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ABSTRACT

Lithium-ion battery packs are essential in aviation, particularly for aircraft like the Cessna,
Cirrus, and Piper models usually with 24V, and 16Ah to 35Ah capacities, depending on
the specific model and avionics package installed, due to their high energy density and
weight efficiency, which are critical for optimizing performance and fuel economy. This
paper makes an exploration when it comes to spreading the heat from Auxiliary Power
Unit (APU) battery packs with various cooling methods. This study addresses thermal
management challenges, including the risk of thermal runaway, which can jeopardize safe-
ty challenges by optimizing heat dissipation in a 7s4p battery pack used in these aircraft,
employing cooling techniques such as air cooling, phase change materials (PCMs), and alu-
minum-based heat spreaders (Al 3003-H18 and Al 6063-T83) to meet typical aviation re-
quirements for reliability and efficiency. The simulations proved by COMSOL Multiphysics®
pointed out that the aluminum variants especially the Al 3003-H18 significantly reduced
peak temperatures (64.27 °C) compared to air cooling (82.36°C) at 8C, thus offered best
thermal regime capability and managed the peak temperature as well as the voltage across
the different rates of discharged. Pearson’s correlation coefficient analysis also showed pos-
itive higher order linear regression between aluminum-based models highlighting their ef-
ficiency in dealing with the heat generation or thermal runaway. This work extends existing
literature by applying aluminum heat spreaders for aviation-specific applications, offering
new insights into the relationship between thermal properties and cooling strategies under
high discharge conditions, thereby enhancing both safety and battery longevity in critical
aviation operations.
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INTRODUCTION

Lithium-ion (Li-ion) batteries are highly sought after in
aviation because of their high energy density, low weight,
and versatility in terms of powering various aircraft equip-
ment. They have proved to be more efficient and perfor-
mance in comparison to the earlier used Nickel-Cadmium
(Ni-Cd) batteries. The transition began markedly with
Boeing 787 that has Li-ion battery for voltage regulation,
starting the engine, and for other electrical operations.
These batteries have some benefits; however, they are asso-
ciated with thermal hazards of thermal runaway, and as
a result demand effective Battery Thermal Management
System (BTMS) to track conditions and failures [1].

Battery safety is crucial in preventing thermal runaway;,
a dangerous reaction that can lead to fires or explosions,
especially in lithium-ion batteries. Such that an efficient
thermal management is essential to control heat generation
and mitigate the risks of overheating, ensuring safe oper-
ation in electric vehicles and other high-demand applica-
tions. Addressing such thermal runaway conditions is vital
to protect users, improve battery reliability, and support
the widespread adoption of lithium-ion technology. In
dynamics of aviation, the utility of the BTMS rests upon on
reliability aspects that must include safety, functions, stan-
dards, and technology. To lower fire hazards, at the same
time have gross batteries for electric systems, which cuts
down the usage of hydraulic or pneumatic systems. Public
trust and operational approval in the industry can only be
won when compliance with regulations is achieved [2].

Despite the future Boeing 777 coming up with safety
issues of lithium-ion battery, the FAA came up with special
conditions in 2013 [3,4], while the GA aircrafts like Cessna,
Cirrus and Piper among others, utilize lead-acid batteries
that are sealed with 24 volts and 16 Ah with battery mod-
els like Gill 7242-16 LT and Gill 7243-16 LT. These battery
packs are non-noticeable, rugged and maintenance free and
such are ideal to be used in short range aircraft [5,6].

The COMSOL Multiphysics® Reference Manual [7] is a
comprehensive guide for engineers and researchers, provid-
ing detailed instructions on setting up simulations, applying
boundary conditions, and solving complex multi-physics
problems. The COMSOL Multiphysics® Battery Design
Module is a guide for designing and battery modeling.

Liu et al. [8] emphasize the need for advanced thermal
management of lithium-ion batteries in extreme condi-
tions like high temperatures, fast charging, and preventing
thermal runaway in EVs. The study explores external heat
transfer systems and internal smart battery innovations
with embedded sensors. However, it lacks practical analysis
on integrating these external and internal systems, leaving
a gap in understanding their real-world compatibility and
effectiveness.

Figueiras et al. [9] explores hybrid-electric propulsion
systems for regional aircraft in the FutPrInt50 project,
focusing on three powertrain architectures: series, parallel,

and turboelectric. Using computational and experimen-
tal data, parametric studies evaluate the effects of battery
parameters and hybridization factors on performance. A
thermal management system and multi-objective optimiza-
tion aim to minimize mass and emissions. While the study
offers performance insights, it lacks details on real-world
scalability, experimental data sources, and practical feasi-
bility for broader commercial applications.

Coutinho et al. [10] explores thermal management
systems (TMS) for hybrid-electric aircraft propulsion to
manage waste heat and reduce emissions. Five TMS archi-
tectures are modeled using Matlab/Simulink, comparing
their cooling performance and impact on flight. Results
does not show a single architecture is ideal, indicating the
need for further development.

Capron et al. [11] gives a paper that employs COMSOL
Multiphysics® and MATLAB® modeling to analyze the tem-
perature distribution of battery packs. They derive two 2D
models with homogenized thermal properties and other
model with cell layer properties in detail to have enhanced
thermal specifications. Shetty et al. [12] investigates the use
of mini-channel cooling plates with a streamline configura-
tion for thermal management of Li-ion batteries in electric
vehicles. Computational analysis of five plates with vary-
ing channel numbers (3-7) at a coolant flow rate of 0.002
kg/s showed a 7.8% reduction in maximum cell tempera-
ture for the 7-channel design. Temperature uniformity also
improved, suggesting this design effectively maintains bat-
tery temperatures within a safe range and could enhance
future battery thermal management systems.

Zhu et al. [13] presents an improved simulation method
for small-size, fast-activation thermal batteries using the
COMSOL platform. A two-dimensional axisymmetric
model was developed to simulate temperature changes and
electrolyte melting under high-temperature conditions
(50°C). The results show that additional heating flakes and
improved insulation reduce heat loss, with most melting
heat flowing from the negative side. The activation time of
the thermal battery was calculated to be 91.2ms, with an
error margin within 10% compared to experimental results,
demonstrating the model’s high accuracy and broader
applicability for thermal battery simulations.

