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HEAT TRANSFER MODELLING OF ENCAPSULATED PHASE CHANGE MATERIALS FOR FOOD PACKAGING

Temperature abuses in cold chain can lead to deterioration in food quality and safety. Packaging can play an active role in temperature controlling of perishable products. However, standard materials for product packaging (plastic, cardboard or wood) usually have limited thermal buffering capacity. One possible approach to enhance this capacity and maintain the product at a desired temperature is thermal energy storage by phase change materials -PCM. In the present work, the heat transfer behaviour of a plate made from encapsulated PCM (Rubitherm RT5 encapsulated in polycaprolactone PCL) was studied. The enthalpy method was chosen to model the phase transition of the PCM. The model was validated by experimental cooling and heating processes, under controlled air temperature conditions. The numerical result demonstrated a better thermal capacitance of the encapsulated PCM material compared to a standard one (cardboard).

INTRODUCTION

In recent studies, encapsulated phase change materials (PCM) were developed as novel materials for food packaging because of their improved thermal capacitance. A PCM is a substance that undergoes a phase transition (e.g. fusion/crystallization) at a specific temperature or in a narrow range of temperature. It can have a high enthalpy of phase transition and then is capable of storing and releasing large amounts of energy [START_REF] Rentas | New insulation technology provides next-generation containers for "iceless" and lightweight transport of RBCs at 1 to 10°C in extreme temperatures for over 78 hours[END_REF]. Chilled food products are often stored between 0 and 6°C; therefore, the PCM phase change temperature should be chosen in the temperature range of 4-8°C. The PCM is liquid at room temperature so its handling can become an issue for some applications. To limit its leakage while changing from the solid to the liquid state, the PCM should be contained in some recipient. One solution is to encapsulate the PCM inside a shell material [START_REF] Cheng W.-L | Studies on thermal properties and thermal control effectiveness of a new shape-stabilized phase change material with high thermal conductivity[END_REF] or a nanostructured material (Pérez-Masiá et al., 2013). Among the encapsulation technologies, micro and nanoencapsulation prevent volatile losses, allow a greater dispersion and minimize the amount of non-encapsulated product. Electrospinning technique has been proven to be a suitable method for nanostructured encapsulation. Many compounds, including biomedical substances or functional food ingredients, have been encapsulated in polymeric matrices by means of this method [START_REF] Goldberg | Nanostructured materials for applications in drug delivery and tissue engineering[END_REF][START_REF] López-Rubio | Whey protein capsules obtained through electrospraying for the encapsulation of bioactives[END_REF]. The aim of the present work is to study the heat transfer behaviour of a plate made from nanostructured encapsulated PCM material. The phase transition can be modelled by many methods based on the energy balance equation: tracking of the solid-liquid interface [START_REF] Azzouz | Performance enhancement of a household refrigerator by addition of latent heat storage[END_REF], enthalpy [START_REF] Zhou | Thermal characteristics of shape-stabilized phase change material wallboard with periodical outside temperature waves[END_REF][START_REF] Melone | Phase change material cellulosic composites for the cold storage of perishable products: From material preparation to computational evaluation[END_REF] and apparent heat capacity (Antony Aroul Raj and Velraj, 2011). In this study, the enthalpy method was chosen. This method simplifies the solution of the phase change problem avoiding the explicit tracking of the solid-liquid interface.

MATERIALS AND METHODS

Encapsulated PCM materials

Rubitherm RT5 was selected as PCM material since it has a phase transition around 5ºC, a suitable temperature for chilled food keeping. PCM capsules were made through a high voltage spinning technology known as "electrospinning". The process uses high voltage electric fields to produce electrically charged jets from viscoelastic polymer solutions which on drying, by the evaporation of the solvent, produce micro, submicro (also called ultrathin) or nanostructured polymeric structures. Particular details of the basic setup of our spinning apparatus developed in-house were presented in Torres-Giner et al. (2009). A significant advantage of the technique is the suitable use of biomass-derived materials and of biodegradable polymers as encapsulating elements, with the corresponding environmental benefits. Different biopolymers were tested and finally polycaprolactone (PCL) was selected as the most suitable shell material, since this material was able to encapsulate the biggest amounts of PCM. Different concentrations of polymer and PCM were tested in order to obtain the most efficient encapsulated systems in terms of encapsulation efficiency (defined as the percentage of PCM in the suspension with the polymer that goes into the capsules). The selected fibre mats were put together and lightly pressed using a hot-plate hydraulic press to form 0.5 to 1 cm thickness plates. In this study, a plate of 38% PCM mass fraction was tested. Its characteristics (density, heat capacity, heat conductivity, porosity …) were reported in the Table 1. Heat capacity (Jkg -1 K -1 ) 1755

Heat conductivity (Wm -1 K -1 ) 0.11

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) analyses were performed on a Perkin Elmer DSC 7 (US) under a nitrogen atmosphere using a subambient cooling accessory (Figure 1, DSC at the heat flow rate of 5°C/min). Analysis of a DSC thermogram enables the determination of two important parameters: the phase transition temperature range and the denaturation enthalpy (or phase change enthalpy -∆H). Hysteresis was observed: the crystallization began at a lower temperature (about 4°C) compared to the end of the melting (about 8°C). 

