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ABSTRACT

Effective thermal management is paramount for sustaining the optimal operational temperature of batteries in Electrical Vehicles
(EV), thereby enhancing their longevity and ensuring both safety and performance. Air cooling, while being lightweight and
economically feasible, frequently encounters difficulties in achieving adequate cooling efficacy, particularly under conditions of
elevated load. Consequently, the optimization of battery pack design alongside air cooling configurations becomes imperative to
tackle these challenges, thereby ensuring reliability, safety, and efficiency in electric vehicle applications. The objective of this
research is to employ Computational Fluid Dynamics (CFD) analysis to ascertain the optimal arrangement of batteries for the
enhancement of thermal performance and to pinpoint the ideal inlet location necessary to attain maximum thermal efficacy. The
analysis evaluates square, staggered, and other innovative configurations to determine arrangements that optimize cooling
efficiency and mitigate hotspots. The findings indicate that the battery configuration with a Staggered Arrangement produced the
most favourable battery performance while maintaining uniformity in the temperature differential among cells within the
arrangement. It is anticipated that the results of this investigation will facilitate the optimization of the battery thermal management
system in electric vehicles, consequently enhancing battery lifespan and performance.
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1. Introduction

Batteries constitute a fundamental element in the operational efficacy and performance metrics
of electric vehicles (EVs), acting as the principal energy storage mechanism that facilitates both
propulsion and a variety of functional capabilities. Lithium-ion batteries are predominantly employed
in EVs owing to their superior energy density, operational efficiency, and lightweight properties,
which are critical for the enhancement of vehicle performance [1]. These batteries not only
accumulate energy but also discharge it rapidly to accommodate fluctuating load requirements,
thereby augmenting the overall efficiency and all-electric range of the vehicle [2]. Furthermore, a
self-regulating battery model is essential for effective battery management strategies, guaranteeing
optimal operational performance and safety by continuously monitoring battery conditions and
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mitigating risks such as overcharging or undercharging [3]. This holistic battery management system
(BMS) bolsters the reliability and durability of the battery pack, which is imperative for the
sustainable operation of EVs [4]. Consequently, the amalgamation of sophisticated battery
technologies and management frameworks is crucial in enhancing electric vehicle functionalities and
fostering environmental sustainability.

Thermal sensitivity exerts a substantial influence on the efficacy, safety, and durability of lithium-
ion batteries. Fluctuations in ambient temperature can induce heterogeneous thermal gradients
within the battery, thereby affecting electrochemical phenomena and potentially precipitating safety
concerns such as thermal runaway [5]. Nevertheless, the thermal sensitivity inherent to these
batteries detrimentally affects both their operational lifespan and overall efficacy [6]. Consequently,
the optimal temperature range for battery operation is one that substantially augments both
performance and durability [7]. The operational temperature range considered optimal for lithium-
ion battery systems is restricted to 15°C to 35°C, with temperature variations not surpassing 5°C
within a multi-cell module [8]. Conversely, temperature increases beyond 80°C may instigate
irreversible reactions within the lithium-ion battery assembly, thereby exacerbating the risk of
thermal runaway [9]. Thus, the creation of adequate temperature regulation systems for battery
configurations is of utmost significance [10].

The battery's role in electric vehicles is critical, making the choice of a suitable battery essential
for achieving optimal operational performance. Researchers have developed various methods to
tackle thermal control challenges, such as air cooling, liquid cooling, PCMs, and heat pipe systems
[11-13]. Furthermore, managing battery temperature has been found to improve the stability of
charge and discharge cycles [14]. Pouch, cylindrical, and prismatic cells are common forms of lithium-
ion batteries, while battery modules consist of cells connected in parallel or series [15-17].
Connecting cells in series results in a larger total battery voltage, while connecting them in parallel
increases the overall battery capacity [18,19]. In addition, multiple research projects have been
conducted to optimize the spacings between cylindrical or prismatic battery pack cells [20-22]. A
study by Fan et al., [23] revealed that a smaller gap spacing between cells in a prismatic cell battery
causes a reduced temperature increase. In their findings, it was determined that a moderate gap
spacing between the cells led to improved uniformity. Interestingly, even with uneven gap spacing,
there was still an improvement in temperature distribution, although the reduction in temperature
rise was minimal.

