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Abstract

This study investigates the thermal behavior of three
lithium-ion battery configurations under thermal run-
away conditions, focusing on cooling systems based on
air, water, and phase change materials (PCM). The
analysis was conducted using sixteen cylindrical 18650
cells, each with a capacity of 2.15 Ah. The battery
arrangements include Geometry 1, characterized by
an irregular rhomboid shape, and Geometry 2, which
adopts an irregular octagonal shape. Numerical simu-
lations were carried out using Computational Fluid
Dynamics (CFD) tools in ANSYS Fluent, employing
a thermal abuse model rooted in a multidimensional,
multiscale approach, and incorporating the empirical
Newman-Tiedemann-Gauthier-Kim (NTGK) model.
Transient simulations were performed under forced
and natural convection scenarios to capture dynamic
thermal behavior. The findings reveal that natural air
cooling fails to prevent thermal runaway under the
studied conditions. In contrast, water and PCM-based
cooling systems effectively mitigate thermal runaway
risks. Furthermore, forced convection with air and wa-
ter significantly enhances thermal management and
successfully prevents thermal runaway.

Keywords: Thermal abuse, ANSYS, cooling, NTGK,
thermal runaway

Resumen

En este estudio se evaliia el comportamiento térmico
ante condiciones de fuga térmica de tres arreglos de
celdas de iones de litio con distintos sistemas de en-
friamiento: aire, agua y material de cambio de fase
(PCM). Se utilizaron 16 celdas cilindricas de tipo
18650 con una capacidad de 2.15 Ah. La geometria 1
tiene una forma de rombo irregular, mientras que las
geometrias 2 y 3 tienen una forma de un octagono
irregular. Se implementaron simulaciones numéricas
CFD empleando el software ANSYS Fluent mediante
la aplicaciéon del modelo de abuso térmico basado en
un enfoque multidimensional multiescala y el modelo
empirico NTGK. Se ejecutaron simulaciones tran-
sientes considerando conveccion forzada y natural.
Los resultados muestran que, para las condiciones
dadas en el estudio, el enfriamiento natural por aire
no previene la fuga térmica, mientras que el agua
y PCM si la previenen, al igual que la convecciéon
forzada con aire y agua.

Palabras clave: abuso térmico, ANSYS, enfri-
amiento, NTGK, fuga térmica
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1. Introduction

Lithium-ion batteries (LIBs) are essential components
in a wide array of applications, including portable
electronic devices, electric vehicles, smartphones, and
medical equipment. Despite their widespread use, these
batteries face critical challenges, particularly the need
to prevent operation at elevated temperatures. Exces-
sive heat can trigger thermal runaway, an uncontrolled
exothermic reaction that poses serious risks, includ-
ing fires that threaten human safety and compromise
device integrity [1].

Lithium-ion batteries (LIBs) have emerged as a re-
liable energy source, renowned for their high efficiency,
energy density, and relatively long lifespan [2]. A typi-
cal LIB cell comprises a negative electrode (graphite
anode), a positive electrode (lithium metal oxide cath-
ode), a separator, and an electrolyte. The separator is
positioned between the electrodes to prevent electrical
contact while permitting the passage of ions. The elec-
trolyte facilitates ionic conduction within the cell [3].
The charge and discharge cycles of LIBs are defined
by the transfer of lithium ions and electrons, a process
known as ionization and oxidation [4].

The operation of LIBs is highly temperature-
sensitive, with optimal and safe performance typically
achieved within the range of 15 °C to 35 °C [5]. Dur-
ing cycling and usage, a material layer known as the
solid electrolyte interface (SEI) forms on the surface
of the electrodes. This layer begins to decompose at
approximately 100 °C. Additionally, the separator ma-
terial melts and shrinks at 143 °C. At temperatures
exceeding 150 °C, thermal runaway, a hazardous and
uncontrolled exothermic reaction, can occur [6-9].

