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Abstract

Battery Thermal Management Systems (BTMSs) are critical for the safe
operation of Lithium-lon Batteries (LIBs), especially in high-use applications
such as electric vehicles (EVs). BTMSs are generally in charge of two major
functions: monitoring battery temperature and managing temperature gradients
caused by battery pack activity. The measuring of a LIB's temperature is
essential for the successful deployment of battery packs. Furthermore, because
degradation mechanisms are closely connected to battery temperature, the
temperature gradient caused by battery discharge must be minimised as much
as possible.

This thesis presents an experimental investigation of two battery thermal
management fields: (i) testing of a novel temperature measurement method for
individual cell-level monitoring of the LIB using Fibre Optic Sensors (FOS) and
(i) copper plated foam composite materials for passive LIB thermal

management.

The first section of this thesis concentrates on the implementation of a FOS
system on a single-cell and a three-cell parallel battery pack utilising Fibre Bragg
Gratings (FBGs). In laboratory experiments, temperature measurements of a
single-cell LIB and three-cell parallel battery pack are obtained by adopting a
novel mounting method for the FOS, which is confirmed by comparison to
standard thermocouple and platinum resistance sensing approaches. Cell-level
temperature monitoring is achieved with an average error of 0.97 °C, 1.33 °C,
and 1.27 °C for cells three different cells respectively, which is comparable with

conventional thermocouple and platinum resistance sensing approaches.

The second section of this thesis demonstrates, experimentally, a novel use for
copper plating of polyurethane foam substrates for passive battery thermal
management. To capture heat generated by the cell, Phase Change Material
(PCM) foam composites are used. A variety of experiments are carried out on
various copper deposition quantities. The plated copper foam resulted in an
average cell surface temperature reduction of 63.23%, which is comparable to
the commercial alternative of 65.44% in the best scenario. This is crucial since
the weight of the foam skeletons differs substantially in this scenario, with

91.47% less mass. It is demonstrated that copper plating can mimic the
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characteristics of solid commercially available foams, leading to a substantial
reduction of copper material, lowering the total cost implication.
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Introduction

1.1 Electrochemical Energy Storage: A Growing Demand

Electrochemical energy storage is rapidly becoming the default method for
electrical energy storage across the globe, with many types of battery storage
deployed in many different applications. Generally, batteries are of two types;
primary batteries are used only once and cannot be recharged, due to the
irreversible electrochemical reactions occurring in the batteries, whereas
secondary batteries, or rechargeable batteries, are electrochemical batteries
that can be cycled by discharging and recharging. Primary batteries hold the
major part of the commercial battery market, however, there are challenges
associated with the use of primary batteries, including the generation of large
amounts of unrecyclable materials, and the toxic components in the batteries

which create environmental concerns [1, 2].

A major secondary battery is the Lithium-lon Battery (LIB), it has many
advantages as the leading electrochemical storage device, with common
characteristics such as high specific energy, high specific power, high
conversion rate and long cycle life. It is widely used in electric vehicles and
various energy storage devices due to its good electrochemical stability, high

energy density, long battery life, and no need for maintenance [3].

The application of LIBs can generally be divided into five key fields:
transportation, electric energy storage, mobile communication, new energy
storage, and aerospace/military. Its application in electric vehicles could not only
replace the reliance on oil with electricity and reduce greenhouse gas emissions
but also store excess electricity from the grid [3]. As the demand for LIBs grows
so does the market for the batteries, Figure 1.1-1 shows the market value for
the LIB industry from 1992 to 2018, with predictive values for 2019 and 2020.
The study conducted in 2019 by Zhenghai Liao et. al. shows that the world
market value for LIBs was well over 25 billion USD in 2018 and was estimated
to be over 35 billion USD in 2020. Current projections estimate the global market
to grow from USD 41.1 billion in 2021 to USD 116 billion by 2030[4]. Specifically
for electric vehicles, one estimate projects global sales of electric vehicles to
climb from 1.7 million in 2020 to 26 million in 2030 [5].
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Figure 1.1-1: Lithium-ion batteries’ world market value from 1992 to 2020 [3].

With this in mind, the LIB will inevitably play a larger role in many sectors, one
of these sectors is the power distribution grid. Countries and individuals require
secure energy supplies; they need to know that sufficient and appropriate
energy will reach them in the future; therefore, being in control of independent
and assured supplies is essential — renewables energy generation technologies,

such as solar, wind and tidal, can provide this with some caveats [6].

Traditionally, the production, transmission, distribution, and consumption of
electric energy are simultaneous, i.e. the electricity produced by power plants
at any moment must equal the sum of the power used by consumers and grid
loss [7]. Arguably, this is where renewable energy generation technologies fail
as fluctuating weather conditions can hinder the reliability of electrical output,
hence the need for grid-scale electrical storage, i.e., battery storage. Grid-scale
battery storage is an ongoing research area with some notable developments
in recent years; for example, in 2017, the world's largest lithium-ion battery

began distributing power into the electrical grid in South Australia.

The Tesla manufactured battery, rated at 100 megawatts was deployed to solve
South Australia's electricity problems, such as the state-wide power shortage
experienced in 2016. The battery, integrated within a wind farm, is run by French

energy company Neoen and has the potential to store energy to power 30,000
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homes for one hour; however, its primary purpose is to stabilise the existing
electrical supply to the grid [8].

In 2017, the cost of one kilowatt-hour of lithium-ion battery energy storage was
USD 100 [9]; compared to the most common grid-scale storage, hydro pump
storage, battery storage can offer a substantial cost saving. For the UK national
grid to fully cope with the transition to renewable energy, it will require
approximately 100 gigawatts of energy storage, or ten hydropower stations the
size of the Dinorwig station in Wales. The cost of 100 gigawatts of hydro storage
based on the original 1984 cost of the Dinorwig power station, adjusted for
inflation, would be estimated at £13.7 billion; comparably, the cost of battery

storage equates to £7.8 billion, a substantial saving [9].

The transport sector is facing a shift toward electrification in the coming
decades. Globally, fossil fuel-based transportation accounts for 14% of human-
generated greenhouse gas emissions, resulting in a shift away from carbon-
intensive transportation modes [10]. Countries such as France and the UK are
to end sales of internal combustion-engine cars in favour of Electric Vehicles
(EV) by 2040, whereas India plans to achieve this by 2030 [11]. In 2017 electric
vehicle sales grew from 740,000 the previous year to 1.1 million, a 51%
increase, reaching a market share of 1.7%. It is forecast there will be nearly 400
models of Electric Vehicles (EVs) and 25 million sales by 2025 [12]. Lithium-lon
Battery technology, typically used in Battery Electric Vehicles (BEVs), is
prevalent in modern-day society as mobile phones, laptops and a plethora of
other gadgets are relied upon on a day-to-day basis. The LIB is expected to play
an ever-increasing role in more diverse ways with the advancement in battery
technology. One example of this is the aviation industry; manufacturers are
deviating towards More Electric Aircraft (MEA), replacing the conventional
systems, typically non-propulsion systems, with electrical-based systems. As
hydraulic and pneumatic emergency systems migrate to electrical equivalents,
the onboard power demand increases; thus, MEA uses state-of-the-art LIB

technology as these have higher energy density and lower weight [13].

Transport modes such as electric and hybrid buses, EVs, and MEA require
medium-to-large scale LIB packs; thus, the safe operation of the LIB is pertinent
to the successful deployment of large-scale applications. One main obstacle to
this is the multitude of safety concerns when utilising LIBs [14-16]. The
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environmental conditions and specific usage cases in which a LIB is operating
can have a role in performance issues [12], [17]; therefore, the temperature, in
particular, is considered a critical safety concern [14], [16], [18-22]. Thankfully
there are many research avenues and institutions around the world working

towards solving issues with the implementation of batteries.

1.2 Energy Storage Principles

The standard battery is typically referred to as a ‘cell’ which contains chemical
energy which is converted into electrical energy. These cells are connected in a
series and/or parallel configuration to form a battery pack. The connections are
based on the battery's application; a connection in series adds the voltage and
connecting in parallel adds the amperage. There are four main components of
a battery, the positive electrode or 'cathode’, the negative electrode or ‘anode’,
the electrolyte, and the separator as shown in Figure 1.2-3. During the battery
operation, a chemical reaction in both the anode and cathode results in
electrons flowing between each side of the battery, as shown in Figure 1.2-3.
The electrons can only flow using an external circuit; a separator in the cell stops
the flow of electrons internally. The separator is the electrically insulating layer
of material that physically separates electrodes of opposite polarity. The
separator must be permeable to the electrolyte ions; modern separators are
made from a synthetic polymer. The electrolyte is the medium that allows for
the ionic conduction between the anode and cathode but, importantly, is a non-

conductor for electrons as this would result in the self-discharge of the battery.

The positive electrode can be an oxide, sulphide or another compound that can
be reduced during the discharge of the cell. The negative electrode is usually a
metal or alloy capable of being oxidised. Both electrodes must be electrically
conducting for electrons to flow via the external circuit [23].

In a typical Li-lon cell, the negative electrode uses a technique called 'negative
insertion host' where graphite or tin oxide is used. During charged status, the
negative electrode contains lithium ions in its atomic structure, which are then
passed back to the positive electrode through the organic electrolyte during
discharge. The positive electrode is typically either manganese, cobalt, or nickel
oxide. The reverse process occurs during the charging status.
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"]

Figure 1.2-3: Battery Cell Cross Section, showing heat generation(Q)[2]

Figure 1.2-3: Lithium-ion Battery Schematic (Adapted from [1]).

Figure 1.2-3: Battery cell types (a) pouch cel, (b) prismatic cell, and (c) cylindrical cell.
(adapted from [23]).

Generally, there are three common types of battery cells, cylindrical, prismatic
and pouch cells (Figure 1.2-3). Cylindrical and prismatic cells have higher
structural integrity than pouch cells because of their sheet metal designed
casing, however, they are also heavier. The casing is made of strong aluminium

sheets, in contrast to the polymer cover of the pouch cell [24].
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At present, BEVs are powered using Lithium-ion batteries as these offer a
significant advantage over other battery types. Lithium is the lightest of all
metals with an atomic mass of 6.94 and a specific capacity of 3.86 Ah g .
Comparing this to sodium used for sodium batteries with an atomic mass of 23
and a specific capacity of 1.165 Ah g, it is clear to see the advantages of
utilising such metal for battery applications.

1.3 Thermal Monitoring and Management of Li-ion Batteries

The monitoring and management of thermal generation from a lithium-ion
battery are pertinent to the longevity and functionality of the battery cell. High-
temperature exposure and thermal generation from the cell can induce several
degradation modes leading to reduced capacity and power fade. The
temperature build-up is caused by the electrochemical processes within the LIB,
during operation the heat generated from the entropy change is reversible,
however, the heat generation which is caused by the charge transfer, ohmic
loss and mass transfer limitations is irreversible [25], thus heat build-up occurs.

