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ABSTRACT

In line with a rise in demand for lithium-ion batteries (LIBs) around the globe, LIB thermal
management optimization is desirable. Moreover, the temperature rise of LIBs while discharging
and charging affects their degradation and thermal runaway. The objective of this study is to
investigate cooling performance in LIBs due to battery pack ventilation configuration. In this
study, twenty 18650 lithium-ion cells (in 10S2P configuration) were simulated in Altair
HyperWorks CFD - AcuSolve. The analysis provides a significant finding for the best thermal
management approach by Design 2 with the position of an inlet at the top and outlet at the bottom
of the battery pack, indirectly promoting uniform temperature distribution across the pack and
avoiding local hot spots. These findings contribute significant insights into the effect of battery
ventilation configuration for enhancing lithium-ion cooling performance.
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1.0 INTRODUCTION

Lithium-ion batteries (LIBs) have become dominantly used as a main power source in various
electronic devices, electric cars, and renewable energy storage systems due to the capacity of high
energy density and long cycles [1], [2]. In electric vehicles, lithium-ion cells are arranged in
modules and combined into a battery pack, containing thousands of lithium-ion cells in a single
pack. Due to the high demand for high performance and longer driving ranges in the market, the
capacity of battery packs has been increased, leading to a higher number of lithium-ion cells.
Numerous lithium-ion cells packed in battery packs result in excessive heat generation during the
discharge and charge processes of electric car operation. However, lithium-ion batteries are
sensitive to temperature, which affects their degradation, lifespan, and safety. With the increase in
generated heat, the demand for a battery thermal management system is required to ensure the
battery pack temperature remains within the optimal range of 20°C to 40°C [3]. As these
technologies evolve, the optimization of thermal management for LIBs needs more extensive
approaches to providing better solutions and has become a crucial field of research. Optimizing
structure and temperature control not only improves the efficiency and durability of batteries but
also reduces the potential dangers related to thermal runaway incidents [4]-[9]. However, the
factors influencing the degradation and thermal safety of lithium-ion batteries remain significant in
the development of LIBs for electric vehicles. The cells of a LIB pack become inefficient at 40°C,
which may cause the entire battery pack to become unpredictable [10]-[15].
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An effective approach to improving thermal management in LIBs is to focus on the design
and array designs of the battery cells within a pack [16]-[18]. Out of these several arrangements,
the staggered structure has received considerable interest since it has the potential to enhance both
the distribution of temperature and the dynamics of airflow within the battery pack. In a previous
study, Cho et al. (2014) studied the influence of environmental temperature on the cooling system’s
efficiency. Comparing the environmental temperature variation, the temperature is more uniform at
high temperatures and behaves with lower temperature distribution at lower ambient temperatures.
The cell position showed a significant impact where cells closer to the inlet reported lower
maximum temperatures than cells located closer to the outlet, which specified proper cell
configuration could improve the cooling and reduce the independent of the surrounding
temperature. The position of the air inlet and outlet in the battery pack can affect the temperature
distribution and airflow. The battery pack is made of Lithium Iron Phosphate (LFP) cells, and the
position of the inlet at the top and outlet placed at the bottom of the battery pack indicated air is
more restricted at the center of the cell. Most temperature gradients were also seen near the head of
the pack, where airflow was nearly stagnant because of flow separation from the entrance plenum
[19].

The addition of ventilation features would greatly improve the distribution and convective
flow of the battery air cooling system. Proper ventilation allows hot air from inside the battery
enclosure to be replaced by cooler ambient air which helps convection of heat. This exchange acts
as a temperature control mechanism in the battery pack which directly helps to reduce heat rise
mitigating thermal runaway and overall safety [20]. In normal operating in electric vehicles (EVs),
usually batteries are subjected to varying loads and environmental conditions, and therefore
efficient ventilation is important to maintain optimal operating temperatures.

