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ABSTRACT

This dissertation presents the theoretical and experimental
investigations pertaining to the Phase Change Material (PCM) based
passive and hybrid thermal management systems for electric vehicle
battery modules. The objective of the present study is to analyse the
performance of PCM based passive and hybrid thermal management
systems for various applications, more specifically for battery modules

of electric vehicles.

Initially, a theoretical model has been proposed to estimate the effective
thermal conductivity (ETC) of open-cell metal foams (MFs) saturated
with fluid or phase change materials (PCMs). These models incorporate
realistic geometric characteristics (3-D) based on tetrakaidecahedron
unit cell structures, incorporating different shapes of ligament and
various shapes of node, orientation of ligament, geometry of MFs,
coating thickness, and effect of materials. Among various models, the
hexagonal-cell model featuring concave triprism ligaments and
pyramidal nodes exhibits very good agreement with test data, with
deviations below 3% for coated nickel and copper foams. The
parametric study further highlights coating thickness as the most
influential parameter, followed by the thermal conductivities of the

coating material and the filler medium.

The next study proposes a 3-D computational fluid dynamics (CFD)
model to analyse the thermal performance of MF-PCM composites
integrated into a commercial prismatic lithium-ion battery. The effect of
various parameters such as PCM thickness, discharge rate, porosity of
MFs on the performance are analysed under steady, transient, and
realistic driving conditions. Results demonstrate that the MF-PCM
system significantly reduces peak battery temperatures and maintains
thermal gradients within safe limits. A PCM thickness of 8§ mm and a
metal foam porosity of 0.95 are identified as optimal, which reduces the
temperature rise by 56% compared to natural convection cooling; such

arrangement exhibits reliable thermal buffering and stability for varied
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range of loading conditions that demonstrate its suitability for practical

electric vehicle applications.

In the subsequent study, a hybrid battery thermal management system
(BTMS) is proposed that combines PCM with a lightweight, liquid-
cooled cold plate. The system is evaluated under both continuous and
melt-fraction-triggered intermittent cooling strategies. Realistic drive
cycles such as Supplemental Federal Test Procedure (SFTP-US06),
Urban Dynamometer Driving Schedule (UDDS), Worldwide
Harmonized Light Vehicles Test Procedure (WLTP-class-3), Highway
Fuel Economy Test (HWFET), along with rapid cyclic
charging/discharging scenarios (4C—1C and 5C-1C), are used to assess
performance. Unlike conventional designs, the proposed hybrid system
effectively leverages the latent heat storage of PCM to passively
stabilize temperatures and activates liquid cooling only when desired
melt fraction is reached. The intermittent strategy enables complete
coolant-free operation in three of the four drive cycles and achieves up
to 83.9% energy savings during rapid charge-discharge cycles. The
optimized zig-zag channel cold plate design results in improved PCM
re-solidification, better thermal uniformity, a 52.9% weight reduction,
and reduced hotspot formation, offering a lightweight and energy-

efficient solution for practical BTMS integration.

In the last study, both experimental and numerical investigations have
been carried out to analyse the passive PCM-based BTMS for
cylindrical (18650) lithium-ion cells. Tests are conducted for various
discharge rates (2C-5C), different PCMs (RT-24, RT-35, RT-38, RT-42,
RT-47), at room temperature conditions. The 3-D numerical model
exhibits good agreement with the test data, and the average deviation is
found to be less than 5%. Here, the system with 4 mm PCM thickness is
found to be the optimal condition that offers the best trade-off between
temperature reduction, melt fraction utilization, and material efficiency.
Among the tested PCMs, RT-35 exhibits superior thermal performance

under moderate ambient conditions. Further, with the increase in the
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convective heat transfer coefficients, the PCM re-solidification is found
to improve, while it reduces the PCM melt fraction due to accelerated
surface cooling, indicating a trade-off between enhanced cooling and

uniform thermal distribution.

Keywords: Battery Thermal Management System, Phase Change
Composite, Effective Thermal Conductivity, Metal Foam, Rapid
Discharging, Hybrid Cooling, Realistic Drive Cycles.
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Chapter 1

Introduction and Literature Review
1.1 General background

The rapid expansion of global population, industrial activity, and
technological advancement has necessitated a sharp increase in energy
demand; as per International Energy Agency (IEA), the demand is
estimated to increase by 50% during 2020 to 2050 [1]. Despite
significant progress in renewable energy technologies, fossil fuels are
found to cater nearly 75% of the world’s energy that contributes nearly
33 gigatons of CO: emission annually [2]. To meet the targets set by the
Paris Agreement, particularly limiting global warming to below 2 °C, a
significant effort needs to be made to reduce the CO: emissions through
sustainable transportation technologies; wherein, the transportation
sector contributes nearly 25% of global CO: emissions, primarily
through gasoline and diesel-powered internal combustion engine (ICE)

vehicles [3-4].

Electric vehicles (EVs) have emerged as an alternative to decarbonize
transportation, improve air quality, and reduce reliance on fossil fuels.
These battery-powered, zero-emission alternatives eliminate tailpipe
pollution and have gained strong policy support worldwide. Several
countries, such as Norway, UK, Germany, China, and India, have
announced plans to phase out ICE vehicles by 2035-2040. India, under
its Faster Adoption and Manufacturing of Hybrid and Electric Vehicles
(FAME) initiative, aims for EVs to constitute 30% of the total vehicle
by 2030 [5]. It may be noted that EVs primarily depend on battery
modules as the source of power and these modules face intense thermal
loads, especially during fast charging and high-power discharge events,
with internal temperatures often surpassing 60 °C. Without effective
heat dissipation system, this thermal buildup can accelerate battery

degradation, reduce cycle life, and trigger safety hazards such as thermal
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runaway [6-7]. Thus, thermal management is essential not only to extend
battery life and maintain performance but also to ensure operational

safety.

1.2 Battery technologies

Batteries in EVs store and supply electrical energy by converting
chemical energy into electricity through electrochemical reactions. The
EV batteries are classified in different categories such as lead-acid,
nickel-metal hydride (NiMH), lithium-ion (Li-ion), and solid-state [8].
Among these, Li-ion batteries dominate due to their high energy density,
longer lifespan, lightweight design, and fast charging/discharging
capabilities [9]. These batteries offer higher efficiency, better charge
retention, and lower self-discharge rates, which makes them suitable
candidate for EV applications [10-11]; these are available in various

form factors (cylindrical, prismatic, pouch) as shown in Fig. 1.1.

Top cover (+)  Safetyvent

Cathode lead Separator

Metal case

PTC Separator
Anode

Insulator Cathode

Anode

Cylindrical Li-ion cell Prismatic Li-ion cell

Figure 1.1: Commonly used Li-ion batteries
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Figure 1.2: Components of Li-ion battery [12]



Lithium-ion batteries primarily consist of four key components: anode,
cathode, electrolyte, and separator. These components and their
configuration are illustrated in Fig. 1.2. The material composition and
functional roles of each component in the Li-ion battery system are

summarized in Table 1.1 [12]

Table 1.1: Components and electrochemical reactions for Li-ion battery

Components Material Purpose

Stores lithium ions during
Anode Graphite charging and releases

them during discharge

Lithium metal oxides

such as
Lithium Cobalt Oxide S
. Releases lithium ions
(LiCo02), L
o during discharge and
Cathode Lithium Iron Phosphate _
‘ stores them during
(LiFePOa.), _
o . charging.
Lithium Nickel

Manganese Cobalt

Oxide (LiNiMnCoO-)
Lithium salt (typically | Facilitates the transport of
Electrolyte LiPFs) dissolved in lithium ions between the
organic solvents anode and cathode.

' Prevents physical contact
Microporous polymer
Separator between electrodes while
membrane
allowing ion flow

Charging and discharging of the battery

Figure 1.3 illustrates the working of the Li-ion batteries. During
charging (energy storage), an external power source (battery charger)
applies voltage, forcing lithium ions to migrate from the cathode to the

anode through the electrolyte while electrons flow externally to the



anode. The lithium ions are intercalated into the graphite structure of the
anode. While during discharging (energy release), the stored energy is
released as lithium ions migrate from the anode to the cathode,
generating an electrical current. The details of the reactions during

charging and discharging are detailed in Table 1.2.

Table 1.2: Details of reactions during charging and discharging process

Stage Anode Cathode Overall reaction
. xLit+xe” + | LiyM0O, - xLi* + Li,MO, + xCg —
Charging
Ce = xLiCy xe~ + MO, xLiCq + MO,
. . xLiCg - xLit + xLit +xe” + xLiCs + MO, —
Discharging
xe™ + Cq MO0, - Li,MO, Li,MO, + xC,

where x denotes the number of lithium ions involved in the intercalation
or deintercalation process, Cs represent graphite, MO: represents the

transition metal oxide in the cathode [13].

Powerl supply Load
!

y ER RY A
(+) (=) (+) )
Electrolyte Electrolyte
Positive Negative Positive Negative
electrode electrode electrode electrode
Charging Discharging
Cell under charging Cell under discharging

Figure 1.3: Working of Li-ion battery

1.3 Heat generation in batteries and its effects

1.3.1 Cause of heat generation in batteries

In a battery system, as current flows through various internal paths of

the battery such as the electrode, electrolyte, separator, and current
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collector, energy is dissipated due to resistance to ionic and electronic
transport. In addition, the electrochemical reactions, which involve the
transfer of lithium ions and electrons at electrode surfaces require
driving voltage to overcome kinetic barriers, resulting in energy loss in
the form of heat. During charging or discharging process, the transfer of
lithium ions to (from) the system undergoes changes in internal energy
and entropy; these thermodynamic processes can result in the
absorption/release of heat, depending on the direction of the process and
the specific properties of the electrode materials. Therefore, the heat
generation in a lithium-ion cell arises due to various parameters such as
interaction during charge transport, reaction kinetics, and
thermodynamic properties. Also, the heat generation depends on various
parameters such as charging or discharging (C-rate: the rate at which a
battery is charged or discharged relative to its nominal capacity),
temperature, state of charge (SOC), aging, and the design of the cell
itself [7, 14]. The details of heat generation in battery modules are

elaborated below.

1.3.2 The components of heat generation

The total heat generated within a lithium-ion battery during charging or
discharging occurs due to various physical and chemical processes

occurring inside the cell; this is illustrated in the Fig. 1.4 below.

‘ Total heat generation ‘

VN

‘ Irreversible heat| ‘ Reversible heat ‘ | Side reaction heat ‘

N |

Overpotential Ohmic Entropy change SEI (Solid Electrolyte Interphase)

losses formation

Figure 1.4: Components of heat generation in the battery

The heat sources can be broadly categorized into three main

components:

Qcharging/discharging =A+B+C (1.1)



Where, A, B and C denotes the heat generated due to irreversible,
reversible and side reactions/degradation, respectively. During both
charging and discharging, heat is produced due to energy losses
associated with current flow, reaction kinetics, entropy changes, and
degradation phenomena. This heat generation is captured by the widely

accepted Bernardi equation and is defined as [12, 15, 16]:

du
Qcharging/discharging =I1U-V) -1 (T a_T> (1.2)
soc

Here, LU, V, T, (Z_Z) and SOC is defined as charge/discharge current

soc
(A), open-circuit voltage (V), operating voltage (V), operating
temperature (T), entropy coefficient (V/K) and state of charge of the
battery, respectively. SOC refers to the percentage of a battery’s
remaining capacity relative to its maximum capacity. The details of

various components of heat generation are detailed below.

A: Irreversible heat generation [I(U — V)]

Ohmic (Joule) heating is the primary source of heat generation in Li-ion
batteries which generates from internal resistance within the battery
components. This resistance is usually found in various components
such as electrode, electrolyte, current collector, and separator that
restrict the flow of lithium ions and electrons. The magnitude of Joule
heating increases significantly with higher charge/discharge rates such
as fast discharging or rapid acceleration. In addition to Ohmic (Joule)
heating, lithium-ion batteries generate heat from charge transfer and
activation overpotential, which represent the extra voltage needed to
overcome the kinetic and mass transport limitations at the electrode—
electrolyte interfaces. Irreversible heat is always positive and is typically
the dominant source of heat generation during high-current operation [7,

12-13, 16-18].



B: Reversible heat [(I T 2—;{) ]

soc

This component is related to the thermodynamic entropy changes
associated with the movement of lithium ions into and out of the
electrode materials; the entropy of the system changes as lithium-ion
intercalates into the electrode structure during charging or discharging.
This component of heat generation depends upon the material, state of

charge and operating temperature. The magnitude of reversible heat
generation term depends on the magnitude of g—: as below [7, 12-13, 16-
18].

au

e When P

< 0, the term becomes positive — heat is released
(exothermic)
d . .
e When a—z > 0, the term becomes negative — heat is absorbed

(endothermic)

C: Side Reaction Heat

In addition to the main sources of heat generation in a lithium-ion
battery, certain quantity of heat generation takes place because of side
reactions. These include the formation and thickening of the solid
electrolyte interphase (SEI) layer, gas formation, degradation of
electrode materials, and lithium plating. While the heat generation from
these side reactions is usually low under normal operating conditions, it

can be significant in aged cells or under stressful conditions [16, 18-19].
Heat generation during charging and discharging

It is observed that the amount and nature of heat generation inside a
lithium-ion battery are not the same during charging and discharging
process. The irreversible heat generation component (A) is always
positive in the case of both charging and discharging process, while the
reversible or entropic heat generation (B) varies during charging and
discharging process. This component is related to the change in entropy

that occurs as lithium ions move into or out of the electrodes. During



discharging, the entropy change often leads to the release of heat
(exothermic), while during charging, especially when the battery is
nearly full (high state of charge), the entropy change may cause the
battery to absorb heat (endothermic). Because of this difference, the total
heat generated is often higher during charging, particularly in the upper
SOC range, where both resistance and entropy-related effects are more

pronounced.
1.3.3 Possible harmful effects of heat generation

Excessive heat generation in lithium-ion batteries may lead to host of
adverse effects that can significantly alter the performance, safety, and
longevity. In the absence of effective heat removal mechanism, the rise
in the internal temperature promotes electrochemical side reactions,
such as electrolyte decomposition and degradation of the solid
electrolyte interphase (SEI) layer; these reactions may lead to increase
in the internal resistance, capacity fade, and performance degradation.
Elevated temperatures also promote gas generation, which can result in
cell swelling or leakage, especially in sealed configurations, and raises

the risk of thermal runaway under high current loads.

In addition to these thermal effects, uneven heat distribution across
battery cells and modules can create temperature gradients, resulting in
non-uniform state of charges, localized over-charging/discharging, and
non-uniform aging; all these factors reduce the reliability and service
life of the battery system. Therefore, the main aim of the designer is to
control the heat generation and maintain the temperature uniformity in
the battery module which can ensure the safe, stable, and efficient
operation of lithium-ion batteries. Also, the heat generation in battery
modules is found to depend on the operating temperatures and is detailed

in the next section.



1.4 Effect of operating temperature on thermal

performance

Operating temperature plays a crucial role to access the performance,
efficiency, lifespan, and safety of Li-ion batteries; it influences the
electrochemical reaction kinetics, lithium-ion transport, internal
resistance, and battery degradation mechanism [20-22]. In view of this,
it is essential to maintain an optimal temperature range for the battery
modules to ensure stable operation, maximize cycle life, and prevention
of thermal runaway issues. The behaviour of Li-ion battery for different

temperature ranges such as low, normal, and high, are discussed below.
1.4.1 Low-temperature operation (< 10 °C)

At lower temperature, battery performance is significantly affected due
to reduced lithium-ion diffusion and increased internal resistance. The
electrolyte becomes more viscous, reducing ion mobility and limiting
charge transfer at the electrodes and leads to higher Ohmic losses,
reduced power output, and lower charge acceptance. Also, the
deposition of metallic lithium on the anode, can occur during charging,
leading to irreversible capacity loss and potential short circuits. Alipour
et al. [23] investigated the effect of operating temperature on a 20 Ah
LiFePOa (LFP) pouch cells and reported that at -20 °C, the cell could
not be discharged above 1C (The C-rate is a measure of the rate at which
a battery is charged or discharged relative to its nominal capacity, for
example, 1C rate indicates the battery is fully charged/discharged in one
hour) due to a sharp voltage drop which may occur because of internal
resistance; while, it is observed that discharge can be achieved up to 3C
at -10 °C. Ramadass et al. [24] reported that the low-temperature, the
operation can lead to significant reduction in capacity and power (often
30-40% below 0 °C) and significant non-uniformity in heat distribution.
It is noted that the thermal gradient upto 10 °C can be observed across
the cell surface, leading to uneven utilization of active materials and

localized degradation. Zhang et al. [20] reported that lowering the



battery temperature from 20 °C to -20 °C results in the tenfold increase
in internal resistance. Tippmann et al. [21] confirmed that the battery’s
stored energy and power output decreases due to reduced ion transport
and increased lithium plating on the anode during charging; while at -
40 °C, only 12% of the available capacity is recoverable compared to
that at room temperature. Nagasubramanian [22] reported that at -40 °C,
the energy and power densities of lithium-ion batteries are found to
reduce by 5% and 1.25%, respectively, compared to their values at

20 °C.
1.4.2 Optimal temperature range (20 °C — 40 °C)

In general, the temperature range (20 °C — 40 °C) is recognized as
optimal temperature range for Li-ion battery. In this temperature range,
the electrochemical reactions occur efficiently, internal resistance
remains minimal, lithium-ion transport is well-balanced enabling
maximum energy efficiency with stable cycling and extended battery
lifespan. It is argued that maximum capacity utilization and power
efficiency are achieved in this temperature range, where the discharge
rates can be achieved up to 3C with minimal voltage drop and
temperature rise [23]. Tests conducted with battery Sony 18650 (18650
refers to cylindrical lithium-ion cell with 18 mm diameter and 65 mm
long) exhibits strong capacity retention, (losing 30% of capacity after
800 cycles at room temperature) and stable impedance behaviour, while
the longest cycle life is recorded (upto 1397 cycles) at a 1C discharge
rate before losing its capacity by 20% [24]. In general, EVs utilize
battery modules that includes multiple cells, which exhibit different
characteristics such as internal resistance, capacity, and voltage; these
behaviour leads to difference in charging and discharging characteristic
resulting in non-uniform temperature profile within the module. Han
[14] observed that in case of battery modules when the temperature
difference between cells exceeds by 5 °C, the power output decreases by
10%, and thermal aging is accelerated by 25%. Therefore, in addition to

the regulation of overall battery temperature, it is essential to control the
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temperature gradient within the battery module. For EV applications,
operating batteries within this optimal temperature range ensures

maximum driving range, faster charging, and consistent power delivery.
1.4.3 High-temperature operation (> 45 °C)

At higher temperature (>45 °C), Li-ion batteries initially benefit due to
the enhancement in reaction kinetics and reduced internal resistance,
which leads to enhancement in power output, while for the sustained
operation at this range leads to significant degradation in performance,
reduces safety margins, and shortens the cycle life. Higher operating
temperature accelerate side reactions such as SEI growth, electrolyte
decomposition, and gas evolution, which leads to increase in internal
resistance, loss of active lithium, and structural instability. In addition,
Li-ion diffusion becomes non-uniform at higher temperature leading to
localized heating, mechanical stress, and thermal gradients which can
damage cell integrity. It has been argued that LiFePO4 (LFP) pouch cells
exhibits better performance at 50 °C under low C-rates, while they suffer
power losses at higher discharge rates [23]. Figure 1.5 summarises the

effect of operating temperature on the performance of Li-ion batteries.
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Figure 1.5: Effect of operating temperature on Li-ion battery

performance

For 5C discharge at 50 °C, the surface temperature is found to reach to
82 °C; at this stage, the temperature approaches the boiling point of

dimethyl carbonate (90.3 °C), a common electrolyte solvent and results
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in the risk of solvent evaporation, gas generation, and potential thermal
runaway. For Sony 18650 cells at 50 °C, nearly 60% capacity loss takes
place after 600 cycles, while, at 55 °C, the capacity loss increases to 70%
for 490 cycles [24]. Figure 1.5 summarises the effect of operating

temperature on the performance of Li-ion batteries.

1.5 Thermal management techniques

As discussed in the previous section, excessive heat generation in
lithium-ion batteries may lead to various adverse effects including
reduced performance, safety, and longevity and the thermal runaway
issues. In view of this, effective thermal management is essential to
maintain the optimal operating temperature in batteries that can avoid
overheating, improve performance, and extend the lifespan. The thermal
management system (TMS) for batteries can be classified into three
categories such as active system, passive system and hybrid system; the
detail of components used for various thermal management techniques

are shown in Fig. 1.6.
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. materials Composite
> Passive il
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— Hybrid ——rc™ + Liquid
—PCM + Heat pipe

Figure 1.6: Classification of thermal management systems for
batteries
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1.5.1 Active techniques

Active thermal management techniques utilize external power to
dissipate heat from systems. These techniques are widely used due to
their simplicity, higher efficiency in controlling excess temperature in
high power applications [7, 13, 17, 25]. The details are summarized
below.

e Air Cooling: This technique utilizes forced airflow via fans or
blowers to dissipate heat from the battery surface. It is simple,
cost-effective, and commonly used in hybrid vehicles and small-
scale battery modules.

e Liquid cooling: In this method, the coolant circulates through
cold plates or cooling channels in direct or indirect contact with
the cells; it offers superior heat removal capacity and is widely
adopted in modern electric vehicles.

e Vapor compression systems: Such techniques use refrigerants in
a closed-loop cycle to absorb the heat generated by battery
modules; while, the technique needs higher power, it provides
very good control on cooling and is used in high-performance
EVs and stationary battery energy storage systems.

o Spray and jet impingement cooling: This technique involves the
direct impingement of high-velocity coolant on battery surfaces

and significantly enhances the localized heat transfer.

Figure 1.7 shows the schematic of air cooled, and liquid cooled active
battery thermal management system.
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Figure 1.7: Active thermal management system [26]

1.5.2 Passive techniques

Passive thermal management techniques do not require external power

and rely on natural heat dissipation processes such as conduction,

convection, and radiation. These techniques are highly energy-efficient,

reliable and simple in design; therefore, these techniques are widely

used for compact, portable, or remote applications [7, 13, 17, 25]. The

details of various passive techniques are summarized below.

Heat sinks: These structures are made of various conducting
materials in different configurations. These devices conduct heat
due to multiple heat conducting paths. While, these devices are
simple and less costly, their effectiveness is limited by ambient
temperature and airflow.

Heat pipes: These devices utilize phase change of liquid to
rapidly spread heat away from high-temperature zones. These
are compact and efficient devices for uniform distribution of
temperature across the module.

Phase change materials (PCMs): These materials change their
phase after gaining heat energy from the hot surface and
subsequently return to their original phase after cooling; these

materials absorb and store excess during phase transition

14



(typically solid-to-liquid) and regulate the temperature of battery
modules.

e Radiative cooling surfaces: These surfaces are used to emit heat
through infrared radiation, these surfaces can be used in space

applications or where convection is limited.

Figure 1.8 shows the heat sink and PCM based thermal management

systems.

Heat sink Air

(a) Finned heat sink

PCM |
Battery p.
2\ . .

(b) PCM embedded with batteries

Figure 1.8: Passive thermal management system [27]

1.5.3 Hybrid techniques

Hybrid systems usually employ combination of both active and
passive techniques to leverage their respective advantages; the
details are elaborated below [7, 13, 17, 25]. Figure 1.9 shows the

hybrid thermal management systems.
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e PCM + Air cooling: In this configuration, the PCM absorbs
excess heat during peak loads and reduces the thermal load on
the air-cooling system, which helps to maintain a more uniform
temperature distribution. Also, the airflow system prevents
thermal buildup in the PCM and promotes the dissipation of
residual heat to the surrounding.

e PCM + Liquid cooling: In this configuration, the PCM acts as a
thermal buffer by absorbing heat loads, while the liquid cooling

system enables continuous and efficient heat removal process.
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(a) PCM with forced air convection system by [28]
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(b) PCM coupled with liquid cooling system by [29]
Figure 1.9: Hybrid battery thermal management system

The circulating coolant not only maintains the overall temperature of the

battery pack but also helps to extract the heat stored in the PCM which
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promotes faster solidification and enables the effective operation of

thermal management system over extended cycles or under high thermal

loads. The key features of passive, active, and hybrid thermal

management strategies are comparatively summarized in Table 1.3.

Table 1.3: Comparison of different thermal management techniques

Active Passive Hybrid
Features ] ) )
Techniques Techniques Techniques
Requires
No external
Power external power
. power Moderate
Requirement | (fans, pumps, )
required
COmpressors)
. . Moderate; best .
High; suitable High; handles
Heat . for low-to- .
for high-power, ) transient and
Removal _ _ medium
_ high-density steady-state heat
Capacity power )
systems o effectively
applications
Complexity High Low Moderate
Moderate; adds
Higher initial Low cost and | material cost but
Cost and operating minimal reduces
costs maintenance operating
expense
Can be affected
High; fewer
Reliability | by mechanical or . High
_ moving parts
power failure
Size and Larger and Compact and
‘ ‘ ‘ ‘ Moderate
Weight heavier lightweight

Active cooling systems (such as liquid or air cooling) usually require

auxiliary components including pumps, fans, compressors, heat

exchangers, and piping, which substantially increase both the system

volume and mass, typically contributing an additional 15-25 % to the

total battery module weight. On the contrary, passive systems that
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employ phase change materials (PCMs) or heat spreaders are compact
in size as these systems eliminate moving parts and auxiliary units,
leading to reduction in 5-8 % of the weight. Hybrid systems combine
both techniques and therefore, exhibit better performance compared to

passive systems with moderate increase in size and weight of the system.
1.6 Review of the literature

Extensive studies have been made to analyse the performance of various
thermal management systems specifically for electric vehicle battery
modules. These systems encompass a wide range of active, passive, and
hybrid approaches. The relevant studies as reported by various

researchers have been detailed below.
1.6.1 Active cooling techniques

Active cooling refers to a thermal management approach that relies on
external energy input, typically provided by components such as fans or
pumps, to dissipate heat from the system. In the case of battery modules,
active cooling generally involves the flow of air or liquid around the
cells to carry away excess heat and maintain temperature within safe
operating limits. Yang et al. [30] reported the combined performance of
PCM (n-eicosane) involving the air cooling for temperature control of
18650 batteries. The authors studied various PCMs with melting
temperature of 28 °C, 35 °C and 42 °C and thickness varying between 1
mm to 5 mm; based on the analysis, the authors reported the optimum
thickness as 2 mm for PCM melting point of 35 °C for effective thermal
management. Li et al. [31] investigated a liquid cooled BTMS for a 12-
cell prismatic LiFePOs module and evaluated the effect of cooling
surface, number of inlet flow configurations and coolant flow direction.
The optimal configuration, cooling from the inter-cell surface (Face A),
with three inlets and alternating flow direction, achieved a maximum
cell temperature of 303.6 K and a temperature difference of 2.3 K.
Further analysis showed that increasing the single inlet mass flow rate
to 1.2g/s, the peak temperature is found to reduce to 302.5 K while
improving the temperature uniformity by 1.7 K. Huo et al. [32] analysed
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a mini-channel cold plate-based BTMS for 5C discharging to examine
the effects of channel number, flow direction, inlet mass flow rate, and
ambient temperature on the performance. Results exhibit that the
increase in the number of channels and the inlet flow rate significantly
reduce the maximum battery temperature and optimal cooling is

achieved with a flow rate of 5 x 10~ kg/s.

Yan et al. [33] proposed a thermal management system involving
mini-channel liquid cooling with air cooling; the authors analysed the
temperature rise along the coolant flow direction in cylindrical Li-ion
battery modules and reported that combining air cooling with optimized
water flow rate (3 x 10 kg/s) reduced the maximum temperature and
temperature difference by 2.22 K and 2.04 K, respectively. Li et al. [34]
investigated the liquid cooling system involving copper tubes with
silicon cold plates; the proposed configuration is found to outperform
both natural and forced air cooling and found to maintain the maximum
battery temperatures below 41.92 °C and temperature differences within
1.78 °C at a flow rate of 8 ml/s. The copper tubes are found to conduct
heat away from the cold plates that significantly improve the cooling
efficiency, especially at higher discharge rates; the system reduces the

energy consumption by 47.4% compared to forced air convection.

Wang et al. [35] introduced a modular liquid-cooled BTMS to
evaluate the effects of coolant flow rate and cooling configuration (serial
vs. parallel) on the temperature control of battery modules. With the
increase in the coolant flow rate, the thermal performance increases and
attains a peak value; with further increase in coolant flow, the
performance improvement is found to be minimal with increase in
power consumption. Parallel cooling configurations exhibit superior
performance compared to serial cooling configuration, lowering the
maximum temperature and temperature difference by 7.55°C and
6.74 °C, respectively at a 3C discharge rate. The optimal flow layout
maintains a maximum temperature of 35.74°C and a temperature
difference of 4.17 °C. Zhao et al. [36] used a honeycomb-structured

liquid cooling plate to enhance the heat dissipation performance of
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prismatic lithium-ion batteries. The proposed dense hexagonal channels
are found to significantly increase the heat exchange surface area. With
3 mm channel width, 6.8 mm hexagonal block spacing and an inlet
velocity of 0.1 m/s, the system tends to maintain a maximum

temperature of 302.5 K and temperature difference of 4.1 K.

Chen et al. [37] investigated the thermal performance of a hybrid
BTMS using parallel mini-channel cold plates (PMCP) with three flow
configurations such as I-type, Z-type, and U-type. Among the designs,
symmetrical PMCP-I and PMCP-Z exhibit the superior performance
compared to PMCP-U, while the symmetrical PMCP-I exhibits 43%
and 61 % reduction in the maximum temperature difference (ATmax) and
pumping power, respectively; on the contrary, PMCP-Z achieves the

corresponding reductions of 19% and 66%, respectively.

1.6.2 Passive cooling techniques

Passive cooling is a thermal management technique that regulates
temperature without the use of components such as fans or pumps.
Instead, it relies on materials and design strategies that naturally absorb,
store, or dissipate heat. Passive cooling is usually achieved through
thermal conduction, natural convection, or the integration of heat-
absorbing materials. This approach offers several benefits such as no
external energy is needed for operation, silent operation, involves no
moving parts, and requires minimal maintenance. Among various
passive cooling approaches, the use of thermal energy storage materials
such as Phase change materials (PCMs) has emerged as a promising

solution for regulating temperature in battery systems.
PCMs for passive thermal regulation

PCMs are widely recognized for their high latent heat capacity and their
ability to absorb and store thermal energy at nearly constant temperature
during phase transition. This isothermal nature of phase transition allows
PCMs to effectively mitigate temperature rise under thermally loaded

condition, making them a promising solution for thermal management

20



in applications such as electronic devices, battery modules, and building
energy systems [38]. With integration of PCM in thermal management
modules, the PCM absorbs excess heat energy when the system
temperature exceeds its melting point and later releases the stored
energy during the cooling phase. This bidirectional heat exchange
process provides a passive, energy-efficient, and reliable means of
maintaining temperature within the desired operating range [39]. PCMs
can be broadly categorized into three different categories: organic,
inorganic, and eutectic (formed by mixing two or more components)
each with distinct thermal and chemical characteristics. Among these,
organic PCMs are most employed due to their favourable properties that
include high latent heat capacity, chemical stability, lower supercooling,
non-corrosiveness, long-term cycling reliability and ease of handling
[40]. However, despite these distinct benefits, the practical integration
of PCM in thermal management systems becomes difficult due to its
inherently low thermal conductivity. Studies have demonstrated that
PCMs can maintain battery temperature within safe operational limits

by absorbing excess heat during high thermal loads.

Hussain et al. [41] numerically studied the effects of discharge rates
(1C-5C), PCM type, ambient temperature, and heat transfer coefficients
on the thermal performance of a prismatic Li-ion cell. They found that
n-octadecane was most effective at 293 K and 300 K, while composite
paraffin and RT-58 performed better at 313 K and 323 K. At 300 K, the
proposed system reduced peak temperatures by 25.3 K and 19.5 K, and
improved temperature uniformity by 5.3 K and 3.6 K at 5C and 4C,
respectively. Zhao et al. [42] analyzed different PCM types (n-
octadecane, n-eicosane, n-docosane) and the effect of PCM core size on
the thermal management of 18650 batteries. The authors report that with
the increase in the PCM core radius to 3.8 mm, the thermal management
system can effectively maintain the peak temperatures below 50 °C. Wu
et al. [43] investigated the influence of battery orientation on thermal
performance for different combinations of PCMs with 18650-type cells.

A horizontal arrangement configuration exhibits better temperature
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uniformity (4.1 K) compared to the vertical configuration (5.7 K), as it

helps to reduce heat accumulation in the solid PCM at the bottom.

Vashist et al. [44] demonstrated the role of PCM thickness in regulating
cell temperatures; the author analysed three configurations (1.25 mm,
2.50 mm, and 5.00 mm) under discharge rates up to 3.5C. With 1.25 mm
PCM layer, the thermal management module reduces the surface
temperatures by 10.09 °C; while with thicker PCM layers, such as 2.50
mm and 5.00 mm, the melting process is delayed which indicates a

slower thermal response.

Thermal conductivity enhancement in PCM

Researchers have proposed several techniques such as inclusion of
metallic fins, metal foams, high thermal conductivity fillers and
encapsulation to enhance the overall thermal conductivity of the PCM
based thermal system [45]. Many times, the PCM thermal performance
is improved with the inclusion of metallic fins. The fins act as passive
conductors, increasing the heat transfer surface area and directs the heat
away from localized hot spots, which improves the overall thermal
response. The orientation and geometry of fins can also be tailored to
meet specific application needs [46]. High thermal conductivity fillers
also offer enhancement in performance, where various materials such as
expanded graphite, metal particles, and carbon-based nanomaterials
(e.g., carbon nanotubes and graphene) are dispersed within the PCM
matrix. In some cases, the microencapsulation is also employed to
improve thermal performance while also addressing practical concerns
such as leakage and structural degradation. In this technique, the PCM
is enclosed within thermally stable shells made of polymers or
conductive materials [47]. However, these enhancement techniques
exhibit certain limitations. The use of fins increases the system weight
and occupies additional space, thereby reducing the available PCM
volume and limiting design compactness. Additives (nanoparticles) can
also lower the latent heat capacity of the composite PCM and may lead

to issues such as sedimentation or agglomeration over time, affecting
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long-term stability. Although microencapsulation effectively prevents
the leakage and improves thermal cycling, it reduces the overall thermal
storage capacity due to the presence of encapsulation material and

introduces additional complexity in fabrication.

Another effective method to increase the thermal conductivity involves
the integration of PCMs into porous structure such as Metal Foam (MF)
[48]. These foams are characterized by porosity and pore density,
typically measured in pores per inch (PPI). Porosity refers to the
proportion of the foam's volume that consist of voids or empty space,
which allows it to store a significant amount of PCM; a higher porosity
indicates more available volume for PCM infiltration. Pore density,
measured in PPI, refers to the number of pores present within one inch
of the foam structure. It gives an indication of the pore size i.e., lower
PPI corresponds to larger pores, while higher PPI means smaller, more
closely packed pores. These interconnected networks create continuous
conduction pathways that enhance thermal transport throughout the
composite. In addition to improving heat transfer, porous structures
provide structural support, capillary retention of the PCM during
melting and reduce leakage [49]. Figure 1.10 illustrates copper-based

open-cell foams with different pore densities.

Figure 1.10: Open cell copper metal foams [49]

When saturated with PCM, the resulting MF-PCM composite addresses
the typically low conductivity of PCM while enhancing thermal storage
potential. To assess the performance of MF-PCM composite, an

accurate estimation of thermophysical properties, particularly effective
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thermal conductivity (ETC), becomes essential. Due to the intricate
geometry of metal foams (Fig. 1.10), simplified 2D and 3D
representations are commonly employed to model ETC of MFs
saturated with PCM or fluid. Further enhancement of thermal
conductivity has been achieved by coating open-cell metallic foams with
high-conductivity materials. Petts et al. [50] reported the thermal
conductivity of nickel foams coated with an ultra-thin layer of graphene
and graphite to be 026 Wm'K' to 1.7 Wm'K", respectively,
significantly higher than the base material. Hussain et al. [51] reported
an increase of about 283% in the overall thermal conductivity of
graphene coated nickel foam saturated with paraffin. These
experimental studies demonstrated that coated MFs could achieve
exceptional thermal properties and enhanced mechanical properties

without increasing weight.

