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Modelling of latent heat thermal storage systems is mainly achieved with an analytical formulation describing the thermodynamic state of the phase change material (PCM). In literature, different models exist to describe the evolution of the liquid fraction, the effective heat capacity and the enthalpy as a function of temperature. The main issue is to correctly establish these behavior laws and to identify the thermophysical properties of each PCM. Analytical models proposed in literature often have obvious limitations, such as the presence of discontinuities or the impossibility to represent asymmetric phase change dynamics. Such approaches a priori do not allow to model accurately the thermodynamic behavior of the PCM. Given the limitations identified on existing models, a new analytical model is proposed in this paper. Moreover, it is not uncommon to observe the presence of two heat flux peaks during the phase change process of a PCM, as with the studied PCM (RT58). Therefore, we propose a method to model the two heat flux peaks, which are rarely considered in literature. PCM properties are determined thanks to a four-step identification process, using experimental data and the different analytical models studied. Based on the numerical modelling of the rectangular container used for the experiments, and on the identified thermodynamic properties of the enclosed PCM, a comparative study between the new analytical model and existing models is carried out. It appears that modelling only a single heat flux peak is not satisfactory for the studied PCM, and taking into account a second heat flux peak decreases the error on the exchanged energy by a factor of 2.5 to 6.5 depending on models. The new model leads to an accuracy gain of a factor of 1.5 to 3.3 compared with existing models. We do not recommend the model based on a linear evolution of the liquid fraction as the resulting error is between 1.6 and 3.3 times greater than for the other models. The study carried out is based on both melting and solidification processes, and concerns a PCM which does not undergo supercooling.

Introduction

Nowadays, there is a growing interest in phase change materials (PCM) in various fields of applications such as heat storage, which focus most of the scientific research on the topic [START_REF] Calderón | Where is Thermal Energy Storage (TES) research going? -A bibliometric analysis[END_REF], heat and cold fluctuations management in buildings [START_REF] Da Cunha | Phase change materials and energy efficiency of buildings: A review of knowledge[END_REF] or thermal dissipation in electronic devices [START_REF] Landini | A Review of Phase Change Materials for the Thermal Management and Isothermalisation of Lithium-Ion Cells[END_REF]. Other applications can also be considered to improve the performance of energy systems. For example, PCM reduce the efficiency drop associated with the temperature rise of photovoltaic solar panels [START_REF] Ma | Photovoltaic panel integrated with phase change materials (PV-PCM): technology overview and materials selection[END_REF][START_REF] Karthikeyan | Reducing PV module temperature with radiation based PV module incorporating composite phase change material[END_REF], or keep constant heat exchangers temperature for heat engine working with organic Rankine cycles [START_REF] Quoilin | Techno-economic survey of Organic Rankine Cycle (ORC) systems[END_REF].

PCM enable to develop thermal storage system with a higher energetic density than conventional systems using water as a storing material. They also compete with water by allowing to charge and discharge heat on a narrow temperature range around the phase change temperature.

Conception of a thermal energy storage using PCM, regardless of the considered application, require to know precisely the thermophysical properties of the PCM, but also a correct modelling of the PCM thermal behavior. For this study, a distinction is made between the PCM thermophysical and thermodynamic properties, as illustrated with Figure 1. Thermodynamic properties refer to variables which define the state of the matter and the phase change dynamic. Generally, only the temperature is considered as a state variable for PCM. Thermophysical properties are defined as the characteristics parameters of the state of the matter, solid or liquid for PCM, and the latent heat involved during the phase change process. Imprecise identification of PCM properties or using an erroneous model might lead to a wrong sizing of the system due to an incorrect calculation of performances. For example, Dolado et al [START_REF] Dolado | Experimental validation of a theoretical model: Uncertainty propagation analysis to a PCM-air thermal energy storage unit[END_REF] show that determining the PCM phase change temperature with an uncertainty of g0,25° instead of g1° leads to reduce by 25% the uncertainty on the heat exchange for a PCM-air unit.

PCM properties, like latent heat or phase change temperature, and the shape of the enthalpy curve (;a?b) are usually obtained by differential scanning Calorimetry (DSC). According to Dumas et al [START_REF] Dumas | Interpretation of calorimetry experiments to characterise phase change materials[END_REF], the enthalpy curve only depends on the temperature (;a?b) and allows to determine the phase change dynamic of a PCM. However, depending on the experimental operation technics, results obtained by DSC can be influenced by the heating rate and the mass of the sample according to several studies [START_REF] Lazaro | Intercomparative tests on phase change materials characterisation with differential scanning calorimeter[END_REF][START_REF] Feng | DSC test error of phase change material (PCM) and its influence on the simulation of the PCM floor[END_REF]. Different DSC results might also be obtained between heating and cooling experiments [START_REF] Günther | Enthalpy of Phase Change Materials as a Function of Temperature: Required Accuracy and Suitable Measurement Methods[END_REF]. Moreover, the thermal behavior of a sample of a few milligrams, as is in DSC, is not necessarily equivalent for a real scale system, where the mass of the PCM is much larger [START_REF] Younsi | A Novel Technique for Experimental Thermophysical Characterization of Phase-Change Materials[END_REF].

Analytical modelling of phase change process consists in determining an equation of the enthalpy curve (;a?b) in order to describe the thermodynamic state of the PCM. The equation involved in the analytical model must be unique, for a given PCM, and valid independently of the thermal loads applied to the PCM, if no supercooling is observed. Thus, the accuracy of the analytical model depends on the formulation of the equation used to describe the phase change process and on the accuracy of the thermodynamic properties involved in this equation. Some studies used an analytical modelling where the evolution of the liquid fraction is considered linear on the phase change temperature range [START_REF] Hu | Mathematical modelling of solidification and melting: a review[END_REF][14][START_REF] Bastani | Designing building envelope with PCM wallboards: Design tool development[END_REF][START_REF] Nabavitabatabayi | Numerical analysis of a thermally enhanced domestic hot water tank[END_REF][START_REF] Liu | A review of numerical modelling of high-temperature phase change material composites for solar thermal energy storage[END_REF]. As a result, this method generally does not provide an enthalpy curve that correctly represents the thermal behavior of the PCM during the melting and solidification processes.

Franquet et al [START_REF] Franquet | Inverse method for the identification of the enthalpy of phase change materials from calorimetry experiments[END_REF] perform an inverse method on DSC results to identify the parameters involved in the analytical formulation by modelling numerically the heat transfers within the DSC. This method shows a good agreement between numerical and experimental results for pure and binary materials. The authors overcome most of DSC limitations by having a rate-independent enthalpy curve, an isothermal phase change process for pure material and an experimental characterization based on DSC with dynamic mode, which is fast and easily carried out contrary to isothermal step mode. However, the scale difference between DSC sample and real scale system might still leads to an inaccurate evaluation of the thermal performances and storage capabilities for the considered application.

