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Introduction

Phase change materials (PCMs) are widely used in many engineering applications [START_REF] Du | A review of the applications of phase change materials in cooling, heating and power generation in different temperature ranges[END_REF] [START_REF] Boussaba | Elaboration and properties of a composite bio-based PCM for an application in building envelopes[END_REF]. However, most of them have a low thermal conductivity, which reduces the rate of heat storage and extraction during their melting and solidification cycle. These factors limit the use of these materials [START_REF] Zalba | Review on thermal energy storage with phase change: materials, heat transfer analysis and applications[END_REF]. Therefore, heat transfer enhancement techniques are required for a thermal energy storage system when using PCMs. The thermal conductivity of PCMs can be enhanced by the addition of some materials with high thermal conductivity, such as fins [START_REF] Chenzhen | Non-uniform heat transfer suppression to enhance PCM melting by angled fins[END_REF], porous graphite [START_REF] Jegadheeswaran | Conductivity particles dispersed organic and inorganic phase change materials for solar energy storage-an exergy based comparative evaluation[END_REF], nanoparticles [START_REF] Siahpush | Phase change heat transfer enhancement using copper porous foam[END_REF], and high-porosity metal cell [START_REF] Siahpush | Phase change heat transfer enhancement using copper porous foam[END_REF] [START_REF] Xiao | Preparation and thermal characterization of paraffin/metal foam composite phase change material[END_REF]. Among these heat transfer enhancers, the high-porosity opencell metal foam is found to be especially effective in improving the performance of PCMs because of its high thermal conductivity, large surface area to volume ratio, highly interconnected structure and natural fluid mixing effect. Due to the wide applications of PCM/metal foam composite, the phase change characteristics in metal foam have attracted increasing research attention [START_REF] Rehman | A critical review on heat transfer augmentation of phase change materials embedded with porous materials/foams[END_REF].

The kinetic of phase change is an important factor in the performance of PCM composites. Control of the phase change kinetic of PCM embedded in metal foam is possible via different parameters, such as the nature of PCM, the geometrical configuration, the metal foam properties, and the boundary conditions. Here, the emphasis is focused on the metal foam properties, and heating and cooling conditions in a continuous process (cyclic heating and cooling). Much research has conducted studies of the effects of metal foam thermal conductivity and microstructure on the effective thermal conductivity of PCM/metal foam composites. The effective thermal conductivity has a great impact on the phase change kinetic. If the effective conductivity is high, heat transfer will be intensified during melting and solidification and therefore phase change will be faster. However, it is more important to study the direct effect of the microstructure and thermal conductivity of the boundary condition foam on phase change kinetic, in other words, the evolution of the liquid fraction, which is the subject of this article. Recently, studies have been conducted on the effects of these parameters on kinetics and phase change kinetic, but not on the effect of heating and cooling conditions especially in a continuous process (cyclic heating and cooling). Xia et al. [START_REF] Xiao | Effective thermal conductivity of open-cell metal foams impregnated with pure paraffin for latent heat storage[END_REF] also studied the effective thermal conductivity of paraffin/nickel foam composites and paraffin/copper foam composites with high metal foam porosity (>95%). The study was carried out on the effect of porosity on the effective thermal conductivity of paraffin/metal foam composites. The results show that the effective thermal conductivity increases as the porosity decreases. Xiang 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] conducted an experimental study to investigate the thermal conductivity enhancement of Myristyl alcohol (MA) by impregnating metal foam. Two types of foam were investigated. It was found that the use of copper foam increases the effective thermal conductivity of MA/copper foam by 7.51 times and the use of nickel foam increases the effective thermal conductivity of PCM composite by 1.80 times compared to pure MA. Sriharsha S. et al. [START_REF] Sundarram | The effect of pore size and porosity on thermal management performance of phase change material infiltrated microcellular metal foams[END_REF] carried out a numerical study on the effects of the pore size of aluminum foam on the effective thermal conductivity of paraffin/aluminum foam composite using finite element analysis. To study the effect of the pore size, an aluminum foam with 0.94 porosity and pore sizes varying from five to 100μm was considered.

The results show that a smaller pore size results in higher thermal conductivity. On average, the thermal conductivity more than doubled from 5W/(m.K) to 12W/(m.K) when the pore size was reduced from 100μm to 25μm. Y. Zhao et al. [START_REF] Zhao | Modeling metal foam enhanced phase change heat transfer in thermal energy storage by using phase field method[END_REF] carried out a numerical study on the effect of porosity and pore density on the melting rate and solidification rate.

