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Phase change material (PCM) is a promising candidate for application to thermal energy storage. However, low thermal conductivity hinders its wide application. In this paper, a porous metal structure (PMS) with cubic cell is used to enhance the thermal performance of PCM, in which additive manufacturing (AM) as advanced manufacturing technology enables the fast and precise fabrication of PMS with a controlled structure and material. A visualized experiment setup is built to investigate the thermal performance of PCM with and without PMS, including solid-liquid interface, temperature variation, and total melting time. To examine the heat transfer characteristics and clarify the role of PMS in the melting process, a three-dimensional numerical model is developed based on the pore-scale numerical simulation method. The experimental results illustrate that embedding PMS can significantly improve the thermal performance of PCM, e.g., the total melting time can be shortened by 38% compared with that for PCM without PMS. The numerical results are in good agreement with experimental results, which indicates that heat transfer characteristics can be predicted using pore-scale numerical simulation. The numerical results show that the temperature field of PCM with PMS is more uniform and heat transfer mechanics is different for PCM with and without PMS. In addition, PMS made of highly thermally conductive materials significantly enhances the thermal performance of PCM. Due to structure and material controllability of porous material fabricated by AM, this study highlights the capacity and potential of PMS as a heat transfer enhancer.

Introduction

Phase change material (PCM) has been widely applied in thermal energy storage (TES) and thermal management system (TMS) owing to its considerable phase change latent heat, appropriate phase transition temperature, and chemical stability [START_REF] Oro | Review on phase change materials (PCMs) for cold thermal energy storage applications[END_REF][START_REF] Tao | A review of phase change material and performance enhancement method for latent heat storage system[END_REF]. However, most PCMs suffer from low thermal conductivities, which results in low heat transfer rate and distinct heat accumulation near the heated wall (i.e., temperature non-uniformity) [START_REF] Khan | A review of performance enhancement of PCM based latent heat storage system within the context of materials, thermal stability and compatibility[END_REF][START_REF] Ibrahim | Heat transfer enhancement of phase change materials for thermal energy storage applications: A critical review[END_REF]. As a result, researchers make efforts to develop the various enhancement techniques which can be used to improve the thermal performance of PCMs. The extensively employed enhancement methods include using a high thermal conductivity additive [START_REF] Li | Enhancement of heat transfer for thermal energy storage application using stearic acid nanocomposite with multi-walled carbon nanotubes[END_REF][START_REF] Song | Cu Nanoparticles Improved Thermal Property of Form-Stable Phase Change Materials Made with Carbon Nanofibers and LA-MA-SA Eutectic Mixture[END_REF][START_REF] Ramakrishnan | Thermal enhancement of paraffin/hydrophobic expanded perlite granular phase change composite using graphene nanoplatelets[END_REF][START_REF] Ramakrishnan | Effects of various carbon additives on the thermal storage performance of form-stable PCM integrated cementitious composites[END_REF], inserting metal fin and pin [START_REF] Kamkari | Experimental investigation of melting behaviour of phase change material in finned rectangular enclosures under different inclination angles[END_REF][START_REF] Arshad | Experimental investigation of PCM based round pin-fin heat sinks for thermal management of electronics: Effect of pin-fin diameter[END_REF][START_REF] Baby | Experimental investigations on phase change material based finned heat sinks for electronic equipment cooling[END_REF], encapsulation of PCMs [START_REF] Jamekhorshid | A review of microencapsulation methods of phase change materials (PCMs) as a thermal energy storage (TES) medium[END_REF][START_REF] Li | A new strategy for enhanced latent heat energy storage with microencapsulated phase change material saturated in metal foam[END_REF][START_REF] Zhang | Encapsulation of metal-based phase change materials using ceramic shells prepared by spouted bed CVD method[END_REF], and embedding porous metal material [START_REF] Zhao | Heat transfer enhancement for thermal energy storage using metal foams embedded within phase change materials (PCMs)[END_REF][START_REF] Hu | Experimental and numerical study on the thermal behavior of phase change material infiltrated in low porosity metal foam[END_REF][START_REF] Li | Experimental and numerical studies on melting phase change heat transfer in open-cell metallic foams filled with paraffin[END_REF][START_REF] Li | Numerical study on the thermal behavior of phase change materials (PCMs) embedded in porous metal matrix[END_REF].

