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In this work, a paraffin-metal foam composite were prepared by the vacuum impregnation method. Aluminum and nickel foams were used. The aim of this study is to characterize the thermal behavior of these composites with a view to their use for the thermal management of Li-ion batteries. First, thermal conductivities and diffusivities in solid state were evaluated using a Hot Disk Thermal Constants Analyzer (TPS 2500S) and the Transient Guarded Hot Plate Technique (TGHPT) was used to determine thermal conductivity in liquid state. Next, the effective thermal conductivity of the composite was modeled as a function of the structure of the foam, the thermal conductivity of the metal foam and the thermal conductivity of the PCM. The results show a high impact of thermal conductivity of metal foam and a minor impact of pore size on the effective thermal conductivity.

Introduction:

Phase change materials (PCMs) are widely used for latent heat storage and thermal management in many industrial devices and fields: Buildings [START_REF] Boussaba | vegetable fat: A low-cost bio-based phase change material for thermal energy storage in buildings[END_REF], heat exchangers [START_REF] Zhu | Experimental and numerical investigation on composite phase change material (PCM) based heat exchanger for breathing air cooling[END_REF], electronic devices [START_REF] Fok | Cooling of portable hand-held electronic devices using phase change materials in finned heat sinks[END_REF][START_REF] Moussa | Heating and cooling conditions effects on the kinetic of phase change of PCM embedded in metal foam[END_REF], and batteries thermal management [START_REF] Hémery | Experimental performances of a battery thermal management system using a phase change material[END_REF][START_REF] Hallaj | A Novel Thermal Management System for Electric Vehicle Batteries Using Phase-Change Material[END_REF][START_REF] El Idi | Thermal management of Li-ion batteries using PCM-Metal foam composite: Experimental and numerical investigations[END_REF][START_REF] Mills | Simulation of passive thermal management system for lithium-ion battery packs[END_REF][START_REF] Ianniciello | Electric vehicles batteries thermal management systems employing phase change materials[END_REF]. They can store and release a large amount of heat at the time of phase change in small volumes [START_REF] Boussaba | Elaboration and properties of a composite bio-based PCM for an application in building envelopes[END_REF][START_REF] Cabeza | Materials used as PCM in thermal energy storage in buildings: A review[END_REF]. Normal paraffin of type CnH2n+2 is an excellent PCM for latent heat storage because of its high latent heat, good stability, and absence of subcooling and toxicity. However, its effective use is hampered by several problems. A major drawback is its low thermal conductivity of 0.2-0.4 W/(m.K) [START_REF] Sarier | Organic phase change materials and their textile applications: An overview[END_REF][START_REF] El Idi | Méthode inverse pour la détermination expérimentale des propriétés thermophysiques des matériaux à changement de phase[END_REF], which reduces the kinetics of liquid-solid and solid-liquid phase change. This leads to low heat storage/release rates and low utilization efficiency of the stored energy [START_REF] Mohamed Moussa | A numerical investigation of the effects of metal foam characteristics and heating/cooling conditions on the phase change kinetic of phase change materials embedded in metal foam[END_REF][START_REF] El Idi | Etude numérique de stockage d'énergie thermique dans un composite : mousses métalliques/matériaux à changement de phase[END_REF][START_REF] Magendran | Synthesis of organic phase change materials (PCM) for energy storage applications: A review[END_REF]. Therefore, heat transfer enhancement techniques are required for thermal energy storage systems using PCM. PCM thermal conductivity can be enhanced by the addition of materials with high thermal conductivity such as fins, expanded graphite [START_REF] Liu | Highly efficient thermal energy storage enabled by a hierarchical structured hypercrosslinked polymer/expanded graphite composite[END_REF], porous graphite, nanoparticles [START_REF] Biwole | Influence of fin size and distribution on solid-liquid phase change in a rectangular enclosure[END_REF], and high-porosity metal cells [START_REF] Tauseef-Ur-Rehman | A critical review on heat transfer augmentation of phase change materials embedded with porous materials/foams[END_REF][START_REF] Mhiri | Numerical and experimental investigations of melting process of composite material (nanoPCM/carbon foam) used for thermal energy storage[END_REF]. Among these heat transfer enhancers, high-porosity open-cell metal foam is found to be especially effective in improving the performance of PCM because of its high thermal conductivity, large surface-area-to-volume ratio, highly interconnected structure, and natural fluid-mixing effect [START_REF] Moussa | Heating and cooling conditions effects on the kinetic of phase change of PCM embedded in metal foam[END_REF][START_REF] Alhusseny | Impact of using a PCM-metal foam composite on charging/discharging process of bundled-tube LHTES units[END_REF]. Due to the widespread application of PCM/metal foam composites, the thermal characterization of PCM- T Temperature, (K) metal foam composite and phase change kinetic have attracted increasing attention for research [START_REF] Mohamed Moussa | A numerical investigation of the effects of metal foam characteristics and heating/cooling conditions on the phase change kinetic of phase change materials embedded in metal foam[END_REF][START_REF] Zhang | Melting heat transfer characteristics of a composite phase change material fabricated by paraffin and metal foam[END_REF]. The efficient use and design of these composites for the thermal management of Li-ion batteries and the numerical simulation of the behavior of a thermal management system for Li-ion batteries by a PCM-metal foam composite requires the understanding and modelling of the thermal behavior and effective thermal conductivity of these materials [START_REF] Hémery | Experimental performances of a battery thermal management system using a phase change material[END_REF][START_REF] Hallaj | A Novel Thermal Management System for Electric Vehicle Batteries Using Phase-Change Material[END_REF][START_REF] El Idi | Thermal management of Li-ion batteries using PCM-Metal foam composite: Experimental and numerical investigations[END_REF][START_REF] Li | Experimental study of a passive thermal management system for high-powered lithium ion batteries using porous metal foam saturated with phase change materials[END_REF].