The phase change of PCM in metal foam was modeled using the phase field method. To study the effect of the structure of metal foam on melting and solidification, four metal foams with the same pore density of 20PPI and different porosities (between 0.80-0.95) were used. The same methodology was used to the study the effect of pore density, that is, four metal foams with the same porosity of 0.9 and different pore densities (5PPI, 10PPI, 20PPI and 40PPI). It was found that the foam's properties (porosity and pore density) play an essential role in the melting and solidification of PCM. The melt fraction of PCM embedded in a metal foam increases with decreasing porosity and increases with increasing pore density. S. Abishek et al. [START_REF] Abishek | Effect of microstructure on melting in metal-foam/paraffin composite phase change materials[END_REF] studied the effect of the microstructure on the melting in a metal foam/paraffin composite. The authors modeled the phase change via the enthalpy-porosity method and used an additional volume fraction and field to account for the degree of melting. They used chtMultiRegionFoam in OpenFOAM, a conjugate heat transfer and fluid dynamics solver, to simulate the melting process in paraffin aluminum foam composites with a given porosity but a varying microstructure. The results show that the specific area, which is the ratio between surface and volume, plays an essential role in the melting of paraffin embedded in aluminum foam. This paperfocuses on the study of porosity, pore density and the thermal conductivity of metal foam to ascertain whether there is a direct relationship between the melting rate of PCM and metal foam thermal conductivity, and heating and cooling conditions on the phase change kinetic of PCM embedded in metal foam. The effects of porosity and pore density have already been studied by Y. Zhao et al. [START_REF] Zhao | Modeling metal foam enhanced phase change heat transfer in thermal energy storage by using phase field method[END_REF], who used a model that predicts the thermal behavior of PCM/metal foam composites, with less precision than our model (see Fig. 2). Then, we study the effect of heating and cooling conditions in a continuous process that has not been studied before in the literature.

The study of effects of heating and cooling conditions on the kinetic of phase change will be very interesting, and will add to studies already included in the available literature and help to optimize the use of PCM/metal foam for a given application. One of the important applications of MCP composites is the cooling of certain electronic devices that generate a constant heat flux and passive solar energy storage which is affected by the variation in solar radiation. It is for these reasons that constant and sinusoidal heating and cooling have been chosen as the focus of this study. For constant heat flux, a step function ranging from +1800 W/m 2 to -1800 W/m 2 was considered. For variable heat flux, a sine function with a similar area as the step function was considered for one wall of the container to provide heating and cooling to the PCM/metal foam composite.

In this paper, a numerical study on metal foam properties is presented: porosity, pore density and thermal conductivity, and the cyclic heating and cooling effects on the kinetic of phase change. The mathematical model is based on the volume-averaging technique. The Brinkman-Forchheimer-extended Darcy equation and the local thermal non-equilibrium model applying a two-energy equation are used. The phase change of PCM is modeled by the enthalpy-porosity method. The numerical results are validated by comparing with experimental data. The effects of porosity, pore density and metal foam thermal conductivity are studied. The effects of heating/cooling conditions are also investigated.

Modeling method 2.1. Physical problem

The physical problem to be tackled is illustrated in Fig. 1. A square cavity with dimension 4cmx4cm is filled with paraffin wax RT27 embedded in a metal foam. The left wall cavity is set to a fixed temperature w T , which is higher than the melting temperature m T in the melting process or lower than the melting temperature m T in the solidification process. The rest of the wall cavity is insulted. Initially, the metal foam and PCMs in the cavity are uniformly under the same melting temperature. The proprieties of PCM used for this study are given in Table 1 [START_REF] Aadmi | Heat transfer characteristics of thermal energy storage of a composite phase change materials: numerical and experimental investigations[END_REF]. 0.5x10 -3 1.1x10 -4 Table 1: Thermophysical properties of paraffin RT27 and RT58. 

Properties

Assumption

• The liquid is considered as incompressible, and the flow is laminar.

• The natural convection caused by buoyancy is subject to the Boussinesq approximation.

• The thermal radiation is neglected in the metal foam during melting.

•

The metal foam is considered as isotopic and homogeneous.

Mathematical model

In the model developed in this paper, a volume-averaging technique is employed [START_REF] Whitaker | The method of volume averaging[END_REF]. Based on the above assumptions, the mathematical model for the present problem can be expressed by the following equations:

Continuity equation:

0 u v x y ∂ ∂ + = ∂ ∂ (1) 
Momentum equations: ).

