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In Formula Student Electric (FSE) racing competitions, battery overheating is a common challenge due to inadequate thermal dissipation at high discharge rates, negatively impacting the performance of the racing vehicle. This study introduces an innovative and optimized battery box cooling system designed to mitigate overheating by reducing the maximum battery temperature and the temperature gradient.The cooling system is developed using a combined approach of simulation analysis and orthogonal experiments. The design optimization focuses on improving airflow distribution by increasing the number of inlet and outlet vents and adjusting the airflow velocity, which enhances the heat dissipation capacity. Experimental tests show that, under a 5C discharge rate for 60 s, the maximum temperature within the optimized cooling system is reduced to 27.4°C. The temperature difference decreases from 3.5°C to 2.4°C, resulting in a 31.4% improvement in optimization efficiency. Additionally, the optimized system achieves a more uniform temperature distribution across the battery pack, outperforming the pre-optimization design in all evaluated metrics. The optimized cooling system demonstrates a significant improvement in thermal performance compared to the original design. The findings highlight the effectiveness of the proposed optimization in enhancing the thermal management of the battery box and offer a practical, applicable strategy for improving thermal efficiency in electric vehicle applications.
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1 INTRODUCTION
The battery thermal management system (BTMS) for battery boxes is critical to the safe and efficient operation of Formula Student Electric Racing Car. In recent years, extensive research on battery thermal management systems has been conducted by numerous scholars both domestically and internationally. As the core energy storage unit of Electric Racing Car, the efficiency of battery storage and recovery directly influences system performance. Michaelides et al. (2023) demonstrated that the round-trip efficiency of batteries helps reduce energy losses and enhance energy utilization. Although Formula Student Electric Racing Cars operate under more demanding battery loads and environmental conditions, insights from this study can be leveraged to optimize battery energy management, thereby improving overall energy efficiency. Park (2013) found that optimizing cooling air flow rates and channel layouts significantly enhances heat dissipation efficiency and reduces temperature fluctuations in high-power battery cooling systems. Fan et al. (2013) reported that increased battery gaps promote more uniform temperature distributions in natural air cooling systems. Sun et al. (2012) demonstrated that tapered inlet and outlet manifolds improve temperature uniformity in U-shaped and Z-shaped systems. Suo et al. (2024) showed that a convex plenum at the inlet and outlet of forced air-cooled systems enhances cooling performance, achieving reductions in maximum temperature and temperature difference of 35.06% and 76.98%, respectively. Bai et al. (2024) revealed that increasing anisotropic thermal conductivity (kx) improves heat dissipation efficiency by 24%, while ky and kz have limited effects. Pu et al. (2024) presented advanced 3D cooling plate designs that enhance cooling performance with reduced mass flow and pressure drop, leading to lower power consumption in lithium-ion battery systems. Moosavi et al. (2023) found that optimal cell spacing in large-scale lithium battery packages improves temperature uniformity and thermal gradients. Wang C. et al. (2023) achieved a 65.5% reduction in maximum temperature difference with a reciprocating air-cooling strategy and proposed an energy-saving intermittent cooling scheme. Luo et al. (2023) reported that their X-type air-cooled battery thermal management system reduces maximum temperature by 4.33°C and enhances performance through inlet and outlet optimization. Zhang et al. (2024) optimized air-cooling systems via simulation, showing that outlet position adjustments lower average and maximum temperatures. Chen et al. (2020) demonstrated that optimizing flow guide plate shape reduced maximum battery box temperature by over 3.7°C despite a 20% increase in pressure drop. Verma and Saraswati (2024) found that optimized spacing in aligned air-cooled Li-ion battery packs improved thermal performance. Wang et al. (2021) developed a novel BTMS with spoilers that reduced maximum temperature by 2.24°C and system volume by 4.87%. Khan et al. (2023) investigated the axial air cooling performance of lithium-ion battery packs using COMSOL Multiphysics simulations, concluding that optimizing the control volume outlet dimensions and introducing convergence significantly improved temperature homogeneity and cooling efficiency, particularly by enhancing airflow turbulence in the system. Narkhede et al. (2024) designed a cooling system combining fins and phase change materials (PCM), demonstrating through experiments and simulations superior performance compared to traditional natural air convection cooling. At a 5C discharge rate, the PCM system reduced battery temperature by 31 K, while the fin-PCM system achieved a reduction of 33 K, significantly enhancing thermal efficiency. Sur et al. (2023) proposed a polymer-based heat sink for lithium-ion batteries in electric vehicles, which improved heat dissipation and reduced system weight. Li et al. (2020), using simulation and orthogonal experiments, investigated the temperature field dynamics of Formula Electric Vehicle (FEV) cooling systems under high-current discharge conditions, finding that the gap between cells and modules significantly affected thermal performance. Zhao et al. (2019) conducted an in-depth study of the FSE battery cooling system, validating the consistency between experimental and simulation results, with a maximum error of 2°C. Optimization of cooling fan placement and cell layout reduced the maximum temperature difference by 38.35%. Yu et al. (2024) proposed an electro-thermal model with an adaptive estimation algorithm for jointly estimating the state of charge (SOC) and state of temperature (SOT) of the battery. The study demonstrated effective control of SOC and SOT estimation errors across a wide temperature range, offering valuable insights for battery thermal management.