Recent advancements in thermal management systems for electric vehicle (EV) batteries have
focused on optimizing battery performance based on their arrangement. The Battery Thermal
Management System (BTMS) is crucial for regulating the temperature of lithium-ion batteries, which
directly impacts their performance, safety, and lifespan [24]. Among the various BTMS technologies,
the combined liquid system (CLS) and phase change material (PCM) cooling systems have emerged
as effective solutions for managing battery thermal behavior [25]. The CLS utilizes liquid as a medium
to efficiently dissipate heat from battery cells, ensuring optimal operating temperatures [25]. In
contrast, the PCM cooling system leverages the thermal properties of phase change materials to
stabilize battery temperatures during operation, which is particularly beneficial for maintaining
performance under varying conditions [26]. Additionally, innovative systems like the evaporative
battery cooling thermal management system (EC-BThMS) have been developed to maintain battery
temperatures within the ideal range of 20°C to 40°C, thereby enhancing battery lifespan and
performance [27]. This system addresses the critical need for effective thermal management in EVs,
especially as temperature fluctuations can significantly affect battery efficiency and safety [24].
Overall, the integration of these advanced thermal management systems is pivotal in advancing EV
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technology, ensuring that batteries operate efficiently and safely across diverse environmental
conditions [26].

Optimizing the arrangement of batteries within an EV is critical for maximizing both its
operational lifespan and overall performance. Despite advancements in optimizing battery
arrangements for electric vehicles (EVs), there remains a significant gap in understanding how diverse
battery configurations specifically impact the efficiency of air-cooling-based thermal management
systems. Current studies largely focus on generic thermal performance but lack detailed analyses of
cylindrical battery pack arrangements and their interplay with air inlet placement to achieve optimal
cooling. Moreover, the literature inadequately addresses the integration of computational fluid
dynamics (CFD) as a precise tool for identifying the most effective configurations to minimize
temperature gradients and enhance cooling performance under realistic operating conditions.
Addressing this gap could significantly advance EV battery pack design, improving both thermal
efficiency and longevity. By employing CFD analysis, this study aims to determine the optimal battery
arrangement and inlet location for achieving the highest possible thermal performance. This research
aims to find the best way to arrange batteries in a cylindrical model battery pack, maximizing thermal
performance by finding the optimal arrangement and identifying the best location for the inlet to
achieve maximum thermal efficiency and optimal temperature.

2. Methodology
2.1 Pre-processing Stage

A 3D model showing the Battery Thermal Management System (BTMS) was created using Catia
V5 software. The BTMS includes 24 cylindrical battery cells, a fluid zone, an inlet, and an outlet. The
model featured the BTMS layout, encompassing the inlet, outlet, and battery cylinders. The size of
the battery cylinder is 20 mm in circumference and 180 mm in height. 3 types of BTMS were drawn
to analyze different battery arrangements, as shown in Figure 1, Figure 2 and Figure 3. In the meshing
setup, the size of elements was set to 0.0028, producing 484803 number of elements and 389031
nodes. The boundary conditions were determined where the inlet boundary condition acted as the
inlet for air flow to enter and dispersed throughout the battery pack while the outlet was set as an
outlet boundary condition for air flow to escape from the battery pack.

(a) (b) (c)
Fig. 1. Design 1 for (a) square, (b) 3x8 and (c) Staggered Arrangements
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(a) (b)
Fig. 2. Design 2 for (a) square, (b) 3x8 and (c) Staggered Arrangements

Outlet

Outlet

(@) (b) (0
Fig. 3. Design 3 for (a) square, (b) 3x8 and (c) Staggered Arrangements

During the meshing stage, the type of boundary conditions is set as Figure 4 below, where the
inlet is set as velocity-inlet, the cell boundary is set as wall and the outlet is set as pressure-outlet.
The complete meshing can be observed in Figure 5 as shown below.

