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Abstract

Battery Thermal Management Systems (BTMS) play a critical role in ensuring the
safety, durability, and optimal performance of lithium-ion batteries used in electric vehicles
(EVs). Effective thermal management prevents overheating, thermal runaway, and degradation
by maintaining the battery within its ideal operating temperature range. Among various cooling
methods, air cooling stands out for its simplicity and cost-effectiveness, utilizing ambient air
to regulate battery temperature either passively or actively. This makes it an attractive option
for manufacturers focused on low-cost solutions. However, air cooling is less efficient in high-
temperature environments and presents challenges in maintaining consistent thermal control
under extreme weather conditions. These limitations can impact battery performance and
lifespan, particularly in high-performance EVs. Nevertheless, advancements in airflow design,
material selection, and hybrid cooling technologies offer significant potential to enhance the
effectiveness of air-cooled systems. This study reviews key literature on air-based BTMS,
highlights recent developments, and identifies the need for continued research to address
existing limitations. Air cooling is expected to remain a viable solution, particularly in cost-

sensitive EV applications, where balancing performance and affordability is essential.

Keywords- Air Cooling, Electric Vehicles, Battery Thermal Management System, Lithium-ion

Batteries, Thermal Degradation
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CHAPTER 1

1.1 INTRODUCTION

The growth of electric vehicles (EVs) has shifted the focus of automobile research from internal
combustion engines (ICE) and fuels to motors and batteries related technologies. A battery thermal
management system is a device that regulates the temperature of a battery to ensure it operate
within its safe and efficiency range. When the battery gets charged or discharged, heat is generated.
This heat is generated primarily through two mechanisms: Firstly, through Joule heating which is
caused by the internal resistance within battery packs that convert electrical energy into heat due
to the flow of current and secondly, through Reaction heating which arises from the chemical
reactions occurring during the electrochemical process of transferring ions between the battery's
electrode. Both of these factors are influenced by the battery's state of charge (SOC), current draw
and internal resistance, contributing to a rise in temperature during operation [1]. During charging
and discharging a potential difference develops between the electrodes, causing polarization which
contributes to additional heat generation [2]. In lithium-ion batteries, when lithium ions move from
the anode to the cathode during charging, the reaction generates heat due to the electrochemical
process (Karthik et al., 2020). This excessive heat can accelerate degradation and reduction in life
expectancy of the battery. [4] reviewed the literature upon LIBs and focused on the temperature
impact on LIBs. They concluded that temperature with higher degree can shorten the life span and
performance of the battery causing damages that are irreversible. Hence, battery thermal
management in electric vehicles and hybrid electric vehicles (HEVs) is crucial for ensuring optimal
performance, regulating battery temperature, safety and longevity of the battery by mitigating the
negative impacts of extreme temperature that can significantly affect the battery's charge capacity,
power delivery and expectancy of life. Basically, higher degree temperature can lead to
degradation and potential safety hazards like thermal runaway whereas low degree temperature
leads to the decreased battery performance and range of the vehicle. An ideal temperature range
for lithium-ion batteries (LIBs) are between 25°C to 40 °C. A BTMS should keep the battery within
this ideal range for optimize performance and prevent thermal runaway [5]. A BTMS should also

maintain a temperature difference (AT) lesser than 5°C across the battery modules and packs [6].



BTMS should also be compact, lightweight and cost — effective, as these are additional design

constraints in the context of electric vehicles.

A BTMS can use a variety of thermal management technologies, like Air cooling, Liquid cooling,
Phase change materials (PCMs) and Thermoelectric coolers depending upon the usage and the
necessity. BTMSs help to ensure the battery's safety, performance and lifespan. High temperatures
can accelerate battery aging and pose safety risks whereas low temperatures can lead to decreased
battery capacity. Hence, BTMS is crucial for maintaining the optimum operating temperature of
batteries in electric vehicles. A BTMS through air cooling in electric vehicles is a simplistic system
which uses air circulation, typically with fans to regulate the temperature of the battery pack by
removing additional heat. This helps and ensures optimal performance and lifespan of the battery
cells by maintaining them within an ideal temperature range. Fundamentally, it cools the battery
pack by actively blowing air over them to prevent overheating. Air cooling technique is a widely
used method due to its simplistic design making them cost friendly and easy to maintain. Although,
it may be less effective in extremely high temperature or high — performance system which

generates substantially more amount of heat [7].

These cooling techniques are classified as active and passive cooling systems. Active cooling
systems are designed using an external source of air generally by the use of fan, thus efficiently
cooling the battery cells. The integration of fans aid in promoting air circulation, making these
systems particularly effective for managing moderate amount of heat generation. On the other
hand, passive cooling systems utilizes ambient air cooling to dissipate heat through natural
convection. Passive air thermal management system is mostly supplemented by PCMs and heat
sinks. PCM captivate and release heat during phase transitions, providing a thermal bufter which
helps to maintain optimal operating temperature. The importance of battery thermal management
system cannot be exaggerated, as it contributes to several important aspects of battery
performance. A well — designed battery thermal management system can substantially extend
battery life by minimizing degradation and maintaining optimal operating temperatures.
Furthermore, consistent temperature control ensures reliable power delivery and optimal range for
electric vehicles, enhancing overall performance. Most importantly, effective battery temperature
management mitigates the risk of thermal runaway and other safety hazards, thereby promoting

the safer operation of battery-powered system. A critical analysis of existing literature on air —
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cooled BTMS for electric vehicles revealed that air cooling is considered a practicable option for
vehicles operating at colder region, small vehicles, two-wheelers and short-distance driving while
its limitation in managing high heat generation during heavy loads or long-distance travel present
significant research gaps. Especially, in areas like optimizing airflow design, integrating advanced

control strategies and developing effective cooling solutions for extreme ambient temperatures [8].

1.2 MOTIVATION

The BTMS has a crucial function. It maintains an optimal operating temperature range and ensures
a uniform temperature distribution within the battery cell module. This is done at high charge /
discharge rates, and it also works in extreme external environmental conditions. According to the
hot geographic climate condition of India many electric vehicles although having BTMS results in
temperature rise of battery packs leading to malfunction and failure of system and in worse
scenario we have been hearing that a vehicle moving in roads start to catch fire and burn down to
ashes. So, this situation rises due to improper thermal management of battery packs and seeing this
problem we started research upon BTMS through Air — cooling since it gives instant and
continuous cooling to the battery packs than PCM which is currently in use over all of the electric
vehicles available in India. The main problem of PCM in hot climatic condition countries is that,
firstly we need to understand how PCM works; PCM stays in solid condition before absorbing any
heat and when it starts to absorb the heat it changes its state from solid to liquid hence resulting in
cooling of the cells inside the battery packs. Now the problem it faces is that in hot environmental
condition it changes its phase earlier only before the vehicle even starts to move due to external
high temperature and when the battery starts to generate the energy it gets heated up rising even
more temperature which PCM cannot handle that amount of heat exceeding its melting point
resulting to overheating and explosion of battery packs due to heat. So, in this scenario air — cooling
comes into action providing continuous air flow so the heat flows evenly out of the battery packs.
This system is also very beneficial during the long run of vehicle and while performing heavy
tasks. Hence observing this situation, we were motivated to design this system and show that air —
cooling is actually very efficient and effective cooling techniques for managing battery thermal

heat.