Several studies in the literature have characterized PCM/ Metal foam composites in solid state, but not in liquid state. In practice, a latent thermal energy storage system using a metal foam/PCM composite is based on phase change (solid-liquid and liquid-solid) [START_REF] Liu | A novel shapestabilization strategy for phase change thermal energy storage[END_REF], hence the interest of characterizing the thermal properties of these composites in solid and liquid state. Other studies have been investigated the transfer mechanisms and the phase change kinetic of a PCM embedded in metal foam [START_REF] Yang | Gradient design of pore parameters on the melting process in a thermal energy storage unit filled with open-cell metal foam[END_REF][START_REF] Yang | Experimental study on the solidification process of fluid saturated in fin-foam composites for cold storage[END_REF][START_REF] Yang | Design and operating evaluation of a finned shell-and-tube thermal energy storage unit filled with metal foam[END_REF]. Xiao et al. [START_REF] Xiao | Preparation and thermal characterization of paraffin/metal foam composite phase change material[END_REF] use the vacuum impregnation method to prepare nickel foam/paraffin and copper foam/paraffin composites. Their analysis of heat storage density and thermophysical properties show that the thermal conductivity of the paraffin/nickel foam composite is nearly three times higher than that of pure paraffin, whereas the thermal conductivity of the paraffin/copper foam composite PCM is nearly 15 times higher than that of pure paraffin. The results also show that vacuum impregnation allows a high impregnation rate. The use of the vacuum impregnation method improves the impregnation rate by 5-8%, compared to the filling method without using a vacuum pump. Qiangqiang Xiao et al. [START_REF] Xiao | Thermal conductivity enhancement of hydrated salt phase change materials employing copper foam as the supporting material[END_REF] choose copper foam to prepare a PCM composite from sodium acetate trihydrate (SAT), combined with xanthan gum and copper foam, using the vacuum impregnation method, with the main purpose of increasing its thermal conductivity. The mass fraction of copper foam is calculated to be 22.8%. The thermal conductivity of SAT/xanthan gum/copper foam increases to 2.10 W/(m•K), 176% higher than that of SAT/xanthan gum (0.76 W/(m•K)), which illustrates that copper foam makes an excellent contribution to the improvement of thermal conductivity. X. Huang et al. [START_REF] Huang | Thermal properties and thermal conductivity enhancement of composite phase change materials using myristyl alcohol/metal foam for solar thermal storage[END_REF] choose two kinds of foam metal (foam nickel and copper) to fabricate myristyl alcohol (MA)/foam metal composite PCM through a vacuum-melting infiltration and compare their differences in the function of enhancing thermal conductivity. The results indicate that nickel foam and copper foam can cause the thermal conductivity of MA to increase by 180% and 751%, respectively. The above studies have shown that the use of metal foam increases the thermal conductivity of PCM significantly in solid state and the vacuum impregnation method is effective for the elaboration of metal foam/PCM composites on the other hand, the characterization in the liquid state has not been sufficiently analyzed.