Fig. 4. Full size meshing of
geometry and cylindrical
cells
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Fig. 5. Inlet, outlet and cell boundary named selection

2.2 Solver

All the inputs needed to perform the simulation were inserted where this is the setup stage
before the calculation will be performed. Firstly, at this stage, a general setup is being done where
the base of the solver will be chosen which in this case is the pressure-based solver. The gravitational
acceleration is set at Z-Direction for a value of -9.81 m/s2. The general setup for this case is shown in
Table 1.

Table 1

General setup of the simulation

Solver Parameter

Type Pressure-based

Velocity formation Absolute

Time Transient

Gravitational acceleration -9.81 m/s? at Z-direction

For this research, the K-epsilon turbulence model was chosen because of the shorter time for the
solution to converge and the accuracy of it. Enhanced Wall Treatment for Near Wall Treatment was
used for coarser mesh near walls to maintain accuracy [27]. Table 2 shows the summary of the viscous
model for this simulation.

Table 2

Viscous Model

Model Standard K-Epsilon

Near Wall Treatment Enhanced Wall Treatment
Enhanced Wall Treatment options Thermal effects

Options Curvature correction

Solution initialization was done where there were initial conditions such as turbulence, pressure
and velocity. In this case, the properties of lithium (as shown in Table 3) were defined where it
includes the density and viscosity of the lithium as it is needed to simulate the movement. The least
squared cell based is determined by the gradient in a cell, which minimizes the difference between
the extrapolated values and the cell values when used to extrapolate the cell value to the centers of
neighboring cells. As shown in Table 4, Second order upwind is chosen for momentum, turbulent
kinetic energy, turbulent dissipation rate and energy because second-order are generally more
accurate than first order. It is important to capture sharp gradients in the dissipation rate. First order
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impact for transient formulation impact suitable for analyzing overall energy transfer and not
detailed stress wave propagation.

Table 3

Lithium properties

Chemical formula Li

Density [kg/m3] 900

Specific heat capacity, Co [J/kg K] 995

Thermal conductivity [W/m K] 5

Heat generation (W/m3) 5417

Table 4

Solution method

Scheme SIMPLE

Flux Type Rhie-Chow: Momentum based
Gradient Least squares cell based
Pressure Second order
Momentum Second order upwind
Turbulent kinetic energy Second order upwind
Turbulent dissipation rate energy Second order upwind
Pseudo time method Off

Transient formulation impact First order impact

2.3 Governing Equations

Typically, the system’s flow is turbulent. The following is an introduction to the Reynolds average
Navier-Stokes equations using the k-turbulence model [28]:

owi _ (1)

Sxi B

6ui_ op o) [( 4 )6ui (2)
pauj 6xi N 6xi 5x] H He 6xi

Realistic battery cells generate heat in response to changes in temperature, charge level, and
discharge rate. Consequently, the temperature is determined using the transient temperature
equations and the equations are shown below [28]:

o7y BTy 8 23T 3

Palpa 6T + Palpallj &xj - oxj [(/12 + U'T) 6x]-] ( )
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where;
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k2
Uy = pcu? (5)
C, =0.09,C; =144,C, =192,0, = 1.0,0, = 1.3,0; = 0.85 (6)
3. Results

3.1 Grid Independence Study

In grid independence study, the meshing of the BTMS geometry for all the designs which is the
Type 1, Type 2 and Type 3 inlet locations where both velocities for the inlet are set at 1 m/s and the
temperature at the inlet is 298 K were investigated (Table 5). The number of grids that will be used
for the meshing and simulation was chosen from the grid independence study. This is a crucial step
because the number of grids will determine both the overall computational cost and the accuracy of
the result. In this case, the accuracy of the Navier-Stokes equation solution depends heavily on the
guality of the grid, since the simulation’s result is influenced by the solutions performed at each grid
[13].

