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Abstract

Similar to an IC (Internal combustion) engine which requires cooling to operate at optimum temperature for better efficiency; electric vehicles do require a similar system. There are various methods used in the current market for thermal management of batteries, of these our paper focuses on phase change materials (PCM). This cooling strategy can store an enormous amount of heat produced inside a battery because of its high latent heat capability. A 3D model of the battery using the multi-scale multi-dimension model (MSMD) for battery simulation and Solidification/melting models were used to showcase the melting of PCM due to the heat generated from a cell. ANSYS fluent was used to carry out the simulations. These computations are carried out at different C-rate to find the time taken for a battery to discharge and to find the impact of C-rate on PCM performance. Besides, temperature data for the cell was recorded before and after PCM was involved to compare the temperature difference between various PCM's.
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1 Introduction
The battery framework is the essential energy for electric vehicle (EV's) to power the motors, it is necessary to have a rugged and long-lasting design. While designing a battery system factors like performance, safety, and life cycle play a key role. In order to improve such crucial factors battery thermal management needs to be taken care as it helps the battery from undergoing an extensive heat load causing damage to its life and performance. Phase change materials have wide applications in thermal energy sector, as they can help reduce and transfer heat when necessary. During the charging and discharging operation of any battery, large amounts of heat are generated and a temperature rise can also be noted. This rise in temperature if it exceeds the optimum range affects battery life, performance, and safety. So, it is imperative to use a battery thermal management system (BTMS) to sustain the surface temperature of cells for providing a better output. Usually, the optimum temperature range for battery operation is between 20 °C and 50 °C. PCM is a latent heat storage element which is very well capable of releasing and storing heat, which also involves phase transition. When the temperature of a battery exceeds the melting temperature of a PCM, the heat generated will be absorbed by the PCM and stored as latent heat further limiting the increase in battery temperature.
In contemporary, various BTMS are in practice which involves air cooling, liquid cooling, and PCM cooling. Kim [1] based on review of battery thermal management system in EV's where air and liquid cooling are traditionally being used from the past for thermal management. These systems use equipment that requires complicated design and installation methods for their circulation and water can only operate up to a certain temperature which limits its capability to operate beyond range. To substitute these traditional methods, we require systems that are less complex, easy to install, and cost-effective. Phase change materials (PCM) seem to be a better alternative for these traditional methods, with the ability to work as an efficient thermal management system. Talluri [2] a numerical and computational analysis on phase change material in a 6-Kw lithium battery module was investigated, which provided relatively better results.
Latent heat storage relies on the heat absorption or release process when the material encounters a phase change process from solid to liquid or liquid to solid. So, PCM's are latent heat storage materials, where exceeding the melting temperature requires energy for the phase transition process. When these PCM's are used in BTMS, they absorb the heat generated from the battery. As the temperature exceeds the melting point, phase transition process begins controlling the battery temperature. As reviewed in Qureshi [3], Mills [4], Ibrahim [5], they have enhanced thermal conductivity of PCM which provides an efficient cooling system when compared to traditional systems. Furthermore Fathabadi [6], Ling [7], like various other researchers have contributed to developing an efficient PCM for thermal management involving micro-encapsulated PCM, composite PCM, porous materials, etc. Zhao [8] has performed simulation combining liquid and composite phase change material to enhance the performance of BTMS. A wide variety of phase change materials are available in the market with varying operating temperatures [9]. Figure 1 describes the classification of PCM's. Of these described elements paraffin are widely recognized and utilized latent heat storage materials, because of their large temperature limits, safe, reliable, and non-corrosive properties. Based on experiments performed by Rao [10], enhancing the thermal conductivity will enhance heat transfer rate from cell to PCM, which allows it to absorb and release heat in lesser time. In addition, experiments performed by Huang [11], Zhanga and Pradeep [12,13] indicates composite phase change materials perform in a better way due to their enhancement in thermal properties which are suitable for most working conditions.
In this paper, we have considered a PCM material wrapped around a battery with 3-cells, assuming similar properties could be illustrated for a battery module. As PCM's have higher latent heat storage capability, Rao et al. [10], it made us curious to investigate about its operation. The objective of this work is to design and analyze a PCM with larger surface area to facilitate better heat transfer and 3-cells were considered over 2-cell to evaluate the surface temperature of cell in contact with PCM experiencing constant heat supply on both their faces. Initial CAD design was created in SOLID WORKS and simulations were conducted in ANSYS FLUENT 2020 using MSMD battery model. We have considered 4 different phase change materials methyl palmitates [14], N-eicosane [15], OM-35 [16], N-octadecane [17], which have different operating conditions, that suit varying weather conditions. Of these materials, methyl palmitate has shown better results in terms of controlling the surface temperature of the cell at various discharge rates (1C, 1.5C, 2C, 3C). But, due to its lower melting point, it cannot operate at a higher temperature compared to other materials. Also, during the simulation, we have considered there were no liquid leakages. This paper would present insight into the operation of various phase change materials during the discharge of a battery. Furthermore, variation in thermal properties of materials can be explored based on simulations. This research can be further extended to solar, space, food, pharmaceutical, and various other industries where stable operating temperatures are required [18–20]. As PCM have high heat storage capabilities compared to sensible materials, it could be helpful for usage in food industry during distribution which requires low temperatures. Also, PCM can operate in wide temperature range, whose potential is being used in concentrated solar power plants as heat transfer fluid for producing electricity.
	[image: thumbnail]	Fig. 1 Classification of phase change materials.