The effective thermal conductivity of PCM-metal foam composites depends on porosity, metal foam structure and the thermal conductivities of two components of the composite. Since 1999, many experimental studies have been focused on the measurement of effective thermal conductivity by Calmidi and Mahajan [START_REF] Calmidi | The Effective Thermal Conductivity of High Porosity Fibrous Metal Foams[END_REF][START_REF] Calmidi | Forced Convection in High Porosity Metal Foams[END_REF], Paek [START_REF] Paek | Effective Thermal Conductivity and Permeability of Aluminum Foam Materials1[END_REF] and Phanikumar and Mahajan [START_REF] Phanikumar | Non-Darcy natural convection in high porosity metal foams[END_REF]. By use of these experimental data, various analytical approaches were developed to predict the effective thermal conductivity of high porosity open-cell metal foams. Calmidi and Mahajan [START_REF] Calmidi | The Effective Thermal Conductivity of High Porosity Fibrous Metal Foams[END_REF] assumed the foam structure to be a twodimensional array of hexagonal cells and proposed an analytical model for the effective thermal conductivity of metal foams. Bhattacharya et al in [START_REF] Bhattacharya | Thermophysical properties of high porosity metal foams[END_REF] modified the model of Calmidi and Mahajan by changing the square intersection with a circular one. Paek et al. [START_REF] Paek | Effective Thermal Conductivity and Permeability of Aluminum Foam Materials1[END_REF] by use the results of Dul'nev model developed a 3D cubic unit cells to establish the model of the effective thermal conductivity of metal foams. More recently, [START_REF] Boomsma | On the effective thermal conductivity of a three-dimensionally structured fluid-saturated metal foam[END_REF] Boomsma and Poulikakos proposed a three dimensional unit cell geometry to predict the effective thermal conductivity of open-cell metal foams. The unit cell geometry was assumed to be the Kelvin tetrakaidecahedron. Due to its good results, which better reproach the experimental results, the Boomsma and Poulikakos model has been widely used and modified [START_REF] Dai | Correcting and extending the Boomsma-Poulikakos effective thermal conductivity model for three-dimensional, fluid-saturated metal foams[END_REF][START_REF] Yang | A simplistic analytical unit cell based model for the effective thermal conductivity of high porosity open-cell metal foams[END_REF][START_REF] Yang | Effective thermal conductivity of high porosity open-cell metal foams[END_REF]. To make in-depth numerical studies on the thermal behavior of Paraffin-Metal foam composites, it is necessary to build a model that allows us to accurately predict the effective conductivity of the studied composites. Based on the Boomsma and Poulikakos model, in the present work we developed an analytical model to predict the thermal conductivity of our metal foams supplied by GoodFellow France.

In this paper, an experimental investigation is conducted on the thermophysical properties, in solid and liquid state, and the modeling of the effective thermal conductivity of this type of composite as a function of the structure of the foam, the thermal conductivity of the metal foam and the thermal conductivity of the PCM. The samples are prepared by using a new vacuum impregnation method. The hot-disk method and the transient guarded hot plate method (TGHPM) are used to determine thermal conductivity and thermal diffusivity. The results will be presented and discussed.

