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Abstract 

In the high-performance environment of Formula Student Car racing, effective battery thermal 

management is crucial for safety, reliability, and performance. This work presents the design and 

validation of a lightweight, air-based Battery Cooling System (BCS) developed for a Formula Student 

vehicle. The system addresses the significant thermal loads generated by 528 Molicel P45B lithium-

ion cells, arranged in a constrained U-shaped module layout. Using Computational Fluid Dynamics 

(CFD), the airflow geometry was optimized to deliver uniform cooling across all modules while 

minimizing aerodynamic drag. Simulations evaluated the system's performance under various 

ambient temperatures (25 °C and 30 °C) and airflow velocities (from 16 m/s to 18 m/s), identifying 

the impact of duct geometry, internal air guides, and airflow distribution on thermal regulation. 

Results showed that the system maintained most cell temperatures below the critical 60°C threshold 

under nominal conditions, with localized overheating only occurring under elevated ambient 

temperatures. Streamline and contour analyses confirmed the effectiveness of the airflow design and 

highlighted the need for future improvements in battery module geometry. Hence, this work 

demonstrates the feasibility of air cooling in high-performance applications and provides a validated 

framework for further refinement of electric vehicle battery thermal management systems. 

Keywords: battery; cooling; cfd simulation; formula student; electric car 

 

1. Introduction 

In high-performance electric racing, such as the Formula Student (FS) competition, efficient 

battery thermal management is essential for optimizing vehicle performance, ensuring safety, and 

meeting the rigorous demands of competition. FS, a global engineering competition, challenges teams 

to design, build, and race formula-style electric cars. The intense acceleration, rapid deceleration, and 

extended race durations inherent in this context impose substantial thermal loads on the vehicle's 

energy storage systems. Without effective cooling strategies, batteries can overheat, reducing 

efficiency, compromising safety, and accelerating wear [1,2]. 

Lithium-ion batteries, the preferred energy storage medium for FS cars, are highly sensitive to 

temperature variations. Studies show that optimal battery performance is maintained within a 

narrow temperature range, typically between 25 to 40°C, with temperatures exceeding 60 °C causing 

significant efficiency losses and accelerating chemical degradation [1,2]. Moreover, uneven 

temperature distribution within a battery pack can exacerbate these issues, leading to imbalances, 

decreased capacity utilization, and increased risk of thermal runaway [1,3,4]. In the most extreme 

cases, uncontrolled heat generation can lead to catastrophic failure, making thermal management 

critical not only for performance but also for safety [5]. 

The challenges associated with battery cooling are compounded by the increasing energy 

demands of electric racing vehicles. To enhance mileage and power delivery, battery packs are 

becoming more densely packed and feature higher energy density cells. This trend increases internal 
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heat generation, particularly during the high charge and discharge cycles characteristic of racing [6]. 

Heat generation in lithium-ion cells arises from electrochemical reactions, ohmic resistance, and 

entropy changes, all of which intensify under the high currents required for race performance [6]. 

Without an effective cooling system, this heat accumulation can cause localized hotspots, accelerate 

thermal degradation, and, in extreme cases, lead to thermal runaway [7]. 

Various cooling strategies have been developed to mitigate these thermal challenges. Liquid 

cooling and phase change material systems are effective due to their high thermal conductivity and 

capacity to handle extreme heat loads. However, these systems are often unsuitable for FS 

applications because they add significant weight, increase system complexity, and require additional 

maintenance [8]. Air cooling, by contrast, offers a lightweight and cost-effective solution that aligns 

with the competition's principles of efficiency and simplicity. Although air has a lower heat capacity 

and thermal conductivity compared to liquids, advancements in duct design and airflow 

management have demonstrated its potential to effectively regulate battery temperatures in high-

performance environments [8,9]. 

Recent studies have emphasized the importance of duct geometry, placement, and airflow 

optimization in achieving uniform cooling across battery packs. CFD tools have proven instrumental 

in this regard, enabling precise simulations of airflow patterns and temperature distributions. By 

iteratively refining duct designs based on simulation results, engineers can ensure that cooling 

systems deliver sufficient airflow to critical areas while minimizing aerodynamic drag [10]. 