Moreover, the configuration of cells showed a significant impact in improving the thermal
management in the lithium-ion battery pack. The staggered cell configuration has disclosed
beneficial thermal distribution and can improve thermal control strategies. In addition, the
distribution airflows using staggered configuration reduce the hot spots and balance the heat
distribution which results in enhanced cooling efficiency and reduced temperature variation across
battery cells [21]-[24]. Research on the cell configuration explored by Yang et al. (2015) showed
a similar effect of uniform temperature patterns and diminishing hotspots within battery assemblies.
Throughout these findings, the geometric cell arrangements exposed influence factors for the
improvement of effective thermal management in lithium-ion batteries [21]. Preventing
temperature over the optimal temperature is important to maintain the cell efficiency and risk of
thermal runaway. By properly monitoring the airflow characteristics, the battery performance can
be operated at optimal efficiency [12], [25]. Furthermore, studies by Lu et al. have investigated the
influence of various cooling techniques by evaluating battery performances, such as airflow
distribution, the distribution of battery temperature consistency, and heat dissipation efficacy [26],
[27].

Although numerous studies have examined various aspects of thermal management in
lithium-ion batteries, there is a notable research gap in the comprehensive analysis of different
ventilation design configurations, specifically concerning the placement of inlets and outlets and
their impact on temperature distribution and airflow characteristics. This study aims to fill this gap
by providing a detailed investigation of these design parameters under different operational
conditions, offering valuable guidance for the development of more efficient thermal management
systems. The study was conducted using a Computational Fluid Dynamic (CFD) approach by
utilizing Altair HyperWorks CFD - AcuSolve. The CFD study simulates the airflow characteristic
and temperature distribution within the cell and provides a comprehensive understanding of
maintaining optimal temperature in the battery pack. The simulation is limited to steady-state
conditions and the volume of fluid (air) in the battery pack is chosen as the CFD domain. In addition,
the study focused on the temperature and airflow pattern at the mid-plane of the cell. In general,
these findings have the potential to enhance performance, extend lifespan, and enhance the safety
of lithium-ion battery packs in various applications.
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2.0 METHODOLOGY

2.1 Battery Model Development

A total of 20 cells of 18650 lithium-ion are utilized in the construction of a battery pack. To create
a pack that effectively satisfies the load demands of an electric bike, the battery pack employed a
10S2P configuration, which combines both series and parallel connection, to produce a battery pack
with an output voltage of 37 V and a capacity of 4.4 Ah. The cooling of the battery is performed
using forced air cooling that blows the airspeed at 0.9 m/s to the inlet of the battery pack is set to
ambient condition.

2.2 Geometry Preparation

Modeling was conducted on 20 of 18650 lithium-ion batteries using commercial CAD and Altair
HyperWorks CFD - AcuSolve to perform flow and thermal analysis for the battery pack. The
dimensions of the 18650 batteries are uniform across all setups. Figure 1 illustrates three distinct
ventilation designs for a battery casing used in cooling 18650 lithium-ion batteries with air. In
Design 1, the inlet and outlet are positioned on opposite sides of the casing, allowing airflow to
move directly through the batteries in a straight path. Design 2 places the inlet on the top side of
the casing and the outlet on the opposite bottom side, causing air to flow diagonally through the
battery pack. This diagonal flow path could enhance the cooling of centrally located batteries as it
better penetrates the middle section. However, batteries near the inlet and outlet may experience
slightly different cooling rates due to this flow path. Design 3 positions both the inlet and outlet on
the different sides, promoting air circulation within the casing before exiting. This design
encourages recirculation, potentially enhancing the cooling of batteries located further from the
inlet and outlet, leading to a more uniform temperature distribution.

INETy T
A7

» OUTLET

Design | Design 2 Design 3

Figure 1: Ventilation design configuration

2.3 Meshing

The global parameters for the CFD domain are set using an average element size of 5 mm, a
curvature-based surface refinement with a minimum size factor of 0.1, and a growth rate of 1.2.
The number of mesh elements is 491485 for Design 1, 493127 for Design 2, and 491835 for Design
3. The average mesh element size is 5 mm and the use of triangle mesh element on the wall surface
and tetrahedral element for the volume mesh provides sufficient mesh generation. The minimum
size factor is 0.1, which implies that the smallest mesh elements are 0.5 mm in size, enabling finer
resolution in areas requiring higher detail.

