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Abstract

The charges/discharges of Li-ion batteries generate excessive heat, especially at high
charge/discharge rates, which represent the main barrier to Li-ion battery usage.
Therefore, using an effective battery thermal management system is quite essential
to ensure optimal operation of lithium-ion batteries. Furthermore, a hybrid cooling
system from an active and passive cooling system can provide more temperature
control and uniformly throughout the battery cell than solely a passive or active
cooling system.

Therefore, in this study, an experimental and numerical investigation of two
novel hybrid cooling systems using phase change material as a passive cooling
system combined with other cooling systems is studied. The first cooling model
(PCM/Fin-Air-Model), uses phase change material combined with aluminum fins
and forced air. While the second model (HP/PCM-Model), uses a new model of flat
heat pipes having a finned condenser and double circular grooved evaporator in
addition to the usage of phase change material integration in the evaporator section.
The HP was charged with acetone as a working fluid with 40 % filling ratio. Phase
change material type Rubitherm-RT47 with a melting temperature range of 41-48 °C
is selected. The present hybrid models are designed for cooling a battery pack
consisting of 12 cylindrical batteries 18650-type LiCoO: arranged with three
batteries in parallel and four batteries in series. The thermal performance of the novel
models are compared with other conventional models of passive phase change
material model (PCM-Model), forced air model (Air-Model), and the same heat pipe
without the phase change material combination (HP-Model). All models are
examined using various discharge rates (C-rate) of 1, 2, and 3C, and various inlet air
velocities (u;,) of (0.75, 1.5, 2.25, and 3 m/s), and various operating temperatures
(Ty,) of (25, 30, 35 and 40 °C).

XIX



Numerical simulation is achieved using three-dimensional models built using
COMSOL Multiphysics 5.6 and comprehensively validated with experiment results.
The experimental results indicated that the novel hybrid models display a good
cooling performance, especially at a high C-rate compared with the conventional
models which became insufficient for battery cooling at a 3C. The PCM/HP-Model
reduces the maximum operating temperature at 3C by 18.9, 26.6, and 9.8%, while
the PCM/Fin-Air-Model reduces it by 15.2, 23.3, and 4.6%, compared to the Air-
Model, PCM-Model and HP-Model, respectively. Furthermore, the largest maximum
temperature difference for the PCM/HP-Model and PCM/Fin-Air-Model did not
exceed 4.2 and 1.9 °C, respectively. Additionally, the HP/PCM-Model has the lowest

pressure losses and fan power consumption (Ps4y,) than other models.

The numerical result shows that the increase of the air velocity has a slight
effect on the battery cooling using the novel hybrid models while it has a significant
effect on the battery cooling using Air-Model, where the T, ,, reduces by 5.3, 12.8
and 30 % as the u;,, increases from 0.75 to 3 m/s for PCM/HP-Model, PCM/Fin-Air-
Model, and Air-Model respectively. The increasing of u;,, from 0.75 to 3 m/s reduces
the PCM liquid fraction from 0.877 to 0.772 and from 1.0 to 0.748 at the end of the
3C rate period of the PCM/HP-Model and PCM/Fin-Air-Model, respectively. The
usage of PCM-Model is not recommended for a 3C rate even at a low operation
temperature of 25 °C.

Moreover, the result demonstrated that the HP/PCM-Model exhibits a better
thermal performance and lower power consumption, especially at a high C-rate, as
well as it can offer a safe working temperature for the Li-ion batteries.

The numerical results show good agreement with the experimental data, with
maximum deviations of 3.8, 6, 2.3, 2, and 2.4% for the Air-Model, PCM-Model,
PCM/Fin-Air-Model, HP-Model, and HP/PCM-Model, respectively.
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Chapter One
Introduction

1.1 Background

Lithium-ion batteries are widely used in many applications, such as electric
vehicles, smartphones, and laptops, as well as consider a new way to store electrical
energy from alternative energy sources, due to their high energy density, long cycle
life, and reliability. However, their performance and safety are highly sensitive to
operating temperature. When Li-ion batteries operate outside their optimal
temperature range, problems such as reduced capacity, accelerated aging, and safety
risks like thermal runaway can arise. This necessitates the need for a battery thermal
management system to regulate the battery within the operating temperature. A well-
designed BTMS ensures uniform temperature distribution, improves battery
performance, extends its lifespan, and prevents both overheating and excessive
cooling, making it an essential component for the safe, reliable, and efficient
operation of Li-ion batteries.
1.2 Li-ion Batteries

Among all kinds of batteries, Li-ion batteries are the most popular because
of their unique features comprising; the long cycle life, high voltage capability, fast
charging/discharge rate, high specific power of more than 10000 W/kg, and high
specific energy (70-170 Wh/kg) compared with other batteries for similar size and
weight [1-3]. The specific power is the maximum available power divided by the
battery mass, while the specific energy is the nominal battery energy per unit mass.

Figure (1.1) demonstrates the relation between various types of batteries.
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Figure (1.1) Specific power and specific energy of various battery kinds [3].

1.2.1 Lithium-ion battery structure

Like most batteries, lithium-ion batteries consist of positive and negative electrodes
separated by a liquid electrolyte, allowing the free passage of ions. In a typical
modern lithium-ion battery, the negative terminal, or anode, is made of a carbon
compound (usually graphite), and the cathode, or positive terminal, is made of a
lithium-metal oxide compound, which determines the battery type [4, 5].

The popular materials used in cathode construction include; lithium
manganese oxides (LiMn,Q,), lithium cobalt oxides (LiCoO,), and lithium iron
phosphate (LiFePO,). The electrolyte comprises complex lithium salts dissolved in
a non-aqueous solvent [6-7]. The battery types of LiCoO2, LiMn,Q,, LiFePO,, and
Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO-) are considered the most
common kinds of Li-ion batteries that are candidates to use for electric vehicles [8,

9]. The characteristics of various cathode materials are illustrated in Table (1.1).
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Table (1.1) Li-ion battery properties of common cathode kind [9].

property LiCoO;, | LiNiO; LiMn,O4 | LiFePOy4
Practical capacity (Ah/kg) 150 170 120 155
Energy density (Wh/kg) 180 170 100 130
Nominal voltage (V) 3.7 3.5 4 33
Cycling capability (Cycles) >500 >500 >500 >2000

1.2.2 lithium-ion battery operation

As the Li-ion battery discharges, the lithium atoms split into electrons and lithium

ions in the anode. The Lithium ions go through the electrolyte from the anode to the

cathode, whereas the electrons cannot pass through the electrolyte because the

electricity insulation of the separator forms, which causes the electrons to move over

the external circuit to the cathode. However, they move in the opposite direction

during the charging process [6]. The schematic of the one-dimensional

electrochemical process and the internal structure of the cylindrical lithium-ion

battery model are shown in Figures (1.2) and (1.3), respectively.
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Figure (1.2) Schematic of the one-dimensional electrochemical process of Li-ion
battery [6].
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Figure (1.3) Internal structure of the cylindrical Li-ion battery module [10].
1.2.3 Geometrical types of Lithium-ion batteries

There are various configurations of lithium-ion batteries. Figures (1.4 A-D) show the
interior layout of the different battery configurations. The cylindrical and prismatic
batteries have multiple electrochemical cells within and are constructed from wound
electrodes and separators submerged in electrolytes. The pouch battery has a flat
design like the coin battery; however, it contains multiple electrochemical cells as
opposed to the coin battery's single electrochemical cell. Since the positive and
negative electrodes have a larger area, automotive applications frequently use
cylindrical, prismatic, and pouch packaging [11].

The packaging chosen by the automaker depends on the battery's expected
working conditions. For example, the Tesla Model S vehicle uses cylindrical

batteries, and the Chevrolet VVolt and Nissan Leaf vehicles use pouch batteries [12].
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Figure (1.4) Internal structure of different types of battery, (A) cylindrical
battery (B) coin battery (C) prismatic battery (D) pouch battery [11].

1.2.4 Temperature effectiveness and thermal runaway

Li-ion batteries generate excessive heat during charging and discharging operations
because of electrochemical reactions, especially at high C-rates [13]. The C-rate
represents the amount of charging/discharging power rate of the battery cell relative
to its maximum capacity [14]. For example, if a battery has a capacity of 2,500 mAh,
a 1C rate means charging or discharging at 2,500 mA, which will fully charge or
discharge the battery in 1 hour. A 2C rate means charging or discharging at 5,000
mA, which will take 0.5 hours to fully charge or discharge, and so on.
Consequently, the battery surface temperature increases, and the temperature

distribution becomes non-uniform in the battery pack representing the main barriers
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to Li-ion battery usage due to its impact on battery lifetime and vehicle safety.
Generally, the acceptable range for the Li-ion battery's operation temperature is (—20
to 60 °C), while the high temperature in the battery cell leads to an elevation in the
cell's internal resistance and an increase in the Li-ion battery degradation, which
reduces the cell output power [1].

The safe and optimal operating temperatures for Li-ion batteries should range
between 20 and 50 °C, and the maximum temperature variance in a battery pack
should be kept within 5 °C, whereas the operation outside these ranges will
negatively affect the lifetime and performance of the batteries [15-17]. Zadeh et al.,
2022 [18] noted when the maximum temperature was limited to less than 45 °C, it
leads to the slightest negative impression on the battery life through charge/discharge
cycles, while the battery loses 70% of its capacity after 500 cycles at 55 °C.
Furthermore, the cells that work at high temperatures have a higher loss capacity
after each cycle in comparison with the cell that operates at low temperatures [14,
19].

However, Thermal runaway is started at around 90°C when the SEI
decomposes. The SEI is a protection between the negative electrode and liquid
electrolyte. With SEI destruction, the electrolyte and electrode would react with each
other at around 100 °C and produce a lot of heat and gas. Consequently, this reaction
will cause a greater increase in the temperature. When the battery's temperature
exceeds 150 °C, the separator melts, and a chain reaction occurs leading to thermal

runaway [20]. Figure (1.5) demonstrates the thermal runaway process.
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Figure (1.5) Thermal runaway process [20].
1.3 Battery Thermal Management System Types

As mentioned, the efficient BTMS is essential for electric vehicles to control the
battery pack temperature with a safety operation limit during the charge/discharge
process and reduce the degradation in the Li-ion battery's performance that occurs
with increased temperatures. Furthermore, the accumulation of heat inside the battery
pack without a sufficient dissipation mechanism will deteriorate the battery capacity

or may lead to a thermal runaway that causes the battery explosion [21].

Based on the cooling mediums, there are currently five main types of cooling
systems: air cooling, liquid cooling, heat pipe cooling, phase change cooling, and

compound cooling systems [22]. These systems can be described as follows:
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1.3.1 Air-cooling system

The main features of BTMS that use air-cooling systems are the lightweight, simple
design, ease of maintenance, and direct access [23]. In addition, air-cooling systems
are considered safer and more economical to install and control [24]. The air-cooling
may be achieved either by forced convection or natural convection. Natural
convection is not sufficient at high C-rates owing to the larger temperature increase
[25]. The forced convection of the airflow is divided into a series flow cooling system
and a parallel flow cooling system. In the series flow, the air flowing in a continuous
channel is heated by the first cells, consequently leading to less ability to cool the
other cells. In contrast, in the parallel flow, the airflow is split into several branches
that require a highly accurate design of the air channels [20].

In contrast, air-cooling systems have some disadvantages like a low heat
capacity and the difficulty of obtaining a uniform air distribution. These limit the use
of this system, mainly when operating at high C-rates. However, they are employed
in commercial vehicles like Toyota, Nissan, Mitsubishi, and Honda [26, 27]. Figure

(1.6) shows the air-cooling structure used in the Toyota Prius car.

Thermodynamics

Passages

Outlet

Inlet Battery cells

Structure

Fluid Dynamics
Figure (1.6) Battery air-cooling system in Toyota Prius [26].
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1.3.2 Liquid cooling system

Liquid cooling for BTMS in electric vehicles has received significant attention due
to its large thermal conductivity and specific heat capacity compared to air-cooling
systems [28, 29]. In liquid cooling, the batteries may be cooled directly by
submerging them in the coolant fluid or indirectly cooled using pipes or cooling
plates like that is used in Tesla and General Motors [26, 30]. Figures (1.7 A and B)
show the liquid cooling systems used in Tesla and Chevrolet Spark EV cars,
respectively. However, the liquid cooling system has several disadvantages being
overweight, adding complexity to the EV by requiring additional components such
as pumps, radiators, hoses, and reservoirs, as well as, having a possibility risk of
liquid leakage, pump maintenance, and liquid replacement, and it needs more power

consumption for the water pump [27, 31].

liquid cooling
plate

A) (B)
Figure (1.7) Liquid battery cooling (A) Tesla liquid tube cooling [30]
(B) Chevrolet Spark liquid cooling plates [26].
1.3.3 Heat pipe cooling system
Heat pipes (HPs) become one of the most effective technologies used in cooling
systems. They are used in numerous cooling applications owing to their thermal

super-conductor properties, minimal maintenance, low price, long lifespan, and
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passive design [14]. For these features, many researchers investigated using them in
BTMS to regulate the temperature of battery pack cells.

They are manufactured usually from a copper tube with different shapes and
types, depending on the available space, and working principle. They are filled with
a certain amount of a working fluid that transfers the heat from the evaporator to the
condenser sections. The HP has a large thermal conductivity due to the working
fluid's latent heat of phase change [32, 33].

However, as the HP is heated in the evaporator section, the working fluid
inside the HP absorbs heat and transforms into vapor form. Consequently, the
pressure builds up, causing the vapor to flow into the condenser section, where the
vapor condenses and releases heat to the surrounding air; then, the condensed fluid
flows back to the evaporation section due to gravity or capillary action of the wick.
Figure (1.8) shows the thermosyphon HP structure and heat flow. The working fluid's
phase change depends on HP's vacuum pressure and the working fluid's saturation
temperature [34]. Nonetheless, they haven't yet been used in BTMS of commercial

EVs.
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Figure (1.8) Heat pipe structure [34].
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1.3.4 Phase change material for cooling system

Phase change materials (PCMSs) store and release significant amounts of energy
during the melting and solidification processes, maintaining nearly constant
temperatures within their phase change temperature range due to their high heat of

fusion, as illustrated in Figure (1.9).
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Amount of heat storage

Figure (1.9) Schematic diagram of the PCM's Phase Change transition.

Therefore, they have been used to hold the battery packing within a normal
operating temperature for a specific long time without using external power by
immersing the battery cells in the PCM as presented in Figure (1.10). Furthermore,
it is used to keep the temperature gradient through the battery packing uniformly
[35]. This feature has attracted the interest of many researchers to utilize this
advantage in cooling batteries and improving them.

However, PCMs suffer from low thermal conductivity that can be improved
by adding a filler combination such as expanded graphite, metal foam having high
thermal conductivity, or integrated with metal fins [36].

11
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Cell
Figure (1.10) PCM cooling system [36].

PCMs depending on the phase change of substances before/after the changing
process can be classified into four types; Solid—solid PCMs, solid-liquid PCMs,
solid—gas PCMs, and liquid—gas [2]. Among them, solid-liquid PCMs have a large
latent heat of fusion, are easy to obtain, and have a slight change in volume during
the phase change, making them the most widely used in many applications [37].
Moreover, a solid-liquid PCM is classified into three main groups organic, inorganic,

and eutectics as shown in Figure (1.11).

Solid-Liquid PCM
|

T
In-organic

m Non-paraffins Salt Hydrates
= Fatty acid
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— Glycol

Organic
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Inorganic

Organic-
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Figure (1.11) Generalized categories of phase change materials (PCMs) [37].
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Based on what has been mentioned, and to use the PCM in Li-ion battery
cooling systems, the following requirements must be available for PCM [38, 39]:
(1) Melting point temperature drops within the desired range.
(2) High specific heat, latent heat, and thermal conductivity.
(3) Small volume expansion during phase change.
(4) Non-flammable, non-poisonous, no corrosiveness, and chemically stable.
(5) Availability and low cost.
1.3.5 Compound cooling system
In this model, two or more cooling systems are combined. Generally, the
combination consists of passive and active cooling systems to take the benefits of
their features and improve their thermal behavior. Furthermore, the combination of
different cooling systems can enhance the overall efficiency of the BTMS, since,
each system can handle a specific aspect of heat generation and dissipation, leading
to increased energy saving and producing a more effective system [40-42].

Many researchers found that combining cooling systems have considerable
efficiency and are more effective than single BTMS since the individual system
always suffers from some weakness [36, 43]. Other researchers noted a compound
cooling system can give more temperature uniformity across the battery pack [44-
45]. Moreover, the compound system can operate passively when the battery pack
generates a small rate of heat at low charge/discharge rates and operates actively at
high charge/discharge rates [46]. Hence, the most common combinations include:
(1) PCM and Active/Passive Air-cooling combinations system, as shown in the

Figure (1.12A) [44].
(2) PCM and Liquid cooling combinations system, as shown in Figure (1.12B) [16].
(3) Liquid and Active/Passive Air-cooling combination system [47].
(4) HPs and Active/Passive Air-cooling combinations system [48].
(5) HPs and Liquid cooling combinations system [49].

13
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Figure (1.12) Compound cooling system (A) PCM and active air-cooling

combinations system [44], (B) PCM and liquid cooling combinations system [16].

1.4 Motivations

The improvement of BTMS is driven by several key motivations, which may list

some of them:

(1) Maintaining the battery pack's temperature within the optimal range across
various environmental conditions enhances energy production, reliability, and
lifespan, thereby improving efficiency and ensuring safe operation. This is
particularly important in applications like EVs and systems requiring high-
energy-density batteries, as it helps prevent risks such as high temperatures and
thermal runaway.

(2) Reducing the power consumption of cooling systems enhances overall
efficiency, prompting many researchers to develop cooling technologies with
low energy consumption, such as PCMs, which absorb and release significant
amounts of latent heat during phase transitions, and HPs, which transfer more
heat than copper with minimal energy consumption

Overall, combining PCMs with other thermal management systems
represents an innovative approach to addressing the complex thermal challenges

associated with modern battery technologies.
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1.5 Objectives of the Current Work:
The aims of this work include the following:

(1) Enhance the thermal performance of BTMS that use a PCM by adding aluminum
fins to increase the thermal conductivity as well as use the forced air combination
to reject the heat storage in the PCM.

(2) Improving the HP structure by adding copper fins to the condenser section, as
well as, using an arc evaporator shape to get direct contact with the cylindrical
battery.

(3) Study the effectiveness of the present hybrid models by comparing their results
with those obtained from standard models: one using pure PCM without the
aluminum fins combination, and the other using forced air cooling only.

(4) Reduce the power consumption of the cooling fan by reducing the pressure losses
of the flowing air.

(5) Examine the thermal performance of the present models with high-ambient
temperatures up to 40 °C, different discharge rates (1, 2, 3C), and different
cooling air velocities of (0.75, 1.5, 2.25, and 3 m/s).

(6) Developing a numerical simulation using COMSOL software to study a wider
range of operating temperatures and air-cooling velocities, and comparing the

results with experimental data to validate the numerical model.
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Chapter Two
Literature Review
2.1 Introduction

There are various adopted battery thermal management systems (BTMSs) that are
aimed at addressing the thermal challenges faced by Li-ion batteries. It uses multiple
cooling technologies and cooling mediums, including air-cooling systems, liquid
cooling systems, heat pipe cooling systems, phase change material cooling systems,
and hybrid cooling systems, which consist of a combination of two or more systems.
Furthermore, this literature review highlights the significance of BTMS in battery
performance, safety, and longevity. However, the objective of this chapter is to
produce a review of the main experimental and theoretical study related to the
BTMSs. The literature review is divided into five sections based on the type of
cooling mediums: air cooling system studies, liquid cooling system studies, heat pipe
cooling system studies, phase change material cooling system studies, and compound

cooling system studies.

2.1.1 Air cooling system studies

Hakeem and Solyali, 2020 [50] examined experimentally the thermal performance
of BTMS using forced air to cool cylindrical packing batteries consisting of 100 cells
18650-type. The investigation included three airflow velocities of 1.4, 2.4, and 3.4
m/s. Two different charge/discharge rates of 0.5 and 0.75C were used. Their results
showed the T,,,,, was 36.1 °C during a 0.75C charge/discharge rate at 22 °C ambient
temperature and 1.4 m/s air velocity. As well as the T,,,,, can be reduced by 54.28 %
by increasing the air flow rate from 1.4 to 3.4 m/s in the 0.75C charge. The
temperature difference between the observed cells AT transcends 5 °C at 1.4 m/s

airflow velocity while staying under 5 °C at 2.4 m/s and 3.4 m/s airflow velocity.
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Kirad and Chaudhari, 2021 [51] studied numerically the effectiveness of
longitudinal and transverse distances between the battery cells on T,,,,, and AT. The
study was achieved at airflow velocities ranging between (2 to 10 m/s) and various
discharge rates of (1, 2, 3, 4, and 5 C) at 25 °C ambient temperature using ANSYS
Fluent software. They note the T,,, and AT were affected majorly by the
longitudinal batteries separation (Sp) more than the traverse batteries separation of
airflow (S;), where the T,,,,, and AT decreases with the increment of (Sp), while the
reduction in the (S;) value increases the pressure drop, which consequently leads to
more energy consumption to keep the cooling air rate value. Furthermore, the system
efficiency in this study module was better for 8 m/s air velocity with S; =38 mm and

St =23 mm.

Saechana and Dhuchakallaya, 2022 [18] investigated numerically the thermal
performance of BTMS using air-cooling. The simulation was achieved with ANSY'S
Fluent software using a standard k-¢ turbulence model. The effect of the airflow
velocity of (1, 2, 4 m/s) and battery discharge rate of (0.5, 1, 2C) on the cooling
performance was simulated. They observed that the increase in the airflow velocity
enhances the cooling performance of the battery pack. Furthermore, the force
convection was insufficient for cooling the battery at a 2C rate using a simple thermal
management system, and the natural convection can maintain the battery temperature

at a low discharge rate of 0.5C.