Studies on effective thermal conductivity modelling of MF-PCM

composite

Calmidi and Mahajan [52] proposed a 2D theoretical model to estimate
the effective thermal conductivity of metal foams saturated with fluid.
Their model considers a 2D hexagonal-shaped structure with one node
and two ligaments in the unit cell, assuming the shape of ligament and
the node to be rectangle and square, respectively. The authors performed
experiments with aluminium foams (g, = 0.90-0.97 and PPI = 5-40)
infiltrated with air and water to validate their theoretical model.
Bhattacharya et al. [53] extended the 2D model by considering circular

nodes at the intersection of the ligaments, as shown in the Fig. 1.11.

E/Liga ment

Unit cell

Circular
node

Figure 1.11: 2D unit cell of Calmidi and Mahajan [52]
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The authors validated the theoretical models by fitting a dimensionless
parameter called the area ratio ‘r’. Lafdi et al. [54] introduced a
theoretical framework to account for the influence of surface coatings
on metal foams. The study reveals that the addition of copper layer on
carbon-based foams enhances the overall thermal conductivity
compared to their uncoated counterparts; the proposed model exhibits
good agreement with the test data. Chan et al. [55] proposed a
theoretical model, based on the 2-D model of Calmidi and Mahajan [52],
to predict the ETC of coated metal foams; the model, two empirical
fitting parameters (s and r,) are used to correlate the theoretical model
with test data involving nickel and copper foams with graphene
coatings. Paek et al. [56] proposed a 3-D cubic lattice configuration
model to estimate the ETC of metal foams by following the initial
approach suggested by Dul’nev [57]; the ETC is found to increase with
the increase in the foam porosity. Edouard [58] proposed the cubic
lattice model correlating the foam’s volume to that of a regular
pentagonal dodecahedron. The ETC is estimated by analysing two
limiting configurations such as slim foam (minimal node volume) and
fat foam (dominant node volume). Later, Zenner and Edouard [59]
proposed a model that employ a weighted arithmetic mean to bridge the
slim and fat foam extremes. These models usually consider metal foams
as periodic cubic frameworks which simplifies the mathematical

treatment.

However, it is important to recognize that actual open-cell metal foams
exhibit more irregular, stochastic geometries, which may limit the direct
application of such idealized lattice-based models. To accurately
represent the physical structure, numerous theoretical studies have been
made that employ the tetrakaidecahedron geometry [60], also known as
the Kelvin cell, to model ETC of MFs. This geometry is widely
recognized as a close approximation of the natural structure formed
during metal foam fabrication. During foaming, the Kelvin cell emerges
when air bubbles are introduced into a molten metal slurry. These

bubbles redistribute themselves within the liquid to minimize surface
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energy, leading to a highly efficient spatial packing. As the bubbles
stabilize, liquid metal accumulates at the junctions where the bubbles
meet, forming interconnected strands and nodes that ultimately solidify
into the foam structure [60-61]. The tetrakaidecahedron is composed of
a combination of hexagonal and quadrilateral (square) faces (Fig. 1.12).
Ligaments are the thin metal struts connecting these faces, while nodes
form at the junctions where multiple ligaments intersect, appearing as

slightly thickened regions.

Figure 1.12: Tetrakaidecahedron structure [61]

This geometry accurately captures the topology of real open-cell metal
foams and offers a logical basis to predict the thermal behaviour
compared to simplified cubic or dodecahedral models. Boomsma and
Poulikakos [61-62] proposed a theoretical model based on the
tetrakaidecahedron structure to evaluate the ETC of MFs. The authors
proposed a three-dimensional representative volume element featuring
a hexagonal geometry derived from the Kelvin cell framework; the
authors introduced a dimensionless fitting parameter “e” defined as the
ratio of the edge length of a node to the length of a ligament to correlate
the theoretical model with the test data of Calmidi and Mahajan [52].
Dai et al. [63] extended the Boomsma Poulikakos [61-62] model by
incorporating the influence of ligament orientation on thermal transport,
which aims to represent the directional conduction pathways within the
foam matrix; these models usually consider a constant value of fitting

parameter “e” to correlate the theoretical model with the test data. Yang

et al. [64] argued that the structural dimensions of metal foams vary with
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porosity, and therefore assumption of fixed value of geometric
parameter may reduce the accuracy of the solution. In view of this, the
authors proposed the model by incorporating a dimensionless parameter
that is a function of porosity that enables a more adaptable and
physically representative framework to predict ETC for a wide range of
foam structures. Yao et al. [65] improved the earlier model by
incorporating concave triprism shaped ligament and pyramidal
structure, which is the realistic MF structure. Wu and Huang [66],
further proposed a theoretical model employing the pentagonal
dodecahedron geometry by incorporating various parameters such as the
shape, hollowness, and inclination of the ligament.

It is evident from the literature that because of the more realistic
representation of the MFs, compared to other structures, the
tetrakaidecahedron structure is widely used for the analysis. Several
models have been developed to estimate the ETC of uncoated MFs
saturated with fluids or PCM. These models, while effective for
uncoated systems, are unable to predict the influence of surface coatings
on the ETC. Conversely, limited two-dimensional models have been
proposed to address the effect of coating thickness of metal foams on

the ETC. The summary of various models is elaborated in the Table 1.4.
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Table 1.4: Summary of effective thermal conductivity models for MFs saturated with PCM or Fluid

Unit cell description and

MF

Ligament

Cubic cell

Author Analysis . . . Remark
Geometry coating | orientation

Calmidi and Semi-analytical 2D model. Hexagonal honeycomb
Mahajan 2D No No structure with square nodes. Value of fitted parameter,

[52] r = 0.09. Unrealistic representation of MFs.

Hexagonal cell - square nodes
Unit cell K/Lignment
Bhattacharya b < Circular Semi-analytical 2D model. Hexagonal honeycomb
et al. 2D e No No structure with circular nodes. Value of fitted
[53] parameter, r = 0.19. Unrealistic representation of MFs.
Hexagonal unit cell with circular
node

Pack et al E Semi-analytical 3D model. Twelve cubic ligaments
(56] ' 3D % No - without any node. The model exhibits better agreement

with the test data.

28




Edouard Semi-analytical 3D model. Modified cubic geometry
[58] and unrealistic representation of MFs.

Zenner and 3D No Twelve cylindrical ligaments in the unit cell with
Edouard - nodes. Model exhibits an improvement over the
[59] previous model. Unrealistic representation of MFs.

Cubic cell
3D semi-analytical model based on
Boomsma and . o .
. tetrakaidecahedron structure. Cylindrical ligaments
Poulikakos 3D No No .
(611, [62] and cubic nodes. Value of fitted parameter, e =
’ 0.339. More realistic representation of MFs.
3D semi-analytical model. Cylindrical ligaments and
Dai et al. D i No Yes c‘ubic nodes considering the orientation of the
[63] x& Sy ligament. Value of fitted parameter, e = 0.198.
More realistic representation of MFs.
Tetrakaidecahedron cell 3D §emi-analytical ‘mO(?el. Cylindrif:al ligaments and
Yang et al. D No Yes cubic nodes considering the orientation of the
[64] ligament. Improvement over previous model as fitted

parameter is expressed as function of porosity of MF.
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Tetrakaidekahedron structure with concave triprism
ligament and pyramidal node.

YaF 6:3 al. 3D No Yes More realistic representation of node, ligament and
metal foam geometry, eliminates the requirement of
. empirical parameter.
Tetrakaidecahedron cell
Semi analytical 2D model.
Lafdi ot al. Hexagonal h(.)neyC(.)mb structure with square nodes.
[54] 2D Yes No The model is validated for copper coated carbon
foams for a porosity of 0.97.
Hexagonal Unit cell with Unrealistic representation of MFs.
square nodes
Semi analytical 2D model.
Hexagonal honeycomb structure with square nodes.
Chan et al. . .
[55] 2D Yes No Two dimensionless parameters have been used to

Hexagonal Unit cell with
square nodes

validate with experimental results.
Unrealistic representation of MFs.
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Studies based on MF-PCM composites

Numerous studies have been made that analyse the effect of MF-PCM
composite on the performance of thermal management system. Huang
et al. [67] studied PCM-based cooling for a 25-cell 18650 Li-ion battery
pack under constant discharge conditions. The addition of metal foam in
PCM maintained the temperature gradient below 1 °C for the porosity
value of 94%. However, the impact of metal foam pore density (pores
per inch, PPI) on the performance was not specifically analyzed by the
authors; the findings indicate that thermal conductivity beyond a certain
threshold shows diminishing returns on thermal performance. It has
been argued that porosity value of 94% offers the best balance between
temperature reduction and uniformity, optimizing thermal management
performance. Alipanah and Xianglin [68] numerically analyzed a range
of PCMs and MF-PCM composites under various values of heat flux
conditions (q” = 400, 600, and 800 W/m?) for simulated battery
discharging condition. PCMs with higher thermal diffusivity are found
to maintain lower battery temperatures, while metal foam integration
significantly enhanced thermal performance. Gallium and octadecane
based PCMs involving Al foam exhibit better heat storage capacity
compared to pure octadecane. Li et al. [69] examined the thermal
performance of copper MF with PCM (RT 44HC) in a prismatic Li-ion
battery pack for varied range of porosity values (0.90, 0.95, and 0.97)

and is shown in Fig. 1.13.

MMF-PCM Composite

Figure 1.13: Battery pack integrated with MF-PCM composite,

adopted from Li et al. [69]
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At higher PPI, the MF increases cell temperature due to reduced pore
size, although the composite still maintains better thermal uniformity
than air convection cooling. Li and Barnes [70] investigated a 19.5 Ah
prismatic LiFePOa cell integrated with aluminum and carbon foams
integrated with PCM for different C-rates (1-5) and varied range of
environmental temperatures (4 °C, 20 °C, and 35 °C). It has been
observed that at 3C discharge, the average battery surface temperature
could rise by 25 °C, with significant temperature variations of up to 17
°C across the surface; while, with foam and PCM combination, the
temperature is maintained within the limits and the foam-PCM
combination consistently performed better under all test conditions.
Heyhat et al. [48] analyzed the thermal behavior of PCM embedded with
MF for an 18650 Li-ion battery for heat rejection rates of 4.6 W and 9.2
W. The MF-PCM combination demonstrated superior thermal
performance with lowering the mean battery temperature by 4 K and 6K
at 4.6 W and 9.2 W, respectively, while changes in porosity from 95%
to 85% had minimal effect. Kursun et al. [71] explored how outer
container geometry affects the battery cooling when used with MF-
PCM. Among the five tested geometries, a triangular container design
achieved the lowest battery temperatures, reducing them by 14.42%

compared to circular enclosures.
Studies based on PCM coupled with fins

Sun et al. [72] studied the effect of different fin shapes such as
cylindrical and longitudinal for the thermal management of cylindrical
(26650 type) cells. The authors used a cylindrical heating element to
mimic the thermal behavior of the battery; it is observed that the addition
of fins can increase the working time of the batteries at the optimum
temperature. In another study [73], a novel arc-shaped fin was embedded
with PCM and the enhancement in working time was found to be 157%,
189%, and 238% for ambient temperature of 20 °C, 30 °C, and 40 °C,
respectively. Choudhari et al. [74] studied the effect of various fin

shapes such as triangular, rectangular, “I”, and “T” embedded with PCM
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on the thermal performance of system involving an 18650-type cell (Fig.
1.14). The optimized PCM module with a 26 mm PCM thickness and 4
fins is found to reduce the battery temperature by 2.38% and 9.28% at
2C and 3C, respectively. The “I” shaped fin exhibits the best efficiency
and triangular fins shows the least efficiency. Later on, the authors [75]
analyzed a 5x5 battery pack for various configurations of fins with
PCM; with the increase in heat transfer coefficient from 5 W/m?K to 25
W/m?K, the average cell temperature and melt fraction is found to

decrease by 19.79 °C and 66%, respectively.

PCM
Thickness

PCM
Thickness

Acrylic Shell

Acrylic Shell

Figure 1.14: Cell in PCM-Fin arrangement by Choudhari et al. [74]

Ambekar et al. [76] conducted two-dimensional (2D) thermal analysis
of various cylindrical cell configurations involving different fin
arrangements for a range of discharge rates (1C to 3C). While the fins
enhance the thermal conductivity, excessive number of fins could reduce
the available PCM volume, leading to reduced heat absorption capacity.
Further, the inclined fin arrangement is found to be most effective in
regulating cell temperature, offering an optimal balance between heat
dissipation and PCM utilization. Zare et al. [77] incorporated internal
and external fins into a PCM coupled cylindrical battery system, and the
best thermal performance was achieved with four internal-external fins;
for such cases, the surface temperatures are reduced by 9.90 K (3C) and
17.45 K (5C) with 11.11% improvement in heat storage capacity. Li et
al. [78] studied dual-PCM configuration to enhance adaptability across

varying environmental conditions; the dual PCM configurations were
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found to reduce overall battery temperature and temperature gradient
across all discharge rates compared to the system that incorporate
individual PCMs (single PCM at a time). Such systems are found to
maintain the battery temperatures within 29.87 °C —39.41 °C for 1C-5C
discharge rates at 25 °C ambient temperature. Wang et al. [79] studied
the effect of different fin types and found that four longitudinal fins
demonstrate optimal cooling with reduction in battery temperature from

36.9 °C to 34.2 °C, the detail of their configuration is shown in Fig. 1.15.

Circular fin

Acrylic shell
~.

‘Triangular {in Rectangular fin

Acrylic shell
Acrylic shell

PCM

Rectangular

5 Circular
[in

fins are
immersed
inside PCM

Triangular
fin
Acrylic

shell

Figure 1.15: Various fin arrangements with PCM by Wang et al.
[79]

For this configuration, the circular fin arrangement provides a larger
effective contact area with the PCM compared to the corresponding
longitudinal fin design, which enhances the radial heat conduction from
the battery surface [79]. However, performances of such systems are
found to depend on various parameters such as number of fins, their
dimensions, thickness, and spacing. It has been argued that the number
of fins enhances heat dissipation, while excessive number of fins may
reduce the overall efficiency due to reduced PCM volume. For the
optimized condition of PCM-finned configurations, the rise in the
temperature is limited to 29.1 °C and the difference in the temperature
is found to be 1.8 °C at 1C that ensures the better thermal uniformity

[79].
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Studies based on PCM enhanced with nanoparticles

Numerous studies have evaluated the effect of nano-enhanced PCMs
(NePCMs) on the performance of battery thermal management systems.
Bais et al. [80] analyzed the thermal performance of NePCM by
incorporating Al-Os nanoparticles into RT-42 across a range of
concentrations (0.5% to 5% by weight), with a fixed PCM thickness of
4 mm. It was observed that increasing the nanoparticle concentration led
to a rise in battery temperature, likely due to the reduction in the latent
heat capacity of the composite. Balaji and Akula [81] investigated the
effect of addition of expanded graphite to the PCM (Eicosane)
embedded with fins; the addition of fins and expanded graphite is found
to reduce PCM temperature, enhance the temperature uniformity and
operating time. The best performance is reported by 260 fin system with
maximum reduction in peak temperature by 17.5 °C (2C), 20.5 °C (30),
22.7 °C (4C). The summary of various studies is elaborated in the Table
L.5.
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Table 1.5: Overview of studies on PCM integration with fins, additives, and MFs

Author Analysis details Investigation parameters Remark
Proposed optimum parameters: PCM thickness of 26
Investieation: Numerical . mm, number of fins 4 and heat transfer coefficient 15
. Battgry: Cylindrical Effects of PCM thickness, fin W/m?. Only tested for single cell with one PCM type
Choudhari et (18650) structures (rectangular, - triangular, and only for discharging. Does not consider the effect
al. [74] PCM: Paraffin RT-42 gzg:?;liztflﬁifzgn{ shapes) and heat of ambient temperature o
Discharge rate: 1-3 C . Proppsed system could be bulkier with reduced energy
density of battery pack.
Investigation: Numerical | Tested four fin configurations in the Proposed to place fins at the central region only to get
. Battery: Cylindrical battery pack's central region. Effect better performance (Type 4)
Choudhari et . p ance (1ype «). ‘
al. [75] (18650) of rest time between charge and Only tested with single PCM and does not consider the
' PCM: RT44HC discharge; cyclic charging-

Discharge rate: 1-3 C

discharging operation.

effect of ambient temperature

Hussain et al.
[41]

Investigation: Numerical
Battery: Prismatic
(14.6 Ah)

PCM: n-octadecane, RT-
58, composite paraffin
Discharge rate: 1-5 C
Harsh thermal loading
conditions on the battery

Effects of ambient temperature,
discharging rate, and heat transfer
coefficients. Selection of optimum
PCM. Analysis under harsh thermal
loading conditions.

n-octadecane is effective at 293 K and 300 K, while
composite PCM (paraffin + EG) and paraffin RT-58
perform better at 313 K and 323 K.

Proposed system lowers the maximum temperature by
253 K at 5C and 19.5 K at 4C at 300 K ambient
temperature. Lacks the optimization study for PCM
thickness. Not tested for cyclic operation.
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Kursun et al.

Investigation: Numerical
Battery: Cylindrical
PCM: RT-42

Effect of outer container geometry
with PCM-MF composition; Effects
of external heat transfer coefficient,

Triangular container reduced battery temp. by 14.42%.
2D simulations, single PCM type and single

discharging conditions. Lacks the analysis on different
[71] Metal foam: Copper . harging y
Discharge rate: 1-3 C PCM amount, and porosity of Metal ambient temperature
foam.
. ri:;wsziggitﬁnr:n il Effect of addition of fins to the Best performange ig reported by 260—ﬁnosystem;
Balaji & Xp}gattei o lincﬁ“ical PCM. Influent of expanded max1£num reductlo? in peak temp. by 17.5 °C (20),
Akula [81] y- Ly graphite. Combined effect of PCM 20.5 °C (3C), 22.7 °C (4C). Not investigated the effect

PCM: Eicosane
Discharge rate: 2-4 C

and expanded graphite.

of ambient temperature and different PCM type.

Lietal. [78]

Investigation: Numerical
Battery: Cylindrical
(18650)

PCM: Paraffin, OP35E
Discharge rate: 1-5 C

Influent of C rate in battery
temperature. Effect of ambient
temperature. Effect of using dual
PCMs with fin. Optimization of fin
with PCM arrangement

The asymmetric fins reduced temperature rise by
42.76% at high ambient conditions. Reported
temperature range between 29.87 °C and 39.41°C for
1C-5C discharge rates at 25 °C ambient temperature.
The proposed system could require a complex
manufacturing.

Vashist et al.
[44]

Battery: Cylindrical
(18650)
PCM: Capric acid
Discharge rate: 1-3.5 C

Effect of discharge rate. Analysis on
thickness of PCM. PCM thickness
optimization

Proposed a 1.25 mm PCM layer that reduced surface
temperatures by 10.09 °C at 3.5C discharge rate. (1.25
mm, 2.50 mm, 5.00 mm), 35-40 °C up to a discharge
rate of 3.5C.
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1.6.3 Hybrid cooling technique

A hybrid thermal management system usually combines both active and
passive cooling techniques to regulate battery temperature. In such a
case, the hybrid system utilizes the strengths of each method and
enhances cooling performance, improves energy efficiency and thermal
stability under varying operating conditions. In view of this, numerous
studies have been made to analyze the performance of various hybrid

cooling techniques and are discussed below.

Mousavi et al. [82] investigated a mini-channel cold plate (MCP) with
PCM (n-eicosane) for thermal management of prismatic batteries under
pulse and constant thermal loading conditions. The orientation of battery
modules is found to significantly influence the performance of BTMS.
Compared to MCP, the hybrid MCP is found to lower maximum battery
temperatures by 0.06 K, 1 K, and 10.35 K at heat loads of 100, 200, and
400 kW/m?, respectively. Yang et al. [83] proposed an innovative
honeycomb-shaped BTMS involving hexagonal cooling plate with PCM
for 18650 cylindrical cells. Compared to a rectangular cooling plate, the
hexagonal design is found to reduce the peak temperature, temperature
gradient, and pressure drop by 0.36 K, 2.3 K, and 4.37 Pa, respectively,
at an inlet flow rate of 0.001 kg/s. Akbarzadeh et al. [84] analyzed the
thermal behavior of a 48V Li-ion battery module involving liquid-
cooled aluminum plate with PCM. The hybrid cooling approach is found
to reduce pumping power by 40% compared to conventional liquid
cooling and maintains an average temperature of 3.5 °C lower compared
to standard aluminum cooling plate. Xu et al. [85] examined the hybrid
BTMS involving PCM, liquid cooling, and expanded graphite to
enhance thermal management in high C-rate charge-discharge cycles.
Integration of EG with PCM improves the temperature control, but the
benefits plateau beyond 9% EG concentration. It is observed that in case
of pure PCM systems, the increase in the battery spacing significantly
increases the battery temperature, while the addition of EG reduces this
temperature. The study identified RT44HC as a suitable PCM due to its

higher melting temperature, which effectively dissipates heat under
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harsh conditions. While the EG content of 3%, battery spacing of 3 mm
and coolant velocity of 0.01 m/s is considered as the best combination
for balancing cooling performance, cost, and system weight. Zheng et
al. [86] and Wang et al. [87] demonstrated the benefits of wavy,
microchannel cold plates integrated with PCM that achieves temperature
reductions and uniformity. PCM layer of 1 mm thickness is identified as
optimal condition which lowers the temperature difference by 3.56 °C
while maintaining high energy density and PCM utilization efficiency.
While, the coolant flow rate increases heat dissipation, it reduces
temperature uniformity. Further, the authors report that the coolant inlet
temperature should be close to the battery pack and PCM phase change
temperature to balance heat dissipation and temperature uniformity.
Under pulsed heat loads, the hybrid wavy microchannel cold plate is
found to reduce the maximum temperature by 2.3 K and the temperature
difference by 0.5 K compared to wavy microchannel cold plate.
Additionally, the hybrid case is found to reduce system weight by 45%,
significantly improving energy efficiency for EV applications. Liu et al.
[88] investigated mini-channel cold plates with PCM at both single-cell
and pack levels and analyzed the effects of coolant flow rate, inlet
temperature, and PCM thickness on the thermal performance. In single-
cell tests, a 3-channel MCP with a 5 mm PCM layer is found to lower
the battery temperature from 64.45 °C to 42.83 °C (33.55% reduction)
at 2C discharge. The hybrid system exhibits superior performance
compared to single-side PCM cooling and requires 13 times less energy
compared to MCP-only cooling to achieve similar thermal regulation.
Lee et al. [89] analyzed the hybrid system using PCM to improve the
heat dissipation during fast charging and battery preheating in cold
environments, Fig. 1.16 provides an overview of their configuration.
Parametric optimization results in 35.2% reduction in liquid cooling
duration compared to conventional BTMS. During 3C fast charging at
room temperature, the system limits the maximum battery temperature
to 39.3°C. Among various configurations, a double-layer pouch
combining pure PCM and PCM composite with copper foam is found to

exhibit the best performance. A PCM layer of 1 mm is found to offer
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optimal thermal control, the heat transfer rate is found to enhance with

the addition of 1 mm graphite fins to the system.

s Graphite fin
PCM pouch

\ Aluminum lin Cell

Cell

Tnlet Cooling plate

Figure 1.16: Cold plate coupled with PCM; from Lee at al. [89]

An et al. [90] proposed a novel capillary/honeycomb configuration
involving bionic cooling channels and honeycomb cold plates. The
system enhances the contact with the battery surface, reduces PCM
degradation and improves efficiency by 14.11 %. The honeycomb
design is found to provide uniform cooling, while capillary channels and
diagonal inlet/outlet layout further enhances the heat exchange with
minimal pressure drop. Liu et al. [91] proposed liquid cooling and PCM
with a honeycomb structure to enhance heat dissipation in lithium-ion
pouch cells. The author compared the performance of various cooling
methods such as air PCM, and liquid-PCM cooling methods. Compared
to other methods, the liquid-PCM system is found to offer superior
performance, and the optimal result is obtained at a flow rate of 0.06 m/s
and 36 °C coolant inlet temperature. Hybrid cold plates with Z-type
parallel channels [92] offer another strategy for enhancing BTMS
efficiency. This study introduces a hybrid liquid cold plate incorporating
Z-type channels, a PCM/aluminum foam composite. The best design is
found to reduce weight by 53% and maintain the thermal control below
40 °C. The delayed cooling approach improves energy efficiency and
reduces power use by 90% at 1C and more than 50% at 2C. At 3C, small
PCM block design (D8) is found to outperform larger blocks (D1) which
reduce power by 85% and make them ideal for high-load scenarios. The

key findings from the studies are summarized in Table 1.6.
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Table 1.6: Summary of existing literature using PCM in hybrid thermal management system

Author Details me(tjli)(?(igiigy Investigation parameters Remark
Not tested with realistic drive cycles.
Cylindrical Hybrid PCM: RT28HC, RT3SHC, Batjcery temperature reachF:s more than 100 °C
Xu et al. (21700), e ] during cyclic operations with pure PCM.
. (PCM with liquid | RT44HC. EG content: 0-30%. . . s
[85] 3Ah capacity, cooling) Coolant velocity: 0.01-0.05 m/s Continuous coolant flow is required. Proposed
Numerical (3D) T ' ' system with PCM thickness of 3 mm with 3% EG
with a coolant velocity of 0.01 m/s.
I mm PCM layer reduces temperature difference
by 3.56 °C while keeping peak battery
Cylindrical Hybrid PCM: OP44E; PCM thickness: 1- temperature below 50 °C.
Zheng et al. (21700), (PCM with liquid 4 mm. Coolant flow rate: 1-4x10° Not tested with realistic drive cycle data.
[86] 4Ah capacity, i 3 kg/s. Inlet coolant temperature: Evaluation has been made under single discharge
Numerical (3D) cooling) 20-40 °C rate. System could be bulkier with compromise
on battery pack energy density; the system needs
continuous coolant flow rate.
Not tested with realistic drive cycles. Evaluation
Cylindrical Hybrid PCM: RT44HC. PCM thickness: under constant discharge rate and pulsed heat
Wang et al. (18650) (PCM with liquid 2-4 mm. Number of micro- generation case.
[87] 2.2Ah capacity cooling) channels: 4-6 Continuous coolant flow is required and
Numerical (3D) pumping power of the system needs to be

evaluated.
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Cylindrical

PCM: Paraffin (85%) + EG

Proposed optimal conditions involving pipe
diameter of 3.875 mm, velocity 0.4m/s with
coolant start delay of 537.5s.

Qiu et al. (18650) (lflcyl\lj[n\ii}(;(ﬁl?ﬁ d (15%).  Cooling  channel Not tested with realistic drive cycles. The
. capacity . lameter: 2-5 mm. Coolant elayed cooling scheme fails to meet the
93 3.2Ah i coolin )q di 2-5 Cool delayed li h fail h
Numerical (3D) & velocity: 0.1-0.7 m/s. optimum battery temperature range. Evaluation
has been made under constant discharge rate and
needs continuous coolant flow rate for operation.
5 mm PCM layer reduces the temperature from
Onlv PCM. Onl PCM: Paraffin wax. Inlet 64.45 °C to 42.83 °C (33.55% reduction). Not
Prismatic Colg late Eli ui}(li coolant velocity:0.01-0.1 m/s. tested with realistic drive cycles. The design of
Liu et al. A0Ah capacit cgolin )q Number of cooling channels: hybrid system could increase the weight and
[88] Numeric :1 (3]%,) Hybrid (P C%\/I’ with 2-4. Impact of various cooling decrease the pack energy density.
}lli uid cooling) schemes Evaluation has been done only under constant
d & discharge rate, and it needs continuous coolant
flow rate.
Reported a maximum battery temperature and
Prismatic Hybrid cooling PCM: n-eicosane. Metal foam: %Ilicilfe?t:;‘iv?ﬂi r;ﬁrslgj dr(ii;efzr 31(;’ sdlscharge.
Lee et al. 16Ah capacity (PCM and liquid 0.92 porosity. PCM thickness: The proposed svstem could e yuire .hi h initial
[89] Experimental- cooling plate with | 0.25-1.5 mm. Ambient cost ptop - uy Evaluation qun der gcons tant
Numerical (3D) plate fin) temperatures: 25-35 °C P:

discharge rate. Continuous coolant flow is
required.
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Prismatic

PCM: Composite PCM with

For 3C discharge at 40 °C ambient, maximum
battery temperature is limited to 45.16 °C using

7 An et al 15Ah capacity Hybrid .coo!ing 6% EG. Shapeg cellular metal the honeycomb structure. ‘
[90] ' Experimental- (PCM Wl.th liquid | matrix sink: mrgular, square, Not ‘Fested w1.th realistic drive cycles.
Numerical (3D) cooling) honeycomb. Various cooling Complicated design of the proposed system.
channel configurations. Evaluated under constant discharge conditions.

. PCM: Paraffin, Honey-comb Not tested with realistic drive cycles.

Liu et al Prismatic Only I:Sé\l/{;lgybnd shaped  cooling  channel. Complicated design of the cqoling channel‘s.‘
[91] ' 60Ah capacity (PCM with liquid Coolant flow rate: 0.02-0.1 Evaluated under constant discharge conditions.
Numerical (3D) cooling) m/s. Coolant inlet temperature: Continuous flow of the coolant required for the

30-40 °C.

system.
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1.7 Objectives and scope of present study

Extensive studies have been made to analyse the performance of battery
modules by employing various methods such as active, passive and
hybrid cooling techniques. These studies have been made through
theoretical, numerical, and experimental investigations. These studies
are found to employ different types of PCMs, thermal conductivity
enhancers for passive cooling systems, while different coolant flow
paths and number of coolant channels are used to analyse thermal
performance of battery modules in case of hybrid thermal management
systems. However, certain issues need to be taken care during thermal
management of battery modules for various operating conditions; some

of these are detailed below.

a) In the case of composite PCM systems involving metal foams
(MFs), the theoretical studies have been proposed to predict the
effective thermal conductivity (ETC) of uncoated MFs using 2-
D models. Efforts should be made to propose three-dimensional
(3D) theoretical models to estimate the overall thermal
conductivity of both externally coated and uncoated open cell
MFs saturated with fluids/PCMs.

b) The effect of various parameters of MF such as geometry
(hexagonal and square), type of material, porosity, ligament
behaviour (shape, orientation), shape of node, external coating
thickness, and filler materials (fluid, PCM) on the thermal
conductivity of the MF-PCM composite needs to be analyzed.

c) Existing studies that incorporate MF-PCM composite for the
thermal management of battery modules are reported for lower
discharge rates (1C to 2C), and steady thermal loading
conditions involving 2D numerical models. Therefore, efforts
need to be made to propose 3-D models to analyse performance
of battery thermal management system for various conditions

such as steady (higher C-rates) and dynamic thermal loading,
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realistic drive cycles, thermal abusive conditions (internal and
external short circuit tests).

d) Also, efforts need to be made to analyse the effect of PCM
thickness, PCM type, ambient condition, discharge rates, MF
porosity on the performance of PCM composite based battery
thermal management system.

e) It may be noted that the existing hybrid thermal management
system involving PCM with cold plates employs conventional
designs that lacks the maximum utilization of PCM and require
continuous coolant flow to maintain the performance, leading to
higher energy consumption and a corresponding reduction in
overall system efficiency. Therefore, effort should be made to
develop an efficient hybrid thermal management system using
PCM and liquid cooling channels and analyse the effect of
various configuration of cooling channels, coolant temperature,
coolant flow velocity on the thermal performance.

f) Further studies are required to analyse the performance of hybrid
thermal management system employing commercial realistic
drive cycles, cyclic charging-discharging operations and rapid

battery discharging.

The present work is aimed to address the above-mentioned issues
associated with performance enhancement of PCM composite based
thermal management systems for electric vehicle battery modules. Here,
efforts have been made to predict the effective thermal conductivity of
both externally coated and uncoated open cell MFs saturated with
fluids/PCMs by employing 3-D models. Numerical investigations have
been made to evaluate the effect of various parameters such as porosity,
PCM thickness, discharge rates, and realistic drive cycles on the thermal
performance of MF-PCM composites coupled with prismatic batteries.
In addition to this, an advanced hybrid thermal management system is
developed involving PCM and liquid cooling with cold plates. The study
addresses the effect of various parameters such as cooling channel

design, coolant flow, inlet temperature, flow velocity on the
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performance of thermal management system under cyclic charging and
discharging conditions. Also, tests are performed with 18650 cylindrical
Li-ion cells under various discharge rates ranging from 2C to 5C at room
temperature; subsequently, the numerical results are validated with the

test data. The organization of the thesis is as follows:

Chapter 1: This chapter discusses the heat generation in lithium-ion
batteries and its performance at various operating temperatures. A
detailed review of the literature on various passive and hybrid battery
thermal management techniques, that utilize phase change materials
(PCMs), has been discussed. Subsequently, the scope of present
investigation has been highlighted.

Chapter 2: In this chapter, a three-dimensional (3D) theoretical model
has been proposed to estimate the effective thermal conductivity (ETC)
of both coated and uncoated open-cell metal foams saturated with fluids
or PCMs. Also, the chapter discusses the effect of various parameters of
MF such as geometry (hexagonal and square), type of material, porosity,
ligament behaviour (shape, orientation), shape of node, external coating
thickness, and filler materials (fluid, PCM) on the thermal conductivity
of the MF-PCM composite.

Chapter 3: This chapter reports a comprehensive numerical
investigation on the performance of PCM based thermal management
schemes with battery modules. Initially, efforts have been made to
analyse the effectiveness of MF-PCM composites to enhance the
thermal regulation under high discharge rates; later on, the analysis has
been extended to estimate the performance of hybrid thermal
management system involving PCM with liquid cooling under realistic

operational conditions.

Chapter 4: This chapter reports both experimental and numerical study
on the performance of cylindrical 18650 lithtum-ion cells using various

PCM based thermal management systems. The effects of PCM type,
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PCM thickness, PCM filling volume, ambient temperature, and heat
transfer coefficients on thermal performance are analysed; the optimal

design conditions are proposed based on the analysis.
Chapter 5: This chapter summarizes the conclusions obtained from the

research work presented in the thesis. The chapter also outlines potential

directions for future investigations on this topic.
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Chapter 2

Theoretical model for effective thermal
conductivity of open cell coated metal foams

saturated with fluid/Phase change material

2.1 General background

Phase change materials (PCMs) are widely used for thermal energy
storage and passive battery thermal management systems due to their
high latent heat capacity and temperature-regulating capabilities.
However, the low thermal conductivity of PCMs limits the rate of heat
transfer, leading to slower thermal response and reduced system
efficiency. Therefore, various approaches such as high-conductivity
additives, fins, porous media, and metal foams have been incorporated
to enhance the effective thermal conductivity of PCM systems. Among
various approaches, open-cell metal foams (MFs) have shown
considerable promise due to their high porosity, interconnected
structure, and relatively good thermal conductivity. The MFs,
impregnated with PCM, significantly improve thermal conductivity due
to enhanced solid—solid conduction pathways, and lead to uniform
melting/solidification and better heat distribution. Further, studies have
demonstrated that uniform deposition of thin layers of high-thermal-
conductivity materials onto metal foams can substantially improve their
effective thermal conductivity (ETC). These coated metal foams offer
various advantages such as enhanced thermal conductivity and
improved mechanical and chemical stability, without significant
increase in weight or reducing porosity. These advantages motivate
designers to consider the use of coated MFs for thermal management

applications.

It may be noted that only limited studies have been made that
employ a two-dimensional (2-D) approximation to predict ETC of

coated MFs, while various 3-D theoretical models have been proposed
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by different researchers to predict the ETC of uncoated MFs saturated
with fluid/PCM. In general, tetrakaidekahedron structure with different
geometries (hexagon and square) is used to represent the MFs during
analysis. The incorporation of various geometries (hexagon and square)
in the model may provide different prediction results, which may be due
to the number of heat-conducting paths and thermal resistance of the
element and the shape of the skeleton and node. A comprehensive study
incorporating the different shapes of MF geometry, ligament, and node
is not available in the literature.

