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Abstract

:

Ice formation on aerodynamic surfaces is a safety-related issue in aviation. Thermal, mechanical, or hybrid systems are used to prevent or eliminate ice formation. To increase energy efficiency, new methods are being researched and tested, using new materials. This article aims to investigate in detail the geometrical parameters of a novel thermomechanical deicing concept based on the shape memory effect. The thermomechanical behavior of a shape memory alloy wire embedded in an elastomer can be described, using the transformation expansion coefficient. The approach includes the nonlinear phase transformation and the linear expansion of the alloy. Simulation results using the above approach are compared with experimental results. In addition, a parameter study of the geometric quantities is presented, where the individual effects of these quantities are investigated assuming that there is a block-like ice layer on the surface. The results for the behavior of the SMA show promising results in terms of describing the thermomechanical behavior of the wire. However, deviations are still observed in the thermal behavior of the embedding matrix.
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1. Introduction


Shape memory alloy (SMA) materials are classified as active functional materials that convert energy [1]. Due to their reversible diffusionless phase transformation, they can change the microstructure upon thermal or mechanical impact. SMAs are characterized by a high energy density (≈ 10  M  J    m  − 3   ) and large active strains of up to 7% compared to other smart materials [2]. In contrast, the higher the strain level, the fewer cycles of contraction–elongation will be repeated [3].



As a result of its shape memory effect, pseudoelastic behavior, and biocompatibility, the material has a wide range of potential applications, including aerospace (variable geometry chevron [4]) and medical applications (Nitinol braces for dental usage, cardiovascular devices, etc. [2]).



Pseudoelasticity, shape memory effect, and phase transformation are among the well-known phenomena of the SMA. Though these phenomena occur primarily at the microscopic level, they affect the macroscopic behavior of the SMA through thermal or mechanical effects that manifest themselves as shape recovery or deformation [5]. In order to describe the thermomechanical behavior of SMAs, modeling is performed according to microscopic (metallurgical properties) or macroscopic (phenomenological properties) aspects. In addition, there is also a mesoscopic approach, which deals with the lattice of the particles [5]. Close-to-reality modeling allows better predicting the nonlinear and hysteretic behavior of the material in the application. Different modeling approaches have been proposed for the prediction of such material behavior. The modeling of the SMA itself, however, has become an extensive topic in the literature. For this reason, a brief look at these references is mentioned here.



Paiva and Savi’s research [6] includes a review on constitutive models (polynomial model, phase transformation kinetics and the model with internal constraints) in terms of their mathematical description. Lagoudas [2] provided a chronological summary of commonly used constitutive SMA models for 1D (1986–2005) and 3D (1987–2008) and their characteristics. Patoor et al. [7] concentrated in their work on modeling at the single-crystal level. Lagoudas et al. [8] report modeling results for a polycrystalline SMA in their work, taking into account micromechanical and phenomenological methods. Khandelwal and Buravalla [9] classified the models as microscopic and macroscopic approximations.



In this study, we focus on phenomenological modeling concepts as numerous studies have taken a phenomenological approach. In this aspect, Tanaka [10] used an exponential strain hardening approach to describe the relationship between the martensite fraction ( ξ ) and temperature (T). Liang and Rogers [11], on the other hand, preferred the cosine function as the hardening function to describe the  ξ −T relationship for their one-dimensional model. The internal variable of the martensite fraction was divided into a temperature-related and a stress-related component by Brinson [12]. This type of derivation allowed the representation of pseudoelastic and shape memory effects. Tagaki et al. [13] proposed a phenomenological approach for simulating hysteric a two-way shape memory effect (TWSME) by an equivalent thermal expansion coefficient for SMA plates.



1.1. A Brief Look into Deicing Systems


The conventional approach to remove ice from aerodynamic surfaces includes pneumatic deicing boots (mechanical deicing), hot bleed air (thermal anti-icing/deicing), and glycol-based fluid (chemical deicing) [14].



