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Abstract

:

In building construction, it is very important to reduce energy consumption and provide thermal comfort. In this regard, defects in insulating panels can compromise the capability of these panels of reducing the heat flow by conduction with the surroundings. In recent years, both experimental techniques and numerical methods have been used for investigating the effect of defects on the thermal behavior of building panels. The main novelty of this work regards the application of both numerical and experimental approaches based on infrared thermography techniques for studying the effects of defects such as debonding on the insulation properties of cork panels. In particular, the effects of defects were investigated by using the Long Pulse Thermography technique and then by analyzing the thermal behavior of the panel during the cooling phase. Results show the capability of the proposed approaches in describing the effects of defects in cork panels such as detachments and the benefit effect of a shield coating in improving the insulation properties of the panel.
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1. Introduction


Insulating materials are used in building in the residential, commercial, and industrial sectors [1,2,3,4,5] for reducing energy consumption and providing thermal comfort. Malanho et al. [6] described how, due to the growing concern with the environment, systems are being developed with more sustainable and ecological materials, such as ICB (expanded cork). The results showed that the systems with ICB obtained satisfactory global behavior comparable with the EPS systems. The ICB sustainable systems analyzed stood out in acoustic performance. In this regard, insulation techniques allow for retarding the heat flow by conduction with the surroundings in buildings to retain heat/cool within the house [5]. Lagorce-Tachon et al. [7] showed the specific physical properties of alveolar cork structures, such as low permeability to liquids and gases, advanced thermal and acoustic insulation, and high elasticity. Moreover, a morphological analysis of natural cork cells was presented including statistical distributions of structural quantities. Liu et al. [8] prepared cement–cork mortars with different cork volume admixtures. In particular, the fresh state consistency and compressive strength of cement–cork mortars were studied. The porosity and pore distribution characteristics of the prepared samples were obtained using microparticle mercury porosimeter. Merabti et al. [9] proposed the study of mechanical and thermal properties of cement composites with waste cork under different curing conditions. The effect of including granulated blast furnace slag on these composites was also studied.



Insulating materials can be classified both according to heat exchange properties and to their composition [5]. It is common in civil structures to protect the insulation panels with thin juxtaposed layers. Generally, these thin layers protect the insulation from atmospheric agents and make it more aesthetically pleasing. In this specific case, the thin layer contributes to the insulating effect.



Among the many insulation panels, cork can be considered a mass organic insulation material. It is composed of a huge number of tiny air trapped pockets that allow for reducing the heat flow rate by conduction [5]. Moreover, thanks to its lightweight nature, when joined to other insulation properties related to electric, sound and vibration behavior, cork represents an excellent material for thermal insulation purposes [4,5]. Novais et al. [10] provided new information on the impact generated by cork particle size on thermal properties.



Insulating materials are commonly coupled with insulated panels by means of adhesives (bonded panels) that allow for obtaining an effective and low-cost solution. Sometimes, the insulating material contains the adhesive in itself for allowing the user a simple (manual or automated) application. However, defects can occur between the two couplants (or beneath them) that can produce a partial detachment of the insulating material that can affect the correct behavior of the insulated panels. In this regard, Non-Destructive Techniques (NDT) represent a useful tool for evaluating detachments in insulated panels as they can detect hidden defects without causing damage [11,12,13,14,15,16].



Stimulated Thermography techniques (ST), with respect to other traditional well established NDT techniques, potentially allow for investigation of large areas with a relatively shorter time and without the need for couplings such as Ultrasonic Testing (UT) or safety issues such as with X-ray, which makes it particularly suitable for the inspection of large structures [17,18,19]. The most diffused thermographic techniques for the non-destructive evaluation of composite materials are Lock-in Thermography (LT), Pulsed (PT) and Stepped Heating/Long Pulse Thermography (SH/LP) [17,18,19]. All of these techniques need a heat source to stimulate the material and equipment to analyze the temperature behavior on the surface of the component. The main idea is that a defect inducing different thermophysical local properties in the material will also induce an anomaly in the thermal diffusion, and then a different surface temperature of the component [17,18,19].



