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L'étude expérimentale effectuée sur une batterie a permis de conclure que la température mesurée au niveau de l'électrode positive est la plus représentative de la température au coeur de la batterie. Durant des cycles de charge et de décharge consécutifs, deux régimes thermiques sont observés : Un régime transitoire et un régime quasi-stationnaire. Des fluctuations périodiques d'une forme 'V' sont obtenues en régime quasi-stationnaire causées par des réversibilités thermiques. Une différence d'environ 3 °C est observée entre la température mesurée à la surface de la batterie et celle au coeur de la batterie. Des expérimentations ont été conduites afin de mesurer les coefficients d'échange thermique à la surface de la batterie, les coefficients d'entropie thermique, les flux réversibles et irréversibles ainsi que l'accumulation de chaleur au cours des phases de charge et de décharge. Des corrélations sont proposées en se basant sur les mesures expérimentales. Elles ont été introduites dans le modèle numérique afin de remonter à la distribution de la température et des flux au coeur de la batterie.

Le modèle numérique développé permet la détermination de la température en tout point de la batterie. L'équation de la chaleur tridimensionnelle en régime transitoire est résolue en utilisant la méthode implicite de direction alternée. Les paramètres thermiques et électriques des batteries sont déterminés expérimentalement et analytiquement. En effet, des mesures sont effectuées afin de déterminer la résistance électrique de la batterie durant la charge et la décharge ainsi que le coefficient d'entropie thermique. Ces mesures permettent la détermination du terme source de l'équation de la chaleur.

Deux corrélations sont proposées en se basant sur les résultats numériques pour prédire l'augmentation maximale de la température ainsi que de l'énergie thermique générée par la batterie ii quelque soient les courants de charge et de décharge. Une validation est effectuée pour les corrélations suggérées avec les mesures expérimentales. Une erreur absolue moyenne maximale inférieure à 15% est obtenue sur la prédiction de l'augmentation maximale de la température tandis que l'erreur absolue moyenne maximale sur l'estimation de la génération d'énergie thermique est d'environ 9%. Les résultats de cette modélisation fine ont conduit au développement d'un deuxième modèle numérique utilisant la méthode à constantes localisées et qui simplifie le problème physique. Ce deuxième modèle permet la modélisation d'un module de plusieurs batteries sollicitées à des courants constants et dynamiques. Ce modèle a la particularité d'intégrer l'aspect refroidissement passif et définir sa capacité en fonction des puissances sollicitées. Ce deuxième modèle est validé en comparant les mesures à des résultats expérimentaux.

Enfin, un nouveau banc de test Chroma 17020 a été installé pour tester expérimentalement un module de plusieurs batteries sollicité à des courants dynamiques déterminés à partir des cycles véhicules. Les résultats expérimentaux sont comparés aux résultats prédits par le modèle proposé. Des solutions de refroidissement utilisant un matériau de changement de phase microencapsulé INERTEK 32 sont étudiées. Les résultats expérimentaux montrent une diminution de la température d'ordre de 5.9% pour un module de trois batteries combinées avec l'INERTEK 32. La masse du MCP présente dans ce cas 4.2% de la masse totale des batteries. Finalement, Le modèle développé est utilisé pour étudier l'efficacité du MCP combiné avec des modules des batteries dimensionner pour trois voitures différentes. Trois cycles de courant dynamiques (WLTC, US06 et JAP15) ont été appliqués. La masse de MCP utilisée pour chaque cas est déterminée à partir des corrélations développées pour assurer la dissipation de la chaleur produite par les modules des batteries. Les résultats numériques montrent que la diminution de la température peut atteindre 6.6% pour une masse de MCP équivalente à 4% de la masse des batteries dans certain cas.

Mots clés : Courant constant/dynamique, batterie, modèle thermique, refroidissement passif, MCP.

iii Abstract The objective of this thesis is to study the thermal behavior of a Li-ion battery for different charge and discharge currents to size a passive cooling system using phase change materials (PCM) and to verify its efficiency when used with a pack of several batteries. Our study is based on an experimental and a numerical study. A test bench is implemented to charge and discharge the batteries at constant current. A prismatic Li-ion battery with a capacity of 60 Ah was tested for charge currents ranging between 40 A and 60 A and discharge currents varying from 40 A to 100 A.

The experimental study conducted on a battery show that the temperature measured on the positive electrode is the most representative of the battery core temperature. During consecutive charge and discharge cycles, two thermal regimes are observed. Periodic 'V' shaped fluctuations are obtained in the quasi-stationary regime due to the reversible heat. A difference of about 3 °C is observed between the temperature measured at the surface of the battery and the temperature of the active material. This confirms that the battery surface temperature measurements are not sufficient for efficient battery thermal management. In addition, the temperature and heat flux density measurements allowed the determination of the heat transfer coefficients as well as the entropic thermal coefficient which were introduced in the proposed numerical model.

The numerical study led to the development of a three-dimensional model. This model allows the determination of the temperature in all points of the battery. The three-dimensional transient heat transfer equation is solved using the implicit alternating direction method. The thermal and electrical parameters of the battery are determined experimentally and analytically. Indeed, two correlations are proposed based on the numerical results to predict the maximum temperature rise as well as the thermal energy generated by the battery for given charge and discharge currents. A validation is performed for the suggested correlations with experimental measurements. A maximum mean absolute error less than 15% is obtained for the maximum temperature increase while the maximum mean absolute error for the thermal energy generation is about 9%. Furthermore, a second numerical model is proposed using equivalent thermal networks which simplifies the physical problem. The second model allows the modeling of a pack of several batteries tested under constant and dynamic currents. The developed models are validated with experimental results. iv Finally, a new Chroma 17020 test bench has been installed to experimentally test a battery pack at dynamic currents determined from the normalized driving cycles. The experimental results are compared to the results predicted by the proposed model. Cooling solutions using an INERTEK 32 microencapsulated phase change material are also studied. The experimental results show a temperature decrease of about 5.9% for a pack of three batteries combined with INERTEK 32. The mass of the PCM in this case is 4.2% of the total mass of the batteries. Finally, the developed model is used to study the efficiency of the PCM combined with battery packs sized for three different cars. Three dynamic current cycles (WLTC, US06 and JAP15) were applied. The mass of PCM used for each case is determined from the developed correlations to ensure the dissipation of the heat produced by the batteries. The numerical results show that the temperature decrease can reach 6.6% for a PCM mass equivalent to 4% of the battery mass in some cases. 

General introduction

The distribution of world energy consumption shows that transportation is one of the most energyintensive sectors. 24% of global CO2 emissions originate from fuels combustion provided by the transport sector in 2019, according to the international energy agency [START_REF] Iea | Tracking Transport[END_REF]. In France, 31% of greenhouse gas emissions are provided by the transport sector of which 53% of this amount is emitted by vehicles in 2020, as declared by the Climate High Council [START_REF] Tie | A review of energy sources and energy management system in electric vehicles[END_REF]. The electrification of vehicles is an efficient alternative in progress to reduce the use of fossil fuels in transportation. In addition, the storage system of an electric vehicle must have high energy density to offer high driving autonomy, and also high specific power to provide or recover the power necessary for acceleration or braking respectively.

Furthermore, safety, cost and lifetime are important factors to consider when choosing an energy storage system.

Many devices are proposed to be used as an energy source in electric vehicles like flywheels, capacitors, fuel cells, and batteries [START_REF] Panchal | Heat and mass transfer modeling and investigation of multiple LiFePO4/graphite batteries in a pack at low C-rates with water-cooling[END_REF]. Lithium-ion batteries have shown their high efficiency, especially in the transport sector and power supply systems which include grid-connected as well as off-grid systems [START_REF]Li-ion batteries: basics, progress, and challenges[END_REF]. This type of battery has a high specific energy, high voltage, and low self-discharge rate and can be used in electric vehicles as a primary energy source, such as in Nissan Leaf and Mitsubishi iMiev [START_REF] Xu | A pseudo three-dimensional electrochemicalthermal model of a prismatic LiFePO4 battery during discharge process[END_REF]. In addition, according to ADEME [START_REF] Thakur | A state of art review and future viewpoint on advance cooling techniques for Lithium-ion battery system of electric vehicles[END_REF], electric vehicles count 6.72% of France vehicles market comparing to hybrid vehicles which present 14.7%. Indeed, the progress of the electric automobile sector requires the enhancement of Li-ion batteries lifecycles and safety performances.

Generally, a high amount of heat is generated inside the battery during operating time causing an increase in battery temperature. In some cases, a non-controllable battery thermal behavior may lead to a thermal runaway [START_REF] Wang | Finite Element Thermal Model and Simulation for a Cylindrical Li-Ion Battery[END_REF]. Moreover, The Li-ion battery aging depends not only on the internal composition of the battery but also on applied current and climate conditions. The thermal management of batteries requires a cooling system adapted to the application to avoid thermal runaway and degradation of battery performance. This work is carried out in the heat transfer and energy efficiency team of the LUSAC laboratory, aiming to perform a thermal characterization to Li-ion battery enabling the design of a passive cooling system. This thesis comprises four main chapters:

•

The first chapter is a literature review on Li-ion batteries modeling approaches based on either numerical methods or equivalent thermal networks. A summary of different passive and active cooling systems is also discussed.

•

The second chapter details an experimental study on a 60 Ah prismatic Li-ion battery. A description of experimental setup and an investigation of the current rates effects on battery thermal behavior are performed.

•

The third chapter presents a 3D numerical model. The thermal parameters are experimentally measured and a description of measurements methods is presented. Moreover, the proposed model accuracy is validated with the experimental results.

•

The fourth chapter investigates experimentally and numerically the thermal behavior of a Liion battery pack. A simplified model based on equivalent thermal networks is developed and validated.

Furthermore, dynamic current profiles are applied to simulate real use conditions of electric vehicles.

Finally, an application of a cooling system using phase change material (PCM) is performed.

I.1 Introduction

Over the years, studies have proven the significant effect of pollution caused by the consumption of fossil fuels in the transport sector, and its negative influence due to the release of toxic substances such as carbon dioxide (CO2) and carbon monoxide (CO). In addition, the conventional vehicle consumes about 15% of the fuel's total energy during combustion. Most of this energy is transformed to heat, which contributes directly to global warming [START_REF] Tie | A review of energy sources and energy management system in electric vehicles[END_REF]. The climate change effects are irreversible. For this reason, many alternatives are in progress and researchers are developing new technologies which enable ensuring the economic development with no greenhouse gases emissions. predominates at low current rates. While, the irreversible heat is related to Joule effect and predominates at high current rates. Moreover, due to the increasing demand for the high-rate power discharge, the thermal safety problem at high-rate is taken into consideration. So that, it is very important to perform an adequate thermal analysis on the batteries tested at different current rates. However, major challenges such as the problems of the high heat generation rate and the non-regularity of the intensity allocation are present. Also, there are several factors influencing the performance of the lithium-ion batteries including: the geometrical features, the positioning of the current gathering tabs, and working conditions. Therefore, the lithium-ion batteries require overall the identification of their thermal performance. For these reasons, modeling lithium-ion batteries should be taken into consideration in order to fully understand the thermal characteristics, to well size an efficient thermal management system. In recent published papers, many mathematical models, such as the equivalent circuit models, single particle models, 1D electrochemical thermal paired cell unit models, and 3D combined thermal models, have been improved to expect the electrochemical process, charge and discharge activities, and heat generation inside the Li-ion battery [START_REF] Xu | A pseudo three-dimensional electrochemicalthermal model of a prismatic LiFePO4 battery during discharge process[END_REF]. Thermal management systems with higher cooling efficiency have recently been examined to process the mentioned concerns. Creative ideas, as combining several thermally conductive systems into the battery thermal management systems (BTMS) are investigated.

In this chapter, a critical review of the available literature on the thermal behavior and thermal management systems of batteries is performed. The study carried out in this chapter guides to realize the critical gaps in lithium-ion battery thermal management study and supposed to give an effective guideline for the Li-ion battery's thermal analysis and its thermal management system design.

I.2 Modeling approach of Li-ion batteries

In this section, two modeling approaches of Li-ion batteries thermal behavior are discussed. The numerical modeling which is based on the resolution of the heat transfer equation using numerical methods such as finite difference, volume difference and finite element difference methods. This method presents the advantage of the determination of the temperature or heat generation rates in any given point inside the battery core or sides. Nevertheless, modeling a battery pack coupled with cooling systems requires the simplification of the physical model to reduce the calculation duration. For this reason, many researchers developed equivalent thermal networks based on the analogy between the thermal and electrical systems.

I.2.1 Numerical modeling

Several researchers have studied experimentally and numerically Li-ion batteries during operation time charge or discharge to ensure a controllable operating temperature [START_REF] Thakur | A state of art review and future viewpoint on advance cooling techniques for Lithium-ion battery system of electric vehicles[END_REF]. In addition, Wang et al. [START_REF] Wang | Finite Element Thermal Model and Simulation for a Cylindrical Li-Ion Battery[END_REF] developed a numerical model to describe the thermal behavior of cylindrical Li-ion battery. ANSYS software is used to solve the heat transfer equation based on finite element method. The proposed model was validated with experimental results. Moreover, Mastali et al. [START_REF] Mastali | Electrochemical-thermal modeling and experimental validation of commercial graphite/LiFePO4 pouch lithium-ion batteries[END_REF] proposed a coupled thermo-electrochemical model. A 3D heat transfer equation is proposed as defined in equation I.1. Where ρ designs the battery density, C p presents the battery specific heat, λ refers to the thermal conductivity and Q ̇gen

indicates the source terme.

The results of their study presented in Figure I.3 show that the temperatures near the battery tabs are higher due the high amount of heat generation related to Joule effect in the electrodes. However, Vetter et al. [START_REF] Vetter | Ageing mechanisms in lithium-ion batteries[END_REF] confirmed in their study that not only high operating temperature damage battery performances but also low operating temperature. Thus, the design of battery thermal management system must be preceded by an investigation to the battery's internal heat generation and operating temperature conditions [START_REF] Chacko | Thermal modelling of Li-ion polymer battery for electric vehicle drive cycles[END_REF].

Figure I.3 Battery cell temperature distribution during charge [START_REF] Mastali | Electrochemical-thermal modeling and experimental validation of commercial graphite/LiFePO4 pouch lithium-ion batteries[END_REF].

ρC p ∂T ∂t = ∂ ∂x (λ x ∂T ∂x ) + ∂ ∂y (λ y ∂T ∂y ) + ∂ ∂z (λ z ∂T ∂z ) + Q ̇gen I.1
The development of numerical model simulating batteries thermal behavior requires the determination of thermophysical parameters such as specific heat capacity and thermal conductivity, besides other parameters characterizing the irreversible and reversible heat generation as the internal resistance and entropic heat coefficient. Richter et al. [START_REF] Richter | Thermal conductivity and internal temperature profiles of Li-ion secondary batteries[END_REF] experimentally measured the thermal conductivity of commercial batteries electrodes and separators. The thermal conductivity varies from 0.13±0.02 Wm -1 k -1 to 0.61±0.02 Wm -1 k -1 for dry electrodes and from 0.07±0.02 Wm -1 k -1 to 0.18±0.02 Wm -1 k -1 for dry separators. Drake et al. [START_REF] Drake | Measurement of anisotropic thermophysical properties of cylindrical Li-ion cells[END_REF] measured the thermal conductivity of two cylindrical cells and found a radial thermal conductivity of 0.15 and 0.2 Wm -1 k -1 , while the axial thermal conductivity was large (32 and 30.42 Wm -1 k -1 ). This difference in thermal conductivity was analyzed by Huang et al. [START_REF] Huang | Experimental measurement of anisotropic thermal conductivity of 18650 lithium battery[END_REF]; the internal structure of battery cells is leading to this anisotropic phenomenon.

Moreover, Tang et al. [START_REF] Tang | Review of Specific Heat Capacity Determination of Lithium-Ion Battery[END_REF]summarized in their review experimental methods to measure the specific heat capacity of batteries in which accelerating rate calorimeter is the most used. An experimental study of the effect of temperature and state of charge was performed by Bazinski et al. [START_REF] Zhang | Comparison and validation of methods for estimating heat generation rate of large-format lithium-ion batteries[END_REF]. Their measurements show no effect of SOC on specific heat capacity while an increase of temperature cause a slight rise on it. Lin et al. [START_REF] Lin | Thermal analysis of large-capacity LiFePO4 power batteries for electric vehicles[END_REF] measured the specific heat capacity of a 40Ah prismatic LFP battery using an accelerated rate calorimeter and compared it to an obtained value based on mass-weighted calculation, a difference of 7.5% was noticed. In addition, the entropy coefficient could be determined experimentally using potentiometric and calorimetric methods according to Zhang et al. [START_REF] Zhang | Comparison and validation of methods for estimating heat generation rate of large-format lithium-ion batteries[END_REF], those methods were discussed in Jalkanen et al. [START_REF] Jalkanen | Entropy change effects on the thermal behavior of a LiFePO4/graphite lithium-ion cell at different states of charge[END_REF] and Sheng et al. [START_REF] Sheng | An improved calorimetric method for characterizations of the specific heat and the heat generation rate in a prismatic lithium ion battery cell[END_REF]. Other experimental methods were recently evolved such as the pulse relaxation method [START_REF] Toman | Dynamic Thermal Model for Cylindrical Battery Cell Temperature Modeling[END_REF] and electro-thermal impedance spectroscopy method [START_REF] Dey | Model-based real-time thermal fault diagnosis of Lithium-ion batteries[END_REF]. Furthermore, Pan et al. [START_REF] Pan | Evaluating the accuracy of electro-thermal coupling model in lithium-ion battery via altering internal resistance acquisition methods[END_REF] compared the internal resistance of a battery measured by different methods, (V-I) method, (OCV-V) method and (HPPC). They concluded that (HPPC) method based on voltage drop during intermittent discharge is the more accurate method.

I.2.2 Equivalent thermal networks

The development of equivalent thermal networks to model the thermal behavior of Li-ion battery presents the advantage of simplifying the studied physical problem. As the complexity of the internal phenomenon inside the battery causing mass and heat transfer due to chemical reactions of insertion and disinsertion of Li-ion during charge and discharge processes requires the determination of several chemical, electrical and thermal parameters which is not always possible especially in commercialized batteries. In this section, a literature review is presented to show different equivalent thermal networks models. 