Among the above methods, embedding porous metal material has proven to be an efficient approach to heighten the thermal behavior of PCM due to its light weight, larger specific surface, and high thermal conductivity. The porous metal material is mainly classified into two broad classes, one with stochastic topology (i.e., metal foam) and the other with a periodic cell structure [START_REF] Tian | The effects of topology upon fluid-flow and heat-transfer within cellular copper structures[END_REF][START_REF] Ashby | Metal foams: a design guide[END_REF]. As a commercial porous material, open-cell metal foam is infiltrated with PCM to fabricate metal foam/paraffin composite PCM. Several studies on the thermal behavior and application of PCM saturated in metal foam have been conducted [START_REF] Yao | Pore-scale visualization and measurement of paraffin melting in high porosity open-cell copper foam[END_REF][START_REF] Chen | Research progress of phase change materials (PCMs) embedded with metal foam (a review)[END_REF][START_REF] Mustaffar | The melting of salt hydrate phase change material in an irregular metal foam for the application of traction transient cooling[END_REF]. For instance, Yang et al. [START_REF] Yang | The role of porous metal foam on the unidirectional solidification of saturating fluid for cold storage[END_REF] implemented a numerical and experimental study on the solidification of PCM impregnated in open-cell metal foam. They concluded that temperature difference between PCM and metal skeleton was negligible, and local thermal equilibrium model can be employed. Based on pore-scale and volume-averaged numerical simulation methods, the phase change characteristics of PCM impregnated in finned metal foam were numerically explored by Feng et al. [START_REF] Feng | Pore-scale and volume-averaged numerical simulations of melting phase change heat transfer in finned metal foam[END_REF]. An experimental and numerical investigation on melting heat transfer of metal foam/paraffin composite PCM was conducted by Zhang et al. [START_REF] Zhang | Melting heat transfer characteristics of a composite phase change material fabricated by paraffin and metal foam[END_REF]. Rehman et al. [START_REF] Tauseef Ur | Copper foam/PCMs based heat sinks: An experimental study for electronic cooling systems[END_REF] designed a copper foam/paraffin based heat sink used for an electronic cooling system, and carried out an experimental study on thermal behavior of the heat sink. Li et al. [START_REF] Li | Experimental investigation on copper foam/hydrated salt composite phase change material for thermal energy storage[END_REF] experimentally examined thermophysical properties of copper foam/hydrate salts PCM composite applied for thermal energy storage. They found that volume storage energy density of PCM composite is 2.2-2.5 times of that of conventional water tank.

The open literature indicates that embedding porous metal structure (PMS) with a periodic cell structure is capable of heightening thermal behavior of PCM. The structured porous media was used as the thermal conductivity enhancer, and heat transfer enhancement of PCM embedding porous structure with different configurations was numerically investigated by Gopalan et al. [START_REF] Gopalan | Numerical investigation of thermal performance of PCM based heat sink using structured porous media as thermal conductivity enhancers[END_REF]. In our previous study, we performed a numerical study on the thermal behavior of PCM infiltrated in porous material with cubic periodic structure [START_REF] Hu | Pore-scale numerical simulation of the thermal performance for phase change material embedded in metal foam with cubic periodic cell structure[END_REF]. The results indicated that impregnation of PMS into PCM can strengthen the thermal performance of PCM. For instance, the effective thermal conductivity of composite PCM clearly increased, and melting time of composite PCM can be shortened to 24.1% of that of pure paraffin. Research on the thermal performance of PCM embedding PMS remains rare compared to embedding metal foam. In addition, the porous metal structure is difficult to manufacture by traditional fabrication techniques owing to its special and complex configuration, which also explains the lack of related experimental investigation.

Additive manufacturing (i.e., 3D printing) can fabricate intricate three-dimensional (3D) structure by successive printing thin layers of materials according to 3D model data, which provides a means to quickly and precisely manufacture PMS based on a customization or an optimization model [START_REF] Ngo | Additive manufacturing (3D printing): A review of materials, methods, applications and challenges[END_REF][START_REF] Wang | Topological design and additive manufacturing of porous metals for bone scaffolds and orthopaedic implants: A review[END_REF]. For example, Merabtine et al. [START_REF] Nunzi | Experimental and numerical thermal analysis of open-cell metal foams developed through a topological optimization and 3D printing process[END_REF] carried out an experimental and numerical study on thermal behavior for PCM saturated in PMS, in which PMS was developed by topological optimization and fabricated via 3D printing. They found that the pore size and porosities of porous structure had a significant influence on heat transfer within composite PCM. Porous metal structure is a particularly promising candidate as an enhancer of composite PCM due to its controllable geometrical structure through the introduction of 3D printing. Thus, the study of thermal performance of PCM infiltrated in PMS is of great significance.