1.3 NOVELTY

BTMS are very important for ensuring the optimal performance, safety and longevity of the
electric vehicles. As technologies in battery advances, the demand for efficient and reliable battery
thermal management system increases. Air — cooling has a promising technique which offers
several advantages including low cost, simplicity and environmental friendliness. However, to
maximize its potential further innovative approaches are required to address the challenges
associated with heat dissipation and temperature uniformity. One of the key areas for innovation
in air — cooling battery thermal management system is the design of the airflow channels.
Traditional channel shapes & geometries often suffer from limitations in the heat dissipation
efficiency. By providing the larger size of the outlet than that of inlet, the heat transfer can be
significantly increased, leading to improved thermal performance. Additionally, the strategic
placement of fans within the cooling system plays a crucial role in optimizing airflow distribution.
By carefully placing the fan after the battery cells at exhaustion chamber, allowing to create a
suction effect over the cells, it is possible to achieve more uniform temperature distribution across
the battery cells. More intelligent thermal management strategies such as advanced sensor
technologies which enables real-time monitoring of battery temperature, voltage, current, and
state-of-charge can improve the performance of BTMS. The information obtained can be used to
develop sophisticated control algorithms that can adjust cooling parameters, such as fan speed and
airflow direction will maintain optimal operating conditions automatically as per the requirements.
Along with predictive thermal modelling can further enhance the effectiveness of BTMS by
accurately predicting the thermal behaviours of the battery under various operating conditions. To
validate the effectiveness of proposed BTMS designs, rigorous experimental testing is essential.
By subjecting battery modules to various operating conditions, such as different charge / discharge
rates and ambient temperatures, the thermal performance of the cooling system can be assessed.
Simulation tools such as computational fluid dynamics (CFD) can be used to predict the thermal
behaviour of BTMS under different operating conditions. By simulating airflow patterns, heat
transfer, and temperature distribution, CFD can help to optimize the design of cooling systems and

identify potential design flaws.



CHAPTER 2
2.1 LITERATURE REVIEW

We have reviewed more than 100 research paper on Battery Thermal Management System and
found out that currently the EV industry relies on the use of PCM as a cooling medium for the
battery pack. Many researchers are performing valuable research in the field of BTMS using air

cooling. Research papers are categorized as per the following flow chart

Battery Thermal
Management System
[ ]

Active Passive Hybrid
Cooling Cooling Cooling
Systems Systems System

—— : I_I_I
[ ]
Liquid Air Heat || Phase Change Use of Use of
Coolin Coolin Sinks Materials fins cooling
8 £ (PCMs) tubes

Figure 2:1 Research fields in BTMS

Optimized Cell

Spacing

Duct Design

Research in
the field of
BTMS using
Air-cooling

Air Flow Air Flow

Optimization Disruptors

Use of

Advanced
Material

Figure 2:2 Research areas particularly in air-cooled BTMS



2.1.1 BTMS Techniques

Researchers are using different methods to maintain the battery temperature at a safer perimeter to
avoid thermal runaway in the EVs. Based on the requirements of a particular EV, battery chemistry,
battery designs, and applications, different BTMS strategies are designed using various cooling
techniques. These strategies include phase change materials (PCM), liquid cooling, heat pipes, and
air—cooling strategies. Liquid cooling is an effective cooling system that uses liquid to remove heat
from the batteries. BTMS through liquid cooling is similar to that of the air-cooling method, but
here, in this cooling technique, coolant is pumped instead of air through the channels near the
battery packs, which absorb heat and carry the heat away. The coolant can be in direct contact with
the cells immersed in the fluid or circulate inside microchannels [9] or tubes [10]. [11] proposed a
serpentine channel for a liquid cooling system for BTMS and found that the temperature gradient
in the battery module significantly decreased. The use of liquid cooling BTMS requires a pump

and liquid tank, which increases vibrations, weight, volume, and cost of the BTMS.

In PCM based battery thermal management system, cyclic absorption and thermal energy release
occur through cyclic melting and solidification of PCM. PCM gets meltdown to absorb the heat
for keeping the battery pack at the right temperature for a longer period of time without using extra
power. Though PCMs are effective battery thermal management techniques, their effectiveness
drastically decreases after melting due to the low thermal conductivity of liquid PCM. To
overcome this limitation, (Mane et al., 2024) used nanoparticle additives and fins along with
PCMs. They found that these techniques improved the cooling ability of PCM. Similarly, their
other study (Mane et al., 2024b) used pulsating heat pipes with nanofluid working fluid. These
studies, along with the literature available, show that PCM requires a secondary cooling technique,

leading to higher cost, weight, and complexity. Figure 1 shows the components of a 5—cell battery.
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Figure 2:3 Components of battery [14]

Heat pipes can also be used as an effective battery thermal management technique. A heat pipe has
three parts: an evaporator that is in contact with a hot source; an adiabatic section that allows the
vapor to circulate and a condenser (circular fin) that is in contact with the cold source. When the
evaporator gets heated, the liquid vaporizes and absorbs the heat. The vapor then starts to move
toward the condenser, changing back into liquid and releasing heat. [15] validated air-cooled micro
heat pipe array (MHPA) with air—cooling technology for the thermal management system. They
demonstrated that the MHPA-based battery thermal management provides a quick response to
ensure temperature stability during rapidly changing operating conditions. In many heats pipe-
based BTMS, alternative working fluids like nanofluid [16] and alcohols have provided better

results.

Additionally, the final stage of heat dissipation from the pipe condenser is carried out through air
cooling that plays a crucial role in ensuring the effective performance of heat pipe — based BTMS.
This highlights the importance of air cooling as a fundamental component in facilitating the overall
thermal regulation and efficacy of the thermal management system in batteries. [17] proposed a
hybrid thermal management system including air—cooling and heat pipe copper sheets (HPCS) for
the battery thermal management system. They had temperature variation of a battery module in

various initial conditions.

All these different battery thermal management techniques and designs are used to use their

strengths in particular designs. However, air cooling is preferred for low-weight, space —



constrained, cost-effective and simplistic designs of BTMS. Hence, battery thermal management
system through air is though less effective in certain high-performance applications but it holds
prime importance in a wide range of applications, from consumer electronics and small-scale
energy storage systems to electric vehicles and industrial equipment, where moderate heat
dissipation is sufficient. The strengths and limitations of the BTMS techniques discussed above
demonstrate that air cooling techniques remain highly relevant, both as standalone solutions and
as complementary methods in hybrid BTMS configuration. The advantages of air — based battery
thermal management system make them particularly well-suited for a wide range of applications.
Consequently, advancements and innovations in air cooling techniques have significant effect on
the field of thermal management. The following sections delve into various air — cooling systems
employed in BTMS and recent advancements in air BTMS, highlighting the scope of research and

newly developed techniques for optimizing air — based thermal management systems.

