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puissance mécanique, de l'énergie ou de la force à fournir à la structure pour réaliser le dégivrage. En utilisant ces critères, les propriétés de la glace et les connaissances des mécanismes de fracture acquises grâce aux études préliminaires, un prototype NACA réaliste est usiné et instrumenté. Permettant ainsi d'effectuer des tests de vérification dans la soufflerie givrante de l'ICA. Enfin, les performances du prototype sont comparées aux systèmes existant de protection contre le givre. L'impact du système au niveau de l'avion est évalué en quantifiant la puissance requise, la traînée induite et la masse supplémentaire du système et de ses sous-systèmes. Cette approche permet de mettre en avant les avantages de la solution électromécanique développée dans cette thèse au niveau de la flotte aérienne.

Résumé

L'accumulation de glace sur les avions est un problème bien identifié depuis le début des années 1900. Les solutions actuellement utilisées en vol (soufflage d'air chaud provenant des moteurs, tapis chauffants électrothermiques, boudins pneumatiques gonflables, bobines électromagnétiques) offrent une protection efficace mais nécessitent une puissance ou un besoin en maintenance important. De plus, dans le cadre d'avions plus électriques, les systèmes dépendant des moteurs thermiques sont susceptibles de devenir obsolètes, ouvrant ainsi la voie à de nouveaux systèmes électriques. Les systèmes de dégivrage électromécaniques se sont récemment avérés pertinents en termes de consommation d'énergie et de masse embarquée, ce qui explique le travail poursuivi dans cette thèse pour développer ce système. Cette thèse se concentre sur la conception de systèmes de dégivrage électromécaniques résonants basés sur de nouvelles structures ou architectures d'actionneurs. Le système de dégivrage électromécanique résonant étudié est basé sur des actionneurs piézoélectriques. Alimentés par un courant alternatif, les céramiques piézoélectriques vibrent en excitant la structure à une fréquence donnée. Lorsqu'elle correspond à une des fréquences naturelles de la structure, l'amplitude des vibrations augmente grâce au phénomène de résonance, générant des niveaux élevés de contraintes et de déformations, dépassant finalement la résistance mécanique de la glace. L'objectif est de développer un prototype qui pourrait démontrer une protection efficace contre le givre pour une faible puissance absorbée (moins de 10 kW/m²). Afin de concevoir un système de dégivrage électromécanique résonnant efficace et peu consommateur, de nombreuse thématiques ont été étudiés et sont donc développés dans ce manuscrit de thèse. En se basant sur la mécanique des fractures, les mécanismes de fissuration et détachement de la glace sont étudiés. Tout d'abord, des simples échantillons plaques sont utilisés pour faciliter les calculs et les expériences. En utilisant l'analyse modale par éléments finis et les outils d'analyse de fracture, les différents mécanismes de fracture de la glace sont identifiés et les conditions de déclenchement définies. Les mécanismes théoriques supposés sont confirmés par des vérifications expérimentales. Sur la base de ces connaissances, une campagne hybride numérique/expérimentale est menée pour mesurer avec précision les propriétés mécaniques de la glace atmosphérique. Enfin, les mécanismes de fissuration identifiés sont améliorés par le développement et l'utilisation d'un outil d'optimisation, modifiant la géométrie du substrat pour maximiser l'efficacité du dégivrage. Des applications plus réalistes sont ensuite étudiées. Tout d'abord, l'actionnement de la structure est amélioré en minimisant la durée du processus d'identification et d'excitation des modes. Ensuite, afin de faciliter la sélection des modes d'intérêt et l'identification des principales caractéristiques du système, des critères de conception sont définis en fonction de la

Abstract

The accumulation of ice on aircraft has been a well-identified issue since the early 1900s. The solutions currently used in flight (blowing hot air from engines, electro-thermal heating mats, inflatable pneumatic boots, deformable electromagnetic coils) provide effective protection but require significant power, maintenance or bulky power supply. Moreover, in the scope of more electric aircraft, thermal engine dependant systems are most likely to become obsolete therefore opening the way for new electric systems. Electro-mechanical ice protection systems have recently proved to be relevant in terms of power consumption and embedded mass and are the subject of this thesis. The thesis focuses on the design of resonant electro-mechanical de-icing systems based on novel structures or actuators architectures. The electromechanical resonant de-icing system studied is based on piezoelectric actuators. Being supplied by alternating currents, the piezoelectric ceramics vibrate exciting the structure at a given frequency. When matching with the structure natural frequencies, the magnitude of the vibration increases thanks to the resonance phenomenon, generating high levels of stress and strain, eventually exceeding the critical strength or toughness of the ice. The objective of this thesis is to develop a prototype that could demonstrate effective ice protection with low peak power consumption (under 10 kW/m²) and rapid de-icing. In order to design an effective and efficient electromechanical resonant de-icing system, many topics were investigated and developed in this thesis manuscript. Based on fracture mechanics theory, the mechanical shedding mechanisms of the ice are first studied. Preliminary studies are carried out on plate samples to facilitate the computations and experiments. Using finite element modal analysis and fracture analysis tools, the various ice fracture mechanisms are identified and the triggering conditions are assessed. The theoretical mechanisms assumed are confirmed by experimental verifications. This knowledge of ice fracture mechanisms has been leveraged to conduct a hybrid numerical/experimental campaign to accurately measure the mechanical properties of the atmospheric ice which are used to assess the performance of electromechanical ice protection systems. Then, key performance indicators (KPI) based on energy, power, stress, and energy release rate are proposed and used to design electro-mechanical resonant de-icing systems. They are incorporated in an optimization tool allowing reshaping the substrate to maximize the de-icing efficiency. The efficiency of the ice protection system is also improved by the synthesis of a control law that allows the tracking of the resonant modes and minimizes the de-icing time. More realistic applications are also investigated. Using criteria, ice properties and fracture mechanism knowledge acquired thanks to preliminary studies, an electro-mechanical resonant de-icing system has been designed for a NACA prototype and assessed in an icing wind tunnel. Finally, in the last section of the Ph.D., based on the performance of the prototype developed during the thesis, electro-mechanical resonant ice protection systems are assessed by quantifying the power requirement, the drag penalty and the additional mass of the system and its dedicated subsystems. This approach enables highlighting the benefits at the fleet level of the electro-mechanical resonant solutions.
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2.1

Tensile strength of the atmospheric ice according to the ice type . . . . . . . . . . . Upon impinging on surfaces the freezing process is triggered and ice is created [START_REF] Gent | Aircraft icing[END_REF]. The adhered ice constitutes a major threat to any architecture meeting structural constraints. In the transport field, infrastructures such as roads, rails but also vehicles themselves (ships, airplanes, helicopters, drones) are endangered due to icing. Because of the additional mass of the ice, telecommunication towers, electrical pylons and high voltage wires, are threatened with collapsing under their increasing weight in poor weather conditions (1998 ice storm in North America). Furthermore, the accreted ice deteriorates the operation of structures such as wind turbines, rotor-blades and airfoils by altering their aerodynamics properties [START_REF] Cao | Helicopter icing[END_REF][START_REF] Etemaddar | Wind turbine aerodynamic response under atmospheric icing conditions[END_REF][START_REF] Lynch | Effects of ice accretions on aircraft aerodynamics[END_REF][START_REF] Pouryoussefi | Experimental study of ice accretion effects on aerodynamic performance of an naca 23012 airfoil[END_REF][START_REF] Shin | Results of an icing test on a naca 0012 airfoil in the nasa lewis icing research tunnel[END_REF]. In this specific case, the presence of ice on aircraft is not acceptable. According to the icing conditions encountered, various ice shapes can be observed.

In the worst cases, the lift of the airfoil is heavily disturbed, leading to a significant increase in the aircraft stall speed.

Preventing such situations is of utmost importance to guarantee flight safety. In 1955, the engineering standard for atmospheric icing was introduced to the United State Civil Aeronautics Board, before being transferred to FAR Part 25 and EASA CS-25 in 1965. An in-flight icing conditions envelope was defined and aircraft were required to maintain a given level of performance under standard icing conditions. Later on, the dangerousness of supercooled large droplets (SLD) was identified and added to the in-flight icing envelope.

The incidence of icing on the aerodynamic properties of airfoils is countered by implementing ice protection systems (IPS) on aircraft. Ice protection systems are mainly subdivided into two distinct categories. The anti-icing technologies, which prevent ice accretion at all times, and the de-icing technologies, for which a given layer of ice is tolerated and cyclically shed, before reaching the critical ice deposit dimensions. For large aircraft, the most common ice protection system is an anti-icing technology. Hot air is bled from the engines primary flow through a dedicated pneumatic circuit. The heat is routed from the compressor stages to the protected leading edges (wings and engine air inlets). Perforated metallic tubes (piccolo tubes), installed under the protected areas, are used to distribute the hot air and ensure a skin temperature high enough to prevent the ice formation. For smaller aircraft, de-icing technologies have in the past decades overthrown previously used chemical anti-icing solutions. Pneumatic boots are one of the most popular de-icing systems. A neoprene layer of boots is bonded to the ice-protected areas. When the de-icing mode is on, the boots are cyclically inflated to mechanically shed the ice. Inflation is realized either by pressurizing the boots with the use of an engine-driven air pump or by bleeding pressurized air from the engines. As different as they may be, both systems introduced here above present significant drawbacks which might be assessed by developing a new ice protection technology. On the one hand, anti-icing technologies are more effective in terms of ice protection despite the fact that the operation cost of the system is inexorably increased, whether it is in terms of mass or power consumption. On the other hand, de-icing technologies require usually less power thanks to the cycling of ice protection. However, inter-cycle ice and partially removed bulks still deteriorate the aerodynamic performance of the airfoil. In the specific case of pneumatic boots, the integrity of the system is usually damaged through erosion, leading to frequent maintenance needs and aircraft grounding. Therefore, this thesis is about developing a novel ice protection system, ensuring high effectiveness and efficiency, with an acceptable life span.

The elected solution

This thesis focuses on the study of novel electro-mechanical ice protection systems. The elected solution is based on the phenomenon of resonance. The concept is about vibrating the protected skin using electro-mechanical actuators, such as piezoelectric ceramics. By triggering the natural frequencies of the structure, the phenomenon of resonance is used to store mechanical strain energy period after period, enabling to reach the vibration amplitudes leading to the shedding of the ice with small power input. This thesis follows a previous research project which laid down the first bricks in the understanding and the design of electro-mechanical resonant de-icing systems. The work was shared between ISAE-Supaero and INSA Toulouse, and gave rise to publications [START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF][START_REF] Budinger | Ultrasonic ice protection systems: analytical and numerical models for architecture tradeoff[END_REF][START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF][START_REF] Pommier-Budinger | Analysis of piezoelectric ice protection systems combined with ice-phobic coatings[END_REF][START_REF] Rouset | Comparison of extensional and flexural modes for the design of piezoelectric ice protection systems[END_REF] whose main ideas are explained in this introduction to give the reader the prerequisites for the understanding of this thesis work.

Modeling assumptions

First of all, as it is always done in preliminary studies and early conception stages, strong simplifying assumptions have to be used in order to reduce the complex model of interest to an accessible and concise model. This approach was used in the early works and is also used in this thesis to better understand the fundamentals of electro-mechanical resonant de-icing.

Starting from an airliner wing, the focus is made on the part to be protected from icing, the leading edge. The leading edge has both a structural function and an aerodynamic function which impose constraints on the ice protection system design. On the outside, the leading edge appears as an airfoil metal surface ensuring the aerodynamic performance of the wing. On the inside, structural components such as stringers, spars and ribs grid the skin to ensure its stiffness. From this partitioning, the leading edge is naturally sub-divided into quasi independent subsections (figure 1.1). The leading edge can therefore be modeled as a sequence of quasi independent sub-sections. The focus can be made on a sub-section to study the system from a local point of view. The boundaries of the sub-system can be modeled depending on the spars and ribs location and their fastening to the skin (figure 1.2). As a first approach, the spar can be considered for instance as a clamp and the rib as a symmetric condition. In stricter cases, considering the whole surrounding of the skin as a clamp is also an option. As explained earlier, the objective of the system is to trigger the natural frequencies of the airfoil to achieve de-icing. A modal analysis performed on an airfoil model under clamped conditions can give an idea of the strains and displacements generated by a modal excitation. By looking at the modal shape shown in figure 1.3, one can see that the skin can be divided into sub entities that can be modeled by simpler flat substrates. According to the rank of the triggered mode and the boundary conditions given to the plate, various modes and parts of the airfoil can be modeled. Therefore, most of the work achieved in this thesis was realized on plate samples, which simplifies the modeling and enables less demanding experimental verification.

Figure 1.3 Example of the plate sub modeling

Finally, the vibratory behavior of the active structure with k actuator/sensors and n degrees of freedom, can be reduced to the following coupled electro-mechanical equations enabling to link mechanical and electrical quantities :

   [M] nn { ẍ} n + [D s ] nn { ẋ} n + [K] nn {x} n = [N] nk {V } k {Q} k = [N] T kn {x} n + [C 0 ] kk {V } k (1.1)
with [M] nn is the system mass matrix, [D s ] nn the system damping matrix, [K] nn the system stiffness matrix, [N] kn the actuator/sensor electro-mechanical coupling matrix, {Q} k the actuator/sensor electric charge vector, {V } k the actuator/sensor voltage vector, [C 0 ] kk the actuator/sensor capacity matrix and {x} n the system displacement vector.

Modes of interest

According to previous works, the ice removal is assessed by studying the various ice fracture mechanisms obtainable using the modes of resonance. The modes of the structure have been divided into two categories: flexural modes and extensional modes. Flexural modes are modes with main displacement being out of the plan if a plan surface is considered. Conversely, extensional modes mainly generate in plan strains. Figure 1.4 shows an example of the two types of modes. Depending on the excited mode, different fracture mechanisms can be triggered to initiate or propagate fractures in the ice. Ice being defined as a brittle material, it is weaker in traction than in compression. Therefore, the cohesive fracture of the ice is initiated by tensile stress. The adhesive de-bonding of the ice is itself initiated by shear stresses at the interface. Finally, from its brittle behavior, the critical energy release rate (or fracture toughness) of the ice is low, enabling crack propagation within ice or at the adhesive interface. From various experiments realized on plates and NACA profiles, in freezers or wind tunnels, two main fracture mechanisms were identified in [START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF]. The first fracture mechanism is a "cohesive" fracture mechanism. First, a cohesive crack is initiated within the ice by tensile stress. Then, the cohesive crack propagates to the interface and eventually propagates at the adhesive interface (figure 2.27 and 2.28). The second mechanism, is an "adhesive" mechanism, since no cohesive fracture is observed. The fracture is directly initiated at the ice/substrate interface by high shear stress and the crack propagates along the interface. For both mechanisms, the key to ice detachment is the propagation of a fracture at the interface. In order to assess the failure of the ice, finite element analyses are run. For computational efficiency reasons, modal analysis are preferred to harmonic analysis. Using coupled elements, it is possible to retrieve from the analysis the mechanical quantities such as stresses, strain, energy, displacements but also electrical quantities such as the electric charges on an actuator. The key relations between modal values retrieved from finite element analyses and critical values required to achieve ice fracture initiation were given in [START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF]. 

Thesis objectives

The main objective of this thesis was to take up the progress made from the beginning of the research project and pursue the research in order to propose, in the end, a functioning prototype demonstrating effective electro-mechanical resonant de-icing based on piezoelectric architecture. The work achieved during this thesis is introduced in the following sections of this manuscript as follows: First, in Chapter 2, a bibliographic review is introduced on the main prerequisites for the design of electro-mechanical de-icing systems, such as the ice accretion phenomenon, the mechanical properties of the atmospheric ice, the fracture theory basics and the existing fracture analysis methods. A brief state of the art is also made on the on-going work on ice protection systems and the technologies already protected by industrial patents.

Continuing the work achieved prior to the beginning of the thesis [START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF][START_REF] Budinger | Ultrasonic ice protection systems: analytical and numerical models for architecture tradeoff[END_REF][START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF][START_REF] Pommier-Budinger | Analysis of piezoelectric ice protection systems combined with ice-phobic coatings[END_REF], the main fracture mechanisms of the ice under modal vibrations are further studied and experimentally verified in Chapter 3. The work realized in this chapter led to a conference paper and oral presentation at the ICAS Congress 2022 [START_REF] Gastaldo | Stress and energy release rate influence on ice shedding with resonant eletromechanical de-icing systems[END_REF].

In Chapter 4, the properties of the atmospheric ice are then studied in order to identify the critical values involved in the mechanisms identified in Chapter 3 to initiate or propagate fractures in the ice or at the ice/skin interface. In this chapter, a study realized in collaboration with the AMIL laboratory at the "Université du Québec à Chicoutimi" (UQAC) is detailed. Thanks to the AMIL experimental means, a novel method to measure with accuracy key parameters for effective electro-mechanical de-icing was developed. The key parameters i.e. the Young's modulus, the cohesive strength and the critical energy release rate are given for different ices defined by their density. The work achieved at UQAC led to the submission of two journal papers to the Cold Region Science and Technology Journal [START_REF] Palanque | Cohesive strength and fracture toughness of atmospheric ice[END_REF][START_REF] Palanque | Experimental measurement and expression of atmospheric ice young's modulus according to its density[END_REF].

Prior to this thesis, preliminary design tools were developed to enable an early stage comparison of designs under study using finite element models on simple geometries such as beams and plates. In this work, these tools are developed by the introduction of key performance indicators (KPI). Chapter 5 introduces these indicators for the assessment of the displacement, force, power or energy consumption. The modes of interest identified as flexural and extensional modes are highlighted numerically using the KPIs and confirmed experimentally. A paper was written and published by AIAA Journal concerning the work realized on the KPIs [START_REF] Budinger | Electromechanical Resonant Ice Protection Systems: Energetic and Power Considerations[END_REF]. Design power criteria were also defined and presented in AIAA Aviation Forum 2021 [START_REF] Palanque | Electro-mechanical resonant ice protection systems: Power requirements for fractures initiation and propagation[END_REF].

Chapter 6 focuses on the optimization of the previously identified modes in order to enhance the different fracture mechanisms and push the physical limits identified in the previous chapter. Both the mechanical efficiency of the modes and the electric actuation of the structure are investigated and improved using respectively substrate shape and sweep speed optimizations. The substrate shape optimization study also led to the publication of two journal paper published in Cold Region Science and Technology Journal and Structural and Multidisciplinary Optimization Journal [START_REF] Marboeuf | Improving mechanical ice protection systems with topology optimization[END_REF][START_REF] Palanque | Improving mechanical ice protection systems with substrate shape optimization[END_REF].

Chapter 7 focuses on the development of the experimental and numerical NACA prototype using all the design tools developed. A methodology to sort modes according to their performance and assess the de-icing capability of a given configuration is given. Specific modes of interest are identified and a verification of the de-icing feasibility on airfoils is performed in an icing tunnel.

Finally, to conclude the study, a macro point of view is adopted. An analysis of the performance of the developed electro-mechanical de-icing system is realized and a comparison with existing ice protection systems is made at the aircraft level. The impact of the different technologies is studied according to the power consumption, the mass and the additional drag of the system. The models and the assumptions taken are detailed in Chapter 8. This approach and the results obtained led to the submission of a paper to the Chinese Journal of Aeronautics and to a contribution for a conference paper which was presented to the ICAS Congress (2022) [START_REF] Planès | Sizing and optimization of a more electric aircraft integrating short-term incremental technologies[END_REF].

Concurrently to previously mentioned studies, the development of the Institut Clément Ader (ICA) icing tunnel is pursued and the major improvements achieved all along the thesis are detailed in Appendix B.

Chapter 2

State of the art

A bibliographic survey is introduced in this chapter. The survey is divided in four subsections dealing with the main topics related to the electro-mechanical de-icing systems. First, the aircraft icing phenomenon is described and the past or on going researches on the subject are highlighted. Then, the various ice protection systems existing are discussed and a brief state of the art of the published patents on electro-mechanical de-icing technologies is proposed. A focus is made on the functioning the electro-mechanical resonant ice protection system and the piezoelectric actuation. The third section deals about the ice mechanical properties. The experimental set-ups and the methods used for the measurements are given, highlighting the principal results used for the atmospheric ice. In the last section, the theoretical basic knowledge used for the brittle material fracture mechanics is reviewed and the most popular numerical methods for the crack propagation analysis are explained. Finally, the use of the fracture tools related to mechanical ice protection systems is investigated.

The icing phenomenon

Aircraft icing occurs under very specific conditions. When flying through clouds under subzero temperatures, suspended super-cooled water droplets [START_REF] Cao | Aircraft icing: An ongoing threat to aviation safety[END_REF][START_REF] Cebeci | Aircraft icing[END_REF][START_REF] Gent | Aircraft icing[END_REF] impinge the structure. Super-cooled water droplets are liquid droplets for which the temperature is under the freezing point. Upon the impact, the nucleation of the ice is triggered by the shock and ice is generated. Ice hence builds up gradually on the aircraft leading edges. The shape and the properties of the generated ice depends on many atmospheric parameters such as the outside air temperature, the liquid water content (LWC) of the cloud, the air humidity, the droplets size but also aircraft operation conditions such as the flight speed, the airfoil incidence, the surface material, roughness and others. At the end of the first half of the 20th century, the standard aircraft icing envelope was defined, gathering all the known in flight icing conditions in Appendix C of EASA CS-25 document [START_REF] Easa | Certification specifications for large aeroplanes : Cs-25[END_REF]. Later on, tragic incidents, such as the ATR-72 crash in Roselawn, Indiana, USA in 1994 were identified to be caused by non protected impact of super-cooled large droplets (SLD) larger than the droplets defined in the envelop. According to the type and size of the droplets, the trajectory can vary. As droplets get closer to the airfoil leading edge, the flow field is modified and lighter drops are deflected from the stagnation point. Conversely, larger droplets called super-cooled large droplets (SLD) have more important inertia and therefore follow more ballistic trajectories [START_REF] Hospers | Numerical simulation of sld ice accretions[END_REF][START_REF] Villedieu | Sld lagrangian modeling and capability assessment in the frame of onera 3d icing suite[END_REF]. The icing envelope was extended by the Appendix O of EASA CS-25 document [START_REF] Easa | Certification specifications for large aeroplanes : Cs-25[END_REF]. An Appendix P was also added to define the mixed phase and ice crystal icing envelope, more problematic for engine inner part icing [START_REF] Addy | An overview of nasa engine ice-crystal icing research[END_REF]. Figure 2.1 shows one of the icing envelope defined in Appendix C (continuous maximum icing). Various ice shapes can build up depending on the encountered icing conditions and the dimensions of the airfoil. Over the past years, experimental studies were conducted to assess the criticality of the numerous ice shapes obtainable. At first, in flight tests were made. A flight in icing conditions was realized on purpose and the ice shapes obtained were retrieved [START_REF] Mikkelsen | In-flight measurements of wing ice shapes and wing section drag increases caused by natural icing conditions[END_REF]. Later on, laboratory icing experiments were achieved using icing wind tunnels. For instance, using the Glenn Lewis center NASA wind tunnel, the shapes of ice were studied on rotor blades [START_REF] Han | An experimental correlation between rotor test and wind tunnel ice shapes on naca 0012 airfoils[END_REF] and a methodology for the accurate 3D measurement of the ice shapes was defined in [START_REF] Lee | Development of 3d ice accretion measurement method[END_REF]. It was observed that three main icing conditions could be defined to describe and predict the ice geometry. Under dry and cold conditions, "rime" ice would be generated. Because of the low temperature, the droplets instantaneously freeze upon impact, leaving air bubbles trapped in the ice. This phenomenon can lead to a significantly porous ice air arrangement, giving rime ice its coarse and whitish appearance. In most of cases, rime ice grows as a beak centered on the stagnation point of the airfoil [START_REF] Shin | Experimental and computational ice shapes and resulting drag increase for a naca 0012 airfoil[END_REF]. As the icing condition extends, the maximum thickness of the beak and its width expand. With high LWC and temperatures, "glaze" ice is generated. In this condition, the freezing process is more likely to be delayed. Upon impact, the droplet stays under its liquid state and is moved by the aerodynamic friction of the air for a bit, before eventually, freezing. As the freezing process is much slower in this condition, the amount of air trapped can be negligible, the ice appears therefore much closer to freezer ice with a translucent slick and shiny look. Because of the liquid intermediate state in such condition, the ice generated can grow in a much more complex way. After a long exposure to glaze icing conditions, the ice block has the classical double horn shape [START_REF] Addy | Modern airfoil ice accretions[END_REF]. The last ice type is defined as "mixed" ice and corresponds to an intermediate state in between rime and glaze ice. An example of such ice shapes is given in figure 2.2. Over the past years, the prediction of the ice generation has been a key stake for manufacturers. The ice growth is studied on airfoil such as wings or nacelles but also on measurement instruments such as Pitot probes and in engines, where the external aero-thermal conditions are much more complex. Icing codes where developed around the world in specialized laboratories. The 2D growth of the ice is predicted with numerical codes such as TRAJICE2 [START_REF] Gent | Trajice2-a combined water droplet trajectory and ice accretion prediction program for aerofoils[END_REF] from DERA, United Kingdom, or LEWICE [START_REF] Wright | Validation results for lewice 3[END_REF][START_REF] Wright | Recent advances in the lewice icing model[END_REF] from NASA, United States of America or ONICE2D [START_REF] Guffond | Validation du programme bidimensionnel de capitation[END_REF] and IGLOO2D [START_REF] Trontin | Description and assessment of the new onera 2d icing suite igloo2d[END_REF] from ONERA, France. 

Ice protection systems

To enable safe flights through icing conditions described in section 2.1 and comply with airworthiness authorities requirements, most aircraft are now equipped with certified ice protection systems. Ice protection systems can be divided into two subcategories: de-icing systems, for which a given thickness of ice is accepted and cyclically removed and anti-icing systems for which the ice generation is continuously prevented on the ice protected area. Even if the range of ice protection systems implemented today on commercial aircraft is mainly limited to two solutions (hot air bleed systems and pneumatic boots), a wide variety of technologies have been investigated over the years and are still being developed nowadays.

Chemical technologies

Fluid injection ice protection system Fluid injection systems were developed in the early stages of the 20th century. For aircraft equipped with such systems, the protected leading edges are laser-drilled to permit the flow of ice repellent fluid (ethylene glycol) on the airfoil [START_REF] Thomas | Aircraft anti-icing and de-icing techniques and modeling[END_REF]. When the system is actuated, an electric pump driven by the engine is used to spread the fluid through the holes. The system can be used both as anti-icing system by actuating the system prior to entering the icing conditions or as de-icing system if switched on lately. However, the de-icing mode was identified to be difficult to achieve in the case of severe icing conditions. This solution was for instance developed by the TKS company and mounted on the Cessna 206. Despite its remarkable ice protection effectiveness, chemical systems were not developed further because of operational (fuel tank capacity and mass) and environmental concerns.

Coatings for passive ice protection system

From the beginning of the 20th century, ice protection coatings were studied. In [START_REF] Knight | Refrigerated wind tunnel tests on surface coatings for preventing ice formation[END_REF], the first coatings for ice protection were defined and investigated and the first axes of development given. Contrary to common belief, the objective of passive ice protection systems based on coatings is not to prevent the ice generation but only to drastically reduce the ice adhesion strength in order to permit passive de-icing due to aerodynamic forces on the ice bulk. This drop in the ice adhesion strength is achieved by modifying the microscopic behavior of the ice substrate interface. Naturally, water repellent coatings (super-hydrophobic) were considered as potential candidates for the passive ice protection. However, several theories are given to explain the adhesion strength of the ice on a given substrate. According to [START_REF] Baxter | Wettability of porous surfaces[END_REF], the use of super-hydrophobic coatings enables the Cassie-Baxter state of the ice. Because of the low surface energy and the significant roughness of the super-hydrophobic surface, air gets trap in the cavities inside the ice substrate interface, leading to the Cassie-Baxter state. However, in the case of ice filled cavities, the ice interface is reaching the so called Wenzel state [START_REF] Wenzel | Resistance of solid surfaces to wetting by water[END_REF], increasing the adhesion strength (figure 2.3). Consequently, experimental studies have shown both, decreasing [START_REF] Kulinich | How wetting hysteresis influences ice adhesion strength on superhydrophobic surfaces[END_REF][START_REF] Song | Inexpensive and non-fluorinated superhydrophobic concrete coating for anti-icing and anti-corrosion[END_REF] and increasing [START_REF] Chen | Superhydrophobic surfaces cannot reduce ice adhesion[END_REF][START_REF] Varanasi | Frost formation and ice adhesion on superhydrophobic surfaces[END_REF] adhesion strength for super-hydrophobic coatings.

The parameters of influence to define if either the Cassie-Baxter or the Wenzel states are to be reached

are not yet understood. The contact angle influence was widely studied but once again, contradictory results were obtained [START_REF] He | Reducing ice adhesion by hierarchical micro-nano-pillars[END_REF][START_REF] Petrenko | Reduction of ice adhesion to metal by using self-assembling monolayers (sams)[END_REF]. The hysteresis of the contact angle was also confronted with the same conclusion [START_REF] He | Reducing ice adhesion by hierarchical micro-nano-pillars[END_REF][START_REF] Momen | Ice repellency behaviour of superhydrophobic surfaces: Effects of atmospheric icing conditions and surface roughness[END_REF]. Therefore, the water repellency of a coating appears to be ineffective to qualify its ice protection efficiency. Many works are still going on to define the coating manufacturing rules to ensure the Cassie-Baxter state of the ice and thus reduce the ice adhesion strength. 

Thermal technologies

Hot air bleed ice protection system

The hot air bleed ice protection system is an anti-icing thermal ice protection system. Thermal anti-icing systems are broadly used on conventional airliners. The objective of such systems is to prevent the ice accretion on protected areas by continuously heating up the leading edge skin. Hot air is bled from engines compressor stages, and routed to the protected areas by piccolo tubes. The hot air is blown to the inner part of the skin by small holes distributed along the tubes and evacuated (Figure 2.4). Many researches are conducted to model and improve the heat distribution at the skin location [START_REF] Hannat | Numerical validation of conjugate heat transfer method for anti-/de-icing piccolo system[END_REF]. The thermal anti-icing can be subdivided into two categories: running wet anti-icing and evaporative anti-icing. In the case of running wet anti-icing, the protected skin is heated in order to maintain its temperature high enough to keep the water in its liquid state after impact [START_REF]AC-9C Aircraft Icing Technology Committee[END_REF]. The running water may however lead to run-back ice accretions (figure 2.4) on downstream surfaces, which is only acceptable under very specific conditions. For the evaporative anti-icing, for higher energy cost, the skin is heated with greater intensity, reaching the vaporization temperature, ensuring that the total amount of water impinging the protected area turns instantly into vapor. The success of this ice protection system is due to the high effectiveness of the ice protection. In fact, when the anti-icing protection is on, the airfoil and therefore its aerodynamic properties remain undisturbed. However, the power required to achieve the anti-icing of all the protected area simultaneously has a significant cost [START_REF] Saeed | Numerical simulation of a hot-air anti-icing system[END_REF]. According to studies, the specific power required to achieve ice protection using such system would be up to 420 kW for an Airbus A320 which corresponds to 25 kW/m² [START_REF] Delbecq | ISAE-SUPAERO aviation and climate: a literature review[END_REF]. The thermal power to draw from the engine is not negligible and can lead to the over-sizing of the propulsion system. Moreover, in the path of a more electric aviation, the disappearance of thermal engine would inexorably make the hot air bleed system obsolete.
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Electro-thermal de-icing system

Thermal de-icing is nowadays being considered (as in the Boeing B787) to reduce the power required for thermal ice protection. It is realized by cyclically removing the ice generated on the protected area. As the control of the heating requires much more complexity, the electro-thermal system appears to be the most suitable thermal solution. The thermal de-icing mechanism is similar to the coating based ice protection systems, the thermal energy is used to lower the adhesion of the ice in order to reduce or even remove the bonding between the ice layer and the airfoil by creating a thin liquid layer at the interface [START_REF] Bennani | A mixed adhesion-brittle fracture model and its application to the numerical study of ice shedding mechanisms[END_REF]. Finally, the ice bloc is shed under aerodynamic forces when the adhesion has decreased significantly. In order to ease the shedding, parting strips are continuously heated to divide the entire ice blocs into parted areas [154]. The parting strips are operated in running wet thermal anti-icing and the run-back ice that forms on the protected surfaces is shed with the de-icing cycle (Figure 8.3). By cycling the protected area, the instantaneous power consumption of the ice protection system can be significantly reduced. The use of an electro-thermal system also improves the efficiency of the heating system leading to an improvement in the total power to supply. According to [START_REF] Meier | A handbook method for the estimation of power requirements for electrical de-icing systems[END_REF], the power required to protect the Boeing 787 wings using electro-thermal de-icing is between 45 and 75 kW, which corresponds to a power requirement between 2.5 kW/m² and 4.5 kW/m², highlighting the power consumption benefits compared to hot air bleed anti-icing. Finally, by creating a bleed-less aircraft architecture, Boeing estimated an overall efficiency gain on the engine performance between 1% and 2% [START_REF] Sinnett | Aero quarterly qtr_04 | 07 787 no-bleed systems: Saving fuel and enhancing operational efficiencies[END_REF]. 

Mechanical technologies

Mechanical ice protection systems are systems that remove the ice layer by mechanically breaking the ice adhesive bond. Mechanical ice protection systems are by nature de-icing systems as they require a minimum ice layer to force its shedding. As shown for thermal de-icing systems, mechanical de-icing systems benefit from the cycling of the protected area and therefore have lower power requirements.

Pneumatic boot de-icing system

Pneumatic boot system is a popular ice protection system for regional and smaller aircraft. Elastic boots bonded to the airfoil (figure 2.6) are inflated using pressurized air, leading to the mechanical detachment of the ice accreted (figure 2.7).
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Weathering surfaceneoprene or polyurethane Natural rubber Stretch fabricnylon with natural rubber Non-stretch fabricnylon with natural rubber Installation rubber -neoprene For some general aviation aircraft, the pressurized air comes from an air pump driven by the engine. In the case of turbine engine aircraft, the pressurized air is bled from the engine itself [START_REF]Aviation maintenance technician handbook -airframe -chapter 15 : Ice and rain protection[END_REF]. This second configuration represents most of the aircraft. The advantage of pneumatic boot ice protection systems is the low power requirement for operating the system. However, when the boots are inflated (de-icing cycle), non negligible additional drag is observed on the airfoil [START_REF] Bowden | Effect of pneumatic de-icers and ice formations on aerodynamic characteristics of an airfoil[END_REF]. Moreover, the boots have a passive operation cost as they do require vacuum at all time to ensure the aerodynamic quality of the airfoil. In some cases, the valves used to control the airflow bled from the engines are also constantly heated to prevent malfunction induced by freezing environment.

According to literature [118], the duty cycle of the boots is divided in an inflation phase (5 seconds) and a deflation phase (10 seconds). During the inflation phase, the pressure in the boots increases gradually up to 20 psi (0.138 MPa).

In 2006, a complete report was published [START_REF] Hill | Investigations of performance of pneumatic deicing boots, surface ice detectors, and scaling of intercycle ice[END_REF] in collaboration with boots manufacturers (Goodrich), aircraft manufacturers (Embraer), and airworthiness authorities (FAA). Pneumatic boot deicing performance was assessed from icing wind tunnel and flight test investigations. The study highlighted the importance of the inter cycle ice effects and the need to activate the de-icing system prior to entering icing conditions in order to ensure the functioning of the system.

One of the drawbacks of the pneumatic boots system is also the low sustainability of the boots. In fact, the neoprene elastic material requires specific care as it is highly subject to abrasion. Even if serviced regularly, boots have a maximum lifespan way shorter than the rest of the aircraft, which implies additional grounding dedicated to the boots maintenance, resulting in supplementary operational costs. Figure 2.8 shows the condition of the boots if the treatment material is not carefully applied.

Un treated boots exposed to ozone

Boots treated with appropriate treatment material Electro-mechanical de-icing system Back in 1996, Thomas et.al [START_REF] Thomas | Aircraft anti-icing and de-icing techniques and modeling[END_REF] made an exhaustive state of the art on the mechanical de-icing technologies under development. Beside of the pneumatic boot system, the electromagnetic impulse de-icing system (EIDI) is mentioned. EIDI systems are highly similar to pneumatic boots, in fact instead of deforming a neoprene boot, the airfoil skin is deformed itself. A high-amperage pulse is passed through a spiral coil made from ribbon wire placed under the skin at the protected area location. An air gap of approximately 2.54 mm is kept between the skin and the coil, when electrical energy is discharged from a capacitor through the coil, an intense magnetic field is generated and the skin and the coil repel each others with high force. The phenomenon is extremely fast, in general, two impulses are required, with an average 5 seconds delay to load back the capacitors. The first impulse cracks and weakens the ice adhesion on the surface, the second impulse launches the ice particles away from the surface. In the case of too thin metallic skins, the opposite magnetic field of the skin is not sufficient. In this case, and when composite surfaces are used for the aircraft skin, copper or aluminum disks must be attached to the interior of the skin. Since the aircraft skin is repeatedly deformed by the EIDI system, the fatigue of the skin is an important consideration. Fatigue tests were performed on two light Cessna general aviation airplane wings with the expected result that the potential for fatigue failure increases with the impulse force. However, the likelihood of failure for a typical application is minor. Experimental studies were realized on plates to confirm the feasibility of the device [START_REF] Jiang | Studies on the electro-impulse de-icing system of aircraft[END_REF]. In [START_REF] Endres | Experimental study of two electro-mechanical de-icing systems applied on a wing section tested in an icing wind tunnel[END_REF], Endres et.al confirm the efficiency of the system on a NACA 0012 prototype placed in a icing tunnel. In the same study, the EIDI system was compared with an other mechanical de-icing system, the resonant electro-mechanical de-icing system.

Electro mechanical resonant ice protection systems were investigated for de-icing purposes in the early 21st century. The iced structure is excited by the mean of electro-mechanical actuators such as voice coils [START_REF] Pommier-Budinger | Analysis of piezoelectric ice protection systems combined with ice-phobic coatings[END_REF] or piezoelectric ceramics [START_REF] Villeneuve | Piezoelectric deicing system for rotorcraft[END_REF]. Thanks to the phenomenon of resonance, the small vibrations spread by the actuators are amplified when one of the natural frequencies of the structure is triggered. Eventually, when the ice mechanical properties are exceeded due to high strain levels, the failure of the ice is obtained. The piezoelectric ceramics are the most common actuators studied for this kind of application as it can operate on a extremely wide range of frequencies. Piezoelectric ceramics often come in form of simple patches but more complex piezoelectric actuators can be designed such as Langevin transducers for instance based on the assembly of several piezoelectric simple entities [START_REF] Budinger | Ultrasonic ice protection systems: analytical and numerical models for architecture tradeoff[END_REF]. Nevertheless, many studies simply focus on the use of piezoelectric patches due to its natural and simple integration of thin profiles such as plates or airfoils [START_REF] Villeneuve | Numerical and experimental investigation of the design of a piezoelectric de-icing system for small rotorcraft part 1/3: Development of a flat plate numerical model with experimental validation[END_REF][START_REF] Villeneuve | Numerical and experimental investigation of the design of a piezoelectric de-icing system for small rotorcraft part 2/3: Investigation of transient vibration during frequency sweeps and optimal piezoelectric actuator excitation[END_REF][START_REF] Villeneuve | Numerical and experimental investigation of the design of a piezoelectric de-icing system for small rotorcraft part 3/3: Numerical model and experimental validation of vibration-based de-icing of a flat plate structure[END_REF].
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Figure 2.9 Bolt-clamped Langevin transducer and its first extensional resonance mode [START_REF] Budinger | Ultrasonic ice protection systems: analytical and numerical models for architecture tradeoff[END_REF] The piezoelectric material produces electric charge when strained (piezoelectric effect) and reciprocally produces strain when a electric charge is supplied (converse piezoelectric effect). The efficiency of the transformation between mechanical and electrical energy is defined by the piezoelectric electro-mechanical coupling coefficient. The electro-mechanical coupling coefficient is defined as a ratio between the electrical energy produced and the mechanical energy given to the ceramic. There are two noteworthy modes of coupling, which corresponds to the electrodes positions. If the electrodes (and therefore the electric field) are parallel to the main strain direction of the ceramic, the configuration is called the 3-location arrangement. In this case, the electro-mechanical coupling follows the K 33 ratio, which is slightly higher than the K 31 ratio (for electrodes perpendicular to the main strain direction) (figure 2.10). In the case of piezo electric patches, most of the displacement occurs in the plan of the patch, corresponding to a K 31 arrangement. In order to vibrate the structure, a sinusoidal electrical charge can be applied on the electrodes of the ceramic, being converted to sinusoidal motion by the converse piezoelectric phenomenon. The tuning of the input signal parameters such as the frequency or the amplitude, will influence the behavior of the actuator according to the desired application. Nevertheless, there are physical boundaries to respect to design a functional and efficient piezoelectric system. The actuator itself is subject to mechanical constraints like any material. During de-icing, the stress in the ceramic must remain lower than material's maximum stress value. The maximum stress that the ceramic can withstand is around 25 MPa in extension [START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF]. This value is given for dynamic applications and non-pre-stressed ceramics, which can undergo higher stresses (around 50 MPa). The maximum stress in the bond between the actuator and the structure must be overseen too. In case of cyclic loading applications, fatigue concerns have to be investigated. There are also electrical boundaries to respect. The maximum voltage to apply to the ceramic must remain under 2000 V/mm of thickness (between the two poles) for uni-polar static and low frequency applications. This limit goes down to 400 V/mm of thickness for high frequency bipolar applications. The actuator might suffer depolarization by application of an excessive electric field. In some cases, the peak voltage values allowable are not symmetrical, and offsetting the AC current supplied can help reaching higher potential differences without depolarizing the component. Reaching the Curie temperature (>300 °C) would also lead to depolarization, however it remains a minor concern for this type of cold applications.

The electro-mechanical reduced model of the system, i.e. the structure and the piezoelectric actuator, is defined by two equations, a mechanical and an electrical one [START_REF] Budinger | Ultrasonic ice protection systems: analytical and numerical models for architecture tradeoff[END_REF]:

   [M] nn { ẍ} n + [D s ] nn { ẋ} n + [K] nn {x} n = [N] nk {V } k {Q} k = [N] T kn {x} n + [C 0 ] kk {V } k (2.1)
where [M] nn is the system mass matrix, [D s ] nn the system damping matrix, [K] nn the system stiffness matrix, [N] kn the actuator/sensor electro-mechanical coupling matrix, {Q} k the actuator/sensor electric charge vector, {V } k the actuator/sensor voltage vector, [C 0 ] kk the actuator/sensor capacity matrix and {x} n the system displacement vector.

The modal electro-mechanical coupling factor N is depending on the mode shape and the relative position of the actuator to the anti-node. The better the actuator is positioned, the higher the factor is. It highlights the fact that the shape and position of the actuators are of major concern too.

Ramanathan et.al [START_REF] Ramanathan | Deicing of helicopter blades using piezoelectric actuators[END_REF] were among the first to study electro mechanical de-icing based on piezoelectric ceramics. The objective was to improve the debonding of the ice on rotor-blades by exciting the natural frequencies of the blade. The focus was made on high frequencies (around 1 MHz) and did not show effective mechanical de-icing as the ice bulk bonded to the airfoil only melted after few minutes of actuation. Later on, Venna et.al [START_REF] Venna | Mechatronic development of self-actuating in-flight deicing structures[END_REF][START_REF] Venna | Piezoelectric transducer actuated leading edge de-icing with simultaneous shear and impulse forces[END_REF] tried to achieve electro-mechanical de-icing by coupling shear stress and impulse forces at the ice substrate interface. The frequency range under study was way lower (1 kHz). A thin slab of ice was generated in a freezer on the very top of the leading edge prototype. Thanks to finite element analysis, the magnitude of the vibration required to reach the shear strength of the interface was computed. The debonding of the ice was obtained after exciting the structure for 60 to 120 seconds (potentially due to heating effects). The potential benefits of the integration of such system on an aircraft were quantified with the mass estimation of the new system (20 kg) which would lead to a important mass gain (300 kg for conventional hot air system) [START_REF] Venna | Piezoelectric transducer actuated leading edge de-icing with simultaneous shear and impulse forces[END_REF]. The instantaneous debonding of short freezer ice bulks through shear stress was confirmed for the first time by Palacios et.al in [START_REF] Palacios | Instantaneous de-icing of freezer ice via ultrasonic actuation[END_REF] and the same methodology was applied later on to a NACA prototype and tested in an icing wind tunnel [START_REF] Palacios | Ultrasonic de-icing of wind-tunnel impact icing[END_REF]. Figure 2.11 shows the ice shedding area after the piezoelectric actuation. The frequency selected were in the range of 20 kHz which appears to enable the creation of high shear stress at the ice/substrate interface.

Additional studies were realized focusing on the modes shapes and types. The objective of the studies were to identify the relevant mode shapes and qualify the influence of the mode type on the ice shedding. Struggl et.al [START_REF] Struggl | A basic approach for wing leading deicing by smart structures[END_REF] computed the first natural frequencies of an aluminum airfoil clamped on both sides. They figured out several modes and compared them, looking for specific mode shapes that would maximize the shear stress at the interface. Two natural frequencies and associated mode shapes were selected according to the shear stress criteria: the mode 22 (190.6 Hz) and the mode 42 (361.88 Hz). Using a Doppler laser vibrometer the vibration of the airfoil was measured for both frequencies when excited at a voltage of Vpk-pk = 800 V. According to the vibration magnitudes, the tensile and shear stresses were computed. The computation was made for various ice thicknesses and highlighted that, the thicker the ice is, the easier it is to shed. To generate the vibrations, eight piezoelectric patches were bonded to the structure. The resulting apparent power consumption for the maximum voltage actuation and the piezoelectric patches capacitance of 70 nF each is estimated at 113.01 VA and 212.8 VA respectively for the 192.5 Hz mode and the 362.5 Hz mode. The prototype was tested in icing conditions realized in an icing wind tunnel and effective de-icing was observed for Detail of Ice Shedding Patterns: Ice accumulation does not exceed 2 mm prior instantaneous de-bonding [START_REF] Palacios | Ultrasonic de-icing of wind-tunnel impact icing[END_REF] the highest mode. In [START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF], Pommier-Budinger et.al conducted a modal analysis on a NACA profile which was tested in the Munich iCORE icing wind tunnel. Effective de-icing was obtained for both 3 kHz and 30 kHz modes (figure 2.12).

