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Abstract

:

Icings on moving machinery, such as wind turbines and aircraft wings, degrade their performance and safety. Ultrasonic vibration is considered one of the deicing methods. In this research, simulations and experiments are carried out to explore the effect of ultrasonic vibration on the adhesive characteristic of ice on aluminum alloy plates. Harmonic response analyses are conducted to analyze the changing and distributions of shear stresses at the adhesive interface under different frequencies and sizes of PZT patches. The results show that there is optimum side length and thickness of the PZT patch, as the size of the iced aluminum alloy plate is constant. In these conditions, the shear stresses at the adhesive interface are high. Then, experiments on adhesive torque of ice are carried out to calculate the adhesive shear stresses of ice. The results show that the adhesive force of ice decreases under the excitation of ultrasonic vibration. When the excited frequency is 79 kHz, the adhesive torsional shear stress is 0.014 MPa, which is only 7% of the one with no ultrasonic vibration.
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1. Introduction


In cold and humid environments, ice accretion often presents on the surfaces of rotating machinery, such as airplane wings and wind turbines, which degrades their performance and safety. For example, the icing on the surface of a wind turbine blade will change the airfoil profile and the weight of the blade, which are shown in Figure 1. As shown in Figure 1, ice accretion destroys the aerodynamic performance of the blade and reduces the power generation efficiency of the wind turbine. Meanwhile, it increases the weight of the blade, which shortens the life span of the wind turbine, and ice shedding threatens the safety of nearby people and buildings [1,2,3]. Similarly, the icing on the surface of the aircraft wing also reduces the reliability and safety of aircraft [4,5].



Li Yan [6,7,8] conducted an icing experiment of a wind turbine in a self-developed icing wind tunnel. The icing process and icing shape on the blade surface were examined, and an analysis method for the irregular icing shape was also proposed.



Yihua Cao [9,10] calculated the process of ice accretion on the aircraft wing by simulation. The above-mentioned research findings lay the theoretical and experimental foundations for exploring the anti-icing and deicing methods in depth. Therefore, decreasing the adhesive strength of the ice and removing the ice from the machinery surfaces have high application value.



At present, there are several kinds of methods being researched to reduce the adhesive strength of ice or remove it, including the electrothermal method, the fluid-thermal method, the pneumatic method, the electric-pulse method, the microwave method, the surface coating method, and the ultrasonic vibration method [11,12,13,14]. Among these deicing methods, the electrothermal and microwave methods consume a significant amount of energy, while the fluid-thermal and pneumatic impulse methods have huge volumes and complex systems. In the surface coating deicing method, the coating easily falls off from the surface after a short working time, leading to the surface losing its deicing ability. The system of the electric pulse deicing method is complicated due to the high distribution density of the coil. In contrast, the ultrasonic deicing method has the features of consuming low energy, small vibration amplitude, long lifetime, light weight, no noise, simple structure, and easy installation and, therefore, can be considered one of the better deicing methods, especially for wind turbines. However, the deicing mechanism of it has not been refined and developed right now. The fundamental principle of it is to reduce the adhesive strength of the ice by generating shear stress at the adhesive interface between the ice and the substrate under the excitation of ultrasonic vibration. When the shear stress is higher than the adhesive strength, the ice falls off. Habibi [15] calculated the interfacial stress concentration coefficient (ISCC) and the vibration amplitude at the adhesive interface under a low-frequency excitation of a guided wave, and the distribution of the shear stress was acquired. Zhu [16] tested the ISCC of the iced composite material with an erosion layer and researched the deicing effect of the ultrasonic vibration in an experiment. Palacios [17,18] simulated and tested the anti-icing and deicing effects of the ultrasonic vibration on an aluminum plate and the leading edge of an airplane wing in a wind tunnel. Zeng [19] investigated the deicing effect of ultrasonic vibration on independent lumpy ices on an aluminum plate using simulation and experiment. Haihui [20] explored the effects of shear stresses generated by ultrasonic vibration at the interface between the ice and the substrate through simulation and experiment. To maximize deicing efficiency, it is important to explore the effects of ultrasonic vibration on the adhesive characteristic of ice covering on the substrate surface. Currently, practical research methods to achieve this aim include simulation and experimental methods. The simulation method aims to calculate the vibration mode of a research object and the distribution of shear stresses at the adhesive interface. However, the distributing state of shear stress at the adhesive interface is seldom researched. Additionally, the experimental method is commonly used to measure the time length of deicing. In these experiments, most research objects are small lumpy ices on the substrate surfaces, and the time length of ice removal is selected as one of the key measuring parameters. However, in many real icing conditions, such as the icing conditions of wind turbines, the structure of the ice is not composed of independent lumpy ices but a whole continuous ice cover on the whole surface. This kind of ice is seldom selected as a research object, and the adhesive forces of the ice under different conditions, such as excitation frequency and the size of piezoelectric ceramic, are seldom measured. In our previous research, it was found that the thickness of the ice covering the whole aluminum alloy plate surface decreases under ultrasonic vibration, which has an anti-icing effect, but the ice is not removed at all [21]. Therefore, the adhesive force of the ice and the distributing state of shear stress at the adhesive interface, excited by ultrasonic vibration, need to be researched in depth.



