that the pressured gas work on, p is the gas pressure, 
p0 is the atmospheric pressure, and t is time parameter.  

According to formula (1), with the increase of pressure p, 
the maximal surface deflection gets larger and the initial 
acceleration of deflection increases as well. When there is ice 
on the sample surface, the larger deflection will increase the 
bending and shear forces working on the ice layer, and the 
larger acceleration will make ice be peeled off by self-inertia 
more easily. 

III. ICING AND DE-ICING TESTS 

A. Test Platform 
The icing and de-icing tests were carried out in the 

artificial climate chamber, which is shown in Fig.3. The 
overall length of the chamber is 3.8m, and the inner diameter 
is 2.0m. The temperature in the chamber is controlled by a 
refrigerating system with a range from -1.1 to -36℃. A spray 
system is installed on the ceiling in the chamber, which could 
provide droplet sizes from approximately 10 to 120μm. The 
wind is generated by a low-noise axial flow fan, which can 
produce wind speed up to 13m/s. 

 
Fig.3  Artificial climate chamber. 

B. Test Setting 

1) Icing Test: Intermittent spraying is adopted during the 
icing tests, and the droplet size is controlled at around 
40~60μm. After spraying for 3 min, the ice layer would be 
frozen for 15min, and repeat this process until the ice 
reached the wanted thickness. To explore different influence 
factors on de-icing effects of test samples, contrast tests are 
set which are given in Table Ⅰ. 

TABLE Ⅰ. THE CONTRAST TESTS PARAMETERS SETTING 

No. Tube 
Material 

Tube 
Width 

Temperature 
Ice 

Thickness 
#1 elastic 2 cm -8℃ 2 mm 
#2 elastic 3 cm -8℃ 2 mm 
#3 elastic 4 cm -8℃ 2 mm 
#4 inelastic 2 cm -8℃ 2 mm 
#5 inelastic 3 cm -8℃ 2 mm 
#6 inelastic 4 cm -8℃ 2 mm 
#7 elastic 4 cm -12℃ 2 mm 
#8 elastic 4 cm -16℃ 2 mm 
#9 elastic 4 cm -20℃ 2 mm 

#10 elastic 4 cm -8℃ 3 mm 
#11 elastic 4 cm -8℃ 4 mm 
#12 elastic 4 cm -8℃ 5 mm 
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2) De-icing Test: After the icing test, the samples would 
be frozen at the set temperature for half an hour before the 
de-icing tests. The high-pressure gas is generated by a 2.2kW 
air compressor and stored in a carbon fibre collecting 
cylinder. A high-pressure solenoid valve is used to control 
the inflating action. The solenoid valve is powered by a 24V 
DC power source. There is a point-control switch controlling 
the electric power supply to the solenoid valve. The 
mentioned facilities are shown in Fig.4.  

 
Fig.4  The de-icing facilities. 

C. Parameters Measurement 

1) Measurement of Shear Stress: As shown in Fig.5, a 
5×5cm square loop is placed on 15×15cm aluminium skin 
used on the test sample, and there is ice frozen under the  
required temperature in the loop. A square pull connected 
with a tension meter is installed on one side of the loop. 
Increasing the tension slowly and recording the value of 
force when the ice is moved from aluminium skin and then 
the shear stress σa will be calculated as: 

 t
a

F
A

σ =  (2) 

where Ft is the recorded force value, A is the contact area of 
ice and metal skin. 

IceMetal skin Square loop

Horizontal 
tension

 
Fig.5  The diagram of shear stress measurement. 

2) Measurement of Elastic Modulus: According to ISO 
178-2010[19], the elastic modulus of ice layer under different 
temperatures is measured by three-point bending tests. 

IV.  RESULTS 
The de-icing effects are evaluated by two indicators, 

which are critical de-icing pressure (CDP) and de-icing area 
ratio (DAR). The two longer sides of aluminium skin are 
fixed on the epoxy board, and the width of the fixed part is 
12mm. So the effective de-icing area is 400×56mm2, which 
is shown in Fig.6. The DAR is the ratio of the de-icing area 
in the effective de-icing zone to the effective de-icing area. 

The lower the CDP and the larger the DAR, the better de-
icing effects.  

Fixed Side

Effective de-icing area  
Fig.6  The diagram of effective de-icing area. 

A. The Results of Shear Stress  
When the ice thickness is 4mm, the relationship between 

shear stress and temperature is shown in Fig.7. As we can see 
in Fig.7, the average shear stress increases first and then 
decreases as the temperature goes down. When the 
temperature is -8℃, -12℃, -16℃ and -20℃, the average 
shear stress is 0.325MPa, 0.372MPa, 0.425MPa and 
0.414MPa respectively. 

 
Fig.7  The relationship between shear stress and temperature. 

When the temperature is -8℃, the relationship between 
shear stress and ice thickness is shown in Fig.8. The average 
shear stress increases first and then decreases as ice thickness 
increases. When the thickness is 2mm, 3mm, 4mm and 5mm, 
the average shear stress is 0.246MPa, 0.297MPa, 0.325MPa 
and 0.393MPa respectively. 

 
Fig.8  The relationship between shear stress and ice thickness. 