Since their invention, lithium-ion batteries have un-
dergone significant advancements in safety. However,
the risk of fire and explosion persists due to the po-
tential for thermal runaway. Thermal runaway occurs
when the temperature within the battery rises exponen-
tially, surpassing the system’s ability to dissipate heat
into the environment effectively. This excessive heat is
generated by the exothermic chemical decomposition
of materials within the cells [10].

Various cooling systems have been developed to
ensure the battery operates within an appropriate tem-
perature range. These systems are typically classified
based on the cooling medium used, which may include
air, liquid, or phase change material (PCM) [11,12].

Air cooling systems can be classified into two
types: natural air cooling and forced air cooling (using
fans) [13,14].

Liquid cooling systems for batteries can be classi-
fied as either direct or indirect. Direct cooling involves
direct contact between the coolant and the battery
cells. In contrast, indirect cooling entails immersing
battery packs in an insulating coolant, such as mineral
or silicone oils, which are chemically inert and do not

react with the materials on the cell surfaces [13].

Phase change material (PCM) cooling systems
utilize substances that absorb or release substantial
amounts of thermal energy during phase transitions,
enabling heating or cooling as needed [15].

Numerous studies have investigated air, water, and
PCM cooling systems to mitigate the risk of thermal
runaway. For instance, Ouyang et al. [16] conducted
experiments using one hundred 18650-type lithium-ion
batteries and demonstrated that incorporating a 4 mm-
thick layer of aerogel effectively reduces the maximum
temperature of the batteries.

Zhou et al. [17] investigated a battery thermal man-
agement system (BTMS) incorporating heat pipes and
phase change liquids to regulate temperature and pre-
vent thermal propagation. Their results demonstrated
that the system effectively mitigates overheating and
thermal runaway, maintaining the battery temperature
below 185 °C and limiting the temperature variation
to less than 2.1 °C, even under high discharge rate
conditions.

Alghamdi et al. [18] conducted an experimental
study on various thermal management systems for
LIBs in electric vehicles, focusing on the application
of PCM. The findings revealed that using PCM alone
results in an average temperature of 85 °C, exceeding
the safe operational range. However, the incorpora-
tion of a thermoelectric module and aluminum fins
significantly reduced the average temperature to 48
°C, enhancing the system’s safety.

Wu et al. [19] developed a battery thermal manage-
ment system (BTMS) for electric and hybrid vehicles,
utilizing phase change materials (PCM) in combination
with heat pipes. Experimental results indicated that
the incorporation of heat pipes significantly improves
temperature distribution under high discharge rates,
maintaining the maximum temperature below 50 °C
and achieving more stable thermal fluctuations during
cyclic operation. Furthermore, the study demonstrated
that a slight increase in airspeed further reduces cell
temperatures, attributed to the PCM’s phase transi-
tion process.

Liu et al. [20] conducted simulations to analyze ther-
mal runaway behaviors in a pack of twelve prismatic
LIBs and evaluated three thermal safety measures to
mitigate internal short circuits. The study proposed
using paraffin-based PCM to delay thermal runaway
propagation between the batteries. Furthermore, the
authors demonstrated that incorporating insulation
into the PCM could further extend this delay. Addi-
tionally, a novel thermal protection method utilizing
immersion cooling with boiling fluorinated liquid was
introduced.

Li et al. [21] developed a numerical thermal abuse
model using a Computational Fluid Dynamics (CFD)
approach to investigate thermal propagation in lithium-
ion battery packs. The model revealed that the spacing
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between cells facilitates accelerated heat transfer; how-
ever, this design compromises energy density.

Numerous studies have focused on simulating the
electrochemical-thermal coupling of batteries, a com-
plex problem within the multiscale and multiphysics
domain. To address this challenge, the multidimen-
sional multiscale (MSMD) method has been employed
and implemented in ANSYS Fluent. This approach
solves equations at various scales and across multi-
ple domains [22], enabling the simulation of battery
packs with electrically connected cells [23]. Further-
more, the MSMD method can model thermal runaway
in batteries under thermal abuse and short-circuit con-
ditions [24]. Paccha-Herrera et al. [25] further advanced
this approach by integrating the empirical NTGK
model, which facilitates the calculation of thermal and
electrical properties, thereby enhancing the assessment
of the thermal performance of LIBs.