In this paper, studies are carried out on the effect of ultrasonic variations on the surface adhesive characteristic of ice covering on aluminum alloy plates, under excitations of ultrasonic vibration, using simulation and experiment. The effect of ultrasonic vibration on the adhesive force of ice is measured and analyzed quantitatively. The location and size of an ultrasonic excitation source (PZT patch) are calculated by ANSYS. Then, the distribution law of shear stress at the interface between ice and substrate plate is simulated. In this way, the optimum distribution law is determined. Based on theoretical research findings, the adhesive force of the ice under the excitation of ultrasonic vibration is measured by a self-developed experimental system, and the adhesive shear strength of the ice is calculated by a self-established analytical model. All the research findings in this paper lay the theoretical and experimental foundations for exploring the ultrasonic deicing method in depth.




2. Simulation of the Location of Vibration Source


For the large-scale wind turbine, the blade surface can be simplified into two kinds of shapes—the curved surface and the plane surface, which are shown in Figure 2. For the blade body, the curvature of it is small. In the scope of a small area, we simplified the surface into a piece of the plane. In contrast, the leading edge of the blade has large curvature. It can be simplified into a volume surface in the scope of a small area. By this simplification method, the research process can be simplified, and fundamental research on the adhesive characteristics of icing on the plate and volume can also be carried out. In the present study, a plate element, not from the exact position of a real blade body, was selected as a research object characterizing part of the blade body, to carry out studies on the ultrasonic vibration deicing technology.



The formation of ice is a phase change of water from liquid to solid as the temperature falls below zero degrees Celsius. After phase change, the ice is frozen together with the substrate material. Therefore, the iced body is similar to a composite material. In general, there are three basic categories of deicing systems, which are the mechanical deicing system, the thermal deicing system, and the chemical deicing system. For the mechanical deicing system, the principle of the deicing system is to break the adhesive bond [22]. Many years ago, researchers found that the adhesion strength of ice is lower in shear than in tension [23]. Similarly, in a previous study, it was also validated that the key factor of breaking the adhesive bond is shear stress [24]. Therefore, researchers selected shear stress as the deicing parameter for the mechanical deicing system. In this paper, the ultrasonic deicing method used is a mechanical deicing system. Its principle is shown in Figure 3a.



As shown in Figure 3a, when the PZT patch (piezoelectric ceramic) is excited by alternative voltage, it alternatively extends and contracts in ultrasonic frequency, which excites the iced aluminum alloy plate to vibrate and deform. Then, the mechanical shear stress generates due to bending deformation at the adhesive interface. When mechanical shear stress is higher than the adhesive shear stress of ice, the ice can be removed.