Nazar et al., 2023 [52] used natural air cooling, forced air cooling, and PCM
cooling systems to cool a cylindrical cell 26650-type. Na,SO410H,O was used as a
PCM with a melting temperature of 32.4 °C. The battery was tested under a discharge
rate of 1C and at room temperature around 28 °C. The experimental result shows that
active air-cooling can reduce the AT of the cylindrical-26650 cells to 6 °C compared

with passive cooling, which may reach up to 10 °C. Moreover, the using of PCM can
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reduce the AT to 3.5 °C, which can enhance the battery cell lifetime and safety. The
Tonax Were 41, 33.5, and 31.2 °C for natural air cooling, forced air cooling, and PCM

cooling, respectively.

2.1.2 Liquid cooling system studies

Rao et al., 2017 [28] investigated the thermal performance of mini-liquid
channels drilled in aluminum blocks to get a large contact area. The simulation model
consists of 24 li-ion batteries, 18650-type, arranged in a 4P6S configuration. The
impact of water velocity, direction, and aluminum block length were simulated. The
numerical result shows that the system with variable contact surface can significantly
enhance the battery temperature uniformity and both the T,,,,, and AT decrease with
the increase of aluminum block length and water velocity. The T,,,, can be
controlled under 40 °C at a water velocity of 0.05 m/s and ambient temperature of

22.5°C.

Zhou et al., 2019 [53] proposed a liquid cooling method based on a half-
helical pipe to cool cylindrical lithium-ion batteries. The effects of inlet mass flow
rate, pitch and number of helical pipes, diameter of the helical pipe, and fluid flow
direction on the thermal performance of the battery at a 5 C rate and 25 °C ambient
temperature were analyzed numerically. The results showed that the maximum
temperature and temperature difference decreased with an increase in the inlet mass
flow rate. The pitch and number of helical pipes have no significant improvement in
cooling performance. If the diameter of the half-helical pipe was varied from 2.0 mm
to 3.8 mm, the temperature difference remained within 4.3 °C, but the maximum
temperature increased slightly from 30.5 °C to 30.9 °C. Compared to thermal
management using the jacket liquid cooling method, the half-helical pipe liquid
cooling method proved to be more effective due to its lower fluid volume and

absence of stagnant zones.
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Wei et al., 2024 [54] numerically studied the effects of liquid-cooling plate
connections on the thermal performance of battery packs under different layouts.
Scheme A used six liquid micro-channel plates arranged in parallel. Scheme B used
six micro-channel plates arranged in a combination of three in parallel and two in
series. Scheme C consisted of two sets of liquid micro-channel plates, each set
arranged with three in parallel and one in series. The study also examined the effects
of inlet coolant temperatures (16, 19, 22, 25, and 28 °C) under various discharge rates
(0.5, 1, 2, and 3 C) at a coolant inlet flow rate of 5 L/min. The results indicated that
Scheme C effectively reduced the maximum temperature of the battery pack from
48.73 °C to 30.75 °C while controlling the maximum temperature difference to 3.98
°C at the end of discharge. Furthermore, a reduction in the coolant inlet temperature
led to a decrease in the maximum battery pack temperature, though it increased the

maximum temperature difference.

Jha et al., 2024 [55] used an L-grooved channel cold plate design to cool Li-
ion battery packs and compared it with a reference design to evaluate thermal
performance. The study was done by varying parameters such as the number of
channels, channel width, and coolant type at an ambient temperature of 25 °C. The
best thermal performance was achieved with five 6 mm wide channels engraved on
the aluminum cold plate by circulating 1 % AI203 in 20:80 ethylene glycol-water
nanofluid as the coolant. At the 5C rate, the proposed cooling system drastically
reduces the maximum temperature of the battery pack from 68.25 °C to 27.55 °C at
the end of discharge.

2.1.3 heat pipe cooling system studies

Rao et al., 2013 [56] investigated experimentally the thermal design of
BTMS based on HP for rectangular batteries. An electrical heater, like a real LiFePO4

battery, was used for heat generation. Four wicked HPs filled with water as a working
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fluid with a 50 % filling ratio were used. The T,,,, increasing rate and AT were
studied at an operating temperature of around 22 °C. The results showed HP can
control the T,,,, below 50 °C when the heat rate was below 50 W. Whereas, the

maximum AT becomes lower than 5 °C when a heat rate does not exceed 30 W.

Greco et al. 2014 [57] developed an analytical and 3D numerical model of
HPs arranged in a sandwiched configuration for cooling a prismatic Li-ion battery.
The BTMS consists of eighteen HPs with an internal grooved structure to transfer
the working fluid, a 10 mm outside diameter, and a 0.8 mm gap between them. All
HPs were inserted in a copper structure to get a large conductive heat transfer with
the battery cell at the evaporator sections. The HP condenser sections were cooled
using natural and forced air convection with 20 °C ambient temperature. They found
that the higher surface contact area of the HPs allows for better thermal management
compared to forced convection cooling, where the predicted T, 4, was 51.5 °C when

forced convection was applied.

Liu et al., 2016 [48] used thin micro-HPs with a fined condenser to cool a
rectangular Li-ion battery under discharge rates of 1, 2, and 3C. A natural and forced
convection was used to cool the condenser section at 30 °C ambient temperature. The
results show the use of PHs can decrease the T,,,, by 7.1 °C at 2C as compared
without HPs. Thin micro-HPs with forced convection can effectively deal with the
instant increases in battery heat generation rate compared to forced convection
without HPs under the same air velocity. The HP model can keep the T,,,, below 40

°C under 2C discharge rate.

Nasir et al., 2019 [58] investigated experimentally the thermal performance
of BTMS using HP. The model consists of two proxy cells having an electrical heater
with a heat generation range of (10-35 W/cell). The evaporator section was made

from two cylindrical HP crammed in an aluminum plate and inserted between the
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proxy cells to ensure maximum contact with the cells' surface. The condenser section
was cooled with forced water and natural convection air. The HP is partially filled
with water as a working fluid with approximately a 10% filing ratio. The effect of
heat rate, condenser length, and water flow rate on the T,,,,, and AT have been
investigated. The results showed that the HP can reduce the cells' surface temperature
by 39.1 % compared to the natural convection air and maintain the T,,,, under 50

°C and the AT below 5 °C if the heat generation rate was less than 20 W.

Liu et al., 2019 [59] developed BTMS using HPs having new fin structures
to cool 28 Li-ion batteries 18650-type under discharge rates of 2, 3, and 5C at 25 °C
ambient temperature. Arc fins with 1.5 mm thickness were attached to the HP
evaporator section to get more contact area with battery cells. The HP condenser
section was cooled in two ways (forced air-cooling and water-cooling). The result
shows that increased contact area with battery cells enhances temperature control. In
addition, the water cooling produces a lower T,,,, and more temperature uniformity

as compared with forced air-cooling.

Gan et al., 2020 [49] utilized a wave-shaped aluminum sleeve coupled with
HP to increase the contact area between cylindrical batteries and HPs. A cold plate
was used to cool the HP at the condenser section. The effect of cooling fluid flow
rate, condenser HP length, and aluminum sleeve height on BTMS performance was
numerically investigated and verified experimentally. The results indicated that the
cooling fluid flow rate has a clear influence on the T,,,,, while it has a slight effect
on the temperature distribution. The increase in the HP condenser length and
aluminum sleeve height can decrease the T,,,, and enhance the AT through the

battery pack, which can be kept below 5 °C.

Alihosseini and Shafaee, 2021 [60] investigated experimentally the
performance of BTMS using a flat HP to get the best contact area between the HP
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and prismatic batteries. The experiments were conducted at a 1C rate at ambient
temperatures between (18-33 °C) with a water-cool condenser HP. Moreover, the
results were proved using the numerical simulation model (COMSOL software).
They found the maximum increase in the T,,,, does not exceed 8 °C and the use of
force convection in the HP condenser can uniform the temperature distribution
among the cells and control the battery surface temperature below 40 °C. However,

the T,y 4, Increased to 45 °C without using HP.

Wang et al., 2021 [61] studied experimentally the BTMS performance using
a new type of flat thermosyphon HP (with no wick structure) made from aluminum
as a U-shape. The HP was charged with Freon (R-134a) as a working fluid with a 90
% filling ratio and coupled with two water-cooling plates. The model was used for
cooling ten rectangular battery cells under charging rates of 1 and 1.5C. Their results
showed the T,,,,, of the battery, the surface can be kept less than 50 °C under a charge
rate of 1.5C and less than 37 °C under 1C with 24 °C inlet water temperature, while

the maximum AT was below 3 and 7 °C under 1.5 and 1C charge rate, respectively.

Jiaqiang E. et al., 2021 [62] analyzed the dissipation performance of BTMS-
based HP consisting of 12 Li-ion batteries 18650-type. The effect of fin thickness of
(1.6, 1.8,2,2.2, and 2.4 mm) and space between fins of (4, 5, 6, 7, and 8§ mm) on the
heat transfer coefficient, T,,,,, and AT under various battery discharge rates were
investigated. The theoretical results showed that the 2 mm fin thickness and 5 mm
space between fins give a better thermal performance. The T,,,, increasing rate was
9 °C only, while the maximum AT at 1, 2, and 4C discharge rates were 0.11, 0.44,
and 1.6 °C, respectively. The increasing rate of the airflow velocity from 4 to 16 m/s

led to an increase in the heat transfer coefficient of the fins from 7.6 to 11.9 W/m?.K.

Han et al. 2023 [63] conducted a comparative study on the thermal
performance of two types of HPs integrated with fin structures. The first model
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consists of five straight HPs, while the second model consists of five HPs bent into
an L-shape. Each model was coupled with five aluminum fins in an L-shape and
associated with a baseline cooling plate. The two models were used to cool a
rectangular 16 A Li-ion battery under a 3C discharge rate at an operating temperature
of 25 °C. The results show that the L-shaped HPs can lower the T,,,, by more than
3 °C compared to the straight HPs. The L-shaped HPs can reduce the thermal

resistance to 28.0 % by decreasing the coolant temperature from 25 °C to 15 °C.

Zheng et al., 2023 [64] studied numerically and experimentally the thermal
performance of BTMS based on tubular HP. The system consists of tubular HPs,
rectangular Li-ion batteries, cooling plates, and fins. The system was simulated at 30
°C ambient temperature under 1 and 2C discharge rates. The results show the T,
was reached 35.6 °C at 1C, while it was become 54 °C at 2C and the maximum AT

was reached 7 °C at 2C.

2.1.4 Phase change material cooling system studies

Azizi and Sadrameli, 2016 [35] studied experimentally and theoretically the
thermal performance of the PCM combined with aluminum wire mesh. Poly
Ethylene Glycol 1000 with a melting range of 35-40 °C has been used as a PCM.
The combination was used to enhance the thermal conductivity of the PCM and
achieve a uniform temperature distribution in the battery cells. The PCM melting
point is between 35 and 40 °C. The charge/discharge rates range between 1 and 3C.
A mathematical model has been developed to verify the experimental data using
COMSOL 5.1. The obtained results showed the use of the combination of the PCM
and aluminum wire mesh can reduce the battery's surface temperature remarkably,
where the maximum AT was 2.6 °C using the PCM combined with aluminum mesh,

4 °C with PCM only, and 6.7 °C without a thermal management system. Moreover,

23



Chapter Two Literature Review

the combined system can reduce the T,,,,, by 19, 21, and 26 % for the discharge rates
of 1, 2, and 3 C, respectively.

Sun et al., 2019 [65] enhanced experimentally and numerically the thermal
conductive of PCM by adding different numbers of longitudinal metal fins. The
effects of the fins' position and number under different rates of heat generation on
the BTMS performance were evaluated. The experimental result showed a better
performance than the pure PCM system. The fin structures can enhance the heat
conductive through the PCM and control the temperature rise. Moreover, the optimal
PCM ring thickness was 3.6 mm and recommended dimensionless distance between
rings and batteries was 0.2, while the ideal number of rings and fins were 1 and 8§,
respectively. Additionally, it has been noticed that the PCM-Fin system can regulate

the rise in the battery's temperature even at a 20 W heat generation rate.

Also, Zheng et al., 2020 [66] studied experimentally and numerically the
effect of adding fins on improving the thermal performance of the PCM. The
experiment was performed using a cylindrical heater located in the PCM container
with and without aluminum fins. The effect of fins' geometrical factors (number,
thickness, and length) and materials (steel, Al alloy, nylon, titanium, and copper) was
studied numerically using ANSYS Fluent software. The result showed that the fins
can improve the working time by 75, 68, and 61% compared to those without using
the fins under a heat generation rate of 10, 12.5, and 15 W, respectively. The
simulation results indicated that aluminum fins with 8 fins and a thickness of 0.5 mm

provide the greatest performance.

Srivastava et al., 2022 [67] studied experimentally and numerically the
effectiveness of the PCM thickness around the battery cell under various discharging
rates 1, 2, and 3C. Three different PCMs (Paraffin wax, Eicosane, and Capric acid)

with 5 and 10 mm thicknesses were used to inspect their effect on the battery surface
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temperature. The results confirmed that using PCM can reduce the cell’s temperature
by 21.5 % compared to the rate without PCM at the discharging 3C rate. The T,
of battery cell with Paraffin wax reached a maximum value of 43 °C compared to 40
°C using Eicosane. The surface temperature remained uninfluenced by the change in

the thickness of the PCM layer from 5 to 10 mm.

Behi et al., 2022 [68] enhanced the thermal conductivity of the PCM using a
composite of PCM-graphite. The PCM melting temperature ranged between (35-42
°C) with latent heat of 220 kJ/kg. The BTMS model consists of 24 cylindrical
batteries and was directly immersed in the PCM. The systems were tested under a
1.5C discharge rate at an ambient temperature of 25 °C. The results showed a slight
difference in the T, of the batteries model between pure PCM and PCM-graphite
cooling systems, which were 40.4, and 39 °C, respectively. Moreover, they obtained

a large temperature uniformity using the PCM-graphite.

Li et al., 2022 [69] studied experimentally the use of fluorinated liquid
immersion as a gas-liquid phase change material for cooling a single li-ion battery
18650-type. The boiling point of a fluorinated liquid was 33.4 °C. They compared it
with forced air-cooling under 2 and 4C at an ambient temperature of about 30 °C.
Their result found that immersion liquid cooling was better than forced air-cooling,
especially under 4C discharging. Where the maximum cell temperature rise was
14.06 °C for the forced air-cooling, while it was 4.97 °C for the immersion cooling

under 4C discharge rate.

Budiman et al. 2022 [70] studied experimentally three different arrangements
of carbon tubes filled with PCM and located between twenty Li-ion batteries 18650-
type. The experiment was conducted under discharge rates of 1, 2, and 4C at 25 °C
operating temperature. The results show that the three configuration models can

maintain the average temperature of no more than 40 and 55 °C for discharge rates
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of 1 and 2C, respectively. In contrast, all arrangements cannot keep the average

battery temperature with an acceptable limit at a 4C discharge rate.

Chen et al., 2022 [71] increased the thermal performance of the PCM cooling
and reduced the T,,,, during the discharging process by adding several circular fins
around the cylindrical battery and submerging it in the PCM-filled container.
COMSOL Multiphysics software was used to build the physical model. The
simulation results showed that the fins increase the PCM melting performance at the
start of the cooling process and reduce the T,,,, of the battery. Furthermore, the
simulation results demonstrated the minimum value of the T,,,, and the largest
volume fraction of the PCM liquid can be obtained with a fins number equal to 9,

whereas the battery T, ,, rises when the fins number exceeds nine.

Sun et al., 2023 [72] enhanced the PCM thermal conductivity using copper
foam. The experiment was conducted under a 3C discharge rate using sixteen thermal
dummy cells instead of real cells 21700-type. The thermal performance of copper
foam/PCM compares with natural air and pure PCM cooling models. The results
showed the T, of copper foam/PCM model can be reduced from 57.4 to 51.4 °C
compared with pure PCM. In addition, the maximum AT in the cells was maintained
at less than 5 °C at an operating temperature of 25 and 35 °C. Furthermore, the T,
increase using the natural air-cooling model was significantly larger than in the other

models and it exceeded the safety limit.

Li et al., 2023 [73] conducted a numerical simulation using dual PCMs
integrated with a fin arrangement for cooling a single Li-ion battery 18650-type. The
dual PCMs are pure paraffin and paraffin composites with expanded graphite. The
radial thickness of the PCM is 9 mm. The dual PCMs are separated by eight
aluminum fins and surrounded by an external aluminum shell. The thermal
performance of the dual PCMs model at various ambient temperatures and discharge

26



Chapter Two Literature Review

rates was examined. The results show the T,,,,,, were 29.87, 32.89, 34.69, 36.84, and
39.41 °C at an ambient temperature of 25 °C and under discharge rates of 1, 2, 3, 4
and 5C, respectively. The symmetric fin arrangement reduces the T4, and ATy, 4,

by 29.19 and 42.76 %, respectively, at ambient temperature of 40 °C.

Sudhakaran et al., 2023 [74] studied the effect of PCM thicknesses of 2, 4, 6,
and 8 mm; the volume percentage of copper foam were 1, 3, 5, and 7% on the heat
transfer performance of BTMS using a various type of PCMs (Capric Acid, RT-55,
RT-42, and RT-35). The simulation was conducted using ANSYS Fluent software for
a cylindrical battery having a heat generation rate of 94,023.84 W/m? at an ambient
temperature of 25 °C. The results showed that the Capric Acid has a lower cell
temperature of 30 °C, and the PCM material with 8 mm thickness has a lower cell
temperature. Moreover, the most effective parameter regarding the cooling
performance of BTMS used PCM was the PCM material of 35.4 % followed by
material thickness of 35.13 %, PCM heat transfer coefficient of 13.98 %, and the
added ingredient percentage of 5.09 %.

Wang et al. 2023 [75] numerically enhanced the PCM by adding expanded
graphite and examined the effect of phase transition temperatures of composite PCM
on BTMS performance. Three paraffin waxes with different melting points (45, 48,
and 54 °C), mixed with EG, were used to make three different types of composite
PCM. The numerical simulation model is carried out in COMSOL 5.2 software. The
study was performed under 1, 2, and 3C discharge rates for cylindrical Li-ion
batteries 18650-type at 20 °C ambient temperature. The most appropriate transition
temperature was equal to 48 °C, and the optimal parameters were 4.4 mm for battery
spacing, 0.8 W/m? K for convective heat transfer coefficient, and 10.9 % for mass

fraction.
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2.1.5 Compound cooling system studies

Jiang et al., 2017 [76] designed a hybrid BTMS of composite
paraffin/expanded graphite (EG) and forced air as a tube-shell configuration system.
The model consists of aluminum tubes containing battery cells surrounded by
composite paraffin/EG. These tubes are then placed inside a cylindrical baffled shell
to examine the forced airflow direction. The result shows the model significantly
reduces the temperature increase and keeps the AT lower than 2 °C. The existence of

baffles improves the heat transfer efficiency by changing the airflow direction.

Huang et al. 2018 [41] used three types of BTMSs to cool Li-ion batteries
18650-type under discharge rates of 1, 2, and 3C at 35 °C ambient temperature. The
three models include the Pure PCM model, a flat HP coupled with air-cooling, and
the PCM model. The third model was a flat HP coupled with liquid cooling and PCM.
The result showed that the use of a flat HP coupled with PCM could maintain the
Tinax at 50 °C under a 3C discharge rate and produce a good temperature uniformly.

The HP with liquid flow can reduce the AT by 3 °C than other models.

Qin et al., 2019 [77] proposed a hybrid BTMS of PCM combined with forced
air convection. The model consists of four cylindrical Li-ion batteries 18650-type,
twelve PCM containers, and nine aluminum ducts allowing airflow. It was tested
experimentally and theoretically by COMSOL Multiphysics 5.2 under 1, 2, 3, and
4C discharge rates and at 22 °C ambient temperature. The passive and active
approach to the BTMS performance was also compared. The results showed the
combined model can control the T,,,, and AT within a recommended limit.
Furthermore, the active mode has superior thermal performance compared to the
passive mode. Where the active mode can reduce the T,,,,, and AT by 16 and 1.2 °C
under 3 C rate, respectively. Also, the recommended gap between the batteries was

5 mm for application.
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Kong et al., 2019 [78] improved theoretically the BTMS by integrating the
composite phase change material with liquid cooling. The system was simulated
under a 3C discharging rate and 0.5C charging rate using COMSOL software. The
effect of cell gaps, liquid cooling velocity, and channel number was studied. Then,
the proposed model was designed experimentally to confirm the effectiveness of the
coupled system. The simulation results demonstrated the new model can hold the
Tmax and AT of the battery cell at 41.1 and 4 °C during 3C discharge rate and
ambient temperature up to 30 °C. Also, they noticed thermal performance enhanced
by increasing the cell gap up to 5 mm. Furthermore, the integrated system enhanced
the thermal performance of the batteries at different ambient temperatures and

reduced the cooling power consumption significantly.

Jilte et al., 2019 [79] modified numerically a conventional passive PCM
cooling system to stimulate the effect of active and passive PCM cooling on the
BTMS. The packing cell was arranged in several rows, each consisting of 6 Li-ion
batteries 18650-type. Each cell was surrounded by a 4 mm cylindrical shell of the
PCM. The model tested at discharge rates of 2 and 4C and ambient temperatures of
27, 35, and 40 °C. The simulation results confirm the PCM around each cell, which
led to better heat removal and enhanced the temperature distribution in the model.
Where the AT between the battery cell was within 0.05 °C at a 2C rate and 0.12 °C
at a 4C discharge rate. Furthermore, the PCM thickness of 4 mm around each cell is

sufficient for heat dissipation.