Performing an inverse method to identify directly numerical values for the enthalpy will probably show a better accuracy than an inverse method to identify the parameters of an analytical model, which is constraint by its mathematical equation. However, the temperature step will have to be small enough to accurately represent the thermal behavior, especially on the phase change range. Therefore, the number of numerical values to identify for the enthalpy will be much greater than the number of parameters involved in the analytical model, and the optimization time to converge will be longer. Moreover, even with accurate numerical values describing the enthalpy, it might be interesting to have an analytical modelling of the liquid fraction to take into account the differences between solid-liquid densities and heat conductivities in the numerical model [START_REF] Barz | Modeling hysteresis in the phase transition of industrial-grade solid/liquid PCM for thermal energy storages[END_REF].

The objective of this study is to compared the performances of existing analytical models and to introduce a new model in order to overcome the limitations identified on existing models. An identification process of PCM properties in four stages is also presented. The identification process is based on experimental results on a brick containing the PCM, and, on the other hand, on a numerical modelling with inverse methods. In the next section, analytical models existing in literature are presented. A new analytical model is introduced in light of limitations observed on existing models. A method to model two heat flux peaks is also proposed in order to take into account the phase change dynamic of the studied PCM. The third section details the experimental apparatus used to characterize the PCM and the numerical model associated. The four stages of the identification process based on energy balances and inverse methods are explained in the fourth section. In the final part, the results of the comparative study on existing models and on the new one are presented. The new model appears to be the most accurate when two heat flux peaks are modelled. This model is then evaluated for different thermal loads applied to the PCM.

Analytical modelling of phase change

Existing models

In literature, analytical modelling of the thermodynamic state of the PCM is achieved by expressing either the evolution of the enthalpy a;b, the effective heat capacity a b or the liquid fraction a b as a function of temperature. From a single expression, it is possible to express the other two with equations ( 1) and ( 2 (2)

The heat equation governing a phase change problem, in mere conduction, can be express by equation ( 3) if ;a?b is known, by the equation ( 4) if a?b is known or by the equation ( 5) if a?b is known. 
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For those three expressions (equations (3), ( 4) and ( 5)), the main difficulty is to determine an equation which accurately represents the thermal behavior of the PCM. Usually, different temperatures, specific to a given PCM, are involved in the analytical equation to describe the phase change dynamic of the selected model. The solidus ? n and liquidus ? p temperatures represent the highest temperature where the PCM is fully solid and the lowest temperature where the PCM is fully liquid (without supercooling) respectively. The phase change temperature ? wx refers to the temperature where the effective heat capacity is maximal. These different temperatures are presented Figure 2 for a fictive PCM A according to a?b, a?b and ;a?b.

The easiest analytical method, described by equation ( 6), and the most commonly used [START_REF] Hu | Mathematical modelling of solidification and melting: a review[END_REF][14][START_REF] Bastani | Designing building envelope with PCM wallboards: Design tool development[END_REF][START_REF] Nabavitabatabayi | Numerical analysis of a thermally enhanced domestic hot water tank[END_REF][START_REF] Liu | A review of numerical modelling of high-temperature phase change material composites for solar thermal energy storage[END_REF], consists to model the phase change by a linear evolution of the liquid fraction between ? n and ? p . This means a constant effective heat capacity over the phase change range. This equation leads to a discontinuity of the effective heat capacity in ? n and ? p which can lead to instabilities during numerical resolutions [START_REF] Davin | Supercooling of phase change: A new modeling formulation using apparent specific heat capacity[END_REF]. This analytical model is named 0Ty later in the study.
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Voller [START_REF] Voller | Development and application of a heat balance integral method for analysis of metallurgical solidification[END_REF] adds a coefficient, depending on the solid and liquid conductivity of the PCM, to the expression of the linear liquid fraction in order to modify its shape. Based on the equation of Voller [START_REF] Voller | Development and application of a heat balance integral method for analysis of metallurgical solidification[END_REF], with an F coefficient independent of PCM properties, equation ( 6) evolves to equation [START_REF] Dolado | Experimental validation of a theoretical model: Uncertainty propagation analysis to a PCM-air thermal energy storage unit[END_REF]. Adding a new parameter makes it easier to adapt the phase change dynamic of the equation to the studied PCM. However, even if the thermal behavior is better modelled, there is still a discontinuity of the effective heat capacity in ? p . This analytical model is named 0Tyx later in the study.
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To solve the issue related to the continuity of the effective heat capacity, it may be relevant to work directly on a?b. Many authors [START_REF] Davin | Supercooling of phase change: A new modeling formulation using apparent specific heat capacity[END_REF][START_REF] Darkwa | Simulation of phase change drywalls in a passive solar building[END_REF][START_REF] Xie | Studies on the effect of shape-stabilized PCM filled aluminum honeycomb composite material on thermal control[END_REF][START_REF] Tan | Correction of the enthalpy-temperature curve of phase change materials obtained from the T-History method based on a transient heat conduction model[END_REF][START_REF] Uzan | A novel multi-dimensional model for solidification process with supercooling[END_REF][START_REF] Brütting | Dynamic T-History method -A dynamic thermal resistance for the evaluation of the enthalpy-temperature curve of phase change materials[END_REF][START_REF] Barz | Phenomenological modelling of phase transitions with hysteresis in solid/liquid PCM[END_REF] present expressions based on a Gaussian function between ? n and ? p with equation [START_REF] Dumas | Interpretation of calorimetry experiments to characterise phase change materials[END_REF]. The effective heat capacity evolves symmetrically around ? wx where the maximum is reached. In these studies, authors do not differentiate ! n from ! p and use a common value of ! for both phases. To improve the accuracy, it can be assume that the specific heat capacity is equal to ! n and ! p when the temperature is lower and higher than ? wx respectively. The difference between ! n and ! p leads to a small discontinuity of the effective heat capacity in ? wx . But the effect of this discontinuity can be considered as negligible as long as the latent heat, involved during the phase change process on a narrow temperature range, is far superior than ! n and ! p . This analytical model is named U1'S later in the study.
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Kuznik et al [START_REF] Kuznik | Energetic efficiency of room wall containing PCM wallboard: A fullscale experimental investigation[END_REF] provide equation [START_REF] Lazaro | Intercomparative tests on phase change materials characterisation with differential scanning calorimeter[END_REF] to express analytically the effective heat capacity of a wall containing encapsulated PCM. This is an asymmetric variant of equation [START_REF] Dumas | Interpretation of calorimetry experiments to characterise phase change materials[END_REF], where it is possible to set a different shape for the Gaussian function, below and above ? wx , by modifying the denominator of the exponential term of equation ( 9). Since only the numerical values are provided in this study, the equation cannot be generalized to other PCM. The resulting analytical representation correctly reproduces the effective heat capacity of the encapsulated PCM determined by DSC. This analytical model is named U1'S 1SŠV later in the study but will not be used in the comparative study as only the numerical data are available.
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Working directly on a?b, with equation [START_REF] Feng | DSC test error of phase change material (PCM) and its influence on the simulation of the PCM floor[END_REF], and on ;a?b, with equation ( 11), Yang and He [START_REF] Yang | Solving heat transfer problems with phase change via smoothed effective heat capacity and element-free Galerkin methods[END_REF] present a unique expression based on a sigmoid function and valid on the entire temperature range. Equation [START_REF] Günther | Enthalpy of Phase Change Materials as a Function of Temperature: Required Accuracy and Suitable Measurement Methods[END_REF] is the analytical derivative of equation [START_REF] Feng | DSC test error of phase change material (PCM) and its influence on the simulation of the PCM floor[END_REF], as shown previously by equation [START_REF] Calderón | Where is Thermal Energy Storage (TES) research going? -A bibliometric analysis[END_REF]. A smoothing coefficient R is introduced. A high R means a phase change process over a small temperature range, whereas a low R induces a phase change process over a large temperature range. This expression is continuous and the melting/solidification rate is symmetrical around ? wx where it is maximal. This analytical model is named STUV later in the study.
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Finally, Franquet et al [START_REF] Franquet | Experimental and theoretical analysis of a cement mortar containing microencapsulated PCM[END_REF] propose a formulation where equation ( 13) represents ;a?b and equation ( 14) its analytical derivative a?b. These equations are established for a binary solution undergoing a phase change process. Only the liquidus temperature ? p , which is equal to ? wx , and the temperature of the pure material ? w-, which is higher than ? p , are needed to describe the phase change dynamic. This formulation presents a discontinuity of the effective heat capacity in ? p which allow to reproduce the different thermal behavior during melting and solidification processes. The expression of the enthalpy, equation [START_REF] Hu | Mathematical modelling of solidification and melting: a review[END_REF], allows to model a very progressive melting of the PCM and a sharp release of heat flux during solidification thanks to the slope break on the enthalpy curve in ? p . This analytical model is named ; ˜Ty later in the study.