This study aims to analyze strategies for prevent-
ing thermal runaway by evaluating various cooling
methods and geometric arrangements of cell models.
The primary motivation is to mitigate the risk of ther-
mal runaway in lithium-ion batteries when operating
outside the prescribed temperature range, thereby re-
ducing the likelihood of fires or explosions.

This study presents proposed solutions for prevent-

ing thermal runaway in lithium-ion batteries through
the implementation of advanced cooling systems, using
CFD-based analysis and simulation. Various geometric
configurations of battery cells and cooling strategies
are explored to enhance safety and efficiency. These
findings aim to contribute to the development of safer
and more reliable lithium-ion battery systems.

2. Materials and methods

This study employs three distinct geometric arrange-
ments of battery cells with different cooling systems.
Numerical simulations are conducted using the ANSYS
STUDENT 2024 R1 software package, leveraging Com-
putational Fluid Dynamics (CFD) models for detailed
analysis.

Figure 1 provides a schematic representation of
the methodology employed in this study to evaluate
cooling strategies for preventing thermal runaway. The
process begins with the selection of the battery cell
and cooling systems. Next, geometries and meshing
are developed. Subsequently, appropriate CFD models
are chosen, and materials, initial and boundary con-
ditions, and the numerical solver are configured. The
procedure concludes with a comprehensive analysis of
the simulation results.

Outline of the methodology

‘l : ‘ Physical properties |

-Phase change material (PCM)(RT82) ‘

‘ Battery cell ‘I " Lithium-ion
selection 18650 cell
l -Air
‘ Cooling system ‘\ ' -Water
I S
‘ Geometries | = | Three designs ‘
‘ CFD model |11

‘ Pre-processing ||'

-Drawing of geometries
-Meshing
-Initial and boundary conditions

Processing

-The thermal abuse method (MSMD) is chosen.
-Governing equations (continuity, momentum and energy)
-Fluid viscosity
-Turbulence model K-Epsilon
-Material properties definition
| -Setup solver

|F Post-processing \|\' ‘

Analyze and visualize the results obtained, ‘
generate graphs, animations and tables

| |

‘ Validation and ‘I'
verification

Verification and comparison of the results
obtained to ensure their reliability and accuracy

Figure 1. Schematic representation of the CFD study methodology for preventing thermal runaway

2.1. Numerical resolution

The governing equations utilized in the CFD simula-
tions for the air and water domains include the continu-
ity, momentum, and energy equations. The simulations

assume incompressible flow conditions, under which
fluid density remains constant. The continuity equa-
tion is expressed as Equation (1) [26]:

vV-7=0

(1)
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Where V is the divergence operator and ¢ is the
fluid velocity vector.
Equation (2) represents the momentum conserva-
tion equation for an incompressible, viscous fluid:
ov

R Y N
+(U-V)U=—+ =V 2
=2k )
Equation (3) illustrates the energy conservation
equation for a fluid:

9(pe)
ot

+ V(pet) = —pV - U+ V- (k;VvT) + @ (3)

Where v is the fluid velocity, p is the pressure, p
is the air density, u is the dynamic viscosity, e is the
internal energy, T is the temperature, k; is the thermal
conductivity of the fluid, ® is the viscous dissipation,
and t is time.

To model the effects of turbulence, the k — épsilon
model was used due to its robustness [27].

In the case of PCM RTS82, where a phase change
occurs, the continuity equation (Equation (4)), mo-
mentum equation (Equation (5)), and energy equation
(Equation (6)) are applied [28].

Apy) 2
ot +v-(psU)=0

Where % is the rate of temporal change of den-

(4)

sity, py is the fluid phase density, and U is the fluid
velocity vector (with components @, ¢ and ).

8(7 = =3 213 (1_fl)2
Py +p(U-V)U = =Vp+ puv-U + R
AU + prgB(Ty — Tp)k

(5)

Where S is the consecutive number in the tran-
sition region (mushy region), A,, is a parameter for
the transition region, § is a small value introduced to
prevent division by zero, and f; is the liquid fraction.

