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Airflow and heat transfer via natural convection in an insulated box with Phase Change Material (PCM) were experimentally investigated using Particle Image Velocimetry (PIV) and temperature measurements. The effects of PCM positions (side wall and lid) on flow pattern and temperature distribution were studied under empty and loaded conditions. Two loads were considered to study the obstacle effect and the influence of heat exchange with air. When PCM was either at the side wall or at the lid of the box, laminar flow was observed and the corresponding Rayleigh number was about 10 7 . Upward flow was always observed near the side walls of the box. When PCM was on the side, downward flow occurred along the PCM; in the empty case, flow was almost 2D but became 3D when the load was added. When PCM was on the lid, the air cooled in contact with PCM, detached from it and flowed downwards. In
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 et al., 2017), fruit and vegetables (Zhao et al., 2019), and pharmaceutical products (Robertson et al., 2017). The advantages of insulated boxes with PCM include low investment and operating costs, flexibility in storage temperatures and volumes, and ease of maintenance (Zhao et al., 2020). However, two drawbacks emerge: the temperature in an insulated box is difficult to control, and temperature heterogeneity is often observed, with a low temperature in the vicinity of the PCM and a high temperature further away from the PCM (Laguerre et al., 2008a;[START_REF] Margeirsson | Numerical modelling of temperature fluctuations in superchilled fish loins packaged in expanded polystyrene and stored at dynamic temperature conditions[END_REF][START_REF] Navaranjan | Thermal insulation requirements and new cardboard packaging for chilled seafood exports[END_REF]. This problem can result in the degradation of product quality, for instance chilling/freezing injury (a temperature that is too low leads to cell damage) and pose a safety risk (a temperature that is too high leads to bacterial growth) [START_REF] Laguerre | How to predict product temperature changes during transport in an insulated box equipped with an ice pack: Experimental versus 1-D and 3-D modelling approaches[END_REF]. As reviewed by [START_REF] Leungtongkum | Insulated box and refrigerated equipment with PCM for food preservation: State of the art[END_REF], numerous experimental and numerical studies have been conducted to evaluate the thermal performance of insulated boxes equipped with PCM. [START_REF] Choi | Practical mathematical model to predict the performance of insulating packages[END_REF] developed simplified heat transfer models based on an ice melting test for the estimation of heat flow resistance (R-value) which is a factor generally used to determine the insulation performance of the box. Later, Singh et al. (2008) applied this method and reported the R-values of insulated boxes made of various insulating materials with different wall thicknesses and box dimensions. Various 2D and 3D

Computational Fluid Dynamics (CFD) models of insulated boxes with PCM were developed to study the influences of different factors on the evolution of air/product temperatures [START_REF] Du | Cooling performance of a thermal energy storage-based portable box for cold chain applications[END_REF][START_REF] Laguerre | How to predict product temperature changes during transport in an insulated box equipped with an ice pack: Experimental versus 1-D and 3-D modelling approaches[END_REF][START_REF] Laguerre | Modelling of fish refrigeration using flake ice[END_REF][START_REF] Margeirsson | Numerical modelling of temperature fluctuations in superchilled fish loins packaged in expanded polystyrene and stored at dynamic temperature conditions[END_REF]Paquette et al., 2017;Xiaofeng and Xuelai, 2021). These factors included box characteristics (dimensions, shape of inner corners, types and thicknesses of insulating materials, internal surface emissivity), PCMs (types, mass, and position in a box), products (types, initial temperature, mass, and arrangement in a box), and operating conditions (ambient temperature and transport J o u r n a l P r e -p r o o f duration) [START_REF] Leungtongkum | Insulated box and refrigerated equipment with PCM for food preservation: State of the art[END_REF]. To reduce computational time, analytical and zonal models were also developed as a complementary approach [START_REF] East | A method for quantitative risk assessment of temperature control in insulated boxes[END_REF][START_REF] Laguerre | How to predict product temperature changes during transport in an insulated box equipped with an ice pack: Experimental versus 1-D and 3-D modelling approaches[END_REF][START_REF] Laguerre | Modelling of fish refrigeration using flake ice[END_REF]. These models enable useful information (e.g., PCM melting duration and product temperature change during shipment) to be acquired as a function of the box design and usage conditions. Xiaofeng and Xuelai (2021) developed an insulated box with multiple partitions for delivery of various products, which require different preservation temperatures (ambient, chilled, and frozen temperatures) in the same box. Despite these efforts, there is still no universal optimal condition that can be applied to control the air/product temperatures in an insulated box.

All heat transfer modes can occur simultaneously in an insulated box with PCM: conduction (inside the product, PCM and the walls of the box), natural convection (between air and product/PCM in the box), natural/forced convection (between external air and the box), and radiation (between the walls and product/PCM in the box) [START_REF] Leungtongkum | Insulated box and refrigerated equipment with PCM for food preservation: State of the art[END_REF]. For model simplification, most numerical studies consider heat transfer by conduction, and sometimes also by radiation, while natural convection inside the box tends to be neglected [START_REF] Du | Cooling performance of a thermal energy storage-based portable box for cold chain applications[END_REF]. In fact, all heat transfer modes can be of the same order of magnitude, and natural convection can exert significant impacts, especially on temperature heterogeneity in the insulated box [START_REF] Laguerre | Temperature prediction in domestic refrigerators: Deterministic and stochastic approaches[END_REF].