( )

P P P u C u p V u u u u S t x K k ρ ρ ρ µ µ ε ε ε ∂ ∂ + ∇ = - + ∇ - + + ∂ ∂ ur ur (2) 2 2 ( 
). ( ) ( )

P P P v P ref C v p V v v v v S g T T t y K k ρ ρ ρ µ µ ρ β ε ε ε ∂ ∂ + ∇ = - + ∇ - + + + - ∂ ∂ ur ur (3) 
Where 

0 ( / 2) / 2 ( ) ( ) ( ) 2 2 1 ( / 2) m m m m m T T T T T T T T b T T T T T T T T < -∆   - + ∆ ∆ ∆  = - ≤ < +  ∆  > + ∆   (4)
The dynamic viscosity is modified by using to have an extremely high value when the PCM is at a temperature below its melting temperature.
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There is a large difference in thermophysical properties between metal foam and saturating PCM [START_REF] Yao | Pore-scale visualization and measurement of paraffin melting in high porosity open-cell copper foam[END_REF]. There are two non-equilibrium equations:

Energy equation for PCM:
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The density variation of PCM can be given by: ( ) ( ) . ( )
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The phase change temperature interval is taken as 3°C [START_REF] Aadmi | Heat transfer characteristics of thermal energy storage of a composite phase change materials: numerical and experimental investigations[END_REF]. The specific heat of PCM can be written as [START_REF] Biwole | Influence of fin size and distribution on solid-liquid phase change in a rectangular enclosure[END_REF] [20]:
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Where f L is the latent heat of fusion and D is a smoothed Delta Dirac function which is zero everywhere except in the interval [START_REF] Biwole | Influence of fin size and distribution on solid-liquid phase change in a rectangular enclosure[END_REF]. Its integral is equal to 1. The use of this function ensures that the latent heat is conserved during the melting process:
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The thermal conductivity of PCM can be given as:
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Energy equation for metal foam:
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Many models have been developed to describe the effective thermal conductivity. The tetrakaidecahedron cell model, proposed by Boomsma and Poulikakos [START_REF] Boomsma | On the effective thermal conductivity of a three dimensionally structured fluidsaturated metal foam[END_REF], was adopted to describe the thermal conductivity in this study as shown in the following equations:
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Where ( ) The effective thermal conductivity of PCM and metal foam can be defined as:
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Thermophysical and structural proprieties of metal foam

The thermophysical proprieties of metal foam used in this study are presented in Table 2. Many kinds of research have been carried out to develop an analytical model for predicting the permeability and inertial coefficient of metal foam [START_REF] Plessis | Pressure drop prediction for flow through high porosity metallic foams[END_REF][START_REF] Calmidi | Transportation phenomena in high porosity fibrous metal foams[END_REF][START_REF] Bhattacharya | Thermophysical properties of high porosity metal foams[END_REF][START_REF] Tadrist | About the use of fibrous materials in compact heat exchangers[END_REF][START_REF] Dukhan | Correlations for the pressure drop for flow through metal foam[END_REF][START_REF] Yang | A simplistic analytical model of permeability for open-cell metallic foams[END_REF][START_REF] Calmidi | Forced convection in high porosity metal foams[END_REF]. In this work, Calmidi's [START_REF] Bhattacharya | Thermophysical properties of high porosity metal foams[END_REF] model was used to calculate the permeability and inertial coefficient.

Permeability:
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Inertial coefficient:
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Where f d denotes the equivalent diameter of metal foam fibers and p d pores diameter [START_REF] Calmidi | Transportation phenomena in high porosity fibrous metal foams[END_REF]:

(1 ) / 0 .0 4 The specific area PS a can be calculated by the following formula [START_REF] Bhattacharya | Thermophysical properties of high porosity metal foams[END_REF].

1 1 1 .1 8 1 f p d d e ε ε π -- -  =   -   (22) 
( 

Numerical procedure and model validation

The numerical model is solved using a finite element analysis with COMSOL Multiphysics 5.3 (a software) [START_REF]COMSOL Multiphysics user's guide. COMSOL[END_REF].

The developed model is validated by comparing the predicted results with the experimental data from the study of Zhao et al. [START_REF] Zhao | Heat transfer enhancement for thermal energy storage using metal foams embedded within phase change materials (PCMs)[END_REF]. In the experimental study conducted by Zhao et al. [START_REF] Zhao | Heat transfer enhancement for thermal energy storage using metal foams embedded within phase change materials (PCMs)[END_REF], a copper foam sample with dimension (200mm, 120mm and 25mm), pore density of 10PPI, and 95% porosity filled with paraffin wax RT58, is heated with a constant heat of 1600 W/m2. The heat loss coefficient generated by the natural convection of air is estimated at about 3W/m 2 . Table 1 presents the thermophysical properties of RT58 [START_REF] Zhao | Heat transfer enhancement for thermal energy storage using metal foams embedded within phase change materials (PCMs)[END_REF]. The experimental device developed by Zhao is presented in Fig. 3. The proprieties of RT58 are given in Table 1. Fig. 4. presents a comparison between the calculated temperature evolutions of the PCM at 8 mm away from the bottom of the copper foam composite and experimental data. It can be observed from the figure that in the melting process, from 1200s to 4000s, there is a small discrepancy between the results of the present model and the experimental model, as well as after the melting process. It can be concluded that the results obtained from the present model agree well with the experimental data on the whole, and the present model is reliable and reasonable. 