Porous metal structure can be manufactured by 3D printing using a wide variety of materials, such as aluminum alloy, copper alloy, stainless steel, etc. With the development of additive manufacturing material, 3D printing has exhibited significant potential for the fabrication of PMS using various printing materials. Therefore, four representative metal materials used in 3D printing are chosen here (i.e., aluminum alloy, copper alloy, titanium alloy, and stainless steel) to investigate the influence of materials of PMS on thermal performance of composite PCM. In this paper, a PMS with a cubic cell structure was fabricated by the selective laser melting (SLM) as one of 3D printing techniques. The heat transfer characteristics of PCM with and without PMS were experimentally and numerically investigated, including the evolution of solid-liquid interface, liquid fraction, temperature field, velocity field, enhancement ratio, etc. Furthermore, the effect of materials of PMS on the thermal behavior of composite PCMs was explored based on pore-scale numerical simulation, which provides a reference for the choice of materials of PMS as heat transfer enhancer.

Experiment details

Test samples

As shown in Fig. 1, a porous aluminum structure with dimensions of 40 mm 40 mm 40 mm × × was used as enhancement material in this study. The sample was composed of aluminum alloy with a high thermal conductivity using SLM, where the manufacturing accuracy of 3D printing was 50-100 µm. It is seen that porous aluminum material possesses a periodic cubic cell structure, and the metal ligament was connected at angles of 90°. The length and thickness of metal ligament within porous structure were l = 6.67 mm and a = 0.66 mm, respectively. According to the theoretical design, the porous aluminum structure with 90% porosity was manufactured. Detail calculations of its structural parameters have been provided in [START_REF] Hu | Pore-scale numerical simulation of the thermal performance for phase change material embedded in metal foam with cubic periodic cell structure[END_REF]. The superiority of porous material fabricated by 3D printing is the controllability of shape and size. The commercially available paraffin RT42 (RUBITHERM, Germany) was selected as PCM. The employed PCM features the considerable latent heat, stable thermal performance and low phase transition temperature, which conduces to reducing heat loss in the experiment process. The thermal-physical properties of paraffin and metal materials are listed in Table 1. 

Experimental setup and procedure

As depicted in Fig. 2, the experimental setup was built to examine the thermal performance of PCM with and without PMS in terms of solid-liquid interface evolvement, temperature variation and total melting time. The apparatus mainly consisted of test section, heating system, data measurement and collection system, and snapshot image system. The test section was composed of rectangular enclosure container, test sample and insulation material. The HD camera was employed to capture snapshots of melting interface through transparent plexiglass at a certain time interval. An electric copper heater with size of 40 mm 40 mm 1 mm × × was employed. The heater was mainly made of copper, which is conducive to providing uniform heat flux during the experiment. The constant power was supplied to heater by DC power for the heating system, where the power can be determined by recording the electric voltage and current. For current experiments, eleven pre-calibrated K-type micro-thermocouples with a wire diameter of 0.127 mm were utilized along the vertical mid-plane of container. Two typical locations (the center of composite PCM and heater) were selected to trace temperature variation of heated wall and metal structure, in which thermocouples were attached to copper heater and metal skeleton using thermal adhesive. In order to determine heat loss from side wall, eight thermocouples were attached to inner surface of insulation material using thermal tape. The last thermocouple was used to obtain ambient temperature. The temperature data at different locations were traced at every 1 s via the data logger, and then stored in PC for further investigation. PCM was prepared by impregnating porous aluminum structure with paraffin. To ensure that the pore cavity of PMS was filled with paraffin, the impregnation process was carried out in a vacuum, and the detailed method of preparation has been described in [START_REF] Xiao | Preparation and thermal characterization of paraffin/metal foam composite phase change material[END_REF]. The cubic pure paraffin with the same size was also employed as test sample for a comparative test. The insulation material (polyurethane foam with 0.02 W/m K) was used to wrap plexiglass container for minimizing heat loss, where the internal dimensions of insulation cavity were based on the external size of plexiglass container. We found that the material of enclosure container had a significant effect on the melting evolvement of PCM by making some test. The relative lower thermal conductivity plexiglass (0.2 W/m K) is recommended rather than quartz glass. Thus, the rectangular enclosure container was made of plexiglass with a thickness of 3 mm. The about 5 mm gap between the top face of PCM and the inner surface of plexiglass was given for considering the volume expansion of paraffin during phase change process. Four small round holes were drilled through the top wall of plexiglass, which was used for releasing the pressure within enclosure container as well as conducive to fixation of wires of thermocouples and heater.