Figure 1.3-1 illustrates the cause and effect of battery degradation for lithium-
ion batteries. High temperature can lead to solid electrolyte interface layer (SEI)
growth, SEI decomposition, electrolyte decomposition and binder
decomposition degradation mechanisms. These degradation mechanisms can
lead to the three main degradation modes, which in turn result in capacity fade
and power fade of the battery cell.

The three common modes of degradation are as follows;

1) Loss of lithium inventory: lithium ions are consumed by parasitic
reactions, such as surface film formation, for example, SEI
growth, decomposition reactions, and lithium plating and are no longer
available for cycling between the positive and negative electrode, leading
to capacity fade. Surface films may also cause power fade. Lithium ions
can also be lost if they are trapped inside electrically isolated particles of
active materials [26].
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2) Loss of active material of the negative electrode: active mass of the
negative electrode (anode) is no longer available for the insertion of
lithium due to particle cracking and loss of electrical contact or blocking
of active sites by resistive surface layers. These processes can lead to
both capacity and power fade [26].

3) Loss of active material of the positive electrode: active mass of the
positive electrode (cathode) is no longer available for the insertion of
lithium due to structural disordering, particle cracking or loss of electrical

contact. These processes can lead to both capacity and power fade [26].

Thermal management of lithium-ion cells is a challenge facing electric vehicle
manufacturers. The excessive local temperature rise in Li-ion cells causes
reductions in cycle life and may lead to thermal runaway of individual cells or an
entire battery pack [27]. The charging efficiency and lifecycle will be reduced if
operating temperatures are above 50 °C. For temperatures above 100 °C, which

can be either caused by overcharging or internal short-circuiting, thermal

Figure 1.3-1: Cause and effect of degradation mechanisms and associated
degradation modes [25].

runaway may occur [28]. Temperature not only affects the life cycle of a battery
pack; it can also affect aspects such as charge acceptance, energy capability
and reliability [27].
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Li-ion battery packs tend to be more compact and lighter compared to the NiMH
equivalents found in hybrid electric vehicles (HEVs). The battery pack thermal
management needs to be carefully considered in the lithium-ion battery module
design to guarantee the temperature of batteries in operation within a narrow
optimal range of 25-40 °C under standard power/current loads and ambient
temperature conditions [29]. However, stressful conditions such as high-power
draw at high cell/lambient temperatures, as well as defects in individual cells,

can significantly increase heat generation [30, 31].

There are generally two broad forms of cooling systems known as 'passive' and
‘active’. An active cooling system uses blowers for air cooling or liquid flow
distributors to remove the heat generation of the batteries. A passive solution
doesn't use such devices and often incorporates phase change materials (PCM)

or heat pipes to remove heat [27].

1.4 Aims and Objectives

This thesis aims to investigate the thermal monitoring and thermal management
of lithium-ion batteries with a twofold approach. Firstly, the implementation of
Fibre Optic Sensors (FOS) with multiple Fibre Bragg Gratings (FBGs) for the
multiplexing measurement of a lithium-ion battery pack temperature at the
individual cell level, pursuing the enhancement of information available for a

theoretical battery management system (BMS).

Secondly, conduct an experiment-based ‘proof of concept’ for the novel
application of copper electroless deposition onto polyurethane foam for the
enhancement of phase change material (PCM). Implementing a passive thermal

management system for lithium-ion batteries.
To achieve this aim, the following research objectives have been set:

* To investigate the mounting method of the FOS on the LIB surface for
reliable temperature measurement.

= Develop a system to measure the surface temperature of a lithium-ion
battery pack with one FOS strand demonstrating individual cell level
monitoring.

= Assess the reliability and accuracy of the developed mounting method

for individual cell level monitoring.
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= Develop a method for the implementation of foam structures into PCM
for the thermal management of a Lithium-ion battery.

» Investigate the method for copper electroless plating of polymer
structures for use in PCM material. Implement this to conduct a ‘Proof of

concept’ for the thermal management of lithium batteries.

1.5 Hypothesis and Contribution

The hypothesis of this thesis is twofold, where (i) the individual cell level
monitoring of a LIB can be achieved by implementing a multiplexing FOS
scheme of FBGs on cylindrical cells, and (ii), the use of copper plated foam is
comparable to the conventional commercially available copper foams, resulting
in a thermal management system component which is effective and uses less

copper material resulting in cost saving overall.

The literature review in chapter two provides evidence of a gap concerning
individual cell level monitoring of LIBs using FBGs, additionally, it shows that
there is currently no known implementation of copper deposition onto polymer

foam structures for the use in passive battery thermal management systems.
The main contributions of this thesis are the following:

= Development of a new ‘guide tube’ method for the mounting of a FOS
strand onto a LIB and assessing its suitability for the measurement of
battery surface temperature.

= Further development of the ‘guide tube’ method for individual cell
monitoring of a lithium-ion battery pack containing multiple LIB cells.

= The novel implementation of copper deposition on polymer foam
structures for use in a phase change material-based passive battery
thermal management system. Focus on the ‘proof of concept’ of this
application and the influence of the electroless copper deposition mass

on the ability of the system to lower battery surface temperature.
1.6 Thesis Outline
This thesis is organised as follows:

Chapter 1 presents the motivation, objectives and contribution of this research

work.

Keith Michael Alcock Page 9



The Thermal Monitoring and Management of Lithium-lon Batteries

Chapter 2 reviews the literature relating to the temperature measurement of
LIBs, with a section devoted to the use of FBGs for this application. Additionally,
a literature review of methods for battery thermal management is conducted,

with a focus on foam/PCM composites.

Chapter 3 presents the methodology and results of a proof-of-concept
experimental study on the guide tube mounting method of a FOS strand with 5

FBG sensors. A single LIB cell is used to evaluate two mounting methods.

Chapter 4 applied an enhanced guide tube method of mounting the FOS strand
on a three-cell LIB pack and deploys the five FBGs for individual cell level
monitoring. The method's suitability is evaluated and compared to industry

standards for temperature measurement.

Chapter 5 discusses the manufacturing methodology of copper-plated foam for
the impregnation of PCM material. The copper foam PCM composites are then
utilised for the thermal management of a pouch cell LIB. Laboratory experiments
show different masses of copper plating on the foam structures and compare
this to the commercially available copper foam of much greater mass. The
experimental results are summarised, and conclusions are made regarding the

performance of the copper-plated foam.

Chapter 6 finalises this thesis by presenting a summary of the results and a

discussion of future work.
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Literature review

2.1 Introduction

This chapter presents a review of the fundamentals of contact-type temperature
measurement techniques and their applications in the peer-reviewed literature.
Additionally, the fundamentals of the battery thermal management system

(BTMS) and examples of their applications in the peer-reviewed literature.
2.2 Temperature Sensing Techniques

There are several types of thermal sensing devices which use several
techniques to obtain a reliable temperature change. This section outlines the
most common techniques used for contact-type temperature measurement
where a sensor is physically placed onto a surface. These are categorised into
three main classes, i.e., a thermo-resistive sensor which can be classified into
the thermally sensitive resistor (thermistor) and resistance temperature detector
(RTD), thermocouple, and the optical Fibre Bragg Grating (FBG) sensor [25].

2.2.1 Thermocouples

The Thermocouple sensor (TC) is a standard method of sensing temperature,
widely viewed as an industrial standard and extensively utilised in many

industrial processes [25].

Consisting of two conductors of different metal types welded to create a sensing
tip; the principle of operation is based on the 'Seebeck' or thermoelectric effect
discovered by Thomas Seebeck in 1821. The thermoelectric effect describes
the small voltage change experienced when the welded and the reference end
of the TC sensor cable are exposed to different temperature points, and hence
a thermoelectric Electromotive Force (EMF) is developed which can be

measured, for example, with a voltmeter [32, 33].

The simply joining of two dissimilar conductors with a large relative Seebeck
coefficient will induce a potential difference (Figure 2.2-1). The materials also
have large electrical conductivities and small thermal ones, so there is a

relatively low voltage drop across the length and a small thermal gradient.

This generated voltage, (V) is the Seebeck voltage and is related to the

difference in temperature (AT) between the heated junction and the open
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junction by a proportionality factor (as) called the Seebeck coefficient. As
described in (1), where the value for as is dependent on the types of material at

the junction.

V = aAT (1)

Figure 2.2-1: Thermocouple Construction [33]

2.2.2 Thermo-resistive Sensors

The resistance of metals is dependent on the temperature, this is the basis of
thermo-resistive sensors. The most common types of thermo-resistive sensors

are discussed along with some of their applications.

2.2.2.1 Thermistor

The thermistors are typically solid semiconductors whose electrical resistance
is highly responsive to the surrounding temperature, and share many merits,
including low cost, high sensitivity to the temperature, wide measurement range
(- 55 °Cto 300 °C), and small size [25]. The thermistor is one of the most widely
used temperature sensors for commercially available battery systems, such as

those used by the Toyota Prius and Honda Civic Hybrid [34].

The NTC thermistor or, Negative Temperature Coefficient thermistor will see a
decreasing resistance (R) as temperature (t) increases. The resistance changes
exponentially as defined in (2), where x and y are constants for the material the

thermistor is made from.

R = xe¥/t (2)
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The thermistor is seen in the literature for battery surface temperature
measurement applications and many applications for monitoring the surface
temperature to study thermal behaviour. For example in [35] the temperature on
the surfaces of a LIB cell was recorded using thermistors. The sensors were
placed in the middle of the 18650 cylindrical LIB between the negative and
positive connections and had an error range of +1 °C. Additionally, M. Debert
et.al. presents a model of heat transfers in a battery module and uses a mass
produced thermistor as one element of data gathering on a specially equipped
battery module for model parameter identification [36].

2.2.2.2 Resistance Temperature Detector

The resistance temperature detector (RTD) measurement makes use of metallic
conductors with their electric resistance sensitive to temperature. The platinum
resistance sensor is most widely used due to the high-temperature resistance
linearity, high precision, +0.2 °C in industrial applications, wide temperature
range, — 260 to 960 °C, and reasonable stability in the environment [25].

RTDs have also been frequently used for LIB surface temperature
measurement. Particularly, commercial PT100 RTDs have been reported widely

for LIB surface temperature measurement.

An electro-thermal model of a stack of three lithium-ion batteries for automotive
applications is proposed in [37], where the thermal behaviour is validated using
RTD PT100 class A sensors attached to the battery surface and can capture
the surface temperature from -73 °C to 260 °C. Additionally, Tippmann et. al.
utilise six PT100 sensors to measure the temperature profile of a high-energy
Li-ion cell to aid in the development of an electrochemical model to help
understand internal processes and predict ageing effects at low-temperature
high discharge conditions [38].