2.1.2 Air Cooling System For BTMS

Air cooling can be the most effective option for low—power and low-heat generation applications,
like small electric vehicles or stationary battery systems. Air cooling in BTMS is considered a
more affordable and simple method than other cooling techniques like liquid cooling. However,
its cooling efficacy can be lower due to the lower heat capacity of air, limiting its suitability for
applications with lower heat generation needs. Hence, a distinctive conventional air—cooling
system always consists of a heat sink to provide a higher heat dissipation area (Mohammadian and
Zhang, 2015). It is simple in design with a fan and air channel in the battery pack. It requires fewer
complex designs and components compared to liquid cooling techniques with pumps, hoses and
coolant fluids [19]. The use of air cooling using BTMS Air cooling complements the nominal
weight of the battery pack since it only requires air circulation, unlike liquid cooling, which
requires additional fluid mass (Pesaran and Kim, 2006). Figure 2 describes the current focus of the

researchers on various aspects of air-based battery thermal management systems.
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Figure 2:4 Convergent-divergent air-cooling in BTMS [22]

In Air BTMS, maintaining constant temperature across all battery cells can be challenging due to
irregular airflow distribution. Maintaining a minimum temperature gradient is challenging in large
battery modules containing multiple battery cells [21]. Hence, researchers are using different
layouts of air ducts as shown in Figure 3 [22]. Owen et al. (2010) found that the use of screens
significantly aids in cooling with fans. Optimizing air channels and designing efficient airflow
pathways within the battery pack can enhance heat transfer in air cooling. Lazim and Ismael (2024)
investigated an air—cooling system prismatic LIBs generating considerable heat. They used

flexible baffle channels of different arrangements to reduce and regulate the temperature of the



batteries. It was found that the flexible baffle channels guide the coolant towards the batteries

smoothly with a lesser amount of pressure drop.

Similarly, adding heat sinks to increase the surface area for improved heat dissipation and
implementing intelligent fan speed adjustments can further improve air cooling BTMS. Egab and
Oudah (2022) used dimpled and perforated fin heat sinks and found that these heat sinks
significantly improve the cooling performance in natural convention BTMS. The air—cooled
BTMS, like conventional cooling, could be divided into natural and forced convection air—cooled
thermal management system. In the air cooling technique, natural convection is used in passive
cooling, where air circulates naturally due to temperature differences inside the battery pack.
Forced Convection utilizes fans or blowers to actively move air and enhance cooling, making it a
more effective method. It consists of components like a fan, blower or turbine to cool down
efficiently (Littler, 2013). Natural convection is not very effective compared to forced convection
and cannot be used for large—scale cooling [27]. Hence, this method is adapted only for
applications that require minimal cooling and prioritize low noise levels. Forced convection allows
for precise control over cooling by adjusting fan speeds. Sefidan et al., (2017) employed forced air
cooling as a secondary cooling method in conjunction with immersion cooling for substitute 18650
LIBs. They observed significant improvement in the cooling of LIBs with forced convection.
Hakeem and Solyali (2020a)_investigated the thermal management of compact LIB under forced
convection cooling. It is observed that increasing the air flow rate from 1.4 m/s to 3.4 m/s ata 0.75
C discharge reduced the maximum battery temperature by 54.28%. A trend is also observed
showing improved cooling with an increased air flow rate. Lu et al. (2016) studied the effect of air
cooling for EV and found that path of airflow plays a vital role in battery module cooling. These
studies show that forced convection effectively reduces the battery temperature. However, it is
crucial to consider factors such as fan size, airflow direction, heatsink design and air resistance to
optimize cooling performance. The benefits of forced convection air cooling include a more
uniform temperature distribution which prevents hot spot and better control over cooling.
However, in forced convection system need of heat dissipation is directly proportional to the
energy consumed by the BTMS (Sheikholeslami and Ganji, 2017). Hence, effective system design,
including the optimization of heat sinks, fins and fluid channels can further enhance heat transfer

efficiency and minimize the energy usage (Ahmadian-Elmi and Zhao, 2024). As observed in the
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literature, air cooling systems generally perform better in low humidity, but their efficiency
significantly decreases in hot and humid conditions. The key factors impacting the cooling
performance include ambient temperature, humidity, air flow rate, heatsink design and fan speed.
As discussed earlier, air cooling often reaches its limits when dealing with high heat loads, making

liquid cooling a more suitable choice in such scenarios [33]

A key challenge with air cooling systems temperature gradient across battery modules. This
potentially can lead to reduced battery performance, life span and safety. Temperature gradient in
in battery packs can be attributed to the inefficiency of air as a heat transfer medium, uneven
discharge, and heat generation by the cell in the module. Additionally, the preferential cooling of
cells located closer to the inlet where the air is colder further limits the effectiveness of air-based
BTMS. Airflow within the BTMS can be also hindered by obstacles, tight spaces or poorly
designed cooling channels, causing some cells to receive inadequate cooling (Ahmadian-Elmi and
Zhao, 2024). These challenges show the need for further research in the optimization of air-cooled
BTMS. Various researchers are working on the optimization of airflow and duct designs with the
use of advanced materials using experimental and numerical studies. The subsequent section

provides an insight into the recent advances and developments in air-cooled BTMS.

2.1.3 Recent Advances and Developments in Air-Cooled BTMS

There have been numerous studies, developments, and optimizations in the field of air-cooled
BTMS. The main goal of these developments is to increase the battery pack's airflow while
maintaining the system's low weight. Furthermore, the utilization of air ducts, blowers, or fans
with large rotational capacity and numerous electronic controlling components makes air-cooled
systems typically large. Air-cooled BTMS also require optimization of battery pack designs to
improve effectiveness of cooling. Because of the drawbacks covered in earlier sections, air BTMS
is a less desirable alternative than EV and HEV BTMS, which require extremely efficient cooling.
In order to create systems that are not only efficient but also simpler, lighter, more compact, and
less expensive, researchers are now investigating a number of approaches to improve air-cooled
BTMS processes. The several research fields that are the focus of research activities are examined

in this section.
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2.1.4 Optimized Airflow and Duct Design
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Figure 2:5 Duct design for air flow[35]

Improving the efficiency of air-cooled Battery Thermal Management Systems (BTMS) requires
careful consideration of duct design and airflow. Uniform air distribution from well-designed ducts
reduces temperature fluctuations between battery cells and improves thermal performance overall
[29] The layout of the intake and outlet for efficient air distribution is depicted in Figure 4. Pressure
drop can be avoided by optimizing duct shape. Zhang et al. (2024) proposed a hook-type BTMS
and investigated the connection between cooling efficiency, wind speed, and outlet position. Using
polynomial fitting optimization technique, they identified best factors to deliver best air-cooing
performance. Li et al., (2019) created a surrogate thermal model and applied multi-objective
optimization to enhance air-cooling capabilities for EV battery packs. Their optimized design