2 Mathematical modeling
2.1 Battery model
Initially, a Li-ion cell having a nominal capacity of 6.5 A-h with a height of 75 mm, length 100 mm, and a width of 2.5 mm was designed in SOLID WORKS.
This battery geometry consists of 3 cells connected in series with a positive and negative tab on each cell, in turn, these cells are connected with a busbar element as shown in Figure 2. The model of battery was built in ANSYS fluent 2020 software. A multi-scale multi-dimensional model (MSMD) based on Newman, Tiedemann, Gu and Kim NTGK (E-chem model) method was selected with a maximum voltage of a cell is 4.2 V and a min voltage of 2.8 V to simulate the working of a battery. The following governing equations below are involved in solving this model [21].
The CFD model uses energy equation mentioned in equation (1) to solve temperature field involved in simulation:[image: equation](1)here ρ is the density, T is the temperature, k is the thermal conductivity, he and Sh are sensible enthalpy and volumetric source term respectively.
Firstly, the rate of volumetric current transfer related to the negative or positive phase potential is written in the mathematical equation (2).[image: equation](2)
where a denotes the specified area of an electrode; U, Y the model parameters which are a function of depth of discharge determined by (NTGK) model; Φ+ and Φ– are positive and negative phase potentials respectively; Jech is the volumetric current transfer rate.
Equation (3) represents the depth of discharge (DOD)[image: equation](3)
where Vol denotes the battery volume, and QAh is the total capacity (Ah) of the battery. ANSYS utilizes the following set of formulas for determining the Y and U functions.[image: equation](4)
[image: equation](5)where C1 and C2 are the battery-specific NTGK model constants, Trt is the real-time temperature, Tref is the reference temperature. The electrochemical reaction heat is calculated as in following equation (6)
[image: equation](6)where the foremost term in refers to heat due to potential difference and the secondary term refers to the entropic heat.
	[image: thumbnail]	Fig. 2 Battery model specifications with PCM included.