Therefore, in the present investigation, a 3D model involving a thin
coating layer over the metal foam based on the tetrakaidecahedron
structure is proposed to predict the effective thermal conductivity. The
present study incorporates two different shapes of metal foam structure,
namely, hexagonal and square, for the analysis. In the case of hexagonal
structure, variation in the shape of ligament and nodes has also been
considered for the analysis. In addition to this, the effect of ligament
orientation in the MF geometry has been considered. The dimensionless
parameters representing the ratio of length of the edge of node to the
ligament length is expressed as the function of the overall porosity of
the MF. The models are validated with the available test data for both
coated and uncoated MFs, various materials of MFs such as
(Aluminium, Copper, Nickel) saturating medium (air, water, paraffin
wax), porosity range (0.9-0.98), PPI (5-40) and externally coated
material (Graphene) and with the widely used existing theoretical

models.
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Effect of shape of node, ligament and geometry of MFs, External coating of material, Thickness of coating,  (2015), Chan et al. (2019)
Porosity of MFs, Thermal conductivity of coating material and infiltrating medium
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Figure 2.1: Model development and analysis for the Effective thermal conductivity
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2.2 Mathematical modeling

The present study is based on the volume averaging technique to
determine the ETC using the tetrakaidecahedron structure (Fig. 2.2(a)).
A unit cell is constructed as a representative element, and it contains the
coated MF and infiltrating medium as constituents. The unit cell is
divided into certain layers, and the contribution of MF and filling
medium in the ETC is assessed for each layer. Subsequently, the sliced
layers are assumed to be connected in series, and ETC is obtained based
on Fourier's law of heat conduction [52, 61-63, 65]. Here under are the

assumptions taken in the analysis [55]:

e The porosity of the MF and the coating thickness are
uniform.

e Heat transfer is through conduction only.

e The thermophysical properties are assumed to be
temperature-independent.

e Thermal resistance due to contact between phases is

negligible, and thermal equilibrium is maintained.

Several researchers have employed the local thermal equilibrium (LTE)
assumption while applying the volume averaging technique. Vafai et al.
[94] conducted an in-depth analysis on the conditions under which LTE
holds and found that its validity diminishes in packed bed systems with
high Reynolds and Darcy numbers, where fluid and solid phases exhibit

notable temperature differences.

Tetrakaidecahedron
(a) Tetrakaidekahedron (b) Unit cell using the hexagonal
structure geometry of MF
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(c) Ligaments and node arrangement inside the unit cell

Figure 2.2: Schematic of the unit cell

Conversely, the LTE assumption remains appropriate in scenarios
involving stagnant or very slowly moving fluids, characterized by low
Reynolds and Darcy numbers [61-62]. In the present work, since
convective effects are neglected and the metal foam is saturated with a
stationary medium, the LTE assumption is deemed applicable. Similar
considerations have been made in studies involving flow through porous
media with low permeability, where thermal equilibrium between

phases is more likely to persist.

2.2.1 Theoretical modeling using the Hexagonal geometry

Model M-1: Cylindrical ligament and cubic nodes of MF

Figure 2.2(b) illustrates the representative unit cell derived from the
hexagonal configuration of the tetrakaidecahedron geometry. This unit
cell encompasses all key geometrical characteristics of the original
structure and is therefore suitable for evaluating the effective thermal
conductivity. The model assumes cylindrical ligaments and cubic nodes,
where the nodes are formed at the intersections of the ligaments. Figure
2.2¢ displays the spatial arrangement of ligaments and nodes within the
unit cell, under the assumption of one-dimensional heat flow. For
simplification, the coating layer is not depicted in Figure 2.2(c);

however, the coating thickness on the metal foam is highlighted by the
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red boundary in Figure 2.3. Figures 2.3 and 2.4 present the layered
structure and top view of the unit cell, respectively. The geometric
parameters include L (distance between the centers of two nodes), a

(ligament radius), r (edge length of the node), and n (coating thickness).

Figure 2.3: Layers in the unit cell

Since ligaments and nodes are shared among adjacent cells in the
tetrakaidecahedron network, only the fraction contained within the

defined unit cell is considered in the ETC calculations.

Figure 2.4: Top view of the unit cell

From the geometry of the unit cell and the angle between the ligaments,
the length, height and width of the cell is V2L, g L and V2L,
respectively, and the entire unit cell volume is found to be v2L2. Further,

four layers are created along the z-direction, namely A, B, C and D with
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their respective thickness of Ly, Lg, L, Lp, keeping the total height of
all the layers equal to the height of the unit cell. The thickness for the

layers is given as:

Ly=n+a (2.1)

Ls = (5)-a-n (22)

L¢ = <§> L—r (2.3)
r

Lp =5 (2.4)

The volume of each component associated with different layers is
needed to estimate the ETC. For layer A, one can estimate the volume

of various parameters (Vy,, Vinf,, VgA) as below. Here, V represents the

total volume of the layer, Vs and V, denote the volume of metal foam
and the coating volume present in that layer, respectively. These values

for Layer A are calculated:

V;, = 21%(a+n) (2.5)
V =1‘2a+(L—r)Ea2 (2.6)
mfp 2 )
o
Ve, =3 (L —r — 2n)(8an + 4n?) + 4nr(a + n) (2.7)

Utilizing this technique, the values Vi, Vi, Vg are calculated for layer

B, C and D.

For layer B:
V,, = 212 (g ~a-n) 2.8)
Vinfg = I (% —a-— n) (2.9)
VgB = 4nr (g —a-— n) (2.10)
For Layer C:
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Vi = 212 (% - r) @2.11)

Vit = ma?(L — V2r) (2.12)

Vg = E(San + 4n?)(L — v2r — 2v/2n) + rn(r + 2n) (2.13)

For Layer D:
r
— 2(_
Ve = 212 (5) (2.14)
r
Vinfp > (2.15)
3
r
=— 2.16
Vep =7 (2.16)
Following dimensionless parameters are introduced for simplification:
M=71/L,h2=a/L and A; = n/L (2.17)

The volume fraction of different components in each layer can be

estimated as:

VS layer

‘ley =

= (2.18)
Vflayer

Here, X represents the metal foam/coating and y represents different

layers. The volume fractions for each layer are calculated as follows:

For layer A
A A 1—2)m,°
bty = (5 ) + (G 219)
2(A; +23) 4(Az +23)
ng
5 (1= — 205) (845 + 445%) + 4Ash (Ap +23) | (2:20)
B 2(2z +23)
Layer B
A2
Wmfy ==~ (2.21)
Umey = 243 (2.22)
Layer C
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Vmie = 5o (2.23)

_ ﬂ(Z}LZ}L3+)L32)(1—\/§}L1—2\/§A3)+A12}\3+2}t32}\1>
Wee = ( NICEN (2.24)
Layer D
A2
Wty = - (2.25)
L|JgD = )Ll)L3 (226)

The overall porosity (€,) of metal foam is evaluated as ratio of void
volume to total volume:
me + Vcoating

go =1— (2.27)
° \Y% unit cell

Using Egs. (2.19-2.26) and after simplification, the following expression

1s obtained:

ALZ+BAL +C=0 (2.28)

where
A= g(s — (1+2V2),) (229)
B= (ms(3—(1+2V2)A — (2 +4V2)A3) — 4025)  (2:30)
€= (32°(B - (1+2V2r — (2+4V2)1) + (231)

3
(% - )\3) (4‘)\3)\1 + )\12) + 2)\1)\3()\1 + )\3) + % -

(1-£)V2)

Using Eqgs. 2.28-2.31, the positive root can be expressed as:
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(41113 —ms(3-(1+2v2)h —(2+ 4\/5)7\3))
2(3(3 - (1+2v2))

)\22

+
(2.32
(mAs(3-(1+2v2)A,—(2 +4ﬁ)x3)—4xlx3)2—
4(F3-(1+2v2)1)1.?) )

3
<(§A3Z(3—(1+2\/7)11—(z+4\/7)x3))+(%—A3)(4x3xl+xlz)+lex3(A1+A3)+%—(1—eo)v

2@(3—(1+2\/§)x1))

Here, A; and A5 are the empirical parameters and €, is the porosity of
the metal foam. The volume-averaged thermal conductivity can be

expressed as

Kn = W, Ks + lI—’gan + (1 = Umf, — lIJgn)Kf (2.33)

The volume-averaged thermal conductivity approach is a first-order
estimation method that accounts for the contribution of each constituent
material based on its volume fraction. This method assumes conduction
as the dominant mode of heat transfer, while neglecting the effects of
convection and radiation. It has been widely applied to predict the
effective thermal conductivity of systems such as packed beds of spheres
and uncoated metal foams [55, 61-63, 95]. In this approach, the thermal
conductivity of each material is weighted by its corresponding volume
fraction, and the resulting products are summed to determine the overall
thermal conductivity of a given layer. This equation is applied to all the
layers except layer C. For Layer C, an inclination factor is applied to
account for the orientation (o) and the value of a is taken as 45° (Eq.
2.34) [63], [65]. In such case, the thermal conductivity of layer C can be

expressed:

Ke = (W Ks + Wg Kg) cos? a+ (1 — Wpne, — W )Ke  (2.34)

After estimating the thermal conductivity of each layer, the ETC is
determined using Fourier’s law of heat conduction, assuming the layers

are thermally connected in series:
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Lo +Lg+Lc+Lp

Kefr =
La,Lp  Lc , Lp (2.35)
(KA TR TRCT KD)

Model M-2: Concave triprism ligament and pyramidal node of MF

Yao et al. [65] highlighted the significant influence of ligament and node
geometry on the effective thermal conductivity (ETC) of metal foams.
Through scanning electron microscopy (SEM) analysis, they observed
that the actual ligament and node structures could be approximated as
concave triprism and pyramidal forms, respectively. The study
suggested that these geometries adhere to Plateau’s law and are
representative of the natural morphology developed during the foaming
process. Since ETC is strongly dependent on both the shape and volume
of the solid matrix, a more accurate geometric representation can
improve the reliability of predictive models. In light of this, the present
model (M-2) adopts concave triprism ligaments and pyramidal nodes to
estimate the ETC of coated metal foams, a configuration not previously
addressed in the literature. Kanaum et al. [96] earlier provided estimates
of the volume associated with concave triprism ligaments and node
regions in their work. Following their model, the volumes of the

ligament and nodes are estimated as follows:

L (1+a,? ,
Vligament = 2ma,“L 2 (15 — 80az + 128a;3 ) (2.36)
15a;
1 1+ a12 a, 2712
— 3 2
Vhode = 3 a2 < 2 ) [1 — 4az (1 — (T) >] (2.37)

Here, a;,a;anda; denote the cross-section shape, size, and
longitudinal curvature, respectively, while L denotes the length of the
ligament (Figs. 2.5 and 2.6). The influence of a,; on the ETC is not
significant (please refer to Fig. 4 in Ref. [65]) and to represent concave

triprism structure, its range lies between 2 < a; < 3.
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Figure 2.5: Schematic diagram of the ligament

di=2

Figure 2.6: Shape of ligament for various values of a,

In view of this, for the present study the value of a; is kept as 2.01 [65-
66]. The parameter as, the longitudinal curvature effects of the ligament,
exhibits negligible influence on the ETC, therefore, assumed to be zero
in this investigation. Previous researchers [65-66] have used similar
assumptions to estimate ETC for uncoated metal foams for triprism
ligament and pyramidal node. The present model's unit cell is the same
as the previous model (M-1), with the difference in the shape of ligament
and node. Fig. 2.7(a) shows the unit cell for the present model (M-2),
for simplicity, the nodes are represented by the circular dots and the
ligament by thick lines. Fig. 2.7(b) depicts the concave triprism ligament

structure with a coating of thickness 'n'.

In order to incorporate the external coating of the material, a, is replaced
as a,’ = (a, +n)in Eq. 2.36-2.37. In this case total three layers (A, B,
C) are formed; for the first layer (A) and the last layer (B), the thickness
is calculated by projecting the height of a, on the x-z plane (Fig. 2.7 (a-

b)).
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Figure 2.7: Description of the unit cell and ligament

The thickness of layer C is calculated by subtracting the thickness of A
and B from the projected height of the inclined ligament. While
calculating the volume of coating, the volume of uncoated metal foam
is subtracted from the combined volume of metal foam and coating
material. This approach has been adopted to calculate the volume for

every layer. The length of the layers can be expressed as:

V2

LA = LC = 732‘ (238)
V2
Ly = L —V2ay (2.39)

Following dimensionless parameters are introduced for the analysis

Br=7 (2:40)
_ n
B2=1 (2.41)
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At this juncture, the volume of constituents in different layers is
estimated, and subsequently, the volume fraction is estimated by using
Eq. (2.18). The detailed procedure for estimation of volume and volume
fractions for layer A is shown in Egs. 2.42(a-¢). Following the same
procedure, the volumes for layer B and C are estimated, and finally the

volume fractions are calculated.

Layer A
= V2L3(B, + By) (2.42a)

2 1+a,°
Vip = (P21 = 26,) + 5 B (a—al> P @a)

1

Vg, =T (432(1 — 2B By + B2) +§(8f323 + 6B, +

(2.42¢)
126,,%) ) () 1
n(B1?(1-281)+26,%) (21
o = ( ﬁ(sz+81))( ) (2.42d)
(4820126002482 45(08,7 68" +12626:7)) (1) (5 40
Wea = VZ(Bz+B1) o
Layer B
(B2 - 260) (15)
o, = \/_ (2.43a)
—V2(B; + B1)
2
4-1'[(82 + BZBl)(l 281) (1 x 31 )
Wy = —~ (2.43b)
2B, +B)
Layer C
3 1+a
3 (B )< 7 ) (2.44a)

Wmic =56, + sl)
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T 3 1+ alz
¢gcz3(882 + 66,8181 +28,)) (125 .
V2(B, + B

Utilizing Eqs. 2.27, 2.42-2.44, one can obtain:

—5B1° + 3B, °(1 — 6B,) + 1281 (B, — B2%) + 20B,* —
(1_50)\/5 —

14a42
L 2
ag

Eq. 2.45 is a higher-order polynomial equation of (3; and iteration

0 (2.45)

method is used to find the positive root 3;. Here, 8, denote the empirical
parameter and g, is the porosity of metal foam. Following this, the
thermal conductivity of various layers (A, C) and B is calculated by
using Eq. 2.33 and Eq. 2.34, respectively. Finally, the effective thermal

conductivity is calculated using Eq. 2.46.
La +Lg + L¢

Kett = 77— 1. 1 (2.46)
Crbdons-e)

2.2.2 Theoretical modeling using the Square geometry
Model M-3: Cylindrical ligament and cubic nodes of MF

Numerous investigations have employed the tetrakaidecahedron
structure to evaluate effective thermal conductivity, emphasizing the
importance of geometric configuration on thermal transport. In the
current model (M-3), a square-based unit cell (Fig. 2.8) is derived from
the tetrakaidecahedron structure, featuring cylindrical ligaments and
cubic nodes (Fig. 2.9). This specific configuration has not been

previously reported in the literature.
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Figure 2.8: Unit cell using square geometry of MF
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Figure 2.9: Ligaments and nodes arrangement

Existing square-geometry models typically assume a periodic structure
with twelve ligaments and four nodes, whereas the present model is
based on the tetrakaidecahedron structure and incorporates only four
ligaments and nodes. The ligament length, radius, and edge are the same
as considered in model M-1; while the height of the unit cell is equal to
the length of the ligament. In this configuration, the length, height, and
width of the unit cell are v2L,Land 2L, respectively, resulting

complete volume as 2L3. In this model, because of the perfect alignment

of ligaments, there is no inclination along the z-axis.

Figures 2.10 and 2.11 show the layers for this geometry and the top view
of the unit cell with external coating. Here, the unit cell is sliced into
five layers. The length of the individual layers can be calculated

following the procedure explained earlier in model M-1.
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Figure 2.10: Various layers for square geometry

The length of layers can be stated as:

LA = LE =a+n (2473.)

r
LB =LD= E—a—n (247b)
Lc=L-—r (2.47¢)

Figure 2.11: Top view of the unit cell

The volumes and volume fractions of Layers A and E, and of B and D,

are identical due to their equal heights.
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Layer A's total volume, metal foam volume, and coating may be written

as:
Vi, = 212(a + 1) (2.482)
n 2 4 2
Vinfy = E(L —r)a‘+r-a (2.48b)
T
Vg, = > (L—r—2n)(2an + n?) + 4nr(n +r) (2.48¢)
For layer B
r
— 2(_ _ 4 _
Ve = 217 - —a n) (2.49a)
r
Ving = 12 (E —a—n) (2.49b)
r
5, = 4nr (E —a-— n) (2.49¢)
For layer C
Vie = 212(L—1) (2.502)
Vinfe = ma?(L—r1) (2.50b)
Vg, = m(L—r—2n)(2an + n?) + (2r?n) (2.50c)

Since cylindrical ligaments and cubic nodes are considered in this square
model, the dimensionless parameters used in M-1 have been considered

for simplification. The following are the volume fractions for the various

layers:
Layer A
1— A’ A2
PP Sl D A G (2.51)
A 4(Az + 23) 2(A; +23)

LllgA

B 7 (A=A = 205) (2005 +25%) + 40 (A, +45) | (2.52)

a 2(A; +23)

The volumes and volume fractions for the remaining layers are

estimated using the same procedure:
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Layer B

Uty = 2AiAs (253)
T, 2
Wingy = E)\Z (2.54)
Layer C
T 2
Umie = 5 (255)

(2.56)

_ 1-[(2)\2)\3 + }\32)(1 - }\1 - 2}\3) + 2)\12}\3
gc 2(1—2y)

Using Egs. 2.27, 2.48-2.56, Eq. 2.57 gives us a quadratic equation of the

kind, and the coefficients are reported as:

PA2+ QA+ R=0 (2.57)
P=2mn(1-2) (2.58a)
R = (2}\12 + 8)\3)\1) (ﬂ - }\3) + 21-[)\32(1 - }\1 - 2}\3) +
2 (2.58¢)
8 A (A 4 A3) + 24,205 — (1 —g,) * 2
The positive root is:
_ (8}\3}\1—41'[}\3(1—}\1—2}\3))
)\2 - 41'[(1—}\1) +
(41'[}\3(1—}\1—2}\3)—8}\3}\1)2— (2.59)
81T(1—}\1)(21T}L32(1—11—213)+8}\1)L3(}Ll+)t3)+2}tlz}\3—2(1—80))
4-1T(1—}L1)

In this case, the orientation effect is absent, and the thermal conductivity
for each layer is calculated by using Eq. (2.33). Following this, the
effective thermal conductivity is estimated:

Lo +Lg+Lc+ Lp + Lg

Lo Lg Le Lp Lg (2.60)
(KA+KB+KC+KD+KE)

Kefr =
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2.3 Validation of the numerical models

The current models (M-1 and M-2) have been validated by reducing
them to the limiting case of uncoated metal foams. Model M-1, based
on hexagonal geometry with cylindrical ligaments and cubic nodes, has
been benchmarked against the theoretical model developed by Dai et al.
[63]. Similarly, Model M-2, which incorporates a hexagonal
configuration with concave triprism ligaments and pyramidal nodes, has
been validated using the theoretical model proposed by Yao et al. [65].
These references were selected due to their strong agreement with
experimental data for uncoated metal foams. A similar validation
approach has also been adopted in previous studies . The proposed
model based on square geometry (M-3) has been validated for both
coated and uncoated foams using the existing experimental test data
from the literature. The validation process and results are discussed in
detail:

Reduction of model M-1 to Dai et al. [63] model

The parameter A3 (Eq. 2.28) represents the presence of a coating on the

metal foam. As A3 =2 0, the value of A2 reduces to:

2 (VA - e) - 31.%)
n(3 = (1+2v2)1,)

0.5

A, = (2.61)

Here, Eq. 2.61 is similar to the solution given by Dai et al. [63], which
1s an improvement over Boomsma's original model [61] for uncoated
metal foams saturated with fluid. Utilizing Eq. 2.61, the final expression
for the ETC of uncoated MFs can be obtained (please see Eq.12-13 in
Ref. [63])

Reduction of model M-2 to Yao et al. [65] model
The parameter B, accounts for the coating of external material, for 3, =
0, Eq. 2.45 reduces to Eq. 2.62 (3; represents A; in the original model

by, please see Eq. 15 in Ref. [65]). Here, Eq. 2.62 is similar to the

solution provided by Yao et al. for uncoated metal foams saturated with
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fluid/PCM. Using Eq. 2.61, the final expression for ETC of uncoated
MFs can be obtained (please see Eq.18-22 in Ref. [65]).

(1 - z’:o)\/E
5B+ 3By~ = (2.62)
T[( a;? )

This shows that the reduced present models (M-1 & M-2) are an
extension of the existing models and are capable of predicting ETC for

uncoated MFs saturated with fluid/PCM.

Reduction of the square model (M-3)

Following the similar procedure, substituting A3 = 0, in Eqns. 2.47-2.60;
the quadratic Eq. 2.57 having coefficients from Eqs. 2.58 reduces to:

(A —e) =N
Ay = < T ) (2.63)

The proposed model can estimate the effective thermal conductivity for
uncoated metal foams saturated with fluids or PCMs. To validate the
reduced form of Model M-3, experimental data from various studies
involving copper and aluminium foams, with porosities ranging from
0.90 to 0.98 and pore densities between 5 and 40 PPI, have been
employed. Additionally, the predictions of the reduced Model M-3 have
been compared with those of several well-established theoretical models
commonly referenced for uncoated metal foams, allowing for a

comprehensive assessment of its accuracy and applicability.

Figures 2.12 to 2.15 present a comparison between the predictions of the
proposed model and both experimental data and existing theoretical
models, including those by Calmidi and Mahajan [52], Paek et al. [56],
Boomsma and Poulikakos [61], [62], Yang et al. [64], Yao et al. [65] ,
Phanikumar and Mahajan [97], Schmierer et al. [98], Sadgehi et al. [99],
Witczak and Dyga [100], Yang X. et al. [101], and Xiao et al. [102].
These comparisons include uncoated aluminum foams saturated with
air, and uncoated copper foams saturated with air, water, and PCM.

Experimental observations show that ETC decreases with increasing
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porosity, attributed to the reduction in the solid metal fraction. Copper
foams consistently exhibit higher ETC than aluminum foams at the same
porosity and with the same saturating medium, due to copper’s higher
intrinsic thermal conductivity. The reduced square model (M-3) shows
good agreement with the experimental data, indicating its reliability for
predicting ETC in uncoated metal foam systems. The three-dimensional
model developed by Boomsma and Poulikakos [61-62] consistently
overpredicts the effective thermal conductivity across the entire porosity

range for both copper and aluminium foams.

r - Test data, Calmidi and Mahajan (1999)
24 - @ Test data, Phanikumar and Mahajan (2002)
I A Test data, Schmierer et al. (2006)
A% 22 - Test data, Sadeghi et al. (2011)
~ [ @ Test data*, Witczak and Dyga (2012)
; 20 _ 4 Test data, Yang X. et al. (2014)
E 18 k- «-e-»-e- Model, Calmidi and Mahajan (1999)
E Model, Paek et al. (2000)
_g 16 + - = = Model. Boomsma and Poulikakos (2001)
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S 14+ —-—- Model, Yang X. et al. (2014)
= . Model, Yang et al. (2015)
g 12 |+ S e Present model M-3
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Figure 2.12: ETC for aluminium foam with air

In contrast, the models proposed by Dai et al. [63] and Yang et al. [64]
demonstrate improved accuracy, attributable to their consideration of
ligament orientation and the incorporation of a porosity-dependent
empirical parameter, respectively. While the model by Paek et al. [56]
shows reasonable agreement with experimental results, it is based on an
idealized cubic lattice, which does not realistically represent the
microstructure of metal foams. Several other models rely on two-
dimensional assumptions and neglect the influence of the saturating
medium, thereby limiting their predictive capabilities. The present
reduced square model (M-3) offers better accuracy than the previously

discussed models. Aligning with earlier findings [64] that foam
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geometry varies with porosity, the current model introduces the
geometric factor A1 as a function of porosity, enhancing its adaptability
and predictive performance. In contrast to earlier theoretical models [52,
61-63] which assume a constant value of A, the present reduced square

model (M-3) introduces A1 as a variable dependent on porosity.

40 + -¢- Test data, Yao et al. (2015)
Model, Calmidi and Mahajan (1999)

’% 36 F Model, Paek et al. (2000)
~ = = = Model, Boomsma and Poulikakos (2001) ||
> 37 | — == Model, Dai et al. (2010)
= Model, Yang X. et al. (2014)
-E Model, Yang et al. (2015)
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Porosity (¢,)

Figure 2.13: ETC for copper foam with air

The use of a fixed M1 often results in a ratio of node edge length to
ligament diameter (r/2a) falling below unity, thereby violating a
fundamental geometric assumption noted during model formulation
[64]. In this study, A1 has been calibrated specifically for square
geometry using available experimental data, yielding a third-order
polynomial expression as a function of porosity. This approach aligns
with the methodology adopted by previous researchers. The resulting

r

fitted relationship is: - = —252.99¢,3 + 692.45¢,% — 633.89¢, +

194.59. The model exhibits a fitting error of less than 1%, confirming its
high reliability. Table 2.1 presents a detailed comparison between model
predictions and experimental results. The average, maximum and
minimum relative deviations are depicted for present reduced model (M-

3) and other theoretical models.
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Figure 2.14: ETC for copper foam with water
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Figure 2.15: ETC for copper foam with PCM

Here, the relative deviation between the different theoretical models

with the existing test data is given by:

K

effpredicted - Keffexperimental

Relative Deviation = (2.64)

effexperimental

It should be noted that the predictions obtained from the reduced square

model clearly justify that the model can predict the data for uncoated
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infiltrated metal foams and can be extended further to calculate coated

metal foams' ETC.

The experimental data reported by Chan et al. [55] have been employed
to validate the proposed models M-1, M-2, and M-3 for coated metal
foams. This dataset includes measurements from graphene-coated
copper and nickel foams saturated with air, PCM. In their 2D model,
Chan et al. defined the dimensionless coating thickness as the ratio of
coating thickness to node thickness, with fitted values ranging from
0.004 to 0.005. In the present work, the coating thickness is
characterized using two non-dimensional parameters, A3 and 32, defined
as the ratio of coating thickness to ligament length. Consistent with
earlier studies, the values of have been determined through curve fitting
to match experimental results for both copper and nickel foams. The
fitted parameters and corresponding details are summarized in Table

2.2.
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Table 2.1: The relative deviations from the present model (M-3) against the existing experimental test data for uncoated MFs

B ) Present reduced model M-3 Boqmsma and Daietal. | Yangetal. Cal'midi Pack et al. Yang X. et al.
Sample Xper;?fifl data | Poulikakos [61] [63] [64] Mahajan [52] [56] [101]
Max Avg Min Average Average Average Average Average Average
Calmidi ?gg]Mahaja“ 17.74% | 9.80% | 2.37% 75.22% 12.14% 5.01% 3.24% 9.11% 9.13%
Pack et al. [56] 59% | 1.01% | 9.68% 85.33% 21.35% 21.61% 8.95% 10.83% 7.02%
Al-air Pﬁ:ﬁglamna[r;;‘]‘d 1526% | 4.55% | 0.07% 71.63% 13.2% 11.08% 3.50% 7.18% 5.20%
Sadeghietal. [99] | 11.63% | 8.6% | 5.22% 64.45% 10.65% 11.65% 3.77% 4.60% 7.65%
Xiao et al. [102] 10.5% | 7.19% | 1.77% 115.18% 18.85% 16.14% 14.70% 19.80% 9.80%
Sl‘;};f;:e[rggr]ld 8.06% | 4.15% | 0.42% 75.16% 12.36% 6.78% 10.68% 4.5% 12.09%
Alsiﬁ\’[g' Dyga and Witczak | 5-87% | 3.89% | 1.94% 67.63% 11.84% 8.18% 13.98% 12.37% 17.43%
Awater [100] 7.19% | 4.63% | 2.05% 94.86% 16.08% 9.56% 17.83% 23.54% 24.28%
Xiao etal. [102] | 24.05% | 18.85% | 12.26% 127.36% 33.90% 23.25% 28.06% 30.02% 9.16%
Copper-air 13.89% | 5.38% | 0.128% 69.14% 13.12% 21.79% 15.41% 6.41% 9.93%
CV(:};{’;T' Yao et al. [65] 12.61% | 6.83% | 2.61% 64.92% 11.12% 12.98% 16.43% 7.94% 10.16%
Copper- 336% | 2.71% | 2.30% 73.81% 16.69% 15.56% 11.07% 3.20% 15.37%
PCM Xiaoetal. [102] | 14.19% | 7.71% | 1.28% 75.95% 12.84% 18.60% 14.34% 6.06% 9.71
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Table 2.2: Parameters used for validating present models for coated

MFs [55]

Thermal
Type Material Conductivity
(W.m'.K?)
copper
(PPI =12.7,¢, = 0.95,0.98) 398
Metal foam -
nickel 914
(PPI = 12.7,¢, = 0.90,0.95, 0.98)
Alr 0.0265
PCMimp
Infiltrating (Low melting point Paraffin, 38°C-41 0.2
medium °C)
PCMimp
(High melting point Paraffin, 58°C-62 0.305
°C)
Coatlr.lg Graphene 3000
material
For copper foams
Az (ModelM —1and M — 3)
: = 0.0004 ]
| fitted B, (Model M — 2) = 0.0004
dimensionless -
parameters For nickel foams
A3 (ModelM —1and M — 3)
= 0.0006 )
B2 (Model M — 2) = 0.0006

2.4 Results and discussion

2.4.1 Comparison of proposed models

The current predictions for coated metal foams saturated with fluid have
been evaluated against the experimental data provided by Chan et al.
[55]. In their study, tests were conducted on graphene-coated copper and
nickel foams using air and PCM as the infiltrating media. Chan et al.
[55] also proposed a two-dimensional model to estimate the effective
thermal conductivity (ETC) of coated metal foams, which they validated
using their experimental results. The model employed two

dimensionless fitting parameters, ‘ry’ and ‘ry’, which were adjusted to
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minimize the average deviation between the model predictions and the
measured data. In this study, the proposed models (M-1, M-2, and M-3)
are compared with the same experimental dataset to assess their
accuracy in predicting ETC for graphene-coated foams. The

comparative analysis is presented in detail below.

Comparison for graphene coated nickel foam

Here, A1 (for models M-1 and M-3), and B, (for model M-2) are
expressed as functions of the overall porosity of the metal foam by

calibrating with the test data. The fitted polynomial functions for M-1,
M-2 and M-3, along with the average value of % for M-1 and M-3 and

porosity range for the available experimental data have been tabulated
in Table 2.3. A third-order polynomial is selected by the trial-and-error

method to minimize the deviations.

Table 2.3: Porosity-dependent dimensionless parameter for nickel

foams
Test data
Metal MF oL 2a [55]
foam | Geometry porosity
Range
Hexagonal % = 874.0487¢,” —
(M-1) 2479.6755¢,% + 5.09
2339.2118¢, — 733.3613
Nickel Hexagonal % = 50¢g,3 — 145.33¢,% + 0.98 > ¢,
(M-2) 140.03¢, — 44.661 >0.90
Square - = —607.0649¢,° +
(M-3) 1657.8931¢,% — 4.10
1511.7574¢, — 460.8176

In case of both the models (M-1 and M-3), for the complete range of

porosity, the condition of i > 1 has been satisfied, i.e., the node is

assumed to be greater than the ligament.
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Figure 2.16: ETC for graphene coated nickel foam
Further, for the nickel foams the best fitted value of A; and [3, is taken

as 0.0006. Figs. 2.16 (a-c) depict the comparison of present predictions
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with the test data and 2D model result of Chan et al. [55]. The authors
considered the fitting value of 'rs' and 'r¢' as 0.1 and 0.005, respectively,
for the nickel foam to compare the 2-D model with their test data. The
effective thermal conductivity of various composite systems, including
metal foams infiltrated with PCMiyp, (a paraffin-based PCM with a
melting range of 3841 °C), PCMpyp (melting range of 58-62 °C), and
air. Results consistently show that ETC decreases with increasing
porosity, attributed to the reduction in the volume fraction of metal as
porosity increases, thereby diminishing the dominant heat-conducting
pathway within the foam structure, as depicted in Fig. 2.16. Fig. 2.16(a)
compares the model predictions with experimental data for graphene-

coated nickel foams (g, = 0.90-0.98, 12.7 PPI) saturated with air.

For the air-saturated nickel foam, the average deviation between model
predictions and experimental results is 12.01% for M-1, 2.61% for M-2,
and 8.15% for M-3. In contrast, the 2D model developed by shows a
deviation of 5.36%, indicating a reasonable fit. Figs. 2.16(b) and 2.16(c)
present the corresponding results for nickel foams saturated with
PCMimp and PCMmnmp, respectively. Notably, across all porosities, MF-
PCM composites incorporating PCMnmp exhibit higher ETC values
compared to those using PCMimp. This can be linked to the typically
greater thermal conductivity of high-melting-range paraffins and their
more stable phase behaviour, which enhance heat transfer characteristics

in the composite.

For MF-PCMimp, the deviations between model predictions and test data
are 12.45% (M-1), 2.5% (M-2), and 7.38% (M-3), while for MF-
PCMump, the deviations are 12.37%, 1.98%, and 6.48%, respectively.
Comparatively, the 2D model shows deviations of 4.59% for PCMimp
and 2.74% for PCMnmp. These results suggest that Model M-2, which
incorporates realistic ligament and node geometries, provides the closest

agreement with experimental findings across all tested conditions.
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Comparison for graphene coated copper foam

In this section, the proposed models are evaluated against available
experimental data for graphene-coated copper foams with porosity
values ranging from 0.95 to 0.98 and a pore density of 12.7 PPI,
infiltrated with air, PCMimp, and PCMnmp. For copper foams, the existing
2D theoretical model employs constant values of the dimensionless
parameters, ‘ts’ and ‘rg’ as 0.11 and 0.004, respectively. However, in the
present work, the non-dimensional coating parameter, expressed as a
function of porosity, has been recalibrated specifically for copper foams
using the corresponding experimental dataset. As in the previous case
with nickel foams, the fitted values of key parameters used for validation
are summarized in Table 2.4. The optimal fitted values for A; and (3, for

copper foam are both determined to be 0.0004.

Table 2.5 presents the prediction results for graphene-coated copper
foams saturated with air, PCMimp, and PCMnmp. Interestingly, for copper
foams, all three models (M-1, M-2, and M-3) demonstrate improved
accuracy compared to their performance with nickel foams. For air-
saturated copper foams, the average deviations between the predicted
and experimental ETC values are 4.04% for M-1, 1.33% for M-2, and
1.28% for M-3. In the case of copper foams infiltrated with PCMimp and
PCMump, Model M-1 shows deviations of 4.86% and 5.66%,
respectively. In contrast, Model M-3 achieves better agreement, with
deviations of 1.01% for PCMimp and 1.52% for PCMhump. These results
suggest that the models, particularly M-3, offer reliable predictions for

coated copper foam composites across various saturating.

For Model M-2, the deviation between predicted values and
experimental data remains below 2% for graphene-coated copper foams
saturated with both PCMimp and PCMump. In comparison, Chan’s 2D
model [55] yields deviations of 4.03%, 4.56%, and 5.04% for air,
PCMimp, and PCMnmp, respectively, when applied to graphene-coated

copper foams.