D. Chalise et. al. present an experimentally-validated analytical method to
rapidly and accurately predict the temperature of a LIB cell undergoing cyclic
charge and discharge [39]. Using INR18650-15L Samsung LIB cells, it is stated
that the temperature of each cell is monitored using a PT-100 temperature
sensor attached to one of the cells, the sensor is configured in a four-wire circuit
for improved measurement accuracy. The obtained temperature profiles as

functions of time are used to validate the theoretical model [39].
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It is seen in the literature that a common type of PT sensor is the PT100 sensor
which means at 0 °C the resistance of the sensor is 100 Q [40]. These sensors
are subcategorised into classifications. Sensor manufacturers offer a wide
range of sensors that comply with BS1904 class B (DIN 43760): these sensors
offer accuracy of +0.3 °C at 0 °C and +0.8 °C at 100 °C, or for increased
accuracy, BS1904 class A (x0.15 °C) and tenth-DIN sensors (+0.03 °C),
additionally, manufacturers such as Isotech can provide standards with 0.001

°C accuracies [41, 42].

2.2.3 Fibre Optic Sensors and Fibre Bragg Gratings

The fibre optic cable or strand is typically defined by two types, single mode and
multimode. Single mode uses only one mode of propagation i.e., a single
wavelength of light in the fibre core resulting in no overlap between the different
wavelengths of light like there is with multimode fibres, typically FBGs are
inscribed into single mode fibres. Shown in Figure 2.2-2 the single-mode fibre
realigns the light toward the centre of the core, whereas multimode fibres simply

bounce the light off the edge of the core.

Single-Mode

>

Light Source

Cladding
Core
Multimode
Cladding
Core

Light Source

Figure 2.2-2: Single and multimode Fibre.

Fibre Bragg Grating (FBG) is a periodic modulation of the index of refraction in
the single mode fibre core [43]. As uniform fibre gratings, the grating planes are
perpendicular to the longitudinal direction of the fibre and are arranged in
constant periodicity, which is the basic structure of Bragg grating, as shown in
Figure 2.2-3. When incident light is emitted and guided along the fibre core, it is
reflected on each grating plane. When the Bragg condition is satisfied, the

waves reflected by each grating plane are superimposed to form a reflection
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wavelength peak. According to the Bragg conditions, one Bragg wavelength A
is given by (3) [44, 45].

AB = ZneffAB (3)

Where n.; is the effective refraction index of the fibre core, Ay is the period of
refraction index modulated as well as grating spacing. Any change of n.¢¢ or Ag
causes a variation in the centre of the reflection wavelength A [25, 44]. The
longitudinal deformation caused by the external force will change n,f, due to
the photo-elastic effect, and further change Ag due to the changing pitch, thus it
is possible to detect strain. Similarly, the temperature change also leads to the
variation of n.¢¢ and Ag due to the thermo-optical effect and thermal dilation [25,

44).

Figure 2.2-3 Working principle of the fiber bragg grating sensor [24].

An optical interrogator is used at one end of the fibre, this device detects the
reflected wavelength frequencies while simultaneously providing the light
source. When the fibre expands, contracts or the FBG bends, the grating
distance between Braggs (A) and the refractive index (n) of the FBG elements
change [46].

As the FBG sensor can measure the temperature and strain simultaneously,
and the two variables are coupled together intrinsically needing specially-

designed decoupling approaches [25].

The sensitivity of the Bragg wavelength with temperature and strain is as

follows.
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Adg
N (1 —pe)ez + (a +n)AT 4)

Where « is the thermal expansion of the FOS material (typically silica), n is the
thermo-optic coefficient, which represents the temperature dependency of the
refractive index, p, is the photo-elastic coefficient, and ¢,is the longitudinal strain

of the grating.

Equation 4 shows that the Bragg displacement is a function of strain and
temperature thus, by observing only AAg it is not possible to determine if the
displacement is due to strain, temperature, or both. To measure only
temperature, the FBG must be protected against strain, however, to measure
strain, it is very difficult to stop local temperature variation from interacting with
the FBG [44].

A28 _ (a + n)AT (5)
Ap

To measure strain only, compensation for the localised temperature must be
made. To do this, the measurement of the local temperature using a thermistor
or thermocouple must be made and applied to (5), to calculate the effect of
temperature alone in the Bragg wavelength displacement. Then, the
displacement of the Bragg wavelength due to strain alone is the total
displacement observed minus the displacement due to temperature alone [44].

The most common method for decoupling strain and temperature, to obtain
temperature is the mechanical method, with the use of microtubing, this allows
for the expansion and contraction of the FOS strand due to temperature without
inducing strain on the FBG sensors [25, 44, 47, 48].

There have been several notable examples of strain, pressure and temperature
decoupling using microtubing in the literature, for example, Dan L. Romanyk
et.al use FBG sensors to measure the temperature and strain of resin-based
composites, commonly used in dental restoration. They measured the strain and
temperature of their resin-based composites with and without polyimide tubing,
resulting in larger strain in the non-tubing covered FBGs, said to be a result of

thermal volumetric expansion of the resin composites [49].
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Lihui Liu et. al. develops an FBG pressure sensor partly shielded with a metal
tube. It is said that the thermal-strain cross effect is avoided, and its pressure
sensitivity is increased to 1200 times that of bare fibre grating. It is concluded
that due to its good sensing linearity the sensor can be applied for the
measurement of hydraulic pressure and vibration [50].

C.-H. Lee et. al. enhances the temperature sensitivity of an FBG temperature
sensor using a copper tube to jacket the FBG. In the setup, both sides of the
FBG are glued with epoxy to cylindrical tubes that in turn are inserted and glued
to a cylindrical copper tube. As the high thermal expansion coefficient of the
cylindrical copper tube pulls both sides of the FBG, the temperature sensitivity
is improved threefold when compared to a bare FBG [51].

An all-fibre seawater temperature and depth sensing array is proposed by Li
Wang et. al., used to obtain seawater temperature and depth profiles in the
yellow sea of China. The FBGs were coated with a layer of silica gel and were
then encapsulated in a metal tube, successfully preventing the influence of

pressure on the FBG sensors [52].

It is clear from the literature that it is important to employ a method to
mechanically decouple strain and temperature when using FBG sensors for
thermal monitoring, it is also shown that FBG is deployed in a multitude of
scenarios and has wide application in both temperature, pressure, and strain

measurement.

2.2.4 Battery Thermal Monitoring with FBG sensors

It is said that fibre optic sensor methods are expected to be one of the most
prominent methods for obtaining battery parameters, particularly because of the
multiplexing capabilities associated with fibre optics, where it is possible to
obtain multiple measurements from a single FOS strand [43, 45].

There are many examples of battery surface temperature measurements using
the FBG sensor in the literature, where it is seen that the research mostly
employs tubing of some form to decouple the strain and temperature

measurements.

E. Vergori and Y. Yu utilise a Polytetrafluoroethylene (PTFE) tube to constrain
the FBG sensors on the surface of a 5 Ah A5-sized pouch cell, successfully
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decoupling strain and temperature to measure both parameters during three
different C rate discharge conditions and three ambient temperature conditions.
They find that the deployed sensor can demonstrate successful recording of

these parameters [53].

Yifei Yu et al. also employs a PTFE tube to decouple strain and temperature
when using FBG sensors on the surface of a LIB. As shown in Figure 2.2-4 the
five-meter-long FOS with FBGs is attached to the A5 LIB cell and eight TC

sensors using a PicoLog data logger are used to validate the FBG response.

Figure 2.2-4: FOS Strand on A5 pouch cell with thermocouples [62].

The authors state that the FOS was calibrated in an ESPEC thermal chamber
and a thermal fluctuation was induced from 5 °C to 55 °C at 10 °C increments,
at each incremental step the chamber was allowed to reach thermal equilibrium,
then 100 measurements were recorded, and the arithmetic mean was taken for
the wavelength shift. The authors find that the FOS is comparable to the
temperature response of the TC sensors through 1 C, 3C and 5 C discharge

conditions [54].

The electrode temperature was measured using an aluminium metal ring and
FBG sensors in [55], where the temperature response of the FBGs was
compared to a PT100 sensor located near the loosely attached FBGs. The
metal ring with FBG and PT sensors is attached to the terminals of 60 Ah 3.2 V

lithium iron phosphate cells, the setup shown in Figure 2.2-5 . The sensors are
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calibrated at a temperature fluctuation from 10 °C to 80 °C in a thermostatic bath
and show that the FBG sensors show good linear response. A multitude of
testing at various C rates ranging from 0.3C to 0.6C showed a cell temperature
change ranging from 1.5 °C to 6.5 °C. It is concluded that the method proposed
for detecting external electrode temperature is successful, showing good
agreement with the adjacent PT100 sensors.

The internal temperature of a LIB is recorded using the FBG method in [56, 57],
where in both cases a single-mode SMF-28 fibre with FBGs inscribed was used
to measure the internal temperature of a cylindrical LIB cell. In [56] it is found
that the insertion of the FBG sensor into the cell provides unprecedented cell
data, whereas in [57] it is found that with the use of K-type thermocouples on
the outside of the cell, the variation in temperature between the inside and
outside of the cell can reach up to 6 °C in the scenarios tested.

S. Novais et al. measure the internal and external temperature of an in-house
manufactured LIB pouch cell of less than 1mm thickness. Using a Micron Optics
SM-125 optical interrogator, they measure the temperature of the cell using
parallel laid FBG sensors both internally at the separator and externally on the
LIB surface. The authors state that as the LIB cell is less than 1mm thick they
can neglect any strain induced on the FBG and only record temperature from
the FOS. The approach uses the same method for calibration as seen in other
research works, where the sensor is exposed to a temperature fluctuation, in
this case, 10 °C to 35 °C at 5 °C intervals. It is concluded that the FBG sensors
are successfully integrated into the LIB cell and can detect accurate temperature
measurements at C rates ranging from 1 C to 8 C. Furthermore, it is stated that
the cell internal temperature increases as much as 4.7 °C which is an important
insight that should be taken into account for battery management systems and
battery modelling [58].

The FBG sensor is also used to measure the strain and temperature of coin
cells in [20], where the FBG signals were acquired using a Micron Optics
interrogator and the ENLIGHT software used to translate the strain and
temperature experienced by the FBGs. It is found in the study that the FBGs
show stable strain response and the temperature measured was 10 °C higher
internally compared to the external temperature.
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Although the FOS and FBG scheme inherently has good multiplexing
capabilities, there are Ilimited instances where distributed temperature
measurements over multiple LIB cells are explored, [53] discuss the
measurement of two LIB pouch cells with the same 5-meter-long FOS strand
with FBGs, utilising PTFE tubing in select areas to decouple strain and
temperature. The authors state that knowing the temperature distribution of the
cells and between the cells is fundamental to guaranteeing a good state of
health and safety of the battery. On the other hand, J.Mayer et.al. utilises 96
FBGs over fourteen multiplexed FOS strands to measure the distributed

Figure 2.2-5: Schemating of experimental setup for temperature monitoring of
a Lithium iron phospahate lib cell [53].

temperature of a 13.8 kWh electric vehicle battery pack. Using the setup to
measure the effects of thermal runaway of the battery pack, the temperature
rise was recorded at 477 °C [15].