I.3 Battery thermal management systems

Batteries are manufactured to work only between given temperature ranges. Heat is generated during the operating time. An efficient cooling system should be designed to maintain the battery operating under optimal temperatures, therefore, increasing lifespan and avoiding any damage to the batteries. The The air flow rate has a strong influence on the transfer heat coefficient. The cell arrangement and the air flow path have a remarkable impact on the distribution of the battery's temperature. The parallel aircooled configuration was investigated by Chen and al. [START_REF] Chen | Configuration optimization of battery pack in parallel air-cooled battery thermal management system using an optimization strategy[END_REF], by minimizing the ΔTmax (maximum temperature difference) in a battery pack. Among various BTMSs, the most commonly used solutions are the parallel air-cooled system. Chen and al. [START_REF] Chen | Configuration optimization of battery pack in parallel air-cooled battery thermal management system using an optimization strategy[END_REF] optimized the battery pack configuration in this system by arranging the spacings among the battery cells for cooling performance improvement by combining two models: the flow resistance network model and the heat transfer model. The results showed a decrease in ΔTmax by 42%. Also, the numerical results showed that the cooling performance of the BTMS has improved quite well after optimization. Afterwards, in another study Chen et al. [START_REF] Chen | Design of the structure of battery pack in parallel air-cooled battery thermal management system for cooling efficiency improvement[END_REF] optimized the homogeneity of airflow rate across the channels by minimizing the cooling channel width. In the parallel air-cooled BTMS the cells in the pack are distributed to increase the spacing in order to improve the system's cooling efficiency. The computational fluid dynamics (CFD) calculation verifies the effectiveness of the model. And the CFD method is validated by the experimental air-cooled system with aluminum blocks. According to the obtained results found by the authors, the cooling efficiency of the BTMS is improved remarkably after applying the cell spacing optimization strategy. This study has also shown that compared to the original BTMS, the maximum temperature of the battery pack for the optimized BTMS is reduced by about 4 °C, and the maximum cell temperature difference is reduced by more than 69% for various inlet airflow rates. Compared to the optimized BTMS in the authors' previous study [START_REF] Chen | Configuration optimization of battery pack in parallel air-cooled battery thermal management system using an optimization strategy[END_REF] , the maximum cell temperature difference for the present optimized BTMS is reduced by more than 25% for various inlet airflow rates. Moreover, to design an optimal flow pattern system with high cooling performance, Chen and al. [START_REF] Chen | Cooling efficiency improvement of aircooled battery thermal management system through designing the flow pattern[END_REF] investigated as well the use of CFD method 9 different system with various inlet and outlet airflow region. They found that the symmetrical BTMS with the inlet and outlet, achieves high cooling efficiency. It is noticed that the optimized BTMS has better cooling performance than other BTMSs.

Compared to the typical BTMS with Z-type flow, the maximum temperature and the maximum cell temperature difference of the optimized BTMS are reduced by 4.5 °C and 7.7 °C, respectively.

On another hand, the battery packs in electric vehicles usually operate at high current discharge rates which leads to higher heat generation. This may have safety issues and negative impact on the battery performance over the period. In this context, Li and al. [START_REF] Li | A surrogate thermal modeling and parametric optimization of battery pack with air cooling for EVs[END_REF] suggested a methodology to improve the design performance of an air-cooling system applied on a battery module with eight prismatic cells as Li and al. [START_REF] Li | Experiment and simulation for pouch battery with silica cooling plates and copper mesh based air cooling thermal management system[END_REF] suggested a battery air cooling system based on a double silica plate coupled with copper mesh. As a result, this study has proved that this strategy could be an effective and appropriate air-cooling system for thermal management. Moreover, Sun and al. [START_REF] Sun | Development of cooling strategy for an air cooled lithium-ion battery pack[END_REF] developed a 3D battery pack thermal model to size a "Z-type" flow battery pack with optimal thermal behavior. They describe a cooling strategy development method for an air-cooled battery pack with lithium-ion pouch cells used in a hybrid electric vehicle (HEV). Initially, a three-dimensional battery pack thermal model was developed. An analytical study is performed to examine the effects of cooling strategies including geometries of the cooling channel, cooling plate, and corrugation on battery pack thermal behavior, and to identify the design concept of an air-cooled battery pack to maximize its durability and its driving range. Fan and Khodadadi [START_REF] Fan | A parametric study on thermal management of an air-cooled lithium-ion battery module for plug-in hybrid electric vehicles[END_REF] developed a three-dimensional transient thermal analysis of an air-cooled module that contains prismatic lithium ion cells operating under an aggressive driving profile were performed using a commercial computational fluid dynamics code. It was found that lowering the gap spacing and/or increasing the flow rate of the fan lead to a decrease in the maximum temperature rise.

For the given module, operating with a uniform gap spacing of 3 mm and an air flow rate of 40.8 m 3 /h appears to be the best choice that satisfies the requirements of maximum temperature rise and temperature uniformity. Considering the variety of the design change options and their combinations, it is concluded that, the temperature gradients along the air flow direction can be affected, but are generally unavoidable. Additionally, Park [START_REF] Park | A design of air flow configuration for cooling lithium ion battery in hybrid electric vehicles[END_REF] have also developed theoretically and numerically a specific design of air-cooled battery system as shown in Figure I.12. The result of their analysis show that an efficient cooling strategy could be achieved by employing the tapered manifold and pressure relief ventilation even without changing the layout/design of the existing battery system. Jiaqiang et al. [START_REF] Jiaqiang | Effects of the different air cooling strategies on cooling performance of a lithium-ion battery module with baffle[END_REF] explored the thermal characteristic of the 18650-battery module which consists of 60 pieces of cells and standard battery holders by using the computational fluid dynamics (CFD) method and lumped model of single cell. The results indicated that, the cooling performance of the inlet and outlet located on the different sides is better than on the same side and the use of the baffle plate can highly improve the thermal performance of air-cooling strategies with the lateral inlet and outlet. Cen et al. [START_REF] Cen | Experimental investigation on using the electric vehicle air conditioning system for lithium-ion battery thermal management[END_REF] have tried to investigate a lithium-ion battery thermal management (BTM) system using the electric vehicle (EV) air conditioning refrigerant to cool the battery pack directly. Experimental results have shown that the BTM system can control the battery pack's temperature in an appropriate preset value easily under extreme ambient temperature, as high as 40 °C. The temperature difference within the pack is less than 4 °C in the constant discharge rate of 0.5 C, 1 C, 1.5 C laboratory tests, and 1.5 °C in normalized driving cycles. Additionally, regarding the importance of the Lithium-titanate batteries that have become an attractive option for battery electric vehicles and hybrid electric vehicles, experiments were conducted by Giuliano et al. [START_REF] Giuliano | Experimental study of an air-cooled thermal management system for high capacity lithium-titanate batteries[END_REF] using Altair nano's 50 Ah cells over a range of charge-discharge cycle currents at two airflow rates. The results showed that an airflow of 1100 m/s per cell restricts the temperature rise of the coolant air to less than 10 °C over ambient even for 200 A charge-discharge cycles. Wang et al. [START_REF] Wang | Forced-air cooling system for large-scale lithium-ion battery modules during charge and discharge processes[END_REF] have used thirty cylinder 18650-type cells that fabricated a 6S5P battery module with a 2-mm spacing between cells to evaluate exothermic trajectories. The efficiency of the developed forced-air cooling system was 73% in case 1 with a 1 C discharge rate, the temperature difference was less than 5°C, and the maximum temperature (Tmax) for this case was below 45 °C showing uniform heat distribution. Moreover, extreme heat accumulation developed inside the module and damaged the adjacent LIBs during the fast 2 C discharge test. Yang et al. [START_REF] Yang | Investigation of the thermal performance of axial-flow air cooling for the lithium-ion battery pack[END_REF] investigated the thermal performance of axial flow air cooling for lithium-ion battery pack. As a result, increasing the radial interval leads to a slight average temperature rise but benefits from the temperature uniformity of the battery pack. A larger radial interval can significantly reduce the power cost of the cooling system.

However, this might decrease space efficiency slightly. Along with this, an air-based BTMS was optimized by Li et al. [START_REF] Li | Modeling and optimization of an enhanced battery thermal management system in electric vehicles[END_REF] in a battery module with 36 battery lithium-ion cells. At this point, three metrics are used to evaluate the BTMS thermal performance, including

• the maximum temperature in the battery module

• the temperature uniformity in the battery module

• the pressure drop.

It is found that increasing the air flow rate and a large spacing size may result in a more non-uniform distribution of temperature. Results show that the maximum temperature difference of the cooling air is The results have shown that changing the channel size and the number of channels results in similar average battery temperatures for the same volume ratio for cooling channels and battery of flat-plate design. Yet, increasing the channel size improves the cooling energy efficiency but leads to more unevenly distributed temperature and vice versa. Hence, a counter-flow arrangement of the cooling channels or changing the flow direction of the co-flow arrangement periodically may also help the thermal management. Another study was carried by Lu et al. [START_REF] Lu | Parametric study of forced air cooling strategy for lithium-ion battery pack with staggered arrangement[END_REF] to investigate the effects of cooling channel size and air supply strategy on the thermal behavior of battery. The numerical results illustrate that the best cooling performance is when the airflow inlet and outlet are on the top of battery pack.

Besides, the analysis indicates that packing more batteries along flow direction is an appropriate solution for cooling requirements. Since the thermal management of traction battery systems for electrical-drive vehicles directly affects vehicle's dynamic performance , Mahamud, R., and Park, C [START_REF] Mahamud | Reciprocating air flow for Li-ion battery thermal management to improve temperature uniformity[END_REF] have proposed a new battery thermal management method using a reciprocating airflow for cylindrical Li-ion Xie et al. [START_REF] Xie | Structural optimization of lithium-ion battery pack with forced air cooling system[END_REF] have investigated the importance of the forced air-cooling system, which is of great significance in the battery thermal management system because of its simple structure and low cost. The results have shown that the best cooling performance obtained is under the condition of 2.5° air-inlet angles, 2.5° air-outlet angles and equal channels width. With the optimization method, the maximum temperature and the temperature difference decreased by 12.82% and 29.72% respectively. A threedimensional anisotropic heat transfer model was developed by Yu et al. [START_REF] Yu | Thermal analysis and two-directional air flow thermal management for lithium-ion battery pack[END_REF] to describe the thermal behavior of the lithium-ion batteries with the integration of heat generation theory, and was validated through both simulations and experiments. Moreover, the simulations and experiments show that the maximum temperature can be decreased to 33.1°C through the new thermal management system compared to 42.3°C through the traditional ones. Also, the temperature uniformity of the lithium-ion battery packs is enhanced significantly. To summarize the different air-cooling results in literature the Table I.1 presents a comparison between different studies performed on battery air cooling systems. 

I.3.2 Liquid cooling

In this section, another active cooling system is discussed related to the use of liquids. The main coolant used in this system is water, nevertheless the efficiency of other refrigeration fluids is recently examined in several studies. The liquid cooling system has a good cooling performance thus it is the most commonly used BTMS. There are two types of liquid cooling systems; the direct-contact and the indirect-contact liquid cooling. For direct-contact where the liquid directly encounters battery cells.

While, for indirect-contact where the liquid indirectly encounters the battery cells, a possible layout can be either a jacket around the battery module, discrete tubing around each module, placing the battery modules on a cooling plate or combining the battery module with cooling fins and plates. However, the indirect systems create better isolation between battery module and surrounding, which make them safer than the direct systems. The studies on the liquid cooling system focus on the development of the physical design of the cooling plate and its channels and by targeting the parameters like; coolant pressure drop across the channels of the cooling plates and cell core temperature. The liquid cooling This technique succeeded to keep temperature at controlled levels through thermal distribution among cells, therefore, preventing serious battery overheating consequences. However, Lan et al. [START_REF] Lan | Thermal management for high power lithium-ion battery by minichannel aluminum tubes[END_REF] had developed a new BTMs design. This design is based on aluminum mini channel tubes where a single prismatic lithium-ion cell is used as the energetic source of the design. Under different charge rates of the lithium-ion cell, the team studied the different thermal changes of the system. the maximum cell temperature at a discharge rate of 1C is less than 27.8 °C, and the temperature difference across the cell is less than 0.80 °C using flow rate at 0.20 l/min. while higher flow rates are required at higher discharge rates to keep the same thermal amounts. It turned out in this experiment that it is needed about 0.8 l/min of flow rate for 1.5C and 2.0 l/min for 2C. On the other hand, the system could keep a perfect thermal distribution (less than 0.1C°) for the whole unit. These unique results and perfect thermal management show that mini channel tubes might be one of the ideal solutions for BTMs. Huo et al. [START_REF] Huo | Investigation of power battery thermal management by using mini-channel cold plate[END_REF] designed a BTM system with mini channel cold plate aiming a long life cycle and safe run for electric vehicles. The design was established in 3D model using a rectangular lithium-ion battery. The investigation of mass, flow direction temperature and temperature distribution showed that the increase of channels number and inlet mass flow rate leads to the battery maximum temperature decreases. In addition, Jarrett el al. Three important performance measures were considered: temperature uniformity, mean temperature, and pressure drop. Between the three measures, the temperature uniformity was most sensitive to the operating conditions, especially with respect to the distribution of the input heat flux, and also to the coolant flow rate. Electric vehicle development-imposed necessity to update batteries thermal management. Liquid cooling is recently adopted more than the other cooling strategies. Ye et al. [START_REF] Ye | Design and optimization of cooling plate for battery module of an electric vehicle[END_REF] designed a standard model with two cooling plates equipped with a lithium iron phosphate battery. The results analyzed through the orthogonal and the surrogate models have shown that both pressure and the battery temperature decreased due to cross section and coolant channel number increase, scoring between 9.5% temperature reduction to 16.88% of pressure reduction under constant inlet flow rates.

An et al. [START_REF] An | Experimental investigation on lithium-ion battery thermal management based on flow boiling in mini-channel[END_REF] suggested a thermal management system working with flow boiling through mini channel.

This experiment studied the thermal management at different discharge rates using a dielectric hydrofluoroether liquid which boiling point is 34°C. In this experiment, the cooling system, could manage the uniform temperature and reduce the maximum temperature of the whole system under high discharge rates. The boiling heat transfer ensured appropriate temperature for all the system which increased cooling safety and safe discharge conditions. system with changing contact surface. The maximum temperature is limited with the increase of inlet mass flow while the uniformity temperature rates couldn't be controlled with this latter. Battery performance is affected by mass flow, width of cooling plate and inlet temperature. The best BTM performance is recorded with 18°C of inlet temperature, a 70 mm width cooling plate and a 0.21 kg/s flow rate. Optimization method helped achieving ideal pump consumption and rates of temperature and temperature uniformity of the battery. Since typical and hybrid vehicles are of complex combinations, run with such high energy of lithium-ion batteries these kinds of heavy systems face serious safety, thermal, durability and cost issues. These problems lead to various limitations in lithium-ion batteries run based vehicles. Deng et al. [START_REF] Deng | Novel leaf-like channels for cooling rectangular lithium ion batteries[END_REF] suggested a novel leaf-like channels with loops for li-ion battery to maintain ideal temperature for a liquid cooling BTM system. A double layer channel is formed with four channels to control the system temperature. This study investigated the effect of width, length ratio, channel thickness and bifurcation angle on the maximal temperature of the system, the rate of inlet mass flow was also investigated. Perfect thermal rates are found at 3/4 width and a 0.5 length ratio with 30-50° bifurcation angel. Optimal heat is obtained with the increase of the inlet mass flow enhanced by pressure drop. This suggested design reduced the maximum temperature from 60 °C to 32 °C making it a useful design for future cold plates cooling systems. To summarize the different liquid-cooling results in literature the Table I.2 presents a comparison between different studies performed on battery liquid cooling systems. 

I.3.3 PCM cooling

There are various methods for use as a thermal management system in electric vehicles and other electronic devices to regulate the temperature in operating limits without any energy consumption. One of those methods is the use of phase change material (PCM). PCM provides good thermal management.

The use of PCM as battery cooling systems should satisfy the below conditions:

• The melting temperature must be lower than the maximum temperature of the battery.

• High specific heat capacity, heat latent and thermal conductivities are required.

• Low volume change during phase change process.

• Availability and low cost.

Phase change material (PCM) is a cooling technique which achieves high levels of natural convection and heat dissipation. To examine this passive thermal management system, Javani et al. [START_REF] Javani | Modeling of passive thermal management for electric vehicle battery packs with PCM between cells[END_REF] designed an experimental BTM design for EV using PCM at the battery cells' level. PCM of porous foam is infused in foam layers between the lithium-ion cells as a method for passive thermal management in battery packs of electric vehicles. The result of this examination met with the ability to reduce the peak temperature of the system by 7.3°C and provide uniformity of temperature distribution throughout the battery cell. Moreover, the purpose of the study in which Li et al. [START_REF] Li | Experimental study of a passive thermal management system for high-powered lithium ion batteries using porous metal foam saturated with phase change materials[END_REF] combined a phase change material as a cooling system of the battery pack with a structure of metal foam was to test thermal conductivity.

A sandwiched cooling structure using the permeable metal foam of cooper combined with PCM was designed and compared with clear PCM combined with an air-cooling mode. The result of this comparative experience showed that the cooling structure of copper foam decreases the battery's surface temperature and enhances the uniformity of the temperature distribution due to its effective thermal conductivity. Furthermore, using carbon fiber-based PCM can also be used as a thermal management system. Khateeb et al. [START_REF] Khateeb | Thermal management of Li-ion battery with phase change material for electric scooters: Experimental validation[END_REF] investigated various modes of heat dissipation. The purpose of this study was to test the thermal management system of a Li-ion battery designed for electric scooter applications using phase change material to limit the temperature rise of the battery. The purpose of this study performed by Babapoor et al. [START_REF] Babapoor | Thermal management of a Li-ion battery using carbon fiber-PCM composites[END_REF] was to introduce a thermal management system for lithium-ion batteries based on phase change material. The result of the experiment implied that a preferable thermal management can be achieved using carbon fiber in PCM of 2 mm and a reduce of temperature by 45% was measured. In addition, Lithium-ion phosphate battery (LiFePO4) has been widely used in electric vehicles due to its low toxicity, low cost, significant performance, and long-term In addition, Wang et al [START_REF] Wang | An experimental study on thermal management of lithium ion battery packs using an improved passive method[END_REF] developed a novel BTM system based on composite phase change materials (C-PCM) with aluminum boxes. 30 battery packs with and without (C-PCM) of 3.3 Ah connected (10S3P) are tested on discharge rate of (1C,2C). The main conclusion obtained are summarized as follows, the addition of C-PCM ensures a well-controlled average temperature of the battery pack with a notable reduction during the discharge rate of 2C than the discharge rate of 1C.

Meanwhile, the temperature uniformity of the battery pack is improved. The (C-PCM) melting negatively affects the thermal control; hence a reasonable estimation of (C-PCM) dosage is needed for PCM application. Finally, we conclude that the PCM enhances the temperature uniformity and decreases the temperature.

