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Abstract

Electric Vehicles (EVs) have emerged as a viable and environmentally sustainable alternative to traditional internal com-
bustion vehicles by utilizing a clean energy source. The advancement and expansion of electric cars rely on the progress
of electrochemical batteries. The utilization of Lithium-Ion Batteries is widespread primarily because of its notable energy
density. Changes influence the performance of these batteries in temperature. The Thermal Management System of the battery
is one of the very important systems in EVs to improve the performance and life of the battery. The geometrical spacing of
the cell modules is considered identical for a more accurate comparison of temperature distribution. For better cooling and
heat dissipation, the battery pack’s two sides are kept entirely open to facilitate the inflow of air. In this work, active BTMS
solutions are selected and analyzed using the development of three-dimensional free, open-source OpenFOAM computational
fluid dynamics simulations for accurate thermal modeling and hotspot zones in cylindrical battery packs. The outcome of the
simulations is compared using parameters like temperature distribution in battery cells, battery modules, and heat generation.
Among all the cell temperature zones, the temperature maximum is near the sixth cell of the module depth. OpenFOAM
results validated with the existing literature’s experimental and Ansys results. Air cooling is utilized for cooling performance
because of its relatively simple structure and lightweight.

Keywords Li-ion battery - Electric vehicles - BTMS - Open Foam CFD - Temperature - Heat generation

List of sym bols L. Characteristics length (m)
Bi Biot number (-)
Qjoule Joule heating (joules per second) Teen Instantaneous cell temperature (°C)
Qentropic Entropic heating (joules per second) Ky Thermal conductivity, W/mK
v Cell potential (Volt) C Discharge rate
Vo Open circuit potential (Volt) Cp,b Specific heat (J/kg K)
R The internal resistance of battery cell (£2) L Length (mm)
1 Current (Amp) Pb Density (kg/m3)
h Convective heat transfer coefficient (W/m2K) D Diameter (mm)
t Time (s)
&3 Din Bandhu i w Vertical length (mm)
din.bandhu@manipal.edu L Horizontal length (mm)
1 Department of Electrical and Electronics Engineering, Ag Area of a single battery cell (m2)
Manipal Institute of Technology Bengaluru, Manipal Qgen Heat generation in a cell (J/s)
Academy of Higher Education, Manipal 576104, India Vi Volume of a single battery cell (m3)

Department of Electrical Engineering, Malaviya National m Mass of a cell (kg)
Institute of Technology, Jaipur 302017, India

Department of Mechanical and Industrial Engineering,
Manipal Institute of Technology Bengaluru, Manipal L.
Academy of Higher Education, Manipal 576104, India Abbreviations

Department of Civil Engineering, Institute of Aeronautical
Engineering, Hyderabad, Telangana 500043, India BP Battery pack

Published online: 26 April 2024 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12008-024-01798-y&domain=pdf
http://orcid.org/0000-0001-9163-353X

International Journal on Interactive Design and Manufacturing (1JIDeM)

EV Electric vehicle
HEVs Hybrid electric vehicles

PHEVs Plug-in hybrid electric vehicle

PCM Phase-change material

Li-ion Lithium ion

UDF User defined function

SOC State of charge

CFD Computational fluid dynamics
BTMS Battery thermal management system

OpenFOAM Open field operation and manipulation

1 Introduction

The worldwide shift towards sustainable transportation solu-
tions has catalyzed the exponential expansion of EVs as
a viable substitute for conventional internal combustion
engine automobiles. Nevertheless, with the ongoing accel-
eration in the adoption of EVs, there has been a shift
in attention towards the need to guarantee the long-term
sustainability of EV operations on a global scale. Cur-
rently, the advancement of EVs stands as the most auspi-
cious resolution. The prevalence of LIB in contemporary
EVs may be attributed to its notable attributes, includ-
ing high energy density, efficiency, and longevity [1-3].
Consequently, the performance of these batteries plays an
important role in determining the range, fuel efficiency, and
power capabilities of EVs. Nevertheless, the quick charg-
ing and discharging of a battery can result in significant
heat generation, hence posing a potential hazard of bat-
tery overheating and combustion, affecting on insulation
strength of the battery as well as the neighboring cabling
network, and even explosion if the dissipation of the cre-
ated heat is not promptly addressed. The recommended
operational temperature range for a single battery is docu-
mented to be between 25 and 40°C [4, 5]. Additionally, it
is advised to maintain the most temperature difference of
5 °C between the individual cells inside the battery module.
The detrimental impact on battery performance and lifespan
might be attributed to immoderate battery temperature or an
unbalanced temperature distribution inside the battery pack
module.