; ˜Ty m ƒ • ƒ € ! n . a? q ? p b o ! p . a? p q ? w-b o 3. u1 q ? w-q ? p ? w-q ? v o ? { ? p a ! n q ! p b. a? w-q ? p b. .+ u ? w-q ? ? w-q ? p v ! p . a? q ? w-b ? } ? p [START_REF] Hu | Mathematical modelling of solidification and melting: a review[END_REF] ˜Ty m ™ ! n o a ! p q ! n b. u ? w-q ? p ? w-q ? v q 3. a? w-q ? p b a? w-q ?b @ ? { ? p ! p ? } ? p (14) Thus, even by using the same thermophysical and thermodynamic properties for a given PCM, the result obtained with the numerical model will be different depending on the analytical formulation chosen to describe the thermodynamic state of the PCM. Some expressions are restrictive and impose a linear variation of the liquid fraction or a symmetrical evolution of the effective heat capacity. On the other hand, some expressions do not ensure a continuity of the effective heat capacity over the entire temperature range. Finally, some authors do not distinguish the specific heat capacity of the solid and liquid PCM.

Sometimes, more than one heat flux peak is observed during the heating or cooling of a PCM. This could mean a PCM not entirely pure or the phase change process influenced by different crystal structures inside the solid phase [START_REF] Paukkeri | Thermal behaviour of polypropylene fractions: 2. The multiple melting peaks[END_REF][START_REF] Gasia | Experimental Evaluation of a Paraffin as Phase Change Material for Thermal Energy Storage in Laboratory Equipment and in a Shell-and-Tube Heat Exchanger[END_REF][START_REF] Kou | Thermal analysis and heat capacity study of polyethylene glycol (PEG) phase change materials for thermal energy storage applications[END_REF][START_REF] Zhu | In-situ investigation of multiple endothermic peaks in isomorphous poly(3-hydroxybutyrate-co-3-hydroxyvalerate) with low HV content by synchrotron radiation[END_REF]. Nearly all existing models do not allow to directly model a PCM composed by different materials/structures. Barz et al [START_REF] Barz | Phenomenological modelling of phase transitions with hysteresis in solid/liquid PCM[END_REF] suggest a superposition of the distribution functions associated to each material and reach a good agreement with the manufacturer Rubitherm data for the effective heat capacity of PCM RT64HC and SP50.

Finally, a wide variety of models exist, each one having its limitations, and it is difficult to choose the most appropriate one without a comparative study. This is the reason for our work, which involves both the comparison of models and the definition of a new analytical model given the limitations identified on existing ones. Table 1 summarizes the characteristics of the models detailed in this study. The 0Ty model, the most widely used, is the only model which is both discontinuous for the effective heat capacity and which does not allow to take into account an asymmetrical evolution of the liquid fraction with the temperature. Models described in this section will then be compare in section 5 to the new model presented in the following section. 