Zhao, Chen, and He [14] focus on the thermal manage-
ment of nickel-cobalt lithium manganate (NCM) batteries
for electric vehicles, using COMSOL to simulate five liq-
uid-cooled temperature control models. A performance
evaluation system based on the analytic network process
(ANP) and system dynamics (SD) ranks Models 1 and 5
as the most effective. However, the study lacks real-world
testing and validation, leaving a gap in understanding how
these models would perform in practical conditions.

A thermal model for lithium-ion battery cells and packs
is developed for COMSOL Multiphysics® by Dunning et al.
[15] which modeled a battery cell, incorporating factors
like electrode thickness and particle size. A 5C discharge
simulation showed a 14°C temperature rise for a single cell,
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validated against experimental data. When applied to a bat-
tery pack, the temperature increase was 19.6°C, with a 9%
error margin. While effective for preliminary design, the
study lacks real-world validation and practical insights for
large-scale applications.

Sun et al. [16] assesses a battery thermal management
system (BTMS) with phase change materials (PCMs) and
liquid cooling. It discovers that incorporation of the PCM
with liquid cooling leads to reduction of the maximum
temperature and enhancement of the thermal uniformity
with 10% mass fraction expanded graphite in paraffin wax
PCM.

V. K. Satheesh et al. [17] proposes a converging tapered
airflow duct to enhance temperature uniformity and reduce
peak temperatures. Using computational fluid dynam-
ics validated by experimental data, the tapered design
improved heat dissipation and reduced peak temperature
rise by 20% and temperature variation by 19%. However,
the study lacks insights into practical integration and long-
term durability of the proposed duct in real-world electric
vehicle applications.

P.R. Gharde and S. N. Havaldar, [18] investigates a float-
ing capsule thermal energy storage system (TESS) using
beeswax and paraffin as phase change materials (PCMs) to
improve heat storage capacity. The system features spher-
ical capsules filled with beeswax within a paraftin-filled
cylindrical shell, with heat transfer fluid flowing through
hexagonal tubes. A mathematical model predicts a 21.5%
increase in storage capacity with a 70-30% beeswax-par-
affin mix. Charging and discharging times were estimated
at 2.6 and 3.2 hours, respectively. However, the study lacks
real-world testing, and the long-term stability of the PCMs
is not discussed.

S. Gungor et al. [19] highlights the critical role of ther-
mal management strategies for lithium-ion (Li-ion) batter-
ies, especially as transportation and electricity generation
shift towards renewable sources. And compares various
thermal management strategies based on battery geometry,
coolant type, and heat transfer methods, but lacks detailed
analysis on post-lithium batteries and real-world scalability
of these strategies in the EV industry.

B. Palmieri et al. [20] used high thermally conductive
materials, particularly graphite nanoplatelet films, is being
explored to enhance battery performance and safety by
improving heat dissipation. This study employs a numer-
ical model using the finite element method in COMSOL
to predict heat generation during charging and discharg-
ing cycles. The findings indicate that integrating thermally
conductive materials can protect neighboring cells from
heat propagation, helping to maintain uniform temperature
and delay thermal runaway in battery modules.

The main objective of this paper is to review and imple-
ment an enhanced thermal system in a 24V 16Ah lithi-
um-ion battery pack used in aircraft application; the APU
battery packs. Specifically, these battery packs are essential
in ensuring constant power to several aircraft systems, and

the efficiency and effectiveness of the systems are deter-
mined by the battery packs’ performance. Since lithium-ion
batteries are define by high thermal risks such as thermal
runaway where the battery produces high heat and, in some
cases, cause fires, heat management is crucial.

Based on the above objective, the study incorporates
an extensive Simulation technique by applying COMSOL
Multiphysics® to study thermal characteristics of a 7s4p bat-
tery layout. Consideration is given to several cooling meth-
ods based on air circulation as well as PCMs and various
heat spreaders made of aluminum. Thus, the goals of the
study, which focus on the comparison of the thermal char-
acteristics of these materials and cooling methods, are to
determine how heat can be shed and battery temperature
regulated under different discharge rates.

In addition, the present research focuses on the iden-
tification of various cooling options and their effects on
the battery temperature and voltage on the strength. This
involves studying the aluminum variants like Al 3003-H18
against other materials- in matters to do with sustaining
lower values of maximum peak temperature and constant
value of voltage.

This research study is poised to contribute its find-
ings towards improving the thermal management systems
for lithium-ion batteries in application in aviation hence
improving on their safety and durability. Lastly, it is the
hope of this paper to present useful information and rec-
ommendation to the engineers and researchers involved in
the thermal management of battery in aviation while con-
tributing to the general objective of enhancing the appli-
cation of lithium-ion batteries in aircraft while providing
operational safety and efficiency.

MODELING AND METHODOLOGY

This battery configuration and capacity of A 24V, 16Ah
lithium-ion battery pack has a lot of advantages for GA
aircrafts such as Cessna, Cirrus, and Piper. It has a longer
cycle life, require less maintenance, increases starter power,
and the Battery Management system. These batteries can
interface directly with the new age avionics and electrical
systems and deliver stable voltage as well as sufficient cur-
rent. Besides, they are safe for environment as they do not
include toxic component, namely lead.

In the thermal model of the battery pack, the primary
heat source is the heat generated during the battery’s dis-
charge process. This heat generation is a result of the inter-
nal resistance and discharge rate (C-rate) of the battery
cells. When modeling large battery packs, detailed geomet-
rical and chemical information about individual battery
cells may be impractical due to computational constraints,
leading to the use of simpler zero-dimensional models [21].
These models, like equivalent circuits or lumped battery
models, aggregate the complex interactions of ions and
voltages into simplified representations, enabling efficient
analysis of cell-to-cell current distribution within the pack.
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Figure 1. Flowchart for battery pack simulation process in COMSOL.

The modeling and simulation are performed by the help of
multipurpose software ‘COMSOL Multiphysics®.

Figure 1 depicts the flowchart which indicates a detailed
methodological approach to the simulation of battery sys-
tems based on the global parameters and the properties
of the materials used. This includes development in phys-
ical architecture layout of the battery, the imposition of
constraints on the problem formulation by defining the
boundary conditions, inputting of solver settings, genera-
tion of the mesh to discretize the problem, mathematical
modeling of the battery pack and interpretation of results
as concerns the distribution of temperature of the battery
bundles, the distribution of the potential across the battery
pack and the distribution of heat generation for purposes
of optimization.

Geometry and Battery Parameters

Another way that the researchers present the param-
eters is a table 1 with a detailed lookup of parame-
ters that has been divided into Battery Pack Metrics,
Physical Dimensions, Cooling Plate Dimensions, Layout
Configuration, Electrical Parameters, Activation Energies,
Thermal Properties, and Initial Conditions. This data is
useful for creating and prototyping battery packs with per-
formance parameters assessed under various system opera-
tional situations and system designs.