Wang et al., 2020 [40] introduced an experimental study of a hybrid cooling
for BTMS consisting of HP and PCM integration. The model consists of 40
cylindrical Li-ion batteries 18650-type, 14 aluminum HP charged with a 40 % filling
ratio of acetone as a working fluid, and 13 aluminum tubes filled with paraffin as a

PCM. The HPs have four circular grooves in the evaporator section to ensure tight
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contact with battery cells and four annular fins in the condenser section to enhance
the HP heat rejection. The experiment was performed at a 2C discharge rate and using
natural air convection with 25 °C ambient temperature. They found the hybrid model
could keep the T,,,, and AT across the battery pack within 47.7 and 2.5 °C,

respectively.

Huang et al., 2020 [80] examined experimentally and numerically the effect
of integrated composite PCM and forced air on BTMS performance. The
investigation was conducted under various air velocities of (0, 1, 2, 3 m/s) and
discharge rates of (1, 2, 3, 4C) at an ambient temperature of 25 °C. They concluded
that the PCM as a passive cooling system, cannot continue to absorb the heat
produced by the cell once the PCM has entirely melted. Furthermore, they found the
active combined cooling system from the PCM and forced air-cooling give more
temperature uniformity through the cell than the passive cooling system. Where the
Tinax and AT could be limited to 63 °C and 4.8 °C, respectively under a 4C discharge

rate using a 3 m/s forced air convection.

Yang et al., 2020 [47] investigated the thermal performance of a combination
of mini-channel water cooling with forced air at a 4C discharge rate. The
effectiveness of water flow rate, direction, tube space, and air-cooling velocity were
studied. The results displayed that the T,,,, and AT reduce with the water flow rate
increase following a significant rise in power consumption. At suitable values of the
system parameters can keep the AT within 4.13 °C and decrease the Ty, to 32 °C
at an operating temperature of 25 °C. The cooling tube amount has slightly improved
the cooling performance. Moreover, the high air-cooling velocity could reduce the

Tinax and AT of a battery model.

Hu et al., 2020 [81] studied the effectiveness of the HP integrated with PCM

on temperature control for the prismatic Li-ion battery cell under the 3C discharging
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rate. The integrated system was compared with the use of HP without integration.
The condenser HP section was cooled by water at a 25 °C inlet temperature. The
results show that the maximum temperature of HP-integrated PCM was 40 °C, but it
was 45.5 °C for HP use only. Moreover, the AT was decreased by 1.02 °C using the

HP integration system.

Chen et al., 2020 [10] studied theoretically the thermal performance of forced
air-cooling and PCM cooling. A two-dimensional thermal model consisting of
sixteen cylindrical 26650-type was built using COMSOL multi-physics modeling
software. The study was achieved at airflow velocities range between (0 to 8 m/s)
and various ambient temperatures range from 0 °C to 50 °C. The results show that
forced air cooling was more effective than pure PCM cooling, especially at high
operating temperatures. However, forced air-cooling has a lower temperature
uniformity at low air velocities. Moreover, the researchers suggested a combination
of forced air-cooling and PCM to extend the battery's life and obtain the best
temperature uniformity through the Li-ion battery pack. The battery cycle life can
extend by 600% as compared with PCM cooling, owing to the lower temperature

field in air-cooling conditions.

The thermal behavior of natural convection cooling, natural convection
combined with PCM cooling, and forced convection combined with PCM cooling
were investigated by Yang et al. 2021 [15] and compared under different discharge-
charge rates. The simulation is conducted using COMSOL multiphasic software. The
models cool four Li-ion batteries 18650-type arranged in a staggered array at 26.5
°C ambient temperature. Each battery is surrounded by a 2 mm PCM thickness. The
results demonstrated that the T,,,,, reached 53.94 °C under a 1C discharge rate with
natural convection which exceeds the optimal temperature. The combined forced air

and PCM cooling system can effectively reduce the T,,,, by 18 °C compared with
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the natural convection system. The simulation results showed that T,,,, of the
passive combined cooling system exceeds the safety limit under the 2C discharge
rate. Active cooling with a PCM combination is recommended for battery cooling

under a 2C discharge rate.

Abbas et al., 2021 [13] proposed two compact BTMS modules consisting of
flat HPs integrated with paraffin as PCM. Each module was comprised of two parts:
the lower part contains the HP evaporator section and PCM that fills the gaps between
the HP and battery cells, while the upper part contains the HP condenser section,
which was cooled by cooling water. One model contains five HPs with a gap of 4.5
mm, while the second model contains seven HPs without gaps to establish direct
contact between the HP and batteries. The results confirmed that the direct-contact
HP model reduced the T,,,, by 31% compared to the indirect-contact HP model
under a heat generation rate of 6 W. The PCM melting process occurs under high

heat generation rates of 4 and 6 W.

Angqi et al., 2022 [82] studied the effectiveness of the PCM as an active
cooling system to cool a single Li-ion battery 18650-type. The battery cell was
surrounded by two different shapes of circular and hexagonal chambers and
simulated using the COMSOL software. The models were put in an air duct to
examine the effect of air velocity variation between 0.1 and 0.4 cm/s with an air-
cooling temperature of 30 °C. They noted that the hexagonal chamber produced more
liquefied PCM than the circular chamber. Also, they observed that the increasing air
velocity increases the heat transfer coefficient and decreases the volume fraction of

the PCM.

Leng et al., 2022 [45] tested three BTMS models for cooling a prismatic Li-
ion battery; one used HP only, the second used PCM only, and the third used HP
coupled with PCM. The HP was flattened to get closely attached to the battery. The
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PCM melting temperature ranged between (42-44 °C) with latent heat of 178 kJ/kg.
The simulation was performed at 22 °C operating temperature for 20 W battery heat
generation. The theoretical result confirmed that a couple of flat HPs and PCM can
achieve a more temperature-controlled time and lower surface temperature than a

single PCM and HP. Furthermore, this coupling gave more energy-saving.

Gu et al., 2022 [83] used composite PCM (paraffin and expanded graphite)
coupled with air-cooling and fins. It has been found that the composite PCMs can
cool the Li-ion battery at 20 °C ambient temperature and natural convection under
2C discharge. Experimentally, the optimal axial and radial thicknesses of composite
PCMs found were 45 and 8 mm. While the composite PCMs coupled with four fins
and 1.23 m/s air velocity can keep the T4, below 60 at 30 °C ambient temperature
and 4C discharge rate. Moreover, a numerical simulation was conducted under high
discharge rates and different fin structures using COMSOL Multiphasic. The

simulation results show the fins could effectively decrease the flow dead zone model.

Kavasogullari et al., 2023 [44] investigated the thermal performance of a
hybrid BTMS using forced air integrated with PCM having 43 °C melting
temperature and 165 kJ/kg latent heat of fusion. The simulation model consists of
twenty-one battery cells 18650-type arranged in a 3P7S configuration. Each battery
has been wrapped in aluminum shells filled with PCM and placed in the air duct. The
simulation was carried out using different PCM thicknesses of (4, 6, and 8 mm), two
PCM types, and various Reynolds numbers of (100, 200, and 400) at 20 °C ambient
temperature using COMSOL Multiphysics software. The results show the model
gives a better cooling performance as compared without the use of PCM and it can

keep the AT below 5 °C.
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2.2 Conclusions Obtained from Previous Research

From the previous studies mentioned above, some important research related to

improving the PCM heat conduction, HP configuration, and coupling system

performance, are summarized in Table (2.1).

Table (2.1) Summary of previous studies.

No. é::?or and Study type BTMS types Parameters Results
Heat generation
1 2R(§1 ?SGE;]I" Experimental | Wicked HPs was equal to 50 ;he n;)c;cllsivcggtg(éls the
W, Tynp=22°C | ™
The T,,q, and AT
) Wang et al., Experimental HP and PCM 2C-rate and across the battery pack
2020 [50] p integration Tomp=25 °C were 47.7 and 2.5 °C,
respectively.
Tmax and AT can be
1 and 1.5C-rate | kept less than 50 and 7
Flat thermosyphon o
3 Wang et al., Experimental | HP with water and C under 1.5C-rate and
2021 [4] p \ Tyater in=24 °C | less than 37 and 3 °C
cooling ’
under 1C-rate,
respectively.
Passive air, passive Tinax €xceeds the safety
Yane et al air combined with 1 and 2C-rate limit under a 1C-rate.
4 ) 32‘;’, [eg]a ' Simulation PCM, and active air | and Ty,,,=26.5 | Active combined
combined with °C cooling can be kept.
PCM Tinayx under a 2C-rate
Three models; HP . Thg coupled model can
Heat generation | achieve a more
Leng et al., . . only, PCM only,
5 Simulation was equal to 20 | temperature-controlled
2022 [18] and HP coupled W. T =97 °C | and lower T..... and
with PCM > “amb max -
more energy-saving
. . different PCM | Detter performance
Kavasogullari forced air thicknesses. two compared to without
6 |etal, 2023 Simulation integrated with PCM t es’ and PCM integrated and it
[15] PCM L LPes, can keep AT below 5
various Re No. | ¢ C
: AT equal to 2.6, 4, and
Azizi and Experimental | PCM combined Effect of adding 6.7 °C using the
: . . fins on PCM . :
7 | Sadrameli, and with aluminum integration, PCM only,
. . . under 1, 2, and .
2016 [24] simulation wire mesh 2Corate and without any
BTMS, respectively
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. A model can reduce the
Qin et al., Experimental Integration of PCM ,2,3, and iC- Tmax and AT by 16
8 and & rates, Tymp = 22
2019 [28] : . with forced air oy 2 amb and 1.2 °C under 3 C
simulation C .
rate, respectively
Effect of
Huane et al Experimental | Integration of integration Tmax and AT could be
9 2(;120 %27] ” land composite PCM under 4C-rate, limited to 63 and
simulation with forced air Tamp=22 °C, air | 4.8°C, respectively
velocity=3 m/s
Using 8 fins can
Experimental | PCM with and Effect qf heat improve the working
Zheng et al., . . generation rate . o
10 2020 [66] and without aluminum of 10. 12.5. and time by 61% compared
simulation fins 15 W’ " to without fins under a
15 W heat rate.
. . . Comparing Tinax €qual to 40 °C
1 ﬁllzihg}s;ef:ge Er)lié)erlmental Flat HP with water | between using and 45 °C with and
2021 [34] ’ simulation cool condenser HP and without | without HP,
HP respectively
Effect of direct | Direct-contact HP
Abbas et al Experimental | Two models of flat | and indirect model reduced the
12 2021 [35] ” | and HPs integrated with | contact Tnax by 31% compared
simulation paraffin as PCM condenser HPs | to the indirect-contact
with batteries HP

Furthermore, the following conclusions can be made from the studies

mentioned above:

(1) Most of the investigations on active cooling systems combined from the PCM

and forced air on a cylindrical battery were achieved theoretically.

(2) The majority of experiments consisting of a pure PCM or PCM metal form

combination were reported for Prismatic cells or at a low ambient temperature.

(3) Battery systems based on cylindrical cells embedded in the PCM were generally

a single cell surrounded by the PCM or multi-cells with the PCM filled in

between them.

(4) Numerous investigations using the HP with the Li-ion battery were made.

However, the investigation of the HP strategy for the cylindrical battery pack

contacting the surface in the evaporator section was seldom presented in previous

studies.
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(5) Due to their classification with maximum self-heat rate and potential hazards of
thermal runaway, very few studies have focused explicitly on cylindrical lithium
cobalt oxide (LiCoO2)-type cells. However, they possess the highest energy
density [84, 85], which is a crucial factor for Li-ion batteries. Additionally, major
EV manufacturers currently employ LiCoO; batteries for some of their car
models such as the Tesla Roadster and Daimler Smart Fortwo [23]. Moreover,
LiCoO, batteries find applications in various other devices such as digital

cameras, cellular phones, and laptops [86].
2.3 Scope and Originality of the Current Work

The objective of the present work is to enhance the performance of the Li-ion battery
cooling system under high ambient temperatures (up to 40 °C). This can be achieved

through:

1- Developing two novel configurations of hybrid cooling models for the BTMS,
consisting of twelve cylindrical Li-ion batteries type 18650-type LiCoO: with a
capacity of 2600 mAnh.

2- The first model integrates PCM and aluminum fins with a forced air-cooling
system. The aluminum fins are used to enhance thermal conduction within the
PCM and accelerate heat transfer to the cooling air, while the PCM is employed
to store excess heat generated by the batteries.

3- The second model employs a flat HP with a finned condenser and an arc-shaped
evaporator to get direct contact with the cylindrical batteries, improving heat
dissipation efficiency.

4- Comparing the thermal performance of the two proposed models with standalone
systems using pure PCM and air cooling to evaluate their effectiveness.

5- Conducting experiments at different battery discharge rates (1, 2, 3C) and varying
cooling air velocities (0.75, 1.5, 2.25, and 3 m/s).
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6- Developing a numerical simulation using COMSOL Multiphysics software to
model the proposed configurations and validate the simulation results against

experimental data.
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Chapter Three
Numerical Simulation
3.1 Introduction

In this chapter, five different BTMSs are numerically investigated to examine the
thermal performance of these models. The numerical analysis is achieved using
COMSOL Multiphysics software (version 5.6) depending on the finite element
method. This approach is chosen to simulate and solve the hybrid cooling models
due to its highly precise results and ability to use a couple of multi-physics tests [87].
3D-simulation models with time-dependent and multi-physics interface solvers are
used. The five models considered in this study include the usage of various cooling
systems: one employs a passive cooling system, two utilize active cooling systems,
and the remaining two feature hybrid cooling systems. The models are analyzed
under different conditions of Li-ion battery discharge rates (C-rate) of 1, 2, and 3C,
various operating temperatures (T;,) of 25, 30, 35, and 40 °C, various inlet air
velocities (u;,) of 0.75, 1.5, 2.25, and 3 m/s, and Reynold numbers range from 1,850
to 13,400 for active and hybrid cooling systems.

3.2 Battery Pack Cooling Models

3.2.1 Air-Model

The Air-Model of the Li-ion battery pack consists of twelve batteries of 18650-type
LiCoO; with a diameter of 18.2 mm and a height of 65 mm as shown in Figure (3.1).
The batteries are arranged in three rows with four batteries in each row and located
in the air duct of a cross-section area (70 x 80) mm?. The longitudinal (SL) and
traverse (St) distances between the adjacent batteries are 23 and 25 mm, respectively.

The cooling air flows from the left side of the duct (inlet) to the right side (outlet)
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through the gaps between batteries at specified values of velocities and temperatures.
The heat is generated from the batteries with a certain amount depending on the
discharge rate and transferred to the cooling air. The battery's thermo-physical
properties that are used in the present simulation are listed in Table (3.1). Moreover,
the effectiveness of positive and negative battery electrode structures is ignored to

simplify the modeling process and to reduce the computational time of the numerical

solution.

Outlet
cooling air

23 mm

25 mm

Inlet )

|
cooling air |

Figure (3.1) Schematic diagram of the battery pack of Air-Model.

Table (3.1) Thermo-physical properties of the battery [88, 89].

Parameter Value Unit
Density 2720 [kg/m?]
Specific heat capacity 830 [J/kg. °C]
Thermal conductivity 0.55 [W/m °C]
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3.2.2 PCM-Model

In this model, a BTMS based on phase change material cooling is simulated. The
purpose of this model is to examine the effectiveness of passive cooling on battery
thermal management and compare it with other cooling systems. Therefore, a three-
dimensional model using a pure PCM of type Rubitherm-RT47 with a melting range
of (41-48 °C) is simulated. The selection of PCM was to be suitable for high-
temperature operation, maintain the battery pack temperature within the optimal
operating temperature limit, and store the greatest possible amount of heat generated

within this temperature range.

The configuration of the battery pack and dimensions are arranged as in the
Air-Model for results comparison. The battery pack is submerged in a PCM container
of dimensions (65%x75%x92) mm? as shown in Figure (3.2). The PCM thermo-physical
properties are illustrated in Table (3.2). The upper boundary of batteries and PCM
are exposed to free convection of coefficient h = 5 W/m?K [68, 74]. The other outer

walls are assumed insulated surfaces without heat exchange with the surroundings.

23 mm

Battery cell

Figure (3.2) Schematic diagram of the battery pack of PCM-Model.
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Table (3.2) Thermo-physical properties of the PCM (RT47).

Parameter Value Units
Melting range 41-48 [°C]
Latent heat of fusion 160 [kJ/kg]
Specific heat capacity 2 [kJ/kg °C]
Solid phase density 880 [kg/m?]
Liquid phase density 770 [kg/m?]
Heat conductivity (both phases) 0.2 [W/m °C]

3.3.3 PCM/Fin-Air-Model

In this model, a three-dimensional hybrid cooling system is simulated. The model
consists of PCM integrated with aluminum fins and forced air. The purpose of fins is
to increase the heat transfer surface area and improve the temperature distribution of
the PCM. Additionally, the use of forced air is to remove the heat transfer and remove
the heat generated by the battery pack. The battery pack was arranged in a
symmetrical model thus the middle battery row is considered in modeling the cooling
system to reduce the computation time of the numerical solution. Figure (3.3) shows
the battery row considered in the numerical analysis which consists of 4 batteries
18650-type arranged in series and surrounded by two PCM jackets of 62 mm height
and 104 mm length.

Each PCM container is made of 0.5 mm thick aluminum plates equipped with
6 aluminum fins of dimension (62 x 11 x 0.5) mm? and filled with a pure PCM of
type Rubitherm-RT47. The interval distance between adjacent batteries in each row
is 8 mm, while the air gap between adjacent rows is 6 mm in width. The hybrid
cooling system was located inside the air duct to examine the cooling air velocities
and operating temperature variations. The inlet cooling air flows from the inlet to the

outlet of the duct through the gaps between battery rows at constant velocity and
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temperature. The other two sides of the model are simulated as symmetrical walls for

heat transfer and fluid flow.

(A) Aluminum fins Air channals
-
Inlet air Outlet
—_—r— - — - — — - — - -+ Eﬁ air
|
|
r e
:
- >
|
: \ Battery PCM { mm
! cells
I
! Symmetry 11mm
r: (B) plane
5 P >~ _ __ .
|
[ [
L= > ,
y L - [ ——==—"2-= = - - - — L — J
104 mm
L X
©) .

Aluminum shell

Outlet
26 mm \/ coolin
= R air

Inlet
cooling air

-

Figure (3.3) Schematic of the battery pack PCM/Fin-Air model. (A) Top view of the

complete model, (B) top view of a selected row, and (C) 3D view of the selected row.
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3.3.4 HP-Model

In this model, the effectiveness of the heat pipe (HP) with a compact contact area on
the performance of the battery thermal management is studied. Therefore, a three-
dimensional model of HPs with a double-groove evaporator is simulated. The
grooved evaporator was made to get direct contact with the cylindrical battery
surface on each side which increases the heat transfer area and reduces the thermal
resistance. Due to the symmetry of the battery pack model, only half of the battery
model consisting of three HPs with six battery 18650-type was modeled as shown in
Figure (3.4).

The condenser sections of the HPs are equipped with ten rectangular copper
fins of dimension (88 x 40 x 0.35) mm? with a space of 2.3 mm between two adjacent
fins. The condenser section is placed in the air duct with cross-sectional dimensions
of (30 x 44) mm? to examine the cooling air velocity and temperature variations. The
total length of the HP is 140 mm while the condenser and evaporator lengths are 30
and 65 mm, respectively. To simplify the model calculation, the HPs are simulated
as a metal plate with a thermal conductivity of 700 W/m. K, which is measured

experimentally.
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Figure (3.4) Schematic diagram of the HP-Model.

3.3.5 HP/PCM-Model

In this model, the effectiveness of HP that is used in the previous HP-Model with
PCM integration on the performance of the battery thermal management is studied.
Therefore, the structure and dimensions of HPs are similar to that used in the HP
model. In contrast, the HPs evaporator section and battery pack are submerged in a
PCM container of dimension (76 x 47 x 65) mm? as shown in Figure (3.5). A pure

PCM of type Rubitherm-RT47 is used in this model.

Consequently, there are two ways to remove the heat generated from the
battery cell during the battery discharging process: the first is using PCM to absorb
the extra heat from battery cells, while the second way is using HP to release the heat
to the environment. Moreover, in this simulation model only one-half of the battery

pack is considered in the numerical analysis due to the battery model symmetry, and
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to reduce computation time. Therefore, the left wall of the air duct and evaporator

section is assumed as a symmetrical wall.

74
y\I/x
Figure (3.5) Schematic diagram of the HP/PCM-Model.

3.4 Assumptions

To simplify the numerical simulation of the present battery cooling models the

following assumptions are considered:

1) Unsteady heat transfer and steady fluid flow.

2) The thermal radiation and the buoyancy effect in all models are neglected.

3) Three-dimensional and incompressible cooling airflow are considered for both
laminar and turbulent flows.

4) The volumetric variation of PCM through the melting process is neglected.

5) The thermo-physical properties of PCM are assumed constant for both phases

except the density that changes with phase change.
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6) Conductive heat transfer is considered to govern the heat transfer in the PCM,
while the convection heat transfer and gravitational effects are ignored.

7) The thermal resistances between the PCM and battery cells are neglected.

8) The structure of the positive and negative battery electrode connection is
ignored to enhance the computational speed of the numerical solution.

9) All battery cells are modeled as a solid body having the same volumetric heat

generating.
3.5 Governing Equations

Three-dimensional modeling is considered in the simulation of the all-cooling
models for the Li-ion battery pack. The finite element method is used to solve
governing equations, and all variables were solved using linear discretization,
unsteady for heat transfer and steady for airflow. Furthermore, the governing
equations for the air side are solved by considering the air flow regime as laminar or
turbulent depending on the value of the Reynolds number. The heat transfer in solid
and fluid modules, which involves non-isothermal flow, multi-physics, and time-
dependence, is used to solve the energy equations in the air, HPs, copper fins,
aluminum shells, PCM, and battery cells. The relative tolerance was selected to be
0.005. For cooling air simulation, the k-epsilon model is used in solving the
simulated turbulent flow of the battery cooling system due to its stability, relatively

lower computational time, and acceptable accuracy [25].
The governing equation can be listed as follows:

1) The momentum equation in the liquid PCM is not considered, and the heat
transfer through the PCM, battery, and solid regions is governed by the energy
conservation equation as follows:

The battery energy equation is simulated as [49, 73]:
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prpb 6 - V. kaTb - Qgen (3-1)

Where py, is the battery density (kg/m?), C, 1, is the battery specific heat (J/kg. K),
k, 1is the battery thermal conductivity (W/m. K), T}, is the battery's absolute

temperature (K), Qgep, 18 the battery volumetric heat generation (W/m?).