In the last several years, ST has been used for investigating building structures/components principally for obtaining information regarding both the thermal behavior and the structural integrity [14,15,16,17,18,19]. In the work of Meola [14], the attention was focused on the non-destructive evaluation of masonry structures by means of ST. Different defects have been simulated within one-layer and two-layer specimens and the capability of the thermography in detecting the different nature of each defect has been demonstrated.



Regarding the cork used in building, in the literature, there are many works in which the thermal properties have been evaluated by using numerical and experimental methods [20,21,22,23,24]. In the work of Perilli et al. [20], a numerical approach based on experimental data was adopted for exploring the insulation properties of cork panels. In particular, the benefit of using a shield coating for minimizing the subsurface detachment was demonstrated by means of a numerical model developed in Comsol®. The cork–coconut–cork panel with a Phase Change Material (PCM) was investigated in the work of Sfarra et al. [21]. Moreover, the thermophysical effect of a fabricated subsurface defect has been investigated with and without the PCM.



Although several studies have been presented on cork panels, none of them involved a full field experimental technique such as the thermography technique for validating the numerical model and evaluating the capability of detection of defects such as detachments. In this regard, the main novelty of this work was to investigate the effects of defects such as debonding on the insulation properties of cork panels by means of a novel approach based on simulations and experimental thermographic tests. In particular, the analysis was focused on the thermal behavior of a cork panel coated with an insulating protective material (COIB 250®) and with a fabricated detachment, subjected to a Long Pulse test.



The results show the capability of the Long Pulse technique in detecting detachment in insulating cork panels and the benefits obtained by using a shield coating material.




2. Theory: Long Pulse Thermography


Step Heating/Long Pulse Thermography (SH or ST/LP) [17,18,19] consists of the application of an input pulse that has longer durations than Pulsed Thermography (PT) to allow the input thermal excitation to reach deeper defects. Unlike PT, in SH/LP the defects are warmer/colder than the surroundings and exchange heat with different rates than non-defective regions. It produces higher discrimination in defect detection.



The feasibility of SH for the detection and characterization of flat bottom holes and buried defects is analytically proven by Badghaish and Fleming, and Balageas and Roche in [25,26], respectively. Specifically, following the developments in [27], the surface temperature of finite thickness structures is initially comparable to the one of semi-infinite structures in the early period but then deviates once the heat pulse reaches the back surface. The specific time instant when the heatwave deviates from Newton’s law [28] determines the thickness of the specimen. This value depends on the first integral of the error function, and thus can easily be determined by means of well-known equations [29]. This is important to underline, as these equations are valid only under strict hypotheses and their use can involve significant errors in defect depth and size evaluation.




3. Materials and Methods


3.1. Materials


The object of the investigation is represented by a novel insulation panel constituted of cork and a thin coating of an insulating material to reduce further the thermal conductivity value. The cork layer was obtained firstly shredding the cork in many pieces and then pressing these pieces in order to obtain the desired shape (parallelepiped in this case) [20]. The insulating coating COIB250® with a thickness of 3 mm was deposed on the surface of the panel by means of a suited coating deposition procedure. Firstly, a layer of 0.5 mm was deposed by means of a brush then followed a drying phase of about 30 min just before deposing the remaining layers until reaching the thickness of 3 mm. The final dimensions of the panel were 1000 × 500 × 30 mm.



As already said, these panels are bonded directly on the structure and defects such as detachments can compromise the correct behavior of the insulation. To simulate the detachment, a defect of dimensions 80 × 80 mm was created in the cork panel. In particular, a cubic volume of the cork material was removed from the rear side, taking care to not damage the material close to the cutting zone (Figure 1a). In this way, a groove of cubic shape was obtained. In this regard, a suitable device (Figure 1b) was used for obtaining the desired shape and accuracy. The presence of the air that represents the detached area was simulated by placing a sponge element of dimensions 80 × 80 × 3 mm3 between the panel and the cubic cork element obtained from the previous working step [30,31]. Figure 1c,d show the necessary steps for the construction of the defect and the cross-section of the panel, respectively. In summary, the defected area was composed of the COIB250® coating, the sponge and the cork element repositioned in the cubic groove.



