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Abstract

:

This study focuses on a system constituted of two piezoelectric transducers installed on a slat representative element, with ice protection purposes. The waves generated by these actuators can cause, in fact, shear actions between the slat panel and the ice accretion, with the final effect of breaking and detaching it. A property of the system is, however, the possibility of regulating the phase between the excitation signals of the two transducers. This capability can be exploited to produce local advantageous wave interference with a consequent amplification of the shear actions. Benefits can be obtained in terms of: (1) reduction of needed power; (2) recovery of signal intensity losses due to distance, geometric, and mechanic discontinuities; (3) recovery of non-optimal functionality due to off-design conditions. The work starts with an overview of the impact of the ice on the aeronautic and other sectors. Then, attention is paid to the systems currently used to protect aircraft, with a specific focus on ultrasounds generated by piezoelectric transducers. The concept proposed in this work is then presented, illustrating the main components and the working modality. On this basis and considering the specific nature of the physical phenomenon, the modeling approach was defined and implemented. At first, the impact of some critical parameters, such as the temperature and the thickness of the ice, was investigated. Then, the impact of the phase delay parameter was considered, estimating the increase of magnitude potentially reachable by means of optimal tuning. Finally, a preliminary experimental campaign was organized and a comparison with the numerical predictions was performed.
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1. Introduction


Ice accretions on aircraft can have catastrophic effects on the complex phenomenology determined. In fact, it can alter the original aerodynamic geometry of the wing, determining sudden drag increase and lift loss; moreover, by obstructing the air intake of the propeller, the ice can dramatically reduce the thrust; finally, when the accretions occur close to the movable surfaces, their excursion is strongly reduced with impacts on the maneuverability of the vehicle. Such a phenomenology, caused by specific atmospheric conditions and the aerodynamic field around the wing, is all the more worrying if one considers that it is sudden and does not give the pilot the time and the possibility to take the appropriate countermeasures. Thus, often the aircraft abruptly falls into a stall condition and recovery actions can hardly be taken [1].



These aspects made more severe by the addition of climate change widely justify efforts to prevent or mitigate ice accretion. Inspections of the wings are routinely addressed before take-off, using either visual checks or specialized equipment [2]. These types of checks are also supported and accompanied by onboard protection systems.



A general classification can be performed, distinguishing the protection systems in deicing and anti-icing [3]; the former removing already accreted ice, the latter preventing its accretion. Before take-off, warm liquids can be sprayed onto the aerodynamic surfaces to melt the ice. As an alternative, and with the intention of preventing ice accretions, dedicated fluids can be deposited on the surfaces. During flight, some precautions can be taken to prevent ice: adjusting the velocity of the vehicle or the altitude or avoiding zones climatically prone to ice events. In any case, the regulations mandate onboard ice protection systems, which can dramatically impact power consumption, weight, and integration with other onboard systems.



Numerical models are used to study the problem of ice growth and then experimental tests are performed to check the predictions. A numerical model that uses the phase-field method to simulate how ice forms and accumulates on aircraft wings is presented by Ashraf Ali Omar et al. [4]. The ability of the model to predict ice behavior on various surfaces has been validated with experimental data.



An overview of the research on aircraft icing undertaken by NASA at the Glenn Research Center is given in [5]. The research includes wind tunnel tests, numerical models, and data analysis. The authors talk about the difficulties of investigating how ice forms on aircraft wings and the advantages of new technologies.



The basic mechanisms of how ice forms on aircraft wings are reviewed comprehensively by Veldhuis et al. [6]. The review includes the physics of water droplets that are below freezing, the processes of ice accumulation, and the effects on aerodynamics.



Many works in the literature show the development of conventional and unconventional ice protection systems, indicating the great and deep interest in the topic. Different types of ice protections can be implemented; among others: hot gas, electrothermal, pneumatic, microwaves, and electro-impulse systems, as well as surface deformations [7]. These systems have advantages and disadvantages. The main issues are the power consumption, the weight, the effect on the aircraft layout, and the ability to remove ice. Table 1 shows the pros and cons of different types of ice protection systems [7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32]. The most desired advantages are low power consumption and low weight.



The necessity of developing new strategies, which are minimally invasive and represent a valid alternative in terms of power consumption and weight penalty, paved the way to new approaches that rely on unconventional technologies. In this regard, one recalls the use of materials, called “smart”, which offer different functionalities and the capability of changing some of their features on the basis of external stimuli. Among the others, and with reference to their impact on the ice protection field, shape memory alloys (SMA) and magnetostrictive and piezoelectric materials deserve special insight. The superelasticity and the strain recovery capabilities make SMA particularly suited to de-icing applications, as proved by patents issued since 1997 [33] and by more recent works on the topic [34,35]. Magnetostrictive materials also find applications both for the removal [36] and detection [37] of ice accretions. Similarly, piezoelectric materials appear in many works focusing on different de-icing strategies [9,10].



Despite the potentialities offered by these innovative materials, many challenges must be faced to achieve a technology readiness level (TRL) compliant with flight applications. JEDI ACE [38], SENS4ICE [39], and ICEGENESIS [40] are some examples of projects, at the European level, dealing with ice protection topics and strategies. At the worldwide level, one can recall: the Chinese State Grid Science and Technology Project focused on ice removal architecture based on electro-impulse systems [41] and the Airport Cooperative Research Program promoting ice protection strategies within the US airport network [42].



The research herein presented was performed within the Project of “Green Air-frame Icing Novel Systems”, GAINS, funded by the European Community within the Clean Sky 2 framework [43]. GAINS pursues the objective of improving, maturing, and demonstrating innovative ice protection systems for aeronautic applications. This challenge is faced following a specific technology maturation path, envisaging:




	
An extensive overview of available protection technologies and the identification and development of the minimally invasive and low power consumption ones [44,45];



	
The issue of technology requirements tailored to specific reference aircraft [46,47];



	
The implementation of dedicated numerical tools for the accurate prediction of ice accretion mechanisms and the design of unconventional concepts;



	
The demonstration at a laboratory level and in a representative environment (icing wind tunnel) of the most promising concepts [48,49].








The concept investigated in this work belongs to the piezoelectric ice protection systems. In line with similar applications, piezoelectric transducers are used for driving mechanical waves into a skin element to remove ice accretions on the outer face. Generated shear actions crack the ice over its extension and break the link at the interface with the skin surface. The proposed concept is constituted by an aluminum skin element representative of a slat of the Dassault Falcon 7X business jet [46], integrated with two piezoelectric disks bonded on the inner surface. These transducers were used to drive mechanical waves into the skin. Different works investigate the capability of ultrasound waves to detect ice through transducer arrays [50] and remove it by means of one or more transducers [51,52,53,54]. These studies focus on several parameters, such as ice thickness and distribution, transducer dimensions, and position. In the present work, attention is also paid to some of these aspects, but the focus is mainly on the phase delay among the signals of excitation; this parameter is here examined by virtue of its ability to determine detachment actions. To the best knowledge of the authors, the phase delay is treated in different studies for its capability of magnifying wave amplitude; however, a correlation would be important between the potentiality of this approach and the mitigation achievable against the main losses that can affect an ultrasound ice protection system. In this sense, the phase delay and its versatility against different operational scenarios (temperature excursion, ice of different thickness, distance from the source) or its capability of mitigating losses related to the non-ideal nature of the system (imperfect bonding of the transducers on the structure, presence of mechanical discontinuities as stiffeners, rivets or local junctions) can make the difference, especially in view of industrial applications. Moreover, even though this work focuses on ice protection in aerospace, the adopted approach and the phase delay strategy can be extended to other fields of application. To cite some examples, wind turbines or heat exchangers could benefit from this approach, since their ice protection systems are strongly influenced by the same parameters this work focuses on. Then, beyond the ice protection field, biomedical applications based on ultra-sounds could also benefit from the proposed approach, due to its potential capability of compensating for a wide number of losses of effectiveness.



In line with this scope, the phase delay between the signals generated by the two disks was changed to investigate its impact on the magnitude of the transferred actions. Six piezoelectric patch sensors were bonded on specific points of the inner surface to detect the local actions produced by the piezoelectric disks acting in combination.



The study presented herein is organized as follows. The first section is devoted to the description of the concept and its working principle, highlighting the roles of the subparts and the conditions in which the system was investigated. Then, another section is devoted to the modeling approach employed to examine the impact of phase delay on performance; in this section, attention is paid to the parameters used to determine the optimal phase and to the indicators of performance. At this point, in the subsequent section, a preliminary test campaign was illustrated; the aim was to observe the general benefits of the optimal phase delay in terms of signal amplification. Finally, a critical overview of the outcomes is organized, highlighting the main benefits coming from the phase delay and its limitations.




2. Proposed Ice Protection System Layout and Working Principle


Among other objectives, the aforementioned GAINS Project aims to develop and demonstrate, within a representative environment, an ice protection system that employs piezoelectric technology on a slat. In this context, as a case study, a curved panel made of aluminum alloy, which serves as a representative model for the slat, was taken into consideration. As shown in the transparency of Figure 1, three main regions can be ideally identified: a flat zone with one edge clamped to simulate the connection of the slat to the wing structure; a curved region representative of the leading edge; and another flat region as a final extension of the slat. Six piezoelectric sensor patch transducers and two piezoelectric actuator disks are bonded on the inner surface. Two sensors, S1 and S2, are located on the first flat region; a sensor, S3, on the curved zone; and the three remaining sensors, S4, S5, and S6, on the last flat region. The two actuator disks are symmetrically placed on the first region. The location of the actuator disks and of the sensors referred to in the frame shown in Figure 1 are reported in Table 2; the coordinates in the s direction have to be intended as curvilinear abscissas.