OpsHy

ot + V- (psiHy) = kaQTf

Where Hy is the fluid enthalpy.

(6)

2.2. NTGK model

The thermal runaway phenomenon was modeled using
Multiscale Multidomain Modeling (MSMD), based on
the empirical NTGK/DCIR model.

The NTGK model, described by Equations (7), (8)
and (9), enables the calculation of the thermoelectric
properties of the anode, cathode, and active zone do-
mains within a cell or electrically connected battery
pack [25]:

I(pCpT)
ot
Upos|v¢pos‘2 + Ugen|v¢neg|2 ~+ Gech

— V- (k.VT) = (7)

(8)

V- (Uposv¢pos) = _j

V- (Unegv¢neg) =—J (9)

Where k. is the thermal conductivity, o is the elec-
trical conductivity, ¢ is the electric potential, ge.p is
the heat transfer rate resulting from thermal exchange
with the environment, and the subscripts "pos" and
"neg" refer to the positive and negative electrodes, re-

spectively. The volumetric current density j is defined
by Equation (10) [29]:

. Cn
J= Cme01Y [U - (¢pos - ¢neg)]

Where Vol is the volume of the active zone, Cy.y is
the battery capacity used to derive the parameters for
the functions U and Y,which are defined by Equations
(11) and (12), respectively [29]. The corresponding co-
efficients for these functions are presented in Table
1.

(10)

5
U= (Z an(DOD)”> —Cy(T —Thr) (11
n=0

Yy — (g bn(DOD)”> exp {_cl (; - T;ﬂ (12)

Where Cy and C are constants for a specific bat-
tery.

Table 1. Pardmetros para el modelo NTGK [25]

Funciones
U Y
a0=4.0682 b0:165066
a1=-1.2669 b;=-27.0367
a=-0.9072 by=237.3297
a3=3.7550  b3=-632.603
ay=-2.3108 b,=725.0825
a5=-0.1701 b5=-309.8760

The heat transfer rate resulting from thermal ex-
change with the environment g¢..;, is defined by Equa-
tion (13) [25]:
du
drT
Where the first term represents the overpotential

heat, and the second term corresponds to the entropic
component.

Gech = J |U — (d)pos - ¢neg) =T (13)
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2.3. Thermal abuse model

The thermal abuse model was initially proposed by
Harchard et al. [30] and subsequently expanded by
Kim et al. [31]. This model is based on the Arrhenius
equation and includes a system of equations that des-
cribe the reactions occurring during the decomposition
of the positive electrode, the negative electrode, and
the solid-electrolyte interface (SEI), as outlined below:

dcsci Ea,sci
RT

dt

= *CseiAsei - €xXp < (14)

ane Zsei Ea ne
7, — —Cn An . - |- —— 1
= CneAne exp< o) P\ " RT (15)
dZgei Zsei E
sel — neAne . o sel . o a,ne 1
I c exp ( Zsei,0> exp ( =T > (16)
do Ea, e
E = O[(l — OL)Ape + exXp <R7]:> (17)
dc E
= cadacon (<) 0s)

Where the subscripts ne, np and el represent the
reaction between the negative electrode and the elec-
trolyte, the reaction between the positive electrode
and the electrolyte, and the decomposition reaction of
the electrolyte, respectively. Additionally, zs; is a di-
mensionless measure of the SEI layer thickness; z(sei,0
is the reference thickness of the SEI layer; cg.; is the
fraction of the concentration of metastable lithium-
containing species in the SEI layer; ¢, is the fraction
of the lithium concentration in the negative electrode;
« represents the conversion degree of the cathode, and
Ce; is the concentration of the electrolyte. All these
variables are dimensionless. R is the universal gas con-
stant.

2.4. Battery Cell Selection

In this study, 18650-type cylindrical lithium-ion cells
were used. The properties are detailed in Table 2.