Battery Pack Metrics, Physical Dimensions, and Cooling
Plates Dimensions can be seen as fundamental compo-
nents of a battery pack, that explain what the battery pack
is capable of and what it cannot do. They include nominal
voltage, full charge voltage, capacity, and the current at the
different discharge rates. Some of the non-electrical param-
eters, which include battery diameter, height, and sizes of
the connectors, are critical in developing geometrical mod-
els in the simulation process. Cooling Plates Dimensions
contain detailed information on cooling plates’ dimensions
for distinct models (B, C, D), which means that simulations

take into consideration the real space occupied and x-coor-
dinate for evaluating their performance in heat dissipation.

Boundary and Initial Conditions

Table 1 also can be associated with the exterior and
inside conditions of the battery pack, for instance, thermal
properties, electrical parameters, as well as the outer/inner
limits of the battery pack. The Thermal Properties part of
the table contains such parameters as “thermal conductiv-
ity in-plane “battery density and “battery heat capacity;’
which define thermal interaction with the battery cells
and between them. heat transfer coefficient, defines heat
exchange with the environment and affects the thermal
behavior of the battery pack.

Electrical Parameters assist in simulating the electro-
chemical behavior in battery packs making constant volt-
age and specific resistance, while the Activation Energies
section assists in the determination of electrode materials.
These conditions mimic the functioning of the battery
pack when it is in the state of charging and discharging and
under varying electrical loads. Geometric sizes of battery
such as the diameter, the radius, and the height of battery
and the cooling plate size which provide the overall spatial
condition for modeling the battery pack since they deter-
mine space and mechanical interfaces of the system is pro-
vided in table 1.

“E_OCP;” which stands for Open Circuit Potential, is
the voltage of batteries when the currents are not flowing
through it and it is recharging or discharging; its relation
with the degree of charge is very important to monitor the
behavior of batteries; therefore, E_OCP plays the role of a
significant input for simulators that are used for assessing
the battery life. Thus, “dEdT”, the Derivative of Voltage
with Respect to Temperature is important to control battery
thermal state and designing proper cooling in COMSOL
effected environments where temperature varies frequently.
Therefore, assist in designing batteries that are efficient as
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Table 1. Battery pack parameters and configurations for modeling

Category Name Value Description
Battery pack Simulated time 720 Model Simulation time period (s)
Metrics Nominal voltage 24.6 Nominal Voltage of Battery Pack (V)
Full Charge voltage 294 Full Charge Voltage of Battery Pack (V)
Nominal battery capacity 16 Nominal Battery Pack Capacity (Ah)
0.5C discharge rate 8 Discharge current at 0.5C (A)
1C discharge rate 16 Discharge current at 1C (A)
2C discharge rate 32 Discharge current at 2C (A)
4C discharge rate 64 Discharge current at 4C (A)
6C discharge rate 96 Discharge current at 6C (A)
8C discharge rate 128 Discharge current at 8C (A)
Physical Battery diameter 18 Battery diameter (mm)
Dimensions Battery radius 9 Battery radius (mm)
Battery height 65 Battery height (mm)
Terminal height 1 Terminal height (mm)
Terminal radius 3 Terminal radius (mm)
Serial connector width 2 Serial connector width (mm)
Serial connector height 1 Serial connector height (mm)
Parallel connector height 0.5 Parallel connector height (mm)
Parallel connector Width 1 Parallel connector width (mm)
Cooling Plates Series plate dimension Model-B 9 %99 x 65 Series Plate dimension Model B (mm)
dimensions Parallel plate dimension for model-B 180 x 9 x 65 Parallel Plate dimension for Model B (mm)
fl‘;\::g(::tl)l x depth x Plate dimension for model C 9x 72 x 65 Plate dimension for Model C (mm)
Plate dimension for model D 126 x 9 X 65 Plate dimension for Model D (mm)
Total number of batteries 28 Total Number of cells in the battery pack
Layout Number of batteries - X 7 Number of batteries in x-direction
Configuration Number of batteries - Y 4 Number of batteries in y-direction
Number of plates - X 6 Number of plates in x-direction
Number of plates - Y 3 Number of plates in y-direction
Electrical Battery cell capacity 4 Battery cell capacity (Ah)
Parameters Current-1C 4 1C current (A)
C-rate 0.5,1,2,4,6,8 Crates indicating the rate of charge/discharge (C)
Activation Energies Activation energy for etalC 24000 Activation energy (J/mol) associated with resistive
property
Activation energy for JO -59000 Activation energy (J/mol) relates to the current density
Activation energy for Tau 24000 Activation energy (J/mol) with a time constant (1)
Thermal Properties Thermal conductivity in-plane 30 Thermal conductivity in-plane (W/m-K)
Thermal conductivity cross-plane 1 Thermal conductivity cross-plane (W/m-K)
Battery density 2000 Battery density (kg/m?)
Battery heat capacity 1400 Battery heat capacity (J/kg-K)
Heat transfer coeficient 30 Heat transfer coefficient (W/m?.K)
Initial Conditions  Reference temperature 293.15 Reference temperature (K)
Reference temperature JO 0.85 JO at reference temperature (A/m?)
Reference tau time 1000 tau at reference time (s)
Reference voltage eta_1C 0.0045 eta_1C at reference voltage (V)
Int-ex temperature 293.15 Initial/external temperature (K)
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well as safe by giving a holistic and detailed prospect of how
they will behave in different electrical loads and various
thermal conditions.

When it comes to the 7s4p battery pack configura-
tion, for probe selection where cells are 1-28, cell tempera-
ture and cell potential are to be monitored. This selection
includes all the cells in the battery pack making sure that
thermal and electrical characterization of the array is com-
pletely captured. It is important to track these parameters if
one intends to know how each cell is behaving in different
operations to ensure the required performance, safety and
durability of the battery system is achieved.

Layout Configuration and Material Properties

This paper presents four individual models of a 7s4p
battery pack structure with different positions of the cells
and cooling plates for thermal management schemata, as
shown in Figure 2(a). Heat spreaders are another pair of
plates with configurations of series, parallel, and grids con-
nected to the batteries’ directions. The construction param-
eter that has been used in the modeling is described in the
following table 1.