Existing research on air cooling systems primarily focuses on the operating conditions of conventional passenger vehicles, where battery performance is stable, temperature variations are gradual, and system loads are low. In contrast, Formula Student Electric racing car experience extreme conditions, such as high loads, large current outputs, and rapid movements, resulting in rapid temperature rises and significant thermal gradients, with cooling demands much higher than those of typical vehicles. Despite advances in optimizing air cooling structures, challenges remain, particularly in maintaining temperature stability under high load and current conditions. To address the aforementioned issue, this paper proposes a cooling solution more aligned with the specific requirements of Formula Student Electric (FSE) racing cars. By combining simulation analysis with orthogonal experiments, and using maximum temperature and temperature difference as the optimization criteria, the structural layout of the air-cooling system, battery gaps, airflow path design, and airflow direction were meticulously adjusted. This approach significantly enhanced the heat dissipation performance of the battery pack and effectively optimized thermal management under extreme operating conditions.
2 THEORETICAL MODEL
2.1 Convective heat transfer model
The convective heat transfer model integrates the effects of thermal convection and conduction to describe heat transfer in fluids. The fundamental equation is represented in its convective form of the heat conduction equation (Wang Z. H. et al., 2023), expressed as Equation 1:
[image: image]
In the equation, [image: image] is the temperature, [image: image] is the fluid density, and [image: image] is the velocity component of the fluid in the i-direction. The term [image: image] is the thermal conductivity of the fluid, and [image: image] is the coordinate direction. The term [image: image] indicates the rate of change of temperature over time, while [image: image] accounts for temperature changes due to convection, [image: image] temperature changes caused by conduction.
2.2 Turbulence model
After a comparison of various turbulence models, the standard k-epsilon model is selected for simulating airflow in the battery box to more accurately reflect flow field characteristics and to ensure higher precision and reliability. The governing equations are presented as Equation 2 (Hu et al., 2012; Kim et al., 2019):
[image: image]
Where [image: image] represents the velocity components in each direction, and [image: image] denotes the strain rate components. The default constants are [image: image] = 1.44, [image: image] = 1.92, [image: image] = 0.09, [image: image] = 1.00, [image: image] = 1.30.
2.3 Heat dissipation of the battery box
The battery box is treated as a closed, opaque system, with the effects of thermal radiation at high temperatures on heat dissipation being neglected. The primary heat exchange is considered to occur between the battery surface and the surrounding air. The formula for calculating heat transfer (Fatukasi and Bello-Ochende, 2022) is as Equation 3:
[image: image]
Where [image: image] is the heat flow generated by convection (W); [image: image] is the convective heat transfer coefficient (W/m-2·K−1); [image: image] is the surface area for heat dissipation of the battery (m2); [image: image] is the temperature difference between the fluid and the solid (K).
3 PHYSICAL MODEL
3.1 Geometric model
The FSE competition imposes strict limitations on battery pack power and voltage, requiring the battery to operate stably at a maximum power of 80 kW and a voltage of 600V, while also supporting the completion of a 22 km endurance race. Therefore, the energy density and endurance of the battery pack are critical. Considering factors such as driving range and acceleration performance, a lithium iron phosphate (LiFePO₄) battery was selected. The detailed specifications of the LiFePO₄ battery cells used in this study are provided in Table 1.