Results and discussion

In this study, Stephan number S t e , Fourrier number F o , Nusselt number N u , Rayleigh number R a and a dimensionless time τ are introduced:
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Nusselt number in the hot wall [START_REF] Zhao | Modeling metal foam enhanced phase change heat transfer in thermal energy storage by using phase field method[END_REF]:
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With, α thermal diffusivity and υ kinetic viscosity.

Effects of metal foam thermal conductivity on the phase change kinetic

To study the effect of the thermal conductivity of metal foam on the melting rate, three foams of different materials are investigated: Aluminum, copper, and nickel, with 0.93 porosity and 40PPI pore density. Fig. 4. presents the effect of the foam's matrix material on the PCM melting rate. The results show that the foam's material plays an essential role in the melting rate. The more conductive the material, the faster the melting rate. In any given moment, the liquid fraction of copper/PCM composite is more than the aluminum/PCM composite and nickel/PCM composite. After 1890 seconds, the entire PCM embedded in copper foam was liquid compared with 60% of PCM embedded in aluminum foam and 37% of PCM embedded in nickel foam. The dimensionless time difference of melting is almost proportional to the ratio between the thermal conductivities, such as the ratio between thermal conductivity of copper and aluminum at 0.54, and copper and nickel 0.17. . 0,000 0,001 0,002 0,003 0,004 0,005 0,006 0,007 0,0 

Effects of metal foam morphology

Effects of porosity on the phase change kinetic

The aluminum foam with 40PPI is chosen to discuss the effects of porosity. Fig. 5. presents the melting rate of PCM for different porosities (0.80, 0.84, 0.87 and 0.93). It is found that the PCM melts more quickly when the porosity decreases. Small porosity means more metal volume fraction with much higher thermal conductivity, which promotes better heat transfer. It was also found that the difference between the melting times is smaller when the porosity decreases. This can be explained by the fact that lower porosity leads to lower permeability (see Eq. 20), which weakens or suppresses natural convection, thus weakening the overall heat transfer, even though the conduction through the ligament plays a dominant role. Fig. 6. presents the evolution of the liquid fraction of PCM for different porosities during the solidification process. A similar process to melting was found. The PCM with small porosity solidifies more quickly, and the difference in solidification time is smaller when porosity decreases. Fig. 7. presents the Nusselt number on the left hot wall. At first, it is larger with small porosities, but it decreases faster with larger porosities. The exchange between the sample and the hot wall with a small porosity decreases faster than with a larger porosity. This means that the natural convection of small porosities tends to be weaker. 

Effects of pore density on the phase change kinetic

In this study, four different pore densities are investigated: 5PPI, 10PPI, 20PPI and 40PPI (see Fig. 8). It was found that the PCM melts more quickly with increased pore densities. Besides, the melting time difference decreases when pore density increases. When pore density becomes big, the difference is small. High pore densities mean larger interfacial surfaces to energy exchange between PCM and foam matrix, and low permeability (Eq 20). The low value of permeability leads to suppressed natural convection. Fig. 9. presents the effect of pore density on the liquid fraction of PCM evolution during solidification. A similar process to melting was found. The PCM embedded in metal foam with high pore density solidifies more quickly, and the difference between the solidification time is smaller when pore density increases. 

Effects of heating and cooling conditions on the phase change kinetic

To study the effect of heating and cooling conditions on the kinetic of phase change of PCM filled in metal foam, a cyclic heating and cooling study was carried out. In this section, a study on the cyclic heating and cooling of PCM/metal foam composite used as an energy storage system is presented. There are two types of cyclic heating and cooling applied to the paraffin RT27/aluminum foam (0.93, 40PPI). The first one is a constant flux of +1800 W/m 2 provided at the heated wall for 60min, and then its value becomes negative at the same magnitude for the next 60min. The second is a sine function having the similar area under the curve, and provided for the same time, as shown in Fig. 10. The equations of the boundary condition are presented in Eq. ( 30).
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Melt fraction