Table 5

Grid independence study

Inlet type Discharge rate . Inlet temperature Average battery Number of
(W/m3) Inlet velocity (m/s) (K) temperature (K) elements

1 5417 1 298 305.79 216865

1 5417 1 298 304.48 416865

1 5417 1 298 303.99 616865

1 5417 1 298 303.99 854884

1 5417 1 298 303.99 1000379

GRID INDEPENDENCE TEST

AVERAGE BATTERY
TEMPERATURE (K)

216865 416865 616865 854884 1000379
NUMBER OF ELEMENTS

Fig. 6. Grid independence test

From the grid independence study, the number of grids chosen is 216865, 416865, 616865,
854884 and 1000379. Referring to Figure 6, the grid independence test shows that the number of
elements 616865 starts to become constant. Hence, the number of elements chosen was 616865 for
the simulation. By choosing the lower number of grids, the simulation can be completed faster than
the higher number of grids, but with the higher number of grids, a more accurate average battery
temperature can be obtained [29].
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3.2 Cell Arrangement: 3x8 Arrangement

The effect of inlet velocity, discharge rate and inlet temperature on average battery temperature
and maximum battery temperature for 3x8 Arrangement 1, 2 and 3 is shown in Table 6 below. In 3x8
Arrangement 1, the difference in average battery temperature for inlet temperatures 278 K and 288
K'is 1.36 %. The difference in average battery temperature for inlet temperature 288 K and 298 K is
1.34%. The temperature values from the left side of the inlet increase towards the right side of the
outlet. The temperature distribution is constant along the length of each cell. Figure 7(a), (b), and (c)
below illustrate the effect of air inlet and outlet position on different planes using temperature
contours. In 3x8 Arrangement 2, the difference in average battery temperature for inlet
temperatures 278 K and 288 K is 0.14%. The difference in average battery temperature for inlet
temperature 288 Kand 298 K is 0.14%. The temperature values from the left side of the inlet increase
towards the right side of the outlet. The temperature distribution is constant along the length of each
cell. The effect of air inlet and outlet position on different plane is shown in Figure 7(d), (e) and (f),
below using temperature contours. In 3x8 Arrangement 2, the difference in average battery
temperature for inlet temperatures 278 K and 288 K is 0.15%. The difference in average battery
temperature for inlet temperature 288 K and 298 K is 0.13%. The temperature values from left side
of the inlet increase towards the right side of the outlet. The temperature distribution is constant
along the length of each cell. Figures 7(g), (h), and (i) below illustrate the impact of air inlet and outlet
placement on various plane, using temperature contours.

Table 6

3x8 arrangement type

Inlet Discharge rate Inlet velocity (m/s) Inlet temperature Average battery Max battery
Type (W/m3) (K) temperature (K) temperature (K)
1 5417 1 278 304.12 311.43

1 5417 1 288 308.31 314.00

1 5417 1 298 312.51 316.57

2 5417 1 278 320.96 321.97

2 5417 1 288 321.42 322.20

2 5417 1 298 321.87 322.43

3 5417 1 278 318.95 321.39

3 5417 1 288 319.86 321.69

3 5417 1 298 320.75 322.11
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Fig. 7. Temperature contour in 3x8 Arrangement, (a) Type 1 at Plane XY, Z=5mm, (b)
Type 1 at Plane XY, Z = 100mm, (c) Type 1 at Plane XY, Z=150mm, (d) Type 2 at Plane
XY, Z=5mm (e) Type 2 at Plane XY, Z = 100mm, (f) Type 2 at Plane XY, Z=150mm, (g)
Type 3 at Plane XY, Z=5mm (h) Type 3 at Plane XY, Z = 100mm, (i) Type 3 at Plane XY,
Z=150mm
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3.2 Cell Arrangement: Square Arrangement

The influence of inlet velocity, discharge rate, and inlet temperature on the mean battery
temperature as well as the peak battery temperature for the Square Arrangement is delineated in
Table 7 presented below. In the context of Square Arrangement 1, the variation in mean battery
temperature between inlet temperatures of 278 Kand 288 K is calculated to be 1.55%. Furthermore,
the difference in mean battery temperature between inlet temperatures of 288 K and 298 K is
determined to be 1.52%. The thermal values observed on the left side of the inlet exhibit an increase
towards the right side of the outlet. The thermal distribution remains uniform along the longitudinal
axis of each cell. The ramifications of the positioning of air inlets and outlets on various planes are
illustrated in Figure 8(a), (b), and (c) below, utilizing temperature contours. In Square Arrangement
2, the variation in mean battery temperature for inlet temperatures of 278 K and 288 K is found to
be 0.14%.

