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Abstract

This study employs computational fluid dynamics (CFD) to evaluate the implementation of strategically
placed star baffles within cylindrical battery packs in an electric vehicle. This geometric configuration is
integrated to improve coolant flow dynamics and enhance heat transfer mechanisms throughout the
system. Since non-uniform thermal gradients and excessive heat generation are the main drivers of
accelerated cell degradation, controlling thermal distribution is critical to ensuring both energy efficiency
and operational longevity. Integrating these star baffles effectively redirects coolant flow paths,
mitigating stagnation zones and facilitating a more homogeneous thermal profile across the entire
battery pack. Implementing the star baffles increased the maximum coolant velocity mitigating the
formation of detrimental vortices within the battery pack. Comparative analysis with the reference
geometry showed a reduction in peak temperature (from 327.16 K to 323.11 K), alongside a 3.1%
decrease (10.3 K) in the most critical downstream zone. These parameters demonstrate an improved
balance between thermal management efficiency and operational performance.

Keywords: Computational Fluid Dynamics; Star-Shaped Deflectors; Cylindrical Battery Packs; Electric
Vehicles.

1 Introduction

Over the past several decades, the global community has faced an unprecedented environmental crisis.
Anthropogenic pollution and accelerated climate change have solidified as the most critical,
multifaceted challenges of the 21st century (Jochem et al., 2016). This ecological deterioration stems
from the complex interplay of human activities, including intensive industrial manufacturing, large-scale
power generation, rapid urban expansion and the ever-growing demands of the transportation sector.
In this context, Internal Combustion Engine Vehicles (ICEVs) have been identified as a primary source
of greenhouse gas emissions and air quality degradation due to their release of nitrogen oxides and
particulate matter, especially in high-density urban areas. This profound impact on global energy
balances and public health has catalyzed a global search for a radical technological shift toward
sustainable mobility and carbon neutrality (Morgunov, 2024).

Electric Vehicles (EVs) have emerged as the leading technological solution to environmental concerns,
representing a disruptive paradigm in modern transportation (Huluka et al., 2022). Beyond their
ecological promise, EVs offer tangible benefits, such as eliminating acoustic pollution typical of ICEVSs,
significantly reducing mechanical ignition complexity, and improving energy utilization rates. From an
economic perspective, EVs have lower operating and maintenance costs than fossil-fuel alternatives
and ensure the complete absence of local tailpipe pollutants, a critical factor for the future of "green"
smart cities (Calvin et al., 2019). Given these advantages, international market projections estimate that
more than 125 million EVs will be in operation worldwide by 2030 as part of a coordinated global effort
to curb vehicular emissions and reduce dependency on petroleum (Miao et al., 2019).
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Lithium-ion (Li-ion) batteries are at the core of this transition. They have become the gold standard for
energy storage due to their high specific energy, impressive power-to-weight ratios, and long-term
operational efficiency (Tarascon et al., 2016; Sudworth et al., 2014). However, the mass-market
scalability of these systems is hindered by significant technical challenges. High production costs are a
critical barrier, largely due to the need for sophisticated Battery Management Systems (BMS) that
require precise control and real-time monitoring of electrochemical variables (Atwell, 2019).
Furthermore, as the industry pushes for higher energy densities and ultra-fast charging capabilities,
internal heat generation within battery cells become increasingly pronounced. If not managed with high
precision, this thermal energy leads to sharp thermal gradients and localized “hot spots” that can
irreversibly degrade electrochemical performance, accelerate electrolyte aging, and ultimately threaten
the structural safety of the entire battery pack by increasing the risk of thermal runaway.

To ensure the battery operates safely, reliably, and durably, its temperature must be strictly maintained
within a narrow, stable window (typically between 15 °C to 35 °C) while achieving the most uniform
thermal distribution possible across the entire pack (Ding et al., 2023). Conventional cooling channel or
manifold designs, though widely used, often suffer from inherent fluid-dynamic limitations. These
limitations include stagnation zones, preferential flow paths (channeling), and uneven heat transfer
rates between the first and last cells in the series. These inefficiencies result in localized thermal peaks,
creating imbalances in the State of Health (SoH) of the individual cells, compromising the system’s
longevity (Rok et al., 2023).