TABLE 1 | Physical parameters of the lithium iron phosphate (LiFePO₄) battery cell.
[image: Table 1]The battery box design consists of 42 individual cells arranged into 6 modules in a 3-row by 2-column configuration. Each module is formed by connecting 7 cells in series. The dimensions of each cell are 26.8 × 148 × 98 mm³. The battery box is constructed with an aluminum structure, with a side thickness of 1 mm and a top and bottom thickness of 1 mm. The overall dimensions of the battery box are 419 × 396 × 188.5 mm³. The 3D model is shown in Figure 1.
[image: Figure 1]FIGURE 1 | 3D model of the battery box.
Given the diversity and complexity of the internal materials in battery cells, an equivalent approach is employed in this study. By applying empirical formulas for thermal properties, the thermal characteristics of the various materials within the cell are integrated, treating the cell as a whole for equivalent analysis. The thermal physical parameters of the battery are as follows: equivalent density ρ = 1677.62 kg⋅m-3; equivalent specific heat capacity c = 1632.63 J⋅kg-1⋅K-1; equivalent thermal conductivity: x-direction = 1.297 W⋅m-1⋅K-1, y-direction = 2.950 W⋅m⁻1⋅K⁻1, z-direction = 0.216 W⋅m⁻1⋅K⁻1.
3.2 Mesh generation
The three-dimensional model is simplified as needed, dividing it into the solid battery region and the air region of the box. One inlet and two outlets are established. Meshing is performed for the individual batteries, the battery box shell, and the airflow region. Considering mesh quality and node density, a tetrahedral unstructured mesh is utilized with a cell size of 3 mm, resulting in 5,493,208 elements and 953,773 nodes. The average orthogonal quality is 0.73314, with a standard deviation of 0.15412, indicating a well-distributed mesh quality. Figure 2 illustrates the mesh generation of the battery box.
[image: Figure 2]FIGURE 2 | Mesh division of the battery box.
3.3 Boundary conditions
Based on the thermal physical specifications of the studied battery, the following parameters are set in Fluent: the turbulence model selected is the K-Epsilon (2 eqn) model with standard wall functions (SWF). The cell region is defined as solid, and a source term is added to the cells. Convection heat transfer is applied, with the inlet temperature set to 25°C and the convection heat transfer coefficient uniformly set at 5 W/m2·K⁻1.
4 SIMULATION ANALYSIS
Due to the extreme conditions of high-current, short-duration, and peak discharges in the FSE competition, the temperature rise within the electric racing car’s power battery is more pronounced, placing higher demands on the reliability of the battery thermal management system. To ensure the battery pack remains stable during high power output, rapid charge and discharge, and prolonged operation, thermal management objectives for the entire vehicle are defined, as shown in Table 2, based on the required operating temperature of the battery.
TABLE 2 | Definition of thermal management objectives.
[image: Table 2]The thermal dissipation simulation results for the battery box under high current conditions provide representative insights. Simulations were performed for four discharge scenarios, with discharge rates of 5C and 8C, and discharge durations of 45 and 60 s, respectively. The temperature variations of the battery under each condition are presented in Table 3.
TABLE 3 | Thermal simulation results under four discharge conditions.
[image: Table 3]The results indicate that the temperature rise and temperature difference within the battery box are more significant under the 5C for 60 s and 8C for 60 s discharge conditions. To better understand the changes in thermal performance and to optimize the thermal design of the battery box, a detailed comparative analysis of the temperature fields under these two conditions is conducted.
Figure 3 presents the simulation results under the “5C for 60 s” discharge condition. It is observed that after discharging the battery box at a rate of 5C for 60 s, the maximum temperature of the entire battery box reaches 27.7°C, with a maximum temperature differential of 3.5°C. An analysis of the airflow patterns and temperature distribution within the battery box indicates that the airflow generated by the fan contributes to a certain degree of cooling, resulting in varying degrees of temperature reduction throughout the battery box. Notably, the temperatures at the air intake and the corresponding longitudinal position directly opposite the intake are significantly lower than those at the left and right rear positions of the battery box, where heat accumulation is clearly observed.