Materials and method

Elaboration of paraffin wax/ metal foam composites

Samples are prepared by the vacuum impregnation method. Several studies in the literature have shown the effectiveness of using this method for the preparation of cellular material-PCM composites [START_REF] Xiao | Preparation and thermal characterization of paraffin/metal foam composite phase change material[END_REF][START_REF] Xiao | Thermal conductivity enhancement of hydrated salt phase change materials employing copper foam as the supporting material[END_REF][START_REF] Xiao | Effective thermal conductivity of open-cell metal foams impregnated with pure paraffin for latent heat storage[END_REF][START_REF] Zhang | Thermal conductivity enhancement of phase change materials with 3D porous diamond foam for thermal energy storage[END_REF][START_REF] Lv | Experimental investigation on thermal properties and thermal performance enhancement of octadecanol/expanded perlite form stable phase change materials for efficient thermal energy storage[END_REF]. Five samples are made from nickel and aluminum foams and paraffin RT27 and RT35. All metallic foams used in the present study have the same dimensions of 150 x 150 x 10 mm. The foam properties are presented in Table 1. The structural and thermophysical properties of the foams are provided by the manufacturer. The thermophysical properties of paraffin RT27 and RT35 are presented in Table 2. Paraffin RT27 and RT35 are characterized by our research team in our laboratories by Differential Scanning Calorimetry (DSC) and the hot-disk method [START_REF] Kraiem | Thermophysical Characterization and Numerical Investigation of Three Paraffin Waxes as Latent Heat Storage Materials[END_REF]. The experimental device used for the preparation of the composites is shown in Fig. 1. The oven, model "XFM 120", is provided by the company "France Etuve" and is equipped with a vacuum pump, model "Adixen Pascal 2015SD". The heating takes place through thermal radiation using four rayonate plates. The sample preparation protocol is shown in Fig. 3. Indeed, Thus, the solid-state paraffin and the metallic foam are placed in a Pyrex glass mold (Fig. 2) and are introduced into the oven, model XFM 120 (Fig. 3. a). Due to its porous structure, the metal foam contains air in its pores that will then slow down the impregnation of paraffin. In this way, this air is evacuated at a pressure of 0.4 mbar for a period of 60 minutes while maintaining the paraffin in a solid state (Fig. 3. b). Next, the oven is heated to 32°C for paraffin RT27 and 42°C for paraffin RT35 for 120 minutes. This step aims to completely melt the paraffin and to ensure that the metal foam is immersed in the liquid PCM (Fig. 3. c). The pressure in the oven is then increased from 0.4 mbar to atmospheric pressure (Fig. 3. d) and the mold is removed from the oven to cool in a refrigerator. Once the PCM is fully solidified, the sample is demolded and evaluated (Fig. 3. e). The PCM impregnation process is evaluated by the impregnation ratio α, defined by Equation (1). 

Hot Disk

Thermal conductivity of samples in solid state is measured using the hot-disk method, which is fully described in the referenced works [START_REF] Gustafsson | Transient plane source techniques for thermal conductivity and thermal diffusivity measurements of solid materials[END_REF][START_REF] Log | Transient plane source (TPS) technique for measuring thermal transport properties of building materials[END_REF].

For the current study, a hot disk TPS 2500 is used (Fig. 4). The probe is connected to the TPS placed between the sample and an insulator with thermal conductivity of 0.04 W.m -1 .K -1 and thermal diffusivity of 0.86 mm 2 .s -1 , as shown in Fig. 5. The samples are characterized using a probe 4922 with a radius of 14.61 mm.

TGHPM

To avoid leaks, samples are placed in an aluminum mold (Fig. 6). Three composites are characterized, Sample 1, 2 and Sample 3, which have the same dimensions (150 mm x 150 mm x 10 mm). The volume of the mold is increased by 0.013%, compared to the volume of the samples, to take into account the volume expansion of the paraffin. The liquid thermal conductivity is determined by TGHPM. This equipment is fully described in the referenced works [START_REF] Aadmi | Heat transfer characteristics of thermal energy storage of a composite phase change materials: Numerical and experimental investigations[END_REF][START_REF] Sobolciak | Thermal characterization of phase change materials based on linear low-density polyethylene, paraffin wax and expanded graphite[END_REF], Fig. 7.

To determine experimentally liquid thermal conductivities of the composites, a temperature difference is imposed between the upper and lower sides of the composites until a constant heat flux (equilibrium state) is observed. The apparent thermal conductivities are calculated by the following expression:

.
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Where a is the thickness of the specimen and Q ∑ is the sum of the heat fluxes measured.