In Table 1, the thermophysical properties of the materials that compose the panel are reported, where ρ represents the density, k the thermal conductivity and cp the specific heat capacity of the material. The emissivity values were verified by means of experimental tests according to the Standards ASTM E1862 [31] and ASTM E1933 [32] using tape as a known reference and two halogen lamps for heating the material. The emissivity values found for the cork and the COIB250® were 0.97 and 0.92, respectively. These values are very close to the literature value for the cork and the value provided by the manufacturer for the COIB250®, so, in view of this, we preferred to use the latter for the following analysis.




3.2. Numerical Model (Comsol)


The numerical 3D model was carried out using the Comsol® software importing the geometries of the panel and the heat sources from the CatiaV5® software. In particular, the heat sources (halogen lamps) were modelled as parallelepiped solids placed 1000 mm from the panel in order to simulate the experimental setup (described in the next section). In this regard, and for the same motivation, the panel was placed in contact with a horizontal panel made of wood. Tetrahedral elements were used for meshing all the geometries of the model paying attention to guarantee the continuity rule at the nodes placed at the interface between two different materials. In Figure 2a, the mesh of the whole model is reported, whereas in Figure 2b,c are reported the rear part of the panel placed on the support and a zoomed view of the thickness of the panel, respectively.



In particular, it is important to observe the correspondence of nodal contact among nodal mesh on the panel and nodal mesh on the support. As expected, it was difficult meshing the insulating coating Coib250® due to its thin dimension with respect to the other part of the model (panel and support). Indeed, to obtain the correct mesh capable of describing the heat transmission phenomena between the interface of two materials it was necessary to set the mesh of the two materials to have common nodes at the interface. However, this means increasing the number of elements and then having a dense mesh with a consequent increase in the computational time. In this regard, to reduce the computational cost, for all the parts, except for the insulating Coib250®, the tool “Maximum element growth rate” was used. In this way, the number of nodes as a function of the thickness was effectively reduced. In other words, this tool allows changing the aspect ratio of the tetrahedrons as a function of the thickness. In particular, the “Maximum element growth rate” was increased up to 8% with respect to the nominal value.



In addition, a ”free triangular mesh” was used for modelling the heat sources (halogen lamps). In this way, only the surface is considered for the analysis and then the surface temperature of the two heat sources can be obtained. Modelling the two sources as two separated headlights allowed us to control the superficial temperature and then to verify the imposed excitation power as declared from the manufactured lamps in terms of electrical power. Moreover, in this way, also the thermal inertia of the headlight was considered. Indeed, the headlights heated the sample also during the cooling phase after they were turned off. The simulated lamps were Philips® R7s cap Halogen linear lamp 500 W that reach the bulb temperature of 813.45 K. In Figure 3 the imposed excitation electric power is reported.



The module used for the analysis was the “Heat Transfer with Radiation in Participating Media” that allows to investigate the behavior of porous panels in the presence of convection, radiation, and conduction [39,40,41]:
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The first term on the left of Equation (1) (indicated with the letter a) represents the heat power per unit of volume, where: ρ is the density of the fluid (humid air) that surround the material, Cp is the specific heat at constant pressure of the material, T is the temperature and u is the fluid velocity field. For porous materials, the fluid velocity field is considered as the fluid velocity per unit of the cross-section. The mean linear velocity within the porous material is evaluated as uL=u/θL, where θL is the volume porous fraction.