Proposal for a new analytical model

A new formulation is introduced in this paper in order to try to improve the analytical modelling of PCM. The objective is to satisfy all the requirements of Table 1 by developing a formulation flexible enough to be valid for both melting and solidification processes, while being adaptable to different kind of PCM. The expression of the effective heat capacity must also be continuous over the entire temperature range involved in the phase change process. A method, inspired by Barz et al [27], is also proposed to take into account the presence of several materials/structure inside the PCM. The proposed expression is an asymmetric variant of equation ( 8) where the temperature ? wx is not necessarily the average of ? n and ? p . The analytical equations representing the evolution of the liquid fraction, the effective heat capacity and the enthalpy as a function of temperature are established and then integrated into the equation governing phase change problem (equations ( 3), ( 4) or ( 5)). The equation describing the evolution of the liquid fraction serves as a starting point and is given by equation [START_REF] Bastani | Designing building envelope with PCM wallboards: Design tool development[END_REF]. The liquid fraction is expressed with the error function, the derivative of a Gaussian function. The coefficients P n (equations ( 16)) and P p (equations ( 17)) guarantee an evolution of the liquid fraction close to 0 at ? n and to 1 at ? p . This new analytical model is named Q later in the study.
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By deriving Q and using equation ( 2), it is possible to express the analytical form of with equation [START_REF] Franquet | Inverse method for the identification of the enthalpy of phase change materials from calorimetry experiments[END_REF].
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Similarly, equation ( 19) presents the analytical formulation of ; Q where the integral of Q can be calculated numerically or analytically (see Appendix A).
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If two heat flux peaks are observed for a PCM composed by two materials or two crystal structures, equation ( 2) becomes equation [START_REF] Davin | Supercooling of phase change: A new modeling formulation using apparent specific heat capacity[END_REF]. Latent heat 3 ( and 3 @ are defined by the equations ( 21), ( 22) and ( 23). Thus, 3 ( is associated with the first heat flux peak and corresponds to the contribution of the latent heat of material/structure _ to 3 'ª2 the total latent heat of the PCM, 3 « being the latent heat specific to material/structure _. The evolution of the total liquid fraction of the PCM is defined by the equation ( 24), but the mass distribution between the two materials/structures _ and ¬ is not necessarily known. If we assume an equivalent latent heat for materials/structures A and ¬, i.e. 3 « ® 3 ¯® 3 'ª2 , then it is possible to obtain the evolution of the total liquid fraction of the PCM with equation ( 25) by combining equations ( 21), ( 22), ( 23) and [START_REF] Tan | Correction of the enthalpy-temperature curve of phase change materials obtained from the T-History method based on a transient heat conduction model[END_REF]. Figure 3 
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Experimental test bench and numerical modelling of the system

Description of the experimental apparatus

The test bench used to carry out the experiments is a "fluxmetric bench" similar to the one used for the experimental tests by [START_REF] Younsi | A Novel Technique for Experimental Thermophysical Characterization of Phase-Change Materials[END_REF][START_REF] Joulin | Experimental investigation of thermal characteristics of a mortar with or without a micro-encapsulated phase change material[END_REF][START_REF] Joulin | Experimental and numerical investigation of a phase change material: Thermal-energy storage and release[END_REF][START_REF] Tittelein | Simulation of the thermal and energy behaviour of a composite material containing encapsulated-PCM: Influence of the thermodynamical modelling[END_REF], and is presented in Figure 4. The sample has a parrallelepipedic geometry and the PCM is incorporated within a poly(methyl methacrylate) (PMMA) container (a brick) whose dimensions are specified in Figure 5. Both sides of the sample are heated or cooled thanks to two heat exchanger plates. The four lateral sides are enclosed with an insulation layer in order to avoid thermal losses through these sides. The heat transfers inside the PCM and PMMA brick can then be considered in 1D only.

The only external parameter influencing the thermal behavior of the PCM is the temperature applied by the two heat exchangers on each side of the sample. This temperature is controlled with thermo-regulated baths, where heating or cooling rates and temperature steps can be programmed according to experimental needs. In general, the same temperature is applied for the two heat exchangers.

A tangential gradient fluxmeter incorporating a thermocouple is located on each side of the sample, between the outer PMMA brick wall and the heat exchanger plate. The heat fluxmeters, manufactured by CAPTEC, have a thickness of 0.2mm and a sensitivity of 117 μV. W. m '2 . Once calibrated, the heat flux is measured with an accuracy 3%. The thermocouples are T-type and calibrated at 0.1°C. It is then possible to follow precisely the evolution of the heat flux as a function of the temperature imposed by the heat exchangers on the right and left sides of the sample. Two T-type thermocouples are also inserted inside PCM, at mid-height and at the bottom of the sample. They allow to compare the temperature difference between the heat exchanger and the PCM during heating or cooling experiments. Fluxmeters are also fixed on the lateral sides of the sample, except on the top side where the wires, connecting the thermocouples located inside the PCM, prevent the installation of a fluxmeter. These three fluxmeters monitor if the heat fluxes through the insulated lateral sides is negligible 

Experimental Protocol

The PCM selected for this study is the commercial paraffin RT58 manufactured by the Rubitherm. The melting and solidification temperatures make RT58 a PCM particularly suitable for domestic hot water (DHW) storage.

The thermophysical and thermodynamic properties given by the manufacturer are presented in Table 2. RT 58 is poured liquid at 70° inside the PMMA brick. To fully filled the container, it is necessary to incorporate 215,5& of PCM, which means a liquid density N p ²¤°x m 0,808 %&. 3 '( , slightly higher than the value given by the manufacturer at 80° . During solidification, the PCM retracts and, once at ambient temperature, the solid density is equal to N n @¤°x m 0,880 %&. 3 '( , which is equivalent to the value provided by the manufacturer at 15° . The determination of the solid and liquid density of RT58 corresponds to step I in the identification process of PCM properties detailed later in section 4.1.

The properties of the PMMA brick used for the experiments are presented in Table 3. For the experimental characterization of RT58, different heating and cooling ramps are applied to the sample between 20° and 70° . Figure 6 and Figure 7 represent the sum of heat fluxes measured on the left and right walls of the sample (in contact with the heat exchanger plates) for heating and cooling ramps of 4h, 5h, 6h and 18h respectively. Heat fluxes are counted positively when the sample (PMMA brick and RT58) is storing heat and negatively when it releases energy. As the same lowest and highest temperatures are used for each heating and cooling ramp, the total amount of energy supplied or extracted from the PCM is constant. Thus, the faster the heating or cooling ramp, the greater the heat flux.

On Figure 6 a second heat flux peak, less important than the main peak, is observed at a lower temperature than the phase change temperature announced by the manufacturer. Present both during heating and cooling ramps, this second heat flux peak might correspond to the phase change process of a material present in small quantities inside RT58 or to a modification of the crystal structure inside the solid phase with temperature. From a DSC characterization of RT58, Gasia et al [START_REF] Gasia | Experimental Evaluation of a Paraffin as Phase Change Material for Thermal Energy Storage in Laboratory Equipment and in a Shell-and-Tube Heat Exchanger[END_REF] also observed the presence of this second heat flux peak. It is located between 40°C and 45°C and is also less important than the main peak between 50°C and 60°C.

Figure 4: Heat fluxes for different heating ramps

Measurements of heat fluxes on the isolated lateral sides of the sample, for heating and cooling ramps of 4h, 5h, 6h or 18h, show that the energy exchanged through these sides only represents between 2 % and 3% of the exchanged energy through the left and right sides of the sample. For the rest of the study, the coefficient associated with the percentage of heat loss through the lateral sides is set at / 012 m 2,5% .

Numerical modelling of the test bench

The numerical modelling of the system is programmed in 1D with Python programming language and will be used in the next section to identify some PCM properties by inverse methods. The hypothesis of 1D modelling is justified by the small thickness of the sample in view of the surface in contact with the heat exchangers. Convection motions, favoring 2D heat exchanges in liquid state, are also limited by the small thickness of the sample and by the homogeneous temperature applied by the heat exchangers on the sample walls.