The problem considered is that of a composite that initially holds liquid paraffin at Tinit, higher than the melting temperature (Tm). This temperature is maintained until thermal equilibrium. All the paraffin is entirely liquid. At time t>0, the composite is heated by modifying the temperature on a single face only, until a constant flux. A similar experiment is carried out for the liquid phase; the material is subjected to a temperature difference. Several tests are carried out to check the reproducibility of the measurement.

Results

Impregnation ratios

The values of the impregnation rates are shown in Table 3. Table 3 shows that the impregnation rate cannot reach 100%. The maximum impregnation ratio reached 98% for sample 2. This is because in the solidification process, the external of the composites solidifies faster than the inner. As the density of pure paraffin in the solid state is larger than in the liquid state, the internal paraffin shrank slightly during the solidification process. Paraffin density change leads to the formation of small cavities inside the paraffin-metal foam composite.

Thermophysical characterization in solid state using Hot-Disk

In this section, the results of the effective thermal conductivity and specific heat capacity of composites obtained by the Hot Disk method are presented. The measurements were repeated for ten times to ensure the accuracy and repeatability of the results. Table 4 groups the results of the thermal conductivities of the different composites obtained by the Hot Disk method. The results show that the use of a metal foam could considerably increase the effective thermal conductivity of a paraffin/metal foam composite. It can be seen from Table 4 that the thermal conductivity of the paraffin/nickel foam composite is between 1.3 W/(m K) -1.66 W/(m K) about by means six times larger than that of pure paraffin of (0.305 W/(m K) -0. 244W/(m.K)). While the thermal conductivity of paraffin/aluminum foam composite PCM is nearly 4.5 W/(m K), about 18 times larger than that of pure paraffin. Paraffin/ nickel foam with high porosity (0.97) was experimentally investigated by A. Hussain in [START_REF] Hussain | Experimental investigation of a passive thermal management system for high-powered lithium ion batteries using nickel foam-paraffin composite[END_REF]. The results found by the authors indicate that paraffin/ nickel foam is 1.2 W/(m K). Due to the small porosity of the nickel foam used in the present study (0.95) as compared to nickel foam used in [START_REF] Hussain | Experimental investigation of a passive thermal management system for high-powered lithium ion batteries using nickel foam-paraffin composite[END_REF], the present result is higher than the former [START_REF] Hussain | Experimental investigation of a passive thermal management system for high-powered lithium ion batteries using nickel foam-paraffin composite[END_REF]. In [START_REF] Hussain | Thermal management of lithium ion batteries using graphene coated nickel foam saturated with phase change materials[END_REF], the thermal conductivity of paraffin/ nickel foam with porosity of 0.90 is 4.37 W/(m.K). This brings out the great impact of porosity on the effective thermal conductivity of PCM/ metal foam. The two nickel foams used in this study have almost the same porosity but different pore diameters. The results found show the small impact of pore diameter on the effective thermal conductivity of a paraffin/foamed nickel composite. The high thermal conductivity of the paraffin/aluminum foam composite led to the high melting rate during the charging process, which was numerically investigated by El idi [START_REF] Mohamed Moussa | A numerical investigation of the effects of metal foam characteristics and heating/cooling conditions on the phase change kinetic of phase change materials embedded in metal foam[END_REF]. In [START_REF] Mohamed Moussa | A numerical investigation of the effects of metal foam characteristics and heating/cooling conditions on the phase change kinetic of phase change materials embedded in metal foam[END_REF], the authors studied a paraffin RT27/aluminum foam composite. The effects of metal foam characteristics of the phase change kinetic were investigated. It was found that the melting of paraffin RT27 embedded in an aluminum foam increases with the decrease in porosity. The paraffin RT27 melting and solidification rates for both increase with higher pore density.

Table 5 presents a comparison of the results found in this study with those found in the literature. These results from the literature show that the addition of a high-porosity metal foam significantly increases the thermal conductivity of PCM. They also show that the effective thermal conductivity of a PCM-metal foam composite depends essentially on the thermal conductivity of the metal foam, the porosity and the thermal conductivity of PCM. Table 6 summarize the diffusivity and solid state heat capacity of the samples studied. The results show that the specific heat capacity was decrease by 7%-9% compared to pure paraffin. This is explained by the low specific heat capacity of aluminum and nickel compared to pure paraffin.