Phase change material (PCM) uses several materials like paraffin, salt hydrates, and fatty acids as mentioned in Ling et al. [START_REF] Ling | Thermal management performance of phase change materials with different thermal conductivities for Li-ion battery packs operated at low temperatures[END_REF] study. This study focused on a suitable material to enhance the reducedtemperature performance of lithium-ion cells. Composite phase change material of expanded graphite with fumed silica was studied. The results showed that composite PCM can decrease the temperature differences, and the combination of PCM displays the main role in providing a uniform temperature distribution to improve the matchmaking of the battery performance. Moreover, Hussain et al. [START_REF] Hussain | Thermal management of lithium ion batteries using graphene coated nickel foam saturated with phase change materials[END_REF] studied the BTM of a Li-ion battery using a PCM combined with graphene-coated nickel foam. This study aimed to provide a thermal management system for the Li-ion battery. The thermal management of Li-ion batteries was achieved by using Graphene coated nickel (GCN) foam saturated with paraffin as a phase change material. They showed that the battery surface temperature growth is less when using graphene-coated nickel foam saturated with PCM of paraffin as compared to other thermal management systems. Furthermore, Zou et al. [START_REF] Zou | Preparation of a novel composite phase change material (PCM) and its locally enhanced heat transfer for power battery module[END_REF] prepared a composite phase change material and examined its locally enhanced heat transfer for power battery module. The method prepared was highly thermal conductive phase change material. They showed an improvement in the temperature consistency of the battery module. Huang et al. [START_REF] Huang | Thermal management of Li-ion battery pack with the application of flexible form-stable composite phase change materials[END_REF] suggested a combination method for thermal management of a Li-ion battery pack with the application of different flexible form-stable composite PCM. Their study allowed

Li-ion battery pack to work safely for a long period without exceeding upper-temperature limits. Luo et al. [START_REF] Liu | Experimental investigation on cooling/heating characteristics of ultra-thin micro heat pipe for electric vehicle battery thermal management[END_REF] study tested a temperature control system of graphite film combined with a phase change material for thermal management in batteries of electric vehicles. Lastly, Nofal et al. [START_REF] Nofal | Thermal management of lithium-ion battery cells using 3D printed phase change composites[END_REF] introduced a new PCM structure using the 3D technique. A 3D printed PCM type, named selective self-binding laser is introduced to identify the performance of the thermal system of a lithium-ion battery. The results showed that the newly designed 3D printed PCM is capable to provide thermal management functions and well thermal characteristics compared with other PCM composites. In each study a different PCM type was chosen by the authors to investigate its efficiency on battery cooling, Table I 

I.3.4 Heat pipe cooling

Heat pipes are one of the efficient cooling devices. The thermal management systems imply the processes of temperature control through thermodynamics and heat transfer technology, involving conduction, convection, and radiation. Whether used alone or coupled with PCM or air/ liquid thermal managing systems, the heat pipes provide a good performing atmosphere. Many experiments were conducted on the heat pipe effect on the thermal phenomena of an electric drive system. Liu et al. [START_REF] Liu | Experimental investigation on cooling/heating characteristics of ultra-thin micro heat pipe for electric vehicle battery thermal management[END_REF] investigated the cooling/heating characteristics (dynamic thermal characteristics) of the ultra-thin micro of all the previous mentioned experiments revealed that about 46% of the transmitted power from the condenser fan could be saved by Tricosan PCM system. Rao et al. [START_REF] Rao | Experimental investigation on thermal management of electric vehicle battery with heat pipe[END_REF] had experienced thermal management of electric vehicle battery with heat pipe. The purpose of the investigation was to introduce a thermal design of heat pipes for energy saving in the thermal management system of batteries in an electric vehicle. The result of the experiment in this study showed that heat pipes can be effectively used in the thermal management system for energy savings.

Greco et al. [START_REF] Greco | A theoretical and computational study of lithiumion battery thermal management for electric vehicles using heat pipes[END_REF] studied lithium-ion battery thermal management for electric vehicles using heat pipes. The study aimed to analyze and develop precise methods to use heat pipes as a guide for the battery thermal management system (BTMS). The thermal analysis model of the computational model and the thermal model of heat pipes was used in Li-ion batteries. The results of the study showed a highly effective performance that heat pipes provide in managing batteries pack temperature. Wang et al. [START_REF] Wang | Experimental investigation on EV battery cooling and heating by heat pipes[END_REF] suggested an experimental study to provide a complete experimental description of cooling and heating via the heat pipe battery covering a range of unusual battery conditions. Two typical battery cells and an alternate heat source of 2.5 to 40 W / cell were built. The results implied that under the unusual battery conditions of environmental overheating or overcooling, the heat pipe operates effectively to maintain the battery temperature. Furthermore, Li-ion batteries are frequently used in portable electronics due to their high electric capacity, they are distinguished by a high ratio in the ability to produce and store electricity. Discharge rates are one of the characteristics of any battery, the low thermal conductivity of the lithium batteries causes overheating problems due to high discharge rates.

Deng et al. [START_REF] Batteries | Heat Pipe Thermal Management Based on High-Rate[END_REF] experimental study aimed to examine the battery thermal system using a heat pipe for cooling combined with an aluminum plate which regulates the temperature through the surface of the battery. The method used resulted in a reduction of the temperature rise in (Li-ion) battery leading to a long lifetime and better safety of battery which may deteriorate due to high discharge rates and overheating.

Despite the high usage of lithium-ion batteries in various types of electric vehicles due to its electricity-saving properties, lithium-ion batteries need protection circuit or heat pipes to maintain voltage and thermal management within safe limits. Tran et al. [START_REF] Tran | Experimental investigation on the feasibility of heat pipe cooling for HEV/EV lithium-ion battery[END_REF] Heat pipes do not contain moving mechanical parts and do not usually require any maintenance, but non-condensable gases that circulate through the walls of the tube, as a result of working fluid failure or when impurities remain in the material, can reduce the tube's effectiveness in transferring heat. Tran et al. [START_REF] Tran | Experimental investigation on heat pipe cooling for Hybrid Electric Vehicle and Electric Vehicle lithium-ion battery[END_REF] had also investigated a hybrid and a typical electric vehicle system aiming to design a heat pipe for cooling the battery pack of Hybrid electric vehicles and electric vehicles. The result of the experiment showed that heat-pipes combined with a ventilation apparatus is an effective instrument to save the battery from overheating through its working.

Lithium as a metal shows instability especially during the charging process. Thus, recent research experiments start to go with non-metal lithium-ion batteries because of its ability to produce electricity and rechargeable advantage, even though lithium-ion batteries are susceptible to overheating caused by fast charging. Ye et al. [START_REF] Ye | Numerical analyses on optimizing a heat pipe thermal management system for lithium-ion batteries during fast charging[END_REF] had numerically analyzed the thermal system in his study to provide a system of heat pipe for the thermal management of batteries during fast charging. An optimized heat pipe thermal management system was presented in this study for lithium-ion battery cells. The result of the experiment showed that heat pipes have the ability to improve the thermal management system of the battery cell during fast charging.

The goal of Battery Thermal Management System (BTMS) is to increase battery lifetime by regulating temperature and distribution, this occurs through various heat-controlling methods, such as heat pipes that had shown to be an effective way to transfer heat, or heat energy, from one point to another. Zou et al. [START_REF] Zou | Experimental investigation on an integrated thermal management system with heat pipe heat exchanger for electric vehicle[END_REF] experimental study investigates the thermal performance of the heat pipe heat exchanger (HPHE) for the EV battery practice. The method used for this investigation includes an experimental test bench of HPHE and heat pump air conditioning on car chairs. The results of the investigation came up with a well, effective working system of thermal management.

Recent research articles suggest several cooling techniques in Electric Vehicles (EV) by applying heat pipes for the management of the battery thermal system of EV. Heat transfer through these heat pipes occurring such as thermal conduction and unpredictable thermal conditions through the segments of the battery pack which may cause unequal thermal distributions. The term passive cooling refers to the set of technologies or design features used for cooling a device without energy consumption. To investigate the main standards and criteria of this system, Rizk et al.

[101] studied a passive thermal management system by using heat pipes in electric vehicles lithium-ion batteries. The thermal system of the battery of heat pipes with fins was studied in repetitive charge/discharge cycles at different current rates by using thermocouples placed on the battery surface and the heat pipe. The result of the experiment showed that using more than one heat pipe with fins cools the battery surface temperature better than using one heat pipe with a fin.

The application of a battery pack thermal management system for cooling remains an evolving and searchable challenge in electric vehicles. Wei et al. [START_REF] Wei | Heat transfer characteristics of plug-in oscillating heat pipe with binary-fluid mixtures for electric vehicle battery thermal management[END_REF] had designed an experimental protocol of a binary ethanol aqueous battery cell, oscillating heat pipe. The purpose of this study was to introduce a plug-in oscillating heat pipe (OHP) for cooling the battery cell with binary-fluid mixtures of ethanol aqueous of electric vehicles. The result of the experiment implies that heat-pipe with cooling performance takes a hopeful elect for battery thermal management system of batteries in electric vehicles.

I.3.5 Combined cooling

Providing the suitable cooling system for electric vehicles lithium-ion battery ensuring better performance conditions, safety and saving energy become a necessity to think about while designing a lithium-ion energy project. Basic thermal management systems might show failures under some specific conditions. Including charge/ discharge cycles, external thermal conditions and the system thermal as well energetic capacity. For this reason, researchers are doing effort to propose cooling systems combining either between different passive cooling or between both passive and active cooling to benefits from the advantages of each cooling system. Weng et al. [START_REF] Weng | Heat pipe with PCM for electronic cooling[END_REF] designed an experimental heat pipe and PCM cooling system to study the influence of PCM on heat pipe thermal behavior. They coupled in this experiment a PCM in the adiabatic zone of heat pipe as illustrated in Figure I.24.

Moreover, several types and volumes of PCM, different fan speeds and different heating powers were tested. The results unveiled that about 46% of the fan consumption could be reduced when using PCM type Tricosane. Those results prove the importance of several cooling systems which can lead to energy saving and reduce the cooling system cost as passive cooling system are cheaper and require less interventions. Furthermore, Chen et al [START_REF] Chen | Comparison of different cooling methods for lithium ion battery cells[END_REF] exposed the four cooling system's effect on the performance, weaknesses and validity concerning the thermal control of lithium-ion batteries. Their result show that the weight of cooling system is highest when using fins as cooling system while air cooling requires the most energy consumption. Direct and indirect liquid cooling were also tested and the indirect cooling is more performant. Additionally, Zhao et al. [START_REF] Zhao | An experimental study of heat pipe thermal management system with wet cooling method for lithium ion batteries[END_REF] proposed a combined heat pipe with a condenser wetted by water to enhance cooling by evaporation. Four types of heat pipe and natural convection method are examined to be compared with the heat pipe and wet cooling method on two battery packs, 3Ah and 8 Ah (4S1P), during high-intensity discharge (1C,2C,3C). The results showed a lower temperature gradient and temperature rise in discharge tests in the combined cooling system as for the 3Ah battery pack the temperature elevations during tests are below 4 °C while for 8 Ah battery pack, the proposed system is able to ensure temperature under 30 °C with only four sprays of water. Despite the fact that cooling systems based on phase change materials (PCMs) overcome the lithium-ion batteries heating, they might show some thermal control failure due to some circumstances. A study of Ling et al. [START_REF] Ling | A hybrid thermal management system for lithium ion batteries combining phase change materials with forced-air cooling[END_REF] took the heat accumulation caused by the bad conditioned cooling air for the PCMs cooling system. A forced air convection was implemented to test its ability to keep the lithium batteries under a PCMs based cooling system among the safety temperature of 60°C. Opposed to the passive thermo-physical properties of PCMs which leads to an over heat of the battery, the forced air convection succeeded to keep the battery heat under the limits of 50°C. This study added more prospects and solutions to the PCMs cooling system of lithium-ion batteries. Wu et al. [START_REF] Wu | Experimental investigation on the thermal performance of heat pipe-assisted phase change material based battery thermal management system[END_REF] proposed a novel combined heat pipe assisted PCM system, experimental measurements were done to evaluate maximum temperature rise and temperature distribution. A comparison between no cooling system and heat pipe assisted PCM demonstrates the efficient of this system as it increases operation time before attending 50°C in the system. Forced air convection ameliorate the system performance but increasing air velocity leads to fluctuation in PCM phase transition process. This study ended with new prospects for future designs and optimization of lithium-ion battery systems. Yamada et al. [START_REF] Yamada | Analysis of a lithium-ion battery cooling system for electric vehicles using a phase-change material and heat pipes[END_REF] inspected the thermal runaway of Lithium ion batteries Moreover, a simple design of hybrid cooling system was constructed by Wei et al. [START_REF] Wei | Experimental investigation of a novel hybrid cooling method for lithium-ion batteries[END_REF] to test its efficiency in cooling lithium-ion batteries. This design was similar to the air-cooling system design with additional a duct allowing the coolant to move around through an inlet and an outlet linked with a duct.

To release the heat from the battery, the design contained also a collection of hydrophilic fiber channels with water coolant, the forced air theory was applied at this point. This hybrid cooling system was able to keep the main aimed results within the norms. It succeeded to maintain the average surface temperature within an excellent average only 30.5 °C. It, also decreased the temperature uniformity starting from 12.5 °C as a primary temperature no cooling case to only 2.1 °C as a controlled temperature under the experimental conditions. This hybrid cooling design allows a decrease of temperature up to 73.5% to 85.7%. The air-cooling and the water-cooling systems couldn't reach only 32 °C to 50% compared to the other typical water or air-cooling systems. This hybrid design ensured a better performance with low thermal averages for a lithium-ion energy-based system. Additionally, a response surface methodology (RSM) based study was conducted by Ling et al. [START_REF] Ling | Compact liquid cooling strategy with phase change materials for Li-ion batteries optimized using response surface methodology[END_REF] to provide higher cooling system with low weight. This study was conducted by minimizing the PCM mass by adopting an optimization method, which adopts both active and passive cooling systems in parallel. The analyses of the variables PCM system, the active/passive cooling variables has shown a wide effect on the system thermal performance and configuration. Adopting a certain size and weight couldn't be done without making an optimal design for this hybrid TMS system, which ended up with saving over 94.1% of the PCM system mass and 55.6% if the volume. These experimental conditions provided till 37°C ending out the standards of less than 3 °C. Providing this ideal low weight in parallel with high performance to the cooling system in addition to its practical structure, the hybrid system proved its efficiency with comparison to the conventional liquid cooling system. Deeper, one of the primary criteria that an effective thermal management system should reflect is its large capacity to maintain high amounts of temperature for higher safety and performance of lithium-ion battery-based systems. Therefore, Bai et al. [START_REF] Bai | Investigation of thermal management for lithium-ion pouch battery module based on phase change slurry and mini channel cooling plate[END_REF] investigated the phase change slurry (PCS) based thermal management and mini channel cooling plate for the lithium-ion pouch battery module. In order to balance between the energy consumption and the PCS cooling performance, these elements were tested through a three-dimensional thermal modal design linking the cooling plate with mini channel following the orthogonal matrix experimental method. Despite the practicality phase changed material has shown through high temperature reduction and low costs, this latter has limited development chances due to low thermal conductivity. As a solution, Qu et al. [START_REF] Qu | Experimental investigation on thermal performance of phase change material coupled with three-dimensional oscillating heat pipe (PCM/3D-OHP) for thermal management application[END_REF] in their experimental study increased the PCM system thermal performance by adopting an oscillating heat pipe working as a thermal transfer device.

In the experimental design, a regular OHP and 3D-OHPs were implemented for a better PCM thermal performance. Two experiments were conducted to test the thermal performance of the PCM system with two distinct designs based on OHP, for the first one, PCM linked with two kinds of novel 3D-OHPs (4 layers 3D-OHP and 3 layers 3D-OHP) and for the second one PCM coupled with multiple 2D-OHPs system. For the regular OHP case, paraffin wax melted faster than the 3D-OHP former system.

Consequently, the 4 doubled layers' paraffin wax took less time to solidify again. This study revealed that paraffin wax/3D-OHP system provides better thermal condition for an efficient PCM system. Figure 

I.3.6 Internal cooling

After discussing in previous section different active and passive external battery thermal management systems. In this section, another promising internal cooling system is in progress in last years. Highlighting the internal cooling in our study is very important and will display the gap in this part to researchers. In this context, Mohammadian et al. [START_REF] Mohammadian | Internal cooling of a lithium-ion battery using electrolyte as coolant through microchannels embedded inside the electrodes[END_REF] performed a numerical study to compare the internal and external cooling methods using electrolyte as a coolant by micro channels inside the electrodes of the lithium-ion battery. The results show that internal cooling causes increasing the convection heat transfer and a regulation better than the external cooling. Moreover, the study performed by Shah et al. [START_REF] Shah | Experimental and numerical investigation of core cooling of Li-ion cells using heat pipes[END_REF] aimed to investigate the cooling of Li-ion battery using an air flow inside a centered annular channel in a case and heat pipe fixed in the central axis to cool the battery core as show in Figure I.30 based on experimental and numerical models. The method used for the investigation indicates that the cooling was effective and causes a well thermal reduction through to the cell core higher than 18°C in the case of heat pipe cooling. Furthermore, as discussed below Phase change material (PCM) could be used as an efficient cooling system to ensure limiting battery temperature rise.

Thus, Zhao et al. [START_REF] Zhao | Optimization of a phase change material based internal cooling system for cylindrical Li-ion battery pack and a hybrid cooling design[END_REF] proposed an internal cooling system based on PCM . They tested the battery internal cooling system by optimization of a phase change material using 40 cylindrical batteries. The results prove that the internal cooling is a space-saving method that eases the implementation of the high energy density of the lithium-ion battery pack. In addition, Gou et al. [START_REF] Gou | The thermal performance of a novel internal cooling method for the electric vehicle battery: An experimental study[END_REF] designed a cooling method based on PCM and PCM combined with heat pipe as novel internal cooling system. The obtained temperature for PCM cooling is limited on 35.5°C while it decreases to lower than 31.5°C when PCM is combined with heat pipe. The battery thermal management system ensures longer life and better performance of the lithiumion batteries through a simplified heat cooling system. It controls the batteries heat with low costs and energy waste. More experimental studies are recommended to be performed to analyze different internal cooling strategies and to propose optimized systems.

I.4 Synthesis and Conclusion

This bibliographic study highlights technical issues limiting the progress of Li-ion batteries use in electric vehicles. During operating time, two main heat sources are generated due to entropy change and Joule effect which cause an undesirable thermal behavior of Li-ion battery. As the chemical properties are often unknown due to the confidentiality adopted by the manufacturers to the internal composition of batteries, and as they are also strongly impacted by the applied current, the experimental characterization of the commercialized battery is primary to analyze and its thermal behavior and to develop an accurate the thermal model. Li-ion batteries are subjected to unfavorable operating conditions, especially when grouped in packs, and in applications requiring high power. In some cases, the maximum temperature recommended by the manufacturers may be exceeded. To avoid safety risks, improve performance and increase battery life, researchers are developing technologies to keep batteries within the optimal temperature range.

In fact, understanding the thermal behavior of a Li-ion battery is the main key factor to enable sizing an efficient cooling system. Many studies have elaborated an analysis to batteries thermal behavior based on experimental measurements and numerical models. The most of efforts were concentrated on testing different current rates especially during discharge as high current may be applied during discharge compared to charge cycles. This why we think that applying consecutive charge and discharge cycles will contribute to a better understanding to the thermal behavior of Li-ion batteries and the maximum temperature rise could be defined for a given charge and discharge current.

In Addition, developing a numerical model requires the determination of several parameters characterizing the thermal behavior of Li-ion battery such as the internal electrical resistance, the entropic heat coefficient, the specific heat capacity, the thermal conductivities and the heat transfer coefficients. Those parameters may be determined either experimentally or based on given data in literature. Furthermore, the determination of those parameters is essential to solve the heat transfer equation. However, it is evident that the development of simplified correlation enabling fast determination of the battery thermal behavior will attract the attention of scientist and industries working on batteries.

Many cooling systems were tested in different studies to ensure controlling the temperature rise of batteries during operating time and under different test conditions. The active cooling systems is widely used in EVs. Recently, researchers are more focusing on studying the efficiency of some passive cooling systems based on phase change material (PCM) and heat pipe as they present an advantage on no energy consumption. Nevertheless, more concentration should be given to the efficiency of those systems taking in consideration the rise on cooling system mass impact on the required electrical motor power.