The front face of insulation cavity was removed for about 20 s for tracing snapshot of melting interface at selected time interval. 

Uncertainty analysis

The experimental uncertainty is determined in this section. The uncertainties of experiment are mainly caused by the errors of employed instruments, including the DC power, electric heater, and thermocouples. The uncertainties in DC power (Upower) and electric heater (Uheater) are 1% and 5%, respectively, as offered by manufacturers. The deviation of thermocouple ( T ∆ ) connected with data collection system is 0.5 ± ℃. In addition, heat dissipation through insulation material should be considered for experimental uncertainty. Based on the one-dimensional Fourier law, the heat loss (Qloss) can be evaluated according to the temperature data of thermocouples attached to insulation cavity. The power input (Qinput) supplied by DC power is 6.4 W. The overall uncertainty of experiment can be determined at 6.8% according to the following equation:
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where Tave is the time-averaged surface temperature.

Numerical simulation

Numerical method

The pore-scale numerical simulation is employed to investigate heat transfer mechanism in current study. Fig. 4 presents the schematic diagram of computational domain of PCM infiltrated in PMS, in which numerical models of PCM with and without PMS are reconstructed according to the test sample. In order to accurately simulate the physical problem of experiment, the numerical model considers the configuration of plexiglass container with 3 mm thickness and copper heater with 1 mm thickness. Thus, the computational domain with overall size of 46 mm 46 mm 47 mm × × is established. Meanwhile, the following assumptions are adopted in present numerical simulation: (1) The flow of liquid paraffin in PMS is laminar flow and subjected to the Boussinesq approximation; (2) The thermo-physical properties of metal structure and paraffin are constant, and the volume variation of PCM is neglected; (3) The heat transfer coefficient is assumed to be constant for simulation of heat loss caused by convective heat transfer between insulation material and ambient. 

Heat transfer in composite PCM is complex, and mainly consists of conduction, phase change, and heat convection. The conduction heat transfer in the entire computational region can be defined by:

( )+ T C k T q t ρ ∂ = ∇ ⋅ ∇ ∂ & (3) 
where q & is heat generation rate of heat source (i.e., copper heater).

Momentum equation:

( ) ( )

2 p p p p p m u u u P u g T T Su t ρ ρ µ ρ β ∂ + ⋅∇ = -∇ + ∇ + - + ∂ r r r r r (4) 
where u r is velocity vector of liquid phase PCM.

The momentum term Su r in Eq. ( 4) is used to damp velocity in solid phase domain, where S is given by: ( )

2 mush 3 1 l l f S A c f - = + (5)
where mush

A is a mush zone constant between 10 4 and 10 7 which is recommended in [37], 5 mush = 10 A is selected in the present study [START_REF] Feng | Pore-scale and volume-averaged numerical simulations of melting phase change heat transfer in finned metal foam[END_REF]. c is a small constant set to 0.001 to avoid zero in the denominator. l f is liquid fraction between 0 and 1, which can be determined by:
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Heat transfer in solid and liquid regions of PCM can be governed by: ( )

p l p p p p p p p p T f C C u T k T L t t ρ ρ ρ ∂ ∂ + ⋅∇ = ∇ ⋅ ∇ - ∂ ∂ r (7) 
Heat transfer in metal structure is described as:

( ) s s s s s T c k T t ρ ∂ = ∇ ⋅ ∇ ∂ (8) 
Temperature and heat flux continuity is defined at the interface of PCM and metal structure, as the following equations:

p s T T = (9) p s p s T T k k n n ∂ ∂ = ∂ ∂ (10) 