78



Table 2.4: Porosity-dependent dimensionless parameter for copper

foams
Test data
Metal MF [55]
r/L 1r/2a )
foam Geometry porosity
Range
.
- = —4198.21¢,° +
Hexagonal L ?
11988.38¢,% — 11415.6¢, + | 2.03
(M—l) (o] (o]
3625.174
Hexagonal 22— _7622¢,3 + 098 > ¢,
Copper L ,
(M-2) 22.161¢,% — 22.03¢, + 7.54 = 0.95
T
- =-1099.98¢,° +
Square L ?
3126.785¢,% — 2966.88¢, + | 2-42
(M—3) o o
940.0516

Among the present models, M-1 and M-3 show good agreement with
experimental results, while M-2 demonstrates exceptional accuracy.
Overall, predictions from the present 3D model (M-2) surpass the
accuracy of the 2D model for both nickel and copper-based coated metal
foams. Additionally, the thermal conductivity values observed for
graphene-coated copper foams are consistently higher than those for
nickel foams across all cases, likely due to copper’s thermal
conductivity being approximately 4.2 to 4.5 times greater than that of

nickel.
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Table 2.5: Comparison of present models with experimental test data [55] for graphene-coated copper foams

Test data 2D model Present models (Kefr) Average Deviations
Cases (I) W M M2 M 8)| 1111 LIV -V

(Kerr) (Ketr) (I11) Iv) V)
€,=0.95 6.83 7.11 6.80 6.84 6.75

Copper-air 4.03% | 4.04% 1.33 % 1.28 %
€,=0.98 3.92 3.76 3.49 3.98 3.67
€,=0.95 7.01 7.25 7.11 7.05 7.013

Copper-PCMimp 4.56% | 4.86 % 1.08% 1.01 %
€,=0.98 4.14 3.90 3.69 4.19 3.89
€,=0.95 7.10 7.33 7.29 7.18 7.17

Copper-PCMhimp 5.04% 5.66 % 1.35% 1.52 %
€,=0.98 4.28 3.99 3.80 431 4.02
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The variation in effective thermal conductivity with increasing porosity
is observed to follow an approximately linear trend. For a fixed porosity,
ETC is highest for PCMump, followed by PCMiyp and air, which
corresponds to the descending order of thermal conductivity of the
infiltrating media. Among the proposed models, M-2 consistently
demonstrates the highest level of accuracy. This improved performance
is likely due to its more realistic geometric representation of the metal
foam structure. Model M-2 shows excellent agreement with the
experimental data across all types of infiltrating media and both copper
and nickel foams. A summary of the maximum, minimum, and average
deviations between the model predictions and experimental results is

provided in Table 2.6.

Because of the excellent agreement between M-2 and test data, the
analysis has been extended to explore the effect of infiltrating medium,
coating material and coating thickness on the ETC of the composite. The
theoretical model M-2 and the data for graphene coated copper foams
infiltrated with PCMimp have been used for this investigation (section
2.4.2 to 2.4.4). Since the metal foams exist for a wide range of porosity

values, the range selected for the analysis is (0.70 < g, <0.98).
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Table 2.6: Deviation results from the experimental data of Chan et al. [55]

3D Hexagonal Model 3D Hexagonal model 3D Square Model
MF-Composite (M-1) (M-2) (M-3)

Range Average Range Average Range Average
Nickel-Air 1.19 % - 30.09 % 12.01 % 1.31%-4.15% 2.61 % 1.89 % -11.31% 8.15 %
Nickel-PCMimp 4.33 % - 27.06 % 12.45 % 1.40 % - 3.23 % 2.51 % 1.34%-11.85% 7.38 %
Nickel-PCMnmp 3.22%-25.22% 12.37 % 0.19 % -3.16 % 1.98 % 1.51 % -10.81 % 6.48 %
Copper-Air 0.26 % - 7.82 % 4.04 % 0.48 % - 2.18 % 1.33 % 1.03 % - 1.53 % 1.28 %
Copper-PCMimp 1.56 % - 8.15 % 4.86 % 0.6% - 1.56% 1.08% 0.21 % - 1.65 % 1.01 %
2.81%-8.51% 5.66 % 0.48 % -2.22 % 1.35% 1.14%-19% 1.52 %

Copper-PCMimp
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2.4.2 Effect of coating thickness on overall thermal conductivity

Figure 2.17 illustrates the effect of coating thickness on the ETC of
open-cell infiltrated metal foams. The increase in coating thickness has
been depicted by the increase in the value of ,. The enhancement in the

ETC is illustrated with respect to uncoated metal foams i.e., for 3, = 0.

210 . ; , : . . . i .
\ ~~~~~ B, = weeeee B,=0.004
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Figure 2.17: Effect of coating thickness on the ETC

The average percentage increase in the ETC relative to uncoated metal
foams is calculated to be 10.83%, 54.05%, 109.31%, and 226.07% for
B, = 0.0004, 0.002, 0.004 and 0.008 respectively, across the porosity
range of 0.70 to 0.98. These results highlight the effectiveness of
applying a high-conductivity coating to metal foams as a strategy to
enhance ETC. The improvement is primarily attributed to two factors:
the increased surface area introduced by the coating and the inherently
higher thermal conductivity of the coating material compared to the base
metal foam and the infiltrating medium. As the coating thickness
increases, the fractional solid volume also rises, thereby strengthening
the heat conduction pathway through the solid matrix. For a low porosity
value €, = 0.70, the corresponding increases in ETC are 6.31%, 29.95%,
57.90%, and 113.20%, while at high porosity €,= 0.98, the
enhancements rise significantly to 20.91%, 107.15%, 221.80%, and
475.28%, respectively, for 3, = 0.0004, 0.002, 0.004 and 0.008. These
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trends indicate that the relative increase in ETC is more pronounced at
higher porosity levels, although the absolute influence of the coating

becomes less dominant as porosity increases.

2.4.3 Effect of thermal conductivity of infiltrating medium

An important aspect to investigate is the influence of the infiltrating
medium on the ETC of the composite. Fig. 2.18 shows how changes in
the thermal conductivity of the infiltrating medium affect the overall
ETC of the MF-PCM composite. As the thermal conductivity of the
infiltrating material increases, a noticeable enhancement in the

composite’s ETC is observed.
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Figure 2.18: Effect of thermal conductivity of infiltrating medium

on the ETC

This trend highlights the role of the fluid phase in contributing to the
overall heat transfer, especially in highly porous structures where the
fluid occupies a significant volume fraction. Here, K;,¢ denotes the
arbitrary thermal conductivity of infiltrating medium, and Kpcm—imp =
0.2 W.m™1, K~ denotes the thermal conductivity of low melting point
paraffin. The increase in the thermal conductivity of infiltrating medium
enhances the overall thermal conductivity of the composite. The average

percentage increase in the ETC is found to be 13.45%, 27.59% and
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41.30% for KA of 10, 20, and 30, respectively for 0.7< g, <0.98.

PCM-1mp

The absolute increase in ETC is 2.18%, 4.57%, and 6.92% for ——*— Kin

PCM-Ilmp
= 10, 20, and 30, respectively at €, = 0.70; while for €, = 0.98 the
increment is 43.42%, 89.60%, and 135.16%, respectively. Here, the
percentage enhancement in the ETC increases with the increase in the
thermal conductivity of infiltrating medium; the effect is more
pronounced at higher values of porosity. For a lower value of porosity,
the solid fractional volume is more and has a major contribution to the
ETC. In contrast, the solid fractional volume decreases for higher
porosity, and the effect of infiltrating medium becomes significant; thus,

more enhancement is observed for a higher porosity value.

2.4.4 Effect of thermal conductivity of externally coated material

The influence of the coating material’s thermal conductivity on the ETC
of the MF composite is illustrated in Fig. 2.19. Here, K and Ky denote
the thermal conductivity of coating material and MF, respectively. The
ETC of MF-composite is found to increase with the increase in K¢, The
average increase in the ETC is 1.42%, 5.68%, 12.72%, and 19.70% for
Ke

= 2, 5, 10, and 15, respectively for 0.7< €,<0.98. The absolute

S

increase in ETC is about 0.85%, 3.39%, 7.51%, 11.52% (at €, = 0.70)
and 2.70%, 10.81%, 24.29%, and 37.72% (at €, = 0.98), respectively

for % =2,5, 10, and 15. Again, the percentage increase in ETC due to

S

the increase in thermal conductivity of coating material is more for

higher values of porosity. It can be observed that with the increase in the

Kg . . . . .
K—g ratio, the ETC of the composite increases irrespective of the porosity

S

value. For the same volume fraction of the coating solid region, a higher
thermal conductivity value of the material promotes more heat
conduction through the solid region. Therefore, a coating material with
a thermal conductivity significantly higher than that of the metal foam

should be preferred for maximizing ETC enhancement.
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Figure 2.19: Effect of thermal conductivity of coating material on
the ETC

The effect of various parameters such as coating thickness, thermal
conductivity of coating material and infiltrating medium on ETC of MF-
composite for a varied range of porosity has been discussed. The
percentage enhancement in ETC increases with porosity for the increase
in the values of thermal conductivity of coating material and infiltrating
medium, while the percentage increase is more significant when the
coating thickness is increased. Based on this, the designer needs to make
a choice to develop better MF-composite while keeping other factors
such as long-term effect of coating material, cost of coating and

feasibility of coating process.

2.5 Concluding remarks

Here, a one-dimensional conduction approach has been proposed to
estimate the ETC of coated metal foams saturated with fluid/PCM by
considering the three-dimensional configuration. Two different metal
foam geometries adopted from the tetrakaidecahedron structure, namely
hexagonal and square, involving different shapes of ligaments
(cylindrical, concave triprism) and nodes (cubic, pyramidal), have been
considered for the analysis. The accuracy of the solution obtained from

various models has been discussed in this chapter.
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Among the models investigated, the model M-2, based on the hexagonal
geometry involving concave triprism ligament and pyramidal nodes,
exhibits excellent agreement with test data for all the cases. The average
deviation between the model and test data is found to be less than 3%
for nickel foams and less than 2% for copper foams. The higher degree
of accuracy associated with M-2 may be attributed to the relatively more
realistic representation of metal foam structure. For graphene-coated
nickel foams, the average deviation between theoretical prediction and
the test data for models M-1, M-2 and M-3 are found to be 12.27%,
2.36%, and 7.33%, respectively; whereas, for graphene-coated copper
foams, the corresponding deviations are 4.85%, 1.25%, and 1.27%,
respectively. The ETC of MF-composite is found to increase with the
coating thickness, the thermal conductivity of coating material and
infiltrating medium. Among these, the percentage enhancement is most
pronounced with an increase in coating thickness, compared to increases
in the thermal conductivity of the coating material or the infiltrating

medium.

This theoretical study demonstrates that the geometric configuration,
ligament shape, and node shape significantly affect the ETC of MF
composite systems for both coated and uncoated foams. These findings
can support the design of advanced thermal management systems for

various applications.
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Chapter 3

Numerical Investigation of Passive and Hybrid
Battery Thermal Management Using Metal Foam—
PCM and Liquid-Assisted PCM Systems

3.1 General background

Thermal management of Lithium-Ion Batteries (LIBs) plays a crucial
role in the design and operation of LIB modules, especially under the
demanding thermal loads that are frequently encountered in EV
applications. Excessive temperature and non-uniform thermal
distribution play a significant role in accelerating cell degradation,
reducing cycle life, and increasing the risk of thermal runaway. Passive
thermal management systems based on phase change materials (PCMs)
have received significant attention due to their ability to regulate
temperature through latent heat absorption during melting. However, the
low thermal conductivity of most PCMs limits their effectiveness in heat
removal, especially under high C-rate discharges or cyclic operations.
Among the various approaches, systems combining PCMs and metal
foams (MFs) have received significant attention due to various
advantages: PCMs regulate temperature via latent heat absorption
during melting, while MFs enhance heat transfer by providing
conductive pathways. When MF-PCMs are used to regulate the
temperature of battery modules, numerous design parameters involving
PCM thickness, foam porosity, and discharge rates need to be optimized
under dynamic and extreme conditions, which are not extensively

reported in the literature.

While passive thermal management is simple and reliable, its thermal
regulation capacity is limited due to high thermal loads, inadequate heat
storage capacity, and elevated ambient temperatures. Hybrid battery

thermal management systems, which combine PCMs with active liquid
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cooling, offer a promising alternative by enhancing heat removal and

extending the safe operating range of the battery.

However, existing hybrid thermal management systems often suffer
from increased complexity, size, and weight. Common configurations,
such as PCM interlayers paired with bottom-mounted liquid-cooled
plates, compromise spatial efficiency and increase manufacturing
challenges. Moreover, many hybrid systems depend on continuous
coolant circulation to maintain performance, resulting in significant
energy consumption and reduced overall system efficiency, which limits

their suitability for real-world EV applications.

An overview of the overall investigation framework, outlining the
passive (MF-PCM) and hybrid (PCM + liquid-cooled) systems along
with the key parameters studied, is presented in Figure 3.1. In this
chapter, a three-dimensional (3D) numerical framework is initially
proposed that includes both cell-level and battery pack-level behaviour
of MF-PCM composites under various conditions, such as steady-state,
dynamic, and extreme thermal environments, and evaluates their
performance for a range of PCM thicknesses, foam porosities, and

discharge rates.

| Battery thermal management using phase change materials (PCMs) ‘

Commercial _ | 3D modelling and validation |
Li-ion battery —

Passive system | | Hybrid system

1 1

Validation and 4= | Battery coupled with PCM

verification of -
el sedel and liquid-cooled plate

4 .

= Effect of hybrid system on the battery
temperature.

= Effect of cooling channel design, coolant
flow, no. of turns.

= Effect of continuous and intermittent
cooling strategy

®  Test with standardized realistic drive eycles

= Cyclic charge-discharge operations

Battery coupled with -
PCM/MF-PCM

= Effect of PCM/MF-PCM on peak
balttery temperature.

Optimum PCM thickness.

Lffect of porosity of ME.

Steady and dynamic discharge tests.
Internal and external shorting.
Realistic drive cycles

Figure 3.1: Overview of the PCM—battery thermal management

framework
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Subsequently, the study presents a 3D numerical analysis of a compact
hybrid thermal management configuration that strategically integrates
PCM with a liquid cooling system to improve heat dissipation and
minimize structural complexity and energy usage. Together, these two
studies aim to provide comprehensive insight into the thermal behaviour
of LIBs under realistic and demanding operational scenarios, while
offering practical design strategies for future thermal management

systems.

3.2 Analysis of Li-ion battery under high discharge rate

embedded with metal foam phase change composite.

While numerous studies have assessed PCM-based battery thermal
management systems, most have been limited to simplified conditions,
particularly constant current discharge scenarios. There is a lack of
comprehensive studies that evaluate PCM based systems under more
realistic and dynamic operating conditions, such as rapid charge-
discharge cycles, thermal abuse scenarios, and realistic drive cycles that
reflect normal and high-performance EV operations. This study presents
a detailed 3D numerical investigation of a LIB module integrated with
copper metal foam-PCM composites. The model explores the influence
of PCM thickness, MF porosity, and discharge rate on the thermal
response of the cells. A broad range of thermal loading scenarios is
considered, including steady and dynamic high-rate charging and
discharging, thermal abuse conditions such as internal and external
shorting, and realistic drive cycles representing both standard and
aggressive driving behaviours. Key performance metrics such as
average temperature, maximum temperature, and temperature gradient
within the battery cells are analysed. The objective of this investigation

1S:

e To develop a three-dimensional (3D) numerical model of a
commercial lithium-ion battery integrated with a PCM

embedded in MF for thermal management applications.
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e To analyze the effects of PCM thickness, battery discharge rate,
and MF porosity on cell temperature profiles.

e To evaluate thermal performance under various operating
conditions, including continuous rapid discharge (4C and 5C),
time-varying constant current charge/discharge, realistic drive
cycles and thermal abuse scenarios such as external and internal

shorting.

3.2.1 Numerical modeling

Geometry and computational domain

To study the passive BTMS, a large format prismatic Li-ion battery,
model: EIG-ePLB C020 (Li[Ni-CoMn;]O> cathode and graphite anode)
is considered for the analysis [103]. The schematic and computational
domain of a single cell are shown in Fig. 3.2. Fig. 3.2(a) shows the active
zone and the tab in the cells; the active zone, considered to be
homogeneous, is responsible for the heat generation. Fig. 3.2(b)
illustrates the cell domain, the PCM domain, and the mesh generated for
the numerical solution. In general, an external acrylic shell is used to
cover the PCM embedded battery module; however, to reduce the
complexity of the problem, it is not considered in the present

investigation.

N
Negative tab

Positive tab

\

Active zone
T~

217 mm

z
129 mm

(a) Schematic of the cell
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Cell
domain

(b) Computational domain and mesh

Figure 3.2: Description of the cell and computational domain

The details and specifications of the commercial Li-ion battery have

been tabulated in Table 3.2.1.

Table 3.2.1: Battery specifications [103-104]

Name and make

ePLB C020 Li-ion polymer
battery, Make: EIG corporation
(South Korea)

Form factor and chemistry

Prismatic,
Cathode: Li[Ni — CoMn,]0,
Anode: graphite

Length,
width,
thickness
weight

2161 mm,

130+1 mm,

7.2+0.2 mm,
approx. 410gms

Nominal Voltage and capacity

3.65 Volts, 20 Ah

Energy density and specific

energy

365 Wh.L!, 180 Wh.kg!

Charging method with cutoff

CC/CV, 2.5 Volts (discharge),
4.2 Volts (charge)

Maximum discharge rate:

continuous

5C




The cell model

A variety of battery models are reported in the literature for thermal
analysis such as constant heat flux models and uniform volumetric heat
generation approaches [68, 74, 103]. While these simplified models can
capture the general thermal response of a battery under specific
operating conditions, they lack the capability to represent the intricate
coupling between electrochemical and thermal phenomena. As a result,
their predictive accuracy becomes limited, particularly under dynamic
or high-stress scenarios. Accurate thermal modeling is essential for
understanding the temperature evolution of LIBs across a wide range of

real-world applications.

To address the limitations, researchers have developed more advanced
frameworks that couple electrochemical and thermal processes to
capture the complex behaviour of lithium-ion batteries under realistic
operating conditions. These models fall under the broader category of
Multi-Scale Multi-Domain (MSMD) modeling approaches, which are
designed to simulate the interplay of physical phenomena occurring
across multiple length and time scales within a battery system, ranging
from particle-level electrochemical reactions to cell and pack-level
thermal gradients and electrical dynamics. Prominent among these
MSMD approaches are the Equivalent Circuit Model (ECM) [105], the
NTGK (Newman—-Tiedemann—Gu—Kim) model [106], and Newman’s
pseudo-two-dimensional (P2D) model [107]. These models vary in
complexity and fidelity.

The ECM simplifies the battery’s internal behaviour using an equivalent
electrical circuit, where the open-circuit voltage (OCV), internal
resistance, and dynamic response are modelled using voltage sources,
resistors, and resistor—capacitor (RC) pairs, respectively. The ECM uses
the state of charge (SOC) and temperature as inputs to compute these
electrical parameters, offering a balance between computational
efficiency and physical realism. Due to its adaptability and low
computational cost, the ECM is widely employed for simulating both

individual cells and battery packs, including solid-state and
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conventional LIBs. In contrast, the NTGK model determines the
volumetric current transfer rate based on the potential difference
between electrodes, with polarization behaviour described using
empirical polynomial functions. These functions are typically derived
from experimental discharge profiles by curve fitting to determine key
coefficients. Meanwhile, Newman’s P2D model provides a more
detailed framework by incorporating Li-ion intercalation/deintercalation
in solid particles, electrochemical reaction kinetics at particle surfaces,
and transport phenomena in the electrolyte using concentrated solution

theory.

All three models have been successfully integrated into commercial
simulation platforms such as ANSYS Fluent [108] and COMSOL
Multiphysics [109], allowing for two-dimensional and three-
dimensional Multiphysics simulations of battery cells and packs. These
integrations enable comprehensive thermal—electrochemical modeling,
including spatially resolved heat generation, SOC evolution, and
performance degradation making them valuable tools for battery
management system design and thermal optimization in electric vehicle

applications.
Governing equations

In the present study, the cell behaviour is modelled using the ECM
approach, which effectively captures the transient electrochemical and
thermal response of the battery. In reality, the active part of the cell
consists of multiple layers of cathode, anode, electrolyte, and separator.
The ECM model offers a very accurate thermal modeling of LIBs by
considering a homogeneous active zone while carefully defining the cell
material properties. As shown in Fig. 3.3, the ECM consists of a voltage
source representing the OCV, a series resistor for internal ohmic losses,
and one or more RC pairs to account for dynamic voltage changes during
charge and discharge. This configuration enables the simulation of
realistic thermal loading conditions while maintaining computational

efficiency in full 3D battery pack simulations. The battery’s thermal and
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electrical fields are solved at the cell scale in the computational fluid
dynamic (CFD) domain, by discretizing the following differential
equations governing these fields based on conservation principles [104,

110]:

aprp Tb

Tb = V. (kpVTy) + Qrotal G.1)

V. (G+V(P+) = _(jECh - jshort) (3~2)
V. (G—V(p—) = jech — Jshort (3.3)

Equation (3.1) represents energy conservation for the battery depicting
temperature change due to heat generation and thermal conduction.
Equations (3.2) and (3.3) are the governing conservation equations for
the positive and negative current fluxes, respectively, and relate the
divergence of electric current density in the battery to the electrical

current.

\/ (S0C) V(1)

ocv

Figure 3.3: Equivalent circuit model (ECM)

Here, p,, C,, , Th, Ky, denote the density, specific heat, temperature, and

Py’
thermal conductivity of the battery. o0, and o_ denote the electrical

conductivities, ¢, and ¢ _ represent the phase potentials for the positive

and negative electrodes, respectively. jgcn and jshort 1S the volumetric
current transfer rates due to electrochemical reactions and shorting

conditions.
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During the charging and discharging processes, significant heat

generation occurs in the battery, expressed as [104, 110]:
Qtotal = Qirreversible + Qreversible + QShort + Qabuse (3~4)

The total heat generated ((ora1) 1S conserved, including contributions
from reversible heat (Qreversible, due to entropy changes during the
chemical reaction), irreversible heat ((jrreversible> du€ to the internal
resistance of the cell), and heat generated due to shorting and thermal
abusive conditions. Under the normal operating conditions of the battery
the last two terms in Eqn. 3.4 accounting for heat from shorting and

abusive conditions remain zero.

The electrochemical reactions inside the battery are not fully efficient,
and the associated energy losses are released as heat (Qgcp).
Additionally, there is resistance to the flow of the electrons leading to
heat generation (Qonmic)- Therefore, based on the definitions, the

irreversible heat generation is defined as follows :

Qirreversible = dEch T Gohmic (3.5)
Qirreversible = I(Vocv -V) + 0-+|V(p+|2 + 0—|V(P—|2 (3.6)

In Eqn. (3.6), I(V,y — V) represents the battery overpotential, defined
as the difference between the voltage across the battery terminals, V, and
the open circuit voltage,V,.,. The reversible heat (qreversible) INVOlves
heating effects that are due to the entropy change of the electrochemical
reactions in the battery. This heat does not result from energy loss like
the irreversible one, but from the thermodynamic nature of the reactions,

expressed as:

) ) Vv, I
Qreversible = Uentropy = —IT a?;v = _TASE (3-7)
where the entropy changes as

JAG 0Vocy
AS = _B_T = —I’lFa—T (38)

and the Gibbs energy change is expressed as
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AG = —nFV,,, (3.9)

Wocy - o
aoTC” is the temperature derivative

Here, 1 is the current, T is temperature,

depicting sensitivity towards temperature change, V, ., is the open circuit
voltage (OCV), n is the charge number, AS is the entropy change, F is
the Faraday constant (in C/mol), and AG is the Gibbs energy change (in
J/K.mol).

The electrochemical sub-model determines the volumetric current
density (j) through the interaction between the battery scale and the
subscale model. The temperature equation is solved simultaneously by
generating a source term for the heat transfer equation. The following

equations are used to evaluate the voltage at the terminals as [104],

[110]:

V(t) = Voey(soc) — V; —V, — Rg(soc) I(t) (3.10)
M _ . v I 3.11
9t Ry(soc)Ci(soc) ' Cy(soc) © G-1D)
Ny _ . V. I 3.12
dt  R,(soc)Cy(soc) 2 C,(soc) © (3-12)

d(soc)  I(®) o13)

dt  3600Q,f

The open circuit voltage, resistor resistances, and capacitor capacitances
for a particular battery all depend on the battery’s state of charge (SOC).
Equations 3.10-3.13 account for the evaluation of the overall battery
voltage, including the effects of open-circuit voltage, internal resistance,
and series resistance, which are influenced by SOC and current. These
functions Rg, Ry, Cq, Ry, C;, and Vcy can be represented by higher-
order polynomials. In general, the ECM model provides numerical
solutions with significant parametric flexibility, yielding results that
accurately fit test data. The I-V performance data of the cell under
different discharge conditions are used to estimate the parameters, which
are then utilized to express various modeling parameters such as Rg, Ry,

C1, Ry, Gy, and Vcy as functions of SOC as is presented in Table 3.2.
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Similar approaches have been adopted in previous studies. Assuming
uniform heat generation and normal charge/discharge conditions, the
current density and the heat source term are computed as follows [104,
110]:

Qnominal

jech =1 Q.Vol (3.14)

) : du
dtotal = JECh [Voov =V — Tﬁ + G+|V(p+|2 + 0—|V(P—|2 (3.15)

Here, Quominal 18 Nnominal charge capacity, Qe is the reference charge
capacity, Vol is volume of battery. Equation 3.15 denotes the total heat

generation in the cell and includes irreversible and reversible parts.

Table 3.2: The fitted parameters as the function of SOC of battery [104,
110]

Vocv = 3.5 + 0.3550C — 0.0178S0C% + 0.3201S0C> —

(3.16a)

1.031exp (—80S0C)
Rs = 0.07446 + 0.5exp (—24.37S0C) (3.16b)
R; = 0.002 + 0.3208exp (—29.14S0C) (3.16¢)
C; = 703.6 — 752.9exp (13.51S0C) (3.16d)
R, = 0.002 + 6.604exp (155.250C) (3.16¢)
C, = 4475 — 6056exp (27.12S0C) (3.161)

PCM embedded with Metal Foam model

The most widely utilized enthalpy-porosity formulation [111] adopted
to model the melting behaviour of the PCM. To account for the presence
of porous media in the domain, pressure losses due to inertia and
viscosity are incorporated into the momentum equation. Natural

convection is approximated using the Boussinesq method with fluid as

98



incompressible and Newtonian. In Boussinesq approximation, the
material properties of each phase are constant, and it takes into account

the effect of fluid density on buoyancy force.

The porous zone is considered to be isotropic and homogeneous, and
expansion of the PCM in volume is not considered. The porous media
approach, as reported by Sardari et al. [112] is employed to analyse the
MF-based PCM system. The governing equations for the model are
detailed below:

Continuity equation:

ap . 3.17
a +V. (ppcmvpcm) =0 ( )
Momentum equation:
X —dir.
Ppcm OUpcm Ppcm (13 _ JaP
22+ B2 (Voo - V)Upem = — -+
. X oo C (3.18)
pcm 2 pcm pcm
T(V Upem) — ( M T M |upcm|)upcm + S«
Y —dir.:
Ppcm 9Vpem |, Ppem (3 __ oP
- at+82WmWW%m_—£+
) (3.19)
Upcm 2 Hpcm Ppcm
T (V Vpcm) - (T + IM |Vpcm|) Vpcm + Sy + Sa
Z —dir.:
Ppcm OWpem | Ppem [T __ oP
R+ 2 (Vpem - V) Wpem = — 5+
(3.20)

%%(VZWpcm) - (“p% + p;z/c%lc |Wpcm|) Wpem + S,

Where S,,S,,and S, are source terms representing the mushy zone

resistance, calculated as follows:

Amush(1 - 7\)2
SX:(7\3‘+0.001)(”‘Im_”pun) (3.21a)
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Amush(1 - 7\)2

> =33 + 0.00D) (Voem = Vpun) (3.21b)

— Amush(l - )\)2
Z (A3 +0.001)

Sa = ppcmgB(T - Tref) (3.21d)

S, represents the gravitational force on the PCM in the y direction due
to buoyancy; A,,sp defines the mushy zone and impacts both the
suppression and melting behavior of the PCM. The value of 4,5, can
range from 10* to 10%, and as recommended in many literatures [82],
[87], [88], [92], [93], a value of 10° is selected. To prevent division by
zero, a constant value of 0.001 is added to the denominator in Eqns.
(3.21a-3.21c). The pull velocities Upy;, Vpyy and Wy, are zero, as the
solidified PCM is assumed to be stationary. The PCM is tracked using
the melt fraction (A), ranging from 0 (completely solid) to 1 (completely
liquid) based on the temperature field:

( 0 (T<T) )
A={T"T (,<T<T) (3.22)
T —T,
1 (T>T)

Using the Darcy's law of damping [113], the effect of the porous
material in the domain is marked by introducing source term on right

hand side in the momentum equation:

wre , eeClV\ o
(M t )V (3.23)

The source term comprises the loss that occurs due to the viscous and
inertial effect, whereas V denotes the magnitude of the velocity vector.
In the context of laminar flow in porous media propelled by a pressure
gradient, establishing a connection between the pressure gradient and
velocity often involves the use of permeability. However, determining
the permeability for natural convection in metal foam poses challenges
due to the limited availability of relevant experimental data in the open

literature. Because of the high porosity of the metal foams, most of the
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studies [112, 114-117] use the permeability (M) and the inertia
coefficient (C) using the following equations as formulated by Calmidi

and Mahajan [118].

As explained by Calmidi and Mahajan, the equations 3.24-3.25 are valid
for high porosity open cell metal foams having ligament diameter (d;)
between 0.0025-0.00050 m, pore diameter (d,) between 0.00180-
0.00402 m and pore density (w) between 5-40. d; and d,, are depicted
in the Fig. 3.4.

-1.11
M = 0.00073d,%(1 — £)022* (%) (3.24)
d zi1.63
C = 0.00212(1 — £)~0132 (d—l) (3.25)
P

Figure 3.4: Open cell copper metal foam

Normally, the porosity, the pore size and the ligament diameter are the
parameters used to describe the structure characteristics of porous

media. These parameters are not independent parameters as explained
by Calmidi and Mahajan [118]. The equations (3.26-3.27) have been
widely adopted for open cell copper metal foams [112, 114-117].

Here, d; and d,, is:

(3.26)

1—¢ 1
d; = 1.18d, 3 (1 — e—(l—g)/0.004->

d, = 0.0254/w (3.27)
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The total enthalpy H, which includes sensible (h) and latent heat (AH)

contribution:
H = hg + AH (3.28)
T 3.29
s = f Cp dT ( )
Tref pem
AH = AL (3.30)

The present investigation adopts both approaches, i.e., the thermal
equilibrium and thermal non-equilibrium to model heat transfer in the
MF-PCM domain. In the case of the thermal equilibrium model, the
temperature between the metal foam (MF) and the PCM is considered
to be the same, and it is assumed that no heat transfer takes place

between both domains. The energy equation for such a case is:

6(£PpcmcppcmTpcm) v C v T _
ot + -(ppcm Ppcm ' Pem pcm) =

(3.31)
V. (keffVTpcm) - SL

Here, Sy, is source term, in case of non-thermal equilibrium, the variation
in temperature of the PCM and the MF is considered. Heat transfer
between both the domains is contemplated, and a heat transfer
coefficient is defined. The energy equation in the case of non-thermal

equilibrium is defined as:

For PCM:
a(~°-F)pcmcp CmTpcm) - (332)
6: V. (ppcmcppcmvpcmTpcm) =
V. (keffVTpcm) - SL - hszsf(Tpcm - Tmf)
For metal foam:
0T ¢ (3.33)
1= 9pmiCh,, (')
=V. (keffVTmf) - hszsf(Tpcm — Tif)
The source term in the energy equation is:
0€ppemAL -
S, = —gctm + V. (Ppem VpemAL) (3.34)

102



As discussed in Chapter 2, the metal foam and PCM, together form a
composite system, and hence effective thermal conductivity needs to be
defined. For the thermal equilibrium model, average thermal

conductivity can be calculated as:
keff = (1 - E)ks + Ekf (335)

While, for the case of thermal non-equilibrium model, thermal
conductivity needs to be defined independently. To get the ETC of the
MF-PCM composite system, the volume averaging technique can be
employed. A host of studies are available where the effective thermal
conductivity has been defined for MFs for various infiltration cases such
as air, water and PCM. Dai et al. [63] corrected and extended the original

model of Boomsma and Poulikakos [61], and ETC and is defined as:

_ Lp+Lp+Lc+Lp 3.36
Kegr = V2(Ra+Rg+Rc+Rp) ( )

where
R _— 4@Lt
A ™ (2e2+mO(1-e))ks+(4—2e2-TO(1—e))ks (3.37a)
__ (e=20) Lt
B ™ o2k +(2-e2)k¢ (3.37b)
_ (V2-2e)L¢
_ ZeLt
Rp = e?ks+ (4—e2)ks (3.37d)
V2(2-(22)e3-2¢
0= \/ ( ( - ) ),with e =0.198 (3.37¢)
T(3-4v2e—e)
ke = kelks:o s Kse = Kelke_ (3.379)

Here L is the total layer thickness. The Reynold number and the specific
area is defined as the function of the porosity of the MFs:

A/ 2_|_ 24
R,, = eemtt TV O (3.38)
€Upem
3T[d1(1 _ e—(l—e)/0.004—)
sf = > (3.39)
0.59d,
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To establish heat transfer between MF and PCM, local heat transfer
coefficient is defined considering laminar flow conditions over solid
cylinders. The coefficient for interstitial heat transfer is [112, 114-117]
[119]

0.76Re 4 **Pr037k
[ 2 R for 0 < Rey < 40

d
0.52Req”°Pr®%7kpem

hge = a for 40 < Re, < 1000 (3.40)

0.4p..0.37
0.26Reqy dPr Kpem for 1000 < R4 < 200000
1

Boundary Conditions

The boundary conditions for the system are set at an ambient
temperature at 27 °C. The initial temperature of the system is uniform
and equal to the ambient temperature. The specific boundary conditions

across different interfaces are defined as follows [89, 91]:

= Between contact interface of battery and PCM:

oT 0T

I 3.41
Ko 5n = “Kpem g (3-41)

These equations ensure continuity of heat flux across the interface.

= Boundary conditions at the battery, tabs and PCM exposed to the

ambient environment:

oT
—ky, e hy (Ty — Tamb) (3.42)
oT
—Ktabs a_n = htabs(Ttabs - Tamb) (3.43)
oT
_kpcm % = hpcm (Tpcm - Tamb) (3.44)

oT . . .
where 5, 1 the temperature gradient and heat transfer coefficient to the

ambient environment Rgy;fqce is taken as 5 W/(m?K) [93], [120].

Material selection, grid sensitivity and parameters

For this investigation, the phase change material PCM RT-35, with a
peak melting temperature of 35 °C, high latent heat of fusion (160 kJ/kg)
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and excellent thermal stability making it ideal for battery thermal
management. Its melting temperature aligns with the optimum operating
temperature range of lithium-ion batteries, ensuring effective thermal
regulation and heat absorption during phase change. Additionally, RT-
35 is non-toxic, has a long thermal cycle life, easily available and
therefore has been recommended in many literatures [121-124] for
battery thermal management systems. The material for positive tab and

the negative tab is aluminium and copper, respectively.

It is required to get optimum grid size and time step to carry out the
numerical study. For this, the grid and time tests for a LIB (2S1P)
coupled with PCM are carried out for a discharge rate of 5C. The
average temperature for the discharge of cells is analysed. Initially, the
mesh with four different element sizes namely 2.5 mm, 2 mm, 1.6 mm
and 1 mm having 77988, 106920, 587385 and 876388 elements,
respectively are investigated for a time step (At) of 1 second. The
deviation in the results is found to be less than 1% when the grid size is
reduced to 1.6 mm from 2 mm; however, further reduction in the
element size beyond 1.6 mm, no significant change in the results is
observed in the analysis, with the significant increase in the
computational time. Following this, two additional time steps of 2
second and 0.5 second are tested with the element size of 1.6 mm.
Considering the reference conditions as an element size of 1.6 mm
having 587385 elements and a time step of 0.5 seconds, it is found that
the average deviation is 0.09% for time step of 2 second and 0.012% for
1 second. It should be noted that further refinement of the time step
increases the computational time without any reasonable change in the
results. Therefore, an element size of 1.6 mm and a time step of 1 second

are selected for the present study.