Finally, based on our state of art study on the battery thermal management systems. Our experimental and numerical study will focus on a description of the thermal behavior of a Li-ion battery first. Then, a numerical model is developed and validated with experimental measurements. The developed numerical models in this thesis are able to solve heat transfer equation in one battery using alternating directive method (ADI) in a side and also able to predict the temperature rise of a battery pack combined with PCM under both constant and dynamic current deduced from normalized driving cycles.

Chapter II. Experimental study of a Liion battery thermal behavior

II.1 Introduction

The literature review presented in the previous chapter shows the necessity of understanding the thermal behavior of Li-ion batteries which will enable the proposition of an efficient cooling strategy.

For this motive, in this chapter, an experimental study has been performed in order to investigate and analyze the thermal behavior of a prismatic 60Ah LFP battery during consecutive charge and discharge cycles. A description of the experimental test bench is presented as well as measurements methods.

Different currents rates were applied and obtained results of temperature and heat flux measurements are discussed. An analysis of temperature distribution on the battery sides and its symmetry is carried out. The results presented in this chapter are used to develop the 3D thermal model and in sizing an efficient cooling system. Indeed, the non-controllable thermal behavior of batteries appears when high currents rates are applied [START_REF] Samba | Development of an advanced two-dimensional thermal model for large size lithium-ion pouch cells[END_REF], which causes the battery aging [START_REF] Goutam | Comparative study of surface temperature behavior of commercial li-ion pouch cells of different chemistries and capacities by infrared thermography[END_REF] . Furthermore, the heat produced by the battery could be defined as the sum of the Joule heat which is the irreversible part and the heat due to the entropy change which forms the reversible part [START_REF] Jeon | Thermal modeling of cylindrical lithium ion battery during discharge cycle[END_REF]. The irreversible heat is due to the current flow inside the battery during charge and discharge. While the reversible heat is caused by the entropy change during the insertion and disinsertion of Li-ions in the structure of electrodes. Moreover, two other sources of heat could exist in during battery operating time: the heat generated by secondary reactions and the heat of mixing. The secondary reactions are related to aging and could be neglected when using a new battery. The heat of the mixture is caused by the creation and relaxation of internal concentration gradients. Thus, the cumulative heat absorption and release is zero and this term can then be neglected [START_REF] Thomas | Heats of mixing and of entropy in porous insertion electrodes[END_REF].

II.2 Description of the experimental test bench

II.2.1 Battery instrumentation

The heat generation amount depends on several factors such as SOC, current, battery initial temperature and battery SOC. In this study, the electrical properties are considered to be dependent to the SOC, and therefore on time. Experimental tests are carried out first to study the thermal symmetry of the battery external surfaces.

II.2.3 Preliminary test

II.2.3.1 Capacity measurements

The preliminary test conducted on the battery are capacity measurements to enable the determination of the SOC. The Constant current (CC) mode is widely used as a battery charge and discharge protocol.

To determine the capacity of battery, the battery is first charged via CC mode until reaching the maximum recommended voltage 3.6 V. Then a constant voltage protocol is applied until reaching a current of 0.1 A. At this point the battery is considered charged at 100%. Same CC-CV protocol is applied during discharge until reaching the minimal recommended voltage of 2.6 V. 

II.2.3.2 Initial temperature

The It is also possible to state that, the maximum temperature is obtained in the center of the battery (T26).

Therefore, the active material temperatures measured by the internal thermocouples (T25, T26) are higher than the surface temperatures given by T2, T5, T8 due to the battery shell effect. Finally, the lowest temperature is obtained in battery upper front side (T8) where no active material is implemented, in accordance with the battery internal composition shown in Fig. 6. A difference of 3°C approximately, is obtained between the maximal temperature (T26) and the minimal temperature (T8) in quasistationary regime. Concluding, even if the measured temperatures profiles show similar trends, it is possible to state that, their values vary with respect to the distance between the sensors' position and the battery active material location. Consequently, a real difference between the measured surface temperature and the internal battery temperature is stated. 

II.3.2 Maximum local temperature measurements

The 

II.4 Electrodes collectors' temperatures measurements

Consecutive charge and discharge cycles were applied on the tested battery to characterize its' thermal behavior. different Joule heat generation in electrodes. However, both the electrodes' temperatures profiles are closed to the internal highest temperature profile measured by (T26). This behavior is consistent with the heat generation rate, which is supposed to be higher at the battery electrodes [START_REF] Panchal | Experimental and theoretical investigation of temperature distributions in a prismatic lithium-ion battery[END_REF] , such as for the active material of the battery core. Furthermore, also for the temperatures measured at the electrodes, a difference of about 3 degrees can be stated with the minimum temperature measured at the center of battery upper front side (T8). Focusing on the quasi-stationary regime of the highest temperatures' profiles, it is possible to state that the occurrence of the temperature local maxima is in phase with the load variation introduced by the charge/discharge cycling switch, while the local minima are located in the middle of the charge and discharge steps. 

II.5.1 Rcurrent=1

First and Z planes, Higher temperatures are obtained for higher currents rates. A notable remark to be mentioned in Z plane that a decrease of temperatures is noticed at 200 mm for the three applied currents.

At this level no active material was found when decomposing the tested battery. 

II.5.2 Rcurrent≠1

The new tests are performed imposing different charge/discharge current ratios. The purpose of those tests is to visualize the thermal behavior and temperature profiles when applying consecutive charge and discharge cycles for Rcurrent≠1. The Different charge and discharge currents were applied and the maximum temperature rise obtained by thermocouple (T26) is presented. For all tested cases, higher temperature is obtained for higher currents.

In the following part of this section. The effect of different tested current during both transient and quasistationary regime besides the effect of SOC on temperatures profiles is investigated. All the presented variations in temperature profiles underline that, during its real operations, the battery is exposed to different thermal cycling, depending on the C-rate variations imposed during the charge and discharge phases. In order to enhance the battery lifespan, these variations must be integrated in the battery thermal management system. the current ratio decreasing (zone 1) until reaching its maximum value for Rcurrent=0.4, and a similar behavior, but with a lower rising slope can be observed in case of the current ratio increasing (zone 3). 

II.6 External heat dissipation measurements

II.6.1 Determination of total external heat dissipation

The internal generation of heat is responsible on the temperature increase inside the battery.

However, an amount of this energy is dissipated to the outside. In this section, we aim to present the experimental measurements performed by three heat flux sensors inserted on 3 sides of the battery Front, 

II.6.2 Effect of current on total external heat dissipation

The total dissipated heat measured using heat flux sensors is presented for Rcurrent=1 in 

II.7 Conclusion

In this Chapter, the thermal behavior of a 60 Ah Li-ion battery is investigated for different constant currents rates. Based on temperature and heat flux measurements, the effect of current rates on battery thermal behavior is examined.

Two thermal regimes are observed during consecutive charging and discharging cycles. A transient regime is followed by a quasi-stationary regime. The reversible heat generation affects strongly the temperature profile in quasi-stationary regime. Moreover, the irreversible heat generation is exothermic.

A difference of about 3 °C is observed between the temperature measured on the battery surface and the temperature of the active material measured on the battery core. This confirmed that the measurements of the battery surface temperature are not sufficient to ensure efficient battery thermal management. In fact, the measured electrodes temperatures are higher than the battery surface temperature and approximately equal to maximum temperature measured on the center of the battery front side. This proves that tracking the electrodes temperature could be a main key in analyzing the battery thermal behavior. The temperature profile in quasi-stationary regime depends strongly to charge and discharge current ratio. Particularly, the temperature rise has a "V" shape in quasi stationary regime at a current charge/discharge ratio (Rcurrent) of 1. However, the temperature profiles drastically change while reducing or increasing this current ratio (Rcurrent). The measurements performed on local heat flux and total heat dissipation carried using heat flux sensors show same behavior. Those measurement are primary in the determination of the heat transfer coefficient and the entropic heat coefficient which will be used in developing the numerical models in the next chapters.

Concluding, all the presented variations in temperature profiles underlined that, depending on the Crate variations imposed during the charge and discharge phases, the battery can be exposed to different thermal cycling during real operations. Then, to enhance the battery lifespan, these variations must be integrated in the battery thermal management system. Thermal modeling of a prismatic Li-ion battery.

Chapter III. Thermal modeling of a prismatic Li-ion battery

III.1 Introduction

During operating time, heat is generated inside the battery due to chemical reactions. The battery temperature increases then which causes in some non-controllable cases the deterioration of the battery.

The experimental study proposed in the previous chapter gave an idea about the thermal behavior of a prismatic 60Ah Li-ion battery tested for different current rates. However, this study is limited to the measurement of temperatures and heat flux densities. It is therefore necessary to develop a thermal model enabling the determination of the internal heat generation as it is the main key factor to well conceive an efficient battery thermal management system. In this Chapter, a 3D thermal model is proposed to the tested battery. First, the thermal parameters such as entropic heat coefficient and electrical parameters such as internal resistance are determined which enable the estimation of the reversible and irreversible heat amounts. In addition, the model is solved using the alternating directive method (ADI). A validation of the results predicted using the developed numerical model is performed.

The proposed model is used to suggest two correlations enabling the fast determination of the internal heat energy generation and maximum temperature rise for given charge and discharge current.

III.2 3D thermal numerical model

A prismatic lithium iron phosphate battery is tested under different C-rates to characterize its thermal behavior. Experimental data was used to determine battery thermal parameters and a 3D battery thermal model is developed. In this section, the energy balance equation and boundary conditions are first defined and then the alternating direction method is used. Finally, the calculation procedures to solve the constructed tri-diagonal matrix is described.

Based on energy balance equation, battery heat accumulation is equal to the sum of internal volumetric heat generation and heat conduction see equation III.1. Where ρ is the battery density, C p is the specific heat capacity, while λ x , λ y and λ z are respectively the thermal conductivities in x, y and z directions. V bat designs the battery volume. Internal volumetric heat generation is defined as the sum of irreversible and reversible heat [133]. The determination of battery internal resistance (R) and entropic heat coefficient ( dU OC dT ) versus SOC are necessary to solve the heat transfer equation. ρ, C p , λ and h n are defined as constant during battery operating time. equation III.2 presents the boundary conditions and the value of heat transfer coefficient h n is experimentally calculated from heat flux measurements.

Where n designs the normal vector to the battery,T s,n presents the surface temperature measured by each of the heat flux sensors.

The development of the model is based on experimental methods to determine the internal electrical resistance and the entropic heat coefficient and the thermal parameters (the thermal conductivities and the specific heat capacity) are obtained from bibliographic data. The heat transfer coefficient is determined from the measurements of temperature and heat flux presented in chapter II. After determining the extrinsic and intrinsic parameters helping in the resolution of the heat transfer equation, a 3D thermal model is programed manually using Fortran language. Finally, a validation of the obtained numerical results is done for different experimental conditions to prove the model accuracy. 

Battery heat transfer equation :

ρC p ∂T ∂t = λ x ∂ 2 T ∂x² + λ y ∂ 2 T ∂y² + λ z ∂ 2 T ∂z² + 1 V bat (RI 2 -IT dU OC dT ) III.1

Boundary conditions :

-λ n ∂T ∂n = h n (T s,n -T amb ) III.2

III.2.1 ADI method

The alternating directive method (ADI) used to solve the battery heat transfer equation was developed first by Peaceman and Rachford [START_REF] Society | Stability and Convergence of the Peaceman-Rachford ADI Method for Initial-Boundary Value Problems Author[END_REF] to solve elliptic and parabolic equations in 2D and 3D.

This method is unconditionally stable. As a conclusion to this stability condition lower calculation time and computer storage is needed. The numerical discretization of the heat transfer equation is presented in equations III.3, III.4 and III.5. The tridiagonal matrix is used to calculate the temperature in each step.

The parameters i, j and k represent the steps in direction of x, y and z respectively. The domain is divided following each direction in Nx, Ny and Nz time with a step in each direction Δx, Δy and Δz. The The ADI method consists in calculating the spatial derivatives of the temperatures at an instant p (*)

ρCp T i,j,k * -T i,j,k n Δt 2 -λ x T i+1,j,k * -2T i,j,k * + T i-1,j,k * Δx 2 -λ y T i,j+1,k n -2T i,j,k n + T i,j-1,k n Δy 2 -λ z T i,j,k+1 n -2T i,j,k n + T i,j,k-1 n Δz 2 = 1 V bat (RI 2 -IT i,j,k n dU OC dT ) III.3 ρCp T i,j,k * * -T i,j,k n Δt 2 -λ x T i+1,j,k * -2T i,j,k * + T i-1,j,k * Δx 2 -λ y T i,j+1,k * * -2T i,j,k * * + T i,j-1,k * * Δy 2 -λ z T i,j,k+1 n -2T i,j,k n + T i,j,k-1 n Δz 2 = 1 V bat (RI 2 -IT i,j,k n dU OC dT ) III.4 ρCp T i,j,k n+1 -T i,j,k * * Δt 2 -λ x T i+1,j,k * -2T i,j,k * + T i-1,j,k * Δx 2 -λ y T i,j+1,k * * -2T i,j,k * * + T i,j-1,k * * Δy 2 -λ z T i,j,k+1 n+1 -2T i,j,k n+1 + T i,j,k-1 n+1 Δz 2 = 1 V bat (RI 2 -IT i,j,k n+1 dU OC dT ) III.5
with respect to the spatial derivatives of the temperatures at a later instant p+1 (**). The unconditional stability of the implicit method implies the convergence of the method whatever the chosen time step.

This makes it possible to choose a longer time step, and thus increase the computational speed. The time step is equals to 𝑡+𝛥𝑡/2, the temperature at 𝑡+𝛥𝑡/2 is calculated from the previous temperature T (t).

Equations below show the used discretization in each step.

• Step 1:

For i=1, the boundary condition is applied to determine T 1,j,k * .

For i=2, the defined equation of T 

+ T 2,j-1,k n ) + λ z Δz 2 (T 2,j,k+1 n + T 2,j,k-1 n ) + λ x h x Δx 2 (h x + λ x Δx ) T amb + RI 2 V bat III.7 - λ x Δx 2 T i-1,j,k * + ( 2ρCp Δt + 2λ x Δx 2 ) T i,j,k * - λ x Δx 2 T i+1,j,k * = ( 2ρCp Δt - 2λ y Δy 2 - 2λ z Δz 2 - dU OC dT V bat ) T i,j,k n + λ y Δy 2 (T i,j+1,k n + T i,j-1,k n ) + λ z Δz 2 (T i,j,k+1 n + T i,j,k-1 n ) + RI 2 V bat III.8
For i=Nx, the defined equation of T Nx+1,j,k * is replaced in equation III.3

For i=Nx+1, the boundary condition is applied to determine T Nx+1,j,k *

The 'i' iterations explained following the x plane directions are done for Y and Z plane to determine the iterations 'j' and 'k'. For the iteration 'j' the temperature is given in instant (**) and written in function of previous temperatures in instants (*) and (n). Moreover, For the direction 'k' the temperature is given in instant (n+1) and written in function of previous temperatures in instants (**) and (*).

• Step 2: 

- λ x Δ𝑥 2 T Nx-1,j,k * + ( 2𝜌C p Δt + 2λ x Δx 2 - λ x ² Δ𝑥 3 (h x + λ x Δx ) ) T Nx,
) T i,2,k * * - λ y Δy T i,3,k * * = ( 2ρC p Δt - 2λ z Δz 2 - I dU OC dT V bat ) T i,2,k n + λ x Δx 2 (T i+1,2,k * -2T i,2,k * + T i-1,2,k * ) + λ z Δz 2 (T i,2,k+1 n + T i,2,k-1 n ) + λ y h y Δy 2 (h y + λ y Δy ) T amb + RI 2 V bat III.12
For j=3, Ny-1 

- λ y Δy 2 T i,j-1,k * * + ( 2ρCp Δt + 2λ y Δy 2 ) T i,j,k * * - λ y Δy 2 T i,j+1,k * * = ( 2ρCp Δt - 2λ z Δz 2 - dU OC dT V bat ) T i,j,k n + λ x Δx 2 (T i+1,j,k * -2T i,j,k * + T i-1,j,k * ) + λ z Δz 2 (T i,j,k+1 n + T i,j,k-1 n ) 
T i,j,1 n+1 = 1 h z + λ z Δz ( λ z Δz T i,j,2 n+1 + h z T amb ) III.16
For k=2

( 2ρCp Δt + 2λ z Δz 2 + I dU OC dT V bat λ z 2 Δz 3 (h z + λ z, Δz ) ) T i,j,2 n+1 - λ z Δz 2 T i,j,3 n+1 = λ x Δx 2 (T i+1,j,2 * -2T i,j,2 * + T i-1,j,2 * ) + ( 2ρCp Δt - 2λ y Δy 2 ) T i,j,2 * * + λ y Δy 2 (T i,j+1,2 * * + T i,j-1,2 * * ) + λ z h z Δz 2 (h z + λ z Δz ) T amb + RI 2 V bat

III.17

For k=3, Nz-1

- λ z Δz 2 T i,j,k-1 n+1 + ( 2ρCp Δt + 2λ z Δz 2 + I dU OC dT V bat ) T i,j,k n+1 - λ z Δz 2 T i,j,k+1 n+1 = λ x Δx 2 (T i+1,j,k * -2T i,j,k * + T i-1,j,k * ) + ( 2ρCp Δt - 2λ y Δy 2 ) T i,j,k * * + λ y Δy 2 (T i,j+1,k * * + T i,j-1,k * * ) + RI 2 V bat

III.18

For k=Nz

- λ z Δz 2 T i,j,Nz n+1 + ( 2ρCp Δt + 2λ z Δz 2 + I dU OC dT V bat λ z 2 Δz 3 (h z + λ z, Δz ) ) T i,j,Nz+1 n+1 = λ x Δx 2 (T i+1,j,Nz+1 * -2T i,j,Nz+1 * + T i-1,j,Nz+1 * ) + ( 2ρCp Δt - 2λ y Δy 2 ) T i,j,Nz+1 * * + λ y Δy 2 (T i,j+1,Nz+1 * * + T i,j-1,Nz+1 * * ) + λ z h z Δz 2 (h z + λ z Δz ) T amb + RI 2 V bat

III.19

For k=Nz+1

T i,j,Nz+1 n+1 = 1 h z + λ z Δz ( λ z Δz T i,j,Nz n+1 + h y T amb ) III.20
Based on previous given equations of the model discretization using ADI method is performed. Three tridiagonal matrixes are built to calculate the temperature in the three instants (*), (**) and (n+1).

An example of the decomposition method is given for the first step and same method is applied in the other steps.

First for i= [START_REF] Tie | A review of energy sources and energy management system in electric vehicles[END_REF]Nx] the given system of equations could be written via the given matrix in equation III.21 and the coefficient are given bellow in equations III.22,III.23 and III.24.