In response to these limitations, the strategic integration of internal baffles into the cooling architecture
has emerged as a promising, highly efficient strategy for refining fluid distribution. From a fluid
mechanics perspective, baffles disrupt the boundary layer and redirect the flow into areas that would
otherwise remain undercooled. This promotes turbulence and enhances the convective heat transfer
coefficient. This approach significantly improves thermal homogeneity without requiring complex active
cooling components or excessive increases in pumping power requirements. Consequently, this study
proposes a detailed investigation into the inclusion of internal baffles within a fluid-cooled battery
assembly (Vaz et al., 2025). The research focuses on analyzing the complex relationship between
deflector geometry, flow distribution, and the resulting thermal behavior. The effectiveness of these
elements in mitigating maximum temperatures and improving thermal uniformity was evaluated through
a comparative analysis against a baseline configuration, thereby providing a pathway toward more
robust and efficient battery thermal management systems. Figure 1 shows the base model of the battery
train used for this research. It consists of 12 Panasonic NCR18650B batteries and a single-input, single-
output module with the same cross-section.

Batteries

Figure 1: Base model.

2 Methodology
2.1 Model geometry

Two three-dimensional models of a lithium-ion battery pack were developed using computer-aided
design (CAD) to analyze the case study. See Figure 2: a) Base Case, and b) Star Deflectors. Both
models represent a module used in electric vehicles. To ensure consistent comparisons, both models
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were designed under identical conditions; the only difference was the inclusion of star baffles in Case
b). The star Deflectors are made of copper due to their high thermal conductivity, which enables these
components to act as efficient heat spreaders that rapidly conduct thermal energy away from the cell
surfaces. During the construction of the geometric model, the cells were strategically arranged within
the module to promote a uniform distribution of airflow in the intercell spaces. This configuration allows
for effective interaction between the coolant (air) and the batteries’ external surfaces, thus facilitating
convective heat transfer. Figure 2 shows the dimensions used for each case study.

The computational domain represents the cooling channel houses the cell array. It allows for fluid
circulation and promotes the dissipation of heat generated during system operation. This setup aims to
replicate the typical conditions of a Battery Thermal Management System (BTMS), where coolant is the
primary medium to maintain operating temperatures within safe ranges and prevent the formation of
steep thermal gradients or hot spots.

The system consists of an inlet section and an outlet section, both featuring rectangular geometry and
located at opposite ends of the module. These straight extensions were incorporated to ensure the
proper development of the flow velocity profile before the flow interacted with the cell array, as well as
to mitigate potential numerical effects associated with boundary conditions within the simulation
domain.

Furthermore, to improve flow distribution and mitigate the formation of thermal stagnation zones within
the module, baffles were incorporated into the fluid domain. These elements were strategically
positioned among the Li-ion battery cells to redirect the fluid toward regions with the highest temperature
gradients. The geometry of the baffles was meticulously designed to promote flow redistribution and
improve heat transfer without introducing excessive pressure drops or significant obstructions within
the cooling channel.
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Figure 2: Dimensions for a) Base Case, and b) Star Deflectors Case.
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2.2 Assumptions

To ensure numerical convergence and the physical representativeness of the thermal management
system, the following assumptions were made:

1. Steady-State Condition: Flow and temperature variables are assumed to exhibit no significant
temporal variations once the operational equilibrium is reached.

2. Incompressible and Viscous Fluid: Due to the low flow velocities (low Mach number), air is
modeled as an incompressible fluid with constant viscous properties.

3. Single-Phase Regime: The coolant remains in the gaseous phase throughout the entire
domain, neglecting any phase-change or condensation phenomena.

4. Uniform Heat Generation: A constant volumetric heat generation rate is assumed to be
uniformly distributed within each cell, simplifying the thermal source associated with internal
resistance.

5. Negligible Radiation: Since operating temperatures remain within moderate ranges of 15 °C to

35 °C, heat transfer by radiation is considered negligible compared to conduction and
convection mechanisms.