In order to correctly model the thermal behavior of the PCM, it is necessary to take into account the heat exchanges through the PCM but also those through the frame of the PMMA brick enclosing the PCM. Indeed, the surface of this PMMA frame represents 1 q a wx- * . wx-b/a ˜Q´Tµ * . ˜QT´µ b m 9.3% of the sample surface in contact with the fluxmeters. In order to simplify the modelling, the heat fluxes through the PMMA frame and through the PCM are considered parallels. This assumption is acceptable as the specific heat and thermal conductivity are almost equivalents for the PCM and the PMMA.

The spatial discretization is built with a node at mid-width of the PMMA wall, between the PCM and the fluxmeter, and + nodes along the PCM width. The convergence of the numerical model is first checked considering the time-step with + m 100 nodes located at equal distance. The relative error, during the melting and solidification process for the 18 ramp, with a time-step equals to the stability condition of an explicit Euler method turns to be close to 0.1% different than for a time-step ten times lower. As the difference is minimal, the time-step equals to the stability condition is selected and tested with + m 5,10,20,50 nodes. The mean and maximal relative error compared to the configuration with + m 100 nodes are presented Table 4 along with the stability time step and the computation time for one function call. In order to get a fast computing time for the optimization detailed in the next section, the PCM is then discretized into n m 10 nodes as the error is considered acceptable given the assumptions made to model the PCM and the accuracy of the sensors used for the experimental validation. Figure 8 presents the analog scheme of the numerical model developed. The equations of the thermal resistances involved in the numerical model are detailed in the Table 5. Two contact resistances, > ´È¨©É and > ´ÊËÌÍÉ ,are included in the calculation of > p 2 and > ÎTUÏ2 respectively. These contact resistances represent the imperfect contact between the PMMA wall and the heat exchanger. As both sides are not strictly identical, the contact resistances might slightly differ between the right and left sides of the sample. This results in a heat flux through the right wall, K ÎTUÏ2 ÐÑÒ a b, slightly different than the one on the left wall, K p 2 ÐÑÒ a b. In order to take into account this asymmetry between K ÎTUÏ2 ÐÑÒ a b and K p 2 ÐÑÒ a b, we distinguish the contact resistances > ´È¨©É and > ´ÊËÌÍÉ .

Table 5: Detail of the thermal resistances involved in the numerical model of the sample
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The boundary conditions of the model are the heating and cooling ramps H Ý°C. min '1 Þ applied on both sides of the sample by the heat exchangers. They correspond to the temperatures ? ÎTUÏ2 ßÑ and ? p 2 ßÑ . The initial temperature of all nodes in the numerical model is equal to the temperature of the water flowing through the heat exchangers when the system is at thermal equilibrium, before starting a H ramp.

Depending on the analytical formulation used to express the thermodynamic state of the PCM, the temperature of each node is calculated with equation ( 3) , (4) or [START_REF] Karthikeyan | Reducing PV module temperature with radiation based PV module incorporating composite phase change material[END_REF].

The numerical heat flux is then deduced from equation ( 28) by adding the heat flux from the PCM (equation( 26)) and the heat flux from the PMMA frame (equation( 27)). The heat loss coefficient / p12 , determined in section 3.1, is integrated to equation ( 28) to take into account the ratio between the experimental fluxes through the isolated lateral sides and the total experimental flux through the sample. K wx-m wx-. . wx-. â ? p 2 ßã q ? w--« Ȩ©É wx-> 0 2 o ? ÎTUÏ2 ßã q ? w--« ÊËÌÍÉ wx-

> ÎTUÏ2 ä (26)
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Identification of PCM properties

Identification process

The identification process of PCM properties proposed in this paper rely on four steps, each step being defined by the identification method used and the type of properties obtained.

Step I consists in measuring the solid and liquid density of the PCM, this is done during the sample filling (see section 3.2). In step II, the solid and liquid specific heat and the latent heat of the PCM are determined thanks to energy balances, directly obtained with the experimental results. Steps III and IV require a numerical model (detailed in section 3.3) in order to identify the different parameters by the inverse methods. In step III, the PCM thermal conductivities in solid and liquid state, as well as the contact resistances specific to the experimental bench (detailed in section 3.3), are identified. Eventually, in step IV, the thermodynamic properties specific to each analytical model are determined.

Figure 9 presents the identification process followed to determine the PCM properties. Steps I, II and III are common to all analytical models and allow to apply the inverse method of step IV on a limited number of parameters specific to each analytical model.

Figure 9: Identification process of PCM properties

This identification method differs from the global inverse method, where step II is not performed [START_REF] Franquet | Inverse method for the identification of the enthalpy of phase change materials from calorimetry experiments[END_REF][START_REF] Tittelein | Identification of Thermal Properties and Thermodynamic Model for a Cement Mortar Containing PCM by Using Inverse Method[END_REF]. The specific heat of the PCM is then identified by the inverse method in step III and the latent heat in step IV. In this case, the accuracy of the model can be slightly improved, due to the identification of three additional parameters, but the energy balance resulting from the numerical simulation is not necessarily equal to the one measured experimentally. In addition, increasing the number of parameters in steps III and IV increases the risk of identifying interdependent parameters. The value of one parameter may then be false or imprecise, while still giving an acceptable solution, due to the correction by other parameters. Generalization to other thermal loads with the resulting solution may therefore be less satisfactory. Moreover, compared to the proposed method, adding parameters in the inverse method may lengthen the identification time. A comparison between the global inverse method and the proposed method, mixing energy balance and inverse method, is realized in section five for the best analytical model studied.

Experimental identification by energy balances (step II)

Step II of the identification process consists in determining the specific heat and latent heat of the PCM from energy balances carried out on the experimental results. The experiment with an 18h ramp is selected to calculate these properties because it is the one where the different phase transitions are the slowest and, therefore, more easily identifiable. Figure 10 shows the contribution of sensible and latent energy to the measured heat flux.