To carry out the simulations, a pressure-based double precision solver
was used with absolute velocity formulations to ensure accurate
modeling of fluid flow. The transient time simulations were conducted

to capture the dynamic behaviours of the system. Semi-Implicit Method
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for Pressure-Linked Equations (SIMPLE) algorithm was employed to
discretize the governing equations. The Pressure Staggering Option
(PRESTO) and Quadratic Upstream Interpolation for Convective
Kinetics (QUICK) schemes were implemented to solve momentum and
energy equations, respectively. The following values of under-
relaxation parameters were set to ensure numerical stability and
convergence: pressure - 0.3, density - 0.5, body force - 0.5, momentum
- 0.5, energy - 0.9, and scalars - 0.9. Convergence thresholds for
continuity, momentum, and energy equations were set at 108, 107, and
1071° respectively. Each time step involved up to 500 iterations to
achieve convergence, and the simulations were performed on ANSYS
Fluent 2023R2 software using the high-performance computing (HPC)
resources provided by the Digital Research Alliance of Canada
(Compute Canada). Table 3.2.2 lists the material properties of the
lithium-ion battery cell components, while Table 3.2.3 summarizes the

thermophysical properties of the MF and PCM.

Table 3.2.2: Material properties of the Li-ion battery [103-104]

.. Negative
Details Active material Posm\./e .Tab ]g“ab
(Aluminium)
(Copper)
Density [kg/m’] 2092 2719 8978
Thermal 0.97 (in-plane)
conductivity 26.5 (cross- 202.4 387.6
[W/m-K] plane)
Specific heat
[/ke-K] 678 871 381
Electrical
conductivity (o) 1190000 - -
[S/m]
Electrical
conductivity (o_) 983000 - -
[S/m]
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Table 3.2.3: Thermophysical properties of the MF and PCM [112],
[115]

Property Metal foam PCM (RT-35)
Material Copper Paraffin wax
Density (solid)
8978 860 (1), 770
[kg/m3] ( )’ (S)
Thermal conductivity 380 02
[W/(m-K)]
Solidus temperature [K] - 302
Liaui
iquidus temperature ] 309
[K]
Specific heat
0.381 2
[kJ/(kg-K)]
Latent heat [kJ/kg] - 160
Thermal expansion
coefficient - 0.0001
[1/K]
Viscosity [Pa.s] - 0.0235

3.2.2 Validation of the numerical model

Validation of the cell model

The Li-ion batteries consist of several layers of negative, positive, and
separator sheets; the overall cell properties can be calculated by taking
the average properties of individual constituents. Because of stacked
configuration of battery core, one needs to consider the interfacial
phenomena of contact resistance at different interfaces such as porous-
porous and porous-solid for estimation of effective thermal conductivity
values; while, because the contact interfaces of polymer LIBs are wet
due to electrolyte liquid, its effects here can be disregarded. Also, the
same order of the thermal conductivities of electrolytes and polymer
justifies this simplification; similar approach has been adopted by many

authors [103-104, 110]
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Figure 3.5: Comparison of battery voltage-time profile with the
results of Taheri et al. [103]

The present cell model is validated using the experimental polarization
test data of Taheri et al. [103] for various discharging rates, namely 5C,
3C, 2C and 0.5C. The average deviation between present simulations
and the test data is found to be 5% and is depicted in Fig. 3.5. The
temperature of the battery is validated using the existing experimental
data of Fink et al. [125] and Liu et al. [126] as can be seen in Figs. 3.6(a-
b), respectively. Fink et al. [125] and Liu et al. [126] have considered
ePLB-C020, 20Ah battery cell in their experimental study and the same
battery cell has been considered in the present investigation. Fink et al.
[125] conducted experiments with the battery cell to compare two
different battery models in their investigation. Fig. 3.6(a) depicts the
temperature rise of the cell with respect to the various depths of
discharge for two different discharge rates i.e., 5C and 3C. The battery
cell was discharged to about 70% for 5C and 85% for 4C, while
maintaining the cutoff conditions of 3V. Similarly, Fig. 3.6(b) presents
the results from Liu et al. [126] for the temperature rise for different
discharge time for 4C, 3C and 2C. It can be seen that the prediction of

the current battery model matches well with the experimental test data.
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Figure 3.6: Validation of the cell temperature
The observed average absolute deviation with the test data of Fink et al.
[125] 1is found to be 2.49% and 1.9% for 5C and 4C, respectively. The
observed average absolute deviation with the test data of Liu et al. [126]
is found to be 4.2%, 3.9% and 1.8% for 4C, 3C, and 2C, respectively.
The results suggest that the current numerical model aligns closely with
the experimental results, demonstrating its accuracy in predicting

temperatures under various discharging conditions.
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Verification and validation of the MF-PCM model

The aim of the current study is to investigate the effectiveness of the
PCM embedded with MF by using 3D geometrical model. In the present
study, the model for melting of PCM embedded with metal foams is
verified with the numerical investigation of Sardari et al. [112] and
validated with the experimental study of Zhao et al. [127]. Sardari et al.
[112] investigated a 3D model of a vertical container (15%2.5%2.5cm)
having PCM (RT-35) embedded with copper MF of varying porosities
(e = 0.85, 0.9, 0.95) and pore densities (PPI = 10, 30, 50). A constant
wall temperature of 373 K was applied at one face (heater wall), while
the two side walls were treated with symmetry boundary conditions. The
initial temperature of the geometry is set to 292K. The mushy zone
constant An, is chosen based on the sensitivity analysis to yield less than
0.5% deviation in melting time while comparing with the experimental
results, resulting in a value of 10° consistent with the prior

recommendations.

The authors [112] studied the effect of porosity, pore densities,
equilibrium and non-equilibrium porous media models, multiple-
segment cascaded metal foam and the effect of different heater location.
The results are reproduced and verified to ensure the conformity of the
present numerical model. The results are presented in Fig. 3.7 and
Fig.3.8. The verified 3D model of the PCM embedded with the copper
metal foam was then used to validate with the experimental results for
Zhao et al. [127]. Zhao et al. [127] investigated the solidification and
melting performance of PCM RT-58 saturated with copper metal foam
(porosity = 0.95, PPI = 10). The rectangular copper foam having the
dimensions of 200x120x25 mm and thermal conductivity of 350
W/m-K has been used. A heat flux of 1.6 kW/m? is supplied on the
bottom side of the cavity with the help of a copper plate to maintain

uniform heat flux conditions.
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Figure 3.7: Validation of PCM domain temperature against

Sardari et al. [112]
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Figure 3.8: Analysis of melting of PCM with the study of
Sardari et al. [112]

The temperature of the heater plate wall and at three different locations
having a vertical distance of 8 mm, 16 mm, and 20 mm from the heater
plate have been used for analysis. The present MF-PCM model is
validated with the test data of Zhao et al. [127] by employing both
thermal equilibrium and thermal non-equilibrium models and is shown
in Fig. 3.9. The equilibrium model over predicts the test data both in the
pre-melting and post-melting zones; while the non-equilibrium model
under predicts the test data in the pre-melting region and over predicts

the post melting region.
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Figure 3.9: Validation of MF-PCM melting with the test data of
Zhao et al. [127]

The average deviation is found to be 4.52% and 8.56% for non-thermal
equilibrium and thermal equilibrium, respectively. The thermal non-
equilibrium model was selected to carry out the simulation in the present

study.

3.2.3 Result and discussion

Here, an effort has been made to examine the performance of the MF-
PCM composite for thermal management of LIBs under rapid
discharging and thermal abuse conditions. Rapid discharge of the cells
occurs over a short duration, especially during acceleration of the EV;
therefore, in situations where thermal control is critical, it is important
to test the appropriate BTMS. Fig. 3.10 illustrates the configuration of
battery pack for present study. This study simulates two different high
discharge rates: "5C" and "4C". The expected discharge times for these
rates are 12 minutes and 15 minutes, respectively. Initially, the 2S1P
battery pack is studied and the minimum thickness of the PCM is
determined; subsequently, the effect of various foam characteristics
affecting the thermal performance are examined. The external, internal
short circuit and profile tests are performed to examine the performance
of MF-composite for abusive thermal conditions. Later, a 7S1P battery

pack is simulated for rapid discharging at 5C.
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Figure 3.10: Schematic of the battery pack under investigation

Minimum thickness of the PCM

It is essential to determine the minimum thickness for the MF-PCM
composite to achieve the desired temperature. Using a 2S1P
configuration, rapid discharge rates of 5C and 4C are simulated with a
discharge cutoff voltage value of 2.5 V and an initial temperature of 300

K under natural convection cooling condition (Fig.3.11(a-b)).
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Figure 3.11: Temperature distribution after complete discharge

The rise in temperature is significant in the cells; while lower
temperature is obtained in tabs, which may be due to the more thermal

conductivity of aluminium that is used in tabs. Tabs are employed in

113



prismatic Li-ion batteries to gather the current flow produced throughout
the cell domain. Under natural convection cooling, temperature of the
cells after complete discharge is found to be 334 K and 319 K for 5C
and 4C, respectively. It may be noted that due to the accelerated reaction
rate, more amount of heat is generated at 5C within shorter time period
compared to 4C; therefore, the discharge rate of 5C is used to optimize
the thickness of the PCM. Various PCM thickness values (4 mm-—

12 mm) are considered to determine the most suitable thickness.

Figure 3.12 reports the average temperature of cell after the complete
discharge with only PCM. The average cell temperature is found to be
326.8 K, 316.36 K, 315.04 K, 314.97 K, and 314.82 K for the PCM
thickness of 4, 6, 8, 10, and 12 mm, respectively. The average cell
temperature is found to increase sharply towards the end of the discharge
process; the rise in the temperature is associated with the depletion of
the Li-ions in the carbon-based anode, which causes sudden decrease in
the voltage (can be seen in Fig. 3.5). The abrupt voltage drop triggers
additional irreversible heat generation from electrochemical reactions,

further increasing the cell temperature.
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Figure 3.12: Effect of PCM thickness on average temperature
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Figure 3.13: Effect of PCM thickness on melt fraction

The melt fraction in MF-PCM composite is found to be 100%, 92.1%,
69.7%, 56.18%, 46.71% for 4, 6, 8, 10 and 12 mm thickness,
respectively, as reported in Fig. 3.13. The average cell temperature is
found to decrease with the increase in the thickness, although the
decrease in cell temperature is less significant with the increase in the
thickness beyond 8 mm. It may be noted that with further increase in the
PCM thickness, the energy density of the battery module will be reduced
for a fixed space. Also, for the selected thickness of 8mm it can be seen
from Fig. 3.13 that even after the battery is fully discharged, about 30%
of the PCM remains solid (unmelted). Therefore, a PCM thickness of 8

mm is considered to carry out further investigations.

Rapid discharging of the battery pack by 5C and 4C

The MF is usually characterized by porosity, pore density (PPI) and
thermal conductivity of the material. The porosity (¢) defines the amount
of the void volume present in the defined volume and the PPI (pores per
inch) defines the distribution of the pores for a fixed porosity. The effect
of PPI on melting performance is not significant for lower thickness
PCM, which may be due to the lower value of the Reynolds number of
the liquid PCM that undergoes natural convection [112, 117]. Huang et
al. [67] reported that for a fixed porosity, higher PPI reduces the mean
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surface temperature. The authors recommended the value of the PPI as
30 for further investigation. In the present study, the PCM saturated in
MF with varying porosities (¢ = 0.80, 0.85, 0.90, 0.95 and 0.98) is
analysed for a fixed PPI of 30. Fig. 3.14 illustrates average cell
temperature after complete discharge by 5C. The average cell
temperature after complete discharge is found to be 315.04 K, 314.09 K,
313.61 K, 313.17 K, 312.63 K, 312.96 K for pure PCM, MF-PCM (e =
0.80), MF-PCM (e = 0.85), MF-PCM (g = 0.90), MF-PCM (e = 0.95)
and MF-PCM (e = 0.98), respectively.

With increasing porosity (¢), the average temperature decreases up to €
=0.95, beyond this value, the temperature tends to increase. For a lower
value of ¢, the MF-PCM composite exhibits higher average temperature;
this may be due to the decrease in available PCM volume which lowers
the heat absorption rate; nevertheless, MF provides more heat
conduction path in the PCM domain. A similar observation was reported
by [67], where the optimum performance of the MF embedded with
PCM was obtained in the porosity range of 0.94-0.96. Fig. 3.15 depicts
the peak temperature gradient in cell domain. During the discharge, the
temperature gradient increases more sharply for pure PCM (PCM
without MF).
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Figure 3.14: Effect of MF-PCM composite on the average cell
temperature during 5C discharge
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Figure 3.15: Effect of MF-PCM composite on the maximum
temperature gradient during 5C discharge

This could be due to non-uniform melting of the PCM because of the
delayed heat diffusion inside the domain due to the lower thermal
conductivity of PCM [48]. In contrast, a uniform temperature gradient
is obtained for MF-PCM composite; this may be due to the enhanced
heat distribution inside the domain because of metal foam. Initially, the
temperature gradient attains a peak value and subsequently decreases;
this may be due to the delay in initiation of the melting of the PCM. This
delay in the initiation of melting occurs due to enhancement in effective
conduction in solid PCM that causes uniform temperature distribution.
Another observation is the increase in the temperature gradient of the
cell when only PCM (without MF) is used. During the rapid discharging,
there is a higher and faster heat generation in the cell. The PCMs
generally have low thermal conductivity and finite heat absorption rate,
leading to slow spreading and diffusion of heat, causing localized
heating and higher temperature gradients. To solve this problem, the
highly conducting open cell porous metallic foams is added with PCM.
The metallic ligaments in the metal foams provide an excellent thermal

conducting path for the propagation and uniform spreading of heat.
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Figure 3.16: Analysis of melt fraction in the outer domain of

PCM for 5C discharge rate

The addition of metallic foams increases the effective thermal
conductivity of PCM, thereby increasing the heat diffusion and heat
spreading rate in the PCM. As can be seen from the results, the rate of
increase of maximum temperature gradient is decreased with PCM-MF
composite compared to PCM alone. Figs. 3.16 and 3.17 depicts the
melting performance of the PCM in the outer and center domain of LIB
cells. The melting in the outer domain of the cells is presented in Fig.
3.16; the rate of melting of PCM is more for a lower value of porosity.
The melting in outer domain is found to be 69.7%, 80.91%, 78.02%,
75.29%, 72.78%, 71.18% for pure PCM and MF-PCM with & = 0.80,
0.85, 0.90, 0.95 and 0.98, respectively. For center domain (Fig. 3.17),
the melt fraction is found to be 70.12% 85.5% 82.48%, 79.53%, 76.95%,
75.02% for pure PCM and MF-PCM with € = 0.80, 0.85, 0.90, 0.95 and
0.98, respectively. With a reduction in &, the effective conduction ratio
increases while free convection decreases; this indicates that at lower
value of ¢, the available PCM is reduced, and rate of heat distribution is

higher.
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Figure 3.17: Analysis of melt fraction in the center domain

of PCM for 5C discharge rate

Figs. 3.18(a-f) represent the temperature contours in the cell domain and
MF-PCM domain during complete discharge of the cell by 5C. The first
part of the figure depicts both the domains (cell and PCM), and the
second part depicts the cell domain. For all cases, the peak temperature
exists near the tab zone, the temperature gradually decreases in the
bottom half of the LIB pack and the temperature gradient in the cell
domain is found to remain below 5K. The melt contours of PCM during
complete discharge of the cells are also presented in Fig. 3.19(a-f) for
better visualization of the melting phenomena. The average cell
temperature, the maximum temperature gradient, and the melt fractions
for the discharge rate of 4C are investigated for various combinations of
MF-PCM, considering a fixed gap of 8 mm between the cells, as shown
in Figs. 3.20-3.23. For 4C discharge rate, a similar trend is observed as
in case of 5C; the PCM effectively controls the cell temperature and
average temperature of cell remains below 312 K. The best performance
is observed in the case of MF-PCM (e = 0.95). The peak temperature
gradient remains in the optimum range, as can be seen in Fig. 3.21. The
melting of the PCM is tracked for the outer and the center domain as can

be seen in Fig. 3.22 and Fig. 3.23.
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Figure 3.21: Maximum temperature gradient during 4C discharge

rate

From Figs. 3.22 and 3.23, the melting in outer domain is 58.17%,
65.28%, 62.88%, 60.68%, 58.56%, 57.41%, while in center domain it is
60.0% 69.71% 67.07%, 64.62%, 62.29%, 60.99%, respectively for only
PCM and MF-PCM with & = 0.80, 0.85, 0.90, 0.95 and 0.98.
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Figure 3.23: Melting in the center domain of the PCM

Fig. 3.24 (a-f) shows the temperature contours after the complete

discharge of the cell for all the cases. Fig. 3.25 (a-f) illustrates the

contours for the melting of the PCM for each case at the end of discharge

of the cell.
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Comparison of results for discharge rate of 4C and 5C

Figures 3.26 (a-d) depicts the comparative performance of MF-PCM (e
= 0.95) module for different discharge rates (5C and 4C). The average
temperature rise at 5C and 4C discharge rates under different conditions
such as natural convection, only PCM and MF—PCM (e = 0.95) is shown
in Figs. 3.26(a—b). The corresponding maximum temperature gradients

are shown in Figs. 3.26(c—d).
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Figure 3.26: Comparative performance for 5C and 4C

A sharp temperature gradient is observed at the end of the discharge
process, likely due to the sudden voltage drop. However, the MF-PCM
composite effectively suppresses this maximum temperature gradient.
Li et al. [104] used an active system consisting of a mini channel liquid

cooled plate for thermal management of the EIG-ePLB C020 cell. The
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comparative results for the current investigation and with the study of

Li et al. [104] for a discharge rate of 5C are depicted in Fig. 3.27.
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Figure 3.27: Comparison of performance of MF-PCM composite

with active cooling system

It can be seen that the current MF-PCM configuration outperforms the
active system at coolant velocities of 0.01 m/s and 0.02 m/s. However,
for higher coolant velocities, the cold plate maintains a lower
temperature in the cell. In the current configuration, a PCM thickness of
8 mm with MF (e = 0.95) provides the best performance for rapid
discharge conditions. The percentage reduction in the cell temperature

can be calculated as:

Temperature reduction (%) (3.45)

_ ATwith TMs — ATwithout TMs
ATwithout TMs

Here, AT, itn tms and ATy ithour TMs denote the temperature rise in the
LIB with PCM/MF-PCM and natural convection, respectively. Table
3.2.4 summarizes the cooling performance of the applied phase change

composites.
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Table 3.2.4: Thermal performance of 2S1P configuration with natural convection, PCM and MF-PCM composite

. No coofin ol PCM MF-PCM MF-PCM MF-PCM MF-PCM MF-PCM
R
ases g y (e = 0.98) (e = 0.95) (e = 0.90) (e = 0.85) (€ = 0.80)
Parameters |
5C 4C 5C 4C 5C 4C 5C 4C 5C 4C 5C 4C 5C 4C
Average Temperature
(after complete discharge) | 334.09 | 319 | 315.04 | 311.72 | 312.96 | 310.88 | 312.63 | 310.65 | 313.17 | 310.89 | 313.61 | 311.22 | 314.09 | 311.59
(K)
Reducti int t
eucwnz{,‘/)emperaure ; ; 5594 | 3831 | 6198 | 4273 | 62.95 | 43.94 | 6136 | 42.68 | 60.06 | 40.94 | 58.66 39
0
MaX‘mumc(eIl(l)temperamre 335.60 | 319.97 | 317.79 | 312.62 | 314.47 | 311.64 | 314.02 | 311.53 | 314.60 | 311.72 | 315.06 | 312.02 | 315.56 | 312.37
Mlmmumc(elli)temperature 330.15 | 315.82 | 313.10 | 310.75 | 311.94 | 309.96 | 311.90 | 310.09 | 312.41 | 31030 | 312.83 | 310.54 | 313.27 | 310.82
Maximum temperature 545 | 414 | 468 | 203 | 264 18 250 | 175 | 249 | 171 | 248 | 169 | 247 | 167
gradient (K)
Average temperature 374 | 226 | 232 | 151 199 | 138 | 195 | 137 | 196 | 135 | 197 | 135 | 199 | 135
gradient (K)
Average melt fraction of
PCM ; ; 070 | 059 | 074 | 060 | 076 | 061 | 078 | 062 | 081 | 066 | 084 | 068
(both the domains)
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3.2.4 Short circuit and profile test

BTMS performance must be assessed under harsh thermal loading
conditions like short circuit and profile tests. Though uncommon under
normal operation, including them in the design phase can help prevent
potential failures. In this section, the external, internal short circuit and

the profile tests are simulated using the MF-PCM composite (e = 0.95).

External short circuit test

In the external shorting conditions, the battery is simulated involving
external shorting resistances (ESR) with no electric load condition. Fig.
3.28(a) depicts the temperature response of the battery with various
values of ESR (0.002 Q, 0.003 Q, and 0.004 Q). The resistance load
connected to cell can be defined as [108]:

Vtab

Rioad = (3.46)

Itab

The stopping condition is set at 2.5 V; this value is used to the cut off
simulation process. For a lower shorting resistance, current through the
battery is higher and results in higher heat generation in the LIBs. The
average temperatures for ESR values of 0.002 €, 0.003 Q and 0.004 Q
are 367 K, 343 K and 329 K, respectively. The temperature above 360
K can be defined as the risky zone for the possible initiation of the
thermal runaway issues in the cells. The sharp temperature rise for ESR
=0.002 Q is likely due to insufficient PCM availability for effective heat
absorption. This is evident from the melt front evolution over time for
different ESR values (Fig. 3.28 (b)); for ESR =0.002 €, the temperature
increase is more pronounced, and the PCM completely melts by t=140 s.
Figures 3.29(a-d) depicts the temperature and melt contours for the cell
domain and PCM domain for ESR=0.002 Q at two different time steps
such as before the completion melting of PCM and at the end of shorting

condition.
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Figure 3.28: Temperature and Melt under external shorting of
battery

It can be observed that the PCM is able to control the cell temperature
below the risk zone as this condition indicates completion of melting
process; while, at the end of the shorting process, the complete melting
of PCM occurs and reports significant temperature hotspots. Therefore,
one needs to adopt appropriate measures to ensure safe operating limits

for LIBs.
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Figure 3.29: Temperature contours for the External shot circuit tests

Internal short circuit test

An internal short is considered as one of the potential causes of thermal
runaway in LIBs, usually occurs due to manufacturing flaws that include
the sticking of conductive particles in the jelly roll/separator or wrinkles;
very often, nail penetration tests are carried out in experiments to trigger
the internal shorting in the battery. In the MSMD approach, the internal

shorting in the cell can be triggered by assigning a smaller volume in the
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cell with shorting resistance where the rise in the local temperature takes
place. The transfer of short-current density, jspor¢ and the subsequent
heat generation under such condition can be estimated as [108]:

D, — (2)_)

Jshort ( re

(3.47)

(00
Qshort = r—c (3.48)

The short circuit test is performed on cell-1 in the 2S1P configuration;
the dimension of the patched volume is considered as
Smmx6mmx7.2mm (Fig. 30(a)). Two different internal shorting
resistances (ISR) i.e., 0.5¢7Q.m? and le” Q.m> with MF-PCM (& = 0.95)
are considered for the analysis by following the procedure reported in

[108].

Fig. 3.30(b) shows the peak temperature for shorted zone and the
average cell temperature. For smaller ISR (case 1), the temperature rise
in the shorting zone is very sharp; this is due to the increase in the
magnitude of the current. The average temperature of cell 1 is found to
be 335.64 K and 324.7 K for case 1 and case 2, respectively. Figs. 3.31
depict the melt front propagation in the PCM domain coupled to cell-1

for case 1.

(a) Patched location for shorting
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Figure 3.30: Temperature response of the battery under

internal shorting

The PCM melts rapidly near the shorting zone, while the local
temperature rises sharply in the cell. For case 2, the melt front contours
are presented in Figs. 3.32. Additionally, thermal runaway in one cell
can spread and trigger thermal runaway in adjacent cells. The safety and
reliability of the battery cell can be ensured during the design of the
BTMS; in such a case, detailed investigation is needed to analyse the
spread and subsequently mitigate the TR in Li-ion cells. Such
investigations are currently not in the scope of the present study and

therefore not discussed here.
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Figure 3.31: Melt and temperature contours for case I (ISR=0.5¢7Q.m?)
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Figure 3.32: Melt and temperature contours for case II (ISR=1¢’Q.m3)
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3.2.5 Dynamic charging-discharging test

Time varying constant current discharge

To test the optimized MF-PCM composite under dynamic loading
conditions, a time schedule event is simulated in which the battery first
discharges for 3 minutes by 5C, followed by repeated cycles of 1 minute

of charging at 1C and 2 minutes of discharging at 5C.
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Figure 3.33: Dynamic profile tests of the cells

The simulation is carried out till the battery is completely discharged;
Fig. 3.33(a) depicts the dynamic variation of current, voltage and SOC
during the process. The average, maximum and minimum temperatures
of the cell at the end of complete discharge are 313.13K, 314.64K and
312.3K, respectively, as depicted in Fig. 3.33(b). The melt fraction of
the PCM at the end of discharge is 0.81 (Fig. 3.33(c)). The findings
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indicate that the present modeling approach is suitable for forecasting

transient temperature responses during dynamic loading.

Thermal performance under aggressive drive cycle

Worwood et al. [128], in their investigation, utilized an aggressive duty
cycle for a high-performance EV developed using an electric sports car
on racetracks varying in length and location. The C-rate data presented
in [128] corresponds to a 200-second loop, where the maximum
discharge and charge rates reach 8C and 2C, respectively. Using this
data, a C-rate profile for four continuous loops of the aggressive duty
cycle was generated and applied in the present study, as shown in Fig.
3.34(a). The lower voltage cutoff value at the end of the cycle is kept at
2.5V as can be seen from the voltage profile in Fig. 3.34(b). The SOC
variation depicts that the battery pack is completely discharged at the
end of the drive cycle (Fig. 3.34(c)). The temperature increase during
the cycle, both without PCM case and with the current configuration of

MF-PCM (porosity 0.95) is depicted in Fig. 3.35(a).

It is observed that the battery pack temperature at the end of cycle for
without PCM is 341.3K and with MF-PCM is 310.90K. About 68% of
the PCM gets completely melted at the end of the cycle and about 32%
remains unmelted which has the potential to further absorb heat from the
battery pack as illustrated in Fig. 3.35(b). This demonstrates the
effectiveness of the MF-PCM in controlling cell temperature.

0 200 400 600 800 1000
Time (seconds)

(a) C-rate profile for 4 continuous loops
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Figure 3.34: Battery characteristics during aggressive drive cycle
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Figure 3.35: Thermal performance of MF-PCM composite under the

aggressive drive cycle

Thermal performance under realistic drive cycle

Fink et al. [125], in their study, utilized a realistic driving profile that
included periods of discharging and charging. The current time data has
been obtained based on the normal driving conditions for about 75
minutes. The C-rate profile is depicted in Fig. 3.36. This variation in the
voltage (Fig. 3.37(a)) illustrates periods of charging and discharging.
Clearly the temperature of the battery pack is lower in the first 2500
seconds and remains near 303K, as seen from Fig. 3.37(b). It is to be
noted that the current battery modeling approach can be used to model
highly dynamic charging-discharging conditions using the realistic

driving cycle test data.
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Figure 3.37: Thermal performance of MF-PCM composite under the

realistic drive cycle

3.2.6 Battery pack (7S1P) simulations

Here, the battery module in 7S1P configuration is tested with MF-PCM
(e =0.95) composite. The voltage of the pack is maintained as 26 V and
the capacity remains 20 Ah due to the series configuration. PCM domain
thickness is kept the same at 8 mm and a discharge rate of 5C is used.
Fig. 3.38(a) shows the temperature hotspots after the complete discharge
in the battery cell with cooling in the natural convective conditions. Fig.
3.38(b) shows the temperature distribution in both domains with the
MF-PCM composite; a significant reduction in temperature and
gradient is observed, with no hotspots appearing in the cell domain
during or after complete discharge. The peak temperature is limited to
313.8K and the temperature gradient found to be less than 5K. Fig.

3.38(c) shows the information on PCM melting after the complete
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discharge of the battery pack; a more uniform melting is observed,

which may be due to the metal foam in the PCM domain.
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Figure 3.38: Battery pack (7S1P) temperature contours after
complete discharging by 5C
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3.3 Enhanced Thermal Management System for Li-ion
Batteries Using Phase Change Material and Liquid
Cooling Under Realistic Driving Cycles

The risk of overheating remains a concern with PCM as it cannot absorb
more heat once fully melted. To overcome this, hybrid cooling systems
combining active and passive cooling techniques have been explored
[129-130] integrating PCMs for heat absorption with active cooling to
dissipate the stored heat, optimizing battery thermal management.
Recent studies have also explored configurations that combine PCM
with active cooling methods, seeking to enhance the effectiveness of
BTMS. Despite advancements, several challenges remain, particularly
in adapting these systems to real-world conditions where batteries
experience dynamic and variable thermal loads such as urban stop-and-

go traffic, highway cruising, and aggressive acceleration.

Most existing hybrid BTMS designs integrate liquid cooling structures
and PCM layers separately between cells, increasing system size and
complexity [131]. Some configurations place cooling channels at the
bottom with PCM sandwiched between cells, significantly increasing
the system’s size, weight, and complexity, thus compromising
practicality. Although structural optimizations like fin enhancements
and cooling plate designs have been explored, their full potential for
minimizing pumping power, reducing system weight, and maximizing
PCM utilization is not fully realized. Often, these hybrid systems require
continuous coolant flow to maintain performance, leading to higher
energy consumption and a corresponding reduction in overall system
efficiency, further limiting their practicality for real-world EV

operations.

Addressing these challenges, this work introduces a novel hybrid BTMS
for lithium-ion batteries, featuring a unique zig-zag cold plate with
integrated cooling channels inside the PCM domain to enhance heat
transfer. Using a 3S1P battery pack, four distinct cooling schemes are

investigated: 1) natural air convection cooling, 2) PCM enhanced
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passive cooling, 3) Active Cooling, using a liquid-cooled cold plate; 4)
Hybrid Cooling, with PCM infused inside the cold plates. Two coolant
flow strategies are examined: continuous cooling (CC), where coolant
flows continuously during battery operation, and intermittent cooling,
which adjusts coolant flow based on the PCM’s melt state inside the cold
plate. The system’s performance is assessed under four realistic driving
conditions [132], including the Supplemental Federal Test Procedure
(SFTP-US06), Urban Dynamometer Driving Schedule (UDDS),
Worldwide Harmonized Light Vehicles Test Procedure (WLTP-class-
3), Highway Fuel Economy Test (HWFET), along with two constant
current cycles with rapid discharge and charge rate of 5C/4C and 1C,
respectively. The detailed thermal loading conditions have been

tabulated in Table 3.3.1

3.3.1 Design concepts

Optimizing the weight and volume of the BTMS for EVs is crucial for
maintaining vehicle efficiency and driving range. Ideally, the BTMS
should not exceed 40% of the battery module's overall weight and
volume to avoid significant impacts on performance [133]. The current
design employs a hybrid cold plate that integrates PCM with
strategically placed cooling channels between two (top and bottom)
support plates, as shown in Figs. 3.39. Initially, a conventional
serpentine cooling channel with two turns is selected, which is then
improved by changing it to a zig-zag pattern with four turns. Two
different cooling strategies are studied: continuous coolant flow (CC)
and intermittent coolant flow (IC), where the coolant flow is controlled
based on the melting state of the PCM. To maximize energy storage and
release, the current study introduces a coolant flow decision-making
algorithm based on the melt state of the PCM. The approach begins with
no initial coolant flow, allowing the PCM to absorb the heat generated
by the cells and undergo melting. Once 80% of the PCM is melted,
coolant flow starts, absorbing heat from both the PCM and the cells.
This continues until only 20% of the PCM remains melted, indicating

about 80% of the PCM has solidified, then the coolant flow stops, and
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the PCM absorbs heat until it reaches 80% melting again, repeating the
cycle. These thresholds were selected to optimize PCM utilization while
ensuring effective thermal management. The 80% threshold aims to
maximize the passive heat storage capacity of the PCM without
excessive melting, which could lead to a rapid decrease in its heat
absorption capacity and compromise its effectiveness in managing peak
thermal loads. On the other hand, the 20% threshold was chosen to
ensure that the PCM has sufficient unmelted volume to provide
additional passive cooling capacity when required. During the
intermittent cooling, initiating the coolant flow too early (at lower melt
fractions) would underutilize the PCM’s latent heat capacity, reducing
its overall contribution to temperature regulation. These chosen
thresholds also help maintain a buffer of solid PCM for subsequent
thermal cycles, providing robustness during fluctuating or extended
thermal loads. In discussing heat flow dynamics, the heat generated by
the battery cells is first transferred to the aluminium support plate and
then to the PCM and cooling channel. The PCM absorbs heat initially as
sensible heat until reaching its melting point, followed by latent heat
absorption. During coolant flow, the coolant extracts heat from the PCM
and aluminium plates, aiding in the restoration of the PCM's latent heat
capacity. Simultaneously, heat is dissipated through natural air
convection from the surfaces exposed to the environment. Fig. 3.39
elaborates the flow chart for the steps involved in this investigation.

3D modeling and Sol . .
S SFTP-US06, HWFET, Begin » olve the governing equations
validation of the model uDDS with boundary conditions for

" WLTP-Class 3, the coupled heat transfer

Application of PCM to 5C discharge -1C charge *
4C discharge -1C charge
cEmel dine el Em perature Calculate melt fraction (1)

L 4 inthe PCM domain and temperature

) o § Coolant flow path and of the battery pack (T,
Test with realistic drive number of turns *YP (Tp)

cycles and continuous
discharge-charge operation

Monitor melt fraction (1)

A
¥ / Melt fraction > 0.8 to control the coolant flow
Design cold plate 7 Coolant flow on
3 fraction
Develop cooling strategy s, | Meltfraction <0.2 l No l Yes
NG =0m/s
9 Continuous coolant / No coolant Start
cooling flow coolant flow

Figure 3.39: Investigation flow chart for hybrid system
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Table 3.3.1: Description of the various thermal loading conditions

Standard Dist
1Stance
Type Drive cycle Description cycle Speed
b Y P y covered P
time
Urban D t . .. . .
. r an Lynamormeter The cycle simulates urban driving with frequent stops, slow accelerations,
Driving Schedule (UDDS) .. .. . . . .
and low-speed cruising making it ideal for city traffic fuel efficiency, 23 minutes 11 miles 19.6 mph
also known as LA4 (the . .
. emissions, and performance testing.
city test)
Highway Fuel Economy .. . .
. The steady cruising and low acceleration and deceleration make HWFET 12.75 . 48.3-60
. Driving Schedule . ; . . . 10.26 miles
Transient (HWFET) ideal for highway fuel economy testing at higher speeds. minutes mph
realistic — - - — - - :
drivine eveles This driving cycle simulates aggressive driving with rapid acceleration, 10
[ 1% 2{ Supplemental FTP/US06 deacceleration and high-speed fluctuations to mimic performance in harsh minutes 8 miles 80.3 mph
real-world conditions. 4
WLTP (Worldwide This cy.cle includ.es. a series .O.f tests .th.at sirr.lulate a mix of urban, sublllrban,
) . and highway driving conditions, divided into four phases: low, medium,
Harmonized Light . . . 30 14.45 37-81
. high, and extra-high speed. WLTP Class 3 provides a more accurate and . .
Vehicles Test Procedure) - . . . minutes miles mph
Class 3 realistic assessment for modern vehicles compared to previous test
procedures.
Constant 4C-1C Discharging by 4C followed by charging by 1C 71.4
current (No rest in between) minutes
harge-
? arge Discharging by 5C followed by charging by 1C 67.7
discharge 5C-1C . .
(No rest in between) minutes
cycles
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Figure 3.40(b): Various designs of cold plates

3.3.2 Geometry and design

The current hybrid thermal management system has been developed
using the same prismatic lithium-ion cell (ePLB C020, EIG corporation,
Korea). The geometry, configuration, and dimensions of the HBTMS are
depicted in Fig. 3.40(a). The setup features a 3S1P battery configuration

with virtual tab connections and incorporates two cold plates between
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the cells. These cold plates include a cooling channel, PCM domain, and
top and bottom plates. Fig. 3.40(b) illustrates three different hybrid cold
plate designs: the serpentine cold plate (SCP) with two turns, and the
zig-zag cold plate (ZCP) with two and four turns. Each cold plate has a
total thickness of 5 mm, consisting of 1 mm for the top and bottom
support plates combined, and 4 mm for the PCM domain. The cooling
channel inside the PCM domain is positioned 10 mm away from the top,
side, and bottom edges, with a 0.5 mm thick wall separating the coolant
from the PCM. The variant without PCM has a serpentine configuration

with two turns.
3.3.3 Governing equations

The cell model and Phase change material model

The ECM model, as discussed in the previous section 3.2.1, is used to
simulate the transient behavior of the battery. However, the current
hybrid system is designed by using pure PCM (without MF), therefore,

the governing equation for the phase change model are discussed below.