enhanced temperature uniformity, and lowered the battery temperature.
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Figure 2:6 Asymmetrical vs. symmetrical BTMS battery packs [29]
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Adapting duct types for optimal airflow is one of the many air cooling optimizations that may be
performed for BTMS. Figure 5 demonstrates the various configurations of air-cooled ducts for
efficient cooling. Commercial EVs that have a fast discharge cycle and a rapidly heating battery
can use this kind of optimization. Fan et al. (2023)utilized a duct-like form for air-based BTMS.
This kind of duct has two outlets for the hot air to exit the car and one inlet for air to enter the
battery pack. The scientists discovered that the maximum temperature and gradient are decreased
by 1.57 and 0.8K, respectively, in comparison to a straight channel. Xie et al. (2017) The impact
of the air-inlet angle, the air-outlet angle, and the width of the airflow channel between battery
cells on the cooling of the LIB pack was examined both experimentally and statistically. The design
of the airflow channels has a stronger effect on the cooling capacity of BTMS, according to this
study, and the LIB pack's maximum temperature and temperature gradient are lowest when the
channels are equal in width. Chen et al., (2019) If the airflow pattern is symmetrical to the module,
air-cooled BTMS operates more efficiently. The same ducts are produced in accordance with the
battery module design for optimization Yu et al., (2014) To improve the cooling of lithtum-ion
batteries, two different kinds of air ducts were used in the design of an air-flow-integrated thermal
management system. While one duct uses jet cooling to lessen heat buildup in the middle pack,
the other duct offers conventional cooling. Through experiments and simulations, a three-
dimensional heat transfer model was created and verified. The findings showed that the new
system greatly enhanced temperature uniformity and reduced the highest temperature to 33.1°C
from 42.3°C in conventional systems. Park, (2013) used numerical simulations to optimize an air-
cooled battery system for hybrid electric vehicles. Without changing the current battery
arrangement, researchers discovered that adding a tapered manifold and pressure relief ventilation
to the duct design greatly enhanced heat dissipation. Jiahui et al., (2023) utilized a neural network
in conjunction with the NSGA2 algorithm to improve the duct design of an air-cooled BTMS.
They enhanced temperature uniformity by 67.4%, decreased power usage by 26%, and decreased
the maximum temperature by 7.5 K by modifying the inlet/outlet width, position, and battery
spacing. The efforts of researchers in this field are demonstrated by all of these duct design and

airflow optimization studies, which are compiled in Table 1.
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Table 2-1 Airflow and Duct Design Optimization in Air-Cooled BTMS

Authors, (Year) | Objective of study Method/Approach Key Findings
Akinlabi  and | Enhance BTMS | Optimized duct | Minimized temperature
Solyali (2020a) | efficiency through | geometry for uniform | variations, reduced
duct design air distribution pressure  drop, and
improved cooling
efficiency
Zhang et al. | Optimize airflow | Designed a Hook- | With increased wind
(2024) pattern in BTMS type BTMS; wused | speed, the outlet shifts
polynomial fitting to | toward the inlet wall,
correlate outlet | leading to improved
position and wind | cooling performance
speed
Lietal. (2019) | Improve air-cooling | Developed a | Reduced maximum
in EV battery packs | surrogate thermal | temperature, enhanced

model; applied multi-
objective

optimization

temperature uniformity,
and minimized battery

pack volume

Fan et al. (2023)

Enhance duct design

for better cooling

Implemented a duct

with one inlet and two

Reduced maximum

temperature by 1.57 K

outlets and temperature gradient
by 0.8 K compared to a
straight channel

Xieetal. (2017) | Assess effect of | Experimentally and | Equal channel width
airflow channel | numerically  varied | yielded the  lowest
layout air-inlet/outlet angles | maximum temperature

and channel width and gradient

Chen et al. | Improve cooling | Evaluated  different | Symmetrical
(2019) efficiency via flow | inlet/outlet positions | configuration with

pattern design

central inlet/outlet in the
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plenums provided high

cooling efficiency

Yu et al. (2014)

Enhance cooling
using dual duct
strategy

Designed a system
with regular and jet
cooling ducts;
developed a 3D heat

transfer model

Lowered maximum
temperature to 33.1°C
42.3°C

from and

significantly —improved

temperature uniformity

(2023)

parameters in BTMS

width, position, and
battery spacing using
NSGA2 and neural

networks

Park (2013) Optimize air-cooled | Employed a tapered | Improved heat
BTMS for hybrid | manifold and pressure | dissipation without
electric vehicles relief ventilation altering the existing

battery layout

Jiahui et al. | Optimize duct design | Adjusted inlet/outlet | Reduced maximum

temperature by 7.5 K,
improved uniformity by
67.4%,

and lowered

power consumption by

26%

To improve airflow in air-cooled BTMS cell spacing must be optimized. Proper spacing enhances
cooling effectiveness and reduces thermal hotspots and temperature fluctuations across the battery
pack. This prolongs battery life and guarantees steady performance (Chen et al., 2020b). Kirad and
Chaudhari (2021) demonstrated the effectiveness ofair cooling in a 30-cell module. Moosavi et al.,
(2023) examined the effect of cell spacing on the thermal management of large-scale air-cooled
battery systems. According to this study, increasing cell spacing raises the maximum cell
temperature while decreasing the temperature gradient. The findings aid in spacing optimization
to balance thermal gradients and cooling efficiency. Chen et al. (2020a) conducted an optimization
study to maximize the symmetry and cell spacing in air-cooled BTMS. They discovered that a
43% temperature decrease is possible by improving these factors. These cell spacing optimization

studies improve the battery system's performance and safety.
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Since airflow management and optimization can result in uniform cooling, hotspot prevention, and
efficient use of the fan's energy, research into airflow optimization in terms of velocity and flow
direction is ongoing in air-cooled BTMS. This may also result in achieving an equilibrium between
BTMS performance and running costs. The cooling in air BTMS is significantly influenced by air
velocity. Sharma et al. (2020) examined the ideal air inlet velocity of 2 m/s for discharge rates of
1,2, and 3 C and 4 m/s for discharge rates of 4 C. Fan work is reduced by 50% and 33% for 3 and
4 C discharge rates, respectively. Bamrah et al. (2022) examined the thermal performance of air-
cooled BTMS for a battery module with various configurations of 24 lithium-ion 18650 cells using
CFD simulations in ANSYS Fluent. For a battery module including 24 lithtum-ion 18650 cells
organized in different configurations, the thermal performance of air-cooled Battery Thermal
Management Systems (BTMS) was examined using CFD simulations in ANSYS Fluent. The
module's maximum and average temperatures were greatly decreased by raising the inlet air
velocity and lowering the inlet air temperature, according to the results. A square configuration
with top air inlet, side exhaust, and bottom holes performed the best. In order to achieve uniform
temperature distribution and improved cooling performance, the CFD simulation showed how
effective it is to optimize airflow parameters and vent layouts. This highlighted air-cooled BTMS
as an economical and effective solution for electric vehicles. Suryavanshi et al., (2025) focused on
employing a unique perforated plate design to optimize airflow distribution in an air-cooled
BTMS. They examined the impacts of cell spacing, C-rate, air velocity, and inlet temperature.
According to the findings, the best airflow dispersion and heat dissipation were achieved with a
cell spacing of 2 mm. Karimi et al., (2020a) shown that the LiC cell's temperature rises above 55
°C in the absence of a cooling mechanism, shortening the battery's lifespan The temperature is
maintained at 37.9 °C with the addition of the active air-cooling system to the cell, demonstrating
the effectiveness of the suggested optimum cooling system. Additionally, the maximum battery
temperature of the LiC cell is lowered by 14% when the inlet air velocity is raised to 3 m/s using
the optimization method as opposed to 2 m/s. In order to examine the cooling capabilities of the
suggested thermal management system (TMS), a LiC battery equipped with a two-sided fan has
been investigated. In order to optimize the active cooling structure, the optimization section
examines the effects of the system's inlet-outlet and inlet air velocity. Chen et al. (2017) Chen et
al. (2017) investigated how the airflow rates (0.005 m3/s, 0.010 m?/s, and 0.012 m?/s) affected the

BTMS performance. The battery pack discharge rate, inlet air temperature, and inlet airflow rate
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are among the operating characteristics. The findings indicated that while lowering the inlet air
temperature can lower the battery pack's overall temperature, it has no discernible effect on the
system's temperature rise or differential.