Table 2. Properties of the 18650 lithium-ion cell [26]

Parameters Units Value
Diameter mm 18.4
Height mm 65
Nominal capacity Ah 2.15
Nominal voltage \% 3.62
Maximum charge rate - 1C
Maximum discharge rate - 4.65 C
Internal resistance m-Q 35
Density kg/m? 1852
Heat capacity J/kg- K 1200
Thermal conductivity -

Axial W/m- K 0.2
Radial W/m-K 376

Figure 2 illustrates the main components of the
18650 lithium-ion battery used in this study. The bat-
tery features a diameter of 18.4 mm, an anode height
of 2 mm, a cathode height of 3 mm, and an active zone
of 60 mm.

= |

Cathode |
3 | Active zone ‘

" |

Figure 2. Main components of a lithium-ion battery used
in the MSMD approach

Anode ‘

2.5. Cooling systems

The cooling systems proposed in this study include
air, water, and PCM. For the PCM, RT82 is employed,
which consists of pure organic materials capable of stor-
ing and releasing significant amounts of heat through
a solid-to-liquid or liquid-to-solid phase change pro-
cess [32]. The properties of the RT82 PCM are detailed
in Table 3.

Table 3. Properties of the RT'82 PCM [32]

Thermophysical
properties Units Value

Density (solid) kg-m=3 950
Density (liquid) kg-m=3 770
Specific heat J(kg7t- K~ 2000
Thermal conductivity W (m~1.- K1) 0.2
Latent heat J/kg 176000
Dynamic viscosity kg/m -s 0.03499
Temperature (solid) K 350.15
Temperature (liquid) K 358.15
Thermal expansion
coefficient 1/K 0.001

2.6. Geometric arrangements of the cells

The geometries used in this study were designed using
the Ansys Space Claim module within ANSYS Fluent.

Three geometries, each consisting of sixteen 18650
lithium-ion cells, were proposed with varying arrange-
ments, using three different cooling methods: air, wa-
ter, and PCM RT82. The thermal runaway behavior of
the cells was analyzed using the thermal abuse model
in ANSYS Fluent, which is based on the Multiscale
Multidomain (MSMD) method and incorporates the
empirical NTGK model.
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The ambient and fluid inlet temperature was set at
25 °C, with a convection coefficient of 7771"2‘/K between
the casing and the external environment, as recom-
mended by Liu et al. [20]. An inlet velocity of 1.5%
was applied for both air and water. The convergence
criterion was defined as residuals reaching values below
1 x 1079, For each simulation case, an acrylic box was
used to enclose the batteries. The sixteen cells were
connected in series using the MSMD virtual connec-
tion in ANSYS Fluent, with a time step size of 1 s.
Aluminum was selected as the material to simulate the
anode and cathode.

A structured hexahedral mesh was employed to
achieve an optimal balance between computational
accuracy and efficiency. A mesh independence test was
performed using three different element sizes for each
geometry, selecting the size that maintained a consis-
tent temperature as the number of elements increased.
The number of elements for the various geometries and
the average orthogonal quality are presented in Ta-
ble 4. The values of the orthogonal quality parameter
indicate that the mesh quality is excellent.

Table 4. Mesh Characteristics

Number of  Average orthogonal

Geometries

elements quality
Geometry 1 269930 0.79
Geometry 2 201794 0.80
Geometry 3 249264 0.80

For the natural convection case, the PRESTO!
method was employed for pressure discretization, while
a COUPLED scheme was utilized for pressure-velocity
coupling.

Geometry 1 features an irregular diamond shape
(Figure 3) with a row separation of 48 mm and a
column separation of 38 mm. Geometry 2 adopts an
irregular octagonal shape (Figure 6) with both row
and column separations set at 24 mm. Geometry 3
also exhibits an irregular octagonal shape (Figure 9)
but with a row separation of 38 mm and a column
separation of 48 mm.

®
g@ ©
®_O

Figure 3. Cell arrangement for Geometry 1

©

©
©®

ORCHAORS,

Figures 3, 4 and 5 illustrate the numbered arrange-
ment of the cells, the configuration of the spaces be-

tween the cells and the casing, and the direction of
coolant flow for Geometry 1, respectively. Similarly,
Figures 6, 7 and 8 depict these features for Geometry
2, while Figures 9, 10 and 11 present the corresponding
details for Geometry 3.

