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Electric cars are limited by the performances of Li-ion batteries. Usually, air or coolant circulation systems are employed as battery thermal management systems. The disadvantages of those systems are their complex implementation, their cost and the phantom electric load. Phase change materials (PCMs), represent a promising solution to achieve passive thermal management. The challenge of this solution is to quickly release the thermal energy stored in the PCMs. A solution proposed is the incorporation of an additional system to discharge the PCM. This hybrid system is presented in this paper.

Introduction

The market development of electric cars is viewed as a key asset to deal with global warming and to decrease car pollution [START_REF] Ferrero | Impact of the electric vehicles on the air pollution from a highway[END_REF]. The performances of the car and specifically of the battery system are currently limited compared to the internal combustion engine car. Electrochemical batteries are expensive and have a lower autonomy and a shorter lifespan. In addition, the time needed to recharge a battery is longer than to fill up at the gas pump. The most promising battery for electric vehicles application is the Li-ion battery as it is the one that can permit a larger capacity, a greater autonomy and a longer lifespan [START_REF] Al-Hallaj | Passive thermal management using phase change material (PCM) for EV and HEV Li-ion batteries[END_REF]. Lithium ion batteries can overheat during charge or discharge when the intensity or the ambient temperatures are too high. Inside a battery pack, there can be a non-uniform temperature distribution. This can result in a localized deterioration and will eventually lead to a general deterioration of the entire pack. Therefore, in the case of Li-ion batteries it is important to keep the temperature under a given value and to have a uniform temperature field [START_REF] Zhang | Status and development of electric vehicle integrated thermal management from BTM to HVAC[END_REF]. The optimal temperature range is between 15 and 35°C. If the temperature goes under 15°C, there is a diminution of the battery capacity and of its performances. If the temperature goes over 35°C, there will be irreversible reactions which will lead to a diminution of the battery lifespan. Battery thermal management, as air or coolant circulation systems, is necessary for this type of batteries [START_REF] Zhang | Status and development of electric vehicle integrated thermal management from BTM to HVAC[END_REF]. The main issues with these systems are their complex implementation, their cost, their lack of reliability and most of all, the fact that they constantly use electricity to ensure the thermal management of the battery even when the car is parked. Latent heat thermal energy storage (LHTES) through the use of phase change materials (PCMs), represents a way to achieve passive thermal management. PCMs could be cheaper and easier to operate. They can ensure a better autonomy and a better lifespan of the battery by ensuring the battery temperature stays in the desired optimal range [START_REF] Khateeb | Design and simulation of a lithiumion battery with a phase change material thermal management system for an electric scooter[END_REF]. Several studies ([4], [START_REF] Hémery | Experimental performances of a battery thermal management system using a phase change material[END_REF], [START_REF] Ling | Experimental and numerical investigation of the application of phase change materials in a simulative power batteries thermal management system[END_REF], [START_REF] Babapoor | Thermal management of a Li-ion battery using carbon fiber-PCM composites[END_REF]) have been conducted on the integration of PCMs to ensure the thermal management of Li-ion batteries. One of the key issues raised by those studies is the difficulty to release the thermal energy stored in the PCMs before the application of the next thermal load [START_REF] Mills | Simulation of passive thermal management system for lithium-ion battery packs[END_REF]. A solution to this problem is often the use of hybrid heat sinks incorporating an additional system to discharge the PCM [START_REF] Ling | A hybrid thermal management system for lithium ion batteries combining phase change materials with forced-air cooling[END_REF]. load [START_REF] Mills | Simulation of passive thermal management system for lithium-ion battery packs[END_REF]. A solution to this problem is often the use of hybrid heat sinks incorporating an additional coolant used to discharge the PCM [START_REF] Ling | A hybrid thermal management system for lithium ion batteries combining phase change materials with forced-air cooling[END_REF] This paper presents the evaluation of such a hybrid thermal management system. The system is composed of a PCM to cope with the thermal load and a forced air circulation which starts when the PCM is entirely melted. The first section of this paper introduces the objectives of our work. The second section details the methodology and the case study we have chosen. The third section presents the results. Last, the fourth section discusses the results.

Objectives

The performances of a battery can be significantly improved if the battery temperature is maintained in a specific range. In fact, when the battery is kept between 15°C and 35°C the lifespan is longer and the autonomy experiences a minor decrease (Figure 1). The aim of the study is to assess if this semi passive thermal management system can maintain the battery below 25°C for one or multiple cycles. Therefore, the capacity of the system to crystallize the PCMs after a thermal load is estimated. The thermal load applied to the battery cells represents a WLTP (Worldwide harmonized Light vehicles Test Procedure) cycle followed by the equivalent discharge associated with 10 min driving on a highway. The total amount of heat generated to be extracted by this cycle is 15 kJ. One cycle lasts 2500 s (41 min 40 s). If there is no thermal management system, the temperature of one cell at the end of the cycle would be 40°C, if the initial temperature is 20°C. The PCM considered is based on fatty acids and is produced from plants. Its phase change temperature from solid to liquid is 21.5°C. The quantity of the PCM needed is 65 g for one cell, as calculated by Equation 1.

Methodology and case study
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The PCM surrounds the cells as shown on Figure 2. If the PCM thickness is 2 mm the mass of the PCM would be 80 g per cell. Different thicknesses of PCM and air gap between the cells were tested to compare the battery maximal temperature and the time required to crystallize the PCM (Table 1). The forced air circulation operates only when the PCM is entirely melted. The air inlet temperature is 20°C. The air inlet velocity is set to 5 m/s. The air circulates in forced convection all around the PCM. 