The scope of this work was focused on the design, simulation, and validation of an air duct 

system to ensure effective heat dissipation. Using CFD simulations, the cooling system was optimized 

to provide uniform airflow across the battery modules, minimize temperature gradients, and 

maintain compatibility with the overall vehicle architecture. The air-cooling system was developed 

to align with FS principles of lightweight construction, aerodynamic efficiency, and adherence to 

safety standards. 

In this paper, the following contributions can be identified: (i) the development of an air-cooled 

battery system tailored for a Formula Student (FS) electric car; (ii) a design incorporating custom air 

duct intakes strategically positioned to channel airflow over the battery cells while minimizing 

aerodynamic drag; (iii) validation of the system through CFD simulations under various operating 

conditions, ensuring compliance with FS regulations that require battery cell temperatures to remain 

below 60 °C. This approach aligns with the competition’s emphasis on innovation, efficiency, and 

adherence to stringent safety standards.  

The results of this work contribute to the ongoing advancement of battery thermal management 

systems for electric racing applications. By detailing the design methodology and presenting 

simulation-based validation, this study provides a framework for future developments in lightweight 

and efficient cooling solutions for high-performance electric vehicles. 

2. Battery Cooling System 

The thermal management of lithium-ion batteries is a critical aspect of high-performance electric 

vehicles, especially in the FS competition. These vehicles are subjected to intense operational 

conditions, including rapid accelerations, sustained power outputs, and frequent thermal cycling, 

which result in significant heat generation within the battery pack. To ensure safe and reliable 

operation, FS regulations mandate that at least 30% of the battery cells must be monitored, and all 

monitored cells must remain below a maximum temperature of 60 °C [11]. This temperature 

threshold is critical to prevent chemical degradation, maintain efficiency, and reduce the risk of 

thermal runaway. 

The primary objective of this study was to design an air-cooling system capable of maintaining 

battery cell temperatures within these limits under all anticipated operating conditions. The system 

was developed to integrate seamlessly with a pre-defined battery layout, which consisted of 528 

Molicel P45B cells arranged in six U-shaped modules. This configuration, while outside the scope of 
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the design work presented here, posed specific thermal challenges that influenced the cooling 

strategy. 

The FS vehicle’s battery pack comprises 528 Molicel P45B cells, divided into six U-shaped 

modules. Each module consists of four parallels of 22 cells arranged in two layers, as shown in Figure 

1. This layout optimizes space within the vehicle chassis while providing robust electrical 

connectivity. Although the configuration was pre-defined, its impact on thermal management posed 

unique challenges that guided the development of the air-cooling system. 

To establish the thermal demands of the battery pack, simulations were conducted by a 

teammate using OpenLap software. These simulations emulated the car's performance during the 

endurance race, which represents the most challenging thermal conditions in FS. The analysis was 

based on five different track layouts, each designed to simulate typical endurance scenarios.  

The OpenLap simulation relied on a comprehensive set of vehicle parameters, including 

aerodynamic coefficients, weight distribution, gear ratios, and powertrain characteristics, to closely 

replicate the car's real-world performance. These simulations provided critical insights into the 

vehicle’s energy usage and motor demands under race conditions. While the motor was limited to a 

peak power of 60 kW, the endurance race demonstrated an average power of 34 kW. 

Research on the Molicel P45B cells revealed that, during discharge, approximately 6% of the 

energy is dissipated as heat [12]. This value was obtained considering an average output on 

continuous discharge testing as shown in Figure 2. 

Using the discharge efficiency of 94% for Molicel P45B cells, the heat dissipation rate for the 

battery was calculated. The total thermal power generation was determined as: 

𝑃ℎ𝑒𝑎𝑡 =  𝑃𝑚𝑜𝑡𝑜𝑟  (1 − 𝜂𝑐𝑒𝑙𝑙) (1) 

substituting the values, returns a heat power of 2.04 kW produced in the battery pack. This value 

represents the heat that needs to be dissipated across all 528 cells during operation. Dividing the total 

thermal load by the number of cells provides the heat generated per individual, which is equal to 3.86 

W. 