Natural convection in closed cavities occurs in a wide range of engineering applications and has been extensively studied with both experimental and numerical approaches [START_REF] Miroshnichenko | Turbulent natural convection heat transfer in rectangular enclosures using experimental and numerical approaches: A review[END_REF][START_REF] Pandey | An exhaustive review of studies on natural convection in enclosures with and without internal bodies of various shapes[END_REF]. The configurations commonly studied are air or water in a rectangular cavity of which two opposite (horizontal/vertical) walls are maintained at different constant and uniform temperatures (hot and cold) while the other walls are perfectly insulated (adiabatic). Many studies also introduce porous medium or solid J o u r n a l P r e -p r o o f objects (flat plate, cylinder and sphere) in the cavity to observe their effects on heat transfer and airflow [START_REF] Ataei-Dadavi | Flow and heat transfer measurements in natural convection in coarse-grained porous media[END_REF][START_REF] Lee | Three-dimensional natural convection around an inner circular cylinder located in a cubic enclosure with sinusoidal thermal boundary condition[END_REF]. The knowledge acquired using a cavity filled with porous media can be applied to the case of small products such as cereal grains (ratio between characteristic lengths of product and cavity ≤ 0.02). However, the models are limited in the case of larger products (e.g., meat, fruit and vegetables) where the ratio is much higher (> 0.1) (Laguerre et al., 2008b). Moreover, the configuration of a product-loaded insulated box with PCM is more complex because all walls are subjected to heat loss and the wall equipped with PCM (cold wall) has a non-uniform temperature as PCM melts more rapidly at some positions (Jevnikar and Siddiqui, 2019). Several experimental and numerical studies were conducted to investigate heat transfer and airflow in air-filled cavities with PCM at one wall. [START_REF] Aitlahbib | Numerical study of heat transfer inside a Keeping Warm System (KWS) incorporating phase change material[END_REF] developed a two-dimensional numerical model to evaluate the thermal performance of an insulated container with one vertical wall equipped with PCM, the opposite one kept at higher temperature while other walls were well-insulated. The results demonstrated that the container with PCM wall achieved superior thermal performance than the one without. The same cavity configuration was numerically studied by [START_REF] Labihi | Effect of phase change material wall on natural convection heat transfer inside an air filled enclosure[END_REF].

The effect of volume expansion of the PCM during solidification was considered in the model.

Better predictions were obtained when this effect was taken into account. [START_REF] Moreno | Numerical and experimental study of heat transfer in a cubic cavity with a PCM in a vertical heated wall[END_REF] developed would be useful to suggest the optimal practices for handling insulated boxes used for food transport. The experimental results obtained in this study enable deep knowledge in the exchange phenomena. They will be used to develop CFD and simplified thermal models, which will be presented in the future. These numerical approaches enable the prediction of product temperature change with time at different positions in an insulated box exposed to variable ambient temperatures as in a real shipment.

Materials and methods

Experimental device

J o u r n a l P r e -p r o o f

Two insulated boxes were used. Box A was a commercially manufactured box which was used for the thermal study (temperature measurement by thermocouples). Box B was the same box in which two walls were replaced with triple-glazed windows ensuring almost the same insulation, and it was used for the momentum study (air velocity measurement by a PIV system). As shown in Fig. 1a, the wall structure of Box A is composed of an expanded polystyrene foam layer (thickness: 25 mm, 𝜆 = 0.029 W•m -1 •K -1 ) sandwiched between two polypropylene plastic layers (thickness: 3.5 mm, 𝜆 = 0.12 W•m -1 •K -1 , 𝜀 = 0.97) (Cengel and Ghajar, 2020). The inner gap between the polypropylene layers is 35 mm so that an air layer

(thickness: 5 mm, 𝜆 = 0.025 W•m -1 •K -1
) is also present. The internal dimensions of the box were 310 mm (W) × 500 mm (L) × 300 mm (H), corresponding to about 0.05 m 3 in volume.

Box B had the same dimensions and wall structure, but two vertical walls were replaced by triple-glazed windows. They were composed of three glass layers (𝜆 = 1.4 W•m -1 •K -1 ) each with a thickness of 4 mm and two 10-mm argon gaps (𝜆 = 0.018 W•m -1 •K -1 ), as shown in Fig.

1b. In addition, the panes were coated with a low-emissivity material (𝜀 = 0.03, manufacture data) to avoid the transmission of infrared radiation. In this manner, the overall heat transfer coefficient of the glass wall was almost identical to that of the unmodified commercially manufactured box: To facilitate interpretation of the results, the boxes (for both the thermal and momentum studies)

𝑈 𝑔 ≅ 𝑈 𝑤 = 0.9 W•m -2 •K -1 .
were placed on small supports (with a height of 50 mm) placed on a table (with a height of 700 mm), thereby ensuring homogeneous airflow around the box (including underneath it). The experimental device was placed in a test chamber (dimensions: 340 cm × 340 cm × 250 cm) in which the ambient temperature was controlled at 20.0 ± 1.0°C throughout the experiments. The humidity in the room was not controlled. The relative humidity measured by using a hygrometer (Testo 174H, accuracy ±3%rh) lied in the range of 45-65%, corresponding to the humidity ratio of 0.006-0.009 kg of water vapor/kg dry air.

Thermal study

J o u r n a l P r e -p r o o f

Temperature measurements were performed in Box A using calibrated T-type thermocouples (200 μm diameter, ± 0.2°C accuracy) connected to a data logger (Agilent 34972A). The protocols for the measurements under empty and loaded conditions are described hereafter.