Using the enthalpy-porosity method, the PCM domain is treated as a
mushy zone with a liquid fraction (A) ranging from 0 (solid) to 1 (liquid),
enabling smooth phase transitions without explicitly tracking the
interface. The PCM is considered incompressible and follows
Newtonian behaviour in its liquid phase. Natural convection driven by
density variations is modelled using the Boussinesq approximation,
while volumetric expansion during phase change is neglected due to its
minimal system-level impact. Thermal properties such as conductivity,
density, and specific heat are defined separately for solid and liquid
phases. The following equations govern heat transfer, phase transition,
and convective flow in the PCM domain, incorporating resistance

effects in the mushy region [89]:

Continuity equation:

0 -
a_fc) +V. (ppCmVpcm) =0 (3.49)

Momentum equation:
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' Mper daP
X—dir:  ppem—— p + ppcm(vpcm V)upem = = " (3.50)
v. (Hpcmvupcm) *+ 5
' Wyem apP
Y — dlI’.: ppcm (;)t + ppcm(vpcm V)VpCm = _a_y (3 51)
V. (Hpcmvvpcm) + Sy + Sa
' Wy . aP
Z —dir.: ppcm a—i + ppcm(vpcm . V)Wpcm = — E + (3 52)

V. (P—pcmvacm) +3S;

Where S,,S,,and S, are source terms representing the mushy zone
resistance, as discussed in the previous section:

Amusn (1 —2A)?
0% + 0.001) (Upem ~ Upun) (3.53)

Amush(1 - }\)2

Sy =

Y~ (3 +0.001) (Vpem = Vpun) (3.54)

Amush(1 - 7\)2
2~ (% + 0.001) (Wpem = Wpun) (3.55)
Sa = ppcmg B(T — Tref) (3.56)

The PCM is tracked using the melt fraction (A), ranging from 0

(completely solid) to 1 (completely liquid) based on the temperature
field:

0 (T<T)
A={T"% (,<T<T) (3.57)
Tl - Ts
1 (T>T)

Finally, the energy conservation equation for the PCM is expressed as:
J0H - (3.58)
Ppcm E + V(ppcmvpcmH) =V. (kpcmVTpcm)

Where H is the total entropy, which includes sensible (hg) and latent
heat (AH) contributions:

H = hg + AH (3.59)
T
hg = L Cppcde,where AH = AL (3.60)

o
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Governing equation for coolant and cooling plate

For Coolant flow

Based on the conservation of mass, momentum, and energy, the
governing equations for the liquid flow and heat transfer in the coolant

and cold plate zone are [134]:

Continuity equation:
V.(p V) =0 (3.61)

Momentum equation (for laminar flow):

oV L .
P a—tc + pe(Ve . V)V, = —=VP + V. (1.VV,) (3.62)

Energy equation:
dT -
PcCpC a_tc +V (pCCpCVCTC) =V.(k.VT,) (3.63)

The above equation governs the thermal energy transport in the coolant,
incorporating both convective and conductive heat transfer. The
Reynolds number (Re) is calculated as:
_ PcVcDeg
TR

Re (3.64)

Here, D4 is the equivalent hydraulic diameter of the channel, V; is
coolant velocity, p. coolant density and p. is viscosity. In this study,
with a maximum velocity of coolant of 0.3 m/s, the resulting value of
Re is less than 2000, indicating laminar flow conditions. The pumping
power (P,ymp) and the energy consumption (J) for the coolant can be

calculated as:

Poump = VeAcsinletAP, where AP = Pijer — Poutiet (3.65)

teoolant flow

)= f Poumpdt (3.66)
0
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Acs intet 15 the cross-section area of coolant inlet.

For the Cooling plate:

0T¢p
Pep ot

Energy equation: p¢,C =V. (kaVTCp) (3.67)

This equation models the heat transfer in the top and bottom plates of

the cooling system, where p,, Cpcp, and k, represent the density,

specific heat, and thermal conductivity of the cooling plate material,

respectively.

Boundary conditions

The boundary conditions for the system are set with the ambient
temperature at 27 °C. The initial temperatures of battery, coolant, PCM
and aluminum plates are uniform and equal to the ambient temperature.
The coolant inlet-outlet conditions are set to a velocity inlet at the entry,
and pressure outlet at the exit. The specific boundary conditions across

different interfaces are defined as follows [89], [91]:

= Between contact interface of cell and aluminum plate, aluminum

plate and PCM:

aT dT
—ky — — — i 3.68
ko on kep on (3.68)
T oT
~kep 5= = ~Kpom 5 (3.69)

These equations ensure continuity of heat flux across the interface.
= Contact interface between aluminum plate and coolant transfers heat

through convection:

JT
_kpcm a_l’l = h (Tcp,wall - Tc) (3.70)

= Boundary conditions at the cold plate, battery, and PCM exposed to

the ambient environment:

oT

_kcp %

= th (Tcp,wall - Tamb) (3.71)
aT
~kp 5= hp(Ty, — Tamp) (3.72)
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aT
—Kpem e hpem (Tpcm — Tamp) (3.73)

aT . . . .
where 5, 18 the temperature gradient and like the previous case the heat
transfer coefficient to the ambient environment hgy,frqce is taken as 5
W/(m?.K).

3.3.4 Simulation setup

Material selection, grid analysis and numerical parameters

The thermophysical properties of the Li-ion cell and the PCM are
provided in Tables 3.2.2 and 3.2.3 from previous section 3.2.1. In the
present investigation, aluminium is used as the cold plate material, and
water is selected as the cooling fluid. Their thermophysical properties

are provided in Table 3.3.2.

Table 3.3.2: Material Properties for cold plate and coolant [89, 91]

. . Heat Thermal . :
Properties Density . .. Viscosity
Materials (kg/m) Capacity | Conductivity (Pa.s)

(kJ/kg.K) (W/m.K) '
Cold Plate
271 . -
(Aluminum) 719 871 202.4
Coolant 997 4.18 0.59 | 8.90x10*
(Water) ' ' ’

Further, optimizing the grid size and time step is crucial for achieving
accurate and efficient simulations, minimizing computational time while
ensuring precision. Grid and time-step analyses were performed for a
discharge rate of 5C, with hybrid cold plate coupled with battery pack

as per current configurations.

The generated mesh and grid analysis are presented in Fig. 3.41; at first,
for a time step (At;s) of Isecond, five different mesh element sizes, 3
mm, 2 mm, | mm, 1 mm, 0.8 mm and 0.5 mm, having element count of
43,706, 100,643, 579,330, 1,010,460, and 2,024,184, respectively, were
tested. The temperature and melt fraction are monitored, and results
reported a deviation of less than 0.4% when reducing the grid size from

0.8 mm to 0.5 mm and plateaus after 0.8mm. Therefore, a grid size of
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0.8 mm is selected for the cell domain and, to maintain the accuracy of
results, the entire cold plate domain element size is kept at 0.5 mm. Four
additional time steps (At;s) of 5, 2, 0.5, and 0.25 seconds were tested.
Taking 0.25 second as a baseline, the average deviation for time step of

1 second was 0.08% and for time step of 0.5 seconds was 0.01%.
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Figure 3.41: Grid analysis and mesh for the computational domain

Consequently, a time step of 0.5 seconds was selected for the simulations
to balance computational efficiency and accuracy. Similar to previous
case each time step involved up to 500 iterations to achieve

convergence.

3.3.5 Validation of the numerical model

The validation of the numerical model is vital to establish its accuracy
in simulating the thermal response of lithium-ion cells under various
thermal loading conditions, including drive cycles and constant current
cyclic operations, which are investigated in this study. The
electrochemical-thermal behavior of the Li-ion cell under constant C-
rate discharging has already been validated earlier in Section 3.2.2 using
experimental data from Taheri et al. [103], Fink et al. [125], and Liu et
al. [126] (Figs. 3.5-3.6). Building upon that, the present section extends
the validation to hybrid configurations involving cold plates, PCM

integration, and realistic drive cycles.
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Figure 3.42: Validation of cell coupled with liquid and hybrid

cooling

The thermal management with a channeled cold plate was studied and
validated against the work of Li et al. [104], who studied a three
channeled cold plate at a 5C discharge rate. Fig. 3.42(a) shows
consistent results of the rise in cell temperature for a discharge rate of
5C for different coolant velocities, with an average deviation less than
5% compared to the numerical results of Li et al. [104]. Further, the
numerical model for the cold plate integrated with PCM has been
validated against the study by Mao et al. [135], as illustrated in Fig.

3.42(b). The comparison was conducted with a battery pack comprising
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nine cells undergoing discharging by 3C and 1C. The results
demonstrate excellent agreement between the current model and the

reference data, with an average deviation of less than 3%
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Figure 3.43: Validation with the study of Liu et al. [132]

Finally, to simulate and validate realistic drive cycles, experimental data
from Liu et al. [132], who used the same Li-ion cell and modeled an
equivalent EV (Nissan Leaf 2018) in GT-SUITE, was used. Two
different drive cycles, namely US-06 and HWFET are used to validate
as these include distinct dynamic driving scenarios. From Fig. 3.43(a-
b), results from the current numerical model match well with the
experimental test data of [132] with average deviation of less than 3%

for US-06 and HWFET drive cycle.

These validations across multiple scenarios show good agreement with
various experimental comparisons, indicating the accuracy of the
numerical simulations. The findings demonstrate that the model can
effectively and accurately replicate the thermal behavior of the cell
under a diverse range of thermal loading conditions, thereby being a
powerful tool. Consequently, the developed numerical tool is crucial for
the development and optimization of battery thermal management
systems and is extended to more realistic cell operating conditions,

discussed in Section 4.
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3.3.6 Results and discussion

Realistic drive cycles

This study analyses the battery thermal management system using four
distinct drive cycles: Supplemental Federal Test Procedure (US-06),
Urban Dynamometer Driving Schedule (UDDS), Worldwide
Harmonized Light Vehicles Test Procedure (WLTP-class 3), and
Highway Fuel Economy Test (HWFET). Each cycle represents unique
driving conditions, influencing the thermal behavior of the battery. The
US-06 drive cycle, characterized by aggressive acceleration and high
speeds, resulted in the highest temperature peaks among the cycles
tested. The UDDS mimics city driving with frequent stops and starts,
emphasizing thermal load during idle and acceleration phases. The
WLTP-class 3 reflects a mix of urban and highway driving conditions.
The HWFET focuses on steady-state highway driving. Initially, the
system was optimized for the US-06 drive cycle due to its aggressive
and demanding nature. Subsequently, the system was tested under the
remaining thermal loading conditions to comprehensively evaluate its

performance.

The US-06 drive cycle

US-06 drive cycle was developed to better represent the aggressive
driving behaviour, including high-speed and high-acceleration
conditions, and rapid speed fluctuations. Fig. 3.44(a) illustrates the
variation in the voltage, current, and state of charge (SOC) during the
drive cycle. The battery pack endures peak discharging currents
reaching 250 A and charging currents up to 100 A. Typically, the drive
cycle spans 600 seconds; however, here it is repeated until the SOC hits
the discharge cutoff condition, extending the total cycle duration to
approximately 1900 seconds. In the analysis of thermal management
strategies for the battery pack, two cooling methods were initially
evaluated: natural air convection and the application of a 4 mm-thick

phase change material (PCM) sandwiched between aluminum plates
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adjacent to the cells. The corresponding temperature and melt fraction

results are shown in Figs. 3.44(b—c) and are further discussed.
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Figure 3.44: The response of the 3S1P battery pack for US06 drive
cycle

Natural air convection cooling (NC): Under this passive cooling
scenario, significant heat is generated in the battery pack, and the battery
temperature reached the unsafe level, which could trigger thermal
runaway in the cells. This temperature increase suggests that natural air
convection alone is insufficient for dissipating the heat generated under
aggressive drive cycle conditions, such as those simulated in the US-06

scenario.

PCM implementation: Introducing a 4 mm-thick PCM layer between

aluminum plates improved thermal management significantly during the
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initial phase. The PCM absorbed heat effectively until it melted,
maintaining the battery temperature below 36 °C for the first 600
seconds. However, once most of the PCM melted (by 732 seconds), its
cooling effect diminished, leading to a sharp increase in temperature.
This suggests that while PCM is effective in delaying temperature rise,
it struggles to manage heat throughout longer drive cycles. It should be
noted that increasing the volume of the PCM is not a viable solution due
the limited space available in the battery compartment and low thermal

conductivity of the PCM.

Temperature contours analysis: As shown in Fig. 3.44(d), temperature
contours at the end of the cycle reveal how the heat distribution varies
with using standalone PCM. The contours indicate that even with PCM,
certain areas within the battery pack approach high temperatures,
nearing the unsafe zone. The use of standalone PCM, while beneficial
in delaying the onset of high temperatures, proves inadequate for
maintaining safe temperature levels throughout extended or particularly
demanding driving conditions. Further enhancements or hybrid cooling
solutions must be considered to optimize thermal management in

electric vehicle battery packs.

Serpentine cold plate with and without PCM using Continuous and

Intermittent cooling

In this subsection, the efficacy of a serpentine cold plate (SCP) with and
without PCM, employing both continuous (CC) and intermittent cooling
(IC) strategies has been examined. The coolant velocity is set to 0.2 m/s
for both the cases. In terms of performance analysis for different cooling
configurations, Fig. 3.45(a) illustrates the temperature rise of the battery
pack for SCP with and without PCM. Fig. 3.45(b) reports the melt
fraction, and Fig. 3.45(c) depicts the temperature of the coolant at the
outlet of the cold plate. Overall, the setup with a hybrid cold plate using
CC demonstrated the most effective cooling with the lowest battery
temperature, followed by the SCP without PCM using CC, and finally
the hybrid SCP using IC.
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In the hybrid SCP with CC, the PCM directly absorbs heat from the cells
while the coolant simultaneously extracts heat from both the PCM and
the cells. This dual-action maintains lower battery temperatures
throughout the cycle. Conversely, the SCP configuration without PCM,
under CC, results in higher coolant exit temperatures (Fig. 3.45(c)) due
to the lack of PCM, leading to greater battery temperature fluctuations
as heat is absorbed solely through sensible heat transfer. For IC with
hybrid SCP, the coolant flow is initially paused, allowing PCM to absorb
heat until 80% of the it gets melted, approximately 1500 seconds into
the cycle (see Fig. 3.45(d)).
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Figure 3.45: Analysis for serpentine cold plate with/without PCM
using continuous/intermittent cooling strategy for US06 drive cycle

Upon reaching this melt percentage, coolant flow resumes, thus
reducing battery temperatures as depicted in Fig. 3.45(a). During the

entire drive cycle, the reported maximum temperature with SCP without
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PCM, SCP with PCM (CC) and SCP with PCM (IC) are 33.4 °C, 34.8
°C and 32.5 °C, respectively.

Figure 3.46 illustrates the temperature contours and the PCM melt
fractions at the end of the cycle. In CC, even though the average PCM
melt is below 50% at the end of the cycle, there is significant localized
melting in areas distant from the cooling channels, indicating uneven
heat distribution. The PCM located closest to the coolant starts to
solidify initially, with the solidification front advancing towards the area
where the melt puddle is concentrated. However, PCM's low thermal
conductivity inhibits its rapid solidification, allowing for localized

melting, potentially creating temperature hotspots within the battery.

For IC, the delay in coolant flow until 80% of the PCM melted allows
substantial heat absorption by the PCM but also suggests that PCM
alone may not effectively manage heat without the coolant flow,
especially over extended periods. Further, despite variations in cooling
strategy, the location of temperature hotspots remained consistent due
to the uniform placement and design of the serpentine cooling channels.
This observation has led to a redesign of the cooling channels to a zig-
zag pattern, enhancing mixing and heat transfer within the PCM domain
to better manage thermal gradients and hotspots. The section below
discusses the performance comparison of ZCP and SCP using the

intermittent cooling strategy.
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Comparative analysis between Zig-Zag and Serpentine cold plates

using Intermittent cooling

Zig-zag cold plates (ZCP) with two and four turns have been specifically
designed to optimize heat transfer within the PCM domain. Utilizing IC
strategy, the comparative performance of ZCP and SCP is analysed. Fig.
3.47(a) details the battery temperature, Fig. 3.47(b) depicts PCM
melting rates, and Fig. 3.47(c-d) show temperature contours. For SCP,
Z.CP with two turns, and ZCP with four turns, PCM reaches an 80% melt
threshold in 1592, 960, and 932 seconds respectively, with
corresponding battery temperatures of 34.87 °C, 35.06 °C, and 35.2 °C.
This rapid melting in ZCPs indicates superior heat transfer efficiency.
Upon coolant activation, the temperatures decrease to 33.57 °C for SCP,
32.8 °C for ZCP with two turns, and 32.1 °C for ZCP with four turns,
with melt fractions of 0.73, 0.54, and 0.40, respectively. The zig-zag
design demonstrates enhanced thermal management, particularly as the
number of turns increases, promoting quicker PCM solidification.
Temperature contours from Fig. 3.48(a) at 900 s without coolant flow,
and Fig. 3.48(b) at the end of the cycle with coolant flow, further support

these results.
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Figure 3.47: Analysis for Zig-zag cold plate for US06 drive cycles

These contours are presented in both 3D views of the entire battery pack

and 2D views (x-y plane) through a mid-plane slice of the middle cell.
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Initially, SCP may seem to perform better when coolant is not flowing,

exhibiting a lower peak battery temperature by 2.1 °C.

However, as the cycle progresses, the ZCP with four turns displays the
lowest overall temperature and gradient. The SCP shows a significant
temperature gradient and two large hotspots in the PCM domain. As the
channel design transitions from serpentine to zig-zag with an increasing
number of turns, the temperature gradient and hotspot area decrease.
Increasing the number of cooling channels enhances the surface area for
heat exchange between the coolant and PCM, enabling more efficient
heat removal from the battery cells. This configuration also ensures a
more uniform coolant flow distribution, which reduces localized

hotspots and minimizes temperature gradients.
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Fig. 3.49 illustrates the internal dynamics, displaying velocity vectors,
streamlines, and melt fractions in the cold plates when there is no coolant
flow in the system (900 s). The visualization utilizes several planes
along the x-z axis for velocity vectors and a mid-plane along the x-y axis
for streamlines. The PCM melt fraction in the ZCP is approximately 1.7
times higher than in the SCP, indicating that the zig-zag channel shape
enhances melting and heat transfer. This superior efficiency can be
attributed to several factors; firstly, the zig-zag pattern induces greater
turbulence within the coolant flow and leads to enhanced convective
heat transfer. Secondly, the increased surface area provided by the zig-
zag design facilitates more extensive and effective heat exchange.
Thirdly, the ZCP design promotes a more uniform distribution of
coolant, which significantly reduces thermal gradients and minimizes
hotspots across the battery pack. Finally, this design also accelerates the
phase change processes of the PCM, enabling quicker melting and
solidification, which is pivotal for optimal thermal management. This is
further supported by the velocity vector plot, which shows strong
convection currents within the PCM domain of the ZCP, promoting
more effective intermixing and heat distribution. Given these
advantages the ZCP with four turns is selected for further investigation,

promising enhanced thermal regulation and efficiency.
Effect of inlet coolant flow velocity for ZCP with Intermittent cooling

To evaluate the impact of inlet coolant velocity, additional flow
velocities of 0.1 m/s, 0.3 m/s, and 0.4 m/s were investigated with the
coolant inlet temperature maintained at 27 °C across all cases. Fig.
3.50(a-c) depicts the temperature of the battery pack, melting rate of the
PCM, and the maximum temperature gradient (AT) within the battery.
AT is defined as the difference between the maximum and minimum
temperature inside the cell domain. Before the onset of the coolant flow,
i.e., until 80% of the PCM gets melted, the battery temperature, melt
fraction, and temperature gradient remained consistent across all

velocities.
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This is expected, as there is no coolant flow during this regime, and
these parameters remain unaffected. At 930 seconds, coolant flow
started, resulting in a decline in both battery temperature and PCM melt
fraction, with the rate of change proportional to the flow velocity. The
lowest battery temperature of 32.6 °C, 31.22 °C, 30.2 °C and 30.1 °C is
reported for a coolant flow velocity of 0.1 m/s, 0.2 m/s, 0.3 m/s and 0.4
m/s, respectively. This shows that increasing the coolant flow velocity

enhances convective heat transfer resulting in a lower battery

temperature.
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Figure 3.50: Effect of coolant flow velocity for Zig-zag cold plate
(4 turns) with intermittent cooling

During periods without coolant flow, the temperature gradient stayed
below the critical 5 °C threshold. However, upon the initiation of coolant
flow, the gradient increased temporarily. This increase can be attributed

to the rapid heat removal from cells and PCM adjacent to the cooling
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channel walls, leading to localized temperature drops and thus a
temporary spike in the temperature gradient. The low thermal
conductivity of the PCM initially hampers the heat diffusion, but as
coolant flow continues, the temperature gradient decreases and
stabilizes. At the end of the drive cycle, an increase in gradient is noted,
likely due to high demand during this phase. Compared with an inlet
velocity of 0.2 m/s, the temperature gradient remains less than 5 °C for
flow velocity of 0.3 m/s and 0.4 m/s, and the average battery temperature
is lower by 0.48 °C and 0.78 °C for the entire coolant flow duration.
Therefore, for further investigation, the coolant flow velocity of 0.3 m/s

is chosen, instead of 0.2 m/s, for intermittent cooling (IC) strategy.
Effect of coolant inlet temperature for ZCP with Intermittent cooling

To assess the impact of lowering the coolant inlet temperature on the
intermittent cooling strategy, additional temperatures of 20 °C and 15
°C were evaluated. Fig. 3.51 (a-c) illustrates the battery temperature,
PCM melt fraction, and maximum temperature gradient, respectively.
Results indicate that a decrease in coolant inlet temperature enhances
the rate of heat transfer, leading to a rapid decline in both battery
temperature and PCM melt fraction. However, the delayed initiation of
flow combined with the low coolant temperature introduces a higher

temperature gradient in the system.
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Fig. 3.52(a) depicts the duration of coolant flow at different inlet
temperatures. At 15 °C, the melt fraction swiftly drops from 0.8 to 0.2
within 228 seconds, and the average battery temperature decreases from
35.12 °C to 26.84 °C. Subsequently, the coolant flow is shut off due to
the operational parameters (Vi poiant = 0 as A< 0.2), and both
temperature and melt fraction begin to rise again. Despite the quick
reduction in PCM melt fraction, the maximum temperature gradient
remains elevated and does not stabilize due to the premature cutoff of
coolant flow. This results in a significant temperature disparity between
the cell regions close to the cooling channels and those farther away. A
similar pattern is observed with a coolant temperature of 20 °C;
however, this effect is not replicated at the standard inlet temperature of
27 °C, where the flow does not cease prematurely, allowing for a more
uniform temperature distribution within the cell domain. Consequently,
using excessively low coolant temperatures in this intermittent cooling
configuration is not advisable due to the unstable temperature gradients
it induces. Fig. 3.52(b-c) displays the temperature contours at the end
of the US-06 cycle for both intermittent and continuous cooling

scenarios using the zig-zag cold plate.
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Based on these observations, for continuous cooling, the coolant flow
velocity is maintained at 0.2 m/s, while for intermittent cooling, it is set
at 0.3 m/s with an inlet temperature of 27 °C for both strategies.

Although the temperature and temperature gradient are lower in CC
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compared to IC, it is noteworthy that during IC, the coolant flows for
only 57.2% of the cycle time. Despite this reduced engagement, the
battery temperature and gradient remain within the optimum range,

demonstrating the efficiency of the intermittent cooling strategy.

Analysis for WLTP, HWFET and UDDS drive cycles

The WLTP Class 3 driving cycle offers a comprehensive representation
of real-world driving conditions, encompassing urban, suburban, and
highway segments. The first half of the WLTP cycle and the entirety of
the UDDS simulate urban conditions, characterized by frequent start-
stop actions and moderate currents generally below 50A. In contrast, the
latter half of the WLTP cycle features highway driving scenarios,
including hard accelerations where currents range from 100A to 150A,
indicative of rapid speed increases and overtaking maneuvers. The
HWFET cycle, simulating smoother highway driving, exhibits fewer
harsh accelerations and maintains currents mostly below 50A, except
during brief periods of hard deceleration and subsequent acceleration
around 300 seconds. Fig. 3.53 (a-c) displays various parameters such as
voltage, current, SOC, battery temperature, and PCM melt fraction
across different profiles of the WLTP drive cycle.
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Figure 3.53 (a): Current, voltage and SOC profile (WLTP drive
cycle)
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Figure 3.53 (b-e): Analysis for WLTP drive cycle

The standard WLTP cycle completes in 1800 seconds, but here, it is
extended till the SOC falls below 5%, totaling 5108 seconds. Fig.
3.53(b) shows the PCM melt percentages for ZCP with CC and ZCP
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with IC. For ZCP-IC, a melting of 68.2% is observed, whereas ZCP-CC
shows negligible PCM melt. Temperature analyses (Fig. 3.53(c)) reveal
that natural air convection leads to the highest battery temperature peak
at 45.39 °C, followed by PCM alone, where the temperature rises to a
maximum of 42.68 °C once the PCM is fully melted. Comparatively, the
temperatures for ZCP-1C, ZCP-CC, and SCP-CC are significantly lower
at 33.71 °C, 28.72 °C, and 29.59 °C, respectively, demonstrating
superior thermal management. Fig. 3.53(d-e) illustrating the
temperature contours for ZCP-IC and ZCP-CC at the end of cycle show
excellent temperature control, confirming the efficacy of hybrid ZCP
configurations over SCP in maintaining optimal thermal gradients. The
HWFET and UDDS drive cycles, detailed in Fig. 3.54 and Fig. 3.55, last
3200 seconds and 7000 seconds, respectively. For HWFET, the
maximum temperatures for natural air convection, only PCM, ZCP-IC,
ZCP-CC, and SCP-CC configurations are 41.33 °C, 34.39 °C, 32.24 °C,
28.24 °C, and 28.76 °C, respectively. For UDDS, corresponding
temperatures are 36 °C, 35.15 °C, 30.65 °C, 27.66 °C, and 27.98 °C.
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PCM melting for HWFET and UDDS in the PCM-only setup is 74.2%
and 85% respectively, and 39.9% and 22.9% for ZCP-IC, with
negligible melting in ZCP-CC for both cycles.
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Figure 3.54: Analysis for HWFET drive cycle

The temperature contours reveal effective management of temperature
and temperature gradient for both cases, illustrating an outstanding

performance of the current HBTMS across diverse driving conditions.
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Continuous discharge charge cycles

The 5C discharge and 1C charge cycles

This study further evaluates the thermal performance of various cooling
strategies during constant current rapid discharge and charge cycles. The
discharge rates of 5C and 4C, and a charge rate of 1C are used. Each
cycle initiates with a rapid discharge at the specified 'C' rate, continuing
until reaching the discharge cut-off (2.5V per cell), immediately

followed by charge to a cut-off of 4.1V per cell, without any intervening

rest period.
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Figure 3.56: Analysis for 5C-1C discharge-charge cycles

This discharge-charge process is executed three times consecutively,

ending with a final discharge that marks the end of the cycle. A 5C
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discharge takes approximately 680 seconds and a 1C charge takes 3388
seconds, resulting in a total operational time of 12,800 seconds. The
current, voltage, and the SOC profile during the cycle are shown in Fig.
3.56(a), demonstrating a linear SOC due to the constant current of 100A
during discharge and 20A during charge. A significant amount of heat is
generated during the rapid discharge, raising the battery temperature
considerably compared to the charging periods. Fig. 3.56(b) depicts the
battery temperature rise, with the recorded peak temperatures of 62.5 °C
for natural air convection, 33.12 °C for hybrid ZCP with CC, 35.9 °C
for hybrid ZCP with IC, and 35.4 °C for SCP with CC. Fig. 3.56(c)
further details the comparison between SCP (without PCM) and hybrid
ZCP with CC and IC.
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Figure 3.57: Temperature contours at the end of 5C-1C cycle

With CC, the battery temperature during charging nearly returns to
ambient conditions. In contrast, with intermittent cooling, once the
coolant flow begins, both the battery temperature and PCM melt fraction
decrease. The coolant flow stops when only 20% of the PCM remains
liquid, at which point the battery temperature is 29.76 °C. The residual
PCM maintains this temperature, which gradually increases during the
charging period, reaching 30.34 °C by the end of charge. Therefore, at
the start of the second discharge cycle, the battery temperature is 30.34
°C, about 3.34 °C higher than ambient, and it reaches 35 °C at the end

of the second discharge.
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Fig. 3.56(d) reveals the variation in PCM melt fraction and coolant flow
duration for different coolant velocities. For ZCP-IC, the melt fraction
oscillates between 86.3% and 15.6%, while for ZCP-CC, it ranges from
48.5% to a full solidification at 0% during the charging phase.
Temperature contours confirm that the peak temperature at the end of
the first discharge cycle with IC strategy is only about 3 °C higher than
with CC, while maintaining a temperature gradient of less than 5 °C
throughout the entire cycle. The total coolant flow duration for the
complete cycle for ZCP-(IC) is 2616 seconds, which is about 20.43% of
the total cycle time. Fig. 3.57(a-b) illustrates the exceptional temperature
management achieved with both cooling strategies at the end of the
discharge. These observations suggest that the intermittent cooling
strategy using a hybrid cold plate could be very useful in maintaining
the battery temperature by wishfully utilizing the PCM and coolant

ultimately leading to save cost and weight.

The 4C discharge and 1C charge cycles

The time for complete discharge for 4C discharge rate is 854 seconds
and the total cycle time is 12424 seconds. During the 4C discharge
cycles, the rise in battery temperature is less severe compared to the 5C
cycles because decreases current demand and rate of electrochemical
reactions. Fig. 3.58(a) presents the variation in current, voltage, and
SOC of the battery pack, while the corresponding temperature rise is
detailed in Fig. 3.58(b-c). The maximum reported temperatures are 55.7
°C for natural air convection, 30.81 °C for ZCP-CC, 35.3 °C for ZCP-
IC, and 33.2 °C for SCP-CC. Itis to be noted that the peak temperatures
for ZCP-CC and ZCP-IC are lower by 24.8 °C and 20.4 °C, respectively,
compared to the natural convection scenario. From Fig. 3.58(c), for the
case of ZCP-IC, approximately 62% of the PCM melts by the end of the
first discharge cycle, causing a 6 °C temperature increase and leading to

33 °C battery temperature.
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Figure 3.58: Analysis for 4C-1C discharge-charge cycles

Since the melt fraction remains less than 80%, there is no coolant flow
during the first discharge. This is followed by the charging period and
then the second discharge where the melt fraction exceeds 80%,
triggering the coolant flow. The onset of coolant flow and the melt
fraction plot have been illustrated in Fig. 3.58(d); the maximum melt
fraction for IC is 80.7% and for CC is 22.4%. Clearly, the performance
of the hybrid zig-zag cold plate in CC is superior to that of the SCP,
reducing the peak average temperature by 2.39 °C (Fig. 3.58(¢)), stating
the enhanced performance of ZCP over the SCP. Temperature contours
at the end of the first discharge are shown in Fig. 3.59(a-b),

demonstrating effective thermal management.
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Table 3.3.3 and Table 3.3.4 summarize the battery temperature, PCM
melt fraction, and coolant flow under various thermal loads and cooling
strategies employed in this study. The reduction in temperature rise for

cooling strategy is calculated as:

ATwith TMs—ATwithout TMsS

Temperature reduction (%) = |
100

| %
ATwithout TMS

(3.74)
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Table 3.3.3: Thermal performance of various cold plates under realistic drive cycles

Cases — US06 WLTP UDDS HWFET
SCP | ZCP | ZCP SCP | ZCP | zCP SCP | ZCP | zCP SCP | ZCP | zCP
Parameters || NC ooy | o) | 1¢ | N oy | cc | 1c | N o] cc | 1€ | N | (ol cc | 1
T, (°C) 83 | 33.4 | 322 | 356 | 457 | 295 | 291 | 329 | 36.1 | 278 | 27.6 | 30.8 | 41.5 | 289 | 287 | 324
Tavg (°C) 62 | 309 | 30.1 | 32 | 373 | 28 | 277 | 302 | 335 | 274 | 272 | 292 | 35 | 278 | 27.6 | 299
% Reduction
- | 885 | 908 | 847 | - | 866 | 887 | 684 | - | 912 | 934 | 582 | - 90 | 925 | 637
(Tavg)
ATpae °C) | 22 | 28 | 41 | 48 | 38 | 13 | 11 | 17 | 18 | 046 | 04 1 16 | 109 | 1.1 | 14
ATy (°C) | 09 | 14 3 26 | 09 | 06 | 054 ] 1 | 08 | 017 | 015 ] 07 | 07 | 049 | 06 | 08
Ao - - [ 053 | 08 - - 0 | 062 | - - 0o | 022 | - - 0 | 04
Aang - - o021 [ 043 | - - 0o | 025 | - - 0o | 008 | - - 0 | 014
% of coolant
fgleg‘r‘erit;?e - 100 | 100 | 572 | - 100 | 100 | 0 ] 100 | 100 | 0 ; 100 | 100 | o
time

Here, NC: Natural air convection cooling, SCP: Serpentine cold plate (2 turns, without PCM), ZCP: hybrid Zig-zag cold plate (4 turns), CC: continuous cooling,
IC: Intermittent cooling
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Table 3.3.4: Thermal performance of various cold plates under cyclic operations

Cases —

4C-1C 5C-1C
SCP ZCP ZCP SCP ZCP ZCP
Parameters | NC (CO) cc % NC (CC) e %
Tmax (°C) 56 33.2 31.8 35.7 62 36.4 334 36.9
Tavg (°C) 38.2 28.5 28.3 31.5 40.8 29.2 29.1 31.7
% Reduction in
- 86.5 88.7 82.7 - 88.8 90.6 85.8
Tavg
ATy ax (°C) 6.8 2.5 2.8 4.1 8.1 34 4.4 4.72
ATypg (°C) 4.9 0.5 1.2 1.8 5.5 0.8 1.38 1.9
Amax - - 0.2 0.8 - - 0.48 0.86
Aavg - - 0 0.3 - - 0.08 0.29
% of coolant flow dl..lration for entire ) 100 100 13.9 ) 100 100 0.4
cycle time

Here, NC: Natural air convection cooling, SCP: Serpentine cold plate (2 turns, without PCM), ZCP: hybrid Zig-zag cold plate (4 turns), CC: continuous cooling,

IC: Intermittent cooling
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Additionally, the total power consumption and coolant flow duration for
each drive cycle using different cold plates and cooling strategies are
presented in Fig. 3.60. The bar charts illustrate the total coolant flow
time, while the line plot indicates the total energy consumed for

pumping the coolant.
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Figure 3.61: Pressure contours for various coolant flow design

For CC cases, the total coolant flow duration equals the total cycle time,
whereas in IC, it varies based on the melting and solidification of PCM.
As expected, power consumption is directly proportional to the coolant
flow duration; however, the required pumping power also depends on
the design of the cold plate. Fig. 3.61 demonstrates the pressure drop in
the serpentine and the zig-zag cold plate. The SCP with two turns
exhibits a higher pressure drop compared to the ZCP with four turns,
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resulting in greater pumping power requirements for the SCP. In all drive
cycle cases, the ZCP offers lower pumping power demands while
delivering better thermal performance than the SCP. In addition,
significant power savings can be achieved using the intermittent cooling

strategy.

Another advantage of the hybrid ZCP is its reduced weight compared
to the conventional SCP without PCM. To illustrate these benefits, a
simple cost analysis is conducted using the 4C-1C discharge-charge

cycle:

(a) Savings in running cost from using zig-zag a cold plate: As
shown in Fig. 3.60, a total energy consumption of 10.3 J is
required using SCP, whereas 1.65] is required using the ZCP
with IC strategy. Thus, for the entire duration of the cycle (12424
seconds), the ZCP saves 8.65 J, which is 83.9% less from the
energy required from SCP while maintaining the battery pack in
the optimum temperature range. Assuming a usage of EV
consisting of 400 cold plates and operating for 50 hours/week,

the energy savings can be up to 2.6 MJ per year.