Structures, spoilers, and vortex generators can used to improve airflow in BTMS. These elements
improve the airflow dispersion and cooling in BTMS. These components can be positioned
strategically to maximize heat dissipation and reduce temperature gradient in battery modules.
Chen et al. (2022) showed that the airflow in BTMS can also be optimized by adding structures
like those in Figure 6 to distribute the airflow. Sahin et al., (2022b) used wings and spoilers to
distribute the airflow in order to improve air BTMS cooling. The temperature gradient was reduced
by 40%. Zhang et al. (2021) To increase the cooling efficiency of a battery cooling system, a novel
cooling technique based on placing spoilers in the airflow distribution plenum of a parallel air-
cooling model was put forth. The effects of spoiler location and quantity on the thermal behavior
of BTMS were investigated with the CFD approach. The findings showed that using spoilers at
different locations improves heat dissipation. The battery temperature was also considerably

reduced due to the introduction of vortex by spoilers.
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Figure 2:7 Airflow dispersion structures used by [55]

2.1.5 Use of Advanced Materials and Heat Sinks

The effectiveness of air-cooled BTMS can be further improved using advanced materials.
Advanced materials such as graphene, carbon nanotubes, and high thermal conductivity metals
(copper and silver) are being used as heat sinks to improve air cooling performance [56]. Using

modern materials in heat sinks for air cooling improve their effectiveness and performance. The
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high thermal conductivity materials can rapidly transfer heat away from the source to heat sink
fins. The interface thermal resistance between the heat source and the heat sink can be reduced
using TIM (thermal interface material). Maddila and Rostami, (2023) examined how TIMs (a
thermal pad and a thermal gel) affected the BTMS's cooling effectiveness. They discovered that
thermal resistance is reduced by 16% with a thermal gel that is 2 mm thick and by 40% with a
thermal pad that is 2 mm thick. This demonstrates how employing TIMs can greatly improve
BTMS cooling efficiency. Similarly, the overall performance of air-assisted hybrid BTMS is
greatly enhanced by the employment of nanofluids in conjunction with air cooling. Baroutaji et
al., (2021) suggested that heat dissipation might be intensified by coupling air BTMS with
nanofluids. The characteristics of nanofluids that provide improved cooling capabilities in many
applications have been studied by numerous researchers. Such studies of rheological behaviours
[58], thermal conductivity (Hemadri and Mane, 2021) (Mane and Hemadri, 2022) and electrical
conductivity [61] of nanofluids offer important information on their suitability for use in thermal
applications. Similar to this, adding nanomaterials like graphene or carbon nanotubes to heat sink

materials increases thermal conductivity even more, which significantly improves heat dissipation.

2.1.6 Computational Fluid Dynamics (CFD) Research

Fluid mechanics and thermal behaviour of air flow are very difficult to observed experimentally.
CFD can be a useful tool for comprehending intricate fluid and thermal phenomena. Many
researchers investigated the cooling behavior of air-cooled BTMS using CFD methodologies.

There are several advantages of using CFD to optimize air conditioning designs.

Accurately predicting airflow patterns is the first step. Engineers can see air movement across
complex geometries, representing velocity, pressure, and temperature distributions, by using
comprehensive CFD simulations. Understanding how air moves around parts and inside enclosures
is made easier with the help of this visualization, which offers insightful information for improving
the design. Additionally, CFD makes it easier to locate hotspots in the airflow. Engineers can
identify regions that have insufficient cooling by examining data from simulated airflow. However,
quantitative matrices such as temperature or velocity should be used to fully validate CFD

analysiss. [62] The CFD program is now being used by researchers for air passage construction,
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cell configurations, and spacing optimization. Numerous researchers have carried out simplified
two-dimensional CFD studies, frequently ignoring the whole three-dimensional complexity of
real-world systems in favor of concentrating on certain parts of the issue, including flow dynamics
or heat transfer characteristics. Hasan et al. [63] analyzed the effects of airflow at different
Reynolds numbers and inter-cell spacing on the thermal performance of a lithium-ion battery pack
through numerical simulation using CFD. They illustrated how crucial inter-cell spacing is to
enhancing battery thermal management systems' cooling capabilities. Additionally, they supported
the creation of improved designs for lithium-ion battery packs by offering in-depth insights into
airflow behavior and how it affects heat dissipation efficiency. Despite the effectiveness of these
2D studies, 3D CFD studies are carried out to fully capture the complexity of real-world systems,
including precise depictions of interfacial interactions, turbulent flow, and spatial temperature
gradients. In contrast to 2D simulations, 3D studies offer in-depth understanding of the complex

fluid and thermal dynamics of systems, resulting in more accurate and dependable predictions.

Hai et al., (2022) investigated the impact of air entry velocity (0.03 to 0.09 m/s) using a CFD
analysis of an air-cooled battery pack with 16 LIB cells. They located the high-temperature cells
in the center of the battery pack and used CFD to identify them. Additionally, they discovered that
raising the air inlet velocity improves the system's capacity for cooling. The authors of this work
also included a unique characteristic that can only be provided by CFD studies: the temperature
inside the cell body. Suryavanshi and Ghanegaonkar (2025)analyzed the impacts of air velocity,
air inlet temperature, discharge rates, and cell spacing using comprehensive CFD simulation
research on air-cooled BTMS. They determined the ideal values for various air velocities and C
rates (0.5, 1, and 2 degrees Celsius). This study highlights the use of CFD simulations for a wider
range of research topics and goals. Thos study further facilitates to identify and optimize crucial

factors for improved thermal management system performance.

A crucial component of simulation techniques like CFD research is validation. Zhang et al., (2022)
examined the impact of secondary output width and quantity on air-cooled BTMS cooling
performance; baffles in air routes were also employed. They found that using baffles enhances
cooling and maximizes the air channel. Additionally, an experimental examination was carried out

in this work to verify and give reliability for the CFD results. They demonstrated that there is a
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2.6% margin of error between simulation and experimental results. For CFD studies to demonstrate
the precision, dependability, and legitimacy of the simulation methodology, such low relative

errors in conjunction with comprehensive validation are essential.
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Figure 2:8 Temperature flow visualization [67]

CFD analysis demonstrated excellent efficacy in visualizing flow temperature phenomena. [67]
shown how well CFD simulations work for designing and refining water- and air-based BTMS. A
number of characteristics, including cooling fluid type, solid matrix thermal conductivity, cell
spacing, and channel dimensions, were optimized to produce the optimal thermal management
setup. Figure 7 illustrates the interplay of fluid flow during the cooling process. Bhatnagar et al.,
(2024) examined an air-cooled BTMS for a Li-ion battery pack with five cylindrical cells housed
in a rectangle enclosure using CFD simulations in ANSYS Fluent. The importance of air-cooling
velocity in BTMS functioning was demonstrated when they discovered that the Reynolds Number

must be higher than 17,500 in order to keep the battery temperature below the suggested 40°C for
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effective performance. In order to demonstrate airflow dynamics and its function in regulating

battery temperatures, CFD was used in this work to display temperature fields and heat generation.