Table 7

Square arrangement type

Inlet Discharge rate Inlet velocity (m/s) Inlet temperature Average battery Max battery
type (W/m3) (K) temperature (K)  temperature (K)
1 5417 1 278 306.52 312.77

1 5417 1 288 311.34 315.51

1 5417 1 298 316.16 319.41

2 5417 1 278 320.96 312.97

2 5417 1 288 321.42 322.20

2 5417 1 298 321.87 322.43

3 5417 1 278 318.95 321.39

3 5417 1 288 319.86 321.69

3 5417 1 298 320.75 322.11

Additionally, the difference in mean battery temperature for inlet temperatures of 288 K and 298
Kis also 0.14%. The thermal values on the left side of the inlet again rise towards the right side of the
outlet. The temperature distribution maintains its constancy along the length of each cell. The
implications of air inlet and outlet positioning on distinct planes are depicted in Figure 8(d), (e), and
(f) below, employing temperature contours. In Square Arrangement 3, the difference in mean battery
temperature between inlet temperatures of 278 K and 288 K is noted to be 0.28%. Similarly, the
difference in mean battery temperature for inlet temperatures of 288 K and 298 K stands at 0.28%.
The thermal values from the left side of the inlet consistently increase towards the right side of the
outlet. The temperature distribution is uniform along the length of each cell. The influence of the
positioning of air inlets and outlets on various planes is depicted in Figure 8(g), (h), and (i) below,
utilizing temperature contours.
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Fig. 8. Temperature contour in Square Arrangement, (a) Type 1 at Plane
XY, Z=5mm , (b) Type 1 at Plane XY, Z = 100mm, (c) Type 1 at Plane XY,
Z=150mm, (d) Type 2 at Plane XY, Z=5mm (e) Type 2 at Plane XY, Z =
100mm, (f) Type 2 at Plane XY, Z=150mm, (g) Type 3 at Plane XY, Z=5mm
(h) Type 3 at Plane XY, Z=100mm, (i) Type 3 at Plane XY, Z=150mm
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3.2 Cell Arrangement: Staggered Arrangement

Table 8

Staggered Arrangement type

Inlet Discharge rate Inlet velocity (m/s) Inlet temperature Average battery Max battery
type (W/m3) (K) temperature (K) temperature (K)
1 5417 1 278 304.00 310.85

1 5417 1 288 308.22 313.55

1 5417 1 298 312.44 315.56

2 5417 1 278 314.61 321.77

2 5417 1 288 316.48 321.77

2 5417 1 298 318.34 322.21

3 5417 1 278 320.80 321.42

3 5417 1 288 321.29 321.76

3 5417 1 298 321.78 322.12

The influence of inlet velocity, discharge rate, and inlet temperature on both the average battery
temperature and the maximum battery temperature for the Staggered Arrangement is delineated in
Table 8 presented above. In Staggered Arrangement 1, the variation in average battery temperature
between inlet temperatures of 278 K and 288 K amounts to 1.34%. Similarly, the variation in average
battery temperature between inlet temperatures of 288 K and 298 K is also recorded as 1.34%. The
temperature values exhibit an increasing trend from the left side of the inlet toward the right side of
the outlet. Furthermore, the temperature distribution remains uniform along the entire length of
each cell. The impact of the positioning of air inlets and outlets across different planes is illustrated
in Figure 9(a), (b), and (c) below, utilizing temperature contours.