2.2 PCM model
The solidification/melting model was used in ANSYS fluent for the phase change process to occur in the setup. Enthalpy formulation is an important concept used for solving the phase change problem with the below provided equations for enthalpy formulation [22]. For a phase-change process involving either melting or freezing, the following energy conversation equation (7) is used:[image: equation](7)
where the total volumetric heat enthalpy is H, in J/m3, t is the time in seconds(s); λk is the thermal conductivity material used as a PCM and T is the temperature. Equation (8) represents the total volumetric enthalpy[image: equation](8)where sensible volumetric enthalpy is h, in J/m3, ρ is the density of PCM in liquid phase, in kg/m3; f is the melt fraction; and latent heat of fusion L, in J/kg. The expression (9) represents sensible volumetric enthalpy.[image: equation](9)
where the integral ranges from Tm-T; where ρ is the density at material phase in PCM, in kg/m3; Cp is the specific heat at material phase, T is the temperature, in °C; and tm is the melting temperature, in °C. The following equations (10)–(12) represent the enthalpy of PCM at various temperature zones, where the integral ranges from Tm-T.[image: equation](10)
[image: equation](11)
[image: equation](12)
The phase change of liquid fraction is given as (13) where,[image: equation](13)
3 Solution methodology
Finite volume method (FVM) is used to solve equations while conducting simulations in ANSYS Fluent. All simulations were conducted in laminar flow and transient-state as the grashoff (Gr) is within the limits and battery discharges with respect to time. The model was meshed in ANSYS meshing with 227010 nodes and 157245 elements. Based on the mesh independence study in Table 1 we have selected the respective nodes and elements to reduce the computational time as the values seem to not change much with increased element size.
ANSYS [23], we have considered three models for running the simulation, as temperature difference is involved energy equation is included, also we are dealing with a phase change material so solidification/melting was incorporated, and MSMD battery model to simulate battery operation. The MSMD model uses NTGK method to simulate battery operation. Newman, Tiedemann, Gu and Kim (NTGK) model is one of the 3 sub-models used for solving physical and electrochemical events in a battery cell. Correspondingly, joule heat source and E-chem heat source were turned on in MSMD model for thermal and electrical analysis. We have deliberated battery specification of 2010 Toyota Prius vehicle for our cells and NTGK model parameters Y and U are a function of depth of discharge determined by [24]. The following parameters given in Table 2 were adopted as lithium-ion for cell and copper for tab and connector as material properties and the required phase potentials for positive and negative tabs of the battery are considered as indicated [25]. Solidification/melting model was used to find the phase transition in terms of liquid fraction for PCM. This transition zone requires a larger amount of latent heat to be absorbed or ejected as phase change occurs.
As stated, we have considered four-phase change materials, n-octadecane, N-eicosane, methyl-palmitate, and OM-35, these materials were wrapped in a container around the cell packed with phase change material. PCM's have different operating conditions and it requires evaluating the suitable PCM for the environment based on various experiments and simulations because various weather conditions demand different thermal properties for better operation of material. Hence, it is necessary to select PCM which could adapt to any weather conditions maintaining optimum efficiency. We have selected these materials considering various ambient conditions around the world, which would suit the melting temperature of PCM. Because a material with 25 °C as melting temperature showcases low performance in areas where ambient temperatures range between 30 °C and 32 °C on normal days. As discussed earlier, latent heat is required for phase transition and a larger value would indicate a better temperature control because of its capacity to hold more amount of heat. The following material parameters listed in Table 2 were used for respective materials. According to the battery conditions we have considered it is necessary to set up maximum and minimum voltage conditions during operations to avoid system failure. Since many appliances have rated voltage capacity to operate, situations, where a voltage being supplied is higher or lower than required, might damage the entire circuit. Keeping in mind these practical conditions we have mentioned the max. and min. voltage values for each cell during the simulation. Furthermore, battery simulation was carried out considering negligible short-circuit potential. Since each PCM has a varying thermal property, the ambient temperature was varied accordingly. Moreover, to find if PCM has a significant effect on temperature change in battery, a model without PCM was considered to be operating under natural convection without any cooling system. Figure 3 indicates the discharge potential of the battery with respect to time at changing C-rates. These C-rates provide dictate the amount current to be supplied throughout the system. Here each cell with a maximum voltage and minimum voltage of 4.1 V and 2 V respectively was indicated in ANSYS. The reason for considering 3 cells over 2 cells in the simulation is to evaluate the performance for the PCM in an extreme condition. Because in a battery with 3-cells the center cell is in contact with PCM experiencing heat on both the sides, whereas in a 2-cell they are in contact with PCM which do ‘not undergo such heat supply on both their sides. The method used for modeling also a key issue to be noted, we have used a SIMPLE pressure-velocity scheme with second-order upwind method to solve pressure, momentum, and energy equations. Second-order implicit method for the transient formulation was adopted in ANSYS FLUENT. Compared to the first-order implicit method, second-order implicit method provides much accurate solutions.
Table 1 
Mesh-independence study for simulation of battery.

Table 2 
Material properties of cell, Tab and connecting bar.

	[image: thumbnail]	Fig. 3 Variation in cell potential as battery discharges at various C-rate.