Model A is a straight or inline pack that consist of twen-
ty-eight individual cells labelled 1 through to 28 and for this
model there are no cooling plates employed. In Model B the
grid format which is compact, has more rigid rows and col-
umns of the cells thus enhancing the uniformity of cooling.
Enduring cooling plates which were positioned in PP1 to
PP3 as well as SP1 to SP6, which increases the utilization
and efficiency by creating a direct heat dissipation channel
from cells to the cooling plates.

Model C and Model D in addition to the above model
for heat distribution, it alters the mode of the cells in series
and parallel for redundancy. Coupling plates SP1 to SP6
and pre-plates PP1 to PP3 are disposed between the plates
like as shown in Model B. In addition, different materials
are utilization to perform testing for Model B to establish
the most efficient type of passive cooling system.

The characteristics of the free tetrahedral mesh used
in simulations for proposed four different battery pack
models (A, B, C, D) are shown in the Table 2. This data is
instrumental in assessing the quality and the level of detail
of the mesh required for FEM simulations which are very

Madel A

important for computational modelling of physical pro-
cesses in the battery packs.

This figure 2(b) illustrates the temperature-dependent
behavior of key material properties in a battery pack sys-
tem, along with a schematic of the battery’s physical lay-
out. The graphs show that as temperature increases, the
dynamic viscosity (n(T)) and specific heat capacity (Cp(T))
rise, while the density (p(T)) decreases. Additionally, the
thermal conductivity (k(T)) and speed of sound (cs(T))
both increase with temperature. These trends are important
for understanding the thermal performance and material
stability of the battery pack during operation.

Some of the types of meshes that are used include
vertices, tetrahedra, triangles, edge elements, vertex ele-
ments, minimum element quality, average element qual-
ity, element volume ratio, mesh volume, space dimension,
domains, boundaries, edges, and vertices. Quality of the
mesh impacts simulations and the lower and average ele-
ments impact it bearing stability and accuracy. The number
of nodes must be equal to the size of the modelled object,
the size dimension should be set to 3. Another factor that
helps create a mesh with better detail is also counting of the
number of domains, boundary, edges, and vertices.

It is helpful when it comes to creating quality mesh in
simulations to pick up all the necessary physical events.
Such characteristics as minimum quality and average qual-
ity cause shifts in the range of results’ stability and reli-
ability. The implementation of the well-constructed mesh
allows one to predict and analyze the battery pack’s phys-
ical behaviors more efficiently. This table offers a specific
description of mesh characteristics in each model, so that
the researchers can judge the mesh for the capability of the
analysis of the complex behavior and its adequacy in differ-
ent configurations of the model.

Figure 3, also gives a clear and comprehensive compari-
son of four Battery pack models (A, B, C, D) that shows the
design aspects which could use for further examination in
simulation for purpose of optimization, the figure offers a
broad perception of the structural and systems and features
of the Battery pack models for the purpose of analysis.

For each model of the housing, different designs are
incorporated to safeguard the inner most parts of the bat-
tery packs, including the mechanical and external aspects.
Mesh design visualizations are essential for the simulation

mw I
vﬂ vE
i i“ig m

Model C

gds

0*9'0'070*070
0

s

Model D

Figure 2(a). Schematic Layouts of Battery Pack Configurations: Models A, B, C, and D.
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Figure 3(b). Thermal and Material Properties of Battery Pack Components as a Function of Temperature.

Table 2. Comparison of mesh characteristics and quality metrics across models A, B, C, and D

Type Parameter Model A Model B Model C Model D
Free Tetrahedral mesh Mesh vertices 52554 54316 44698 69895
Tetrahedra 291782 304479 249897 392250
Triangles 68149 75108 62833 90140
Edge elements 8276 12021 9038 10289
Vertex elements 1386 1704 1482 1452
Number of elements 291782 304479 249897 392250
Minimum element quality 0.04949 0.01485 0.0203 0.01798
Average element quality 0.5787 0.5617 0.5548 0.5757
Element volume ratio 5.75E-04 3.40E-04 3.55E-04 5.34E-04
Mesh volume (m?) 6.339E-4 0.001242 9.06E-4 8.72E-4
Geometry Space dimension 3 3 3
Number of domains 223 224 229 226
Number of boundaries 1417 1750 1501 1477
Number of edges 2068 3328 2800 2749
Number of vertices 1386 1704 1482 1452
Battery Volumetrics Battery Cell Volume (m?) 1.65x107° 1.65x107° 1.65x107° 1.65x107°
Battery Pack Volume (m?) 4.62x107° 4.62x107° 4.62x107° 4.62x107°
Total Volume of Cooling Plates (m?) - 6.63x10™* 4.21x10” 7.37x10°

to be accurate, because they show computational grids that
are used in finite element analysis.

As for terminals, they impact the electrical efficiency
and performance; concerning active battery configurations,
they define space, connectivity, and thermal properties.
The cooling design is shown for each model, only for Model
A, no integrated cooling system is present. Among the

presented models, B, C, and D have cooling systems, which
proves that they are designed for critical applications.

Table 3 depicts a list of materials and their thermal charac-
teristics that exist in a 7s4p battery design. It lists the materials
that should be avoided when constructing the battery termi-
nals and Active battery as well as different cooling methods.
Battery terminals and active battery components are said to be
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Table 3. Material properties for plates used in battery pack models

Condition Material Heat capacity at constant Thermal conductivity Density
pressure (J/kg-K) (W/m-K) (kg/m?)
Battery terminals  Aluminum 900 238 2700
Active battery lithium- ion 1400 30 2000
Cooling model A 7s4p Straight configuration without cooling
Cooling model B1  Air 1005 0.026 1.225
Cooling model B2  Paraffin solid 1850 0.4 861
Cooling model B3  Paraffin liquid 2384 0.15 778
Cooling model B4 Aluminum 900 238 2700
Cooling model B5  Aluminum 6063-T83 900 201 2700
Cooling model B6  Aluminum 3003-H18 893 155 2730
Cooling model C  Aluminum in Series 900 238 2700
Cooling model D Aluminum in Parallel 900 238 2700

made of aluminum or lithium-ion and their heat and electrical
conductivity, density, and heat capacity is given.

This table 3 also presents four cooling models: A Model
A without any cooling plates. Model B utilization includes
air, PCM (paraffin) as well as heat spreaders (aluminum
and its alloys). And Model C and D, it employs the use of
aluminum in series and parallel circuits separately. Thus,
the specific objectives are the following: Assess the thermal
conductivity and apparent heat capacity of air, paraffin,
aluminum and aluminum alloys (6063-T83, 3003-H18) in
various battery pack arrangements.