It is clear from the literature that the use of FBGs for temperature measurement
is an area of great interest where many researchers have successfully utilised
the sensing method for the measurement of a single LIB cell, in limited cases

multiple measurements across multiple LIB cells.

2.3 Battery Thermal Management

As mentioned previously, the battery thermal management system (BTMS) is

very important for the reliable use of a LIB. The management of temperature
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gradients is beneficial to the safety and longevity of LIBs, thus the BTMS
plays a critical role in achieving sufficient temperature control [59]. It is said
that temperatures above 50 °C can lower the charge efficiency and lower the
longevity prospects of the LIB [60]. Moreover, the discharge of a LIB at higher
C rates is shown to increase the battery surface temperature significantly, for
example in [61] a 20 Ah Lithium-ion phosphate (LiFePOas) is discharged at 4C
resulting in a cell temperature of 58.1 °C.

Moreover, Panasonic NCR18650B cylindrical batteries are discharged in [59]
using a configuration of nine cells connected in a series. The baseline of this
study, where the cells were not cooled showed a temperature of 59.1 °C at the
end of a 5 A constant current discharge.

Air, liquid and PCMs are the three most common cooling media for the BTMS
[62]. This section will discuss these methods concerning the defined

terminology, active and passive.

2.3.1 Active Thermal Management Systems

Active cooling typically refers to the use of a cooling medium with a powered
component to actively remove heat gradients from the LIB cell or pack. This
generally refers to the use of air or liquid heat transfer mediums, where fans or
water pumps are used to move the heat transfer medium over the battery and

remove excess heat generation.

2.3.1.1 Air Cooling
Rui Zhao et. al. explore a BTMS for a nine-cell Panasonic NCR18650B LIB pack

using air and direct evaporative cooling. The battery pack under testing is placed
in the centre of a specifically manufactured wind tunnel, and K-type
thermocouples are taped to the battery surface for temperature measurement.
Three cooling systems, natural convection cooling (baseline), forced air
cooling, and direct evaporative cooling is applied to the batteries during tests
[59].

In the baseline condition, the battery pack experienced a dramatic temperature
increase with the temperatures peaking at 80.2 °C during 5 A discharge. It is
said that in the forced air-cooling systems, a significantly lower temperature was
achieved. The authors then deployed direct evaporative cooling which showed
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a further enhanced cooling performance compared to air cooling due to the
lower intake air temperatures, which was achieved by the absorption of the
sensible heat of air during a water evaporation process. Additionally, it is said
that cycle test results indicated that the battery equipped with direct evaporative
cooling has improved long-term performance, with less capacity loss than the
batteries cycled in baseline and air cooling conditions [59].

In [63] the authors tested an air-cooled module that contains prismatic lithium-
ion cells operating under an aggressive driving profile. It is found that lowering
the gap spacing between the LIB cells and/or the higher flow rate of the cooling
fan leads to a decrease in the maximum temperature. Additionally, it is found
that for the LIB module, operating with a uniform cell gap of 3 mm and an airflow
rate of 40.8 m3h ' is the best choice when considering the fan power, maximum

temperature rise and temperature uniformity.

Highlighted in [63] is the requirement of power to the cooling fan to produce
adequate forced air cooling, in systems such as electric vehicles the power for
the cooling system must come from the main traction battery, which can be seen
as a drawback to such cooling methods, additionally the poor heat capacity and
low thermal conductivity of air can be seen as insufficient [64].

However, considering the simplicity and low cost of the air-based BTMS, it is
favoured by some Chinese and Japanese EV manufacturers with air-based
systems used in popular EV models such as BYD EG, Toyota Prius, and Nissan
Leaf. These systems typically use several fans to direct air to cool the cells with

airflow over the cell surface [64].

2.3.1.2 Liquid Cooling

For liquid cooling BTMS, the heat is carried by convection and conduction from
the battery cells to the coolant via cooling channels. The coolant is usually water
and Ethylene glycol solution, which typically provide a wide operation
temperature range from —40 °C to 105 °C. With the high thermal conductivity of
liquid coolants, BTMSs have both higher cooling capacity and cooling efficiency
than other systems [62].

Typically, there are two forms of liquid cooling, indirect and direct, in the direct
scenario the cooling liquid is directly passed over the cell surface to remove the
heat generation, this poses some issues such as the possibility of electrical
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shorts. Due to this EV manufacturers such as Tesla and General Motors favour
indirect cooling, where a mixture of water and ethylene glycol is normally used

as a heat transfer medium via tubes, cooling channels, fins or jackets [64].

There is a large interest in the development of liquid cooling for LIBs, which can
be seen in the literature. For example, A. Ibrahim et.al. construct a compact
lightweight serpentine wavy channel indirect liquid cooling system for a battery
module of cylindrical Li-ion cells. The authors find the system can cool the
system maintaining the module temperature within appropriate working

conditions for electric vehicle applications i.e. below 50 °C [65].

In [66] the authors cool a pouch cell using the cold plate method, shown in
Figure 2.3-1. The water-cooled cold plates are used to remove heat from the
cell under various discharge rates ranging from 1 C to 5 C. The authors conduct
experiments at different water flow rates and different coolant inlet temperatures
from 15 to 35 °C. Their results show that lower coolant inlet temperature causes
the largest maximum temperature difference on the battery surface. Comparing
a mini-channel cold plate to a serpentine cold palate resulted in a 5.7 °C
reduction of maximum average battery surface temperature, additionally,
battery surface temperature homogeneity was improved up to 40% with the

mini-channel cold plate.

Figure 2.3-1: Exploded view of the cold plate cooling method (adapted from [64]).

Direct liquid immersion cooling systems fully immersed the battery cells in a
dielectric heat transfer fluid (dielectric coolant). The dielectric coolant is
circulated with a pump providing a constant flow of dielectric coolant to ensure
continuous contact with all the cell walls, tabs, and electrical wiring within the
battery module. The flow of dielectric coolant absorbs the heat generated by the
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cells through direct conduction and is circulated to a device such as a heat
exchanger to transfer the heat energy to the environment [67].

D W. Sundin and S. Sponholtz subjected Samsung 286S battery cells to multiple
rapid charge-discharge cycles while being cooled with forced air and by
immersion in a dielectric AmpCool AC-100 coolant. Comparing those that were
cooled with forced air, the dielectric coolant maintained an average cell
temperature of 22.5 °C with a very low deviation from the mean, the forced air
average cell temperature was 28.7 °C, with much greater temperature variation
during charge/discharge. The dielectric immersion cooling method is also said
to keep the LIB cells within the desired temperature range at higher discharge
rates, concluding that this method is an attractive method for stationary battery

systems.

While liquid cooling, in its multiple configurations is effective at cooling LIBs,
there are some drawbacks of this form of BTMSs, for example, the high electric
conductivity of water-based coolant requires the complete sealing of the whole
BTMS. This is critical to the safety of the system as the normal operating voltage
of electric motors in electric drive trains is typically around 400V, thus if the
conductive coolant is leaked through the cooling channel into the electric motor
or even into the vehicle cabin, the consequences could include, short circuit,
engine or power module failures, fire, or even casualties to the driver and
passengers [62]. Additionally, an active cooling system such as liquid cooling
consumes extra energy due to the additional water pump, reducing the total
mileage of EVs or HEVs [62]. For these reasons, there is ongoing research
devoted to the development of passive thermal management systems.

2.3.2 Passive Thermal Management Systems

A passive thermal management system is a system which does not implement
an active element such as fans, blowers or pumps to aid the heat transfer. Many
of these passive systems make use of Phase Change Material (PCM) to absorb
heat generation [27]. This section will review the most prominent thermal
management systems utilising PCM as a heat storage medium.
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2.3.2.1 Phase Change Material

The phase change material is a material which undergoes a melt-solidification
cycle (solid-liquid phase transition), during this transition the material absorbs
energy from its surroundings while maintaining a nearly constant temperature
At the atomic level when transitioning from solid to liquid, when at melt
temperature, the atomic bonds loosen which allows for the liquid transition [68].
The energy released or absorbed during the phase transition is known as the

latent heat of fusion.

As shown in Figure 2.3-2, when heating a phase change material the sensible

Figure 2.3-2: Standard heating curve [66].

heat of solid will act to raise the material temperature until the transition
temperature is reached, also known as the melt temperature, then the material
will absorb energy at a constant temperature until the solid to liquid phase
transition has complete (the latent heat of fusion), then sensible heat of liquid
will continue to raise the material temperature to the latent heat of vaporisation,
where the material will change state again, transitioning to a vapour. Beyond

this point, the sensible heat of vapour will act to superheat the material.

For battery thermal management systems adopting PCM material, the systems
will only utilise latent heat of fusion, as transitioning to the latent heat of vapour
sees a large density change when the transition occurs, additionally, equipment

such as boilers and condensers are required, adding complexity.
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Generally, the energy stored in a mass of PCM material is defined in Error!
Reference source not found.;

Estorea = mLf (6)

Where m is the mass of the PCM material and Ls is the latent heat of fusion of

the material.

Figure 2.3-3 shows the three main divisional groups of PCMs: organic (paraffin,
non-paraffin compounds such as fatty acids), inorganic (salt hydrates, metallics)
and their eutectic mixtures [69, 70]. Eutectic mixtures, a combination of two
PCM compounds, will typically have a lower melting point than any constitutive

compounds which make up the mixture [70].

Figure 2.3-3: PCM composition classification [68].

PCM for battery applications has been widely reported in the literature, typically
using organic paraffin compounds The first instance of PCM for thermal
management of LIBs is presented by Khateeb et. al. who demonstrates
successfully a passive thermal management system, capable of replacing
conventional thermal management system for Li-ion batteries in EV and electric
scooter applications. Since this initial publication in 2004, there has been a
multitude of works detailing the use of PCM for battery thermal management
[71].

A. Mills and S. Al-Hallaj designed and simulated a PCM passive thermal
management system for a li-ion laptop battery pack. The heat generation rate
for a commercial 18650 2.2 Ah Li-ion battery was experimentally measured for
various constant power discharges. Simulation of the six-cell LIB battery pack

shows that safe operation of the battery pack during the most extreme case
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requires the volume of the battery pack to be almost doubled to fit sufficient
PCM [72].

In [73], the thermal management of battery modules with PCMs is investigated
experimentally. An electric heater is used to simulate the heat source of a

battery cell. Two different PCM designs are investigated: one with a PCM

Figure 2.3-4: Experiment configuration for PCM and two heater configuraitons [71].

cylinder surrounding the heater, and the other with PCM jackets wrapping the
heater, as shown in Figure 2.3-4. It was shown that both designs are effective

in maintaining the heater temperature, simulating the effects of a LIB.

In [74] a systematic investigation of PCM is conducted which considers the PCM
thickness around cylindrical Samsung cells. The Samsung 18650-13L LIB cell
with a capacity of 1300 mAh is surrounded by 5, 10 and 15 mm of PCM, with
the temperature of the battery cell recorded using K-type thermocouples, the

setup shown in Figure 2.3-6.
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Figure 2.3-6: Single battery cell surrounded by varaible PCM layer thickness [72].