Specific wavelengths, comparable to the thickness of the skin, are generated. This type of wave, in fact, is related to specific resonance phenomena and is really effective in terms of propagation. In more detail, two main types of actions can be transferred at the interface with the ice: in-plane shear, with the main effect of cracking the ice, and out-of-plane shear, producing its detachment. This latter type of wave owes its name to the discoverer, H. Lamb [55]. Depending on the mode of excitation, Lamb waves can be differentiated into symmetric and asymmetric types. The symmetric waves determine opposite sinusoidal out-of-plane displacements across the thickness, while the asymmetric ones produce synchronous displacements; these two types of modal shapes are qualitatively shown in Figure 2.



The thickness and the physical properties of the medium are just some of the parameters that affect the frequency at which it is possible to excite in- and out-of-plane ultrasound waves and, thus, their effectiveness.



The level of attenuation of waves at a certain point depends on several parameters, among others:




	
The distance of the sources from the point: this parameter causes both a phase shift and an attenuation of the signals;



	
The geometry of the protected component: thickness or curvature variations, local discontinuities, junctions, or constraints may generate wave reflections, worsening system effectiveness;



	
The distribution of the ice: ice accretions behave as lumped masses that modify the dynamic response and also result in the reflection of waves;



	
The temperature: the distribution of temperature may vary, for instance, along the chord, as shown in [53]; this parameter may produce thermal distortions within the different materials of the system; moreover, it may alter the mechanical properties of the ice;



	
The transmission of shear: this aspect is crucial for its impact on the magnitude of the transmitted actions. It is influenced by different parameters; the theoretical model built by Crawley and de Luis [56] highlights the effect of some parameters, corresponding to the quality of the bonding layer and, thus, the effectiveness of the transmission. In particular, the non-dimensional parameter Γ was identified for a 1D PZT patch of extension L:










    Γ   2   =       L   2       2       G   a   /   E   p       t   a     t   p         ψ + 6   ψ    



(1)




with Ga and ta being the shear modulus and the thickness of the adhesive layer and Ep and tp the Young’s modulus and the thickness of the PZT. Finally,   ψ  , is the stiffness constant ratio, defined as:


  ψ =     E   p     t   p       E   s     t   s        



(2)




with Es and ts being the Young’s modulus and thickness of the structure.



Γ is a measure of the quality of the adhesive layer. Bonding layers with Γ > 10 can be considered perfect in terms of transmission. Even if relation (1) was built for the case of a 1D PZT element, when applied to a circular transducer, it gives a perception of the quality of the bonding.



L in this case is assumed equal to the diameter of the disk (50 mm). Then, considering the Young’s moduli and the thicknesses of the structure and of the PZT reported in Table 4, for an adhesive shear module, Ga, with a value of 4.94 GPa (Loctite-Hysol-9395 adhesive [57]), a value of 21 can be found out for Γ. For this computation, the adhesive layer was assumed to be 0.1 mm thick; this thickness is practically achievable by squeezing the glue between the structure and the PZT, after having doped it with glass spacing microspheres.



The aforementioned aspects, jointly with failure events of some piezoelectrics in the network, may dramatically abate the effectiveness of the ice protection system. In particular, the distribution of the ice and the variation of the temperature might strongly alter the dynamic response of the system. The distortions generated by the variation of temperatures, for example, determine an internal stress level that alters the stiffness of the structure. Due to the relevance of this aspect, some studies [58,59] investigated additional degrees of freedom (dofs), such as non-linear damping, to better adapt the dynamic response to the specific application.



The local interference generated by piezoelectric actuator disks can also be exploited. In the case study presented in this work, the interference of the waves generated by the left and right actuator disks of the slat panel is investigated.



The displacement       u   L    →    and       u   R    →    produced by the left and right piezo disks shown in the scheme of Figure 3 can be expressed as:


      u   L    →      r  →  , t   =     U   L    →    e   i       k   L    →  ·   r  →  − ω t + φ      



(3)






      u   R    →      r  →  , t   =     U   R    →    e   i       k   R    →  ·   r  →  − ω t      



(4)




with       U   L    →   ,       U   R    →   ,       k   L    →   , and       k   R    →    being the amplitude and the wave vectors for the left and right piezo, and     r  →   ,   ω  ,   t  , and   φ   the position vector, the angular frequency, the time, and the phase delay of the displacement generated by the left actuator with respect to the right one.



The aim of the system is to generate waves with a specific phased delay that, at each frequency and throughout every location of interest within the domain, guarantees the maximum amplitude.




3. Operational Range


As discussed in the previous section, the design of an effective de-icing system based on piezo technology involves different aspects concurring to produce the detachment of the ice accretions. A literature survey was undertaken to investigate the main approaches followed for the development of ice protection systems based on piezoelectric transducers. In Table 3, a summary of the main ice protection systems based on piezoelectric technologies is reported, illustrating the main characteristics, operational ranges, and the protected parts. In particular, the reported systems apply to different specimens with a variety of geometries, such as wing sections or plates, and are tested in thermal chambers or icing wing tunnels, where different types of ice accretions are obtained. The different parameters characterizing the de-icing systems include type of actuation, supply voltage, phase, and frequencies of excitations. Moreover, the table illustrates the assessment procedure selected to verify the detachment of the ice.



An analysis of this table highlights the following points:




	
The applications can be categorized into two primary families based on the frequency of excitation: low bandwidth, arriving at a few kHz, and high bandwidth, over 20 kHz. In the first band, the typical modal shapes of plate elements are excited, while in the higher band, thickness resonances are exploited. It is noteworthy that applications operating at low frequencies typically employ a greater number of piezoelectric patches with an overall capacitance compliant with the frequency limitations of the amplifier;



	
Another classification, even if not so sharp, can be performed on the basis of the voltage of excitation; two parameters seem to be related to it: the stiffness of the structure (in turn determined by material and geometry) and the frequency itself: generally stiffer structures and lower frequencies are accompanied by higher voltages; it is also worth noting that higher frequencies require amplification systems with an adequately high cut-off band, compatible with the capacitances of bulky piezoelectrics;



	
Protected part: flat (rectangular or circular, free or constrained) and curved plates representative of wing leading edges; with specific reference to this last typology and in particular to the work [60]; it is worth noting the implementation of an opposite phase delay to better harmonize the waves produced by different piezoelectrics acting on a complex structure;



	
The ice distribution: the applications are characterized by ice accretions with different thicknesses, up to 12 mm, with an average of 4 mm.








The system discussed in the study is a metallic curved plate representative of a slat, an open structure halfway between a flat panel and a leading edge. In this sense, it exhibits three main aspects that may alter the propagation and, thus, the effectiveness of the waves: the presence of a constraint on the aft side, a high curvature level on the leading edge, and some zones far from the wave sources. Low-frequency plate modal shapes may be strongly influenced by the presence of additional constraints such as lateral ribs; moreover, the excited modes could potentially interfere with the dynamic behavior of the wing. High frequencies of excitation offer a reduced susceptibility to constraints, although local reflections must be accurately taken into account. In this sense and considering the possibility of setting an enhanced excitation strategy generating in-plane and out-of-plane shear actions to, respectively, break and expel ice, the high-frequency bandwidth was preferred in this work. Another important aspect is the material of the skin, which is made of metal. Unlike laminate structures, the current system is not prone to delamination events. Such events, on one hand, could be caused by high-frequency waves and, on the other hand, could alter the wave propagation. Of course, attention must be paid on the bonding of the piezo actuator disks to reduce any transmission losses and prevent any cracking.




4. Modeling and Parameter Sensitivity


The purpose of this section is to quantify the impact of certain parameters on the strain amplitude transmitted at various points of the slat, which are significant for the off-design operation of the protection system.



A finite element model of the slat was realized. The study of phenomena associated with ultrasound waves requires dedicated approaches capable of describing wave propagation both in-plane and through the thickness. Two-dimensional shell elements, commonly used for low-frequency problems, were not considered for this application; the linear approximation of the displacement profile along the thickness offered by these elements, in fact, does not assure the correct simulation of the boundary conditions on the inner and outer faces of the skin element, which is particularly relevant for the high-frequency problems. For this reason, stacks of solid elements were considered for the entire structure, to ensure a number of nodes along the thickness adequate to the representation of nonlinear displacement profiles. The MSC/Nastran frequency response solution was implemented on this model to obtain the stress concentration at the interface with the ice layer against the type of excitation (piezo disks acting individually and in combination at 0 and at a specific phase delay) and the ice thickness.