De-icing result after exciting leading edge at a frequency of 3 kHz at 90V and 150V De-icing result after exciting leading edge at a frequency of 31 kHz at 100V and 1.2 A and 150V and 2.2 A Figure 2.12 De-icing experiment in the iCORE icing wind tunnel [START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF] Despite its early development state, the high potential of the electro-mechanical resonant de-icing system has been understood by the manufacturers and the piezoelectric ice protection system solution has already been protected by few industrial patents. For example, in the patent [START_REF] Docte | Degivrage piezo-electrique d'une entree d'air[END_REF] "Piezoelectric de-icing on an air inlet" from Aircelle, which manufactures turbojet engines air inlets, a hybrid technology to prevent icing on the inlet is described. In the solution, an ice-phobic coating is used on the outer surface of the inlet. The coating reduces the adhesive strength of the ice, facilitating the shedding and limiting the maximum ice thickness. A piezoelectric actuator is hosted in the ice-repellent coating. When required, the piezoelectric component can be actuated to easily shed the ice. Airbus also published a patent called "Device and method for deicing and/or preventing ice formation and profile element and aircraft having such a device" [START_REF] Strobl | Device and method for deicing and/or preventing ice formation and profile element and aircraft having such a device[END_REF] using piezoelectric actuators too. The main purpose of the method is to anti-ice the tip the leading edge to keep it clear from ice at any time. This area would be anti-iced by thermal effect coming from engine hot air bleed. Since the heated area is restrained, the water freezes back really close to the stagnation point, leading to these horn shapes profiles (figure 2.13). The part 54 and 55 represent areas where it is expected to add a de-icing technology to shed the remaining ice. The patent does not include the design of this part but still gives alternatives to fulfill this function. A "deformation device" is mentioned by the author opening the field for piezoelectric technologies. Figure 2.13 Two steps of the de-icing process, prior mechanical deformation devices activation [START_REF] Strobl | Device and method for deicing and/or preventing ice formation and profile element and aircraft having such a device[END_REF] Finally, the patent "Method for supplying electric power to a nacelle defrosting system and ice protection system through ultrasound" from Safran Nacelles (2018) [START_REF] Gonidec | Procede d'alimentation electrique d'un degivrage et d'un antigivrage de nacelle par ultrasons[END_REF] deals about the way to actuate the piezoelectric components. It is about air inlet de-icing or anti-icing, but it seems that this method could be extrapolated to any airfoil structure. The process of the patent is about piezoelectric actuation on the inner part of the skin. During conception phase, the actuator is used to find natural frequencies of the airfoil and optimal mechanical coupling (according to the position of actuators). To initiate the de-icing, one must vibrate the structure at its natural frequencies. Using the resonant frequencies is the key of the patent. As seen previously, the resonant phenomenon allows vibrating the structure to a maximum amplitude. There are also additional tuning features characterized as optional by the author. To optimize performances, according to the patent, it is advised to adapt the impedance of the electrical circuit to the actuators one. The condition of the piezoelectric component can be checked by measuring its impedance and comparing it to its nominal impedance. The presence of ice can be detected by observing the mechanical coupling quality between the piezoelectric actuator and the airfoil. The actuator is excited with various frequencies in a range from 10 kHz to 200 kHz. The excitation can be simultaneous or successive. According to the results of the frequency analysis phase, the actuator is excited intermittently and an other piezoelectric component is added next to the first one. During actuation, if the electrical level detected by the second one is close to the electrical level of the actuated one, the de-icing is working, if not, the second piezoelectric component is also actuated. The actuation of piezoelectric actuators is adapted to the ice thickness. Thin ice areas are not actuated in order to reduce the electrical consumption of the system. [START_REF] Davis | Measuring quality factor from a nonlinear frequency response with jump discontinuities[END_REF] and piezoelectric actuator (5) [START_REF] Gonidec | Procede d'alimentation electrique d'un degivrage et d'un antigivrage de nacelle par ultrasons[END_REF] According to the patents, in most cases, electro-mechanical resonant de-icing technologies are combined with other technologies (mostly thermal) to create a functional de-icing system. This hybridization is used to reduce the overall consumption of the system. Nevertheless, a de-icing system that would use only electro-mechanical resonant technology or combined with ice-phobic surface coatings should have a rather low energy consumption.

Ice protection systems synthesis

This survey on the existing IPS technologies confirmed the relevance of focusing on the development of electro-mechanical de-icing systems. From a power consumption and energetic point of view, de-icing systems are inexorably less energy demanding. Moreover, mechanical systems appear as way more efficient than thermal technologies. Rather than static of chock based systems, the use of the resonance phenomenon enables to decrease the system consumption and to reduce the actuators dimensions and therefore masses. The piezoelectric actuators appear to be natural candidates for earl prototyping stages and laboratory experiments thank to their straight forward integration and simplicity. Following the de-icing experiments described in the literature, the frequency of interest can be restricted to the kHz magnitude as it shown the best results so far.

Ice mechanical properties

In many regards, the knowledge of the mechanical properties of ice is of utmost interest. For instance, knowing properties such as its stiffness, its strength or even its density is mandatory to assess physical mechanisms leading to its mechanical shedding and therefore the development of mechanical ice protection systems [START_REF] Labeas | Simulation of the electroimpulse de-icing process of aircraft wings[END_REF][START_REF] Laforte | State-of-the-art on power line de-icing[END_REF][START_REF] Lin | Inflight deicing of self-actuating aircraft wing structures with piezoelectric actuators[END_REF]. Ice is defined as a brittle material [START_REF] Hobbs | Ice Physics. Google-Books[END_REF] and can be encountered under many forms such as, sea ice, freezer ice, or atmospheric ice. In the case of aircraft icing, the atmospheric ice is to be considered. The study of the ice mechanical properties is a subject that has been treated by many researchers for the past century but because of the extremely wide range of environmental conditions under which ice can be encountered, it is still difficult to settle on fixed values today. This phenomenon is even more emphasized in the case of atmospheric ice. Up to now, atmospheric ice is mostly described in the literature from its visual aspect, being divided in three types : glaze ice (transparent and compact), rime ice (whitish and porous) and finally mixed ice (combination of glaze and rime ices) (figure 2.15) [START_REF] Scavuzzo | Structural properties of impact ices accreted on aircraft structures[END_REF]. Consequently, its properties are usually expressed for given ice types which are mainly defined by the accretion temperature and the liquid water content of the cloud. However, knowing the influence of continuous parameters such as temperature, flow rate and others on the icing phenomenon, the description of atmospheric ice by three well distinct categories appears to be limited. 

Ice Young's modulus

Over the past century, many researches were conducted to measure the mechanical properties of ice. Among the most investigated properties, one can find the density, the Young's modulus, the cohesion strength and the adhesion strength. The Young's modulus value is of special interest, as it is a key parameter in linear elastic theory. Knowing the elastic modulus enables to compute stress fields and potential elastic energy (linked to energy release rate computation). Dorsey [START_REF] Dorsey | Properties of ordinary water-substance in all its phases[END_REF] According to such arrangement, the density of the crystal can be estimated to 917 kg/m 3 , being the reference density for pure ice [START_REF] Mellor | Mechanical properties of polycrystalline ice[END_REF]. Young's modulus of the pure ice was investigated many times focusing on the behavior of a mono-crystal sample using standard material characterization tests. The mono crystal of ice Ih is by nature an-isotropic and its properties were investigated by many researchers as described in [START_REF] Fletcher | Mechanical properties[END_REF][START_REF] Hobbs | Ice Physics. Google-Books[END_REF][START_REF] Mellor | Mechanical properties of polycrystalline ice[END_REF]. Back in 1947, Northwood [START_REF] Northwood | Sonic determination of the elastic properties of ice[END_REF] showed that the poly-crystalline ice Young's modulus was independent of the grain orientation through sound wave speed measurements and could therefore be considered as globally isotropic. Because of its granular constitution and the inherent existence of imperfection within the ice grain boundaries, the ice does not always follow standard elastic behavior. According to Hobbs [START_REF] Hobbs | Ice Physics. Google-Books[END_REF], the elastic behavior of a crystal is due to changes in inter-molecular distances, nevertheless, the ice impurities favor inter-grain movement. Under relatively progressive loading and large strain, grains can slip, reaching new equilibrium positions and therefore suffer from non elastic deformation. Hence, it is assumed that loads applied for short period with reduced strain magnitude would give little opportunity to trigger non elastic behavior. For instance, Gold [START_REF] Gold | Some observations on the dependence of strain on stress for ice[END_REF] defined maximum values for load (0.1 MPa) and strain rate (5 kPa.s -1 ) preventing from miss-measuring inter grain displacement as elastic strain. Contrary to static (or quasi-static) measurements showing values of high discrepancy (0.3 GPa to 11 GPa) [START_REF] Hobbs | Ice Physics. Google-Books[END_REF], dynamic measurements have given way less scattered values [START_REF] Gold | The rheological behaviour of ice at small strains[END_REF]. According to [START_REF] Schulson | The structure and mechanical behavior of ice[END_REF], the standard value to use for poly-crystalline ice at -5°C are 9.0 GPa for Young's modulus and 0.33 for Poisson ratio. The increase in the accuracy of Young's modulus measurement thanks to dynamic methods enabled to assess the influence of the density [108] on the stiffness. According to Nakaya's study on Greenland ice samples, a slight density decrease would lead in a stiffness loss. Gammon et al. [START_REF] Gammon | Elastic constants of artificial and natural ice samples by brillouin spectroscopy[END_REF] showed using Brillouin Spectroscopy that for altered pure ice samples, on a local level, the Young's modulus of the crystal remains intact, however decreases on the global level of the ice sample. This can be explained by the presence of air bubbles, trapped in the freezing process replacing solid material. The influence of the density of the sea ice on its mechanical properties was investigated in [START_REF] Frankenstein | Dynamic young's modulus and flexural strength of sea ice[END_REF][START_REF] Georges | Influence of porosity on ice dynamic tensile behavior as assessed by spalling tests[END_REF][START_REF] Zong | A random pore model of sea ice for predicting its mechanical properties[END_REF] showing that the stiffness and the strength of the ice tend to decrease with the density. In the case of atmospheric icing, the density is influenced by the temperature, the droplets velocity and the wetting intensity [START_REF] Druez | Mechanical properties of atmospheric ice[END_REF][START_REF] Kermani | Bending strength and effective modulus of atmospheric ice[END_REF][START_REF] Laforte | Microstructure of ice accretions grown on aluminum conductors[END_REF] and the Young's modulus appears to follow the same descending trend as for sea ice.

Ice cohesive strength

Because of its brittle behavior and its low fusion temperature, the measurement of the ice mechanical properties using normalized ductile material tests is anything but straightforward. Moreover, the elastic behavior of the ice is only obtainable under very specific strain conditions (section 2.3.1) and therefore high strain rate must be applied to avoid the creep of the ice during the experiment [START_REF] Mellor | Mechanical properties of polycrystalline ice[END_REF][START_REF] Schulson | Creep and fracture of ice[END_REF]. Nevertheless, in 1972, Hawkes and Mellor [START_REF] Hawkes | Deformation and fracture of ice under uniaxial stress[END_REF] developed an experimental set up for the uniaxial tension and uniaxial compression testing. The set up enabled the loading under high strain rates (from 10 -5 to 10 -1 s -1 ) and other structural parameters were monitored such as the grain structure and the air bubble distribution (figure 2.17). Dumbbell ice shapes were generated to minimize the end effect during the testing, which are prevalent in the case of brittle material testing.The value retained from this study was a 2.1 MPa for the tensile strength of the fresh water poly-crystalline ice. Other standard static tests were performed to assess the strength of the material and reviewed in 1999 [START_REF] Petrovic | Key developments in high temperature structural silicides[END_REF]. The author proposes to define that the value for the tensile strength of the ice is in the [0.7 -3.1] MPa range and the value for the compressive strength in the [5.0 -25.0] MPa range.

The cohesive strength of the atmospheric ice was investigated by Druez et.al in [START_REF] Druez | Mechanical properties of atmospheric ice[END_REF][START_REF] Druez | Experimental results on the tensile strength of atmospheric ice[END_REF]. Ice was created thanks to an open wind tunnel for different temperatures, liquid water content (LWC) and wind speed. In 1994 Reich et.al [START_REF] Reich | Survey of mechanical properties of impact ice[END_REF] gave a review of the methods used for the measurement of the freezer ice properties and adapted the experimental set-ups for the study atmospheric ice properties. Figure 2. [START_REF] Budinger | Ultrasonic ice protection systems: analytical and numerical models for architecture tradeoff[END_REF] shows three examples of static set ups for the measurement of the cohesive strength of the ice [START_REF] Jellinek | The influence of imperfections on the strength of ice[END_REF][START_REF] Druez | Experimental results on the tensile strength of atmospheric ice[END_REF][START_REF] Chu | Adhesive shear strength of impact ice[END_REF][START_REF] Reich | Comparison of rime and glaze deformation and failure properties[END_REF]. Jellinek [START_REF] Jellinek | The influence of imperfections on the strength of ice[END_REF] froze fresh water between two metal cylinders to measure the tensile properties (figure 2.18). Druez et.al [START_REF] Druez | Experimental results on the tensile strength of atmospheric ice[END_REF] and Chu et.al [START_REF] Chu | Adhesive shear strength of impact ice[END_REF] tested impact ice specimens by accreting ice on split cylinders with rough surfaces (figure 2.18). Finally, Reich et.al [START_REF] Reich | Comparison of rime and glaze deformation and failure properties[END_REF] generated impact ice on a metal substrate tested in 3 point bending test (figure 2.18). According to the study, the properties of high density glaze ice would approach the properties of freezer ice. However, for lower density rime ice, the tensile strength is decreasing. The scattering of the values remains pretty high, table 2.1 summarizes the value ranges retained from this survey [START_REF] Reich | Comparison of rime and glaze deformation and failure properties[END_REF]. 

Ice adhesive properties

Ice debonding is achieved by removing the adhesion of the ice to the substrate on which it is accreted, therefore quantifying the strength of the adhesion of the ice is a key parameter in order to efficiently remove ice mechanically. From its brittle behavior, two different debonding mechanisms are possible [START_REF] Liu | Fracture toughness of fresh-water ice[END_REF][START_REF] Schulson | Creep and fracture of ice[END_REF]. On the one hand, the classical debonding of the ice can be achieved by breaking the ice substrate interface by reaching high stresses level. In [START_REF] Labeas | Simulation of the electroimpulse de-icing process of aircraft wings[END_REF], the adhesive shear and tensile strength are compared, and a maximum value of 1.4 MPa is given for the adhesive tensile strength whereas only 0.4 MPa is given for the adhesive shear strength. According to such results, focusing on the shear strength appears to be the most efficient way to achieve de-icing in a stress based mechanism. On the other hand, as a brittle material, the fracture toughness of the ice is really low. This means that the critical energy release rate of the ice (fracture toughness) can be, according to the configuration, easier to exceed, than the strength of the ice. Therefore, both adhesive properties (critical energy release rate and critical stresses) are worth the measurement. The triggering of a debonding mechanism (shear or energy release rate) was defined by Golovin et.al in [START_REF] Golovin | Low-interfacial toughness materials for effective large-scale deicing[END_REF]. Depending on the iced area configuration and the mechanical loading of the ice, the adhesiveness is either controlled by its adhesive shear strength or its interfacial toughness. According to the configuration, the energy release rate mechanism appears to be triggered for extended ice surfaces, whereas short ice blocs are more likely to shed under shear stress.

In the same survey as for the tensile strength of the ice, Reich et.al [START_REF] Reich | Survey of mechanical properties of impact ice[END_REF] also reviewed the measurements of the ice adhesion and the method used. Figure 2.19 shows some of the experimental set ups used for the atmospheric ice adhesion measurement. Despite the effort to load the ice without the initiation of undesired pre-cracks, high stress concentrations are mentioned by the authors on both experiments. The maximum shear strength of the ice was estimated to be 0.42 MPa for both studies. [START_REF] Phan | Adhesion of rime and glaze on conductors protected by various materials[END_REF][START_REF] Scavuzzo | Structural properties of impact ices accreted on aircraft structures[END_REF] In 2018, Work [START_REF] Work | A critical review of the measurement of ice adhesion to solid substrates[END_REF] published a review of the measured adhesive properties of ice found in the literature. Among the studies, various methods were used to measure adhesive shear strength of atmospheric ice [START_REF] Raraty | The adhesion and strength properties of ice[END_REF]142,[START_REF] Scavuzzo | Structural properties of impact ices accreted on aircraft structures[END_REF] in the end, the review highlights the difficulty of the ice property measurement by displaying extremely scattered values. Recent studies for the shear strength are made using a "spin-test" [142]. The ice is generated on a specific location at the end of the beam and then spun until centrifugal forces break the adhesive bond. Figure 2.20, shows that as the density of the ice gets lower, the shear strength increases, highlighting the difference in critical shear value for different ice types. Others studies [START_REF] Andrews | Adhesion of ice to a flexible substrate[END_REF][START_REF] Pervier | Measurement of the fracture energy in mode i of atmospheric ice accreted on different materials using a blister test[END_REF]184] measured the fracture toughness of the ice using standard blister tests for different substrate materials and temperatures. In [START_REF] Pervier | Measurement of the fracture energy in mode i of atmospheric ice accreted on different materials using a blister test[END_REF] the blister test is performed on wind tunnel ice generated in the Cranfield icing wind tunnel. The flow speed, the air temperature and the liquid water content were the main variables of the experiment. In the end, the measured values range between 1.3 J/m² and 4.0 J/m². As the temperature goes down, the critical energy release rate increases. 

Ice mechanical properties synthesis

From this bibliography study, the assumption is made that the discrepancy observed in the atmospheric ice properties is caused by the difference in the ice samples generated in the various studies, which can be attributed to the lack of a proper parameter allowing to universally characterize the ice, ensuring similarity in the ice samples generated. This thesis will propose a new approach to characterize atmospheric ice Young's modulus, cohesive strength and critical energy release rate while reducing the variability between the values found in the literature, facilitating inter-laboratory comparison, covering the range of possible ice types in a more continuous way (Chapter 4). 

Ice fracture mechanisms

As explained in previous parts, the mechanical shedding of the ice is conditioned by the removal of the adhesive bond between the ice and the skin. Because of the brittle behavior of the ice, two mechanisms can be used to mechanically break the ice.

Modes of failure

Stress based failure

In order to assess the failure of the material, stress criteria are defined.

Based on the Rankine theory, a cohesive fracture appears if the principal stress component exceeds the tensile strength of the brittle material. Therefore, the following straight forward criterion can be defined (2.2):

σ I ≥ σ c (2.2)
where σ I represents the first principal stress (maximum tensile stress) and σ c the tensile strength of the material. In this paper [START_REF] Labeas | Simulation of the electroimpulse de-icing process of aircraft wings[END_REF], the adhesive failure of the ice is studied based on stresses levels. According to the author, the combination of both interface tensile stress and interface shear stress would be responsible of the debonding of the ice. The following criterion is defined (2.3):

σ t σ c a + τ τ c b ≥ 1 (2.3)
where a and b determine the relative influence of normal σ t and shear stress τ on the interface failure. According to Golovin et al. [START_REF] Golovin | Low-interfacial toughness materials for effective large-scale deicing[END_REF], the size of the ice block has an impact on the failure mechanism: adhesive fractures can be obtained in the case of smaller ice blocks, by exceeding the critical shear stress value over the entire interface τ ≥ τ c . However, there is a critical bonded dimension l c for which the stress based adhesive failure switches to an energy release rate based mode of failure.

Energy release rate based failure

In the case of energy release rate based failure, the propagation of the crack is assessed by monitoring the energy release rate G. The simple propagation criterion is defined in (2.4) :

G ≥ G c (2.4)
where G is the energy release rate and G c the critical energy release rate of the material e.i. its fracture toughness.

According to some fracture theories, a stress and energy release rate coupled criterion (CC) can be defined in order to compute the size of the crack onset. This coupled criterion was first introduced by Leguillon in the study of adhesively bonded joints [START_REF] Leguillon | Strength or toughness? a criterion for crack onset at a notch[END_REF][START_REF] Martin | Initiation of edge debonding: coupled criterion versus cohesive zone model[END_REF]. According to this method, fracture initiation must meet both energy release rate and stress criteria.

Linear Elastic Fracture Mechanics (LEFM)

Linear Elastic Fracture Mechanics (LEFM) is a theory based on the discoveries of Griffith related to crack propagation and completed in its essential form later on by Irwin. A local approach is made at the crack tip and the mechanical and energetic fields are computed. 

Griffith's theory

The first approach to fracture propagation in brittle materials was developed by Griffith in [START_REF] Griffith | Vi. the phenomena of rupture and flow in solids. Philosophical transactions of the royal society of london[END_REF]. The fracture growth or opening is defined from an energetic approach. According to Griffith's theory, fracture will propagate when the reduction in the strain energy of the loaded structure due to crack growth is greater or equal to the increase of surface energy due to the creation of new free surfaces. The mechanical work required to break the atomic bonds can be compared to the strain energy released with the crack propagation. In the case of a pre-cracked beam under traction load, the atomic bond energy U bond is established by the following formula (2.5):

U bond = 2 γ s 2 a B (2.5)
where γ s represents the energy required to break the atomic bonds per unit of surface area created by the crack (a B), a being the crack half length and B the crack width.

The total energy in the beam can be written as:

U tot = U i +U a +U bond (2.6)
where U i is the potential energy of the un-cracked body, U a is the elastic energy due to the presence of the crack, U bond is the elastic surface energy due to the formation of crack surfaces. Being U a = πβ a 2 σ 2 B E , the equation 2.6 can be written as:

U tot = U i - πβ a 2 σ 2 B E + 2(2aBγ s ) (2.7)
where β is a parameter defining the plane condition. For plane stress condition β = 1 and for plane strain condition, β equals to 1ν 2 (ν being the Poisson's ratio), σ is the applied stress, 2(2aB) is the total surface crack area and γ s is the specific surface energy.

According to the criterion, the equilibrium condition for eq. 2.7 is the first order derivative of the total potential energy with respect to the crack length and it represents the energy per unit of new crack surface for an infinitesimal crack extension. If dU/da = 0, the tensile stress required to propagate a crack in a brittle material is expressed as follows:

σ = 2γ s E πβ a (2.8)
Introducing the strain energy release rate G = 2γ s , which is the energy per unit crack surface area available for infinitesimal crack extension, the formula is expressed as follows:

σ = GE πβ a (2.9)
With this theory, Griffith was able to show that the critical fracture stress varies with the material. Moreover, it also depends on the crack length a through the expression reported above. Thus, the bigger the crack, the easier it is to propagate it further. Finally, the energy release rate can be easily computed from numerical strain energy using:

G = 1 B ∆U ∆l f (2.10)
with ∆U the strain energy variation between two fractured states, and ∆l f the fracture length variation between the two fractured states.

The same approach is simplified and generalized in [START_REF] Schreurs | Lecture notes-course 4a780 concept version[END_REF] by assuming that the total amount of mechanical energy that is supplied to a material volume per unit of time Ue must be transferred into internal energy Ui , surface energy Ua , dissipated energy Ud and kinetic energy Uk .

Ue = Ui + Ua + Ud + Uk (2.11)
The internal energy is the strain stored energy. The surface energy changes, upon new surface generation, e.g. when a crack propagates. The kinetic energy corresponds to the material velocity. The dissipation may have various characteristics, but is mostly due to friction and plastic deformation, resulting in temperature changes.

Usually, time is used as state variable, but in this case, the crack surface A or length a (considering a crack of constant depth B , A = Ba) can be used as state variable. In the case of crack opening, the intern energy is considered as an energy source. The kinetic and dissipation energies can be neglected which enables to right the following balance :

dU e da - dU i da = dU a da (2.12)
Dividing this last equation by the depth of the plate, one can identified the expression of the energy release rate G described here above.

G = 1 B dU e da - dU i da (2.13)
This energy release rate can be compared to a material fracture toughness or critical energy release rate G c . Three propagation scenarios are defined. If G < G c there is not any propagation. If G = G c the fracture propagates in a stable way. Finally, for G > G c the fracture propagates in an unstable way.

In [START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF], a numerical method is introduced to compute through basic finite element computation, the energy release rate corresponding to a given crack opening. The computation of the energy release rate is based on equation (2.10). The strain energy is computed for two different fracture lengths and the G value is computed knowing the crack length difference between the two computations. This method is the main method used in the scope of this thesis as it can give an estimation of the energy release rate without requiring fracture analysis numerical tools and requires relatively low computation time. This method is also usable on modal analysis results which is of utmost interest for the thesis.

Virtual crack closure technique (VCCT)

The Virtual Crack Closure Technique (VCCT) was developed by Rybicki and Kanninen [144]. It is based on the linear elastic fracture mechanics (LEFM). This method is based on the concept that the energy required to open the crack is identical to the energy required to close it. The assumption is made that a crack extension of ∆a does not significantly influence the crack tip state. Therefore, for two different crack states, taking a node at a j location, the displacement between the nodes i+ and iat the i location (closest node inside the crack) is equal to the displacement between the nodes j+ and jat the j location when the crack tip is extended to the node k (figure 2.23). This theory has been widely used to calculate the strain energy release rates as a finite element computational tool [START_REF] Krueger | Virtual crack closure technique: History, approach, and applications[END_REF]. The general equations to compute the energy release rate were derived in [START_REF] Raju | Calculation of strain-energy release rates with higher order and singular finite elements[END_REF].

G I = 1 2∆A T Li (v Ll + -v Ll -) (2.14) G II = 1 2∆A S Li (u Ll + -u Ll -) (2.15) G III = 1 2∆A Z Li (w Ll + -w Ll -) (2.16)
where ∆A = ∆ab is the crack surface, with ∆a is the length of the element at the crack tip and b the width of the element. T L j , S L j , Z L j represent the three force components at the delamination front in column L, row j. The corresponding displacements at the top face node row are u Ll + , v Ll + and w Ll + , while the ones located at the lower face node row are u Ll -, v Ll -and w Ll -.

J-Integral method

The J-integral method is an other approach (close to the VCCT one) used to compute the energy release rate in a cracked configuration. The method was developed in 1967 by Cherepanov [START_REF] Cherepanov | The propagation of cracks in a continuous medium[END_REF] and Rice [START_REF] Rice | A path independent integral and the approximate analysis of strain concentration by notches and cracks[END_REF] in 1968. The theory shown that an energetic contour path integral (called J) was independent of the path around a crack. The method enabled the measurement of critical value for fracture energy J Ic . The J quantity is path-dependent and therefore, the very narrow contours are required to retrieve the energy release rate value. Figure 2.24 illustrates the equation (2.17).

Γ 𝑛 𝑥 𝑦 Figure 2.24 An illustration of the J-integral method J-integral is defined as (2.17).

J = Γ W dy -t u x ds (2.17) 
with W (x, y) the strain energy density and x, y the coordinate directions, t is the surface traction vector, n is the normal to the contour Γ and u the displacement vector. In the case of isotropic, perfectly brittle, linear materials, J can be directly related to G the fracture toughness, if the crack extends straight ahead, following its original orientation. The following equations can be defined (2.18).

J Ic = G Ic = K 2 Ic 1 -ν 2 E (2.18) J IIc = G IIc = K 2 IIc 1 -ν 2 E (2.19) J IIIc = G IIIc = K 2 IIIc 1 + ν E (2.20)
where G iC is the critical strain energy release rate, K iC is the fracture toughness in Mode i loading,i =I,II or III , ν is the Poisson's ratio, and E is the Young's modulus of the material. The J-integral method appears to be more efficient for the computation of the energy release rate value. In fact, the computation is less mesh-dependent than the VCCT one, reducing the computational time for equivalent accuracy [109].

Mixed mode opening

According to the loading conditions, the expression of the global energy release rate G can be subdivided into the three elementary crack opening modes G I , G II and G III . In the case of pure mode I opening, the crack propagates if the load is maintained above the critical value. The toughness of the material is therefore characterized by the mode I stress intensity factor K I . In the case of an interfacial crack between two different materials, the non homogeneity between the two edges of the crack often leads to a mixed mode loading of the crack tip [START_REF] Hutchinson | Mixed mode cracking in layered materials[END_REF]. Hence, a combination of normal (mode I) and shear (mode II and mode III) opening is observed.

In the case of mixed mode opening, the propagation criterion is to be adapted. For a simple bi-material plate undergoing an interfacial crack propagation, mainly mode I and mode II are at work. Therefore, the following criterion is defined to assess the crack propagation (4.5) [START_REF] Reeder | An evaluation of mixed-mode delamination failure criteria[END_REF]:

G I G Ic + G II G IIc = 1 (2.21)
with G I the mode I opening component, G II the mode II opening component, G Ic the mode I critical value, G IIc the mode II critical value.

Many other researches have been carried out to define accurate mixed mode criteria under different loading conditions (mode ratios) [START_REF] Camanho | Fracture analysis of composite co-cured structural joints using decohesion elements[END_REF][START_REF] Camanho | Mixed-mode decohesion finite elements for the simulation of delamination in composite materials[END_REF][START_REF] Liu | Finite element analysis of postbuckling and delamination of composite laminates using virtual crack closure technique[END_REF][START_REF] Reeder | An evaluation of mixed-mode delamination failure criteria[END_REF][START_REF] Reeder | 3-d mixed mode delamination fracture criteria-an experimentalist's perspective[END_REF]. According to studies, the linear law defined in (4.5) can be enhanced to better describe the failure of the material. In [START_REF] Tabiei | Composite laminate delamination simulation and experiment: A review of recent development[END_REF] Tabiei et al. gave a review of the main 2D space criteria for the mixed mode propagation. The following criteria are mentioned: The Power law (2.22) [START_REF] Feng | Finite element modelling of damage induced by low-velocity impact on composite laminates[END_REF][START_REF] Whitcomb | Analysis of instability-related growth of a through-width delamination[END_REF]:

G I G Ic α + G II G IIc β ≥ 1 (2.22)
The Bi-linear law (2.23) (2.24) [START_REF] Reeder | An evaluation of mixed-mode delamination failure criteria[END_REF]134,[START_REF] De Morais | Bilinear approximations to the mixed-mode i-ii delamination cohesive law using an inverse method[END_REF]:

G I -ξ G II G Ic ≥ 1 f or G II G I < A (2.23) ζ G II -G I ζ G IIc ≥ 1 f or G II G I > A (2.24)
The Exponential Haeckel law (2.25) [START_REF] Donaldson | Fracture toughness testing of graphite/epoxy and graphite/peek composites[END_REF]:

G I + G II ≥ G IIc + (G Ic -G IIc ) e γ(1-N) (2.25)
The B-K law (2.26) [START_REF] Benzeggagh | Measurement of mixed-mode delamination fracture toughness of unidirectional glass/epoxy composites with mixed-mode bending apparatus[END_REF][START_REF] Camanho | Numerical simulation of mixed-mode progressive delamination in composite materials[END_REF] :

G T G Ic + (G IIc -G Ic ) G II G T m ≥ 1 (2.26)
According to the loading configuration, the structure under study and the knowledge of the critical values of the material, one can use the criterion that better fits the situation. The G i values can be retrieved using the VCCT or J-integral methods described above.

Numerical fracture propagation methods

Over the past years, many finite element based methods were developed to increase the prediction of the cracks behavior. With the computational power enhancement, many engineering software now propose fracture analysis tools based on these methods, enabling finer computation of the energetic and stress field at the crack notchs. Knowing the critical properties of the materials, the dynamic propagation of the crack can be observed.

Cohezive zone model (CZM)

Introduced by Barrenblatt-Dugdale (DB method) [START_REF] Barenblatt | The mathematical theory of equilibrium cracks in brittle fracture[END_REF], the CZM method states that a cohesive damage zone develops ahead of the crack tip without requiring the stress to remain constant. The crack path needs to be known and is defined by the CZM elements location. When the zone is cracked, the two surfaces are disjointed and the stress is relieved. On the remaining cohesive zone, the crack propagates when the propagation criterion selected is exceeded. The propagation criterion is based on the stress level and on the strain energy. Propagation occurs when the stress value at the crack tip is greater than the cohesive strength and when there is sufficient available energy to create new surfaces. The CZM requires two mechanical parameters that are the fracture toughness (or the fracture energy) and the cohesive strength. These two parameters are usually combined through the cohesive law (or Traction-Separation law) to describe the resistance offered to the crack advancement within the cohesive zone. When studying fracture propagation under mixed-mode loading, a mixed-mode ratio is defined [START_REF] Sarrado | Assessment of energy dissipation during mixed-mode delamination growth using cohesive zone models[END_REF]. The mixed-mode ratio is computed locally at each integration point within the fracture propagation zone, allowing the mixed-mode ratio to vary. This has been successfully observed in both numerical analyses [START_REF] Turon | Accurate simulation of delamination growth under mixed-mode loading using cohesive elements: Definition of interlaminar strengths and elastic stiffness[END_REF] and experimental tests [START_REF] Högberg | Constitutive behaviour of mixed mode loaded adhesive layer[END_REF].

The traction separation law expresses the deformation and debonding of the material in the immediate vicinity of a crack tip. The relation can be used for both opening (mode I) and shear (mode II) separation behavior, as well as mixed-mode loading cases (mode I and mode II). The choice of a representative law depends on the opening mode, the failure mechanism (e.g. brittle or ductile), the material and on the problem configuration to which the law is applied [START_REF] Nordmann | Cohesive zone models-theory, numerics and usage in high-temperature applications to describe cracking and delamination[END_REF]. The crack opening speed of the mode coupling can have a significant influence on the crack growth and have to be considered when defining the traction separation law. The bi-linear law shown in figure 2.25 and firstly introduced by Alfano and Crisfield [START_REF] Alfano | Finite element interface models for the delamination analysis of laminated composites: mechanical and computational issues[END_REF] for Mode I separation is a simple form of the cohesive law and is expressed as the relation between the cohesive stress σ and the cohesive crack separation δ .

𝜎 𝑐 𝛿 𝑐 𝛿 𝑚𝑎𝑥 𝜎 𝛿 𝐺 𝐼 𝐺 𝐼𝑐 Figure 2.

Bilinear traction-separation law

At first, the crack tip is elastically deformed until the critical cohesive stress σ c is reached at a critical cohesive separation δ c . Once the stress reaches this critical point, the irreversible damage process starts and the failure proceeds as the crack is extended under decreasing cohesive stress. At the maximum separation value δ max , the cohesive stress vanishes, and the failure process is completed. If the crack is unloaded before full damage is reached, the current damage state is preserved and the cohesive stress descends linearly to zero as the crack closes (dashed line). The corresponding area under the graph of the traction-separation law yields the energy release rate G I , which corresponds to the inflicted damage, whereas the complete area under the graph denotes the critical energy release rate G IC = 1 2 σ c δ max for complete failure. In case of re-loading of the pre-damaged crack, the initial cohesive strength is not reached anymore, but the loading occurs along the linear slope of the previous unloading process (dashed line).

In order to define a bi-linear cohesive law for mode I behavior, three cohesive parameters are required: the cohesive strength σ c , the critical normal cohesive separation δ c and the maximum normal separation δ max or the critical energy release rate G IC . For mode II behavior, the necessary parameters are the cohesive shear stress τ c , the critical tangential cohesive separation γ c and the maximum tangential separation γ max or the critical energy release rate G IIC . In case of purely brittle materials, the separation is set to zero until the critical cohesive strength is reached (δ c = 0), which requires the use of a contact algorithm.

EXtended Finite Element Method (XFEM)

The extended finite element method (XFEM) is a versatile tool firstly introduced in 1999 by Belytschko and Black [START_REF] Belytschko | Elastic crack growth in finite elements with minimal remeshing[END_REF] for the analysis of problems characterized by discontinuities, singularities, localized deformations and complex geometries. Thanks to XFEM approach the mesh can be completely independent from the singularity and therefore applies really well to fracture applications. In fact, when studying the crack, the classical finite element model relies on a carefully designed mesh, adapted to the crack geometry. When the crack extends, the meshing of the crack tip can be complicated even with time consuming re-meshing steps. An enriching process is used to integrate the singularity into the fixed meshing and therefore avoid the global re-meshing (figure 2.26). 

Phase field method

The Phase field method is based on the Griffith theory. In this approach, the crack is not considered as a discontinuity anymore. A gradient damage model is defined and applied to the cells identified as under failure. One of the main benefits of the method is that, compared to any other method, the crack path is not to be known. The stress and energy field computed through standard finite element analysis are used to assess the iterative growth of the crack. Nevertheless, the computational cost of the method is even more significant.

The total potential energy of the system Ω can be expressed as (2.27) [START_REF] Steinbach | Phase-field models in materials science[END_REF].

Π(u u u, d) = Ω ψ(ε, d) dΩ + Ω G c γ(d, ∇ x d) dΩ (2.27)
where ψ(ε, d) is the elastic energy density, dependent on the damage variable d and the strain ε, while G c is the fracture energy and γ(d, ∇ x d) is the surface density functional.

As explained in previous sections, because of the brittle behavior of the material, the failure of the stressed material occurs only for tensile or shear stresses. Therefore, the strain energy used to damage the material is only positive strain energy (tension). The negative strain energy (compression) [START_REF] Lubarda | Damage model for brittle elastic solids with unequal tensile and compressive strengths[END_REF] does not participate to the failure of the material. The positive-negative split takes the form:

ψ(ε, d) = g(d)ψ e + (ε) + ψ e -(ε) (2.28)
where the positive and negative contributions are expressed as:

ψ e + (ε) = (< tr[ε] > + ) 2 + µtr[ε 2 + ] (2.29) ψ e -(ε) = (< tr[ε] > -) 2 + µtr[ε 2 -] (2.30) 
where λ and µ are the Lamé constants and ε + and ε -respectively the positive and negative strain tensors. The symbol tr[] denotes the trace operator, while <> are the Macaulay brackets corresponding to the function < x >= x+|x| 2 . The function g(d) is a degradation function that can be expressed in many ways to adjust the phase field model. One of the first degradation function was defined as :

g(d) = (1 -d) 2 + K (2.31)
K represents a residual stiffness introduced to avoid numerical instabilities and an ill-conditioned stiffness matrix when d is close to unity. As seen in eq. 2.28, the degradation function multiplies only the positive part of the elastic energy. In this way, damage affects only the portion of the body where tensile stresses are present, avoiding fracture in compression.

In recent papers, phase field analysis was used to address the de-icing topic [START_REF] Bennani | A mixed adhesion-brittle fracture model and its application to the numerical study of ice shedding mechanisms[END_REF][START_REF] Bennani | Numerical simulation and modeling of ice shedding: Process initiation[END_REF][START_REF] Marboeuf | Improving mechanical ice protection systems with topology optimization[END_REF][START_REF] Dai | A new ice accretion model for aircraft icing based on phase-field method[END_REF][START_REF] Marboeuf | Electromechanical resonant ice protection systems: numerical investigation through a phase-field mixed adhesive/brittle fracture model[END_REF]. The use of such method is interesting as the knowledge of the crack path can be an issue for complex configurations. However, because of the complexity of the computations, the method is only applied to relatively simple 2D geometries.

Fracture in electro-mechanical resonant de-icing

Using the various methods described above, the electro-mechanical de-icing fracture mechanisms were investigated over the past years. A combination of Cohesive Zone Model (CZM) and shear stress criterion was used to study numerically the bulk ice failure process on thin plates [START_REF] Sommerwerk | Analysis of the mechanical behavior of thin ice layers on structures including radial cracking and de-icing[END_REF] and leading edges [START_REF] Sommerwerk | Numerical simulation and validation of electro-impulse de-icing on a leading edge structure[END_REF]. In [START_REF] Shi | Ultrasonic deicing efficiency prediction and validation for a flat deicing system[END_REF], CZM was used to describe the interface behavior of the plate and ice layer. Marboeuf et al. proposed a model based on phase-field variational approach for fracture propagation [START_REF] Marboeuf | Electromechanical resonant ice protection systems: numerical investigation through a phase-field mixed adhesive/brittle fracture model[END_REF], showing the advantage of not requiring the a priori knowledge of the fracture propagation path. In [START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF], the energy balance approach is used to study ice failure in modal analyses. This method is fast to compute and does not require the traction-separation law mandatory for CZM. Finally, Golovin et al. [START_REF] Golovin | Low-interfacial toughness materials for effective large-scale deicing[END_REF] studied the ice adhesive fracture propagation according to LEFM criteria, highlighting the existence of two distinct shedding mechanisms according to different ice layer dimensions, one being stress dominant (small iced surfaces) and one being dominated by energy release rate (larger iced surfaces).

In electro-mechanical resonant de-icing systems, fracture of the accreted ice is achieved by deforming the skin of the airfoil. As explained in section 2.2.3. Using the resonance phenomenon reduces the force required to deform the structure by triggering its natural frequencies. Nevertheless, the mechanical load characteristics has an important role in the fracture initiation and propagation process. In [START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF], Pommier-Budinger et.al conducted a modal analysis on aluminum plates. The modes were divided into two sub-categories: flexural modes and extensional modes. Flexural modes are defined as high out of the plane displacement modes, whereas extensional modes are mostly stretched in the plane of the plate. Aluminum plates were instrumented and a freezer ice layer was generated on the top of the substrate. The experiments showed that extensional modes are interesting for the ice delamination whereas flexural modes were generating cohesive fractures in the ice for low voltages. Using the flexural modes, a bending motion is imposed to the substrate. The maximum tensile strength in the ice is therefore located on the top layer of the ice at the anti-nodes location. The maximum shear stress is located at the ice substrate interface on the nodes location. From these observations, two fracture mechanisms were postulated. The first fracture mechanism is the cohesive fracture mechanism and involves three stages (figure 2.27). First, a cohesive crack is initiated at the top of the ice layer through tensile stress (stress based). This fracture initiation is followed by a cohesive fracture propagation of the ice to the ice substrate interface (energy release rate based). Finally, from the cohesive crack location, adhesive fracture propagates outward (energy release rate based). The second mechanism is the adhesive mechanism which begins with an adhesive crack initiation (stress based), followed by the adhesive fracture propagation (energy release rate based) from the crack notch (figure 2.28). Figure 2.29 depicts the two mechanisms described above. In his works, Palacios [START_REF] Palacios | Instantaneous de-icing of freezer ice via ultrasonic actuation[END_REF][START_REF] Palacios | Ultrasonic de-icing of wind-tunnel impact icing[END_REF] investigated the use of ultrasound shear waves which enabled the instantaneous debonding of the ice without cohesive crack appearance. The lack of cohesive fracture illustrates the triggering of the adhesive mechanism described in [START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF]. 

Ice fracture mechanisms synthesis

In order to enable relatively fast fracture computations, the Griffith analytical method appears to be the most convenient one. The energy release rate values can be computed through finite element modal analyses computations which is a extremely important asset of the method for the work proposed in this thesis. Moreover, no specific material values are required as for CZM or phase field methods which is interesting in the case early prototyping phases as many parameters are still uncertain. Nevertheless, the energy release rate computation is not taking into account the crack opening components G I,II,III which can however be retrieved by computing the phase angle as explained in [START_REF] Huré | Effect of cassie-baxter versus wenzel states on ice adhesion: A fracture toughness approach[END_REF]. Eventually, for established designs, verification computations can be run using more advanced fracture analyses in order to confirm the results obtained.

In the scope of this thesis, the ice fracture mechanisms are further investigated numerically and experimentally. Results from this investigation are given in the following chapter, Chapter 3.

Conclusion

Most of the topics related to the icing issues in the aeronautical field were investigated in the state of the art presented in this chapter and the key work directions to pursue during this thesis were identified. Despite the importance of this topic of research, the prediction of the ice accretion is not identified as a major concern for the early development of an electro-mechanical de-icing system. In fact, being able to predict the exact shape of ice that could be of great interest to appreciate with accuracy the in-flight conditions and enhance the modeling of the system. Nevertheless, given the maturity of the project at the beginning of the thesis, simplifying assumptions on the ice deposit were assumed sufficient.

On the other hand, the mechanical properties of the ice are of utmost important as they are the direct inputs for the sizing of the system. For the last century, many studies were realized on the mechanical properties of the standard ice (freezer ice) giving properties with high discrepancy.

When looking at atmospheric ice, one if not the only agreement between the different studies, is that according to the icing conditions, very different ice "types" can be encountered. Again, the discrepancy in the values measured for the properties of such ices is very high. Because of the decisive nature of this mechanical properties for designing the electro-mechanical de-icing system, it was decided to set up experiments to measure the key parameters for design i.e. Young's modulus, density, cohesive strength and fracture toughness.

The inventory of the various fracture mechanics theories and the numerical methods developed to the present day highlighted their high complexity and time consuming nature. The Griffith theory and its analytical approach were identified as the best match with the project needs. Due to its simple formalism, the method can be applied to modal analyses without requiring the use of numerical fracture tools and can be coupled with finite element modal analyses. The rapidity of the computations was also determining in the method selection as it is an important asset for early stage exploitative projects.

Finally, given the few external theoretical studies demonstrating efficient electro-mechanical deicing, it was decided to begin with the demonstration of the de-icing capability of electro-mechanical resonant systems on simple plates geometries, coupling experimental tests and numerical modeling of the phenomenon, to better understand the ice fracture mechanisms under modal loads.