Turbulence modelling is crucial in CFD research because air-cooled BTMS, particularly forced
convection, includes turbulent air moving quickly through tiny ducts and limited paths. According
to recent studies, the k-¢ turbulence model has been primarily employed by researchers to
accurately simulate turbulent airflow and heat transfer within cooling channels. It captures the
intricate relationship between airflow patterns and heat gradients and offers a dependable balance
between computational efficiency and accuracy. Chen and Hu (2025) evaluated the thermal
performance of a three-cell battery pack using the k-¢ turbulence model in three different cooling
scenarios: composite BTMS (water and forced air cooling), hybrid BTMS (water and natural air
cooling), and natural convection. The findings demonstrated that while hybrid BTMS functioned
well in moderate settings, composite BTMS offered the optimum cooling, keeping temperatures
close to the advised operating range. The capacity of CFD to assess and optimize intricate thermal
management systems for electric car batteries was highlighted by the CFD-based analysis, which
successfully illustrated the crucial role that combined cooling techniques play in controlling severe
discharge rates. These experiments demonstrate how crucial CFD is to comprehending the

behaviour of air BTMSs and optimizing performance.
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CHAPTER 3

3.1 METHODOLOGY

In order to investigate the air-cooling behavior with different layouts, a simulation, and
experimental analysis will be conducted. This section involves a discussion regarding materials
and methods used in the experimental and numerical analysis. In current work, air cooling for
BTMS of electric vehicles is proposed for different battery layouts. To explore the role of battery
layouts, the linear and square arrangement is selected in this study. Simulation and experimental
data are gathered by performing various real-time scenarios. In this work, a numerical analysis is
conducted on active air cooling, which includes components like a fan/blower to regulate the
airflow toward the battery pack, an additional channel so that the air does not deviate from its path,
and an exhaust outlet to let the hot air pass out of the battery pack and EV. This work aims to
explore the thermal and airflow behavior in natural and forced convection air cooling at the linear

and square arrangement of LIBs.
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CHAPTER 4

4.1 NUMERICAL SIMULATION

In this work, numerical analysis, in addition to the experimental analysis, is also conducted to
observe airflow around the LIBs. In numerical simulation, the ANSYSS software package (version)
is used, and airflow behavior is modeled. A 3D model of 18650 cells with standard dimensions,
such as an outer diameter of 18mm and a length of 65mm, is prepared and arranged in the square
and linear arrangement as shown in Figure 2. Each cell is spaced 5 mm away from each other in
these arrangements, mimicking experimental arrangements. For square geometry, an air zone of
51lmm x 51mm x 65mm around 18650 cells is considered; in this zone, the air is considered to
move freely around LIBs. For the linear arrangement, an air zone is maintained at 97mm x 51mm
x 65mm. For natural convection, air velocity is considered 0 m/s at the initiation of the simulation,
and hence, air movement induced by the heating of air by LIBs and buoyancy force is observed
through path lines in the simulation results. For the forced convection study, air input velocity is
maintained at 13.89 m/s; hence, airflow from the end of the module toward the other end is
established. The heat removal from the batteries by this airflow is then visualized in the results.
The models of LIBs are then meshed using the ANSYS fluid flow fluent workbench meshing
platform. In this analysis, a polygonal mesh is used for both cell arrangements. This mesh is a
collection of vertices, edges, and faces that define the shape of a 3D object in space. As the
interaction of air molecules and the LIB surface is an important and critical phenomenon, inflation
in the meshing is provided at the LIB-air boundary to capture this complex behavior. The total

element numbers observed for square and linear arrangement were 36290 cells
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4.1.1 Modelling & Meshing

Modelling involves the process of making 3D CAD models of the battery module. Here, we have
2 different layouts of battery pack that is square and linear.

4.1.2 Square Battery Pack Modelling

Figure 4:1 Battery pack modelling square arrangement

Figure 4.2 represents the modelling of the square battery pack, here standard aluminium cell 18650

is enclosed in an air-cooling zone of 51x51x65mm

4.1.3 Linear Battery Pack Modelling

Similarly standard aluminium cell 18650 is enclosed in an air-cooling zone of 91x51x65mm in

linear arrangement.

Cell 4

Figure 4:2 Battery pack modelling linear arrangement
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4.1.4 Meshing

Meshing is the process of dividing a complex geometry into smaller, discrete elements to facilitate
numerical analysis. It plays a crucial role in simulations, ensuring accurate results by representing
the physical domain with a network of interconnected elements. In Ansys Workbench, meshing
involves several steps, including selecting the appropriate mesh type, refining mesh density, and
applying mesh controls to improve accuracy. The quality of the mesh directly impacts the precision
and efficiency of simulations, whether for structural, fluid, or thermal analysis. Here, geometry of

both the arrangement is divided into 36290 cells.

Figure 4:3 Meshing

4.1.5 Boundary Conditions

Boundary conditions in Computational Fluid Dynamics (CFD) define how the fluid interacts with
its surroundings at the edges of the computational domain. They are essential for accurately
simulating real-world fluid behavior. types of boundary conditions in are:

o Inlet Boundary Condition: Specifies how fluid enters the domain, using velocity, mass flow

rate, or pressure.
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e Outlet Boundary Condition: Defines how fluid exits the domain, often using pressure outlet
or outflow conditions.

o Wall Boundary Condition: Represents solid surfaces interacting with the fluid, including
no-slip conditions for viscous flows.

e Symmetry Condition: Used when the flow is symmetric, reducing computational effort.

e Cyclic Boundary Condition: Ensures continuity between periodic boundaries, useful in
repeating geometries.

e Pressure Boundary Condition: Sets pressure values at specific locations to control flow

behavior.

The boundary conditions and material properties employed in the numerical simulation of air
pathlines for both natural and forced convection LIB cooling are presented in Table 1. These
parameters form the foundational setup for accurately capturing the fluid flow and heat transfer

characteristics within the air-cooled battery module.

Table 4-1 Boundary condition for simulation

Parameter Values
Initial Temperature of system 25°C
Material of Cell Aluminum;

Densitiy: 2700 kg/m?
specific heat: 900 J/kg K,
thermal conductivity : 237 W/m-K

Rate of Heat Discharge 1C =24277.22 W/m?* , 2C = 68989.15 W/m®
3C = 134135.00 W/m?®
Cooling fluid Air;

Densitiy: 1.225 kg/m?
specific heat: 1.005 kJ/kg-K
thermal conductivity : 0.0248 W/m-K

Inlet Velocity of air Om/s, 8.9m/s, 13.89m/s

Simulation Runtime 1800s
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4.1.6 Simulation & Results

Case 1) Simulation at 1C in square arrangement
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Case 2) Simulation at 2C in square arrangement
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Case 3) Simulation at 3C in square arrangement
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Figure 4:6 Case 3) Contours, Pathlines & Graphs

Case 4) Simulation at 1C in linear arrangement
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Case 5) Simulation at 2C in linear arrangement
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Case 6) Simulation at 3C in linear arrangement
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4.1.7 Observation Table & Graph

The observation table shows the maximum temperature reached at respective rate of discharge.

Square Arrangement:

Table 4-2 Observation - Square Arrangement

V' h 1C 2C 3C
o0M/s 50.81°C 64.33 °C 779°C
8.9 M/s 25.39°C 25.98°C 26.86 °C
13.89 M/s 25.31°C 25.73°C 26.36 °C

Linear Arrangement
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Table 4-3 Observation - Linear Arrangement

\4 h 1C 2C 3C

0 M/s 53.70 °C | 67.33 °C | 79.28 °C
8.9 M/s 2573 °C | 27.08 °C | 28.99 °C
13.89 M/s | 25.55°C | 26.46 °C | 27.81 °C

__100

& 80

Y 60

2 40 I

g | i

Q

X .