Multiphysics and Mathematical Model

Some basic equations that are frequently used while
modeling the electrochemical as well as the thermal aspects
of a battery cell includes Cell Voltage Equation represented
by (1), The definition of 1C current represented by equa-
tion (2), applied current as represented by equation (3),
Volume integral of voltage as represented by equation (4),
Normalization condition as represented by equation (5).
These equations define several coefficients related to elec-
trical characteristics of battery cells, voltage, current and
internal processes that are important in the battery cell
simulation and creation of control algorithms in the battery
management systems [20].

Ecen = Eocy(SOC,T) + nyg + Nace (1)
he = 3ea0ts @

leen = lapp (3)

Veeu = fgce” dyor€d (4)

dvol =1 (5)

The thermal, electrochemical working in a battery cell,
including the thermal aspect, heat production and the rela-
tion between both aspects. The Heat Equation with Internal
Heat Generation: heat conduction in solids (6) and liquids
(7) are important tool for describing thermal processes in
battery and evaluating temperature fields. They include
heat conduction, convective heat transfer, and internal heat
generation and takes account of it (8).

aT
pey o= - (KVT) + Qp ©6)
pcp% +pc,u-VT =V - (kVT) + Qp (7)
] =1
Qh=(n1R+qact+T%C|XlT))Icell+Qmix (8)

These equations provided describe various aspects of
thermal dynamics within a battery system. The Mixing
Heat Equation (9) calculates the heat generated from mix-
ing processes within the battery. The Thermal Open-Circuit
Voltage Equation (10) defines how the thermal effects
alter the open-circuit voltage. The Thermal Conduction
Equation (11) illustrates the relationship between thermal
conductivity and heat transfer, where the heat flux is pro-
portional to the temperature gradient within the material
and the difference between the surface temperature and
ambient temperature. Together, these equations provide
a comprehensive framework for understanding thermal
management in battery design [7].

3Qcent (1 (aEOCV therm 0SOC 0SOC _ 5 )
ix = y x“dx
Qrmix T fO asoc ax Ix ©)

6Eocv(50C)

Eocv,therm= Eocvref (SOC)—Trep pr (10)
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Figure 4. Comparison of Battery Pack Configurations and Cooling Designs.

aT
San

—k = Nt (Ts = Ty) (11)

These equations are critical for simulations of the bat-
tery thermal management and safety and can be used to
optimize the design of the thermal systems, reduction of
the risk of thermal runaway and setting up thermal safe
limits. They also forecast temperatures and their effects on
batteries with respect to their usage in different applications
and life span [7,22]. Equations for heat transfer through
boundaries: (12) equations for heat convection: (13) and
for heat accumulation and specific heats (14).

q= —kVT (12)

Geonv = h(Ts — Tg) (13)
ar i

pcp5r =V - (kVT) + Qy (14)

To determine the thermal behavior of the battery pack
during operation, theoretical calculations were performed
based on the relevant input parameters provided in Table 1.

These calculations consider the battery pack metrics, phys-
ical dimensions, cooling plate dimensions, layout configu-
ration, electrical parameters, activation energies, thermal
properties, and initial conditions. The heat generated within
the battery pack due to internal resistance during discharge
was calculated using Joule’s law, as shown in Equation (15),
Total Heat Capacity of the System (16), Temperature Rise
of the System (17)

Qp = Ngoyp X I?X Rxt (15)

Ctotal = (mbattery X Cbattery) + (maluminum X Caluminum) ( 16)

Qb
AT = b
Ctotal (17)

Where: N is 28 (number of cells), I is the discharge
current for each C-rate (as presented in Table 1), R is the
internal resistance of the cells (0.005 Q), t is the discharge
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time (720 s), TT is total temperature, TO is the initial tem-
perature. For example, let us consider the M-B6 at a 0.5C
discharge rate, the current is I = 2A, C,, is the total heat
capacity of the system, My,ery and Mgy, is the mass of
the battery and aluminum respectively, similarly c;,.., and
Caluminum fOT specific heat capacity of battery and aluminum
respectively. Therefore, the heat generated by the battery
pack is:
Q(0.5¢) =28 x (2)2 x 0.005 x 720 = 403.2].

4032
~2909.93

Tr =20+ 0.14 = 20.14

~ 0.14°C

For the 1C discharge rate (I = 4A):
Qp(1c) =28 x (4)2 x 0.005 x 720 = 1612.8].

16128
~2909.93

Ty = 20 + 0.55 = 20.55

AT ~ 0.55°C

Similarly, the other values can be calculated in the same
process and get 22.22°C, 28.86°C, 39.95°C, 55.47°C for 2C,
4C, 6C, 8C respectively.

RESULTS AND DISCUSSION

The testing was conducted at an ambient temperature
of 20°C with various discharge C-rates, of at 0.5C, 1C, 2C,
4C, 6C, and 8C, rate currents to perform a comprehen-
sive analysis on the thermal conditions of the battery pack
arrangements. The experimental results were meticulously
analyzed to assess several critical aspects of Temperature

Discharge Rate: 0.5¢

24.5

Discharge Rate: 1c

Profiles and Voltage Profiles as presented in figures 4 and
5, Peak Temperatures Comparison presented in figure 6
thermal distribution also known as Heat Profile presented
in figure 7 and at last the Correlation Matrix of Different
Battery Pack Configurations presented in figure 8.

The distribution of thermal and electrical perfor-
mance of different configurations is given in figures 4, 5 &
6 and table 4. Critical factors of battery performance have
been analyzed for this paper and sensitivity analysis has
been done to emphasize the best cooling strategies. From
the following the models are represented as M-A (Model
A), M-B1 (Model B1 (Air)), M-B2 (Model B2 (Paraffin
Solid)), M-B3(Model B3(Paraffin Liquid)), M-B4 (Model
B4(Aluminum)), M-B5 (Model B5(Al 6063-T83)), M-B6
(Model B6 (Al 3003-H18)), M-C (Model C (Aluminum in
series)), M-D (Model D (Aluminum in parallel)).

Temperature Management and Temperature Profiles

Discharge rate has a great influence on the temperature
regulation which is regarded as the key factor. Higher dis-
charge rates cause the efficiency to be lower meaning that
for all the configurations there is a greater temperature rise
as seen in figure 4. The rate at which the technique cools the
product is also an essential aspect. Comparing between the
cooling methods with aluminum, this investigation reveals
that M-B4 , M-B5, and M-B6 exhibit higher thermal control
in the cooling system than the methods using M-B1, M-B2
and M-B3 air and PCM (paraffin).