In conjunction with lightweight materials and a more energy-efficient trend, alternative anti-icing systems are required. Since this work is focused on thermomechanical deicing concepts, this part reviews the literature regarding alternative deicing systems, using an SMA for the aerospace industry. The study by Gerardi et al. [15] on SMA-based deicing systems was among the earliest. In their paper, SMA actuators were used to deice the leading edge of a rotor blade. An investigation is conducted in this paper to evaluate active (activating the SMA by heating) and passive (activating the SMA by latent heat from ice) deicing systems. By embedding Nitinol wires in the semicircular cylindrical shell, Myose et al. [16] constructed a functional composite material. This shape is meant to roughly simulate an aircraft wing’s leading edge. A prototype leading edge was developed by Sullivan et al. [17] using thin aluminum sheets and SMA wires. The design parameters such as wire diameter, number of SMA wires, and aluminum sheet thickness are determined using finite element analysis (FEA). Activation of the wires causes a change in the shape of the aluminum surface. A deicer based on an SMA sheet was designed and numerically examined by Liu et al. [18]. The study aims to evaluate the deicing performance of an SMA deicer on fixed-wing structures and engines. A thermomechanical deicing concept using an SMA was previously proposed by Tamer et al. [19]. As a result of Joule heating, an SMA embedded in elastomer causes its temperature to increase, which triggers the activation of the SMA and its contraction. As a result of these thermal and mechanical effects, the matrix temperature increases and the surface changes. Based on the experimental findings, the functional specimen operated as a single heat-driven deicing system due to the dominant thermal effect.




1.2. Thermomechanical Deicing Concept Using an SMA Actor


The basic idea of the thermomechanical deicing concept underlying this article is to couple mechanical shear stresses with thermal heat fluxes to reduce the ice adhesion strength of an ice layer on a flowed surface, resulting in coupled mechanical and thermal deicing. For this purpose, a ring-shaped actuator made of a NiTi shape memory alloy (SMA) is embedded in an elastomer matrix. The electrical wire and thermocouple are connected to the SMA wire by crimping (Figure A2). Although the electrical wires and the thermocouple in the elastomer are additional materials that were not considered in the simulation, their influence on the deformation is negligible [20]. Joule heating due to current flow through the SMA wire in the circular actuator leads to initial phase transformation. Consequently, the elastomer matrix converts the deformation and generated heat of the actuator into shear stress and heat of fusion at the surface, which in turn reduces the adhesive forces of the ice layer. Once the wire stops generating heat, the elastomer should restore the SMA ring’s original position [19]. The extrinsic TWSME is initiated by the mutual work of the elastomer spring force and the ring. However, further experiments have shown that the elastomer surface does not completely recover after each additional cycle [20]. The coupled use of the various deicing functions within this hybrid principle is illustrated in Figure 1. The concept is expected to achieve higher efficiency compared to existing state-of-the-art deicing concepts. The reason is that SMA behaves like a natural hybrid system (thermo-mechanical) in this situation. In the functional sample, it is not only the mechanical deformation that is used, but also the thermal effect to weaken the ice adhesion.



Efficient system operation requires maximum functional conformity between the embedded actuator and the matrix. Functional conformity refers to the harmonization of competing and noncompeting target parameters of all features of an adaptive structure [1]. For optimal system behavior, the geometric and material parameters must be carefully matched. For this purpose, a parametric finite element (FE) model of the deicing concept is used, which also includes a nonlinear material model of the SMA actuator. To describe the deformation of the TWSME due to phase transformations, this work follows a phenomenological approach using an equivalent temperature-dependent thermal expansion transformation function.



The main objective of the described work is to geometrically optimize the existing concept. To this end, finite element method (FEM) parameter studies provide the resulting shear stresses, deformations, and temperatures at the surface of the deicing concept to provide improved conceptual parameters. In this context, an FE model of the concept, including the use of a phenomenological TWSME material model, will be created.





2. Materials and Methods


The FE model aims to describe the thermally and mechanically coupled nonlinear deformation of the shape memory alloy ring actuator and the hyperelastic material behavior of the matrix (Table A1).