These values formed the baseline for designing the air-cooling system, which was developed to 

ensure uniform temperature distribution and compliance with the FS regulation. 

 

Figure 1. FSUMinho's battery pack layout (602 x 577 x 312 mm). 
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Figure 2. Thermal power and electrical power produced by Molicel P45b in different discharging power [12]. 

The air duct system was designed to channel airflow from the lateral side of the main hoop of 

the chassis directly to the battery modules, with each inlet serving three modules as shown in Figure 

3. The entrance to the battery measured 263 mm in length and 46 mm in width, while the overall air 

intake had a height of 81 mm. The primary objective was to ensure uniform airflow across the 

modules, maintaining effective cooling while adhering to the pre-defined external constraints of the 

vehicle design. 

 

Figure 3. Initial geometry of the air duct. 

Initial simulations revealed a significant challenge caused by centrifugal forces acting on the 

airflow as it moved through the curved ducts. These forces pushed most of the airflow toward the 

outer wall of the ducts, resulting in an uneven distribution of cooling air. This effect led to a 

disproportionate concentration of airflow toward the middle modules, leaving the outer modules 

insufficiently cooled. 

To address this imbalance, the internal structure of the ducts was redesigned to split the airflow 

closer to the outer wall, as shown in Figure 4. Internal channels and guides were introduced to 

redistribute the air more evenly across all three modules. These adjustments ensured that the airflow 
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was redirected effectively to each module, reducing the dominance of airflow toward the middle and 

improving cooling uniformity. 

 

Figure 4. Air duct with air splitters inside. 

Another challenge identified during the design process was the presence of free spaces around 

the modules, which allowed air to bypass the cells rather than flow directly through them. To address 

this, the free spaces were reduced, creating additional airflow resistance. This adjustment forced the 

air through the modules and over the battery cells, significantly improving convective heat transfer 

and reducing temperature gradients across the modules. Additionally, small air directors were added 

near the modules to channel airflow directly against the cells, Figure 5, further enhancing heat 

dissipation. 

 

Figure 5. Final geometry of half of the battery cooling system, represented in Space Claim. 

The final design successfully combined these refinements, resulting in a BCS capable of 

delivering uniform airflow across all modules. 

3. Numerical Model 

3.1. Computational Domain 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 August 2025 doi:10.20944/preprints202508.2042.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.2042.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 16 

 

The preparation of the battery geometry was a critical step to ensure the accuracy of the thermal 

and airflow simulations. This process involved isolating the regions of interest and defining the flow 

volume where air would move around the battery cells. These steps were essential for effective 

meshing and boundary condition application, providing a reliable foundation for the simulations. 

The preparation process began with a thorough feature repair of the battery model. Ensuring 

that all geometrical features were clean, properly connected, and free of inconsistencies was critical 

to avoid potential errors during meshing and simulation. Furthermore, to optimize computational 

efficiency, the simulation leveraged the symmetrical nature of the battery pack. Only half of the 

geometry was modeled, with a symmetry plane applied to represent the mirrored half as shown in 

Figure 6. This approach significantly reduced computation time and resource requirements while 

maintaining the accuracy of airflow and thermal interaction simulations across the entire battery 

geometry. 

 

Figure 6. Final geometry of half of the battery cooling system, represented in Space Claim. 

3.2. Meshing Strategy 

The meshing process for the BCS was conducted using Fluent Meshing to ensure high-quality 

representation of the geometry and effective simulation of thermal and fluid dynamics. Each step of 

the meshing process was carefully tailored to the system’s unique requirements, balancing 

computational efficiency with simulation accuracy. 

The initial meshing step involved defining the base mesh for the computational domain, 

ensuring that all key features of the geometry were captured. A fine surface mesh was applied to 

critical areas such as the air duct walls, battery module surfaces, and the battery cells themselves 

using curvature sizing. This approach allowed the mesh to conform closely to complex geometrical 

features, ensuring that regions with high curvature received finer resolution for improved accuracy. 