Figure 10: Sensible and latent heat contribution to the measured heat flux

The liquid phase, in red on Figure 10, is easily identifiable. On the other hand, the beginning of the melting process and the end of solidification process are more difficult to discern. A non-constant heat flux at low temperatures can be explained by an increase of the solid specific heat with temperature, or by the beginning of the phase change process inside the PCM. In Figure 10, between t 0 and t 1 , the increase of the heat flux is linear and is associated to an increase of the solid specific heat with temperature (sensible heat). At t 1 the slope break is associated to the start of the melting process of RT58. Thus, the specific heat of the solid RT58 can be calculated with equation [START_REF] Yang | Solving heat transfer problems with phase change via smoothed effective heat capacity and element-free Galerkin methods[END_REF]. Similarly, the specific heat of the liquid PCM is obtained with equation [START_REF] Franquet | Experimental and theoretical analysis of a cement mortar containing microencapsulated PCM[END_REF].
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From the solid and liquid specific heat, it is possible to determine the latent heat involved during phase change process. Since the evolution of the liquid fraction with temperature is not known, it is assumed that the specific heat evolves linearly between the solid and liquid values during the phase change process. This assumption is acceptable since the difference between the solid and liquid specific heat is very small compared to the heat involved during phase change process. The latent heat is then determined with equation ( 34) by subtracting from the total energy stored in the sample (equation ( 31)), the energy stored inside the PMMA brick (equation [START_REF] Gasia | Experimental Evaluation of a Paraffin as Phase Change Material for Thermal Energy Storage in Laboratory Equipment and in a Shell-and-Tube Heat Exchanger[END_REF] and the one stored as sensible heat inside PCM (equation [START_REF] Kou | Thermal analysis and heat capacity study of polyethylene glycol (PEG) phase change materials for thermal energy storage applications[END_REF].
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Results of equations ( 29), ( 30) and ( 34) applied to the experiment with the 18h heating and cooling ramps are presented in Table 6. For heating and cooling experiments, the solid and liquid specific heats obtained are relatively close to those announced by the manufacturer. Concerning the latent heat, the value obtained cannot be directly compared with the one given by the manufacturer. Indeed, the manufacturer provides a storage capacity between 50°C and 65°C, taking into account both sensible and latent heat. Here, the latent heat obtained experimentally is calculated over a wider temperature range and cannot be directly deducted between 50°C and 65°C due to the low heat flux peak observed between 40°C and 45°C. The experimental storage capacity will only be comparable with the manufacturer one once the enthalpy curve is determined after step III et IV. For the next steps of the identification process, the values of the specific heats and the latent heat correspond to the average values obtained between the heating and cooling ramp. Based on the boundary conditions of the experiments, the numerical model simulates the thermal behavior of the sample for the selected phase change analytical model. The objective of the inverse method is to find one or more unknown parameters which minimize the difference between the numerical flux K à'V a b and the experimental flux K ÐÑÒ a b. Achieving a good match between the experimental flux and the numerical flux depends on the ability of the analytical model to reproduce the phase change dynamic of the PCM.

Presented with Figure 11, the inverse method identifies the set of parameters which give the closest numerical thermal behavior of the real PCM. An algorithm, based on the least squares approach, performs simulations with different sets of parameters in order to determine the solution minimizing the sum of the quadratic errors. Particle swarm optimization (PSO) algorithm has been selected to carry out the identification with the following parameterization: particle velocity=0.6, particle best known solution=0.7, swarm best known solution =0.3. It is of course not guaranteed that the algorithm will find the global optimal solution, especially when the optimization problem is complex. It is therefore important to limit the number of parameters to identify by imposing the maximum number of common parameters. 

Identification of the equivalent conductivity (step III)

In order to reduce the number of parameters to identify, a first identification by inverse method is carried out when the PCM is fully solid and fully liquid. As the density and specific heat of the PCM have already been determined in steps I and II, the solid and liquid thermal conductivity of the PCM are the only properties missing to reproduce numerically the heat exchanges inside the PCM when it is entirely solid or entirely liquid. The contact resistances involved in the numerical model also need to be identified. They are specific to the fluxmetric bench and considered constant, regardless of the thermal loads applied to the sample. A distinction is made between the right and left contact resistances, but also between the solid and liquid state of the PCM. Indeed, during the solidification process, the shrinkage of the PCM modifies the contact with the PMMA wall and leads to a greater contact resistance. When the PCM melts, the contact between the liquid phase and the PMMA wall is more homogeneous, leading to a reduction of the thermal resistances between the two materials.

The thermal conductivities and contact resistances obtained after the optimization by inverse method on solid and liquid PCM are presented in Table 7. These identified parameters allow an accurate modelling of the heat fluxes exchanged with the solid and liquid PCM as shown by Figure 12 and Figure 13.

Table 7: Parameters determined by inverse method in step III of the identification process

Parameters Unit Value

M n ÝA. < '( . ) '( Þ 0.206

M p ÝA. < '( . ) '( Þ 0.237 > ´È¨©É ö Ý< @ . ). A '( Þ 0.20 > ´È¨©É È Ý< @ . ). A '( Þ 0.10 > ´ÊËÌÍÉ n Ý< @ . ). A '( Þ 0.15 > ´ÊËÌÍÉ È Ý< @ . ). A '( Þ 0.10
The solid thermal conductivity identified is almost equivalent to the one announced by the manufacturer with a deviation of 6%. The difference reaches 18% for the liquid thermal conductivity and can be explained by the start of convection cells within the liquid phase despite the small thickness of the sample. 

Identification of thermodynamic properties specific to analytical models (step IV)

Steps I, II and III identified the set of thermophysical properties require to model the PCM when it is entirely solid or liquid.

Step IV consists to identify by inverse method the thermodynamic properties that characterize the phase change dynamic of each analytical model. The different temperatures and coefficients to identify in this step IV are presented in Table 8 for each analytical model. ? n( , ? p( , F ( ? n( , ? p( , F ( , ? n@ , ? p@ , F @ , ξ STUV ? wx( , R ( ? wx( , R ( , ? wx@ , R @ , ξ U1'S ? n( , ? p( , ? wx( ? n( , ? p( , ? wx( , ? n@ , ? p@ , ? wx@ , ξ ; ˜Ty ? p( , ? w-( ? p( , ? w-( , ? p@ , ? w-@ , ξ Q ? n( , ? p( , ? wx( ? n( , ? p( , ? wx( , ? n@ , ? p@ , ? wx@ , ξ

When the second heat flux peak, observed around 45°C, is modelled, the indices 1 and 2 (Figure 9 and Table 7) make it possible to dissociate the temperatures associated with the main and secondary heat flux peaks respectively. In this case, a coefficient ξ is incorporated into step IV to distribute the total latent heat between the primary and secondary heat flux peak, as shown by equations ( 35) and [START_REF] Joulin | Experimental and numerical investigation of a phase change material: Thermal-energy storage and release[END_REF]. In order to achieve the best possible agreement with the experimental measurements, this coefficient is considered as a specific parameter for each analytical model.