2.1. Shape Memory Alloy Material Model


The consequence of the thermal activation of shape memory alloys is strong shape changes due to microstructural transformations between the martensitic to austenitic phase, which is called the TWSME. Actuator utilization of the TWSME is achieved by thermal cycling along a specific loading path, which constitutes thermomechanical training [2]. After each cycle of thermomechanical training, some plastic strain remains, which gradually saturates at about 100 cycles. This is due to unrecoverable defects in the microstructure of the SMA, which lead to an accumulation of oriented martensite and, thus, to an internal stress state [2,21]. While common material models describe this transformation behavior based on a Helmholtz free energy formulation, our modeling approach takes a phenomenological approach. Here, the inelastic deformation caused by a microstructural transformation is represented by an equivalent thermal expansion. The total increase of inelastic strains   d  ϵ  I E    , according to Equation (1), consists of the linear thermal expansion component   d  ϵ T    and the nonlinear transformation-induced component   d  ϵ  f w d , b w d     due to the TWSME. In this way, the transformation function, established by Tagaki et al. [13], represents the equivalent thermal expansion coefficient   α  f w d , b w d    according to Equation (2). In particular, the transformation behavior is determined by the transformation temperatures martensite start (  M s  ), austenite start (  A s  ), martensite finish (  M f  ), and austenite finish (  A f  ), the maximum transformation strain   ϵ  m a x   , the temperature T, and a slope control parameter K. The strain response in Figure 2 shows the ability of the existing TWSME model to map the large, nonlinear deformation, introduced by the TWSME. However, the stress dependence of the transformation temperatures is not represented by the existing model.


  d  ϵ  I E   = −  α  f w d , b w d   d T +  α T  d T  



(1)






         α  f w d   =   ϵ  m a x   2   1 −  tanh 2   K   T − 0.5 (  A s  +  A f  )   0.5 (  A f  −  A s  )      K  0.5 (  A f  −  A s  )             α  b w d   =   ϵ  m a x   2   1 −  tanh 2   K   T − 0.5 (  M s  +  M f  )   0.5 (  M s  −  M f  )      K  0.5 (  M s  −  M f  )       



(2)








2.2. FEM Model of the Deicing Concept


The geometrical structure and the main geometrical parameters, governing the thermal and mechanical performance of the hybrid deicing concept, are highlighted in Figure A1. The ring-shaped actuator has a wire loop diameter   d L   and a wire diameter   d W  , which is planar embedded with a defined distance to the symmetry plane of the matrix. The eccentric position of the wire is described by the relative eccentricity e, i.e., the ratio between the distance to the symmetry plane and the total distance between the symmetry plane and the top surface. The inscribed circle diameter of the segment determines the total width of the deicing system.



With regard to the mechanical boundary conditions, the rear wall of the system is rigidly supported, while the top and bottom sides are unconfined. Taking advantage of the symmetry of the deicing concept, the corresponding boundary conditions are introduced in the cross-sectional planes, following Figure A3. Hence, a one-twelfth segment satisfies to represent the entire system. Furthermore, it can be assumed that the cross-sectional planes, the back wall plane, and the bottom plane behave adiabatically (Figure A3). In the initial state, the wire and matrix were assumed to be stress-free and have an ambient temperature of   298.15    K  in all nodes.