This study was conducted using a laptop with a
Ryzen 7 processor (7.8 GHz) and 16 GB of RAM.

*POm
o R3f11mm
$18,4mm
m (E f 38mm HEE
] jj ,,,,,,,,,,,,,,,,, E ,,,,, 1 gm";# %o
10mm ' i o
[+—48mm —

Figure 4. Geometry 1: Dimensions

Figure 5. Geometry 1: Coolant flow

| [ 48mm—
15mm|
r __} S 1—-_—'— 10mm
— i
30mm
@18,4mm ® _L _;_10mm _L
\ 24mm
R95mm *\ f

Figure 7. Geometry 2: Dimensions
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Figure 8. Geometry2: Coolant flow

Figure 11. Geometry 3: Coolant flow

3. Results and discussion

Figure 12 presents a representative graph illustrating
the cooling process of a cell using air, demonstrating
that steady-state conditions are achieved by the end
of the process.

Figure 13 illustrates a typical pattern of thermal
runaway, where a minor temperature increase after 505
seconds triggers an uncontrolled chain reaction, result-
ing in an exponential rise in the system’s temperature.
This phenomenon is particularly critical in lithium-ion
batteries, as it can lead to catastrophic failures if not
effectively managed.

Temperature (°C)

0 500 1000 1500 2000 2500 3000 3500
Time (5)

Figure 12. Cooling dynamics of a battery. Air cooling
with forced convection, ambient and inlet temperature of
25°C, and inlet velocity of 1.5%

—— Temperature

g
3

210

]

200

Temperature (°C)

8
3

[ 100 200 300 400 500
Time (s)

Figure 13. Characteristic temperature profile of thermal
runaway in a cell. Air cooling, with an inlet temperature
to the module of 47°C and velocity of 1.5%

3.1. Air cooling

Figure 14 illustrates the temperature profiles of the
cells in Geometry 1 under natural convection air cool-
ing. This method fails to prevent thermal runaway,
with Cell 16 being the first to exhibit this phenomenon
at 258 seconds. Figure 15 depicts the temperature
distribution across the cells.

Figure 16 presents the results for Geometry 2 with
natural convection air cooling, which fails to prevent
thermal runaway. Cells 15 and 16 are the first to exhibit
this abnormal condition, occurring after 228 seconds.
The temperature distribution across the cells is de-
picted in Figure 17.
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Figure 14. Geometry 1. Air cooling under natural convec-
tion
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Figure 15. Geometry 1. Cell temperature at 287 s through
natural air convection
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Figure 16. Geometry 2. Air cooling under natural convec-
tion
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Figure 17. Geometry 2. Cell temperature at 258 s through
natural air convection

Figure 18 illustrates the battery temperature pro-
files for Geometry 3 under natural convection air cool-
ing, with Cell 15 being the first to undergo thermal
runaway after 255 seconds. The temperature distribu-
tion across the cells is more clearly depicted in Figure
19, highlighting that the central cells experience the
most significant temperature increases.

The other cells
600 4 = Cells 3
= Cells14
= Cells15
500
o)
<
g
2400
]
o
£
300
2007
e ———
T T T T T T T
o 50 100 150 200 250 300

Time (s)

Figure 18. Geometry 3. Air cooling through natural con-
vection

Figure 19. Geometry 3. Cell temperature at 292 s through
natural air convection

Figure 20 illustrates the temperature curves for
Geometry 1 under forced convection air cooling, which
successfully prevents thermal runaway. Cell 5 reaches
the highest temperature of 156.98°C within 35 seconds.
Figure 21 depicts the temperature distribution across
the cells, highlighting insufficient cooling in the cells
located at the extremes.

160 1
The other cells

— Cells3

— Cells5

\ — Cells 7

Temperature (°C)

1000 1250 1500 1750 2000

Time (s)

500 750

Figure 20. Geometry 1. Forced air convection
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R X

Figure 21. Geometry 1. Cell temperature at 2000 s
through forced air convection

Figure 22 presents the temperature evolution of
the cells for Geometry 2 under forced convection air

cooling, which effectively inhibits thermal runaway.