Chapter 3

Fracture mechanisms of ice

The objective of this chapter is to further investigate the mechanisms of fracture initiation and propagation in the case of resonant de-icing systems described in section 2.4. The investigation is made by evaluating the influence of stress and energy release rate on the two types of resonant modes identified in [START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF], i.e. flexural and extensional modes. The criteria and method used to assess the crack initiation and propagation are respectively described in section 3.1 and in section 3.1.3. Three criteria based on both tensile and shear stresses and on the energy release rate are established to allow the analysis of the influence of these quantities in de-icing mechanisms. In section 3.3, the three criteria are computed from 2D finite element simulations and are analyzed to predict the mechanisms leading to the existence of cohesive fractures in the ice and to the initiation of adhesive fractures at the ice/substrate interface. In section 3.4, the criteria are computed from 3D finite element analyses simulating the propagation of adhesive fractures in different configurations and are analyzed to predict the mechanisms involved in the complete ice debonding. These numerical results are confronted to experimental results and verified in section 3.5.

Criteria for analyzing fracture initiation and propagation

Two different kinds of fractures can occur when studying the de-icing mechanism by an electromechanical ice protection system: cohesive fractures (or bulk fractures) occurring within the block of ice, and adhesive fractures, occurring at the interface between the ice and the substrate. Cohesive fractures do not always appear in the de-icing process and, if they occur without adhesive fractures, they do not allow ice shedding since the ice can stick to the surface on which it is accreted. Adhesive fractures are necessary for ice debonding. In this chapter, the objective is to study the fracture mechanisms leading to a complete mechanical debonding of the ice from the substrate. It is thus important to understand the mechanisms involved in the initiation and propagation of adhesive fractures. It is also necessary to understand the conditions of appearance of cohesive fractures since, if they occur, they play a role in the initiation and propagation of adhesive fractures by altering the stress distribution and the modal displacements.

As explained in section 2.4.2, when dealing with fracture propagation in brittle materials, linear elastic fracture mechanics (LEFM) is often used. It relies on the computation of the strain energy release rate G. This theory considers a pre-existing sharp crack within the system, thus fracture initiation is not taken into account. According to Golovin et al. [START_REF] Golovin | Low-interfacial toughness materials for effective large-scale deicing[END_REF], the delamination of ice due to adhesive fractures which can be obtained by either exceeding the allowable energy release rate G ≥ G c or, in the case of short ice blocks, by exceeding the critical shear stress value over the interface τ xy ≥ τ c . There is a critical bonded length l c at which a transition between these two modes of failure occurs. In the case of energy release rate based adhesive debonding, the adhesive crack propagates in a stable way according to the increase of the loading. For shear stress debonding mechanisms, the adhesive fracture is complete and instantaneous [START_REF] Golovin | Low-interfacial toughness materials for effective large-scale deicing[END_REF].

Concerning cohesive fractures in ice, as the ice thickness is small, the fracture mechanism relies only on the exceeding of the critical tensile stress value.

Tensile stress criterion

The cohesive stress condition is based on the characteristic value of critical tensile stress σ c of the ice. Rankine theory specifies that cohesive fractures appear in brittle material if:

σ I ≥ σ c (3.1)
where σ I represents the principal stress i.e. tensile stress in the ice.

Shear stress criterion

The adhesive stress condition is based on the characteristic value of critical shear stress τ c of the studied interface. It is assumed for the following results that full delamination occurs when the following condition is respected:

min(τ xy ) ≥ τ c (3.2)
where min(τ xy ) represents the minimum shear stress over the resulting interface.

Energy release rate criterion

The energy condition relies on the critical energy release rate (or toughness) value G c . This value is characteristic of the considered material if bulk fracture is considered, whereas for adhesive fracture it is dependent on the studied interface. According to fracture mechanics theory, crack propagation is obtained when a certain amount of stored elastic energy is released to generate a crack. The energy release rate is given by:

G = - 1 b ∆U ∆a (3.3)
where ∆U is the differential decrease of potential energy, ∆a is the differential crack length increment and b is the specimen width. The fracture propagates if the released energy is equal to or greater than the critical value of G, thus expressed as G ≥ G c .

Mechanical properties of the ice

To assess ice failure with accuracy, it is necessary to attribute the correct mechanical properties to ice. The values used in this study are based on the ice properties given in the Chapter 2, knowing that the experiment verification will be carried out with freezer ice.

The value of 0.5 MPa for the critical shear strength is selected for the computations of this chapter as it is commonly used in the literature for freezer ice and standard metal surfaces as shown in [START_REF] Chu | Adhesive shear strength of impact ice[END_REF][START_REF] Frederking | On Measuring the shear strength of ice[END_REF][START_REF] Liu | Study of atmospheric ice adhesion properties of superhydrophobic surface by in-situ shear system[END_REF]142,[START_REF] Tryde | Physics and Mechanics of Ice: Symposium Copenhagen[END_REF]. Ice tensile strength value is in the range between 0.7 MPa to 3.1 MPa [START_REF] Andrews | The cohesive and adhesive strength of ice[END_REF][START_REF] Druez | Mechanical properties of atmospheric ice[END_REF][START_REF] Petrovic | Review mechanical properties of ice and snow[END_REF][START_REF] Reich | Survey of mechanical properties of impact ice[END_REF][START_REF] Wenyuan | Experimental study on mechanical properties of ice[END_REF]. This parameter is highly influenced by temperature, strain rate, tested volume, and ice grain size. A conservative tensile strength value of 3.0 MPa is hereafter adopted. According to bibliography, the critical energy release rate at the interface of the ice is highly dependent on the interface properties such as its material, its roughness but also the ice properties themselves [START_REF] Huang | A survey of icephobic coatings and their potential use in a hybrid coating/active ice protection system for aerospace applications[END_REF]. Andrews et al. [START_REF] Andrews | The cohesive and adhesive strength of ice[END_REF] estimated that a mean value of the critical value of the energy release rate G c is 1.0 J/m². This value commonly used in the literature will be used in this chapter.

Finally, table 3.1 summarizes all the values adopted for the critical strengths and the critical energy release rate considered for the computations performed in this study. For flexural and extensional modes, the method used for analyzing the mechanisms involved in the generation of fractures consists in comparing the amplitudes required to initiate a fracture by exceeding the critical stress values and the amplitude required to initiate propagation by exceeding the critical energy release rate. This amplitude can be computed following the relations defined in [START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF]. The methodology is based on the modal analysis of various resonant modes identified for de-icing purposes. A common way to perform vibrating finite element analysis is by using harmonic responses. However, harmonic responses analyses are usually coupled with modal analyses, therefore settling results with only modal analyses spares consequent computation time. Modal analysis allows running simulations without having to manage with loading conditions (free condition can be used) and damping coefficients. Modal results are readily rescaled in post-processing phases and thus more adjustable when it comes to confrontation with experiments.

Based on the method described in [START_REF] Budinger | Electromechanical Resonant Ice Protection Systems: Energetic and Power Considerations[END_REF][START_REF] Palanque | Electro-mechanical resonant ice protection systems: Power requirements for fractures initiation and propagation[END_REF], the amplitude required to initiate a cohesive fracture based on the tensile stress criterion is retrieved from finite element computation. The formula to obtain the critical displacement is defined by (3.4):

x rσ = σ c σ mod x mod (3.4)
with σ c the critical tensile stress of ice, σ mod and x mod respectively the modal tensile stress and the modal displacement.

Similarly, the amplitude required to initiate an adhesive fracture based on the adhesive stress criterion is defined by (3.4):

x rτ = τ c min(τ mod )
x mod (3.5) with τ c the critical shear stress of ice, τ mod and x mod respectively the modal shear stress and the modal displacement.

Finally, the amplitude required to initiate fracture propagation based on an energy release rate criterion is defined by (3.6):

x rG = G c G mod x mod (3.6)
with G c the critical value of the energy release rate and G mod and x mod respectively the modal energy release rate and the modal displacement. In the case of a flexural mode, the displacement is retrieved in the orthogonal direction to the plate, whereas for an extensional mode, the displacement is the lateral displacement of the plate.

In the next section, results are analyzed, knowing that a smaller displacement implies greater ease to generate fractures. If x r G < x r σ or x r G < x r τ , the de-icing mechanism is said to be energy release rate dominant, otherwise it is said to be stress dominant.

Implementation of the method and study case Simplified modeling of an iced airfoil

In order to study the ice shedding mechanisms on an airfoil structure, as a first approach, simplified assumptions are made to ease the modeling and the computations. 

Numerical method and computation

In this chapter, the study is carried out numerically on a simplified plate model (figure 3.2), 130 mmlong, 50 mm-wide and 1 mm-thick titanium plate, in free conditions, covered by a 2 mm thick ice layer having the same width as the plate but not necessarily the same length. To facilitate experimental verification, the considered ice is freezer ice, since making ice in a freezer allows getting a constant ice layer and makes the comparison of theoretical and experimental results easier. The mechanical properties of the model materials are given in table 3.2. In order to reduce the computation time, the plate model is reduced to a symmetric 2D model using the plain strain hypothesis, thus results will be given in the range [0-65 mm]. The ceramics are also removed from the model leading to the geometry shown in figure 3.4. Modal analyses are conducted on the simplified model using the ANSYS FEM software. The values of interest such as the mode shapes, the nodal displacements, the stresses and the strain energy are retrieved.The accurate computation of the stresses value is enabled by defining a refined mesh and verifying its convergence stress wise. The study is carried out for the first flexural mode and the first extensional mode of the 2D iced structure. In reality, extensional modes are often coupled with flexural modes. The numerical analysis is performed on pure extensional modes is to investigate the de-icing behavior of pure extension. The coupled flexion is removed by limiting the displacement to the beam axis only. The energy release rate is numerically computed based on the Griffith approach defined in Chapter 2. Knowing the fracture path from previous works [START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF][START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF] the use of this method enables fast computations compatible with modal analysis. An artificial crack is propagated along the crack path and the elastic strain energy of the structure is retrieved for given propagation steps i. The following standard formula is used to compute the energy release rate value (3.7):

G = - 1 b ∆U ∆a = 1 b U i -U i+1 a i+1 -a i (3.7)
with b the width of the model, a i the length of the crack and U i the elastic strain energy of the structure at step i.

Finally, once the modal values of σ , τ and G have been obtained, the amplitudes of (3.4), (3.5) and (3.6) are computed, which allows the analysis of fracture propagation mechanisms.

Analysis of the mechanisms leading to initial adhesive fractures

A first study is carried out here on blocks of ice of different lengths, from a few millimeters long up to the entire length of the semi-substrate (symmetric condition), i.e. 65 mm (130 mm for full plate), to determine, according to the size of the block of ice, the possible mechanisms for the initiation of fractures.

On an undamaged configuration, as explained in section 2, it is possible:

• either to generate cohesive fractures in the ice thickness by tensile stress,

• or to generate adhesive cracks at the interface by the energy release rate (energy release rate dominant mechanism),

• or to debond the ice thanks to high shear stress over the interface (shear stress dominant mechanism). For the flexural mode configuration (figure 3.6), the intersection of the curves X rσ and X rG highlights a critical ice length, which shows how the length of the ice influences the mechanism at work. If a block of ice layer is longer than l c = 25 mm, a cohesive crack will appear in the middle of the plate, at the antinode of the mode. For a shorter ice layer, the cohesive fracture does not prevail and delamination, characteristic of adhesive fracture, will occur starting from the edges. The curve X rτ , of much higher amplitude than the two other curves, indicates that the shedding of ice due to shear stress is unlikely for this configuration based on the excitation of the first mode.

For the extensional mode configuration (figure 3.7), for small dimensions of the block of ice (below l c ), the dominant effect will be the total debonding on the interface due to shear stress. For slightly longer ice blocks, according to the critical values used, both cohesive and adhesive fractures can occur. Finally, for ice blocks with large dimensions, a cohesive fracture will appear, prevailing over adhesive delamination from the edges.

When the cohesive crack is created, whatever the mode, flexion or extension, the initiation of adhesive fractures starts from the cohesive fractures, as described in [START_REF] Budinger | Electromechanical Resonant Ice Protection Systems: Energetic and Power Considerations[END_REF]. Finally, four different configurations can be defined:

• Excitation of a structure largely covered by ice and excited by flexural modes, which leads to cohesive fractures in the ice and then adhesive fractures at the ice/structure interface starting from the cohesive fractures.

• Excitation of a structure partly covered by ice and excited by flexural modes, which does not lead to cohesive fractures in the ice but to adhesive fractures at the ice/structure interface starting from the edges of the ice block.

• Excitation of a structure quite largely covered by ice and excited by extensional modes, which can lead to fractures by tensile stress.

• Excitation of a structure poorly covered by ice and excited by extensional modes, for which shear stress generates ice delamination. 

Analysis of mechanisms involved in adhesive fracture propagation

This section focuses on the propagation of adhesive fractures, since they are essential in ice debonding by electro-mechanical de-icing systems. The analysis is again performed for the first flexural mode or for the first extensional mode (pure extension).

In section 3.3, the stress and energy release rate criteria have been used to highlight configurations with different de-icing mechanisms for the initiation of adhesive fractures and to assess the existence of cohesive fractures in the ice before the detachment of ice at the interface in some configurations. It has been shown that the de-icing mechanisms depend on the length of the ice block. In this section, analyzes of these configurations are carried out to study the different mechanisms leading to a complete detachment of the ice. The challenge is to know whether the detachment of ice is achieved by shear stresses or by released energy, or by both mechanisms. This better understanding of the mechanisms will make it possible to better design electro-mechanical ice protection systems.

Flexural mode

As mentioned in section 3.3, de-icing mechanisms depend on the size of the ice block. First, the mechanism leading to a cohesive fracture which is initiated in the middle of the ice starting from the upper surface is analyzed. The crack then propagates through the entire thickness of the ice, finally resulting in an outward propagation of the adhesive crack. To study this mechanism, the ice length must be higher than l c (equal to 25 mm for the half plate under study). An ice length of 65 mm is used (ice over the whole plate) to analyze ice debonding under the most difficult circumstance. In figure 3.9, the critical amplitude required to propagate an adhesive fracture at the ice/substrate interface after the cohesive fracture is computed according to the length of the adhesive crack, from the first millimeter of crack to a complete crack. As the crack extends, the amplitude required to propagate increases. The computation of the amplitude is performed according to the two criteria (shear stress and energy release rate). In this configuration, the amplitude computed for the energy release rate mechanism is always below the amplitude computed for the shear stress mechanism, which shows that the first one is the only one at work, regardless of the crack length. Secondly, the mechanism with no initial cohesive fracture is analyzed. In this case, the ice debonding at the interface starts from the edges of the ice block. This mechanism occurs for lengths of ice blocks under l c (here 25 mm). In order to study this kind of adhesive debonding, the case of a 22 mm long ice block is considered. Figure 3.10 gives the critical amplitude required to propagate an adhesive fracture at the ice/substrate interface according to the shear stress and energy release rate criteria. It shows that the energy release rate mechanism is dominant at the beginning of the debonding and propagates inward upon reaching 80% of delamination. After this limit, the remaining ice can break by shear stress, leading to a complete debonding of the ice. 

Extensional mode

For extensional modes, there are also two configurations according to the length of the ice block.

The configuration with a small ice block (under l c ) is not analyzed here since this is a simple case where the complete debonding can be achieved by applying shear stress.

For blocks of ice of sufficient lengths on which cohesive fractures do appear first, computations are run to observe the mechanism at work for getting complete debonding after the occurrence of the cohesive crack. Figure 3.11 gives the amplitudes for propagating adhesive fractures computed according to the two criteria (shear stress and energy release rate) for the plate completely covered by ice. For the first steps of the propagation, the crack propagates thanks to a high level of energy release rate. According to the critical values selected for the case 3.2, the crack propagates up to 70% of the total length under energy release rate dominant mechanism. Finally, with the total interface length being significantly reduced, the last 30% can be debonded by shear stress. 

𝑚𝑚

Specimen definition

An experimental procedure is designed to verify the results obtained thanks to the 2D modal finite element computations. A titanium substrate of dimensions 130 x 50 x 1 mm 3 is machined and equipped with piezo ceramics (PIC 181) of dimensions 70 x 17 x 1 mm 3 . Figure 3.12 details the sizes and positions of the transducers. 

Figure 3.12 Specimen dimensions

The ice is accreted in a freezer by spraying demineralized water on the substrate. The substrate is pre-cooled at the freezer temperature of -20 °C. The water is injected, creating a liquid layer on the substrate. The volume is adjusted until the desired ice thickness is reached.

Long ice block under flexural load

In this configuration, it is predicted that the debonding is going to occur gradually, as the adhesive crack mechanism appears to be energy release rate dominant. The experimental tests confirm the numerical prediction. By exciting the first flexural mode of the structure, a cohesive crack appears at the center of the ice block. Then, the adhesive crack propagates from the previously created cohesive crack (whitish ice area). According to the 2D analysis, the adhesive debonding is induced by exceeding the critical energy release rate (see figure 3.9). This is also confirmed by a 3D numerical analysis. In the 3D simulation, the piezoelectric ceramics are taken into account contrarily to the 2D simulation. It is important to notice that the presence of the piezoelectric transducers influences the curve of the x G amplitudes as shown in figure 3.14 and figure 3.15. In fact, it is possible to notice that, when the fracture propagation reaches the external edge of the transducer, there is a significant drop in the amplitude required to further separate the ice, thus showing that is important to take the whole structure into account in order to predict the fracture behavior with accuracy. 

Short ice block under flexural load

In this configuration, it is predicted that the debonding is going to begin from the edge of the interface to the center of the plate, without cohesive fractures. The adhesive crack mechanism is, at first, energy release rate dominant and appears to become stress dominant at the end of the crack propagation. The dimensions of the ice of the finite element model are adjusted, and the computations are run. First, a 44 mm-long ice layer was accreted on the plate, with a thickness of 2 mm. Based on figure 3.10, the expected mechanism is a purely adhesive propagation from the edges to the center of the plate. Unexpectedly, as shown in figure 3.16, the adhesive propagation occurs together with cohesive cracks in the middle. Thus, the plot correlating the ice length with the amplitude of the methods is computed again for a 3D model, which also considers the influence of piezoelectric transducers (figure 3.17). Compared to the 2D model, the amplitude required to generate a cohesive crack can occur for shorter ice layers.

Furthermore, the 3D model shows that the amplitudes required to initiate a cohesive fracture or an adhesive one are almost the same for a block of ice of 40 mm. Hence, the combination of these two effects can occur, leading to an incorrect prediction of the fracture mechanism at work in the 2D model. The flexural mode is therefore studied for a plate with a smaller block of ice accreted on top. A length of 25 mm was chosen for the ice layer, and for this dimension a purely adhesive separation is expected according to figure 3.17. The adhesive fracture propagation amplitude is evaluated thanks to a 3D numerical analysis (figure 3.18). As presented in this figure, when the ice is undamaged, fracture is expected to propagate first by exceeding the critical value of energy release rate. When reaching approximately 60% of fracture propagation, the fracture propagates instantaneously by exceeding the critical shear stress value. The aforementioned process has been witnessed during the experimental test. As predicted from the 3D study, the propagation starts from the edges of the plate and the ice is debonded without the presence of any cohesive fracture (figure 3.19). A numerical study is carried out to explain the presence of multiple cracks. A 3D analysis is run and the results for the first extensional mode exhibit the presence of parasite flexion. As shown in figure 3.21, at the anti-nodes of the selected mode, the presence of tensile stress concentration is noticed. The amplitudes required to trigger cohesive fractures in the areas presenting major stress concentration are then computed. According to the computations, on an undamaged ice layer, the central fracture is firstly generated. Once this crack has occurred, the amplitudes required to initiate cohesive fractures on the sides are easier to reach than the one required to propagate the central crack adhesively. Therefore, the obtained experimental results are supported by numerical tests. The results obtained from the numerical analysis are shown in table 3.3, where X τ is the amplitude required to trigger purely adhesive propagation, whereas X σ side1 , X σ side2 and X σ middle are respectively the amplitudes required to initiate a cohesive crack in the leftmost area presenting stress concentration, in the middle-left area, and in the middle of the ice respectively. To further justify why the multitude of cracks sheds instantaneously, the mechanism employed for adhesive fracture propagation is evaluated. To achieve this, one quarter of the plate is modeled and the ice layer covering the surface is divided in several small rectangular blocks to simulate the presence of several cracks.

The amplitude required to shed the ice using the energy release rate and the shear stress criteria are computed in five selected ice blocks. The results are reported in table 3.4, and it is possible to notice that the amplitude required to trigger shedding by means of the shear stress criterion are always lower than the one required to propagate with the energy release rate, thus allowing the ice to shed quickly from the substrate. 

Conclusion

This chapter deals with the assessment of the mechanisms of fracture initiation and propagation for electro-mechanical resonant de-icing systems. Two main ice fracture mechanisms are considered: initiation by cohesive fracture and propagation of adhesive fracture to the edges of the iced structure, or purely adhesive initiation and propagation from the edges to the center. The influence of stress and energy release rate on these phenomena is evaluated. The adopted method consists in computing and comparing the amplitudes required to reach each of the critical mechanical properties (tensile strength, shear strength or critical energy release rate) of the ice to determine the fracture mechanism. Through out numerical analyses and experimental tests, this technique is proven to accurately predict the de-icing mechanisms, both for flexural and extensional modes. If the structure is largely covered by ice, cohesive fracture occurs first within the ice thickness for both types of mode of resonance. Then, the fracture propagates at the interface outwards from the cohesive cracks locations. Below a certain length of ice deposit (which is characteristic of each mode), the fracture propagation mechanism becomes purely adhesive at the interface between the ice and the substrate. The shedding is, in this configuration, identified to be purely triggered by the shear stress at the interface. In this chapter,the study was limited to simple geometries and low rank modes. Nevertheless, the methodology could be effectively extended to other structures and modal shapes and can therefore be considered a valuable tool to predict de-icing mechanisms for resonant ice protection systems.

Chapter 4

Atmospheric ice mechanical properties measurement

As shown in the previous chapter, knowing the critical values of the ice is of utmost importance in order to define the de-icing mechanism at work and to design an effective ice protection system. From the preliminary state of the art achieved on the mechanical properties of the atmospheric ice, the author believes that much of the discrepancy observed is caused by the difference in the ice samples obtained in each study, which can be attributed to the lack of a proper parameter allowing to universally characterize the ice, ensuring similarity in the ice samples generated and tested. The objective of this chapter is to characterize atmospheric ice Young's modulus covering the range of possible ice types in a continuous way in order to reduce variability between the values found in the literature and facilitate inter-laboratory comparison. This chapter proposes a new approach in which the relationship between the ice Young's modulus, the cohesive strength and the critical energy release rate are investigated according to ice density, which could make density the ideal parameter for ice accumulation characterization. The chapter is organized as follows. First a hybrid method using both experimental and numerical approaches to derive the properties for atmospheric ice samples of different densities is introduced. The method and the scientific means used for this study are described. Then, results of the study including an expression of the Young's modulus, the cohesive strength and the critical energy release rate according to ice density are given.

Method

The method consists in comparing modal finite element analyses to experimental measurements to determine the Young's modulus, the tensile strength and the adhesive toughness of the ice.

First, the Young's modulus is measured with accuracy. By exciting different resonance modes of a plate covered with ice and comparing the measured resonance frequencies with those calculated theoretically from a finite element model, the Young's modulus of the ice can be identified. Various parameters influence the frequency of a structure, such as its mass, its stiffness and its geometry (stiffness and mass location). In the case of a plate covered with ice, the frequency depends on the substrate properties and on the ice parameters such as the ice position over the plate, the ice size, the ice stiffness (Young's modulus) and the ice mass and density. To limit the number of parameters, it is decided to study a plate, fully covered with ice (removing ice location parameter) of homogeneous thickness (reducing complex geometry definition parameters to a single thickness). Therefore, in this simplified case, if the non-iced structure remains unmodified, the resonance frequencies depend on only three parameters that vary according to the icing conditions: the ice layer thickness, the ice Young's modulus and finally the ice density. By measuring the ice thickness, weighting the ice sample and observing its natural frequencies, the corresponding Young's modulus can be identified numerically.

Knowing the Young's modulus of the ice sample, the stresses field can then be computed. The first mode of bending is excited on the same ice samples in order to trigger the cohesive fracture mechanism described in the previous chapter. By measuring the magnitude of the vibrations, the tensile stress value in the ice at the appearance of the crack can be estimated using the previously measured Young's modulus.

Finally, by further increasing the vibrations amplitude, the adhesive propagation consecutive to the cohesive crack is triggered and the crack growth can be measured. The corresponding energy release rate is then computed using a numerical crack analysis tool. The study is performed for various ice samples and metal substrates under different atmospheric icing conditions to obtain ice of different density values and to compute the three mechanical properties according to the ice density. 

Numerical method for Young's modulus estimation

In order to avoid a large number of iterative finite element computations (varying the Young's modulus value for each sample until frequency match is obtained), the idea is to define an analytical expression of the natural frequency of the sample according to the three physical parameters of ice mentioned previously (4.1).

F mod = f (e ice , E ice , ρ ice ) (4.1)
where e ice is the thickness of the ice layer, E ice the ice Young's modulus and ρ ice the ice density.

This equation can be obtained by performing a linear regression on on a well-defined set of finite element results computed upstream of the regression. The boundaries of the data set are defined by the theoretical extreme values of the ice properties. According to literature, the density of pure ice is set to 917 kg/m 3 [START_REF] Mellor | Mechanical properties of polycrystalline ice[END_REF] and the corresponding maximum Young's modulus estimated is 9 GPa [START_REF] Schulson | The structure and mechanical behavior of ice[END_REF]. In the case of this study, it is decided not to exceed 5 mm of thickness for the ice layer as the irregularities in the ice shape tend to increase with the thickness. The minimum value for the ice thickness is set to 1 mm to ensure an observable influence of the ice on the structure, and for computational means. The minimum values for density and Young's modulus are arbitrarily chosen low enough according to the authors' first assumptions. Table 4.1 shows the range of each parameter value for the computations: To minimize computation time and maximize the linear regression efficiency, an Latine Hypercube Sampling (LHS) design of experiment (DoE) is used [START_REF] Mckay | A comparison of three methods for selecting values of input variables in the analysis of output from a computer code[END_REF]. The domain is covered by the 236 points of the LHS DoE and 14 additional combinations are manually added to cover extremes points of the cubic domain (vertexes and faces centers). This augmented LHS sampling enables to vary each of the 3 parameters for every point while covering the extremes values of the domain (figure 4.2. For each point of the DoE (a random combination of the three ice parameters is chosen within the domain boundaries), the first two frequencies are computed with software modal analysis. Using PyVPLM application [START_REF] De Giorgi | Reusable surrogate models for the preliminary design of aircraft application systems[END_REF], a linear regression is performed on the normalized data set. The coefficients of the polynomial expression are found while minimizing the mean error between the data set and the verification set. Therefore, for each sample, two polynomial equations are found to express the first and the second natural frequencies according to the ice parameters. Finally, the roots of the polynomial are found using a Newton solver after inputting the measured frequency, thickness and density values into the equation and the Young's modulus value is easily retrieved by choosing the only root included in the Young's modulus range (table 4.1).
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Numerical method for critical values estimation

The method used for the measurement of the critical values (tensile strength and fracture toughness) of the ice is also an numerical/experimental hybrid method.

In order to assess the cohesive strength of the ice, cohesive failure is obtained experimentally on a test sample. Experimental load conditions upon failure are retrieved and inputted in the FEM model and the stress field is retrieved from computations. The critical strength is assessed by identification of the stress value when failure is initiated. However, the critical value identified directly depends on the chosen criterion to define the failure. It is therefore of utmost importance to define correctly the failure condition.

Similar to cohesive fracture, the adhesive crack propagation is first observed experimentally. The loading conditions and the corresponding crack lengths are also retrieved and supplied to the FEM model.

Critical tensile strength of ice

As commonly mentioned in the literature, ice is considered as a brittle material [START_REF] Dorsey | Properties of ordinary water-substance in all its phases[END_REF][START_REF] Hobbs | Ice Physics. Google-Books[END_REF][START_REF] Petrovic | Key developments in high temperature structural silicides[END_REF][START_REF] Tryde | Physics and Mechanics of Ice: Symposium Copenhagen[END_REF]. Rankine theory defines the Maximum Stress Theory in which the initiation of crack in brittle material occurs when the principal stress σ I exceeds the tensile strength of the material. A cohesive crack is initiated for C 1 ≥ 1 (4.2) where C 1 is given by:

C 1 = σ I σ adm (4.2)
with σ I the principal stress in the ice and σ adm the tensile strength of the ice. Ice layers are added to the 3D model. The ice is defined as a rectangular homogeneous and isotropic slab covering the whole surface. The density and the thickness measured experimentally are used to model the different ice layers for each test case. The Young's modulus is measured using the first part of the experiment defined in section 4.1. A modal analysis is ran to obtain the modal shape and stress field of the first eigenmode of the structure. Using the method described in [START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF][START_REF] Palanque | Electro-mechanical resonant ice protection systems: Power requirements for fractures initiation and propagation[END_REF] and used in Chapter 3, the modal amplitude and stress field can be linearly re-scaled to the experimental values. For a given modal analysis, the displacement of the sample center x num and the maximum principal stress on the ice σ I num are retrieved. Knowing the experimental displacement x exp upon ice crack appearance, one can obtain the maximum principal stress σ I exp value:

σ I exp = σ I num x exp x num (4.3)
Based on the assumption chosen for the crack initiation, the experimental stress obtained represents the maximum allowable tensile stress of the ice and therefore its tensile strength.

Critical fracture toughness of the ice

The experimental set up used in this experiment is selected according to the method introduced in Chapter 3 3, so that the adhesive crack propagates in a energy release rate dominated mechanism [START_REF] Gastaldo | Stress and energy release rate influence on ice shedding with resonant eletromechanical de-icing systems[END_REF].

The global criterion used for this kind of brittle crack propagation is Griffith's criterion [START_REF] Zehnder | Griffith Theory of Fracture[END_REF]. The crack propagation is assessed by comparing the energy release rate G to a critical value (interface fracture toughness) G c . Griffith's theory defines that a crack propagates in the case of C 2 ≥ 1 (4.4) where C 2 is given by:

C 2 = G G c (4.4)
According to the loading conditions, the expression of the global energy release rate G can be divided into three elementary crack opening modes (section 2.4.2). In the case of pure mode I opening, the crack propagates if the load is maintained above the critical value. The toughness of the material is therefore characterized by the mode I stress intensity factor K IC . In the case of an interfacial crack between two different materials, the non homogeneity between the two edges of the crack often leads to a mixed mode loading of the crack tip [START_REF] Hutchinson | Mixed mode cracking in layered materials[END_REF]. Hence, a combination of normal (mode I) and shear (mode II and mode III) opening is observed. In the case of mixed mode opening, the following criterion is defined to assess the crack propagation (4.5) [START_REF] Reeder | An evaluation of mixed-mode delamination failure criteria[END_REF]: Following the ice fracture mechanisms described in [START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF][START_REF] Budinger | Electromechanical Resonant Ice Protection Systems: Energetic and Power Considerations[END_REF], after the full apparition of the cohesive crack, ice begins to debond adhesively. The adhesive crack extends outward from the cohesive crack location. The numerical model is modified by creating the cohesive crack and adding an adhesive crack of lengths ranging from 0 mm to 20 mm.

G I G Ic + G II G IIc = 1 (4.
Based on the assumption on crack propagation made in section 2.3, the experimental energy release rate obtained represents the fracture toughness of the ice. Many methods exist to compute numerically the energy release rate. Computations are realized using ANSYS software in which a crack analysis tool is available. Using the crack tool, the stress intensity factors (SIF) and energy release rate around the crack tip can be retrieved using the VCCT (Virtual Crack Closure Technique) method and the J-integral method. Using the VCCT method or the SIF computation, one can assess the proportion of G I and G II [START_REF] Huré | Effect of cassie-baxter versus wenzel states on ice adhesion: A fracture toughness approach[END_REF][START_REF] Begley | The j integral as a fracture criterion[END_REF]139]. Unfortunately, this fracture tool is not available for modal analysis.

A simplified model supporting the crack tool (static analysis) is therefore realized. The model is defined in 2D to enable finer meshing of the crack tip. The static model is assumed to be representative of the modal analysis as the crack propagation speed is much greater than the vibration speed of the plate. Therefore, correspondence between mode shape and static deflection ensures an equivalence of the models. The similarity between the 2D model and previously defined 3D model is verified ensuring an equivalent strain energy arrangement and equivalent deflection of the beam under the artificial load used (Rayleigh hypothesis). The 2D half model is compounded of an ice layer, a substrate layer and a piezo layer. A pre-crack is defined at the ice substrate interface. A linear quad mesh is used to match with fracture tool inquiries (figure 4.5). To assess the share between mode I and mode II openings in this case, the VCCT method is used. The G II /G I ratio is retrieved at the crack tip. The global G value is also retrieved using the J-integral method. Firstly, the study shows that whatever the length a of the crack, the loading mode is pure mode I opening. Hence, the G measured can be defined as G I . The critical value computed using the method introduced in this chapter is therefore the critical energy release rate for mode opening G Ic . Secondly, as the mode opening is computed to be pure mode I opening, the value considered for G is the value given by the J-integral method as it is less mesh dependent than the VCCT method, leading to more accurate computations [109].

As for cohesive crack appearance, a frequency shift is observed as the adhesive crack extends, which allows tracking the beginning of the crack propagation. For each configuration under study, the experimental magnitude of displacement in the center of the sample x exp and its corresponding crack length are measured. Then the computed vibration magnitude in the center of the sample x num and the global energy release rate value G num are retrieved from a modal analysis achieved for the conditions of the measured crack lengths. Finally, the energy release rate value estimated from experiment G exp is retrieved from G num and considering the square of the ratio of experimental and numerical displacements as explained in Chapter 5 [START_REF] Budinger | Electromechanical Resonant Ice Protection Systems: Energetic and Power Considerations[END_REF][START_REF] Palanque | Electro-mechanical resonant ice protection systems: Power requirements for fractures initiation and propagation[END_REF]:

G exp = G num x 2 exp x 2 num (4.6)

Experimental set up 4.2.1 Test sample definition

To execute the method introduced in this chapter, ice must be accreted to an elastic substrate to enable the mechanical loading. The thickness of the substrate and its material are chosen to fit with aerospace airfoil standards: an aluminum sample (1.5 mm-thick) and a titanium sample (1 mm-thick) are machined. The samples are equipped with two 1 mm-thick piezo-electric ceramics (PIC 181). Ceramics are placed in a symmetric way to ensure the double axis-symmetry of the whole sample (Figure 4.6). It is possible to use each of them either as a sensor or an actuator. The dimensions of the plate are chosen to match with results from the study of Gold et. al. [START_REF] Gold | The rheological behaviour of ice at small strains[END_REF] in which the authors showed that, as the load rate increases, the scattering of the Young's modulus measurement decreases, reaching an horizontal asymptotic for load rates above 500 Hz. Hence, the size of the sample is reduced to increase the first mode frequency of the non-iced titanium sample just above 500 Hz, ensuring that the loading of the ice will occur at sufficient rate whatever the ice deposit is (as ice deposits increase the frequency of the first mode). A total of three titanium samples and one aluminum sample are machined. The samples dimensions are obtained accurately using a measuring column and are summarized in Table 4.2. The piezoelectric devices are actuated using a sin wave generator. An acquisition card PCI-6221 device is used to retrieve the sensor electrical response.

A 3D finite element model of each substrate sample is realized using the FEM software ANSYS. A preliminary study is realized to assess the validity of the models. The resonant frequencies of the first modes are computed through modal analysis for each of the bare (without ice) samples and compared with the experimental measured frequencies. The samples are tested in free boundary conditions, being suspended only by thin nylon strings. Numerical models discrepancy obtained is under 2% for each sample, confirming their accuracy.

Icing process

As mentioned in literature [START_REF] Druez | Mechanical properties of atmospheric ice[END_REF][START_REF] Kermani | Bending strength and effective modulus of atmospheric ice[END_REF][START_REF] Gent | Aircraft icing[END_REF], the type of the ice encountered is highly related to the ambient temperature and precipitation rate (precipitation) or liquid water content (clouds). According to the continuity of the parameters of influence, characterizing ice simply as rime or glaze appears to be way too discretized, leading to significantly large ranges of values for their possible characteristics. For these reasons, a new approach to define ice is explored, which consists in characterizing ice samples by their density. In order to validate this new approach, ice accumulations of different densities are obtained and their Young's modulus is measured as described previously. In addition, ice of similar densities are also obtained but for multiple different icing conditions, by varying both temperature and accumulation rate. The ice is generated and the tests are performed using the facilities of the AMIL laboratory at Université du Québec à Chicoutimi (UQAC) during a two months exchange with the collaboration of Dr. E.Villeneuve and Prof. G.Momen.

Cold room ice

The first ice samples generated for testing are obtained in a cold room. The cold room enables lowering the ambient temperature down to -40°C and is equipped with an injection system allowing to create the icing conditions. The injection system is mounted on a rail fixed on the ceiling of the room. The water is injected at high pressure (70 bars) and pulverized into droplets of 320 microns median diameter using a spraying systems flat jet nozzle. Droplets then fall toward the accretion area through gravity. The injected water is demineralized and stored in a cooling tank at low temperature just above freezing point ([0,1]°C) before injection. The ice deposit realized in cold chamber is observed to be extremely uniform allowing accurate measurements of the thickness to give precise idea of the ice block volume (figure 4.10). Firstly, a design of experiment is developed to define the icing conditions according to two input parameters: precipitation rate and room temperature. A central composite design of experiment is chosen, as it is recommended for experimental studies to reduce the amount of tests to be realized [START_REF] Box | On the experimental attainment of optimum conditions[END_REF]. A CCC (central composite circumscribed) design of experiment is selected. The boundaries of the CCC are defined by two constraints being the temperature, under -3°C (to ensure freezing of the ice), and the liquid water saturation on the substrate. The liquid water saturation domain for this study is roughly assessed with preliminary injections and avoided to ensure the creation of representative impact ice. The temperature range of the DoE was maximised to extend the validity of the study, leading to the DoE shown in figure 4.8.

The overall flow rate Q tot is modified by changing the stop time of the nozzle (4.7). With Q tot the overall flow rate, V tot the total volume of water injected, t tot the time over with the injection in turned on, V cycle the volume injected in one cycle, n cycle the number of cycles, t cycle the total time of a cycle, t in j the duration of the spraying and t stop the stop time: A linear regression is performed on the experimental data set and finally an expression of the density of the ice according to the room temperature and precipitation rate for our case is obtained (figure 4.9). The trend of the chart confirms that the same density should be obtainable for different temperatures, according to the flow rate used. 3UHFLSLWDWLRQUDWHJGPðK 7HPSHUDWXUH& Figure 4.9 Density (kg/m 3 ) model according to the freezing temperature (°C) and the precipitation rate (g/dm 2 /h) Secondly, the ice samples are realized and characterized. The same icing condition is repeated a few times to study the repeatability of the injection process. For each repetition, ice is accreted over the three titanium samples at the same time. After the accumulation, the ice thickness is measured at three positions along the length of the sample using a Vernier caliper. Then the mean thickness is assessed for the whole layer. The samples are weighted inside the cold room. The mean thickness, the mass and the density are therefore known for each sample. The results of the first six injections are shown Table 4.3. Four of these injections are realized over a total time of sixty minutes (Injection n°4 to n°7), whereas the last two injections are realized over a total time of ninety minutes (Injection n°8 and n°9), which led to mass and thickness differences, while the density remains constant as the temperature and the precipitation rate are kept constant. 

Q tot = V tot t tot = V cycle t in j + t stop

Wind Tunnel ice

To further confirm that ice samples can be defined using their densities, the study is extended to impact ice generated in an icing wind tunnel. The wind tunnel is a closed-loop tunnel that can be refrigerated down to -40°C and equipped with sprinkler ramps to generate icing precipitations. The smallest test section, which turns out to be compatible with the small size of the test plates, is used to obtain the maximum wind speed. The section is 500 mm x 600 mm and speeds up to 50 m/s can be obtained while maintaining temperatures down to -25°C. The LWC of the wind tunnel is calibrated for values of 0.3 and 1.0 g/m³ using a hot wire probe. The droplet Median Volumetric Diameter (MVD) is 25 µm. A new design of experiment is realized. The sample is maintained in the study zone thanks to a rigid aluminum interface. The sample is placed perpendicular to the wind direction in the center of vein to harmonize the surrounding air flow. The test section of the wind tunnel is surrounded by a cold chamber, enabling to extract the samples from the tunnel at freezing temperature to perform measurements on the ice. Four different injection conditions are selected by modifying the flow rate of the injectors resulting in intermediate LWC values in the [0.3 -1.0] range. Two velocities are investigated. Table 4.4 summarizes the different injection parameters. [START_REF] Baxter | Wettability of porous surfaces[END_REF] Contrary to cold room ice samples, the ice shapes obtained are more irregular due to the air flow surrounding the substrate. As a consequence, the modeling of the ice shape is less simple and each ice sample requires a dedicated 3D modeling. To maximize the accuracy of the model, measurements are taken at nine different positions. The density is estimated thanks to the 3D model volume. Moreover, the ice appears less homogeneous than cold room ice, especially for the thickest parts of the sample. The density is computed neglecting this phenomenon and considering it as an homogeneous sample. An example of the ice shape and its 3D ice model are given figure 4.12. 

Modal analysis set up

An experimental set up is installed in the cold room enabling the mechanical loading of the samples and the measurement of the quantities of interest.

First, The samples are loaded by a piezoelectric ceramic actuator (PIC 181). The ceramic is excited using a sin-wave generator. The frequency of the sin wave is swept on a given range to trigger the structure first modes of resonance. The magnitude of the input signal is set to 10 V to remain in small strain ranges to avoid altering the ice. A first descending large sweep is realized in a [10.5 kHz -0.5 kHz] range to give a rough idea of the frequencies of the resonant modes in this interval. An example of the frequency spectrum obtained for the large sweep is shown in Figure 4.13. Then, a finer sweep is used to measure with precision the frequency of each mode. The vibration magnitude is measured using the second piezoelectric ceramic as a sensor. The frequencies are retrieved in post treatment with a ± 5 Hz precision giving a maximum error inferior to 1%. Then, a descending sweep at high voltage (in the range of 100 V) is performed to ensure a good actuation of the mode at high vibrating magnitudes [START_REF] Davis | Measuring quality factor from a nonlinear frequency response with jump discontinuities[END_REF]. The structure is excited while being hold in "free" conditions by thin nylon strings. A mono-point laser vibrometer is used to measure the vibrating speed of the structure at its center (figure 4.14). The laser is surrounded by a heating box to ensure its functioning at the required temperature. An acquisition card PCI-6221 device is used to retrieve the speed of the point targeted by the laser. The data are filtered and displayed on a frequency chart enabling to retrieve the magnitude of the speed corresponding to the crack appearance (figure 4.15). Upon fracture appearance, the stiffness of the structure drops and therefore a drop in the mode frequency is observed. By monitoring this phenomenon, the method enables an accurate measurement of the vibration speed magnitude at the crack initiation. Finally, the magnitude of the displacement can be obtained from the speed since the movement is sinusoidal (4.8). ẋ(t) = A cos(ωt)

x(t) = A ω sin(ωt) (4.8)
with ẋ the speed, A the magnitude of the speed, ω the angular frequency, x the displacement of the point and A/ω the magnitude of the displacement. 

Young's modulus measurement Cold Room results

The DoE described in 4.2.2 is extended by adding many other points considered of interest (extremes conditions out of the DoE range). A total of 44 ice samples are generated.

Using the method described in 4.1.2, the density, the thickness and the frequency of the modes are entered into a solver and the Young's modulus is estimated. The numerical error of the model is assessed by checking the influence of small variations in the inputs parameters on the overall solution. According to the propagation uncertainty theory, the uncertainty over the density measurement can be expressed thanks to equation (4.9). It is therefore possible to compute the uncertainty on the Young's modulus values according to the uncertainties on the measurements δ ρ, δ f and δ e ( For each sample, the computed Young's modulus can be plotted in function of the measured density of the ice. For each injection, the young's modulus is estimated using the first mode frequency and the second mode frequency. The results obtained for each of both Sample 1 and Sample Al configurations are shown in figure 4.17. Results show that, whatever the sample and its material and whatever the mode, the trend of data set is highly similar. Therefore, all data are displayed on the same graph and the expression of the ice Young's modulus according to the density ((4.10)) can be defined from Figure 4.18):

E = E 0 1.416 ρ ρ 0 3 -3.612e -01 ρ ρ 0 2 -4.511e -02 ρ ρ 0 (4.10)
with E 0 the Young's modulus for maximum density (9.0 GPa) and ρ 0 the density of pure ice (917 kg/m 3 ) [START_REF] Mellor | Mechanical properties of polycrystalline ice[END_REF][START_REF] Schulson | The structure and mechanical behavior of ice[END_REF]. 
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Wind Tunnel results

Because of the irregularity of the ice shape, a finite element modal analysis is run for each geometry.

The estimated density is given by the 3D model volume computation as explained previously and the Young's modulus is found by following a dichotomy process until the first mode frequency matches with the experimental one with under 1 Hz difference. Then, the Young's modulus according to the density can be plotted. The data obtained in the wind tunnel are considered as one set of data independent of the tunnel parameters (wind speed, LWC, Temperature) and, when displayed on the plot of the cold room data (figure 9), all the data seem to follow the same trend, and hence, the same law. It is important to mention that the droplets mean volume diameters (MVD) also varied between the cold room and the icing wind tunnel. Relation (4.10) therefore allow describing the Young's modulus of any atmospheric ice according to its density only.
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Discussion

As shown in the result section, the density seems to be a dominant parameter in the definition of the ice stiffness. It appears from this study that the density alone can be used to assess the Young's modulus of the ice. Ice could therefore be considered as a porous material as it was done for sea ice in [START_REF] Zong | A random pore model of sea ice for predicting its mechanical properties[END_REF]. In literature, many models are described to assess the Young's modulus of a material according to its relative density i.e porosity. According to [START_REF] Kováčik | Correlation between young's modulus and porosity in porous materials[END_REF] which proposed a percolation model, the Young's modulus can be described as:

E = E 0 p c -p p c f (4.11)
with E the penalized Young's modulus, E 0 the pure Young's modulus of the material with full density (p = 0), p c the porosity over which the Young's modulus is set to 0 and f the percolation theory exponent.