3 ( m ξ * 3 (35) 
3 @ m a1 q ξb * 3 [START_REF] Joulin | Experimental and numerical investigation of a phase change material: Thermal-energy storage and release[END_REF] The following section presents the results of step IV. First, only one heat flux peak is modelled and then the main and secondary peaks are modelled. The identification is performed for the experiment with the lowest heating and cooling ramp, the 18h ramp. Indeed, for faster ramps, the phase change is not as clearly defined and the distinction between the main and secondary heat flux peaks is less obvious (Figure 6 and Figure 7).

Comparison of analytical models

5.1. Case for an 18h ramp in melting and solidification

Modelling with a single heat flux peak

For the six analytical models presented in section 2, the step IV of the identification process is carried out to determine the specific parameters which minimize the sum of the quadratic errors, between the reference experimental flux on the 18h ramp and the numerical flux calculated when only one heat flux peak is modelled.

The numerical results of the identifications of step IV are detailed in Appendix B and the resulting numerical heat fluxes are presented in Figure 14. The evolution of the sum of the quadratic errors between the simulated numerical heat flux and the experimental one is plotted Figure 15 for each analytical model. According to Figure 14 and Figure 15, the 0Ty model, oftenly used, is the least accurate one. The sum of the quadratic errors between the experimental and numerical fluxes being 1.5 larger than for the U1'S model (Figure 15), also commonly used. The U1'S and STUV models are almost similar and, due to the symmetry of the effective heat capacity (Figure 17), the modelling of the end of the melting process and of the beginning of solidification process is imprecise. Asymmetrical models 0Tyx , ; ˜Ty and Q are more accurate and divide the error compared to 0Ty model by 4.9, 8.7 and 3.6 respectively. The ; ˜Ty model seems the most appropriate one, however, Figure 16, describing the evolution of the liquid fraction for each model, shows that the liquid fraction of the model ; ˜Ty is not equal to 0 when ? TyT m 20°C. Indeed, the analytical function of the ; ˜Ty model is very progressive, and the best set of parameters, obtained by the optimization algorithm, leads to a phase change process over a wide temperature range, which is not consistent with the physic of the material. Figure 18 shows a lower energy balance (global enthalpy difference) for the ; ˜Ty model compared to others models, which in their case have an exchanged energy equal to the experimentally measured energy balance. 

Modelling with two heat flux peaks

The PCM is now modelled according to equation [START_REF] Davin | Supercooling of phase change: A new modeling formulation using apparent specific heat capacity[END_REF] with two heat flux peaks. Compared to step IV in the identification process when only one heat flux peak is modelled, more parameters need to be determined by the optimization algorithm for each model (Table 7). The results obtained after the optimization process are detailed in Appendix B and the resulting heat fluxes plotted Figure 19. The evolution of the sum of the quadratic errors between the numerical flux and the experimental flux is presented Figure 20 for each analytical model. Once again, 0Ty model is the least accurate model with a significant error for both melting and solidification processes. As with the single heat flux peak modelling, the symmetry of the effective heat capacity (Figure 22) for U1'S and STUV models does not correctly represent the beginning of the solidification process. Indeed, for U1'S and STUV models, 50% and 45% of the total error is concentrated between m 23h and m 25h respectively. Figure 21 and Figure 23 highlight, as with the single peak modelling, that ; ˜Ty model does not provide a liquid fraction equals to zero when the PCM is at low temperatures. The energy exchanged is then lower than the one exchanged for the others models. Eventually, the new model Q is the most accurate one and divides the error by 3.3 compared to 0Ty model and by 1.5 compared to 0Tyx model which is the best existing model in literature for the studied PCM. Compared to U1'S and STUV models, the error is divided by two over the beginning of the solidification process, although 50% of 0Ty model error occurs over this period. In the majority of cases, the melting process is better modelled than solidification process, particularly for U1'S and STUV models which are symmetric and continuous. Finally, the new model Q appears to be the most accurate to represent the phase change dynamic of RT58, during both melting and solidification processes. For this model, the total amount of heat stored between 50°C and 65°C is equal to 152 kJ. kg '1 and is consistent with the value announced by the manufacturer …160 kJ. kg '1 ag7.5%b † . This model is therefore selected in the following section to compare the modelled and experimental heat fluxes and temperatures for different heating and cooling ramps. Concerning the comparison between the global and energy balance inverse methods, detailed in section 4.2, the global method, with an identification time 50% longer, improves by 3.3% the optimal solution of the energy balance inverse method. The total energy exchanged for the global inverse method is 1.8% lower than the experimental one. The two methods are therefore equivalent for characterizing RT58.

Generalization with the new analytical model (two peaks)

The previous section highlighted a better accuracy for the Q model to describe the thermal behavior of RT58 under a heating and cooling ramp of 18h. Conserving the previously identified parameters for the Q model, simulations were carried out for heating and cooling ramps of 6h, 5h and 4h. The temperature calculated on the central node of the PCM numerical discretization is compared to the average temperature of the two thermocouples located inside the PCM. The comparisons between the heat fluxes and temperatures coming from the simulations and the experimental results for the 4h, 5h, 6h and 18h heating and cooling ramps are shown with Figure 25, Figure 26, Figure 27 and Figure 28 respectively.

Overall, for the different heating and cooling rates applied to the sample, the numerical flux fits correctly with the experimental flux. This is also the case for the temperature measured inside the PCM ,with a maximum deviation of 0.8°C at the start of the solidification process for the 18h ramp. Q model is significantly the most accurate model for the 4h and 18h ramps, but slightly less accurate than STUV model by 8% and 12% for the 5h and 6h ramps respectively. This might be explained by the particular configuration, for the 5h and 6h ramps, where the heat flux peak coincides with the transition from the heating ramp to the temperature plateau at 70°C. This is also observed, to a lesser extent, with the U1'S model, implying that symmetric models perform slightly better than the proposed Q model in this particular configuration. Nevertheless, in overall, Q model remains the most efficient one. Generalization on ; ˜Ty model leads to a short time gap between the numerical and experimental heat flux peak, and thus to a large error at the end of the melting process and at the beginning of the solidification process. 

Conclusion and outlook

In the first instance, this study presents a state of the art on the analytical models existing in literature and a new model is introduced in an attempt to overcome the limitations of existing models. A method is also proposed to model two heat flux peaks, as observed experimentally for RT58, by considering the change process as two independent phases. The experimental bench and the associated 1D numerical model to characterize the PCM are then presented.

Here, unlike many studies, the experimental characterization of the PCM is not performed by DSC but with a fluxmetric bench with a PMMA container filled with more than 200 g of PCM. This makes it possible to characterize a larger mass of PCM and, thus, to get closer to the behavior of a real scale system.