Cell 3 reaches the highest temperature of 157.30°C
within 33 seconds. Figure 23 depicts the temperature
distribution within the module, indicating that cells
located near the air inlet are better cooled compared
to those positioned near the air outlet.

160 The other cells
\ —Cells3
140 o\ —Cells4

\ —Cells7

120

100

Temperature (°C)

1000
Time (s)

1250 1500 1750 2000

Figure 22. Geometry 2. Forced air convection

Figure 23. Geometry 2. Cell temperature at 2000 s
through forced air convection

Figure 24 illustrates the results for Geometry 3
under forced convection air cooling, which successfully

prevents thermal runaway. However, a greater temper-
ature gradient is observed between neighboring cells
compared to Geometry 2. Cell 13 reaches the highest
temperature of 159.31°C within 56 seconds. Figure 25
depicts the temperature distribution across the cells,
showing that those in the central zone of the module
benefit from better cooling.

The other (ells‘
—Cells5
—Cells13
—Cells16

Temperature (°C)

0 250 500 750 1000

Time (s)

1250 1500 1750 2000

Figure 24. Geometry 3. Forced air convection

it

Figure 25. Geometry 3. Cell temperature at 2000 s
through forced air convection
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3.2. Water cooling

Figure 26 depicts the temperature decay of the cells
in Geometry 1, with water cooling via natural convec-
tion successfully inhibiting thermal runaway. Cell 16
reaches the highest temperature of 155.90°C within 27
seconds. Figure 27 illustrates the temperature distribu-
tion across the cells, demonstrating an almost uniform
temperature profile.

1
= The other cells
Cells4

Cells12
— Cellsi6

5
S

Temperature (*C)
B op e

&

8

2000
Time (5)
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Figure 26. Geometry 1.
vection

Water cooling with natural con-
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Figure 27. Geometry 1. Cell temperature at 3600 s
through natural water convection

Figure 28 illustrates the thermal behavior of the
cells in Geometry 2 under water cooling via natural

convection, which effectively prevents thermal runaway.

Cell 16 reaches the highest temperature of 156.09°C
within 29 seconds. Figure 29 shows the temperature
distribution across the cells, demonstrating a uniform
profile.
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Figure 28. Geometry 2. Water cooling through natural
convection
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Figure 29. Geometry 2. Cell temperature at 3600 s
through natural water convection

Figure 30 presents the results for Geometry 3 with
water cooling via natural convection. Cell 7 reaches
the highest temperature of 156.19°C within 29 seconds,
with no occurrence of thermal runaway. Figure 31 il-
lustrates the uniform temperature distribution across
the batteries.
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Figure 30. Geometry 3.
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Figure 31. Geometry 3. Cell temperature at 3600 s
through natural water convection

Figure 32 illustrates the temperature profiles of
selected cells in Geometry 1 with water cooling via
forced convection. All cells reach a steady-state condi-
tion, effectively inhibiting thermal runaway. Figure 33
depicts a uniform temperature distribution across the
cells.
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Figure 33. Geometry 1. Cell temperature at 2000 s
through forced water convection
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Figure 34 illustrates the cell temperature profiles
for Geometry 2 with water cooling via forced convec-
tion. This cooling method effectively prevents thermal
runaway, allowing the system to reach a steady-state
condition.
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Figure 34. Geometry 2. Water cooling via forced convec-

tion

Figure 35 depicts the temperature distribution
across the cells, demonstrating a uniform pattern.
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Figure 35. Geometry 2. Cell temperature at 2000 s
through forced water convection

Figure 36 presents the results for Geometry 3 with
water cooling via forced convection. In this scenario,
thermal runaway is effectively inhibited, and a steady-
state condition is achieved.
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Figure 36. Geometry 3. Water cooling, forced convection

Figure 37 illustrates the temperature distribution
across the cells, highlighting negligible temperature
gradients.
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Figure 37. Geometry 2. Cell temperature at 2000 s
through forced water convection