Experimental protocol under empty conditions

The temperature measurements were conducted on a middle plane (x = 250 mm) of the box as shown in Fig. 2a. Twelve thermocouples were installed on a portable stand at intervals varying from 5 mm (near the top and bottom) to 35 mm (mid-height) and were used to measure the air temperatures across the cavity. Another twelve thermocouples were fixed on the surfaces of the box walls and the PCM in order to measure their surface temperatures. Three thermocouples were also installed at three positions inside the PCM.

To establish the temperature profiles, several temperature measurements were carried out by moving the stand from one position to another across the plane. The stand was positioned at a distance of 5 mm from the walls for the initial measurement. The measurement began at least 90 min. after the box closure (steady state had been reached) and lasted for a duration of 5 min.

with recording intervals of 15 s. The box was re-opened in order to move the stand to the next position and then was closed rapidly to limit the effects of external air ingress (total duration of this operation: < 1 min). Then, temperature measurement was undertaken 15 min. after closure (steady state had been reached again). To address the temperature profile in the boundary layer, fine incremental steps of 5 mm were applied for the first five positions near the wall, then coarser incremental steps (up to 50 mm) were used (eighteen y-positions). The temperature at each position was averaged over 5 min. and the reported temperature profiles were based on these average values.

It needs to be emphasized that the phase change process of the PCM is a transient phenomenon and the real steady state never exists. The "pseudo" steady state stipulated in this study indicate J o u r n a l P r e -p r o o f the duration in which the air temperatures at different positions in the cavity were relatively constant. Preliminary experiments showed that "pseudo" steady state was reached after 90 min.

Then, the standard deviations over 3 h of the air temperatures at eight positions in the box never exceeded 0.3°C.

Experimental protocol under loaded conditions

The stack of TYL packs was carefully placed in the center of the box, which corresponded to a loading percentage (including the PCM) of almost 50% by volume. In this case, all air and load temperatures (core and surface) were simultaneously measured throughout the experiment without intermittent openings. Fig. 2b shows the positions of the thermocouples used to measure the air temperatures on the middle (x = 250 mm) and the lateral (x = 15 mm) planes of the box as well as the core and surface temperatures of four TYL packs. Thermocouples were also installed at three positions inside the PCM. Measurements were undertaken 90 min. after the closure of the box and lasted until the PCM was completely melted (i.e. all measured PCM temperatures started to increase). A recording interval of 30 s was set for the experiment. The air and product (core and surface) temperatures at each point were averaged over 200 min.

during which the PCM was melting. These time-averaged values were used to establish the temperature field in the loaded box.

Momentum study

Fig. 3 shows the overall view of experimental setup for the air velocity measurements in the insulated box (Box B) using a PIV system which requires tracer particles (oil smoke in our case) for the measurement. The box was connected to a smoke container using a flexible duct in which four small PCM packs were used to precool the smoke before entering the box. A small fan was used to assist the introduction of precooled smoke (~10°C) into the box and its flow rate was controlled by a valve on the connecting duct.

J o u r n a l P r e -p r o o f

PIV system

A 2D-PIV system (LaVision, FlowMaster 2D) was used to visualize the flow pattern and to measure air velocity in the box. The system is composed of three main components: a doublepulsed Nd:YLF laser (527 nm wavelength, 10 mJ pulse energy), a high-speed 12-bit CMOS video camera (Photron, FASTCAM SA3; 1024 ×1024 pixels in resolution) mounted with a lens (Sigma; 105 mm, f/1:2.8), and a programmable timing unit (PTU-X) for the synchronization of the device. For light scattering, a smoke machine (Antari, F-80Z) was used to generate oil particles (Levenly, Smoke Standard; mean diameter of 0.3 μm). Image acquisition and postprocessing were performed using DaVis 10.2 interfaced software. The camera and the laser were installed on a three-dimensional displacement system (displacement precision ± 1 mm)

and aligned in such a manner that the field of the camera view was perpendicular to the light sheet (thickness of 1 mm).

Image acquisition

The PIV measurements under both unloaded and loaded conditions were performed on the same plane as the temperature measurement under loaded conditions: the middle plane (x = 250 mm) and the lateral plane (x = 15 mm). Based on the image calibration using a ruler and the DaVis software, the magnification factor of 0.113 mm/pixel was determined and it corresponded to an image size of approximately 115 mm × 115 mm. For each measurement plane, several measured windows with a partial overlap between them were used to cover the entire area of the plane.

Fig. 4 shows the position and its corresponding number of measured windows on the measurement plane for different experimental conditions (unloaded/loaded and PCM on the side/lid). The position of the measured windows was changed by using a displacement system.

For each measured window, 500 pairs of images were recorded every 20 ms with a time interval (∆𝑡) between two paired images (two pulsed laser illuminations) of 900 μs, and the total J o u r n a l P r e -p r o o f measurement duration was 10 s. Based on the preliminary experiment, the measurement duration should not exceed 10 s to avoid heat generation by the laser which caused an increase in wall temperature, thereby affecting airflow. This time interval was considered as an optimal value for a velocity estimation in our case, because it allowed a mean particle displacement of less than a quarter of the smallest width of interrogation window [START_REF] Keane | Theory of cross-correlation analysis of PIV images[END_REF].