In this paper, an aluminum alloy was selected as the substrate material, because metals have the characteristics of isotropies in elasticity and heat transfer. Aluminum alloys have lower elastic moduli lower than other materials. They easily deform under the excitation of ultrasonic vibration, which is suited to conduct the basic research on ultrasonic deicing. In addition, many scholars have carried out studies on the adhesive characteristic of ice on aluminum alloy surfaces. The adhesive shear stress of ice covering on the aluminum alloy surface can be referenced and compared. In the present study, an aluminum alloy plate with the size of 60 mm × 60 mm × 2 mm was initially selected as a plate element, and the thickness of the ice is 2 mm. The model of the iced aluminum alloy plate is shown in Figure 3b.



According to the principle of the ultrasonic deicing method, while an iced aluminum alloy substrate deforms under the excitation of ultrasonic vibration, shear stress generates at the adhesive interface between the ice and the aluminum alloy plate. When the shear stress is higher than the adhesive shear stress of ice, which is the adhesive shear force in the unit area, the ice layer can be removed from the substrate plate. Therefore, in the present study, the bend deformation of the iced aluminum alloy plate was selected, which leads to higher shear stress at the adhesive interface between the ice and the aluminum alloy plate.



To determine the location of the piezoelectric ceramic (PZT-4), which is the ultrasonic vibration source, the first-order bending vibration mode of the iced aluminum alloy plate was calculated by ANSYS software. The element types of the ice and the aluminum alloy plate were both SOLID186. Material parameters of most series of aluminum alloy [25] and refrigerator ice [26], along with their mesh properties, are listed in Table 1.



In the simulation, edges of an iced aluminum alloy plate were fixed, which simulated the constrained condition of one iced plate element, because the body surface of a large-scale wind turbine blade was considered as a plane on the small scale, which is shown in Figure 2. As derived from Figure 2, the size of the plate element is too small in comparison with the whole blade surface, and its sides are constrained by the peripheral body of the blade. Therefore, the four sides of the ice aluminum alloy plate element were assumed to be fixed in the simulation. Additionally, the relationship between ice and aluminum alloy plate was coupled by the command of VGLUE. Based on the above simulation conditions, the first-order vibration mode is shown in Figure 4.



For analyzing mesh sensitivity and accuracy, in this paper, modal analyses for an iced aluminum alloy plate were conducted. The iced aluminum alloy plate was meshed by a mapped method. The simulation results are shown in Figure 5.



As shown in Figure 5, the natural frequency decreases, first rapidly and then slowly, with the increase in the number of nodes. When the number of nodes changes from 2189 to 17,945, the variation in natural frequency is 17 Hz. In contrast, as the number of nodes increases from 17,945 to 70,089, the variation is just 4.4 Hz. In the present study, considering calculation accuracies and time length, the number of nodes selected was 31,529. In this case, each element size was 1.5 mm × 1.5 mm × 1 mm.



According to the modal analysis result, a piece of piezoelectric ceramic was adhered to the reverse side of the aluminum alloy substrate without ice, as shown in Figure 6. It is located at the center of the iced aluminum alloy plate, which is in the vicinity of the red region shown in Figure 4. At this position, the bending deformation of the iced aluminum alloy plate is easily generated by the excitation of the PZT patch. When the iced aluminum alloy plate bends, shear stress generates at the adhesive interface between the ice and the aluminum alloy plate.




3. Effect of PZT Patch Size on Shear Stress


According to the principle of the ultrasonic deicing method, ultrasonic vibration generates due to the inverse piezoelectric effect of piezoelectric ceramic. Therefore, the size of the PZT patch significantly affects the shear stress intensity at the adhesive interface. In this section, the effects of side length and thickness of piezoelectric ceramic on shear stress at the interface are investigated using a simulation method.