The PCM energy equation is simulated as [66, 73]:

oT
PpcmCp,pcm ng V.(kpcuVTpem) = 0 (3.2)
dam
Cppcm = OsCps + 01Cp 1 + Lpey —- po (3.3)
_ 191—95
Ay = 25.76, 3.4)
6, +6,=1 (3.5)

Where ppcum, kpem and Lpcy, are the density (kg/m?), thermal conductivity (W/m.
K), and latent heat (J/kg) of PCM, respectively. 85 and 8, are the percentage of
solid and liquid in the PCM, respectively.

The solid region of the heat pipe and fins domain, the energy equations are

simulated as [44]:

- V kHPVTHP ES 0 (36)

Where pyp and Cp, yp are the heat pipe average density and specific heat which

are equal to 2650 kg/m* and 1020 J/kg. K, respectively, based on a weighted

average method for acetone and copper pipe. kyp is the heat pipe equivalent
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thermal conductivity which is equal to 700 W/m. K which is measured
experimentally. p¢, C, ¢, ks and Ty are the density (kg/m?), specific heat (J/kg. K)

thermal conductivity (W/m. K), and absolute temperature (K) of fins, respectively.

2) For the cooling air domain, the heat transfer and fluid flow are governed by the
continuity, momentum, and energy conservation equations as follows [13]:
Continuity equation:

For the incompressible steady flow, the continuity equation is expressed as:
paVu =0 (3.9)
Where p,, is the air density (kg/m?) and u is the velocity vector (m/s).

Momentum equation:
For the unsteady, compressible, Newtonian fluid and laminar flow, the momentum

equation is expressed as [90]:
2 2
Page + Pl VU = —Vp + V. [u(Vu + (Vu)) — 2 (V. w)I | + pog (3.9)

Where p is the air dynamic viscosity (Pa. s), p is the air pressure (Pa), and I is the

unit diagonal matrix (unit tensor), and (Vu)” is the velocity gradient tensor.

For steady the (% = 0) and for incompressible flows, the divergence of the

velocity vector is zero (V - u = 0), and for neglection the buoyancy effect (p,g =

0), the equation (3.9) reduces to:
pau.Vu = —=Vp + V. [u(Vu + (Vu)T)] (3.10)

For the unsteady, compressible, and turbulent flow, the momentum equation is

expressed as [90]:
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Ju
Pa s+ Pa VU = V.[—pl + (u + ) (Vu + (V)T) = 2 (u+ pr) (V) = 2 pgkl|  (3.11)
Where pr is the air turbulent dynamic viscosity (Pa. s),

For the steady, incompressible, and turbulent flow, the momentum equation

(3.11) reduces to:
pa(u.V)u =—=Vp + V.[(L+ pr)(Vu + (Vu)")] (3.12)

The k-epsilon (k-¢) model is used in solving the simulated turbulent flow. Where
k is the turbulent kinetic energy (m?/s?) and « is the dissipation rate (1/s). These

are calculated as:

Pa(.Vk = V.[(u+ ﬁ—Z)Vk] + P, — pye (3.13)

2
pe(U.V)e =V, [(u + ﬁ—:)Vs] + CsliPk — Cezp% (3.14)

The values of parameters C.q, C., 0. and oy are 1.44, 1.92, 1.3 and 1 [90],
respectively. ur and P, are the turbulent viscosity and turbulence production,

respectively, which are calculated as:

2

k
r = 0C, G.15)
C, = 0.09

Energy equation:

For unsteady heat transfer, the energy equation for the air domain is expressed as:

0T,

PaCpas + PaCpalt- VT, — V. (kgVTy) = 0 (3.17)
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Where kg, Cp,, and T, are the air thermal conductivity (W/m. K), specific heat

capacity (J/kg. K), and absolute temperature (K), respectively.
The Reynolds numbers (Re) is calculated as

Re =’)“Z—a"h (3.18)

Where u, is the inlet airflow velocity at the inlet section for each model, u, is
the average dynamic viscosity of air, D, is the hydraulic diameter of the air
channel which is determined as:

4Ag _ A(HgXWq)
Pg  2(Hq+tWq)

D, = (3.19)

Where H; and W, are the height and width of the air channels.

The airflow is considered in the laminar regime when the Reynolds
number is (Re < 2300), while it becomes in the turbulent flow regime for (Re >
2300) [90]. Depending on the values of the Reynolds number shown in Table
(3.3) the airflow is considered in the laminar regime for HP-Model at u;, =
0.75 m/s only and in the turbulent regime for other values of u;,. In contrast,
the flow is considered in the turbulent regime for all airflow velocities for Air-
Model and PCM/Fin-Air-Model.

Table (3.3) Reynolds number values for the cooling models.

Model Re
Uy, =075 | uyp, =15 | uy, =225 u;,, =3
(m/s) (m/s) (m/s) (m/s)
Air-Model 3,127 6,254 9,381 12,508
PCM/Fin-Air-Model 3,350 6,700 5,515 13,400
HP-Model 1,851 3,702 5,553 7,404
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3.6. Initial and Boundary Conditions

1) The initial temperatures of batteries, PCM, fins, and HP are all set at the same
temperature as the initial operation temperatures that are used in the simulation.

The computational domain of the present models are shown in Figures (3.6 A-E).
t=0 Ty = Tpcm = Ttin = Typ = To (3.20)

Where Ty, Tpcm, T, Typ, Ty are the battery, PCM, fin, HP, and operation

temperatures, respectively.

2) The Ty, 1s simulated to be constant at specific values of 25, 30 35, and 40 °C which

1s equal to the operation temperature.
Tin =Ty (3.21)

3) The u;, is set to be constant at specific values of 0.75, 1.5, 2.25, and 3 m/s, while

outlet air condition is set to have a pressure equal to atmospheric pressure.
u;, = 0.75,1.5,2.25, 3 (?) (3.22)

Pout = Patm (3.23)

4) The outer surfaces of the duct are assumed as thermally insulated surfaces, and the

other parts of HP-Model boundaries located outer the duct are thermally insulated.
—n.q=0 (3.24)
where n denotes the outward normal vector on the boundary of the domain.

5) Symmetric flow condition is imposed in the air duct of HP and Fin/PCM-Air-
Models [44].
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—n.q=0 (3.25)
un=20 (3.26)
K, — (K,.n)n =0,K, =kn (3.27)

6) No slip boundary condition is considered between the inside wall surface of the

channel and airflow.
u, =0 (3.28)

7) The boundary conditions at the contact surface between batteries-solid surface,
batteries-PCM, and solid surface-PCM are defined by the energy conversation

equations as follows [44]:

oT 0T

_kb a—; = _ks E (329)
oT oT

_kb a__: - _kPCM aP;M (330)
0Tg oT

—ks I —kpcm ;;M (3.31)

Where kj,, kg and kpcy are thermal conductivity of the battery, solid surface of
the aluminum fin and heat pipe, and PCM (W/m K), respectively. Z—TTL is the
temperature gradient.

8) The boundary conditions of the external wall (batteries and fins) that are cooled

by forced air is defined as [73]:

—ky 22 = h(T, — T,) (3.32)
T,
—ky 2 =h(T; = T,) (3.33)
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Where h is the heat transfer coefficient of air (W/m? K). Tg and Ty, are the solid

surface and battery surface temperatures.

9) The upper boundary of batteries and PCM for the pure PCM-Model are defined as

exposed to free convection as [73]:

oT
—kpcm ;—nCM = hyp(Teem — Ta) (3.34)
oT
—kp 6_1? =hy(Tp, — To) (3.35)

Where h,, is the free convection heat transfer coefficient of 5 W/m?K [78].

10) The heating generation source was applied to the battery bodies in each model.
Qgen = Qgen,le Qgen,ZCf Qgen,3C (3.36)

Where Qg is the volumetric heat generation in W/m3, which were determined

experimentally for battery cell 18650-type LiCoO-, as in equation (5.2).
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3.7 Grid Independence

The proper grid number is selected depending on the maximum temperature variation
of the probe point on the battery's surface. To simplify the model, the tab of the
battery is ignored and the battery is represented as a cylindrical cell. The physically-
controlled mesh is applied for the different models to find the mesh size and a
tetrahedral grid density is considered for each model. The mesh independence size
has been conducted for air velocity of 1.5 m/s, 3C rate, 40 °C ambient temperature,
and various mesh sizes.

Figures (3.7 A-E) show the variation of the Tj,,,x with the number of meshes
for different cooling models. It is observed that the T, become more stable when
the number of grids reached 899073, 435072, 1714672, 1447276, and 1513462 for
Air-Model, PCM-Model, PCM/Fin-Air-Model, HP-Model, and HP/PCM-Model,
respectively, and the maximum deviation percentage in the T, of the battery was
within 0.11, 0.04, 0.24, 0.16, and 0.15% as the grid number increased to the selected
number for these models, respectively. Therefore, these grid numbers are considered
in the computation.

Subsequently, a personal computer equipped with a Core 17 processor and a
total memory capacity of 32 GB (RAM) was used to achieve the simulation models.
The meshing structure of the five battery cooling models is shown in Figures (3.8 A-
E). The duration of the computation varied between 2 and 21 hours, depending on
the model type. Figure (3.9) shows the schematic of the flow chart of the numerical

solution steps implemented by COMSOL software.
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Figure (3.7) Variation of the T,,,,, with the mesh numbers of (A) Air-Model, (B)
PCM-Model, (C) PCM/Fin-Air-Model, (D) HP-Model, and (E) HP/PCM-Model.
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y\L’x

(E)

Figure (3.8) Meshing structure of (A) Air-Model, (B) PCM-Model, (C) PCM/Fin-
Air-Model, (D) HP-Model, and (E) HP/PCM-Model.

Table (3.4) Mesh independence number of different models.

Model type No. of element | Variation percentage in T4,
Air-Model 899,073 0.11%
PCM-Model 435,072 0.04%
PCM/Fin-Air-Model 1,714,672 0.24 %
HP-Model 1,447,276 0.16
HP/PCM-Model 1,513,462 0.15 %
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Figure (3.9) Flow chart of the numerical solution.
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Chapter Four
Experimental Work
4.1 Introduction

In this work, the battery surface temperature and temperature distribution at various
operation conditions of discharge rates of 1, 2, and 3C, inlet air velocities of 0.75 and
1.5 m/s at ambient temperature of 40 °C using five different models are investigated

experimentally. Also, the battery heat generation and discharge voltage are measured.

The five models included two standard models and three novel models. The
two standard models are used standalone PCM refers as (PCM-Model) and forced
air refers as (Air-Model) to cool the battery pack, while the first novel model refers
as (PCM/Fin-Air-Model), uses aluminum fins coupled with PCM and forced air, the
second novel model refers as (HP-Model) uses a special design of a flat HP having a
double circular grooved evaporator and finned condenser, the third novel model refer
as (HP/PCM-Model) is same as second model HP-Model in addition to use of the

PCM combination in the evaporator section.

The purpose of usage standard models is to assess the performance of new
hybrid models, as well as the results acquired from these novel models were
compared with other literature studies that employed hybrid models of PCM and
forced air combination to verify the effectiveness of the present modes. All tested
models consist of twelve cylindrical batteries of 18650-type LiCoO, arranged as
three batteries in parallel electrical connection and four batteries in series electrical

connection. The main specifications of the Li-ion batteries are presented in Table

(4.1).
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Table (4.1) Specifications for Li-ion batteries type 18650-type LiCoO:2 [88].

Properties Specifications Units
Nominal capacity 2600 [mAh]
Dimension (diameter % length) | 18.2x65 [mm]
Mass 46 [g]
Heat capacity 830 [J/kg °C]
Positive electrode Lithium cobalt oxide (LiCoO,)
Negative electrode Graphite
Nominal voltage 3.7 [V]
Cut-off voltage 2.5-4.2 [V]
Internal resistance 41-43 [m Q]
4.2 Test Rig

Figures (4.1) and (4.2) illustrate the experimental system's schematic diagram and
the photograph of the test rig, respectively. The system consists of the following
components: air duct, DC load tester, power supply, temperature sensor with data
logger, battery resistance meter, digital Pitot tube, air blower, gate valve, laptop, and
test section.

Two air cooling ducts (Type-I and Type-II) are utilized in the present study
to evaluate the effectiveness of cooling air velocity on the models, as shown in
Figures (4.3) and (4.4). The ducts differ only in cross-sectional area, while the other
configurations remain symmetrical. Type-I has a cross-sectional dimension of (110
x 70) mm? and is used for the Air-Model and PCM/Fin-Air-Model. Type-II, with a
cross-sectional dimension of (30 x 88) mm?, is employed for cooling the condenser
section of the HP-Model and HP/PCM-Model. Both ducts feature a conical entrance
with a 3.5° incline angle to ensure uniform air distribution [92]. Additionally, they

are equipped with an air blower and an adjustable gate valve to regulate air velocity.
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Figures (4.1) Schematic diagram of the experimental system.
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Figures (4.2) Photograph of the test rig.
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Figures (4.4) Photograph of Type-II air duct with HP/PCM-Model.

4.2.1 Air-Model

The Air-Model involves the use of forced air convection only. It consists of twelve
batteries connected in three batteries in parallel and four batteries in series. The
distance between each adjacent cell is 23 mm in longitudinal battery separation (SL)
and 25 mm in transverse battery separation (St). The schematic diagram and
Photograph of the Air-Model are depicted in Figures (4.5) and (4.6), respectively.
The model is positioned in a Type-I air duct to test forced-air velocities and measure

air temperatures at the inlet and outlet.
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To record temperature, eight K-type thermocouples with 0.2 °C accuracy
were employed. Two thermocouples are utilized to measure the temperature of the
cooling air before and after the battery pack, while six thermocouples are affixed to
the middle point of the batteries' surface at various locations to measure T, ,, and
AT, ax» as 1llustrated in the Figure (4.5A). The thermocouple sensors are connected
to a temperature data logger of the Applent-AT4208 type, which automatically

records temperature readings and transmits them to the computer.

Battery cells Thermocouples sensor Thermocouples sensor

Y . S Battery
T T — cell
000ee
Inlet air Te — Ts 25—
(A) (B)
Figure (4.5) Schematic diagram of the Air-Model (A) Top view (B) Front view.

11

Air duct

(dimensions unit are in mm).

Figure (4.6) Photograph of the Air-Model.
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4.2.2 PCM-Model

The present model is based only on the passive cooling technique. Where the heat
generated from the battery pack is absorbed by the PCM without using an external
power source owing to the high latent heat of its phase change. The arrangement and
distance between each adjacent cell of the PCM-Model is the same as the Air-Model
only the gaps between the battery cells are filled with PCM as shown in Figures (4.7
A and B).

A PCM type Rubitherm-RT47 having a melting area between (41-48 °C) is
used in this model. The selection of PCM was to be suitable for high-temperature
operation and maintain the battery pack temperature within the optimal operating
temperature limit (50 °C). The PCM properties are listed in Table (3.2). The model
is completely covered by a 1.5 cm thickness of thermal wool insulation. Moreover,
six K-type thermocouples were employed to record battery surface temperature and
distribution at the same location in the Air-Model as shown in Figure (4.7A).

Battery cells  Thermocouples sensor
A A

/
/
/ . . .

—* 76
N\ 25
(19 15> \&
PCM ‘423’1 Thermal
95 insulation
(A) (B)

Figure (4.7) PCM-Model test section with temperature sensor location (A)

Schematic diagram (B) Photograph (All dimensions are in mm).
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4.2.3 PCM/Fin-Air-Model

In this model, a new hybrid cooling system combined of active and passive cooling
are used. The model consists of twelve batteries arranged in three batteries in parallel
and four batteries in series. All batteries are enclosed with six shells made from
aluminum plates with a thickness of 0.48 mm. Each shell is filled with 0.03 kg of
pure PCM-type Rubitherm-RT47 and provided with six aluminum fins to enhance
heat transfer through the PCM layer. Each battery row was almost surrounded by two
aluminum shells on each side to improve heat conduction between the batteries and
the aluminum shell surfaces. A 6 mm air channel was left between the rows to allow
cooling air passage, as depicted in Figures (4.8) and (4.9).

The batteries and aluminum shell's contact areas are covered with a small
amount of thermal conductive oil to decrease interfacial thermal resistance. Eight K-
type thermocouples were employed, two thermocouples to record cooling air
temperature at the inlet and outlet and six thermocouples to record batteries surface
temperature which is distributed at the same location in the Air-Model as shown in
Figure (4.8A). The model is positioned in a Type-I air duct to test forced-air velocities

and measure air temperatures at the inlet and outlet.

Aluminum fins  Thermocouples sensor Air channals

# 110
— |
 CHOHEH, reu
-+ k
jacke
Inlet air 3J 65 70
J' Qutlet air
g I
6 Batte
— cel];y Air duct
PCM tz'f'j
(A) (B)

Figure (4.8) PCM/Fin-Air-Model schematic drawing (A) Top view (B) Front view
(dimensions unit are in mm).
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~ Thermocouple

Figure (4.9) Photograph of PCM/Fin-Air-Model.

4.2.4 HP-Model and HP/PCM-Model

The second (HP-Model) and third (HP/PCM-Model) novel models consist of six flat
HPs, in addition to the use of PCM integration for the HP/PCM-Model only. HPs
work depending on the thermosyphon effect of vapor pressure difference and the
gravity effect between the evaporator and condenser sections (without using the wick
structure). So, when the working fluid inside the HP absorbs the heat and evaporates,
the vapor pressure difference is rapidly formed between the evaporation section and

the condensation section, which moves the hot vapor to the condensation section
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where the heat is released and the condensed vapor returns to the evaporation section
due to gravity.

Each HP is made from a cylindrical copper tube with an outer diameter of
15.8 mm and an inner diameter of 14.6 mm. The HP has been formed to get a double
circular groove with an arc angle of (6=120°) in the outer surface of the evaporator
section and an oval cross-sectional of (21 x 5) mm? in the condenser section. The
two circular groove shapes were made to get direct contact with the two cylindrical
battery surfaces which increases the heat transfer area and reduces the thermal
resistance, while the oval cross-sectional reduces the pressure losses in the forced air
convection. The contact areas between the HP evaporator and batteries are coated
with a thin layer of thermal conductive silicone to reduce heat resistance. The
Photograph of HPs is shown in Figure (4.10), while the schematic diagram of the
HPs and PCM combination is shown in Figure (4.11).

Furthermore, ten pieces of rectangular copper fins (88 x 40 % 0.35 mm?) were
welded on the condenser section to enhance the heat transfer with a space of 2.3 mm
between two adjacent fins. The total length of the HP is 140 mm while the condenser
and evaporator lengths are (30 and 65 mm), respectively. The filling ratio of 40+£5%
with acetone as a working fluid was used, and a vacuum pump was used to produce
the vacuum inside the HP through the service valve located at the top of the HP. The

thermal properties of acetone are presented in Table (4.2).

The condenser section is placed in the Type-II air duct to examine the air
velocity variation effect and record the inlet and outlet air temperatures. Thermal
wool insulation with 1.5 cm thickness was used to insulate the evaporator and
adiabatic sections of HP in addition to the upper part that contains the service valve.
Furthermore, 0.03 kg of pure PCM type Rubitherm-RT47 is used to submerge the
battery pack and the evaporator section in the HP/PCM-Model. The usage of PCM
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integration in the HP/PCM-Model is to get more temperature uniformly and control,

as well as, to assess the effectiveness of PCM adding.

(A) (B)

Fins ) Service valve '

. Condenser
section

| duct
. Evaporator
section
Temp.
Sensors
©) (D)

Figure (4.10) Photograph of the HP-Model: (A) copper tube of the HP, (B) fins, (C)
HP after fabrication, and (D) HP with Li-ion battery connections.
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Figure (4.11) Schematic diagram of the HP/PCM-Model and temperature sensor
location (A) front view (B) side view (C) top view (D) bottom view (F) HP

evaporator cross-section. (All dimensions are in mm).

Twelve K-type thermocouples with a 0.2°C precision were used to record the
temperature. Six thermocouples were attached to the middle of the outer surface of

the batteries at different locations on the batteries to measure the surface temperature
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of the batteries and the temperature difference between them. Four thermocouples
were used to measure the average temperature of HP sections, two at the condenser
section and two at the evaporator section. Furthermore, two thermocouples were used
to measure the cooling air temperature at the inlet and outlet of air ducts. The

locations of thermocouples are illustrated in the Figure (4.11).

Table (4.2) Thermo-physical properties of the acetone [93].

Parameter Value Units
Boiling point 56.3 [°C]
Latent heat of vaporization 5324 [kJ/kg]
Thermal conductivity of liquid 0.176 [W/m °C]
Specific heat capacity of liquid 2.15 [kJ/kg °C]
Liquid phase density 791 [kg/m?]

4.3 Battery Heat Generation

The volumetric heat generation Q,., from the battery cell in (W/m?) can be
determined by summing the heat dissipation with air Q,, and the variation in heat
battery capacity @, dividing on the batteries volume V), [7,48]:

Qgen =7 (Q, + Q) (4.1)
The heat dissipation through forced air convection can be calculated as follows [17]:
Qa = Mg X cPa X (Twout = Tain) 4.2)
The term cp,, is the air heat capacity, T, ;, and T, ., are the inlet, and outlet air
cooling temperatures, ni, is the mass flow rate of air cooling that is calculated as:
My, = pg XU XAy (4.3)
Where p, and u represents the air density and velocity, while A; is the cross-
sectional area of the air duct.

The variation of thermal battery capacity is found using:
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AT
Qb =m, X CPp X E (44)
The m, and cp,, are the battery mass in kg and battery-specific heat capacity, while

the AT /At describes the battery temperature variance with time.