Image post-processing

A multi-pass correlation algorithm was used to process instantaneous vector calculation. The cross-correlation between individual paired images was performed with decreasing interrogation window sizes: 64 × 64 pixels with 50% overlap for the first passes and 32 × 32 pixels with 75% overlap for the final passes. Given the interrogation dimensions of the final pass, the spatial resolution of the vector field (distance between two vectors) was 8 pixels (about 0.9 mm) in both vertical and horizontal directions. After 500 instantaneous vector fields were obtained, the mean velocity field (𝑣: 2D velocity magnitude) was then calculated as follows

𝑣 = 1 𝑁 ∑ √𝑣 𝑦,𝑖 2 + 𝑣 𝑧,𝑖 2 𝑁 𝑖=1 (1)
where 𝑁 is the total number of measured windows (𝑁 = 500 in our case), 𝑣 𝑦 and 𝑣 𝑧 are the horizontal and vertical velocity components expressed in m•s -1 , respectively.

The mean velocity fields of all measured windows were then connected to establish the velocity field of the entire measurement plane. It should be emphasized that the out-of-plane regions and the regions near high reflection surfaces in the images (e.g. the surfaces of PCM, wall, and load) were deleted and excluded prior to the vector calculation.

The DaVis software uses the correlation statistics method (a-posteriori approach) to quantify the uncertainty of the PIV measurement. Based on the statistical analysis (Wieneke, 2015), the J o u r n a l P r e -p r o o f uncertainty of the mean air velocity reported in this study was less than 5% for 𝑣 > 0.04 m•s -1 and less than 10% for 0.02 < 𝑣 < 0.04 m•s -1 .

Experimental protocol

Air velocity measurements were carried out under steady state conditions which were achieved 90 min. after the PCM was introduced into the box. At steady state, the precooled smoke was introduced into the box until its concentration was sufficient. To ensure flow stabilization, the PIV measurement was performed about 30 min. after the smoke introduction. Nine and five measured windows of 500 paired images were captured for the experiments under empty and loaded conditions, respectively. Table 2 summarizes all experimental conditions for the temperature and the velocity measurements.

Results and discussion

Air velocity and temperature profiles under the empty condition

The experiment was firstly performed under empty conditions to gain an understanding of underlying momentum and energy transport phenomena inside the insulated box equipped with PCM. The influence of PCM positions (side wall and lid) on these phenomena were investigated and the results are presented as follows.

PCM on a side wall of the box

When the frozen PCM was placed on a side wall of the box, the apparent width (𝑊′) of the box was reduced to 260 mm and accordingly the aspect ratio (𝐴 = 𝐻 𝑊′ ⁄ ) of the box was about 1.15. Based on the temperature difference between the inner surfaces of the PCM and the walls (∆𝑇 = 𝑇 ℎ -𝑇 𝑐 = 7.9°C), the Rayleigh (𝑅𝑎) number based on the box height as defined in Eq.

J o u r n a l P r e -p r o o f 2 was approximately 2.8×10 7 . Thus, the air flow in the box was in the laminar regime (< 10 9 ) (Saury et al., 2011).

𝑅𝑎 = 𝐺𝑟 • 𝑃𝑟 = 𝑔𝛽(𝑇 ℎ -𝑇 𝑐 )𝐻 3 𝜐 2 • 𝑐 𝑝 𝜇  (2)
The thermal properties of air were calculated at the mean air temperature in the box (𝑇 𝑚𝑒𝑎𝑛 = 7.7°C) by using the correlations proposed by [START_REF] Mcquillan | Properties of dry air at one atmosphere, Microelectronics Heat Transfer Lab[END_REF]. The calculated values are summarized in Table 3.

Fig. 5 shows the air velocity profiles on the middle (x = 250 mm) and the lateral (x = 15 mm) planes of the box equipped with the PCM on the side wall. For comparison purposes, the color scale was limited to 0.13 m•s -1 over which the maximum value recorded among all experimental conditions never exceeded. Large (red) arrows were drawn over the velocity field in order to provide better visualization of flow patterns represented by velocity vectors originally generated from the PIV software.

As shown in Fig. 5a, the airflow on the middle plane exhibits a flow pattern similar to the simple case, largely documented in the literature, of a rectangular cavity with opposite isothermally hot and cold vertical walls and well-insulated horizontal walls [START_REF] Lee | Three-dimensional natural convection of air in an inclined cubic cavity[END_REF]:

upward and downward flow streams adjacent to the vertical surfaces of the side wall and the PCM, respectively. These flow streams moved horizontally along the bottom and the top walls, respectively, thus forming a recirculation cell. However, due to the technical limitations of the experimental device, the visible height was limited to z = 260 mm; thus, the complete flow recirculating cell could not be visualized in our study (dashed-line arrow in Fig. 5a).

A secondary flow was also detected (see arrow A on Fig. 5a): the air at a distance of about 30 mm from the box wall changes its direction from upward to downward and flows toward the cold wall. This could result from the heat transfer through the bottom wall of the box. The J o u r n a l P r e -p r o o f airflow near the 'warm' bottom wall has a slightly ascending slope (this is not the case for an adiabatic bottom wall). The air located about 30 mm from the walls is entrained by the main recirculation flow, but it is relatively colder than the air nearer to the wall; thus, at a given point, its trajectory leaves the main cell and becomes downwards.

As illustrated in Fig. 5a decrease, conceivably because the flow 'turned' at the corner. The flow pattern on the lateral plane (Fig. 5b) was almost identical to that on the middle plane, but the maximal velocity magnitude was higher (0.12 m•s -1 ). Note that the velocity field on the lateral plane (x = 15 mm) was extended to the region of the PCM because the PCM was symmetrically placed in the box, thereby allowing the PIV measurement in the gap between the lateral wall and the PCM (x > 20 mm).