The term b is composed of two parts that represent the heat exchanged for conduction and radiation, respectively. In particular, the conductive term qc can be written as [40]:
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(2)




where keff is the effective conductivity tensor. The radiative term qr involves all the thermal phenomena related to the radiative heat transfer by means of the Radiative transfer analysis: incident radiation, adsorbed radiation, emitted radiation, transmitted radiation, and scattered radiation. Considering the intensity of the radiation I(Ω) travelling along the direction Ω, the scattered radiation coming from a known direction Ω can be expressed as [42]:


   1  4 π     ∫   4 π   ϕ  (   Ω i  ,  Ω j   )  d  Ω i  = 1  
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where the phase function Φ(Ωi, Ωj) defines the probability that a single ray coming from the direction Ωi-th can be scattered in the Ωj-th direction. Moreover, the intensity of the radiation along a given direction can be either attenuated or scattered. In this regard, an additional term σs can be considered for the fractions of radiations attenuated or scattered [42]:
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The global heat radiation in the heat transfer equation can be expressed by means of the following equation [42]:
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where T is the atmospheric temperature, ka is the coefficient of absorption, β = (ka + σs) is the extinction coefficient, ke is the emissivity coefficient and Ib is the radiation of the black body.



The phase function depends also on the material. In this work, this function was modelled as a linear function considering the anisotropic behavior of the material [42]:


  ϕ  (   μ 0   )  = 1 +  a 1   μ 0   
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where μ0 is the angle between the direction of the scattered radiation and the osculating plane of the surface reached by the radiation, whereas the coefficient a1 represents the probability of scattering in any direction. In this way, a1 is equal to 0 for material with isotropic behavior (the scattering probability is the same in any direction) and assumes a negative value for materials with anisotropic behavior.



The term indicated with the symbol c in Equation (1) represents the double dot product between the stress tensor τ and the strain tensor S, this latter is expressed as [39,40]:


  S =  1 2   (  ∇ u + ∇  u T   )   
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The term d is composed of two sub–terms indicated with the numbers 1 and 2 in Equation (8) [39,40]:
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where the first term considers the variation of the air density as a function of the temperature, at constant pressure, whereas the term 2 represents the mass conservation law referring to the air surrounding both the specimen and the headlights. Finally, the term e refers to heat sources characterized by energy dissipation phenomena.




3.3. Experimental Tests


To validate the numerical results an experimental Long Pulse test was carried out as reported in Table 2. The experimental setup is reported in Figure 4, in which two halogen lamps of power of 500 W, placed at a distance of 1.20 m, were used for exciting the component and the IR camera FLIR 655sc with a 640 × 480 microbolometer detector used for acquiring the thermal sequence. The two lamps were controlled by the MultiDES® system.




3.4. Data Processing


The thermal sequence was processed by using the software IRTA2® and Matlab®. In particular, the adopted algorithms were the slope and R2 [43] and the Thermal Signal Reconstruction (TSR)® [44], applied only to the cooling phase (Long Pulse analysis).



In TSR, the cooling curve can be fitted in the logarithmic domain by means of a polynomial function (Equation (9)). It has been found that a 5th (or 7th) order polynomial provides an excellent fit to PT data since the inclusion of higher orders terms only replicates noise. As a result, the TSR method provides a significant degree of data compression; in fact, there is a replacement of the sequence of temperature maps in the time, by a series of (n + 1) images that correspond to the polynomial coefficients. From this series of (n + 1) maps, it is possible to reconstruct a full thermographic sequence obtaining, in addition, a drastic reduction of the data amount. It is also convenient to analyses the 1st and the 2nd logarithmic derivatives of the thermographic sequence, which derive directly from the polynomial [44]. For each pixel, the time sequence can be differentiated using these expressions:
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where an are the coefficients of the polynomial function.



The slope and R2 [43] are well-known algorithms based again on the study of the cooling behavior. In fact, the presence of the defect determines a modification of the thermal profile during cooling with a typical non-linear behavior. In the case of a simple linear regression, R2 equals the square of the Pearson correlation coefficient between the observed and predicted data values of the dependent variable [43].