The mechanical behavior of the isotropic nonlinear elastomer matrix is described by the Mooney–Rivlin strain energy potential, which is given in Equation (3). Due to the incompressibility of the elastomer material,    λ 1   ·   λ 2   ·   λ 3  = 1   was considered. The invariants   I 1   and   I 2   of the right Cauchy–Green tensor can be assumed according to Equation (3). Since the deformation rates were assumed to be small, viscoelastic effects can be disregarded. The thermal behavior of the elastomer matrix was assumed to be sufficiently isotropic and linear. It follows that the quantities thermal conductivity k, specific heat capacity   c p  , coefficient of thermal expansion   α T  , and density  ρ  are uniformly distributed, constant, and assumed to be temperature independent. The material properties used are listed in Table A1. Since the thermal and mechanical fields are strongly coupled and large deformations occur, a fully coupled transient thermal stress analysis was performed for the deicing concept using Abaqus   ®  . In total, 26,711 cubic temperature displacement elements, resulting in 29,872 nodes, were used for the segment and for the ring actuator. To counteract volumetric locking, the elements of the incompressible elastomer matrix were considered in a hybrid, mixed formulation. When investigating the influence of the geometric parameters on the mechanical performance of the concept, thermal effects were initially neglected, i.e., a static mechanical analysis was performed. In order to investigate the influence of the parameters on the thermal system behavior, an uncoupled heat transfer analysis was carried out. The type of ice layer formed during icing depends in particular on the duration of icing, the liquid water content, and the flow velocity of the air. As a result, the accumulated ice layer exhibits a wide variety of mechanical and, in particular, adhesive properties. In general, a thick layer behaves rather rigidly and inhibits the heat flow to the surroundings, while a thin ice layer shows rather low rigidity and tends to dissipate heat to the surroundings. For simplification, the varying condition of accumulated ice is mapped by two edge cases in the deicing simulations. On the one hand, the edge case of a very thin ice layer, permitting heat conduction to the surrounding and an unconfined displacement of the segment, was considered. Here, we assumed a convection coefficient of   2.5    W     K  − 1        m  − 2    . In the aspect of a second edge case, an undetermined thick ice layer disables a displacement of the segment surface and heat transfer to the surroundings, represented by a confined and adiabatic top surface. In conclusion, the behavior of accumulated ice layers is adopted by the boundary conditions of the top surface.


        W =  c 10   (  I 1  − 3 )  +  c 01   (  I 2  − 3 )  +  c 11   (  I 1  − 3 )   (  I 2  − 3 )            I 1  =  λ 1 2  +  λ 2 2  +  λ 3 2            I 2  =  λ 2 2   λ 3 2  +  λ 1 2   λ 3 2  +  λ 1 2   λ 2 2      



(3)









3. Results


3.1. Model Validation


Figure 3 compares the deformation response of the thermomechanically coupled FE analysis with the measured displacement of a selected set of points from the published work of Tamer et al. [19] for model validation. With a maximum vertical displacement of   u = 10.1   mm (z-direction) and a measured maximum vertical displacement of   u = 9.46   mm, the mechanical response agrees well with the measurement. In addition, Figure 4 (left) shows the center displacement as a function of wire temperature and, thus, the mechanical operation of the concept. As can be seen, the deformation of the elastomer segment starts at   A s  , reaches the maximum at   A f  , and continues to reshape between   M S   and   M f  . The graph on the right side of Figure 4 compares the measured and calculated maximum temperature of the surface (blue represents the simulation and magenta the experimental result) and the actuator (yellow represents the simulation and green the experimental result) as a function of time. According to the conceptual design of Tamer et al. [19], a constant current of 2.6 A and voltage of 2.1 V are applied during the measurement and simulation. During the uninterrupted electrical actuation phase of 186 s, an increasing temperature of the actuator and the segment surface is observed. All along the recovery phase, the temperatures decrease exponentially. The calculated temperature of the wire agrees well with the measured temperature of the thermocouple. However, the maximum temperatures at the surface differ. The calculation underestimates the measured temperature by 7     °  C  . This is due to an inaccurate knowledge of the thermal limits and quantities. In particular, the thermal conductivity, the specific heat capacity, and the convection coefficient, which determine the heat flow to the environment, are uncertain parameters. In order to be able to meet the thermal behavior more precisely, these parameters would have to be determined experimentally.