The finite element model of the slat is depicted in Figure 4, with its principal characteristics outlined in Table 4 and Table 5. The image at the top displays the exterior of the slat, uniformly coated with an ice layer, while on the bottom, the interior view of the structure shows that it is equipped with two piezo-actuator disks and six circular piezo-patches for strain sensing. It is constituted of 255,112 solid elements and 624,311 nodes. Five elements along the thickness of the slat were placed by a total of six nodes to describe the profile of the displacement; the same was performed for the ice layer. The action of the piezo disks was simulated by an equivalent thermal load, assigning fictious expansion coefficients     α   31     and     α   33     for the in-plane and out-of-plane directions:


    α   31   =     d   31       t   p      



(5)






    α   33   =     d   33       t   p      



(6)




with     d   31     and     d   33     being the piezoelectric charge constants linking the voltage applied along the patch normal direction, 3, to the expansion produced along the out-of-plane (normal), 3, and in-plane (radial), 1, directions. Finally,     t   p     is the thickness of the disks. In this way, there is a 1-to-1 correspondence between applied thermal load and voltage. The system was excited up to 60 kHz, fairly including the radial mode of the piezo disk alone, 44.2 kHz, and wide enough to contain the corresponding mode when bonded to the mechanical system (slat + ice).



At first, the normal mode analysis of the piezo actuator disk alone was performed to verify the consistency of numerical predictions with the material features used and, thus, with the theoretical prediction of the radial mode. In Figure 5, the radial mode of the piezoelectric disk is illustrated. The corresponding frequency, fr, was 44.0 kHz, against the theoretical one of 44.2 kHz. This last value was computed by dividing the radial mode frequency constant of the Pz26 material, NP, of 2.21 × 103 mHz, by the piezo disk diameter, dp.


    f   r   =     N   p       d   p      



(7)







Then, the effect of the temperature on the dynamic response was investigated, computing the strain the piezoelectric patch sensors undergo within the frequency range. MSC/Nastran SOL 103 [68] was employed to calculate the system stiffness matrix, altered by the thermal load stress due to the temperature decrease from the initial (25 °C, room temperature) to sub-zero values. The stiffness matrix represented the input database for the next frequency response analysis, addressed by SOL 111. For the sake of clearness, the previously mentioned steps implemented to understand the impact of the temperature change are reported within the block diagram of Figure 6.



One can obtain an idea of the impact of the temperature by the plots of Figure 7 and Figure 8 showing, in the middle, the micro-strain per unit volt, µε, at sensor S1 against the frequency, without ice accretion and with a uniform layer of ice 2 mm thick. Several of the most significant peaks, which may be exploited to crack or detach the ice, were closely examined in the detailed zoomed-in plots surrounding the central peak. These peaks were selected assuming, as a reference, a lowest temperature of −40 °C. The distortion caused by the temperature variation and the consequent alteration of the internal stress are at the basis of a stiffness variation and, thus, of a different dynamic behavior. Generally, the effect of the temperature is highlighted by a distinct trend, evidenced by the consistent sequence of local peaks. In the absence of ice (Figure 7) and for temperatures ranging between −10 and −40 °C, variation in micro-strains were found, from a minimum value of 7% for the peak at 57.5 kHz (detail plot n.7) to a maximum value of 62% at 5.5 kHz (detail plot n.1). In all the plots, the micro-strains at +25 °C were also reported just as a reference, but they were not used for the computation of the amplitude variation. In the presence of ice that is 2 mm thick (Figure 8), a similar behavior was observed, from a minimum deviation of 0.2% at 38.7 kHz (plot n.5) to a maximum value of 29% at 15.0 kHz (plot n.2).



Finally, the impact of the thickness of the ice was investigated. The plot in the center of Figure 9 illustrates the micro-strain at sensor S1 within the entire frequency range, at a temperature of −20 °C and for ice thickness ranging from 0 (no ice) to 3 mm. The curve for 2 mm thick ice was assumed as a reference and highlighted by a thicker line. The peaks considered for this analysis were selected on the basis of this curve and then the corresponding values of the other curves were exanimated. Once more, the detail plots show the situation on the selected peaks. The thickness proved to be a parameter even more influential than the temperature since amplitude deviations between 53 and 95% were found at 48.7 kHz (plot n.9) and at 15 kHz (plot n.4). Even if the effect of the thickness of the ice is evident as for the temperature, it is more difficult to establish a clear trend. The ice, in fact, has two opposite effects on the dynamic response: its additional mass tends to reduce the resonance frequencies while its thickness contributes to the global rigidity.



For a quick idea of the de-icing performance of the system and of the impact of temperature and ice thickness, the in-plane and out-of-plane shears, τxy and τLamb, were computed. As discussed, these two types of shear play a critical role in removing ice; the former cracking, the latter detaching it [28]. Another important role is played by the Interface Shear Concentration Coefficient, ICCS, applied to the two components of shear [28] and capable of weighting them by the supplied power W:


    I S C C   X Y ,   L a m b   =       τ   X Y ,   L a m b        W     



(8)







The power was computed as a product of the applied voltage by the current. This latter parameter was obtained as the 1st time derivative of the electrical charge on the actuators, which is, in turn, related to the actual strain.



In the plot of Figure 10, the in-plane shear and the corresponding ISCC were illustrated for all the sensors, at a temperature of −20 °C and for a 1 mm thick uniform distribution. All the results presented hereafter were obtained through an excitation signal with an amplitude of 100 V. The curves represent the shear level while their color shows the ISCC coefficient magnitude. Red dot and green triangle markers were used to highlight the maximum values of the ISCC and of the shear, respectively. It is worth noting that these two values do not coincide for all the sensors. For sensor S5, for example, these values are clearly distinct, presenting the challenge of selecting between the maximum cracking action and the most advantageous shear-to-power ratio. Only when shear and power have the same phase, do the shear itself and the ISCC reach their maximum at the same frequency. A particularly favorable coupling between the PZT and the structure at a specific frequency results in power savings, though it does not invariably lead to the maximization of shear. This, according to definition (8), produces the rise of ISCC. Contour plots covering in-plane and out-of-plane maximum shear and ISCC for all six sensors were collected in Figure 11 and Figure 12 to give an idea of the trend against the thickness of the ice and the temperature. All the sensors show the same trend for in-plane components (Figure 11) against the ice thickness: the darker regions on the bottom, joined to the light blue ISCC contour lines, indicate a lower stress concentration when the ice thickness is modest. One can understand this by noting that thinner ice layers more readily follow the metallic substrate, without generating excessive stress. On the contrary, thicker layers of ice hinder the motion of the substrate. There is an intermediate value of thickness that allows the best transmission and, thus, magnifies the shear. In-plane shear between a minimum of 0.45 and a maximum of 1.8 MPa was found, respectively, on sensors S4 and S6, for ice thicknesses of 1 and 2 mm. Only sensor S3 reached the maximum shear (0.7 MPa) for the maximum thickness of 3 mm. It is placed on the curved and, thus, most rigid region of the slat; for this reason, here, the optimal thickness for transmission is higher. Out-of-plane shear within the same range was also estimated (0.6–1.3 MPa, Figure 12). In this case, optimal transmission is achieved at the minimum ice thickness considered (1 mm) or, at the most, at an intermediate value. The structure, in fact, exhibits greater in-plane than out-of-plane rigidity. In this second case, lower values of ice thickness are required to maximize the transmission of shear. The impact of the temperature is particularly evident for the out-of-plane shear; here, the maximum shear actions are achieved for the lowest temperatures. The higher distortions generated at these temperatures, in fact, determine an increase in the rigidity of the structure whose authority with respect to the ice arises, together with the capability of generating stress.



Another crucial factor lies in the relationship between the strain detected by the piezoelectric sensors and the shear force at the ice interface. The graphs in Figure 13 depict the strain of the sensors (indicated by the blue line) and the corresponding out-of-plane shear (represented by the red line) for a scenario involving a 1 mm thick ice layer at −10 °C. The deformations on the order of tens (detectable by standard equipment and well below the stress limit of the piezoelectric material) demonstrate the suitability of these transducers for this specific application. It is worth noting that the shear reaches its absolute maximum across the entire bandwidth at approximately 7.5 kHz (indicated by the red cross markers) for all sensor positions. In contrast, the absolute maximum strain occurs beyond 50 kHz. However, if one considers a narrower frequency range to calculate the maximum strain (e.g., within 30 kHz), practically coincident peaks can be observed for all sensors except S5. Through this approach, it is possible to exploit the measure of the strain sensors to scan single bands of the frequency range to identify local maxima of shear.




5. Optimal Delay Effects


After having explored the performance achievable without any signal delay from the actuators, the influence of this parameter was assessed. To this end, the maximum shear and ISCC obtainable by an optimal delay were computed at each ice thickness value and temperature.



The MSC/Nastran RLOAD2 card was used to specify the phase of the signal generated by the left disk with respect to the other one. The investigations hereafter discussed were obtained by implementing the computational scheme shown in Figure 14.



In practice, as was already undertaken for the computation of the dynamic response at 0 deg phase delay, an initial eigenvalue analysis was performed on each slat configuration (plate element + PZT disks + PZT sensors + ice layer of assigned thickness). Then, the frequency response was addressed within a cycle, increasing by 10 deg the value of the phase delay of the left disk at each step. The loop continues until the phase delay is lower than 360 deg. When the phase delay is 0, the configuration is assumed as a reference.



The plots of Figure 15 and Figure 16 present the maximum increase of in-plane and out-of-plane shear and ISCC, in correspondence with the peaks identified in the previous section against the temperature and the thickness of the ice.