A four-step identification process is proposed to determine, firstly, the thermophysical properties of the PCM, and then the thermodynamic properties of the analytical model used to describe the phase change dynamic. Steps I, II and III are common to all analytical models and are performed experimentally for steps I and II, and numerically by inverse method for step III when the PCM is fully solid or fully liquid.

Step IV identifies by inverse method the properties, specific to each analytical model, defining the phase change dynamic of the PCM. The numerical optimizations carried out for steps III and IV are performed with particle swarm algorithm (PSO).

A comparative study is presented for the six analytical models when one or two heat flux peaks are modelled.

The first conclusion highlights that for all the models, except ; ˜Ty , modelling two heat flux peaks improves the accuracy by a factor of 2.5 to 6.5 depending on the model. The widely used 0Ty model, especially for CFD modelling, is the least accurate one and we do not recommend it for phase change modelling. The symmetrical models U1'S and STUV are correct during the melting process but have a significant error during the beginning of the solidification process. A particular attention must be given to ensure an equivalent heat exchanged experimentally and numerically. ; ˜Ty model fails to properly comply with the two heat flux peaks modelling method proposed or with the nature of the PCM. Finally, the new analytical model Q , introduced in this study, appears to be the most performant to model the phase change dynamic of RT58. The expression is continuous over the whole temperature range and an analytical expression of the liquid fraction, the effective heat capacity and the enthalpy are detailed. This analytical model remains satisfactory to simulate the heat flux and temperature inside the PCM sample for various thermal loads.

To conclude, melting and solidification modelling of PCMs with little or no supercooling can be performed accurately from a single analytical expression if this one is correctly established, and if PCM properties are known. The new Q model validated for RT58 must be tested on other PCM which do not undergo supercooling. Furthermore, work is in progress to analytically model PCM undergoing supercooling, in particular the heat release dynamic during the recalescence process and the management of partial melting/solidification processes.
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 1 Figure 1: Distinction between thermophysical and thermodynamic properties of PCM
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 2 Figure 2: Example of the evolution of the liquid fraction, effective heat capacity and enthalpy as a function of temperature.
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 3 Figure 3: Example of the evolution of the liquid fraction, effective heat capacity and enthalpy as a function of temperature for a PCM composed of two materials/structures.
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 45 Figure 4: Diagram of the fluxmetric bench used for the experimental characterization of RT58
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 58 Figure 5: Heat fluxes for different cooling ramps
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 11 Figure 11: Schematic diagram of the inverse methodFranquet et al[START_REF] Franquet | Inverse method for the identification of the enthalpy of phase change materials from calorimetry experiments[END_REF] made sensitivity studies on different PCM, pure or binary mixture, in order to determine the influence of different parameters on the numerical output heat flux. The numerical heat flux is compared to the one measured by DSC for different heating rates (β m 1,2,5 and 10 °C/min). The authors show that, for low heating ramps on DSC experiments, thermal conductivity and specific heats have only a small impact on the numerical heat flux. Conversely, the latent heat and the phase change temperature are important parameters which strongly influence the numerical heat flux.
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 12 Figure 12: Comparison of experimental and numerical heat fluxes for the solid PCM after inverse method step III of the identification process.
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 13 Figure 13: Comparison of experimental and numerical heat fluxes for the liquid PCM after inverse method step III of the identification process.
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 6 Figure 6: Comparison of experimental and numerical heat fluxes for each analytical models when only the main heat flux peak is considered
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 78 Figure 7: Evolution of the error with the experimental fluxes for each analytical models when only the main heat flux peak is considered
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 91011 Figure 9: Evolution of the effective heat capacity for each analytical models when one heat flux peak is considered
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 1213 Figure 12: Evolution of the error with the experimental fluxes for each analytical models when two heat flux peaks are considered
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 141524 Figure 14: Evolution of the effective heat capacity for each analytical models when two heat flux peak are considered
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 161718 Figure 16: Comparison of fluxes and temperatures with 4h heating/cooling ramp for Q model
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 29 Figure 29: Generalization with the four heating/cooling ramps for the six analytical models when two heat flux peaks are modelled
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 19 Figure 19: Comparison of fluxes and temperatures with 18h heating/cooling ramp for Q model
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Table 2 :

 2 RT58 properties provided by the manufacturer

	Properties	Value	Units
	Melting range Solidification range	53 q 59 59 q 53	° °

Table 3 :

 3 Properties of the PMMA brick

	Properties	Value	Units
	Mass Density Heat conductivity Specific heat capacity	0,309 1180 0,193 1.447	%& %&. < 'O A. < '( . ) '( %#. %& '( . ) '(

Table 4 :

 4 Mean relative error, maximal relative error, stability time-step and computation time for different spatial discretization of the PCM

	Spatial discretization mean relative error maximal relative error Time-step Computation time n m 100 q q 0.03 , 489 , n m 50 1.5% 2.1% 0.13 , 117.8 , n m 20 2.1% 4.5% 0.82 , 17.01 , n m 10 3.5% 8.8% 3.28 , 4.29 , n m 5 7.2% 17.8% 13.13 , 1.08 ,

Table 6 :

 6 PCM properties determined by energy balances in step III

	Ó 4.3. Numerical identification by inverse methods × E é\ E ¡ E \ê aëì° ! n Ý#. %& '( . ) '( Þ 2131 ! p Ý#. %& '( . ) '( Þ 2166 3 Ý#. %& '( Þ 173 449 íîï ðñò óì° b	[[ \ê aóì° 2092 171 290 íîï ðñò ëì° b Ô \ 2112 2100 172 369
	4.3.1. Inverse method principle	

Table 8 :

 8 Synthesis of the specific parameters to identify for each analytical model in step IV

	Analytical model One peak modelled	Two peaks modelled
	0Ty 0Ty ´ª	? n( , ? p(	? n( , ? p( , ? n@ , ? p@ , ξ
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Appendix A. Analytical expression of the enthalpy for the new model ž ž

The enthalpy evolution as a function of temperature for the new model Q is given by equation (A.1) where Q a?b is expressed with equation ( 15) and ø Q a?b5? ' ' §¨© with equation (A.2). In order to set the enthalpy equal to 0 when ? m ? Q , the integration constants ; Q n and ; Q p involved in equation (A.2) are defined with equations (A.3) and (A.4) if the temperature is lower and higher than ? wx respectively.
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; Q p m P n P n o P p . ù? Q o •? Q q ? wx -. 4 u ? Q q ? wx P n v o P n ‰ ¤.¥ . L! •q u ? Q q ? wx P n v @ •ú q P n @ q P p @ aP n o P p b. ‰ ¤.¥ (A.4) Appendix B. Synthesis of results obtained for each analytical models by inverse method (step IV) to describe the phase change dynamic of RT58.