The given matrix is decomposed as the product of a lower triangular matrix L and an upper triangular matrix U according as shown in equation III. [START_REF] Tian | Sensor fault diagnosis for lithium-ion battery packs based on thermal and electrical models[END_REF] 

( b 2 a 3 c 2 b 3 0 c 3 0 ⋮ ⋮ ⋱ ⋱ ⋱ ⋱ a i ⋱ ⋮ 0 ⋱ ⋯ ⋱ ⋯ ⋯ ⋯ ⋯ ⋯ 0 0 ⋱ b i ⋱ ⋱ c i ⋱ ⋮ ⋮ 0 a Nx-1 0 b Nx-1 a Nx c Nx-1 b Nx ) × T * = f III.21 b 2 = b Nx = 2ρC p Δt + 2λ x Δx 2 - λ x ² Δx 3 (h x + λ x Δx ) III.22 b i = 2ρC p Δt + 2λ x Δx 2
III.23

a i = c i = - λ x Δx 2

III.24

The equation III.21 could be written then as defined in equation III.33. To solve the equation a vector Y is defined as the product of the upper triangular matrix U and the Temperature vector as presented in equation III. [START_REF] Park | A design of air flow configuration for cooling lithium ion battery in hybrid electric vehicles[END_REF]. Finally, the coefficient of the E vector and temperatures T i,j,k * are given in equations III.35, III.36, III.37 and III.38.

( b 2 a 3 c 2 b 3 0 c 3 0 ⋮ ⋮ ⋱ ⋱ ⋱ ⋱ a i ⋱ ⋮ 0 ⋱ ⋯ ⋱ ⋯ ⋯ ⋯ ⋯ ⋯ 0 0 ⋱ b i ⋱ ⋱ c i ⋱ ⋮ ⋮ 0 a Nx-1 0 b Nx-1 a Nx c Nx-1 b Nx ) = L × U III.25 L = ( 1 l 3 0 1 0 0 0 ⋮ ⋮ ⋱ ⋱ ⋱ ⋱ l i ⋱ ⋮ 0 ⋱ ⋯ ⋱ ⋯ ⋯ ⋯ ⋯ ⋯ 0 0 ⋱ 1 ⋱ ⋱ 0 ⋱ ⋮ ⋮ 0 l Nx-1 0 1 l Nx 0 1 ) III.26 U = ( g 2 0 c 2 g 3 0 c 3 0 ⋮ ⋮ ⋱ ⋱ ⋱ ⋱ 0 ⋱ ⋮ 0 ⋱ ⋯ ⋱ ⋯ ⋯ ⋯ ⋯ ⋯ 0 0 ⋱ g i ⋱ ⋱ c i ⋱ ⋮ ⋮ 0 0 0 g Nx-1 0 c Nx-1 g Nx )
III.27

g 2 = b 2 III.28 g i = b i -l i × c i-1 III.29 g Nx = b Nx -l Nx × c Nx-1 III.30 l i = a i g i-1
III.31

l Nx = a Nx g Nx-1
III.32 

III.2.2 Calculation procedures

e i = f i -l i × e i-1 III.36 T Nx,j,k * = e Nx g Nx III.
37 

T i,j,k * = 𝑒 i -c i × T i+1,j,k * g i III.38

III.3 Identification of battery thermal parameters

III.3.1 Calculation of ρ,Cp, λn and hn

The chemical reactions inside the battery during operating time cause several mass and heat transfer phenomena. Many researchers simplify the physical problem of batteries models by considering it as a

Chapter III. Thermal modeling of a prismatic Li-ion battery 92 block [START_REF] Chen | Thermal analysis of lithium-ion batteries[END_REF], [START_REF] Yu | Thermal analysis and two-directional air flow thermal management for lithium-ion battery pack[END_REF]. Battery thermal parameters are then calculated based on its volume. The battery density is calculated based on equation III.39. Besides, the specific heat capacity is determined using the equations III.40. In addition, the thermal conductivity is determined taking in consideration the internal this structure's arrangement which is in series along the battery thickness (direction x) while it is in parallel for the height and width directions (y and z). The characteristics of each component are extracted from literature [START_REF] Rizk | Experimental analysis and transient thermal modelling of a high capacity prismatic lithium-ion battery[END_REF] and listed in Table III 

III.3.2 Internal electrical resistance

Irreversible heat generated by Li-ion batteries during operating time is caused by electrical losses called usually Joule effect. This heat is equal to the product of internal electrical resistance and the current square. Thus, the determination of internal resistance is primary to determine the source term of the heat transfer equation. Internal resistance is determined based on test profile mentioned in Freedom

Car manual [START_REF] Inl | Battery Test Manual for Plug-In Hybrid Electric Vehicles[END_REF] The obtained internal resistance during charge and discharge were interpolated versus SOC, see equation III.45 and III.46. These equations are then integrated to solve the numerical 3D model.

III.3.3 Entropic heat coefficient

Energy accumulation is defined as the difference of heat generation due to chemical reactions and heat dissipation [START_REF] Schuster | Thermal behavior and electrochemical heat generation in a commercial 40 Ah lithium ion pouch cell[END_REF] a particularity, comparing it to proposed experimental and analytical methods in literature as it leads to the determination of the entropic heat during both charge and discharge cycles. Indeed, the measurements of entropic heat coefficient performed by Geifes et al. [START_REF] Geifes | Determination of the entropic heat coe ffi cient in a simple electro-thermal lithium-ion cell model with pulse relaxation measurements and least squares algorithm[END_REF] show low current effects, same profile for three tested currents and negative entropic heat coefficients for a SOC lower than 20%.

Moreover, experimental results published by Samba et al. [START_REF] Samba | Development of an advanced two-dimensional thermal model for large size lithium-ion pouch cells[END_REF] show a difference between entropic heat R Charge = 117.88 SOC 5 

Q ̇accumulated = Q ̇generated -Q ̇Dissipated III.47 Q ̇generated = RI 2 -IT dU oc dT III.48 dU oc dT = RI 2 -Q ̇accumulated -Q ̇Dissipated IT III.49
coefficient during charge and discharge. This difference is justified by the hysteresis phenomena of open circuit voltage in function of SOC. Obtained results for the tested 60 Ah battery show that the entopic coefficient is in same cycle exothermic and endothermic which explains our remarks concerning the "V" shape of temperature profile in quasi-stationary regime. During charge and discharge for a SOC lower than 35% the EHC is endothermic while it is exothermic for a SOC between (35%-85%). for higher SOC values the EHC is endothermic during charge while it keeps increasing during discharge.

This phenomenon is due basically to the difference of materials used in each electrode which provides different electrical reactions during the insertion or desertion of lithium ions. The EHC is averaged for each state of charge and for all given current and is then interpolated versus SOC in equations III. [START_REF] Saw | Computational fluid dynamic and thermal analysis of Lithium-ion battery pack with air cooling[END_REF] 

III.4 Battery temperature and heat dissipation model validation

In this section, temperature and heat flux measured during consecutive charge/discharge cycles for an applied current of 60A is compared to the numerical model results. The thermal parameters of battery (thermal conductivity, specific heat, heat transfer coefficient, internal resistance, entropy coefficient and ambient temperature) are fixed inputs and the validation with the experimental tests is conducted by modifying the charge and discharge currents. The battery temperature is strongly dependent to charge/discharge current which is the main factor affecting the battery thermal behavior. For this reason, the total heat dissipation on the battery sides, predicted by the model is compared to the experimental measurements for the same charge and discharge current ratios (Rcurrent=1) using three currents rates (40 A, 50 A, 60 A). Experimental tests were performed by charging and discharging the battery until reaching the maximum and minimum cut-of voltage (2.6 V-3.6 V). The thermal model is compiled for same state of charge (5%-95%). As shown in Figure III.11, the comparison of the experimental data and the thermal model presents an accurate prediction to the thermal profiles of heat dissipation. It can be seen that higher heat was dissipated for higher applied current. For each cycle, the profile of heat dissipation during quasi-stationary regime has a 'V' shape, due to the entropy variation during a cycle. Furthermore, the heat dissipated via battery sides is the consequence of the internal generation. As discussed previously, an amount of the internal heat is accumulated inside the battery and transferred by dissipation to the external environment. An ), (0%-50%) and (50%-100%) for three charge/discharge currents. The same cycling duration is used for (0%-50%) and (50%-100%). The range (0%-100%) is chosen to be the reference. The maximum mean temperature rise is obtained by computing the difference between the mean battery temperature as defined in equation III. [START_REF] Chen | Construction of effective symmetrical air-cooled system for battery thermal management[END_REF] and the ambient temperature.

The heat energy dissipation during charge/discharge cycles, is found by integrating the dissipated heat via battery surfaces as proposed in equation III. [START_REF] Arrangements | Transient Thermal Analysis of a Li-Ion Battery[END_REF] Obtained results show higher temperature rise and heat energy loss for the SOC ranging from 50%

to 100% compared with the study case for SOC range (0%-50%) which is due mainly to the dominance 

Q d = ∫ Q ̇d(t) t end t=0 dt III.53
of exothermic part of reversible heat. The battery temperature rise for SOC range (50%-100%) reached for the three tested currents is the same temperature rise for a SOC range between (0%-100%). The highest amount of energy is produced for a SOC higher than 80% due basically to drastic increase of the internal resistance which causes higher irreversible heat generations. kJ, this amount decreased to 12.35 kJ for a SOC ranging from 0% to 50%. The maximum temperature rise has no linear dependency versus SOC range due mainly to the strong effect of reversible heat in the quasi-stationary regime. For an optimal thermal use of the battery, avoiding a complete charge and discharge cycle may lead to increasing battery life cycle. For a SOC higher than 80% the internal resistance of the battery drastically increases. This phenomenon provides higher heat generation and battery temperature increase.

Figure III.17 Effect of SOC ranges on maximum temperature rise and heat generation.

III.6 Prediction of the maximum battery temperature rise and heat energy generation

The battery maximum mean temperature is computed for a fixed value of charge current in the range of 10 A to 60 A using the developed model. Figure III.18 illustrates the obtained results in the quasistationary regime for Rcurrent variable until 6. The discharge current is between 10 A and 120 A. It can be seen that higher temperature rise is found for higher current which is due to the higher amount of internal heat generation. Furthermore, based on the results presented in 

III.7 Conclusion

In this chapter, a three-dimensional transient model was developed to predict the thermal behavior of a 60 Ah prismatic lithium-ion battery tested under different charge and discharge currents. Thermal and electrical parameters were determined experimentally and analytically. The calculations are based on experimental data such as heat flux densities and temperatures and extracted physical parameters from literature data. Based on defined inputs parameters, the proposed 3D thermal model is solved using ADI method and a validation with experimental results is performed to ensure the model accuracy. Two correlations were developed in this chapter enabling the prediction of those parameters for given charge/discharge currents. The proposed correlations on this chapter are important to fast predict the maximum temperature of a battery for given conditions and to size an efficient battery thermal management system. A validation is performed for suggested correlations with experimental data and a maximum mean absolute error lower than 15% is obtained for the prediction of maximum temperature rise while the maximum mean absolute error for the heat energy generation is about 9%. Finally, a pack of batteries is tested experimentally and numerically for constant current and dynamic current using normalized driving cycles. A cooling system using microencapsulated PCM is investigated to ensure the battery temperature control.

IV.2 Battery equivalent thermal network

In the literature review presented in chapter I, two main modeling approaches of Li-ion batteries were discussed. The first one is a numerical modeling which is based on the resolution of the heat transfer equations using mathematical methods such as finite difference, volume difference or finite element methods. The second approach is the equivalent circuit modeling which requires the use of the analogy between electrical and thermal systems. An equivalent thermal circuit should be developed and electrical laws are used such as the laws of knots and the low of meshes.

As seen in the previous chapter, the battery model is based on solving the 3D heat transfer equations The calculated values of thermal resistances are given in Table IV The 3D lumped model presented in Figure IV.2 is simplified using assumptions discussed below.

• Assumption 1: Taking in consideration the symmetry of temperature discussed in chapter II. only three main nodes may be connected to battery core node.

• Assumption 2: The connected conductive and convective thermal resistances in series are simplified in this model to an equivalent thermal resistance Ri. i holds for the sides.

• Assumption 3: The three resistances in parallel are represented by an equivalent resistance Req. 

R n = e n 4λ n S n IV.3 R cv,n = 1 2hS n IV.4 R i = R cv n + R n IV.5 R eq = ( R 1 R 2 R 3 R 1 R 3 + R 2 R 3 + R 1 R 2 ) IV.6

IV.3 Effect of ambient temperature on batteries thermal behavior

In the present section, both a thermal behavior study and thermal parameters characterization were performed for several applied ambient temperatures. Consecutive charge discharge cycles were performed on five Li-ion batteries tested in a climate chamber. The effect of ambient temperature on batteries thermal behavior was investigated then measurements of battery thermal parameters were carried out to explain the thermal behavior. 

Measured

Model MAE

T in -T x R x = T x -T amb R cvx IV.13 T in -T y R y = T y -T amb R cvy IV. 14 
T in -T z R z = T z -T amb R cvz IV.15
The charge and discharge experimental cycles were conducted using the Chroma 17020 test bench.

It is equipped by 8 charge/discharge chains with a maximum power and current of (1200 W,60 A) in each chain. Furthermore, the ambient temperature was controlled by the climate chamber Weisstechnik. 

IV.3.1 Comparison of batteries thermal behavior for different chemistries

The effect of ambient temperature on battery temperature during quasi-stationary regime for 60Ah battery is presented in Figure IV.8 Same temperature profile was obtained for all tested ambient temperatures. The results show lower battery surface temperature rise for higher ambient temperature.

In the beginning of charge cycle, temperature decreases slightly then increases until the end of the cycle.

Temperatures in the starting instant of the charge cycle obtained for ambient temperature of 0°C, 10°C, 20°C and 30°C are respectively 6.87°C ,6.08°C, 4.36°C and 3.43°C while in the end of the cycle are (6.40°C,5.36°C, 4.32°C and 3.31°C). The temperature profile in the discharge cycle has the same "V" shape profile as in the charge cycle. Nevertheless, the minimal temperature rise obtained in the discharge cycle is slightly lower than the obtained in the charge cycle. This is caused mainly by the difference in the entropy coefficient during the charge and discharge cycle [153]. Charge Discharge during charge compared to discharge explains our experimental results showing the difference between the temperature profiles. Moreover, even though all the three batteries were tested under 1C-rates different temperature rise were obtained. This is justified by the difference of applied current on each battery. The NMC 53Ah battery's temperature is the highest as the applied current for this battery is the highest. which is basically due to internal heat generation, as the applied current is the same in all ambient temperatures for each battery. The dependency of the battery temperature to the environmental temperature could be explained by a change in the battery thermal properties. The internal resistance of the battery tested by Wu et al. [START_REF] Wu | Analysis of low temperature preheating effect based on battery temperature-rise model[END_REF] was found to be dependent to the ambient temperature. It decreases for increasing ambient temperatures. This decrease is about 25% for an applied temperature ranging from 0°C to 25°C. The effect of ambient temperatures on the variation of the battery entropy was investigated. The experimental study conducted by Bazinski et al. [START_REF] Bazinski | The Influence of Cell Temperature on the Entropic Coefficient of a Lithium Iron Phosphate (LFP) Pouch Cell[END_REF] shows no dependency of the battery entropy on the ambient temperature. Additionally, the temperature obtained for the three LFP batteries was higher for higher battery capacities. Besides, the temperature of the NMC 53Ah battery Charge Discharge 126 was found to be higher than the one tested on the LFP batteries even if these have higher capacity. This is due mainly to the strong thermal stability of LFP batteries comparing to NMC batteries [START_REF] Zheng | Lithium-Ion Battery Electrochemical-Thermal Model Using Various Materials as Cathode Material: A Simulation Study[END_REF]. 

IV.3.2 Comparison of batteries thermal parameters

In the previous section, five Li-ion batteries thermal behavior was investigated for different climate conditions. A strong dependency of battery temperature to climate conditions was proven. This dependency is justified by the dependency of battery thermal parameters to environmental conditions.

In this section the specific heat is measured for three batteries (LFP 60Ah, LFP 72Ah, NMC 53Ah).

Same ambient temperatures were applied to measure the battery specific heat capacity. The results shown in Figure IV.11 present the specific heat capacity of three batteries versus temperature. A linear increase of the specific heat is obtained for increasing temperature. This result may give an appropriate explanation to the thermal behavior. For higher applied environmental temperature, the battery heat store capacity increases. Lower heat is dissipated via the battery surface which explains the lower temperature rise. As discussed above, the ambient temperature has a remarkable effect on the battery thermal behavior.

In addition, the use of the battery is performed all year. To reinforce the numerical model, the effect of ambient temperature on the battery thermal parameters should be taken into consideration. A first 

IV.4 Battery pack equivalent thermal network

In the previous chapter a 3D thermal model is developed to characterize the thermal behavior of one 
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IV.20 of experimental and numerical maximum temperature for the battery pack is shown in Figure IV.17.

First, in Figure IV.17.a. the validation is performed for thermocouples inserted in the positive electrode of the three batteries. The battery core temperature is based on the resolution of the numerical model.

The temperature of the battery in the middle of the pack is higher than the temperature of the two other batteries. This is due to a lower surface direct contact with the environment. Moreover, a symmetry is observed between both the first and the third battery. This is justified by a same internal heat generation two boxes were made and two copper plates of 0.5mm were inserted in the lateral sides of the boxes to ensure the high thermal conduction. Furthermore, when studying a battery pack for transport application, the mass of cooling system is a key parameter to be taken in consideration as any increase of the vehicle mass will require an increase of the battery system capacity. For this reason, a quantity of 125 g is inserted in each PCM boxes which is equivalent to less than 5% of the battery pack system.

The purpose of the test described in this section is to define the more efficient cooling configuration.

In 

IV.5.2 Equivalent thermal network

In section IV.4 an equivalent thermal network is developed to simulate the thermal behavior of Liion battery pack while in this section the proposed model is extended and PCM is coupled with a battery pack and a novel equivalent thermal network is proposed. As seen in the previous section that the PCM has higher efficiency on the battery pack temperature control when it is inserted between batteries. For this reason, the proposed model suggests that the PCM confined between two batteries configuration is 
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IV.22 In the next section, the thermal behavior of battery pack under dynamic current is studied experimentally and numerically. Moreover, the efficiency of PCM cooling system when applied on battery pack used in three different cars is investigated.
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Table IV.5 Micro encapsulated PCM Inertek 32 properties.

PCM Inertek 32

Latent heat (J/g) 180

Density (kg/m 3 ) 333

Tmelting (°C) 32 

IV.6 Normalized driving cycles

Applying consecutive charge and discharge cycles using constant current protocol is an import task to well describe the thermal behavior of Li-ion batteries. Nevertheless, testing the batteries thermal behavior during consecutive normalized driving cycles (NDC) is necessary as it is more near to the real use conditions. For this motive, in Table IV 

Measured

Model MAE

The first step to be performed enabling the analysis of the thermal behavior of EVs battery pack is to determine the number of batteries in each of the cars presented in Table IV.6 following the steps described below.

The number of batteries N B in a car is defined as the multiplication of the number of batteries in series N BS and in parallel N BP (equation IV.27).

The number of batteries in series is determined by calculating the ratio of the battery pack voltage (Ub) and batter cell voltage (U BC )as defined in equation IV. [START_REF] Chen | Cooling efficiency improvement of aircooled battery thermal management system through designing the flow pattern[END_REF] Additionally, the number of batteries in parallel N BP is defined as a division between the total energy of the battery pack E B and the energy of the batteries in series (equation IV.29).