Shear increases up to 0.6 MPa were found out for the in-plane direction (sensor S2). A more modest increase was estimated for the out-of-plane direction, no greater than 0.3 MPa, for the same sensor. These values, compared to the reference magnitudes reported in the previous section and obtained without any phasing of the signals indicate the operating margin of the optimal phasing, in practice confined to an order below.



It is significant that the highest increases of both in-plane and out-of-plane components are registered at the locations corresponding to the sensors S2, S3, and S5. Here, the optimal phase delay plays an important role since it ensures an enhanced interference of the signals coming from the two disks, despite the different paths.



The maximum increase of shear seems achievable for different values of thickness, depending on the position on the slat. More in detail, for the symmetric sensors, S1, S4, and S6, a maximum increase of in-plane shear is achievable for the lowest ice thickness value (1 mm). This is also confirmed for the out-of-plane components, for sensors S1 and S4. Due to their location, the 0-phase delay already represents a sub-optimal condition that can be improved only by enhancing different excitation peaks, which are sensitive to specific phase delay angles. For the reference configuration (0-phase delay, Figure 11 and Figure 12), the maximum shear level was achieved for intermediate values of the thickness; the maximum increase is instead achieved for the minimum thickness (1 mm), thus highlighting the involvement of different peaks, whose potentials are higher than the original ones.



The impact of the temperature for the in-plane component is generally negligible as shown by the parallel quasi-horizontal contour lines of the plots of Figure 15. The situation is different for the out-of-plane component of the shear, at least for sensors S3–S5 that highlight a maximum increase at the lowest temperatures (−40 °C). The increased rigidity of this configuration, attributable to the significant thermal distortions, affords a larger margin for the optimal phase delay.



A different trend was observed for the ISCC. Here, the greatest increase (1.2 MPa/√W for sensor S1) was noticed for the in-plane direction, against a more modest maximum hike for the out-of-plane direction (0.16 MPa/√W for sensor S6). These figures indicate larger margins for the in-plane ISCC, passing from 8 to 9.2 MPa/√W as the optimal phasing strategy is implemented (Figure 12, sensor S1). For the out-of-plane direction, instead, the abovementioned increase of 0.16 MPa/√W must be compared to the basic value of 16 MPa/√W (Figure 11, sensor S6). The different behavior of the ISCC in relation to the shear magnitude can once again be attributed to the fact that the power required by the transducers is affected by the degree of resonance between the piezoelectric element’s intrinsic frequency and that of the entire electro-mechanical system, which includes the piezo, the structure, and the ice coating.



The outcomes prove that benefits can be achieved both in terms of shear magnitude at the interface with the ice and ISCC. This implies that, on one hand, there is potential to enhance the shear level required for detachment, thereby improving de-icing efficacy, and on the other hand, to obtain certain advantages in power consumption. Within the range of parameters considered, the optimal phase delay led to an improvement of the shear and of the ISCC of about one order lower than the nominal conditions. As expected, the performance of the optimal phasing depends on the zone on which the sensors are located and also on the temperature. The above-mentioned sensor S2 seems the most benefited by the optimal phasing, with a maximum shear increase. Its position is not symmetric with respect to the piezo-actuators and not so far from them. This leads to a local signal not significantly attenuated by the distance and not well phased in nominal conditions: the phase delay strategy has thus a wide margin of improvement. A similar effect can be observed also for sensor S5, still located in a not symmetric position and, thus, potentially benefiting from the phase delay strategy; in this case, however, the greater distance from the sources makes the difference in terms of increase of amplitude. The best increase of the ISCC was instead estimated for sensor S1 (1.2 MPa/√W). The symmetric configuration makes the 0-phase very close to the optimal condition; this strongly reduces achievable benefits on the shear magnitude. Nevertheless, the effects of fine-tuning can be highlighted by the ISCC, being the ratio between two parameters (shear and power), both of them being affected by the optimal phase strategy. It is also worth noting that the thickness of the ice does not have the same effect: for example, at 0-phase, the in-plane shear actions are maximized by an intermediate value of the thickness, while for the out-of-plane actions, optimal results are obtained for intermediate values of thickness (sensors S4, S5, and S6) and for the minimum value in the range (sensors S1, S2, and S3).



Typically, it is the thickness of the ice that contributes more to the observed differences than the temperature does. Depending on the sensor used, the most significant effects may be noted either in the thickest or the thinnest ice distributions. This is evident for sensors S1, S4, and S6 where the best results in terms of shear are obtained for the thinner distributions of ice. On the contrary, sensor S5 shows an opposite behavior, while the remaining ones, S2 and S3, show the best figures for intermediate thicknesses.



The outcomes observed at a 0-phase delay generally indicate identical peaks for both the shear magnitude and the ISCC. This suggests that the nominal design may be effectively guided by considering either the shear magnitude or the ISCC as a singular parameter. Conversely, when addressing the optimal phase delay, a decision must be made between these two parameters to amplify their enhancement. The two alternatives are: to increase the shear magnitude while easing the power-saving criteria, or to focus on the ISCC to conserve power while maintaining the same level of shear. When an optimal phase delay strategy is implemented, the ideal ice thickness varies depending on the specific scenario. The interpretation of this behavior is made more complicated since the thermal distortions play their role in altering the local stiffness and thus the dynamic. Speaking of temperature, it is worth noting that it greatly alters the shear magnitude and the ISCC for the out-of-plane components, at 0-phase and for the optimal phasing, while its effect is not so pronounced for the in-plane actions.




6. Ice Protection Effectiveness


After having investigated the ability of the phase delay to enhance shear and ISCC across various temperatures and ice thicknesses, its effectiveness in facilitating detachment was examined.



To this end, the adhesion strength of the ice on aluminum alloy substrates was considered. Several works focus on the experimental determination of this parameter, influenced by the roughness, the type of ice, and the temperature [69,70,71,72]. For the sake of caution, a value of 0.568 MPa, which is the highest value determined, was adopted for this calculation. Both the maximum shear at a 0-phase delay and with optimal phasing normalized with respect to this adhesion strength were plotted in Figure 17 and Figure 18, referring to the in-plane and out-of-plane components, respectively. Left and right plots illustrate the shear at a 0-phase delay and with the optimal phase delay. The brighter colors evident for some plots on the right qualitatively indicate higher values of the normalized shear and, thus, the benefits due to the optimal phase delay. This is particularly evident in Figure 17 for the plots of the sensors S2 and S5. The same can be said for Figure 18 about the plot of the sensors S3 and S6. Another interesting aspect is the extension of the detachment operational range within the normalized limits considered [0.3–3]. This occurs for the in-plane component on sensor S1 (first plot of Figure 17) and for the out-of-plane component on sensor S3 (third plot on the left in Figure 18): the dashed regions in these graphs highlight portions of the operational range that at 0-phase delay do not cross the minimum limit (0.3); these regions, however, disappear on the corresponding plots on the right since the optimal phase delay produces here an increase of the shear.



The just mentioned qualitative observations can be supported by a quantitative estimate of the contour areas over the threshold with and without optimal phase. The ratio of the operational range areas relevant to the optimal phase delay over the 0-phase delay is reported in Table 6. For almost all the sensors, a % extension of the operational range was found, also achieving significant levels (about 317 and 260% for the out-of-plane and the in-plane shear of the sensors S2 and S3). Here, the effect of the optimal phase is particularly evident for the wide margin, with the 0-phase delay being inappropriate for the asymmetric location of these sensors. Finally, no results were found out for the in-plane component of the sensor S4, since the shear level stayed lower than the threshold within the entire operational range.




7. Preliminary Experimental Validation


A preliminary validation was also addressed by means of a dedicated experimental setup. In Figure 19, a schematic of the slat hanged to a test rig inserted within a refrigerator capable of achieving a temperature of −40 °C, is illustrated. A fogger and a camera were used to accrete the ice on the slat and monitor its level. The picture of the slat covered with an ice layer within the refrigerator is shown in Figure 20.



The six sensors were used to measure the strain generated by the guided waves produced by the two actuator disks. The setup was organized according to the block diagram illustrated in Figure 21. In this schematic, the inner view of the slat is represented by the blue rectangle on the right. The sensors S1–S3 on the clamped flat region of the slat were represented by the grey boxes (to indicate that they are visible in transparency, being on the back of this view), while the remaining sensors, S4–S6, placed on the leading-edge zone and on the external flat region, were represented by the blue boxes.



The excitation of the left (L) and right (R) piezoelectric disks was assured by the PXIe 5423 generator [73], while the signals detected by the sensors were acquired by the PXIe 5105 oscilloscope [74]. The main features of this equipment are reported in Table 7.



A summary of the experimental maximum strain is provided together with the corresponding numerical values in the bar plots of Figure 22 for the case of 0-phase delay. The bars were grouped by temperatures from −40 °C to −10 °C, proceeding from left to right for ice thicknesses of 1, 2, and 3 mm. The magnitude, in line with what was also observed by numerical predictions, does not exhibit a uniform trend with the temperature: the groups of bars seem to have a similar trend at the different temperatures. This is qualitatively in line with the contour plots of Figure 12, even if in this case, linear strain and not shear is compared.



Then, in Figure 23, a similar comparison was organized for the maximum strain achievable through the optimal phase delay. The blue bars (experimental data) in this case also highlight a remarkable influence of the ice thickness, with a clearly visible maximum per each sensor, except S4, and for all the temperatures investigated. In line with the numerical predictions, the measured increase of amplitude is 1 order below the reference condition (0-phase delay).