= V=0M/s V=8.9M/s V=13.89M/s
Velocity

30



CHAPTER 5

5.1 EXPERIMENTAL ANALYSIS

In this study, the thermal profile and cooling ability of air BTMS an experimental analysis is
conducted. In this work, a mock 18650 lithium-ion battery module is fabricated to mimic the
behavior of the actual LIBs. Each mock LIB consists of an Aluminium body with similar
dimensions to the 18650 LIB cell and a cartridge heater @5x30mm inserted inside this cell to
generate heat. For this, 4 mock 18650 LIBs are arranged in square and linear cell arrangement and
exposed to natural convection and forced convection (using a DC fan). An acrylic location plates
and silicon RTV are used to fix the mock LIBs in in square and linear cell arrangement. During
the analysis, the cartridge heater is connected to the variable DC power supply 0 to 30V/2.0Amphs
and provided with equivalent heat generation of 2C discharge rates of actual 18650 LIBs
22V/0.6 Amphs. The selection of 2C discharge rates for this analysis is made based on literature
indicating that the 2C discharge rate is considered a high discharge rate emitting a considerable
amount of heat. To capture the thermal behaviors of LI batteries in air BTMS, a temperature
measurement mechanism with a typical K type thermocouple and a data logger is used. The
thermocouples are attached at the surface of mock LIBs to capture their temperatures during the
analysiss; here, thermal grease used to improve the transfer of heat between two surfaces here
between the aluminum cell and thermocouple is used to ensure lower contact resistance. Fiber
cloth and acrylic chamber are used to isolate the LIBs and experimental test section from the
environment so that it is thermally insulated. Figure 1 shows the components of the experimental
setup used in this work; it shows the monitor used for visualization of data, data logger, test section,
and DC supply. Using this setup the thermal performance of air cooling for the square and liner
arrangement is investigated. Once natural convection cooling data for square arrangement is
completed, a DC fan is switched ON, and forced convection data collection is completed. After
this, the linear arrangement is made, and the process is repeated. As a typical LIB completely

discharges in 1800 s at a 2C discharge rate, each experiment is conducted for 1800s.
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5.1.1 Experimental Setup

I.  Data Logger: Temperature data loggers are essential for monitoring and recording

temperature variations over time.

Figure 5:1 Data Logger

II. ~ Variable DC Supply: A variable DC supply is used to control the voltage supplied to the
battery pack

Figure 5:2 Variable DC Supply

II.  Aluminum Casing: Aluminum casing us made to cover the cell & isolate it from
surrounding environment. This casing is made by sandwiching thermocol and aluminum

foil
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IV.

V.

VL

Figure 5:3 Aluminium Casing

Fiber Cloth: Fiber cloth is used as an insulation medium to prevent the heat from

expelling out of the system.

Figure 5:4 Fiber Cloth

aluminum Cell: An aluminum cell is made to resemble the original 18650 LIB, as

aluminum possess similar characteristics as that of LIB

Figure 5:5 Aluminium Cell

Silicon RTV: Silicon is used to as a sealant between the cartridge heater and cell to avoid

any heat loss or loose contact.
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Figure 5:6 Silicon RTV

VII.  Thermal Grease: Thermal grease us used a lubricant to easily slide the cartridge in to the

cell.

SILICONE BASED THERMAL

HEAT SINK PASTE

Figure 5:7 Thermal Grease

VII.  Cartridge Heater: A 220V cartridge heater of dimension dia8x30mm is used as heating

element to resemble battery heating

Figure 5:8 Cartridge Heater

IX.  Thermocouple: K-type thermocouple with dimension dia5x50mm is coupled with the

system that is with each cell to record the temperature.
Figure 5:9 Thermocouple

X.  Kaptone Tape: This tape is used as an insulation between the thermocouple and cell to

avoid any heat loss
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Figure 5:10 Kaptone Tape

XI.  DC Fan: A 12V DC fan is used to perform the experiment under forced convection

medium

Figure 5:11 DC Fan

5.1.2 Experimental Setup Assembly Details

I.  Connection of aluminium cell with thermocouple (4 cells are connected with 4

thermocouple individually)

Figure 5:12 Assembly of aluminiun cell with thermocouple
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II.  Cartridge heater is inserted below the aluminum cell via the provided hole. And all the

cells are placed in the acrylic fixture

o e s N1

i o

Figure 5:13 Aluminium cell placed inside the casing

III.  All the electrical connections have been done and the prototype is ready for data collection

Monitor

Insulated DC Supply

Test Section

Figure 5:14 Experimental Setup
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5.1.3 Experimental Boundary Condition

Table 5-1 Experimental boundary condition

Parameter Values
Initial Temperature of system 25°C
Material of Cell Aluminum;

Densitiy: 2700 kg/m?
specific heat: 900 J/kg-K,
thermal conductivity : 237 W/m-K

Rate of Heat Discharge 2C = 68989.15 W/m®

Cooling fluid Air;
Densitiy: 1.225 kg/m?
specific heat: 1.005 kJ/kg-K
thermal conductivity : 0.0248 W/m-K

Experiment Runtime 1800s

5.1.4 Experimental Results

Experimental analysis is carried out under 2C rate of heat discharge in both the arrangements and

the results are as follows:

Case 1) 2C rate of heat discharge at ambient air velocity in square arrangement.

Output Temperature : 70.98°C

Temperature
100

90
80+
704
60
50

40

Temperature (°C)

3047
201

10 +

0

T T T T T T T T T T T ]
0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600
Time (s)

Figure 5:15 Graph of 2C rate of heat discharge under natural convection in square arrangement
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Case 2) 2C rate of heat discharge at forced convection in square arrangement.

Output Temperature : 41.86°C
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Figure 5:16 Graph of 2C rate of heat discharge under forced convection in square arrangement

Case 3) 2C rate of heat discharge at ambient air velocity in linear arrangement.

Output Temperature : 70.99°C

Temperature
100

90
80+
704
60
50

40 ~ /

Temperature (°C)

304

20 1

T T T T T T T T T T T ]
0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600
Time (s)

Figure 5:17 Graph of 2C rate of heat discharge under natural convection in linear arrangement
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Case 4) 2C rate of heat discharge at forced convection in linear arrangement.

Output Temperature : 42.78°C

ExperimentaI:
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Figure 5:18 Graph of 2C rate of heat discharge under forced convection in square arrangement
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CHAPTER 6

6.1 COMPARATIVE STUDY BETWEEN

NUMERICAL SIMULATION AND
EXPERIMENTAL ANALYSIS

In this work, an experimental and numerical simulation is conducted to study the temperature
profile of air-cooled LIB and to visualize the airflow path. The primary objective of this work is
to evaluate the temperature distribution within the battery pack. Additionally, a numerical
simulation is undertaken to visualize the airflow patterns under different cooling configurations,
including natural and forced convection. This numerical simulation study is used to gain insights
into airflow behavior and temperature gradients that are difficult to capture experimentally. Hence,

the findings of experimental and numerical studies are discussed in this section.