4 Results
These simulation results endowed would describe the impact of using PCM with the designed battery, helpful in determining the thermal performance. The results present that surface temperature on cell increases with varying discharge rate. Where a 1C-rate condition produces 3.6 A of current to flow in a battery, as the C-rate increases the flow of current increases proportionally causing the battery to discharge at a faster rate as seen in Figure 3. Furthermore, based on the temperature contour results obtained, the surface temperature of the cell was highest near the tabs and decreases as we move away.
Beginning with, Methyl-palmitate which is a non-paraffin material, with 297 K and 300 K as its solidification and melting temperatures respectively. Table 3 provides the list of thermo physical properties for methyl-palmitate.
List of thermo physical properties for methyl-palmitate. The graphs plotted in Figure 4 illustrate a better understanding of the temperature variations of the cooled battery module as it exhibits a better temperature control in comparison to the battery without PCM. Here a Peak temperature of 298.9 K and 317.95 K was noted at 3C-rate for battery with and without PCM respectively. Overall, the difference in temperature change is listed in Table 5. Though it has a better temperature control its comparatively lower melting point wouldn't be able to handle higher temperature conditions as other materials do, which can be depicted through its liquid fraction.
N-octadecane is a paraffin material Contours of liquid fraction and static temperature at 3C-Rate were shown in Figure 7. From these, it can be depicted that the surface temperature of cell is higher near the cell tab's and the liquid fraction was also higher for PCM attached to the adjacent faces of cell whose corresponding value is 0.406. While, the peak temperature obtained was 302.2 K. The graphs plotted in Figure 6 exhibit a similar trend as showcased for previous material and seems to control battery temperature in an efficient way. This material has its melting temperature in range suitable for cooler weather conditions. So, the peak temperature of battery involving octadecane as phase change material during operation is 302.2 K, which is comparatively higher to methyl palmitate, but though N-octadecane has a higher melting point its liquid fraction values are greater compared to methyl palmitate because of its lower latent heat.
N-eicosane is a paraffin material belonging to alkane group with a longer carbon chain (C20). From all the materials chosen it has a higher latent heat. As per the contours shown in Figure 9 eicosane has the least proportion of liquid fraction and higher surface temperatures compared to other materials. There is a temperature difference of 18 K between the cell cooled with and without a phase change material. As per the indications in Figure 8, though it operated at higher temperatures N-eicosane has controlled the temperature of battery in an effective way compared to other materials. As eicosane has a higher latent heat of fusion compared to other material, it might be a reason for its efficient operation. Since, eicosane has a melting temperature of 35 °C it can operate in harsher environment conditions. In comparison, better liquid fraction values in Table 4 are noted for eicosane indicating it can further operate at higher discharge rates or higher battery capacities.
OM-35 is a phase change material manufactured by PLUSS polymers, it contains various salts and nucleating additives to balance the solid and liquid phases to be attained during melting. It has higher operating temperature compared to all other materials considered. Though OM-35 has melting temperature almost equal to N-eicosane, when noticed from Table 5 there is lesser temperature control in comparison. Which provides us that variation in latent heat and thermal conductivity effects the performance of a material. From these simulations the maximum temperature of battery using OM-35 has a peak temperature of 308.57 K at 3C rate. Whereas, the liquid fraction values were higher for PCM walls in contact to cells on either face. Figure 10 provides the variation in temperature profile at various C-rates. The results obtained from simulations based on temperature variation were tabulated in Table 5 provides us with a better overall view on the performance of each PCM material in limiting surface temperature of cell. The temperature difference trend observed at 1C-rate for all materials showcases that methyl palmitate has better temperature control followed by N-octadecane, N-eicosane and OM-35. A similar trend was observed for 1.5C and 2C rate. However, a shift in temperature difference was noted at 3C-rate where Methyl palmitate was followed by N-eicosane, OM-35 and N-octadecane.
Table 3 
Thermal properties of phase change materials.

	[image: thumbnail]	Fig. 4 Variation of temperature with time for cell with and without PCM (Methyl-palmitate) at 1.5C-Rate (left) and 3C-Rate (right).



	[image: thumbnail]	Fig. 5 Contours of Methyl-palmitate (a) static temperature (b) liquid fraction at 3c-rate.



	[image: thumbnail]	Fig. 6 Variation of temperature with time for cell with and without PCM (Octadecane) at 1.5C-Rate (left) and 3C-Rate (right).



	[image: thumbnail]	Fig. 7 Contours of Octadecane (a) static temperature (b) liquid fraction at 3C-rate.



	[image: thumbnail]	Fig. 8 Variation of temperature with time for cell with and without PCM (Eicosane) at 1.5C-Rate (left) and 3C-Rate (right).



	[image: thumbnail]	Fig. 9 Contours of N-eicosane (a) static temperature (b) liquid fraction at 3C-rate.



Table 4 
Liquid fraction values of phase change materials at different C-rates.

Table 5 
Temperature difference at cell surface for various operating conditions.