Currently, a significant issue arising from the elevated
temperatures of LIB is the occurrence of thermal runaway.
Thermal runaway is a phenomenon characterized by an
accelerated increase in temperature, leading to detrimental
outcomes such as fast temperature escalation, gas production,
and potentially even battery detonation. This phenomenon
exerts a detrimental impact on both the safety of cars and the
well-being of passengers. The BTMS of the battery is one of
the very important components in an electric vehicle, intend-
ing to improve the battery’s performance and life. BTMS
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should ensure features such as good performance, simplic-
ity, less weight, low cost, low use of parasitic power and fast
packaging, no harmful gas emissions, and easy maintenance.
There are different battery cooling methods and solutions
used in BTMS shown clearly in Fig. 1.

The Active BTMS has been considered for the cooling
performance of the battery pack, an air cooling system uses
natural air or fans to direct airflow to cool. Air is straightfor-
wardly available for cooling purposes and it is broadly used
in many industries because of its relatively simple structure,
low cost, being the most straightforward, safe, and reliable
in its operation; ease of maintenance and implementation,
and its lightweight. In the liquid direct cooling system, the
battery is submerged directly into the coolant, with direct
liquid contact with cells to maximize the heat absorptions,
it’s have highest heat capacity but needs a design that can
prevent leakage and spill. The weight of the BTMS is also
more as compared to active BTMS. Requires coolant to be
low to no conductivity to maintain vehicle safety increasing
R&D efforts across industries [6—8]. In the liquid indirect
cooling system, the cell is in contact with a sink through
which liquid flows to absorb heat. Even if it has better
heat capacity, direct contact with the portion of the cell
does not allow uniform heat dissipation. Coolant circulates
through a system of pipes, similar to the cooling system
found in current IC engines. Requires high heat capacity
coolants with corrosion inhibitors. In Phase Change Mate-
rials (PCM) cooling system is effective in cooling function
but requires large volume space. Phase change composites
are being commercialized across material handling, energy
storage, and transportation. The benefits and drawbacks of
the proposed works of literature [9—-12] BTMS solutions are
thoroughly examined, as well as the adaptability of these
systems.

In literature [13], notable work has been done on battery
thermal distribution where it has been mentioned that the
middle of the second row has the maximum temperature.
Some researchers reported that the maximum temperature is
observed nearest to the positive terminal [14] while others
reported that it appears in the electrode region [15]. Consid-
ering all these factors and applying the highly thin meshing
to electrode regions because of its faces the more current
carrying zones so heat will be more. The cell-wise aver-
age temperature was also considered at 500 s to predict
the highest heating zones of cells, a nodal and elemen-
tal average of the case has been performed to reduce the
errors and considered the triangular type meshing. The most
heat-facing cells in the battery modules are identified near
to last row of the middle cell. The purpose of this paper
is to critically evaluate previous studies and research on
the types, and designs, showing the simulated generation
of heat and the distribution of temperature throughout the
battery pack module and operating principles of BTMSs
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Fig.1 Types of BTMS and its solutions

used in the building of cylindrical-shaped LIBs by using
free software Open FOAM CFD which is freely available
online, with a focus on cooling methods. Also analyzed
are the thermal runaway behavior and the resulting regimes
in cylindrical battery pack modules, as well as the battery
flow field. Experimental and Ansys data from the avail-
able literature [13, 14] were used to verify the open FOAM
results.

The rest of this study is organized as follows: Sect. 2 dis-
cusses Materials and Methods introducing the battery pack
thermal management system. It further discusses the bat-
tery thermal modeling and numerical approach. Section 3
discusses the results and discussions in detail and Sect. 4
presents the conclusion of the research.