Figure 2.3-6: Maximum temperature difference with varying PCM thickness [72].

It is found by the authors that the PCM presents an apparent cooling effect
reducing the maximum temperature of the battery to 30.3 °C, which is
approximately 8 °C lower than without PCM. It is found that the temperature of
the LIB with 5 mm PCM is higher than that with 10 mm PCM because of the
increased heat storage capability associated with a thicker PCM layer. When
further increasing the thickness to 15 mm it is found that the temperature is

decreased contrarily. The authors then go on to conduct further experiments
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varying the PCM thickness to obtain the optimum thickness. As shown in
Figure 2.3-6, the research shows that the optimum PCM thickness is 10 mm.

Z. Ling et. al. discuss the combination of PCM and forced air cooling, creating a
hybrid cooling system [75]. The temperature in a battery pack operating
continuously is found to overrun the safety limit of 60 °C after two cycles with a
discharge rate of 1.5 C and 2 C. The proposed hybrid system in the study
integrates PCMs with forced air convection. It is discussed that the hybrid
system successfully prevents heat accumulation and maintains the maximum
temperature under 50 °C in all cycles. When considering airspeed the authors
find that thermo-physical properties of PCMs dictate the maximum temperature
rise and temperature uniformity in the battery pack, while forced air convection
plays a critical role in recovering the thermal energy storage capacity of PCMs
[75].

G. Kim et. al. analyse the suitability of PCM for battery thermal management in
Hybrid Electric Vehicle (HEV) and Plug-in Hybrid Electric Vehicle (PHEV)
systems [76]. A prototype PCM/graphite matrix module was evaluated
experimentally under vehicle-based drive cycles. A twenty-cell 18650 LIB with
five parallel by four series cell strings were used to experimentally test the
porous graphite matrix, impregnated with PCM. The matrix acts like a sponge
and provides a means of enhanced thermal conduction into the PCM wax, which
provides structure and heat dissipation. The results were used to validate a
thermal model. The model used to evaluate the benefits and limitations of PCM
thermal management suggests that PCM can limit the peak temperature benefit
for vehicle applications [76].

PCM has seen further adoption for individual battery components, for example
in [77] PCM has been used in a separator material to develop a
thermoregulating separator for LIBs. The authors develop a separator with a
paraffin wax PCM which is encapsulated in hollow polyacrylonitrile (PAN)
nanofibers (Figure 2.3-7). It is concluded that the PCM-based separator can
efficiently suppress the enhanced temperature of batteries under abusive
conditions, as found from a nail penetration test, additionally, the temperature-
induced phase transition of paraffin allowed the phase-change separator to
absorb a large amount of heat from an internal short-circuit. It is also said that
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Figure 2.3-7: Schematic structure of the thermoregulating separator [77].

the electrochemical performance of the PCM-based separator outperformed a

commercially available separator.

The main disadvantage of most solid-liquid PCMs is their relatively lower
thermal conductivity, leading to excessive heat accumulations during normal or
aggressive operations, and cycling operations. It is reported in [76] that the
overall battery thermal management solution must rely on active cooling or
limiting the battery’s power output to avoid high temperatures during continuous

cycling, due to the inability to remove the heat build-up in the PCM material.

Additionally, in extreme weather such as hot summers or geographical locations
such as desert regions, the melted PCMs might become heat insulation
materials due to their low thermal conductivities [62]. Due to this, research has
adopted the use of foam materials to enhance the thermal conductivity of the
PCM materials, this is discussed in the next section, with a focus on applications

for battery thermal management.

2.3.2.2 Foam and Phase Change Material Composites

Metal foams, due to their combination of physical and mechanical properties,
are used in many applications ranging from energy and blast resistance, fire
resistance, thermal insulation, vibration, and sound dampening as well as

lightweight applications such as foam core sandwich panels [78-81].

Foams are generally described as the uniform dispersion of gas bubbles in a
liquid or solid, solid foams are when the liquid solidifies, thus creating a matrix
structure [78, 82].
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Metal foam is a cellular structure consisting of solid metal or an alloy containing
a large volume fraction of fine gas-bubble pores. The pores in the foam are also
called cells and they are of two types, open or closed cells. Open cell is
constructed of interconnected pores, like a sponge, which allows fluid to pass
through the material (Figure 2.3-8 (a)), whereas, closed cell foam have isolated
pores (Figure 2.3-8 (b)). Open cell foams are generally used for heat transfer
applications while closed cell foams have the advantage of higher compressive

strength, but require more material [78].

Figure 2.3-8: Microstructure of foam (a) open cell foam, (b) closed cell foam.
(adapted from [76]).

The open cell foam is categorised by pore density, denoted Pores Per Inch
(PP1), which refers to the number of pores along a one-inch length. Figure 2.3-9
shows three pore density foams, 5, 10, and 25PPI, it is visible in the figure that

as the pore density increases the connecting struts reduce in size.

A large portion of the research is devoted to the inclusion of open-cell foam
structures into PCM material to enhance thermal conductivity, to unlock the

storage potential of the PCM.

Figure 2.3-9: Foam desnity compatrission, (a) 5PPI, (b) 10PPI, and (c) 25PPI [81].
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X. Xiao et al. methodically detail the preparation of paraffin/metal foam
composite phase change materials. Detailed in the study is the method used to
impregnate the metal foam structures with PCM material. As the foam structure
is porous, it is important to remove as much air as possible, in exchange for the
PCM material. Show in Figure 2.3-10 is the process used for the impregnation
of the foam with PCM to create a PCM/foam composite. The foam skeleton is
placed in a vacuum chamber with solid PCM, the chamber is heated above the
melting temperature of the PCM material, and once melted the Foam skeleton
is submerged in the PCM. The use of the vacuum pump removes the air from
the chamber, thus infiltrating the pores of the foam with PCM, exchanging as
much air as possible for PCM material. The PCM is then left to cool down and
solidify, the foam is removed after slight heating of the chamber to soften the
PCM [83].

The authors of this study discuss the impregnation ratio of the foam, which is a
dimensionless parameter relating to the percentage of impregnation, used to
determine the compatibility of foam and PCM, the closer to one resultin a higher
impregnation of PCM into the foam skeleton. It is found in this study that it is not
possible to reach 100% impregnation due to the cooling of the outside layer of
PCM before the internal layers. Due to the density difference of paraffin-based

PCM i.e., the density is greater when solidified, the inner PCM shrinks when

Figure 2.3-10: Process for impregnation of PCM foam composites [81]

cooling creating small air bubbles in the PCM. It is found that when under
vacuum the impregnation of PCM increases to 96 - 98%, compared to 88.6 —

90.6% for non-vacuumed samples [83].

Many studies have been conducted using various foam skeletons/structures,
most commonly the material of choice is aluminium, nickel or copper, and in

some cases graphite.
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Z. Wang et al. experimentally investigate paraffin/aluminium foam composite
PCMs. The experimental results indicate that paraffin/aluminium foam
composite has a cooling effect limiting the temperature rise of the LIB during
discharge. The heat storage properties of pure paraffin and the composite PCM
are also experimentally studied and is concluded that the addition of aluminium
foam can largely improve the effective thermal conductivity of the PCM,
although its existence suppresses the local natural convection. The
experimental results indicate that the use of aluminium foam can speed up the

melting process and improve the temperature uniformity of the PCM [84].

A notable study by W. Q. Li et al. experimentally investigates a sandwich
structure of the copper foam and PCM for the passive cooling of a LIB pack.
The nine 10 A LIB cells are sandwiched with 10 foam-paraffin plates which are
constructed with 20PPI copper foam and RT44HC paraffin phase change
material. The paraffin in this study is manufactured by Rubitherm GmbH, has a

melting point of 42 °C and is a high-capacity variant. Foam impregnated with

Figure 2.3-11: Battery pack design (a) with copper foam, and (b) with PCM only
[83].
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paraffin is directly compared to a similar setup with only paraffin, shown in Figure
2.3-11. The authors report that when the battery pack is discharged at 0.5 C,
there is no visible melting of the PCM, at 1 C and 3 C there was visible melting
of the PCM. At the higher discharge rates, it is said that the battery remained
under the safe temperature of 65 °C. This is true for both the PCM-foam and
PCM-only configurations, however, it is noted that the battery temperature was

lower for the PCM-foam configuration [85].

In [86] a novel passive thermal management system based on copper foam and
paraffin composite PCM was designed for a lithium-ion battery pack, where the
phase change storage energy unit was indirectly in contact with the cell.
Different from the common configuration of filling the PCMs in the gap between
the cells, two different Phase Change Storage Energy Units (PCSEUSs),
PCSEU-1 and PCSEU-2, were arranged in parallel on an L-shaped collector
plate outside the battery pack. As shown in Figure 2.3-12, this arrangement
avoided the PCMs directly contacting the battery cell but also utilises more PCM

for heat absorption without occupying the battery pack space.

The core of the PCSEU is made of copper foam and n-eicosane paraffin,
packaged by a 1 mm thick copper plate. The copper foam with a porosity of 95%

and the paraffin with a purity of 99% were utilised.

Found by the authors, the highest temperature of the battery pack at 3C and 4C
rates of charge/discharge could be maintained within the safety temperature
under 28 °C, 35 °C and 42 °C respectively. The composite PCM is said to

perform better temperature control capability at high ambient temperatures,

Figure 2.3-12: Phase change storage energy units setup. (adapted from [84]).
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additionally, the indirect contact between the PCM and the battery cell avoided
heating the battery as the PCM entirely melted.

As well to copper foam structures, research has adopted other forms of copper
structures, for example in [87] the authors develop a copper mesh enhanced
paraffin/expanded graphite as a composite PCM for battery thermal
management where the copper mesh acts as a skeleton structure to enhance
the thermal conductivity and strength of the cooling module. It is found that the
copper mesh enhanced PCM shows much better heat dissipation performance
and temperature uniformity compared to the absence of copper mesh,
especially in harsh working conditions.

It is clear from the literature that the inclusion of foam structures plays an
important role in the enhancement of PCM materials, particularly within the field
of battery thermal management.

2.4 Conclusion

It is clear from the literature that there is scope for improvement in the collection
of temperature data from the LIB, particularly when attempting to obtain reliable
data from a LIB pack. This is prevalent when considering individual cell level
monitoring of LIB packs, as there is limited literature on the use of multiplexed
FBGs for this application. Additionally, there is scope for the investigation of the
mounting method of the FOS sensor as typically the whole FBG is enclosed in
microtubing to decouple strain and temperature.