Initial and boundary conditions

The initial temperature of PCM with and without PMS is measured by thermocouples inserted in sample. The initial temperature is equal to ambient temperature T0 = 20 ℃. The initial conditions can be expressed as follows:

s 0 , p T T T = = 0 ≤ x ≤ 46, 0 ≤ y ≤ 46, 0 ≤ z ≤ 47 (11) 
Although outer surfaces of enclosure container are wrapped by insulation material, the heat loss should be considered in numerical simulation. Thus, outer surfaces of model are set as convective boundary conditions. The boundary conditions for the governing equations are represented by the following equations:
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Where Tw is wall temperature. Convective heat transfer occurs between insulation material and ambient air, in which the heat transfer coefficient can be estimated using empirical correlations [START_REF] Yang | Heat transfer[END_REF]:

( )

1/5 air 1 0.62k h GrPr D = (15) 
( )
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Numerical procedure

The CFD software Fluent 18.0 is used to perform pore-scale numerical calculation. The momentum and energy equations are discretized using second order upwind schemes. PISO algorithm is employed for coupling velocity and pressure field. The PRESTO method is adopted for calculation of pressure term. ICEM CFD 18.0 is used for dividing computational domain of model. The grids of computational domain are generated using a structured hexahedron element. The structured grids can reduce computation time and improve computation accuracy. Details of the meshes of metal structure and paraffin are presented in Fig. 4, where the mesh of plexiglass domain is omitted for clarity. The grid independence test is performed for validating accuracy of numerical calculation. Two different numbers of grids (coarse grid with 3156k cells and fine grids with 6735k cells) are tested. The liquid fraction of composite PCM with different grids is compared, as shown in Fig. 5. It is observed that numerical results of two grids are almost the same and the deviation of results is less than 1%. In order to ensure accuracy of calculation and reduce computational time, the grid of 3156k cells is selected. In addition, power density of copper heater is set as 4e6 W/m 3 in numerical calculation according to power input of experiment. 

Results and discussion

Solid-liquid interface and melting fraction

Fig. 6 presents the experimental and numerical results of the evolution of solid-liquid interface for PCM with and without PMS at the central plane (i.e., the plane of x = 23 mm) at 15 min, 25 min, and 35 min. Fig. 6(a) depicts experimental results of melting interface of pure paraffin. It is observed that melting interface is slightly crooked at 15 min, which indicates that natural convection and heat conduction have comprehensive impact on heat transfer during melting. As the melting progresses, the incline of melting interface of paraffin is more obvious, which indicates the natural convection develops and gradually dominates heat transfer in melting phase change. In the later stage of melting, the curvature of melting interface is very lager, and melting of pure paraffin at the right bottom domain is slow until paraffin becomes completely liquid phase after about 68 min. We can find that numerical results agree well with experimental results, as presented in Fig. 6(b).

The experimental results of melting interface of PCM with PMS are shown in Fig. 6(c). In the early stage of melting, melting interface of composite PCM is parallel to heated wall, which is attributed to that heat conduction plays a significant role in melting heat transfer. As the melting continues, solid-liquid interface remains nearly straight at 25 min, in contrast to the scenario during the melting of pure paraffin. This phenomenon reveals that melting heat transfer within composite PCM is still dominated by heat conduction. The melting interface slightly slopes at the later stage of melting evolution, which represents the natural convection within composite PCM is strengthened and has an effect on melting evolvement of composite PCM until paraffin completely melts after about 42 min. Red in the figure below represents the zone of liquid phase, and blue represents that of solid phase. The transitional color between blue and red stands for the mushy zone, as displayed in Fig. 6(d). It is observed that the numerical results obtained using pore-scale numerical method are in good agreement with experimental results at the same time. To further examine the enhancement in the thermal performance of PCM, the numerically predicted results of liquid fraction of PCM with and without PMS are shown in Fig. 7. At the beginning of melting process, heat accumulates at the domain near heated wall owing to low thermal conductivity of pure paraffin. The temperature close to heated wall quickly reaches melting point and pure paraffin begins to melt. By contrast, the paraffin with PMS begins melting when heated for 500 s, which is attributed to the faster heat transfer within composite PCM owing to high thermal conductivity PMS. Hence, the liquid fraction of paraffin with PMS is smaller than that of pure paraffin before about 1000 s. However, it is noted that the rate of melting of composite PCM is larger than that of pure paraffin in phase change process. Although pure paraffin initially melts sooner than paraffin with PMS, the total melting time of paraffin with PMS is shorter and decreased by 38% compared with paraffin without PCM. The deviation of total melting time obtained between the numerical simulation and experimental measurements is within 2%. For instance, for composite PCM, the numerical result for total melting time is 2555 s and experimental data is 42 min (i.e., 2520 s). The melting process within composite PCM can be divided into three stages: the pre-melting stage, melting stage and post-melting stage. In the pre-melting stage, the temperature is below the melting point of paraffin and the increasing rate of temperature is high. In the melting stage, considerable heat is stored in paraffin by the latent heat, and the temperature rises at a lower rate. When the melting of paraffin is completed (i.e., post-melting stage), the increasing rate of temperature becomes large again. Moreover, it is found that the rate of temperature rise at two monitoring points is almost the same, which is due to the heat is stored by sensible heat at that time. The root mean squared error (RMSE) can be used for measuring the differences between predicted values and experimental data. The RMSE is calculated by ( )