2 Material and methods
2.1 Design procedure

The performance of a battery system is influenced by vari-
ous factors, including temperature, time, state of charge, and
condition of health. These factors have a direct impact on
the generation of electricity, electrochemical reactions, and
heat transfer inside the battery system. However, it is impor-
tant to note that these effects mostly impact the battery when
subjected to high discharge rates, generally above 1 °C. Con-
sequently, they have the potential to generate non-uniform
temperature distributions within the battery, ultimately lead-
ing to a decrease in its overall lifespan [15, 16]. It is currently
inevitable to encounter temperature variations within the bat-
tery cell when subjected to high discharge rates [17, 18].
There are varying findings among researchers on the loca-
tion of the maximum temperature. Some studies indicate
that it is recorded close to the positive terminal [19-21], but
others suggest that it is found in the electrode region [22].
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Furthermore, subjecting a Li-ion cell to a rapid decrease in
temperature can negatively impact the temperature differen-
tials [23]. Currently, researchers are engaged in efforts to
address the issue of geographical variability in temperature
increases intending to optimize cell operation. The battery
cells possess a possible susceptibility to thermal runaway.
Thermal runaway is a phenomenon that typically arises in
the context of an exothermic reaction, specifically during the
charging or discharging phase [24]. This occurrence is com-
monly observed when a short circuit condition is present
[25]. The aforementioned circumstance can induce a sub-
stantial increase in temperature within the cell, reaching a
maximum of 500 °C [26]. Consequently, this thermal escala-
tion poses a risk of detrimental effects on both the individual
cell and the overall functionality of the battery pack. The
latest advancements in cell technology have resulted in a
decrease in elevated temperatures. However, despite these
improvements, there remains a possible concern regarding
thermal runaway, which can be attributed to the quick charg-
ing process and repeated working cycles [27-30]. The steps
involved in CFD analysis have been depicted in Fig. 2.
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The heat-generating characteristics of the batteries and the
thermal storage/distribution properties are the two most cru-
cial factors to consider when designing a TMS for lithium-ion
battery packs. The PVC film, the steel shell, and the battery
core make up the three components of the battery model.
The battery core is an anisotropic material, whereas the PVC
film and steel shell are isotropic materials in terms of thermal
conductivity [31, 32]. This study considered the cylindrical
cell battery pack, examined the transient thermal behavior of
cylindrical Li-ion battery modules when cooled by forced air,
and accounted for the heat exchange between the individual
cells. When designing the BTMS for a high-discharge-rate,
air-cooled battery pack, it is crucial to have a firm grasp on
such design considerations as the transient thermal response,
the evolution of flow fields and temperature regimes, the exis-
tence of temperature inhomogeneities between individual
cells, and the positioning of hotspots. For comparison with
OpenFOAM CFD results, the maximum cell-to-cell temper-
ature non-uniformity in the examined BTMS [13] is limited
to 0.11 C and the battery temperature is less than 29 C despite
the high discharge rate and decreased cooling airflow condi-
tion. The boundary conditions in this study are as follows: A



International Journal on Interactive Design and Manufacturing (1JIDeM)

Air Inlet

—)
—
=
—
_’\

(@)

Fig. 3 Battery pack dimensions: a Battery cells indices b Battery module under consideration

steady forced flow with a certain temperature at the inlet and
free flow at the outlet. For optimal heat dissipation, the battery
module is completely permeable on both the inflow and the
outflow sides of the airflow direction. More space between
cells is thought to improve cooling airflow and facilitate the
venting of battery-generated gases [13, 33]. Nine cylindri-
cal Li-ion cells, whose dimensions were obtained from the
literature for comparison [9], make up the battery module.
Each cell’s neighboring distance, measured in both horizon-
tal (L) and vertical (W) dimensions, is 3R and the battery
module maintains a constant 10R in both width and depth.
The dimensions can be seen from Fig. 3a cylindrical battery
pack module and Fig. 3b battery cell indices are under con-
sideration for building the simulation setup in OpenFOAM
software. The airflow direction considered in this module is
from left to right in the X-plan.

Table 1 details the Li-ion cell’s thermophysical and chem-
ical characteristics used for creating the case file of the
simulation. Material in the battery pack is assumed to be
isotropic, and the cells are treated as a single entity with con-
stant thermal conductivity and specific heat [9, 34].