In this case, the pure material Young's modulus E 0 , can be set to 9.0e9 Pa [START_REF] Schulson | The structure and mechanical behavior of ice[END_REF] for a density of 917 kg/m 3 [START_REF] Mellor | Mechanical properties of polycrystalline ice[END_REF]. The p c value is assessed using the experimental results obtained previously. Following the data set trend (Figure 4.19), the critical porosity (porosity corresponding to a total loss of stiffness) seems to be reached at the density of 300 kg/m 3 corresponding to a porosity of 0.674. As explained in the paper [START_REF] Schulson | The structure and mechanical behavior of ice[END_REF], the exponent value f is set to 2.1 in the case of 3D considerations. By applying this parameters to the equation, the following curve is defined (Figure 4.20). The porosity model seems to match accurately with the previously obtained curves which supports the belief that the data set is relevant.

-1,0E+09 0,0E+00 Using multiple icing conditions, the atmospheric ice Young's modulus appears to be, within the range of interest in this study, independent of the temperature, the air velocity and the droplet size in the first order. The stiffness behavior of a porous material is linked to the shape of the porous cavities [START_REF] Schulson | The structure and mechanical behavior of ice[END_REF]. The assumption is made that for a given droplet impact regime, the arrangement of the porous material remains constant. According to droplet impact works [START_REF] Garcia | A new droplet-wall interaction model[END_REF][START_REF] Castanet | Dynamics and temperature of droplets impacting onto a heated wall[END_REF] the droplet impact regime on a flat wall can be described according to the K dimensionless number, being a product of Weber and Ohnesorge numbers (4.12). K = W e Oh -2/5 (4.12)

For wall with subzero temperatures, the regime of impact is observed as "splashing" for K conditions above K c = 3500 and "deposition" for K conditions under 3500 [START_REF] Garcia | A new droplet-wall interaction model[END_REF]. Using regular aviation data, a simplified map of the K parameter for standard in-flight icing conditions can be computed (figure 4.21). The K c threshold position shows that the results obtained in this study are obtained in droplet impact regimes broadly encountered in-flight, encouraging the belief that the model obtained is suitable for aircraft icing definition. Moreover, as far as we know, there is not any direct evidence that a shift in the impact regime would influence the relation between density and Young's modulus of the impact ice.
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Cohesive strength of impact ice

A total of 43 samples are tested for measuring the tensile strength for different ice densities. The method described in section 4.1.2 is used to retrieve the tensile strength upon cohesive crack appearance for each sample. For samples with high ice density, the cohesive crack appearance is identified both visually and by the magnitude drop on the frequency chart. However, for samples with lower ice density, the cracks are not always visible by sight as the ice is whiter and only the frequency chart is used to assess the appearance of cohesive cracks (Figure 4 The value of the cohesive strength measured for each sample is plotted in function of the density on figure 4.23. From this study, the tensile strength of the ice appears to be highly correlated with its density. The tensile strength of the ice is decreasing as the ice gets more porous, which confirms the results obtained by Zong with a random pore model study [START_REF] Zong | A random pore model of sea ice for predicting its mechanical properties[END_REF]. From the data, a polynomial is computed to model the tensile strength versus the ice density. The range of the given model stops at the higher density obtained experimentally, i.e. 855 kg/m 3 . However, if the polynomial is extrapolated to the maximum density, the maximum tensile strength σ 0 can be estimated to 2.07 MPa which corresponds to the freezer ice value measured in the well documented study of Hawkes and Mellor [START_REF] Hawkes | Deformation and fracture of ice under uniaxial stress[END_REF]. Equation (4.13) gives the obtained expression of the tensile strength of ice according to its density for the [0 -917 kg/m 3 ] range.

σ = σ 0 1.232 ρ ρ 0 2 -0.232 ρ ρ 0 (4.13)
with σ the tensile strength of the ice, ρ its density [kg/m 3 ],and ρ 0 (917 kg/m 3 ) the pure ice density.

Fracture toughness

As measuring the crack length is required to achieve the energy release rate computation, the samples with invisible cracks (low densities) are not suitable for the study. The number of samples usable for the G computation is hence reduced to 19. However, for a given sample, several lengths of adhesive cracks can be used to assess the energy release rate (figure 4.24).

Cohesive crack

Adhesive crack tip For each sample, the crack length is measured using a pixel measurement software. The G value is computed by using the J-integral method and retrieving the energy release rate for a crack corresponding to the experimental crack length (section 4.1.2). The first results of the study show that the measured G c value tends to decrease as the crack extends (figure 4.25). As the crack grows, the frequency of the first mode of resonance of the modal analysis shows significant difference with the frequency measured experimentally, leading to an error between the model and the experiment. Figure 4.26 shows the Gc value computed according to the error between experimental and numerical frequencies. The domain of validity of the computation is therefore reduced to the measurements with a frequency error under 10%. The values present scattering but a decreasing trend in the G Ic critical value is visible as the density increases, which was also observed by [START_REF] Pervier | Measurement of the fracture energy in mode i of atmospheric ice accreted on different materials using a blister test[END_REF]. The use of aluminum or titanium material does not seem to have a particular influence on the critical value, which is probably due to the similar roughness (0.60 µm for titanium and 0.32µm for aluminum) of both substrates. Not taking highly scattered points into account ( The definition of the trend is however highly limited by the reduced range of the density spectrum. On the interval, the G c value could be considered constant. The average value for the data set is 0.55 J/m 2 with a standard deviation of 13% and a maximum deviation of 48%. 

Ice density and electro-mechanical de-icing

In the case of mechanical de-icing, the difficulty to initiate the crack can be assessed by the amount of strain required. The critical strain ε c for cohesive fracture appearance can be computed from Hooke's law:

ε c = σ c E (4.15)
with σ c the tensile strength of the material and E the Young's modulus. In fact, if the strength decreases, the required strain is also decreasing. However, if the Young's modulus of the material decreases more than the strength (which is the case with the ice with a 3 rd order polynomial for Young's modulus and 2 nd order polynomial for cohesive strength), the required strain increases.

Making the assumption of a substrate highly stiffer than the ice, the strain in the ice can be considered as imposed by, and therefore equivalent to, the strain of the substrate. The critical strain of the ice is hence directly proportional to the deformation applied to the substrate. Using the expression of the ice Young's modulus E ice given in [START_REF] Palanque | Experimental measurement and expression of atmospheric ice young's modulus according to its density[END_REF], the critical elastic strain ε c to reach the ice critical stress σ c and thus initiate cohesive fractures can be computed with (6.36). By computing the critical strain required to initiate fracture according to the ice density, the deformation magnitude to be imposed to the structure can be directly assessed.

In the same way, the difficulty to propagate the crack can be estimated by the amount of strain required to reach G c . The strain energy density W elas can be defined as:

W elas = 1 2 E ε 2 (4.16)
As the energy release rate is proportional to the strain energy [START_REF] Palanque | Electro-mechanical resonant ice protection systems: Power requirements for fractures initiation and propagation[END_REF]: G ∝ W elas , the critical strain for adhesive fracture propagation is proportional to the square root of G c :

ε c ∝ G c E (4.17)
Considering the ice of highest density as a reference (normalised density and normalised strain equal to 1), the following charts give the relative deformation and relative energy required to achieve cohesive failure (figure 4.29) and crack propagation for variable ice densities (figure 4.30). The graphs show that as the density decreases, the deformation and energy must increase to initiate fractures. When reaching the critical porosity [START_REF] Palanque | Experimental measurement and expression of atmospheric ice young's modulus according to its density[END_REF], the critical strain tends toward infinite value, showing that the mechanical de-icing would become impossible. However as the ice strength gets lower, it is probable that ice would shed under aerodynamic forces [START_REF] Bennani | A mixed adhesion-brittle fracture model and its application to the numerical study of ice shedding mechanisms[END_REF]. From these results, the ice appears to be more difficult to remove mechanically as the density gets lower. This conclusion suggests that the most critical icing conditions for mechanical de-icing system might be under light icing conditions leading to highly porous rime ice which would be harder to detach than glaze ice obtained under severe icing conditions. However, some studies on the ice adhesion properties [142,[START_REF] Pervier | Measurement of the fracture energy in mode i of atmospheric ice accreted on different materials using a blister test[END_REF] highlighted the fact that porous ice tends to show cohesive fractures at the interface, which would lead to a different fracture mechanism. For such mechanism, the energy release rate computation proposed in this chapter would be un-applicable.

Conclusion

In this chapter, a hybrid experimental/numerical method has been developed in accordance with literature recommendations to assess the atmospheric ice Young's modulus with accuracy as well as the tensile strength and the energy release rate for standard metal substrates.

This method was first used to estimate the Young's modulus of ice samples generated both in cold chamber and wind tunnel. The experiments showed that the Young's modulus can be defined as a function of ice density alone and that parameters such as temperature, droplet size, flow velocity, or even LWC are only influencing the Young's modulus through the ice density. An expression of the Young's modulus based on the interpolation of experiments results is established according to the ice density and a porosity model of this Young's modulus based on percolation model is also given, demonstrating the validity of the approach.

The results of this study have also demonstrated that the tensile strength of ice can be defined as a function of ice density alone as the same results were obtained for ice of similar density grown in different icing conditions. An expression of the tensile strength based on the interpolation of experimental results is established according to the density. The fracture toughness of the ice is also investigated according to ice density. Due to the reduced range of density that can be analyzed for this parameter, the trend of the critical energy release rate over the full ice density range is hard to assess. However, a range of values is given for ice of high density. Finally, the conditions to achieve mechanical de-icing are discussed. Using the results from the first part of the study [START_REF] Palanque | Experimental measurement and expression of atmospheric ice young's modulus according to its density[END_REF], the deformation and energy magnitudes required to initiate or propagate cracks are compared according to the ice density. As the density decreases, the critical strain for both initiation and propagation increases. In the case of fracture initiation, the Young's modulus decreases faster than the tensile strength leading to increase of the critical strain with porosity. As G c increases with porosity, critical strain gets higher, making the ice more difficult to crack and detach for low densities.

The relations obtained in this chapter allow us to reduce the unknown parameters for the numerical modeling and the modal analysis. Indeed, the density and the stiffness are key parameters with great influence on the mode shapes and frequencies. Being able to establish a link between the two quantities will help in increasing the fidelity of the numerical models and therefore carrying out the de-icing system preliminary design.

Chapter 5

Preliminary design rules for effective electro-mechanical de-icing and power requirements

In this chapter, preliminary design rules to investigate the de-icing performance of an architecture are introduced. First, key performance indicators are proposed and used to quantify the de-icing capability of the different modes according to energy, power and force limitations. Then, in a second section, the de-icing potential and power requirements of flexural (low and high frequencies) and extensional modes are assessed. Finally, the feasibility of the de-icing for each type of mode is experimentally verified on simple plates geometries and the analysis of the previous results allows proposing design rules.

Key performance indicators

This section further analyses ice fracture mechanisms (defined in Chapter 3) and proposes key performance indicators (KPI) to analyze the efficiency of resonant de-icing systems while looking at criteria such as energy, power and force requirements. They are defined to be independent from the vibratory amplitude, the highly variable parameters related to the ice and from the ice/substrate interface which plays a significant role in the initiation and propagation of fractures. Such indicators enable to capture in a quantitative and condensed manner the de-icing potential of a given geometry of substrate covered with a type of ice according to different modes of resonance and frequencies.

The study is performed on a simple standard study case model (substrate covered with ice) and a numerical design of experiment is defined varying the plate length and ice thickness. The key performance indicators are then computed and analyzed to provide guidance on the use of both flexural and extensional modes in resonant ice protection systems and on the frequency range to favor fractures initiation and propagation.

Objectives of the Key Performance Indicators (KPI)

De-icing efficiency depends not only on the actuation system but also on the structure and the ice layer. The objective of this section is to define key performance indicators independent from the vibration amplitude and representative of the performance of an architecture for a given resonance mode. A de-icing system is said to be efficient when it generates stress σ , τ and energy release rate G leading to the initiation and propagation of fractures enabling ice shedding.

Key performance indicators representative of fracture propagation potential with respect to stress level

The first proposed indicators show the ability of a structure to propagate cohesive or adhesive fractures according to the level of stress within the structure (ice or substrate): σ . If compared to the stress in the substrate, these KPI can give an indication of the possibility to propagate the fracture without damaging the substrate (exceeding the allowable stress). On the other hand, these key performance indicators can also give an indication on the ease to control the ice protection system if using the tensile stress in the ice. For instance, following the cohesive fracture mechanism described in Chapter 3, adhesive fracture propagate from the cohesive crack location. In this case, if this key performance indicator is high enough, the adhesive de-bonding can occur (with energy release rate G), following the cohesive fractures without requiring an increase in the vibration magnitude. Such behavior would make control issues much easier to deal with while designing the system. As stress is proportional to vibratory amplitudes and the energy release rate is proportional to strain energy (itself proportional to the square of vibratory amplitudes), the proposed key performance indicators are the ratio between the energy release rate and the square of tensile stress σ in order to get indicators independent from the vibration amplitudes.

The ability to propagate cohesive fractures upon initiation can therefore be assessed by a ratio between the cohesive energy release rate and the square of tensile stress σ :

KPI 1 coh = G coh σ 2 (5.1)
In the same way, to study the propagation of adhesive fractures after the cohesive fracture initiation and propagation caused by ice tensile stress, the key performance indicator being the ratio between the adhesive energy release rate and the square of tensile stress σ is defined:

KPI 1 adh = G adh σ 2 (5.2)

Key Performance Indicators representative of fracture potential with respect to energy

It is also interesting to study the tensile stress available to initiate cohesive fractures with respect to the mechanical energy to supply. The elastic strain energy is related to the stresses into the substrate. As the stored strain energy u is proportional to the square of the stress intensity, to get key performance indicators independent of the vibration amplitude and characteristic of the geometry, it is proposed to compute the ratio between the tensile stress σ for which the fracture is likely to appear and the square root of the strain energy (5.8):

KPI 2 = σ √ u (5.3)
Two other key performance indicators, KPI 3 coh and KPI 3 adh , can be defined to study the stored elastic strain energy available with respect to the mechanical energy . They correspond to the ratio between the energy release rate and the energy:

KPI 3 coh = G coh u (5.4 
)

KPI 3 adh = G adh u (5.5)
KPI 2 allows estimating the value of energy u required to reach the value of tensile stress to initiate cohesive fractures while KPI 3 coh and KPI 3 adh allow the computation of the energy u required to reach the critical values G c coh or G c adh necessary to propagate respectively cohesive and adhesive fractures.

As for the previous key performance indicators, these key performance indicators are independent of the vibration magnitude. The higher these ratios are, the more efficient the geometry for a given resonance mode is.

Key Performance Indicators representative of fracture potential with respect to the operation limits of the actuation systems

Depending on the configuration under study, it might not be possible to reach the amplitude or strain energy necessary to initiate or propagate the fractures. These limitations may be due to the inability of the actuation system to provide sufficient power or force. The next set of key performance indicators can be helpful at the preliminary design state to select a configuration compatible with the operational limits of the actuators or the electronic power supply technologies available.

As explained in Chapter 2, two types of actuators can be considered to vibrate the structure at a given resonant frequency: piezoelectric actuators and electromagnetic actuators. The operating voltages of the piezoelectric actuators are limited to avoid depolarization and fracture of the ceramics. As voltage is proportional to the force capacity on the structure, the voltage limitation is also a force limitation. Voice coil type electromagnetic actuators are limited in supply current to avoid saturation of magnetic materials or overheating of the coils. The maximum current also limits the force applied to the structure since the mechanical torque and thus the force is proportional to the current. In both cases, it is therefore interesting to define key performance indicators computed with respect to the maximal force to be supplied by the actuator.

KPI 4 coh = G coh F 2 max (5.6)
and

KPI 4 adh = G adh F 2 max (5.7)
For resonant systems characterized by quality factor Q m and that can be modeled by damped spring mass systems of stiffness k, the maximal force F max needed to excite the systems can be written as:

F max = kx max Q m (5.8)
and, as function of energy u:

F max = 2u x max Q m (5.9)
thus KPI 4 coh and KPI 4 adh become:

KPI 4 coh = G coh 4 Q m 2 u x max 2 = Q m 2 KPI 4 coh (5.10)
where

KPI 4 coh = G coh 4 u
x max 2 (5.11) in the same way

KPI 4 adh = G adh 4 u x max 2 
(5.12)

The 

Key performance indicators image of fracture potential with respect to power

In most cases, the electronics power supply limitations are critical for the sizing of the system. It is possible to compute a key performance indicator to highlight the configurations maximizing the energy release rate while minimizing the power to be supplied. Considering one resonant mode modeled by a low damped spring-mass system, the maximum mechanical power P mech at the resonance frequency is expressed by (5.13):

P mech = 1 2 F max ẋmax = 1 2 F max ωx max = 1 2 (kx max ) Q m ωx max = ωu Q m (5.13)
with x max and ẋmax = ωx max respectively representing the maximal displacement and speed and k the stiffness.

As the mechanical power is proportional to elastic energy u and angular frequency ω, it is therefore possible to propose two key performance indexes KPI 5 coh and KPI 5 adh corresponding to the ratio of the energy release rate to the mechanical power brought to propagate fractures at the resonance.

KPI 5 coh = G coh P mech = G coh ωu Q m = G coh ωu Q m (5.14)
and

KPI 5 adh = G adh P mech = G adh ωu Q m = G adh ωu Q m (5.15)
KPI 5 coh and KPI 5 adh can be used to compute either the ability to propagate cohesive or adhesive fractures for a given power or to estimate the amount of required power to de-ice. Once again, the Q m can be set out of the equation.

Computation of the Key Performance Indicators

Assumptions used for the Computation of the Key Performance Indicators

The various key performance indicators proposed above are computed for a specific study case: a 1 mm-thick and 130 mm-long titanium plate covered by freezer ice. The ice is modeled as freezer ice defined as a homogeneous material with a Young's modulus of 9.3 GPa, a Poisson's ratio of 0.33 and a density of 920 kg.m-3 [START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF]. Key performance indicators are mainly computed and analyzed for pinned and clamped conditions. The free boundary conditions are considered for experimental verification because this configuration has the advantage to limit the uncertainties in the realization of the boundary conditions. However, this configuration is not analyzed more deeply since it does not represent a case with particular industrial interest. The computations are performed for both the first flexural mode and the first pure extensional mode of the plate and for different plate lengths (40, 80, 160, 320 mm) in order to study the evolution of the key performances indicators with the frequency. Finally the computations are carried out for three ice layer thicknesses (1, 2 and 3 mm) to study the influence of this parameter. All the combinations are evaluated according to a numerical full factorial design which allows analyzing the results with a mean effect analysis approach [START_REF] Montgomery | Design and analysis of experiments[END_REF]. Results obtained with this approach are said to be given for a "mean configuration". Table 5.1 summarizes the range used for each parameter. The first key performance indicator is computed to give information on fracture propagation with respect to structural issues. This section focuses on indicators KPI 1 coh and KPI 1 adh which highlight the ability to propagate cohesive and adhesive fractures for a given tensile stress level in the ice. For cohesive fractures, the capacity of the fracture to propagate within the thickness of the ice is studied.

For adhesive fractures, as the study is performed for the cohesive mechanism, it is assumed that the adhesive fracture occurs only once the cohesive fracture is completed. Following these stages, the capacity of the fracture to debond the ice at the ice/substrate interface is analyzed. Key performance indicators KPI 1 coh and KPI 1 adh are computed and analyzed for the test configuration described above (the titanium plate in free boundary conditions with a 1, 2 or 3 mm thick ice layer) to give an explicit example and validate their way of work. The experiments are performed with piezoelectric actuators driven on the first resonance frequency mode and with a voltage amplitude that allows the initiation of cohesive fractures. Figure 5.1 to 5.3 and figure 5.5 show respectively the curves of KPI 1 coh and KPI 1 adh computed for an ice layer thickness of 1, 2 or 3 mm. On the charts, the dotted line corresponding to the threshold G c /σ tensile(ice)

2 is also plotted. Based on previous tests with freezer ice and literature values (Chapter 2), σ tensile(ice) is chosen equal to 3 MPa, which is a conservative value. This value is used to compute the critical ratio G c /σ tensile(ice) 2 for both cohesive and adhesive fractures. As the first fracture mechanism is the only mechanism studied in this section, it is assumed that adhesive fracture occurs after cohesive fracture reaches the interface. In order to take into account the high uncertainties on the critical energy release rate G c values, the ratio G c /σ tensile(ice) 2 is computed for two extreme values of G c (0.5 and 1 J/m²) to study the propagation of both cohesive and adhesive fractures.

On the cohesive charts, the curve of ratio G/σ 2 ice is increasing before decreasing with the fracture lengths. When the curve of G/σ 2 ice crosses the limit G c /σ tensile(ice) 2 , at the first intersection point, the critical length to get an unstable cohesive fracture propagation can be measured. The second intersection point represents the maximum fracture length obtainable without further increasing the load (figure 5.1, 5.2, 5.3). For adhesive fractures, the ratio G/σ 2 ice is decreasing with the fracture lengths extension. The comparison with the critical ratio G c /σ tensile(ice)

2 is pretty straight forward: if the ratio G/σ 2 ice is greater than the critical ratio G c /σ tensile(ice)

2 , the adhesive fractures can propagate. However, as soon as the KPI falls under the critical threshold, the propagation stops. The percentage of fracture length corresponding to the intersection of the curves gives the adhesive crack propagation limit. The configuration with a 1 mm-thick ice layer is first analyzed. In this configuration, not any adhesive fractures are observed. The length of the cohesive fracture has not been measured but indicator KPI 1 coh shows that, after initiation of the fractures, the propagation of the cohesive fractures through the ice layer is not possible. The curve of KPI 1 coh versus the fracture length is below the limit ratio G c /σ 2 ice computed with σ tensile(ice) = 3 MPa and G c =0.5 J/m². In order to observe cohesive fracture length equal to the entire thickness of the ice layer, the chart shows that a lower value of G c (G c =0.17 J/m²) is required. As the cohesive fracture has not propagated through the entire ice layer, the adhesive fracture cannot occur, which explains why it is not observed. In the cases of the 2 and 3 mm-thick ice layers, a thin zone of delamination is observed and measured in figure 5.4: 4.4% of delamination is measured for the 2 mm configuration and 5.7% for the 3 mm configuration. For both configurations, the KPI 1 coh charts show that the cohesive fractures most likely to occur through the entire ice layer. The curves of KPI 1 adh (figure 5.4 confirms the possibility of obtaining only few percents of delamination at the ice/substrate interface: between 1.5% (for G c =0.5 J/m²) and 8% (for G c =1 J/m²) of delamination for the 2 mm configuration and between 3% (for G c =0.5 J/m²) and 7% (for G c =1 J/m²) for the 3 mm configuration. Estimations made using the KPI are therefore consistent with the experimental observations. 0,E+00 G/σ² -t=1mm

Gc/σ² -Gc = 0,5 (J/m²) Gc/σ² -Gc = 0,17 (J/m²) Key performance indicators KPI 1 coh and KPI 1 adh are also computed for the study case in the pinned and clamped conditions, for both flexural and extensional modes. The computations are made for every configuration described in table 5.1 and the "mean" configuration results are displayed on the charts. The objective is to analyze the impact of the structure boundary conditions and the mode type on the de-icing efficiency. Figure 5.6 gives the four curves of KPI 1 coh for both flexural and extensional modes under pinned and clamped conditions. The dotted line corresponds to the limit G c /σ tensile(ice) 2 that is computed in this example for a G c value of 1 J/m² and a σ tensile(ice) value of 3 MPa, which is thus equal to 1.11x10 -13 . Figure 5.6 shows that the best configuration for cohesive fracture propagation is the clamped configuration in flexion. However, the fracture will only propagate to the interface if the cohesive fracture reaches a given length. In fact, the fracture appears to be stable until the fracture length reaches a critical value of 20%. Thus, the vibration magnitude should be increased to reach this point, over which, the fracture will propagate over the entire ice thickness. The results for the pinned plate in flexion are similar to the clamped plate ones in flexion. On the other hand, extensional modes do not propagate cohesive fractures effectively, regardless of the boundary conditions. Figure 5.6 displays the four curves of KPI 1 adh for the pinned and clamped conditions for flexural and extensional modes. Once again, the dotted line corresponding to the limit G c /σ tensile(ice)

2 computed for a value G c of 0.5 J/m² and a value σ tensile(ice) of 3 MPa. As for cohesive fracture, if the ratio G/σ 2 ice of the structure reaches this critical value, then the adhesive fracture can propagate. Figure 5.6 shows that the best modes to be used are extensional modes, whatever the pinned or clamped conditions. With flexural modes, a delamination of only a few percent of the iced surface is obtainable. This result is valid for the studied configuration. Other configurations could give different results and it is possible to get more delamination with flexural modes. In [START_REF] Villeneuve | Numerical and experimental investigation of the design of a piezoelectric de-icing system for small rotorcraft part 1/3: Development of a flat plate numerical model with experimental validation[END_REF][START_REF] Villeneuve | Numerical and experimental investigation of the design of a piezoelectric de-icing system for small rotorcraft part 2/3: Investigation of transient vibration during frequency sweeps and optimal piezoelectric actuator excitation[END_REF][START_REF] Villeneuve | Numerical and experimental investigation of the design of a piezoelectric de-icing system for small rotorcraft part 3/3: Numerical model and experimental validation of vibration-based de-icing of a flat plate structure[END_REF], significant delamination was obtained with flexural modes (up to almost 100%) with a different configuration. Finally, it is also interesting to analyze the change in the key performance indicators according to the ice layer thickness. Finding an optimal ice thickness to trigger efficiently mechanical ice shedding would be of utmost interest as it would give design rules for the cycling and the sizing of the system. Figure 5.6 and Figure 5.7 give KPI 1 coh and KPI 1 adh computed for a 130 mm-long plate and show that the largest ice layer thickness of the study (3mm) favors the propagation of both cohesive and adhesive fractures whatever the boundary conditions. This last figure (5.7) shows that for extensional modes with G c values between 1 and 0.5 J/m² (respectively G/σ 2 = 1.1e -13 , and G/σ 2 = 5.5e -14 and with a 3mm ice layer, the maximal adhesive fracture length is around 80%. 5.8 is the mean of the KPIs computed over the variation ranges of ice thickness and plate length. Figure 5.8 shows that the indicator increases with the frequency for both flexural and extensional modes. A major difference can be observed between the curves for extensional and flexural modes. The larger value of KPI 2 for flexural modes highlights the great interest of the use of flexural modes to initiate cohesive fractures. The influence of the boundary conditions is also monitored. In the case of extensional modes, the impact of the boundary conditions is negligible whereas, for flexural modes, configurations with pinned boundary conditions will require less energy. or G c(adh) necessary to propagate cohesive and adhesive fractures respectively are now analyzed. Figure 5.9 shows that cohesive fractures on the entire thickness of the ice are relatively "easy" to obtain since the final points of the curves correspond to nearly 100% of fracture length and are above the early propagation stages points. The figure also highlights that flexural modes for which the indicators are higher consume less energy to obtain these cohesive fractures. Concerning adhesive fractures, the results are less optimistic. Figure 5.9 first shows that, for flexural modes, the maximum fracture lengths reachable are only 22% for the clamped condition and 63% for the pinned one. For extensional modes, the de-icing effectiveness is greater as the fracture lengths can reach up to 85% of the protected area. However, a much higher energy cost is required as the values of the indicators are very low. Finally, The analyses of the KPI according to the frequency show that, for both computation conditions, the energy required for deicing is lower in high frequency where indicators are higher and that flexural modes are less demanding in energy than extensional modes. The results also highlight, like for indicators KPI 1 , the benefit of large thicknesses and small plate lengths (while remaining within the studied ranges) to favor fracture propagation for a given energy. Key Performance Indicators representative of fracture potential with respect to the operational limits of the actuation systems Apart from the major concern of the ability to propagate fractures with respect to energetic or structural issues, it is also interesting to check other design criteria such as actuator force limitations or power limitations. The following set of figures has been generated while averaging the results for a set of cohesive and adhesive fracture lengths. Contrary to previous indicators, KPI [START_REF] Alfano | Finite element interface models for the delamination analysis of laminated composites: mechanical and computational issues[END_REF] and KPI 5 do depend on the quality factor, characteristic of resonant system which is highly variable and dependent on the type of modes [START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF]. To get plot independent from this factor, it is chosen to compute and plot the indicators KPI 4 coh and KPI 4 adh as well as KPI 5 coh and KPI 5 adh for both flexural and extensional modes according to the frequency (figure 5.10 and figure 5.11). On these figures, indicators are computed for a mean configuration as in the previous sections, over the variation ranges of fracture length and ice thickness. For both indicators, curves for flexural and extensional modes are not plotted on the same figures because of the large difference in scales between the two charts. Indicators are much higher for flexural modes, showing that this type of mode is less demanding in power for the actuation systems, especially for low frequencies in pinned condition. For extensional modes, the difference between cohesive and adhesive fractures is small in the "low frequency" range (low for extensional modes but high for flexural modes since extensional modes exist at higher frequencies than flexural modes) and at high frequency, the difference is smaller than for flexural modes. An example of power estimation thanks to the use of KPI 5 adh is given here for an extensional mode at a frequency of 20 kHz. At this frequency, KPI 5 adh is equal to 1.5.10e -5. For extensional modes, a quality factor Q m is assumed to be equal to 50 corresponding to a mean value of experimental data given in [START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF]. For flexural modes, the quality factor is lower than for extensional modes, and a value of 30 is closer to reality. Finally, for the computation, the highest value of critical strain energy release rate of 1 J.m-2 is selected. The mechanical power required to de-ice 1 m² is computed:

P mech = G adh Q m KPI 5 adh = 1 50 * 1.5e -5 = 1.3kW (5.16)
This value is computed for a mean value of percentage of delamination. To get another idea of power consumption, the power is also computed for 80% delamination (which is nearly the maximum percentage that can be obtained with the pinned configuration and a 2 mm-thick ice layer at a frequency of 66 kHz). In this case, the power is 1.8 kW. These preliminary computations give examples of power consumption and show the potential reduction of power by a factor 10 which could be obtained with resonant ice protection systems in comparison with electro-thermal systems [START_REF] Meier | A handbook method for the estimation of power requirements for electrical de-icing systems[END_REF]. It is however important to keep in mind that the power computation only concerns the mechanical power. The apparent electrical power measured with piezoelectric de-icing systems has to be higher due to the efficiency and capacitive behavior of the piezo-electric material. In fact, in the case of piezoelectric actuators, the electric current is composed of a motional current, which leads to active power, and a capacitive current, which leads to reactive power. To minimize the consumed electrical power, it is necessary to compensate the capacitive current, in order to generate only motional current which corresponds to the effective mechanical power used for de-icing.

Key Performance Indicators synthesis

This section focused on the preliminary modeling of the de-icing capabilities of resonant ice protection systems. The work aimed at proposing key performance indicators to analyze the performance of such systems for fracture initiation and propagation, while checking the level of energy, force and power required. The computation of the indicators requires three main critical values: the ice cohesive strength, the adhesive shear strength at the ice/substrate interface and the critical strain energy release rate. Examples of the use of the criteria were given for the first fracture mechanism (cohesive crack followed by adhesive crack propagation). In the section, the key performance indicators have been computed for a specific study case. However, their analysis allows drawing some conclusions on the use of flexural and extensional modes and on the frequency range for different resonant ice protection systems to favor the initiation and propagation of fractures. Moreover, the use of the criteria to different configuration is feasible. The key conclusions from the study are listed as follows:

• The initiation of cohesive fractures using flexural modes is less demanding in energy than using extensional modes and requires even lower energy for higher frequencies.

• The propagation of cohesive fractures requires less energy with flexural modes. However there is a minimum ice layer thickness required to enable the crack to spread along the entire thickness.

• There is a trade-off on the frequency range to be used between power and energy: the high frequencies decrease the required energy while the low frequencies allow reducing the required power.

• The propagation of the adhesive fractures is the critical part in this de-icing mechanism.

The key performance indicators have highlighted that extensional modes allow getting larger surfaces of ice delamination than flexural modes but at the cost of much higher energy. By nature, extensional modes exist at higher frequencies than flexural modes and the higher the frequency, the lower the required energy. However, the use of high frequencies (a few tens of kHz) constrains the actuation system and requires more power. Anyway, calculations based on the analyses proposed in this article have shown a potential power reduction by a factor of 10 with resonant de-icing protection systems compared to electro-thermal systems, which is very encouraging.

De-icing potential and power requirements of flexural and extensional modes

As shown in the previous section, the power requirement increases with the frequency of the mode, therefore, efficient electro-mechanical system needs to be based on low frequency modes when possible, limiting the range of the test-worthy modes way under 100 kHz. In such range, many flexural modes are encountered, from the very first mode of the structure around 1 kHz to high rank flexural modes up to 100 kHz. In the same way, many extensional modes can be encountered. The first extensional mode is usually more in the range of 10 kHz, leading to a much lower amount of extensional modes under 100 kHz. This section focuses on investigating the de-icing potential of the modes defined here before. The two fracture mechanisms identified in Chapter 3 are studied and compared. Numerical computations and verification experiments are once again conducted on basic plate samples to simplify the study.

Flexural modes

As shown in Chapter 3, two shedding mechanisms can be observed according to the loading conditions used. As the ice block length diminished, the shear debonding mechanism appeared to be the dominant de-icing mechanism. This is probably linked to the fact that, as the thickness to length ratio increases, the structure does not follow standard beam behavior anymore and therefore, the shear stress to tensile stress ratio becomes significant enough to lead to a shear stress dominated mechanism. When increasing the flexural mode frequency, the number of nodes increases, reducing the node to node distance for a beam of given length. However, the thickness remains constant as the frequency increases. In the end, as the frequency of the flexural mode increases, the thickness and node to node length ratio increases leading to a configuration close to the one described in the mechanism 2 (chapter 3). The assumption is made that, there should be a frequency over which a transition is observable between mechanism 1 (low frequency flexural modes) and mechanism 2 (high frequency flexural modes). The whole range of frequency is studied using a 2D simplified beam model. The modal analysis is used to obtain the modal shape of the beam. Symmetry conditions are imposed to both ends of the beam. On one side, an anti-symmetry condition is imposed to recreate a node location condition. On the other side, a symmetry condition is imposed to recreate an anti-node location condition (figure 5.12).
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Figure 5.12 Simplification of the infinite beam model into bi-symmetry model

This simplified approach is based on the assumption that the first flexural mode of a beam of finite dimensions with symmetrical conditions in both ends represents the bending behavior of a beam of infinite length for different modal frequencies. As the length of the model is being shortened, the behavior of the first vibration mode of the model represents the behavior of the infinite beam at higher frequency. Therefore, this model allows studying the whole frequency range by modifying its length. There are limits to this model. It is only valid in the case of a beam with several nodes and anti-nodes and for areas with nodes and anti-nodes far from the ends of the beam (in the case of clamped, pinned or free end conditions). For high frequency solutions, the model well simulates the behavior of most nodes / anti-nodes. In the case of low frequency beams (one or two nodes), the model is not representative and a specific study is required. Nevertheless, the proposed model allows establishing trend curves useful for design.

Fracture initiation

Based on the power criterion KPI 5 defined in section 5.1, the image of the power required to initiate a fracture with either tensile stress (mechanism 1) or interface shear stress (mechanism 2) can be computed. The two following initiation criteria are defined. Contrary to Chapter 3 where the minimum shear stress over the whole interface is used to assess the total and instantaneous debonding of the interface, this section investigates the initiation of a local adhesive crack through high shear stress. The objective is to study the feasibility of the initiation of fractures directly at the interface through shear stress and then their propagation thanks to mode II crack opening.

C tensile =

U mod ω σ mod 2 (5.17)

C shear = U mod ω τ mod 2 (5.18)
with U mod the modal mechanical strain energy of the structure, τ mod the modal shear stress and σ mod the modal tensile stress. The mechanical power required can be computed by multiplying the criterion by (σ adm 2 )/Q m for C tensile or (τ adm 2 )/Q m for C shear . Table 5.2 summarizes the mechanical values selected for the study case. The criteria are computed for various beam lengths using finite element analysis. Using the mechanical values given in Table 5.2 and a quality factor Q m of 30, the fracture initiation power requirements are then plotted according the resonance frequency, enabling to compare the power required to trigger each fracture mechanism. Figure 5.13 shows that, for standard adhesive shear or tensile strengths and for low frequencies (low rank modes), power requirements for initiation by tensile stress are much lower than power requirements for initiation by shear stress. Therefore, for low rank modes, initiation of adhesive fracture must not be observable. On the other hand, for high frequencies (high rank modes), the power required for the fracture initiation by tensile stress can exceed the mechanical power required for initiation by shear stress and thus the initiation of adhesive fracture at the ice/substrate interface is more likely to occur. Figure 5.13 also highlights the fact that the uncertainties on the mechanical strengths make the accurate estimation of the power requirements difficult. Nevertheless, it is still possible to assess maximum values using top strength values. For example, the power required for the initiation of a cohesive fracture using a flexural mode around 1 kHz is assumed to be around 30 W/m² for ice with high cohesive strength. In the same way, the power required to initiate an adhesive fracture at the ice/substrate interface with a flexural mode at 50 kHz appears to be much higher with 1.8 kW/m².

Fracture propagation

To assess the effectiveness of the de-icing, the adhesive fracture propagation has now to be studied. Whatever the initiation condition, the adhesive propagation is quantified using the energy release rate. A similar criterion is defined to assess the fracture propagation based on KPI 5 .

C adh =

U mod ω G mod (5.19) According to the initiation mechanism, the adhesive propagation begins from the cohesive crack, i.e. anti-node location (mechanism 1), or from the node location (mechanism 2) without any cohesive crack appearance.

It is therefore possible to compute the power required for propagating adhesive fractures in mechanism 1. Figure 5.14 shows, as it was expected from the plot of the C adh criterion, that the power requirements are lower for low frequencies (low rank modes). The dotted lines are the power curves for the lowest value of G c (0.5 J/m²) whereas the plain lines correspond to the power curves for the highest value of G c (1.0 J/m²). From these curves, the power requirements to propagate the adhesive fracture to a given length can be estimated. For example, at the frequency of 900 Hz, the power required to propagate adhesive fracture over 50% is only of 100 W/m² but has to be increased to 5.5 kW/m² to propagate adhesive fracture over 90% of the interface length. 5.15 shows that as, for mechanism 1, the power requirements are lower for low frequencies (low rank modes). However, as shown in Figure 5.13, mechanism 2 can only be initiated with high frequencies, since mechanism 1 has lower power requirements in such frequency range. In our case, the minimum frequency is around 50 kHz. From Figure 5.15 curves, we can estimate the power requirements to propagate the adhesive fracture to a given length. Due to its unstable behavior (descending trend), the power required is the minimal power to begin the propagation. For example, at the frequency of 57 kHz, the power required to begin the propagation and therefore extend it instantaneously to 100% is around 1.0 MW/m². However, if a crack covering 25% of the interface length already exists, the power required to propagate the fracture to 100% would be under 10 kW/m².

Selection of flexural modes-based configurations for electro-mechanical deicing purposes.

Mechanism 1 shows fairly low power requirements when it comes to initiate the fracture, especially for low rank modes (see section 5.13). Due to the stable behavior shown in figure 5.14, in the case of the adhesive fracture propagation, the power has to be increased to extend the propagation length.

The initiation of the adhesive fracture in mechanism 2 is only possible for high frequencies. Computations show that mechanism 2 would offer an instantaneous and complete protection thanks to the unstable behavior of the propagation. Nevertheless, the power required to start the propagation is relatively high and, consequently, the lowest frequency for which mechanism 2 can occur has to be selected.

Using criteria shown in figure 5.14 and figure 5.15 and mechanical properties from Table 5.2, power requirements for adhesive fracture propagation under fracture mechanism 1 (cohesive crack and adhesive propagation) and due to shear stress (mechanism 2) are computed at the most probable frequency for each mechanism. Figure 5.16 shows that it would cost around 5.5 kW/m² to protect 90 % of the area using mechanism 1, and that it would cost around 1 MW/m² to protect the entire surface using mechanism 2 (200 ratio). However, for mechanism 2, the high consumption part of the fracture propagation is the early stage of the fracture. If an adhesive pre-crack of 10% length is created using another device, the required power to propagate the fracture over the last 90% (100% of effective protection) should be around 35 kW/m². Comparing solutions, even if the protection is not full, the mechanism 1 offers over 90% protection for power requirements way under mechanism 2 requirements. Additionally, from an electrical point of view, the apparent power to be supplied by the generator is most likely to grow with the frequency, increasing the power requirement difference between the two mechanisms. 
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Extensional modes

As shown in Chapter 3, in the case of extensional modes, the ice shedding is almost instantaneous. First, multiple cohesive cracks appear in the ice and the adhesive debonding occurs as multiple adhesive cracks propagate at the ice substrate interface. In this section, the de-icing using extensional modes in the 10 -100 kHz range is investigated.

The power requirement to initiate cohesive or adhesive cracks and propagate the adhesive crack at the interface is assessed by computing the criteria defined in the previous section. In order to filter the extensional modes, a plane displacement constraint is imposed to the model in the modal analysis, therefore, the results are given for pure extensional modes (figure 5.17 Based on the results from the KPI studies, the energy release rate curve appears to be relatively constant with the increase of the propagation length (figure 5.18). Therefore, the energy release rate can be considered constant from a 0% adhesive crack length to a fully cleaned sample. This means that the value of the energy release rate can be approached by using the Griffith formula between the two remarkable fracture states, the covered in ice state (0% of propagation) and the ice free state (100% of propagation). When studying extensional modes, this approach is used to reduce the complexity of the computations and assess easily the energy release rate generated by the mode or design. The following formula can be used :

G ext = U 100% -U 0% l f -100% -l f -0% = U ice S ice (5.20)
with U ice the strain energy in the ice and S ice the surface of adhesion of the ice. .18 shows the power requirement according to the frequency of the extensional mode. Results are based for the stress initiation on the criteria defined in the previous section and on the approached energy release rate method for the adhesive crack propagation (5.21). The computation confirms that the actuation cost increases with the frequency and no change in the fracture mechanism is observed for modes of higher frequencies. Therefore, targeting the extensional mode of lowest frequency appears to be the most suitable solution. The results obtained in Chapter 3 and in section 5.1 should therefore be applicable to any extensional mode, highlighting the high effectiveness of extensional mode de-icing.
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Experimental study of the mode of interest

Based on the previous power computations, the objective of this section is to achieve full de-icing on a plate fully covered by freezer ice. The test bench used for the experimental verification in chapter 3 is used in this section too. Different prototypes are crafted according to the mode of interest in order to actuate the selected mode with efficiency. The three modes discussed in the previous section are tested: low frequency flexural mode, high frequency flexural mode and extensional mode.

The design of the sample is made according to the electro-mechanical coupling criterion. Based on the previous work [START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF][START_REF] Budinger | Ultrasonic ice protection systems: analytical and numerical models for architecture tradeoff[END_REF][START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF] the electro-mechanical coupling N can be assessed by coupled finite element computations. The coupling is assessed by retrieving the electric charge q c on one face of the actuator under modal analysis. The coupling factor can be computed as explained in [START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF] with the following equation:

N = q c x (5.21) 
with x a characteristic displacement corresponding to the measured electric charge. Depending on the mode type (flexural or extensional) and frequency, the optimal position of the actuator can vary. For flexural modes, the best coupling is obtained for actuators centered over the anti-node with an actuator length equal to the anti-node size. For the extensional modes, the coupling is better when positioning the ceramic on the node. The bigger the actuator, the better the coupling, however, the actuator length must not exceed the node/anti-node length [START_REF] Rouset | Comparison of extensional and flexural modes for the design of piezoelectric ice protection systems[END_REF]. In order to monitor the vibration of the plates and identify the modes of resonance, two sets of ceramics are used to enable actuating and sensing functions simultaneously.

The plates are tested in free boundary conditions which enable to reduce the stiffness of the structure and its damping, maximizing the vibration amplitude obtainable with the experimental set-up.

Low frequency flexural modes

The objective is to assess here the effectiveness of low frequency flexural mode for de-icing. The experiment should confirm the initiation of cohesive cracks on the anti-node for low frequency excitation followed by the propagation of the adhesive fracture along the interface. From the adhesive crack propagation study, a stable crack propagation should be observed as the vibration amplitude is increased.

The substrate consists in a titanium plate of 130 mm length, 50 mm width and 1mm thick. Ice is accreted on the surface of the substrate by spraying liquid water droplets at low temperature (close to 0°C) in a freezing environment (-20°C). The spraying of the water is only done when the plate temperature has reached the low environment temperature. The quantity of sprayed water is adjusted to reach the right thickness.

The actuation of the plate is made using piezoelectric ceramics, which are bonded to the non-iced face of the titanium plate. Hard piezoelectric ceramics were used (PIC 181 from PI ceramics) (figure 5. [START_REF] Budinger | Electromechanical Resonant Ice Protection Systems: Energetic and Power Considerations[END_REF]). The free boundary condition is obtained thanks to the use of nylon strings holding the sample. It is assumed and verified that the stiffness of the strings are negligible and do not influence the resonance of the system. Finite element computation is made for a homogeneous ice layer of 3mm. The first mode frequency is computed to be 923 Hz. Using the methods described in previous sections, the mechanical values from Table 5.2 and a quality factor Q m of 30, the power to initiate the cohesive fracture using tensile stress is estimated to 0.05 W for this sample. The power to initiate an adhesive fracture at the interface using shear stress is estimated to 0.9 W.