3.1. The Effect of Side Length


For exploring the effect of the side length of the PZT patch on shear stress at the adhesive interface, the variation in maximum shear stress at the adhesive interface with frequency was calculated and analyzed by harmonic response analysis for the iced aluminum alloy plate. An aluminum alloy material was selected, whose properties are listed in Table 1. The size of the aluminum alloy plate was 60 mm × 60 mm × 2 mm. The shape and the side length of the ice layer were the same as those of the aluminum alloy plate, and the thicknesses of the ice and piezoelectric ceramic were both 2 mm. The properties of ice are also listed in Table 1. The shape of the PZT patch was square, and the side length of the PZT patch was in the range of 12 mm~17 mm, which was decided according to the modal analysis results shown in Figure 4. As inferred from Figure 4, the largest vibration amplitude is in the central part of an iced aluminum alloy plate. Therefore, for maximum excitation of the bending deformation, the PZT patch is located in the central part. In this paper, the diameter of the red region was selected as the lower limit, and the diameter of the orange region was selected as the upper limit, which were 12 mm and 17 mm, respectively.



For the meshing process, a mapped method was used. The element types of the aluminum alloy plate and the ice were both SOLID186, and that of the PZT patch was SOLID226. The PZT patch was attached to the aluminum alloy plate by command VGLUE, which generated a common plane between the PZT patch and the aluminum alloy plate. By this command, the elements (SOLID226) of the PZT patch coupled with the elements (SOLID186) of the aluminum alloy plate.



The parameters of the PZT patch, including elastic matrix E, piezoelectric matrix e, and relative permittivity ε, were determined [27], and its density is 7.5 × 103 kg/m3.



The elastic matrix E of piezoelectric ceramic, which is expressed in stiffness form, is expressed with the following matrix:


  E =  [      13.9     7.43     7.78    0   0   0     0    11.5     7.43    0   0   0     0   0    13.9    0   0   0     0   0   0    2.56    0   0     0   0   0   0    2.56    0     0   0   0   0   0    2.56      ]  ×   10   10    



(1)







The piezoelectric matrix e is expressed with the following matrix:


  e =  [     0   0    − 5.2      0   0    − 5.2      0   0    15.1      0   0   0     0    12.7    0      12.7    0   0     ]   



(2)







The relative permittivity ε is expressed with the following matrix:


  ε =  [      1475    0   0     0    1475    0     0   0    1300      ]   



(3)







For electrical boundary conditions, a sinusoidal voltage was applied to the PZT patch. In the process of simulation, the voltage at the interface between the PZT patch and aluminum alloy plate was set to zero, and an alternative voltage was applied on the opposite surface of the PZT patch against the interface. The excitation voltage Vp-p loading on the PZT patch (peak to peak) was 400 V. The simulation results are shown in Figure 7.



As shown in Figure 7, when the side length of the PZT patch is 16 mm × 16 mm or 14 mm × 14 mm, the maximum values of shear stress at the adhesive interface are high in both cases. Based on the existing research findings, the maximum adhesive shear stress of ice covering on metal substrates is about 1.8 × 106 Pa [22]. Therefore, in the above simulation cases, there are three kinds of conditions satisfying the deicing condition. The parameters in these conditions and simulation results are listed in Table 2, and the cloud images of the distributions of shear stress at the adhesive interface under these conditions are shown in Figure 8.



As shown in Figure 8a, when the side length of the PZT patch is 14 mm × 14 mm, and the vibration frequency is 79 kHz, the shear stress, whose absolute value is greater than the adhesive shear stress of ice, distributes in a local, small area. The shear stresses alternate positively and negatively. In this case, ultrasonic vibration can reduce the adhesive force of most parts of the ice covering on the whole adhesive interface.



Similarly, as shown in Figure 8b, when the side length of the PZT patch is 16 mm × 16 mm, and the vibration frequency is 87 kHz, the shear stress satisfying deicing conditions mainly concentrates in the four corners of the iced aluminum alloy plate. In this case, the areas in these regions are large, and the ultrasonic vibration can reduce the adhesive force of the ice near the corners of the iced aluminum alloy plate.



