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In this study, a finite element analysis is employed to numerically investigate the thermal behavior of a battery pack comprising cylindrical lithium-ion cells. The system incorporates air cooling with phase change material (PCM) surrounding the batteries and nanofluid (NFD) circulating within the PCM through tubes of varying diameters (ranging from 2 mm to 6 mm) at flow rates (FRT) spanning 5 mL/min to 20 mL/min. A two-phase mixture model is applied to analyze the behavior of the NFD as it changes phase. The transient simulation covers a 1-h period to assess temperature variations of the NFD, batteries, surrounding air, PCM, and the phase change process within the PCM. Our results indicate that variations in NFD flow rate (NFFR) do not significantly affect the PCM’s molten fraction during PCM melting, coinciding with an increase in battery temperature (TBT). However, during the PCM refreezing phase, a FRT of 15 mL/min results in the highest quantity of solid PCM. The outlet temperature (TOT) of the NFD demonstrates a cyclical pattern of increase and decrease over time. We observe that when the NFD temperature is elevated, the lowest TOT of the NFD is associated with a FRT of 5 mL/min. Conversely, when the NFD temperature is lowered, this FRT leads to the highest TOT of the NFD. The TBT exhibits some sensitivity to changes in FRT within the initial half-hour, with a subsequent decline, particularly with a FRT of 15 mL/min.
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1 INTRODUCTION
Researchers have become interested in energy-related topics because of the growing significance of energy to a nation’s progress. Especially, developed countries have invested in one or more source of new energies. Wind energy, geothermal energy, sea wave energy, and solar energy have received more attention than other ones (Batista et al., 2023; Kumar et al., 2023; Rana et al., 2023). Considering the energy subjects in the field of transportation is also an important topic because a large amount of energy is spent on transportation by different vehicles every year. The use of hybrid vehicles by employing new energy sources can ultimately reduce energy consumption on a large scale. Batteries are an important part of hybrid vehicles. They are placed in packs with different numbers so that they can store the energy required to move the vehicle. In the last decade, researchers have paid more attention to this type of battery that has been utilized in electric vehicles. The enhancement in the production of these vehicles has caused various manufacturers to develop the field. Today, even electric trucks are produced in some countries that require batteries with a high energy storage capacity (Zhao et al., 2021; Annamalai and Amutha prabha, 2023; Mohammed et al., 2023). The number of different studies in the field of batteries is too high, indicating the need for progress in this field in the industry. One of the important areas in battery research is their cooling process, which is practical and crucial (Sefidan et al., 2017; Tran et al., 2017; Xu et al., 2017; Han et al., 2018; Mukhopadhyay et al., 2018). Hence, they require cooling when operating at charging rates. Sarchami et al. (Sarchami et al., 2022) examined a liquid-cooled system with a combination of copper plates. They utilized alumina-water NFD with different volume fractions φ) and evaluated its effect in a wavy channel. The presence of this cooling system improved battery performance and battery surface temperature. Luo et al. (Luo et al., 2022) conducted a review on battery thermal management systems and demonstrated that the use of PCMs improves battery performance, and on the other hand, the use of these materials leads to better performance in the cold climate. Also, the use PCMs along with other cooling techniques has better performance in battery thermal management systems.
The heat transfer in batteries is practical and has important applications in the hybrid vehicle industry. Researchers have considered the thermal management of batteries using different methods, including passive and active techniques (Park, 2013; Goli et al., 2014; Sun and Dixon, 2014; Tran et al., 2014; Zou et al., 2014). The use of PCMs without the need for external energy can control the temperature of a device until the complete melting of the PCM (Babapoor et al., 2015; Lin et al., 2015; Jiang et al., 2016). Also, the use of free and forced convection of different fluid flows is another method of managing the temperature of different devices. NFDs have reportedly been used in the field of battery thermal management, particularly recently, according to earlier studies (Aberoumand et al., 2020; Wiriyasart et al., 2020; Zhou et al., 2021). Thus, in this article, a thermal analysis is done on a three-dimensional BPC with a few battery cells. Airflow, laminar NFD flow, and PCM are used to control the TBT. The simulations are carried out transiently in an hour by varying the NFFR inside the tube in the middle of the PCM and the tube’s diameter. All of the battery cells are encircled by the PCM, and the air velocity is maintained. One of the innovations of the current study is the analysis in three dimensions. Another novelty of the current study is the concurrent use of air, NFD, and PCM for battery temperature management.
2 BATTERY PACK GEOMETRY
25 cylindrical lithium-ion batteries are arranged in a square to make up the BPC.