[image: Figure 3]FIGURE 3 | Simulation results of the battery box under 5C, 60s condition. (A) Temperature distribution map of the battery box. (B) Airflow trajectory map of the battery. (C) Temperature distribution map of the battery.
Figure 4 shows the simulation results for the “8C 60s” discharge condition. After 60 s of discharging at an 8C rate, the maximum temperature of the battery box reached 29.1°C. While the lowest temperature still occurs near the air inlet, the maximum temperature difference within the system increased to 4.2°C, exceeding the established thermal management target. These results indicate that the initial thermal model does not meet the required standards for this operating condition.
[image: Figure 4]FIGURE 4 | Simulation results of the battery box under 8C, 60s condition. (A) Temperature distribution map of the battery box. (B) Airflow trajectory map of the battery. (C) Temperature distribution map of the battery.
The lower temperature near the air inlet suggests that the fan-driven airflow enhances the efficiency of convective heat transfer to some extent. However, the relatively high temperature at the air outlet indicates that the current air cooling system is inadequate for meeting the cooling requirements. The effectiveness of the air cooling system is significantly affected by factors such as the number of air inlets and outlets, inlet air velocity, spacing between individual battery cells, and the convective heat transfer coefficient.
5 BATTERY BOX OPTIMIZATION DESIGN
5.1 Orthogonal test protocol design
Since there are many factors that affect the heat dissipation effect, in order to effectively control the variables, to ensure the reliability of the test results. As an effective experimental design method, orthogonal experimental design (Wang et al., 2022) can obtain comprehensive results with the least number of tests by reasonably arranging the test combination, so the orthogonal test method is used to optimize the heat dissipation system of the battery box.
The primary function of the cooling system lies in the heat exchange process between the airflow and the battery surface. Therefore, optimizing airflow velocity and channel design represents the most direct approach to enhancing heat dissipation efficiency. Based on existing simulation results and practical considerations, air velocity (A), number of air inlets (B), number of air outlets (C), and spacing between battery groups (D) were selected as the main influencing factors. Each factor was assigned three levels, and the L9 (34) standard orthogonal table was used to design the specific test plan for this experiment. Table 4 presents the factor level settings, while Table 5 details the nine experimental schemes.
TABLE 4 | Factor level settings for orthogonal experiment.
[image: Table 4]TABLE 5 | Experimental design for orthogonal experiment.
[image: Table 5]5.2 Orthogonal experiment and result analysis
Under the 5C for 60 s discharge condition, the highest temperature, lowest temperature, and maximum temperature difference within the battery box are utilized as evaluation metrics. A thermal model of the battery box is established in Fluent to simulate the nine experimental schemes, allowing for a visual assessment of cooling effectiveness.
Figure 5 presents the results for the “highest temperature” metric. Orthogonal range analysis is employed to conduct a visual analysis of the simulation results for the highest temperature, as summarized in Table 6.
[image: Figure 5]FIGURE 5 | Simulation results of maximum temperature.
TABLE 6 | Simulation results of maximum temperature intuitive analysis.
[image: Table 6]In the orthogonal experiment, the comprehensive average value k is utilized to represent the average of the evaluation standards, indicating the effects produced by different levels of the same factor. The range R serves as a comparative basis for assessing the degree of influence among factors; a larger R indicates a greater impact on the final evaluation metric. The effect curve graph provides a visual representation of the results from the orthogonal experiment. By analyzing the trends presented in Table 4, the study examines how variations at three levels of the four factors affect the cooling system, identifying the extreme values at each factor level and generating the effect curve graph shown in Figure 6. According to the simulation and range results, the order of influence on the cooling system for the “highest temperature” metric is determined to be: C > D > A > B.
[image: Figure 6]FIGURE 6 | Effect curve of maximum temperature.
In Figure 6, it is evident that factor B (number of inlet openings) shows a larger fluctuation, followed by factor C (number of outlet openings). For heat dissipation, a lower maximum temperature is preferable, indicating that the optimal Scheme 1 should be: A2B2C3D1.
The results for the “lowest temperature” metric are shown in Figure 7, with the visual analysis summarized in Table 7.
[image: Figure 7]FIGURE 7 | Simulation results of minimum temperature.
TABLE 7 | Visual analysis of minimum temperature simulation results.