24 Boundary conditions and CFD simulation setup

The simulation setup employs single-phase incompressible, using air as material for the CFD
domain. The analysis is conducted under steady-state conditions and the k-¢ turbulence setting is
utilized to capture turbulent flows. A convergence tolerance of 0.001 is set. The boundary
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conditions for the simulation are specified as follows: inlet air velocity is set to 0.9 m/s, the speed
at which air enters the CFD domain, and inlet air temperature is set to 308.73 K (35.58°C). For the
cell wall, the average heat transfer coefficient is 22.44 W/(m?*-K), representing the efficiency of
heat transfer between the cell walls and the air, and the wall heat flux is 105.9 W/m?, indicating the
rate of heat transfer per unit area through the cell walls. For the casing wall, both the average heat
transfer coefficient and wall heat flux are set to 0 W/(m?*-K), suggesting negligible or no heat
transfer across the casing wall, implying insulation.

3.0 RESULTS AND DISCUSSION

3.1 Temperature Distribution

The temperature and velocity distribution for all 3 designs were analyzed at the mid-plane of the
cell fluid domain. In general, the air temperature peak of the air is almost similar for all designs,
whereby the hotspot locations depend on the ventilation designs. Hot spots are evident around the
cells, signifying localized heat generation, with the highest temperatures observed near the cells,
particularly in rows 3 and 4 for Design 1 in Figure 2 (a) where airflow appears to be more restricted.
The airflow from the inlet significantly influences the temperature distribution, with regions directly
in the path of the airflow maintaining cooler temperatures, while areas further from the airflow path
exhibit higher temperatures.

The location of the hotspot changes in Design 2 where the center of Row 1 to 4 showed the
high temperatures in Figure 2(b). The cell adjacent to the center of the battery pack predicts lower
temperatures and becomes hotter at the cells adjacent to the wall of a battery pack. The temperature
at the center tends to be high as the inlet air from above is restricted by the top of the cell. As shown
in Figure 2 (c) Design 3 showed the position of the inlet and outlet contribute to the temperature
distribution. The cells that are near the inlet exhibit lower temperatures compared to cells near to
outlet of the casing. The temperature distribution in the Design 3 spot, the greater hot spot at the
center of the casing starts from Row 3 to 4 as compared to Design 1 and Design 2.

Design 2 demonstrates the most uniform temperature distribution with minimal hotspots
except at the center of the battery pack. Design 3, with different side inlet and outlet positions,
shows improved heat dissipation compared to Design 1 but least than the temperature uniformity
of Design 2. Design 1 has the most pronounced temperature gradient from the inlet to the outlet,
while Design 2 shows the most even temperature distribution. Design 3 falls between the two, with
a noticeable gradient but a better distribution than Design 1. Design 2 mitigates hot spots most
effectively, with uniform temperatures around the cells. Design 3 shows improved mitigation
compared to Design 1, but some central cells still experience higher temperatures. Design 2 with
an inlet at the top of the battery casing provides the best heat management, while Design 3
positioned inlet and outlet at the side of the battery casing offers a slight improvement over the
linear cooling path of Design 1.
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Figure 2: Temperature distribution for a) Design 1, b) Design 2, and c¢) Design 3 at inlet of 0.9 m/s

3.2 Air velocity distribution

The air velocity distribution for Design 1 demonstrates significant variations in airflow patterns
around the cells. The air velocity indicates higher air velocities near the inlet as shown in Figure
3(a) and along the paths directly adjacent to the cells, with velocities reaching up to 2.26 m/s. These
regions of high velocity correspond to areas where the airflow is restricted by the battery cells,
resulting in increased speed as the air navigates through the narrower gaps. The increase in air
velocity corresponds to the enhancement of air convective heat transfer and lower temperatures in
these areas. In general, the temperature at the inlet opening, showing cooler regions and the hotspot
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in the high velocity contribute to lower temperature. This indicates effective convective cooling in
these zones, preventing significant heat buildup and mitigating the risk of hot spots. Conversely,
lower velocities are observed in the central regions of the battery pack and stagnant air zones were
found behind the cells in Row 1 to 4 leading to inefficiency of temperature distribution.
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Figure 3: Velocity distribution for a) Design 1, b) Design 2, and c) Design 3 at inlet of 0.9 m/s
The velocity characteristics for Design 2 in Figure 3(b) showed a distinct airflow pattern as

the inlet and outlet were positioned at the top and bottom sides of the battery pack. Design 2
indicates that air velocity is higher near the inlet and along the narrow gaps between the cells that
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suggest, the air velocity can be increased by properly channeling the airflow through an unrestricted
path and accelerating within smaller regions. These high-velocity regions with maximum velocities
reaching up to 1.1 m/s are characterized by accelerated airflow due to the restricted pathways
between the cells, enhancing convective heat transfer in these areas. Lower air velocities as much
as 0 m/s are observed in the central regions of the battery pack indicating the stagnant area and
contributing to the rise of temperature in the region. The temperature distribution reflects higher
temperatures in these low-velocity areas, particularly in the central and outlet regions where the
airflow is less intense. The reduced airflow velocity in these areas results in less effective convective
cooling, allowing for greater heat accumulation and higher temperatures. The distribution of outlets
in Design 2 appears to facilitate a more even spread of airflow across the battery pack, compared
to Design 1, potentially contributing to more uniform cooling.