6. Constant Thermophysical Properties: The properties of air and the battery materials are
assumed to remain constant within the analyzed temperature range.

2.3 Governing equations

The thermo-fluid behavior of the battery pack cooling system was modeled by solving the governing
equations of mass, momentum, and energy conservation for the airflow. Additionally, a resistance-
based electrothermal model was used to describe heat generation within the cells.

In addition to the previously stated assumptions, the governing equations are solved using a Reynolds-
averaged formulation. This formulation incorporates turbulence effects through an eddy-viscosity
approach. Due to the relatively low flow velocities involved, the contribution of viscous dissipation to the
energy equation is assumed to be negligible. Additionally, heat generation is assumed to occur
exclusively within the solid domain (i.e., the battery cells), and there are no internal heat sources in the
fluid region. Furthermore, the electrothermal model represents heat generation within the cells and
applies it as a boundary condition at the solid—fluid interface to ensure consistency with the governing
energy equations.

Mass Conservation

Equation (1) represents the conservation of mass for an incompressible flow and is expressed through
the continuity equation (where V is the fluid velocity vector):

V-V=0 €))
Momentum Conservation
The momentum equation for the fluid is given by:
p(V-V)V=—VP+V-[(u+p)VV] )
Energy Conservation
The energy equations for the fluid and solid domains are given by:

pC,p(V - VTy) = kV>T; 3)
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This model allows for the representation of the non-uniform current distribution within the battery pack,
which directly influences heat generation and the resulting temperature distribution of the system.

Turbulence Model

The k — ¢ turbulence model is described by the following equations:

o(V - Vk) = v.(?w) + P, — pe (5)
k
He € g2
p(V-Ve) = V- (£02) 4 €, L P~ G (6)
£

2.4 Boundary conditions

Table 1 presents the operating conditions and material properties used in this study. To ensure a
consistent comparison between different configurations and to assess cell performance, the evaluated
cases were analyzed under identical parameters. An inlet velocity of 3 m/s and an operating
temperature of 300 K were set. Figure 3 shows the thermophysical properties of the materials that were
considered for this case study.

3m/s

Figure 3: Conditions of the Case Study.

Table 1. Thermophysical properties of materials.

Material p [kg/m?] Cp[J/kg'K] k[W/m-K] u[kg/m's]

Air 1.225 1006 0.0242 1.81x107°
Battery 2018 1282 2.7 -
Copper 8960 385 401 -

2.5 Numerical model

The thermal and fluid-dynamic analysis of the battery pack was performed using Computational Fluid
Dynamics (CFD), employing a numerical approach capable of describing the transport phenomena of
mass, momentum, and energy that governs air cooling. This approach enables a detailed evaluation of
the flow distribution and temperature gradients within the computational domain, providing an accurate
description of the system’s thermal performance.

The governing equations—including those for the conservation of mass, Navier—Stokes, and energy—
were discretized using the finite volume method, ensuring both local and global conservation of the
physical quantities. Turbulence effects were modeled using the realizable k — ¢ model, which provides
improved accuracy for flows involving strong streamline curvature and recirculation. The pressure—
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velocity coupling was solved using the SIMPLE algorithm, which employs an iterative correction
procedure to ensure compliance with the continuity equation. Combining these methods with the finite
volume scheme provides a robust and stable numerical solution, suitable for simulating complex internal
flows in battery pack cooling systems.

2.6 Validation/mesh independence
2.7.1 Validation

To validate the developed numerical model, a comparison was carried out with experimental data
reported by Xie et al. (2021), where the thermal behavior of a lithium-ion battery pack was evaluated
under controlled conditions. Experiments were conducted at a discharge rate of 1C, with a constant
current, a state of charge (SOC) of 0.4, and an ambient temperature of 27 °C.

Unlike the transient model presented in the reference study, it is important to note that the model
implemented in this work assumes steady-state conditions. However, Xie indicates that the electro-
thermal model can be adapted to different operating conditions, thus supporting the validity of this
approach.