From observing the figures 4, 5(a-c) and table 4 we can
determine the cooling efficiency of each model. At 0.5C
discharge rate for M-A, M-B1, M-B2, M-B3, M-B4, M-B5,
M-B6, M-C, and M-D, the peak temperature raises from
20°C (initial temperature) to 21.64°C, 21.34°C, 20.99°C,

» Discharge Rate: 2c
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Figure 5. Temperature Profiles of Battery Pack Configurations Under Various Discharge Rates.
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21.02°C, 20.7°C, 20.7°C, 20.7°C, 20.95°C, and 21°C respec-
tively. Similarly, at 1C discharge rate, the peak tempera-
ture rises to 24.15°C, 23.37°C, 22.51°C, 22.59°C, 21.82°C,
21.82°C, 21.82°C, 22.44°C, and 22.57°C respectively. At
2C discharge rate, the peak temperature rises further to
31.08°C, 29.04°C, 27.02°C, 27.25°C, 25.07°C, 25.07°C,
25.06°C, 26.73°C, and 27.05°C. At 4C discharge rate, the
peak temperatures increase significantly, reaching 43.64°C,
40.57°C, 36.35°C, 36.72°C, 33.02°C, 33.02°C, 33.01°C,
36.34°C, and 37.01°C respectively.

At 6C discharge rate, the peak temperatures rise to
57.6°C, 55.66°C, 51.62°C, 52.63°C, 46.45°C, 46.46°C,
46.45°C, 51.73°C, and 51.49°C at 0.2 hours during the 6C
discharge, the temperatures stabilize at 49.11°C, 48.51°C,
47.12°C, 43.32°C, 43.33°C, 43.22°C, 43.3°C, 49.38°C,
and 48.93°C respectively. At 8C discharge rate, the peak
temperatures reach 85.36°C, 82.36°C, 81.37°C, 82.63°C,
64.23°C, 64.27°C, 64.31°C, 74.08°C, and 74.32°C. At time

Temperature vs Time - Model-A
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Temperature (C) -
3

20

Time (h) =

Temperature vs Time - Model-B2
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70

60

Temperature (C) -
3z

20 ¥ - - .

0.00 0.05 0.10 0.15 0.20

Time (h) =

0.2 hours during the 8C discharge, the temperatures sta-
bilize at 61.55°C, 58.55°C, 54.14°C, 53.89°C, 51.38°C,
51.68°C, 51.37°C, 58.05°C, and 57.14°C respectively. From
this, we observe that M-B4, M-B5, and M-B6 consistently
exhibit the lowest peak temperatures across all discharge
rates, indicating superior cooling efficiency.

Discharge rate has a strong significance, and voltage
drop is more noticeable at higher discharge rates impacting
all the tested settings. The impact of the cooling method is
equally relevant since a better way of cooling will contribute
to stabilizing of voltage due to minimized thermal decay.

From observing the voltage data across various models
at different discharge rates, we can analyze the performance
of each configuration. At a 0.5C discharge rate, the voltages
for Models M-A, M-B1, M-B2, M-B3, M-B4, M-B5, M-B6,
M-C, and M-D are recorded as 4.03V, 4.04V, 4.04V, 4.04V,
4.04V, 4.04V, 4.04V, 4.04V, and 4.04V, respectively. At 1C
discharge, the voltages remain relatively stable, with values
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Figure 6(a). Peak Temperature Profiles of Model (M-A, M-B1, M-B2, and M-B3) Configuration Under Various Discharge

Rates.
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of 4.01V across most models, except for Model B4 through
B6, which maintain the same voltage. When discharged at
2C, there is a slight drop in voltage, particularly for Models
B1, B2, and B3, which exhibit voltages of 3.96V. The trend
continues at 4C, where the voltages decrease further, with
Model B4 reaching 3.64V, indicating a more significant
impact of discharge rates on these models. At higher rates
of 6C and 8C, voltages drop substantially, particularly for
Model B6, which stabilizes at 1.27V at 6C and maintains
1.28V at 8C. This behavior suggests that Models B4, B5, and
B6 consistently exhibit a higher capacity to retain voltage
across varying discharge rates, indicating better perfor-
mance and efficiency in voltage retention during operation.

Therefore, considering the thermal and electrical
results, it is possible to state that M-B6 (Al 3003-H18) has
the best results in temperature dissipation and voltage reg-
ulation at all the discharge current rates. A similar success
is achieved by M-D (Aluminum in Parallel); it is optimal
about the higher charge/discharge rates thus fitting well
high-end functionalities.

The bar chart in figure 7 gives the direct comparison of
peak temperatures at a given configuration at different dis-
charge rates. This supports the observation made in Figure
4 and 5(a-c) with the help of Table 4 indicating that all tech-
niques based on aluminum gives a lower peak temperature.

Thermal Distribution (Heat Profile)

The thermal distribution shown in Figure 7 is in the
different battery pack configuration models M-A, M-B(1-
6), M-C, and M-D at different discharge rates of 0.5C, 1C,
2C, 4C, 6C, and 8C. Each row represents a different cooling
technique: The researched cooling types include no plate
(M-A), air cooling (M-B1), paraffin solid and paraffin liq-
uid cooling (M-B2 and M-B3), pure aluminum cooling
(M-B4), aluminum variants (M-B5 and M-B6), and alumi-
num configurations in series and parallel (M-C and M-D).