(b) Savings from reduction in weight by hybrid cold plate: The mass
of the SCP used in this study is 368 grams, and the mass of the
hybrid ZCP is 173 grams, about 52.9% lighter than the former.
Although the total volume of both the cold plates is same, the
reduced weight in the hybrid cold plate can be attributed to the
low density of the PCM, which is contributing to about 74% of

the total cold plate volume.

3.4 Conclusion

The present chapter reports the performance analysis of two
configurations of battery thermal management systems: a passive
system based on metal foam—phase change material (MF-PCM)
composites, and a hybrid system integrating PCM with liquid cooling.
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Both cell-level and battery pack-level behaviours are investigated under
a variety of operating conditions, including steady-state, transient, and
extreme thermal environments. The results from each study are

discussed below.

In the first study, a detailed three-dimensional (3D) thermal
analysis has been carried out to analyse the effect of various thermal
loading scenarios, including steady, dynamic conditions, thermal abuse
conditions (internal and external shorting), realistic EV drive cycles,
PCM thickness and porosity values on the thermal performance. The
PCM module with 8§ mm thickness is found to maintain safe
temperatures during 5C discharging of a 20 Ah prismatic cell. The
temperature rise is found to reduce by 56% compared to natural
convection cooling by employing MF-PCM composite with a porosity
value of 0.95; this configuration maintains a peak temperature of
313.8 K and a temperature gradient below 5 K for scaled 7S1P modules.
Also, for both aggressive and normal driving cycles, the MF-PCM
system is found to regulate the cell temperature, with substantial PCM

melting and minimal thermal deviation.

In the second part of the study, the previous analysis has been
extended that consider a hybrid system, involving liquid-cooled plate
with PCM under continuous and melt-fraction-triggered intermittent
cooling strategies. The hybrid configuration with 4-turn zig-zag channel
has been evaluated under four standardized EV drive cycles (HWFET,
WLTP, UDDS, US-06) and two rapid charge—discharge profiles (5C—
1C and 4C-1C). Although the PCM is able to absorb transient heat
loads, its thermal buffering capacity deteriorates with continuous
melting, necessitating supplementary cooling. The hybrid system
minimizes the cell temperature, reduces thermal gradients, and enhances
PCM phase transitions while reducing system weight by 52.9%. Under
intermittent cooling, the system is found to achieve energy savings of
83.9%, 76.7%, and 34.7% for 4C-1C, 5C-1C, and US-06 cycles,
respectively, and eliminates the need for coolant flow entirely in WLTP,

UDDS, and HWFET cycles. The thermal performance is found to
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improve with the increase in the coolant flow velocity and reduction in
the inlet temperature; for instance, in the US-06 cycle, with the increase
in the flow velocity from 0.2 m/s to 0.3 m/s, the reduction in peak
temperature and temperature gradient is found to 1.1 °C, and 0.84 °C,
respectively. However, in low-diffusive PCMs, initial temperature
gradients may temporarily rise before stabilizing during continued

cooling.

These studies highlight the efficacy of MF-PCM and hybrid PCM—
liquid systems in providing robust, efficient, and adaptable thermal
management solutions for high-performance LIB modules. The
developed 3D model integrates phase-change dynamics with conjugate
heat transfer to capture both transient and steady behaviours under
realistic discharge—charge conditions. Compared to natural convection,
the MF-PCM configuration with 8 mm PCM and 0.95 porosity achieves
nearly a 56% reduction in peak temperature, while the hybrid PCM—
liquid system maintains the cell temperature within 5-6 °C of ambient
and can save up to 84% coolant energy under intermittent cooling. These
results demonstrate the enhanced heat-dissipation capability and
operational efficiency achieved through the proposed configurations.
Compared to existing MF—PCM and hybrid cooling studies reported in
the literature, the present model shows measurable improvements in
temperature reduction, melting uniformity, and energy-saving potential.
The use of metal foams and optimized PCM thickness provides higher
thermal-conductivity enhancement than conventional PCM-only
systems, while the hybrid configuration also exhibits greater coolant-
energy savings than typical continuous-flow liquid plates. Together,
these findings position the present work as an advancement over earlier
studies and provide clear design guidance for the practical

implementation of advanced battery thermal management systems.
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Chapter 4

Optimizing battery thermal management with
phase change materials: Influence of thickness,

ambient conditions, and material selection

4.1 General background

Phase change materials (PCMs) have been extensively utilized in
thermal management systems due to their ability to absorb and store
substantial amounts of heat at nearly constant temperature during phase
transition. More recently, PCMs have been employed in passive cooling
strategies for lithium-ion battery systems to regulate temperature rise
during high-power operations; these systems are found to offer energy-
efficient, silent, and compact thermal regulation compared to
conventional air or liquid cooling methods. Numerous studies report
different methods to integrate PCM into battery thermal management
systems (BTMS), including selection of suitable PCM types, thermal
conductivity enhancement using metal foams or additives, and the
optimization of container or enclosure geometries; however, these
studies mostly consider isolated design parameters under constrained
conditions and assume a single PCM material, fixed discharge rates, or
uniform ambient environments. Such approaches, while informative, do
not fully address the complex thermal dynamics encountered in practical
scenarios, where environmental conditions and battery loading vary

significantly.

In practical applications, PCM performance is governed not only by its
intrinsic properties (e.g., latent heat, melting point, and thermal
conductivity) but also by external parameters such as ambient
temperature and convective heat transfer at the system boundary. These
factors affect heat accumulation, latent heat utilization, and the rate of
solidification/recharging of the PCM during duty cycles. Inadequate
alignment between PCM properties and operating conditions may result

in thermal saturation, inefficient phase transition, or localized
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overheating, which may reduce the efficiency of the system. Therefore,
a systematic study needs to be carried out to analyse the performance of
the thermal management module by incorporating various parameters
such as PCM thickness, external convective heat transfer coefficients,

ambient temperature, and PCM types for different thermal loads.

This chapter aims to address various key challenges by employing both
experimental and numerical investigation. Initially, tests are conducted
using a commercial cylindrical Li-ion cell (Samsung 18650-25R) to
record the surface temperature evolution under different discharge rates
and validate the baseline thermal response. Based on the test data, a
numerical model has been developed to systematically analyse the
effects of critical design and environmental parameters. The study
focuses on identifying the optimal PCM layer thickness, PCM filling
volume, system performance for a wide range of ambient temperatures,
and the influence of external convective heat transfer coefficients on the
performance. Furthermore, five commercially available PCM types are
analysed, and their performance is compared to determine material

suitability under varying thermal loads.

4.2 Methodology
4.2.1 Experimental investigation

The schematic of the experimental setup is shown in Fig. 4.1. It
comprises a battery charger/discharger, a data acquisition system for
thermal and electrical measurements, a commercial Li-ion cell (test
specimen), and a computer for real-time monitoring and data processing.
The lithium-ion battery is SAMSUNG (model: 18650-25R, form factor:
cylindrical) with a capacity of 2.5 Ah [136-137]. The cell has a diameter
of 18 mm and a height of 65 mm; the detailed specifications are listed in
Table 4.1. For charging and discharging operations, a programmable DC
power supply (BK PRECISION, USA, model 9115) and a DC electronic
load (BK PRECISION, USA, model 8510B) were employed. The power
supply provides a voltage/current range of 0-60 V and 0-60 A, while
the electronic load operates up to 120 V and 120 A. Additionally, a
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battery internal resistance tester (HIOKI, Japan, model BT3562A) was
used to measure the internal resistance and open-circuit voltage of the

cell. A photographic view of the experimental facility is presented in

Fig. 4.2.
Temperature
Charge —
Battery = Cells Data acquisition
, ’,Ir . _: _ il .
charger/discharger Dischargs system
Curreni- Temperature

Voltage Data
data Computer

Figure 4.1: Schematic layout of the experimental facility

Table 4.1: Specification of 18650 Li-ion cell [136-137]

Parameter Value
Make and model Samsung 18650-25R
Height: 64.85 + 0.15 mm,
Dimensions
Diameter: 18.33 = 0.07 mm
Capacity 2500 mAh
Nominal voltage 3.6V
Charge (CC-CV) 1.25A, 4.20V,125mA cut-off
Rapid charge (CC-CV) 4A,4.20V, 100mA cut-off
Max. discharge rate
' 20A/35A
(continuous/pulsed)
Discharge cut-off voltage 2.5V
Weight 45gms

The insulating sleeve of the 18650 Li-ion battery cell was carefully
removed to allow direct attachment of thermocouples and a heat flux
sensor to the cell surface, as illustrated in Fig. 4.3. Pre-calibrated K-type

(Chromel-Alumel) thermocouples were used to record the cell’s surface
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temperatures, with calibration performed according to ASTM standards

over a range of 0 °C to 100 °C [138-139]

1: Power supply 2: Electronic load 3: Data logger 4: Battery resistance tester
5: Computer 6: Cell with insulation 7: Thermocouples

Figure 4.2: Photographic view of experimental test facility

Four thermocouples were affixed along the axial length of the cell to
capture distributed temperature data. A flexible heat flux sensor (15 mm
x 30 mm, model FHF05-02, Hukseflux, Netherlands) was also used to
measure surface heat flux and temperature. The sensor has a sensitivity
of 3 x107¢ V/(W/m?), and the recorded voltage readings were used to

calculate the surface heat flux values.

Positive

Positive :
v i terminal
= terminal 18650
Li-ion
Thermo- cell
couples
18650
Li-ion Heat
cell flux
65 mm i Sensor
-
. Thermo-
3 couples
™\ Negative :
terminal Nega.t e
terminal

(b) Cell attached with thermocouples
and heat flux sensor
Figure 4.3: The Li-ion cell under investigation

(a) The 18650 Li-ion cell

The sensor was centrally positioned along the lateral surface of the
cylindrical cell and secured using thermal conductive paste (HM 501,
thermal conductivity = 1.5 W/m.K) to ensure proper thermal contact and

minimize interface resistance. The sensor covered an area of 450 mm?,
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approximately 12% of the cell’s lateral surface area. In addition to
measuring surface heat flux, the sensor contains an integrated T-type
thermocouple, providing an additional temperature reading at the center
of the cell. Thus, a total of five surface temperature measurements were
recorded along the length of the cell. The average of these five readings
was used to determine the overall temperature rise of the cell during
discharge. Data from the heat flux sensor and the thermocouples are
recorded every 4 seconds using a data acquisition system (Keysight
Technologies USA, Agilent 34972A). All experiments were conducted

in ambient room temperature conditions.

The battery was charged using the Constant Current—Constant Voltage
(CC-CV) method. During the charging process, the cell was initially
charged at a specified “C” rate until the voltage reached 4.2 V and then
maintained at 4.2 V until the current drops to C/10. Following full
charge, the battery rested for 90 minutes before discharging at a
specified C-rate (at a constant current) to a cutoff voltage of 2.5V. After
completing a discharge cycle, the battery rested for 3 hours to ensure
thermal and electrochemical equilibrium with ambient conditions before
the next experiment. Each set of experiment is completed three times to

ensure experimental repeatability and reliability.

Instrument uncertainties were carefully considered to ensure reliable and
accurate measurements. Current and voltage readings were verified
using a standard, calibrated multimeter, thereby minimizing any
instrument-induced error. The electronic DC power supply utilized in
the experiments possesses an uncertainty of 0.01% + 5 mV for voltage
measurements and 0.1% + 10 mA for current measurements, while the
electronic load introduces an uncertainty of approximately 0.05%.
Additionally, preliminary tests with a battery tester confirmed that the
selected cells exhibited less than a 1% difference in open-circuit voltage,
ensuring consistency and reproducibility in the experimental data. The
transient voltage-capacity response and temperature rise data recorded
during the discharge cycles were used to validate the numerical model

developed in this study.
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4.2.2 Numerical modeling
The cell model

The thermal performance of LIBs is primarily influenced by heat
generation during electrochemical reactions, which varies with
discharge rates and ambient conditions. As discussed in chapter 3, the
Multiscale Multi-Domain (MSMD) model is used to simulate the
thermal and electrochemical behaviour of lithium-ion batteries. This
framework effectively captures the electrochemical heating processes
within the battery by solving for localized temperature variations and
heat generation dynamics. The conservation equations for energy and

current fluxes are given below [108, 124, 139-140]:

PPopy o = V. (kpVTy) + 04|V, |* + 0_|Ve_|? + qrcn
ot (4.1)
+ Qshort + dabuse
V.(6:V¢1) = —(ech — ishort) (4.2)
V.(6_V¢_) = jech — Jshort (4.3)

Equation (4.1) accounts for temperature changes due to heat generation
and thermal conduction in the battery, while Eqns. 4.2-4.3 govern the
current flux conservation in the positive and negative electrodes. In this
formulation, o |V, |? + o_|V¢_|? represents heat generation due to
the ohmic heating in the positive and negative electrode, gy, 1s the heat
due to the electrochemical reactions, and the last two terms account for

the shorting or thermal abuse conditions. p,, €, Tp, kj, represent the

Pp°
battery’s density, specific heat capacity, temperature, and thermal
conductivity, respectively. o, and o_ denote the electrical

conductivities of the positive and negative electrodes, while ¢ and ¢_

correspond to the electric phase potentials.

Calculations for jpcp, and ggcp are performed using the coupled
electrochemical sub-model within this framework. To enhance
computational efficiency, the NTGK -electrochemical sub-model is
seamlessly integrated into the current approach [106]. The NTGK model

is a semi-empirical approach that incorporates experimentally derived
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parameters, allowing it to couple electrochemical and thermal effects
effectively. It is widely adopted for computationally efficient
electrochemical-thermal simulations, providing continuous distributions

of temperature, voltage, and depth of discharge (DOD).

For the NTGK model, the electrochemical heat generation (qgcp) and

the volume current transfer rate (jz¢) are given by [108, 139-140]:

: . du

dech = JECh [U - ((P+ - (P_) - Td_T (4.4)
. Q
Jech =5y VLU~ (04 —@_)] (4.5)

Here, U and Y are model parameters that depend on the depth of
discharge (DOD). The DOD is determined using Eq. (4.6), where Q

nom
denotes the nominal capacity of the battery, Q,., ’ is the reference battery
capacity, and Vol represents its volume. For a given battery, its voltage-
current relationship can be experimentally obtained, and U and Y are
estimated by fitting the experimental data [124], [137]. These
parameters are expressed in Egs. (4.7) and (4.8), where C; and are C,
correction constants, and a,, and b, (with n = 0 to 5) are the fitting

coefficients derived from experimental curve fitting [108, 139-140]:

Vol t
POD = 2 600Quom J;) jat o
5
U= (Z an(DOD)n> - CZ(T - Tref) 4.7)
n=0

Y= (i bn(DOD)“> * exp [—cl (% - Tl f)] (4.8)
L re

Finally, the energy conservation equation is expressed as:

0ppCp, T | v/ +j U-—
batpb - V. (kpVT) = 0'+|V(P+|2 o_| (p—lz jecul
(4-9)

d
(o — @) —T]
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The PCM model

The PCM modeling approach, including the enthalpy-porosity method
and related assumptions, has been discussed in detail in Chapter 3,
Section 3.3.3. The governing equations that describe heat transfer, phase
transition, and convective flow within the PCM domain, including the

mushy zone resistance, are as follows [124]:

Continuity equation:

0 —
L2+ V. (PpemVpem) =0 (4.10)

Momentum equations:

. dUpcm op
X —dir.: Ppcm (;)t + Ppcm (Vpcm V)upcm = — ™ + @1
V. (upcmvupcm) + SX
. OVpem op
Y —dir.; Ppecm (;)t + Ppcm (Vpcm V)Vpcm = — 5 + “.12)
V. (Upcmvvpcm) +Sy+S,
. OWpem 7 opP
Z —dir.: ppcm a—i + ppcm(vpcm 'V)Wpcm = — E (4 13)

V. (MpemVWpem) + S,

Where S,,S,,and S, are source terms representing the mushy zone

resistance, calculated as follows:

Amush(1 - )\)2

%= %3 + 0.001) (Upem = Upun) (4.14)
Amush(1 - )\)2

Y~ (3 +0.001) (Vpem = Vpun) (4.15)
Am sh(1 - 7\)2

%= (7\; +0.001) (Wpem = Wpun) (4.16)

Sa = Ppcm8 B(T — Tyer) 4.17)

As previously discussed in Chapter 3, Section 3.3.3, the source terms in

the PCM model account for buoyancy (S.), mushy zone resistance
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(Apusn), and melt fraction (A) evolution. Amusn 1s set to 10° as
recommended in literature and pull velocities are neglected by assuming
stationary solid PCM. A small constant (0.001) is added in the

denominator to avoid division by zero. The melt fraction (1) is defined

as:
0 (T<T)
A={I"T (.<1<T) (4.18)
T1 - Ts
1 (T>T)

Finally, the energy conservation equation for the PCM is expressed as:

ppcm o+ V(PpemVpemH) = V. (KpemVTpem): (4.19)

where H is the total enthalpy, which includes sensible (hy) and latent
heat (AH) contributions:

H = hg + AH, (4.20)

T
hg = fT Cppcde, AH = AL (4.21)
This model effectively captures the PCM’s behaviour under different
thermal conditions, offering precise predictions of its response to

operational heat loads within the thermal management system.

Boundary conditions

The initial condition sets the system temperature at T(x,y,z) = To, where
To = 27 °C at t = unless stated otherwise. The following boundary
conditions were defined to accurately simulate the heat transfer

dynamics for the system:

e Battery and PCM Interface: Thermal continuity holds with

oT oT

A N 422
Ko 3 = "Kpem 3y 422)

e Battery exposed to the environment: Convective BC yields
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oT
—kp % = hgyrface (Tb,wall - Tamb) (4.23)

e PCM exposed to the environment: similar convective condition

holds
aT

—kpem on hsurface(TPCM,wall - Tamb)- (4.24)

Here, ky, and Ky are the thermal conductivities of the battery and
PCM, respectively, while T, and Tpcm represent their corresponding
temperatures. The convective heat transfer coefficient (hgyrface)s
between the PCM and the ambient and between the battery and the
ambient, is assumed to be 5 W/m?K unless specified otherwise. The
battery material properties [67, 140-141], PCM properties [124] and
fitted coefficients (a, and b,) [110, 141-142] are summarized in Table
4.2, Table 4.3 and Table 4.3, respectively.

Table 4.2: Material properties for the Li-ion cell [67, 140-141]

. Battery Positive tab Negative
Properties ) .. tab
(Active zone) (Aluminium)
(Copper)
Density (kg/m?®) 1200 2719 8978
Heat capacity
1700 871 381
(kJ/kg.K)
Thermal (Roillijl)
conductivity 3 202.4 387.6
K
(W/m.K) (Tangential/Axial)
Electrical
ductivit
con ( S“/‘;nl)v i 1190000
983000
0+
o_
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Table 4.3: Properties of the PCM [112, 124]

RT- | RT- | RT- | RT- | RT-
Froperty 24 35 38 42 47
Density (kg/m?) 770 | 770 | 750 | 760 | 770
Heat capacity (kJ/kg.K) 2 2 2 2 2
Thermal conductivity
WmK) 0.2 0.2 0.2 0.2 0.2
Viscosity (Pa.s) 0.02 | 0.02 | 0.02 | 0.02 | 0.02
Latent heat (kJ/kg) 160 160 170 165 160
Solidus temperature (K) 294 304 | 307 311 314
Liquidus temperature (K) 298 | 309 | 312 | 316 | 321
Volume expansion (%) 12.5 | 12.5 | 125 | 125 12
Table 4.4: Fitted coefficients for the 18650 Li-ion cells
Qo aq a as Ay as
4.12 0.1648 -8.03 18.363 -12.577 0
b, b, b, b, b, bs
1168.59 -8928 52504.6 | -136231 | 158531.7 | -67548.5

Numerical parameters and grid analysis

The governing equations were solved using a double-precision solver to
enhance numerical accuracy. Pressure-velocity coupling was performed
using the Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) algorithm, pressure discretization was carried out with the
Pressure Staggering Option (PRESTO) scheme, and the Quadratic
Upstream Interpolation for Convective Kinematics (QUICK) scheme
was used for momentum and energy discretization. Each time step
underwent up to 500 iterations to ensure full convergence before
proceeding. Convergence criteria were set at 10, 1071°, and 1071 for
continuity, momentum, and energy, respectively. All the simulations
were performed on ANSYS Fluent 2023R2 software using the high-
performance computing (HPC) resources provided by the Digital
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Research Alliance of Canada (Compute Canada), leveraging parallel

processing capabilities to optimize computational efficiency.

To balance computational efficiency and numerical accuracy, grid
independence and time-step sensitivity analyses were performed for the
battery pack model at a 5C discharge rate. The objective was to identify
an optimal mesh resolution that maintains solution fidelity while
minimizing computational cost. Key thermal and numerical parameters,
including maximum battery temperature and Courant number stability,
were evaluated. Figure 4.4 presents the results of the grid sensitivity
study, along with the mesh layout for the simulation domain. A range
of mesh sizes, from 3 mm to 0.5 mm, was tested, corresponding to
element counts ranging from 12,971 to 1,820,047. Initial simulations

were conducted using a fixed time step of 2 seconds.

Positive tab

-

45
O =—u Temperature ||
S 447 |
o
S 44.4} |
—
o 441
=-u
g5 | N A
43.5 L z NaaTturaI convection cooling
325215105 _kb%=hsurface(Tb,wall_Tamb)
Element size (mm) «
—kpeu % = hsurface (TPCM,W(I“ 2 Tamb)
(a) Grid analysis (b) Generated mesh

Figure 4.4: Generated mesh for the simulation setup

Reducing the element size from 2 mm to 1 mm yielded a temperature
difference under 0.48%, while further refinement to 0.75 mm produced
only a 0.08% difference. No significant improvement was observed with
a 0.5 mm mesh, confirming that 0.75 mm provides sufficient spatial
resolution for accurate simulation results. For the time-step sensitivity
analysis, six time steps, 5, 4, 3, 1, 0.5, and 0.25 seconds, were evaluated.
Maximum battery temperature ranged from 61.67 °C to 60.98 °C, with

deviations of 0.2% for 1s and 0.1% for 0.5s, relative to the reference

199



time step of 0.25s. Based on these results, a time step of 0.5 seconds was
selected for all subsequent simulations, as it provides a suitable trade-
off between accuracy and computational cost. The maximum Courant
number remained below 1 for the selected mesh and time step,

confirming the numerical stability of the simulation setup.

Validation of numerical model and heat generation

Figure 4.5 compares the results for the experimental temperature
measurements of the cell with the numerical simulations at three distinct
discharge rates: 4C, 3C, and 2C. Higher C-rates correspond to faster
discharges with greater heat generation and shorter durations. After each
discharge cycle in the experiments, the cell was allowed to passively
cool down by natural convection until it reached ambient conditions.
The experiments were conducted under ambient conditions, with room
temperature maintained at approximately 25 °C throughout the testing
period. The numerical model was validated against both phases of the
thermal cycle: the initial temperature rise during discharge and the
subsequent cooldown period. The wvalidation demonstrates good
agreement between simulation and experimental results, with average
temperature deviations of 4.10%, 2.45%, and 1.75% for the 4C, 3C, and

2C discharge rates, respectively.

60 F % I —I 4c (Nulmerical)l LN 4IC (Experliments)
3C (Numerical) A A 3C (Experiments)|]

—54l e 2C (Numerical) 2C (Experiments)
c%) —— Ambient
w48
5 i
-
©42 |
()
o
€36 i
K

30 .

24

0 2000 4000 6000 8000

Time (s)
Figure 4.5: Validation of battery model with the experimental test

data
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These results show that the battery model captures the thermal behaviour
of the cell with increasing accuracy as the discharge rate decreases.
Figure 4.6 (i-ii) presents a comprehensive validation of the developed
PCM-based thermal model against both experimental and numerical
reference studies reported by Sun et al. [72] and Patel et al. [143],
respectively. Sun et al. [72] analyzed the thermal performance of a
cylindrical 26650 Li-ion battery integrated with paraffin wax-based
PCM (OP44E), embedded with fins and a nylon outer casing. Their
study examined various fin configurations and their effects on
controlling battery temperature and promoting uniform melting of the
PCM. Subsequently, Patel et al. [143] replicated Sun’s experimental
configuration [72] numerically and reported a 6—7% deviation in battery
temperature from experimental results. For consistency, the present case
adopts the same experimental configuration: a battery with four straight
longitudinal fins (I mm thickness), without an additional cylindrical

ring, and a uniform heat generation rate of 10 W.

As shown in Figure 4.6(a), the current model shows close agreement of
temperature evolution with both prior experimental and numerical
results , with an average deviation of about 3.4% from the experimental
data, indicating improved predictive accuracy. Figure 4.6(b) illustrates
the modelled geometry of the battery—fin—PCM assembly corresponding
to the specific test case from Sun et al., [72] and also compares the
temperature distribution and PCM melt fraction contours from the
current simulation at a representative time step of 1200 seconds,
illustrating similar thermal behaviour and melting progression to that
observed in the referenced study. This strong agreement in both
temperature predictions and melting behaviour confirms the accuracy of
the current model, which is therefore used for subsequent thermal

performance analysis presented in this work.
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(b) Geometric configuration and thermal response contours
Figure 4.6: Validation of the cell-PCM model with the literature

Figure 4.7(a) illustrates the surface heat flux profiles measured using the
heat flux sensor affixed directly to the cell surface during discharge at
different C-rates. As observed, the heat flux gradually increases
throughout the discharge process and peaks near the end of the cycle. A
clear trend is evident: higher discharge rates lead to greater heat release
from the cell surface. The peak surface heat flux values recorded were

414.38 W/m? at 4C, 294.5 W/m? at 3C, and 181 W/m? at 2C. Figure
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4.7(b) presents the corresponding volumetric heat generation predicted

by the NTGK model in ANSYS Fluent.
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(b) Volumetric heat generation in the cell

Figure 4.7: Heat generation in the cell

This model accounts for both irreversible and reversible heat and
captures internal thermal behaviour realistically. The peak volumetric
heat generation values predicted by the model were approximately
145,000 W/m? at 4C, 105,000 W/m? at 3C, and 62,000 W/m?* at 2C. The
volumetric heat generation during discharge shows a non-linear trend,
especially at higher C-rates. It starts high, then gradually drops, and rises
sharply again near the end of the cycle. This pattern results from changes
in internal resistance and state of charge during discharge. At the
beginning, the cell is cold, and higher polarization losses lead to greater
heat generation. As the cell heats up, internal resistance decreases, so

the heat generation drops. Toward the end of discharge, as the SOC
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decreases, fewer lithium ions are available to sustain the electrochemical
reactions. This leads to an increase in internal resistance and voltage

drop, resulting in a sharp rise in heat generation.

4.3 Results and discussion

4.3.1 Effect of PCM thickness on the thermal performance of
PBTMS at various discharge rates

The study varied the PCM thickness between the cells from 1 mm to 7
mm to analyse its impact on average battery temperature, maximum
temperature gradient, and the amount of melting of the PCM across
discharge rates ranging from 2C to 5C. To initiate the analysis, RT-35
was selected as the reference phase change material due to its well-
established suitability for battery thermal management. With a melting
point near 35 °C, it aligns closely with the optimal operating range of
Li-ion cells, enabling effective thermal regulation during discharge. RT-
35 also offers a high latent heat capacity (~160 kJ/kg), excellent thermal
stability, and is non-toxic, commercially available, and widely
recommended in the literature, making it an ideal baseline for evaluating
PCM thickness and comparative performance. Table 5 summarizes the
simulation results, including the maximum and average battery
temperature, maximum temperature gradient, and PCM melt fraction

across various PCM thicknesses and discharge rates.

5C and 4C discharge rate

From Figs. 4.8 and 4.9, it is observed that a consistent decrease in
maximum battery temperature is observed as PCM thickness increases,
demonstrating the PCM’s heat absorption capacity and its ability to
regulate thermal peaks effectively. At 5C discharge, the maximum
battery temperature drops from 60.45 °C (1 mm) to 42.45 °C (7 mm) as
reported in Fig. 4.8(a), while at 4C discharge, it decreases from 54 °C (1
mm) to 41.5 °C (7 mm) as reported in Fig. 4.9(a). This reduction
highlights the role of PCM in delaying temperature rise by absorbing
and storing heat through latent heat mechanisms. The melt fraction trend

follows a similar pattern as maximum battery temperature, indicating
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higher PCM utilization in thinner layers but greater thermal stability
with thicker PCM. At 5C discharge, the melt fraction reduces from 90%
(1 mm) to 44% (7 mm), while at 4C discharge, it drops from 86.3% (1
mm) to 36.8% (7 mm) as depicted in Figs. 4.8(b) and 4.9(b),
respectively. This confirms that thinner PCM layers saturate quickly,
leading to reduced thermal regulation capacity, whereas thicker layers
absorb more heat over time but remain partially melted, improving long-

term stability while reducing PCM utilization efficiency.
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(c) Temperature and melt contours at the end of discharge

Figure 4.8: Effect of PCM thickness at 5C discharge rate
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Interestingly, the maximum temperature gradient decreases from 6.2 °C
(at 1 mm) to 4.8 °C (at 4 mm) at 5C discharge, then increases to 7.5 °C
(at 7 mm). A similar trend is observed at 4C discharge, where it drops
from 4.6 °C (at 1 mm) to 3.6 °C (at 4 mm) before rising to 5.2 °C (at 7
mm). The temperature contours (Figs. 4.8(c)(1) and 4.9(c)(i)), which
illustrate the combined cells with PCM (top view) and the bottom
isometric (3D) view for the cells with the PCM domain hidden, reveal
that at lower PCM thicknesses (1-2 mm), significant heating occurs in

the central region.
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Figure 4.9: Effect of PCM thickness at 4C discharge rate
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This is due to intense heat generation from closely packed cylindrical
cells, where limited PCM volume restricts effective heat absorption,
leading to localized temperature spikes and non-uniform cooling As
PCM thickness increases (3—7 mm), the overall battery temperature
decreases, leading to more uniform cooling throughout the pack.
Similarly, the melt fraction contours (Figs. 4.8(c)(ii) and 4.9(c)(ii)) show
that at 1-2 mm PCM thickness, near-complete melting occurs in the
central region, indicating rapid saturation and loss of cooling efficiency.
In contrast, thicker PCM layers (3—7 mm) exhibit progressively lower
melt fractions, suggesting better heat absorption without complete
saturation. However, at 67 mm, melting becomes localized near the
battery surface, reducing overall PCM utilization. Thus, while thicker
PCM layers enhance stability, excessive thickness introduces localized

heat retention, diminishing cooling efficiency.
3C and 2C discharge rates

For 3C and 2C discharge rates, a consistent trend is observed, where
increasing PCM thickness reduces maximum battery temperature but
decreases PCM utilization. From Fig. 4.10(a), at 3C discharge (1106 s),
battery temperatures progressively decrease from 43.64 °C (at 1 mm) to
35.4 °C (at 7 mm), while temperature gradients initially decrease till 4

mm (2.89 °C) before slightly increasing.
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Figure 4.10: Battery temperature and Melt fraction for 3C and 2C

discharge rate

As can be seen from Fig. 4.10(c), the PCM melt fraction declines from

77.4% (at 1 mm) to 28.1% (at 7 mm), indicating reduced utilization with
increased thickness. From Fig. 4.10(b), at 2C discharge (1672 s), a

similar pattern emerges, with temperatures decreasing from 36.21 °C (at

I mm) to 32.6 °C (at 7 mm), and minimal variation in temperature

gradients (1.58 °C—1.69 °C) due to lower heat loads.
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Figure 4.11 (a): Temperature and melt contours for 3C discharge

rate
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As can be seen Fig. 4.10(d), the PCM melt fraction for 2C discharge
steadily decreases from 57.6% (at 1 mm) to 18.5% (at 7 mm), indicating
again the trend of higher utilization in thinner layers but enhanced
stability in thicker layers. The temperature and melt fraction contours
(Figs. 4.11(a)(i-11) and 4.11(b)(i-i1)) illustrate the distribution of heat and
phase change behaviour at the end of 3C and 2C discharge, respectively.
The detailed values of key parameters for each PCM thickness at various
discharge rates are presented in Table 4.5.
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Figure 4.11 (b): Temperature and melt contours for 2C discharge

rate

Key observations

The observed data shows that increasing PCM thickness significantly
reduces the maximum battery temperature up to 4 mm, beyond which
the rate of reduction slows down. This behaviour is governed by two key
thermal mechanisms. First, as PCM thickness increases, the latent heat
absorption capacity of PCM also increases, allowing efficient heat
storage and dissipation before the material reaches full saturation. This
phase change process effectively prevents excessive temperature
buildup, leading to a sharp initial drop in battery temperature. However,
beyond 4 mm, additional PCM volume does not proportionally enhance

cooling performance due to the low thermal conductivity of PCM.
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Table 4.5: Thermal performance under different thermal loading scenarios

Cases 5C 4C 3C 2C
—
PCM
Thickness | [max Tavg | ATmax Aonas | Aavg Tnax | Tavg | ATmax Aonas | Aavg Tnax | Tavg | ATmax Aonas | Aavg Tnax | Tavg | ATmax Znas | Aavg
! O | CO) | (O (°C) | CO) | (O (°C) | CO) | (O O | CO) | O
1mm 629 | 60.4 6.2 0.90 | 047 54 | 52.1 4.6 0.86 | 042 | 44.8 | 43.6 3 0.77 | 0.35 37 36.2 1.6 0.57 | 0.23
2mm 56.2 | 54.2 5.4 0.82 | 041 | 47.7 | 46.2 4.3 0.77 | 0.36 | 399 | 38.4 2.9 0.66 | 0.28 | 35.6 | 34.8 1.5 0.45 | 0.18
3mm 50.3 | 47.6 4.9 0.75 | 0.35 | 43.2 | 41.1 3.9 0.68 | 0.29 | 38.7 | 37.1 2.8 0.54 | 0.22 | 34.8 | 33.9 1.5 0.36 | 0.14
4mm 474 | 44 4.8 0.66 | 0.29 | 42.3 | 39.6 3.6 0.58 | 0.24 38 | 36.3 3 044 | 0.18 | 342 | 334 | 1.62 0.29 | 0.11
5mm 46.8 43 5.9 0.58 | 0.25 | 419 | 39.1 4.1 0.49 | 0.20 | 37.6 | 359 | 3.15 0.37 | 0.15 | 33.9 33 1.65 0.25 | 0.09
6mm 46.6 | 42.3 7 0.50 | 0.21 | 41.6 | 38.7 4.8 0.42 | 0.17 | 37.3 | 355 3.2 0.32 | 0.13 | 33.7 | 32.7 1.7 0.21 | 0.08
7 mm 464 | 424 7.5 0.44 | 0.18 | 41.5 | 38.6 5.2 0.36 | 0.15 | 37.2 | 354 33 0.28 | 0.11 | 335 | 326 | 1.72 0.18 | 0.07
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Since heat travels through a thicker PCM layer before dissipating,
thermal resistance increases, slowing heat transfer and resulting in
localized heat accumulation near the battery surface rather than efficient
dissipation. A similar trend is observed in temperature gradient
behaviour, which initially decreases with increasing PCM thickness,
improving thermal uniformity. The additional PCM helps distribute heat
more evenly, preventing localized overheating and ensuring better
cooling performance up to 4 mm thickness. However, beyond this point,
thermal resistance further increases, restricting heat dissipation to the
outer PCM layers. This leads to localized hotspots near the battery
surface while the outer PCM remains underutilized, causing temperature
differentials to rise. As a result, beyond 4 mm, the temperature gradient
begins to rise rather than decrease, indicating a decline in heat

dissipation efficiency

4.3.2 Selection of the PCM thickness

Figure 4.12 (a) and Fig. 4.12 (b) summarizes the results for the effect of
PCM thickness (1-7 mm) on the temperature of the battery pack and
melt fraction of the PCM at the end of the discharge, respectively. The
data corresponding to zero PCM thickness is for the cells undergoing
natural convection cooling without any PCM applied. For 5C discharge
rate, incremental increases in PCM thickness (by 1 mm) significantly
reduce the battery pack’s temperature by 6.23 °C from 1 mm to 2 mm,
6.5 °C from 2 mm to 3 mm, 3.6 °C from 3 mm to 4 mm. However,
further increase in the thickness beyond 4 mm decreases the temperature
by less than 1 °C, and the PCM utilization remains less than 60% for the
thickness above 4mm. Similarly, for 4C discharge rate, adding 1mm of
thickness in steps decreases the temperature by 11.58 °C (11.5%), 5.90
°C (11.32%), 5.23 °C (11.1%), 1.39 °C (3.4%) till 4 mm and then the
decreases are less than 1°C with further increase in thickness. Similar
trend of results has been observed for 3C and 2C discharge rates. Beyond

the 4 mm threshold, the reduction in maximum battery temperature
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begins to plateau, indicating a shift in the dominant thermal phenomena

of the system.
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Figure 4.12: Temperature and melt fraction for various thickness at
the end of discharge

At lower PCM thicknesses, latent heat absorption during the phase
change process plays a major role in regulating cell temperature, as a
substantial amount of heat is stored at nearly constant temperature
during melting. However, as PCM thickness increases, the layer
adjacent to the battery surface melts early in the discharge cycle, and
any additional heat must travel through the already-melted PCM to reach

the outer, still-solid regions. Given the inherently low thermal
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conductivity of typical PCMs, this long conduction path introduces
significant thermal resistance, thereby reducing the overall heat transfer
rate and slowing the progression of melting in the remaining PCM
volume. As a result, the additional PCM volume beyond 4 mm does not
proportionally enhance cooling performance. Instead, heat begins to
accumulate near the battery surface, while the outer PCM remains
underutilized, leading to rising thermal gradients and localized
overheating. This is further supported by melt fraction data, which
shows that PCM utilization drops below 60% for thicknesses greater
than 4 mm, indicating that only the inner PCM layer actively contributes
to thermal regulation. The outer layers remain largely solid due to
insufficient heat transfer, limiting their effectiveness. Moreover, the
thicker PCM layer forms a thermal barrier to the ambient, diminishing
convective heat dissipation and further reducing overall cooling
efficiency. These combined effects lead to diminishing temperature
reduction benefits, as reflected in the data where increasing the PCM
thickness beyond 4 mm results in additional temperature drops of less

than 1 °C.