4.4 HP Thermal Resistance Behavior

In particular, the thermal resistance of the HP is considered the most important
parameter that explains the heat and mass transfer behavior of the HP [36]. In the
present study, the total thermal resistance of HP (R;;), which includes several

resistances, can be determined using [94]:

(4.5)

Where the ATy p 1s the average temperature difference between the evaporator and

condenser surface of HP.

While Qgp 1s the amount of heat transmission by each HP. Since, there are six HPs
to transmit the heat to the condenser section, the Qyp is equal to the heat released by

the forced air divided by the number of HPs (six):

Qup = Qq/6 (4.6)

And the amount of heat absorbed by the forced air (Q,) can be found based on
Equation (4.2).

4.5 Measurement Devices and Complementary Instruments

4.5.1 Battery discharge electronic load tester

Battery discharge electronic load tester that is shown in Figure (4.12) type IT§513A+
series single channel with high resolution, and automatic test function is used for the

discharge battery pack. The maximum voltage, current, and power of the model are
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150V, 60A, and 400W, respectively. It has four operating modes; Constant Voltage
(CV), Constant Current (CC), Constant Resistance (CR), and Constant Power (CP).

It has a voltage measurement resolution of up to 0.ImV / 0.1mA

nronnrninrs nrnnnrnao
Ly L un

519000 @ e f

21 | () 5’7 D) e e © ‘

3 =

Figure (4.12) Electronic Load Tester.
4.5.2 Adjustable DC power supply
An adjustable DC power supply shown in Figure (4.13) is used to charge the battery
pack. It has two types of power output modes: constant voltage output (CV) and
constant current output (CC). The output voltage and current are (0-30V) and (0-

10A), respectively. The current and voltage stabilities are lower than 0.2%+3mA and

0.1%+3mV, respectively.

149mm

Figure (4.13) Adjustable DC power supply.
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4.5.3 Temperature measurement

Two AT4208 Multi-channel temperature meter devices with 8 thermocouples Type-
K with a temperature range of (—50 to 800°C), 0.1 °C resolution, and an accuracy of
0.2 °C were used to measure the temperature in different locations in the models, and
the rig. The temperature reader and thermocouple are shown in the Figure (4.14). All
thermocouples were connected to acquisition devices through consenting wires. The
data collected from thermocouples and data acquisition devices was sent to a laptop
PC via USB cable and stored for the next analysis. AT4208 Multi-channel has been
certified calibration test report in Appendix A-2.

906000000000

i | A, s o v a0 | i

Figure (4.14) Multi-channel temperature meter.

4.5.4 Vacuum pump

A two-stage evacuated pump type VALUE with high performance as shown in Figure
(4.15) is used to purge each HP from air and non-condensable gases after the charging
of working fluid (acetone). The vacuum pump can achieve a high vacuum level of -

15 psi.
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Figure (4.15) Vacuum pump.

4.5.5 Airflow and pressure drops measurement

A digital pitot tube anemometer meter (Model TA400) shown in Figure (4.16) is used
for measuring the amount of air velocity and pressure drop through the battery pack.
The data was collected from a digital pressure anemometer device sent to a laptop
PC via a USB cable and stored for analysis. A digital pressure anemometer provides
accurate and fast readings with a wide range of (0 to 80 m/s), with resolution and
accuracy amount of 0.01 m/s + 2.5 % and 1 Pa = 0.3 % for velocity and pressure,
respectively. The digital pressure anemometer has been certified calibration test

report as shown in Appendix A.

Figure (4.16) Digital pitot tube.
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4.5.6 Battery electric internal resistance measurement

The battery internal resistance measurement device shown in Figure (4.17) 1s used
to measure the internal electrical resistance of individual battery cells or battery
packs, as well as, to ensure that all individual battery cells have the same internal
electrical resistance before each cycle of operation. It has an internal resistance
measurement range between 0~200Q with a minimum resolution of 0.01 mQ and a

minimum accuracy of 0.7%.

i

\‘.?'

Figure (4.17) Battery internal resistance measurement device.

4.6 Experimental Procedures

In the present study, the five cooling systems were examined at the same operation

conditions and several necessary procedures were considered to obtain

experimental data can be summarized by following steps:

1- All models were positioned in an environmental room to regulate the operating
temperature, which was set at 40 °C with a variation of £1 °C.

2- The batteries are charged using a DC Power Supply at a constant current charge
rate of 0.5C (3.9 A) until the voltage of the battery pack reaches the cut-off charge
value of 16.8V, and then the batteries are charged at a constant voltage of 16.8V
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5-

allowing the charging current to steadily drops to a very low value. This method
of charging is regarded as a standard approach that does not damage the batteries

[16].

The air velocities are maintained at a specific speed of (0.75 and 1.5 m/s) using
an adjustable gate valve and measured using a Digital TA400 Pitot-tube
anemometer before each experiment.

Programmable DC Electronic Load type 1T8513A+ is used to discharge the
battery at a constant current and a specific discharge rate of (1C, 2C, and 3C),
where C refers to the rate of battery discharge relative to its maximum capacity.
The discharge rate and their corresponding current are shown in Table (4.2).
Every minute, the temperatures and voltages are recorded and saved on the

computer.

The battery pack consists of twelve cylindrical 18650-type LiCoO; Li-ion batteries

with a maximum and minimum cut-off voltage of 4.2 V and 2.5 V, respectively,

Since the batteries are connected as three batteries in parallel and four batteries in

series, the maximum and minimum cut-off voltage the battery pack is (4x4.2=16.8

V) and (4x2.5=10 V), respectively. Through the discharge process, the terminal

voltage of the battery pack drops from 16.8 V to its cut-off terminal voltage, which

is set at 10 V to avoid the battery's damage. Table (4.3) lists the reading devices'

precisions and measuring ranges.

Table (4.3) Discharge rates and equivalent current values.

Discharge Rate Constant Current | Time of discharge process
1C 7.8 A 60 min
2C 15.6 A 30 min
3C 234 A 20 min
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Table (4.4) Device's precisions.

Devices Range Resolution | Accuracy
Programmable DC-load tester type | 0-60A 0.1 mA +0.05%
IT8513A+ 0.1-150 V 0.1 mV

Velocity and pressure digital Pitot tube | 1-80 m/s 0.0l m/s |+£2.5%
type TA400 0-5000 Pa 1 Pa +0.3%
Temperature data logger type Applent- | 200 to 1300 °C | 0.1 °C +0.2%
AT4208

Battery resistance meter type YR1035 | 0.0003-200 Q@ | 0.0l mQ | 0.6%

4.7 Uncertainty Analysis

The Abd et al., 2022 [95] method is used to evaluate the indirect uncertainties of the

measuring amount which formed as:

= (2] e @

Where w,,, y, x;, and w,; represent the overall uncertainty, displayed functions,

independent variables, and uncertainty of various variables, respectively.

Hence the overall uncertainties of the ATy, 4, M, Qgen, Qup and Ry, are determined
as follows:

OAT, 2 AAT, 2 1/2
WAT — ( max) W% + ( max) W721 _
max max aTmin min

aTmax

(4.8)

Where AT,,.. equal to, (ATpq, = — Trmin)- Tmax and Ty, the maximum and

Tmax

minimum battery surface temperature, respectively.

I \? 5 (ama)z 2 (ama)z 2
. = w
Wi, [( ap) Wp + o) Wu + 94y Ad
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Where m,, p and v the mass flow rate, density, and velocity of cooling air,

respectively. A is the area of the duct.

_ aden 2 2 anen 2 2 aQ.'gen 2 2 anen 2 2
WQgen a [( omy ) me + (acpb) WCpb + (aATb) WATb + ( Omy ) Wma +
1/2

BQgen)Z ) (anen)Z 5
(E)cpa Wepg + AAT, War, (4.10)

Where Qg is the battery heat generation. m;,, cp, and AT}, are the mass, specific

heat, and temperature increase of batteries, respectively. cp, and AT, the specific

heat and temperature increase of cooling air.

__|(9Qup 2 2 9Qup\? 2 2Qup\> 2 1/2 411
Wanr = (ar'na) Wi, T (acpa) Wepq T (6ATa) War, (4.11)

Where Qpp is the heat transfer by the heat pipe which equal to %Qa.

]1/2 (4.12)

. aRHp)Z 2 (6RHP)2 2
WRHP_[(aATHP WATHP+ a0up Waup

Where Ryp is the overall thermal resistance of the heat pipe which is determined as

ATyp
R =
( HP Q

condenser of HP.

). ATyp is the temperature difference between the evaporator and
HP

Consequently, the indirect uncertainty of ATy, 1114, and Qyepn, Qup and Rey

based on the present study have been estimated to be 2.7%, 4.4%, 5.9%, 4.8%, and

5.7% respectively, in the current measurement.

The uncertainty symbols of the measurement variables have been
determined, as Appendix D shows.
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Chapter Five
Results and Discussion
5.1 Introduction

In this chapter, the effectiveness of the BTMS using the five cooling configuration
systems at different inlet air temperatures (7;,), inlet air velocities (u;,) and
different discharge rates (C-rates) were experimentally and theoretically
investigated. The drop in the battery pack temperature and temperature gradient
between the batteries are considered the major problems for enhancing the BTMS.
Therefore, our study focused on reducing the maximum operating temperature
(Tynax) of battery surfaces and the maximum temperature difference (AT, 4, ) Within
the battery pack, which represents the difference between the maximum and
minimum temperature of the battery surfaces through the battery pack.
Furthermore, the pressure drops (Ap) in the airflow across the models were
determined experimentally and theoretically. Moreover, the drop in the working
voltage of the battery pack and the amount of HP thermal resistance were calculated

experimentally.
5.2 Experimental Results

The primary purpose of the experimental section was to investigate the effectiveness
of using five cooling configuration models on the BTMS thermal performance. The
experimentation was performed at T;,, of 40 °C, u;,, of 0.75 and 1.5 m/s, and C-rates
of 1, 2, and 3C. The Ty, 45 , ATinax and AP within the battery pack was recorded for
each model.

Furthermore, the drop in the working voltage of the battery pack and the

amount of HP thermal resistance were calculated.
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5.2.1 Thermal performance of the Air-Model under various u;,, and C-rates

The effect of direct forced air using various u;;,, of 0.75 m/s and 1.5 m/s and C-rates
of 1, 2, and 3C on T,,4, and AT,,,, at T;;, = 40 °C is tested using the Air-Model.
Figures (5.1 A and B) demonstrate that air velocity plays a significant role in reducing
Tinax and ATy, ., particularly at a higher C-rate. With increasing the u;,, the rate of

heat transfer rises, consequently improving heat removal.

At the 1C rate, the highest recorded values of T,,,,, were 47.9 and 45.8 °C at
the end of the discharge process (=60 min) for the u;, of 0.75 and 1.5 m/s,
respectively, as demonstrated in Figure (5.1 A). Conversely, AT,,,, reaches its
highest values of 2.9 and 1.7 °C at u;, of 0.75 and 1.5 m/s, respectively, as
demonstrated in Figure (5.1 B).

The 2C rate clearly shows the effectiveness of u;, on the T,,,, because the
heat accumulates in the case of low velocities and becomes unsuitable for battery
operation where it reaches 59.7, and 53.9 °C at the end of the discharge process (t=30
min), while the AT,,,, increase to 5.4 and 3.1 °C for u;, of 0.75, and 1.5 m/s,

respectively.

Furthermore, at the 3C rate, a larger increase in the T,,,, occurs for all u;,
values, reaching 62.4 °C for u;,, = 1.5 m/s at the end of the discharge process (t=20
min), while peaking at 69 °C at a time of 17 s for u;,, = 0.75 m/s at which the battery
was automatically disconnected, as each battery has an automatic disconnector
circuit for overheating, which was set at 70£2 to protect the battery cell, while the
AT, reaches 7.4 °C atu;, = 0.75m/s and 5.7 °C at u;,, = 1.5 m/s. Based on the
displayed results, it can be inferred that the use of a u;;, = 0.75 m/s is insufficient
for efficient battery cooling, mainly at high C-rates this is due to the large heat

accumulation.
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Furthermore, the results indicate that the T,,,, reduces by 2.1 °C (4.4%), 5.8
°C (9.7%), and 6.6 °C (9.5%) for 1, 2, and 3C rates, respectively, at the end of the

discharge process with the increase in u;,, from 0.75 to 1.5 m/s.

70 8 .
—e—1, =0.75 m/s -k a‘;f“ ::: é(L: —6—1,=0.75 m/s
65 —e—y, =1.5m/s UO' —e— 3C —e—u,~1.5m's
6 3
60 .
~ 5
% 5 g 4
H 5
B < 3
50
M :
45 M )
J
40 L - 0
40 50 60
Time, ¢ (min) Time, f (min)

Figure (5.1) Variation of (A) T4, and (B) AT, 4, under various u;,, and C-rates at

T;y, of 40 °C using the Air-Model.
5.2.2 Thermal performance of the PCM-Model under various C-rates

The impact of using pure PCM on T,,,, and AT,,,, at an operating temperature of
40 °C and under 1, 2, and 3C rates are illustrated in Figures (5.2 A and B). As
observed in Figure (5.2 A), T, 4, €xhibits a slow rise at a 1C rate compared to other
discharge rates due to the small rate of heat generated, which is stored in the PCM as
latent heat during discharge. However, at a 2C rate, T,,,,, begins to rise more quickly,
initially mirroring the pattern that was recorded at 1C, followed by a slight increase
in the middle period due to phase transition in the PCM, and a rapid increase towards
the end of the period, indicating complete melting in the PCM around the battery
pack.

Under a 3C rate, T, 4, display a sharp increase, reaching its peak value before
the end of the discharge period. This can be attributed to the amount of PCM heat
storage does not adequately match the heat dissipation from the battery at the 3C
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rate, as well as the small thermal conductivity of PCM, which negatively affects the
heat transfer rate to all parts of the PCM. The highest recorded values of T,,,,, were
47.1,53.5, and 69 °C for 1, 2, and 3C rates, respectively.

Furthermore, the AT, ,, between the batteries has similar behavior to that of
Tinax as shown in Figure (5.2 B). Consequently, extreme values of AT, at 1, 2, and
3C rates were measured as 2.2, 3.5, and 6.7 °C, respectively. Thus, PCM can
effectively distribute temperature at a lower C-rate below 2C rate. Nevertheless, as
the C-rate increases to 3C, the battery's temperature rises more rapidly, exceeding the

recommended limit.
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Figure (5.2) Variation of (A) Ty, 4, and (B) AT, 44, under various C-rates at T, of
40 °C using the PCM-Model.

5.2.3 Thermal performance of the PCM/Fin-Air-Model under various u;,, and C-rates

The impacts of using PCM integrated with aluminum fins and forced air on the T}, 4,
and AT, 4, at 40 °C and under various C-rates are depicted in Figures (5.3 A and B).
The results illustrate a rise in both T,,,, and AT,,,, as the C-rate increases.
Additionally, u;, of 0.75 and 1.5 m/s exhibit a slight impact on T4, and AT, 4y,

especially at a 1C rate, where the battery temperature remains within the PCM
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melting area. As displayed in Figure (5.3 A), at the 1C rate, the highest recorded
values of T, 4, were 45 and 44.3 °C for u;,, of 0.75 and 1.5 m/s, respectively, while
the highest recorded values of AT,,,, were 1.6 and 1.1 °C for the respective air
velocities, as shown in Figure (5.3 B).

Along with the discharge increase to the 2C rate, the highest recorded values
of Ty qx become 48.8 and 48.4 °C for u;, of 0.75 and 1.5 m/s, respectively, while the
highest recorded values of AT,,,, become 2.2 and 1.4 °C, respectively. Furthermore,
it can be noted from Figure (5.3 B) a sudden increase in the AT,,,, for 2 and 3C rates
at times of 28 and 18 min, respectively, which can be attributable to the difference in
the phase change transition time for the PCM around the batteries due to some
difference in the amount of battery heat generation, as the PCM has a small heat
conductivity, that leads to a sharp increase in batteries temperature for the batteries
that firstly completed the PCM phase change while the other batteries have a slightly
temperature increase due to existing of some amount of PCM which have not
complete the phase change process.

Moreover, at a 3C rate, the highest recorded values of T,,,, were 55.2 and
52.9 °C for u;, of 0.75 and 1.5 m/s, respectively, while the highest recorded values
of AT,,qx Were 4.2 and 3.1 °C respectively. These results emphasize the PCM/Fin-
Air-Model can maintain the AT,,,;, and T,,,, closely to the recommended
temperature range throughout all operational cycles, attributed to the presence of

aluminum fins and PCM that enhance the thermal performance of the cooling system.
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Figure (5.3) Variation of (A) T,y 4, and (B) AT, 44, under various u;, and C-rates at

T;y, of 40 °C using the PCM/Fin-Air-Model.

5.2.4 Thermal performance of the HP-Model under various u;,, and C-rates

The effects of the new HP-Model on the T,,,, and AT,,,, at 40 °C, using various C-
rates of 1, 2, and 3C, and u;,, of 0.75 and 1.5 m/s are shown in Figures (5.4 A and B).
The results indicate an increase in the T}, 4, and AT,,,, as the C-rate increases, while
the air velocities have a marginal impact on the T,,,, at 1C and a significant impact
at 2 and 3C, as shown in Figure (5.4 A). As the C-rate increases, the battery heat
generation increases, and this causes a rise in the temperature difference between the
cooling air and the HP condenser, which causes more heat exchange with an increase
in air velocity. The largest values of T,,,, were 45.5, 51.8, and 59.9 °C at u;,, =
0.75m/s and C-rates of 1, 2, and 3C, respectively, where they were 44.4, 49.3 and
56.1 °C at u;,, = 1.5 m/s and C-rates of 1, 2, and 3C, respectively.

On the other hand, the temperature difference of the battery pack varies a
little with the air velocity change, where the largest values of AT,,,, were 1.1, 2.1,
and 3.1 °C for u;, = 0.75m/s, respectively, and 1.2, 1.8 and 2.9 °C for u;, =
1.5 m/s respectively as shown in Figure (5.4 B). These results confirm that the new

model of HP can keep the AT,,,, within the recommended range over all the periods
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of operation, while it can keep the T,,,,, within the recommended range at 1 and 2C

rates, and a slight increase over the recommended range at 3C.
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Figure (5.4) Variation of (A) T4, and (B) AT}, 4., under various u;,, and C-rates at

T;;, of 40°C using the HP-Model.

5.2.5 Thermal performance of the HP/PCM-Model under various u;,, and C-rates

The impacts of the new model of HP coupled with PCM on the T,,,,, and AT,,,, at
40 °C, under different C-rates of 1, 2, and 3C and u;;,, of 0.75 and 1.5 m/s are shown
in Figures (5.5 A and B). The result indicates an increase in the T,,,,, and AT,,,, with
the C-rate increases, and the u;,, has a slight effect on the T,,,,, at 1C and a significant
impact at 2 and 3C, as shown in Figure (5.5 A). The largest values of T,,,,,, were 44.7,
48, and 51.9 °C at u;,, = 0.75m/s and C-rates of 1, 2, and 3C respectively, where
they were 44.4, 47.5, and 50.6 °C at an air velocity of u;;, = 1.5 m/s and C-rates of
1, 2, and 3C respectively.

On the other hand, the largest values of AT, , were 0.9, 1.6, and 1.9 °C for
air velocities of u;, = 0.75m/s, respectively, and 0.7, 1.5 and 1.8 °C for air
velocities of u;,, = 1.5 m/s, respectively as shown in Figure (5.5 B). These results
confirm that the HP/PCM-Model can keep the T,,,, and AT,,,, within the

recommended range over all the discharge periods of 1, 2, and 3C.
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Figure (5.5) Variation of (A) T4, and (B) AT, 4, under various u;,, and C-rates at

T;y, of 40°C using the HP/PCM-Model.
5.2.6 Effectiveness of the present hybrid models compared with other models

The effectiveness of the present hybrid models (PCM/Fin-Air-Model and HP/PCM-
Model) compared to other models (Air-Model, PCM-Model, and HP-Model) in
reducing T,,,, and AT,,,, at u;, = 1.5 m/s and various C-rates are displayed in
Figures (5.6 A-F).

At 1C rate, as shown in Figure (5.6 A), the PCM/Fin-Air-Model records the
lowest Ty, 4, minimized by 1.5, 2.8, 0.1, and 0.1°C compared to the Air-Model, PCM-
Model, HP-Model, and HP/PCM-Model, respectively. While the HP/PCM-Model
could produce a lower AT,,,, as demonstrated in Figure (5.6 B).

As increasing the discharge to 2C rate, the HP/PCM-Model records a
significant decrease in both T,,,, and AT,,,, compared to the Air-Model, PCM-
Model, and HP-Model, and a slight decrease compared to the PCM/Fin-Air Model,
as illustrated in Figures (5.6 C and D). Additionally, the Air-Model displays a fast
initial increase in both T,,,, and AT,,,, compared to other models, owing to the
lower thermal conductivity of air in comparison to PCM, aluminum fins, and HP. On
the other hand, the T,,,, and AT,,,, continuous increase slightly until t=23 min in

the PCM-Model, after that, they take a rapid increase form.
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Furthermore, the HP-Model displays a large initial increase in Ty, ,, until t=7
min, then it became slightly constant until the end of discharge. In contrast, the T},
take a slight increase form in the HP/PCM-Model and PCM/Fin-Air-Model until the
end of discharge. Furthermore, the results demonstrated that the HP/PCM-Model can
reduce the T,,, at the end of 2C rate by 6.4, 6, 1.8, and 0.9 °C compared to Air-
Model, PCM-Model, HP-Model, and PCM/Fin-Air-Model, respectively. While the
PCM/Fin-Air-Model can reduce the T,,,, at the end of 2C rate by 5.5, 5.1, and 0.9
°C compared to Air-Model, PCM-Model and HP-Model, respectively.