Mathematical model

The model has been developed on COMSOL Multiphysics. The mathematical model can be divided in two parts: the model of the heat transfer between the battery cell, the PCM and the air and the phase change of the PCM.

Heat transfer

The conductive and convective heat transfers are considered and the radiative heat transfer is neglected. The energy equation, continuity equation and momentum equation are employed (2, 3 and 4). The convection is localized on the boundaries in contact with the air. The natural convection in air is neglected (Gr/Re²<1). The convection in the PCM is neglected, the velocity field u is equal to zero for the PCM.
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The boundaries are adiabatic except at the inlet/outlet of air. The ambient temperature is set to 20°C and the inlet air temperature is 20°C.

PCM phase change

A function, B 0 , is defined representing the liquid fraction of the PCM (equation 5). The function B 0 is approximated by a second order differential equation B 1 to ensure the second order differentiability. B 1 is employed in the definition of the PCM volumic mass and thermal conductivity as shown on equation 6 and 7. A function D is defined for the expression of the heat capacity of the PCM. D is a smoothed Delta Dirac function which permits to equally distribute the latent heat around the melting point (equation 8). The heat capacity is defined with the functions B 1 and D (equation 9). 
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The convection in the PCM is neglected. In fact, the container of the PCM is so thin that there will be hardly a movement of the PCM.

Results

The model has been made for the different cells spacing and PCM thicknesses.

PCM thickness

The influence of the PCM thickness has been represented on Figure 3 and 4 for a cells spacing of 2.5 mm. As expected increasing the amount of PCM makes the battery maximal temperature decrease. However it extends the time necessary to discharge the PCM. Moreover, this disposition with 3 cells shows that the middle cell's PCM crystallization time is higher than for the side cell. The temperature of the side cell and the middle cell are quite the same. All the values of maximal cell temperature and PCM crystallization time are in Table 2. The simulations show that this system is able to keep the battery in a small temperature range for one cycle. However the time necessary to release the thermal energy stored in the PCMs is too long in most of the cases. In fact, in order to keep the battery temperature low a large quantity of PCM has to be employed. The regeneration of this quantity of PCM is difficult. A compromise has to be made between the battery maximal temperature and the time required for the PCM regeneration.

Cells spacing

The cells spacing have a less remarkable influence. The comparison of the cell spacing for a given PCM thickness is shown on Figure 5 and 6. Figure 7 represents the air temperature in the ducts for the different inter-cells gap. As expected the air temperature is higher for smaller gaps. 

Test on several cycles

A simulation was made on four cycles. The cycles were alternating thermal load and air flow. The thermal load is the same, lasting 2500 s and the air flow lasts 1 hour and 45 minutes. On Figures 8 and9 are represented the evolution of the cell temperature and the PCM liquid fraction. The cycles can be clearly seen the cycles on the graphics. After the first cycle the cell temperature do not decrease to 20°C but to 21°C which leads to a higher temperature at the end of the second thermal load. However, the PCM can crystallize totally on the side cell and almost totally for the middle cell. Then for the three last cycles the temperature stays the same. 

Discussion

This simple system does not permit to maintain the temperature of the battery pack in the desired range thanks to the PCM for multiple loading cycles. The better temperature obtained is for the cells spacing of 2.0 mm and the PCM thickness of 2.5 mm. But the time to regenerate the PCM is too long. The problem of the PCM regeneration is caused by the low surface exchange given by this system between the PCM and the air. In order to solve this issue a solution is to increase the heat exchange surfaces. This way there will be a better thermal transfer between the PCM and the air. The geometry has to be improved in order to get a more efficient system. The configuration one can choose is the one with a cell spacing of 2.0 mm and a PCM thickness of 1.5 mm. With this configuration the maximal cell temperature is around 29°C for one cycle and the time to solidify the PCM is around 1 h and 30 min.

Conclusion

This system permits to decrease considerably the battery maximal temperature. However, the temperature stays too high according to our specifications. We could add more PCM but then the PCM regeneration time would be too long. A solution could be to increase the heat transfer surface between the PCM and the air. Another solution would be to enhance the PCM and the air thermal conductivities.

  Models representing three prismatic battery cells surrounded by a layer of PCM and forced air cooling have been developed. The thermoconvective transfers have been numerically resolved by transient studies using quadratic finite elements. The size of a battery cell is: 147.8 mm x 91 mm x 26.8 mm.
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 1 Figure1: Battery power curves in charge and discharge depending on the temperature[START_REF] Pesaran | Tools for Designing Thermal Management of Batteries In Electric Drive Vehicles[END_REF] 
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 2 Figure 2: Thermal load and air speed
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 2 Figure 2: Schematic view of the system
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 34 Figure 3: Cell temperature for an inter-cells gap of 2.5 mm
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 5 Figure 5: Cell temperature for a PCM thickness of 1.0 mm

Figure 6 :Figure 7 :

 67 Figure 6: PCM liquid fraction for a PCM thickness of 1.0 mm
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 89 Figure 8: Cell temperature for 4 cycles

Table 1 :

 1 Mass of the PCM corresponding to the thickness

	Thickness (mm)	1.0 1.5 2.0 2.5 3.0
	Mass of PCM per cell (g)	39 60 80	102 124

Table 2 :

 2 Results for all the cell spacing and PCM thicknesses

	Inter-cells	d PCM
	gap	
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