The mesh system was generated in the free OpenFOAMm
CFD software. A three-dimensional finite element model
of the battery pack module was modeled in OpenFOAM
CFD using a variety of mesh sizes, including coarse, fine
meshes and extra fine meshes of cylindrical batteries shown

Table 1 Battery model parameters

Item Specification

Cell type Cylindrical type

Number of cells 9

Current capacity 3.6 Ah

Thermal conductivity (Kp) 1.0 (radial direction) W/mK
Specific heat (Cpp) 837.4 J/kg K

Mass of cell 0.3 kg

Diameter (D) 42.4 mm

Density (pp) 2007.7 kg/m?

Length (L) 97.7 mm

in Fig. 4. The fine meshes considered for accurate simula-
tion and fewer errors and extra fine meshes applied at the
electrodes for accurate evaluation of temperature distribu-
tion. To test grid sensitivity, the battery module was modeled
with several mesh sizes (mesh 1: 211,704 cells and 46,958
nodes, mesh 2: 1,453,695 cells and 287,013 nodes, mesh 3:
881,976 cells and 170,831 nodes) in Fig. 4.

Figure 5 depicts the computational mesh findings. After
improving the mesh, it is possible to show that the solutions
are grid-independent. To prevent the long computing time
and solution instability, mesh 1 (211,704 cells and 46,958
nodes) was used.
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2.2 Battery thermal modelling and numerical
approach

The cooling of batteries exhibits a direct relationship with the
amount of heat produced inside. Consequently, it is imper-
ative to ascertain the sources of heat generation. Bernardi
et al. employed a thermodynamic energy balance approach
to derive a mathematical expression for the amount of heat
produced within a battery. The author examines four dis-
tinct processes that impact this equilibrium [35]. There are
two primary sources of energy within a battery: electrical
power generation and reversible processes accompanied by
entropic heating. The third stage involves the generation of
heat resulting from the mixing process, which occurs due to
the changing concentration of the batteries as the reaction
progresses. The final stage in the energy balance pertains
to the dissipation of heat resulting from the phase transi-
tions of the materials. In this statement, the effects of heat
of mixing and phase change are disregarded. The initial
term in Eqgs. (1-2) signifies the combined effects of over-
potentials occurring during charge transfer at the contact
and ohmic losses. The second term represents the reversible
entropic heat generated by the process in Eq. (3) [34-40].
Both the irreversible effect of joule heating (qjoule) from the
source resistance and the reversible effect of entropic change
(Qentropic) are associated with the concept of heat generation
(qgen) in Li-ion batteries given by Eq. (1) [13, 16, 41].

Qgen + Yentropic + Gjoule ()

The cell’s source resistance and the related electrochemi-
cal reactions are responsible for the creation of joule heating,
also known as a gradient potential, which is always inter-
preted as a positive quantity [17, 42]. The entropy of the
process is what causes heat while charging and discharging.
Depending on whether endothermic or exothermic events
occur, it might have a positive or negative value. It is possi-
ble to calculate the amount of heat produced by joule heating
using below Eq. (2):

joute = 1(® — doc) = °R )

Here I is the current during the charging or discharging
process, ¢ and ¢, are cell potentials and open circuit poten-
tial, respectively. The source resistance (R) depends on the
cell temperature (Tcep) [9, 13, 43] and can be expressed by
Eq. (3).

R = —0.0001.T3,; + 0.0134.T2,,
+0.5345. Teen + 12.407 (m”) ?3)

Here R is the resistance substituted milli ohms and cell
temperature is in °C. The entropic heat generation is calcu-
lated by Eq. (4).

Gentropic = _ITCL’H% (4)

Here Ty is the temperature of the cell. User-defined
function (UDF) OpenFOAM coded function object is writ-
ten based on Egs. (1)-(4) for cylindrical battery pack cell
heat generation. The numerical technique and validation uti-
lize a simplified model of battery heat generation. Constant
values for thermal conductivity and other physical proper-
ties can be employed in this case, as the selected battery
material exhibits isotropy. The aforementioned equation is
employed under the assumption that the temperature within
the cellular environment remains constant. Hence, the utiliza-
tion of a lumped capacitance model is necessary to ensure
precise application of the equation. The Biot number (Bi)
is employed in the field of heat transfer theory to evaluate
the validity of this assumption. The dimensionless number
denoted in this context represents the ratio between internal
heat transfer and exterior heat transfer concerning internal
conduction, as defined by Eq. (5) [14, 44].

hL,
kp

Bi =

&)

Here h is the convective heat transfer related to the cooling
medium (air), ky, represents the thermal conductivity of the
battery material, and L. represents the characteristics length
that was derived by Eq. (6).