Moreover, when the discharge increases to a 3C rate, the HP/PCM-Model
also records a significant decrease in both T,,,,, and AT,,,, compared to the Air-
Model, PCM-Model, and HP-Model, and a slight decrease compared to the
PCM/Fin-Air Model, as illustrated in Figures (5.6 E and F). In contrast, the PCM-
Model exhibits a faster rise in the middle period than the other models. The results
indicate that the use of HP/PCM-Model can reduce T,,,,, by 11.8, 18.4, 5.5, and 2.3
°C at the end of 3C rate compared to Air-Model, PCM-Model, HP-Model, and
PCM/Fin-Air-Model, respectively. While the PCM/Fin-Air-Model can reduce the
Tinax at the end of 3C rate by 9.5, 16.1, and 3.2 °C compared to Air-Model, PCM-
Model and HP-Model, respectively. Moreover, the largest value of AT, , using the
HP-Model, HP/PCM-Model, and PCM/Fin-Air-Model remains below 3.1 °C
through all C-rates, which falls within the recommended range, while it exceeds 5
°C in the Air-Model and PCM Model.

Additionally, for a clearer comparison among these models, the highest
values of T,,,,, and AT,,,, at various C-rates and u;,, are condensed in Figures (5.7
A and B). Accordingly, these results indicate that the HP/PCM-Model gives a good
cooling performance, especially at high discharge rates, which provides better
protection for the battery pack. This is because the heat generation is absorbed

effectively by the grooved evaporator and released by the large area of the fined

91



Chapter Five

Results and Discussion

condenser, as well as, more heat generation can be stored in the PCM through the

discharge process.
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Figure (5.6) Variation of T,,,, and AT,,,, under various C-rates at T;,, of 40°C and
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5.2.7 Eftect of C-rates on the battery pack discharge voltage and T},

Figure (5.8) shows the battery pack discharge voltage and T,,,, curves of the
PCM/HP-Model at different C-rates as a function of time at Tj,, of 40 °C. The choice
of the PCM/HP-Model model was due to its better thermal performance compared
to the other models. The discharge processes of 1, 2, and 3C rates are carried out at
constant currents of 7.8, 15.6, and 23.4 A, respectively. While the C-rate increases,
the voltage of the batteries decreases.

Furthermore, the figure shows a sudden drop in the voltage at the start of the
discharge process, particularly, this happens in the cases of high C-rates, that is due
to transmission from the open-circuit voltage which represents the voltage of the
battery pack with no load to the discharge voltage under external load, and then
gradually drops until times of 56, 27, and 17 min for 1, 2, and 3C rates, respectively.
After that, the batteries' voltage dramatically drops as a result of the polarization
phenomena of the battery concentration. The operation is programmed to stop once
the voltage reaches 10 V to protect the batteries. In contrast, as the voltage drops, the
temperature of the batteries rises steadily until it reaches its highest values of 44.4,
47.5, and 50.6 °C, at the end of processes for 1, 2, and 3C rates, respectively.

Furthermore, the increase in the discharge rate from 1 to 3C leads to an
increase in the heat generation amount from the battery cell due to the increase in the
current flow rate which has a positive effect on the heat generation rate based on the

formula of battery heat generation that follows as [96]:

Qgen = IV, =Va) +T (5.1)

Where I is the current flow, U and V are the battery open-circuit voltage and

v,
ar )

discharge voltage, respectively. T is the battery temperature and dU/dT is the
temperature coefficient. Consequently, the increase in the battery heat generation

causes a faster temperature rise.
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Figure (5.8) Battery discharge voltage and T,,,,, at Tj;, of 40 °C and various C-rates
using the PCM/HP-Model.

5.2.8 Battery heat generation

The amount of volumetric battery heat generation rate in (W/m?), using Equation
(4.1), for a single battery cell at various C-rates using the Air-Model, is presented in
Figure (5.9). The figure illustrates a direct correlation between C-rate and heat
generation rate, with an increase observed as the C-rate rises. Moreover, there is a
sharp increase in the heat generation at the start of the process, attributed to the
current flow in the electrolyte resulting in a significant voltage drop, as indicated in
Figure (5.8), leading to a rapid increase in ohmic heat [50]. Subsequently, there is a

gradual rise over time due to the reversible heat generated by entropy changes.

Consequently, the average volumetric heat generation rates for a single
battery cell 18650-type LiCoO; at 40 °C operating temperature and 1, 2, and 3C rates
were 31,400, 119,200, and 234,600 W/m?, respectively. Additionally, the equations
describing the non-uniform heat generation rates (W/m?) of the battery have been

derived in terms of battery discharge time (min) from the experimental data:
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0.96t> — 94.1t* + 3024.8t + 1339.5, (for 1C)
19.1t3 — 967.1t* + 16486t + 28710,  (for 2C) (5.2)
107.3t3 — 3817.2t> + 45840t + 60848, (for 3C)

Qgen
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Figure (5.9) Battery heat generation rates under various C-rates at T;,, of 40°C

using the Air-Model.

5.2.9 HP thermal resistance behavior

The amount of heat transmission per HP (Qyp) and the HP thermal resistance (R;y,),
calculated using Equations (4.6) and (4.5), of the HP-Model, respectively, at various
C-rates of 1, 2, and 3C are presented in Figure (5.10 A). On the other hand, the
average temperature difference between the evaporator and condenser surface of the
HP is shown in Figure (5.10 B).

From the figures, we can observe a direct influence of C-rate on Qp and the
temperature difference between the evaporator and condenser section ATyp where
they increase as the C-rate increases, while the R;;, decreases as the C-rate increases.
As the C-rate increases the heat generation from the battery increases [50] causing
an increase in the temperature difference between the evaporator and condenser

section ATy p as shown in Figure (5.10 B).
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Furthermore, it can be noticed from Figure (5.10 A) that R;;, has a sharp
increase at the beginning of the discharge process. This phenomenon is due to a
sudden increase in the heat generation from the batteries at the beginning of the
discharge period [17] which causes a sharp increase in the battery surface
temperature which by its role leads to a larger increase of ATy p than the Qp increase.
Therefore, according to Equation (4.5), Ry, value jumped at this moment since the
ATyp has a positive effect on the Ryy,.

Thereafter, the R, significantly decreases with time due to the increase of
the Qyp, and then shortly, it settles to nearly constant values of 2.5, 1.7, and 1.2 °C/W

at discharge rates of 1, 2, and 3C, respectively.

7 8 L

o : —e— 1C
— ¢ B

Z
g <
) =
< s <
= B
54 _ o~
! 12 Y
g =
s 2k
z SN
2 £ <
— o
2 =
B g
2 =
= 1 o

==t

0
60
Time, 7 (min) Time, £ (min)

Figure (5.10) Variation of (A) R, Qyp and (B) ATy, for HP, at various C-rates at
T;;, of 40°C using the HP-Model.
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5.2.10 Pressure drops and power consumption

The airflow pressure drops (AP) across the battery pack and the air-cooling power
consumption of the fan (Pr4y) have important considerations in the feasibility of
cooling systems. Table (5.1) shows the AP, Prgp, ATy and Typq, corresponding to
different inlet air velocities for the various cooling models. Where the P4y, can be
calculated using the formula [10]:
Pran = AP X u;y X Ay (5.3)
It is easy to observe from Table (5.1) that the increase in the air velocity from
0.75 to 1.5 m/s results in a significant rise in AP, which leads to an increase in Py, .
Additionally, the using of the PCM/Fin-Air-Model causes a significant increase in
both AP and Pfg,, as compared to the HP-Model, HP/PCM-Model, and Air-Model
at the same air inlet velocity. In contrast, the HP/PCM-Model has the lowest AP, and
Psqn than other models, as well as, has the lowest T4, and ATy, q,, where it can
minimize the percentage energy consumption by 94 and 90% than PCM/Fin-Air-
Model and Air-Model, respectively, at u;, equal 1.5 m/s.

Furthermore, it should be noticed that there is a slight difference in the T,
when using the HP/PCM-Model and PCM/Fin-Air-Model for various C-rates as the
air velocity increases from 0.75 to 1.5 m/s. Therefore, it could be used in the case of
the lower air inlet velocity of 0.75 m/s at low C-rates of 1 and 2C which has the
significant advantage of minimizing energy consumption.

Conversely, air velocity significantly affects the reduction of T,,,,, in the Air-
Model, especially at 2 and 3C rates. Furthermore, it requires more than 1.5 m/s at 3C
to reduce the T,,,, in the Air-Model is the same as in the HP/PCM-Model and
PCM/Fin-Air-Model which inevitably causes more pressure drop and then more

power consumption.
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Table (5.1) Measured and evaluated parameters at various u;, and C-rates using

five cooling models.

Cooling C-rate Uiy, Tnax AT ax AP Pian
model [C] [m/s] [°C] [°C] [Pa] [W]
1 0.75 479 2.9 9 0.052
1 1.5 45.8 1.7 36 0.416
_ 2 0.75 59.7 5.4 9 0.052
AAENIORE 2 1.5 53.9 3.1 36 0.416
3 0.75 69 7.4 9 0.052
3 1.5 62.4 5.7 36 0.416
1 0 47.1 2.2 0 0
PCM-Model 2 0 53.5 35 0 0
3 0 69 6.7 0 0
1 0.75 45 1.6 15 0.086
1 1.5 443 1.1 57 0.658
PCM/Fin-Air- 2 0.75 48.8 2.2 15 0.086
Model 2 1.5 48.4 1.4 57 0.658
3 0.75 552 4.2 5 0.086
3 1.5 52.9 3.1 57 0.658
1 0.75 45.5 1.1 3 0.006
1 1.5 44.4 1.2 10 0.04
2 0.75 51.8 2.1 3 0.006
SlEeee 2 1.5 493 1.8 10 0.04
3 0.75 59.9 3.1 3 0.006
3 1.5 56.1 2.9 10 0.04
1 0.75 44.7 0.9 3 0.006
1 1.5 44.4 0.7 10 0.04
HP/PCM. 2 0.75 48 1.6 3 0.006
Model 2 1.5 47.5 1.5 10 0.04
3 0.75 51.9 1.9 3 0.006
3 1.5 50.6 1.8 10 0.04
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5.2.11 Experimental results comparison with the previous study
To assess the experimental results of the HP-Model and PCM/Fin-Air-Model, their
results are compared with the experimental previous results found by Liu et al. [48]
and Qin et al. [77]. Liu et al. used a flat HP equipped with copper fins in the condenser
section and cooled with forced air. It is inserted between the Li-ion battery cells close
to the cell surfaces. In contrast, Qin et al. used a hybrid cooling model consisting of
twelve aluminum shells filled with PCM, associated with nine air channels to pass
the forced air between the aluminum shells and the Li-ion battery. They conducted
their study under different C-rates at a low ambient temperature of 30 and 23 °C,
respectively. Nevertheless, due to variation in the operation temperature between the
present work and the previous studies, the comparison is conducted using the
increase in the maximum temperature of batteries Ty gy rise Over the ambient
temperature T, .

The comparison is specifically conducted for the 3C rate. As illustrated in
Figure (5.11 A and B), the current HP-Model and PCM/Fin-Model exhibit favorable
cooling performance compared to Liu's and Qin's models. Additionally, the present

models demonstrate a significant reduction in Ty, g rise-

20 20
| —e— HP-Model —e—PCM/Fin-Air-Model
| —e— Liuetal —e—Qin et al.

(°0)

];nrﬁl‘, rise (OC)

Time, 7 (min) Time, # (min)
(A) (B)
Figure (5.11) Comparison of (A) HP-Model against Liu et al. [48] and
(B) PCM/Fin-Air-Model against Qin et al. [77].
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5.3 Numerical Results

In this section, the heat transfer and airflow conjugate were simulated for five cooling
models and analyzed numerically using COMSOL-5.6 Multiphysics software. The
effectiveness of cooling models on the battery pack's T, 4, and AT,,,, under different
conditions of C-rates of 1, 2, and 3 C, T;,, of 25, 30 35, and 40 °C, and u;,, of 0.75,
1.5, 2.25, and 3 m/s were assessed. Furthermore, the liquid fraction of the PCM and
the airflow pressure drop across the battery pack using the Air-Model, Fin/PCM-Air-
Model, and HP-Model were simulated.

5.3.1 Effect of T;;, variation on the T}, ,, using the Air-Model

Figures (5.12 A-D) show the effect of T, variation of 25, 30, 35, and 40 °C on the
Tnax at ui, of 0.75 m/s and C-rates of 1, 2, and 3C. At 1C the figure shows a
minimum increase in the T, , for all operating temperatures where the maximum

increase in the T,,,, does not exceed 7.1 °C.

At 2C the T4, show a fast increase from the beginning until t=11 min, then
it takes a slow increase until the end of the discharge period. The maximum increase
in the T),,,, through the discharge period does not exceed 19.6 °C for all operating

temperatures.

At 3C, the figure shows that the T,,,, has a higher increase rate and it
continuously increased rapidly until the end of the discharge period for all operating
temperatures. This increase is attributed to the large heat generation that accumulates
in the battery cells, due to the lower conductivity of the air. The increasing rate of the

Tinax until the end of the discharge period is reached 33.9 °C.
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Figure (5.12) Variation of the T,,,, using the Air-Model at u;,, of 0.75 m/s under
various C-rates and T;,, of (A) T;,=25 °C (B) T;,,= 30 °C (C) T;,= 35 °C
(D) T;,,= 40 °C.

5.3.2 Effect of u;,, variation on the T,,,,, and AT,,,, using the Air-Model

Figures (5.13 A-D) show the T,,,, and AT,,,, variation at T;,, of 40 °C under 2 and
3C rates using various u;, of 0.75, 1.5, 2.25 and 3 m/s. At the 2C rate, as shown in
Figure (5.13 A), the T,,,,, decrease from 59.3 °C to 46.1 °C at the end of the discharge
period as the u;, increase from 0.75 to 3 m/s, while the AT,,,, decrease from 6.5 to
2.4 °C at the end of the discharge period as shown in Figure (5.13 B). This is due to
the increase in the convection heat transfer coefficient between airflow and batteries

at higher inlet air velocities.
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The increase in the u;, decreases the thermal resistance between the airflow
and battery pack, which accelerates the heat transfer and reduces the battery's
temperature during operation. Furthermore, the increase in u;, ensures that heat is
equally dissipated, which reduces the localized hotspots and enhances the
temperature uniformity. The largest value of T,,,, at the end of the 2C rate period
are 59.3, 51.9, 47.8, and 46.1 °C for u;,, of 0.75, 1.5, 2.25, and 3 m/s, respectively.

At the 3C rate, as shown in Figures (5.13 C and D), the T4, and AT, 4y
decrease from 73.7 to 51.6 °C and from 10.2 to 4.5 °C at the end of the discharge as
the u;, increase from 0.75 to 3 m/s. Also, it is observed that the u;, increase in the
range of 0.75-1.5 m/s has a more significant effect on T,,,,, and AT,,,, compared to
increases in the range of 2.25-3 m/s. This means that the cooling model reached its
thermal stability and the temperature difference between the batteries surface and air
cooling became lower. The largest value of T;,,,, at the end of the 3C rate period are

73.7, 62.5,54.9, and 51.6 °C for u;, of 0.75, 1.5, 2.25, and 3 m/s, respectively.
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Figure (5.13) Variation of T,,,,, and AT,,,, using the Air-Model at T;;,, of 40°C,
under various u;, and C-rates. (A) Typqx at 2C, (B) AT, 4, at 2C, (C) Ty gy at 3C,
(D) AT, at 3C.

Moreover, the temperature distribution within the battery pack under 3C rate,
T;, = 40 °C and various u;, at the end of the discharge period is shown in Figures
(5.14 A-D). The figure demonstrated that the first column has the lower temperature
due to its location next to the airflow inlet section, then the air moves toward the
outlet section absorbing heat from each column as it flows, causing progressively
increases in the air flow temperature that leading to progressively increase in the

battery surface temperature toward the last column which has the largest temperature,
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as well as, the figure demonstrated that the increasing in the inlet air velocity reduce

the overall temperature across the battery pack.

©) (D)
Figure (5.14) Temperature distribution contours for the Air-Model at the end of the

discharge period under 3C rate and T}, of 40°C with various u;,of (A) u;, =

0.75m/s B) u;,, = 1.5m/s (C) u;, = 2.25m/s (D) u;,, = 3 m/s.

5.3.3 Effect of u;, variation on the AP using the Air-Model

Figures (5.15 A-D) show the pressure distribution contours at various u;, using Air-
Model. It displays an increase in the pressure at the inlet section of the first battery
column owing to the convergence of the airflow area, then the airflow tends to pass

through the gap space between battery rows, resulting in an increase in the airflow
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velocity and a decrease in the pressure. Then the pressure decreases gradually toward
the exit section due to the friction losses until it leaves the battery pack. Moreover,
the increases in the inlet air velocity also led to an increase in the AP across the
battery pack. The maximum pressure drops across the battery pack were 8, 31, 69,

and 123 Pa for u;, of 0.75, 1.5, 2.25, and 3 m/s, respectively.
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Figure (5.15) Pressure distribution contour for the Air-Model with various u;, of

A uy,, =0.75m/s B)u;, = 1.5m/s (C) uy,, = 2.25m/s (D) u;,, = 3 m/s.
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5.3.4 Eftect of T,,,;, variation on the T,,,, and the PCM liquid fraction using the
PCM-Model

Figures (5.16 A-D) show the variation in the T,,,, under various T,,,; of 25, 30 35,
and 40 °C and various C-rate of 1, 2, and 3C. At the 1C rate, the figures display the
lowest increasing rate in T4, due to the reduced heat generation. Furthermore, the
increasing rate in the Ty, 4, at Ty, 0f 40 °C has the lowest value, as shown in Figure
(5.16 D), owing to the cooling system's operating temperature becoming close to the
melting point of the PCM. The T,,,, remains below the safety temperature limit
throughout these discharge periods where the largest values of T, at T, of 25, 30,
35, and 40 °C were 43.5, 44.5, 45.3 and 46.2 °C, respectively.

At the 2C rate, the increase in T4, occurs in three distinct stages related to
the PCM melting process. In the first stage, the T,,,,, rises rapidly as the battery pack
temperature is below the PCM melting temperature range due to the low heat storage
rate associated with sensible heat. This stage occurs from the start of the T, of 25,
30, 35, and 40 °C until times of 16, 12, 7, and 2 min, respectively, where the average
liquid fraction of the PCM remains zero as shown in Figure (5.17 A).

The second stage then starts and continues until the end of T, equal to 25
°C and the times of 27, 25, and 22 min for T,,,; of 30, 35, and 40 °C, respectively.
This stage displays a lower increasing rate in T,,,, as the battery temperature
approaches the PCM melting temperature range due to the use of latent heat
associated with the PCM phase change. After that, the third stage displays and
continuous until the remaining time for the T,,,; of 30, 35, and 40 °C indicating the
completion of the PCM melting around the battery cells, although the PCM has not
fully melted due to its lower thermal conductivity, as shown in Figure (5.18 A-D).
The largest values of Ty, at Tj, of 25, 30, 35, and 40 °C were 47.6, 49.8, 51.6 and
54.2 °C, respectively.
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At a 3C rate, In the first stage, the T,,,, also display a rapidly increasing rate
but with a higher rate as compared to the 2C rate due to the increased rate in the
battery heat generation. This stage is particularly evident at the beginning of T,,,,;, of
25,30, and 35 °C continuing until the time of 7, 5, and 3 min, respectively, where the
PCM liquid fraction remains zero. After that, in the second stage, the PCM begins to
melt, as shown in the average liquid fraction results in Figure (5.17 B). In the third
stage, the T,,,,, continues to increase rapidly, reflecting the completion of the PCM
melting around the battery cells. The largest values of T,,,,, at T;, of 25, 30, 35, and
40 °C were 56.5, 58.7, 62.9 and 67.2 °C, respectively.
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Figure (5.16) Variation of T,,,, using the PCM-Model under various C-rates and
Tymp OF (A) Tymp = 25 °C, (B) Tymp = 30 °C, (C) Tymp = 35 °C, (D) Tymp = 40 °C.
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Liquid fraction

Time, ¢ (min) Time, ¢ (min)

(A) (B)

Figure (5.17) Variation of the average liquid fraction using the PCM model under
various T, and C-rates of (A) 2C and (B) 3C.

For further clarity, Figures (5.18) and (5.19) show the contours of the PCM
liquid fraction within the battery pack at the end of the discharge period of 2C and
3C rates at various Tg,yp, respectively. Figures (5.18 A-D) show an increase in the
layer thickness of the liquid PCM as T,,,;, increase. In addition, the figures show a
large variation in the PCM liquid fraction within the battery pack, that attributed to
the low thermal conductivity of the PCM. As the discharge rate increases to 3C, as
shown in Figures (5.19 A-D) the thickness of the liquid PCM layer increases. This
thickness increases also with the T,,,; increase until the solid PCM disappeared, as

shown in Figure (5.19 D).

Furthermore, Figures (5.19 A-C) display a quantity of solid PCM at the end
of the discharge period, although the T,,,, greatly exceeds the melting point of the
PCM. This can be attributed to the low thermal conductivity of PCM, which must be

taken into consideration in the design of battery cooling systems.
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(®) (D)
Figure (5.18) PCM liquid fraction contours for the PCM-Model at the end of the

discharge period under 2C rate with various T,y of (A) Tymp = 25 °C, (B)
Tamp = 30°C, (C) Tamp = 35 °C, (D) Tgmp = 40 °C.
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Figure (5.19) PCM liquid fraction contours for the PCM-Model at the end of the
discharge period under 3C rate with various Ty, of (A) Tymp = 25 °C, (B)
Toymp = 30 °C, (C) Tymp = 35 °C, (D) Tymp = 40 °C.
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5.3.5 Effect of T,,,,;, variation on the temperature distribution using the PCM-Model

Figures (5.20 A and B) show the AT,,,, at various Tg,,; under 2 and 3C rates using
PCM-Model. The AT,,,, has started with a low value and then began to increase
until the PCM melting process occurred. This led to reducing the AT,,,, indicating
that PCM cooling can achieve better temperature uniformity than air cooling. Where
the maximum value of AT,,,, for all Ty,,;, and under 2 and 3C rates are below 2.2

and 4.5 °C, respectively.
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Figure (5.20) Variation of AT,,,, using the PCM-Model under various Ty,,; and C-
rates of (A) 2C and (B) 3C.