2 1 1 RMSE n i i i y y n = = -

∑

, where i y are the experimental data, and ˆi y are the predicted value.

For current study, the overall RMSE in the temperature is 1.2 ℃, which indicates numerical results exhibit good agreement with experimental data. To better present the thermal performance enhancement of PCM, a comparison of temperature fields of PCM with and without PMS is shown in Fig. 9. It is clearly found from Fig. 9(a) that temperature of liquid paraffin close to heated face remains high, while that of solid paraffin at right bottom part remains constant at the initial temperature of 293K in the whole melting process, which exhibits the temperature non-uniform within pure paraffin. Conversely, temperature field of composite PCM is uniform compared to pure paraffin at the same time, as depicted in Fig. 9(b). This is because heat can be quickly transferred from hot wall to the whole domain of composite PCM through high thermal conductivity metal structure. The numerically precited result indicates the maximum temperature difference of PCM embedded in PMS is decreased by about 81% compared with pure paraffin in phase change process. It can be observed that there is local thermal non-equilibrium between metal structure and paraffin, as presented in Fig. 9(b). To visibly illustrate heat transfer characteristic of composite PCM, Fig. 10 shows temperature variation along two horizontal lines (L1 of y = 23 mm, and L2 of y = 26.3 mm) drawn in Fig. 9(b). It is found that temperature of composite PCM along L1 drops gradually from hot wall to cold wall, which is owing to L1 is located in high thermal conductivity metal ligament, and heat is transferred by heat conduction. However, it can be noticed that temperature variation of composite PCM along L2 exhibits periodic fluctuation, which is caused by the difference in thermal conductivities between PCM and PMS. Furthermore, the local temperature difference T ∆ between metal structure and paraffin is obvious, where this is larger close to heated wall than away from it. 

Comparison of the velocity

To facility better understanding of heat transfer mechanism, the velocity field of pure paraffin and composite PCM is displayed in Fig. 11. Fig. 11(a) depicts the velocity field of pure paraffin on the plane of x = 23 mm. Due to the effect of buoyancy force, liquid paraffin near heated wall flows upward, and ascends to the top part. Then liquid paraffin flows downward along melting interface, which yields a circulating current in the liquid region of paraffin. This reveals that natural convection plays a vital role in melting heat transfer for pure paraffin. It is found that the flow of liquid paraffin is most distinct at 15 min. the velocity of liquid paraffin adjacent to heated wall and melting interface is larger than that of other domain during the melting process. Moreover, it is seen that the maximum velocity within pure paraffin is larger than that within composite PCM, which is due to the larger flow resistance resulted from embedding PMS.