As shown in Figure 8c, when vibration frequency is 59 kHz, the shear stresses satisfying the deicing condition are located in the center of the interface, and their areas are all small. In this case, ultrasonic vibration can reduce the adhesive force of the ice near the center of the iced aluminum alloy plate.



In the above cases, although there are some areas whose shear stresses satisfy the deicing condition, there are some areas whose shear stresses are still lower. These areas degrade the deicing effect of the ultrasonic vibration.



To quantitatively assess the ratio of the area with a shear stress value satisfying deicing conditions to the whole interface, a definition of one parameter P, named deicing area ratio, was proposed, which is the ratio of the areas whose shear stress at the adhesive interface are greater than the adhesive shear stress of ice to the whole adhesive interface area. Its mathematical expression is defined in the following Equation (4):


  P =    S 1   S   



(4)




where P is the deicing area ratio; S1 is total areas whose shear stresses at the adhesive interface are greater than the adhesive shear stress of the ice; S is the adhesive interface area.



Based on the above calculation results, the values of the deicing area ratios under the different side lengths of the PZT patches are calculated by Equation (4), and the results are shown in Figure 9.



As shown in Figure 9, when the side length of the PZT patch is 16 mm × 16 mm, and the vibration frequency is 87 kHz, the deicing area ratio is highest, and the value is 0.59. When the side length of the PZT patch is 14 mm × 14 mm, and the vibration frequency is 79 kHz, the deicing area ratio is 0.58. The areas are approximately equal under these two conditions. In contrast, when the side length of the PZT patch is 16 mm × 16 mm, and the excitation frequency is 59 kHz, the deicing area ratio is very small, and its value is 0.074. These results show that there is an optimum side length for the PZT patch, as the size of an iced plate is constant. In this case, the deicing area ratio is highest, and the ultrasonic vibration deicing affecting the reduction in the adhesive force of ice is significant.



The reason for this result is that when the side length of the PZT patch is short, the output power of the PZT patch is low, and the bending deformation of the iced aluminum alloy plate excited by the PZT patch is small. Then, the shear stress and deicing area ratio are both low. When the side length of the PZT patch is long, although the output power of the PZT patch is high, the composite stiffness of an iced plate with PZT patch also increases along with the size of the PZT patch, which results in a reduction in the bending deformation of the iced plate. Then, the shear stress at the adhesive interface decreases. Therefore, an appropriate side length of the PZT patch should be decided for designing an ultrasonic deicing system in order to improve the deicing effect.




3.2. The Effect of Thickness


To investigate the effect of the thickness of the PZT patch on the shear stress at the adhesive interface, the variations in maximum shear stress and deicing area ratio P were calculated by harmonic response analysis. The model size of the iced aluminum alloy plate was 60 mm × 60 mm × 2 mm, and the thickness of the ice was 2 mm. Based on the simulation results in Section 3.1, the PZT patch with a side length of 16 mm was selected as the research object, and the thickness was in the range of 1~3 mm. The driving voltage Vp-p (peak to peak) was 400 V. The waveform of driving voltage was sinusoidal. The calculation results are shown in Figure 10.



As shown in Figure 10, when the thickness of the PZT patch is 1 mm, the maximum shear stress and the deicing area ratio are both high, which are 7.17 × 106 Pa and 0.62, respectively. The cloud image of the distributions of shear stress is shown in Figure 11.



As shown in Figure 11, the higher deicing shear stresses mainly concentrate in the four corners of the iced aluminum alloy plate. This distribution characteristic can also reduce the adhesive strength of the ice near the corners. In contrast, according to Figure 8b and Figure 10, as the thickness of the PZT patch is 2 mm, the deicing area ratio is slightly lower. However, the maximum shear stress is highest. They are 0.59 and 8.69 × 106 Pa, respectively. In these two cases, the deicing effects are similar. As the thickness of the PZT patch continues to increase, the maximum shear stress and the deicing area ratio both decrease. Therefore, as the sizes of the iced aluminum alloy plate and the PZT patch are constant, and the thickness of the PZT patch is thin, the shear stress and the deicing area ratio are both high.