Thermophysical characterization in liquid state using TGHPM

Three composites were characterized by the hot-plate-guarded method: sample 1, sample 2 and sample 3. Fig. 8, Fig. 9 and Fig. 10 show -respectively-the evolution of the heat flux density and temperature for sample 3, sample 2 and sample 1. Table 7 presents the results of the effective thermal conductivity in the liquid state of these samples. The results show that the thermal conductivity in the liquid state is close to that in the solid state. The results also show a relatively small difference between the thermal conductivity in the solid and liquid states, 0.1W/(m.K)-0.3W/(m.K), although there is a significant difference between the liquid thermal conductivity of the RT27 in the liquid state and in the solid state [START_REF] Kraiem | Thermophysical Characterization and Numerical Investigation of Three Paraffin Waxes as Latent Heat Storage Materials[END_REF]. As a conclusion, the incorporation of paraffin in an aluminum foam with a porosity of 0.93 allows the thermal conductivity of paraffin to be multiplied by 22 and in a nickel foam with a porosity of 0.95 allows the thermal conductivity of paraffin to be multiplied by 10.

The results in liquid as well as in solid state have shown that the use of a metallic foam increases the thermal conductivity of a pure PCM up to 19 times. The improvement of the thermal conductivity intensifies heat transfer and reduces the melting time and solidification of the PCM. One of the problems is the temperature distribution during solid-liquid phase change. Recently, Xiaohu Yang et al. [START_REF] Yang | Gradient design of pore parameters on the melting process in a thermal energy storage unit filled with open-cell metal foam[END_REF] showed that the metal foam with a positive gradient in pore parameters showed a better temperature uniformity during solid-liquid phase change.

Thermal conductivity modeling

The prediction of the effective thermal conductivity of a PCM-Metal Foam composite is important for the numerical simulation of thermal behavior and for the study of heat transfer mechanisms during phase change and/or in the liquid and solid state. The modelling of the effective thermal conductivity of such composites is complex and depends on the porosity, the morphology of the foam (pore size, cell shape, ligament shape...), the thermal conductivity of the MCP and the thermal conductivity of the metal foam [START_REF] Alhusseny | High-Porosity Metal Foams: Potentials, Applications, and Formulations[END_REF]. In the literature, many studies have tried to develop analytical, empirical and semi-empirical models for predicting the effective thermal conductivity of a metal foam composite based on similar geometrical structures. Calmidi and Mahajan [START_REF] Calmidi | Forced Convection in High Porosity Metal Foams[END_REF][START_REF] Calmidi | Mixed convection over a heated horizontal surface in a partial enclosure[END_REF] have developed a semi-empirical analytical model that allows the determination of the effective thermal conductivity as a function of porosity. The model has been validated by comparison with experimental results of metal foam-water and metal foam-air composites. Similarly, Bhattacharya et al [START_REF] Bhattacharya | Thermophysical properties of high porosity metal foams[END_REF] developed an analytical model based on a 2D (two-dimensional) geometry. The unit cell was considered as hexagonal. Experiments carried out by [START_REF] Bhattacharya | Thermophysical properties of high porosity metal foams[END_REF] showed that this prediction model gives a good agreement for composites of Aluminium-Air, Aluminium-Water, Carbon-Air and Carbon-Water foams. Boomsma and Poulikakos [START_REF] Boomsma | On the effective thermal conductivity of a three-dimensionally structured fluid-saturated metal foam[END_REF] have developed a more sophisticated prediction model based on a 3D geometry which considers that the cells of a metallic foam have a tetrakaidecahedral shape. The topology of metallic foams is very close to tetrakaidecahedral cells [START_REF] Yuan | Heat Transfer Enhancement in Phase Change Materials (PCMs) by Metal Foams and Cascaded Thermal Energy Storage[END_REF][START_REF] Hugo | Transferts dans les milieux cellulaires à forte porosité : applications à l'optimisation structurale des échangeurs à ailettes[END_REF][START_REF] Du Plessis | Pressure drop prediction for flow through high porosity metallic foams[END_REF]. We recall that the tetrakaidecahedron is one of the 13 polyhedra described by Archimedes. It admits 24 vertices, 36 edges and 14 faces. This model gives a better precision, Fig. 11. We also find in the literature other models based on tetrakaidecahedral cell developed by Xiao Hu Yang. In this study, we have chosen to study of Calmidi et al [START_REF] Calmidi | Forced Convection in High Porosity Metal Foams[END_REF], Bhattacharya et al [START_REF] Bhattacharya | Thermophysical properties of high porosity metal foams[END_REF] and Boomsma et al [START_REF] Boomsma | On the effective thermal conductivity of a three-dimensionally structured fluid-saturated metal foam[END_REF].