In Figure 5 is shown, in a schematic way, the adopted procedure for analyzing the thermographic data. The thermal sequence was acquired by means of the IR Max software (by FLIR) and then only the cooling behavior was extracted in terms of a 3D data matrix. Then, the Matlab® software was used for performing the TSR algorithm, whilst the IRTA® software was used for slope and R2 algorithm. The slope (m) and R2 algorithms directly provide two single maps of the two indexes, while the TSR provides the sequences related to the first and second derivative of the polynomial fitting, and then single maps can be extracted.





4. Results and Discussion


4.1. Numerical Model


The results of the numerical model were obtained by setting the Time dependent and Fully Coupled (Pardiso) analysis. In Figure 6, the result in correspondence of the first instant of the analysis is shown.



All the bodies in Figure 6 show the trend of the temperature range for the first second of analysis. The projectors have a very different temperature trend (shown in the right palette) compared to the temperature of the panel and support (shown in the left palette). For just one second of analysis, there is a difference of about 10 K between the projectors and the panel. During both the heating and cooling phases, the lamps assumed temperature values of a higher order than the panel temperature. In this regard, it was very difficult to represent both the panel and lamps with a single scale palette. Therefore, to allow the reader to observe in good detail the distribution of the temperatures on the panel, we preferred to show all the results setting the scale palette, only considering the panel.



In Figure 7, the temperature evolution for different temporal times during the heating excitation is reported. In Figure 7a, the result after 10 min of heating is reported. In particular, the temperature field appears uniformly distributed on the superficial part of the panel with a slightly high value of the temperature in the central part of the specimen with respect to the edges subjected to the well-known edge effects. Small differences in temperature can be observed also in correspondence to the contact zone between the panel and the support. Along the depth direction, temperature variations can be observed only for depth less than ¼ of the total thickness. In this regard, similar behavior was obtained after 20 min, 30 min, not shown in the figure, and 40 min of heating Figure 7b, with an expected increase of the superficial mean temperature. This characteristic behavior is due to the good insulating properties of the materials composing the panel.



A significant temperature increase along the depth of the panel can be observed after 50 min of heating (Figure 7c) with the rear surface of the panel that is still at the environmental temperature. The maximum temperature is reached after 100 min of heating (Figure 7d) at the center of the frontal surface of the panel (~ 318 K) with an in-depth thermal diffusion that interested about one-half of the thickness. No significant temperature variations were registered until the end of the heating phase (110 min) (Figure 7e) in which occurs the shutdown of the projectors that involves either a more uniform temperature distribution or a rapid decrease of the temperature (about 0.8 K).



In Figure 7f,g is depicted the temperature distribution during the cooling phase, 10 min and 20 min after the projectors turned off, respectively. In particular, as already said, in this first part of the cooling and then just after the headlights turned off, the temperature tends to drop quickly toward the environment temperature (about 305 K) in all the panel except in the central part in which the defect is placed (about 317 K). Then, the cooling phase was characterized by a uniform temperature decrease until the lower temperature mean value of 299.18 K was observed after 90 min (Figure 7h). During the cooling phase, the mean value of the temperature dropped by ~7 K and this temperature variation involved about 1/3 of the total thickness of the panel.




4.2. Discussion and Experimental Validation


To investigate both the thermal behavior of the panel and the simulated defect over time, four areas were considered, two on the frontal part and two in the rear part of the panel, as indicated in Figure 8. In particular, the chosen areas are representative of the non-defective material and the defected area.



In Figure 9, the mean temperature trend of the chosen four areas (ROIs) is reported. Considering the frontal ROIs, the different thermal behavior between the non-defective material and defect can already be seen during the heating phase, just after 10 min after the headlights turn on. However, a better thermal contrast is obtained in correspondence with the maximum temperature value and during the cooling phase. In any case, the defected area always presents a higher temperature value than the non-defective material. The effect of the defect is more evident in the rear part of the panel in which both the maximum temperature and the time in which the maximum temperature is reached are very different with respect to the non-defective material. In particular, the phase shift measured in correspondence of the imposed defect (about 40 min) can be used as an index for evaluating the effect of defects on the insulating properties of the panel (reduction of the phase shift).