When considering the use of foam and PCM/foam composited deployed for the
removal of temperature build up at the LIB cell surface, the literature shows the
use of solid metal foam such as copper and aluminium. There is scope within
this research to investigate the use of alternative foam materials or
manufacturing techniques to replicate copper foam. This is advantageous as
the literature shows that the addition of copper foam into PCM is effective for
the enhancement of PCM material to store heat generated by the LIB cells

during discharge.
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Fibre Bragg Gratings for Li-ion Battery Thermal

Monitoring

3.1 Introduction

Accurate temperature measurements can diagnose or prevent LIB failure;
unfortunately, to date, there has been a multitude of accidents concerning LIB
failure. In 2013 a Boeing 787 Dreamliner developed an abnormal temperature
change and pressure build-up in a battery cell within its battery pack resulting in
smoke and flames in the aircraft [20]. The Mars global surveyor was the victim
of LIB failure in 2006; the exposure of the battery pack to high-temperature
sunlight resulted in premature capacity degradation [20]. Studies have shown
that when operating a LIB at lower temperatures, energy consumption is
significantly reduced [16], [88], [89]. LIBs require a specific temperature window
to work at peak efficiency, which is typically between 20 °C and 40 °C [59, 89,
90]. Temperatures below this range cause a slow reaction rate within the cell,
resulting in less current delivery and, thus, reduced performance as well as
accelerated ageing effects within the cell, impacting usable life [89]; therefore,
temperature measurement is an appropriate tool for predicting temperature-

induced degradation mechanisms [26], [57].

As discussed, thermocouples are the most widely used technique for
temperature monitoring as they are typically low-cost and have small
dimensions [91]; however, in comparison to thermocouples, fibre optic sensors
(FOS) have several advantages, such as electrical passivity and the ability to
withstand harsh environments at elevated temperatures [92]. FOSs are typically
lightweight, with a smaller physical dimension compared to thermocouples and
enable a wider bandwidth of data, which is useful to sensor systems involving
the interrogation of a collection of sensing elements or a sensor grid [18].
Applications, i.e. where many measuring points are needed to achieve
comprehensive monitoring, can take advantage of the multiplexing capabilities
of FOS systems as they can offer multiple monitoring points on a single fibre
resulting in minimal wiring requirements with high measuring points densities
[93]. In a typical large-scale LIB pack of hundreds or thousands of individual
cells, the battery management system (BMS) monitors the temperature of sub-
grouped cells, often referred to as modules. LIB failure can occur due to the lack
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of individual cell monitoring, which is avoidable if a broader range of information

about individual cell temperature is available to the BTMS [20].

The FOS scheme with multiple fibre Bragg gratings (FBGs) is a promising
alternative for obtaining battery temperature due to its ability to customise the
location of the sensors. Applying multiple photo-inscribed Bragg gratings on one
fibre means that individual cell monitoring is an ever-increasing possibility as
one optical fibre strand containing multiple sensors could be used to monitor a
multitude of cells simultaneously. Pouch cells, a common LIB type, are the
subject of investigations using FOSs with FBGs [18], [19], [94], [95]. To date,
research on utilising FOSs on cylindrical type LIBs is limited.

Notably, M. Nascimento et al. [96] utilise a Sanyo LITUR18650SAN cell to
investigate the real-time monitoring of external temperature and strain variations
using FBG sensors under charge and different discharge C-rates. During the
discharge process, the study finds strain variations said to be induced by
pressure increases within the LIB [96]. J. Fleming et al. and E. McTurk et al.
take advantage of FOSs to reliably obtain core temperature data from a
cylindrical LIB cell [57], [56]. Using a single-mode SMF-28, 9/125 mm fibre with
four 5 mm FBGs evenly spaced, J. Fleming et al. were able to record
"unprecedented cell data" from the LIB core [57]. E. McTurk et al. using a silica
fibre with a single FBG for LIB Core temperature measurement highlight the
linear relationship between the FBG Bragg wavelength, temperature or
mechanical strain; in this study, the strain relief is obtained with an aluminium
tube [56]. The Bragg reflected wavelength is sensitive to applied strain or
temperature changes; this poses a requirement for a method to determine or
alleviate strain or temperature, in the form of mechanical relief or by subtracting
the difference in wavelength shift measured by a nearby FBG sensor which is
isolated from the disturbance in question [56], [97].

The work presented in this chapter investigates an FBG sensor array placed on
a Panasonic NCR18650B cylindrical LIB, with a particular focus on the sensor
mounting technique. The Panasonic cell model is used as it is widely available
commercially, and its form factor and electrical specifications are similar to the
LIB Panasonic supplies to Tesla for the Model S EV [98]. The process carried
out in this investigation is similar to other studies on the pouch and coin cell
types [18], [19] in which a FOS with five FBG sensors are glued to the battery
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and placed into a thermal chamber. These studies use varying sensor-mounting
methods and sensor arrangements. For example, in [19], a pouch cell is
monitored with 3 FBGs and three thermocouples with three glue spots evenly
distributed along the length; and in [18], coin cells with FBG sensors placed at
the positive and negative terminals, with thermocouples placed for
comparability.

The work herein differs from the examples discussed above in terms of isolating
the temperature reading from the strain induced on the fibre using a 'guide tube’
mounting method. The FBG can measure temperature and strain
simultaneously; thus, the two measurements must be decoupled. The adhesion
of the sensors onto the battery surface is an essential aspect as the battery
expansion and contraction, i.e. resulting from variations in the internal pressure,
could influence the temperature measurement in that the strain-induced
variation would read as a temperature fluctuation [96], [97]. The two mounting
methods explored in this chapter clarify the potential errors in temperature

measurement, i.e. induced by strain.

3.2 Materials and Methods

This section details the methodologies for the implementation of the mounting
methods considered for evaluation and the subsequent materials used to

achieve the experimental results.

3.2.1 Fabrication of the Fibre Bragg Gratings Sensors

The FBGs used for this work were manufactured by of the University of Mons,
Belgium, using the following method: FBGs are photo-inscribed using a Noria
FBG Manufacturing System from NorthLab Photonics. This setup integrates a
set of different phase masks, an Argon Fluoride (ArF) Ultraviolet (UV) excimer
laser (Coherent Excistar XS) emitting at 193 nm and all the optics required for
FBG fabrication. The system provides a 1-D translational stage as well, allowing
accurate control of the position of the optical fibre before the photo-inscription
process. A hydrogen-loaded single-mode optical fibre (SMF-28) was placed on
it to photo-inscribe 5 FBGs along with the same fibre. After the photo inscription
of each FBG, the fibre was shifted along its longitudinal axis and placed under
the next phase mask, repeating this sequence until the full FBG array was
completed. The length of the FBGs was 5 mm each, and the pitch of the phase
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masks was 1054 nm, 1063 nm, 1070 nm, 1075 nm and 1082 nm, respectively.
The laser emission configuration was set to a pulse energy of 5 mJ and a
repetition rate of 50 Hz, and each FBG was photo-inscribed by a single burst of
100 shots. The Refractive Index Modulation (RIM) induced on the fibres by using
this manufacturing system occupies a broader region of the core [99], being the
RIM more homogeneously distributed concerning FBGs fabricated using other
methods. Finally, the FBGs were kept at 100 °C for 36 hours to remove the
residual hydrogen content of the fibres and stabilise their thermal response

while in operation.

3.2.2 Thermocouple sensors

This study uses two K-type thermocouples; these are typical sensors used for
battery surface temperature measurement [19], [100], [101]. A Reveltronics
EGT-K 4-channel thermocouple amplifier produces a linear voltage relating to
the temperature experienced by the thermocouple sensors. Based on the
ADB8495 precision thermocouple amplifier with cold-junction compensation, the
EGT-K amplifier converts thermocouple non-linear millivolts signal to 0-5 V
linear analogue output. Where 0 V is 0 °C, and 5 V is equal to 1250 °C, the
accuracy of this amplifier is + 1.5 % with a conversion rate voltage of 4 mV/°C.
The AD8495 thermocouple amplifier is explicitly designed for measurement
using K-type thermocouples [91].

The temperature response of the thermocouples is calculated using Equation 7,
where T is the temperature in degrees Celsius, V,,; Is the amplifier output

voltage, and V. is the conversion rate voltage of the amplifier.

T = Vout/(VCR X 1000) (7)

3.2.3 Fibre Bragg Sensor Arrangement

Two sensor arrangements to evaluate the best practice for sensor adhesion on
the battery are devised. In the first case, the optical fibre containing the sensors
is glued at either end of the battery (configuration A), whereas in the second
case, only one end is glued to the battery, while the other end is attached to the
battery via a small tube for ease of expansion, "guide tube" (configuration B).
Configuration A is depicted in Figure 3.2-2, configured with the FOS placed
along the length of the cylindrical Panasonic NCR18650B LIB surface and a
small amount of Micro-Measurements M-Bond 200 adhesive used at either end
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to attach the fibre to the surface. Configuration B, depicted in Figure 3.2-2, is
configured with the fibre placed along the length of the cylindrical surface and
glued with the same adhesive at the negative terminal, attaching the fibre to the
surface. At the same time, the other end of the battery utilises a guide tube, a
small PVC tube serving the purpose of keeping the fibre in the longitudinal
direction. The use of the tube allows for the natural expansion and contraction
of the battery cell to occur without affecting the FOSs, thus allowing the FBG
sensors to capture only temperature variations from the cell surface. This
contrasts with sensor configuration A where the FOSs would experience strain

due to the restrictive nature of 2 glue spots.

(a) (b)

Figure 3.2-2: Sensor Configuration A: Illlustration (a) and image of assembly (b) of the
optical fibre with five FBG sensors placed along the length of the NCR186508B LIB.

Figure 3.2-2 : Sensor Configuration B: lllustration (a) and image of assembly (b) of
the optical fibre with five FBG sensors placed along the length of the NCR18650B
LIB, guide-tube represented with a close-up in (b).
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The Micro-Measurements M-Bond 200 adhesive used for the work presented
herewith is a Cyanoacrylate type adhesive which can be used at a temperature
range of -31.67°C to +65.55°C. In both configurations, the 5 FBGs were not
directly attached to the battery surface; a slight slack remains in length, which
allowed for some compensation from the natural expansion and contraction of
the LIB due to internal pressure variation [97]. A K-type thermocouple at either
end of the LIB surface is applied, directly opposite FBGs 1 and 5. Two
thermocouples are used, i.e. instead of five, to avoid overcrowding on the
battery surface, which might result in restricting or damaging the FOS. These
adhere to the surface with vinyl tape, which offers flexibility in the mounting
position; the use of tape to adhere thermocouples to the LIB surface is present
in multiple studies [61, 101-103].