A projection was finally performed in terms of ice breaking over the entire bandwidth, even if, as aforementioned, a direct comparison with the shear is not feasible since the transducer acquired linear and not angular strain:




	
The experimental data without optimal phase delay, averaged over all the sensors and over the entire thickness and temperatures ranges, lead to an average transmitted strain of 5 µε.



	
The same average, for the optimal phase delay, gives an increase of about 0.6 µε; that is to say, an intensification of the transmitted action of about 12%.









8. Conclusions and Further Steps


This study investigated the impact of the phase delay between guided waves on the effectiveness of an ice protection system based on piezoelectric technology.



The main scope is to enhance the performance of ultrasound ice protection systems in terms of the magnitude of the detachment actions and power consumption. Many parameters can, in fact, adversely influence the effectiveness of this type of system, causing deviation from the nominal operational conditions. Among others, attention was paid to the temperature, the distance from the sources, some geometric features of the protected element, and the ice thickness. The effects of these parameters were explored and quantified, showing the shift produced on the frequency peaks of the structure and, thus, on the conditions of excitation and on the amplitude of the dynamic response. A dedicated finite element model of the system was built. Solid elements were used to adequately describe the displacement profile along the thickness, critical for the wavelengths taken into account. The impact of the thermal distortions caused by the variation of the temperature was also investigated, by implementing frequency response analyses on the pre-stressed structure, with and without ice. After this study, the possibility of phasing the signal of two sources was considered. The idea was to produce a constructive wave interference at different points of the domain to increase the magnitude and thus the detachment ability of the system. Some benefits can be achieved by using independent channels of excitation and suitably phasing them: (1) it can locally increase the magnitude of the signal on already well-covered areas; (2) it can recover losses due to off-design conditions (unforeseen ice distributions) or by the presence of geometric discontinuities or stiffening; (3) it can mitigate drops in performance due to the fault of some piezo-actuators in the network. The effect of the optimal phasing was studied on six different points of the structure, finding specific settings to enhance the performance on each of them.



The present study highlighted some interesting aspects:




	
The temperature of the structure dramatically alters not only the ice features but also the dynamic of the structure itself. In particular, the stress level due to the thermal distortions determines the shift of the frequency peaks that are potentially exploitable for exciting shear waves. Thus, the ice protection system may not work in nominal conditions, with a consequent a loss of effectiveness. Within the operational range [−40 °C, −10 °C] a reduction of up to 62% of the magnitude of shear was estimated at the interface with the ice.



	
The ice thickness may alter the dynamic behavior of the system even more significantly, both in terms of amplitude and the position of the peaks. A reduction of up to 95% of the shear amplitude was estimated within the ice thickness range of 1–3 mm. Even higher variations seem plausible in the case of non-uniform ice accretions.








These aspects in some way highlight the importance of a logic of excitation that compensates for and recovers from any deviation from the nominal conditions. Within the scope of this work, that is to say, the increase of the magnitude of the shear actions at the interface with the ice, through a favorable wave interference at specific point of the structure, two main indicators were investigated: the shear amplitude itself and the ISCC. These indicators are strictly related to the capability of the system to produce ice detachment and to the power necessary. The main findings were:




	
The maximum shear magnitude and the ISCC in the case of 0-phase delay (reference) generally coincide. On the contrary, different trends were observed within the temperature–ice thickness domain when the logic of the optimal phase is implemented. This highlights the importance of a strategy of selection between one target, the magnitude of the shear, and the best compromise between this and needed power, that is to say, the ISCC.



	
An increase of the shear magnitude up to 0.6 and 0.3 MPa for the in-plane and out-of-plane actions, respectively, was estimated. These figures indicate that an increase of one order blow the reference configuration (0-phase delay) can be obtained to the optimal phase delay strategy.



	
The ISCC was most benefited by the strategy. Here, the best increase of ISCC was estimated at 1.2 MPa/√W for the in-plane actions, over a reference value of 8 MPa/√W, that is to say, 15%. The ISCC for the in-plane actions was enhanced but in a much modest way, with a net increase of 0.16 MPa/√W over a basic value of 16 MPa/√W, practically 1%.



	
The thickness of the ice generally has a more severe impact on the effectiveness of the system than the temperature. Moreover, depending on the location of the sensor, the values of the thickness for which the best performance is achieved changes. This suggests the influence of the modal shapes on the local deformation field.



	
A global enhancement of the power of the ice protection system was also observed through a preliminary experimental campaign; a rough maximum value of 12% of improvement of the power within the operational range was estimated, even in a direct comparison in terms of shear since the transducers were suited for linear and not angular strain.








These findings underscore the potential of the phase delay approach to enhance the performance of an ultrasound ice protection system. Specifically, they can be situated within the technology’s maturation path, with an eye toward industrial applications. The approach, in fact, can significantly impact several of the following aspects:




	
Readiness of the technology: this aspect is achieved through redundant architectures that rely on the synergistic use of multiple network elements, ensuring an acceptable level of performance even in the event of temporary faults in some transducers.



	
Integration and impact on the other on-board systems: the phase delay approach contributes to enhanced performance and, in turn, to a reduction of the power consumption of the system; this, in some way, simplifies necessary upgrade operations, mitigating the upheaval of the pre-existing on-board equipment.



	
Compliance with new configurations: the technology herein investigated seems particularly prone to new configurations, such as full electric or hybrid aircraft; the main reason is the type of energy, electrical energy, that the technology uses and handles, requiring limited operations of conversion before reaching the end user.








The activities and results herein described represent a first step in the understanding of the impact of external parameters on low-power ice protection systems and in assessing a strategy to mitigate any loss. In this sense, from a numerical point of view, many other steps can be taken. Among the others, the investigation of more general ice accretions, not differing only in thickness but also in the distribution on the protected surface, is worth investigating; in fact, it is worth noting that, even if applied to uniform ice accretions, which are more difficult to remove, the approach herein presented is specifically suited to local distributions on which the mechanical energy is concentrated. Another important aspect is the number of actuators: in this work, a minimum of two was considered, but redundancy logics require more independent channels. A plurality of channels also enables phase accommodation strategies, allowing the system to better adapt to the evolution of the ice detached region during the time. From an experimental point of view, the assessment of experimental outcomes is ongoing, with preliminary optimistic feedback in terms of agreement with the numerical predictions; dedicated analyses will be addressed and presented in future works.
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Figure 1. Layout of the ice protection system installed on the slat element. 
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Figure 2. Lamb waves: symmetric (top) and antisymmetric (bottom) modal shapes. 
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Figure 3. Schematic of the domain to be protected. 
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Figure 4. Finite element model of the slat integrated with piezoelectric disks and strain sensor patches. 
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Figure 5. Radial mode of the piezoelectric actuator disk. 
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Figure 6. Numerical procedure for the determination of the impact of the temperature variation on the dynamic response of the ice-protected system. 
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Figure 7. Strain vs. frequency vs. temperature at sensor S1 without ice. 
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Figure 8. Strain vs. frequency vs. temperature at sensor S1 with a 2 mm thick ice layer. 
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Figure 9. Strain vs. frequency vs. ice thickness at sensor S1, at −20 °C. 
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Figure 10. In-plane shear, τXY, and corresponding ISCCXY at −20 °C for 1 mm thick ice layer. 
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Figure 11. Max in-plane shear and ISCC vs. temperature vs. ice thickness at all the sensors. 
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Figure 12. Max out-of-plane shear and ISCC vs. temperature vs. ice thickness at all the sensors. 
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Figure 13. Strain measured by the sensors vs. out-of-plane shear at the interface an ice layer 1 mm thick. 
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Figure 14. Computational scheme implemented for the estimate of the effect of the phase delay. 
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Figure 15. Max increase of in-plane shear and ISCC vs. temperature vs. ice thickness at all the sensors. 
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Figure 16. Max increase of out-of-plane shear and ISCC vs. temperature vs. ice thickness at all the sensors. 
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Figure 17. Shear in-plane component at 0-phase delay (left) and with the optimal phase delay (right) normalized with respect to the shear strength threshold of 0.638 MPa. 
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Figure 18. Shear out-of-plane component at 0-phase delay (left) and with the optimal phase delay (right) normalized with respect to the shear strength threshold of 0.638 MPa. 
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Figure 19. Schematic of the experimental setup organized in the refrigerator control room. 
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Figure 20. Slat covered by the ice in the refrigerator control room. 
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Figure 21. Setup block diagram; “L” and “R” and the numbers 1–6 refer to the left and right actuator disks and to the six sensors, respectively. 
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Figure 22. Maximum strain measured by the sensors at 0-phase delay: numerical predictions (blue) and experimental outcomes (red). 
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Figure 23. Maximum strain increase measured by the sensors for the optimal phase delay: numerical predictions (blue) and experimental outcomes (red). 
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Table 1. Comparison of different ice protection systems [7,8,9,10].
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	Ice Prevention/

Removal System
	Advantages
	Disadvantages
	Power Consumption (kW/m2)
	Weight

(kg/m2)
	References





	Fluid
	Effective for both preventing and removing ice.

Applicable to any surface.