Inflation layers were then applied around the battery cells, as shown in Figure 7, to improve the 

resolution of convection heat transfer. These layers captured the steep velocity and temperature 

gradients near the solid-fluid interfaces, providing a more precise representation of the thermal 

interactions between the airflow and the heat-generating cells. This refinement was crucial for 

evaluating the cooling system’s effectiveness in maintaining uniform temperatures. 

The bulk of the flow domain was meshed using a hex-core strategy. This approach was selected 

to provide an optimal balance between computational efficiency and accuracy in larger, less 
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geometrically complex regions. The hex-core mesh allowed for sufficient resolution of the airflow 

patterns, while minimizing the computational cost associated with finer meshes. 

 

Figure 7. Mesh detail around the battery cells with inflation layers. 

To further optimize the computational effort, a symmetry plane was employed in the meshing 

process. This approach leveraged the symmetrical design of the battery pack, allowing only half of 

the geometry to be modeled. By mirroring the results across the symmetry plane, the computational 

domain was effectively halved without compromising the accuracy of the simulations. 

Finally, rigorous mesh quality checks were performed, focusing on key metrics such as 

skewness, orthogonal quality, and aspect ratio. Areas with high gradients or complex geometry were 

carefully refined to avoid numerical instabilities. A mesh independence study was conducted to 

confirm that the simulation results were consistent across different mesh densities, ensuring 

reliability and robustness. 

By following these steps, the meshing process prepared the model with 10.02 × 106 elements, 

52.32 × 106 faces and 32.68 × 106 nodes. 

3.3. Simulation Setup 

The setup for the BCS simulations was meticulously configured to evaluate the system’s thermal 

and airflow performance under operational conditions. This process involved defining materials, 

boundary conditions, turbulence models, and solver parameters to ensure an accurate representation 

of real-world behavior. Special attention was given to capturing the interaction between airflow and 

heat dissipation within the battery pack, as these factors are critical to maintaining cell temperatures 

below the operational threshold of 60 °C. By simulating different ambient temperatures, of 25 °C and 

30 °C, and airflow conditions, the setup provided valuable insights into the cooling system's efficiency 

and effectiveness. 

3.3.1. Materials Assignment 

The accurate assignment of material properties was a critical step in the simulation setup to 

ensure precise representation of the battery cooling system's behavior. Each material within the 

system, from the battery casing to the airflow region, was carefully defined based on its physical and 

thermal characteristics. 

The battery casing, constructed from S275JR steel, was assigned to its specific thermal and 

structural properties. These properties were crucial for modeling the casing's role in conducting and 

dissipating heat generated within the battery pack. Similarly, the module housing, made by Simona 

PVC CAW, was assigned its thermal attributes to capture the interaction between the modules and 

surrounding airflow accurately. 
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For the battery cells, bibliographic research on lithium-ion cells, specifically Molicel P45B, 

provided the necessary thermal data [13,14]. These parameters allowed for the simulation of heat 

generation during operation, reflecting the cells' real-world discharge conditions. 

The airflow, modeled as a fluid region, was assigned properties corresponding to air at ambient 

temperatures of 25 °C and 30 °C [15]. These conditions were chosen to evaluate the cooling system 

under varying environmental scenarios, simulating realistic race conditions. The thermal 

conductivity (k), specific heat capacity (Cp), density (𝜌) and dynamic viscosity (𝜇) of the air were 

integral to capture its role as a cooling medium, ensuring accurate predictions of convective heat 

transfer. 

The material properties of each component, summarized in Table 1, underline the fidelity of the 

simulation. By defining these properties, the model effectively captured the thermal interactions and 

airflow dynamics within the battery system, enabling robust evaluation and optimization of the 

cooling design. 

Table 1. Air and material properties assigned in Fluent. 