The reason for the reductions in shear stress and the deicing area ratio is that, as the PZT patch is too thick, it leads to an increase in the stiffness of the iced aluminum alloy plate. Then, the bending deformation of the iced aluminum alloy plate caused by the inverse piezoelectric effect decreases, and the shear stress at the adhesive interface also decreases.





4. Experiment on the Adhesive Force of Ice


4.1. Experimental Scheme


In this paper, for quantitatively analyzing the variation in adhesive strength of ice under ultrasonic vibration, a torque acting on the ice layer was selected as an external load. Under the action of external torque, the shear force is generated at the adhesive interface between ice and aluminum alloy plate. In this method, the variation in adhesive strength of the ice, which results from ultrasonic vibration, can be estimated by a change in external torque.



In the experiment, an aluminum alloy plate was manufactured whose material number is 7075. The material parameters of the aluminum alloy 7075, including density, elastic modulus, and Poisson ratio, are 2.7 × 103 kg/m3, 70 GPa, and 0.3, respectively, which are provided by a mechanical factory. The size of the aluminum alloy plate is 60 mm × 60 mm × 2 mm. The size of the ice sample is also 60 mm × 60 mm × 2 mm, which was frozen with the aluminum alloy plate together in the condition of −18 °C. Two sizes of PZT patches whose model were PZT-4 were selected according to the simulation results, which are 14 mm × 14 mm × 2 mm and 16 mm × 16 mm × 2 mm, respectively. The PZT patch was adhered to the aluminum alloy plate by an epoxy resin adhesive named Araldite. This kind of adhesive has better conductivity. Based on the theoretical calculation results in Table 2, the excitation frequencies in the experiment and the experimental scheme are listed in Table 3.




4.2. Experimental System


To quantitatively analyze the effect of ultrasonic vibration on the adhesive force of ice, an experimental system for measuring the adhesive torque of ice was designed and built in this paper. The experimental system is shown in Figure 12.



As shown in Figure 12, the experimental system comprised a signal generator, an ultrasonic power amplifier, a device for measuring the adhesive torque of ice, etc. The signal generator, whose model is RIGOL DG1022Z, was used to generate a sinusoidal signal that can be continually modulated. The ultrasonic power amplifier, whose model is LONG YI DGR-3001, was used to amplify the power of the sinusoidal signal from the signal generator and drive the PZT patch to alternatively extend and contract. Then, the iced aluminum alloy plate vibrated with the PZT patch in high frequency.



For obtaining the adhesive torsional force (adhesive torque) of ice, a self-developed experimental device was designed and manufactured, which is shown in Figure 13. In the process of measurement, the device was placed in a refrigerator all the time, and the temperature of the substrate (aluminum alloy plate) was about −18 °C.



As shown in Figure 13a, the device mainly comprised a fixed part and a torque application part. The fixed part was used to fix a sample of an iced aluminum alloy plate, and the torque application part was used to apply torque to ice. From Figure 13a, the sample of an iced aluminum alloy plate was fixed on the frame, which was bolted on the base. The frame had a hollow structure; the PZT patch, adhered on the opposite side of the iced aluminum alloy plate, was located in this space. One end of a flange was used to apply torque, and the opposite end was frozen with the iced aluminum alloy plate together before each measurement. In this way, the torque could be applied to the ice layer, and the adhesive torque of ice could be measured.




4.3. Experimental Results and Analysis


To comparatively analyze the experimental results with theoretical ones, the adhesive shear stress of ice, which is its shear force in unit area, must be calculated. Therefore, based on the measuring adhesive torque, an analytical model for calculating the adhesive torsional shear stress of ice was established. The principle of modeling is shown in Figure 14.