It can be cooled and used with various energy sources.
	It can freeze or contaminate.

It can affect surface aerodynamics.
	0.5–2
	0.5–2
	[11,12,13]



	Hot Air
	Reliable for continuous ice protection.
	It can cause thermal and fatigue on the surface.

It can increase fuel consumption and emissions.

It takes longer to remove ice.
	10–20
	13
	[14,15,16,17,18]



	Thermoelectrical
	Versatile and manageable, it can utilize electricity from a multitude of sources.

Prone to use various configurations of heating elements.
	It requires high electrical power and insulation.

It can cause arcing and sparks and affect the structural integrity of composite materials.
	5–15
	0.5–1.5
	[19,20,21,22,23]



	Electromagnetic Actuator
	It can prevent and remove ice.

It is capable of utilizing electrical power at various frequencies.
	It can cause electromagnetic interference. It can affect the durability of the embedded metallic mesh in the material.
	10–30
	0.1–0.5
	[24,25]



	Electrohydraulic Actuator
	Efficient and cost-effective; it can mechanically remove ice.

It has the capability to harness hydraulic power from the engine or alternative sources.
	It requires periodic activation and maintenance.

It can cause noise and vibrations and affect the quality of the components.
	1–5
	1–4
	[26]



	Shape Memory Alloy Actuator
	It can mechanically remove ice through shape alteration or torsional motion.

It is capable of functioning with direct thermal input or through the Joule effect.
	It requires accurate design and calibration.

It can cause fatigue issues.

It can affect the aerodynamic performance of the surface.
	0.5–2
	0.5–2
	[27,28]



	Piezoelectric Actuator
	It can mechanically remove ice by generating vibrations or shear waves.

It is capable of operating with low electrical power consumption.

Prone to use various configurations of vibrating elements.

Particularly compliant to full electric aircraft or hybrid aircraft configurations
	It can require complex control and actuation systems.

It can cause structural damage or cracks.
	1.1–1
	0.05–0.5
	[29,30]



	Hydrophobic Coatings
	It can prevent ice formation and/or facilitate detachment under aerodynamic loads or in synergy with active systems
	It can lose effectiveness over time, due to weathering or other factors
	Depends on the composition: from 0.010 to 0.200 kg/m2
	Depends on the type and thickness of the coating: from 0.05 to 0.5 kg/m2
	[31,32]










 





Table 2. Coordinates of the transducers installed on the slat element.
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	Item
	Curvilinear Abscissa, s (m)
	Span Wise Coordinate, x (m)





	Left actuator disk
	0.080
	0.065



	Right actuator disk
	0.080
	−0.065



	Sensor S1
	0.149
	0



	Sensor S2
	0.161
	0.065



	Sensor S3
	0.173
	0.105



	Sensor S4
	0.221
	0



	Sensor S5
	0.241
	−0.122



	Sensor S6
	0.262
	0










 





Table 3. Summary of the ice protection system works, based on piezoelectric technologies.
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	Main Features of the Protected Element
	Environment
	De-Icing System
	Actuator
	Excitation Frequency
	Voltage
	Phase
	Ice
	Reference





	
	
Wing section: NACA0012,



	
Chord: 1000 mm



	
Span: 500 mm





	
	
Icing wing tunnel



	
Test section: 500 × 500 mm



	
Speed: 40 m/s



	
Temperature: −20 °C





	
	
Electromechanical



	
Low-Frequency de-Icing





	10 PZTs inner side leading edge placed next to spar and next to the tip
	1 kHz
	−250–750 V
	The actuators next to the tip are in opposite phase to the ones next to the spar
	
	
5 mm



	
7 mm



	
12 mm





	[51]



	
	
Metallic plate: 300 × 80 × 1 mm,



	
Constraints: clamped on two opposite edges





	Freezer at temperatures in the range −20 °C, −15 °C
	
	6 PZTs, 20 × 20 × 1 mm
	Sweep (100, 6000) Hz
	200 Vpp
	
	Purified water poured in patches 20 × 20 mm and 2 or 6 mm thick
	[60]



	
	
Titanium circular plate



	
Diameter: 33 cm



	
Free-free boundary constraint.





	
	
	PZT 3.81 cm
	Burst 67.5 kHz with 0.55 kHz variation
	
	
	24 patches of freezer ice
	[61]



	Plate 154 × 52 × 1.5 mm
	Freezer
	Analytical and numerical model of fracture propagation
	1 PZT, 50 × 25 × 0.5 mm
	10, 15, and 26 kHz
	
	
	2/4 mm glaze ice
	[62]



	Clamped Plate 290 × 200 × 1.5 mm
	Freezer
	Compare different architectures
	Langevin PZT
	
	
46 kHz



	
20 kHz





	150–180
	
	2 mm glaze ice
	[63]



	Fiberglass plate
	Climate chamber
	Guided waves for ice detection
	1 PZT
	
	
	
	
	[64]



	
	
Plate



	
Leading edge





	
	
Icing wind tunnel





	
	
Electromechanical resonant



	
PZT generates amplitude to excide tensile or adhesive shear strengths





	
	
	
Plate 5 kHz



	
Both 38 kHz



	
Leading edge 3 kHz





	
	
90 V



	
140–160 V



	
90–150 V





	
	Glaze ice
	[65]



	Prepreg Plate 175 × 45 × 2 mm
	Freezer
	
	PZT
	990 Hz
	10 Vpp
	
	1.5 mL frozen water
	[66]



	
	
NACA 0030, chord 0.3 m



	
Length 0.3 m



	
Thick 2 mm





	Freezer
	
	
	
	650 V
	
	
	[67]










 





Table 4. Main features of the model.
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FE Features

	
Slat Material

	
Piezo Actuators

	
Piezo Sensors






	
255,112 solid elements;

624,311 3-dof nodes

	
Type: 7075 T6 Aluminum alloy;

Young’s modulus: 70 GPa;

Poisson ratio: 0.32;

Density: 2750 kg/m3;

	
Number: 2 disks

	
Number: 6 disks




	

	
Thickness: 0.8 mm

	
Thickness: 2.5 mm

	
Thickness: 0.3 mm




	

	

	
Diameter: 50 mm

	
Diameter: 10 mm




	

	

	
Piezoelectric characteristics: Table 5











 





Table 5. Main features of the piezoelectric materials of the actuator and sensors.
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	Transducer
	Type of Material
	Young’s Modulus,

Poisson Ratio
	Density
	Piezoelectric Charge Constants
	Piezoelectric Voltage

Constants





	Actuator disks
	Pz26
	YE, 77.0 GPa

ν, 0.334
	ρ, 7700 kg/m3
	    d   31   ,     −1.28 × 10−10 C/N

    d   33   ,   3.28 × 10−10 C/N
	    g   31   ,     −10.9 × 10−3 Vm/N

    g   33   ,   28.0 × 10−3 Vm/N



	Sensor disks
	PIC155
	YE, 56.6 GPa

ν, 0.334
	ρ, 7800 kg/m3
	    d   31   ,     −1.65 × 10−10 C/N

    d   33   ,   3.60 × 10−10 C/N
	    g   31   ,     −12.9 × 10−3 Vm/N

    g   33   ,   27.0 × 10−3 Vm/N










 





Table 6. Ratio of the operational range areas for the optimal phase delay over the 0-phase delay.
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	Sensor
	Ratio for In-Plane Shear
	Ratio for Out-of-Plane Shear





	S1
	12.77%
	52.01%



	S2
	100.62%
	316.89%



	S3
	260.01%
	62.32%



	S4
	-
	8.80%



	S5
	31.48%
	13.85%



	S6
	3.08%
	0.01%










 





Table 7. Equipment used to generate and acquire signals.
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	Equipment
	Number of Channels
	Maximum Output Overload
	Max Sample Frequency





	PXIe 5423 generator
	2
	12.0 Vpp
	40.0 MHz



	PXIe 5105 oscilloscope
	8
	6.0 V
	60.0 MHz
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
thickness of
modal shape the structure






media/file52.png
PXI 5105
oscilloscope

PXle 5423
generator

&

PC ‘ : \
Inner view






media/file18.png
10
i : X 15.0001 X 32.0618
——noice Y 4.03626 10" Wlicondll

N

= 0
X 15.0001 10
Y 0.219909

101 L
X 48.6795

Y 3.57721

X 32.0618

3 W
-~
2 X 48.6795
bl e _;:1""" 10° Y 1.68822 ——no ice
1 1 I 1 1 L 1 ) 7 3 _t=1mm
146 147 148 149 15 151 152 153 154 l l l , l , —2
frequency (kHz) 316  31.8 32 322 324 326 —
ﬁz-ggy frequency (kHz) 483 484 485 486 487 488 489 49
. frequency (kHz)
1 >
0 X 52.291 el
Y 4.14345 5
2
1 o il 10%F
L 1 1 I} L 1 L 10 :_ - - 7
: " — X 52.291
72 73 74 715 76 17 718 79 8 [ 1 I m Y 0.743446
frequency (kHz) = : | -
1 | y ] | 1 | 1 1 1 1 1
1 | }” | “ '. : M N 51.8 52 522 524 526 528
- ! J frequency (kHz)
e e I ' | l 1 tl' 1
{—— Y 2.82339 | | | |I u ' N 11 X 59.772
! . 1 } l Y 4.38607
= ‘ ’\ )
1007 ” ‘
%
s ” “ 100 N
. X 1.93387 10" | noice |~ X 59.772
10 Y 0.203404 i ——t=1mm Y 0.322585
- 1 — D — e
1 1 . . . ) \ I ——noice 3
12 14 16 18 2 22 24 — 5903 594 595 596 597 598  59.9
frequency (kHz) | | | | | | | | ! ! =

frequency (kHz)
5 10 15 20 25 30 35 40 45 50 55

requency (kHz)

—n

1 10" X 38.7489 H
10" ¢ -
— X 10.3767 .