Therefore, to further investigate on the optimum value of the PCM
thickness, two key parameters are defined namely Normalized Peak
battery Temperature () and Normalized Battery Temperature gradient
(W) [44]:

Tmax- - Tmax
Y= - = 4.13
Tmax1 - Tmaxn ( )
* = M (4.14)
AT, — AT, '

here, i varies from 1 mm to 7 mm thickness of PCM and » corresponds
to the maximum temperature at the highest value of thickness i.e. 7 mm.
Figure 4.13 (a-b) depicts the intersection of the two curves for discharge
rate of 5C and 4C, respectively, representing a balance between the two
parameters encompassing the temperature and gradient. The intersection

for the two discharge rates also lies between 3 mm to 4 mm.
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Figure 4.13: Normalized temperature and temperature gradient

Therefore, a higher thickness value i.e., 4 mm is taken as the minimum
PCM thickness for this configuration; a similar approach has been used
by previous researchers [44]. Additionally, the thermal response time (8)
is defined as the time taken by the cell to transition from 90% of its peak
surface temperature to the maximum temperature during end of
discharge. This parameter helps evaluate how effectively different PCM
configurations moderate rapid temperature rise near peak heating
conditions. Figure 4.14 illustrates the thermal response times for PCM
thicknesses of 3 mm, 4 mm, and 5 mm, while Table 4.6 provides a
detailed tabulation of response times at 5C and 4C discharge rates,
highlighting the impact of thickness variations on thermal regulation

efficiency.

At 5C discharge rate, increasing PCM thickness from 3 mm (& =101
seconds) to 4 mm (8 = 251 seconds) extends the thermal response time
by 148.5%, while further increasing to 5 mm (6 = 291 seconds) results
in only a 15.9% delay, indicating diminishing benefits. Similarly, at 4C
discharge, increasing thickness from 3 mm (6 = 328 seconds) to 4 mm
(0 =406 seconds) provides an additional 23.8% response time, whereas
extending to 5 mm (6 = 439 seconds) adds just 8.14%, reinforcing the

trend of diminishing returns beyond 4 mm.
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Table 4.6: Thermal response time (8) using various PCM thickness

. Thermal response time with the increase in the PCM
Discharge .
thickness
rate

3mm | 4 mm % rise 4dmm | Smm | % rise
5C 101's | 251s 148.5 251s 291 15.9
4C 328 s | 406s 23.8 406s | 439s 8.14

Based on the results, a 4 mm PCM thickness is selected as the reference
configuration, as it provides a favourable balance between thermal
performance and material efficiency. This thickness offers significant
peak temperature reduction, reduced thermal gradients, and effective
PCM utilization, while avoiding the drawbacks associated with
excessive PCM volume, such as increased thermal resistance and
uneven heat dissipation. Beyond this threshold, further increases in
thickness yield diminishing returns, with additional PCM contributing
little to temperature control and instead leading to localized overheating
near the battery surface. It is important to emphasize that the 4 mm value
is not considered universally optimal for all PCM types or ambient
conditions. Rather, it is selected based on observed performance using
RT-35 at a nominal ambient temperature of 27 °C, serving as a
consistent reference point for comparative evaluation of other PCMs and

environmental scenarios presented in the following sections.
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4.3.3 Effect of ambient temperature and different PCMs

Based on the selected 4 mm PCM thickness, the thermal performance of
five different (RT-24, RT-35, RT-38, RT-42, and RT-47; each with
varying melting temperature ranges and thermal properties) under
various ambient temperatures (20 °C, 27 °C, 40 °C, and 50 °C) is

investigated to simulate a range of operating conditions.

The results in Fig. 4.15(a-d) highlight the impact of different PCMs on
the thermal performance of the battery pack for 5C and 4C discharge

rates at an ambient temperature of 20 °C.

48 fa-w-gras] 08 I .
®—-®- RT-35 0.7 I RT-35 Discharge rate R
644 [|—=— RT-38 5C L4
c -4 RT-42 He* RT-38 ‘
—40 RT-47 1
g
3536 4 |
2 ,
(0]
o322t » )
Q 4
E28 ¢ ”'/ W 1
& 24 b ,z)"’ | ]
V4 Discharge rate: 5C
20# : : : : :
0 200 400 600 0 200 400 600
Time (s) Time (s)
(a) Temperature during 5C (b) Melting of PCM during 5C
discharge discharge
44 {{=—-m RT-24 0.7 ==+ RT-24| Discharge rate
®-e RT-35 1 —RT-35| 4c i
- H 4
O 40 || —=— RT-38 / 0.6 fl oo RT3 .
o 4
- ——& RT-42 v/ 7 0.5 |{™== RT-42 "
Y36 RT-47| g e-® =y *—¢ RT-47 Re
5 4 ,.’.
+J /4 ,.
S 32 [ I‘/.
() b
s >4 -
28 + Vi e
Foal de" ]
W Discharge rate: 4C
20 & : ; , , : ; , ,
0 200 400 600 800 0 200 400 600 800
Time (s) Time (s)
(c) Temperature during 4C (d) Melting of PCM during 4C
discharge discharge

Figure 4.15: Effect of various PCMs on battery temperature and
melt fraction at 20 °C
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For the 5C discharge rate, PCMs with lower melting point, RT-24,
exhibit superior thermal performance with peak temperatures of 35.53
°C, and high melt fractions of 74.6%. This indicates effective heat
absorption due to their ability to fully utilize the phase change process.
In contrast, PCMs with higher melting points, including RT-42 and RT-
47, result in elevated peak temperatures of 45.47 °C and 48.14 °C, with
melt fractions dropping to 32.9% and 24.1%, demonstrating reduced
heat absorption efficiency under these conditions. For PCMs RT-35 and
RT-38, the maximum temperature is 42.5 °C and 44.8 °C with melt
fraction of 54% and 42.7%, respectively. Similarly, for the 4C discharge
rate, RT-24 achieves the lowest peak temperature (30.46 °C) and the
highest melt fraction (68.1%), with increase in battery temperature and
decrease in melt fraction with increasing PCM melting range, where RT-
47 leads to higher peak temperatures of 45.23 °C and lower melt
fractions of 11.9%, indicating inadequate phase change utilization at this
discharge rate. RT-35 maintain relatively low peak temperatures of
36.73 °C with melt fractions of 42.4%. Before reaching the onset
temperature of melting, the temperature rise during the sensible heating
period is linear and coincides for each PCM type due to similar thermal
properties. At ambient of 20 °C, all the PCMs have above onset melting
temperature and the PCM starting earliest phase change (RT-24 in this

case) reports the lowest temperature and maximum utilization.

Fig. 4.16 depicts the results for ambient temperature of 27 °C, the
performance of the PCMs shows significant variation for both 5C and
4C discharge rates. For the 5C discharge rate, the peak temperatures
recorded were 60.07 °C, 44.02 °C, 44.59 °C, 47.07 °C, and 49.74 °C for
RT-24, RT-35, RT-38, RT-42, and RT-47, respectively. Corresponding
melt fractions were 1, 0.677, 0.555, 0.462, and 0.371. RT-24 exhibited
the poorest thermal regulation due to complete saturation, whereas RT-
35 provided a balance of lower peak temperatures and moderate PCM
utilization. Higher melting point PCMs (RT-42 and RT-47) resulted in
higher peak temperatures and lower melt fractions, demonstrating

reduced effectiveness under this condition.
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For the 4C discharge rate, the trends were consistent, with RT-24
showing a peak temperature of 53.79 °C and a melt fraction of 1. RT-35
achieved peak temperatures of 39.6 °C and melt fractions of 0.5826,
respectively, maintaining the best balance between thermal regulation
and utilization. Meanwhile, RT-42 and RT-47 exhibited peak
temperatures of 43.98 °C and 46.84 °C and lower melt fractions of 0.34
and 0.24, reflecting their limited utilization. These results suggest that
PCMs with moderate melting points, such as RT-35, for which the

melting temperature range is in the optimum temperature range of
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battery modules, are more effective under moderate ambient conditions
like 27 °C.
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Figure 4.17: Effect of various PCMs on battery temperature and
melt fraction at 40 °C

At elevated ambient temperatures of 40 °C (Fig. 4.17), the performance
of PCMs is strongly influenced by their melting points. For the 40 °C
ambient, PCMs with melting points below this temperature (RT-24, RT-
35, and RT-38) reached complete saturation during both 5C and 4C
discharge rates, resulting in uniformly high peak temperatures of 69.88

°C (5C) and 63.7 °C (4C).
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Figure 4.18: Effect of various PCMs on battery temperature and
melt fraction at 50 °C

In contrast, higher melting point PCMs, RT-42 and RT-47,
demonstrated better thermal regulation, achieving peak temperatures of
56.55 °C and 53.38 °C (5C) and 51.02 °C and 49.58 °C (4C), with
reduced melt fractions of 0.89 and 0.61 (5C) and 0.86 and 0.515 (4C),
respectively. The effect of different PCMs at an elevated ambient
temperature of 50 °C is detailed in Fig. 4.18. These results indicate that
at such high ambient temperatures, the PCM alone is unable to
sufficiently regulate the thermal load, regardless of its melting point.
These findings indicate that PCMs with moderate melting points, like

RT-35, are more effective in maintaining optimal thermal conditions,
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particularly under moderate ambient temperatures. This suggests the
importance of selecting a PCM with a melting point that aligns well with
the expected operating temperature range of the battery modules for

efficient thermal management.

4.3.4 Effect of PCM volume

This section analyses the effect of varying PCM volume fractions (0%,
33%, 66%, and 100%) within a fixed 4 mm inter-cell spacing on the
maximum battery temperature and temperature gradient across
discharge rates ranging from 2C to 5C. As shown in Figs. 4.19(a—c),
increasing PCM volume significantly lowers peak battery temperature
and improves temperature uniformity. At 5C discharge, the peak
temperature drops to 42.92 °C with 100% PCM. Similar reductions are
observed at 4C (from 65.82°C to 38.66 °C), 3C (from 57.74°C to
35.59°C), and 2C (from 48.28 °C to 32.93 °C). These improvements
occur because larger PCM volumes can absorb more heat during phase
change and delay saturation, maintaining better temperature control over
longer discharge durations. Melt fraction data supports this trend. At
lower fill levels (33%), the PCM saturates quickly, reducing its ability
to continue absorbing heat. In contrast, higher volumes (66% and 100%)
sustain cooling for longer periods. Temperature gradients also follow a
similar pattern; at 4C, the gradient reduces from 23.19 °C (33% PCM)
to 4.48 °C (100% PCM), with comparable improvements seen at 3C and
2C. Lower PCM volumes result in uneven cooling, as regions in contact
with PCM stay cooler while uncovered areas heat up more rapidly.
Temperature contour plots at 3C discharge (Fig. 4.19(c)) further
illustrate this behaviour. PCM-covered regions remain significantly
cooler, while uncovered zones develop hotspots. This uneven
temperature distribution highlights the importance of ensuring sufficient
PCM coverage to achieve uniform cooling and minimize localized

overheating.
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4.3.5 Effect of heat transfer coefficient

The ambient heat transfer coefficient plays a crucial role in determining
the cooling efficiency of passive thermal management systems, as it
directly influences heat dissipation to the surroundings. Therefore, this
section investigates the impact of varying ambient heat transfer
coefficients (Agy,fqce) On the thermal performance of the system under
discharge conditions (5C, 4C, and 3C), followed immediately by
charging at 1C. The room operating temperature conditions of 27 °C and
PCM RT-35 have been used for the analysis. The tested hgyrqce Values
(5, 10, 15, and 20 W/m?K) significantly influence the battery
temperatures, temperature gradient and PCM utilization, as shown in

Figs. 4.20-4.25.
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Figure 4.20: Effect of heat transfer coefficient

From Fig. 4.20(a-b), for the 5C-1C discharge-charge scenario, the
battery temperature at the end of discharge decreased from 41.17 °C
(hsurface=> W/mPK) to 40 °C (hgyrrace=20 W/m?K), a drop of about
2.84%, while the end-of-charge temperatures dropped from 34 °C to
30.45 °C which is about 10.44%. Similarly, for 4C-1C case, the battery
discharge temperature decreases from 37.33°C to 36.3°C (2.75%), and
at the end of charge from 33.16 °C to 29.15 °C (12.09%) as hgyrrace
increased from 5 to 20 W/m?K. This observation illustrates that
increasing the heat transfer coefficient do not contribute significantly to
reduce the battery temperature, especially during rapid discharging
conditions when compared to the standard charging; this could be due
to the following possible reasons. First, during rapid discharging, the
heat generation within the battery is much higher due to the increased
current and the substantial heat generation within a short duration
overwhelms the cooling capacity, minimizing the relative impact of an
increased heat transfer coefficient. Second, during charging the slower
and prolonged cycle with lower heat generation and longer duration
allow the increased heat transfer coefficient to have a more pronounced
impact. Interestingly, the effect of heat transfer coefficient on the
maximum temperature gradient of the cell was opposite, and an

increased temperature gradient is seen for higher hgyrfqce values.
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Fig. 421 and Fig. 4.22 depicts the variation in the maximum
temperature gradient throughout the discharge and charge cycles, 5C-
1C and 4C-1C, respectively. It can be observed that up t0 hgyrrace =
10 W/m?K, the temperature gradient increases during the rapid
discharge and then decreases and stabilizes during the charge, whereas
for higher hgyyrqce, after the discharge the temperature gradient first

decreases followed by an increase and then stabilizes as the charging

progresses.
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The underlying explanation is as follows: during the rapid discharging
the heat generation rate is much more pronounced in comparison to the
heat rejection from the peripheral surface area of the cell (which is
surrounded by the PCM) and from the top and bottom surface area of
the cell (which is exposed to the environment), in addition, the lower
radial thermal conductivity of the cylindrical cell further limits the heat
transfer, leading the core of the cell at a high temperature compared to
the exposed boundary. As the charging begins, the rate of heat
generation decreases (leading to decrease in core cell temperature) and
with the continuous rate of heat rejection from the cell boundary a
balanced state is reached stabilizing the temperature gradient while
overall reducing the temperature of the cell. For higher heat transfer
coefficients, there is a more pronounced heat loss from the battery’s top
and bottom surfaces. This increased heat dissipation leads to a cooler
exterior compared to the core, creating a substantial core-to-boundary
temperature differential. As a result, as the charging progresses, the
temperature gradient initially decreases due to the cooler boundaries but
then increases as the core remains relatively hotter for a longer period.
This observation is further supported by the temperature contours of the
centremost cell depicted at different time and heat transfer coefficients
values. These contours show how different heat transfer coefficients
affect the cell’s temperature distribution over time, demonstrating the
decrease and subsequent increase in temperature gradient as the

charging progress under higher gy race-

Fig. 4.23(a-b) presents the changes in PCM melt fractions for 5C-1C and
4C-1C cases. For 5C-1C scenario: At the end of discharge, the PCM
melt fraction decreases from 0.61 to 0.52 (recovery of 14.75%), and at
the end of charge from 0.66 to 0.19 (recovery of 71.21%), demonstrating
that higher hgy;rqce values helps to restores the capacity of PCM to
absorb more heat and improves the heat transfer between the PCM and

environment.

225



surface 20 Melt »

l 10
1r 0.9
. 0.8¢ 08
< 0.6 0.7
= 0.4
=02
0 g
0 1600 2400 3200
Time (s)
(a) 5C discharge — 1C charge
surface 15 20 Melt
0.8f @ @ IR
0.9
0.6 N\ os
=< -~ 07
_T__" 0.4 o
GJ . 0.4
S 0.2 s
0 1 o2
{ o1
. 0.0
0 1600 2400 3200
Time (s)

(b) 4C discharge — 1C charge
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Similar improvements were observed for the 4C-1C scenario the PCM
melt fractions dropped from 0.51 to 0.4 (recovery of 21.56%) at the end
of discharge, and from 0.52 to 0.11 (recovery of 78.84%) at the end of
charge, highlighting the enhanced cooling effect with higher hgy;rqce-
The effect of heat transfer coefficient variation is much more
pronounced on the recovery of the PCM in comparison to the reduction

in temperature because of the heat loss associated with the latent of

PCM.
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For the 3C-1C scenario, Fig. 4.24 and Fig. 4.25 reveals that the battery
temperatures at the end of discharge were 34.44 °C, 33.98 °C, 33.58 °C,
and 33.2 °C for h=5, 10, 15, and 20 W/m?K, respectively, and at the end
of charge, temperatures decreased from 32.06 °C to 27.39 °C. PCM melt
fractions followed a similar trend, decreasing from 0.36 to 0.24 at the
end of discharge and from 0.36 to 0.04 at the end of charge. The
temperature gradient follows the similar behaviour, with pronounced

valued at higher heat transfer coefficients.
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4.4 Conclusion

This chapter reports a comprehensive analysis of a battery thermal
management system (BTMS) involving PCM behaviour, discharge
parameters, and environmental conditions for a fixed seven-cell module
configuration. The effects of PCM thickness, discharge rates, ambient
temperatures, convective heat transfer coefficients, and PCM volume
fraction on the performance of BTMS are analysed systematically to
understand their influence on thermal regulation, material utilization,

and cooling efficiency; the details are elaborated below.

It is observed that the PCM RT-35, at an ambient temperature of 27 °C
and 4 mm thickness, exhibits the best trade-off between thermal
performance and material efficiency, reducing the maximum battery
temperature by up to 24.12 °C during a 4C discharge. While increasing
the thickness improves thermal buffering, it also introduces diminishing
returns due to greater thermal resistance and underutilization of the outer
PCM layers. Also, it is noted that the PCM filling volume plays a
significant role in the performance; with an increase in the fill ratio from
33% to 100%, battery temperatures and temperature gradients are found

to reduce, which improves the temperature uniformity. However, higher
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PCM volumes introduce trade-offs in weight and packaging, reinforcing

the need for design-specific volume selection.

In addition to this, PCM material selection depends on the ambient
temperature. At moderate conditions, RT-35 exhibits superior
performance, while RT-24 and RT-47 exhibit the best performance at
lower and higher ambient temperatures, respectively. At higher
temperatures (> 50 °C), all PCMs reach near-total saturation, which
indicates the need for hybrid cooling approaches. It is observed that the
battery peak temperature decreases with an increase in the external
convective heat transfer coefficient, especially during the charging
phase, due to enhanced surface cooling. However, this also leads to
lower PCM melt fractions at the end of discharge, as faster cooling

causes more heat energy to dissipate before it can be stored in the PCM.

The study highlights the combined influence of PCM type, thickness,
filling volume, ambient temperature, and convective heat-transfer
coefficient on the overall thermal performance of cylindrical-cell
modules. The optimized RT-35 PCM at 4 mm thickness provides the
best balance between cooling efficiency and added weight, reducing the
maximum cell temperature by 24.12 °C during 4C discharge, while
100% PCM fill volume further enhances temperature uniformity with
acceptable trade-offs in mass and packaging. These results establish
design-specific guidelines for PCM-based cooling systems operating
under varied thermal environments. In comparison with previously
reported PCM-based cooling studies, the optimized configuration
presented here achieves greater temperature reduction and more uniform
thermal distribution under high-rate discharge conditions. The findings
also reveal a clearer dependence on ambient temperature and fill
volume, illustrating conditions under which PCM-only systems become
insufficient and hybrid strategies are required. Overall, this chapter
provides updated, practical insight for the design and deployment of

lightweight, efficient PCM-based thermal management solutions.
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Chapter 5

Conclusions and Scope of Future Work

The present dissertation presents theoretical, numerical and
experimental investigations on PCM-based passive and hybrid thermal
management systems for electric vehicle battery modules. These studies
include the development of a theoretical model to estimate the effective
thermal conductivity of open-cell coated metal foams saturated with
fluid or PCM, and the performance analysis of both PCM-based passive
and PCM-based hybrid thermal management systems under various
operating conditions. The key outcomes of the present dissertation are

summarized, and the conclusions are highlighted in this chapter.

In this dissertation, initially, a theoretical model is developed to
estimate the effective thermal conductivity (ETC) of open-cell coated
metal foams (MFs) saturated with fluid or PCMs, considering the effects
of ligament shape, node geometry, ligament orientation, foam geometry,
coating thickness, and material properties. A 3-D computational fluid
dynamics (CFD) model is also developed to analyse the effect of
parameters such as PCM thickness, discharge rate, and metal foam
porosity on the performance of BTMS under steady, transient, and
realistic driving conditions. Also, efforts have been made to analyse the
performance of hybrid battery thermal management system (BTMS)
involving PCM with a lightweight, liquid-cooled cold plate under both
continuous and melt-fraction-triggered intermittent cooling strategies
for different drive cycles (HWFET, WLTP, UDDS, and US-06) with
cyclic charging/discharging scenarios (4C-1C and 5C-1C).
Additionally, the effects of PCM type (RT-24, RT-35, RT-38, RT-42,
RT-47) and discharge rates (2C—5C) on the performance of a passive
PCM-based BTMS for cylindrical (18650) lithium-ion cells are
investigated through both numerical and experimental methods. The

significant findings from the present investigation are elaborated below:
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5.1 Theoretical model for effective thermal conductivity of
open cell coated metal foams saturated with

fluid/Phase change material

In this chapter, a theoretical model has been proposed to evaluate the
effective thermal conductivity (ETC) of open-cell coated metal foams
(MFs) saturated with fluid or phase change materials (PCMs). The
model considers realistic three-dimensional geometric characteristics
based on tetrakaidecahedron unit cell structures. The effects of ligament
shape, node geometry, ligament orientation, foam geometry, coating
thickness, and material properties on the ETC have been analysed, and
the model is validated with available test data. The key outcomes of the

study are detailed below.

e Model M-2 (hexagonal cell with concave triprism ligaments and
pyramidal nodes) achieves average deviations of <3% for nickel
and <2% for copper compared to test data, making it more
reliable than existing 2D models and alternative 3D geometries.

e For graphene-coated foams, M-2 exhibits deviations of only
2.36% (nickel) and 1.25% (copper), compared to 12.27% and
4.85% for M-1, and 7.33% and 1.27% for M-3, respectively

e Increasing the dimensionless coating thickness - from 0.0004
to 0.008 results in an ETC enhancement from 10.83% to
226.07%, demonstrating that coating thickness has the most
significant impact on conductivity enhancement across all
porosity ranges

e For thermal conductivity ratios of Kg/Ks = 2 to 15, ETC
improves by up to 37.72% at high porosity (eo = 0.98),
confirming that higher coating conductivity enhances solid
conduction, particularly in foams with large pore volumes

e When the thermal conductivity ratio increases from 10 to 30, the
ETC enhancement rises to 135.16% at high porosity, indicating
that high-conductivity PCMs or fluids are particularly effective

in porous structures with reduced solid content
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5.2 Numerical investigation of passive and hybrid battery
thermal management using metal foam—PCM and

liquid-assisted PCM systems

5.2.1 Analysis of Li-ion battery under high discharge rate embedded

with metal foam phase change composite.

In this chapter, a three-dimensional (3-D) computational fluid dynamics
(CFD) model is proposed to analyse the thermal performance of MF-
PCM composites integrated with a commercial prismatic lithium-ion
battery. The effects of various parameters, including PCM thickness,
discharge rate, and metal foam porosity, are analysed under steady,
transient, and realistic driving conditions. The key outcomes of the study

are detailed below.

¢ A minimum PCM thickness of 8 mm is found to be optimal for
20 Ah prismatic cells under 5C discharge, reducing the average
temperature from 334 K (no PCM) to 315.04 K, with
diminishing returns beyond this point

e MF-PCM Outperforms Pure PCM: At porosity € = 0.95, the MF-
PCM composite lowers the temperature rise by up to 56%
compared to natural convection-only cooling. Average discharge
temperatures reach 312.63 K (5C) and 310.65 K (4C) for 2S1P
configurations

e In external short circuit tests, peak average temperatures rise to
367 K, 343 K, and 329 K for ESR values of 0.002, 0.003, and
0.004 Q, respectively. Internal short circuit cases (ISR =
0.5x107 Q'm* and 1x107 Q-m?) lead to average cell
temperatures of 335.64 K and 324.7 K, respectively

e Aggressive Drive Cycle Performance: Under back-to-back
aggressive cycles, the MF-PCM system limits battery
temperature to 310.9 K, while 68% of the PCM melts, leaving
residual thermal capacity for additional load buffering

e Realistic Drive Cycle Thermal Response: During a 75-minute

urban driving cycle with mixed charging-discharging, the
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battery temperature remains around 303 K, with negligible PCM
melting, confirming the system's robustness under moderate

real-world conditions

5.2.2 Enhanced thermal management system for Li-ion batteries
using phase change material and liquid cooling under

realistic driving cycles

In this chapter, a hybrid battery thermal management system (BTMS)
combining phase change material (PCM) and a lightweight liquid-
cooled plate is analysed under both continuous and melt-fraction-
triggered intermittent cooling strategies using numerical simulations.
The performance of the hybrid BTMS is evaluated under realistic drive
cycles, including the Highway Fuel Economy Test (HWFET),
Worldwide Harmonized Light Vehicles Test Procedure (WLTP), Urban
Dynamometer Driving Schedule (UDDS), and Supplemental Federal
Test Procedure (US-06), as well as under different cold plate
configurations and rapid cyclic charge/discharge conditions (4C—-1C and

5C-1C). The key outcomes of the study are elaborated below.

e Design Efficiency: The zig-zag cold plate with four turns
improves convective heat transfer, reduces hotspots, and
enhances PCM phase transitions. The hybrid system is 52.9%
lighter than traditional SCP-based cold plates of equal volume.

e FEnergy Savings: Intermittent cooling strategy (IC) with ZCP
reduces coolant energy consumption by 83.9% in 4C—1C cycles
and 76.7% in 5C-1C cycles. Coolant usage dropped to as low as
13.9% of total cycle time.

e Realistic Drive Cycle Performance: In WLTP, HWFET, and
UDDS cycles, the PCM absorbed sufficient heat without
requiring coolant activation, achieving 100% pumping energy
savings, with peak temperatures below 34 °C and gradients

<5°C.
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Optimal Operating Parameters: Increasing coolant velocity (0.2
— 0.3 m/s) and maintaining inlet temperature at 27 °C reduces
peak temperature (from 33.5°C to 32.4 °C) and temperature
gradient (from 5.64 °C to 4.8 °C) during aggressive US-06
cycling.

Thermal Uniformity and Stability: The ZCP design promotes
more uniform temperature distribution, supports faster PCM
solidification, and minimizes local thermal gradients, thereby
improving overall system reliability for repeated dynamic

thermal loads.

5.3 Optimizing battery thermal management with phase

change materials: Influence of thickness, ambient

conditions, and material selection

In this chapter, the performance of a PCM-based battery thermal

management system for cylindrical (18650) lithium-ion cells is analysed

through both experimental and numerical investigations. The effects of
various discharge rates (2C-5C) and different PCMs (RT-24, RT-35,
RT-38, RT-42, RT-47) on thermal performance have been analysed. The

key outcomes of the study are detailed below.

Optimal PCM Thickness: A 4 mm layer of RT-35 PCM offered
the best trade-off between cooling effectiveness, material
utilization, and weight. Beyond this, diminishing returns were
observed due to increased thermal resistance and hotspot
formation.

Effect of Discharge Rate: Higher discharge rates significantly
increased heat generation. At 5C, the 4 mm PCM layer reduced
cell temperature from 60.45 °C (for 1 mm PCM thickness) to
44.02 °C, with the melt fraction dropping to 67.7%, showing
efficient energy absorption but nearing saturation limits.
Ambient Temperature and Material Selection: RT-35 was most

effective at moderate ambient temperatures. RT-24 and RT-47
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were more effective in cold and hot environments, respectively.
All PCMs exhibited saturation beyond 50 °C, underlining the
limits of passive cooling.

Heat Transfer Coefficient Impact: Increasing Ay rqce from 5 to
20 W/m2.K improved PCM solidification and restored over 80%
of melt fraction. However, this enhancement came with
increased thermal gradients within the PCM, indicating the need
to balance external cooling with the risk of uneven internal

thermal gradients.

5.4 Scope of future work

It has been observed that due to their multiple advantages, PCMs can be

employed to develop thermal management modules for cooling a wide

range of thermal devices, including battery modules. These thermal

management systems offer several benefits, such as regulating

temperature, delaying or preventing thermal runaway, and reducing

temperature gradients within battery modules. Although PCM-based

thermal management systems offer significant advantages, further

research is required to address several remaining challenges; these are

detailed below.

The long-term thermal cycling behaviour of PCMs, including
phase change hysteresis, subcooling, and degradation over time
needs to be analysed; as these effects can significantly influence
latent heat storage capacity and thermal reliability in practical
applications.

Research should focus on enhancing the thermal conductivity
and structural stability of PCMs through composites
incorporating expanded graphite, graphene, or nano-fillers.
Additionally, the use of solid—solid PCMs should be explored,
as they offer improved form stability and eliminate leakage risks

during phase transitions.

235



PCM-based BTMSs should be tested under realistic, time-
varying drive cycles and fluctuating ambient conditions to assess
their effectiveness and long-term reliability.

Further studies are needed on smart BTMS frameworks that
incorporate sensor-based monitoring of temperature and PCM
melt fraction, enabling real-time control of active or passive
cooling and optimizing thermal load distribution under dynamic

conditions.
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Appendix I
Experimental Uncertainty

In experimental studies, uncertainties arise due to limitations in
instrumentation, measurement procedures, and environmental factors.
These uncertainties in various parameters need to be quantified to assess
the reliability of test data and validation of numerical models. In the
present experimental study, temperature, voltage and current are
measured by using pre-calibrated instruments. This section discusses
the errors involved with the measured parameters and the uncertainties

associated with calculated parameter (Power).

Theoretical background: If a measured quantity y is a function of n
independent variables x4, x5, X3, Xy, -... . X,, then the combined standard
uncertainty u, can be estimated using the Taylor Series method also

known as the method of propagation of uncertainty [1]:

dy 2 dy 2 dy
2 _ (22 2 _ 24— 2
U= ((’)xl) Yy +(ax2> ey ¥ <6xn> Yan

Temperature: Here, temperature measurements are carried out using
K-type thermocouples (Chromel-Alumel), 1/36 SWG with Teflon
insulation. The thermocouples are fixed directly to the surface of 18650
cylindrical lithium-ion cells using Kapton tape. Data acquisition
(Agilent 34972 A) system records the temperature readings at a sampling
interval of four seconds. The thermocouples are factory-calibrated and

verified for accuracy over a temperature range of 0°C to 100°C.

Voltage and current: Voltage and currents are measured during the
charging and discharging phases by employing high-precision
programmable instruments. During the charging phase, the BK
Precision 9115 Programmable DC Power Supply is used to supply
controlled voltage and current to the battery. The instrument offers a
voltage accuracy of £(0.01% of reading + 5 mV) and a current accuracy

of £(0.1% of reading + 10 mA). For the discharging phase, the BK
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Precision 8510B Programmable DC Electronic Load is employed to
draw current from the battery while maintaining accurate voltage and
current tracking. This device provides the same level of measurement

accuracy, i.e. voltage + (0.05% + 10 mV) and current + (0.1% + 10 mA).
Uncertainty during discharge:

For the Li-ion cell (Samsung 18650-25R) capacity of 2.5Ah and
nominal voltage of 3.7V that undergoes discharge at 5C.

Current =5x25=12A (L.T)
Voltage: 3.7V (I.2)
Power = (VI) = 12 X 3.7 = 46.25W (L.3)

Instrument Voltage uncertainty:

u, = 0.05% x 3.7 + 0.005 = 0.01185 V (L4)

Instrument Current uncertainty:

u = 0.1% x 12.5 + 0.01 = 0.0225 A (L5)

Estimated instrument power uncertainty:

up = /(I X u)2 + (Vxup?) (1.6)
u, = +/((0.148125)2 + (0.08325)2) (L7)
u, = 0.170 W (1.8)

up 0.170
—LX100 = ——X100 = + 0.37¢ L9
5 00 1675 00 =+ 0.37% (1.9)

Uncertainty during temperature measurement:

e Thermocouple accuracy (Ugensor) : £ 0.4 °C
e Repeatability uncertainty (Uexperiments) : + 0.3 °C

e Reference temperature: 50 °C

Ur = \/((usensor)z + (uexperiments)z) (I.10)
ur = +/(0.16 + 0.09) (L.11)
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up = 0.5°C (1.12)

Relative Uncertainty

ur 0.5 o
-T - — .13
T X100 =0 X100 = 1% (I.13)

[1] “Uncertainty of measurement-Part 3: Guide to the expression of
uncertainty in measurement (GUM:1995, 98-3:2008(E)),” 2008.
Accessed: Feb. 20, 2021. [Online]. Available:
https://www.iso.org/standard/50461.html
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Appendix 11

Specifications of the Instruments

S.No Items Description
BK PRECISION 9115B
Output: 0-80 V, 0—60 A,
up to 1200 W
Battery charger
Resolution: 1 mV /1 mA
(Programmable DC power Voltage accuracy:
suppl
1) PPly) £(0.05% + 10 mV)
Current accuracy:
+(0.1% + 10 mA)
BK PRECISION 8510B
Voltage range: 0.1-80 V,
Battery discharger Current range: 0-30 A
(Programmable DC Accuracy: +(0.05% + LSD)
electronic load)
LSD: least significant digit
(2)

Modes: CC, CV, CR, CP
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HIOKI BT3562A

Measurement range
(Resistance): 0.1 uQ to 3000
Q

Internal Resistance Tester

3) Measurement range (Voltage):
0to 60 V DC

i08
8008

——
EOdN!

Data acquisition system
AGILENT 34972-A

(data logger)
“4)
Hukseflux, model FHF05-02,
Sensor type: Differential
thermopile
Heat flux sensor Sensitivity: 3 x 107 V/(W/m?)
Sensor area: 15 mm x 30 mm
)

Response time (95%): <5

seconds
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(6)

Thermocouples

K type, 1/36 SWG with

Teflon coating

(7

Stereo zoom trinocular

microscope

Switzerland Dewinter-

ZOOMSTAR-IV
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