3.2.4 Sensor Calibration

Configuration A, with the FOS attached at both ends of the LIB, was calibrated
over a temperature range of 10°C to 40°C = 1 °C at increments of 10°C, for at
least 30 minutes. The FBG response over the 40°C calibration schedule is
shown in Figure 3.2-3, which demonstrates agreement between the wavelength
shift of the FBGs and the data from the thermocouples. The calibration and

mean sensitivity of each FBG sensor over the chosen temperature range are

Table 1: Configuration A Calibration mean wavelength shift

Table 2: Configuraton A wavelength shift standard deviation

Temperature (°C) FBG 1 FBG 2 FBG 3 FBG 4 FBG 5
(nm) (nm) (nm) (nm) (nm)
10 1524.22 1637.18 1547.08 1554.30 1564.22
20 1524.31 1637.27 1547.17 1554.39 1564.31
30 1524.50 1637.37 1547.27 1554.48 1564.41
40 1524.50 1637.47 1547.37 1554.59 1564.51
Mean wavelength of each FBG at each calibration temperature variation, 30 min
averaged data, nm = nanometre.

Temperature (°C) FBG 1 FBG 2 FBG 3 FBG 4 FBG 5
(pm) (pm) (pm) (pm) (pm)
10 2.5 4.3 5.7 5.5 4.2
20 2.8 3.9 5.4 5.3 3.7
30 3.4 4.2 5.6 5.5 4.5
40 4.3 4.8 6.2 6.4 5.3
Wavelength shift standard deviation for each sensor in response to calibration
temperature variation, pm = picometers

Keith Michael Alcock

Page 41




The Thermal Monitoring and Management of Lithium-lon Batteries

LI B S S S S S S S S S S B S B B S B S S S
.

————— Thermocouple 1
——————— Thermocouple 2

[ | — FBG 1

FBG 2

025 | —— FBG3

FBG 4

FBG S

o
[

Wavelength Shift AN (nm)
°
&

Chamber Temperature (°C)

°

0.05

Qo

0 2500 5000 7500 10* 1.25x10° 1.5x
Time (s)

Wavelength Shift AN (nm)

10 15 20 25 30 35 40 45
Temperature (°C)

(b)

Figure 3.2-3: FBG calibration sequence under configuration A: The wavelength shift
over the calibration temperature variation (a), and (b); the resulting sensitivity over the
40 °C variation using 30 min averaged data.

shown in Figure 3.2-3 (a) and (b), respectively. The chamber maintained a
fluctuation of £1°C throughout the testing, which is visible for each temperature
step in Figure 3.2-3 (a). The fluctuation within the chamber is due to the
maximum settings achievable with the current thermal chamber equipment.
Taking the mean wavelength shift (AA) for each of the 5 FBG sensors over 30
minutes provides a single wavelength shift data point; Table 1 shows the mean
wavelength for each FBG over this period.
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Calculated for the four temperature exposure points, Table 2 shows the
standard deviation for all FBG measurements at the exposure temperatures.
Thus, the method used herein accounts for the fluctuation of temperature within
the chamber; this method of calibration is similar to those presented in other
studies with FBG sensors [18], [19]. Using this method, the sensitivity of FBG
sensors 1, 2, 3,4 and 5 are 9.16, 8.90, 8.95, 8.99 and 9.12 pm/°C, respectively.
For configuration B, the sensitivity factor is for a 'free’ fibre, defined by the
manufacturer, where the optical fibre did not adhere to any surface, the
sensitivities of FBGs 1, 2, 3, 4 and 5 are stated as 9.80, 9.87, 9.93, 9.93 and
9.97pm/°C, respectively.

3.2.5 Data Acquisition

The schematic of the data acquisition is detailed in Figure 3.2-4, where the
wavelength shifts corresponding to the 5 FBGs are acquired using a Micron
Optics sm125 FBG interrogator with the ENLIGHT software. A PicoLog 1012
data logger is used to record the output voltage of the Reveltronics
thermocouple amplifier with the PicoLog 6 software. A B&K Precision 8601 DC
programmable electronic load is used to discharge the LIB; a B&K Precision’
9202 multi-range programmable DC power supply is used for charging. Data
logging in the ENLIGHT, PicoLog 6 is set to 2Hz while the B&K Precision
software is set at 1Hz.

( Thermal Chamber\

é' ’ K-Type i Reveltronics® PicoLog® Software:
— TP ] Ampiifier  |mmp 1012 =p-| - B&K Precision
: : (4mVvi°C) Datalogger Battery Test
- PicoLog® 6

- Micron EN LIGHT®

Micron Optics®
| 5FBG h—‘ Sm125 FBG ﬁ Q
= Sensors

Interrogator

\. 2
B&K Precision 9202
_
DC Power Supply
B&K Precision 8601 :
DC Load

Figure 3.2-4: Detailed diagram of the data acquisition setup for single cell testing
with FBG sensors.
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The thermal behaviour of the FBG sensors is defined by Equation 8 [19], [104],
where k is the temperature sensitivity, 4, Is the reference wavelength, and 1 is

the measured peak wavelength as a function of temperature.

A=k xXT) + 24 (8)

Rearranging (8) provides the temperature:

_ (A —20) 9)

T
k

The reference wavelength for both configurations A and B is defined from
manufacture as 1524.1nm, 1537.1nm, 1524nm, 1554.2nm and 1564.1nm for
FBG 1, 2, 3,4 and 5, respectively. Thus, using (9), the thermal response of the
LIB under the discharge conditions is derivable from the FBG signals.

3.2.6 Lithium-ion Battery Discharge Technique

Constant power (CW) discharge is used to assess the sensors attached to the
LIB cell, shown in Figure 3.2-5, as the voltage decreases over the discharge
period, the current increases to maintain the constant power output.

Ten-Watt CW discharge induces a thermal reaction from the Panasonic
NCR18650B LIB. This rate of discharge increases the LIB surface temperature
by approximately 14°C. An almost identical reaction from the LIB cell for both

sensor configurations is shown in Figure 3.2-6 (a) and Figure 3.2-6 (b). During

Figure 3.2-5: Constant Power (CW) Discharge at 8 Watts [105].
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the discharge, as the voltage reduces at a varying rate, the current must
increase to provide a CW output; thus, the current reacts with a significant
upward inflexion to counteract the downward Voltage inflexion. A significant
temperature change occurs in the LIB with the increased current; typically, the
temperature increase follows the current increase [72, 105], which makes the
proposed setup an ideal technique for temperature measurement. Both sensor
configurations are subject to the same treatment, i.e. the LIB is charged at 1 C
(3.4 A) Constant Current (CC) Constant Voltage (CV) at 4.2 Volts. During
charging, the LIB is charged at 1 C until the voltage reaches maximum cell
voltage, i.e. 4.2 V, upon which the charger switches to CV and the current
gradually reduces until the cut-off current, i.e. 65 mA, is achieved. Before
discharging, the cell is in a state of rest for 4 hours to allow for internal balancing,
similar to the process in [106]. Two thermal chambers keep the LIB cells at the
optimal temperature; one chamber is for storage purposes where cell resting
occurs, and the other is for testing. Both chambers are at an optimal 25°C + one
°C, which limits the temperature variance of the LIB cells between the testing

and resting phases.

(@) (b)
Figure 3.2-6: 10-Watts CW discharge: Voltage and current inflections and comparable

thermal variance by thermocouples for sensor configuration A (a); and Sensor
configuration B (b).

3.3 Results

To determine the effectiveness of the mounting method's ability to isolate the
temperature for reliable readings, the FBG response is compared directly to the

thermocouple; however, it is crucial to discuss the temperature variation over
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the length of the LIB surface and the accuracy of the thermocouple system
before comparing the FBG response with the thermocouples. The mean
temperature difference between thermocouples 1 and 2, neglecting the error, is
0.2 °C for sensor configuration A and 0.32 °C for configuration B, both having a
standard deviation of 0.09 °C. This shows that the thermocouples i.e. placed at
the opposite ends of the LIB surface, respond in a very similar way. Moreover,
as the thermo- couples experience only a small temperature variation over the
length of the surface during the stated discharge process, it is reasonable to
assume the resulting FBG temperature readings do not become distorted by a
varying temperature differential over the cell surface for both sensor

configurations.

As discussed previously, the accuracy of the thermocouple amplifiers is £ 1.5%.
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Figure 3.3 1: Temperature response of FBGs during CW discharge for Sensor
configuration A (a) and configuration B (b), compared to the measurements obtained
by the thermocouples.

Considering this for both the sensor configurations during the LIB discharge; for
Sensor configuration A, thermocouple 1 and 2 demonstrates a minimum and
maximum error of 0.36 °C and 0.58 °C respectively, with a standard deviation
of 0.04 °C. In terms of Sensor configuration B, thermocouple 1 ranges from a
minimum error of 0.37 °C to a maximum error of 0.58 °C, with a standard
deviation of 0.04°C. Comparatively, thermocouple 2 experiences a minimum
and maximum error of 0.38 °C and 0.59 °C respectively, with a standard
deviation of 0.04 °C. Figure 3.3 2 shows the response of the thermocouples and
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the corresponding temperature error throughout the LIB discharge for both
sensor configurations. As can be seen from Figure 3.3 2 (a) and (B), both
thermocouples, incorporating allowable error from the thermocouple amplifier,
behave in an almost identical manner. This further suggests a uniform
temperature variation over the LIB sur- face during discharge. Comparing both
sensor configurations, it is evident that mounting techniques play a vital role in

the resulting temperature sensing. The resulting variation in temperature (AT)
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Figure 3.3 2: Temperature response of thermocouples during CW Discharge (a)
configuration A (b), configuration B, demonstrating amplifier error of £ 1.5%.

for both sensor arrangements is shown in Figure 3.3 1, and as can be seen, for
sensor configuration A, the temperature measurement of each of the FBG
signals is not consistent, and indeed, in the most extreme case, a difference of
8.5 °C between FBG3, FBG4 and FBG1, could be observed. On the other hand,
sensor configuration B (Figure 3.3 1 (b)) demonstrates a more consistent and
uniform measurement of temperature along the LIB surface with a maximum

temperature difference of 2.13 °C. In correlation to thermocouples, thus, the use
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of the guide tube shows a significant improvement in the ability of the FBG
sensors to measure the temperature of the LIB. The variation in temperature
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Figure 3.3 3: FBG temperature variation related to discharge current change for
constant power discharge: Sensor configuration A (a), and Sensor configuration B (b),
compared to the measurements obtained by the thermocouples.
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(AT) of the FBG sensors and thermocouples against the discharge current (Al)
over the discharge period, is illustrated in Figure 3.3 3.

The purpose of the discharge tests is to evaluate the performance of the FOSs,
i.e., under the two configurations, concerning discharge current. The change in
current (Al) of each discharge experiment is consistent, and therefore, it is
reasonable to assume similar temperature differentials within the LIB. The
analysis demonstrates the increase in temperature differential with increasing
load current on the LIB. It is clear from the obtained measurements that enabling
free movement with the addition of the 'guide-tube’ results in significantly more
accurate measurements. The results in both Figure 3.3 1 and Figure 3.3 3
demonstrate that sensor configuration B, i.e., with the guide tube, is more
suitable to measure the temperature of the cylindrical LIB surface. When
compared to the thermocouples, sensor configuration A generally displays
accuracy of £ 4.25 °C (8.5 °C variances), which is reduced to + 2.13 °C (2.13
°C variance) in configuration B with the strain-relief of the guide-tube in place.