Parameter Air (25/30 °C) Molicel P45B 
S275JR 

steel 

Simona 

PVC 

𝝆 (𝐤𝐠/𝐦𝟑) 1.184 / 1.164 2887.16 7800 1440 

Cp (J/kg.K) 1007 / 1007 888 470 1076 

k (W/m.K) 
0.02551 / 

0.02588 

0.83/11.55 

(radial/axial) 
42.5 0.143 

𝝁 × 𝟏𝟎−𝟓 

(kg/m.s) 
1.849 / 1.872 - - - 

3.3.2. Boundary and Thermal Conditions 

The boundary conditions for the battery cooling simulation were carefully designed to ensure 

accurate airflow and thermal analysis. At the air intake, a velocity inlet boundary condition was 

defined based on previously conducted wind tunnel testing performed during the broader scope of 

this project. These tests determined an average velocity range between 17.87 m/s and 18.14 m/s. To 

account for potential variations, three inlet velocities of 18 m/s, 17 m/s, and 16 m/s were tested. The 

temperature of the air at the inlet was set at two values: 25 °C for initial tests and 30 °C for subsequent 

evaluations. 

At the outlet, a pressure outlet condition was applied with a gauge pressure of 0 Pa, representing 

ambient atmospheric conditions. Additionally, a target mass flow rate was imposed at the outlet to 

ensure that the mass flow rate matched the air entering the system, reflecting the effects of fans used 

to maintain airflow consistency. The volumetric flow rate (𝑣̇) was calculated using: 

𝑣̇ = 𝑉 𝐴 (2) 

where V is the velocity at the inlet, and A is the cross-sectional area of the inlet. Substituting an 

inlet velocity of 18 m/s and an inlet area of 0.004 m2, the volumetric flow rate was computed as 

0.0720 m3/s. The mass flow rate (𝑚̇) was then figured out by: 

𝑚̇ = 𝜌  𝑣̇  (3) 

The resulting mass flow rate was 0.0852 kg/s. For inlet velocities of 17 m/s and 16 m/s, the mass 

flow rates were 0.0805 kg/s and 0.0758 kg/s , respectively. These values were used as targets at the 

outlet to simulate the fan-driven airflow through the battery pack. 

The accurate modeling of the battery cooling system required detailed calculations for the 

thermal coefficients and heat generation rates to replicate the real-world operational behavior of the 

system. Each battery cell was treated as a volumetric heat source, and the heat transfer between the 

air and cell surfaces was modeled using empirical correlations for convective heat transfer. These 
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parameters were critical for simulating thermal interactions and airflow dynamics within the cooling 

system. 

The heat generation of the Molicel P45B cells was determined based on the average thermal 

energy dissipated during discharge. Each cell produced 3.86 W. Using the cell’s physical dimensions, 

with a diameter (d) of 21 mm and a height (he) of 70 mm, the volume of a single cell, 𝑉𝑐𝑒𝑙𝑙 , was 

calculated using: 

𝑉𝑐𝑒𝑙𝑙 =  𝜋 (
𝑑

2
)

2

 ℎ𝑒 (4) 

substituting the values the volume of a cell is equal to 

2.4245 × 10−5 m3. 

Thus, the source term applied to each cell, representing thermal power generation in W/m3, was 

calculated then computed according to: 

𝑄𝑐𝑒𝑙𝑙 =
𝑃ℎ𝑒𝑎𝑡 (𝑝𝑒𝑟 𝑐𝑒𝑙𝑙)

𝑉𝑐𝑒𝑙𝑙

 (5) 

which returned a thermal power generation per cubic meter of 1.592 × 105 W/m3 . The thermal 

source term, representing heat generation within each cell, was applied uniformly across all 264 cells 

in the model. This setup ensured that the simulation accurately reflected the consistent heat flux 

produced by each cell during operation. 

These boundary conditions were critical for replicating realistic operating conditions and 

ensuring the accuracy and reliability of the simulation results. 