	[image: thumbnail]	Fig. 10 Variation of temperature with time for cell with and without PCM (OM-35) at 1.5C-Rate (left) and 3C-Rate (right).



5 Conclusion
At present, battery vehicles are considered to be an alternative to IC engines as they can help tackle the emissions in a better way [26]. Lithium-ion batteries are majorly used to power battery vehicle in the current century due to their better energy density and power to weight ratio [27]. So, battery thermal management system is crucial in its maintenance. Using phase change materials for BTMS would be a viable alternative to all traditional cooling systems in future days. Based on the results obtained from the simulation each material has a different field of advantage to perform efficiently, N-eicosane has better latent heat and thermal conductivity whereas Methyl palmitate has better temperature control comparatively. For instance, temperature difference was comparatively higher for methyl palmitate but its liquid fraction value was higher compared to others which might affect its performance if temperature increases further. In addition, N-eicosane which has slightly lesser temperature difference compared to OM-35 and other materials has displayed a lesser liquid fraction values due to its high latent heat allowing it to perform in further stressed conditions. Considering normal working conditions under which we have performed our simulations, phase change materials prove to be an efficient alternative for other cooling systems and N-eicosane has produced convincing results in terms of liquid fraction and temperature control, as the relative temperature between N-eicosane and methyl-palmitate is not too high making it a much efficient performer among its peers. While working under extreme stressed conditions further research on phase change materials should be conducted on how they perform. Moreover, enhancing a phase change material might also seem to provide an enhanced performance which needs to be explored.
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	Mesh-1
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	No of elements
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	Max. Surface temperature of cell (K)
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	Density (kg/m3)
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	8978



	Specific heat (J/kg · K)
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	Thermal conductivity (W/m · K)
	18.4
	387.6
	387.6
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	Solidus temperature (K)
	301.15
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	306.5
	307



	Liquidus temperature(K)
	303.15
	300
	310.5
	309
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      Fig. 5 
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        Contours of Methyl-palmitate (a) static temperature (b) liquid fraction at 3c-rate.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Variation of temperature with time for cell with and without PCM (Octadecane) at 1.5C-Rate (left) and 3C-Rate (right).

      

    

  
    
      Fig. 7 
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        Contours of Octadecane (a) static temperature (b) liquid fraction at 3C-rate.

      

    

  
    
      Fig. 8 
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        Variation of temperature with time for cell with and without PCM (Eicosane) at 1.5C-Rate (left) and 3C-Rate (right).

      

    

  
    
      Fig. 9 
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        Contours of N-eicosane (a) static temperature (b) liquid fraction at 3C-rate.

      

    

  
    
      Table 4 

      Liquid fraction values of phase change materials at different C-rates.

      
        


	
	Liquid fraction



	
	




	Material
	1C-RATE
	1.5C-RATE
	2C-RATE
	3C-RATE





	N-octadecane
	0.0874
	0.153
	0.215
	0.406



	Methyl palmitate
	0.139
	0.239
	0.315
	0.505



	N-eicosane
	0.0245
	0.0524
	0.0835
	0.164



	OM-35
	0.09
	0.201
	0.301
	0.469





      

    

  
    
      Table 5 

      Temperature difference at cell surface for various operating conditions.

      
        


	Material
	Peak temperature(K)
(Without PCM)
	Peak temperature (K)
(With PCM)
	Temperature difference(K)



	

	

	




	1C
	1.5C
	2C
	3C
	1C
	1.5C
	2C
	3C
	1C
	1.5C
	2C
	3C





	N-octadecane
	303.28
	306.93
	310.2
	318.39
	301.35
	301.52
	301.65
	302.14
	1.93
	5.41
	8.55
	16.2



	Methyl palmitate
	302.91
	306.82
	309.98
	317.96
	297.47
	297.85
	298.12
	298.94
	5.44
	8.97
	11.86
	19.02



	N-eicosane
	308.51
	311.87
	314.93
	325.96
	306.63
	306.83
	306.91
	307.59
	1.88
	5.04
	8.02
	18.37



	OM-35
	308.65
	312.5
	315.95
	326.62
	307.23
	307.53
	307.89
	308.57
	1.42
	4.97
	7.96
	18.05





      

    

  
    
      Fig. 10 
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        Variation of temperature with time for cell with and without PCM (OM-35) at 1.5C-Rate (left) and 3C-Rate (right).
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