Based on previous equations the number of batteries for each car defined in Table IV.5 is determined.

Table IV.8 summarizes the number of batteries in each car. The developed model is used to predict the maximum temperature rise for each battery pack used in the chosen three car parameters for the three given normalized driving cycles current profiles and when batteries are exposed to natural convection and when combined with PCM. For each case the PCM mass was determined using the following proposed method based on the developed correlation in chapter III.

• First, the heat generation amount of battery pack is estimated

The correlation developed in chapter III enables the determination of a heat generation energy during a complete charge and discharge cycles for given constant current during charge and discharge. The applied current is dynamic during both charge and discharge cycles. An analogy between the dynamic current and constant current is then performed based on calculating an average of current for each tested cycle (WLTC, US06 and JAP15). Moreover, the current is equal to zero in some instances in each of the normalized driving cycle. For this reason, a coefficient characterizing the duration of each charge and discharge process regarding normalized cycle duration. After determining the averaged charge and discharge current, the amount of heat energy produced by each one of the batteries is given as described in equation IV.30

• Second, the mass of PCM required for each cycle is calculated Before calculating the PCM mass and to avoid any oversizing of PCM mass, the heat is transferred to PCM via only two sides in which the PCM are in contact. Thus, the maximum energy that could be stored in PCM is provided and transferred via battery front or back side. The determination of the contact area 𝐴 𝐵𝑎𝑡𝑡_𝑃𝐶𝑀 between PCM and battery is essential. To determine the PCM mass, the equation IV.31 defined below is used in which 𝑁 𝑐𝑦𝑐𝑙𝑒𝑠 , 𝑁 𝐵 , 𝐶𝑝 𝑃𝐶𝑀 , 𝑇 𝑚𝑒𝑙𝑡 , 𝐿 present respectively the number of cycles, battery pack numbers, specific heat of PCM, melting temperature and latent heat. Table IV difference is obtained for WLTC cycle and it is equal to 1.98°C which presents a reduction of 5.7% with an increase of mass amount less than 4%. For car C the maximum difference is obtained also for the JAP15 cycle and it presents a temperature decrease of about 6% with an increase of mass estimated of 6.5%. 

IV.7 Conclusion

The chapter studied an experimental and numerical analysis of a Li-ion battery pack thermal behavior. First a simplified model based on equivalent thermal networks is developed and validated for the LFP 60Ah battery. Then a new test bench is implemented to carry out the novel series of tests. The repetitive profile in each one of charge and discharge cycles. The profile of temperature in quasistationary regime has a "V" shape due to the strong dependency of the battery entropy to the SOC. The battery temperature depends strongly on applied climate conditions. Lower battery temperature increase is measured for higher ambient temperatures. This phenomenon is due mainly to the influence of ambient temperature on the internal chemical compositions of batteries which causes a change of battery thermal parameters. Furthermore, the battery specific heat capacity and thermal conductivity were experimentally measured. Obtained results show a linear increase of battery specific heat capacity for increasing applied temperature while no dependency of thermal conductivity to the ambient conditions was noticed.

After developing a new simplified model and validated for different condition applied to only one battery. The proposed model is extended to enable modeling a battery pack. Moreover, the battery pack model is validated for constant current and the maximum MAE is lower than 8%. For dynamic current and the maximum MAE is lower than 3%. In addition, the numerical results obtained for the temperature rise of different battery packs tested under different normalized driving cycles show the necessity of sizing an efficient cooling system to ensure the use of the battery pack under recommended operating conditions.

Furthermore, a PCM cooling system is studied experimentally and numerically. Two configurations were tested. In the first one, three 60Ah prismatic batteries were sandwiched between two microencapsulated PCM boxes while in the second configuration, each of the two PCM boxes were placed between two batteries. The experimental results of the two configurations were compared to the tests under natural convection to evaluate the efficiency of PCM on battery temperature rise. The lowest temperature for the three batteries was obtained in the second configuration and a mean decrease of temperature comparing to natural convection of about 5.9% were obtained for a PCM mass amount comparing to battery pack mass of about 4.2%. An equivalent thermal network allowing the prediction of battery pack combined with PCM thermal behavior is proposed and validated. Finally, the developed model was used to analyze the efficiency of PCM when used with several sized battery packs, for three different given cars and under three different dynamic current cycles (WLTC, US06 and JAP15).

  de ce mémoire est d'étudier le comportement thermique d'une batterie Li-ion pour différents courants de charge et de décharge afin de dimensionner un système de refroidissement passif, efficace lors d'utilisation dans un module de plusieurs batteries. Notre étude est basée sur une analyse expérimentale et une modélisation numérique. Un banc d'essais qui permet de charger et de décharger les batteries à courant constant a été installé. Une batterie Li-ion de capacité 60 Ah et d'une forme prismatique a été testée pour des courants de charge allant de 40 A à 60 A et des courants de décharge allant de 40 A à 100 A.
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 1 Figure I.1 Schematic diagram of main components of (a) hybrid electric vehicles (HEVs) (b) plug-in hybrid vehicles (PHEVs) (c) battery electric vehicles (BEVs).
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 5 Figure I.5 Cylindrical cell equivalent thermal network suggested by Forgez et al. [23].
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 6 Figure I.6 Battery pack equivalent thermal model developed by Tian et al. [25].

  cooling of batteries could be carried out either via external or internal cooling systems. Moreover, there are two main types of battery thermal management systems (BTMS): active systems, and passive systems. The active ones depend on forced circulation of a specific fluid such as air or water. While the passive ones use different methods such as phase change materials, heat pipes and fins. The passive method has the advantage of no energy consumption. Many studies have been performed based on combining the passive and the active method.Figure I.7 illustrates a schematic diagram of different battery thermal management systems types.

Figure I. 7 I. 3 . 1

 731 Figure I.7 Schematic of different battery thermal management system types.

Figure I. 8

 8 Figure I.8 Schematic of methods to enhance air cooling systems performance.

Figure I. 9 8 K

 98 shows a comparison of the original BTMS and the optimized one under a current rate of 5C. The results show a decrease of ΔTmax by 1.after optimization.

Figure I. 9

 9 Figure I.9 Optimization of maximum temperature difference during discharge [26].

  illustrated in Figure I.10.

Figure I. 10 Figure I. 11

 1011 Figure I.10 Air cooling systems investigated by Li et al.[29].

Figure I. 12

 12 Figure I.12 Schematic diagram of air cooling systems proposed by Park et al. [34].

reduced from 23 . 9

 239 °C to 2.1 °C by 91.2%, and the maximum temperature difference among the battery cells is reduced from 25.7 °C to 6.4 °C by 75.1%. Regarding the importance of thermal management mentioned previously, another research conducted by Xun et al. [41] discusses the thermal behavior during the discharging process of the flat-plate and cylindrical stacks as illustrated in Figure I.13.

Figure I. 13

 13 Figure I.13 Schematic battery pack air cooling developed by Xun et al. [41].

(

  LiMn2O4/C) cells. They suggested the use of: two-dimensional computational fluid dynamics (CFD) model, a lumped-capacitance thermal model for battery cells and flow network model. They found that the reciprocating flow can reduce the cell temperature difference of the battery system by about 4 °C (72% reduction) and the maximum cell temperature by 1.5 °C for a reciprocation period of 120 s compared with the unidirectional flow case. On the other hand, a new structure was analyzed by Na et al. [44] by reversing layered airflow for Li-ion battery thermal management to improve the temperature consistency of the battery pack. This study revealed that the reverse layered air flow (RLAF) decreases the highest temperatures and the maximum average temperature difference of the battery pack more than that of the unidirectional air flow (UDAF). The compared configurations of air flow are given in Figure I.14.

Figure I. 14

 14 Figure I.14 Air flow configurations studied by Na et al. [44].

  system designs developed by several experts ensure safe and long life-time lithium-ion battery-based systems, and prevent fires or explosions that may result from high and non-controlled temperatures in the battery. Xu et al. [54] developed a mini channel cooling system combined with the battery as illustrated in Figure I.15.

Figure I. 15

 15 Figure I.15 Mini channels configurations proposed by Xu et al. [54].

[ 57 ]

 57 have designed an optimal battery cooling plate shown in Figure I.16 based on a parametrical study on channels geometry.

Figure I. 16

 16 Figure I.16 Battery cooling plate investigated by Jarrett et al. [57].

Figure I. 17

 17 Figure I.17 Schematic of the proposed cooling system by Wang et al. [60].

  Figure I.18 illustrates the tested battery pack composed of 18 cylindrical cells. The results of the experiment implied that the best mode used was the use of aluminum foam with PCM, which causes a significant temperature decrease of about 50% and gives a temperature uniformity compared to the other cases of thermal management.

Figure I. 18

 18 Figure I.18 Li-ion battery pack filled with phase change material [73].

  stability. Azizi et al.[START_REF] Azizi | Thermal management of a LiFePO4 battery pack at high temperature environment using a composite of phase change materials and aluminum wire mesh plates[END_REF] examined the thermal system management of phase change material (PCM) and aluminum wire mesh plates in the LiFePO4 battery of electric vehicles. The result of the experiment implied a significant decrease in the surface temperature of the battery in the hot zones and improved performance of the battery cell. Jiang et al.[START_REF] Jiang | Thermal optimization of composite phase change material/expanded graphite for Li-ion battery thermal management[END_REF] suggested a lithium-ion battery design using phase change material. The purpose of this study was to provide an expanded graphite composite phase change material for thermal management system in lithium-ion batteries. The used PCM is Poly Ethylene Glycol 1000 characterized by a melting temperature range between 35 °C-40 °C. A temperature decrease of 26% was obtained for an applied current rate of 3C. Lv et al.[START_REF] Lv | Experimental study on a novel battery thermal management technology based on low density polyethylene-enhanced composite phase change materials coupled with low fins[END_REF] provided a thermal management technology system for cooling using primarily a PCM. Low density polyethylene (LDPE)-enhanced composite PCM (L-CPCM) was developed in this study. The results showed that L-CPCM technology implies preferable cooling effect compared to natural air cooling, and improves the heat transfer performance if combined with fins. In addition, The purpose of the study directed by Yan et al.[START_REF] Yan | Experimental study on the application of phase change material in the dynamic cycling of battery pack system[END_REF] was to investigate the application of phase change material (PCM) as a thermal management system in the dynamic cycling of batteries in electric vehicles as shown in Figure I.19.

Figure I. 19

 19 Figure I.19 Tested PCM cooling system with battery pack [78].

Figure I. 20

 20 Figure I.20 Side view of PCM-fins cooling system with battery pack developed by Ping et al. [79].

  heat pipe (UMHP) as shown in Figure I.21. Different heating and cooling processes of the UMHP were undertaken and the performance and efficiency were assessed. The results showed that the heat transfer characteristics of the UMHP were high-efficient with low-energy consumption, valid to guide thermal analysis and optimization of heat pipe Battery Thermal Management (BTMSs).

Figure I. 21

 21 Figure I.21 Battery cooling system using heat pipes as proposed by Liu et al. [88].

  investigated the performance of the heat pipe in lessening the temperature of the battery packs in the hybrid electric vehicle. The flat heat pipe was used in this study and the result showed that the flat heat pipe is capable to handle the overheating and lowering heat resistance by the cooling method. The effect of inclination on the heat pipe cooling efficiency is illustrated in Figure I.22. A low variation is remarked less than 2 K which prove the efficiency of heat pipe use under different inclinations.

Figure I. 22

 22 Figure I.22 Effect of inclination on Heater/heat pipe interface [94].

  The design of the types of thermal management systems in most batteries in an electric vehicle is usually based on the selection of materials and the development of related components that somehow either increase or reduce heat transfer by conduction and radiation. Oscillating Thermal Pipes (OTP) or oscillating heat pipes (OHP) are new two-stage heat transfer apparatus based on the oscillating flow of the inner liquid and vapor components in a long miniature tube that bends in many turns. The purpose of Chi et al.[START_REF] Chi | Thermal characteristics of an oscillating heat pipe cooling system for electric vehicle Li-ion batteries[END_REF] study was to present an Oscillating Heat Pipe (OHP) as a new heat regulator and cooling system in Electric vehicle batteries. The parameters of heat pipe were used in top heating/bottom cooling mode in Lithium-ion batteries. The result showed that the Oscillating heat pipe is performable for use in the battery cooling system. Qu et al.[START_REF] Qu | Heat transfer performance of flexible oscillating heat pipes for electric/hybrid-electric vehicle battery thermal management[END_REF] conducted a battery based study using flexible heat pipes. The purpose of this study was to test flexible oscillating heat pipes (FOHPs) in electric vehicle batteries to evaluate the effects of adiabatic length and structural components and style of the flexible pipe on thermal characteristics. The result of the experiment showed that FOHPs plays an important solution for battery thermal management system in electric vehicles using several structural styles of FOHPs and large adiabatic length. Li-ion batteries are used for the storage and conversion of energy for various technologies mainly electric vehicles especially when combined with heat pipes. The purpose of the experimental study suggested by Feng et al.[START_REF] Feng | Experimental investigation of thermal and strain management for lithium-ion battery pack in heat pipe cooling[END_REF] was to investigate the experimental monitoring of the strain and temperature through the charge and discharge processes in the Li-ion battery pack by using a heat pipe cooling device to reduce the temperature. The results of the experiment showed that the device used was effective in managing the reduction of strain and temperature through various charge-discharge processes. Figure I.23 illustrates a schematic of the used heat pipe cooling device (HPCD) combined with batteries during operating time.

Figure I. 23

 23 Figure I.23 Schematic of the heat pipe cooling device used by Feng et al. [100].

Figure I. 24

 24 Figure I.24 Tested heat pipe with PCM in adiabatic zone Weng et al. [89].

  resulting from abnormal heat generation inside batteries. A combined heat pipe and PCM system illustrated in Figure I.25 was designed and tested experimentally and numerically, obtained results show 30 °C degrees of reduction of battery temperature when using combined heat pipe and PCM comparing to only heat pipe-cooling system.

Figure I. 25

 25 Figure I.25 Schematic diagrams of combined heat pipe and PCM suggested by Yamada et al. [107].

Figure I. 26

 26 Figure I.26 Schematic diagrams of combined air (HP/PCM) proposed by Zhao et al. [108].

Figure I. 27

 27 Figure I.27 Proposed battery cooling configurations investigated by Huang et al. [110].

Figure I. 28

 28 Figure I.28 Comparison of temperature variation for the three studied configuration under 3C rate during discharge cycle [110].

I. 29

 29 presents the proposed oscillating heat pipes systems tested by Qu et al.[START_REF] Qu | Experimental investigation on thermal performance of phase change material coupled with three-dimensional oscillating heat pipe (PCM/3D-OHP) for thermal management application[END_REF] to enhance the PCM efficiency. To summarize the different combined-cooling results in literature the TableI.4 presents a comparison between different studies performed on battery combined cooling systems.

Figure I. 29

 29 Figure I.29 Proposed oscillating heat pipes systems developed by Qu et al.[113].

Figure I. 30

 30 Figure I.30 Proposed internal heat pipe cooling system by Shah et al. [122].

Figure II. 1

 1 Figure II.1 Experimental setup (a) components (b) electrical circuit scheme.

Figure II. 2

 2 Figure II.2 illustrates the LabVIEW user interface used all along the tests to perform both the charge and discharge cycles. Particularly, both the charge and discharge current, the maximal and minimal voltage, and the SOC values are controlled.

Figure II. 4 Figure II. 4

 44 Figure II.4 shows thermocouples and heat flux sensors inserted on the battery surface. 5 K-type thermocouples were embedded inside the battery shell which has a thickness of 4mm; a thermal adhesive was used to fix them. The heat flux sensors used are the OMEGA (HFS4); each one of them is equipped with a K-type thermocouple. A thin copper plate was attached to the HFS to ensure the contact with the battery surface. The K-type thermocouples were attached on the battery external surface by an aluminum tape.

Figure II. 5

 5 Figure II.5 Scheme of the thermocouples and heat flux sensors location on the battery.

Figure II. 6 2 II. 2 . 2

 6222 Figure II.6 Calibration curve of one thermocouple.
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 7 Figure II.7 Decomposition of tested battery and its internal components.

Figure II. 8

 8 shows the obtained profiles of current and voltage during applied CC-CV protocol to measure the battery capacity. The obtained capacity calculated during discharge is 60.76 Ah.

Figure II. 8 Figure II. 9

 89 Figure II.8 Battery Capacity measurement test.

1

 1 Consecutive charge/discharge cyclesExperimental measurements of battery surface temperature are conducted for 1 C charging/discharging cycles. 3.4 V was defined as the cut-off voltage for this test, which permits performing more cycles during the test. 11 charge/discharge cycles were applied. During each cycle period constant current is imposed and the voltage varies from 2.6 V to 3.4 V. A direct switch from charge to discharge with no imposed rest time. Heat is then generated inside the battery during all test time and a quasi-steady state is supposed to be reached as the battery is tested under natural convection.

Figure II. 12

 12 Figure II.12.a presents the curves of voltage and current during battery operating time. Moreover, Figure II.12.b shows a comparison between the measured temperature in the battery front and back sides, while Figure II.12.c illustrates this comparison in the battery left and right sides and Figure II.12.d displays the comparison between obtained local measured temperature in battery base and top sides. It is possible to notice two thermal regimes: transient and quasi-stationary regime. The maximum temperature of 35.5 °C is obtained at the end of the discharge cycle. This is mainly related to a rise in heat generation.

Figure

  Figure II.12 Battery surface temperature profiles during 1C rate (a) voltage and current profiles, (b) surface and embedded thermocouples, (c) surface thermocouples in front and back side, (d) left and right side.

Figure II. 13

 13 Figure II.13 Maximum local temperature (a) front and back side (b) left and right side (c) base and top side.

  Figure II.14.a presents the curves of voltage and current measured during this test, the C-rate is kept constant at 1C rate during charge and discharge cycles, and the voltage variation is limited in the range of 2.6 V to 3.6 V. Figure II.14.b. shows the battery maximum and minimum local temperatures (Tmax,Tmin), which are respectively measured by thermocouples (T26) and (T8), the electrodes temperatures (Te+,Te-) are measured by thermocouples (T23, T21). Moreover, it illustrates that the temperature measured at the negative electrode (black profile) is lower than the temperature measured at the positive electrode (red profile), because of the different electrical resistance of aluminum (Al) and cupper (Cu) materials used in the positive and negative electrodes which provides

Figure II. 14 II. 5

 145 Figure II.14 Consecutive charge and discharge cycles for 1C rate (a) voltage and current curves (b) temperature profiles.

Figure II. 15

 15 Figure II.15 Temperature rise for Rcurrent=1 (a) consecutive cycles (b) charge and discharge cycle in quasi-stationary regime.

Figure

  Figure II.16 Temperature distribution via battery sides (a) Y direction (b) Z direction.

Figure II. 17

 17 Figure II.17 Comparison of maximum temperature rise for three different tests.

  Figure II.18 shows a comparison of obtained results for 15 tests.

  Figure II.18 Maximum temperature difference obtained for different charge and discharge current.