First, tests at low voltage (30 Vpk-pk) (figure 5.20) are performed to check the value of the first mode frequency (1089 Hz) and to measure the quality factor (Q m =110). The initiation and propagation of the cohesive fracture are then studied. Several frequency sweeps are performed, gradually increasing the voltage at each iteration until a crack is observed. A cohesive crack is observed during the 160 Vpk-pk sweep (figure 5.20) as the sensor voltage drops down a few times. A first small drop is observed on the spectrum, this matches with the appearance of small fractures shown in Figure 5.21. As the sweep goes on, the resonant frequency is caught up and the amplitude of the vibration rises, approaching the natural frequency of the structure. When the vibration amplitude gets high enough, a full cohesive fracture is observed. According to the video recording of the experiment, the fracture appears quasi-instantaneous confirming the unstable behavior of the fracture. As in Chapter 4 for the measurement of the ice properties, following the cohesive fracture appearance, the propagation of the adhesive fracture is studied. A sweep is made to identify the new first mode frequency of the structure. Because of the crack, the frequency shifts down and is measured to 800 Hz. To propagate the adhesive fracture, a descending frequency sweep is made to keep propagating the fracture while the frequency is shifting downward. Sweeps are performed, increasing gradually the input amplitude. At 300 Vpk-pk, adhesive propagation is observed. The various peaks of figure 5.22 correspond to the sequence of micro fractures propagating along the adhesive interface. For every step of the sweep, the power required to overcome G c is supplied leading to a propagation of the crack over a small surface. This propagation induces a resonant frequency shift, which is caught up by the sweep, leading to the exceeding of critical energy release rate and so on. Figure 5.23 shows pictures of the various stages of the propagation at 300 Vpk-pk until the end of the propagation. To increase the delamination area, a second sweep is done with a higher voltage of 400 Vpk-pk. As the power increases, the fracture extends. The same stable propagation mechanism is observed: figure 5. [START_REF] Cao | Helicopter icing[END_REF] shows that the delamination is greater than with 300 Vpk-pk but that the propagation stops at one point. As the maximum voltage of the power supply is reached, to go further in the propagation, the sensor is additionally used as an actuator. Hence, no sensor output is available for the last sweep. The maximum amplitude configuration is launched, using the same sweep as before but with the two ceramics as actuators. The length of propagation obtained with such sweep is considered to be the maximum length obtainable with this laboratory set up and configuration. Figure 5.24 shows two fracture states for the sweep with two actuators at 400 Vpk-pk (reaching the voltage limit of the power supply). On one side, the adhesive fracture propagates as planned, reaching a given length according to the power supplied. On the other side, a cohesive crack appears, preventing the adhesive fracture from going further. Finite element analysis of the damaged sample help explaining this unexpected cohesive crack apparition. As the criteria computation was done for the structure without the ceramics, sensibly different behavior can be expected from the real sample. A 3D model of the sample is realized, including ceramics, and removing ice blocs for which the adhesive bond was broken. The modal analysis computation shows that, on the ice surface, there is a local high tensile stress at the location of the second cohesive fracture observed experimentally. The initiation of the cohesive crack over a single side can be explained by a small disparity in the ice thickness along the surface. Using previous computation methods and the 3D model of the sample, the power requirements for adhesive fracture propagation are computed (figure 5.25). Due to the presence of the ceramics on the structure, the adhesive propagation appears to be stable at first and turns unstable at the end of the ceramics, before turning stable back again. Indeed, from its descending behavior, the propagation appears to be unstable after 30% of the length. The power become crescent again after 55% of the length. This explains why an instantaneous propagation is observed over a given length and then suddenly stops after reaching 60% of propagation (figure 5.25). This study highlights that as the crack extends, the adhesive propagation becomes more and more complicated. In free conditions, the propagation appears to be feasible for a significant part of the substrate but the full de-icing appears to be difficult to reach. In the case of clamped configuration, the propagation is even more restricted and only the first few percent are obtainable as it was shown in section 5.1.

High frequency flexural modes

In order to select the high frequency flexural mode to focus on, a 3D model of the substrate is realized (with a 3 mm-thick ice layer and without ceramics) to compute fracture initiation power requirements. A modal analysis is run to compute every single existing mode in the range 0 to 100 kHz. To study mechanism 2, a mode with power requirements for initiation by shear stress lower than those for initiation by tensile stress has to be selected. Using the power computation from figure 5.26, it appears that, to initiate a fracture at the interface, the flexural mode has to be excited at a frequency above 50 kHz. In order to reduce the power consumption as much as possible, the first flexural mode existing over 50 kHz was selected. The modal shape of the selected mode of resonance is shown in figure 5. [START_REF] Cebeci | Aircraft icing[END_REF]. In order to actuate the mode properly, PIC 181 ceramic plates are cut according to the anti-node length of the mode. Ceramics are then bonded to the plates using conductor epoxy resin and wired in parallel. Two sets of ceramics are placed in a symmetrical way in order to have a good image of the actuators coupling while monitoring with the sensor (actuator and sensor configuration). This kind of set up also allows using both ceramics (or sets of ceramics) as actuators if needed (double actuator configuration). Figure 5.28 shows the test sample realized for the high frequency experiment. Ceramics are placed in a way that each of them is located on an anti-node of the target mode. Doing so, the coupling between actuators and structure is maximized in order to reduce as much as possible the power required for the mode actuation. Ceramics are bonded alternating polarization direction so that with the same power supply, one ceramic out of two generates compression while the other ones generate extension, allowing the excitation of such high frequency flexural mode. On each side of the sample, the same combination of ceramics is used to ensure symmetry between the sensor and the actuator and, as for sample n°1, to enable exciting the structure with two sets of actuators. The proper excitation of the mode is verified by placing salt on the sample. As the plate is being vibrated, the salt grains move and gather at the node location (no displacement). Figure 5.29 shows a picture of the salt identification of the mode shape. Since adhesive propagation appears to require a lot of power to occur, an ice thickness of 1 mm is accreted on the sample to reduce as much as possible mechanical power required. Using the full 3D model including actuators and sensors, the shear initiation power is estimated at 1.45 W for a shear strength of 1.0 MPa. The power to initiate with tensile stress is also computed and appears to be 3.48 W, with a tensile strength of 3.0 MPa. Using the electro-mechanical equations given in [START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF] the voltage and current are computed for the initiation of both types of fractures and are under the power supply limit. Therefore, adhesive delamination should be observable. Several sweeps are made increasing gradually the voltage on the actuator. When the input voltage reaches 370 Vpk-pk, voltage drops are observed on the sensor output (Figure 5.30). Thanks to video recording of the experiment, it is possible to link the drops with cohesive crack appearance (Figure 5.31). The first crack to appear is a small cohesive fracture. A small adhesive fracture is also observed but it seems to correspond to mechanism 1. Finally, a last small cohesive fracture is initiated (figure 5.31). A sweep is run with the double actuator configuration and two other cohesive fractures are initiated but there is not any initiation of adhesive fractures to be seen. The nonappearance of adhesive initiation can be explained by the fact that the adhesive propagation after the adhesive initiation requires way more power. Therefore, even if adhesive cracks are initiated, the propagation will not occur. It is very likely that the cracks might have been initiated but were impossible to spot with human eye due to their limited length. 3D power computations shows that the power required to initiate cohesive fracture with this sample is still in range of the power supply limits, and since the power required to initiate with shear stress is lower, it must have happened but was not observable due to the non propagation of the crack. Also, if material properties are different than expected, dominant mechanism can be miss-identified.

Extension modes

Based on the results of section 5.2.2, there is no benefit in going for high frequency extensional modes. Therefore, the first mode of extension is targeted for the experimental verification. The sample used for the experiment is a titanium plate of 130 x 70 x 1 mm 3 . On the rear of the sample, two ceramics of soft piezoelectric material PIC 151 are bonded using conductive epoxy resin. The sample is once again held in free boundary conditions by nylon strings. A numerical 3D model of the sample is created and the theoretical mode shape and frequencies are retrieved for the clean and iced substrate (figure 5.32).

Figure 5.32 Free conditions modal analysis of the clean and iced substrate

According to computations, the excitation of pure extensional mode should provide efficient adhesive debonding following the initiation of several cohesive cracks. However, the modal analysis of the structure without the in-plane displacement constraint highlights the fact that the extensional mode is coupled with flexural mode. Preliminary computations made for the pure extensional mode are therefore not directly applicable. In the same way as for the flexural modes, the frequency of the mode is identified using a low amplitude sweep and a de-icing test is performed sweeping around the mode frequency at high voltage.

During a 300 Vpk-pk sweep, many cohesive cracks appear simultaneously on the substrate. The cohesive cracks do appear on the flexion anti-node, reminding of the first fracture mechanism (figure 5.33). As the cohesive cracks appear, the frequency increases (higher for non-iced substrate in the case of extensional modes) and the resonance of the mode is lost. Consecutive sweeps are therefore launched to keep triggering the extensional mode. Figure 5.34 shows that, with the following sweeps, adhesive fracture propagation is observed from the cohesive cracks locations. Eventually, ice sheds upon the complete extension of the adhesive crack between two cohesive cracks. In the end, an almost complete shedding of the ice is observed (figure 5.35). The experiment introduced in this section can be considered successful, as the use of an extensional mode demonstrated an efficient and effective ice protection on the entirety of the surface. However, in less successful cases, the appearance of cohesive cracks significantly reduced the quality factor of the structure. When this factor decreases too much, the consecutive sweeps are not sufficient to shed the ice, which cancels all the benefits of the extensional mode. This phenomenon could be removed by reducing as much as possible the parasite flexion of the substrate. By doing so, the preliminary cohesive cracks would not appear prematurely and the pure extensional mode behavior could be triggered, displaying instantaneous shedding as obtained in Chapter 3.

Conclusion

Key Performance Indicators (KPIs) are defined to help identifying the key features of efficient electromechanical de-icing systems. A first study is carried out in which the KPIs are computed for a simple beam geometry. The effectiveness but also the requirements for de-icing such geometry are assessed for both flexural and extensional modes. Force, power and mechanical energy requirement trends are given according to the boundary conditions, the ice thickness or the frequency of actuation. The effectiveness of the de-icing for realistic boundary conditions such as clamps or pins (symmetries) is investigated. The study shows that mechanism 1 (cohesive fracture followed by adhesive fracture propagation) presents significant limits. Overall, the extensional modes appear to be valuable solutions as the protected area should be over 80%, even in harsh clamped conditions.

The KPIs are also used to compare the capability of both mechanism 1 and mechanism 2 (shear adhesive fracture initiation and propagation) to achieve full plate de-icing with constraints of power. In the case of extensional modes, only mechanism 1 is observable as its power requirement is lower than the power required to trigger mechanism 2. For flexural modes, according to computations, both mechanism 1 and mechanism 2 should be observable. The flexural modes can be divided in two categories according to their frequencies. Low frequency flexural modes are triggering mechanism 1 whereas high frequency flexural modes are triggering mechanism 2. The analysis of the KPIs shows that the stable adhesive crack generated through fracture mechanism 1 using low frequency flexural modes presents low power requirements but limited efficiency. It also shows that the use of the mechanism 2 with high frequency flexural modes presents unstable behavior of the adhesive cracks, which is interesting for adhesive fracture propagation, but requires a too large amount of power.

De-icing experiments are conducted on plate samples to verify the numerical results. Each of the mode of interest is investigated. The interest of the low frequency flexural modes is confirmed with the low power requirement and the simplicity of the mode actuation. The limits of effectiveness of the ice protection using such configuration due to the difficulty to extend the adhesive crack in realistic conditions are confirmed. The verification of the feasibility of the second mechanism is investigated by triggering a high frequency flexural mode. The experiment did not permit to verify the mechanism and the complexity of the mode selection was highlighted. Moreover, the actuation of such modes is more complex due to the reduced length of the anti-nodes which makes the high frequency flexural mode a poor candidate for effective electro-mechanical de-icing. Finally, the effectiveness of the extensional mode is demonstrated thanks to a successful experiment for which most of the ice is removed. The potential issues due to the coupling between extensional and flexural modes are also highlighted but give direction for extensional modes improvement.

Chapter 6

Optimization of fracture mechanisms for effective de-icing In this chapter, the de-icing limits identified in Chapter 5 are investigated. The objective is to find way to push back the limits in order to achieve an effective ice protection using electro-mechanical resonant de-icing systems. First, the low frequency flexural modes are studied. A solution to extend the adhesive propagation is studied and introduced in this chapter, optimizing the substrate geometry to counter the natural limits of the fracture mechanism. The second part of the chapter focuses on the extensional modes. The objective is to give design rules to exploit the effectiveness of the extensional adhesive debonding at its best. Finally, the overall actuation methodology of the piezoelectric actuators is studied in order to propose a procedure to enable the mode identification and to generate the law to control the actuators while minimizing the energy consumption.

Low frequency flexural mode optimization

The objective of this section is to show that it is possible to extend the protected area of flexural modes by modifying the shape of the substrate, especially the substrate's thickness, to increase the range of ice delamination. The study focuses on low-frequency deformations which can be created using piezoelectric ceramics actuators. In section 6.1.1, a method based on energy release rate computation and KPIs is proposed to study the limits of the fracture mechanisms for substrates of constant thickness. The method is applied to a substrate fully covered with freezer ice. In section 6.1.3, the study is validated by comparing results with 2D FEM simulations and experimental tests carried out on aluminum prototypes.

De-icing mechanisms under bending loads Study case and assumptions for modeling and computation

In the case of electro-mechanical resonant actuation, the mechanical load is characterized by the frequency that induces a modal shape and its amplitude. If a flexural mode is excited, the assumption can be made that the overall shape of the mode can be divided into several elementary blocks having the modal shape of the first mode of bending under anti-symmetric conditions (which happen to be very close to pinned conditions)(Figure 6.1). For the extreme blocks of the plate, the boundary conditions are defined by the real boundary conditions of the study case (free, pinned, or clamped). Using the Rayleigh hypothesis, the modal shape of the elementary block is assumed to be close to the deflection of a beam under the bending load. A static approach can therefore be used to study the phenomenon of adhesive fracture propagation following fracture mechanism 1 (Figure 6.2). In order to simplify computations, the ice/substrate plate model is reduced to a composite beam model (ice and substrate) to use simple analytical equations to model the problem. Two different boundary conditions are studied as they are the boundary conditions corresponding to concrete applications: the clamped condition (where the skin is attached on the structure reinforcements) and the pinned condition (for nodes at higher frequency modes) (Section 1).

The numerical simulations are performed in this section for a 130mm-long, 40mm-wide and 1.5mm-thick (and sometimes also 2mm-thick) aluminum substrate and a 200mm long, 40mm-wide and 1.5mm-thick test sample is manufactured to validate the numerical results. Both ends of the sample are clamped, reducing the length of the substrate between the two clamps to 130mm. A 2mm-thick freezer ice layer is accreted over all the plate and is loaded under a three-point bending test condition by imposing a static displacement at the center of the sample on the side opposite the ice accretion.

De-icing mechanisms

In [START_REF] Budinger | Electromechanical Resonant Ice Protection Systems: Energetic and Power Considerations[END_REF], fracture mechanisms for flexural modes are investigated. Following previous studies and experimental results, the mechanism under study (Figure 6.3) is assumed to be divided into three steps that occur as the load amplitude increases:

• First, a cohesive fracture is initiated at the ice surface • Then the cohesive fracture propagates through the ice to the interface • Finally, upon reaching the interface, the crack pursues its propagation as an adhesive fracture along the ice/substrate interface. As it is broadly done in the literature, the ice is here considered to be a brittle material [START_REF] Tryde | Physics and Mechanics of Ice: Symposium Copenhagen[END_REF]. Hence, to determine the location and the threshold of the crack initiation (first step of the fracture mechanism), the Rankine criterion is used. The Rankine criterion states that, when the principal stress exceeds the mechanical strength of a brittle material, failure occurs. In the case of brittle materials, there is no plastic deformation, therefore, at failure, crack initiation is observed. The tensile strength is considered as in the case of many brittle materials since it is much lower than the compressive strength. The tensile strength of the ice is in this chapter assumed to be around 3.0 MPa, which is a maximum value commonly used in the literature for freezer ice. After initiation, in most cases, the fracture instantaneously propagates to the interface thanks to the unstable behavior of the crack (second step of the fracture mechanism) (Chapter 5), as explained using the Griffith theory on fracture propagation in brittle materials [START_REF] Anderson | Fracture mechanics: fundamentals and applications[END_REF][START_REF] Lawn | Fracture of brittle solids[END_REF] (Chapter 2). Finally, the last step requires an increase of the load amplitude for adhesive propagation because of the crack's stable behavior (Chapter 5). As the total length of the ice block is significantly larger than its thickness in this case (beam configuration), it was shown in (Chapter 3) that the adhesive fracture mechanism is most likely to be dominated by energy release rate and that interfacial shear stress is not the reason for the delamination. This section focuses on the last part of the fracture mechanism, with the objective being to maximize ice delamination. Indeed, it has been shown in Chapter 5 that the early steps are much easier to complete and that the challenge is all about completing the last step as it is the main stumbling block to full ice shedding.

The Griffith theory and other efficiency criteria

Once again, the numerical study of fracture propagation is done using Griffith's criterion [START_REF] Zehnder | Griffith Theory of Fracture[END_REF], which compares the energy release rate of a structure G, to a critical energy release rate G c :

G = 1 b dU dx > G c (6.1)
where b is the depth of the plate, x the crack length and U the strain energy in the structure.

This critical energy release rate can be characteristic of the intrinsic material properties (cohesive fracture) or of an interface adhesion (adhesive fracture).

A functional ice protection system must develop an energy release rate G equal to or higher than G c over the entire surface to be protected to enable complete fracture propagation. However, the energy release rate is proportional to the strain energy U, which is proportional to the square of the load amplitude in linear elasticity. This means that increasing the amplitude will inevitably lead to exceeding the G c value as this will increase the energy release rate. To allow efficiency comparisons between configurations, design criteria independent of the load amplitude are used (Chapter 5). For instance, as the elastic strain energy is proportional to the square of the strain magnitude and hence, to the square of the stresses, the ratio G/σ 2 max , with σ max the maximum mechanical stress in the substrate, is independent of the magnitude of the deformation. Comparing the ratio to the threshold G c /σ 2 adm is used to verify that the critical energy release rate value G c of the interface can be exceeded without having to exceed the allowable stress of the material σ adm . Indeed, while the G/σ 2 max ratio is greater than this threshold, reaching the right amplitude will enable the system to propagate the fractures over the surface without damaging the substrate.

Limit of mechanical de-icing on a uniform beam

Following previous arguments, this section focuses on the study of the criterion G/σ 2 for different configurations to enable direct design comparisons. First, a uniform beam of constant thickness is studied for two different boundary conditions, clamped and pinned, to show the ice delamination limits. The clamped boundary condition is naturally encountered in aeronautical architectures where the metal skin of airfoils is riveted to the structure or glued in the case of composite material skin. A pinned condition can be obtained by a particular binding or deformation of the skin (in the case of multi-node deformation).

In this section, the finite element computations were made using the ANSYS static mechanical module. The displacement imposed for the numerical studies is of 1mm at the center of the beam. The results, however, are independent of this displacement value using the previously introduced criterion. A 2D model is computed using the plain strain hypothesis. The size of the mesh and the number of elements according to the thickness (around 50,000 elements for the half model) were chosen after verifying the convergence of the results. In order to represent the propagation of the crack, different simulations are run with different crack lengths. The crack area is first represented by a "contact without penetration" area. However, it was identified for long crack lengths that the computation time is very long or that the solver could not converge. Since the load is applied at slow rates, it is assumed that the kinetic energy in the de-bonded ice block is close to zero. Hence, since its strain energy is also close to zero, the decision was made to remove the ice block for which the adhesion is broken from the computation. This method is validated by checking, for relatively small cracks, that the results given by both methods are similar. Figure 6.4 and Figure 6.5 show the energy release rate for ice delamination computed for a beam in clamped and pinned conditions and for two thicknesses to allow the analysis of the influence of these parameters on the results. In the clamped case, after reaching zero, the criterion value goes up again, but this should not be taken into consideration as it is due to compressive stress. In the case of the computation of the energy release rate, the compression part must not be considered as it does not contribute to propagating the fracture [START_REF] Marboeuf | Electromechanical resonant ice protection systems: numerical investigation through a phase-field mixed adhesive/brittle fracture model[END_REF]. Figures 6.4 and 6.5 show two important values: a theoretical propagation length and a practical propagation length. The theoretical propagation length represents the distance over which the fracture could propagate for an "infinite" load, i.e. the point at which G goes down to zero. The practical propagation length is the maximum propagation length that can be reached without exceeding the mechanical strength of the substrate. The practical propagation length corresponds to the point where the G/σ 2 max value gets lower than the G c /σ 2 adm value. This means that it is possible to reach the practical length of propagation by increasing the load while being sure that the stress in the structure remains allowable. In our study with ice made in a freezer, the G c value is set to 1 J/m 2 as this is a value broadly used in the literature [START_REF] Andrews | The cohesive and adhesive strength of ice[END_REF] for critical energy release rate of the adhesive interface with freezer ice. This value is of utmost important in the assessment of the fracture propagation and can be adapted in case of different ice such as atmospheric ice. The σ adm value is set to 50 MPa in order to ensure that the computation stays within the strain elastic domain as a 200 MPa mechanical strength for the substrate is given by the aluminum supplier.

In this case, the important value to consider is the practical propagation length as it is the one used for comparisons with experimental studies. This value depends on the mechanical properties of the substrate and the critical energy release rate. For instance, the practical propagation length can be increased by upgrading the properties of the substrate using high resistance materials (high σ adm ) or low adhesion coatings (low G c ) [START_REF] Golovin | Low-interfacial toughness materials for effective large-scale deicing[END_REF][START_REF] Huang | A survey of icephobic coatings and their potential use in a hybrid coating/active ice protection system for aerospace applications[END_REF]. It is impossible to exceed the theoretical value which can therefore be used to assess the geometrical limits of the design. The indicators show that the energy release rate is highly non-uniform over the fracture propagation length. It can be seen in particular that the clamped condition is unfavorable and limits the maximum de-icing capacities to 20% of the surface to be protected. The pinned boundary condition is more favorable, with a theoretical propagation length of 100%, however, the practical value is significantly lower because of a significant decrease in the G value. The fact that, in the early stages of propagation, the G values are relatively high and lead to an unnecessary propagation capacity is the motivation behind the next section's objective: optimize the energy distribution along the beam in order to extend the maximum propagation length. Computations show that the substrate thickness does not much influence the G value. Therefore, for the rest of the section, only a 1.5mm substrate thickness is considered.

Substrate thickness optimization

Computations of the energy release rate performed for the adhesive crack propagation along the regular beam length show that, for the early stages of the propagation, G value is significantly higher than the critical value, but quickly falls under the critical threshold. Therefore, the idea is to reduce the rate of decay of the energy release rate in order to remain higher than the critical value as much as possible. This can be achieved by changing the substrate thickness to uniform the normal stress along the beam.

Non-uniform thickness motivation

In the case of a substrate with high stiffness (compared to the ice), it is acceptable to assume that the energy release rate is essentially due to the transfer of the energy contained in the ice blocks which detach and lose their strain energy. The strain energy density in the ice is defined by:

w e = 1 2 σ ε = 1 2 σ 2 E (6.2)
In the case of a beam in flexion, the normal stress can be expressed according to bending moment M f :

σ xx = M f I Gz y (6.3)
In order to make the normal stress uniform along the beam, a first conceivable solution is to apply a constant moment. This situation is simple to simulate but difficult to realize in practice. However, to overcome the difficulty to realize a constant moment, in the case of a common actuation configuration using a localized force or displacement (as in the case described in this section), the natural variation in the bending moment can be balanced by a variation of the equilibrium between quadratic inertia I Gz and the distance to the point from the neutral line y. The following section explores this solution.

Energy release rate evaluation with beam theory

The objective in this section is to set up an analytical model based on the beam theory that enables the optimization of the substrate shape by modifying locally its thickness for making the evolution of the energy release rate uniform along it. Execution time has to be relatively short compared to a 2D-FEM model in order to enable fast parametric optimization of substrate thickness profiles. Moreover, the objective is also to develop a proper code that does not require licenses.

An analytical half beam model is thus formulated. The two conditions previously introduced are simulated: clamped boundary conditions and pinned boundary conditions. The objective is to achieve energy computation in order to be able to compute the energy release rate G between two different fracture states. The half beam is divided into a given number n of sections and computations are made for each section in order to compute each variable along the beam axis. Computations are made according to two loops: an axial position loop i that makes the computation for each section along the axis; and a "temporal" loop j, that recreates a beam geometry according to the propagation state of the crack. As explained previously, it is assumed that after adhesive de-bonding, the ice block reaches a rest state, losing all its strain energy. Therefore, the adhesive crack is modeled by removing the corresponding ice block from the computation (Figure 6.6). The beam section can be divided into three layers (Figure 6.7). On the top of the beam, there is the ice layer, then there is the fixed and constant thickness substrate layer defined by the minimum structural thickness needed (to ensure that the optimization will not completely erase the substrate) and lastly, the variable thickness substrate layer. The model is defined by a matrix of dimension [n, k] where i n represents the axial position of the section and j k represents the length of the crack. For each state of the crack j k , the ice thickness is set to 0 to simulate the shedding of the ice block.

The first step to establish the model involves computing the neutral line of the beam. The difference in the Young's modulus of the two materials must be taken into account. To compute the neutral line position with the mono-material formula, a bi-material ratio n young = E s E i (with E i the Young modulus of the ice and E s the Young modulus of the substrate) is used to re-scale the width and consequently the axial surface of one of the materials according the materials stiffness. The modified width of the ice is defined by: b mod = b real n young (6.4)

The beam neutral line position is then computed with the following formula:

Y n = ∑ k 1:l (S k .h k ) ∑ k 1:l S k (6.5)
where S k is the axial surface of the k layer among l total layers and h k the absolute height of the neutral line of the k layer. Then, the second step consists in computing the quadratic inertia of each section of the beam using Huygens theorem for each layer:

I G = k ∑ 1:l b k t 3 k 12 + S k y 2 k (6.6)
where t k is the thickness of layer k and y k the distance between the neutral line height of layer k and the beam section's neutral line height Y n .

From there, it is possible to link the vertical displacement U y of a beam section with the bending moment M f , the Young Modulus E and the quadratic inertia I G of the beam section:

d 2 U y (x) dx 2 = M f (x) EI Gz (x) (6.7)
In the pinned case, for the first half of the beam, the bending moment is given by:

M f (x) = -Fx 2 (6.8)
The boundary conditions give U y (0) = 0 on the pinned side and Uy ( L 2 ) = 0 on the symmetry side, which makes it possible to compute the vertical displacement of each section of the beam by solving (6.7) numerically.

In the clamped case, the problem is hyper-static. For the first half of the beam, the bending moment is given by:

M f (x) = M 0 - Fx 2 (6.9)
The boundary conditions give U y (0) = 0 and Uy (0) = 0 on the clamped side and Uy ( L 2 ) = 0 on the symmetry side. With this, the vertical displacement of each section of the beam using (6.7) and solving the hyper-static problem by computing M 0 .

It is now possible to compute the maximum normal stresses (at the distance h max from the neutral line of the section) with:

σ xx = - M f I G .h max (6.10)
The strain energy density w e is computed with equation ( 6.2) and therefore the strain energy of the half beam for a given fracture length j k is obtained with:

E j = L/2 0 h t 0 b 0 w e dxdydz (6.11) 
E j = 1 2E L/2 0 h t 0 b 0 M 2 f (x) I 2 G (x) y 2 dxdydz (6.12)
where b is the width of the real sample. The computation of the energy according to the length of crack j k is used to compute the energy release rate:

G j = 1 b E j -E j+1 x j -x j+1 (6.13)
Finally, Figure 6.8 shows the results of the G/σ 2 criterion versus the length of the crack computed using a 2D FEM model and the beam model. Figure 6.8confirms that the analytical beam model and the 2D-FEM model with ANSYS give similar results for the computation of the ratio G/σ 2 for both clamped and pinned conditions. Thus the analytical beam model which gives results more quickly, requires less numerical resources and is simpler to implement will be used for the optimization problem.

Definition of the optimization problem

As explained above, the objective here is to determine a substrate profile (thickness arrangement) minimizing the decrease of the energy release rate while keeping its value higher than the critical value.

First optimization loop

Knowing the descending behavior of the function G(l f ) according to the fracture length l f , a first idea is to minimize the difference between the maximum and minimum values of G(l f ) computed on the surface to be protected from ice:

minimize thickness max(G(l f )) -min(G(l f )) (6.14)
The numerical resolution of min/max problems using local quantities can, however, be difficult. Therefore, preference is given to an objective function obtained by computing mean values of the whole surface, which facilitates the convergence of the solution.

In the clamped configuration, solving (6.7) and using the bending moment formula (6.9) allows computing the moment at the clamped side M 0 . In this problem, while the thickness is being modified, the moment M 0 changes to fulfill the displacement and rotation conditions at the beam tips. This can be shown simply in the case of a bi-clamped beam with a constant section and a centered punctual load. Indeed, in this configuration, the moment in the clamp is defined as :

M 0 = k. F.L 8 (6.15)
where k is equal to 1 in the case of a constant section beam. When k is equal to 1, the beam's inflexion point is in the middle of the half beam length. This means that half of the length of the beam is in traction and the other half is in compression. In order to achieve delamination, the ice needs to be loaded in traction [START_REF] Marboeuf | Electromechanical resonant ice protection systems: numerical investigation through a phase-field mixed adhesive/brittle fracture model[END_REF]. Therefore, to increase the delamination area, it is important to extend the traction part and reduce the compression part. This can be done by moving the beam's inflexion point towards the clamp. As the slope of the bending moment remains constant whether the section is constant or not (equation (6.9)), the only way to move the inflexion point is to lower the M 0 value and consequently the k value. Therefore, minimizing k is one of the numerical objectives to extend the delamination area. Nevertheless, minimizing k is not a sufficient condition to ensure the propagation. The G level also needs to remain above the critical value. Therefore, to fulfill efficient de-icing, the objective is also to maximize G values. It is important to consider the structural health of the substrate and therefore the G/σ 2 criterion is used. Once again, the criterion is only studied on the frozen part loaded in traction as the part loaded in compression does not allow fracture propagation [START_REF] Marboeuf | Electromechanical resonant ice protection systems: numerical investigation through a phase-field mixed adhesive/brittle fracture model[END_REF].

From this analysis, it is possible to identify two objectives:

minimize thickness k (6.16)
and, maximize thickness G σ 2 (6.17)

A combination of both functions is made in order to solve the problem with a single objective optimization algorithm. The final cost function of the minimization problem is defined as:

minimize thickness    < k > < G σ 2 . σ 2 adm G c >    (6.18)
The criterion is multiplied by σ 2 adm /G c to normalize the value and facilitate convergence. The mean value is used for both terms.

In the pinned configuration, the bending moment is constant and the whole upper part of the beam is loaded in traction. There is therefore only one term in the pinned model cost function:

minimize thickness    1 < G σ 2 . σ 2 adm G c >    (6.19)
Numerical constraints are now integrated in the optimization problem to ensure that the fracture mechanism is respected. The fracture path is defined assuming the 3-step fracture mechanism of Figure 6.3.

The initiation of the cohesive fracture at the ice surface can only occur if the ratio of σ ice sym /σ max sub is greater than σ adm ice /σ adm sub . If this is not the case, failure in the substrate material will occur before crack initiation in the ice. The following normalized constraint is therefore defined to ensure that the initiation of cohesive fractures occurs:

C 1 = σ ice sym σ max sub . σ adm sub σ adm ice -1 > 0 (6.20)
Then, as the load increases, the adhesive cracks need to be propagated at the interface without having other cohesive crack initiations that would disturb the fracture mechanism under study (the usefulness of subsequent cohesive crack for concrete application is not investigated in this section). It is possible to ensure that there will not be any other cohesive crack initiation by having a structure that imposes a decrease in the tensile stress in the ice while the adhesive fracture is extending. The following normalized constraint is therefore defined:

C 2 = σ ice [ i ] σ ice [i + 1].ε -1 > 0 (6.21)
where ε is the minimum required slope of the tensile stress. Theoretically, this constraint should not be necessary as the tensile stress in the ice should be naturally descending for a fixed ice thickness (bending moment is the greatest in the middle of the beam). In practice, due to unavoidable uncertainties encountered when working on ice samples, a minimum slope needs to be imposed to ensure that local irregularities in the ice thickness will not trigger additional cohesive cracks.

Second optimization loop

The mass of the structure is then optimized by running a second optimization loop. The goal of this loop is to use previous loop results to find a compromise between propagation efficiency and the additional mass due to the increase in the substrate thickness. The objective function is modified to include mass concerns and a new constraint is added (6.24) to ensure that the new result is not too far from the optimum obtained previously. The second optimization loop is run with an initial thickness corresponding to the optimized thickness of the first loop.

For the clamped configuration, the cost function is defined as:

minimize thickness mass mass max + < k > (6.22)
For the pinned configuration, the cost function is simply: minimize thickness mass mass max (6.23) The constraint C 3 is defined to control drift from the previous computed minimum, where Ob j 0 is the numerical value of the cost function obtained with the first optimization loop, and Coe f optim the coefficient used to specify the allowed loss of efficiency in the propagation length :

C 3 =   (1 + Coef optim ).Obj 0 .    < G σ 2 . σ 2 adm G c > < k >      -1 > 0 (6.24)
In the case of pinned configuration, k is considered equal to 1. Figures 6.9 and 6.10 show the optimized substrate shape for both clamped and pinned conditions and the associated criterion value according to the length of the adhesive fracture. The ε value is selected to impose a decrease of 1% in the stress level every 1mm of beam length. An allowed drift of 20% from the first loop optimum is used to reduce the mass. Results can be compared to those obtained for uniform aluminum substrates. Using the optimized design, the length of the propagation is increased.
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For the clamped configuration:

• The practical length (G c = 1 J/m 2 ) increases from 18% to 46% (156% increase) with the first optimization loop.

• The theoretical length increases from 30% to 50% (67% increase).

• Mass optimization reduces the mass by 55% compared to the first optimization loop while keeping a propagation length very close to the first result (45% compared to 46%). The final mass is 50% heavier than the regular substrate.

For the pinned configuration:

• The practical length (G c = 1 J/m 2 ) increases from 60% to 91% (52% increase) with the first optimization loop.

• The theoretical length remains at 100%

• Mass optimization reduces the mass by 30% compared to the first optimization loop but the propagation length was reduced to 77% (28% increase). The final mass is 6% heavier than the regular substrate.

A compromise can be made between mass optimization and propagation length. This can be taken into account directly by modifying the Coef optim value. Figure 6.11 shows how the gain in mass and the gain in propagation length can be balanced to achieve various performances. This shows the range of configurations that can be realized using the methodology proposed in this section.

Experimental verification

A 3-point bending test bench was designed to verify the numerical results computed in the previous sections. The test bench enables the clamping of the sample on both ends and a vertical displacement is imposed in the middle of the plate using an electric cylinder from Newport (Figure 6.13). The cylinder displacement is monitored and controlled with great precision (µm) and the actuator can deploy a maximum force of 60 N. The test bench is installed in a freezing environment (-20°C) to recreate the ice on the sample. After cleaning the adhesive surface with alcohol, a controlled amount of demineralized water is sprayed until getting more or less a 2mm-thick ice layer which corresponds to the case considered for the theoretical computations. Silicone plates are placed at the start of the freezing process next to the clamps to ensure that the ice only bonds to the sample and not to the clamps and removed after a few minutes while the sample is left in the freezer to complete the freezing. Two different samples were tested. The reference sample is a simple, 1.5mm-thick aluminum plate, Benefits of the topology optimization over parametric thickness optimization in clamped condition

Practical limit

Theoretical limit Figure 6.11 Propagation length of the adhesive fracture according to the mass increase of the substrate for both configurations 40mm in width and 130mm in length (between the clamps). The aluminum used is 2017 A (AU4G).

According to the thickness profile computed in this paper, a second sample is machined (Figure 6.12), with the same width, length and material as the first regular sample. For both samples, the adhesive surface is polished using sandpaper (Grit P4000), obtaining an equivalent average roughness of 0.50 µm at the ice/substrate interface. The main objective of this experiment is to confirm that the optimized substrate extends the delamination length at the ice/substrate interface. For both samples, the displacement corresponding to a 50 MPa stress in the substrate is computed in order to get the same stress loading for both structures during the tests. By reaching the critical stress of 50 MPa in the substrate, the propagation Clamp Electric cylinder Clamp Substrate Figure 6.13 Photography of the 3 point bending bench with the optimized substrate length should correspond to the practical limit defined in the previous sections, if the G c of the ice corresponds to the 1 J/m² assumed for the numerical models. Moreover, by taking a limit value as low as 50 MPa, the elasticity of the substrate is maintained through the tests, removing all potential plasticity effect on the experiment results. For the regular substrate, a stress of 50 MPa is reached for a 0.33 mm vertical displacement at the center of the plate. For the optimized design, the displacement can be increased to 0.45mm before reaching the critical stress. Ten tests were carried out for each configuration. The ice thickness was measured in three different locations along the plate length using a vernier caliper. An average thickness is retrieved from these measurements. To generate the ice, a liquid layer of water is deposed on the substrate and let to freeze. Because of the surface tension of the liquid water, the water gather into small liquid bubbles and does not cover the whole surface if the total amount is too poor. Therefore, the desired amount of water to create a 2mm thick ice layer had to be slightly exceeded in order to fully cover the plate. The thicknesses are not identical for all samples but remain in the range of 2mm with an average value of 2.64mm. Moreover, because of the ice generation process used, the ice thickness is not constant across the surface. However, beside of the unavoidable meniscus shape on the edges of the sample and the dome shape in the center, the ice appears relatively homogeneous with a standard deviation of the thickness of 12.5 % and a maximum deviation of 21.5 % considering all the samples generated. According to the numerical results displayed on figure 6.9, in the case of the regular substrate, the length of the propagation should be on average 18% of the plate if the G c of the ice is equal to 1 J/m². In the case of an over estimation of this critical value, the propagation could extend to the maximal theoretical limit, 30%. For the optimized design, the average propagation should be around 40% of the substrate length and at maximum, 50%. These are the value numerically predicted in the case of an homogeneous 2 mm thick ice of 920 kg/m3 density with a Young's modulus of 9.3 GPa and a critical energy release rate of 1 J/m². Figures 6.14 and 6.15 show an example of pictures from the regular substrate experiment. Figure 6.16 shows an equivalent view of the result for the optimized substrate. For both configurations the fracture mechanism expected was observed, even if the cohesive crack is not centered because of the non homogeneity of the ice deposit. In some cases, for the optimized substrate, two cohesive cracks were observed on the edges of the optimized area. In fact, high tensile stress were observed to be located at the end of the optimized area but remained under the maximum tensile stress, located at the center of the plate. Once again, because of the non homogeneity of the ice and the possible imperfections of the test bench, the criterion might have not been respected for every test, leading to the appearance of two outer cracks. The results from the experiment are plotted in Figure 6.17. An increase in the propagation length is observable for the optimized substrate regardless of the variation in the ice thickness of the tested samples. Extending from 24 % on average for the regular substrate to 46 % average for the optimized one, the magnitude of the propagation length matches with the computations, which verified the parametric optimization methodology and the analytical beam model. The results present some scattering which is however acceptable in the authors opinion. On the regular substrate, the mean deviation of the propagation length is 11% and the maximum deviation is 25%. On the optimized substrate, the scattering is diminished with a standard deviation of 6% and a maximum deviation of 12%. This can be explained by the increase of the propagation length, making the measurement error relatively lower. Also, as shown in figure 6.9, the delta between the practical and the theoretical length is reduced, leading to a less important influence of the adhesion properties on the experimental propagation length measurement. The results appear to confirm the theoretical expectations, even if significant scattering is observed in the measurements, inherent to ice based experiments.

For the last experiment of each substrate, the maximum displacement was exceeded to verify that increasing the displacement over the critical value was not implying a significant increase in the adhesive propagation as the theoretical maximum value would have been reached. In the last experiment of the regular substrate (Figure 6.18), the adhesive crack length reached 35% of the plate length for a vertical displacement of 0.15 mm (and did not extend until 0.33 mm). By increasing the displacement to 0.50 mm , the adhesive crack slightly extended, barely reaching 37% of the plate length, showing that for a displacement greater than the one imposed to the optimized substrate, the propagation length would still remain lower . In the case of the optimized substrate (Figure 6.19, the displacement was increased up to 1 mm, increasing the adhesive crack length from 43% (at the 0.45mm displacement) to 50% showing that the theoretical maximum length was reached. 

Vibratory optimization

The objective of this section is to extend the model used for the static optimization to a vibratory model. The modeling is based on the approach introduced in section 6.1. The idea is here to generate the substrate shape that would optimize the fracture propagation for a flexural mode of multiple anti-nodes. To do so, an "elementary module" is studied, representing the behavior of an anti-node. This "module" could be duplicated to optimize the adhesive fracture propagation while using a flexural mode of higher rank (Figure 6.20). The focus is made on the 5th flexural mode because it enables to sequence three optimized anti-nodes while enabling a good actuation on the two outer anti-nodes. By selecting the 5th flexural mode, the total length of the beam remains short enough while maintaining a comfortable node to node size to work on the module optimization. The beam can therefore be divided in 5 elementary blocs corresponding to each anti-node of the flexural mode. The two anti-nodes on the sides are dedicated to the piezoelectric actuators and are not optimized. 

Substrate Actuators

Optimization of one elementary bloc

The module is defined as a 50mm-long aluminum beam with a fixed thickness of 1.4mm and 2mm thick ice layer. In order to run the optimization on the module, the analytical model is modified to shift from a static load to a "modal" load. Based on Rayleigh theory, the deformation of a beam under the first flexural mode is close to the deformation obtained by applying a uniform distributed load on the beam. According to this assumption, the semi-analytical model is easily adapted by modifying the nature of the load (from local imposed displacement to distributed load). The clamps at the edges of the modules are replaced by anti-symmetry conditions to model the behavior of an anti-node in a bigger structure under flexion. This boundary conditions and load modifications lead to the change of the expression of the bending moment in the analytical model for the first half of the beam :

M f (x) = -qx 2 (L -x) (6.25) 
with q the load intensity in N/m and L the length of the beam.

As for the static model, the optimization is divided in two loops, respectively optimizing the performance and the additional mass. The result for the first optimization loop gives an optimized shape for the module that maximizes (G/σ 2 max ), the de-icing for the optimized shape is extended to 91% of the surface as shown in figure 6.21 The performance is enhanced but the added mass is important as it corresponds to 81% of the mass of the initial substrate. The thickness is increased over a length of 75% of the beam length and the maximum thickness added corresponds to 110% of the thickness of the initial beam. The results obtained with the semi analytical beam model are confirmed using the FEM software COMSOL.

In order to reduce the optimized substrate additional mass, the second optimization loop is carried out. Once again, for this loop, the initial thickness of the beam corresponds to the optimized thickness of the first loop. The cost function for the second loop includes the transverse area of the substrate which is proportional to the mass of the beam: minimize

   Area sub + k < G σ 2 . σ 2 adm G c >    (6.26)
With the coefficient k allowing to change the relative cost between performance and mass. As k increases the cost of performance increases compared to the mass and the algorithm favors the maximization of (G/σ 2 max ). Changing the value of k allows to easily compute intermediate beams between the optimized and non-optimized beam (figure 6 Trade-off between the de-icing limit and the additional mass Figure 6.22 summarizes the evolution of the de-icing limit according to the additional mass as k varies from 1 to 15. A good compromise between performance and mass is obtained considering k = 10. The de-icing limit for this configuration is increased to 88% while the added mass corresponds only to 41% of the fixed substrate. For this model, the maximum thickness increase corresponds to 55% of the fixed thickness. The profile selected is displayed in figure 6 The obtained shape is repeated three times (at the location of the three blocs in the middle of the beam) to form the optimized part of the prototype. The length of the two outer parts are sized in order to match the frequency of the optimized module and thus to have the nodes located at the edges of the optimized elementary blocs as shown in figure 6.24. Two piezoelectric ceramics allow the actuation of the 5th flexural mode, one more ceramic is placed near the edge of the beam used a sensor to identify the mode.
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Experimental validation

Two prototypes were machined (an optimized prototype and a non-optimized one) to verify the benefits of the optimization and measure the de-icing limits obtained from numerical computations (Figure 6.25). De-icing test were achieved in a freezer at -20°C. A 2mm-thick freezer ice layer is generated on the substrates by spraying water over the surface above the 3 central elementary blocs of the prototype.

The piezoelectric actuators are excited by sweeping the frequency of a sine-wave signal around the natural frequency of the 5th flexural mode with an amplitude of 200 Vpk+ for both prototypes. Figure 6.26 illustrates the area debonding for both prototypes after the excitation. The clamped parametric optimization was compared to a regular substrate using a 3 point bending test bench. The experiment confirmed the expected results from the numerical analysis, showing the benefit of the parametric optimization on the adhesive crack length.

Finally, the semi analytical beam model was enhanced to recreated "modal" loads and an optimized prototype was machined. The experiment verified that the method could be extended to vibrating systems by showing an improvement in the adhesive propagation length.

Extensional modes optimization

As explained in Chapter 5 extensional modes are highly effective if pure extension is triggered. However, extensional modes are naturally polluted by parasite flexion which is most likely due to the non homogeneity in the composite plate sample (ice layer, substrate layer and piezo layer). It was observed that the parasite flexion triggered the first fracture mechanism and reduces in some cases the effectiveness of the de-icing. The objective of this section is to show an example where this phenomenon is avoided by limiting the parasite flexion.

The model experimentally studied in section 5.2.2 was modified to favor the generation of a "pure" extensional mode without parasite flexion. More ceramics were added to the substrate to homogenize the layer across the plate (figure 6.27) and the optimal ice layer thickness to minimize the parasite flexion was computed using a finite element modal analysis. Figure 6.28 shows the modal shapes of the non optimized substrate for ice layers with thicknesses of 2.5 and 3.5 mm. Figure 6.29 gives the modal shapes of the optimized substrate for thicknesses varying between 2.5 and 4.5 mm, highlighting the optimal thickness of 3.5mm and the benefit of the piezoelectric homogenization to limit parasite flexion. This study highlights the fact that pure extensional modes are efficient to shed the ice and that removing the coupled flexion is of utmost importance to perform effective de-icing. The method proposed to remove the flexion on the case under study is simple but more advanced method could be envisaged to design structures with pure extensional modes. Targeting extensional modes poorly polluted by parasite flexion could also be a criterion of selection to prone efficient de-icing.