On both planes, there is a zone of stagnant air in the core region of the box. However, this region on the lateral plane was smaller than that on the middle plane. Three-dimensional flow due to additional heat gain through the side wall could explain this difference. 

PCM on the lid of the box

The apparent height was 𝐻' = 250 mm; thus, the aspect ratio of the box with PCM on the lid (𝐴 = 𝐻'/𝑊) was about 0.81 and the 𝑅𝑎 number was 2.4×10 7 (Δ𝑇 = 6.8°C). As in the case of PCM on the side wall, the airflow was laminar. The values of thermal properties of air are summarized in Table 3 (𝑇 𝑚𝑒𝑎𝑛 = 6.2°C).

Fig. 7 shows the air velocity profiles on the middle (x = 250 mm) and the lateral (x = 15 mm) planes of the box with PCM on the lid. It was found from Fig. 7a that there were two almost symmetric, counterrotating air-flow cells. This result qualitatively agrees with the numerical solution obtained by [START_REF] Corcione | Effects of the thermal boundary conditions at the sidewalls upon natural convection in rectangular enclosures heated from below and cooled from above[END_REF] who also observed such a two-cell flow pattern in a rectangular cavity with one cold top wall, one hot bottom wall and two hot side walls (𝐴 = 0.5 and 𝑅𝑎 = 10 6 in his study). As shown in Fig. 7a', the positive vertical velocity components were detected along the side walls (y < 50 mm and y > 260 mm) while the negative ones were mostly in the core region. On the middle plane, the absolute values of the vertical velocity components never exceeded 0.08 m•s -1 . The upward flow along the side walls was induced by the relatively high air temperature in these regions as a result of heat conduction through the box walls. Accordingly, these flow streams converged on the top where air was cooled down via the PCM. Becoming heavier, the air then flowed downward in the center region.

J o u r n a l P r e -p r o o f

Near the lateral wall (x = 15 mm, Fig. 7b andb'), the flow is almost everywhere upwards as is the case near the side wall (𝑣 𝑧 > 0 for y = 15 mm in Fig. 7a'). In fact, one would expect a similar 2D cell flow pattern in x-z plane (𝑦 = 𝑊/2) as that observed in the y-z plane (𝑥 = 𝐿/2, Fig. 7a). Overall, air flows upwards along the lateral and side walls, whereas it flows downward in the central region (3D flow). Near the corners (junction of lateral and side walls e.g. x = 15 mm, y = 15 mm) the heat flow by conduction through the walls is the highest, and this explains why the vertical velocity is also the highest in these positions: 0.12 m•s -1 .

It should be borne in mind that the presented velocity fields are time-averaged over 10 s and are composed of 9 windows recorded at different times (typically at 2 min. intervals taking into account the time needed to move the camera and save the recorded data). Direct observation of smoke in the middle plane showed that the flow was not stable (it was unsteady) in the central region: the downward flow oscillated in the y direction. This explains why the velocity observed in Fig. 7a is not strictly symmetric and that there are some 'jumps' between the 3 parts (3 windows in the y direction) of the profiles in Fig. 7a'. This type of instability has been observed also for free convection in domestic refrigerators [START_REF] Laguerre | Experimental study of heat transfer by natural convection in a closed cavity: application in a domestic refrigerator[END_REF].

Fig. 8 shows the air temperature field on the middle plane of the box. As expected, the cold region was in the center where downward flow was observed, while the warm region was near the side walls where upward flow was observed. The maximum air temperature was about 9°C near the top of the side walls and the minimum air temperature was observed just below the PCM (top of central region); the surface of the PCM container was at a temperature of around 1-2°C.

Comparison between PCM on the lid or on the side

In comparison with the case of PCM on the side wall, the box with PCM on the lid exhibited a lower maximal temperature: 9.3°C (lid)/10.5°C (side). This high temperature was observed near J o u r n a l P r e -p r o o f the walls. In fact, the product should not touch the walls and should even be placed outside the boundary layers whose thickness was around 30 mm. If we exclude the boundary layer zone, the mean temperature (in the middle plane) was lower for PCM on the lid: 𝑇 𝑚𝑒𝑎𝑛 = 6.2°C (lid) and 7.7°C (side) and the temperature distribution was also more homogeneous for PCM on the lid: 𝑇 𝑚𝑎𝑥 -𝑇 𝑚𝑖𝑛 = 1.7°C (lid) and 2.7°C (side).

As mentioned previously, flow fluctuations were visually observed in the central region where the PCM was placed on the lid. To a lesser extent, fluctuations were also observed near the bottom of the PCM when it was placed on the (right) side. Fig. 9 presents the instantaneous velocity evolution during 10 s at two positions (near the center and near the bottom/right corner). This confirms that the airflow was more stable in the case of PCM on the side. Velocity variations of up to 0.10 m•s -1 were detected at the center of the box with PCM on the lid (Fig. 9b).