Moreover, Figures (5.21 A-D) show the temperature distribution at the end
of the 3C-rate operating period at various T, It illustrated that the temperature
distribution has a diagonal gradient around the battery cell, where the temperature
decreases as it moves away from the battery surface. Furthermore, the figure
illustrated a large temperature gradient across the PCM domain that reached around
24 °C, this is due to the low thermal conductivity of PCM. This gradient causes non-
uniform melting of the PCM and increases the temperature of the battery cell, despite

the presence of some unmelted PCM.
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degC

(©) (D)
Figure (5.21) Temperature distribution contours for the PCM-Model at the end of

the discharge period under 3C rate with various Ty of (A) Tymp = 25 °C, (B)
Tamp = 30 °C, (C) Tamp = 35 °C, (D) Tgmp = 40 °C.

5.3.6 Effect of T}, variation on the T;,,, using the PCM/Fin-Air-Model

Figures (5.22 A-D) show the variation in the T,,,,, at u;, of 0.75 m/s and various T;,
of 25, 30 35, and 40 °C under C-rates of 1, 2, and 3C. The figures show an increase
in the Ty,4, With increasing the T;, and discharge rates. At 1C the T,,,, remains

below the safety temperature limit where the largest value of T,,,, was 44.68 °C at
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T;, of 40 °C as shown in Figure (5.22 D). As well as, the increasing rate in Ty, does
not exceed 6 °C during the discharge period for all T;,, which indicates the battery
pack can operate safely for a 1C rate at a u;,, of 0.75 m/s.

At the 2C the T,,,, of the battery cell stay below the upper limit of the
acceptable temperature of 50 °C, where the largest values of T;,,,, were 40.7, 44.8,
46.6 and 48.2 °C for T;,, of 25, 30, 35, and 40 °C, respectively, as shown in Figures
(5.22 A-D). In contrast, the increasing rate in T,,,,, at the end of the discharge period
reduced from 15.2 °C at the low T;, of 25 °C to 8 °C at a high T;, of 40 °C. This
reduction in the temperature increase is due to the cooling system's operating
temperature becoming close to the melting point of the PCM, where the cooling
model adsorbs the largest amounts of heat generated during its phase change, that

reduces the increasing rate in the battery temperature.

At the 3C the T,,,,, of the battery cell remains within the safety temperature
limit at low Ty, of 25 °C, 30 °C, and 35 °C, where the largest values of T,,,, were
47.2, 48.7, and 50.5, respectively, as shown in Figures (5.22 A-C). In contrast, it
exceeds the upper level of safety temperature limit at the high T;,, of 40 °C, where it
was reached to 55.3 °C, as shown in Figure (5.22 D). This increase in the Tpy,,, 1S
attributed to the completion of the PCM melting process before the end of the
discharge period. This is evident from the average liquid fraction results shown in
Figure (5.25 B) for an air velocity of 0.75 m/s, as well as from Figure (5.27 A), which
illustrates the complete melting of PCM within the battery pack.
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Figure (5.22) Variation of T}, 4, using the PCM/Fin-Air-Model at u;,, of 0.75 m/s
and various C-rates under (A) Ty, = 25 °C, (B) T;,, = 30 °C, (C) T;,, = 35 °C, (D)
T;n = 40 °C.

5.3.7 Effect of u;, variation on the temperature distribution using the PCM/Fin-Air-
Model

Figures (5.23 A and B) show the variation in the T,,,,, and AT,,,, at T;,, value of 40
°C and various u;, values of 0.75, 1.5, 2.25, and 3 m/s under 3C rates. As shown in
Figure (5.23 A), the changes in u;, has a relatively low influence on T,,,, at the first
half period of the operation due to the phase change occurring in the PCM.

Thereafter, the variation in the T,,,, increases continuously until the end of the
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discharge period due to completing the PCM melting process before the end of the
discharge period at low air velocities.

Hence, the T, 4, can be reduced from 55.34 to 48.22 °C by increasing the u;,,
from 0.75 m/s to 3 m/s. The largest values of T,,,,, at the end of the discharge period
were 55.3, 52.15, 48.89, and 48.22 °C for u;, of 0.75, 1.5, 2.25, and 3 ml/s,
respectively. In contrast, it is observed a good temperature distribution throughout
the battery cells where the maximum temperature difference between the battery
cells does not exceed 2.8 °C at the end of the discharge period for all air velocities as
shown in Figure (5.23 B), which is still below the recommended limit of temperature
difference (5 °C). It can be concluded that using the u;,, value of 0.75 m/s is sufficient
for 1 and 2C rates at T;,, of 40 °C, while it should increase to 2.25 m/s for a 3C rate
to avoid the accumulation of heat and then completing the PCM melting process that

causes a sharp increase in the Ty, 4,

56 3.0

b, =0.75 m/s 3C [ ——u,=0.75 m/s 3C
i —u, =15 i,,_/j- T,=40°C 25 _ —u, =15 m/s‘ T,=40 °C
5 L —u, =225 m/s _ —u, =225 mss
b=, =3 m/s 20 L —u,,=3 m/s
~~ [y B [
o g 1
i'/ e b
& 48 ZE L5 r
S g
| Lo f
a4 -
[ 0.5 -
40 " " s " 1 n L n I 1 L L 1 L 1 L L L L 00 L L 1 1 L 1 L L 1 L L L 1 1 I 1 L I
0 5 10 15 20 0 5 10 15 20
Time, ¢ (min) Time, ¢ (min)

Figure (5.23) Variation of (A) Tyy,4, and (B) AT, 44, at 3C rate and T;,, of 40 °C
under various u;, using the PCM/Fin-Air-Model.

Furthermore, Figures (5.24 A-D) show the temperature contours at the end
of the discharge rate for the 3C rate, across the battery row using various u;,, values

and T;, of 40 °C. As the discharge rate progresses, the heat generation from the
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battery cells is continuously transferred outwards. Some of this heat is stored in the
PCM, while the other is removed by the cooling air across the PCM and aluminum
fins. Moreover, these figures show the path of heat dissipation, where the
temperature continuously increases from the battery cells toward the air channel, and
from the inlet toward the outlet due to the continuous heat exchange between the
battery cells and flowing cooling air. Therefore, the largest value of T,,,, can be
shown around the last battery cell in the row, while it was the lowest around the first

battery cell.
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Figure (5.24) Temperature distribution contours for the PCM/Fin-Air-Model at the
end of the discharge period under 3C rate and T;,, of 40°C with various u;,of (A)

Uy, = 0.75m/s B)u,, =1.5m/s (C)uy,, = 2.25m/s (D) u;,;,, = 3 m/s.
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5.3.8 Effect of u;, variation on the PCM liquid fraction using the PCM/Fin-Air-
Model

Figures (5.25 A and B) illustrate the variation in the average liquid fraction of PCM
at T;,, of 40 °C and various u;, of 0.75, 1.5, 2.25, and 3 m/s under 2C and 3C
discharge rates. The figures show that the increase in the u;, can effectively reduce
the PCM liquid fraction rate where the increase in the u;, from 0.75 to 3 m/s can
reduce the liquid fraction of PCM at the end of the discharge period from 0.679 to
0.24 for 2C, as shown in Figure (5.25 A) and from 1.0 to 0.748 for 3C, as shown in
Figure (5.25 B).

Furthermore, the figure demonstrated the liquid fraction of PCM remains less
than 0.679 for all u;,, at a 2C rate, while it reaches 1.0 before the end of the discharge

period using a 0.75 m/s air velocity under a 3C discharge rate.
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Figure (5.25) Variation of the average liquid fraction using the PCM/Fin-Air-
Model at T;,, of 40 °C under various u;,, and C-rates of (A) 2C and (B) 3C.

For further clarity, Figures (5.26) and (5.27) show the contours of the PCM
liquid fraction within the battery pack at the end of the discharge period under 2C
and 3C rates at T;;,, of 40 °C and various u;,. Figures (5.26 A-D) illustrate the liquid
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fraction at a 2C rate with various u;, values of0.75, 1.5, 2.25, and 3 m/s, respectively.
At a low u;, of 0.75 m/s, a thick layer of liquid PCM is formed close to the battery
cells due to the low heat rejection rate. As u;, increases to 1.5 m/s, the amount of
liquid PCM is reduced, especially around the first battery cell. With further increases
in u;, to 2.25 and 3 m/s, the amount of liquid PCM becomes minimal with a thin
layer close to the last cells.

In contrast, Figures (5.27 A-D) illustrate the liquid fraction at a 3C rate with
various U;, values of 0.75, 1.5, 2.25, and 3 m/s, respectively. It demonstrates that the
PCM melting process is completed at low u;, values of 0.75 and 1.5 m/s, which
explains the increase in Ty, 4, at these u;, values. In contrast, a small amount of solid
PCM remains at a higher u;,, values of 2.25 and 3 m/s.

Furthermore, Figures (5.27 A and B) show the homogeneously of the PCM
melting process at the end of the discharge period owing to the existence of

aluminum fins that get more reliable to the present model.

119



Chapter Five

Results and Discussion

(B) 10.5

©

Figure (5.26) PCM liquid fraction contours for the PCM/Fin-Air-Model at the end

(D)

of the discharge period under 2C and T;,, of 40 °C with various u;,, of (A) u;,

0.75m/s, B) u;, = 1.5m/s, (C)u;, = 2.25m/s, (D) u;,, = 3 m/s.
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Figure (5.27) PCM liquid fraction contours for the PCM/Fin-Air-Model at the end

of the discharge period under 3C and T;,, of 40 °C, with various u;,, of (A) u;,, =
0.75m/s, B)u;,,, = 1.5m/s, (C)u;, = 2.25m/s, (D) u;,, = 3m/s.

5.3.9 Effect of u;,, variation on the AP using the PCM/Fin-Air-Model
Figures (5.28 A-D) show the pressure distribution contour at various u;, using
PCM/Fin-Air-Model. It displays a high-pressure increase before the battery pack

owing to the sudden obstruction by the PCM container and convergence of the
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airflow area, then the airflow tends to pass through the gap space between container
rows, resulting in an increase in the airflow velocity and a decrease in the pressure.
Then the pressure decreases gradually due to the friction losses until it leaves the
battery pack. The maximum AP across the battery pack were 18, 68, 148, and 263 Pa
for u;, of 0.75, 1.5, 2.25, and 3 m/s, respectively.
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Figure (5.28) Pressure distribution contours for PCM/Fin-Air-Model with various

Uin of (A) uin=0.75 m/s (B) uin=1.5 m/s (C) uin=2.25 m/s (D) uin=3 m/s.
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5.3.10 Effect of T;,, variation on the T,,,, using the HP-Model

Figures (5.29 A-D) show the variation in the T,,,,, at u;, of 0.75 m/s and various Tj,
of 25, 30 35, and 40 °C under C-rates of 1, 2, and 3C. The figures show an increase
in the T,,,, with increasing the T, and C-rates. At 1C the T,,,, has a low-rate
increase and it remains below the safety temperature limit, where the largest values
of T,y 4 through the discharge period were 29.8, 34.8, 39.8, and 44.8 °C for T;,, of
25, 30, 35, and 40 °C, respectively, that indicates the battery pack can operate safely
for 1C-rate at an u;, of 0.75 m/s.

At 2C rate, the T,,,, increases significantly during the initial stage of the
discharging period, followed by a slower rate of increase until the end of the
discharging period. Furthermore, the T,,,, reached the upper level of the acceptable
temperature limit of (50 °C) at a high T;,, of 40 °C. The largest values of T,,,,, were
36.4,41.5,46.6 and 51.7 °C for T;,, of 25, 30, 35 and 40 °C, respectively.

At the 3C rate, the T,,,,, shows the largest acceleration in the increasing rate
through all the discharge periods owning the high heat generation. Furthermore, the
Tax €xceeds the upper level of safety temperature limit at the high T;,, of 35 and 40
°C, where the largest values of T,,,, at the end of the discharge period were 45.9,

50.9, 56.1, and 59.8 °C for T;,, of 25, 30, 35 and 40 °C, respectively.
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Figure (5.29) Variation of T, 4, using the HP-Model at u;,, of 0.75 m/s and various
C-rates for (A) Ty, = 25 °C, (B) T;;, = 30 °C, (C) Ty, = 35 °C, (D) Ty, = 40 °C.

5.3.11 Effect of u;,, variation on the T,,,, and AT,,,, using the HP-Model

Figures (5.30 A and B) show the variation in the T,,,,, and AT,,,, at T;;, of 40 °C and
3C rate for various u;, of 0.75, 1.5, 2.25, and 3 m/s. As shown in Figure (5.30 A),
the changes in u;, had little effect on the T,,,, at the beginning of the discharge
period up to t=3 mins. This was due to the small temperature difference between the
air cooling and the HP condenser at the start of the discharging process, which was
attributed to the HP thermal resistance. Subsequently, the variations in the u;,
significantly affect the T,,,, leading to a decreasing it as the u;;,, increases and this

effect intensifies throughout the remainder of the discharge period.
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Furthermore, the u;, increase in the range of 0.75-1.5 m/s has a significant
effect on T, 4, and AT,,,, While it has the slightest effect when u;,, increases in the
range of 2.25-3 m/s. The largest value of T,,,, at the end of the discharge period are
59.8, 56.2, 54.5, and 53.6 °C for u;, of 0.75, 1.5, 2.25, and 3 m/s, respectively.

In contrast, the model has a good temperature distribution through the battery
pack, where the largest value of AT,,,, at the end of the discharge period are 2.9, 2.3,
1.9, and 1.7 °C for u;, of 0.75, 1.5, 2.25, and 3 m/s, respectively, as shown in the
Figure (5.30 B).
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Figure (5.30) Variation of (A) Ty, and (B) AT, 44, at 3C rate and T;,, of 40 °C

under various u;, using the HP-Model.

Moreover, Figures (5.31 A-D) show the temperature contours at the end of
the discharge rate for the 3C rate, across the battery pack and HPs using various u;,
values and T;, of 40 °C. The figures show a continuous increase of temperature
gradient from the battery cells, HP evaporator section then to the condenser section
where the heat generation is rejected to the out by cooling air, as well as, the first HP
and battery cells have the lower temperature gradient due to its location next to the

airflow inlet section.
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Figure (5.31) Temperature distribution contours for the HP-Model at the end of the
discharge period under 3C and T;,, of 40 °C with various u;, of (A) u;,=0.75 m/s
(B) u;p,=1.5 m/s (C) u;,=2.25 m/s (D) u;,=3 m/s.
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5.3.12 Effect of u;,, variation on the AP using the HP-Model

Figures (5.32 A-D) show the pressure distribution contour at various u;, using HP-
Model. It displays an increase in the pressure before the finned HP condenser owing
to the convergence of the airflow area, then the airflow passes through the space
between fins, resulting in an increase in the pressure drops. Then the pressure
decreases gradually due to the friction losses until it leaves the condenser section.
The maximum AP across the battery pack were 5.3, 14, 26, and 41 Pa for u;,
of 0.75, 1.5, 2.25, and 3 m/s, respectively. Furthermore, the HP-Model displays the
lowest pressure loss as compared with the Air-Model and PCM/Fin-Air-Model,
owing to the finned HP condenser design which has a lower contraction area in the

air flow pass.
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Figure (5.32) Pressure distribution contours for HP-Model with various u;,of (A)

Uip = 0.75m/s, B) u;, = 1.5m/s, (C) u;, = 2.25m/s, (D) u;,, = 3 m/s.

5.3.13 Effect of T}, variation on the T}, 4, using the HP/PCM-Model

Figures (5.33 A-D) show the variation in the T,,,,, at u;, of 0.75 m/s and various Tj,
of 25, 30 35, and 40 °C under C-rates of 1, 2, and 3C. The 1C rate is not studied in
this model due to the low heat generation. The figures demonstrated that the T,,,,,
increases with increasing the T;, and C-rates. At 2C the T4, remains below the
safety temperature limit throughout the discharge periods where the largest value of
Tinax Were 36.4,41.4,44. 5 and 47.5 °C for Ty, of 25, 30, 35, and 40 °C, respectively,
as shown in Figures (5.33 A-D). This indicates the battery pack can operate safely
for 2C-rate at an u;, of 0.75 m/s. At the 3C the T,,,, of the battery cell remains
within the safety temperature limit at low T;,, of 25, 30, and 35 °C, where the largest
value of Ty, 4, were 43.8, 46.3, and 49.7 °C for T;,, of 25, 30, and 35 °C, respectively,
as shown in Figures (5.33 A-C). While it exceeds the upper level of safety
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temperature limit at the high T;,, of 40 °C, where it reached 52.9 °C, as shown in
Figure (5.33 D).
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Figure (5.33) Variation of T,,,,, using the HP/PCM-Model at u;,, of 0.75 m/s and
various C-rates under (A) T;,=25 °C (B) T;,= 30 °C (C) T;,= 35 °C (D) T;,= 40 °C.

5.3.14 Effect of u;,, variation on the T,,,, and AT,,,, using the HP/PCM-Model

Figures (5.34 A and B) show the T,,,, and AT,,,, variations at T;, of 40 °C for
various u;, of 0.75, 1.5, 2.25, and 3 m/s under 3C rates. As shown in Figure (5.34 A)
the changes in u;, had little influence on the T,,,, at the beginning of the discharge
period. This was due to the small temperature difference between the air cooling and
the HP condenser at the start of the discharging process, which was attributed to the

HP thermal resistance, as well as, due to the phase change occurring in the PCM.
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Then the variation in the T,,,, effecting by inlet air velocity change increase
continuously until the end of the discharge period. Furthermore, the u;,, increase has
a slight effect on T,,,,, and AT,,,, especially when it increases in the range between
2.25-3 m/s, meaning the thermal performance of the model became more stable when
the u;, reached 2.25 m/s, as well as, due to the PCM integrated effect. The largest
value of T, at the end of the discharge period are 52.9, 51.3, 50.5, and 50.1 °C for
u;, 0£0.75, 1.5, 2.25, and 3 m/s, respectively. In contrast, the model produces a good
temperature distribution throughout the battery cells as shown in Figure (5.34 B),
where the largest value of AT,,,, at the end of the discharge period are 1.8, 1.6, 1.4,
and 1.3 °C for u;, 0of 0.75, 1.5, 2.25, and 3 m/s, respectively.
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Figure (5.34) Variation of (A) T;;,4x and (B) AT, 4, at 3C rate and T;,, of 40 °C
under various u;, using the HP/PCM-Model.

Furthermore, Figures (5.35 A-D) show the temperature gradient contour at
the end of the discharge rate of 3C rates across the battery pack under various u;,
and 40 °C operation temperature. As the discharge rate progresses, the heat
generation from the battery cells is continuously transferred outwards. Some of this
heat is stored in the PCM, while the other is transferred out of the battery pack
through HP. Therefore, the figure shows a continuous increase of temperature

gradient from the battery cells, the HP evaporator section then to the HP condenser
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section where the heat is rejected to the out by cooling air, as well as, from the battery

cell towards the PCM.

(©) (D)
Figure (5.35) Temperature distribution contours for the HP/PCM-Model at the end

of the discharge period under 3C and T}, of 40 °C, and various u;, of (A) u;,, =
0.75m/s, B)u;, = 1.5m/s, (C) uy,, = 2.25m/s, (D) u;, = 3 m/s.
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5.3.15 Effect of u;,, variation on the PCM liquid fraction and temperature

distribution using the HP/PCM-Model

Figures (5.36 A and B) illustrate the variation in the average liquid fraction of PCM
at T;,, of 40 °C and various u;, of 0.75, 1.5, 2.25, and 3 m/s under 2C and 3C
discharge rates. The figure shows that the increase in the u;, has a slight reduce the
PCM liquid fraction rate, especially at the 3C rate, where the increase in the u;,, from
0.75 to 3 m/s can reduce the liquid fraction of PCM from 0.621 to 0.435 and from
0.877 to 0.772 at the end of the discharge period for 2 and 3C, respectively. This
owing to the small direct contact area between the HP evaporator section and PCM,

as well as, to the low thermal conductivity of PCM.
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Figure (5.36) Variation of the average liquid fraction using the HP/PCM-Model at
T;y, of 40 °C under various u;,, and C-rates of (A) 2C and (B) 3C.
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For further clarity, Figures (5.37) and (5.38) show the contours of the PCM
liquid fraction within the battery pack at the end of the discharge period under 2C
and 3C rates at T;;,, of 40 °C and various u;,. Figures (5.37 A-D) illustrate the liquid
fraction at a 2C rate with various u;, values of0.75, 1.5, 2.25, and 3 m/s, respectively.
At a low u;, of 0.75 m/s, a thick layer of liquid PCM is formed close to the battery
cells due to the low heat rejection rate. As u;, increases to 1.5 m/s, the amount of
liquid PCM is reduced to a thin layer close to the battery cells. In contrast, the layer
of the liquid PCM is observed to almost disappear when further increases in u;,, to
2.25 and 3 m/s.

In contrast, Figures (5.38 A-D) illustrates the liquid fraction at a 3C rate with
various u;, values of 0.75, 1.5, 2.25, and 3 m/s, respectively. It demonstrates that a
thick layer of liquid PCM is formed around all the battery cells in all u;, values
condition with slight variation in thickness. Furthermore, the PCM melting process
1s not completed although the T,,,,, of the battery pack exceeds the higher limit of
the PCM melting point temperature.
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Figure (5.37) PCM liquid fraction contours for the HP/PCM-Model at the end of
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5.3.16 Numerical results comparison with the previous studies

To justify the effectiveness of the thermal performance of the HP/PCM-Model and
PCM/Fin-Air-Model, their simulation results are compared with the previous
simulation results of Sutheesh et al. [97] and Kavasogullari et al. [44]. The Sutheesh
model consists of 21 copper HPs inserted in the space between the cylindrical 18650
Li-ion batteries which are submerged in a PCM container, and the condenser HPs are
cooled with forced air. In contrast, the Kavasogullari model consists of twenty-one
cylindrical 18650 Li-ion batteries, each battery was wrapped by a 4 mm thickness
aluminum shell filled with PCM and, placed in the air duct. The comparison is
conducted under the 3C rate. The simulated result of the present models produces a
good thermal performance as compared with the Sutheesh and Kavasogullari models

as shown in Figure (5.39).