In addition, the model contains further simplifications regarding the mechanical behavior of the system. Consequently, it can be expected that the inelastic TWSME response is decisively larger when static stresses due to prestressing occurring. However, by adapting the maximum transformation strain to    ϵ  m a x   = 0.06   with respect to the experimental results, the present model adopts both the intrinsic, thermally trained and the extrinsic, stress-dependent part of the TWSME. This can be concluded, since the maximum displacement shown in Figure 3 agrees well with the measurement. Consequently, the introduced prestress due to the manufacturing and the rising static stress during the contraction phase can be sufficiently mapped by the present model. On the other hand, in contrast to physical models, the tuning parameters   ϵ  m a x    and K need to be adapted to each individual physical problem again.




3.2. Parameter Study


The variation of the governing geometrical parameters of the segment thickness h, relative eccentricity e, the wire loop diameter   d L  , and the inscribed circle diameter   d h   shows their influence on the thermal and mechanical performance. The range of the varied quantities is given with the minimum and maximum values in Table 1. A static mechanical analysis with respect to the described limit cases shows the resulting shear stress on the segment when a thick ice layer is considered, as well as the maximum displacement of the segment center concerning an almost infinitely thin layer.



The horizontal axes of the figures in this subsection have a scale from 0 to 1 or the lowest and the highest values of the varied quantity. In this way, the influence of the maximum and minimum values on the stresses and displacements is simulated. The highest values of the above parameters are given in Table 1.



In the simulations, a very thick and an extremely thin ice layer on the surface of the matrix are defined as edge cases, as mentioned above. By a thick ice layer is meant a rigid adiabatic layer. This means that the matrix surface is completely confined. By a thin ice layer, reference is made to the free surface. Consequently, the surface is free from mechanical constraints and natural convection heat transfer is possible. This allowed the ambient temperature to be assumed to be 25    °  C in the simulations.



Figure 5 (left) shows the changes in the displacement of the center point by varying the relative magnitude of the four parameters in the case of a thick layer of ice on the matrix surface. Increasing the segment thickness while keeping the other parameters constant results in the segment becoming very stiff and almost impossible to bend under wire contraction. With regard to the inner circle diameter, no significant influence can be detected compared to other parameters. If we consider the hexagonal shape as a circular plate, we can better interpret the influence of the inner circle diameter. As Figure A4 shows, the radius of the circular plate is inversely proportional to the spring stiffness of the plate. The larger the diameter, the softer the plate becomes, making the structure easier to deform. According to Figure 5, the center displacement shows an upward trend as the diameter of the wire loop increases. This is an expected result because the longer the wire, the more it contracts and the matrix is forced into greater deflection. Figure 5 (right) illustrates the change of the maximum Mises stress of the interface between the segment and a thick ice layer over the changing geometrical parameters. Here, the infinitely thick, rigid ice layer constitutes an edge case, confining the whole segment surface. The increase of the segment thickness leads to a strong decrease of the stress, while the increase of the other values does not lead to a significant difference. The limited deformation on the surface due to the blocky ice and the insufficient contraction force of the wire also limit the stress generation.



Figure 6 illustrates the maximum temperature on the surface as a result of the change in relative parameter size in the limiting case of a thin layer of ice on the matrix surface. Increasing the wire loop diameter moves the heat source to the edge of the structure. Assuming the solid surface to be adiabatic (Figure A3), in addition to the low thermal conductivity of the matrix material, causes the observed maximum temperature at the surface to decrease. Similarly, as the segment thickness increases, under the condition of 50% eccentricity, the distance between the surface and the heat source increases. As a result, the maximum temperature at the surface decreases. On the other hand, the surface temperature can be obviously higher by increasing the relative eccentricity while keeping the segment thickness constant. In addition to the adiabatic assumption for the back side of the elastomer, the low thermal conductivity of the material also adds to the problem. Consequently, the outer side of the matrix behaves like a thermal insulation layer at higher inscribed diameters regardless of the assumption. For this reason, this parameter has a negligible influence on the maximum surface temperature.