The convective heat transfer coefficients can be estimated from the measured temperature profiles. Very near to the wall, the air velocity is close to zero. So, the heat flux (W•m -²) along y-direction can be given by

𝜆 𝑎 𝜕𝑇 𝜕𝑦 = ℎ 𝑧 (𝑇 𝑤 -𝑇 ∞ ) (3) 
where 𝑇 𝑤 and 𝑇 ∞ are the temperatures of the wall and the air outside the boundary layer (free stream), respectively, 𝜆 𝑎 is the thermal conductivity of the air, and ℎ 𝑧 is the local convective heat transfer coefficient at a given height (z) which can be approximately estimated from

ℎ 𝑧 = 𝜆 𝑎 (𝜕𝑇 𝜕𝑦 ⁄ ) 𝑇 𝑤 -𝑇 ∞ (4)
For example, when the PCM was at the side wall, at the mid height (z = 160 mm), the temperature at the PCM wall, at 5 mm from the wall and outside the boundary layer were 0.8°C, 5.5°C and 7.2°C, respectively. The slopes (𝜕𝑇 𝜕𝑦 ⁄ ) of the tangent line to the temperature profile near the PCM wall was thus approximately 1°C/mm. Accordingly, the local convective heat transfer coefficient at PCM wall could be estimated around 4 W•m -2 •K -1 . In the same way, the J o u r n a l P r e -p r o o f

heat transfer coefficient at the vertical internal box walls (warm walls) could be estimated between 2 and 3 W•m -2 •K -1 . It is to emphasize that the temperature fields were measured only during the 'pseudo' steady state period during which the air temperature was almost invariant with time. Therefore, the estimation of ℎ 𝑧 was given for this period only.

Despite low heat transfer coefficients, convection cannot be neglected compared to conduction in air because the maximum air velocities observed in the box were around 0.1 m•s -1 , corresponding to the Peclet number (𝑃𝑒) of more than 100.

The Peclet number (𝑃𝑒) is defined as

𝑃𝑒 = 𝑣 𝑎 𝐿 𝑐 𝛼 𝑎 (5)
For the empty box, the value was approximately 1500, given that the characteristic length (𝐿 𝑐 ) was 0.3 m (height of the box), the air velocity (𝑣 𝑎 ) was 0.1 m•s -1 , and the air thermal diffusivity (𝛼 𝑎 ) was about 2×10 -5 m 2 •s -1 .

Air velocity and temperature profiles under loaded conditions

The experiments were performed under loaded conditions. The experiment was firstly conducted with inert blocks (XPS) that made it possible to study the obstacle-effect alone on the flow pattern. Then, an experiment with the test packs (TYL) was performed to study both the obstacle-effect and the influence of heat exchange with air. Due to the presence of the obstacles, the light sheet was restricted; thus, the velocity field behind the load was not available.

PCM on the side wall of the box

As shown in Fig. 10, the airflow in the loaded box, regardless of obstacle types, exhibited similarities with that in the empty box: upward and downward flow streams close to the vertical J o u r n a l P r e -p r o o f surfaces of the side wall and the PCM, respectively. However, under loaded conditions, the upward flow on the middle plane did not result from a two-dimensional recirculation cell (located in this plane) but instead from a three-dimensional flow pattern as illustrated in Fig.

11.

At State 1, the air flowed downward (-z direction) in the space between the PCM and the load. Once approaching the bottom wall (State 2), the air flowed rather horizontally (+/-x direction) toward the lateral walls of the box. At the edge of the load (State 3), the air turned and flowed between the lateral wall and the load (-y direction). This is confirmed in Figs. 10b and 10d (lateral plane, x = 15 mm) where a strong flow from the right to the left was observed in the bottom region. When it reached the bottom of the side wall (State 4), the air moved both horizontally to occupy the entire gap between the side wall and the load and upwards because it became warmer and warmer (heat exchange with the walls). Finally, starting from State 5, it recirculated to the PCM.

The velocity fields obtained with inert blocks (XPS) and with test products (TYL) were very similar. This is because thermal steady state was practically reached in both cases (the test products were introduced practically at the equilibrium temperature and the measurement began after 2 h). In this manner, thermal inertia became negligible. For XPS (with very low thermal conductivity) the air temperature was expected to be relatively homogeneous in the gaps between the load and the lateral wall or the PCM. For TYL, due to conduction, the load surface temperature was lower than the air temperature in the wall-side gap but higher in the PCM-side gap (as shown hereafter in Fig. 12a). This could diminish free convection, but the results showed a minor effect (𝑃𝑒 ~150, 𝐿 𝑐 (gap) = 30 mm). This means that (steady state) flow characterization can be carried out with inert blocks (XPS), which is much simpler. Certainly, if warm products were introduced in the box initially, the flow pattern would have been substantially altered.

J o u r n a l P r e -p r o o f Fig. 12 shows the temperature field on the middle (x = 250 mm) and the lateral (x = 15 mm) planes of the box with PCM on the side wall and TYL load. The temperature field was coherent with the flow pattern: air was cooled down along the PCM and warmed up along all the box walls. It is obvious that the cold air near the PCM resulted in relatively low load temperatures on this (right) side. Conversely, the warmer air near the wall resulted in relatively high load temperatures on the opposite (left) side. Conduction in the load was not sufficient to homogenize the load temperature. The highest load temperature, 7.8°C, was reached near the side wall (opposite the PCM location). The average load temperature was 6.0°C and the maximum difference was 3.9°C. Air temperature stratification was observed on the lateral plane of the box (Fig. 12b).

PCM on the lid of the box

A complex flow pattern was observed in the loaded box with PCM on the lid as shown in Fig.

13.

On the middle plane (x = 250 mm, Figs. 13a and13c), regardless of load types, cold air coming from the top (near the PCM) flowed downward in the center of the (left) gap between the side wall and the load. Then, air flowed upwards along the side wall and the load surface.