Figure II. 19 Figure II. 19 Figure II. 20

 191920 Figure II.19 shows the battery local maximum temperature profiles for different states of charge. Four different current rates (40 A, 50 A, 60 A, 80 A and 100 A) were applied for three different charge current (60 A ,50 A and 40 A). The obtained results for the given charge current are presented respectively in Figure II.19a, Figure II.19.b and Figure II.19.c. Moreover, it can be seen that increasing the discharge current leads to higher temperature rise and to a change of the temperature profiles. Particularly, for discharge current values lower or equals to the charging current value a decrease and an increase of the battery temperature are obtained during both charge and discharge cycles, as previously discussed. While, increasing the discharge current over the charging rate, a temperature decrease is observed all along the charge cycle, followed by the temperature increase during the discharge cycle. Consequently, it is possible to state a relevant change in temperatures fluctuation profiles in quasi-stationary regime. Furthermore, to better compare the temperature profiles during quasi-stationary regime an illustration is presented in Figure II.20.a, Figure II.20.b and Figure II.20.c.Only the last charge and discharge cycle obtained for each given charge and discharge current were presented versus the SOC as the duration of the cycle depends to the current rate. The local minima, which are previously observed around the 40% of the SOC during both the charge and discharge cycles, are converging in the 100% of the state of charge (corresponding to the end of the charge cycle and to the beginning of the discharge cycle), and the shape of the temperature profile is collapsing in a bathtub curve.

  (40 A, 60 A and 100 A) and three different charge C-rates (40 A, 50 A, 60 A). The aim of these experiments is to define the impact of the charge current variation on the battery temperature for different states of charge. Figure II.21 shows the evolution of the temperature profiles obtained for increasing charge current, with respect to the reference discharge current of 40A, 60A and 100A in Figure II.21.a, Figure II.21.b and Figure II.21.c respectively. Additionally, the last charge and discharge cycle for each given discharge current are presented in Figure II.22.a, Figure II.22.b and Figure II.22.c . The local maxima of the temperature profiles show similar values at both 0% and 100% of the battery SOC. While for charge current higher than discharge current conditions Figure II.22.a higher temperature variation can be observed for the SOC values higher than the 30%, both in the charge and discharge cycles. Consequently, the local maximum occurring at the 100% of the battery SOC is significantly increased over the local maxima values occurring at the 0% of the SOC. Finally, for discharge current higher than charge current (Figure II.22.c), the decreasing and increasing trends of the temperature are dominant in the charge and discharge cycles, respectively, and the local maximum at 100% of the SOC value disappear.

Figure II. 21 Figure II. 22

 2122 Figure II.21 Comparison of temperature rise for increasing charge current: (a) Id=40 A, (b) Id=60 A, (d) Id=100 A.

Figure II. 23

 23 Figure II.23 Difference between maximum and minimum temperature rising during quasi-stationary regime for different C-Rates.

Figure

  Figure II.24 Local heat dissipation measured in center of battery front, right and bottom sides.

Figure II. 25

 25 Figure II.25 shows the profiles of variation of the obtained heat transfer coefficient. Moreover, a comparison is performed between predicted and measured total heat dissipation to evaluate the roughness of the hypothesis when using three heat flux sensors and summing their obtained data to obtain the measured. The predicted total heat dissipation is calculated by multiplying the averaged heat transfer coefficient of the three battery sides deduced from equation II.4 with the average temperature of thermocouples inserted in battery surface and electrodes from (T1) to (T23). The results presented in Figure II.26 show a good accuracy between the both obtained results. The equation II.5 will be used further in this work to determine the measured total heat dissipation

  Figure II.27 Total heat dissipation profiles during consecutive charge and discharge cycles for (a) Rcurrent=1 (b) Rcurrent≠1.

  Figure III.1 illustrates a flowchart describing the process of the numerical model development.

Figure III. 1

 1 Figure III.1 Flowchart of the model development process.

Figure III. 2

 2 Figure III.2 illustrates a simplified schematic of battery domain meshing.

Figure III. 2

 2 Figure III.2 Simplified schematic of the mesh construction.

Figure III. 3 33 E

 333 Figure III.3 illustrates the flow chart of the numerical model calculation. The thermal parameters of the battery as well as charge and discharge current rates are the inputs of the numerical model. The calculation process includes two cases depending on the first cycle process either it is charge or discharge. The SOC of charge is then initialized based on the chosen case and the ADI method is used to solve the heat transfer equation in each iteration. The SOC is calculated in each iteration and the next cycle start after achieving the end of the previous cycle. The charge and discharge cycle are repeated consecutively to simulate the same experimental conditions. In next sections, experimental measurements are performed to determine the thermal and electrical parameters. Those parameters are exploited to solve the numerical model.

Figure III. 3

 3 Figure III.3 Flow chart of the program.

Figure III. 4

 4 Figure III.4 Schematic representation of equivalent thermal conductivity for layers in (a) Series (b) Parallel.

  illustrated in Figure III.5.

Figure III. 5 Figure III. 6 Figure III. 7

 567 Figure III.5 Test profile applied to measure the internal resistance [137].

  Figure III.8 during charge and discharge for both Rcurrent=1 and Rcurrent≠1. Our analytical method presents

Figure III. 8

 8 Figure III.8 Entropic heat coefficient. (a) during charge Rcurrent=1 (b) during discharge Rcurrent=1 (c) during charge Rcurrent≠1 (d) during discharge Rcurrent≠1.

Figure III. 9

 9 Figure III.9 Validation of temperature rise and dissipated heat for 1C rate. (a) front side (b) right side (c) bottom side.

Figure III. 9

 9 Figure III.9 illustrates the experimental and numerical obtained results for three battery sides (front side, right side and bottom side). The accuracy of the numerical model is good during both transient and quasi-stationary regimes. The mean absolute error (MAE%) between measured and predicted temperatures are (9.65 %, 11.57 %, 9.22 %) for respectively the front, right and bottom sides. While the MAE of the dissipated heat measured locally in the center of the three sides are (8.56 %, 13.11 %, 8.73 %) for respectively the front, right and bottom sides. Moreover, Figure III.10 shows the obtained

Figure III. 10

 10 Figure III.10 Validation of maximum temperature rise for different C-rates.

Figure

  Figure III.11 Comparison of the measured and predicted battery total heat dissipation for Rcurrent=1.

Figure III. 12 Figure III. 14 III. 5 Figure

 12145 Figure III.12 Battery heat flux and temperature rise profiles for 1C-rate.

Figure III. 16

 16 Figure III.16.a. and Figure III.16.b. illustrate the obtained results of three different SOC ranges (0%-100%), (0%-50%) and (50%-100%) for three charge/discharge currents. The same cycling duration is

FigureFigure

  Figure III.16 The SOC effect on (a) the maximum temperature rise (b) heat energy dissipation.

  Figure III.18, a new correlation is proposed to allow a fast prediction of the battery maximum temperature rise. The developed

Figure III. 20

 20 Figure III.20 Total heat energy generated and dissipated during a cycle for different C-rates.

Figure III. 21

 21 Figure III.21 Validation of new developed correlation to estimate heat energy generation.

IV. 1 Introduction

 1 Experimental and numerical applications of PCM as cooling method of battery pack 113 Chapter IV. Experimental and numerical applications of PCM as cooling method of battery pack The experimental and numerical study of a Li-ion battery performed respectively in chapter II and III enables the characterization of its thermal behavior. The measurement of local temperatures and heat flux carried out for different charge and discharge current rates show the possibility to track the temperature of the battery by measuring the temperature on the positive electrode. The 3D numerical model presented in chapter III allows the validation of the thermal parameters characterizing the tested battery. We have also calculated two correlations helping on fast predicting the battery maximum temperature and heat energy.In this chapter, both an experimental and numerical study are performed to describe the thermal behavior of a Li-ion battery pack. First a simplified model based on equivalent thermal networks is developed and validated for one battery. Moreover, a novel test bench system Chroma 17020 is implemented to analyze the thermal behavior of various batteries, for different ambient temperatures.

  using ADI method. The developed model was validated for different experimental conditions and used to predict the temperature and the heat generation rates of the tested battery for a large variety of inputs conditions. The proposed model helped in providing two correlations enabling the characterization of the thermal behavior of a Li-ion battery. The prediction of battery temperature and heat generation for given charge and discharge currents is very important in order to avoid damages to the battery during operating time. Nevertheless, in electric vehicles a pack of batteries is usually used to supply electric power to the motor as shown in Figure IV.1 . It is therefore necessary to model the battery pack to simulate the real conditions of work of each Li-ion battery in the pack. However, modeling a pack of several batteries besides other cooling systems such as PCM requires the simplification of the studied physical model. Thus, in this section a battery equivalent thermal network is presented and validated for one battery. Later an extension of this model is performed and validated for a pack of batteries under natural convection and combined with PCM for both constant and dynamic currents.

Figure IV. 1

 1 Figure IV.1 Schematic diagram of an electric vehicles.

Figure IV. 2

 2 Figure IV.2 Battery 3D equivalent thermal network.

Figure IV. 3 Figure IV. 3

 33 Figure IV.3 shows the presentation of the thermal networks based on the simplified assumption. In addition, the thermal resistance presented are given in equations IV.3, IV.4, IV.5 and IV.6 while in TableIV.2 the value of each used thermal resistance is shown.

  equation based on the assumptions illustrated in Figure IV.3 are given in Equation IV.7. This equation is solved using Runge-Kutta 4 th order and a Fortran language program is developed to calculate Tin, temperature in the core of the battery. The algorithm of resolution of the heat transfer equation is defined in equations IV.8, IV.9, IV.10, IV.11 and IV.12, The thermal parameters defined in chapter III are reused in this part and the validation of the model is illustrated in Figure IV.4 The test conditions used in the validation of the model are performed for an applied current of 60A during both charge and discharge cycles. The temperature of the positive electrode, which represents the core of the battery as discussed in chapter I, is compared to the numerically predicted temperature. Moreover, the heat dissipated, experimentally measured and numerically calculated are compared for the same test conditions. An acceptable accuracy is observed and the model is validated then for battery temperature measured in the front, right and bottom sides.

Figure IV. 4

 4 Figure IV.4 Model validation of core temperature and heat dissipation.

Figure IV. 5

 5 Figure IV.5 Model validation of battery surface temperatures.

Figure IV. 6

 6 Figure IV.6 illustrates the test bench and the five Li-ion batteries tested. Moreover, Table IV.3 summarizes the characteristics of the tested batteries. Two types of batteries were chosen i.e. LFP and NMC. This choice is justified by their wide use as energy storage systems in electric vehicles. All batteries were tested under their 1C-rate. Consecutive charge discharge cycles were applied. The voltage cut-off of each battery is determined by the recommendation of its manufacture. T-type thermocouples were inserted in each battery and an average battery surface temperature is then determined to enable the comparison with other batteries. The Chroma 17020 was connected to Battery Pro graphical interface permitting the system control and data acquisition.

Figure IV. 6

 6 Figure IV.6 Experimental setup and tested batteries inside the climate chamber.

Figure IV. 8

 8 Figure IV.8 Effect of temperature on 60Ah battery temperature rise.

Figure IV. 9

 9 Figure IV.9 Comparison of temperature profiles of different batteries in quasi-stationary regime (Tamb=10 °C).

Figure IV. 10

 10 Figure IV.10 illustrates the maximum temperature rise obtained for the five tested batteries and for 4 different applied ambient temperature (0 °C,10 °C,20 °C,30 °C). For all tested batteries, the temperature shows a strong dependency to the ambient temperature. The temperature of batteries rises,

Figure IV. 10

 10 Figure IV.10 Different batteries maximum temperature rise for different ambient temperatures.

Figure

  Figure IV.11 Measured specific heat capacity versus temperature.

Figure IV. 12 Figure

 12 Figure IV.12 Measured thermal conductivity of the 60Ah LFP battery.

Figure IV. 13

 13 Figure IV.13 Comparison of the measured thermal conductivity of different batteries.

Figure

  Figure IV.14 Model validation for different ambient temperature.

Figure IV. 15 131 First

 15131 Figure IV.15 Equivalent thermal network of a battery pack (a) battery disposition (b) 3D model (c) 1D model.

  as the same current were applied in all batteries. The validation of the model shows same profiles of temperature and an acceptable accuracy is noticed. Furthermore, in Figure IV.17.b. the validation is performed for temperature measured in the exposed to air battery external sides. A good accuracy is obtained for both core and surface temperatures.

Figure IV. 16 Figure

 16 Figure IV.16 Tested 60Ah Li-ion battery pack.

Figure IV. 18 Figure IV. 19 .

 1819 Figure IV.18 Comparison of maximum temperature of different battery packs.

Figure

  Figure IV.20 Tested 60Ah Li-ion battery pack with PCM (a) configuration I (b) configuration II.

Figure

  Figure IV.22 Comparison of experimental maximum temperature for battery pack with PCM (a) positive electrode temperatures (b) surface temperatures.

Figure IV. 23

 23 Figure IV.23 Comparison of temperature measurement inside PCM boxes in configuration I.

Figure IV. 24

 24 Figure IV.24 Battery and PCM temperatures profiles variation for both configuration I and II.

  better. Furthermore, Figure IV.25 shows the proposed battery pack coupled with PCM configuration and the proposed 3D and 1D equivalent thermal networks. A system of ordinary differential equation is then used to describe the physical problem enabling the determination of battery core temperature in each battery when studying a battery pack. The system is defined in equation IV.21 and solved using Runge-Kutta 4 th . enabling the resolution of the defined system are presented below in equation (IV.22, IV.23, IV.24 and IV.25): { RI

24 RFigure IV. 25

 2425 Figure IV.25 Equivalent thermal network of a battery pack coupled with PCM (a) battery disposition (b) 3D model (c) 1D model.

Figure IV. 26

 26 Figure IV.26 Comparison of experimental and numerical temperature for battery pack combined with PCM during 1C test.

Figure IV. 27 Figure IV. 28

 2728 Figure IV.27 Example of normalized driving cycles profiles for (a) car A (WLTC) (b) car B (US06) (c) car C (JAP15).

Figure IV. 29

 29 Figure IV.29 illustrates the obtained numerical results of the mean maximum temperature rise during consecutive normalized under natural convection (NC) and PCM cooling. The maximal difference between temperature in natural convection and with PCM is obtained for the case of car B tested under JAP15 driving cycles. The obtained difference is 2.49°C which presents a temperature reduction amount of 6.6% while the mass amount in this case calculated presents about 4%. A summary of percentage of temperature decrease versus PCM mass amount is shown in Figure IV.30. For the car A the maximum

Figure IV. 29

 29 Figure IV.29 Numerical results of temperatures obtained for battery packs used in different EVs cars for natural convection and PCM cooling.

Figure IV. 30

 30 Figure IV.30 Percentage of temperature decrease versus mass amount.

  

  

  

  

  

  

  

  

  

Table II .

 II 1 The characteristics of used equipment's in experimental setup............................................ Table II.2 Uncertainties for different parameters involved in the experimental tests. .......................... Table III.1 Battery thermal parameters. ................................................................................................ Table III.2 Dimensions and battery parameters..................................................................................... Table IV.1 Conductive and convective thermal resistances. ............................................................... Table IV.2 Equivalent thermal resistance used in simplified models.

Table IV .

 IV 9 Mass of PCM used in each cooling case. ..........................................................................

		Nomenclature	
	Latin symbols		
	Symbols	Denominations	Units
	𝑄 ̇	Heat flux	W
	a	Acceleration	m/s²
	C	Capacity	Ah
	Cg	Rolling coefficient	-
	Cp	Specific heat capacity	J/ (kg. K)
	C-rates	Current rates	A
	Cx	Drag coefficient	-
	EOC	End of charge	-
	EOD	End of discharge	-
	g	Gravity	m/s²
	h	Heat transfer coefficient	W/ (m². K)
	I	Current	A
	L	Latent heat	J/kg
	M	Mass	kg
	Q	Heat Energy	J
	R	Internal resistance	Ω
	S	Area	m²
	SOC	State of charge	%
	SOH	State of health	%
	T	Temperature	°C, K
	Uoc	Open circuit voltage	V
	V	Voltage	V
	Greek symbols		
	Symbols	Denominations	Units
	η	Efficiency	-
	λ	Thermal conductivity	W/ (m. K)
	ρ	Density	kg/m 3
	Φ	Heat density	W/m²
	Subscripts		
	Symbols	Denominations	
	amb	Ambient	
	bat	Battery	
	cond, cv, rad	Conductive, Convective and Radiative	
	eq	Equivalent	
	gen	Generated	
	max and min	Maximum and minimum	
	rev, irrev	Reversible, irreversible	
		xvi	

Table I .

 I 1 Summary of air-cooling results from literature.

	Author (s)	Design variables	Number of cells	Capacity (Ah)	Discharge rate	Air flow rate
	Fan et al. [47]	Aligned, staggered, crossed cells	32 cylindrical	3.5	0.5,1.0,2.0 C	0.6,1.0,2.0,3.0,4.0 m/s
	Shahid et al. [48]	Aligned cells	32 cylindrical	2.5	2 C	2.8,2.0,2.2 m/s
		1×24, 3×8				
		and 5×5 arrays rectangular				
	Wang et al. [49]	arrangements, 19 cells hexagonal	24,28 cylindrical	1.5	1, 2, 3 C	-
		arrangement and 28 cells circular				
		arrangement				
	Saw et al.[50]	Aligned cells	24 cylindrical	8	0.1 C	
	Yu et al. [46]	Aligned cells	12 prismatic	18	1 C	0.125 to 2.0 m³/min
	Chen et al. [51]	N×M cuboid battery cells	N×M prismatic		4, 5 C	1.0 to 4.0 m/s
	Chen et al. [52]	Cell spacing	12 prismatic	12	5 C	0.005, 0.0075, 0.010 m³ /s
	Ho et al. [53]	Connected in series	10 prismatic	52.3	1, 2, 3, 4, 5 C	-
	Xie et al. [45]	Inlet and outlet angle, width of air channel	10 prismatic	-	0.2 C	0.7, 1.5 m/s

Table I .

 I 2 Summary of liquid-cooling results from literature.

	Author (s)	Design variables	Number of cells	Capacity (Ah)	Discharge rate	Liquid	Remarks
	Rao et al. [63]	Liquid cooling based thermal management system	24 cylindrical cells	3	3C	Water	Li-ion battery system weight, pump power consumption and cooling performance
	Panchal et al. [64]	mini-channel cold plates placed on a prismatic lithium-ion battery	1 prismatic cell	20	1C and 2C	Water	Li-ion battery
	Zhou et al. [65]	Liquid cooling method with half-helical duct	9 cylindrical cells	3	5C	Liquid	Li-ion battery
	Al-Zareer et al .[66]	liquid-to-vapor phase change cooling systems	3 Prismatic cells 12 cylindrical cells	12	5C and 6C	Propane Ammonia	Li-ion battery Promising options for hybrid and electric vehicles
	Wang, et al. [67]	liquid cooling structure in large battery modules	90 cylindrical cells	13.2	5C	Water	Li-ion battery coupling single-factor analysis with orthogonal test
	Wang et al. [68]	modular liquid-cooled battery thermal management system	20 cylindrical cells	2.2	3C	Water	Li-ion battery numerical simulation and experiment to study the effect of coolant flow rate and cooling mode
	Zhu et al. [69]	liquid cooled battery module with axial and radial directions collaborative heat dissipation in both	80 cylindrical cells	-	3C	Water	Multi-objective optimization
							The transient and ultimate thermal
	Huang et al. [70]	liquid cooled battery thermal management system	48 cylindrical cells	-	1C and 5C	Water	behaviors of the battery module as controlled by water-cooled BTM
							embedded system

  .3 presented below summarize different used PCM types in literature. Table I.3 Thermo-physical properties of phase change materials in literature.