Fig. 11 presents the melt fraction evolution of PCM with constant heat flux and a sinusoidal heat flux. The melting of paraffin with a constant heat flux starts after 40 seconds and with variable sinusoidal heat flux, starts after about 5 min. The melt fraction of both becomes the same after 28 minutes, and after that, the fraction with variable heat becomes higher, as shown in Fig. 5. The all paraffin filled in aluminum foam becomes liquid (Mel fraction equals 1) after heating with a sinusoidal heat flux for 41 min, before heating with a constant heat flux, which becomes completely liquid after 48 min. The behavior of the melt fraction evolution is due to the constant heat flux, as the heating rate is constant with magnitude 1800W/m 2 . Whereas in case of heating with sinusoidal heat flux, the heating ratio is zero at the start of melting and increases with time in a sinusoidal manner and becomes maximum at 30 min Eq [START_REF]COMSOL Multiphysics user's guide. COMSOL[END_REF]. It can be seen that under the same conditions and with the same amount of energy supplied, all paraffin becomes liquid with sinusoidal heating, faster than with constant heating. In the solidification process of PCM, the solidification of PCM with sinusoidal heating starts after 10 minutes, compared to the solidification with constant heating which starts after 33 minutes. The liquid fraction is the same with constant heating and sinusoidal heating, either in the case of constant heat flux or sinusoidal heat flux, the paraffin is not completely solidified. 

Conclusion

A numerical study is carried out on the solid-liquid and liquid-solid phase change of PCM embedded in metal foam. The Brinkman-Forchheimer-extended Darcy equation and the local thermal non-equilibrium model assumption are used due to the larger difference in thermal properties between the solid matrix (metal foam) and PCM by applying a two-energy equation. The phase change is modeled by utilizing the enthalpy-porosity method. The PCM used is paraffin RT27. The numerical model was developed and validated through comparison with the literature and experimental data. The metal foam properties, thermal conductivity, porosity, and pore density effects on the kinetic of the phase change, were studied. The effect of heating/ cooling conditions were also investigated. The results show that the thermal conductivity plays an essential role in the kinetic phase change of PCM embedded in metal foam. The melting of PCM embedded in metal foam is almost proportional to the metal foam's thermal conductivity. The melt fraction of PCM embedded in metal foam increases with the decrease in porosity. The PCM melting and solidification rates for both increase with higher pore density. Small pore density increases permeability and natural convection, and large pore density leads to low permeability that weakens or suppresses natural convection, thus weakening the overall heat transfer. It is observed with sinusoidal heating that the time taken for the melting of PCM embedded in metal foam reduces compared to constant heating. In the solidification process of PCM, the solidification of PCM with sinusoidal heating starts later, compared to solidification through constant heating. However, the liquid fraction is almost the same as a result and the PCM is not completely solidified in either case. This study is a good motivation for more quantitative studies on efficiency and time optimization of the storage and release process.
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  Specific heat capacity, (J.kg -1 .K -1 ) C Inertial coefficient, (W.m -2 .K -1 )ρ Density, (kg/m 3 )

  solid (J.K -1 .kg -1 ) 2400 2100 Latent heat (KJ.kg -1 ) 179 181 Melting temperature (K) 300.15 331.15 Dynamic viscosity (Kg.m -1 .s -1 ) 3,42.10 -3 0.0269 Heat conductivity -solid (W.K -1 .m -1 ) 0.24 0.2 Density -liquid (kg.m -3 ) 760 775 Heat capacity -liquid (J.K -1 .kg -1 ) 1800 2100 Heat conductivity -liquid (W.K -1 .m -1 ) 0.15 0.2 β (K -1 )
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  denote the source term to damping the velocity in solidified phase (A and B are two constants). In this study, we take A=10 5 and B=10 -3 . They are deducted from the Carmen-Kozney relation[START_REF] Joulin | Experimental and numerical investigation of a phase change material: thermal-energy storage and release[END_REF] [START_REF] Viswanath | A comparison of different solution methodologies for melting and solidification problems in enclosures[END_REF]. For the solidified phase, 0 b = leaded to this item to be infinity to damp the velocity in the momentum equation. For fluid phase, 1 b = , leaded to the item to be zero.( ) b T can be given as:
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 2 Metal foams properties

		a	PS	=	3 π	d	f	1 ) / 0.004 ) 2 (0.59 ) (1 p e d ε ---	)	(24)
	Properties							Aluminum	Copper	Nickel
	Thermal conductivity (W.m -1 .K -1 )						220	401	70
	Specific heat capacity (J.kg -1 .K -1 )						900	385	456
	Density	(kg.m -3 )						2700	8960	8890