Heat transfer model development

The enthalpy model [START_REF] Zhou | Thermal characteristics of shape-stabilized phase change material wallboard with periodical outside temperature waves[END_REF] was applied to study the heat transfer phenomenon. The y dimension corresponds to the plate thickness: it was assumed that the plate thickness (E) is a lot smaller than its length and width so that the 1D model can be used.
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The enthalpy H is in function of the temperature T as: The plate's properties (density, heat capacity, heat conductivity…) are considered to be spatially homogeneous, i.e. no heterogeneous structure caused by the polymers, PCM and air distribution are considered.
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The initial condition at time t=0 was considered as:
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The convective heat transfer boundary condition was applied at the surface:
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The equation system (eq. 1 to 4) was solved numerically using the finite volume method coupled with the fully implicit finite difference scheme. The spatial and temporal domains were discretized uniformly in M grids (

M i ≤ ≤ 1
) and N time steps ( N n ≤ ≤ 1

) (Figure 3). The discretized equation system takes the following form:
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The 'enthalpy_function' corresponds to eq.2 and the 'inverse_enthalpy_function' is its inverse form.

Figure 3: Schema of the finite volume model with the positions of the thermocouples used for model validation

Note that the system (5) resolves both enthalpy and temperature at each time step. This system is numerically solved by using over relaxation iteration algorithm [START_REF] Zhou | Thermal characteristics of shape-stabilized phase change material wallboard with periodical outside temperature waves[END_REF] with a relaxation factor of 1.5. When the enthalpy difference between two iterations ( )
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the obtained enthalpy and temperature are recorded and the calculation proceeds to the next time step. The spatial grid size is 0.00028 m and the time step is 0.1 s. Further refinement of either space grid and time steps shows no effect on the results.

Experimental validation

Experiments were carried out inside a temperature simulator in order to study the temperature evolution of the plate during heating and cooling process. T-type thermocouples (1 mm diameter, precision ±0.2°C) were inserted in the plate's center and surface to measure its temperature. Air temperature near the plate was also measured. These thermocouples were previously calibrated at 5 different temperatures (-25°C, -15°C, 0°C, +15°C and +25°C).

During the experiments, the air temperature inside the simulator was maintained constant. The convective heat transfer coefficient (around 10 W.m -2 . K -1 ) was measured using an aluminium heating object. Maximum attention was taken to obtain a homogeneous initial temperature for the plate. For heating experiment (plate initial temperature -10°C, air temperature in the simulator 20°C), the plate was kept inside a home freezer at -10°C for at least 12h. For cooling experiment (plate initial temperature 17°C, air temperature in the simulator -10°C), the plate was kept at ambient temperature. When the plate was moved to the simulator, it was packed inside an insulated box. Therefore, the initial center and surface temperatures were almost the same (<0.5°C of difference).

RESULTS AND DICUSSION

Comparison between experimental and numerical results

Figure 4 shows a comparison between experimental and numerical results of the plate's temperature evolution during heating and cooling processes. For both processes, the phase change occurred between -2°C and 10°C and stayed for around 500s, offering a better thermal capacitance for the material in this range of temperature. The hysteresis was observed, the melting began at a higher temperature (2°C) compared to the end of the crystallization (-2°C) which agreed with the DSC results. It can be observed that the model under predicts the surface temperature during the heating process and over predicts the surface temperature during the cooling process. The difference may relate to the precision of the model input parameters (thermal properties, heat transfer coefficient …). The plate center temperature, however, was relatively well predicted (maximum difference < 1.2°C) for both heating and cooling processes. Note: the model developed in this study simulates separately cooling and heating processes because of important hysteresis during thermal cycling (Figure 1). In fact, two different enthalpy functions (eq.2) were developed for each process (heating or cooling).

Thermal capacitance of encapsulated PCM

In order to study the thermal capacitance of the encapsulated PCM material, a numerical simulation was carried out in which the encapsulated PCM plate, initially at 2°C, was submitted to a temperature spike of 20°C during 100 s. The plate temperature evolution was compared to the one of a cardboard plate of the same dimensions; the result was shown in Figure 5. Because of the temperature spike, the PCM temperature increased up to 5°C at the plate's surface and 4°C at the plate's center. The cardboard plate temperature, however, attained 17°C. This result demonstrated the better thermal capacitance of the encapsulated PCM material compared to a standard one. The results showed that this material has a better thermal capacitance between -2°C and 10°C compared to a standard packaging material which can enhance the thermal protection of perishable products. 

NOMENCLATURE

Figure 1 :

 1 Figure 1: DSC result of the encapsulated PCM material

  Figure2shows the enthalpy evolution in function of temperature in which the three states (liquid, phase transition and solid) can be easily identified; the greater change of enthalpy corresponds to the phase change region.

Figure 2 :

 2 Figure 2: Enthalpy in function of temperature

Figure 4 :

 4 Figure 4: Comparison between experimental and numerical results of the temperature evolution of the plate during heating and cooling processes

Figure 5 :

 5 Figure 5: Temperature evolution of nanoencapsulated PCM and cardboard plates during a temperature spike

  

Table 1 -Properties of PCM encapsulated plate

 1 

	(measured or calculated from pure materials properties)
	Mass fraction of RT5	0.38	Source
	Dimensions (m)	0.037 x 0.037 x 0.005	Measured
	Mass (g)	2.68	Measured
	Porosity	0.62	
	Density at 20°C (kgm -3 )	356	
	Density below the crystallization region (kgm -3 )	378	Calculated from the properties of pure
			materials
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