Table 8 presents the comparison between the experimental results and those of the prediction models of Calmidi et al [START_REF] Calmidi | Forced Convection in High Porosity Metal Foams[END_REF], Bhattacharya et al [START_REF] Bhattacharya | Thermophysical properties of high porosity metal foams[END_REF] and Boomsma et al [START_REF] Boomsma | On the effective thermal conductivity of a three-dimensionally structured fluid-saturated metal foam[END_REF] for the thermal conductivity of our composites. The results show that the model of Boomsma and Poulikakos presents a better agreement with the experimental results compared to the other models. A correction is made to the Boomsma model [START_REF] Boomsma | On the effective thermal conductivity of a three-dimensionally structured fluid-saturated metal foam[END_REF] by changing the value of e to 0.3415 gives a better agreement. Where e is the ration between r: The length of the cubic node and the ligament length L, Fig. 12. Table 9 presents a comparison between the experimental results of the present study, the Boomsma et al. model and the corrected Boomsma model.

Bhattachyra Model [START_REF] Bhattacharya | Thermophysical properties of high porosity metal foams[END_REF]:
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Calimidi et Mahajan Model [START_REF] Calmidi | Forced Convection in High Porosity Metal Foams[END_REF]:
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Conclusion

The paraffin/nickel foam and paraffin/aluminum foam composite PCM were prepared with the vacuum impregnation method. The maximum impregnation ratio reached 98%. The thermophysical properties of the composite PCM were investigated using the hot-disk method and TGHPM for use in the thermal management of Li-ion batteries. The results showed that the use of a metallic foam allows a considerable improvement of the thermal conductivity while keeping the advantage of the MCPs which is their high energy densities. The results indicate that the thermal conductivities of the paraffin/nickel foam composite PCMs are nearly 6 times larger than that of pure paraffin, whereas the thermal conductivities of the paraffin/aluminum foam composite PCMs are nearly 18 times larger than that of pure paraffin. The results also showed that the structure of the nickel foam does not have a great impact on the effective thermal conductivity. Next, we focused on the development of an analytical model for the prediction of effective thermal conductivity so that the thermal behavior of these composites can be numerically simulated with the aim of optimizing the thermophysical properties and use in thermal storage and management units. Several models from the literature were presented and compared. The model of Boomsma et al [START_REF] Boomsma | On the effective thermal conductivity of a three-dimensionally structured fluid-saturated metal foam[END_REF] gave a better agreement with the experimental results. A correction was made to this model to make it even more consistent with our experimental results. [START_REF] Boomsma | On the effective thermal conductivity of a three-dimensionally structured fluid-saturated metal foam[END_REF]. Fig. 12. The geometrical breakdown of the unit cell of the tetrakaidecahedron [START_REF] Boomsma | On the effective thermal conductivity of a three-dimensionally structured fluid-saturated metal foam[END_REF].
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  Specific heat capacity, (J. kg -1 .K -1 ) ρ Density, (kg/m 3 ) f Latent heat of fusion (J/kg) µ Dynamic viscosity (Pa.s -1 ) β Thermal expansion of PCM, (K -1 )

  V is the sample volume, P ρ is paraffin density, ε is metal foam porosity, a ctu a l m and ideal m are actual mass and theoretical mass of PCM respectively. of metal foam before and after the impregnation. The parameter α reflects the ratio between the actual mass of pure PCM impregnated in the porous metal foam and the ideal mass. The value of parameter α is 100% if all pores were perfectly impregnated with pure PCM. The structural and thermophysical properties of the metal foams are provided by the manufacturer.
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