3.3.3. Turbulence Model and Solver Settings 

The k-ω SST (Shear Stress Transport) turbulence model was chosen for its ability to accurately 

predict both laminar and turbulent flows, which are essential for the complex dynamics within the 

BCS. This model is particularly effective under adverse pressure gradients and boundary layer 

separation, conditions commonly encountered in the airflow through the cooling ducts and around 

the battery cells. Its blending of the k-ε model for the core flow with the k-ω model near the walls 

enabled precise boundary layer predictions, essential for capturing heat transfer and airflow 

behaviour. 

The simulations were conducted under steady-state conditions, using a solver configuration that 

emphasized numerical stability and convergence. A pseudo-transient initialization method was 

employed to stabilize the solution process during the initial iterations. This approach involved 

iterative adjustments to under-relaxation factors, allowing controlled updates to critical variables 

such as velocity, pressure, and temperature. Hence, an incompressible pressure-based solver, 

ensuring the mass conservation of the velocity field by solving the pressure equation, was used for 

the CFD simulations. Essentially, while imposing mass conservation, the pressure equation was 

obtained by derivation of the continuity and momentum equations by the pressure. Since the 

governing equations of the CFD model are non-linear and are interlinked, the solution can only be 

obtained through an iterative process. To solve these equations simultaneously, the Coupled 

algorithm was considered. This algorithm was preferred over the Semi-Implicit Method for Pressure-

Linked Equations (SIMPLE) and Pressure-Implicit with Splitting of Operators (PISO) algorithms to 

solve the pressure-velocity coupling since it is more efficient, requires a reduced number of iterations 

to converge, and is useful for steady flow simulations, and presents better results for meshes with a 

reduced quality.  

For spatial discretization, the convection terms of the different transport equations are solved 

using second-order upwind methods. For the gradient terms, to evaluate diffusive fluxes and 

velocity, the least-squares cell-based method was selected. Both methods for spatial discretization 

were selected due to their easier convergence and a less computationally intensive simulation. In 
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addition to the previous interpolation schemes, for pressure second-order was selected due to their 

suitability for highly swirling flows involving steep pressure gradients.  

Furthermore, the convergence criterion for the iterative calculation was defined as 1x10-3 for 

continuity, momentum, and turbulence equations and 1x10-5 for energy equation. The contribution 

of gravitational acceleration was implemented in a downwards direction along the y-axis, with a 

magnitude of 9.81 m/s2. The simulations were computed in a 16 (logical) processor with 128 GB of 

memory RAM. 

4. Results and Discussion 

The performance of the BCS was evaluated through detailed CFD simulations under varying 

operational conditions. The results presented in this chapter focus on the system's ability to regulate 

battery cell temperatures and ensure compliance with safety requirements, particularly maintaining 

temperatures below the critical threshold of 60 °C. The analysis includes the thermal response of the 

cells, airflow behavior, and the system's overall heat transfer efficiency at different inlet velocities 

and ambient temperatures. 

To provide a comprehensive evaluation, the results are divided into two main sections. The first 

examines the system's performance at nominal ambient conditions (25 °C), while the second 

addresses elevated ambient temperatures (30 °C) to assess the cooling system's robustness under 

more challenging thermal loads. For each condition, numerical data is supplemented with contour 

plots to visualize temperature distribution and airflow patterns, offering critical insights into the 

system’s behavior and potential areas for optimization. 

By systematically analyzing these scenarios, the results aim to establish a clear understanding of 

the cooling system's capabilities and limitations, highlighting the importance of airflow velocity in 

ensuring uniform cooling and maintaining thermal safety across all battery cells. 

4.1. Thermal Performance 

The BCS's performance was evaluated under an ambient temperature of 25 °C for inlet velocities 

of 16 m/s, 17 m/s, and 18 m/s. Figure 8 presents the average temperature of the battery cells as a 

function of iteration number. For an inlet velocity of 18 m/s, the average cell temperature stabilized 

at 45.21 ± 0.04 °C, while at 17 m/s and 16 m/s, the average temperatures were slightly higher at 46.04 

± 0.04 °C and 46.95 ± 0.04 °C, respectively. 

 

Figure 8. Average temperatures of the cells for the different inlet speeds at 25 °C of ambient temperature. 