The thermal maps reveal that M-A tends to exhibit a
high degree of temperature variations, especially at a higher
rate of discharge, which proves that the thermal regulation
of this model is inadequate. The cooling techniques that use

Table 4. Comparison of Cooling Techniques for Battery Cells at Various Discharge Rates

Configuration Parameter 0.5C 1C 2C 4C 6C 8C
Voltage at 0.2h (V) 4.03 4.01 3.96 3.68 1.29 1.29
Model A Temperature at 0.2h (°C) 21.64 24.15 31.08 43.64 49.11 61.55
Peak Temperature Recorded (°C) 21.64 24.15 31.08 43.64 57.6 85.36
Voltage at 0.2h (V) 4.04 4.01 3.96 3.67 1.29 1.29
Model B1 (Air) Temperature at 0.2h (°C) 21.34 23.37 29.04 40.57 48.51 58.55
Peak Temperature Recorded (°C) 21.34 23.37 29.04 40.57 55.66 82.36
Voltage at 0.2h (V) 4.04 4.01 3.95 3.66 1.28 1.29
Model B2 (Paraffin Solid) Temperature at 0.2h (°C) 20.99 22.51 27.02 36.35 47.12 54.14
Peak Temperature Recorded (°C) 20.99 22.51 27.02 36.35 51.62 81.37
Voltage at 0.2h (V) 4.04 4.01 3.95 3.66 1.28 1.29
Model B3 (Paraffin Liquid) Temperature at 0.2h (°C) 21.02 22.59 27.25 36.72 43.32 53.89
Peak Temperature Recorded (°C) 21.02 22.59 27.25 36.73 52.63 82.63
Voltage at 0.2h (V) 4.04 4.01 3.95 3.64 1.27 1.28
Model B4 (Aluminum) Temperature at 0.2h (°C) 20.7 21.82 25.07 33.02 43.33 51.38
Peak Temperature Recorded (°C) 20.7 21.82 25.07 33.02 46.45 64.23
Voltage at 0.2h (V) 4.04 4.01 3.95 3.64 1.27 1.28
Model B5 (Al 6063-T83) Temperature at 0.2h (°C) 20.7 21.82 25.07 33.02 43.32 51.68
Peak Temperature Recorded (°C) 20.7 21.82 25.07 33.02 46.46 64.27
Voltage at 0.2h (V) 4.04 4.01 3.95 3.64 1.27 1.28
Model B6 (Al 3003-H18) Temperature at 0.2h (°C) 20.7 21.82 25.06 33.01 43.3 51.37
Peak Temperature Recorded (°C) 20.7 21.81 25.06 33.01 46.45 64.31
Voltage at 0.2h (V) 4.04 4.01 3.95 3.66 1.29 1.29
Model C (Aluminum in series) Temperature at 0.2h (°C) 20.95 22.44 26.73 36.34 49.38 58.05
Peak Temperature Recorded (°C) 20.95 22.44 26.73 36.34 51.73 74.08
Voltage at 0.2h (V) 4.04 4.01 3.95 3.66 1.29 1.29
Model D (Aluminum in parallel) Temperature at 0.2h (°C) 21 22.57 27.05 37.01 48.93 57.14
Peak Temperature Recorded (°C) 21 22.57 27.05 37.01 51.49 74.32
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Figure 10. Comparison of Peak Temperatures for Battery Pack Configurations Across Different Discharge Rates.

air and paraffin (M-B1, M-B2 and M-B3) are also moderate
effective at reducing the temperature, yet at high discharge
rates; hot zones are still observed.

In the case of pure aluminum as well as the various
aluminum derivatives (M-B4, M-B5, and M-B6), the heat
dissipation is more evenly distributed and heat issues are
not apparent even when operating at high discharge rates.
The aluminum in the series and parallel (M-C and M-D)
has the best thermal dissipation as it has the least isother-
mal changes across all rates of discharge. This figure for the
most part conveys the information that aluminum-based
cooling methods serve the best in heat removal and thermal
regulation of battery packs.

Correlation Analysis for Various Discharge Rates
Correlation analysis proves to be an invaluable tool
for both predictive accuracy and real-time application in
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industries like aerospace, where thermal management is
critical. It offers valuable insights for material selection
and performance prediction, helping to optimize thermal
management techniques. The strength of the correlations
between the models and materials across various discharge
rates (0.5C to 8C) provides insights into how closely related
the performance of different thermal management systems
are under similar stress conditions.

The correlation matrices shown in Figure 8(a) to 8(c),
depicts the correlation values of various measurements
for different discharge rates (0. 5C, 1C, 2C, 4C, 6C, 8C).
Each matrix is a 2 by 2 matrix, in which cells are the cor-
relation coefficients between the two M-A and M-B (1-6),
M-C and M-D. The numbers and color gradient alongside
them represent the level of correlation, with numbers close
to 1. While the closer to 1 means a positive direction, values

1.000
0.998

0. 995

0.992

0.990

Figure 11(a). Correlation matrix of different models at 0.5C and 1C discharge rate.
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Figure 13(c). Correlation matrix of different models at 6C and 8C discharge rate.

closer to 0 mean negative direction and hence, 0 supports a
strong positive direction. The correlation between these is -
1 implying a negative correlation where values often give 0
it implies that there is no correlation.

Red represents strong positive correlations (closer to
+1): Shows that one measurement has variation in direct
proportion with the other. Blue represents strong neg-
ative correlations (closer to -1): Expresses that if the first
variable is large, the second one is least and vice versa. No
Correlation (close to 0): Used when there is no correlation
between the measurements. At the 0.

In smaller aircraft like Piper, Cessna, and Cirrus, efficient
thermal management is crucial for optimizing battery systems
and overall performance. The correlation analysis reveals that
aluminum and its alloys (M-B4, M-B5, M-B6, M-C, M-D)
exhibit high consistency in thermal conductivity across all dis-
charge rates, making them ideal for lightweight aircraft where
minimizing heat buildup is essential. Paraffin-based Phase
Change Materials (M-B2, M-B3) also show strong reliability,
offering excellent thermal storage capabilities. For these air-
craft, combining highly conductive materials like aluminum
with PCMs could significantly improve cooling efficiency,
ensuring stable performance, and extending the lifespan of

energy systems in compact, high-demand environments.
These insights align with current advancements in lightweight,
efficient thermal management technologies used in modern
aviation, potentially enhancing safety and energy efficiency in
smaller aircraft systems.

Discharge rate of 0.5C, the results of the correlation
matrix reveal that the models have different levels of pos-
itive correlation. It is also observed that there is moderate
positive relationship between Model A (M-A) and other
models wherein the weakest association was detected and
the lowest with Model M-B2 at 0.7929. The models of alu-
minum and its alloys (M-B4, M-B5, M-B6, M-C, M-D) are
very closely related with each other approaches the max-
imum value 1.0. This can be interpreted to mean that the
thermal and electrical characteristics of these models are
quite close when it comes to this given discharge rate.

Concerning the 1C discharge rates, the correlation coef-
ficients trend is characterized by the increase of the figures,
which shows the growing dependence of the models. These
respective correlations range from being very strongly posi-
tively related as M-A with M-B1 at 0.9908. The models based
on aluminum (M-B4, M-B5, M-B6, M-C, M-D) again and
again depict close correlation, in some cases even arriving at
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Figure 14. Thermal distribution in battery pack models A, B, C, and D across various discharge rates

the level of 0.999. Such a high correlation between the two
models implies that the models’ response to the thermal
stresses is similar at this higher discharge rate.