Vi
Lc=— 6
c A (6)

The abbreviations “Vb” and “As” represent the volume
and area, respectively, of an individual battery cell. The upper
and lower surfaces of the battery cell are excluded from
the calculation of the overall surface area. The OpenFOAM
computational fluid dynamics (CFD) software is employed
to generate and mesh a three-dimensional (3D) represen-
tation of a battery module. The software possesses several
applications and can effectively address a diverse range of
difficulties, encompassing intricate fluid dynamics involving
chemical processes, turbulence, and heat transport, alongside
challenges in acoustics, solid mechanics, and electromagnet-
ics.

The increase in the interior temperature of the battery is a
consequence of the governing equations that are required
to uphold energy balance. Consequently, the temperature
of the battery can be controlled by modulating the pace at
which thermal energy is dissipated into the surrounding envi-
ronment. The rate at which the temperature of the battery

@ Springer
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increases will be reduced if a greater amount of heat is dis-
sipated. Hence, it is imperative to accurately formulate the
energy balance equation, encompassing heat generation and
heat transmission, while considering suitable boundary con-
ditions, to predict the temperature of a battery. The following
equation represents the energy balance equation that charac-
terizes the thermal distribution within the battery. During the
process of battery discharge, the computational domain is
analyzed by solving three-dimensional governing equations
that account for mass, momentum, and energy conserva-
tion. The governing equation for the scenario involving a
solid domain, where heat conduction is the only heat trans-
fer mechanism within the cell volume and there is no heat
generation, can be expressed as Eq. (7) [9, 15].

T 2T 92T 92T
06Cp. b o =k W+8_y2+3_z2 + dgen @)

The equation Eq. 7 represents the cellular heat produc-
tion (qgen). The parameters representing the density, specific
heat, and thermal conductivity of battery material are con-
ventionally designated as b, Cp,b, and kf, respectively. The
simulation of conjugate heat transfer involves the coupling of
the fluid domain, which represents the airflow, with the solid
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domain, which accounts for heat conduction and internal vol-
umetric heat generation. A convective boundary condition is
frequently employed to simulate the heat exchanger within
the BTMS while modeling the system. The velocity intake
is assigned to the left side of the battery domain, while the
exit is treated as a pressure outlet. In order to regulate tem-
perature, we utilize ambient air at a temperature of 22 °C. In
the computational fluid dynamics (CFD) model of the bat-
tery pack, the air was represented as a fluid zone, while the
battery was represented as a solid zone. The term “coupled
wall condition” pertains to the battery surfaces that separate
the air zone. The slip boundary requirement does not apply to
the limits of the battery. The experimental and commercial
software results were validated by employing a sensitivity
analysis of the mesh using the numerical free open-source
OpenFOAM CFD model.

3 Results and discussion

The present study employs OpenFOAM computational fluid
dynamics (CFD) software to conduct numerical simulations
aimed at investigating the battery drain scenario under the
rated current. The establishment of the flow field within the
battery module is predicated upon the heat output generated
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Fig. 7 Distribution of air and battery cell temperatures at T = 22 °C to 28 °C

by each cell among all the nine cells. The module for tran-
sient thermal response provides computational findings that
comprise the internal flow field and temperature distribu-
tion of the battery module. The generation of heat energy
by battery cells can be measured using Eq. (1). During the
preliminary phase of the method, the battery cells are kept
at a temperature of roughly 22 °C, which nearly aligns with
the ambient atmospheric temperature. Figure 6a—d depicts
the simulated airflow temperature variation shown in vector
representation and surface temperature of the battery, as well
as the surrounding air temperatures. Based on the observa-
tion depicted in Fig. 6a, it is evident that the temperature and
air content of the battery pack exhibit a low value in the ini-
tial row at t = 100 S. With sliced views, Fig. 6b depicts the
temperature variation of battery cells and air temperature at
time t = 50. Figure 6c¢ displays the temperature of both the
air and battery cells at t = 500 s, specifically at the midpoint
of the battery pack. Figure 6d illustrates a small decrease in
the temperature of cells and air temperature at the uppermost
region of the battery.