B. The Results of Elastic Modulus  
The average elastic modulus of ice layers under different 

temperatures is shown in Fig.9. As we can see in Fig.9, the 
maximum elastic modulus of the ice layer comes up when 
the temperature is -16℃, and the minimum elastic modulus 



4 of 6 

of the ice layer comes up when the temperature is -8℃. 
When the temperature is -8℃, -12℃, -16℃ and -20℃, the 
average elastic modulus is 833MPa, 1169MPa, 1421MPa 
and 1214MPa respectively. 

 
Fig.9  The elastic modulus of ice layer under different temperatures. 

C. The Influences of Tube Parameters on De-icing Effects 
As can be seen from Fig.10, when the tube is of the same 

width, the average CDP of samples using inelastic tubes are 
slightly larger than those using elastic tubes. This is because 
the elastic material is easier to deform than inelastic material 
under the same force (shown in Fig.11), so the samples using 
elastic tubes need lower pressure to generate deflection. 
When the tube is used in the same material, the CDP of the 
sample is getting lower with the increase in tube width. This 
is because the increasing tube width expands the stressed 
area of the ice layer.  

   
Fig.10   The CDP of samples under different tube parameters. 

 
Fig.11   Diagram of different materials under stressed. 

Fig.12 shows the results of DAR under different tube 
parameters. As can be seen from Fig.12, when the tube width 
is the same, the DAR of samples using elastic tube is larger 
than those using the inelastic tube. This is because the elastic 
tube deforms easier than the inelastic tube does.  Beyond that, 
there are more cracks in the ice layer when using the elastic 
tube, which is shown in Fig.13. Under the dual effects of 
larger deformation and more cracks, more ice layers will fall 
off.  

   
Fig.12  The DAR of samples under different tube parameters. 

 
(a) Sample using elastic tube 

 
(b) Sample using inelastic tube 

Fig.13  The cracks on the ice layer. 

D. The Influences of Temperature on De-icing Effects 
Fig.14 shows the results of de-icing effects under different 

icing temperatures. The most representative pictures of de-
icing process under different temperatures are shown in 
Fig.15. 

From Fig.14, it can be seen that with the decrease in 
temperature, the average CDP increases firstly and then 
decreases. This is because with the icing temperature 
decreasing from -8℃ to -16℃, the shear stress between the 
ice layer and aluminium skin is increasing. Therefore, it 
needs higher gas pressure to generate more deformation to 
peel the ice layer off. However, with the temperature 
decreasing further, the shear stress shows a decreasing trend. 
Due to this, the applied average CDP is lower. Another 
explanation is that, with the decreasing of icing temperature, 
the elastic modulus of the ice layer increases firstly and then 
decreases. Assume the elastomer and ice layer as a 
composite beam model. Based on the three-point bending 
test, it is found that the elastic modulus of MLE is 4 to 8 
times the ice layer. So the neutral layer of the composite 
beam is in MLE[20]. With the increase elastic modulus of the 
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ice layer, the neutral layer will get close to the ice layer, and 
as a consequence, the shear stress on the interface between 
the ice layer and the metal surface will decrease. 

 
Fig.14   De-icing effects under different icing temperatures. 

  
     (a) Under -8℃ (b) Under -12℃ 

  
     (c) Under -16℃ (d) Under -20℃ 

Fig.15   Pictures of de-icing tests under different temperatures. 

E. The Influences of Ice Thickness on De-icing Effects 
Fig.16 shows the results of de-icing effects under different 

ice thicknesses. The pictures of de-icing process under 
different ice thicknesses are shown in Fig.17.  

 
Fig.16  De-icing effects under different ice thicknesses. 

From Fig.16, it can be seen that with the increase in ice 
thickness, the average CDP has a trend of first increasing and 
then decreasing. This is because as the ice thickness 
increases from 2mm to 4mm, the shear stress is an upward 
trend, and with the ice thickness increasing further, the shear 

stress tends to decrease. So the maximal average CDP comes 
up when the ice thickness is 4mm.  However, the DAR has 
an inverse trend, and the minimal DAR comes up when the 
ice thickness is 4mm. As we can see in Fig.17, with the ice 
thickness increasing to 4mm, the de-icing area ratio is 
decreasing evidently.  

  
     (a) 2mm (b) 3mm 

  
     (c) 4mm (d)  5mm 

Fig.17  Pictures of de-icing tests under different ice thicknesses. 

V. CONCLUSIONS 
In this paper, a pneumatic impulse de-icing structure for 

wind turbines is proposed. For exploring the de-icing effects 
of this structure, icing and de-icing tests were carried out in 
artificial climate chamber. The results of the exploratory 
research are mainly shown as follows: 

• The pneumatic impulse de-icing structure using tubes 
made by elastic materials has better de-icing effects. 
What’s more, with the tube width widening, the 
average CDP is getting lower and the DAR is getting 
larger. 

• With the icing temperature decreasing, the average 
CDP increases firstly and then decreases. The maximal 
average CDP come up at -16℃. In addition, there is 
little difference in DAR under different temperatures. 

• With the icing thickness increasing, the trend of 
average CDP increases firstly and then decreases. 
However, the DAR shows a reverse trend compared 
with CDP. The maximal average CDP and minimal 
DAR come up when ice thickness is 4mm. 
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