As shown in Figure 14a, because the shape of the iced aluminum alloy is square, for simplifying the process of modeling, the diagonals of the iced aluminum alloy plate coincide with the X-axis (abscissa) and the Y-axis (ordinate) of the Cartesian coordinates, respectively. Considering the axial symmetry of the square shape along the diagonals, one-fourth of it was selected as the modeling object, which is shown in Figure 14b. For simplifying the processes of modeling and calculation, the equation of infinitesimal adhesive torque dM is expressed in the form of the polar coordinate system, which is expressed as Equation (5).


  d M =  τ a   ρ 2  d ρ d θ  



(5)




where dM is the infinitesimal adhesive torque of the ice; τa is the adhesive torsional shear stress of the ice; ρ is the polar radius of the infinitesimal ice; θ is the polar angle of the infinitesimal ice.



According to the range of the polar angle and the polar radius in Figure 13b, the adhesive torque M of the whole ice covering on an aluminum alloy plate surface can be calculated by Equation (5), which is expressed as Equation (6).


  M = 4  τ a    ∫  0   π 2      ∫  0   L   2   (  sin θ + cos θ  )       ρ 2  d ρ d θ  



(6)




where M is the adhesive torque of ice covering on the whole aluminum alloy plate surface; L is the side length of the iced aluminum alloy plate.



According to Equation (6), the adhesive torsional shear stress of ice is calculated as Equation (7).


   τ a  =   12 M    [  2  2  + ln  (  3 + 2  2   )   ]   L 3     



(7)







For calculating the adhesive torsional shear stress τa, the torque M in Equation (7) is substituted by the adhesive torque measured in the experiment, and the calculation results under different excitation frequencies are shown in Figure 15.



As shown in Figure 15, when the iced aluminum alloy plate is not excited by ultrasonic vibration, the adhesive torsional shear stress of ice is about 0.21 MPa. In contrast, when the size of the PZT patch is 14 mm × 14 mm × 2 mm, and the vibration frequency is 79 kHz, the adhesive torsional shear stress of ice is lowest, which is about 0.014 MPa. It is only approximately 7% of that without ultrasonic vibration. When the vibration frequency is 81 kHz, the adhesive torsional shear stress is approximate to the one without ultrasonic vibration. In this case, the ultrasonic vibration does not have a deicing effect. The experimental results show that high shear stresses exist at the adhesive interface when the vibration frequency is 79 kHz, which leads to a decrease in the adhesive force of ice. On the contrary, the shear stress is small when the vibration frequency is 81 kHz. These experimental results agree with the theoretical analysis results listed in Table 2.



In addition, when the size of the PZT patch is 16 mm×16 mm×2 mm, and the excitation frequencies are 85 kHz and 87 kHz, the adhesive torsional shear stresses of ice are also low. They are 0.037 MPa and 0.021 MPa, respectively. From Figure 15, it can be derived that the adhesive torsional shear stresses are lower than those of the iced aluminum alloy plate with a PZT size of 14 mm × 14 mm × 2 mm in general. The reason for this result is that when the size of the PZT patch is 16 mm × 16 mm × 2 mm, the excitation frequency and output power of piezoelectric ceramics are higher in unit time. The bending deformation and shear stress at the adhesive interface are higher in each excitation frequency condition, and the maximum shear stress is higher, as listed in Table 2, which leads to smaller adhesive shear stress of ice.





5. Conclusions


In this paper, the effect of ultrasonic vibration on the adhesive characteristic of ice, covering the whole aluminum alloy plate surface, was researched by simulation and experiment. Some conclusions are summarized and listed as follows:



1. The effects of excitation frequency and the side length of the PZT patch on the maximum shear stresses at the adhesive interface between ice and aluminum alloy plate were investigated by harmonic simulations. The results reveal that there is an optimum side length of the PZT patch for a constant size of plate substrate. In this case, the shear stress is largest at the adhesive interface, and the deicing area ratio is high. For an aluminum alloy plate with a size of 60 mm × 60 mm × 2 mm, when the side lengths of the PZT patches are 14 mm and 16 mm, the maximum shear stress and deicing area ratio are both high.



2. The effects of the thickness of the PZT patch on maximum shear stresses at the adhesive interface and the deicing area ratio were explored by simulations. When the thickness of the PZT patch is thin, the maximum shear stress and the deicing area ratio are both high. With the increase in the thickness of the PZT patch, both of them decrease dramatically.