3.3. Cooling by PCM (RT82)

Figure 38 illustrates the thermal behavior of Geometry
1 with cooling with PCM (RT82), which successfully
prevents thermal runaway. Cell 16 reaches the highest
temperature of 161.40°C within 61 seconds, followed
by a temperature decay. Figure 39 depicts a uniform
temperature distribution across the cells.
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Figure 38. Geometry 1. Cooling by PCM (RT82)
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Figure 39. Geometry 1. Cell temperature at 3600 s, cooled
by PCM (RT82)

Figure 40 illustrates the cell temperature profiles
for Geometry 2 using cooling with PCM (RT82). In
this case, thermal runaway is also effectively prevented,
with Cells 15 and 16 reaching the highest temperature
of 161.71°C within 74 seconds. Figure 41 depicts the
temperature distribution across the cells, demonstrat-
ing a uniform pattern.
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Figure 40. Geometry 2. Cooling by PCM (RT82)
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Figure 41. Geometry 2. Cell temperature at 3600 s, cooled
by PCM (RT82)

Figure 42 presents the results for Geometry 3 using
cooling with PCM. Cell 15 reaches the highest tem-
perature of 161.46°C within 59 seconds, followed by a
temperature decay.
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Figure 42. Geometry 3. Cooling by PCM (RT82)

Figure 43 illustrates that the temperature distribu-
tion across the cells remains uniform, consistent with
the other geometric configurations using PCM.

The phenomenon of thermal runaway plays a criti-
cal role in selecting the cooling system and geometric
arrangement of battery cells, as its mitigation is highly
dependent on these parameters. Consequently, numer-
ous studies have addressed this issue. For instance,
Zhou et al. [17] successfully prevented the propaga-
tion of thermal runaway, maintaining the temperature
below 185°C, with temperatures exceeding 60°C for
only 14 seconds. Similarly, Ouyang et al. [16] reduced
the maximum temperature of 18650-type batteries
from 740.35°C to 55.19°C, effectively preventing ther-
mal runaway. In another study, Alghamdi et al. [18]

employed paraffin-based PCM, achieving an average
temperature of 85°C.
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Figure 43. Geometry 3. Cell temperature at 3600 s, cooled
by PCM (RTS2)

4. Conclusions

A numerical study was conducted to analyze the cool-
ing performance of battery cells within a module uti-
lizing air, water, and phase change material (PCM) as
cooling methods. Three distinct geometric configura-
tions of the battery module were proposed to evaluate
their effectiveness in inhibiting thermal runaway.

Among the geometries analyzed, none of the three
configurations successfully prevented thermal runaway
when cooled using natural air convection. However,
the phenomenon was effectively inhibited when water
and PCM RT82 were employed as the cooling medium.
For water cooling, Geometry 1 proved to be the most
efficient, with a maximum temperature of 155.90°C.
Similarly, when PCM RT82 was used, Geometry 1
also demonstrated the best performance, reaching a
maximum temperature of 161.40°C.

Using forced air convection, Geometry 1 emerged as
the most efficient configuration, achieving a maximum
temperature of 156.98°C. Similarly, with water cool-
ing, Geometry 1 demonstrated superior performance,
effectively reducing the temperature from 150°C to
25.06°C.

Based on the results obtained, it can be concluded
that Geometry 1 is the most efficient configuration for
thermal management in the studied scenarios.

Among the three cooling systems analyzed in this
study, water proved to be the most efficient in prevent-
ing thermal runaway. This efficiency is attributed to
its high heat capacity and thermal conductivity, which
enable effective heat distribution and dissipation.

A key limitation of this study is the limited number
of cells analyzed. To address this, future work should
incorporate models with more diverse geometric con-
figurations and a larger number of cells to improve the
robustness of the findings. Additionally, future research
should evaluate the effects of indirect contact between
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cells and the coolant, as well as explore alternative
types of phase change materials (PCM).

This study provides valuable insights into the ther-

mal runaway phenomenon, aiding in the development
of more effective cooling systems to prevent it.
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