The BPC is shown schematically in Figure 1. A laminar airflow channel with a velocity of 0.001 m/s contains the BPC. The BPC is filled with PCM and a spiral tube containing alumina-water NFD flow is located inside the PCM. The NFD flows in a laminar regime with a FRT of 5–20 mL/min. The tube’s diameter ranges from 2 to 6 mm. The study of the BPC took 1 hour to complete.
[image: Figure 1]FIGURE 1 | A schematic of the BPC and its thermal management system.
3 GOVERNING EQUATIONS FOR THE BPC AND COOLING SYSTEM
The battery formula are shown 1–4. These Equations used to solve the battery. It is important to note that the heat produced by the battery is caused by its internal resistance, indicating that the heat produced by the battery’s entropy.
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The equations used to solve the airflow are provided in Eqs 5–7 by assuming incompressible and Newtonian airflow (Nazer-Nejad et al., 2018).
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Eqs 8–16 presents the equations used for the melting and freezing fronts in the PCM. The momentum and energy equations, along with the diffusion and heat transfer equations, are solved using the assumption that the liquid PCM is Newtonian (Biwole et al., 2013).
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where u, k, ρ, and [image: image] indicate velocity, thermal conductivity, density, and heat capacity. T represents temperature and t is time. [image: image] is the buoyancy force obtained by using the Boussinesq approximation. The value of C depends on the PCM morphology and the function [image: image] is enhanced linearly from zero to one between two PCM phase regions (Biwole et al., 2013). The equations used to solve the NFD flow are shown below. It is assumed that the NFD flow is incompressible, Newtonian, and laminar. The equations are resolved using the two-phase mixture method (Schiller, 1933; Manninen et al., 1996).
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Equations (23)–(27) presents the relations to calculate the properties of the two-phase NFD flow.
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Table 1 presents the properties of nanoparticle, PCM, and water (Yang et al., 2016; Pordanjani et al., 2023).
TABLE 1 | Thermophysical properties of PCM, water, and [image: image] (Yang et al., 2016; Pordanjani et al., 2023).
[image: Table 1]4 GRID STUDY, NUMERICAL METHOD, AND VALIDATION
The performance of the BPC and its cooling system are examined using the FEM and COMSOL software. The flow of NFD is solved using the two-phase mixture method. An unstructured grid is generated on the geometry (Figure 2). The grid study demonstrates that the grid with 1,865,000 elements is suitable for the simulations. Table 2 presents the method of meshing and compares the results obtained from various grid resolutions.
[image: Figure 2]FIGURE 2 | A schematic of the grid generated on the geometry.
TABLE 2 | Average temperature of battery for different grid qualities.
[image: Table 2]In this section, the validation of the developed code is discussed. The T-Av of the cell in an adiabatic mode is displayed in Figure 3. The results of the present research are compared with the numerical and experimental investigations. There is a slight difference between the experimental data and the present results. But, the use of the developed method leads to excellent results and the results are better than other numerical ones. The difference in the T-Av is due to the weakness of the modeling, not having the exact values of the partial derivative of the open-circuit voltage in terms of the temperature and other properties and parameters of the model. The comparison between the present results and those reported by Ye et al. (Ye et al., 2012) and Wu et al. (Wu et al., 2012) demonstrates the high accuracy of the present simulations. They investigated the T-BY by solving the equations governing the battery.
[image: Figure 3]FIGURE 3 | Comparison of numerical results obtained in this study with numerical and laboratory results.
5 RESULTS AND DISCUSSION
Figure 4 illustrates the temperature contours of the air passing through the channel at different times of 15, 30, 45, and 60 min when the NFFR is 5 mL/min. The low quantity of molten PCM in the first 15 min is what causes the low air temperature. The air temperature increases after 30 min have passed and a significant portion of PCM has melted. In the components that are in touch with the PCM, the air temperature is much greater. In 45 min, the quantity of molten PCM in the container decreases, which causes a modest drop in air temperature. The atmospheric temperature drops, particularly during the first hour after the batteries’ heat output ends.
[image: Figure 4]FIGURE 4 | Temperature contours of the air passing through the channel at different times of 15, 30, 45, and 60 min when the NFFR is 5 mL/min.