3. An experimental system for measuring the adhesive torque of ice was designed and set up, and an analytical model for calculating the adhesive torsional shear stress of ice was established. Based on the measuring system and analytical model, the adhesive torque and torsional shear stresses of ice under the different excitation frequencies were measured and calculated. When the excitation frequency is 79 kHz, the adhesive torsional shear stress of ice is 0.014 MPa, only 7% of the one without ultrasonic vibration. When the side length of the PZT patch is 16 mm, the adhesive torsional shear stresses under the different frequencies are lower than those in the PZT patch with a side length of 14 mm in general.



To summarize, in the present study, although the ultrasonic microvibration did not fully remove the ice from the aluminum alloy plate surface, it dramatically decreased the adhesive strength of ice. This indicates that the ultrasonic vibration has a deicing effect and reduces the difficulty in deicing. Meanwhile, these research findings lay theoretical and experimental foundations for exploring the ultrasonic deicing method in depth in future studies.
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Figure 1. Icing on wind turbine blades. 
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Figure 2. Simplification model of the wind turbine blade. 
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Figure 3. Model of iced plate element for ultrasonic deicing: (a) principle of ultrasonic deicing; (b) model of iced aluminum alloy plate. 
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Figure 4. Cloud image of the first-order vibration mode of the iced aluminum alloy plate. 
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Figure 5. Mesh sensitivity analysis. 
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Figure 6. Sketch map of the adhesive position of the piezoelectric ceramic. 
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Figure 7. Variations in maximum shear stress with excitation frequency and the side length of the PZT patch. 
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Figure 8. Distributions of shear stress at the adhesive interface: (a) side length is 14 mm, and frequency is 79 kHz; (b) side length is 16 mm, and frequency is 87 kHz; (c) side length is 16 mm, and frequency is 59 kHz. 
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Figure 9. Variations in the maximum shear stress and the deicing area ratio with side length of the PZT patch. 
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Figure 10. Maximum shear stress and the deicing area ratio changing with the thickness of the PZT patch. 
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Figure 11. Cloud image of the distributions of shear stress at the adhesive interface (the thickness of the PZT patch is 1 mm). 
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Figure 12. Experimental system: (a) sketch map of the experimental system; (b) image of the experimental system. 
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Figure 13. Measuring device for the adhesive torque of ice: (a) sketch map of the measuring device; (b) prototype of the measuring device. 
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Figure 14. Principle of the analytical model: (a) position of the icing sample in the Cartesian coordinates; (b) a quarter of the icing sample. 
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Figure 15. Adhesive torsional shear stresses of ice under the different frequencies. 
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Table 1. Properties of materials.
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Material

	
Item

	
Value






	
Aluminum alloy

	
Density

	
2.7 × 103 kg/m3




	
Elastic modulus

	
7 × 1010 Pa




	
Poisson ratio

	
0.3




	
Ice

	
Density

	
0.9 × 103 kg/m3




	
Elastic modulus

	
0.6 × 109 Pa




	
Poisson ratio

	
0.35




	
Piezoelectric ceramic

	
Density

	
7.5 × 103 kg/m3
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Table 2. Parameters and maximum shear stresses.
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	Side Length of PZT Patch/mm
	Excitation Frequency/kHz
	Maximum Shear Stress/Pa





	16
	59
	2.76 × 106



	16
	87
	8.69 × 106



	14
	79
	7.83 × 106
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Table 3. Experimental scheme.
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Thickness of Ice (mm)

	
Thickness of the PZT Patch (mm)

	
Experimental Temperature (°C)

	
Excitation

Voltage Vp-p

(V)

	
Side Length of PZT Patch (mm)

	
Excitation

Frequency (kHz)






	
2

	
2

	
−18

	
400

	
16

	
0




	
85




	
87




	
89




	
14

	
0




	
77




	
79




	
81
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