Adhesive propagation

Mode actuation optimization

In order to develop a functioning design, the in-flight operation of the system must be investigated. So far, de-icing was realized in two phases. First, as the ice deposit is variable, the frequency of the mode of interest has to be measured. Then, the mode of interest has to be triggered and excited at high voltage to realize the de-icing. In flight conditions, a typical value for de-icing cycle used for de-icing systems is in the range of 1 minute to minimize energy consumption [START_REF]AC-9C Aircraft Icing Technology Committee[END_REF]. To allow splitting the power supply and the power demand among several zones to de-iced, it is here considered that the de-icing process should not exceed 15 seconds per zone. So far, piezoelectric de-icing experiments realized in the literature were most of the time exceeding a minute of excitation [START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF][START_REF] Ramanathan | Deicing of helicopter blades using piezoelectric actuators[END_REF][START_REF] Venna | Piezoelectric transducer actuated leading edge de-icing with simultaneous shear and impulse forces[END_REF], which does not meet the operating requirements. This section aims at giving actuation rules to optimize the excitation of the modes of interest in order to comply to in-flight de-icing requirements.

System dynamic modeling Free motion and time constant

As shown in equation (1.1), the system can be modeled by two coupled electro-mechanical equations. In order to study the mode actuation, the focus is made on the first equation, which can be reduced to a single degree of freedom. Simplifying the model to the following equation:

M ẍ + D S ẋ + Kx = NV (6.27) 
This equation corresponds to a damped harmonic oscillator and can be written as follows:

ẍ + ω 0 Q m ẋ + ω 2 0 x = NV M (6.28) 
with ω 0 = 2π f 0 the mode pulsation in [rad/s] and Q m the resonance quality of the mode, image of the damping.

In the case of free movement condition, V (t) = 0, which makes equation 6.28 correspond to an under-damped harmonic oscillator with one degree of freedom. The standard solution of the equation is then expressed as follows:

x(t) = Xe -ω 0 2Qm t cos (ω 1 t + ϕ) (6.29)
where X is a constant depending on the initial conditions of the system,

ω 1 = ω 0 1 -1 4Q 2 m
is the damped pulsation of the system and φ is the phase shift. The magnitude of the vibration decreases with time according to the time constant τ, expressed as follows:

τ = 1 ω 0 2Q m = 2Q m ω 0 (6.30)
The time constant is expressed in seconds and gives an image of the time required for the system to respond to triggering, which is of utmost importance in the optimization of the actuation time.

Forced motion

In our application, the systems is subjected to a force. The actuator is supplied with a sinusoidal voltage V (t) = V 0 sin(Ω t), where Ω is the pulsation of the imposed signal and V 0 the magnitude of the signal in volts. In this case, the solution of the equation is defined as follows:

x(t) = A sin(Ωt + δ ) + Xe -ω 0 2Qm t cos (ω 1 + ϕ) (6.31) 
This solution is divided in two parts. The second part is the free response, decreasing with time. The first part is a stable response and it is possible to show that:

A = NV 0 K 1 -Ω ω 0 2 2 + Ω Q m ω 0 2 (6.32) 
with Ω = ω 0 when the signal pulsation matches with the natural pulsation of the structure. Therefore, the maximum theoretical magnitude of vibration x max is expressed as :

x max = NV 0 Q m K (6.33) 

Quality factor measurement

The damping of the system D S can be defined as:

D S = 2 ε √ KM (6.34) 
with ε the damping rate linked to the mechanical quality factor Q m by the relation:

Q m = 1 2ε (6.35) 
The quality factor of the mode is assessed experimentally by measuring the mode frequency and the frequency at -3db :

Q m = f 0 ∆ f f 0 -3dB (6.36) 
with f 0 the mode frequency and ∆ f f 0 -3db the frequency difference between the two frequencies for which the magnitude of the vibration is 3dB lower than the peak magnitude (figure 6.31). 

Chirp optimization

As said previously, de-icing is realized in two phases: detection of the mode to excite, in general at low power, and generation of the excitation signal at high power.

To identify experimentally the frequency of the mode of interest, various input signals can be used to solicit the structure such as a chirp signal, a PRBS (Pseudo Random Binary Sequence) signal or a Cardinal Sine modulated in frequency and various algorithms can be used to analyze the output signal such as FFT (Fast Fourier Transform), Cross spectrum or point-by-point analysis. In the case of our system, the frequency range of the mode of interest is approximately known thanks to preliminary FEM modal analyses. Therefore, using a chirp over the reduced numerically computed range of frequency to generate the input signal and analyze the output signal appears to be a suitable solution to give the freedom to chose any output signal or combination of output signals and the best accuracy for the mode detection.

In the same way, in order to trigger the mode of interest with high power to achieve de-icing, launching a second chirp around the frequency measured with the first chirp would ensure the proper excitation of the mode of interest on a bandwidth taking into account the small frequency shifts linked to non linear effects [START_REF] Davis | Measuring quality factor from a nonlinear frequency response with jump discontinuities[END_REF] or additional ice accumulation. The bandwidth of the signal can be considered as known thanks to Finite Element analysis of the structure with different forms of ice accretions. Therefore, optimizing the chirp signal consists in minimizing its duration to minimize the operating time of the system. The objective of this section is to give design rules for computing this duration.

The chirp is parameterized by defining a frequency range to be swept ∆F and a sweep time ∆T . The frequency range is centered around the frequency of interest f 0 (figure 6 The chirp duration is computed to ensure that the maximum vibration magnitude of the mode x max is reached as quickly as possible. Table 6.1 summarizes the various variables at work in the study. In this table, the two inputs of the problem are the natural frequency f 0 and the quality Q m of the mode. The objective is therefore to find a relation between the input parameters of the mode and the chirp settings (∆F and ∆T ) to guarantee a maximum response : x r x max = 1. Quality factor of the mode -[-]

The system is modeled using Simulink software and an analysis is performed to assess the influence of the various parameters on the theoretical response. As for previous chapters, the modeled system is a simple plate hold in free boundary conditions with two piezo-ceramics bonded to its surface. The mechanical properties of the model such as the natural frequency (the modal stiffness and modal mass) or the electro-mechanical coupling are taken from a finite element modal analysis run for the sample geometry. The quality factor of the mode and the input voltage are arbitrarily chosen and the maximum displacement is retrieved for the established response. Table 6.2 summarizes the values taken for this reference case. 

N/V V 0 Input voltage 1 V Q m
Quality factor of the mode 300 x max Maximum displacement 5.85 µm

The magnitude of the ratio x r x max is assessed according to the chirp parameters ∆F and ∆T varying respectively in the range [START_REF]AC-9C Aircraft Icing Technology Committee[END_REF][START_REF] Addy | Modern airfoil ice accretions[END_REF][START_REF] Addy | An overview of nasa engine ice-crystal icing research[END_REF][START_REF] Alfano | Finite element interface models for the delamination analysis of laminated composites: mechanical and computational issues[END_REF][START_REF] Anderson | Fracture mechanics: fundamentals and applications[END_REF][START_REF] Andrews | Adhesion of ice to a flexible substrate[END_REF][START_REF] Andrews | The cohesive and adhesive strength of ice[END_REF][START_REF] Awais | EXtended Finite Element Method(XFEM)-Modeling arbitrary discontinuities and Failure analysis[END_REF][START_REF] Barenblatt | The mathematical theory of equilibrium cracks in brittle fracture[END_REF][START_REF] Begley | The j integral as a fracture criterion[END_REF] Hz and [0.5-6] s. Figure 6.33 shows the influence of both parameters on the maximum response of the system. As ∆F increases, the time required to reach the steady state of the system appears to become greater. In the same way, shortening the chirp duration ∆T prevents from reaching the maximum vibration amplitude. However, one can observe that for a fixed ∆F/∆T ratio (which represents the angle of chirp slope), the system response is relatively constant. The response of the system can therefore be defined according to a single chirp parameter, its slope x r

x max = f ( ∆T ∆F ). 7V

)+]

;U;PD[ Figure 6.33 Chirp parameters influence on the system response However, the chirp has to be adapted to the mode characteristics and therefore depends on its resonance properties f 0 and Q m . The analysis of the mode properties influences on the system response is made by fixing the chirp parameters and simulating the response for various f 0 and Q m (figure 6.34). 4P

)+]

;U;PD[ Figure 6.34 Mode parameters influence on the system response Once again it can be observed that the system response is constant for a constant Q m / f 0 ratio. It is consistent since this ratio is proportional to the time constant of the system τ = 2Q m ω 0 . As the τ value increases, the damping of the system gets lower, and therefore, the number of period required to reach the stabilized response raises.

Finally, the problem of the chirp design which depends on 4four input parameters (∆T , ∆F, Q m and ω 0 ) can be reduced to two parameters. Indeed, the system response x r

x max only depends on the ratio ∆T ∆F and the mode time constant τ. The objective is now to define a relation linking the system response x r

x max , the chirp parameters ∆T ∆F and the mode time constant τ in order to compute at the end an optimized chirp defined as the chirp enabling to reach the maximum amplitude of the system x r x max as fast as possible (low ∆T ) on a given bandwidth ∆F.

The problem is simplified to the definition of a relation between two dimensionless variables π 1 and π 2 using the Buckingham theorem with π 1 = F(π 2 )

π 1 =
x r x max (6.37)

π 2 = ∆T ∆F 1 τ 2 (6.38)
A numerical DOE is realized varying the four input parameters and each point is simulated using the Simulink model of the system. By doing so, the response of the system π 1 can be plotted according to the combination of the parameters π 2 as shown in figure 6. [START_REF] Davis | Measuring quality factor from a nonlinear frequency response with jump discontinuities[END_REF]. A linear regression is performed on the simulated data and the analytical relation between π 1 and π 2 is obtained with a regression coefficient R 2 above 0.999 demonstrating the good fitting of the equation. This graph highlights the results obtained previously. The response increases when the chirp duration extends and as the time constant and the chirps frequency range decreases, the response reaches the maximum faster.

π 1 = Aπ 2 2 + Bπ 2 +C Aπ 2 2 + Bπ 2 +C + 1 (6.39)
with A = 0.0396, B = 1.0440 and C = 0.9365. Using the analytical equation retrieved through linear regression (6.3.2), the curves displayed on figure 6.36 are computed. The curves show the chirp slope to be selected in order to obtain a given response for a given time constant. As expected, as the time constant raises, the chirp needs to be longer or realized over a shorter bandwidth. 
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Experimental verification

The objective of this sub-section is to verify the relation obtained thanks to experiments. A basic test sample compounded of a metal substrate and equipped with two piezoelectric ceramics is held by thin nylon strings in free conditions. One ceramic is used as actuator being supplied by a laboratory sine-wave generator. The other ceramic is used as a sensor and the electric feedback is acquired using a PCI-6251 acquisition card. First, the repeatability of the experiment is verified by repeating the same condition 15 times. The relative mean deviation of the natural frequency, the quality factor and the amplitude of the sensor feedback are measured. The mean relative deviation is for each variable way lower than 1.0%, confirming the repeatability of the experiment.

The response of the sample to a chirp signal is therefore tested for different configurations. Six different modes of the sample are tested (six frequencies) and chirp parameters are varied to sweep over a significant amount of cases. Table 6.3 summarizes the data range for each parameter of the experiment. [1.0 e-5 -1.0] s A total of 265 points are experimentally measured and displayed on figure 6.37. The result shows a good correlation between the experiment and the model predictions. The scattering increases for low π 2 values which could be explained by the fact that the slope of the chirp is very steep for this kind of cases, leading to a decrease in the accuracy of the measurements. For some values, the measurements appear to follow the trend of the model but are slightly offset downward. This could be linked to an error in the measurement of the maximum magnitude s max leading to a miss computation of the π 1 ratio. Nevertheless, following the model relation appears to be a reliable method to ensure the optimal triggering of the mode of interest. 

Benefits of the method

Prior to this study, the mode of interest would be actuated by supplying consecutive fixed frequency sine wave signals. In order to ensure a response of at least 95%, each fixed frequency signal is supplied for a individual duration of 3τ. For each excitation the response of the sensor is retrieved and the frequency of the signal is modified by a frequency step ∆ f and so on. This is repeated for a given global frequency range ∆F. The number of step is therefore defined by ∆F ∆ f , and the total time required to performed the sweep is equal to ∆F.3τ ∆ f . For instance, in order to trigger a mode of natural frequency f 0 = 10 kHz and of Q m = 100 with a ∆F = 1500 Hz and a step ∆ f of 1 Hz, the total duration of the sweep ∆T would be equal to 4.8 seconds. Using the chirp mode and the model defined in this section, the excitation of such mode using the same frequency range ∆F would require only 0.18 seconds according to figure 6.35, highlighting the significant benefits of the optimized chirp mode actuation.

The developed method focused on reaching the steady state as quick as possible, but optimizing the first identification sweep was not considered. It would be interesting to complete the approach with a characteristic identification phase, for example using stop-sine excitation [START_REF] Peyret | A framework for backbone experimental tracking : Piezoelectric actuators, stop-sine signal and kalman filtering[END_REF].

Combining the chirp optimization and the substrate shape optimization of the extensional mode shown in section 6.1, the de-icing of a plate was studied. As in section 6.1, a freezer ice deposit is realized on the optimized extension sample. The mode frequency is measured at 15.560 kHz with a quality factor Q m of 206. The bandwidth of the chirp is set to 1.5 kHz in order to ensure sweeping over the natural frequency in the case of small frequency shifts. The chirp duration to reach a 95% response is therefore computed to be 0.32 seconds. As it was observed during anterior tests, the ice shedding can be obtained instantaneously. However, when a single chirp is not sufficient, using consecutive sweeps of equivalent magnitude can help achieving de-icing as each repetition causes additional damages to the ice, eventually causing the complete shedding. The code is therefore adapted to launch consecutive chirps as soon as the previous one ends in order to minimize the overall de-icing duration. In this case, a 20 chirps sequence is used and de-icing is observed (figure 6.38). The full shedding of the ice is observed after the 15th chirp giving a full de-icing time under 5 seconds. Raising the supplied voltage could also be a option in order to reduce the number of chirps required. Figure 6.38 Fracture states using the optimized chirp sequence for plate de-icing.

Conclusion

Based on the limits observed at the end of Chapter 5, this chapter proposes to investigate different approaches to increase the efficiency/effectiveness of fracture mechanisms identified.

First, the low frequency flexural modes are studied. As it was shown in Chapter 5 the low frequency flexural modes present natural limits in the propagation of the adhesive fractures required for effective de-icing. These limits are even more emphasized when working with strict boundary conditions such as pinned and clamped conditions. Based on a simplified model, the system is defined by a semi-analytical static beam model. An optimization of the substrate geometry to maximize the adhesive propagation is then proposed. The substrate thickness is modified to extend the propagation while minimizing the mass impact. Eventually, the range of propagation can be increased by over 150% in clamped conditions, and a gain of up to 50% is observed in the pinned conditions. Experimental verification of the numerical results is conducted with a 3 point bending test bench on freezer ice, which confirmed the benefits of the optimization. The benefits of the optimization were also verified on a vibrating prototype, demonstrating the suitability of the method in designing low consumption electro-mechanical de-icing systems.

Concerning the extensional modes, their limits were first identified experimentally. In fact, the natural coupling between extensional and flexural modes induces a behavior slightly different from the pure extensional fracture mechanism expected. In this chapter, the test sample is modified to reduced the parasite flexion effects. Numerical computations confirmed that adding piezo-electric ceramics on the substrate to create a more homogeneous sample allowed to reduce the parasite flexion. By experimentally testing the sample, much more efficient de-icing was observed following the pure extensional mode fracture mechanism.

Finally, in order to increase the de-icing efficiency of the system, the identification and the actuation of the modes are investigated. Focusing on the chirp signal, a design rule is given according to the mode properties such as the frequency or the quality factor, to ensure reaching the required response of the system while minimizing the excitation duration. The law is verified experimentally and a de-icing test is performed combining the optimized extension sample and the optimized chirp, allowing to fully de-ice an entire plate covered in ice in less than 5 seconds.

Chapter 7

Realistic airfoil de-icing

This chapter focuses on the application of the de-icing knowledge acquired with previous plate studies to realistic airfoil geometries. The main objective is to verify that the fracture mechanisms observed on plates samples are still predictable for more complex geometries using the numerical methods introduced in previous chapters. The study is conducted on an airfoil prototype that will allow realizing experimental verification in the Institut Clément Ader (ICA) icing wind tunnel. The icing wind tunnel was improved during this thesis to permit the generation of ice deposits similar to in-flight icing conditions and enable electro-mechanical tests inside the wind tunnel. The key enhancements of the icing tunnel are detailed in Appendix B.

A numerical method is introduced to sort the designs or modes of interest in order to identify the most pertinent configurations to achieve electro-mechanical de-icing. The method is applied to numerical models of the airfoil prototype for given ice deposits and actuators configurations. For each model, the modes are sorted according to electrical power requirements and de-icing capabilities. Finally, the potential configurations prone to achieve de-icing are crafted and tested in the icing wind tunnel.

Modeling and design of an electro-mechanical de-icing system for leading edges

In this chapter, electro-mechanical deicing systems are applied to more realistic curved geometries.

The real complex structure of the aircraft leading edge is however reduced to a simplified shape. The assumed airfoil is symmetrical and has constant thickness. The prototype is compounded of a simple 1 mm-thick aluminum skin on which piezoelectric ceramic actuators are bonded (inner surface) and ice is deposited (outer surface) (Figure 7.1). Concerning the numerical model, the spar conditions are defined as perfect clamps and, depending on the configuration, ribs are considered either as clamps of free edges. The bonding of the piezoelectric actuators and the ice to the skin are achieved by imposing a strict contact condition between the bodies. While performing a modal analysis on a complex geometry at a relatively high frequency range, the number of modal shapes of the structure can quickly become very difficult to manage. In the specific case on an airfoil de-icing prototype covered with ice, the geometrical parameters such as the ice shape and position or even the actuators positioning do have a great influence on the modal shapes and frequencies, multiplying the already gigantic number of modes to consider. Being able to quickly sort the modes of the structure is of utmost importance in order to identify the modes of interest and/or determine the actuator positioning enabling the best de-icing capabilities.

When sorting the modes, two important dimensions are to be considered. First, the mode to be excited needs to show significant de-icing capability by permitting to load the ice with high strain and stresses triggering the desired fracture mechanism, which has been so far the main concerns of the previous chapters. The second dimension is the actuation of the mode. As shown in Chapter 6, the excitation of the mode is really important in the de-icing process. Using coupled finite element analysis, the electro-mechanical coupling of the actuators with the structure can be estimated, which enables to verify if the actuators/sensors positioning is prone to trigger the mode or not.

In [START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF], the electro-mechanical energy conversion is quantified by the force factor parameter N which couples the two differential equations modeling the system (7.1).

M ẍ + D s ẋ + Kx = NV q c = Nx +C 0 V (7.1)
This force factor can be evaluated using finite element software and running a modal analysis with boundary conditions such that the voltage across the ceramic is set to 0 V. Doing so, the ratio (7.2) between the electrode electric charge q c and anti-node displacement x gives directly the sought parameter:

N = q c(mod) x (mod) (7.
2)

The modal analysis also makes it possible to calculate the equivalent stiffness by evaluation of the elastic energy:

K = 2 W c(mod) x (mod) 2 (7.
3)

The force factor N and the modal stiffness K are here quantities resulting from a modal analysis and identified by the index (mod). In the approach that follows, it is necessary to make the distinction between the quantities that can be calculated during a modal analysis (or a succession of modal analyses) with finite element software, defined by an index (mod), and the other quantities defining a point of operation of the device.

On simple geometries such as plates, retrieving the force factor between the anti-node displacement and the electric charge of the piezoelectric ceramic is a good indicator of the overall coupling of the structure. However, for more complex geometries with three-dimensional displacements and less consistent modal shapes, the coupling of the system is hardly defined by the coupling of a single point in a single direction. The N force factor would therefore not allow a functional comparison of the modes or systems in term of de-icing capability.

In order to compare the modes and the system on a more global scale, the idea is to focus on the electro-mechanical coupling between the electric charge of the ceramic and the strain energy in the structure, which is more meaningful in representing the overall state of the structure.

The strain energy can be defined as:

W meca = 1 2 Kx 2 (7.4) 
By applying as an input a sine-wave voltage of frequency equal to the mechanical resonance frequency, the set of equations (7.1) can be re-arranged to compute the following amplitude of displacement:

x = V NQ m K (7.5)
Therefore, the potential strain energy is linked to the electric voltage by the following relation:

W meca = V 2 N 2 Q m 2 2K (7.6)
with N and K depending on the punctual location where the displacement x is computed and

Q m = √ KM
D s being the quality factor of the mode. Re-arranging equation (7.2), (7.3) and (7.5), the following relation between the strain energy W meca , the electric charge q c , the mode quality factor Q m and the input voltage V can be derived:

V = 2W meca(mod) 1/2 W meca 1/2 q c(mod) Q m (7.7)
This relation enables to express the input voltage required to reach a given strain energy into the structure and takes into account the electro-mechanical coupling of the system, using the electric charge of the actuator. The input voltage requirement appears therefore to be an efficient indicator to assess the global electro-mechanical coupling of the structure. As it was done in Chapter 5, the modal value of the input voltage can be re-scaled to the critical value corresponding to the cohesive fracture initiation of the ice, the adhesive shear stress debonding or the fracture propagation. Once again this is achieved by re-scaling the modal values using the material properties of the ice. The voltage required to achieve de-icing is computed as follows:

V coh = 2W meca(mod) q c(mod) Q m σ (ice) σ I(mod-ice) (7.8) 
V shear = 2W meca(mod) q c(mod) Q m τ c(ice) min(τ (mod-ice) ) (7.9)

V G = 2W meca(mod) q c(mod) Q m G c(ice) G (mod-ice) ) (7.10)
According to the type of ceramic used, the resistance of the piezoelectric ceramic to stress can be relatively close to the ice resistance. Monitoring the ceramic health is therefore also important to ensure that the actuator positioning is not too stressful and that the ceramic failure does not occur before reaching the critical strength of the ice. For this purpose, the maximum voltage before damaging the piezoelectric ceramic is computed as follows:

V piez = 2W meca(mod) q c(mod) Q m σ c(piez) σ I(mod-piez) (7.11) 
The computation of the various critical voltages V coh , V shear , V G , V piez enables to compare easily the modes and designs capability to initiate or propagate fractures in the ice while respecting the structural health of the actuators. Both the ability to strain the ice or the well coupling of the actuating system are taken into account in order to sort the modes easily according to the fracture mechanism desired.

Electric power and efficiency

In order to ensure that the power required to achieve the de-icing with the design and the mode selected matches with the application, a preliminary estimation of the power can be made through a modal analysis. As shown in [START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF] from the dielectric behavior of the ceramics, both motional and capacitive current are to be taken into account in order to measure the apparent power supplied by the generator. The electric current is defined by i = dq c dt , therefore from equation (7.1) using complex numbers representation:

I = jω Nx + jω C 0 V (7.
12)

The motional current I m corresponds to the electro-mechanical coupling:

I m = jω Nx (7.13)
The capacitive current I c correspond to the second part of the equation and depends on the capacity of the piezoelectric ceramic C 0 and the input voltage V :

I c = jω C 0 V (7.14)
As for voltages, the currents values can be drawn from modal analysis and rescaled to according to the stresses or energy release rates as follows:

I m(coh) = jωq c(mod)
σ (ice) σ I(mod-ice) (7.15)

I m(G) = jωq c(mod) G c(ice) G (mod-ice) ) (7.16)
The capacitive currents I c values can also be directly derived using the rescaled voltage values from (7.8), (7.9) and (7.10) in (7.14). At mechanical resonance frequency capacitive and motional currents are in phase quadrature, thus the final current magnitude I is obtained using: The apparent power to be generated by the power supply S and the active power P are computed as follows: S = I V (7.18)

I = |I m | 2 + |I c | 2 (7.
P = I m V (7.19)
The active power generated is seen as the electric power being converted to mechanical power and therefore used to strain the structure. The power factor cos(φ ) gives an image of the share in the electric power supplied being effectively used for the de-icing. It can therefore be seen as an electro-mechanical performance indicator of the system: cos(φ ) = P S (7.20)

One can observe that this ratio is equivalent to I m /I and therefore:

cos(φ ) = 1 1 + C 0 V Nx 2 = 1 1 + C 0 K N 2 Q m 2 (7.21)
which can be expressed according to finite element output only using equations (7.2) and (7.3):

cos(φ ) = 1 1 + 2C 0 W meca(mod) q 2 c(mod) Q m 2 (7.22)
Therefore to maximize the power factor coefficient, the system design has to minimize the (C 0 K)/(N 2 Q m ) ratio. This highlights the fact that the electro-mechanical coupling is the key and that the quality factor of the mode plays also a role by minimizing the voltage requirement and therefore the intensity of the capacitive current.

Using the voltage and power computation methods described in this section, the system design and the modes actuated can therefore be sorted and selected by comparing the voltage and the electric power requirement, in order to achieve de-icing at the lowest cost.

Application of the method on the leading edge study case

The sorting methodology introduced in the above subsections is now applied to the leading edge model to filter the modes of interest. Some modes are selected as examples in order to highlight the type of values and quantities obtained through this study. The model used in this section is compounded of a 1 mm-thick aluminum airfoil skin and equipped with 8 piezoelectric ceramics representing DuraAct P-876.A15 (from PI) actuators. The ceramics body are bonded to the airfoil inner surface using rigid contact. An atmospheric ice deposit is also bonded to the airfoil (Figure 7.2). The ice deposit shape is modeled according to the ice deposit realized in the ICA wind tunnel for given icing conditions (detailed in section 7.2). From its visual appearance, the ice is assumed to be a highly dense glaze ice and therefore is modeled with a density of 850 kg/ 3 and a corresponding Young's modulus of 7.0 GPa [START_REF] Palanque | Experimental measurement and expression of atmospheric ice young's modulus according to its density[END_REF] (Chapter 4). The meshing of the model is simplified on the skin but number of element is increased in the ceramics and in the ice in order to enable an accurate estimation of the stress field in the bodies of interest while minimizing the computational time. The rear part of the skin is considered as clamped and the edges are considered free, corresponding to a configuration that can be tested in the ICA wind tunnel. 

Ice deposit

Airfoil skin

Mode sorting and selection

According to finite element modal analysis, in the [0 -10 kHz] range, there are 89 modes that can be triggered for this structure. In the [START_REF] Begley | The j integral as a fracture criterion[END_REF][START_REF] Belytschko | Elastic crack growth in finite elements with minimal remeshing[END_REF][START_REF] Bennani | A mixed adhesion-brittle fracture model and its application to the numerical study of ice shedding mechanisms[END_REF][START_REF] Bennani | Numerical simulation and modeling of ice shedding: Process initiation[END_REF][START_REF] Benzeggagh | Measurement of mixed-mode delamination fracture toughness of unidirectional glass/epoxy composites with mixed-mode bending apparatus[END_REF][START_REF] Bowden | Effect of pneumatic de-icers and ice formations on aerodynamic characteristics of an airfoil[END_REF][START_REF] Box | On the experimental attainment of optimum conditions[END_REF][START_REF] Budinger | Electromechanical resonant ice protection systems: analysis of fracture propagation mechanisms[END_REF][START_REF] Budinger | Ultrasonic ice protection systems: analytical and numerical models for architecture tradeoff[END_REF][START_REF] Budinger | Electromechanical Resonant Ice Protection Systems: Energetic and Power Considerations[END_REF][START_REF] Camanho | Fracture analysis of composite co-cured structural joints using decohesion elements[END_REF] range, the number of modes increases to more than 130 and keeps getting bigger with growth the frequency. Nevertheless, it was shown in Chapter 5, that targeting low frequencies should be the right approach to optimize the operational cost of the system. Therefore, the low frequency modes [0 -10 kHz] are investigated. At first, the 89 modes can be sorted by selecting the modes that present a good electro-mechanical coupling. This is done by monitoring the N parameter. In order to obtain the maximum coupling for each mode, the maximum electric charge q c must be considered. The maximum electric charge is obtained by summing the absolute values of electric charges of each one of the actuators.

q c(max) = k ∑ 1:n q c(k) (7.23)
with n the number of ceramics used for the actuation. On a given range, and for a given configuration, the modes electro-mechanical coupling can be ranked by comparing the N = f (q c(max) ) values. This coupling factor is normalized according to the best coupling in the frequency range and the following chart can be drawn figure 7.3. The chart highlights the fact that few modes present interesting electro-mechanical coupling, and there are therefore few candidates prone to achieve effective de-icing. The focus can be made on the ability of the mode to obtain cohesive fractures in the ice. This can be done by monitoring the ratio MC σ between the tensile stress generated in the ice σ I(mod) and the corresponding mechanical strain energy to be generated W meca(mod) . Eventually, both electro-mechanical coupling, and mode shape cohesive crack generation capability can be taken into account for the selection by monitoring the voltage required for crack initiation V coh as shown in equation (7.8). Figure 7.4 shows the three normalized quantities, highlighting that the number of modes meeting mechanical capability and electro-mechanical coupling is even more reduced. The same approach can be conducted on the capability to shed the ice under shear stress or generate energy release rate. 

Mode performance estimation

Following the conclusions made in the previous chapters, extensional modes appear to be the best candidates for the effective de-icing of the airfoil. Hence, in this sub-section, the method is used not only to sort the mode of interest but to assess the performance of the extensional mode identified as good candidate for de-icing. Doing so, the well positioning of the actuators can be verified, and the electric power and voltage required can be quantified. The first extensional modes are targeted as it was shown in Chapter 5 that there are not benefits in going for higher ranks. Based on the modal analysis, two extensional modes are found as shown in figure 7.6. The numerical values retrieved from the modal analysis are given for both modes in the first half of Table 7.1. In the second half the computed values obtained using the mechanical parameters given in table 7.2 are given. [-] 11% 68% MC G(norm) [-] 62% 27%

Finally, Table 7.3 summarizes the real quantities that can be derived from table 7.1 values using the equations given in section 7.1.1. The mechanical properties used for the computation are given table 7.2.

From these computations, the second mode (Mode b) appears as the only viable mode to operate. In fact, the same indicators as for the low frequency flexural modes can be observed. In this way, on the [10-20 kHz] range, the electro-mechanical coupling N and the mechanical capability MC G (mechanical capability to generate energy release rate) are normalized to compare the performance of both modes (Table 7.1). As it is the mechanism for ice shedding identified for extensional modes (Chapter 5), the mechanical capability is assessed by doing the ratio between the energy release rate and the mechanical energy to supply to the structure. In this case, the Mode (a) features a higher MC G(norm than the Mode (b) which would imply a better capability to shed the ice through energy release rate. However, the coupling of Mode (a) is very poor compared to Mode (b). Therefore, the electric power and voltage required are much higher. Overall, the voltage required to shed the ice is estimated to 169 Vpk+ for Mode (b) against 493 Vpk+ for Mode (a). This results highlight the importance of the actuators types and positioning to maximize the electro-mechanical coupling and increase the performances. [kVA] 29.5 1.9

Experimental verification of the airfoil de-icing

In this section, the designs identified using the methodology described in section 7.1 are verified experimentally in the ICA icing wind tunnel. A rigid frame is machined to be inserted in the wind tunnel test section. An airfoil skin can be mounted on and off the frame in order to test various actuators configurations. De-icing test are performed to confirm the efficiency of the actuation system and the accuracy of the computations.

First de-icing test

The At first, only one centered injector was available in the center of the injection ramp. A glaze ice deposit was realized using specific injection and wind tunnel parameters. The ice was generated using a single centered injector (figure 7.8) with relatively high temperature of -5°C and droplets MVD of 30 µm. The flow speed was set to 25 m/s and the LWC was estimated to be around 10g/m3 (Appendix B). Using these parameters, a repetitive ice deposit is obtained, and therefore selected for the first de-icing tests. Prior to the mounting of the skin on the rigid body, the skin is instrumented with piezoelectric ceramics. The actuators are plain 0.5 mm thick PIC 255 ceramics plates from PI-ceramics. The plates are fragile and can not withstand any curvature, the positioning of the actuators is therefore highly limited. The configuration selected is shown in figure 7.9. Eight ceramics are placed symmetrically on both the top and the bottom of the airfoil. Due to the thinness of the ceramics, the input voltage has to be limited to 400 Vpk-pk in order to prevent depolarization.

A finite element model of the design including the ice shape observed in figure 7.8 and the actuators configuration shown in figure 7.9 is realized. The methodology described in section 7.1.1 is used to identify the modes prone to generate effective de-icing. Extensional modes are targeted as they showed effective de-icing capability (Chapter 5 and 6). An extensional mode appearing at a frequency of 29 kHz is found in modal analysis (figure 7.10) with a relatively low parasite flexion. However, the actuator positioning gives a poor electromechanical coupling with the mode. Unfortunately, not any well coupled extensional modes are found. Nevertheless, an experiment is set up to test the prototype de-icing capability in the wind tunnel. Using the method described in section 7.1.1, some flexural modes are identified in the same frequency range for their low cohesive fracture voltage requirements. For instance, for the modes shown in figure 7.11, computations are predicting the appearance of cohesive cracks for low voltages, respectively 80 Vpk-pk and 120 Vpk-pk for a quality factor Q m of 50. In both cases, the generated power is estimated to be under 200 VA. As the voltage and the power requirements remain under the generator and actuators limits, cohesive cracks should be observed.

A first low amplitude sweep (30 Vpk-pk) is made to identify the natural frequencies of the structure over the 25kHz to 35kHz frequency range. With an input voltage way below the predicted value, cohesive cracks are observed during the identification sweep as shown in figure 7.12. The sweep is repeated over the 10 kHz bandwidth while increasing the input voltage up to the maximum value to maintain the piezoelectric polarization (400 Vpk-pk). At first, the upper and lower parts of the ice deposit (with the run back ice shape) are shed (figure 7.12) while running a 400 Vpk-pk sweep. At the same time, the ice bulk located over the tip of the leading edge appears to become slightly whiter, which could indicate a loss in the adhesion of the ice. However the shedding of the front part is not observed 7.12. According to the piezoelectric heating study introduced in Appendix A, it is possible that the debonding of the run back ice could has been facilitated by the heating of the skin over the piezoelectric locations.

These were the first results obtained for the airfoil electro-mechanical de-icing in the ICA wind tunnel. By the exploratory nature of this first experiment, some key information is not retrieved and therefore the understanding of the phenomenon at work during the experiment is limited. However, these first results gave good hope in the potential results obtainable with a more efficient prototype. 

Second de-icing test

The prototype previously realized is now modified to enhance its potential de-icing performance. For actuators health concerns, the NACA profile is instrumented by 8 piezoelectric actuators from PI (DuraAct P-876.A15) of dimensions 60 x 35 x 0.8 mm 3 . Using such composite actuators, the strength of the ceramic is increased from 25 to 50 MPa. According to the manufacturer, the operation voltage can be increased up to 1250 Vpk-pk (-250V +1000V) which triples the previous prototype voltage limit. Thanks to its composite capton, the actuator can withstand small curvatures and therefore can be positioned with more freedom on the airfoil. The actuators are bonded in a symmetrical way to the structure using epoxy resin. The elected placement enables to maximize the amount of actuators and therefore should maximize the mechanical power to transmit to the structure, in the case of a well coupled mode selection. Figure 7.13 shows a picture of the inner part of the skin with actuators and wiring. In order to increase the power margin of the generator, the airfoil is placed in free edges conditions. The sides of the prototype are removed and therefore, the stiffness of the prototype and the friction losses are minimized. Figure 7.14 shows a CAD view of the prototype in this configuration. The injection ramp of the ICA wind tunnel is modified to include two parallel injectors. The injection parameters are modified in order to generate a glaze ice deposit limited to the very front of the leading edge with little run back ice. The temperature is lowered to -9°C and the air speed is set to 25 m/s. The MVD (Median Volume Diameter) of the droplets is given by the injectors manufacturer as 50 µm. The LWC (Liquid Water Content) is not measured but can be roughly estimated for such injection parameters and wind speed conditions as being in the range of 10 g/m 3 . Water is injected for 45 seconds in order to create a slick homogeneous and symmetric ice bulk as shown in figure 7. [START_REF] Box | On the experimental attainment of optimum conditions[END_REF]. The maximum thickness of the ice at the stagnation point of the airfoil is estimated to be around 3 mm.

A finite element model of the demonstrator is created on which the ice shape is reproduced (Section 7.1.3). Once again, an extensional mode is targeted in order to perform the de-icing. The 0 to 30 kHz bandwidth is investigated and a mode is selected according to the electro-mechanical coupling and power criteria given in section 7.1.1, in order to minimize the input voltage required for de-icing. The stress in the piezoelectric actuators is also checked so that it does not exceed the maximum allowable value. The mode natural frequency is computed to be in the range of 13 kHz according to the ice properties and dimensions. Figure 7.15 shows the modal shape of the mode of interest. Because of the extensional behavior of the mode, the approached energy release rate criterion can be used to assess the ice debonding (section 5.2.2). According to coupled finite element computations, for a quality factor of 60 and a G c of 0.5 J/m 2 (which is an average value for ice/aluminum interfaces), the voltage required for the debonding is expected to be around 400 Vpk-pk. An optimized chirp sequence (Chapter 6) is realized at the voltage estimated but only a small crack is observed at the top of the ice layer. This can be explained by the decreasing of the quality factor of the structure as the vibration magnitude is increased [START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF]. According to previous experiments, the Q m value is observed to be decreasing down to 20 for high input voltages. As the operation limits for the piezo actuators are given as [-250 V -+1000 V], the signal is offset to enable a peak to peak amplitude of 800 Vpk-pk which is the maximum of the power supply. During the first sweep, a significant part of the ice sheds. A second sweep is realized with the same parameters and almost all the remaining ice is eventually removed. Figure 7.16 displays the two de-icing stages observed after respectively the first and the second sweep. According to the location of the ice and the actuators, the heating effects are very unlikely to have facilitated the shedding. The multiple cohesive cracks appearance reminds the extension fracture mechanism that was observed for plates. The remaining ice bulks appear to be in the center of the profile, which seems to correspond with the location of the smallest ice thickness harder to shed (section 5.1). Figure 7.16 Various de-icing stages observed during the experiment for 800 Vpk-pk sweeps According to computations, in order to observe shedding for the voltage supplied to the actuators (800 Vpk-pk), the quality factor of the structure Q m might have been lowered to 38, which is a plausible value according to the magnitude used.

Third de-icing test

The very same prototype is realized once again but the conductive glue (E4110 from Epo-TEK) used to bond the ceramics is changed to a non-conductive standard epoxy resin (DP490 from 3M) which is more suitable as conducting electricity is not required for the bonding of such composite actuators. The advantage of the epoxy resin is that it has a higher Young's modulus than the one of the conductive glue (around 10 MPa against 3 MPa). However, conductive epoxy resin is still used to connect the electric wires to the ceramics input and output.

First accretion

First, the same injection conditions are repeated to generate a well-known ice geometry. The wind speed is set to 25 m/s and the temperature is lowered to -9°C. 50 µm MVD water droplets are injected for an estimated 10 g/cm 3 LWC. The injection is performed for 45 seconds. A very dense ice is generated. This is confirmed by the presence of a run-back ice filet, which indicates the liquid state of the droplets after the impact. The ice shape obtained is shown in figure 7.17. Based on the previous results, the input voltage is directly set to 800 Vpk-pk with a 200 V positive offset to comply with the limits of the actuator. For such an input amplitude, the Q m is assumed to be lowered to 25, and the optimized chirp is defined according to this quality factor and the mode frequency. In order to maximize the chances to observe de-icing, the optimized chirp is repeated for a 10 seconds loop.

The de-icing of the leading edge is performed and observed as shown in figure 7. [START_REF] Budinger | Electromechanical Resonant Ice Protection Systems: Energetic and Power Considerations[END_REF]. The temporal response of the sensor is also retrieved, which enables the observation of the effective time required to perform the de-icing by comparing the temporal response with the video recording of the experiment (Figure 7.20). From the measurement and the frame analysis of the video, the effective de-icing time is estimated to be under 1.2 seconds. The fact that the running back ice trail remains on the airfoil proves that the shedding was exclusively triggered by mechanical effects, as the maximum heating is located on the top of the actuators (at the run back ice location cf Appendix B) T0 T0 + 0,33 s T0 + 0,67 s T0 + 1,00 s T0 + 1,16 s 

Second accretion

Following this de-icing experiment, ice is again generated on the remaining ice trails. In order to assess the effectiveness of the de-icing on a different ice type, the temperature of the wind tunnel is lowered to -12 °C. The other icing conditions are kept identical to the first ice generated. Once again, a 45 second injection is realized and the ice shape obtained is shown figure 7.21. The density of the ice is not measured but from its visual aspect, the ice appears rougher than the previous deposit, and no running back water is observed, confirming the increase in the icing phenomenon, being most likely to lead to less dense ice formation. According to the observation made in Chapter 4, the difficulty to shed the ice should increase as the ice gets more porous.

The same experiment as for the previous test is performed for this case. A first low amplitude sweep is realized to measure the natural frequencies of the structure (figure 7.22) and and high amplitude optimized chirp (800 Vpk-pk) is then launched. The de-icing process is video recorded and the time required to shed the ice is assessed. The experiment highlighted that the shedding of the ice was more difficult because of its more porous nature. The chirp was sequenced for more than 4.5 seconds before shedding a significant part of the accreted ice. In the end, a second sequence was required to get rid of the last ice bulk remaining which eventually appeared to be mainly stuck against the leading edge due to aerodynamic forces.

Third accretion

Finally, a third consecutive ice deposit is realized at an airflow temperature of -16°C. The ice generated can visually be identified as rime from its whitish appearance as shown in figure 7.26.

Once again the same experimental process is repeated, the natural frequency of the structure is measured (figure 7.25). The frequency is measured to be 13.340 kHz, which is very close to the frequency measured for the first type of ice. This shows that even for very different ice properties and type, the frequency of the mode of interest is not willing to shift consequently, easing the operation of the de-icing system. A single de-icing test is achieved, displaying a poor shedding of the ice deposit (figure 7.27). As expected, the difficulty to remove the ice increased because of the ice density. As shown on figure 7.26, despite the conservation of the injected water amount, the maximum thickness of the ice deposit seems to be smaller than the one obtained for glaze ice, which could also increase the difficulty to de-ice (Chapter 5). Nevertheless, among the small amount of ice that shed, the removal was obtained in a relatively short actuation time (under 3 seconds), which indicates that the de-icing performance in term of speed could be maintained even for more penalizing ice types. The total shedding of the ice would however certainly require to increase the vibrations magnitude. Achieving de-icing with the maximum ice thickness tolerated would also help the shedding while using extensional modes as shown in Appendix C. 

Conclusion

A methodology to identify the modes of interest in complex airfoil structures is introduced in this chapter. Based on the electro-mechanical coupling and the capability of modes to generate stresses and strain energy in the ice, the voltage requirements for triggering the fracture mechanisms identified in Chapter 3. Following this analytical approach, the key parameters for designing efficient electromechanical de-icing systems were identified. The most important parameter is the electro-mechanical coupling of the actuators, which depends on its positioning but can also be influenced by the actuation technology selected. The method is then applied to an airfoil structure. A finite element model is realized and the [0-20 kHz] frequency range is investigated. Example of the results obtainable are given by sorting the flexural modes according to their performance or by giving the actual performances of specific extensional modes of interest. Finally, experimental verification were conducted on a NACA 0024 prototype that was tested in the ICA icing tunnel. Various ice shapes, modes (flexural and extensional) and ice densities were tested. The experiment highlighted the relevance of the analytical approach by generating cracks or ice shedding at voltages in the range of voltages expected. For high density ice ("glaze" type), the shedding of the entire ice deposit is obtained in less than 2 seconds of actuation. As the ice density decreases, the shedding gets more difficult, requiring and increase in the supplied power, or in the ice thickness. The shedding is also obtained for subsequent ice deposits, generated on resulting inter-cycle ice, demonstrating a certain robustness to more realistic operating duties. Overall, these experiments displayed the effectiveness and the feasibility of electro-mechanical resonant de-icing. The model of the electro-mechanical de-icing system used in Chapter 8 is based on the parameters of the system designed in this chapter, section 7.2.2.

Chapter 8

Ice protection systems architectures

Introduction

In the process of reducing the environmental impact of aviation, CO 2 emissions have to be reduced [START_REF] Delbecq | ISAE-SUPAERO aviation and climate: a literature review[END_REF]. The improvement of the aircraft energy efficiency remains one of the most significant levers of action. In this context, the electrification of aircraft systems, among which the IPS, is particularly studied. This last chapter of the thesis thus focuses on the power and energy requirements of IPS and on the potential benefits offered at the aircraft level by the electrification of this system. Like any onboard system, the ice protection system (IPS) has an impact on the aircraft sizing related to its power consumption (electrical, pneumatic, etc..), its mass and its additional drag [START_REF] Moir | Design and development of aircraft systems[END_REF]. Therefore, IPS must minimize these impacts while complying with ice protection requirements. IPS can be divided in two sub-categories: anti-icing IPS and de-icing IPS [START_REF] Goraj | An overview of the deicing and anti-icing technologies with prospects for the future[END_REF]. When anti-icing systems are switched on, the ice accretion is prevented on protected areas. The de-icing systems allow the generation of a certain amount of ice on the profile, which is cyclically "de-iced" reducing the total power and energy required for the system operation.

In this chapter, different IPS are investigated on different aircraft architectures. The solutions studied are: hot air bleed anti-icing, electro-thermal anti-icing, electro-thermal de-icing, electromechanical resonant de-icing and pneumatic boots de-icing. Theses systems are investigated on four aircraft architectures: Boeing 787, Airbus A320, ATR 72-500 and Daher TBM-900.