The maximum cell temperatures under these conditions are shown in Figure 9. At 18 m/s, the 

maximum temperature reached 56.91 ± 0.51 °C, maintaining a safe margin below the critical threshold 

of 60 °C. For 17 m/s and 16 m/s, the maximum temperatures were 58.43 ± 0.53 °C and 59.67 ± 0.65 °C, 
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respectively, indicating that the system remained within operational limits at nominal ambient 

temperatures. 

 

Figure 9. Maximum temperature of the cells for the different inlet speeds at 25 °C of ambient temperature. 

To complement these numerical results, Figure 10 provides a contour visualization of the 

temperature distribution across the battery cells at 25 °C. This figure illustrates the spatial distribution 

of cooling effectiveness and highlights areas of localized heating. At 18 m/s (a), the temperature is 

more uniformly distributed, while at 16 m/s (c), localized hotspots appear near regions with reduced 

airflow. These contours confirm the importance of maintaining sufficient airflow for effective thermal 

regulation. 

 
 

  

(a) (b) (c) 

Figure 10. Temperature contours (25 °C of ambient temperature) for inlet speed of: (a) 18 m/s, (b) 17 m/s and (c) 

16 m/s. 

The BCS’s performance was evaluated under an ambient temperature of 30 °C for inlet velocities 

of 16 m/s, 17 m/s, and 18 m/s. Figure 11 presents the average temperature of the battery cells as a 

function of iteration number. For an inlet velocity of 18 m/s, the average cell temperature stabilized 

at 50.04 ± 0.04 °C, while at 17 m/s and 16 m/s, the average temperatures were slightly higher at 50.84 

± 0.05 °C and 51.78 ± 0.05 °C, respectively. 
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Figure 11. Average temperatures of the cells for the different inlet speeds at 30 °C of ambient temperature. 

The maximum cell temperatures under these conditions are shown in Figure 12. At 18 m/s, the 

maximum temperature reached 61.73 ± 0.51 °C, maintaining few cells above the critical threshold of 

60 °C. For 17 m/s and 16 m/s, the maximum temperatures were 62.88 ± 0.57 °C and 64.48 ± 0.47 °C, 

respectively, indicating that the system remained within operational limits at elevated ambient 

temperatures. Even though a few cells exceed the critical threshold, the ability of the cells to 

withstand temperatures up to 80 °C provides the necessary confidence in the system’s reliability and 

operational safety. 

 

Figure 12. Maximum temperatures of the cells for the different inlet speeds at 30 °C of ambient temperature. 

To complement these numerical results, Figure 13 provides a contour visualization of the 

temperature distribution across the battery cells at 30 °C. This figure illustrates the spatial distribution 

of cooling effectiveness and highlights areas of localized heating with temperature up to 65 °C. At 18 

m/s (a), the temperature is more uniformly distributed, while at 16 m/s (c), noticeable hot spots appear 

in regions with reduced airflow. These contours confirm the importance of maintaining adequate 

airflow to ensure effective thermal management. 
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(a) (b) (c) 

Figure 13. Temperature contours (30 °C of ambient temperature) for inlet speed of: (a) 18 m/s, (b) 17 m/s and (c) 

16 m/s. 

4.2. Streamline Analysis 

The streamline analysis provides insight into airflow behavior across the battery module at 

different inlet velocities. By examining the streamlines, it is possible to assess how air distribution 

affects cooling efficiency and potential stagnation zones. 

Figure 14 presents an isometric view of the airflow streamlines for the three inlet speeds: (a) 18 

m/s, (b) 17 m/s, and (c) 16 m/s. At 18 m/s, the airflow is more uniform, ensuring better heat dissipation 

across the battery module. As the velocity decreases, flow separation and recirculation zones become 

more prominent, particularly at 16 m/s, where regions of reduced airflow may contribute to localized 

heating. 

 
   

(a) (b) (c) 

Figure 14. Isometric view of airflow streamlines for different inlet speeds: (a) 18 m/s, (b) 17 m/s, and (c) 16 m/s. 