4. Discussion


The transformation expansion coefficient approach to model the material behavior of the SMA provides promising results in terms of describing the thermomechanical behavior of the wire. The difference between the results for the matrix temperature values can be attributed to the measurement method used. To measure the wire temperature, a type K thermocouple was used with a metal sleeve that firmly connects the thermocouple to the wire. In addition, the temperature value on the surface was determined using a thermal imaging camera with a moving spotmeter, which is always the hottest temperature in the measurement range. The spotmeter does not measure a fixed point like the thermocouple.



In the remaining simulations, one parameter was defined as a variable in each calculation. Thus, the individual influences of the geometric variables could be studied. One of the limitations of the present studies is, of course, that the thermal behavior and the reaction of the ice layer were not taken into account because of the temperature rise at the interface.



For the mechanical effect to work, the ice layer must be intact and in contact with the surface. If the ice layer melts completely, the mechanical force cannot be transmitted.



During the assembly of the wire and the matrix, a pre-strain was added to the wire, leading to a stronger displacement due to the shape memory effect. The material formulation does not physically consider the stress dependency of the shape memory effect, but adopts this behavior phenomenologically, since we validated the formulation regarding the functional concept.



Another limitation of the present study naturally occurs due to the assembly of the wire with the desired preload. In the simulation, it was considered, of course, that the mounting of the wire in the functional pattern was ideal. However, in the real implementation, the pretensioned wire without loose contact with the inner part of the die did not emerge as planned. Loose contact of the wire means that the spring force of the matrix material cannot be transferred to the wire during the forward phase transformation. As a result, there is no way to restore the shape of the surface. Since we are dealing with a single functional sample, it is not possible to investigate the variability of this specific case diversely. Moreover, the assembly was not performed by a standardized method. Therefore, the problem is a question related to experimental behavior.
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Abbreviations


The following abbreviations are used in this manuscript:



	bwd
	backward



	fwd
	forward



	FE
	finite element



	FEA
	finite element analysis



	FEM
	finite element method



	SMA
	shape memory alloy



	SME
	shape memory effect



	T
	temperature



	TWSME
	two-way shape memory effect



	  α  b w d   
	coefficient of thermal expansion of the backward transformation



	  α  f w d   
	coefficient of thermal expansion of the forward transformation



	  α T  
	coefficient of thermal expansion



	c
	spring constant



	  c  i j   
	material parameter for elastomer



	  c p  
	specific heat capacity



	  d h  
	inscribed circle diameter



	  d L  
	wire loop diameter



	  d w  
	wire diameter



	e
	relative eccentricity



	 ϵ 
	strain



	  ϵ  I E   
	inelastic strain



	  ϵ  m a x   
	maximum strain



	E
	elastic modulus



	  E  A u s t e n i t   
	elastic modulus (austenite)



	G
	shear modulus



	h
	segment thickness



	  I  1 , 2   
	invariants of the right Cauchy–Green tensor



	k
	thermal conductivity



	K
	constant for demonstrate of hysteresis behavior



	  λ  1 , 2 , 3   
	stretching in directions 1, 2 and 3



	 μ 
	Poisson’s ratio



	N
	plate bending stiffness



	R
	plate radius



	 ρ 
	density



	t
	plate thickness



	 ξ 
	martensite fraction










Appendix A


Supplementary information to this article including geometric specifications, material properties (wire and matrix), and simulation data can be found in this section.



Appendix A.1. Figures Relating to Geometric Specifications
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Figure A1. Geometric parameters from the cross-sectional view of the functional sample [19]. 






Figure A1. Geometric parameters from the cross-sectional view of the functional sample [19].
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Figure A2. Cross-section presentation for electrical wire and thermocouple connection to the SMA wire, with the change from [19]. 






Figure A2. Cross-section presentation for electrical wire and thermocouple connection to the SMA wire, with the change from [19].
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Figure A3. One-twelfth model and conditions for representing the symmetry and external mount [19]. 






Figure A3. One-twelfth model and conditions for representing the symmetry and external mount [19].
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Appendix A.2. Geometry and Material Properties of Matrix and SMA Wire
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Table A1. Table of parameters for the geometry, matrix, and wire.