Figure 7a—d displays the temperature profiles of the air
employed in the cooling process of the cylindrical battery
module at a specific time of t = 500 s. The air velocity is set
at 0.1 m/s, and the initial temperature of the air, denoted as
Tcell, is 22 °C. Figure 7a illustrates the top view of the bat-
tery pack, with the air temperature variations depicted. The
battery cell temperature is not presented to provide a clearer
representation of the air temperature variations. Figure 7b
displays the vertical perspective of air temperature variations
in the battery pack. Figure 7c—d presents the vector view and
pipeline view of air temperature variation, providing a more
comprehensive analysis of the changes in air temperature
for enhanced observation. The battery module additionally
utilizes ambient air at equivalent temperatures to facilitate
efficient operation. The thermal output generated by the mod-
ule can impact the operational efficiency of the battery.

Figure 8a—f displays the release of heat by cells, where
the temperature rises from T = 22 °C to 28 °C at t =
50 s to 500 s. By utilizing the three-dimensional temperature
contours depicted in Figs. 7a—f, one can observe the com-
prehensive temperature ranges and flow patterns within the
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module at a specific time point of t = 50 s. The cell’s output
of heat is relatively low during this time. Subsequently, at t
=100 to 300 s, the heat generation gradually increases. The
range of cell colors and the elevated temperatures around the
cells show that the heat generation finally reaches a high level
at t =400 to 500 s. The temperature distribution in the cells
of the first row is marginally lower compared to the cells in
the subsequent two rows due to their direct exposure to the
input of cool air. The removal of waste heat from the bat-
tery module is facilitated by the circulation of cooling air at
a reduced supply temperature. The thermal behavior of the
battery is primarily influenced by the configuration of the
battery cells, the spacing between neighboring cells, and the
presence and temperature of cooling fluids.

Figure 9 illustrates the utilization of three-dimensional
temperature contours to visually represent the whole range
of temperature regimes and flow fields within the module.

The module exhibits evident hotspots and temperature
fluctuations. The presence of isolated hotspots undermines
the dependability of the battery. In Fig. 9a—d four planes were
selected at different heights (h = 25 mm, 5 mm, 75 mm, and
90 mm) in order to investigate localized heat spots. The eval-
uation was conducted at a discharge time of 500 s with supply
air conditions of 22 °C and a velocity of 0.1 m/s. The absence
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of any discernible change in air temperature is evident until it
reaches the initial row of battery cells. Moreover, it has been
shown that the areas adjacent to the module’s two lateral
walls remain unaffected by the dissipation of heat generated
by the cells.

The phrase “local heat spots” is employed to character-
ize regions when the ambient air temperature is anomalously
elevated. Figure 9 displays the temperature contours of the
cooling media (air) within the cylindrical battery module.
Within the module, there exist localized hotspots situated
behind the cells. The acquisition of such data can be facili-
tated through the implementation of a quantitative evaluation
of ambient air temperature within the battery module. Signifi-
cant temperature variations exist between the regions located
behind the cells in the second and first rows. The temperature
gradient exhibits variation in relation to the depth of the mod-
ule, with the most pronounced inclination observed towards
the base surface of the module. The detection of modula-
tor air temperature variations allows for the identification of
the specific locations where heat is being transferred, specif-
ically from the surface of the battery to the cooling media.
The investigation also encompassed the examination of tem-
perature regimes formed across the breadth of the module
in the transverse direction. The architecture of the BTMS
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Fig. 11 Temperature distribution
of each cell of the battery module - Cel1
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is significantly dependent on the external flow that traverses
the battery cell. Through the process of convection, cells can
dissipate surplus heat into their immediate environment.
Figure 10a-b depicts a three-dimensional representation
of the cylindrical battery module’s air and temperature.
Figure 10c presents the cross-sectional depiction of the bat-
tery pack, wherein the lack of a battery is observed and the
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temperature of the surrounding air is measured. The temper-
ature of the air’s surface is observed to be increasing at a
greater rate than that of the pack’s surface.