Natural Convection b) Natural Convection

Forced Convection Forced Convection
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Figure 6:1 Average temperature of the cell surfaces in a) Square and b) linear arrangement
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In this work, the square and linear arrangement of the LIB module is cooled with forced and natural
convection cooling. The comparative results of the forced and natural convection cooling are
provided in Figure 3. In both linear and square arrangements, the average temperatures of cells
linearly increase with time, and all temperatures follow the same trend till the conclusion of the
experiment, i.e., 1800 s. In this experimental analysis, the lowest maximum average temperature
is observed for linear arrangement and forced convection cooling (37.86 °C) while the highest
maximum temperature is 71.4 °C for natural convection and square arrangement. It is seen that the
LIB cooling with forced convection is more effective. This is a result of high heat transfer
coefficient and lower temperature gradient provided by the high flow of air directed by the DC

fan.

It is also observed that for both natural convection and forced convection, the average cell
temperatures were lower in the linear arrangement compared to the square arrangement. It is seen
that the average cell temperature over 1800 s for forced convection in the square arrangement was
53.57 °C, and in the linear arrangement, it was 52.82 °C. This shows that in the entire experiment,
the square arrangement has a higher average temperature of 0.75 °C. Similarly, under natural
convection, the square arrangement recorded an average temperature of 36.90 °C, compared to
35.25 °C in the linear arrangement, indicating a greater reduction of 1.65 °C. This shows that linear
arrangement provides better cooling compared to square arrangement. This also can be observed
considering the maximum temperatures observed in this study. In the case of forced convection,
the maximum temperature reached in the square configuration was 71.3 °C, while the linear
arrangement peaked at a lower value of 69.6 °C, showing a reduction of 1.7 °C. For natural
convection, the square layout recorded a maximum of 41.8 °C, whereas the linear configuration
exhibited a lower peak of 37.86 °C, resulting in a more significant 3.94 °C reduction. The
effectiveness of linear arrangement might be the result of free air movement along with the linear
arrangement of cells. As air can move freely in linear cells, it reduces localized hotspots. In square
arrangement cells are arranged as sadistic; however, the square layout may have promoted
localized heating. In a square arrangement, the interior of cells is close to another cell, which is
also generating heat, and hence, it leads to heat accumulation in the area, which increases the
temperature of cells. Both forced and natural convection cooling show better results with linear

arrangement; however, gains achieved by natural convection are significantly higher than forced

41



convection. This is because in a linear arrangement, the buoyancy flow of air is directed properly,
and the natural convection mechanical force of air provides robust cooling, which diminishes the
gains of layout arrangement. This indicates that robust forced cooling can be used to compensate

for layout and spatial constraints in battery module designs.
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Figure 6:2 Validation of Numerical Simulation with Experimental Data in Natural Convection (Linear
Configuration)

In addition to an experimental study, a numerical analysis is also conducted. Figure 4 shows the
validation performance of the simulation data with experimentally obtained data; it shows that the
early behavior matches very well, and after 300 seconds, the discrepancies increase. In natural
convection linear arrangement, the difference between experimental and simulation data obtained
15 5.2°C. at the end of the experiment (1800s). This difference may have arisen from the assumption
of lumped heat generation in LIB, environmental errors, and limitations in capturing experimental
measurements. This marginal difference can be considered inside the reasonable margin of error
considering the scope of this study. This indicates that the simulation conducted in this study is

sufficiently reliable to show accurate airflow patterns around LIBs in different LIB layouts.

The airflow patterns around LIBs under both natural and forced convection conditions for square

and linear arrangements are depicted in Figure 5. These visualization figures are generated using
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numerical simulation to explore the behavior of air movement around the batteries arranged at
different configurations. These streamlines depict how airflow distribution is influenced by both
the cooling method and cell arrangement. This analysis provides valuable insights into regions of
recirculation, stagnation zones, and effective cooling pathways, all of which are critical for

optimizing thermal management in LIB systems.
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Figure 6:3 Airflow Patterns Around Lithium-Ion Batteries in a,c) Square and b,d) Linear Arrangements
Under a,b) Natural and c,d) Forced Convection

Figure 5 shows the airflow around LIBs under both natural and forced convection. The multicolor
contour path lines observed in the natural convection cooling in linear and square arrangement
show that there is a higher temperature gradient in the LIB module. These contour lines represent

variations in the temperature distribution, which shows that due to the lack of external flow, air is
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getting heated and remaining around the LIBs. The pathlines generated in the natural convection
case are a direct result of buoyancy forces that arise due to temperature-induced density variations
in the surrounding air. In natural convection, air movement is not driven by fans and occurs only
when air is in contact with heated battery surfaces. This warm air rises and is replaced by cooler
air which creates a flow circulation shown in Figure 5 a) and b). This also shows that the pathlines
are not directed towards a particular end in the natural convection case; instead, they are more
random. This randomness leads to looped movement of the air, which is less effective, and as
heated air is not getting removed quickly overall temperature of the battery rises, resulting in

inefficient cooling with natural convection.

Figures 5 c¢) and d) show a more uniform and directed flow of air from the inlet to the outlet section
of the battery module in both configurations. As air is forced by a device (DC fan), air pathlines
are almost horizontal and straight if not obstructed by the battery. Near cell surfaces, some
pathlines flow the curve of the cell body and enter into the gaps between the cells. Due to the force
provided by the fan, randomness is minimal, and air pathlines move under this force. The thermal
behavior of these pathlines also shows that the overall temperature of the air molecules is lower as
air is constantly being replaced by colder air from the fan. Hence, colder air is always available to
remove air from the LIB surface, leading to better cooling with forced convection. High-
temperature air is observed in the wake of the cells where hot air is not getting removed due to
obstruction provided by the cell bodies. This shows that even in forced convection cooling,

localized hotspots may exist due to obstruction in battery modules.
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CHAPTER 7

7.1 CONCLUSION

In this study, a combined experimental and numerical analysis is carried out to evaluate the
performance of an air-cooled BTMS. The work focuses on exploring the effectiveness of natural
and forced convection cooling strategies, while also examining the impact of battery module layout
on thermal behavior. The key findings of this work are presented here;

e [t is observed that forced convection provides substantially better cooling than natural
convection cooling. Forced convection outperforms natural convection, with the linear
configuration showing a 33.54°C lower maximum temperature and the square
configuration showing a 17.67 °C lower average temperature.

e [t is also seen that linear arrangement provides better cooling in both natural and forced
convection cooling.

e The airflow pattern around batteries is investigated, and it is found that natural convection
provides random and looped airflow while forced convection generates uniform and

directed pathlines of air.

7.2 FUTURE SCOPE

BTMS with air cooling presents a few challenges despite the research conducted in this area. One
of these challenges is cooling channel design, which can provide effective air flows (Ahmadian-
Elmi and Zhao, 2024). Similarly, effective air duct design optimizations need further attention in
EV batteries. Better duct designs can provide better convection and it can complement employ
fans or blowers to circulate air [71]. Similarly, forced convection cooling and its energy

consumption can be an area of study. The energy consumption optimization using Al and sensor-
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based techniques can improve BTMS energy efficiency [72]. These issues indicate the necessity

of research in the design and energy efficiency of the air-cooled BTMS.

Further, the limitations of air cooling in BTMS can be overcome by using hybridization techniques.
The hybrid systems allow for the affordability and ease of use of air-based systems, along with
improving the BTMS capacity (Akinlabi and Solyali, 2020b),[74]. Similarly, the integration of
artificial intelligence (AI) and machine learning can further improve BTMS efficiency, energy

consumption, and maintenance issues in hybrid BTMS [75].
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