The effect of ventilation design was further studied in Design 3 to determine the airflow
patterns influenced by the different sides of the battery pack. Figure 3(c) indicates that the highest
air velocities are found near the inlet and in the narrow gaps between the cells, reaching up to 1.7
m/s. In the comparison of Design 1 and 2, Design 3 exhibits different airflow dynamics due to the
position of the inlet and outlet. High velocity was found near the inlet and the outlet. The velocity
of air exhibits a significant velocity gradient, and that can be traced to the cells behind the first row.
This configuration allows for an initial burst of high-velocity air, which gradually slows down as it
moves through the pack where the air flows in the restricted spaces. Figure 3(c) indicates that the
central regions of the battery pack and areas near the outlet experience significantly lower air
velocities, similar to Design 1 but differing from Design 2, which has a more evenly distributed
airflow due to its position.

33 Effect of ventilation position on the battery cooling

The position of the inlet and outlet in the battery pack ventilation has a battery cooling effect such
as the temperature and velocity distribution. The maximum temperature for Design 1, 2, and 3 in
the death zone (velocity zero) showed an average of 312.7 K (39.8 °C) not exceeding the optimal
lithium-ion temperature [3]. The position significantly impacts the pattern of airflow and influences
the cooling efficiency that also supported by Jianguo, W., et al [27] with the variation of the number
of inlets thereby promising a more even temperature and airflow distribution that reduces the
number of hotspots. In this study, the region closest to the inlet notified with high velocity and
narrow gaps between cells that aligned with the inlet direction will enhance cooling, while regions
with low velocity can cause hotspots and increase the potential of thermal failure. Thus, it is
important to balance the airflow distribution to achieve even cooling within the cell in the battery
pack. This factor is necessary to achieve optimal battery operating conditions by maintaining a
stable temperature and preventing the formation of hot spots. The development of hot spots can
cause the lithium-ion battery to overheat and degrade over time. Increasing the air velocity directly
can enhance convective heat transfer, helping to cool the cells more effectively. However, areas of
low velocity may experience insufficient cooling due to obstruction by the adjacent cells, leading
to temperature gradients and potential hot spots. Therefore, the design must balance the airflow to
ensure uniform cooling across all cells, minimizing thermal stresses and reducing the risk of thermal
runaway. These include considering the use of baffles to direct air to areas with insufficient airflow,
increasing the number of inlets to allow more air entry points into the battery pack, and adding
secondary inlets that focus on areas behind the battery cells experiencing poor airflow.

4.0 CONCLUSION

In conclusion, this study has successfully achieved the objective of investigating the temperature
and airflow distribution of lithium-ion batteries for the battery cooling performance that involved 3
ventilation designs. In comparison, Design 2 showed the most efficient cooling strategy, as
indicated by the uniform airflow and balanced temperature distribution. The improvement of heat
dissipation is notified in Design 3, with the inlet and outlet positioned at the different sides of the
battery pack, compared to Design 2. In addition, Design 2 also mitigates hot spots effectively, with
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more uniform temperatures around cells. Design 3 cooling efficiency falls between the two, with a
noticeable gradient but a better distribution than Design 1. The design of the battery pack,
specifically the position of the inlet and outlet, significantly impacts airflow and cooling efficiency,
resulting in more even temperature distribution and lower peak temperatures. The ventilation design
also influences the maximum air velocity within the battery pack. Although high air velocity can
enhance the convection of thermal, the distribution of air around the cell must be concentrated to
maintain a stable temperature and prevent the formation of hot spots, which can cause lithium-ion
batteries to overheat and degrade over time. Integrating baffle and secondary inlet would improve
in directing the airflow to the cells and enhance air concentration around cells.
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