First, the overall method used to compare the systems is given in section 8.2 and the prototype on which the electro-mechanical solution is based is detailed in section 7.2. In section 8.3, the models used to compute the power, the mass, the drag and the fuel penalty are given for each of the IPS technologies investigated. Then, an example of the full computation for each IPS is given for the Airbus A320 aircraft architecture as it is the most documented architecture in the literature. A sensitivity analysis is performed in section 8.4.2: key design parameters are investigated in order to assess their influence on the system mass, power requirement and fuel consumption. Finally, a brief comparison of the IPS performance is made according to the type of aircraft and discussed.

Method

The objective of this chapter is to assess the impact of the IPS on the aircraft architecture by computing its average additional fuel consumption. The additional fuel consumption linked to the system is based both on its active and passive impact on the aircraft. The active impact is defined by the fuel consumption linked to the system when the system is operating, whereas the passive one is given by the additional consumption due to the installation of the system on the aircraft which in our case will only be the effect of its mass. The additional fuel consumption is thus assessed by quantifying the impact of the system in terms of additional mass, additional drag (of the system itself but also the potential thermal management air inlets) and additional power requirements from the engine such as, hot air bleed or electrical shaft power.

The calculations are carried out according to the critical icing conditions defined in standards for the IPS sizing [START_REF]AC-9C Aircraft Icing Technology Committee[END_REF]. The amount of ice to prevent is estimated using simplified captation assumptions and is computed for four aircraft taken as references in this study.

In the case of thermal systems, the energy balance is achieved to compute the external heat to supply to the skin and therefore the system power requirement. For the electro-mechanical solution, the computation of the power required to shed the ice is based on the mechanical properties of atmospheric ice and on the mechanical energy to supply to achieve ice detachment. Finally, for the pneumatic boot system, scaling laws are drawn from existing configurations and scaled to the architectures of interest.

For each of the IPS technologies studied, the model are based on existing designs such as standards air liners hot air bleed systems, Boeing 787 electro-thermal de-icing solution or Goodrich's pneumatic boot de-icing system. For the electro-mechanical solution, as no technology is yet implemented on aircraft, the model is based on the results obtained with an electro-mechanical IPS demonstrator described in Chapter 7. The mass of the systems is estimated according to the areas to protect. In addition to this mass, the mass of the induced subsystems, particularly due to electrification, is also taken into account. It includes for instance power routing, power generation and associated thermal management. Eventually, depending on the system under study, a drag penalty is applied.

To conclude, based on aircraft data found in the literature and IPS characteristics estimated in this paper for different technologies and four different aircraft, the fuel penalty due to the IPS is calculated in order to compare the different solutions. Figure 8.1 summarizes the method developed in this paper. 

Ice captation

When flying through icing conditions, supercooled water droplets impinge on the aircraft body. Supercooled droplet remain in liquid state while suspended in the cloud. However, upon impact, the freezing process is triggered and ice is generated on the impacted structure [START_REF] Gent | Aircraft icing[END_REF]. The icing conditions are mainly defined by the outside air temperature and the liquid water content (LWC) of the cloud. The surfacic mass flow rate of water impinging on the aircraft can therefore be defined as:

ṁs = V aircra f t LWC (8.1)
with ṁs the surface water mass flow rate impinging the aircraft, LWC the liquid water content of the cloud and V aircra f t the true airspeed of the aircraft. The icing conditions considered are those defined in CS-25 Appendix C. The supercooled large droplets (SLD), defined in Appendix O [START_REF] Easa | Certification specifications for large aeroplanes : Cs-25[END_REF], are not studied in this thesis.

In the case of airfoil body, the flow field around the profile and the kinetic energy of the droplets influence the size of the impact areas. As ice accretion modeling is a very complex topic with a lot of research work on going [START_REF] Macarthur | Numerical simulation of airfoil ice accretion[END_REF][START_REF] Villedieu | Glaciated and mixed phase ice accretion modeling using onera 2d icing suite[END_REF], many parameters are to be taken into account to assess the amount of water impinging the profile. Here, the proposed method relies on simplified assumptions. In order to assess the iced areas to be protected, a simple captation model is used as done in [START_REF] Meier | A handbook method for the estimation of power requirements for electrical de-icing systems[END_REF][START_REF]AC-9C Aircraft Icing Technology Committee[END_REF][START_REF] Krammer | Estimation of electrical power required for deicing systems[END_REF]. The airfoil is simplified to a plate perpendicular to the flow (Figure 8.2) and the corrected water mass flow rate ṁs ′ can be computed using equations (8.2) and (8.3). E m = 0.00324 V aircra f t t air f oil 0.613 (8.3) with E m the captation corrective factor for an incidence angle of 0°and t air f oil the thickness of the profile.

𝑡 𝑎𝑖𝑟𝑓𝑜𝑖𝑙 𝑡 𝑎𝑖𝑟𝑓𝑜𝑖𝑙

Power requirements computation Thermal anti-icing

Thermal anti-icing systems are broadly used on conventional airliners. The objective of such systems is to prevent the ice accretion on protected areas by continuously heating up the skin. Hot air is bled from engines compressor stages and routed to the protected areas by piccolo tubes. The hot air is blown to the inner part of the skin by small holes distributed along the tubes and evacuated. Many researches are conducted to model and improve the heat distribution at the skin location [START_REF] Hannat | Numerical validation of conjugate heat transfer method for anti-/de-icing piccolo system[END_REF].

The thermal anti-icing can be subdivided into two categories: running wet anti-icing and evaporative anti-icing. In the case of running wet anti-icing, the protected skin is heated in order to maintain its temperature high enough to keep the water in its liquid state after impact [START_REF]AC-9C Aircraft Icing Technology Committee[END_REF]. The running water may lead to runback ice accretions on downstream surfaces which is only acceptable under very specific conditions. For the evaporation anti-icing, the skin is heated with greater intensity, ensuring that the total amount of water impinging the protected area instantly turns into vapor. For both mechanisms, an energy balance approach is used to compute the required heating power P therm thanks to different terms given in equation (8.4) [START_REF]AC-9C Aircraft Icing Technology Committee[END_REF]: P therm = P conv + P sens + P evap + P aero + P kine (8.4) with P conv the power related to the convective heat transfer of the cold airflow on the skin, P sens the sensible heat of the impinging water, P evap the power of the partially evaporated water, P aero the heat due to skin friction, P kine the kinetic power brought by the impact of the droplets on the profile. Powers are computed using the standard models used in the literature [START_REF] Meier | A handbook method for the estimation of power requirements for electrical de-icing systems[END_REF][START_REF] Chakraborty | A requirements-driven methodology for integrating subsystem architecture sizing and analysis into the conceptual aircraft design phase[END_REF][START_REF]AC-9C Aircraft Icing Technology Committee[END_REF][START_REF] Krammer | Estimation of electrical power required for deicing systems[END_REF] and provided in equations (8.5) to (8.9).

P conv = A prot h 0 (T skin -T ∞ ) (8.5)
with A prot the ice protected area, h 0 the heat transfert coefficient , T skin the protected skin temperature and T ∞ the outside air temperature.

P sens = ṁs ′ A pro j ((T skin -T ∞ )((1 -n)C pw + nC pi ) + nLh f ) (8.6)
with A pro j the projection of the ice protected area, n the frozen fraction of impinging water, C pw the liquid water heat capacity, C pi the ice heat capacity and Lh f the latent heat of water fusion.

P evap = A pro j h 0 K Lh v P sat(skin) -P sat(∞) P ∞ -P sat(skin) (8.7) 
with K = 4, 2.10 -4 K.s²/m² in the case of an evaporative system and K = 6, 9.10 -4 K.s²/m² in the case of a running wet system. Lh v is the latent heat of water vaporization, P sat(skin) the saturation pressure at the skin, P sat(∞) the saturation pressure far from the leading edge and P ∞ the outside pressure.

P aero = -A prot h 0 R c γ -1 2 Ma 2 T ∞ (8.8)
with R c the boundary recovery factor, γ the heat capacity ratio and Ma the Mach number.

P kine = - 1 2 ṁs ′ A pro j V 2 aircra f t (8.9) 
As explained previously, according to the mechanism used, the skin temperature is different. In the case of running wet anti-icing, the temperature is constant and set to 10°C [START_REF]AC-9C Aircraft Icing Technology Committee[END_REF]. In the case of evaporative anti-icing, the skin temperature to reach depends on the aerothermal conditions. The skin temperature can be computed using equation (8.10):

T skin(evap) = 1 1 T re f - R M H 2 O Lh v log P sat(skin) P re f (8.10)
with T re f the reference temperature for the ice melting, R the perfect gas constant, M H 2 O the molar mass of water and P re f the reference pressure.

Lastly, the total required power P tot is estimated taking into account the system efficiency. In the case of electro-thermal anti-icing, the heating mats efficiency η part is used and the total power P tot is computed using (8.11).

P tot = P therm η part (8.11)
For bleed air anti-icing systems, two efficiencies are used in order to compute pneumatic power:

η conv the heat losses due to the exhaust of the blown hot air at the rear part of the leading edge and η piccolo the efficiency of the piccolo tubes. In this case, the amount of air to bleed from the engine can be easily computed using equation (8.12).

ṁ air = P tot C pa (T eng -T tot∞ ) (8.12)

with ṁ air the bleed air flow rate, C pa the air heat capacity, T eng the bleed air temperature and T tot∞ the total temperature of the outside air.

Thermal de-icing

Thermal de-icing is nowadays being considered (as in the Boeing B787) to reduce the power required for ice protection. It is achieved on wings leading edges by cyclically removing the ice generated on the protected area. As the control of the heating requires much more complexity, the electro-thermal system appears to be the most suitable thermal solution. A thin layer of ice is melted at the ice/skin interface and ice blocks are shed under aerodynamic forces. In order to ease the shedding, parting strips are continuously heated to divide the entire ice blocs into parted areas [START_REF] Meier | A handbook method for the estimation of power requirements for electrical de-icing systems[END_REF]. The parting strips are operated in running wet anti-icing and the runback ice that forms on the protected surfaces is shed with the de-icing cycle (Figure 8.3).

Parting strips

De-iced areas First of all, the ratio between continuously heated surfaces (parting strips) and the cyclically de-iced area needs to be defined. The corresponding thermal power required for the parting strip areas can be computed using equation (8.4). The power required to detach the iced area can be assessed by computing the power required to melt a thin ice layer at the interface using equation (8.13). The unheated skin temperature T skin(unheated) , corresponding to the equilibrium temperature of the skin when ice is being generated, is computed by solving the energy balance of equation (8.4).

P di = m ice (C pi (T f usion -T skin(unheated) ) + Lh f ) t melt (8.13)
with P di the de-icing power required to de-ice a given area by melting a m ice mass of ice and T f usion the melting temperature of ice.

In order to optimize the instantaneous power consumption, the cycled area needs to be minimized. The minimum cycled surface A cycled can be computed knowing the total de-icing cycle duration t cycle and the effective de-icing duration t melt . Therefore, the minimum cycled area is expressed as:

A cycled = A de-iced t cycle t melt (8.14)
with A de-iced the effectively de-iced area.

Finally, taking into account efficiencies, the instantaneous power consumption of the system is equal to the power required to de-ice one cycled area P di and to operate the entire parting strip surfaces P part , as provided in equation (8.15).

P therm(di) = P part η part + P di η di (8.15) 
with η part and η di respectively the efficiencies of the parting strip areas and of the de-iced areas.

Pneumatic boot de-icing

Pneumatic boot system is a popular IPS for regional and smaller aircraft. It is a mechanical de-icing system. Elastic boots bonded to the airfoil are inflated using pressurized air, leading to the mechanical fracture and detachment of the ice accreted. For some general aviation aircraft, the pressurized air comes from an air pump mechanically driven by the engine. In the case of turbine engine aircraft, the pressurized air is bled from the engine itself [START_REF]Aviation maintenance technician handbook -airframe -chapter 15 : Ice and rain protection[END_REF]. This second configuration represents most of the aircraft and will therefore be the only one studied here. The advantage of pneumatic boot IPS is the low power requirement for operating the system. However, when the boots are inflated (de-icing cycle), non negligible additional drag is observed on the airfoil [START_REF] Bowden | Effect of pneumatic de-icers and ice formations on aerodynamic characteristics of an airfoil[END_REF]. Moreover, the boots have a passive operation cost as they do require vacuum at all time to ensure the aerodynamic quality of the airfoil. In some cases, the valves used to control the airflow bled from the engines are also constantly heated to prevent malfunction induced by freezing environment. According to literature [118], the duty cycle of the boots is divided in an inflation phase (5 seconds) and a deflation phase (10 seconds) back to initial flat shape. During the inflation phase, the pressure in the boots increases gradually up to 20 psi.

As it was done for the electro-thermal de-icing, the protected area can be cycled to minimize the influence of the operation of the boots on the aircraft. The minimum cycled area can be computed using a method similar to (8.14). Considering that the air bled from the engine is at higher pressure than the 20 psi required for the boot proper inflation, the air mass flow rate bled from the engine for the actuation can be computed as: ṁ air = ρ air(20psi) V boots t in f late (8.16) with ṁ air the air flow rate bled from the engine, ρ air(20psi) the air pressure required to inflate the boots, V boots the volume of the boots and t in f late the boots inflation time.

In our case, the vacuum of the boots is considered negligible and therefore not taken into account.

In addition to the IPS mass, the bleed air flow rate, the electric heating power for de-icing the valves and the drag penalty will be taken into account to compute the fuel consumption in section 8.3.5.

Electro-mechanical de-icing

As for pneumatic boot de-icing, the system is actuated when a critical thickness of ice is generated. The system under study is similar to those studied so far in this work and is based on piezoelectric actuators bonded to the leading edge and actuated using alternative current. The characteristics of the IPS (mass of actuators, operating voltage and current, power factor, etc..) are defined based on section 7.2 in which a functioning numerical NACA 0024 prototype has been developed. The assumption is made that the system is applicable to greater areas and, therefore, scaling laws are derived according to the protected areas.

The power requirements of the electro-mechanical de-icing system are based on the power required to break the adhesive bond between the ice and the protected skin. The ice is considered detached when the energy release rate G is greater or equal to the critical energy release G c . The energy release rate can be approximated using (8.17) with the use of extensional resonant modes as shown in [START_REF] Budinger | Electromechanical Resonant Ice Protection Systems: Energetic and Power Considerations[END_REF] and used in Chapter 7.

G =

W ice A ice (8.17) with W ice the strain energy in the ice, and A ice the area covered by the ice. From linear elasticity equations, the critical strain in the ice to bring the energy release rate above the critical value can be computed using (8.18).

ε c(ice) = 2 G c t ice E ice (8.18)
with ε c(ice) the critical strain to bring ice to failure, t ice the average ice thickness and with E ice the ice Young's modulus retrieved from [START_REF] Palanque | Experimental measurement and expression of atmospheric ice young's modulus according to its density[END_REF] and G c the critical energy release rate of the ice retrieved from [START_REF] Palanque | Cohesive strength and fracture toughness of atmospheric ice[END_REF].

Doing the assumption that the strain in the ice is equivalent to and imposed by the strain in the skin, the global strain energy to supply to the structure is defined using (8.19).

W total = W ice +W skin = 1 2 E ice ε 2 c(ice) t ice A prot + 1 2 E skin ε 2 c(ice) t skin A prot (8.19)
As described in previous works [START_REF] Palanque | Electro-mechanical resonant ice protection systems: Power requirements for fractures initiation and propagation[END_REF], the mechanical power required to bring such energy to the structure P mech can be expressed using (8.20) in the case of resonant systems, with ω res the pulsation of the excitation and Q m the quality factor of the selected resonant mode.

P mech = W total ω res Q m (8.20)
Once again, as a de-icing system, the de-iced area can be cycled to minimize the supplied power (8.14).

Because of the capacitive behaviour of piezo-electrical components, the electrical power supplied in order to generate the mechanical power is the apparent power S em (8.21). The power factor cos(φ ) of the system is computed thanks to the FEM model of the electro-mechanical IPS using equations shown in [START_REF] Pommier-Budinger | Electromechanical resonant ice protection systems: initiation of fractures with piezoelectric actuators[END_REF].

S em =

P mech(cycled) cos(φ ) (8.21)

Mass computation Hot air bleed systems

In this section, the method and models to estimate the mass of the different systems are presented. The hot air bleed system is mainly compounded by a bleeding system (mounted on the engine) and perforated pipes (piccolo tubes) routing the hot air along the protected areas. The mass for the components of this system is known for an Airbus A320 style aircraft using models from [START_REF] David | From fast to fast-oad: An open source framework for rapid overall aircraft design[END_REF]. In order to estimate the mass of such system on different aircraft, scaling laws are defined. The mass of the system can therefore be approached using the following formula (8.22). A fixed mass of the main system m f ixed is assumed. For the piccolo tubes, the mass is assumed to be proportional to the protected length l prot and the thickness of the protected leading edge t air f oil . For the engine air inlet, the mass is assumed to be proportional to the radius of the nacelles and to the thickness of the air inlet lips. m total = m f ixed + k m(pipes) l prot t air f oil + k m(nacelles) r nacelles t air f oil(nacelles) (8.22) with k m(pipes) and k m(nacelles) the mass scaling coefficients (in kg/m²) and l prot , t air f oil , t air f oil(nacelles) and r nacelles the protected length of the wing, the thickness of the wing airfoil and the nacelle airfoil and the external radius of the nacelle (Table 8.2).

Electric systems

In the case of electric power based systems (electro-thermal, electro-mechanical), many components have to be taken into account for the mass computation. First, the weight of the heating mats is assessed. In most of the cases, the specific mass of the component is known, which allows computing the mass according to the total protected area. Then, the mass of the additional generator and power electronics associated to the system are supposed proportional to the electric power requirement of the system thanks to k gen and k elec coefficients. According to the electric power requirements, a thermal management unit is required to cool down electronics. The sizing of the thermal management system is done using the thermal management models described in [START_REF] Planès | Thermal management system models for overall aircraft design[END_REF]. Finally, the wires used for the routing of the electrical power have to be sized. A simple wire model is defined to assume the number, the length and the mass of the wires of the IPS (Figure 8.4). The number of wires is computed by assuming that each wire is used at its maximum operating power. The electrical system of the aircraft is supposed to be a AC current with 230 Vrms. In order to ensure the symmetry of the wiring, the minimum number of cable is computed using equation (8.23). Finally, the total mass of the wires is computed using equation (8.25) by knowing the linear mass of the cable m l , the length of the protected parts l prot and the nominal length between protected areas and mutualized power wires l n . An homogeneous distribution of the wires is assumed on the protected areas.

nb wires = ⌊ P elec 2 P max(wires)

⌋ + 1 2 (8.23)

with P elec the power to be passed using the wires and P max(wires) the maximum power for the wires. with l n the dedicated wire length for the wing protected parts (n = 0), the nacelle (n = 1), the HTP (n = 2) and the VTP (n = 3).

Pneumatic boots systems

As for the hot bleed air IPS, the pneumatic boot IPS is subdivided in two main components being the bleed system and the boots. Based on the literature and manufacturers documents, the specific mass of the boots can be estimated [118]. The size of the bleed system is assumed to be proportional to the air flow rate to bleed, and therefore proportional to the boots volume. As the thickness of the inflated boots is assumed to be constant what ever the protected area, the mass of the bleed system m bleedsystem is modeled as proportional to the protected area surface A prot . The mass of the pneumatic boot system m total(boots) can be computed using the following model. m total(boots) = m bleedsystem + m boots = k m(system) A prot + k m(boots) A prot (8.25)

Additional drag computation

The last parameter to take into account to assess the impact of any system on the aircraft is its additional drag . Electrical IPS do not have a direct impact on the drag but have an impact through the subsystems implemented to keep the system operating normally. The thermal management used to cool down the electronics is supplied in cold air thanks to controllable air inlets placed on the aircraft fuselage (generally the belly fairing). The dimensions of such air inlets are computed using the thermal management model defined in [START_REF] Planès | Thermal management system models for overall aircraft design[END_REF]. This effect is almost negligible.

As explained in section 8.3.2, boots increase the drag of the airfoil significantly when inflated. According to [START_REF] Bowden | Effect of pneumatic de-icers and ice formations on aerodynamic characteristics of an airfoil[END_REF] inflated boots increase the airfoil drag by a C D(pen) coefficient up to 150%. The additional drag linked to the inflation can be estimated by knowing the share of total aircraft drag that is generated by the airfoils D total(air f oil) . Therefore, the additional drag linked to the inflation D boots can be computed using equation (8.26).

D boots =

A in f lated A air f oil D total(air f oil) C D(pen) (8.26) with A in f lated A air f oil the ratio between the inflated area and the total airfoil area,

Impact in terms of fuel consumption

In order to enable the comparison between different systems, a fuel consumption model taking into account system characteristics (mass, drag, electric power consumption and engine bleed air mass flow rate) is used. In this paper, the additional fuel consumption due to each IPS is estimated using equation (8.27).

∆M F = ∆M S e gtc f -1 Mass + ∆D S f g e gtc f -1 Drag + ∆P S κ η e f gc e gtc f -1 Electric power + ∆ ṁ a ir ζ t Bleed (8.27)
where ∆M S is the mass of the system, ∆D S the additional drag due to the system, ∆P S the additional electrical power which must be generated, ∆ ṁ a ir the additional engine bleed air mass flow rate, t the duration of the flight phase, ζ a coefficient giving the fuel mass flow rate for bleeding air from engine, f the lift-to-drag ratio, c the specific fuel consumption, g the acceleration of terrestrial gravity, κ a coefficient giving the fuel mass flow rate for generating electrical power and η e the efficiency of electric generators (on the turbofan).

The three first terms are adapted from [START_REF] Moir | Design and development of aircraft systems[END_REF] and are for instance used in [START_REF] Planès | Thermal management system models for overall aircraft design[END_REF] to compare different aircraft thermal management systems. The different parameters depend on flight point characteristics: average values for climb are here assumed. The last term is a straightforward model linking directly the air taken from the engines to an impact in terms of fuel consumption. This coefficient also depends on flight point characteristics.

Results

Application to an Airbus A320 aircraft

In this section, the method for IPS assessment introduced in section 8.2. is applied to compute the additional fuel consumption linked to the implementation of the different IPS. The consumptions of the following five IPS are estimated:

• Thermal pneumatic evaporative anti-icing system;

• Electro-thermal evaporative anti-icing system;

• Wing electro-thermal de-icing system and nacelles running wet anti-icing system;

• Pneumatic boot de-icing system;

• Electro-mechanical de-icing system.

The estimation is made for an Airbus A320 aircraft as it is one of the most documented aircraft in the literature. This aircraft is a short-medium-haul aircraft equipped with two CFM-56 engines. The main protected areas considered are the leading edges of the wings and of the engine nacelles. The protected length on the wings corresponds to length of the three outer slats. For the engine nacelles, the whole perimeter is ice-protected. Figure 8.5 shows the areas of interest. The various parameters considered for the study are summarized in Tables 8.1, 8.2, and 8.3. The Airbus A320 key parameters are given in Table 8.2 and the critical icing conditions, which are defined according to the SAE standard [START_REF]AC-9C Aircraft Icing Technology Committee[END_REF], are detailed in Table 8.1. The density ρ ice selected for the icing conditions does not particularly correspond to the icing point selected from the SAE standard but depending on the case, corresponds to the most critical value which makes it for instance possible to be conservative for the power computation of electro-mechanical IPS whose performance is reduced with low ice densities [START_REF] Palanque | Cohesive strength and fracture toughness of atmospheric ice[END_REF]. The Young's modulus E ice corresponding to the selected density is estimated using the relation given in [START_REF] Palanque | Experimental measurement and expression of atmospheric ice young's modulus according to its density[END_REF] and the critical energy release rate G c using [START_REF] Palanque | Cohesive strength and fracture toughness of atmospheric ice[END_REF]. According to [START_REF]AC-9C Aircraft Icing Technology Committee[END_REF], typical values for de-icing cycles are between 1 and 3 minutes, which, in the case of the selected icing conditions, would correspond to a maximum ice thickness t max(ice) of 1.2 mm. Lastly, Table 8.3, gives the main assumptions used for the computation related to each system studied. The Q m value mentioned in Table 8.3 corresponds to the mechanical quality required to maintain the performance shown in section 7.2 with a 250 Vrms aircraft voltage supply. The different impacts of each IPS technology are thus assessed for an Airbus A320 architecture. Table 8.4 displays the values obtained for the power requirement per unit area, the total power to supply and the total mass of the system. The values are given without making the distinction between the wings and the pods requirements. Figure 8.6 displays the associated average fuel consumption linked to the standard use of the IPS and its installation on the aircraft.

In terms of operation cost, the pneumatic boots system appears to be the less consuming system. However, the mass and the additional drag due to IPS do have a significant influence of the system fuel consumption. In the end, electrical de-icing systems tend to have a lower fuel consumption. Comparing the two electrical de-icing systems, the electro-mechanical one seems to be more advantageous both in term of peak power requirements and average fuel consumption. Going deeper in the system analysis, additional results are obtained. For instance, Figure 8.7 shows the IPS fuel consumption share between fuel consumption induced by the drag, the hot air bleed, the electrical power consumed and the system mass of each IPS studied. This chart highlights the prevalent influence of the mass on the additional fuel consumption. In fact, as the use rate of the system remains low (Table 8.3), even for systems with high power requirements, the mass is among the first sources of fuel consumption. In the case of aircraft electrification, the use of electro-thermal de-icing or electro-mechanical de-icing appears to be the most suitable solution for large aircraft such as the Airbus A320. The mass of the sub components of such systems are compared in Figure 8.8. The electro-mechanical IPS appears to be lighter than the electro-thermal one. The advantage of the electro-mechanical solution proposed here is that the required surface of heating mats is greater than the required surface of electro-mechanical actuators. Therefore, the total mass of the main component is twice bigger for the electro-thermal solution. However, the mass of the power electronics is more important for the electro-mechanical solution. This is linked to the fact that the electronic required to actuate the electro-mechanical system is more complex, therefore, the electronic maturity k m(electronics) values used for the computations (Table 8.3) are important to assess the mass of both systems.

Finally, the influence of the use rate of the IPS on the technology consumption is investigated. Figure 8.9 shows that as the use rate increases, some technologies can become more relevant in term of fuel consumption. In fact, while the use rate raises, the operational power consumption becomes more and more penalizing compared to the mass of the system. Therefore, for aircraft operating in cold regions or high icing risk conditions, the criterion used to select the most optimal IPS might vary. 

Focus on the Electro-mechanical IPS

The following section focuses on the electro-mechanical IPS. Indeed, as this technology is under development, it can be interesting to investigate how key design parameters influence the system mass, power requirement and fuel consumption. Computations are made using parameters defined in section 8.4.1, key parameters of influence are varied and trends are given on dedicated charts. First, Figure 8.10 shows the influence of time taken to de-ice an area on the overall power, mass and fuel consumption of the system. In fact, as the de-icing time gets shorter, the total area to protect can be cycled with smaller areas (8.14), leading to a significant decrease in the instantaneous operating power. The staircase behavior of the chart is linked to the use of integer numbers of cycled areas and electric wires.

As explained in section 8.4.1, the electronic maturity is also an important parameter to assess the efficiency of the IPS system. A reference value of 2 kW/kg is selected (Table 8.3) for the power supply of electro-mechanical systems based on piezoelectric technology whereas the standard value for linear power supply (in the case of heating mats for instance) is set to 15 kW/kg (Table 8.3) [START_REF] Roboam | Hastecs. In More Electric Aircraft[END_REF][START_REF] Roboam | Hastecs: Hybrid aircraft: research on thermal and electric components and systems[END_REF]. As a consequence, as the power is kept constant, the mass and therefore the fuel consumption of the system are directly impacted by this parameter, as shown in Figure 8 As it is a mechanical system, the ice properties are also decisive for the sizing of electro-mechanical IPS. From literature and previous studies [START_REF] Palanque | Cohesive strength and fracture toughness of atmospheric ice[END_REF][START_REF] Palanque | Experimental measurement and expression of atmospheric ice young's modulus according to its density[END_REF]142], the ice appears to be more difficult to shed in as the ice gets less dense (rime ice). A default density of 500 kg/m 3 is therefore selected, as it appears to be a density low enough to be conservative in the case of aircraft icing. The corresponding critical energy release rate is computed using the relation given in [START_REF] Palanque | Cohesive strength and fracture toughness of atmospheric ice[END_REF], leading to G c equal to 0.77 J/m 2 . Figure 8.12 and 8.13 highlight the high influence of the mechanical properties of the ice on the sizing of the IPS. The reduction of the interfacial toughness G c of the ice induces a reduction of the system impact. Therefore, the use of low interfacial toughness coatings [START_REF] Golovin | Low-interfacial toughness materials for effective large-scale deicing[END_REF] would enable to reduce the power requirement and therefore the mass of the system as shown in figure 8 

IPS comparison for four aircraft of different categories

The study realized on the Airbus A320 study case is extended to other aircraft. The aircraft are selected to represent a wide range of the current aircraft fleet. For large long-haul aircraft, a Boeing 787-800 aircraft is assumed. Two smaller aircraft are also selected, the ATR 72-500 (a regional aircraft with two propellers) and the TBM-900, a six passengers mono-engine aircraft from Daher. Figure 8.14 shows the protected areas assumed for each of the aircraft. The engine air inlets are also protected for ATR 72-500 and TBM-900 but were not taken into account because of the lack of information on the air inlets geometries.

Boeing 787 Airbus A320 ATR 72 TBM 900 In the first place, the power requirements are compared. Figure 8.16 displays the power requirements per unit of protected area according to the aircraft type. The total operating power required increases with the size of the aircraft. However, the power to supply relatively to the power generated by the engine increases as the plane gets smaller (Figure 8.15). In fact, the embedded systems always have bigger impacts on smaller architecture. Moreover, the tail is also protected for smaller aircraft, which implies an increase in the relative area to be protected. The chart from figure 8.15 shows that for the small TBM aircraft, anti-icing would require more than 30% of the engine power, which would not be acceptable. This result explains why smaller turboprop aircraft are equipped with de-icing systems. .17 and 8.18 show the fuel consumption of the system according to the aircraft type. Once again, as the aircraft size increases, the total fuel consumption increases too. However, as for the power requirements, the relative fuel consumption increases while the aircraft gets smaller. According to the power charts (Figure 8.15 and 8.16), replacing the existing pneumatic boot system would only require a few percent of the aircraft power generated. However, because of the gain in mass, the fuel consumption due to the system is reduced using the electro-mechanical solution as shown in Figure 8.17 8.5 summarizes the benefits of the use of the electro-mechanical system according to the aircraft and its current IPS. The Airbus A320 installed system is assumed to be hot air bleed system, the Boeing 787-800 IPS is assumed to be and electro-thermal de-icing system and the ATR 72-500 and TBM 900 IPS are assumed to be pneumatic boots systems. 

Computations synthesis

The computations realized in the result section highlighted the benefits and drawbacks of the systems under study. The results obtained were validated by industrial partners and are also coherent with values found in the literature. Compared to anti-icing systems, de-icing ones have reduced power requirements and therefore, the electro-mechanical and electro-thermal solutions appear to be the most convenient solutions as they also have the advantage to be lighter than the other conventional systems.

The mass and the power requirement computed for the thermal pneumatic IPS are very close (under 10% deviation) from the values given in [START_REF] Delbecq | ISAE-SUPAERO aviation and climate: a literature review[END_REF]. The power required to de-ice the wings of a Boeing 787 using electro-thermal de-icing has been computed to be 64 kW which falls in the range of 45 to 75 kW given in [START_REF]787 integrates new composite wing deicing system[END_REF] and is close to the 76 kW value obtained by Meier et al. in [START_REF] Meier | A handbook method for the estimation of power requirements for electrical de-icing systems[END_REF].

Thanks to the arrangement of its main components, the electro-mechanical system is slightly lighter than the electro-thermal one which requires heating mats on the entirety of the protected area. A sensitivity analysis was realized on the key design parameters of the electro-mechanical system and highlighted the importance of the de-icing speed and the electronics maturity on the system performance. The influence of the ice properties on the system was also quantified confirming the criticality of low density atmospheric ice.

Overall, the analysis shows that electro-mechanical de-icing systems would allow significant reduction in term of power requirement (94%), mass (56%) and fuel consumption (80%) compared to conventional hot air bleed systems in the case of an Airbus A320. The electro-mechanical solution would also permit a fuel consumption reduction on smaller aircraft such as the ATR 72 or the TBM 900. In both cases, the power requirement is increased compared to the pneumatic boot system used. However, as the mass of the electro-mechanical system is lighter, using such system would reduce the fuel consumption of the IPS by 50%. Finally, the relative impact of the power and fuel consumption of the system is assessed according to the aircraft type. As the aircraft gets smaller, the impact of the system becomes more significant. Based on the aircraft average fuel consumption, the replacement of the current system by electro-mechanical solution would help reducing the total A320 fuel consumption by 0,5%. This gain is reduced to 0.3% for the ATR 72 but increased to 0.8% for the TBM-900.

Conclusion

Starting from aircraft characteristics and icing conditions, a computational method is described to enable the comparison of various ice protection systems. Many aspects are considered such as the power requirement of the system, the mass of the system and its components, the potential additional drag and bleed air linked to the system operation. Using these aspects, an equivalent fuel consumption is computed assuming an average 2% use rate of the IPS. The method is given for five different IPS. Two thermal anti-icing solutions (pneumatic and electric) are studied as well as three de-icing technologies (electro-thermal, electro-mechanical and pneumatic boots). Simplified models are defined to compare the different technologies based on the existing systems characteristics. However, in the case of the electro-mechanical system, as no solution has been properly developed so far, a functioning promising prototype is introduced and used as a reference design for the computations (Chapter 7).

The main input features are given and the results are analyzed for an Airbus A320 aircraft. Thanks to the computations, the benefits of the electro-mechanical de-icing system are highlighted. Both power consumption (reduced by 94%) and mass (reduced by 56%) are reduced using such system (compared to actual air bleed system), leading to a net decrease in the average fuel consumption linked to the system (reduced by 80%).

A sensitivity analysis is performed on the key parameters of the electro-mechanical de-icing system. The results obtained enabled to identify the axes of improvement for the system such as the electronic maturity and the de-icing time. Moreover, the analysis allowed confirming that some icing conditions are more likely to be critical for the sizing of the mechanical systems. In the case of the electro-mechanical resonant de-icing system studied in this paper, the lower densities (rime) appear to be more critical than the denser ices (glaze). The benefits of the use of low interfacial toughness coatings is also quantified for this study case.

Finally, the method is applied to different aircraft (Boeing 787, Airbus A320, ATR 72 and TBM 900) in order to study the behavior of the IPS according to the aircraft type. The operation power which appeared little impacting for the Airbus A320 configuration was revealed to be critical in the case of smaller aircraft. In fact, as the plane gets smaller, the operating power becomes non negligible compared to the available power (more than 30% for anti-icing systems) thereby confirming the de-icing system choice for this type of aircraft.

Even if certain results were verified and confirmed by industrial parteners or literature documents, the exact dimensions of aircraft were not available and do remain estimated by the authors. Conservative assumptions were taken for each IPS studied but still, numerical values are to be used with caution as some of the assumptions might be too simplified for some applications. To go further in the comparison of the systems the characteristics of the installed technologies should be known with more details. Generally speaking, the models could be enhanced by taking into account deeper sizing relations. For instance, the reduction of the maximum instantaneous power requirement could have an impact on the engine sizing which would have an important influence on the gain associated to the system. Removing bleed systems could also lead to bleed-less engines and architectures which could benefit the overall aircraft consumption. Nevertheless, the interest in de-icing systems was confirmed, especially for electro-mechanical solutions showing lower power requirements, mass and average fuel consumption for the entire fleet of aircraft studied. Multiple axes of improvement were identified for the electro-mechanical IPS leading the path for development of the resonant technology. Thanks to ongoing works on electro-mechanical actuation optimization, low interfacial coatings, power electronics efficiency and others, the use of electro-mechanical IPS appears to be a promising and interesting solution for contemporary and future more electrical aircraft.

Chapter 9

Conclusion and perspectives Thesis objectives and contributions

Throughout this manuscript, the path followed to achieve the thesis objectives which consist in proposing a design of an electro-mechanical de-icing system as well as in producing a functioning prototype was detailed. To achieve the thesis objectives, the project was broken down into four axes of research.

The first axis was the understanding and modeling of fracture mechanisms in ice through numerical and experimental studies.

The second axis was the measurement of the mechanical properties of ice thanks to the modeling of the fracture mechanisms which enabled setting up an experimental procedure to measure these properties.

The third axis concerned the design of functional de-icing prototypes based on Key Performance Indicators (KPI) proposed in the framework of this thesis to understand the limits of resonant electromechanical de-icing, on substrates optimized to increase the efficiency of the mechanical de-icing and on experiments to validate the numerical sizing.

The fourth and last axis is the development of a method to assess the performance of the resonant ice protection system at the aircraft level and to compare it to existing systems.

Results synthesis and perspectives Axis 1: Fracture mechanisms in ice

All the developments achieved in this thesis are based on the fracture mechanisms in ice. The various theories and numerical methods related to fracture mechanics were thus investigated. For its rapidity, simplicity and flexibility, the Griffith's approach was selected as the most convenient method and used throughout the thesis to compute the fracture propagation in or at the ice interface.In Chapter 3, the fracture mechanisms of ice were investigated on simple plate geometries. A numerical approach was introduced, enabling to predict the fracture mechanism according to the modal shape used, the geometry of the structure and the mechanical properties of the ice (tensile strength, shear strength and critical energy release rate). The numerical approach was verified experimentally and highlighted the possibility of two well distinct failure mechanisms on a sound ice bulk.

The first mechanism is referred to as the tensile (or cohesive) mechanism. This failure mechanism is triggered when the tensile stress in the ice exceeds the tensile strength prior to breaking the adhesive bond of the ice. In this mechanism, a cohesive crack is initiated within the ice and then an adhesive fracture starts to propagate at the interface from the cohesive crack location. The fracture propagates according to the energy release rate in the structure. This mechanism can be observed with the propagation of the adhesive crack starting from the edges of the bulk, with cohesive crack simply being the formation of new edges. The second mechanism is a shear stress based mechanism. In this mechanism, interfacial shear strength of the ice must be exceeded in every point of the interface, which leads to an instantaneous shedding of the ice bulk. According to the type of mode used (flexural or extensional) the shedding mechanism differs. This study also brought out the existence of an ice critical length l c for which a switch in the failure mechanism can be observed. This critical length depends on the modal shape but also the ice bulk thickness and the mechanical properties of the ice and its adhesion strength.

Future works could focus on the influence of ice protection coatings on these fracture mechanisms and critical lengths. Using the method, the influence of coatings on the shedding mechanisms and their efficiency can be assessed easily by modifying the critical values G c and τ c and observing the results. Moreover, this study focused only on freezer ice. The variety of atmospheric ice could also be studied by accordingly modifying its properties such as the density ρ ice , the Young's modulus E ice and the tensile strength σ xx of the ice.

Axis 2: Mechanical properties of ice

The Chapter 3 highlighted the importance of knowing the mechanical properties of ice, whether it is its tensile strength, shear strength or critical energy release rate. In order to run finite element computations on iced structures, the density and the Young's modulus of ice are also key parameters for modal analyses. Chapter 4 was therefore dedicated to attempting the accurate measurement of the key mechanical properties of atmospheric ice. Thanks to an international scientific collaboration with the AMIL laboratory at UQAC, the density, the Young's modulus, the cohesive strength and the critical energy release rate of the atmospheric ice were measured. The measurements were achieved by setting up a hybrid numerical/experimental method which enabled the identification of the different parameters by mixing laboratory measurements and finite element computations of fracture initiation and propagation. Over 50 ice samples were generated in both cold room and icing wind tunnel which enabled having a large panel of ice samples representative of a wide range of icing conditions. Thanks to the use of the AMIL facilities and the local ice expertise, homogeneous ice samples were generated in a reproducible way, enabling reliable laboratory measurements on the thickness and density of the ice. The knowledge acquired on modal analysis and electro-mechanical actuation was used to vibrate the samples at high speed (compared to conventional static tests) and low strain magnitude, which enabled the accurate measurements. One of the main features of this experimental campaign was the mechanical definition of the ice solely from its density. According to the experiments, the aero-thermal parameters of the icing conditions such as temperature, liquid water content, flow speed and others structural parameters such as the substrate shape and material only influence the icing process and therefore the resulting ice density -density which is then solely driving, at the first order, the mechanical behavior of the ice. This approach enabled drawing accurate relations between Young's modulus and cohesive strength versus the ice density. The critical energy release rate was also measured but with greater uncertainty which led to more scattered results. Both Young's modulus and cohesive strength relations were verified by comparing the values obtained during the test campaign with the values given in the literature for high density ice. A porosity model was also found to define with remarkable accuracy the relation between Young's modulus and density. Eventually, the difficulty to break (through tensile stress) or shed (through energy release rate) the ice according to its density was assessed. In case of electro-mechanical de-icing, the more porous the ice is, the more difficult is the deicing process.

Future work could focus on finding a way to measure the shear strength at the interface between of the ice and the substrate using a vibrating approach, which could help reduce the scattering of the values found in the literature. Finding a way to load the ice with shear strain could also enable the measurement of the G IIC value which was not quantified during the campaign as the main opening mode triggered by the loading was in the mode I direction.

Axis 3: Design of resonant ice protection systems

Based on the more accurate understanding of the existing fracture mechanisms and the ice mechanical behavior, Chapter 5 aimed at investigating the capability of different mode types to effectively de-ice the areas to be protected. The study was performed on plate geometries and freezer ice to facilitate modeling and experimental verification. Key performance indicators (KPI) were defined to enable the appreciation of the capability of a given configuration to generate stresses or an energy release rate in the ice according to the design parameters. KPIs were designed to indicate the de-icing capability of a configuration according to its actuation system sizing (energy, power or force) and structural health considerations (Failure of the substrate or of the piezoelectric components). The KPI were analyzed for flexural and extensional modes in the [0-80 kHz] range. This study enabled to give trends on the performance of each type of mode according to its frequency and to indicate directions to follow for future more realistic designs.

In Chapter 5, a focus was made on the flexural modes and the power consumption associated with the fracture mechanism triggered. The study highlighted that the flexural modes could be divided in two sub-categories according to their frequency. Low frequency flexural modes would follow the first fracture mechanism (cohesive fracture initiation followed by adhesive propagation) whereas high frequency flexural modes would rather trigger the shear stress mechanism and directly initiate fractures at the interface. For low frequency modes, the cost to bring the ice to failure is low, but the propagation of the adhesive crack requires an increase in the supplied energy and is potentially limited by geometrical constraints. On the other hand, the cost of the ice shedding for high frequency modes is much higher, but could generate an instantaneous debonding due to the unstable behavior of the adhesive propagation. However, the limits of our experimental test rig only enabled the verification of the feasibility of low frequency flexural modes and to highlight the difficulty of the high frequency flexural mode excitation.

A final section in Chapter 5 was dedicated to the extensional modes. The triggered mechanism appeared to remain identical in the studied frequency range. Due to the increase of the actuation cost with the frequency, the focus was made on the first extension mode. The experiments confirmed the effectiveness of the de-icing by showing an almost complete debonding of the ice on the entirety of the substrate. Nevertheless, the undesired coupling between extensional and nearby flexural modes appeared to deteriorate the failure mechanism and reduce the de-icing capability.

Following the study on the de-icing capability of the different modes, the objective of Chapter 6 was to investigate ways to push the limits for both low frequency flexural modes and extensional modes. The first part of the chapter focused on the improvement of the tensile mechanism when triggered by low frequency flexural modes. The substrate geometry was optimized in order to harmonize the strain energy within the ice bulk in order to push back the geometrical limits of the adhesive propagation. A semi-analytical static beam model was created which allowed parametric optimization of the substrate thickness. The static model was then extended to be applied to modal configuration and both numerical results were experimentally verified. For each case (static and modal), a gain in the adhesive propagation length was observed. A direction to improve the extension mode was also investigated. The stiffness of the substrate was harmonized by adding ceramics along the substrate. This led to a reduction of the parasite flexion which proved to increase the de-icing efficiency by enabling complete instantaneous de-icing of the plate.

In order to minimize the consumption of the system, the electronic control of the transducers was finally investigated. A numerical dynamic model of the system was realized and the vibratory response of the system was studied according to the input signal. Different parameters such as the sweep range or duration but also the mode frequency and quality factor were used to determine the optimal chirp that would maximize the system response while minimizing the actuation duration. A numerical law was obtained from the system modeling and verified experimentally on a plate sample. Finally, an optimized actuation sequence was developed and used on an iced sample to assess its performance. In the end, the optimization of both the extensional mode and the actuation signal enabled the complete shedding of the ice from a substrate in less than 5 seconds.

Chapter 7 uses the idea of KPIs introduced in Chapter 5 and extends it to more complex airfoil geometries. A numerical method is given to retrieve the input voltage requirement of a given configuration (defined by its mode, actuators location, ice deposit, ...) and a given failure mechanism. Based on these voltage requirements, the electric power to be supplied is also assessed. Examples on the use of the methodology are given, highlighting the method relevance to either sort the modes according to their performance or to obtain and predict the performance of a selected design/configuration.

Finally, following the analyses, a NACA 0024 prototype was equipped and tested in the ICA icing tunnel. Three different tests were performed, highlighting the importance of the actuators location to favor the good coupling with the structure. Eventually, an extensional mode with displacements following the curvature of the leading edge was triggered. The experiments showed that the system designed enabled the complete shedding of the ice accreted on the airfoil in less than 2 seconds for an "glaze" ice deposit which is the simplest case since the ice as the highest Young's modulus. As expected, the shedding of highly porous ice which is much more difficult for electro-mechanical systems was not completed because of the experimental limitations of the set-up. However, ways of improvement are yet to be investigated to increase the efficiency of resonant ice protection systems such as reducing the parasite flexion of the extensional mode, optimizing the input voltage or the ice thickness before actuation. The tests performed during the thesis also showed the importance of the electro-mechanical coupling which is not optimized with piezoelectric patches and which could therefore be enhanced by introducing more sophisticated actuation technologies. Finally, the actuation could be further improved by automatizing the triggering process and the natural frequencies detection. Control laws could be designed to trigger the shedding when required according to the ice thickness and ice type estimated by a first identification sweep. As the ice properties remains uncertain and difficult to assess in-flight, designing system capable of withstanding the whole spectrum of the ice and its scattered properties is of utmost importance.