In Figure 10, the experimental results, in terms of surface temperature trends (mean values) of the defective and non-defective, areas are reported. The area delimitated by the red dotted line represents the defect nominal area, whereas the non-defective is considered as the area enclosed between the white and red dotted line (Figure 10). Figure 10 shows that there is a good agreement between numerical and experimental results in terms of the temperature trend over time. However, a difference of about 7 K between the approaches was obtained in correspondence to the maximum temperature, but this difference can be considered acceptable for the model validation. At this point, it is important to underline that the numerical model allows for describing the thermal behavior of both the panel and the defect.



In Figure 11 and Figure 12 the experimental results obtained from the adopted algorithms are reported. It can be seen that only the slope data allow for detecting the defect, though with a low signal contrast. Moreover, variation of the slope signal can be observed in the whole panel and above all in the non-defective areas in the proximity of the defect. These signal variations can be attributed to the intrinsic properties of the material that is characterized by high porosity and a high level of inhomogeneity. Moreover, a wider area around the defect seems to be involved by a slope variation. This can be explained by the presence of detached zones in the proximity of the defect borders.



Similar considerations can be performed for the TSR® algorithms. The fitting in the double logarithmic scale of the thermal signal over time was carried out considering a polynomial degree of the 7th order. In Figure 12, the results of the first and second derivative of the thermal signal both for the non-defective and defect is shown. The thermal trends refer to the mean signal evaluated in the area indicated with the dotted white (non-defective) and red (defect) lines. The maps in Figure 12 were extracted in correspondence with the times indicated with the blue dotted lines. Both the first and the second derivative analysis allow to detect the defect but, also, in this case, significant signal variations can be observed on the surface of the panel due to the inhomogeneity of the material.





5. Conclusions


In this work, numerical and experimental tests were carried out for investigating the thermal behavior of an insulating cork panel in the presence of a shield coating and a fabricated defect.



Usually, the insulating material or the layers of insulating materials, are applied on the wall/male masonry. Generally, the thin layers, juxtaposed to the insulating panels, do not actively contribute to the insulation but they protect the insulation materials from atmospheric agents and make them more pleasing aesthetically. In this case, however, the thin layer also contributes to the insulating effect by reducing the transmittance of the whole product and increasing the phase shift. This potentially makes it an advanced insulation material.



A numerical model was developed in Comsol® considering the porous properties of the material and simulating detachment between the cork panel and the shield coating (i.e., the insulating material). Experimental tests with the LP technique were carried out for validating the numerical data and for evaluating the capability of detecting the imposed defect. The main results can be summarized as follows:




	
The numerical model allows for investigating the thermal behavior of insulating cork panels in the presence of a defect. The obtained results are in good agreement with the experimental analysis and could be used for investigating different geometries and configurations of building structures.



	
The Long Pulse Thermography and more specifically the TSR® and slope algorithms allow for detecting the imposed defect with a Long Pulse duration of about 110 min and a cooling time of 90 min. However, it is important to underline that the porous nature of the cork can affect the LP results and makes it difficult to detect small and deeper defects.








The obtained results demonstrate the efficiency and effectiveness of the adopted approach for evaluating defects in insulating panels. In this regard, the proposed approach allows for performing a non-destructive analysis and evaluating the defect dimensions. In these terms, it can be used for predicting the thermal behavior of panels in the presence of defects.