[image: Table 7]By analyzing the trends presented in Table 7, the study examines how variations at three levels of the four factors affect the cooling system, identifying the extreme values at each factor level and generating the effect curve graph shown in Figure 8. According to the simulation and range results, the order of influence on the cooling system for the “lowest temperature” metric is determined to be: C>B>D>A.
[image: Figure 8]FIGURE 8 | Minimum temperature effect curve.
For effective heat dissipation, the lower the minimum temperature within a reasonable range, the better the heat dissipation performance. Through comprehensive analysis, the optimal scheme 2 should be A1B1C1D1. The results for the “temperature difference” metric are presented in Figure 9, with the visual analysis summarized in Table 6.
[image: Figure 9]FIGURE 9 | Maximum temperature difference simulation results.
Based on the trend analysis from Table 8, the study examines how variations at three levels of the four factors affect the cooling system, identifying the extreme values at each factor level and creating the effect curve graph shown in Figure 10. According to the simulation and range results, the order of influence on the cooling system for the “maximum temperature difference” metric is: C > A > B > D.
TABLE 8 | Visual analysis of maximum temperature difference simulation results.
[image: Table 8][image: Figure 10]FIGURE 10 | Maximum temperature difference effect curve.
For heat dissipation, a smaller maximum temperature difference indicates a more uniform temperature distribution and better cooling performance. A comprehensive analysis suggests that the optimal Scheme 3 is: A2B2C3D2.
5.3 Optimal Scheme determination
To select the optimal cooling scheme among the three options, a comparative analysis of the cooling indicators—highest temperature, lowest temperature, and maximum temperature difference—of the three schemes is necessary, as shown in Table 9.
TABLE 9 | Results of the three optimization schemes.
[image: Table 9]Based on the results of the thermal simulation data, it is observed that, in terms of maximum temperature metrics, Scheme 2 exhibits the highest temperature, while the differences between Scheme 1 and Scheme 3 are not significant. Consequently, Scheme 2 is eliminated. Regarding minimum temperature performance, Scheme 3 slightly outperforms Scheme 1; however, Scheme 1 demonstrates superior performance in terms of maximum temperature difference compared to Scheme 3. The temperature distribution for Schemes 1 and 3 is illustrated in Figure 11, which presents the thermal contour map of the battery box.
[image: Figure 11]FIGURE 11 | Temperature cloud map of the battery box. (A) Scheme 1. (B) Scheme 3.
Figure 11 indicates that the temperature distributions for the battery box under Scheme 1 and Scheme 3 are generally consistent. However, Scheme 3 exhibits a significant heat accumulation near the outlet, and its maximum temperature difference is relatively large. This suggests that during extended operation, the maximum temperature difference may exceed the ideal range. Therefore, considering the heat dissipation evaluation metrics, temperature uniformity, and heat accumulation, Scheme 1 is determined to be the optimal thermal management solution.
6 OPTIMIZATION EFFECT ANALYSIS
6.1 Simulation of different working conditions post-optimization
To verify the thermal performance and effectiveness of the optimized cooling system, a model based on the enhanced thermal management scheme is developed. Simulations are conducted to assess the temperature variations within the battery box under various operating conditions, facilitating an evaluation of the performance of the optimized solution. The results are presented in Table 10.
TABLE 10 | Thermal simulation results of the optimization model under four discharge conditions.
[image: Table 10]The results indicate that under an 8C discharge condition for 60 s, the optimized cooling system achieves a maximum temperature of 28.905°C, a minimum temperature of 24.990°C, and a maximum temperature difference of 3.915°C, all demonstrating significant improvement compared to the pre-optimized scheme. Furthermore, the temperature rise and difference within the battery box remain within the ideal range, thereby meeting the established design objectives.
6.2 Temperature variation in the battery box
In the optimized scheme, enhancements in air circulation within the battery box are achieved through an increased gap between the battery box and the addition of multiple intake and outlet vents, resulting in a significant reduction in the maximum temperature of the battery box. A comparative analysis of the battery temperature field cloud maps, generated before and after optimization under 5C discharge conditions for both 60 s and 5 min, is presented in Figure 12.
[image: Figure 12]FIGURE 12 | Comparison of battery temperature field cloud maps before and after optimization. (A) Before optimization at 5C, 60s. (B) After optimization at 5C, 60s. (C) Before optimization at 5C, 5min. (D) After optimization at 5C, 5min.