Validation was performed by comparing the average surface temperature of each battery cell and
evaluating the relative error between the numerical predictions and the experimental data. Figure 4
shows the average relative error obtained for each of the 12 cells in the battery pack.

The results indicate that the relative error remains below 1% for all cells, ranging from approximately
0.03% to 0.88%. The highest deviations were observed in cells 3 and 6, while the lowest errors
correspond to cells 8 and 12. Despite these variations, all values remain within a very low error range,
demonstrating the high accuracy of the model.

Overall, these results demonstrate excellent agreement between the simulation and experimental data.
This validates the model’s ability to accurately predict the system’s thermal behavior. Furthermore, the
results confirm that the steady-state assumption adequately represents the phenomenon under the
analyzed conditions.

Therefore, the proposed model is a reliable tool for thermal analysis and designing cooling systems for
lithium-ion battery packs.
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Figure 4: Average relative error per cell under 1C discharge at 27 °C.
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2.7.2 Mesh independence

To ensure the results were not dependent on the mesh refinement level, a mesh convergence study
was performed. Seven mesh configurations with an increasing number of elements were generated for
this purpose.

Mesh independence was analyzed by evaluating the temperature variation of battery number 12 under
identical conditions. The results showed that, with a mesh of approximately 1,500,000 elements, the
variations became negligible, indicating that the numerical solution is independent of further mesh
refinement. Figure 5 shows the behavior of the analyzed variable in relation to the number of mesh
elements, clearly demonstrating the convergence of the solution.
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Figure 5: Mesh independence.

3 Results and discussion

The performance of each configuration was evaluated based on three key thermal management
parameters: velocity distribution, temperature profiles across the module, and overall temperature
distribution. Through a comparative analysis of these cases Sahin et al. (2022) demonstrate that
strategically implementing copper baffles optimizes flow uniformity and mitigates thermal gradients,
which are fundamental to safeguarding the operational integrity and efficiency of energy storage
systems in electric vehicles.

3.1 Flow dynamics and velocity distribution

The addition of star-shaped baffles significantly altered the fluid dynamic behavior within the battery
pack. As shown in the velocity contours in Figure 6, the reference configuration, Case a), exhibits
preferential flow paths, where the coolant surrounds the central cells of the battery, potentially creating
stagnation zones. These stagnation zones are associated with the formation of relatively large and
stable recirculation vortices in the rear and between the cells, resulting from boundary layer separation
as the flow interacts with the cylindrical geometries. These vortices limit fluid renewal and reinforce the
presence of low-velocity areas, especially in the central region of the array.

Introducing the deflectors, Case b), increased the maximum flow velocity slightly, from 6.88 m/s to 7.22
m/s an increase of approximately 4.94%. More importantly, the baffles disrupted the boundary layer
and redirected the airflow toward the central region of the array. This promotes more homogeneous
flow interaction with the cell surfaces, effectively mitigating stagnant zones. Additionally, the baffles
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modify the vortical flow structure by breaking up large vortices into smaller, more distributed ones and
generating secondary vortices at their edges. This increases fluid mixing and reduces the persistence
of stagnant recirculation, resulting in better refrigerant distribution.
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Figure 6: Velocity field distribution for Cases a) and b).

3.2 Thermal distribution and heat mitigation

The primary objective of the proposed thermal management system is to maintain a uniform
temperature profile and prevent localized hot spots. Figure 7 shows that the temperature contours
demonstrate a clear improvement in cooling capacity when the star-shaped deflectors are utilized. In
the baseline model without deflectors, the maximum temperature was 328.2 K, with heat accumulating
predominantly in the downstream region of the battery module due to insufficient coolant flow. In
contrast, implementing the copper star deflectors reduced the maximum temperature to 319.6 K, a
reduction of approximately 8.6 K, which is highly significant for ensuring the operational longevity of
lithium-ion batteries. The copper deflector’s high thermal conductivity enabled them to act as efficient
heat spreaders. Combined with the improved convective heat transfer from the redirected airflow, this
facilitated faster thermal dissipation and a much more uniform temperature profile across the entire
pack.