	Author (s)	Melting point(°C)	Latent heat (J/g)	Specific heat capacity (J/kg. K)	Thermal conductivity (W/m. K)	Density (kg/m 3 )
	Babapoor et al. [74]	42-49	242	-	0.21	ρsolid=912 ρliquid=768
	Azizi et al. [75]	56	195	1770	λsolid=0.29 λliquid=0.21	ρsolid=910 ρliquid=822
	Wang et al. [80]	37.8	200.66	2300	0.245	800
	Ling et al. [81]	43.1	232	2500	0.24	-
	Hussain et al. [82]	38-41	-	2300	0.19	ρsolid=880 ρliquid=760
	Zhu et al.[86]	54.8	238	Cpsolid=1905 Cpliquid=2318	0.21	ρsolid=920 ρliquid=795
	Arora et al. [87]	27-29	250	2000	0.2	ρsolid=880 ρliquid=770

Table I .

 I 4 Summary of combined cooling results from literature.

	Author (s)	Number of cells	Cooling systems	Characteristics	∆𝐓	Remarks
	Mashayekhi et al. [114]	3 cylindrical cells	hybrid cooling	PCM and Al2O3 nanofluid in aluminium minichannels	15.5% in active method and 8.5% in hybrid method	TMS using heat cartridges to model Li-ion batteries
	Behi et al.[115] cylindrical cells	Air and heat pipe cooling	heat pipe with copper sheets (HPCS)	42% compared to natural air cooling	cell spacing, air velocity, different ambient temperatures
	Heyhat et al. [116] 1 cylindrical cells	hybrid cooling	Thermal energy storage composites of PCM, metal foam, fin and nanoparticle	Metal foam: up to 4°C and 6°C	Phase change material Battery thermal management system heat transfer enhancement
	Kong et al.[117] cylindrical cells PCM+liquid cooling	PCM and optimized controllable strategy different ambient temperatures	4°C	cell-to-cell spacing cell-to-tube distance
					77% of	Lithium-ion battery thermal
	Kiani et al.[118]	9 cylindrical cells Nanofluid cooling	Active/passive methods	maximum temperature	management Al2O3/AgO/CuO nanofluids and phase change
					reduction	material
						equivalent thermal resistance
	Dan et al.[119] prismatical cells Array-air cooling	Micro heat pipe	2°C	model is developed for MHPA
						based on thermal circuit method
	Gan et al.[120]	cylindrical cells	Heat pipe and cooling plate	Heat pipe Thermal equivalent circuit model	14°C	Heat pipe-based thermal management system for a Li-Ion battery.

  of the battery temperature rise measured by one chosen thermocouple and the ambient temperature. The initial temperature isn't similar in the test and ambient temperature shows a different profile during test time. Moreover, the comparison of the battery temperature and ambient temperature difference shows similar profiles (see the yellow and green curves). Based on this conclusion the comparison of the test will be performed taking in consideration the effect of ambient temperature. In addition, Figure II.11 illustrates the comparison of the temperature difference during both tests 1 and 2. The results show repetitive results as the maximum difference obtained between both tests was obtained in thermocouple[START_REF] Lin | Thermal analysis of large-capacity LiFePO4 power batteries for electric vehicles[END_REF] and the calculated difference is 0.34 °C. This difference is equal to the uncertainty of measurement of the thermocouples given in TableII.2.
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	experimental tests are conducted under natural convection. The ambient temperature isn't
	necessarily the same during test time. To ensure the repeatability of the experimental test same current
	rates on the tested battery in different tests and the experimental results were compared. Figure II.10

Figure II.11 Comparison of temperature difference for all thermocouples.

  T18 and T19). The obtained results of the local temperature for Y plane are presented in Figure II.16 a while the results of the Z plane are presented in Figure II.16.b. For both Y

	which corresponds to 0mm in Y plane, the given values present an average to temperatures measured
	by thermocouples (T17,		60A/60A			50A/50A		40A/40A Tmax-Tmin= 2.4	°C
	ΔT (°C)														Tmax-Tmin= 2.5	°C
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  Figure II.23 compares the gradients of the temperature fluctuations, which are observed in the quasistationary regime during the different charge/discharge cycles presented in this paragraph, with respect to the different current ratios (Rcurrent). A temperature variation of about 3 °C is observed for the Rcurrent values closed to 1 (zone 2), resulting in the lowest measured value. The measured gradient rises with
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  . The lower triangular matrix L is presented in equation III.26 while the upper triangular matrix U is defined in equation III.27. Furthermore the coefficient of each matrix are also presented below in equations III.28, III.29, III.30, III.31 and III.32.

  .1. The index (i) represents a component of the battery structure. While The dimensions and battery parameters used in the numerical model are listed in Table III.2.

		Table III.1 Battery thermal parameters.	
	Material	Thickness, ei (μm)	Density (kg•m -3 )	Cp (J•kg -1 •K -1 )	Porosity	λ (W•m -1 •K -1 )
	Graphite	120	1347		1437	0.3	1.04
	Copper	10	8930		386	0	398
	Electrolyte	0	1223		1375	0	0.59
	Separator	40	1400		1551	0.47	0.35
	LiFePO4	180	3500		700	0.25	0.27
	Aluminum	20	2710		902	0	237
	Shell	4000	1290		975	0	0.3
		Table III.2 Dimensions and battery parameters.
		Parameters			Value	
		Size of battery; (mm)			240 × 40 × 115
		Battery mass; (kg)			1.97	
		Capacity; (Ah)			60	
		Density; (kg/m3)			1784	
		Specific heat; (J/kg. K)		964	
		Thermal conductivity; (W/m. K)		𝜆 𝑥 = 0.31 ; 𝜆 𝑦 = 𝜆 𝑧 = 2.31
		Heat transfer coefficient; (W/m². K)	ℎ 𝑛 = 4.32	

  and III.51.
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  in equation III.[START_REF] Xu | Prevent thermal runaway of lithium-ion batteries with minichannel cooling[END_REF]. Where the discharge and charge currents ratio are defined respectively by equations III.55 and III.56. Figure III.18 Maximum temperature rise for different Rcurrent in quasi-stationary regime. The results predicted by the proposed correlation are compared to the experimental data as presented in Figure III.19. Most of validated experimental results have a mean absolute error lower than 15%.Figure III.20 illustrates the total heat energy generated during a charge/discharge cycle in quasistationary regime for different C-rates. A strong dependency to current is obtained and higher heat energy amounts were obtained for higher current values. About 90% of the heat energy generation is dissipated to ambient via battery sides, nevertheless an accurate thermal management system must be integrated to ensure keeping battery under normal operating conditions. The generated energy is correlated by the equation III.57 defined bellow.

	30 5 10 15 20 25 30 ∆Tmax = 0.48108 + 7.592R CC Heat energy dissipation (kJ) Heat Dissipation (T max -T amb ) (°C) Ic=10A Ic=20A Ic=40A Ic=50A 1.742 + 19.384R DC ∆Tmax Ic=30A Ic=60A 1.826 + 1.57R CC 1.742 R DC 1.826 R DC = I discharge I discharge,max R CC = I charge I charge,max Figure III.19 Validation of new developed correlation to estimate the battery maximum temperature (T max -T amb ) (°C) III.54 III.55 III.56 correlation is presented 0 35 rise.
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  .1.Table IV.1 Conductive and convective thermal resistances.

	Thermal resistance	(K/W)
	Rx	2.33
	Rcvx	8.38
	Ry	2.59
	Rcvy	24.11
	Rz	11.29
	Rcvz	50.32

Table IV .

 IV 2 Equivalent thermal resistance used in simplified models.

	Thermal resistance	(K/W)
	Rx	1.16
	Rcvx	4.19
	Ry	1.29
	Rcvy	12.05
	Rz	5.64
	Rcvz	25.16
	R1	5.35
	R2	13.34

  is defined for each battery sides using measurement of surface temperature in front, right and bottom sides. Furthermore, the sides temperatures (Tx, Ty and Tz) are estimated in the model based of the proposed equivalent thermal network. See equations IV.13, IV.14 and IV.15. FigureIV.5 presents the model validation of temperatures measured in each battery sides. A good accuracy is obtained with a MAE of 9.1 %, 1.3 % and 5.2 % for respectively front, right and bottom sides.

	2 -IT in (t) A mean temperature	dU dT	(t) -MCp	dT in (t) dt	=	R eq T in (t) -T amb	IV.7
	T in (t + 1) = T in (t) +	Δt 6	(K 1 + 2K 2 + 2K 3 + K 4 )	IV.8
	K 1 =	1 MCp	(R(t)I 2 -IT in (t)	dU dT	(t) -	T in (t) -T amb R eq	)	IV.9
	K 2 =	1 MCp	(R(t +	Δt 2 )I 2 -I(T in (t) +	Δt 2	K 1 )	dU dT	(t +	Δt 2 )
					-	(T in (t) +	Δt 2 R eq K 1 ) -T amb	)	IV.10
	K 3 =	1 MCp	(R(t +	Δt 2 )I 2 -I(T in (t) +	Δt 2	K 2 )	dU dT	(t +	Δt 2 )
					-	(T in (t) +	Δt 2 R eq K 2 ) -T amb	)	IV.11
	K 4 =	1 MCp	(R(t + -	Δt 2 )I 2 -I(T in (t) + ΔtK 3 ) R eq ) (T in (t) + ΔtK 3 ) -T amb	dU dT	(t +	Δt ) 2	IV.12

Table IV .

 IV [START_REF]Li-ion batteries: basics, progress, and challenges[END_REF] Thermal resistance values for battery pack.

	Thermal resistance	(K/W)
	R1= Rn	2.33
	Ri	8.96
	Req	26.37
	Using the Chroma 17020 system, a pack of 3 LFP 60 Ah batteries were tested under an applied

current of 60A during consecutive charge and discharge cycles (Figure IV.16). In addition, a comparison

  .6 the parameters of three different cars proposed to determine the dynamic current profiles are presented. Moreover, Table IV.7 shows a summary of the physical parameters used in the determination of the dynamic current profiles. Furthermore, equation IV.26 [144] is used to calculate current based on the NDCs shown in Figure IV.27. Three NDCs were chosen WLTC, US06 and JAP 15. Testing several protocols applied on different cars enables performing a comparison between the thermal behavior of Li-ion batteries packs and to propose efficient cooling solutions.Table IV.6 Car's parameters used to define dynamic current profiles. Table IV.7 Physical parameters used in the determination of dynamic current profiles.

			Parameter	Value	
			𝜌 𝑎𝑖𝑟 (kg/m 3 )	1.225	
			𝐶 𝑥		0.35	
			𝐶 𝑔		0.012	
			𝑔(m/s²)		9.81	
		I =	ρ air SC x V 3 + 2C g MgV + 2MaV 2ηU		IV.26
	CAR	Capacity (Ah)	U(V)	Mass(kg)	Efficiency (%)	Area(m²)
	A	60	400	1516	93%	2.88
	B	120	325	1800	87%	2.7
	C	120	350	2100	85%	2.65

Table IV .

 IV 8 Number of batteries in each car

	N B = N BS N BP	IV.27
	N BS =	U B U BC	IV.28
	N BP =	E B N BS E BC	IV.29
	Car		Number of batteries
	A		125
	B		204
	C		219

  .9 presented below shows the calculated mass of PCM used in each cooling case.TableIV.9 Mass of PCM used in each cooling case.

	CAR	Cycle	Averaged charge current (A)	Averaged discharge current (A)	PCM Mass (kg)	Battery pack mass (kg)
		WLTC	4.55		21.12	9.4
	A	US06	10.2		45.91	75.7	246.2
		JAP	9.12		31.71	77.6
		WLTC	3.74			14.9	28.9
	B	US06	8.46			31.9	43.9	401.9
		JAP	7.73		22.72	16.4
		WLTC	4.28		15.41	27.7
	Q g = (-16.124 + 27.129R CC C US06 9.8	0.598 + 37.748R DC 32.75	0.931 63.6	431.4	IV.30
		-4.442R CC	0.598 R DC	0.931 ) × 1000
		JAP	8.97		23.84	28
		M PCM =	Q g N cycles A Batt_PCM N B Cp PCM (T melt + T amb ) + L	IV.31

  is composed of the Chroma 17020 system and a climate chamber Weiss-Technik. The Chroma 17020 system is used to ensure charge and discharge cycles during both constant and dynamic currents. While the climate chamber is devoted to apply different ambient temperatures. Moreover, a new experimental setup used to characterize the thermal conductivities and specific heat of batteries is also implemented.Additionally, the thermal behavior of five Li-ion batteries is investigated for different ambient temperatures. The batteries tested are LFP/graphite and NMC/graphite. Two geometries were chosen: prismatic and cylindrical. Each battery was tested under 1C rate and consecutive charge and discharge cycles were applied in similar climate conditions in each test to enable an accurate comparison of the results. During operating time, the temperature of all batteries rises due to internal heat generation. It reaches after cycling a quasi-stationary state in which the temperature is not constant, but it presents a

	new test bench						
			WLTC (NC)		WLTC (PCM)	JAP15 (NC)
			JAP (PCM)		US06 (NC)	US06 (PCM)
	Percentage of temperature	decrease (%)	2% 4% 6% 8%		Car A	Car B		Car C
			0%					
			0%	5%	10%	15%	20%	25%	30%	35%
					PCM mass amount (%)
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The measurement of batteries specific heat capacity and thermal conductivities were performed using A high accuracy of measurement is ensured by the heat flow meter with an accuracy better than 2% as given by its manufacture. 

IV.5 Battery pack combined with PCM

IV.5.1 Experimental results

During operating time, the current flow inside the battery causes heat generation and battery temperature rise. The amount of this generated heat as discussed in chapter III depends on the current rates. As battery packs are used as an energy source of EVs, the dissipation of this heat is primary to avoid any system deterioration. As recommended by Pesaran et al. [START_REF] Pesaran | Tools for Designing Thermal Management of Batteries in Electric Drive Vehicles Battery Temperature in xEVs[END_REF] , the longer lifespan is ensured when the operating temperature of the battery is higher than 15°C and doesn't exceed 35°C. In this section a passive cooling method based on PCM is investigated to visualize the thermal behavior of a battery pack composed of three 60 Ah batteries. A microencapsulated PCM is used in this study as its presents higher security when used with electrical systems. The chosen PCM is Inertek 32 powder commercialized by MCI-technologies. A polymeric material was used as shell to the micro-encapsulated particles of PCM with a size range between 5 and 25 µm. The tested PCM is a non-paraffinic fatty ester, derived from organic vegetal wax (methyl hexadecanoate). The melting temperature of the tested PCM is 32°C which is chosen to ensure expanding the operating time of batteries under a temperature of 35°C.

The thermal parameters of the tested PCM are experimentally measured by the heat flow meter (HFM446) and an illustration of the thermal conductivities and specific heat variation versus temperature is presented in Figure IV. [START_REF] Pan | Evaluating the accuracy of electro-thermal coupling model in lithium-ion battery via altering internal resistance acquisition methods[END_REF]. The specific heat capacity was measured for five temperatures (0°C, 10°C, 20°C, 30°C and 40°C). Moreover, the thermal conductivity was determined also for five temperatures (20°C, 25°C, 30°C, 35°C and 40°C). The results show a strong increase of specific heat capacity for a temperature of 30°C comparing to other tested temperatures as it started the phase change process at this range of temperature. In addition, the thermal conductivity strongly decreases for increasing temperature especially for temperature equals and higher than 35°C in which the PCM is in liquid phase.

General conclusion

The objective of this thesis is to characterize the thermal behavior of Li-ion battery cell and pack for different current rates under both constant and dynamic currents. Experimental tests were performed besides the development of new numerical models. Based on the experimental database and the numerical study a passive cooling system using microencapsulated phase change material is proposed to ensure lower operating temperature.

In automotive applications, batteries must have high energy density and specific power at the same time. In addition, safety, lifetime and cost are three important factors in the choice of energy storage system. In this work, a 60Ah LFP prismatic battery thermal behavior is investigated experimentally and numerically. In addition, four other different batteries having different capacities, geometries and cathode materials were also tested to perform a comparative study between the thermal behavior of different tested batteries. The comparison is carried out in different climate conditions. The study performed in this thesis is structured in four chapters.

In the first chapter, a state of art describing two main modeling approaches to study the thermal behavior of Li-ion batteries is presented as it is the main key factor to enable sizing an efficient cooling system. In Addition, developing a numerical model requires the determination of several parameters characterizing the thermal behavior of a Li-ion battery such as the internal electrical resistance, the entropic heat coefficient, the specific heat capacity, the thermal conductivities and the heat transfer coefficients. Furthermore, many cooling systems were tested in different studies to ensure controlling the temperature rise of batteries during operating time and under different test conditions. The active cooling systems is widely used in EVs. Recently, researchers are more focusing on studying the efficiency of some passive cooling systems based on phase change material (PCM) and heat pipe as they present an advantage of no energy consumption.

The thermal characterization of a 60Ah prismatic Li-ion battery is carried out for three different charge currents (40A, 50A, and 60A) and different discharge currents (40A, 50A, 60A, 80A, and 100A) using an experimental test bench implemented in the LUSAC laboratory enabling charging and discharging batteries for different C-rates. The measurement of temperatures and heat fluxes performed on the tested battery allowed the determination of maximum temperature rise and heat dissipation. The temperature measured on the positive electrode is the highest and it best characterizes the battery core temperature. The experimental study performed in the second chapter permits the determination of the entropic heat coefficient and the heat transfer coefficient. Moreover, the electrical internal resistance is measured during both charge and discharge cycles. The thermal parameters experimentally measured and extracted from literature are used as inputs parameters of the developed 3D numerical model proposed in the third chapter. Additionally, two correlations were developed in the third chapter enabling the prediction of maximum temperature rise and heat energy generation for given charge/discharge currents.

Finally, in the fourth chapter a numerical and experimental study is carried out to analyze the thermal behavior of a battery pack when tested under constant and dynamic current. Chroma 17020 system is implemented to enable testing the battery under dynamic current. A numerical model is developed based on equivalent thermal networks and validated for both constant and dynamic currents. Finally, a case study is proposed to size cooling system based on PCM to ensure the control of temperature of battery packs of three given cars parameters and for three normalized driving cycles (WLTC, US06 and JAP15).

The presented work in this PhD gave rise to additional research opportunities concerning the following issues:

• The thermal and electrical parameterization performed on the prismatic 60Ah battery could be carried out on the other tested batteries in this work which will enable the validation of the numerical model for different batteries capacities and geometries.

•

The proposed correlations enabling the determination of the maximum temperature rise and heat energy generation should be extended to several commercialized batteries data to rise its validation domain.

•

The efficiency of proposed cooling system may be investigated experimentally and numerically for different climate conditions.