Figure 10d illustrates the flow field, wherein the air tem-
perature reaches its maximum value between the rows and in
proximity to the curvature of the cells. The no-slip boundary
condition postulates that the velocity of the air at the surface
of the battery is zero. The airflow surrounding the battery
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cell undergoes a division at the moment of separation. The
resultant boundary layer fully encompasses the cell. When
the velocity of air decreases to zero at the stagnation point,
there is an associated increase in pressure in that region. An
increase in air velocity leads to a reduction in pressure in the
direction of airflow. The air velocities exhibit their maximum
magnitudes precisely at the locations of cellular gaps. A sep-
aration zone is created in the wake of the battery cell when
air passes over it and becomes detached from the surface.
This detachment occurs in the boundary layer that envelops
the cell. The investigation revealed that the occurrence of air
recirculation and backflows within the isolation zones exhib-
ited variations corresponding to the depth of the module. The
analysis focuses on the examination of airflow patterns within
a battery module under specific conditions, namely at a tem-
perature of 22 °C and a supply air velocity of 0.1 m/s. The
duration of the discharge is 500 s. The cells located closer to
the exit exhibit a somewhat higher temperature compared to
their respective preceding cells.

Figure 11 shows the graphical representation of each cell
temperature with different periods. At t = 500 s the more
variation among all the cells. In all the cells, the cells in row
1, namely those indexed 1, 4, and 7, exhibit a high degree of
efficiency in dissipating heat into the surrounding colder air.

Cells located in row 2, specifically those with indices 2,
5, and &, can collect heat in the direction of their flow and
subsequently release it to the surrounding warmer air. Cells
located in row 3, specifically those with indices 3, 6, and 9,
exhibit the highest air temperature and serve as the primary
hot spot among all the cells. Cell 6 exhibits the highest level of
thermal energy. By employing the volume-weighted average
temperature, it is possible to visually represent the temporal
dynamics of the thermal response of the cell. The battery
module as a whole is evaluated under ambient conditions,
characterized by a moderate flow rate (v = 0.1 m/s) and a
temperature of 22 °C. Figure 12 illustrates the individual
response of each cell within the battery module, including
the transfer of heat between cells. Among all the cells, it
is observed that cell 6 experiences a higher level of heat
dissipation.

4 Conclusions

The increasing demand for electric and hybrid electric vehi-
cles necessitates the development of more efficient battery
heat management systems to meet the expectations of EV
and HEV consumers. This study employs the OpenFOAM
CFD program, which is freely available and open-source, to
construct a three-dimensional representation of a cylindri-
cal cell battery pack. Through simulation, we investigate the
battery pack’s thermal runaway characteristics and examine
its flow patterns and heat distributions. The thermal model

incorporating a user-defined function (UDF) is employed to
compute the thermal energy generated by the battery. The
present study aims to validate the results obtained from Open-
FOAM simulations by comparing them with experimental
data and results obtained from Ansys simulations as reported
in the existing literature. The literature demonstrates that the
temperature profile of cell 5 is higher. Research findings have
demonstrated that the air temperature profiles within cell 6
exhibit the highest recorded values. The characteristics of
cylindrical battery packs differ based on the flow direction
as well as the position inside the pack’s breadth and depth.
As the temperature decreases, the proximity of a module to a
cooling air source increases. The cells in the third row of the
module exhibit higher temperatures compared to the remain-
ing cells. The air temperature exhibits variations along the
direction of flow as well as across the breadth and depth
of the module. Observations of transverse temperature gra-
dients in the atmosphere have been made. The presence of
localized areas of increased heat is verified when the temper-
ature exceeds the prescribed cooling threshold (22 °C) and
reaches a local peak temperature (28.1 °C) at time t = 500 s.
The highest local temperatures are primarily located at the
geometric center of the last row of the module. The battery
module exhibits typical flow characteristics. The battery is
composed of multiple layers that exhibit variable levels of
flow separation. The temperatures of battery cells undergo
variations when they transition from one position to another
within the battery module.
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