Table A1. Table of parameters for the geometry, matrix, and wire.











	Parameter
	Geometry
	Matrix 1
	Wire





	Segment thickness (h)
	8  m  m 
	
	



	Relative eccentricity (e)
	50%
	
	



	Wire loop diameter (  d L  )
	80  m  m 
	
	



	Wire diameter (  d w  )
	375  μ  m 
	
	



	Inscribed circle diameter (  d h  )
	120  m  m 
	
	



	1/12 Segment angle
	30   ∘  
	
	



	   c 01   
	
	   0.66     M    Pa  
	



	   c 10   
	
	   − 0.36     M    Pa  
	



	   c 11   
	
	   0.24     M    Pa  
	



	   c 02   
	
	0  M  Pa 
	



	   c 20   
	
	0  M  Pa 
	



	Thermal conductivity (k)
	
	   0.22     W      m  − 1   K   
	



	Specific heat capacity (  c p  )
	
	1400  J   k    g  − 1        K  − 1    
	



	Density ( ρ )
	
	500  k  g     m  − 3    
	



	Thermal expansion coefficient (  α T  )
	
	   31 ×  10  − 5         K  − 1     
	



	    α T    
	
	
	   22 ×  10  − 5         K  − 1     



	    E  A u s t e n i t   =  E  M a r t e n s i t e     
	
	
	70  G  Pa 



	Poisson’s ratio
	
	
	0.33



	Thermal conductivity (k)
	
	
	21  W     m  − 1    K  − 1    



	Specific heat capacity (  c p  )
	
	
	320  J     kg  − 1    K  − 1    



	Density ( ρ )
	
	
	6690  k  g     m  − 3    



	   M f   
	
	
	   333.15     K  



	   M s   
	
	
	   348.15     K  



	   A s   
	
	
	   343.15     K  



	   A f   
	
	
	   358.15     K  







1 Polynomial order hyperelastic material = 2.












Appendix A.3. Circular Plate Geometric Properties
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Figure A4. Geometric properties of circular plate [22]. 






Figure A4. Geometric properties of circular plate [22].
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Appendix A.4. Simulation Data
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Table A2. Step and load data of the simulation.






Table A2. Step and load data of the simulation.





	Parameter
	Value





	Ambient temperature
	   298.15     K  



	Film coefficient convection
	   2.5     W      m  − 2         K  − 1     



	Time period actuation
	402  s 



	  t  s t a r t    actuation
	0  s 



	  t  s t e p    actuation
	200  s 



	  t  e n d    actuation
	402  s 



	Initial increment actuation
	   0.5   



	Min. increment actuation
	   1 ×  10  − 7     



	Max. increment actuation
	   0.5   



	Max. number of increments
	   1 ×  10  6     



	Current
	   2.6     C     s  − 1    



	Voltage
	   2.1 ×  10  3       m    J      C  − 1     
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Figure 1. Representation of the effect with SMA activation [19]. 
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Figure 2. TWSME strain response as a function of temperature regarding different values of K. 
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Figure 3. Comparison of the computed node displacement and the measured displacement at selected points of the concept with respect to Tamer et al. [19]. 
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Figure 4. Comparison of the experimental and simulation results without an ice layer on the matrix surface. 
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Figure 5. Max Mises vs. relative magnitude of all parameters in case of a thick ice layer on the matrix surface. 
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Figure 6. Maximum temperature vs. relative magnitude of all parameters in the case of a thin ice layer on the matrix surface. 
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Table 1. Maximum values for the relative magnitudes on the x-axis.
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	Parameter
	Min. Value
	Max. Value (100%)





	Segment thickness (h)
	   2.47     m    m  
	11  m  m 



	Relative eccentricity (e)
	   − 0.5   
	   0.58   



	Wire loop diameter (  d  L m a x   )
	20  m  m 
	90  m  m 



	Inscribed circle diameter (  d h  )
	100  m  m 
	200  m  m 
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