Figure 15 provides a lateral view of the same streamlines, offering a clearer visualization of how 

the airflow interacts with internal components. The higher inlet speeds (18 m/s and 17 m/s) maintain 

a steadier, more directed flow, whereas at 16 m/s, recirculation effects and lower flow velocities 

become evident, potentially leading to thermal inefficiencies. 

These results emphasize the importance of maintaining adequate airflow velocity to ensure 

effective cooling performance and minimize the risk of overheating due to airflow stagnation. The 

BCS results reveal its ability to maintain the system within safe operating temperatures, with most of 

the cells remaining below 60 °C at various inlet speeds (16, 17, and 18 m/s) and ambient temperatures 

up to 25 °C. At 30 °C, the system remains effective for most cells but approaches its thermal limits, 

necessitating adjustments, such as motor power reduction, to ensure long-term reliability. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 August 2025 doi:10.20944/preprints202508.2042.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.2042.v1
http://creativecommons.org/licenses/by/4.0/


 14 of 16 

 

 
   

(a) (b) (c) 

Figure 15. Lateral view of airflow streamlines for different inlet speeds: (a) 18 m/s, (b) 17 m/s, and (c) 16 m/s. 

Additionally, constraints imposed by the vehicle’s design and the limited space available for air 

inlets affected the overall airflow distribution. These restrictions inevitably influenced the cooling 

uniformity, further reinforcing the importance of a well-designed battery enclosure to maximize 

airflow exposure. 

The analysis underscores the need for consistent airflow and uniform cooling across the battery 

modules to prevent thermal imbalances and maintain operational efficiency. Future design 

improvements should focus on refining the battery pack layout, optimizing module spacing, and 

adjusting cooling duct positioning to enhance airflow dynamics and thermal performance. While the 

current system performs within safe limits, these refinements will be necessary to achieve a more 

effective and reliable cooling strategy. 

5. Conclusions 

The study successfully developed and evaluated a BCS for a FS car, demonstrating its capability 

to maintain cell temperatures within safe operational limits. The results indicate that the system 

effectively controls heat dissipation at various inlet speeds (16, 17, and 18 m/s), with most cells 

remaining below the critical threshold of 60 °C. However, at 30 °C ambient temperature, certain areas 

exhibited higher thermal stress, emphasizing the need for further optimization. The findings also 

highlight the significant role of the battery layout and case geometry in ensuring efficient thermal 

management, as initial designs revealed limitations in airflow distribution and cooling effectiveness. 

Addressing these issues is crucial for improving the system's overall performance. 

Despite the effectiveness of the proposed cooling system, certain challenges were identified. The 

battery layout and case geometry imposed constraints on airflow distribution, leading to non-

uniform cooling and localized hotspots. Additionally, the reliance on air cooling, while effective 

under moderate conditions, may struggle under extreme environmental or operational scenarios. 

These factors highlight the need for further refinement in both system design and cooling strategy 

selection. 

The immediate next step in the development of the BCS involves conducting on-track validation 

to assess its real-world performance and ensure its reliability under actual racing conditions. This 

validation will provide critical data on temperature distribution and highlight any unforeseen 

operational issues. 

For future vehicle iterations, improvements in the battery module layout and cooling design will 

be a priority. The findings from this study indicate that the current battery case design imposes 

significant airflow restrictions, leading to localized thermal inefficiencies. To address this, the next 

design phase should focus on optimizing airflow paths, reducing pressure losses, and implementing 

structural modifications to enhance heat dissipation. Advanced CFD simulations should be utilized 

to test these design changes before physical prototyping. 

Additionally, incorporating alternative cooling strategies, such as hybrid air-liquid cooling 

solutions, could provide enhanced thermal regulation under extreme conditions. Material selection 
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for the battery casing should also be reconsidered to improve heat dissipation without adding 

excessive weight to the vehicle. Finally, experimental studies on different cooling configurations 

should be conducted to determine the most efficient design, ensuring a balance between 

performance, weight, and aerodynamic impact. 
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