An explanation for the upward flow along the side wall is that the air near this wall is warmed up by conduction through the wall (as in the empty case). The flow direction along the load surface is logically upwards if the surface temperature is higher than the average air temperature in the gap. This was the case for the XPS load because radiation from the wall to the load surface tended to increase the load surface temperature. For the TYL, in addition to radiation, conduction also occurred inside the load. This could explain why upward flow occurred all along the XPS load but occurred only along the upper part of the TYL load. This difference appeared also on the lateral plane (x = 15 mm): there were more upward flow regions in the This is related to the non-linear term in the flow equations (Navier-Stokes) which is responsible for a break in symmetry (even before turbulence). This dissymmetry was also confirmed by Dissymmetry was also observed: the right gap had a lower average air temperature than the left gap which in turn affected the load temperature. This also seemed to be due to a stronger cold air stream from the PCM toward the right gap (see the red arrow in Fig. 14). For temperature measurements, the dissymmetry cannot be imputed to a difference in insulation (Box A was J o u r n a l P r e -p r o o f used). This configuration did not allow stratification since the cold PCM container was placed at the top.

In the case of PCM on the lid, the highest load temperature, 7.3°C (7.8°C for PCM on the side) was reached near the bottom (opposite the PCM location). The average load temperature was 5.7°C (6.0°C for PCM on the side), and the maximum difference was 3.0°C (3.9°C for PCM on the side). So, there was little apparent difference between the two configurations. These findings suggested that the PCM can be placed either at the side wall or at the lid without compromising the quality and safety of food products if spaces between the PCM and the load and between the side walls and the load are reserved. According to our estimation, the insulated box with ice as a PCM is feasible for the transport of food products in the temperature range of 4-8°C for about 10 h. The experimental results obtained by this study will be used for the development of CFD and simplified thermal models to predict product temperature evolution along a logistic chain. This evolution makes possible the prediction of product quality thanks to a relation with the product temperature. In this manner, the product shelf life under different logistic scenarios can be predicted. The thermal and quality modelling would help the supply chain management to optimize the logistic conditions to reduce food loss and waste.

Conclusions

The present study was carried out to characterize the airflow and the heat transfer due to natural convection in an insulated box equipped with PCM by using PIV technique and temperature measurement. The influence of the PCM position on the flow pattern and temperature distribution was investigated. The study was conducted in a progressively more complex manner: empty, loaded with extruded polystyrene (low conductivity and almost no thermal inertia), and loaded with tylose (thermal properties close to those of food). The key findings are summarized as follows:

J o u r n a l P r e -p r o o f

Whatever the configuration, the highest observed air velocities were around 0.1 m•s -1 ; therefore, convection cannot be neglected compared to conduction in air (Peclet number > 100).

Numerical simulations with either CFD or simplified models should include free convection.

When the PCM is on the side wall, the flow pattern is simple to predict. Air flows downwards along the PCM surface and upwards along the side walls. In the empty case, the flow pattern can be approximated by a 2D recirculation cell, but the presence of the load leads to a 3D flow pattern. When the PCM is on the lid, after cooling down in contact with the PCM, a cold air stream detaches from the PCM surface and flows downwards. This cold air stream is unstable in the empty case and shows preferential pathways (symmetry breaking) in the loaded case. The flow pattern is less predictable.

In all cases, after cooling down near the PCM, the air temperature increases progressively along the trajectories until returning close to the PCM. The product surface temperatures are close to the temperature of the adjacent air. At steady state, conduction in the load has a minor effect on the flow pattern which can be approximated by replacing the real load with an obstacle of low conductivity.

From a practical point of view, it is recommended to leave a space between the PCM and the load (to promote free convection) and between the side walls and the load (to allow evacuation of heat from the ambient via conduction through the walls). The gap should be at least of the order of the boundary layer thicknesses: 2-3 cm. Further experiments without such gaps would be useful.

At thermal steady state, there was no significant difference in terms of maximum product temperature and heterogeneity between the PCM on the lid or at the side. The study showed the coldest and warmest zones in both cases, suggesting the best location for products that are sensitive to bacterial growth or chilling injury.

J o u r n a l P r e -p r o o f J o u r n a l P r e -p r o o f J o u r n a l P r e -p r o o f • Effect of PCM positions on flow and temperature fields was investigated.

• The highest observed air velocities in the box were around 0.1 m•s -1 .

• PCM position exerted no significant effect on maximum product temperature.

• Gaps should be left between the product and the box walls or PCM.

J o u r n a l P r e -p r o o f
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  a transient 2D-CFD model to describe the airflow and the heat transfer in an airfilled cavity with a PCM wall. The numerical results revealed flow patterns similar to ones observed in experiment during melting process. The temperature stratification was intensified after the liquid fraction of the PCM started to predominate (> 50%).[START_REF] Orozco | The effect of a segmented wall filled with Phase Change Material on heat transfer and airflow in a closed cavity[END_REF] further performed a numerical study with the same cavity configuration but this time the PCM wall was segmented into small volumes. The results showed that the segmentation of the PCM wall had no significant effect on the flow patterns and the temperature distributions in the air-filled cavity. Both flow topology and temperature stratification in the cavity with the segmented PCM J o u r n a l P r e -p r o o f wall were similar to those in the cavity with the non-segmented PCM wall. However, for the same requirement of thermal retention duration, the amount of the PCM could be reduced by dividing the PCM container into segments. These mentioned studies essentially dedicated to the use of PCM to enhance the energy efficiency of buildings. Only the temperature measurements were used for the model validation (no air velocity measurement). To our best knowledge, no experimental studies combining temperature and air velocity measurements inside an empty and loaded insulated box with PCM have been conducted. The present study attempted to bridge this research gap. The objective was to investigate experimentally the airflow and heat transfer due to natural convection in an insulated box with PCM. The influence of the PCM position and that of the presence of a load on flow patterns and temperature distribution in the insulated box were examined in the study. A non-intrusive technique, Particle Image Velocimetry (PIV), was implemented to characterize the air velocity field. The originality of this study lies in a) the implementation of PIV measurement for low air velocity and b) the analysis of both velocity and temperature fields in different configurations of an insulated box with PCM under a real use condition of food transport i.e., all walls of the box subjected to heat losses and the presence of loads in the box. The obtained knowledge