—_ Y 2.72787

v
X 24.0349 2

0p
Y 2.68893 e

“=t=1mm

X 38.7489
Y 1.27764

X 28.0783 |

X 10.3687

Y 6.48207 —=
Y 0.213144 —3 | | J
| . i . . . 100 38 38.5 39 395
- W
98 10 102 104 106 108 11 X 24.0349 frequency (kHz)
frequency (kHz) Y 0.160105 |
‘ ‘ PR ‘ X 28,0783 [ t=1mm
23.4 236 238 24 242 244 246 Y 0.414841 | |—2
frequency (kHz) —3
10‘1 L 1 L |
275 28 285 29

frequency (kHz)





media/file21.jpg





media/file44.png
|

o} N
N

(wuw) ssauy

|
0

o1y} 99

~—

™ ) N 0
o

~—

ypbua.is uoisaype/

—

1do queT,

_

|

|

N

0
N
(ww) ssauy

0

o1y} 80l

™ To) N To)
o

ybuals uoisaype/

~—

quiet,

:
o

-40

-30
temperature (°C)

-20

-10

-40

-30

temperature (°C)

-20

-10

|
o 0

(e}
N -
(ww) ssauyoIy) 99l

~—

™ o) N 0 -
N —
Q 3
pbuais co_mm%m\H d?)

0
o

Q)
70
|
) To) N To)
o

(ww) ssauyoIy) 89l

~—

~—

™ 0 N To)
o

pbuans co_wm%m\gemd

1
o

-40

-30

temperature (°C)

-20

-10

-40

-30

temperature (°C)

-20

-10





media/file26.png
(5oMed) " 100s)

temperature (°C)

-20

-10

(Ww) ssauyaIy) 29I

) -
® N . ,
- ™

- 6 6 6 6 o
(eam)
(g oMedn) o
I~ © T} < ©

o
| 1B
4
_ ®)
| -3
_ Q
‘ | .
| 3
| ®
| QO
_ ol
| =
__ ..nlv.
| (@]
| N
_ ]
|
{

I
I
l
|
_
A
_
4
| | o
0 N o} -
2 ™
(Wiw) ssausoIy) 801
[t} (o] n (p] Tp) ot 0 »
© o Y o ¥ o @ o
(@] o o p
que

(edn) 2





media/file55.jpg
|l| \l HIII Ll.l.l
HHI iHIM “H





media/file35.png
(5 oMedI

0.08

) 081 v

0
0.04
0.02

§ 0.1

0
N

(W)

1

0.15

0.25

N
o

(edW

|
N 0
-

10

SSUNIIY) 90l

- m

0.15

que
} LY

que

(¢ oMBdW) 0081 v

.

o

0
™

N

1.5
1

que
)

(g M/EdI

J08I'V

o
o
¥ / Y
o
G G
0 0
m.-\ p—
o o
= =
:
g g
£ £
o 9
h [
o
§ §
o i <
4 ™M 5 o 5 —
N -
(ww) ssauxaly) 891
(e 0] O < 2 o
S S S S
o o o o
quen
(edw) * LV
que
® (onMEdW) = O0SIV
i G0
o
X
O 0
3 I
o o)
= | .
= =
5
g 9
= =
i Q9

5. 2 5.
N -
(W) ssauxoIy) 891

i

N —
o (@]

0.3
0.25
0.15
0.05

S

(eam) ey





media/file7.jpg





media/file28.png
S

102E I 1 ]1 T
; : A ) s
: L l ‘l .lil "' ‘,""."{.u‘f“, \","l"‘/‘ %
W ' | rnr g
S mth | w{ il ,f' | :
1o°é— ‘ :
L | \ | 1 l 10-5 W
0 10 o0 > ” - 1

w
ST

4

Frequency (kHz)

e
b
L

1

”imq“u‘/’”.‘\n’iw)lulwr,ﬂ"w V“H m’ '/’W : g

;

0

10

20 30
Frequency (kHz)

40

90

10

10°

1 M |
{1 i
b ik .[._WM i

i ’1“ lNM"WMW

0 10

20 30

40

Frequency (kHz)

20

102% ’. ' ! 8'2 ' 10° —
"Il T | ,A"\ iy &
3 | il|‘|.|"1_ hwm*‘ “f ww w 10-2 g/g
10° | l\g
| ' ‘ ‘ ‘ ‘ 10
0 10 20 30 40 50 60
Frequency (kHz)
10% ¢ 1 ’ I ' 814 ” , ‘ | T
UL | tw, O "'m WA &
- li ww‘.}” w ﬂ' ’ 10_2 éﬂ
100 1T 5
| ' ' ' ‘ ' 104
0 10 20 30 40 50 60
Frequency (kHz)
10% ¢ 1,. EI ' % , : 00
et i w : W “W' | &
< kit lu*.hf'“ “‘W Wl Hi 02 =,
1L " £
" ' | ‘ ‘ 10 <
40 50 60

0 10

20 30
Frequency (kHz)





media/file10.png
WAL
4,931
4,617
4,303
3,989
3,675
3,361
3,047
2,/33
2,419

e

Output Set: Mode 39, 43996.05 Hz
Nodal Contour; Total Translation






media/file49.jpg
leading-edge
y

ice layer






media/file45.png
(3}

7))
® 0
N

N 0

(ww) ssauxdIy} 99l

~—

™ o) N 0
N ~—
yibuais uoisaype/

™ o} ~N

~—

1do nc‘_m._.b

5

o~ -
(wuw) ssauxoy) 891

™ Ts) o~ o)
N o
ybuass uoisaype/

que

.

L

.

-40

-30

temperature (°C)

o
i

-40

-30

temperature (°C)

-20

-10

|
o 0

0
(q\] -~
(ww) ssauxaIy) 891

ypbuais co_wm%m\ao_o_em._s

0 ® 0 2 0 - 0
o AN o

|
N 0

0
N -
(ww) ssauxaIy) 991

™ 0 N To) -

N

quien

ypbuaiys uoisaype/” L

-

-40

-30

temperature (°C)

-20

-10

-40

-30

temperature (°C)

-20

-10

N

0
N -
(ww) ssauyoIy) a9l

|
1)

™ To) N 0
o

—

yibuasis uoisaype/

~—

1do nc:m._.b

:
o

™ N

(e}
N -
(ww) ssauyoIy) 991

|
0

™ 0 N 0
Y

ypbuans uoisaype/

—

quem,

0
o

-40

-30

temperature (°C)

-20

-10

-40

-30

temperature (°C)

-20

-10





media/file11.jpg
FEM of the structure
integrated with the IPS

Eigen-value analysis in
presence of thermal distortions
(MSC/Nastran SOL 103)

v

Stiffness matrix altered by the
thermal stress level

Frequency response analysis Frequency response analysis
(MSC/Nastran SOL 111) (MSC/Nastran SOL 111)

!

Dynamic response comparison





media/file6.png
g N I I S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S S . ..

protected domain

e
L
©
O
N
2
Q

S o o o o O O . S O O S S S S S S S S S S S S S S S S S S S S S e e e e .





media/file36.png
temperature (°C)

w0 N

1.5
1

(4] Lu n o
o = o i

o o

(eam) ey

(s oMedi) *“ 10081 v

N o0 © <
e s O o o
< . _ A _

o (@ (@ (@)

temperature (°C)






media/file15.jpg





nav.xhtml


  actuators-13-00158


  
    		
      actuators-13-00158
    


  




  





media/file54.png
jre

temperature (°C)

Ss

temperature (°C)

S,

o 1 . . . .
.
.
-~ -
~ ~ L
. -
4
.
"
-
d
r
{
. ) - 2
. o A . -

S,

temperature (°C) temperature (°C)

Ss

-~
-
—
4
.
4
M
> - A

jre

S

temperature (°C) temperature (°C)






media/file2.png
clamped ed

Right PZT disk

Left PZT disk

S






media/file53.jpg
b III n
NETTE





media/file23.jpg





media/file29.jpg
FEM of the structure.
integrated with the 1PS

—

Eigen-value analysis in
presence of thermal distortions
(MSC/Nastran SOL 103)

Stffness matrixaltered by the
thermal stress level

Frequency res

|

Dynamic response of
reference configuration

ponse analysis
(MISC/Nastran SOL 111)

Dynamic response of
current configuration

Initial value for the phase.
delay of the left PZT disk

J

Phase delay increase
by a fixed step





media/file1.jpg





media/file12.png
FEM of the structure
integrated with the IPS

l

Eigen-value analysis in
presence of thermal distortions
(MSC/Nastran SOL 103)

|

Stiffness matrix altered by the
thermal stress level

|

Frequency response analysis
(MSC/Nastran SOL 111)

Frequency response analysis
(MSC/Nastran SOL 111)

l

Dynamic response comparison






media/file9.jpg
Output Set: Mode 39, 43996.05 Hz
[Nodal Contour: Total Translation

245
4931
4617
4303
3989
3675
3361
3,047
2733
2419






media/file56.png
S S | _ N S,

1 2 2
29 | 4l
2 |
215l > 1 X
<] <] 4.,
) b 4 -
0o .
40 30 20 10 40 30 20 10 40 30 20 10
temperature (°C) temperature (°C) temperature (°C)
84 35 S‘5
- 4 .
) ¢
26} 25} - 06 |
= 2 E. } ‘ :'-..
<] <] q
15 15} o |
1 b 4
02
0.5 J )5 |
oL | ] 'S L.-.- L— h.. J ; J oL I._. o
40 30 P | 10 40 30 20 1C 40 Y 20 10

temperature (°C) temperature (°C) temperature (°C)





media/file47.jpg
Slatintegrated with
double channel

syste,

camera






media/file25.png
0.65

0.6

< 0.55

Lamb

0.45

ice thickness (mm)

2.5

ice thickness (mm)
N

temperature (°C)

S

3

temperature (°C)

()]
(MPaw??)