12 24
—— HP/PCM-Model —— PCM/Fin-Air-Model
Sutheesh et al. Kavasogullari et al.
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Figure (5.39) Comparison of (A) HP/PCM-Model against Sutheesh et al. [97] and
(B) PCM/Fin-Air-Model against Kavasogullari et al. [44].
5.4 Numerical and Experimental Results Validation
To validate the simulation models, the numerical results obtained by the COMSOL
simulation approach were compared with the experimental results obtained by the
present study. Figure (5.40) displays the T,,,,, variation with time for various models

at T;, and u;, of 40 °C and 1.5 m/s, respectively. The figure demonstrated an
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acceptable agreement between the numerical and experimental results, with
maximum deviations of 3.8, 6, 2.3, 2, and 2.7% for Air-Model, PCM-Model,
PCM/Fin-Air-Model, HP-Model, and HP/PCM-Model, respectively.
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Chapter Six
Conclusions and Recommendations
6.1 Conclusions

In this study, two novel hybrid models for cooling Li-ion batteries 18650-type
LiCoO: are designed and investigated experimentally and numerically. They were
tested under various operating conditions and compared with other conventional

models, as well as, with other hybrid previous models.
The main conclusions are summarized as follows:

1- The novel hybrid models produce a good thermal performance as compared with
the other previous hybrid models.

2- The present hybrid models can effectively enhance the thermal performance of
BTMS by keeping the T,,,, within a suitable operation temperature range,
compared with the conventional models, especially at a high C-rate.

3- The present hybrid models have good temperature uniformity through the battery
pack where the AT, ., stays below 4.2 °C at 3C rate and u;,, = 0.75 m/s.

4- The increase rate in the u;, has a slight effect on the T,,,,, and AT, ,, using the
present hybrid models, while it has a significant effect using Air-Model, where
the T, 4, reduce by 5.3, 12.8 and 30 % as the wu;,, increase from 0.75 to 3 m/s for
PCM/HP-Model, PCM/Fin-Air-Model, and Air-Model respectively.

5- The HP/PCM-Model can reduce the T,,, by 6.7, 19.6, and 18.9 % than the case
of the Air-Model and by 5.1, 10.3, and 26.6% than the case of the PCM-Model
at C-rates of 1, 2, and 3C, respectively. While the PCM/Fin-Air-Model can
reduce the T,,,, by 6, 18.3, and 15.2 % than the case of the Air-Model and by
4.4, 8.8, and 23.3% than the case of the PCM-Model at C-rates of 1, 2, and 3C,

respectively.
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6- The HP/PCM-Model has the lowest AP, and Py, than the other models, where
it can minimize the percentage Pr,,, by 94 and 90 % than PCM/Fin-Air-Model

and Air-Model, respectively, at u;, = 1.5 m/s.

7- The use of PCM coupled with HP reduces the T,,,,, by 1.7, 1.8, and 7.6% at 1, 2,
and 3C rates, respectively, as well as, it reduces the AT,,,, within the battery
pack by 53, 12 and 31%, respectively.

8- Furthermore, the fitted equations of battery non-uniform heat generation rates
have been found, and the average heat rate generation for a single battery cell at
1, 2, and 3C rates were 0.54 W, 2.06 W, and 4.05 W, respectively.

9- The average heat pipe's thermal resistances are 2.5, 1.7, and 1.2 °C/W at
discharge rates of 1, 2, and 3C, respectively.

10- The HP/PCM-Model exhibits an excellent thermal performance with the lowest
power consumption, especially at a high C-rate, as well as it can offer a safe
working temperature for the Li-ion batteries. This is because the large heat
transfer area of the grooved evaporator contacts with the batteries and finned
condenser which efficiently absorbs the heat generation from the batteries and
releases it to the forced air, as well as the additional heat generation is stored in

the PCM, especially at a high discharge rate.

6.2 Recommendations for Future Work

Based on the findings of this study, the integration of HP and PCM plays an important
role in enhancing the BTMS thermal performance. In contrast, the use of pure PCM
integration in the HP evaporator section has some weaknesses which can be

recommended for future work to improve its thermal performance as follows:
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1- Improved the PCM thermal conductivity by adding the composed material to
accelerate the rate of heat transfer to all parts of the PCM, which may reduce the

T,,.ax at @ high C-rate.
2- Study the effect of the inclination angle of HP on its thermal performance.

3- Improve the thermal performance of HP by adding nano-material to the HP

working fluid.
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Appendix

Appendix:

A.1 Thermocouples Calibrations

All thermocouples were tested and calibrated against mercury thermometers using
standard procedures to ensure reliable data before their use in experimentation. The
thermocouples and mercury thermometer were placed in a water container equipped
with an electrical heater and a mixing fan to achieve a uniform temperature rise.
Temperature values from both the thermocouples and mercury thermometers were
recorded at specific increments in water temperature. Figures (A-a) through (A-12)

display the measured values and their associated uncertainties.
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Figure (A.1) Thermocouples measured values and their uncertainties equations.

A-2



Appendix

A.2 Pressure and Velocity Device Calibration
For the pressure and velocity measurement device, the calibration was based on the
certificate test report from the device manufacturer, a copy of which is attached

below.

S A TROTEG

v AT WORK.

Werkskalibrierzeugnis
Calibration test report
Certificat d'étalonnage

Hiermit wird bescheinigt, dass dieses Trotec-Erzeugnis in Ubereinstimmung mit dem OM-
Handbuch der Trotec GmbH & Co. KG nach DIN EN ISO 9001/9002 gefertigt wurde. Die
Bestelivorgaben wurden eingehalten. Die Ausfihrung und Anzeigegenauigkeit der
Gerdte/Systeme wurde im Rahmen der Trotec Kalibrier- und Qualitdtssicherungs-
maBnahmen (berwacht. Die Uberpriifung ergab keine Beanstandung.

This is to certify. that this Trotec product has been tested according to the TQM to the
Trotec GmbH &Co. KG manual in accordance with DIN EN ISO 9001/9002. Ordering
specifications are complied with. Execution of instruments / systems as well as testing of
accuracy was carried out following TROTEC calibration and quality assurance procedures.
Inspection was successfully passed.

Par ce document, nous certifions qua le produit correspondant a bien été testé suivant
les normes TQM de Trotec GmbH & Co. KG en accord avec la norme DIN EN ISO
9001/9002. Les conditions stipulées dans |la commande ont été remplies. La réalisation
des appareils / systémes ainsi que les tests da précision ont été fait an concordance avec
les procédés de qualité et d’étalonnage Trotec,

45010

RT<L

Typ/Type/Type: TA400
Genauigkeit/Accuracy/Précision : V: £2.5 % (@ 10 m/s)
T: £1.0°C (& 0 - 50 °C)
P: 0.3 % FSO* (@ 25 °C)

Serien Nr./Serial Nr./N° de Série: 190611241

Kalibriereinheit (Referenz)/Calibration unit (Reference)/
Equipement d'étalonnage (référence):

TIANJIN METEOROLOGICAL INSTRUMENT
Fabrikat/ brand/Modéle: WORKS
Zertifikat-Nr./Certificate-No./ N° de certificat | LKK201709037/ NSC201730134
Serien Nr./Serial Nr./N° de série 05005
Genaulgkelt/Accuracy/Précision: +/-0.2m/s
Kal.-datum/Cal.-date/ Date d'étalonnage 2017-11-20
Standards/Standards/Normes: J1G431-1986 Regulation

Umgebungsbedingungen/Environmental conditions/
Les conditions environnementales :

Temp [°C]: 25C
.
Rel. Hum [9%6]: SS%RH
Datum/Date/Date: —2019-06-28 173

*FSO = Full Scale Output

RoNTRAY : (o1 an
TreucGudiACaas femesg fvale !  Tu obisiowe s Wi | Tore Ve g feas O Sovwrbe e U Hew e mis s
SO 2pihe SRASKE DN Hedshicy | P s TR W28 e e de A Telefyvm des Lech " astew Latdy A5 Asche e S

]
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Messergebnisse/Measuring results/Les mesures: Velocity

cCasqot

mr

Messbereich/ | Referenz/ Toleranz/ | Messwert/ | Abweichung/
Range/ Reference/ | Tolerance/ | Reading/ Deviation/ Status/
Nr. plage de Référence | Permissivité | Valeur Ecart Status/
mesure mesurée Résultat
[m/s] [m/s] [m/s] [m/s] [m/s]
1 1-80.0 10 +/-0.25 10.02 +0.02 Passed
Messergebnisse/Measuring results/Les mesures: Temperature
Messbereich/ Referenz/ Toleranz/ | Messwert/ | Abweichung
Range/ Reference/ | Tolerance/ | Reading/ /! Status/
Nr. plage de Référence | Permissivité | Valeur Devyiation/ Status/
mesure mesurée Ecart Résultat
[°C] [°C] [°C] [°C] [°C]
1 0 - 50.0 5 +/-1.0 4.7 -0.3 Passed
2 0 - 50.0 10 +/-1.0 9.9 -0.1 Passed
3 0 - 50.0 25 +/-1.0 25.2 +0.2 passed
4 0 - 50.0 50 +/-1.0 49.5 -0.5 Passed
Messergebnisse/Measuring results/Les mesures: Pressure
Messbereich/ Referenz/ Toleranz/ | Messwert/ | Abweichung
Range/ Reference/ | Tolerance/ | Reading/ Status/
Nr. plage de Référence | Permissivité | Valeur Deviation/ Status/
mesure mesurée Ecart Résultat
(Pa] [Pa] [Pa] [Pa] [Pa]
1 1 - 5000 10 +/15 9 -1 Passed
2 1 - 5000 50 +/15 48 -2 Passed
3 1 - 5000 100 +/15 99 -1 Passed
4 1 - 5000 1000 +/15 999 -1 Passed
5 1 - 5000 2500 +/15 2498 -2 Passed
6 1 - 5000 5000 +/15 S000 +0 Passed
Kalibrierung erfolgreich bestanden,
Inspection was successfully passed (%)
L'appareil a été vérifié, Aucunemesure corrective nécessaire (%]
Das Gerét llegt auBerhalb der Kalibriervorgaben. B
Inspection failed
L'appareil ne satisfait pas aux critéres du test. O
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TAT.LC.HE-con. 1€

Prifer
Checked by
Verificateur

Qualltatssicherung
Quality Control
Assurance Qualité
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Appendix

B.1 PCM Data Sheet
The data sheet below contains the PCM properties that are used in the present study.

Data sheet RUB@Q&M

RUBITHERM® BT is a pure PCM, this heat storage material utilising the processes
of phase change between solid and liquid (melting and congealing) to store and
release large guantities of thermal energy at nearly constant temperature.
RUBITHERM® phase change materials [PCM's) provide a very effective means
or storing heat and cold, even when limited volumes and low differences im
operating temperature are applicable.

/) AMproperties for RT-line:

high thermal energy storage capacity

heat starage and release take place at relatively constant temperatures

no supercooling effect, chemically inert

long lifie product, with stable performance through the phase change cycdes
melting temperature range between -9 'C and 100 *C available

w Blkpkl.l‘lrnrlpll mn'numuulph.rhumm:h-pdlﬂm
i
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Appendix

C.1 Calculation of the Uncertainty

C.1.1 Uncertainty of AT,

The uncertainties of the AT,,,, is determined as follows:

ATmax = Tmax — Tmin (C.1)
AT max _

aTmax N 1

0AT,, 0

aTmin

For example, the T4, equal 50 °C and T,;, equal 45 °C, then AT,,,, equal 5 °C.
As the accuracy of the temperature data logger is equal to 0.2 %, the wy, andwy

determine as:

- 92 _ng10
wr =50X 0= 0.1 %

wp =45 X 22 =0.09 %
min 100

Then using equation (4.8)

OATrmax\% ATmax\? 2 1/2
_ max max
WATmax - [( ) WTmax + (aTmin ) WTmin] (48)

aTmax
war, = [(1)? x 0.1% + (1) x 0.09%]*/2
Wyr, .. = 1£0.134°C, or

0.134

WATmax = 5

X 100 % = 2.68 %

C-1
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C.1.2 Uncertainty of m,
The uncertainties of the m, 1s determined as follows:
e =pXUXAy (4.3)

e = 1.095 X 1.5 x (0.11 X 0.07) = 0.0126kg/s

aa’za =ux Ay = 1.5%0.0077 = 0.01155
A,

=—1= p X Ag = 1.095 X 0.0077 = 0.00843
O™ _ 4% p = 1.5 x 1.095 = 1.642

aAd =uXxXp=1. . = 1.

As the accuracy of the airflow device and area measurement equal to 2.5 % and 5%,

respectively, the wy, and w,, determine as:

Wy =15 X = = 0.0375
2
Wy = 0.0077 X = = 0.000154

w, = 1.095 X — = 0.033
100

Then using equation (4.9)

amy\ 2 amy\ 2 amy\ 2 1/2
Wi, = [(a—p“) W/’2+(a_ua) w2 +(aTZ) Wjd] (4.9)

w,,. = [(0.01155)2 x 0.0332 + (0.00843)2 x 0.03752 + (1.642)2 x 0.0001542]1/2

Wp,., = £ 0.000556 kg/s or

0.000803
Wi, =

= X % = 4.4 0
. = oomag X 100% = 4.4%
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C.1.3 Uncertainty of Qy¢p,

The uncertainties of the Q. is determined as follows:

Qgen =7 (Q + Q) (4.1)

ATb>

) 1
Qgen_Vb<maXCanAT +my X cpp X A7

Qgen = 0 01)02 (0.0126 X 1007 x 2.7 + 12 X 0.046 x 830 x 0.028) = 234,600 W/m?>

0Q,.n
a:la = (CPCLXAT)_

= 13,594,000

aQ 1

9" — — (. X AT,) = 0.0126 X 2.7) = 170
Iy Vp (e X ATa) = 5500z ¢ )

anen 1

Tleen (e e )= 0.0126 x 1007) = 63,441
AT, — V, (e X p.a) = 55002 ¢ )

00, 1 AT,
g —(cpb b (830 x 0.028) = 116,200

At ) 0.0002

80, 1 AT,
(o

At) = (12 X 0.046 x 0.028) = 77

dcpp Vb
90y, _ 1 ( ) = — (12  0.046 x 830) = 2,290,800
= — X X X -
AT, ~ 7, V2 " P2) = 50002
At

As the accuracy of the measurement parameters are determine as,
w,, = 0.000556 kg/s

J

kg °C

ch’a =

War, = 0.134°C

C-3
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Wp,, = 0.001 kg
J
We,, = 20 kg °C

0.2
= 0.028 X — = 0.000056 °C
WA 100

Then using equation (4.10)

Wo. o = [(13,594,000)? x 0.0005562 + (170)% x 1 + (63,441)? x 0.134% +

9

(116,200)2 x 0.0012 + (77)% x 202 + (2,290,800)2 x 0.0000562]%/2

wy =+ 11,481 W/m? or

gen

11481
Yoy = 234,600 W/m?

X 100% =49 %
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ARTICLE INFO ABSTRACT
Keywords: The usage of an effective battery thermal management system (BTMS) to achieve optimal lithium-ion battery
Heat pipe operation and prevent thermal runaway is essential. The usage of heat pipes (HPs) is considered one of the most

Lithium-ion batteries
Phase change materials
Battery thermal management systems

effective techniques to cool batteries due to its high thermal conductivity. In this study, a BTMS equipped with a
new model of flat HP coupled with phase change material (PCM) is experimentally investigated. The new flat HP
consists of a double circular grooved evaporator and a finned condenser. The thermal performance of the new
model is compared with the pure PCM model, air cooling model, and the same HP without the PCM combination.
Different BTMS models are examined using various discharge rates (1C, 2C, and 3C) and air velocities, at 35 °C
ambient temperature. The results indicated that the new model displays a good cooling performance, especially
at high discharge rates and it can provide better protection for the batteries. Where the new model can reduce
maximum operating temperature (Tpma) at 3C by 20.1 % and 21.1 % than the Air-Model and pure PCM-Model,
respectively. Furthermore, the largest value of Ty, and maximum temperature difference using the new model
did not exceed 48.1 °C and 1.8 °C, respectively. Additionally, we found the adding of the PCM to the new HP
model can reduce the T, by 4 °C at 3C.

longevity and vehicle safety [5]. However, to avoid battery thermal
runaway and ensure the safety of operation, they must be kept below
60 °C [6]. Other studies [7,8] demonstrate that the best operation
temperature range is between (20-50 °C). Another study shows the
battery capacity at 50 °C was marginally higher than 25 °C due to the
reduction in the internal resistance of the lithium-ion battery [9].
Furthermore, the maximum temperature difference (AT,,,) of battery
packs must be limited below 5 °C to avoid the occurrence of aging
variance and individual deformation, which reduces battery lifetime
[10,111.

As a result, the battery thermal management system (BTMS) is crit-
ical for a reliable and safe operation of electric cars to create a proper
and controllable operating temperature of the batteries [12]. According
to the cooling mediums, currently, there are five types of cooling sys-
tems; air cooling system, liquid cooling system, phase change material
(PCM) cooling system, heat pipe (HP) cooling system, and combined
cooling system.

In the air-cooling system, forced air convection is used to take away
the heat generated from the battery. It is commonly used in commercial

1. Introduction

The increased use of internal combustion engines has resulted in
severe issues of energy scarcity and climate pollution, where the quan-
tity of energy produced from fossil fuels contributes to around 80 % of
the energy produced [1]. That incentivizes many countries to develop
more efficient and sustainable energy technologies, which have become
one of the most pressing needs of our time. Recently, with the invention
of lithium-ion (Li-ion) batteries, electric vehicles (EVs) have emerged as
potential solutions to these issues, as well as new ways to store electrical
energy from alternative energy sources and then reduce fossil fuel
consumption [2]. Li-ion batteries have gained popularity due to their
unique characteristics, which include a long life cycle, high voltage
capability, rapid charging/discharge rate, and high energy density of up
to 180 Wh/kg when compared to other batteries of the same size and
weight [3,4]. In contrast, when the Li-ion battery is used, it produces a
significant heat rate owing to the electrochemical reactions which cause
an increase in the battery’s temperature that affects the battery’s

* Corresponding author at: Engineering Technical College of Mosul, Northern Technical University, Iraq.
E-mail address: harethmaher2018@ntu.edu.ig (H.M. Abd).

https://doi.org/10.1016/j.est.2024.110963
Received 10 September 2023; Received in revised form 25 November 2023; Accepted 12 February 2024
2352-152X/© 2024 Elsevier Ltd. All rights reserved.
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Hybrid battery thermal management system of phase
change materials integrated with aluminum fins and
forced air
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Abstract
Due to its high self-heat rate, most researchers have avoided using lithium

*Engineering Technical College of
Bagdad, Middle Technical University, Irag

cobalt oxide (LiCo0O,) in their work, although, major car companies use it to
power some car models because of its high-power density. A thermal manage-
Correspondence ment system benefits from phase change material (PCM) and serves as a reli-
Hareth Maher Abd, Engineering

Technical College of Mosul, Northern

able cooling system to ensure the safety, performance, and lifespan of Li-ion
Technical University, Mosul, Traq. batteries. In this study, we conducted an experimental investigation of a new
Email: harethmaher2018@ntu.edu.iq

hybrid battery thermal management system (BTMS) using PCM combined
with aluminum fins and forced air to enhance the cooling performance of Li-
ion battery type 18 650 LiCoO,. Furthermore, the hybrid model's thermal
behaviors are compared with other models that use only air or PCM for cool-
ing. The cooling performance of different BTMS models was tested under a
high temperature of 40°C and various discharge rates, as well as, various air
velocities. The results demonstrate that the hybrid model effectively minimizes
the battery heat accumulation and can reduce the maximum operating temper-
ature by 1.5°C, 5.5°C, and 9.5°C compared to the air-cooling model and by
2.8°C, 5.1°C, and 16.1°C compared to the PCM model for discharge of 1C, 2C,
and 3C rates, respectively. Furthermore, the maximum temperature difference
within the battery pack did not surpass 3.1°C with our hybrid model. More-
over, the use of our model has a significant advantage in minimizing the air-

cooling power consumption by 89%.

KEYWORDS
BTMS, LiCo0O,, Li-ion batteries, phase change materials

1 | INTRODUCTION

with the development of lithium-ion batteries, alternative
methods have emerged to alleviate these issues and to

The increasing demand for the internal combustion
engine led to significant problems in the form of pollu-
tion and energy shortages, where almost 80% of the
energy generation comes from fossil sources.' This moti-
vated many researchers to find more sustainable, efficient
energy technologies, which have become one of the
urgent necessities in the present time.? In recent years,

discover new ways of storing more energy from renew-
able sources, thereby reducing reliance on fossil fuels.®
Among all types of batteries, Li-ion batteries became the
most attractive battery type due to their unique features,
comprising the high energy density, quick charge/
discharge rate, extended life cycle, and high voltage capa-
bilities compared with other batteries of similar size and

Energy Storage. 2024:6:e625.
https://doi.org/10.1002/est2.625
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Technical College, Baghdad, Iraq, 25-26 December 2024.

We look forward to your participation i the SCPER 2024,

Yours smeetely,

vl

. ™,
B sl

Prof. Dr. Nabil Jamul Y asin
SCPER 2024 Orgamizing Commuftee, Baghdad, Iraqg.

https://scper2d tech. mtweduw.i
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