In Staggered Arrangement 2, the difference in average battery temperature between inlet
temperatures of 278 K and 288 K is quantified as 1.36%. The discrepancy in average battery
temperature between inlet temperatures of 288 K and 298 K is recorded as 1.34%. The temperature
values manifest an increasing trend from the left side of the inlet to the right side of the outlet. The
temperature distribution remains consistent throughout the length of each cell. The influence of the
spatial arrangement of air inlets and outlets across varying planes is depicted in Figure 9(d), (e), and
(f) below, employing temperature contours. In Staggered Arrangement 3, a measurement was
conducted to determine the difference in average battery temperature between inlet temperatures
of 278 K and 288 K, which resulted in a measurement of 0.15%. Additionally, another observation
was made for the difference in average battery temperature between inlet temperatures of 288 K
and 298 K, also measuring at 0.15%. The temperature values from the left side of the inlet
progressively increase towards the right side of the outlet. Additionally, the temperature distribution
is maintained uniformly along the length of each cell. The effect of the configuration of air inlets and
outlets on different planes is represented in Figure 9(g), (h), and (i) below through the use of
temperature contours.

;moeoooooo
T 9000
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(a)
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(8) (h)

K

(i)
Fig. 9. Temperature contour in Staggered Arrangement, (a) Type 1 at Plane XY, Z=5mm
, (b) Type 1 at Plane XY, Z =100mm, (c) Type 1 at Plane XY, Z=150mm, (d) Type 2 at Plane
XY, Z=5mm (e) Type 2 at Plane XY, Z = 100mm, (f) Type 2 at Plane XY, Z=150mm, (g) Type
3 at Plane XY, Z=5mm (h) Type 3 at Plane XY, Z=100mm, (i) Type 3 at Plane XY, Z=150mm

3.1 Average Battery Temperature
Figure 10 shows the average battery temperature for every battery arrangement in different Inlet
types. It can be observed that Inlet Position 1 has the lowest average battery temperature in

comparison to Position 2 and Position 3. Similarly, the Staggered Arrangement exhibits the lowest
average battery temperature when compared to the Square and 3x8 Arrangement. In Staggered

13
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Arrangement, it is evident that Type 1 has the lowest average battery temperature compared to Type
2 and Type 3.

Average Battery Temperature vs Inlet Position
325
320
315

310 Stagger

Square

3x8

305

300

AVERAGE BATTERY TEMPERATURE (K)

295 -

1 2 3 1 2 3

1 2 3
INLET POSITION
Fig. 10. Average battery temperature for every battery arrangement in different inlet types

The results obtained from the present analytical study on battery cylinder configurations yield
significant implications for the optimization of the design and operational efficacy of electric vehicles
(EVs). The investigation has effectively demonstrated that Staggered Arrangement Type 1 within the
staggered configurations achieves the most uniform thermal distribution among the cells. This is
crucial for ensuring balanced discharge rates and averting localized overheating or cold spots.
Additionally, these arrangements can be customized for varying discharge rates and airflow
velocities, allowing them to accommodate a wide range of operational conditions. The findings
highlight the potential of air-cooling systems in EVs, offering a simpler and less expensive alternative
to liquid-cooling while achieving comparable efficiency. Moreover, the insights derived can also
facilitate the advancement of modular battery architectures for future EVs, optimizing manufacturing
processes and enabling scalability across diverse vehicle categories. These refined designs not only
bolster energy efficiency and reliability but also contribute to the comprehensive sustainability of
electric vehicle technology and potential alliances between higher education and industry.

4. Conclusions

This study has successfully conducted the simulation to investigate the CFD analysis in battery
arrangement in EV using air cooling. The study focuses on the average battery temperature of the
battery after cooling.

CFD analysis of the battery cylinder in an electric vehicle has been conducted to analyse and
optimize the design of the battery thermal management system. A battery module containing 24
cells is arranged in 3x8, square and Staggered Arrangement. The effect of each arrangement on the
average and maximum temperature of the battery module at different velocity and discharge rates
are observed. It is crucial to maintain a consistent temperature both inside the battery module and
along the length of cells, in addition to keep the temperature within the allowed range. Based on the
study, the average temperature of the battery is the lowest for Staggered Arrangement compared to

14
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Square and 3x8 Arrangement. In Staggered Arrangement, it is evident that Type 1 has the lowest
average battery temperature compared to Type 2 and Type 3.
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