Lamb

ISCC

0.5
Iscc,, . (MPaw®?)

08 |
0.75

0.7+
0.65

0.6

(MPa)

Q
£ 0.55
-}

.
|

0.5

0.45

04

0.35

thickness (mm)

2.5

ice thickness (mm)
N

temperature (°C)

-30

Ice

temperature (°C)

U

-30

55

4.5

3.5

0.5
ISCCLamb (MPa/ )

2.5

(4)]
4,
(MPaw®?)

5
£
45 S
3
4 @
3.5
3





media/file17.jpg





media/file30.png
FEM of the structure
integrated with the IPS

|

Eigen-value analysis in
presence of thermal distortions
(MSC/Nastran SOL 103)

|

Stiffness matrix altered by the Initial value for the phase
thermal stress level delay of the left PZT disk
Frequency response analysis | Phase delay increase
(MSC/Nastran SOL 111) J by a fixed step
yes
360 deg?
y no

no

Phase%

=0 deg?

yes
Dynamic response of Dynamic response of
reference configuration current configuration

comparison } END






media/file51.jpg





media/file57.png





media/file34.jpg





media/file48.png
Slat integrated with
double channel
syste

e

camera






media/file39.png
o 0

o
N -
(ww) ssauyaIy) 82l

™ (e} N (e -~
AN -—
Q 3
ybuays uoisaype, > AX.

™ 0 N 0

o -
(wuw) ssauxoIy) 8ol

™ Ty N Ty -
N -

ybuass uoisaype/ .

0.5

-40

-30

temperature (°C)

-20

-30 -40
temperature (°C)

-20

-10

-40

-30

O
z
o
—
w
©
—
®
Q
£
QS

o

o

o

N -
(ww) ssauxaIy} 991
o & 1 - 9
AN — )
Q ‘
yBuass uoisaype, > A

o

Y

o

i %
O
z
©
N hul
@ 2
©
L.
®
Q
£
9

o

I o

= | | m

™ N o) - !

o
N -
(ww) ssauyoIy) 89l

® 0 o 0 - 0

AN - (@)

yBuas uoisaype/ X.

|
0 X
AN

(w

0

W) SSauXaIy) 99l

2 0

yibualis uoisaype/

~

1do‘AX f

0
o

QY

0
N -
(ww) ssauyoIy) 991

]
0

) To) N To)

AN —

-~

yBuass uoisaype/ e

0
)

-40

-30

temperature (°C)

-20

-10

-40

-30

temperature (°C)

-20

-10





media/file27.jpg
. w0 2 00
wf 4
v e e w )
.. ann i
2 o i !
£
"3 e
= RO
3 e

Wiy i





media/file3.jpg
thickness of
modal shape the structure






media/file42.jpg





media/file22.png
( medn) A
5oM/EdW) 008! (o MWed) 08|
s} n 0 (o)
< < ™ 32) [V N A\ - © nl Al e N -
: : g 3
1|
|
f
|
|
& ?
| g 4
o o
5 S4 =
§ :
8 g
£ E
L 3
o o
O o
7 |
| _
, 7
| ,
| | o ! | °
(o} N 0 - ! (9] (s} N - !
o - N -
(Ww) ssauydIy) 891 (ww) ssauyoIy} a9l
© o) < ) N W oT VW MWL NV
o) o o o o Y o 9 o N o © o
(ed) M« ° ° X, °
(edm) "™+
AX
f
(g M/BdW) 008 i o o “
0 N © WO o+ O N w v o+ T M MmN N
(@)
Y [ ;
A
|
o
? ;
|
%) | ?)
T | e
o _ o
2 o , -
3 S
I, i O
Q Q
= _ E
e 8
o |
o ,_
~
|
2 _ |
0 N . ® 0
N N
(Ww) ssauyoIy) 89
N9 WY No©
o o Qo o o o
(edn) M

(4 oMedn) o0l

2.5

N

-40

-30

-20

temperature (°C)

temperature (°C)





media/file19.jpg





media/file40.png
-40

:
-30

temperature (°C)

-20

-10

|
rO. AN
AN

(w

,
0O

W) SSauXaIy) 89l

2 0

0
N -
(ww) ssauyaIy) 89l

ybuans co_wm%m\cw

pbuais co_wo%m\cm

™ 0 N 0 - o) ™ 0 \ 0 - 0
N ~— o N ~ o
do* do’
ybuans uoisaype/ Me wbuexs uoiseype/ %1
o
Y
o
| - 8 | 1
©)
o(
< o o
7)) 2 7))
@©
—
o
o
£
2
o
i B < | |
= * * | . m E | | , 1
™ 0 N 0 - ! ™ 0 N 0
N - N -
(ww) ssauyoIy) 891 (ww) ssauyoIy) 99l
™ 0 N 0 - 0 ™ 0 N 0 - 5
o -— o N -~ o

-40

-30

temperature (°C)

-20

-40

-30

temperature (°C)

-20

©O
7))
(qV] —
(ww) ssauxaIy) 92l
o ey e
N ~ o
pbuals co_wo%m\ao AX,
(]
7))
™ N 0 -

(9]
N -
(ww) ssauyoIy) 89l

0 2 0 -
AN

~—

0.5§

ybuais co_wm%m\cw

-40

-30

temperature (°C)

-20

-40

-30

temperature (°C)

-20





media/file33.jpg





media/file32.png
v (MPa)

0.25

0.2

Arx
o

A7y, (MPa)

0.3

0.45

0.4+

0.35
0.3
0.25
0.2
0.15

0.1

0.05

ice thickness (mm)

-10 -20 30 40
temperature (°C)

S
3
y /]
\

2.5

0.2

ice thickness (mm)

0.15

0.1

0.05

ice thickness (mm)

temperature (°C)

0.5
A ISCC,,, (MPaW"®) A ISCC, (MPa/W™)

05
A 1SCC, (MPaW®?)

0e 40.09
0.08
0.5}
= 10.07 o~
£ )
< 0.4 £ 0.06 %
s 2 005 &
R O3 3 0.04 X
% S E
) ﬁ 0.03 Q
0.2 o =2,
0.02 <
0.1 0.01
0
_10 —20 _30 _40
temperature (°C)
0.12
0.12
0.1
B
< 0.08 E
S 2
~ 0.06 2
< S
< 004 S
b
ke
0.02
R
-10 -20 .30 _40
temperature (°C)
Se
0.16 |
0.14 |
0.12 =
T 0.1 =
S 2
< .08 @
b £
I‘>I< O
chad k=
0.04 3
0.02

-0.02

-10 -20 -30
temperature (°C)





media/file14.png
L€

10°

1 T T
10 T=+25°C
X 19.5515 |——-10°C 10" m— ' ‘ '
Y 3.96389  |——.20°C T=+25°C n
yay~- —30°C ——-10°C X 46.6218
' - —_—a0° [|——-20°C Y 3.65803
w X 19.5515 N ——_ ~
X Y 3.30179 ,
X 46.6218
o Y 2.96168
X 5.51139 10
r Y 7.29432 ‘ T=r25°C
—-10°C 18.5 19 19.5 20 20.5
__20"0 1 1 1 1 1
—_30°C frequency (kHz) 458 46 462 464 466 468 47 472 10! . . ' :
T=+25°C
frequency (kHz) —10°C
e X 59.4341
i e |Y 2.53751
T I I = :i R —
T1=+25°C X 59.4321
. . . . . ——-10°C Y 1.02475
5.2 5.4 5.6 5.8 6 = -- i H - ——-20°C 100 ]
! ——-30°C ]
frequency (kHz | ﬂ n- ' | H [
q y ( ) : I : 1 : I | I 1 __4000
1 1 I 1 * * :
Lo ! I | | O 584 586 588 59 592 594 596 598 60
I I |
' n- '.: frequency (kHz)
AN
I -
| |
WL X 57.5263
, : ~Y 1.5665
= v
| 10° -10°C X 57.5263 .
| —-20C /é Y 1.40232
101 T T T T T T T
T=+25°C 1
——-1c X 15.97 U ¥
—-20°C Y 3.13613
—30°C 4
X 15.97 i ]