When the NFFR is 5 mL/min, Figure 5 shows the temperature contours of the PCM enclosure for various durations of 15, 30, 45, and 60 min. The PCM’s melting or freezing states have a significant impact on its temperature. At the time of PCM phase change, its temperature does not change considerably due to the latent heat of melting in PCM. However, when it is solid, the temperature can be lower than its melting point, and when it melts, the temperature can be higher than its melting point. In 15 min, the central parts of the PCM are at a high temperature, and the side parts that are in contact with the air are at a low temperature. In 30 min, the central parts are at a higher temperature than the side parts, but the side parts do not have much temperature difference from the middle parts of PCM. In 45 min, the temperature of different parts of PCM is close to each other and the NFD flow causes the PCM temperature to reduce in some parts. In 1 hour the temperature of PCM is decreased because its temperature can be lower than its melting point due to the freezing of all PCM. Hence, there are some parts with a low temperature in the middle parts.
[image: Figure 5]FIGURE 5 | Temperature contours of the PCM enclosure for different times of 15, 30, 45, and 60 min when the NFFR is 5 mL/min.
When the NFFR is 5 mL/min, Figure 6 shows the temperature contours of the tube in the BPC at various times of 15, 30, 45, and 60 min. The temperature of the NFD in the tube depends on the time. In 15 min, the temperature of the parts of the tube that are located inside the PCM is high. But, the parts of the tube that are placed outside the PCM have a low temperature. The temperature of the tube in the direction of the NFD flow is low. It is increased when the NFD enters the middle of the PCM and collides with the hot PCM. In 30 min, the tube has a high temperature and even the parts of the tube that are placed out of the PCM are heated. At this time, due to the melting of PCM, the temperature of the tube and NFD becomes higher. At the time of 45 min, the tube temperature is reduced. The temperature of various parts of the tube, especially those located inside the PCM, decreases as the amount of molten PCM decreases. Finally, around the hour mark, the temperature of the tube portions within the PCM decreases, which is the primary factor in the PCM solidifying since less heat is generated in the batteries. In certain areas, the NFD’s temperature drops as a result.
[image: Figure 6]FIGURE 6 | Temperature contours of the tube in the BPC for different times of 15, 30, 45, and 60 min when the NFFR is 5 mL/min.
The temperature contours on the battery cells for various durations of 15, 30, 45, and 60 min are shown in Figure 7 when the NFFR is 5 mL/min. Time is a factor in TBT cells. The maximal TBT cell number may be observed to increase initially before declining. The batteries in the center of the BPC reach a high temperature at 15, 30, and 45 min, as do the batteries in the rear row. The batteries on the final row reach their highest temperature in an hour. At the time of 15 and 30 min, the side batteries are at a low temperature. In 45 min, the two batteries placed at the corner have a particularly low temperature, and in 1 h, the batteries located at the air side have the minimum temperature among the battery cells. The presence of airflow in the channel causes the batteries placed at the inlet to have a low temperature. The presence of NFD flow that is not aligned with the airflow also causes the TBT cells to be closer to each other at the inlet and outlet sides.
[image: Figure 7]FIGURE 7 | Temperature contours on battery cells for different times of 15, 30, 45, and 60 min when the NFFR is 5 mL/min.
Figure 8 depicts the temperature contours on the horizontal and vertical cross-sections of the BPC for the TDBs ranging from 2 to 6 mm. The horizontal cross-sections are shown on the left side, and the temperature distribution can be seen on them. In the horizontal cross-sections, the temperature is enhanced in the flow direction due to the symmetry of the temperature distribution on the first and third planes. But the maximum temperature is observed for the last plane. By moving along the flow direction, the temperature of the NFD is enhanced due to the heat received from the PCM and the batteries.
[image: Figure 8]FIGURE 8 | Temperature on horizontal and vertical cross-sections of the BTPK for three TDBs of 2–6 mm.
The temperature contours on the horizontal and vertical cross-sections of the BPC are shown in Figure 9 for various NFD in-tube velocities. According to the figure, the vertical cross-sections are placed on the right side and the horizontal cross-sections are located on the left side. As the NFFR is enhanced, the temperature of batteries and PCM is reduced due to the increment in heat transfer from PCM and batteries. By enhancing the FRT, the thermal energy held in the PCM is released outside. Temperature control is maintained for the T-BT. Phase change makes the temperature on the BPC uniform and keeps the battery. This issue can be seen in the cross-sections. Better temperature uniformity is created at horizontal cross-sections of the pack by enhancing the FRT. The last horizontal plane has a higher temperature than the rest of the planes. The temperature of the initial rows of batteries is reduced more when the FRT of the NFD is enhanced, whereas the temperature of the latter rows of batteries is intensified significantly.
[image: Figure 9]FIGURE 9 | Temperature on horizontal and vertical cross-sections of the BTPK for different velocities of NFs in the tube.