3.2.1 Thermal distribution and comparative analysis of individual cell behavior

Figure 8 presents the detailed thermal behavior of each cell in the battery pack and compares the
performance of the twelve cells, divided into two control groups. It illustrates the maximum temperatures
reached in the base configuration, Case a), and the proposed design with star-shaped deflectors, Case
b). To obtain a better visualization of the results, 315 K was set as the maximum temperature within the
Figure; however, the actual temperatures were reported below.

Under the conditions of Case a), a tendency toward progressive heating is observed as the fluid moves
through the array, cells 6 and 9 are identified as the point of greatest thermal stress at 328.2 K. Without
redirection elements, the airflow does not effectively penetrate the central cavities of the pack,
generating stagnant zones that compromise the integrity of the subsequent cells.
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In Case b), incorporating copper baffles modifies the system's fluid dynamics, significantly improving
thermal performance. The implementation of these geometries substantially reduces the temperature
of cell 6 to 311.6 K, and similarly, cell 9 reduced its temperature to 319.6 K. This decrease observed in
the batteries is clear evidence that the baffles induce alterations in the boundary layer, thus favoring an
increase in the convective heat transfer coefficient.
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Figure 7: Comparison of temperature distribution in Case a) and b).

Furthermore, the comparison reveals that Case b) exhibits much smaller thermal deviation between
adjacent cells than Case a). While the base model shows differences of up to 8.29 K between
neighboring cells, the baffle-equipped model maintains a much more balanced profile, reducing thermal
deviations by approximately 60-70%. This homogenization is essential for the operation of electric
vehicles because it prevents disparities in internal resistance caused by heat, thus ensuring a longer
lifespan and operational stability of the energy storage system.
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Figure 8: Maximum temperatures per cell: a) Base Configuration and b) Star Deflectors
Configuration.
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4 Conclusions

e This study evaluated the impact of incorporating star-shaped baffles on the thermo-fluid
dynamic behavior of a lithium-ion battery pack for electric vehicles. By comparing a baseline
configuration with a modified one, substantial improvements in flow distribution and thermal
management of the system were identified. The model was validated using experimental data
reported in the literature, yielding errors of less than 1%, which supports the accuracy and
reliability of the methodology employed. The results demonstrate the effectiveness of the
baffles in redistributing airflow and promoting thermal uniformity.

e A three-dimensional numerical model was developed under steady-state conditions to allow for
a detailed analysis of the interaction between airflow and heat generation within the cells. This
model provides a practical framework for assessing the influence of internal flow deflectors on
thermal behavior and airflow patterns, enabling designers to understand their impact without
assuming optimal performance.

e The inclusion of copper baffles significantly altered the flow distribution by eliminating
preferential paths and reducing stagnation zone formation within the module. From a fluid
dynamics perspective, the vortex structure transformed from large, stable vortices in the
baseline case to smaller, more distributed structures, thereby increasing fluid mixing and
enhancing convective heat transfer. These changes highlight the role of internal geometries in
passively improving flow behavior without adding active pumping requirements.

e The implementation of baffles decreased the system’s maximum temperature by approximately
4 K. Additionally, thermal gradients between cells decreased in critical regions, allowing
decrease of temperature of up to 10 K. This helps to mitigate the formation of hot spots.

e The high thermal conductivity of copper allows the baffles to act as passive heat sinks,
promoting more uniform heat distribution throughout the battery pack. This passive strategy is
a low-cost, low-complexity solution that can be easily applied to different battery pack designs
and could complement active cooling systems.

e Overall, the results demonstrate that incorporating star-shaped baffles is an efficient, passive,
and cost-effective approach to optimizing thermal management in battery packs. This work
represents a valuable contribution by providing a clear design methodology and quantitative
insight into passive flow control strategies for electric vehicle battery systems.

NOMENCLATURE
Cp Specific heat of the fluid (J/kg-K)
k Thermal conductivity (W/m? - K)
P Pressure (Pa)
T Temperature X
|4 Velocity Magnitude (m/s)
x,y,z Cartesian components (m)

Greek symbols
p Density (kg/m3)
u Dynamic viscosity (N - s/m?)
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