From the figure, it is observed that under both discharge conditions, the maximum temperature of the battery box has decreased to varying degrees, indicating effective optimization. In the 5C discharge case for 60 s, the maximum temperature prior to optimization was recorded at 27.5°C, with a maximum temperature difference of 3.5°C. The increase in the number of intake and outlet vents resulted in enhanced air velocity, thereby amplifying the cooling effect facilitated by air circulation. Consequently, the temperature distribution at the intake has become more uniform compared to the pre-optimization state, and heat accumulation at the outlet has been alleviated to some extent.
In the 5C discharge case for 5 min, while the changes in maximum temperature and temperature difference were not substantial, the optimized battery box exhibited superior temperature uniformity. Although the overall temperature of the battery box remained slightly elevated, it was still within the normal operating range, with individual cell temperatures at the intake and surrounding areas approximately at 30°C, allowing most cells to operate safely. Overall, effective temperature control has been achieved.
6.3 Airflow distribution in the battery box
A comparative analysis of the airflow trajectory maps within the battery box, both prior to and following optimization under the 5C discharge conditions for 60 s and 5 min, is presented in Figure 13.
[image: Figure 13]FIGURE 13 | Comparison of battery air streamline diagrams before and after optimization. (A) Before optimization at 5C, 60s. (B) After optimization at 5C, 60s. (C) Before optimization at 5C, 5min. (D) After optimization at 5C, 5min.
Prior to optimization, the battery box features a single intake vent, resulting in an airspeed of only 3 m/s. Cold air primarily circulates above the individual batteries, hindering effective airflow through the sides and gaps between the cells. Consequently, as air traverses the cells, its velocity decreases significantly, with portions of the airflow failing to reach the outlet. This inefficiency leads to elevated battery temperatures and uneven heat dissipation, accompanied by noticeable heat accumulation at the outlet.
In contrast, the optimized cooling system incorporates multiple air inlets and outlets, which are uniformly distributed throughout the battery enclosure. This modification enhances airflow uniformity and increases air velocity to 5 m/s, thereby aligning the intake airflow more closely with the internal flow dynamics of the battery enclosure. Furthermore, the gaps between the battery modules are judiciously adjusted to facilitate air circulation through the sides of the battery enclosure and the interstitial spaces between the batteries, resulting in improved airflow dynamics and a more uniform temperature distribution across the battery pack.
7 CONCLUSION
This study constructs an air-cooling thermal management model for the battery box in the FSE electric vehicle, optimizing key parameters such as maximum temperature, minimum temperature, maximum temperature difference, and temperature distribution. Based on the results of orthogonal experiments, an optimized thermal model for the battery box has been developed, and thermal simulation analysis has been conducted to validate the effectiveness of the optimization results. The conclusions drawn from this research are as follows:
1. Orthogonal experimental results indicate that the number of air intakes has the most significant impact on the maximum temperature, with an increased number of intakes helping to reduce the peak temperature of the battery pack. In contrast, the number of air outlets plays a more critical role in controlling the minimum temperature and maximum temperature difference. These findings suggest that optimal configuration of the number of intakes and outlets can effectively regulate the internal temperature distribution of the battery pack, thereby enhancing heat dissipation efficiency.
2. In the optimized cooling system, an airflow velocity of 5 m/s, 2 inlet vents, 4 outlet vents, and a 1 mm gap between battery modules are employed. Under a 5C, 60-second operating condition, the optimized system reduces the maximum temperature of the battery box to 27.4°C, while the maximum temperature difference decreases from 3.5°C to 2.4°C, achieving an optimization efficiency of 31.4%. The improved cooling system effectively enhances the uniformity of the battery temperature field, reduces the risk of localized overheating, and significantly increases battery stability and safety.
3. This study not only improves the thermal performance of the battery box but also provides valuable insights for the thermal management design of electric car and other energy storage systems. The optimized design effectively controls the temperature distribution within the battery pack, preventing localized overheating and excessive temperature gradients, thereby reducing performance degradation due to temperature non-uniformity. This optimization is crucial for enhancing the overall safety of the battery system, prolonging battery lifespan, and improving the power performance of electric car.
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