Figure 10 demonstrates the TBT up to 1 h for the NFFR ranging from 5 to 20 mL/min. Using the temperature control system designed for the battery, the average TBT is slightly higher than 303 K in most cases, which is acceptable. The use of NFD flow to make the TBT cells more uniform, as well as the application of airflow to reduce the temperature of the batteries cause the average TBT to be acceptable. Also, the use of PCM avoids a sudden enhancement and temperature jump in battery cells. The BPC experiences an increase in temperature at a time of nearly half an hour. After this time, the airflow in the channel reduces the temperature. Until this time, the temperature in the batteries is high and after this time, the temperature is decreased due to the non-working of the batteries. The temperature reduction of the BPC is higher at the NFFR of 15 mm/min than the FRTs in the second half hour. In other NFFRs, the TBT is close to each other. Due to the weak flow of NFD, its variations have little effect on the TBT. Based on the design, the flow of NFD flow is used to close the TBT cells located at the inlet and outlet.
[image: Figure 10]FIGURE 10 | TBT up to 1 h for the NFFR ranging from 5 to 20 mL/min.
Figure 11 demonstrates the TOT of the NFD up to 1 h for the NFFR ranging from 5 to 20 mL/min. The TOT of the NFD is dependent on various factors. The airflow in the channel, the melting or freezing of PCM, the heat generated in the battery, the FRT of the NFD, and even time influence the TOT of the NFD. When the laminar air flows in the channel steadily, its cooling power is enhanced so that it can reduce the TBT and PCM. Hence, after a certain time, the temperature of the NFD, batteries, and PCM is decreased. As long as the batteries generate heat, the temperature of the NFD is enhanced. When the batteries stop working, the temperature of the NFD is decreased. The minimum value of the TOT of the NFD occurs at a FRT of 5 mL/min. When the NFD temperature has a decreasing trend, this FRT leads to the maximum TOT of the NFD among different FRTs. During the increasing trend of the NFD TOT, the FRT of 20 mL/min is the maximum value of the TOT of the NFD among different FRTs. The FRT of 15 mL/min results in the minimum temperature of the NFD at the outlet. In this FRT, the enhancing trend of NFD TOT is decreased earlier and the change in the NFD temperature is observed in a shorter time.
[image: Figure 11]FIGURE 11 | TOT of the NFD up to 1 h for the NFFR ranging from 5 to 20 mL/min.
The volume percentage of molten PCM for the NFFR ranges from 5 to 20 mL/min up to 1 h as shown in Figure 12. The temperature of the PCM first rises because of the heat produced in the battery cells and the poor airflow in the channel. Consequently, the melting process starts. In less than 15 min, a substantial portion of PCM is converted to the liquid phase at various FRTs of NFD.
[image: Figure 12]FIGURE 12 | Volume fraction of molten PCM for the NFFR ranging from 5 to 20 mL/min up to 1 h.
The PCM stays in the liquid phase for a long period. The PCM phase transition is impacted by airflow and NFD, which also lowers battery temperatures. The low velocity flows, particularly the NFD flow, are employed to increase the BPC’s temperature uniformity. The PCM freezing process begins after 40 min. At this point, the PCM temperature decreases and the freezing process begins as a result of the correct flow of air around the BPC and an NFD in the tube. The PCM begins to freeze since the batteries are not producing enough heat. The impact of altering the NFD’s FRT is now evident. The NFFR of 15 mL/min causes the greatest amount of phase shift at this moment.
6 CONCLUSION
In this article, a three-dimensional simulation is done on the cooling of a BPC with the presence of a laminar flow of NFD and air as well as PCM. The air flows around the PCM and the NFD flows in a tube inside the PCM. By changing the tube diameter and NFFR, TBT, TOT of NFD, and volume fraction of molten PCM are transiently examined. The results of this study demonstrate:
1- The use of NFD and air flows and PCM can control the TBT. Besides, they lead to the proper temperature uniformity among the battery cells.
2- In the first half an hour, the TBT is enhanced by 303 K, which is the maximum TBT. After that, the temperature is reduced.
3- The effect of FRT on the TBT is small until the first half hour. After this time, the temperature of the NFD becomes lower than in other conditions at a FRT of 15 mL/min.
4- The TOT of the NFD has increasing and decreasing trends. When the temperature is enhanced, the minimum TOT of the NFD occurs at a FRT of 5 mL/min, but when the FRT is decreased, the TOT of the NFD becomes higher.
5- During the PCM melting process, changing the FRT of NFD has little effect on the volume fraction of molten PCM, but during its re-freezing, the use of a FRT of 15 mL/min results in the maximum amount of solid PCM.
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