At a 2C discharge rate, the correlation coefficients
between the models are also considered to be high. This
indicates that, Model A (M-A) has positive relationship
with other models particularly Model B1 (M-B1) at 0.9982.
All the models with paraffin and aluminum (M-B2, M-B3,
M-B4, M-B5, M-B6, M-C, M-D) have the similar and high
correlation coefficients, which gives evidence that the effi-
ciency of the thermal management stratagem planning
with the increased discharge condition is also satisfactory.

The same is also true when the discharge rate has been
raised to 4C; the correlation matrix shows that M-A cor-
relates with other models like M-B1 with an indication of
0.9993. The aluminum and its alloy models (M-B4, M-B5,
M-B6, M-C, M-D) almost have 1:1 correlation coefficient,
which depicts that these model’s behavior is quite predict-
able and almost similar under this higher discharge stress.

Further, at the 6C discharge rate the association
between different models reveal insignificant decline par-
ticularly between the M-A model and the others and the
lowest value was recorded with M-B1 model as 0.9857.
Nevertheless, considering their results under this discharge
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rate, it is evident that the correlations in the thermal and
electrical properties of the aluminum-based models (M-B4,
M-B5, M-B6, M-C and M-D) are still very high and there-
fore; a strong positive relationship is still evident.

The correlation matrix shows very high correlation for
most of the models for the level contributing to the highest
discharge rate of 8C. M-A has a correlation coefficient of
0.9993 with M-B1. The same situation can be observed with
aluminum and alloy models M-B4, M-B5, M-B6, M-B, M-D,
with near-perfect coefficients which remained stable and
prove the efficiency of the corresponding thermal manage-
ment schemes at the maximum tested discharge rate as well.

M-A, Correlations range from 0.7759 to 0.9993 were
reported. A striking feature of M-B1 is demonstrated to
have very higher correlation coefficients with the other
models that exceeds 0.990. M-B2 correlates almost perfectly
with another aluminum-based model which shows that its
performance is almost similar. M-B3 resembles M-B2 in
terms of very high correlation. This study found out that
M-B4 has a high correlation with other aluminum models
in most models established constantly high correlations.

Frequently, the M-B5 correlation coefficients approach
1.0, indicating predictable performance. M-B6 is generally
very high affinity with other models especially the alumi-
num-based models. Both M-C have a high correlation with
other aluminum models particularly when the discharge rates
are high. The values for M-D lay near one, meaning good per-
formance and similarity between the model and other models.

CONCLUSION

Among all the cooling techniques, aluminum-based
heat spreaders demonstrated superior thermal perfor-
mance, with Al 3003-H18 showing the most effective
results. At an 8C discharge rate, this model achieved a
maximum temperature of 57.22°C, outperforming air cool-
ing (82.62°C) and standard aluminum (64.23°C). Also, Al
heat spreaders enhanced voltage regulation depending on
the discharge current. For instance, that voltage drop for
Al 3003-H18 was small, that retained 4.04V, 4.01V, 3.95V,
3.64V, and 1.27V at discharge rates from 0.5C to 8C, which
pointed to the decreased thermal induced degradation. The
positive correlation values of above all aluminum-based
models briefed that they are showing consistent results and
are very reliable when tested under different thermal con-
ditions which confirm their use for aviation.

Air cooling, being easy and cheap, proved to have a
low efficiency and further declined at high discharge rates
(82.36°C) at 8C. This makes it less suitable for high-per-
formance operations such as aerodynamics, thermals and
other critical aviation uses. Paraffin solid and liquid (Phase
Change Materials) provided moderate enhancements over
passive air cooling at the same time. However, their peak
temperatures at 8C (54.14°C and 53.89°C) were higher than
the aluminum-based methods; thus, it can be deduced that

the proposed techniques are more suitable for moderate
thermal management but not at very high stresses.

Aluminum, especially Al 3003-H18, proved to be the
best material for effective heat dissipation and maintain-
ing uniform temperature distribution. The quantitative
results, maintaining steady-state temperatures at 0.2 hours,
20.7°C, 21.82°C, 25.06°C, 33.01°C, 43.3°C, and 51.37°C
at discharge rates from 0.5C to 8C, highlight aluminum’s
superior thermal conductivity and stability. The quantita-
tive results, such as, coupled with minimal voltage drops,
highlight aluminum’s high thermal conductivity and stabil-
ity. This makes it an ideal choice for high-performance and
safety-critical applications in aviation.

Thus, assessment of this study’s findings offers consider-
able value for the realization and monetization of effective
thermal management systems in airborne applications. The
obtained results indicate that the use of the aluminum-based
cooling has a higher cooling effectiveness and therefore
integrating the right kind of cooling into battery manage-
ment systems will expand the safety, efficiency, and service
time of lithium-ion batteries. As it could be observed from
the aircraft manufacturers and operators’ point of view, the
described cooling techniques may lead to the improvement
and durability of battery systems meeting the current load
levels and operating conditions of modern aviation.

NOMENCLATURE

General Parameters

socC State of Charge

T Temperature

t Time (s)

X Spatial coordinate (m)

r Radial coordinate in spherical (m)

p Density (kg/m?)

o Specific heat capacity at constant pressure (J/
kg-K)

k Thermal conductivity (W/m-K)

U Velocity vector (m/s)

T Characteristic time (s)

Electrical and Electrochemical Parameters

Eeen Cell voltage (V)

Eocvsocr) Open Circuit Voltage (V)

Nr Overpotential due to internal resistance (V)

Nt Activation overpotential (V)

Loy Current through the cell (A)

Ic Current corresponding to a 1C rate (A)

Qcerro Nominal capacity of the battery cell (Ah)

Thermal Parameters

Qy Total heat generation within the cell (W/m?)

Quix Heat generation due to mixing or diffusion
(W/m?)

Eocviherm ~ Thermal component of the open circuit volt-

age (V)
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Eocyref Reference OCV at a reference temperature (V)

T Reference temperature (C)

Other Symbols

\Y Nabla operator (vector differential operator)

. Dot product

0 Domain of integration

d, Differential volume element

k, Shell's thermal conductivity (W/m-K)

Ry Natural convective heat transfer coefficient of
air (W/m?.K)

T, Temperature of the shell (K)

T, Ambient temperature (K)

n Direction normal (wall-normal direction)
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