Future works will be focused on investigating other configurations and geometries, assessing the sensitivity of detecting the LP technique, as well as using additional non-destructive testing techniques for comparative purposes [45,46].
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Nomenclature




	ρ
	Density
	kg/m3



	k
	Thermal conductivity
	W/mK



	cp
	Specific heat at constant pressure
	kJ/kgK



	ε
	Surface emissivity
	(0–1)



	T
	Temperature
	K



	u
	Fluid velocity field
	m/s



	θ
	Porous fraction
	(0–1)



	keff
	Effective conductivity tensor
	W/mK



	qr
	Involves all the thermal phenomena related to the radiative heat transfer
	J



	qc
	Conductive term
	W/m2



	p
	Pressure
	Pa



	I
	Intensity radiation
	W/m2



	Ib
	Intensity radiation of the black body
	W/m2



	Ω
	Direction of radiation
	rad



	Φ
	Phase function
	-



	σs
	Fractions of radiations attenuated or scattered
	(0–1)



	ka
	Absorption coefficient
	(0–1)



	β
	Extinction coefficient
	(0–1)



	ke
	Emissivity coefficient
	(0–1)



	a1
	Probability of scattering in any direction
	%



	μ0
	Angle between the direction of the scattered radiation and the osculating plane
	rad



	τ
	Viscous stress tensor
	Pa



	S
	Strain tensor
	1/s



	t
	Time
	s



	ΔT
	Temperature difference
	K



	an
	Coefficients of the polynomial function
	-



	R2
	Square of the Pearson correlation coefficient
	-



	m
	Slope of the least square line (in double ln scale)
	Ln(K/s)
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Figure 1. The analyzed panel: (a) the flat bottom hole, (b) the experimental machine for the execution of the flat bottom hole, (c) necessary steps for the construction of the defect, (d) the cross-section of the panel. 
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Figure 2. Mesh of the model: (a) full model, (b) rear view of the cork panel and the support, (c) magnification of the contact zone between the cork panel and the support. 
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Figure 3. The trend of electrical power versus time of the projectors during the test. 
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Figure 4. View of the experimental setup (thermographic test) used for performing the LP test: IR camera (model Flir A655sc), halogen lamps (500 Wx2) and the investigated panel. 
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Figure 5. Schematic representation of the data processing procedure. 
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Figure 6. View of the numerical model including the projectors for the first second of analysis. The palette on the left shows the temperature trend of the panel and the support, while the one on the right shows the temperature trend of the projectors. 
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Figure 7. The trend of the temperature field of the model (cork panel and support), at (a) 10 min, (b) 40 min, (c) 50 min, (d) 100 min, (e) 110 min, (f) 120 min, (g) 130 min, (h) 200 min. 
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Figure 8. Area of analysis: (a) front side, (b) rear side, (c) rear side including the defect, (d) rear side excluding the defect. 
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Figure 9. The trend of the temperature over time, evaluated with respect to the virtual probes (Comsol® results). 
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Figure 10. The trend of the temperature over time both for the non-defective (the white area around the defect) and the defective areas (mean values in the green area), (experimental results). 






Figure 10. The trend of the temperature over time both for the non-defective (the white area around the defect) and the defective areas (mean values in the green area), (experimental results).



[image: Energies 14 07546 g010]







[image: Energies 14 07546 g011 550] 





Figure 11. The experimental results obtained with the adopted algorithms: (a) the slope and (b) R2 (the green area represents the defect). 
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Figure 12. The results of the first (a) and the second (b) derivative of the thermal signal both for the non-defective and the defective area (TSR algorithm). The blue dotted lines represent the times for which the first derivative and the second derivative maps were extracted. 
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Table 1. Technical characteristics of the materials.
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	Materials
	Dimensions (mm3)
	ρ (kg/m3)
	k (W/mK)
	cp (kJ/kgK)
	Surface Emissivity
	Volume Fraction





	Cork
	1000 × 500 × 30
	120 [33]
	0.036 [33]
	1.9 [33]
	0.95 [34]
	



	Sponge
	80 × 80 × 3
	0.27(Dry)/0.75(Wet) [35]
	0.018 [36]
	1.917 [36]
	
	0.67 [36]



	COIB250®
	1000 × 500 × 3
	690 [37]
	0.03 [37]
	1.93 [38]
	0.91
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Table 2. Main information regarding the experimental tests.
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	Step Heating Duration (min)
	Cooling Phase Duration (min)
	Frame Rate (Hz)





	110
	90
	0.05
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