  ', the vertical velocity component (𝑣 𝑧 ) near the box wall tended to increase from bottom to mid-height (z = 120 mm) reaching almost 0.09 m•s -1 . Beyond this height (z > 120 mm), the velocity started to decease. A similar trend was observed near the PCM, but in the opposite manner. The vertical velocity component (|𝑣 𝑧 |) steadily increased from the top until roughly z = 90 mm reaching almost 0.08 m•s -1 , then the velocity began to

Fig. 6a shows

  Fig.6ashows the air temperature field on the middle plane (x = 250 mm) of the box with PCM

J

  o u r n a l P r e -p r o o f case of the XPS load. However, the easier experiments with the XPS load gave a good approximation of the flow pattern in the presence of load in the box.Due to the limitations of the PIV technique, velocity measurement was not possible in the (right) gap. A similar flow pattern could be expected due to symmetry. However, in fact, flow was not symmetrical above the load: it seemed that a stronger cold air stream flowed down in the right gap than in the left gap. Such dissymmetry was already observed in the empty case (PCM on the lid) where instability was induced by oscillations of downward flow. It seemed that in the loaded case, the flow 'chose' one or another preferential pathway (through the left or right gap).

Figs. 13b

 13b Figs. 13b and 13d (lateral plane, x =15 mm) where flow from the right to the left was observed

Fig. 14

 14 Fig. 14 presents the temperature field on the middle (x = 250 mm) and the lateral (x = 15 mm)

  XPS is a stack of four extruded polystyrene blocks (block dimensions = 200 mm × 400 mm × 50 mm); TYL is a stack of 16 Tylose packs (pack dimensions = 200 mm × 100 mm × 50 mm); the window number is referred to that in Fig.4.
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 1 Fig. 1 Insulated boxes: (a) commercially manufactured box for temperature measurement

Fig. 2

 2 Fig. 2 Diagram showing the experimental setup for temperature measurement for PCM
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 3 Fig. 3 Diagram (a) and photograph (b) showing the PIV setup.
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 4 Fig. 4 Position of measured windows for the PIV measurement: (a) empty box/PCM on the
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 5 Fig. 5 Air velocity fields on (a) the middle (x = 250 mm) and (b) the lateral (x = 15 mm)

Fig. 6

 6 Fig. 6 (a) Air temperature field on the middle plane (x = 250 mm) of the box with PCM on
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 7 Fig. 7 Air velocity fields at (a) the middle (x = 250 mm) and (b) the lateral (x = 25 mm)
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 8 Fig. 8 Air temperature field on the middle plane (x = 250 mm) of the box with PCM on the
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  Fig. Air velocity fields at (a and c) the middle (x = 250 mm) and (b and d) the lateral (x

Fig.

  Fig. Illustration of three-dimentional flow in a box with PCM on the side wall. Numbers
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 12 Fig. 12 Air temperature field on (a) the middle (x = 250 mm) and (b) the lateral (x = 15

Fig. 13

 13 Fig. 13 Air velocity fields on (a and c) the middle (x = 250 mm) and (b and d) the lateral (x

Fig. 14

 14 Fig. 14 Air temperature field on (a) the middle (x = 250 mm) and (b) the lateral (x = 15
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Table 1

 1 Thermophysical properties of materials used in the study

	Material	Density [kg•m -3 ]	Specific heat [J•kg -1 •°C -1 ]	Thermal [W•m -1 •K -1 ] conductivity	Reference
	Extruded polystyrene	35	1210	0.029	Cengel and Ghajar (2020)
	Polypropylene	910	1925	0.120	Cengel and Ghajar (2020)
	Tylose	1070	3372	0.510	Icier and Ilicali (2005)
	Water (liquid)	1000	4217	0.561	Cengel and Ghajar (2020)
	Water (solid)	920	2040	1.880	Cengel and Ghajar (2020)

Table 2

 2 Experimental conditions for thermal (temperature measurement) and momentum (air velocity measurement) studies.

Table 3

 3 Thermophysical properties* of air used for the 𝑅𝑎 estimation. calculated at the average air temperature (𝑇 𝑎 ) from the correlations proposed by[START_REF] Mcquillan | Properties of dry air at one atmosphere, Microelectronics Heat Transfer Lab[END_REF] 

	Parameter	Unit	𝑇 𝑎 = 6.2°C	Value	𝑇 𝑎 = 7.7°C
	𝜌	kg•m -3	1.264		1.258
	𝜐	m 2 •s -1	1.387×10 -5		1.400×10 -5
	𝑐 𝑝	J•kg -1 •°C -1	1006		1006
	𝜆	W•m -1 •K -1	0.0245		0.0247
	𝛽	K -1	0.0036		0.0036

*
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Further studies are planned in order to compare these results with CFD simulations and to develop a simplified model that enables prediction of temperature evolution (at different locations) as a function of the box, the product and PCM properties, along with ambient temperature changes.
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