The velocity fields of paraffin with PMS on the planes of x = 26.3 mm and x = 23 mm are illustrated in Figs. 11(b) and 11(c), respectively. It is found that the velocity of liquid paraffin at x = 23 mm is very small during the whole melting process. This is due to the liquid paraffin on this plane is divided into small regions by metal structure, which leads to higher flow resistance. The liquid paraffin forms a faint flow within the cell structure. The velocity of liquid paraffin (x = 26.3 mm) is more obvious compared to the liquid paraffin (x = 23 mm). It is found that velocity of molten paraffin is close to 0 m/s in the initial stage, which demonstrates heat transfer in PCM with PMS is dominated by heat conduction in this period. As the melting continues, flow of liquid paraffin driven by buoyancy gradually develops and its velocity is becoming larger, which indicates that natural convection starts to occur. It can be found that the flow of liquid paraffin can also form a circulating current in the post-melting stage, which represents that natural convection is strengthened, as analyzed in Section 4.1. Furthermore, we can find some small circulating current around the metal struts (denoted by the circle), which can strengthen heat exchange between the metal structure and paraffin. According to the above analysis, it is proved that there is some difference in heat transfer mechanism between pure paraffin and composite PCM. 

Analysis of energy storage

To estimate the thermal storage performance of PCM with and without PMS, we perform the analysis of energy storage rate (i.e., per unit time per mass of PCM stores energy). The energy (E) stored from the beginning of heating to the completion of melting can be calculated by the following equation [START_REF] Zhu | Numerical analysis on the energy storage efficiency of phase change material embedded in finned metal foam with graded porosity[END_REF]:
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where Ep is the energy stored in paraffin, t is the total melting time, and Tp is the average temperature of paraffin.

Based on the numerical simulation and above theoretical calculation, a comparison of energy storage is shown in Table 2. It is found that energy stored in PMC with PMS is smaller than that of PCM without PMS, which can be attributed to the fact that embedding PMS results in a reduction in the mass of paraffin. However, it is seen from results that the energy storage rate of paraffin without PMS is 74.7 J/kg s, and the energy storage rate of paraffin with PMS is 90.3 J/kg s. The energy storage rate thus improves 1.2 times by embedding porous metal structure. 

Effect of metal material

Fig. 12 shows the comparison of liquid fractions of PCM embedded in PMS with four materials. It can be found that the variation tendencies in liquid fraction for composite PCM with different materials are similar, i.e., the liquid fraction of composite is zero in the pre-melting stage, and gradually increases until melting completes. The melting rate of composite PCM is different, where the melting rate of PCM with porous copper structure is the highest among embedding the four materials. It is demonstrated that the material with a high thermal conductivity is better conducive to enhancing the heat transfer performance of PCM, e.g., total melting time of PCM embedding copper structure can be reduced by 42% compared to embedding titanium alloy structure. The liquid fraction of pure paraffin is selected as benchmark, and the enhancement ratio of PCM embedded in four metal materials can be defined by:

(composite) -1 100% paraffin l r l f e f   = ×     ( ) (18) 
To facilitate quantitative comparison of thermal performance enhancement of PCM, the enhancement ratio er in the whole melting process is depicted in Fig. 13. At the beginning of melting, er is negative value for four porous metal materials, which means melting rate of PCM infiltrated in PMS is smaller than that of pure paraffin. This is because heat is more quickly transferred from heated wall to the whole domain of composite through metal ligament, and the temperature of paraffin near heated wall doesn't reach melting point. As time continues, er rises quickly and becomes positive value, which indicates that the rate of melting of PCM with PMS is larger compared to pure paraffin. It is noticed that the effect of embedding aluminum structure and copper structure on the thermal performance enhancement of PCM is significant, in which maximum er for PCM with copper structure can reach 63%. Furthermore, it is found that the er for composite PCM with stainless steel and titanium alloy is small, which reveals the role of embedding low conductivity metal structure in the thermal performance enhancement of PCM is negligible. 

Conclusion

In this paper, the thermal performance enhancement of PCM was experimentally and numerically investigated. Composite PCM was fabricated by embedding a porous aluminum structure in paraffin. The visible experiment was conducted to study thermal performance enhancement of PCM, in which the PMS fabricated by 3D printing was used as heat transfer enhancer. Based on the pore-scale numerical method, the 3D model was developed to further investigate heat transfer characteristics of PCM with and without PMS.

(1) It is demonstrated from experimental and numerical results that embedding PMS can improve the thermal behavior of PCM, e.g., the total melting time of paraffin with PMS is shortened by 38% compared to pure paraffin. Moreover, the temperature field of paraffin with PMS is more uniform, e.g., maximum temperature difference of PCM with PMS can be decreased by about 81% compared to pure paraffin. In addition, it is found that the energy storage rate of PCM with PMS is improved 1.2 times that of pure paraffin. The numerically predicted results are in good agreement with experimental data.