Axis 4: Assessment of resonant de-icing systems at the aircraft level

The objective of the last chapter, Chapter 8, was to evaluate the benefits of the developed electromechanical system according to the other existing technologies. In fact, in addition to performing the de-icing function, reducing the power consumption of the system was considered as the main driver in the development of the electro-mechanical solution proposed in Chapter 7. But many more aspects, such as the weight and the power supply, are to be taken into account to determine the benefits of the system at the aircraft level. To compare the resonant piezoelectric de-icing systems with the other technologies, based on literature reviews and manufacturers catalogs, simplified models of the thermal-pneumatic bleed system, thermal-electric anti-icing or de-icing system and pneumatic boot system were realized. The impact of those systems on the aircraft was quantified according to three quantities that are the power consumption, the drag and the mass of the ice protection system. From these impacts,for each system, the additional fuel consumption linked to the implementation of the system was assessed. This study was performed on four different aircraft (Boeing 787, Airbus A320, ATR 72-500 and Daher TBM 900) representing a wide panel in the aircraft field. The study enabled to position the electro-mechanical system developed according to the other technologies for the four aircraft mentioned and highlighted the benefits of the electro-mechanical system in terms of mass, power consumption and drag. The fuel consumption benefits were also emphasized with, for example, a system consumption reduction of 80% for an Airbus A320 leading to a 0.5% gain on the overall aircraft consumption according to standard ice protection system use rate. A sensitivity analysis was finally performed on the different parameters of the electro-mechanical solution which helped to identify the potential axes of improvement of the technology.

The simplified model of the resonant de-icing system used in this chapter enabled fast comparisons and gave orders of magnitude for the early design of the system. However many assumptions can appear as over simplified and could be improved in the future. The results of the study derive from a captation model which defines the amount of ice to be removed by the system. As it was mentioned in Chapter 2, the ice accretion science is very complex and reducing it to a simple 1-D captation equation might imply significant uncertainties on the results. The icing conditions considered here comply with the Appendix C specifications but Appendix O was not taken into account, which could have also a non negligible influence on the sizing of the system and the aircraft areas to be protected. The modeling of the aircraft and the existing systems depends on the available information on the technology, which can be limited and therefore also reduce the representativeness of the model. The mass breakdown of the system is also fixed to the components performing the primary function but elements such as calculators or even redundancy concerns might require additional attention. Finally, using maximum ice thickness as a generic ice protection requirement might be limited as the tolerance of each aircraft to icing is not equivalent and could therefore lead to an over or under estimation of the de-icing cost while comparing aircraft. The same experiment is realized on an equivalent sample (Plate HM) equipped with hard PIC 181 ceramics. This sample is the one used in the Chapter 5 high frequency flexion modes section. The same signal is sent to the actuator but this time, the frequency matches with the natural frequency of the structure. As the natural frequency of the mode is triggered, friction heating effect are observed on the sensor part as well. The friction between the substrate and the epoxy is also observed on the electric mass location. The temperature difference between the actuator and the sensor are minor (under 2°C) highlighting the low intensity of the dielectric losses in this case. Over all the actuator temperature increased by 4°C which is half the temperature increase observed for the previous experiment. This can be linked to the difference between the dielectric losses coefficient of hard and soft ceramics, but also the difference in the friction intensity due to the triggering of the mode of resonance. 

Extension mode

The extension mode is first triggered on the Plate SS sample. A sweep of 200 Vpk-pk magnitude is made between 19.2 kHz and 19.7 kHz for 90 seconds. A significant increase in the temperature is observed. On the actuator location, the temperature raised by +13°C and the average temperature of the plated increased by +6°C. In this configuration, the mass is not located on an high strain part so the temperature is not increasing much due to friction. The same experiment is made on the Plate HS sample in order to compare the heating effect according to the type of ceramic used. The same sweep is realized between 20.4 kHz and 20.9 kHz for a 60 seconds duration. After 60 seconds of sweep, the temperature over the actuator increased by +6°C which is 30% less than with soft ceramics. Despite the smaller surface of the sample the overall temperature increased only by +3°C which is again 30% lower than the previous experiment. In the end, this study shown that as the frequency increases, the temperature can rise with high intensity especially on actuators locations. The study highlighted that friction can be an important cause of heating when triggering a mode of resonance. Overall, the heating dynamic is relatively slow and therefore could be avoided what ever the frequency by performing fast sweeps (under 10 seconds). Finally, the use of hard ceramic is a option to reduce the heating effect which is most likely to come from the lowering of the dielectric losses.

Leading edge study

A thermal analysis of the NACA prototype described in Chapter 7 was performed in order to identify the friction areas of the clamp. Different frequencies were triggered in order to investigated to areas of losses. The NACA profile is instrumented by 8 piezoelectric actuators from PI (DuraAct P-876.A15) of dimensions 60 x 35 x 0.8 mm3 and arranged as displayed in figure 7.13. The skin is mounted on perforated ribs which enables to glance at the inside of the leading edge while performing the experiment (figure A.7). At first, a resonant mode of the structure is triggered at the 12 kHz frequency and a 400 Vpk-pk voltage is applied for 60 seconds. The reflection of the actuators on the spar enables to see the temperature increase of the actuators. After 60 seconds, the temperature has increased by +9°C on the actuators and only by +2°C on the contact area between the skin and ribs or spar. This highlights that most of the losses are either dielectric losses of the piezos or friction losses at the actuator/structure interface and that less significant amount of heat is dissipated in the clamps. The refrigerating module was implemented at the "Diffusor 4.2" location. An air/gas heat exchanger covering the entire section is inserted in the vein and an external compressor is used to cool down the exchanger. The water injection module is inserted just upstream to convergent by removing one of the three honeycombs layer "Screes Honeycombs" module. An injection ramp was designed to hold five injectors across the width of the vein (figure B.2). Pressurized water in sprayed thanks to an external pump, supplying the injectors in demineralized water. When the test section is empty, the wind speed can be increased up to 50 m/s after the convergent. Thanks to the refrigeration module, the temperature inside the vein can be decreased down to -25°C. The injectors do have a spray angle of 60°and a flow-rate of 0.041 l/min which leads to an estimated minimum LWC of 8 to 10 g/m3. The MVD of the droplets is fixed to 20µm. For such an LWC, even for cold air stream, the ice generated is very dense. Because of the design of the ramp and the narrowness of the injectors spraying angle, the ice deposit is hardly homogeneous. The injection module is therefore modified to enhance the ice generation of the wind tunnel. 

Injectors selection

In order to to allow the generation of rime ice in the wind tunnel, the LWC of the cloud generated must be reduced. Ideally, the values obtainable should correspond to in flight LWC values; between 0.1 g/m3 and 3.0 g/m3. To asses the LWC value of a cloud, specific machines are to be used. The LWC value depends on the injected flow rate but also on the wind speed and the droplets distribution. Selecting an injector that would enable to lower the LWC of the cloud is therefore complicated as only the flow rate is given in the data sheet. However, the potential intensity of the LWC corresponding to a injector can be assessed by defining a ratio that would represent the amount of water spray on a given area (according to the spraying angle).

The LWC can is homegenous to the following equation:

LWC = Q v ρ w V s S (B.1)
with Q v the volume flow rate injected, ρ w the density of water, V s the wind speed and S the area of which the water is sprayed.

According to this relation, two parameters are depending on the injector which are the flow rate and the sprayed area. Therefore, a criterion for the selection of the injector to minimize the LWC can be defined as :

C LWC = Q v tan 2 ( α 2 ) (B.2)
with tan 2 ( α 2 ) being the image of the surface spayed as the water is being sprayed in a conic shape of cone angle α.

Using this criterion, the injectors available on the market are compared and eventually, the Pulsajet injector from Spraying Systems is selected. The Pulsajet injector is supplied both in pressurized water and air, which is used to atomize the droplets. The air and water pressures can be modified in order to influence the atomization process, therefore the MVD of the droplets can be selected. Modifying the pressures also enables to modify the flow rate which gives additional margins on the injections conditions. Finally, the most interesting feature of the Pulsajet injector is the injection sequencing. Thanks to a piloted solenoid valve the injection can be sequenced at very high frequency, which enabled to reduce the "on" time of the injection without damaging the jet shape. Using this feature, the flow rate of the injector can be reduced to 10% of the nominal flow rate.
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B.2.2 Injection ramp design

A new injection ramp is design in order to host the new injectors. The objective is to create a ramp that could use both a single or two injectors. In order to minimize the influence of the ramp on the air flow, the ramp is made in an airfoil shape. The first ramp realized is the centered single injector ramp (figure B.4). Electro-thermal heaters are added in the ramp to ensure the good operating temperature of the injectors and prevent the water from freezing in the pipes.

Injector

Air intake Water intake Ice thickness and stiffness influence on extensional modes de-icing This appendix focuses on establishing an analytical relation between the de-icing difficulty and the ice properties while using extensional modes.

C.1 Speed and strain field

A free conditions plate of length L is considered. The plate is symmetrical in x = 0 and at the x location, an element of length dx is characterized by a displacement of u(x,t) and a speed v(x,t) with v = ∂ u ∂t .

For the first extensional mode, the displacement field u(x,t) can be expressed as a function of the plate end displacement U 0 : u(x,t) = U 0 (t) sin πx L (C.1) and the strain field :

ε(x,t) = ∂ u(x,t) ∂t = U 0 (t) π L cos πx L (C.2)

C.2 Modal mass and stiffness

The elastic strain energy of the plate can be expressed as follow:

W = 1 2 KU 2 0 = 1 2 E ∂ u ∂ x 2 dv = b +L/2 -L/2 (E ice h ice + E sub h sub ) ∂ u ∂ x 2 dx (C.3)
The modal stiffness is then identified as :

K = b(E ice h ice + E sub h sub ) π 2 2L (C.4)
Ice thickness and stiffness influence on extensional modes de-icing

In the same way, through the kinetic energy expression, the modal mass can be expressed as:

M = b(ρ ice h ice + ρ sub h sub ) L 2 (C.5)
Finally the pulsation of the mode can be expressed as follow: 

ω = K M = π

C.3 Energy release rate and force

From the previous equations, the ratio between force and displacement can be derived :

F bU 0 = K bQ m = (E ice h ice + E sub h sub ) π 2 2LQ m (C.7)
The ratio between the energy release rate and the square of the displacement can also be obtained considering that most of energy release rate is due to the strain energy stored in the ice.

G U 0 2 = V ice bLU 0 2 = E ice h ice π 2 4L 2 (C.8)
By combining these two last equations, the analytical expression of the force KPI given in Chapter 5 can be obtained:

G F 2 = E ice h ice (E ice h ice + E sub h sub ) 2 Q m 2 π 2
(C.9)

From this last equation, one can observed that the force F required to reach a given amount of energy release rate G can be maintained if the ice Young's modulus E ice is decreasing (rimer ice) by increasing at the same rate the thickness of the ice h ice .
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 14 Figure 1.4 First flexural mode of a free condition plate (a) and first extensional mode of a free condition plate (b)
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 16 Figure 1.5 Cohesive fracture mechanism
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 21 Figure 2.1 Continuous maximum icing condition defined in EASA CS-25 Appendix C [44]

  Figure 2.2 shows an example of 2D ice shapes predictions made with such tools. Ongoing works are still focusing on upgrading the robustness of the predictions and extending models to wider icing conditions and 3 dimensional spaces.
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 22 Figure 2.2 Comparison of simulated ice shapes obtained with 2D accretion prediction numerical codes and CIRAMIL model[START_REF] Fortin | Prediction of ice shapes on naca0012 2d airfoil[END_REF] 
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 23 Figure 2.3 Cassie-Baxter ice (a) and Wenzel ice (b) states
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 24 Figure 2.4 Hot air bleed system principle
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 25 Figure 2.5 Electro-thermal de-icing heaters configuration

Figure 2 . 6 Figure 2 . 7

 2627 Figure 2.6 Cross-section view of the basic components of the pneumatic boots layer[START_REF] Sweet | Giving ice the boot, understanding pneumatic de-icing[END_REF] 
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 28 Figure2.8 Neoprene pneumatic de-icing boot surface material that has been exposed to ozone. The right side was treated with a recommended treatment material[START_REF] Sweet | Giving ice the boot, understanding pneumatic de-icing[END_REF] 
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 2 Figure 2.10 K 31 and K 33 configurations
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 2 Figure 2.11 Photographs taken during testing of eight actuators; instantaneous and continuous ice delamination (1-mm-thick ice layers) observed on airfoil leading edge (200 W)[START_REF] Palacios | Ultrasonic de-icing of wind-tunnel impact icing[END_REF] 
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 2 Figure 2.14 Schematic representation of Safran design, including electric supply device (35) and piezoelectric actuator (5)[START_REF] Gonidec | Procede d'alimentation electrique d'un degivrage et d'un antigivrage de nacelle par ultrasons[END_REF] 
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 2 Figure 2.15 Ice types generated on leading edges, with "glaze" ice (a), "rime" ice (b) and "mixed" ice (c) (NASA)
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 2 Figure 2.17 Thin sections of the test material. (a) Grain structure (transmitted polarized light). (b)Bubble distribution (reflected light, surface rubbed with fine aluminum powder).[START_REF] Hawkes | Deformation and fracture of ice under uniaxial stress[END_REF] 
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 2 Figure 2.19 Experimental set ups used for the measurement of the adhesion strength of atmospheric ice[START_REF] Phan | Adhesion of rime and glaze on conductors protected by various materials[END_REF][START_REF] Scavuzzo | Structural properties of impact ices accreted on aircraft structures[END_REF] 
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 2 Figure 2.20 Images of the different types of ice used in this investigation and ice adhesion shear strength for the three ice types [142]
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 2 21 shows a set up of a blister test realized in [184].
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 2 Figure 2.21 Sample blister test geometry. (a) Polytetrafluoroethylene (PTFE) thick "defect" disc (1 mm). (b) PTFE thin "defect" disc (50 µm). (c) Pressurized air supplied to release ice. [184]

  From it, propagation criteria based on the Stress Intensity Factors (SIF) K I,II,III or the energy release rate G are defined and studied to assess the crack opening. According to the plan of the crack, three modes of propagation are defined. The first mode (Mode I) occurs when the fracture is loaded with traction: Opening. The two other modes are triggered under shear loads, in plane shear creates Mode II fracture propagation whereas out of plane shear leads to Mode III fracture propagation (figure 2.22).
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 2 Figure 2.22 The three modes of fracture propagation[START_REF] Anderson | Fracture mechanics: fundamentals and applications[END_REF] 
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 2 Figure 2.23 An illustration of the VCCT[START_REF] Tabiei | Composite laminate delamination simulation and experiment: A review of recent development[END_REF] 
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 2 Figure 2.26 Near-Tip Enrichment functions[START_REF] Awais | EXtended Finite Element Method(XFEM)-Modeling arbitrary discontinuities and Failure analysis[END_REF] 
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 2 Figure 2.27 Cohesive fracture mechanism
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 2 Figure 2.29 Experimental fracture mechanism observation[START_REF] Budinger | Electromechanical Resonant Ice Protection Systems: Energetic and Power Considerations[END_REF] 
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 3 [START_REF]AC-9C Aircraft Icing Technology Committee[END_REF] shows an example of a leading edge model equipped with piezoelectric patches. This model can be simplified to a 3D plate model in order to reduce the complexity of the structure.

Figure 3 .

 3 [START_REF] Addy | Modern airfoil ice accretions[END_REF] shows an example of the plate sample geometry. Finally, a 2D simplified model of the 3D plate can be defined to allow faster computations in the preliminary study phase. Figure3.3 shows the 2D model used for the following computations in this chapter.
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 313233 Figure 3.1 3D model of an iced airfoil skin equipped with piezoelectric patches
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 335 Figure 3.5 shows the locations of the initiation of the fractures depending on the fracture mechanisms in the case of excitation of the first mode of flexion or of extension.

Figure 3 . 6 Figure 3 . 7

 3637 Figure 3.6 Influence of the ice length on the amplitude required to achieve cohesive and adhesive failure for flexural mode
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 338 Figure 3.8 summarizes the configurations under study.
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 39 Figure 3.9 Critical amplitude required for adhesive debonding according to energy release rate and shear stress -Case of the first flexural mode with a large ice block
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 3 Figure 3.10 Critical amplitude required for adhesive debonding according to energy release rate and shear stress -Case of the first flexural mode with a small ice block
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 3 Figure 3.11 Critical amplitude required for adhesive debonding according to energy release rate and shear stress -Case of the first extensional mode with a large ice block
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 3 Figure 3.13 Example of adhesive propagation with a long ice block using first mode of bending and increasing voltage (150 V, 200 V and 250 V)
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 33 Figure 3.14 Critical amplitude x G computed for the 2D model without piezo ceramics
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 3 Figure 3.16 Example of ice failure for a 44 mm-long ice block using the first flexural mode (200 V)
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 3 Figure 3.18 Critical amplitude required for adhesive debonding according to energy release rate and shear stress -Case of the first flexural mode with a 25 mm-long ice block
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 3 Figure 3.20 Example of ice failure with a long ice block using the first extensional mode (200 V)

Figure 3 .

 3 Figure 3.21 Tensile stress distribution on the plate

  Figure 4.1 summarizes the whole experiment schedule.
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 41 Figure 4.1 Experimental procedure synthesis
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 41 Range of parameter values for the finite element computations Density (kg/m 3 ) Young's modulus (GPa) Ice thickness (mm) Range [200 -1000] [0.5 -9.5] [1.0 -5.0]

Figure 4 . 2

 42 Figure 4.2 Comparison of the combination obtained using respectively LHS sampling, fractional sampling or augmented LHS sampling

  Figure 4.3 shows an example of the modal stress field at the surface of the ice.

Figure 4 . 3

 43 Figure 4.3 Stress field at the surface of the ice for a given ice configuration under first mode of bending

  [START_REF] Anderson | Fracture mechanics: fundamentals and applications[END_REF] with G I the mode I opening component, G II the mode II opening component, G Ic the mode I critical value, G IIc the mode II critical value. The mode III component is neglected as the loading conditions are mainly defined in a 2 dimensional space.

  Figure 4.4 shows the mode shape of the 3D model representing the cracked configuration.

Figure 4 . 4

 44 Figure 4.4 Displacement field of the 3D model for energy release rate computation

Figure 4

 4 Figure 4.5 2D model definition

Figure 4 . 6

 46 Figure 4.6 Titanium substrate and ceramics configuration (in mm)

Figure 4 . 7

 47 Figure 4.7 Side view of two ice samples of different density highlighting the homogeneity of the ice layer thickness

Figure 4 . 8

 48 Figure 4.8 Central composite design of experiment according to the two constraints

Figure 4 .

 4 Figure 4.10 and Figure 4.11 show two ice samples of same density obtained with two different temperatures, highlighting the influence of the flow rate over density and demonstrating that it is function of multiple different parameters.

Figure 4 .

 4 Figure 4.10 Two ice samples showing similar density (453 and 465 kg/m 3 ) obtained with two different room temperatures (-15°C and -21.5°C) Figure 4.11 Two ice samples showing similar density (816 and 807 kg/m 3 ) obtained with two different room temperatures (-5.8°C and -8.5°C)

Figure 4 .

 4 Figure 4.12 Example of sample in the wind tunnel ice with the nine thickness measure locations and its 3D model

Figure 4 .

 4 Figure 4.13 Frequency spectrum for large sweep

Figure 4 .

 4 Figure 4.14 Experimental set up for the measurement of the vibrating speed of the plate center

Figure 4 .

 4 Figure 4.15 Measurement of the speed of the sample center at breaking time

Figure 4 Figure 4 .

 44 Figure 4.16 Uncertainty over the Young's Modulus and the density according to numerical model and maximal error propagation method

Figure 4 .

 4 Figure 4.17 Young's modulus according to the density for both modes and both Sample 1 and Sample Al

Figure 4 .

 4 Figure 4.18 Young's modulus according to the density for every cold room configuration

Figure 4 .

 4 Figure 4.19 Young's modulus according to the density for every cold room and wind tunnel configurations

Figure 4 .

 4 Figure 4.20 Polynomial model versus percolation model

Figure 4 .

 4 Figure 4.21 K number according to flow speed (m/s) and the droplets MVD (µm) for T = 0°C and P = P atm

Figure 4 .

 4 Figure 4.22 Cohesive crack for ices of different densities, with invisible crack for low ice density

Figure 4 .

 4 Figure 4.23 Tensile strength of the ice in function of the density

Figure 4 .

 4 Figure 4.24 Different adhesive propagation steps for a same sample of 725 kg/m 3 density

Figure 4 .

 4 Figure 4.25 G c according to the crack length (% of the substrate length)

Figure 4 .

 4 Figure 4.26 G c according to the numerical error of the model

Figure 4 .

 4 Figure 4.27 shows the results from the usable data. The values present scattering but a decreasing trend in the G Ic critical value is visible as the density increases, which was also observed by[START_REF] Pervier | Measurement of the fracture energy in mode i of atmospheric ice accreted on different materials using a blister test[END_REF]. The use of aluminum or titanium material does not seem to have a particular influence on the critical value, which is probably due to the similar roughness (0.60 µm for titanium and 0.32µm for aluminum) of both substrates. Not taking highly scattered points into account (Figure4.28), the trend of the G c [J/m 2 ] value can be expressed by a linear function (4.14):

Figure 4 .Figure 4 .

 44 Figure 4.27 G c for both substrates according to the ice density

Figure 4 .Figure 4 .

 44 Figure 4.29 Image of the deformation and energy magnitude required to initiate cohesive crack in the ice according to its normalised density
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 5152535455 Figure 5.1 Key Performance Indicator KPI 1 coh computed for the test configuration with 1 mm of ice thickness

Figure 5 . 8

 58 Figure 5.8 Key Performance Indicator KPI 2 = σ √ u versus frequency for flexural (a) and Extensional Mode (b)

Figure 5 . 9

 59 Figure 5.9 Key Performance Indicator KPI 3 = G coh u versus fracture length for cohesive crack (a) and KPI 3 = G adh u for adhesive crack (b)

Figure 5 .Figure 5 .

 55 Figure 5.10 Key Performance Indicator KPI 4 = G 4( u xmax ) 2 versus frequency for flexural (a) and extensional Mode (b)

Figure 5 .

 5 Figure 5.13 Mechanical power requirement for fracture initiation by tensile or shear stress

Figure 5 .

 5 Figure 5.14 Power requirements for adhesive fracture propagation (mechanism 1) according to the frequency

Figure

  Figure 5.15 shows that as, for mechanism 1, the power requirements are lower for low frequencies (low rank modes). However, as shown in Figure5.13, mechanism 2 can only be initiated with high frequencies, since mechanism 1 has lower power requirements in such frequency range. In our case, the minimum frequency is around 50 kHz. From Figure5.15 curves, we can estimate the power requirements to propagate the adhesive fracture to a given length. Due to its unstable behavior (descending trend), the power required is the minimal power to begin the propagation. For example, at the frequency of 57 kHz, the power required to begin the propagation and therefore extend it instantaneously to 100% is around 1.0 MW/m². However, if a crack covering 25% of the interface length already exists, the power required to propagate the fracture to 100% would be under 10 kW/m².

  ).
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 5 Figure 5.17 Mode shapes of rank 1 extensional mode (a), rank 2 extensional mode (b) and rank 3 extensional mode (c)

Figure 5 .

 5 Figure 5.18 Power required for fracture initiation or complete adhesive crack propagation according to the frequency of the extensional mode

Figure 5 .

 5 Figure 5.19 Sample design for the first flexural mode actuation

Figure 5 .Figure 5 .

 55 Figure 5.20 Low amplitude identification sweep (a) and high amplitude sweep corresponding to the cohesive crack appearance (b)

Figure 5 .Figure 5 .

 55 Figure 5.22 150 Vpk sweep (a) and 200 Vpk sweep (b) both highlighting the stable adhesive propagation behavior

Figure 5 .

 5 Figure 5.24 Final propagation steps with the double actuator configuration. Stable propagation steps (a), final propagation step and appearance of the second cohesive crack (b), side view of the adhesive propagation (c)

Figure 5 .

 5 Figure 5.25 Mechanical power required to propagate the crack as the crack extends

Figure 5 .

 5 Figure 5.26 Power requirements for fracture initiation by tensile or shear stress using flexural mode according to the mode frequency

Figure 5 .

 5 Figure 5.27 Modal shape of the high frequency flexural mode selected equipped with ceramics

Figure 5 . 3 Figure 5 .

 535 Figure 5.30 Magnitude drops during 370 Vpk-pk sweep

Figure 5 .

 5 Figure 5.33 280 Vpk-pk sweep and appearance of cohesive crack corresponding to the parasite flexural anti-nodes

Figure 6 . 1

 61 Figure 6.1 Elementary block for studying flexural modes

Figure 6 . 3

 63 Figure 6.3 Fracture mechanism 1 obtained for low-frequency flexural modes

Figure 6 . 5

 65 Figure 6.5 Energy release rate for 2mm-thick ice delamination over a 2mm-thick aluminum clamped beam (a) and pinned beam (b)

Figure 6 . 6

 66 Figure 6.6 Example of two different fracture states (sound and with k crack length)

Figure 6 . 7

 67 Figure 6.7 Beam section i n

Figure 6 . 8 2D

 68 Figure 6.8 2D FEM computations and beam model computations of the energy release rate for clamped (a) and pinned conditions (b)

Figure 6 .

 6 Figure 6.12 3D CAD model of the clamped optimized sample

Figure 6 .Figure 6 .Figure 6 .

 666 Figure 6.14 Top view of the regular sample covered by ice (a) and the appearance of the cohesive crack (b)

Figure 6 .

 6 Figure 6.17 Propagation length according to the substrate type and the ice thickness

Figure 6 .Figure 6 .

 66 Figure 6.18 Side view of the regular sample for 0.15 mm displacement (a) and 0.50 mm displacement (b)

Figure 6 .

 6 Figure 6.20 Schematic view of the optimized beam for 5th rank flexural mode

2 Figure 6 .

 26 Figure 6.21 Adhesive propagation length computed for the standard shape of the module and the optimized shape with the static semi-analytical beam model

Figure 6 . 22

 622 Figure 6.22 Trade-off between the de-icing limit and the additional mass

Figure 6 .

 6 Figure 6.23 Geometry selected for the optimized module

Figure 6 .

 6 Figure 6.24 Optimized beam prototype and associated modal shape for the 5th flexural mode

Figure 6 .

 6 Figure 6.25 Picture of the optimized prototype
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 666 Figure 6.27 Modified arrangement harmonizing the piezo layer

Figure 6 .

 6 Figure 6.30 Experimental verification of the benefits of triggering pure extension modes, with three stages of the quasi instantaneous de-icing

Figure 6 .

 6 Figure 6.31 Measurement of the quality factor Q m based on the frequency response of a system

Figure 6 .

 6 Figure 6.32 Chirp parameters

Figure 6 .

 6 Figure 6.35 Relation between π 1 and π 2 parameters

Figure 6 .

 6 Figure 6.36 Chirp slope characteristic required to reach a given response according to τ

Figure 6 .

 6 Figure 6.37 Comparison between experimental measurements and the model

Figure 7 . 1

 71 Figure 7.1 Leading edge reduction to an airfoil skin with boundary conditions

17
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Figure 7 . 2

 72 Figure 7.2 Finite element model used for the study of the modes of interest

Figure 7 . 3

 73 Figure 7.3 Normalized mode coupling for the 89 modes in the [0-10 kHZ] frequency range, highlighting the reduced number of modes presenting a good electro-mechanical coupling

Figure 7 . 4

 74 Figure 7.4 Normalized mode coupling N (norm) , mechanical capability for cohesive fracture initiation MC σ (norm) , and cohesive fracture initiation voltage V coh(norm) for the 89 modes in the [0-10 kHZ] frequency range

Figure 7 . 5

 75 Figure 7.5 Modal shapes of the three best modes identified to generate cohesive cracks in the ice

Figure 7 . 6

 76 Figure 7.6 Modal shapes of the two extensional modes identified as good candidates for de-icing

  Figure 7.7 3D CAD view of the clamped demonstrator

Figure 7 . 8

 78 Figure 7.8 Ice deposit generated with the single injector configuration

Figure 7 . 9

 79 Figure 7.9 Finite element model of the prototype and view of the ceramic arrangement on the inner part of the skin

Figure 7 .

 7 Figure 7.11 Modal shape of the two flexural modes enabling cohesive crack appearance for low powers, respectively 80 Vpk-pk and 120 Vpk-pk

Figure 7 .

 7 Figure 7.13 Interior of the NACA intrados and actuators

Figure 7 .

 7 Figure 7.15 Shape of the mode of interest (13 kHz) displaying extension following the airfoil curvature

Figure 7 .

 7 Figure 7.17 Pictures of the high density "glaze" ice deposit's geometry, generated in the wind tunnel for T = -9°C

Figure 7 .

 7 Figure 7.18 Natural frequency spectrum of the iced demonstrator in the 10 -20 kHz range

Figure 7 .Figure 7 .

 77 Figure 7.19 Ice shedding process and time of the NACA demonstrator for the high density "glaze" ice deposit

Figure 7 .

 7 Figure 7.21 Pictures of the slightly porous "mixed" ice deposit's geometry, generated in the wind tunnel for T = -12°C

Figure 7 .Figure 7 .Figure 7 .

 777 Figure 7.22 Natural frequency spectrum of the iced demonstrator in the 10 -20 kHz range

Figure 7 .

 7 Figure 7.24 Ice shedding process and time of the NACA demonstrator for the slightly porous "mixed" ice deposit

Figure 7 .

 7 Figure 7.25 Natural frequency spectrum of the iced demonstrator in the 11 -18 kHz range

Figure 7 .

 7 Figure 7.27 Ice shedding process and time of the NACA demonstrator for the highly porous "rime" ice deposit

  Figure 8.1 IPS system fuel consumption computational method

Figure 8 . 2

 82 Figure 8.2 Simplifying assumption for airfoil ice captation

Figure 8 . 3

 83 Figure 8.3 Electro-thermal de-icing heaters configuration

Figure 8 . 4

 84 Figure 8.4 IPS wires locations and lengths
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 85 Figure 8.5 Protected areas on the Airbus A320

Figure 8 . 6

 86 Figure 8.6 Average fuel consumption linked to the installation and use of specific IPS on an Airbus A320 aircraft

Figure 8 . 8

 88 Figure 8.8 Comparison between the masses of IPS sub components of electro-thermal de-icing and electro-mechanical de-icing solutions

Figure 8 . 9

 89 Figure 8.9 Average fuel consumption of specific IPS on an Airbus A320 aircraft according to the use rate of the system
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 88 Figure 8.10 Influence of the de-icing time on the IPS performances

Figure 8 .Figure 8 .

 88 Figure 8.14 Protected areas considered for each of the aircraft under study

Figure 8 .Figure 8 .

 88 Figure 8.16 IPS specific power requirements according to the aircraft type

Figure 8

 8 Figure 8.17 and 8.18 show the fuel consumption of the system according to the aircraft type. Once again, as the aircraft size increases, the total fuel consumption increases too. However, as for the power requirements, the relative fuel consumption increases while the aircraft gets smaller. According to the power charts (Figure8.15 and 8.16), replacing the existing pneumatic boot system would only require a few percent of the aircraft power generated. However, because of the gain in mass, the fuel consumption due to the system is reduced using the electro-mechanical solution as shown in Figure8.17 and 8.18.

Figure 8 .

 8 Figure 8.17 and 8.18 show the fuel consumption of the system according to the aircraft type. Once again, as the aircraft size increases, the total fuel consumption increases too. However, as for the power requirements, the relative fuel consumption increases while the aircraft gets smaller. According to the power charts (Figure8.15 and 8.16), replacing the existing pneumatic boot system would only require a few percent of the aircraft power generated. However, because of the gain in mass, the fuel consumption due to the system is reduced using the electro-mechanical solution as shown in Figure8.17 and 8.18.
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 3 Figure A.3 Temperature of the sample SM and associated curves of the temperature evolution according to time and location

Figure A. 4

 4 Figure A.4 Temperature of the sample SM and associated curves of the temperature evolution according to time and location

Figure A. 5

 5 Figure A.5 Temperature of the sample SS and associated curves of the temperature evolution according to time and location

Figure A. 6

 6 Figure A.6 Temperature of the sample HS and associated curves of the temperature evolution according to time and location

Figure A. 7

 7 Figure A.7 Side view of the inner part of the leading edge through the perforated ribs

  Figure A.8 shows the thermal camera image before and after the excitation.

Figure B. 2

 2 Figure B.2 Old injection ramp and ice deposit generated in the test section using only the central injector

Figure B. 3

 3 Figure B.3 Pulsajet injector and the spraying pattern of the nozzle [159]

Figure B. 4

 4 Figure B.4 Exploded view of the injection ramp and the injector components

Figure B. 5

 5 Figure B.5 CAD view of the double injector ramp
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Table 2 .

 2 1 Tensile strength of the atmospheric ice according to the ice type

	Ice type	Tensile Strength	
	Glaze ice (high density)	1.0 -2.0 MPa	
	Rime ice (low density)	0.5 -1.0 MPa	
	𝐽𝑒𝑙𝑙𝑖𝑛𝑒𝑘 (1958)	𝐶ℎ𝑢 𝑒𝑡 𝑎𝑙. (1988,91) 𝐷𝑟𝑢𝑒𝑧 𝑒𝑡 𝑎𝑙. (1987,88)	𝑅𝑒𝑖𝑐ℎ (1991,92)
	𝐼𝑐𝑒		𝐼𝑐𝑒
	𝐼𝑐𝑒	𝐼𝑐𝑒 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑝𝑙𝑎𝑛𝑒	
	Figure 2.18 Experimental set ups used for the measurement of the tensile strength [77, 42, 31, 136]

Table 3 .

 3 1 Critical stress and energy release rate selected for the study

	Tensile stress (MPa) Shear stress (MPa) Energy release rate (J/m²)
	Critical values 3.0	0.5	1.0
	3.2 Method for analyzing fracture mechanisms	

3.2.1 Principle of the method for analyzing fracture mechanisms

Table 3 .

 3 2 Material mechanical properties for the Finite Element Analysis

		Density (kg/m3) Young's Modulus (GPa) Thickness (mm)
	Substrate 4370.0	110.0	1.0
	Ice	850.0	7.0	2.0
			𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑖𝑐𝑒 𝑙𝑒𝑛𝑔𝑡ℎ	𝑆𝑦𝑚𝑚𝑒𝑡𝑟𝑦
			𝐼𝑐𝑒	
			𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒	
			65 𝑚𝑚	
		Figure 3.4 Reduced numerical model	

Table 3 .

 3 

		3 Amplitudes required to initiate fractures
		Xτ (m)	Xσ side1 (m) Xσ side2 (m) Xσ middle (m)
	Undamaged configuration	3.32E -05 2.98E -05 1.5E -05	1.15E -05
	Cohesive crack in the middle 2.33E -05 2.14E -05 1.56E -05	-

Table 3 .

 3 

		4 Amplitudes required to propagate fracture adhesively
		X1 (m)	X2 (m)	X3 (m)	X4 (m)	X5 (m)
	τ	8.83 -06 1.02E -05 7.45E -06 1.31E -05 1.69E -05
	G 1.90E -05 2.20E -05 1.68E -05 3.00E -05 5.46E -05

Table 4 .

 4 2 Measurements of the four samples dimensions

		Sample 1	Sample 3	Sample 4	Sample Al
	Material	Ti TA6V	Ti TA6V	Ti TA6V	Al 5754
	Thickness(mm) 1.10 ±0.01	1.11±0.01	1.11±0.01	1.51±0.01
	Width (mm)	49.48 ±0.15	49.68±0.01	49.80±0.10	49.32±0.20
	Length(mm)	130.27 ±0.03 130.39±0.04 131.08±0.01 128.90±0.05

Table 4 .

 4 3 Density of the ice samples for each injection

		Sample 1 Sample 3 Sample 4
	Injection 4	6,82E+02 6,75E+02	
	Injection 5	6,32E+02 6,21E+02 6,78E+02
	Injection 6	6,65E+02 6,85E+02 6,85E+02
	Injection 7	6,65E+02 6,64E+02 6,92E+02
	Injection 8	6,59E+02 6,84E+02 7,26E+02
	Injection 9	6,59E+02 7,26E+02 7,11E+02
	Mean deviation	2%	5%	3%
	Max deviation	3.5%	7.5%	3.5%
	Total mean deviation		4%	
	Total max deviation		7.5%	

Table 4 .

 4 [START_REF] Alfano | Finite element interface models for the delamination analysis of laminated composites: mechanical and computational issues[END_REF] Parameters used for wind tunnel ice sample generation

	Parameter	Range
	Temperature (°C) [-5, -8.5, -13, -15, -20, -25]
	LWC (g/cm 3 )	[0.3, 0.5, 0.8, 1.0]
	Velocity (m/s)	[30, 50]
	MVD (µm)	

  coefficient 1/Q m 2 is set out of the final equations because the Q m parameter is difficult to estimate and varies according to the operating conditions. It is preferable to plot KPI 4 coh and KPI 4 adh independently from the mechanical damping leaving the possibility to set the Q m influence later on. KPI 4 coh and KPI 4 adh can be used to analyze the ability to propagate cohesive and adhesive fractures for a given force by comparing the computed values G coh and G adh with the critical values G c coh or G c adh . Conversely, they can be used to compute the forces required to reach the critical values necessary to propagate cohesive and adhesive fractures.

Table 5 .

 5 1 Range of parameters for the KPIs finite element computations Key Performance Indicators representative of fracture propagation potential with respect to ice tensile stress level

	Parameter	Range
	Plate length (mm)	[40, 80, 160, 320]
	Ice layer thickness (mm)	[1.0, 2.0, 3.0]
	Ice Young's modulus (GPa) [9.3]
	Ice density (kg/m 3 )	[920]
	Ice Poisson's ratio (-)	[0.33]

  Figure 5.6 Key Performance Indicator KPI 1 coh for Studying Cohesive Fractures Propagation (a) and KPI 1 adh for Studying Adhesive Fractures Propagation (b)

			1E-12																		
			1E-13																		
		(G/σ²)	1E-14																		
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			1E-15		Pinned -Flexion													
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Figure 5.7 Key Performance Indicator KPI 1 adh in function of the ice layer thickness Key Performance Indicators representative of fracture potential with respect to energy

Indicators KPI 2 , KPI 3 coh and KPI 3 adh are now analyzed. Once again, computations are run for a "mean" configuration of the titanium plate. Indicator KPI 2 is computed to study the tensile stress available to initiate cohesive fractures with respect to the energy. KPI 2 in figure

Table 5 .

 5 2 Range of mechanical properties used for the study case

	Parameter	Range	Unit
	Ice tensile strength	[0.6 -3.0] MPa
	Ice adhesive shear strength [0.2 -1.0] MPa
	Critical energy release rate [0.5 -1.0] J/m²

Table 6 .

 6 1 Variables of interest in the design of the chirp

	Variables Definition	Unit Dimension
	x r x max	Relative response of the system at resonance -	[-]
	∆T	Chirp duration	s	[T]
	∆F	Chirp frequency range	Hz	[T] -1
	f 0	Natural frequency of the mode	Hz	[T] -1
	Q m			

Table 6 .

 6 2 Numerical values used for the reference case

	Variables Definition	Value
	f 0	Natural frequency of the mode 1140 Hz
	N	Electro mechanical coupling	1

Table 6 .

 6 3 Numerical values used for the reference case

	Variables Range	Unit
	f 0	[907 -6884]	Hz
	Q m	[29 -117]	-
	τ	[0.003 -0.041] s
	∆F	[5 -350]	Hz
	∆T	[0.03 -20]	s
	∆T		
	∆F		

Table 7 .

 7 1 Characteristics of the two extensional modes retrieved from modal analysis

	Mode (a)	Mode (b)

Table 7 .

 7 2 Mechanical parameters assumed for the computation

	Variable	Value	Unit
	ρ ice		850	[kg/m 3 ]
	E ice		7.0	[GPa]
	σ adm(ice)	2.0	[MPa]
	τ adm(ice)		1.0	[MPa]
	G c(ice)		0.5	[J/m 2 ]
	S ice		8.2E-03	[m 2 ]
	Q m		30	[-]
	C 0(tot)		32	[nF]
			Table 7.3 Output characteristics of the two extensional modes
			Mode (a)	Mode (b)
	V coh	[Vpk+]	493	169
	V shear [Vpk+]	2556	611
	V G	[Vpk+]	1520	375
	S coh	[kVA]	3.1	0.38
	S shear [kVA]	83.3	5.0
	S G			

Table 8 .

 8 1 Icing conditions and ice properties

	Parameter Value	Unit	Parameter Value	Unit
	Altitude	20 000	[ft]	LWC	0.44	[g/m 3 ]
	V aircra f t	154	[m/s]	T ∞	-9	[°C]
	ρ ice	[500-900]	[kg/m 3 ]	E ice	[1e9 -9e9] [Pa]
	G c	[0.37 -0.77] [J/m 2 ]	t max(ice)	0.0012	[m]

Table 8 .

 8 

	4 A320 IPS impact of aircraft		
	IPS System	Power consumption	Absolute	Total
		(kW/m²)	PC (kW)	mass (kg)
	Evaporative thermal anti-icing bleed (TP AI)	26.5	465.3	159.5
	Evaporative electro-thermal anti-icing (ET AI) 18.6	326.6	271.5
	Electro-thermal de-icing (ET DI)	4.0	70.2	113.6
	Electro-mechanical de-icing (EM DI)	1.5	26.3	60.5
	Pneumatic boots de-icing (PB DI)	0.03	0.5	150.1

Table 8 .
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		Airbus A320 Boeing 787-800 ATR 72-500 TBM-900
	IPS system of reference	TP-AI	ET-DI	PB-DI	PB-DI
	System power reduction	-94%	-65%	-	-
	System mass reduction	-56%	-50%	-48%	-55%
	System fuel consumption reduction	-79%	-51%	-47%	-53%
	Aircraft fuel consumption reduction	-0.5%	-0.08%	-0.3%	-0.8%

  L E ice h ice + E sub h sub ρ ice h ice + ρ sub h sub (C.6)
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Non optimized prototype :

Optimized prototype : The results show that the optimization allows the increase of the de-icing limit of the flexural mode and confirms the limits computed with the models. With the non-optimized prototype, the de-icing is limited to 66% of the surface as it is shown in figure 6. [START_REF] Camanho | Mixed-mode decohesion finite elements for the simulation of delamination in composite materials[END_REF]. With the optimized prototype, 87% of the ice was debonded, which is close to the 88% predicted by the analytical model (figure 6.22). For such high percentage of adhesive propagation, the complete shedding of the ice was obtained by using a second mode of flexion, finishing to debond the resulting interface.

Low frequency flexural mode optimization synthesis

This section proposes to increase the efficiency of mechanical energy release rate based de-icing in the case of flexural modes by modifying the thickness of the substrate on which the ice accumulates. The method, is based on a simplified analytical beam model, which is used to achieve parametric optimization on the substrate thickness. Computations and experiments showed that optimization of the substrate profile is efficient in increasing the mechanical de-icing range.

By optimizing the substrate thickness along the beam, the adhesive fracture propagation range is extended for both clamped and pinned conditions. The results for the study case used in this chapter show that the range of propagation can be increased by over 150% in clamped conditions, and a gain of up to 50% is observed in the pinned conditions.

However, results show that a compromise is to be made between propagation length and overall structure mass. Indeed,the additional mass due to the increase in the substrate thickness increases with the ability of the substrate to propagate the crack.

Scientific contributions
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Thermal effects on actuation

An infrared thermal camera was used to assess the heating due to the piezo-electric ceramic actuation. The study was realized on both metal plate samples and instrumented NACA airfoil.

A.1 Plate study

The objective of this study is to quantify the heating of the structure while being actuated in order to ensure that the de-icing experiments conducted are not influenced by ice melting ue to over heating effects. Four titanium plates samples are tested in this study. For each of the samples, the temperature is measured in four locations, being the actuator, the sensor, the electric mass and the overall temperature.

A.1.1 Low frequency flexion mode

First the low frequency flexion mode is tested with the soft ceramic plate SS. A frequency sweep is achieved using one of the two ceramics as actuator over the first mode of structure. The frequencies are swept in the [390 -440 Hz] range for 120 seconds at a voltage of 200 Vpk-pk. From this study, observing melting issues using low frequency flexural modes appears to be highly unlikely.

A.1.2 High frequency flexion mode

In this sub section, the heating effect while exciting high frequency flexural modes is investigated. Tests are made using samples similar to the test sample used for the high frequency mode in Chapter 5. The first test is made of Plate SM which is compounded of 2 zones of 8 piezos each. One zone is being used as an actuator and the other one is used as a sensor. In this case, the actuator set is supplied by a 200 Vpk-pk signal at the frequency of 44 kHz. The frequency of the signal does not correspond to a natural frequency of the structure, and therefore the only motion observed is the motion of the The same experiment was repeated but at a frequency of 13 kHz which does not excited a resonance mode. This time, the temperature over the actuator increased way faster than when the resonance mode was triggered with a +40°C increase in 60 seconds (figure A.9). This results matches with the plate results shown in previous section. This experiment has shown that there are significant losses in the effort transmission between the piezo and the structure and that exciting actuators at frequencies different from the natural frequencies of the structure can lead to important heating effects. The heating of the clamps is also a potential cause to mechanical loss which is not negligible when triggering the resonance phenomenon.