(2) The heat transfer mechanics of paraffin with PMS are different from that of pure paraffin by analyzing the solid-liquid interface and velocity field, e.g., heat conduction plays an important role in the melting process of composite PCM. whereas, the melting heat transfer of pure paraffin is dominated by natural convection during the melting process. In addition, A temperature difference is observed between metal structure and paraffin, and local thermal non-equilibrium near hot wall is more obvious than that away from hot wall. (3) Porous metal structure with different materials has different effects on the thermal performance of composite PCM. It is found that the use of high thermal conductivity PMS can drastically strengthen the thermal behavior of PCM, e.g., the maximum enhancement ratio of PCM with porous copper structure can reach 63%. However, embedding low thermal conductivity PMS has a minor effect on the thermal performance enhancement of PCM.
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 1 Fig. 1. Porous aluminum structure used for thermal performance enhancement

Fig. 2 .

 2 Fig. 2. Schematic illustration of experiment setup A schematic diagram of test section is displayed in Fig. 3. The aluminum structure/paraffin composite PCM with size of 40 mm 40 mm 40 mm × × was used as test sample. Composite
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 3 Fig. 3. Schematic illustration of the test section

Fig. 4 .

 4 Fig. 4. Computational domain and representative mesh of composite PCM with plexiglass enclosureAccording to the above assumptions, the governing equations of numerical model can be written as follows:

Fig. 5 .

 5 Fig. 5. Mesh independence test

Fig. 6 .

 6 Fig. 6. Evolvement of solid-liquid interface (a) pure paraffin (Exp.), (b) pure paraffin (Num.), (c) composite PCM (Exp.) and (d) composite PCM (Num.)

Fig. 7 .

 7 Fig. 7. Comparison of liquid fraction 4.2. Comparison of the temperature Fig. 8 illustrates the comparison of numerical results and experimental data of temperature variation of composite PCM at two measurement points, TC#1 (y = 23 mm, z = 43 mm) and TC#2 (y = 23 mm, z = 23 mm).The melting process within composite PCM can be divided into three stages: the pre-melting stage, melting stage and post-melting stage. In the pre-melting stage, the temperature is below the melting point of paraffin and the increasing rate of temperature is high. In the melting stage, considerable heat is stored in paraffin by the latent heat, and the temperature rises at a lower rate. When the melting of paraffin is completed (i.e., post-melting stage), the increasing rate of temperature becomes large again. Moreover, it is found that the rate of temperature rise at two monitoring points is almost the same, which is due to the heat is stored by sensible heat at that time. The root mean squared error (RMSE) can be used for measuring the differences between predicted values and experimental data. The RMSE is calculated by
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 8 Fig. 8. Comparison of numerical and experimental data for temperature
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 9 Fig. 9. Temperature field of (a) pure paraffin, (b) composite PCM
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 10 Fig. 10. Temperature variation along two horizontal lines

Fig. 11 .

 11 Fig. 11. Velocity fields of (a) pure paraffin, (b) composite PCM (x = 26.3 mm), and (c) composite PCM (x = 23 mm)

Fig. 12 .

 12 Fig. 12. Comparison of liquid fractions of PCM embedded in PMS with four materials

Fig. 13 .

 13 Fig. 13. Comparison of enhancement ratios er of PCM embedded in PMS with different materials

Table 1

 1 Thermo-physical properties[START_REF]Data sheet[END_REF][START_REF] Ji | Simulation on PCM melting enhancement with double-fin length arrangements in a rectangular enclosure induced by natural convection[END_REF] 

	Property	RT42	Aluminum	Copper	Stainless	Titanium
		paraffin	alloy	alloy	steel	alloy
	Specific heat, C ( J/kg K ) Density, ρ ( 3 kg/m )	2000 880/760	940 2670	370 8910	500 8000	560 4430
	Thermal conductivity, k ( W/m K ) Viscosity, µ ( kg/m s )	0.2 0.0235	183	340	15	7.1

Table 2

 2 

	Comparison of energy storage			
	Melting time, t (s)	Energy, E (J)	Energy storage rate (J/Kg s)
	PCM with PMS	2555	11692	90.3
	PCM without PMS	4153	17464	74.7
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