These results demonstrate that the behaviour of each FBG is not consistent
between the two sensor configurations; both Figure 3.3 1 and Figure 3.3 3
illustrate that configuration A has the highest variation in temperature for FBG1,
however, under sensor configuration B, this is not the case, as FBG1 and FBG2
indicate an almost identical response. In both configurations, FBG5 exhibit a
similar response, whereas FBGs 3 and 4 exhibit the most considerable
difference in measurement, compared to the responses from the

thermocouples.

It is reasonable to conclude that sensor configuration A, i.e., with two glue spots
on either end of the sensing region, induces sufficient strain on the FBGs and
hence influences the temperature measurements significantly; to the point,
inaccuracies render the data ineffective analytically. Sensor configuration B, i.e.,
mounting technique with guide-tube, demonstrates promising results, where the
response from the FBGs is closely related to that of thermo- couple sensors,
this is due to the guide-tube allowing the optical fibre containing the FBGs to act

independently of strain induced by internal pressure fluctuations within the LIB.

It is essential to highlight that although sensor configuration B provides a more
accurate representation of the LIB, the recorded temperatures do not come
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within the error margin of the thermocouples, except for FBGS, which
demonstrates a response across both thermocouples, including allowable error.
However, this work aimed to evaluate the suitability of the guide-tube technique
to attach the FOSs to the battery surface.

The findings show that the FBG sensors' readings using the guide
tube mounting method are comparable with thermocouples that were mounted
directly to the LIB. The results demonstrate that submergence of the sensing
region with a binding agent is not necessary. This enables multiple benefits
including the reduction of the number of chemicals needed, the risk of chemical
reaction with the battery and increased ease of handling, i.e., each
thermocouple requires separate wiring while all the 5 FOSs were along a single
fibre strand of less than 1 cm diameter. However, fine-tuning of the FBG sensors
are required to make measurements that are within the acceptable error margin.
For example, the physical parameters of the FBG can be optimised, i.e., the
length of the FBG could be longer.

3.4 Conclusion

The motivation for this research was to conduct a proof of concept on the guide-
tube technique for the measurement of the temperature of LIBs without having
to attach the entire length of the fibre with a binding agent. A multitude of
literature provides work on such FBG sensors which are submerged in a binding
agent, i.e., to attach the sensors to the LIB but are then susceptible to strain.
The target for the proof of concept, therefore, was to evaluate the possibility of
attaching the FBGs to the LIB in a manner that enables (a) the measurement of
temperature without the use of a binding agent on the sensing region, and thus
(b) having no susceptibility to strain. The results demonstrate that this is
possible with the guide-tube technique that is proposed.

Furthermore, the work presented herein demonstrates the importance of the
application of appropriate mounting techniques for optical fibre when used for
the measurement of LIB temperature. The strain induced on FBGs is sufficient
to render the temperature measurements inaccurate, without careful placement
of the fibre. The proposed guide-tube method provides a suitable solution for

mounting an optical fibre strand, with multiple FBGs incorporated along its
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length, on a LIB, to reduce strain effects and thus more accurately record the
temperature and hence improve the overall performance of LIB thermal
monitoring. The accuracy of the temperature readings, when compared to
thermocouples, is improved from + 4.25 °C (8.5 °C variations) to + 2.13 °C (2.13

°C variation) when the guide-tube mounting method is adopted.
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FBGs for Individual Cell-Level Temperature

Monitoring of a LIB Pack

4.1 Introduction

The importance of temperature measurement of the LIB has been extensively
discussed in the previous chapter; this chapter deals with this important concept
on a broader scale concerning the measurement of a LIB pack temperature.
Individual cell-level temperature monitoring is an important concept for the
advancement of the LIB pack, particularly the safety aspect. At present, the LIB
temperature is measured at the module level, not the cell level, which is not the
optimum scenario for the BTMS. The basic approach for commercial vehicles is
to measure the temperature at several select points on the surface or tab of LIB
cells [107, 108]. In large format LIBs, this temperature can widely differ from the
temperature reached in the LIB core [109], which is the critical temperature in

terms of performance and safety [108].

As previously discussed the BMS protects the LIB cells against abuse such as
over-voltage, under-voltage, over-current while charging or discharging, over-
temperature, under-temperature and cell balancing, however, if abuse
conditions occur and a severe temperature gradient is induced, under extreme
conditions, the separator will melt, causing an internal short circuit which can
lead to uncontrollable temperature rise, thermal runaway, in the cell [29]. There
are many LIB cells in a battery pack, for example, Tesla used more than 7000
18650 LIB cells for the Tesla Model S, and Mitsubishi used 88 large prismatic
cells for their Mitsubishi i-MIEV vehicle [29]. With the multitude of LIB cells, it is
crucial to obtain sensible temperature data, ideally at the individual cell level.

There are numerous works to obtain battery parameters, such as state of charge
(SoC), voltage and capacity, however, the literature on individual cell level

monitoring of temperature is limited.

It is demonstrated in [110] that a cell-level control approach uses a control
algorithm to bias individual cells differently based on their state of charge,
capacity and internal resistance to counteract the accelerated ageing effects on
weak cells. This research resulted in a longer lifetime for the overall pack.
Furthermore, the approach leads to a more homogeneous distribution of cell
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capacities at the end of the first life, providing more value in the battery pack for
second life use such as grid energy storage.

J. Meyer et al. demonstrate large multiplexing of FBG sensors for use on battery
systems. The authors employ 96 FBG over 14 FOS strands to measure the
strain and temperature of a 13.8 kWh battery pack. The calibration of the FBG
sensors was carried out by placing the whole battery pack into a thermal
chamber and subjected to 15 °C, 30 °C and 45 °C temperature levels. Select
FBG sensors are mechanically decoupled with a small tube to alleviate the
strain on the FBG for temperature measurement, some are directly attached to
the cell surface to measure strain. The cells are subject to various abuse
conditions such as fast charging, overcharging to force gassing, and cycling at
sub-zero temperatures to force lithium plating on the anode. The battery was
also subject to short-circuit events by penetrating a cell with a nail, inducing
thermal runaway [15].

The authors conclude that they record temperatures up to 750 °K during the
thermal runaway experiment. Additionally, it is stated that the fibre optic system
can deliver important additional information on the LIB state. It is found that the
ability to measure every cell temperature provided a much higher maximum cell
temperature than the BMS showed, improving safety, particularly with the ability
to measure the temperature between LIB cells [15].

It is clear from the literature that the use of FBGs for temperature measurement
is an area of great interest where many researchers have successfully utilised
the sensing method for the measurement of a single LIB cell, in some cases

multiple measurements across one LIB cell.

The purpose of the works contained herein is to determine the accuracy of the
FBG sensors at the individual cell level in comparison to the commercial TC and
PT sensors. A FOS strand with five FBGs is laid across a three-cell parallel
battery pack and discharged at three different conditions; 0.5 C, 2 C and 40 Watt
constant power. This is used to validate the ‘guide tube’ method, discussed in
the previous chapter, as a simplified mounting technique for the Individual cell-
level monitoring of LIB temperature. It is important to note that great care has
been taken to calibrate the sensors to fully legitimise the FBG temperature

measurements.
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4.2 Methodologies

The method for the mounting of the FOS strand with five FBGs is discussed, as

well as the calibration of the sensor and the experimental setup.

4.2.1 Enhanced Guide Tube Mounting Method

The guide tube technique is revised to provide more contact with the cell surface
and reduction in any longitudinal friction in the FOS; this is achieved by
implementing a micro-Polytetrafluoroethylene (PTFE) tube as the guiding
structure, thus allowing expansion and contraction of the FOS during heating
and cooling, decoupling strain and temperature measurements.

As shown in Figure 4.2-1 the FOS strand is placed over the three-cell LIB pack
using 3D printed ABS plinths. One plinth is used to glue the FOS at one side of
the battery pack, attached to the fibre cladding so as not to interfere with the
bare fibre section containing the FBGs. The other side has a plinth with the
PTFE ‘guide tube’ attached, in which the end of the FOS is placed though, thus
holding the FOS section with FBGs over the three LIB cells.

The FBG sensors arrangement is shown in Figure 4.2-2 where three FBGs,
FBGs 1, 3 and 5 are situated over a battery cell, and FBGs 2 and 4 are situated
in the middle of two cells. This provides data for each cell and the temperature
variation at the cell intervals. On each cell, a K-type thermocouple, and a class
B PT100 sensor is placed for additional measurements of temperature to
validate the FBG response.

(b)

Figure 4.2-1: Guide Tube Mounting Method; (a) ABS Plinth and PTFE Guide Tube
Assembly (b) view of the whole assembly.
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Figure 4.2-2: Diagram of the FOS and FBG Placement: (a) The FOS position in the
middle of the four Li-lon Cells, each cell separated by 3.75 mm, one 4-wire PT-100
sensor (PT) and K-type Thermocouple(TC) placed next to each FBG on a cell and
(b); the positioning of FBGs, 5 mm per FBG with 6.25 mm spacing, Li-lon Cells
Spaced 3.75 mm apart.

4.2.2 Data Acquisition Setup

Similar to Chapter 3, shown in Figure 4.2-3, the wavelength shifts corresponding
to the 5 FBGs over the three-cell LIB pack are acquired using a Micron Optics
sm125 FBG interrogator with the ENLIGHT software. A PicoLog TC-08 data
logger is used to record the temperature of the thermocouple sensors via the
PicoLog 6 software. Platinum resistance sensor temperature response is also
recorded in the PicoLog 6 software via a PicoLog PT-104 data logger. A B&K
Precision 8610 DC programmable electronic load is used to discharge the LIB;
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a B&K Precision® 9202 multi-range programmable DC power supply is used for
charging. Data logging in the ENLIGHT®, PicoLog 6 and the B&K Precision®
software is set at 1Hz. PicoLog.

The setup for the experimentation in this chapter now includes the ESPEC
LU114 low-temperature chamber, which is a professional chamber used to
maintain a stable ambient temperature. The calibration certificate of the
chamber is shown in Appendix B, showing + 1°C accuracy. Additionally, the

battery pack is held in a faraday cage to eliminate any outside interference.

Figure 4.2-3: Experimental setup for battery pack discharging with FBG sensors.

4.2.3 Sensor Calibration

To ensure the FBG response can be compared to the TC and PT Sensors, it is
important to establish the accuracy of the testing equipment being used. This
will certify the comparison between the sensor types during the analysis of the

experimental works carried out in this chapter.

This sub-section details the calibration of the PicoLog TC-08 to establish the
correctness of the thermocouple data. The thermocouples and platinum
resistance sensors are calibrated at 0 °C using an ice bath, and the FBG
sensors are calibrated using a temperature sequence inside the ESPEC LU-

114 thermal chamber, like the process outlined in chapter three.
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4.2.3.1 Thermocouple Data Logger Calibration

The PicoLog TC-08 allows up to eight TC sensors for simultaneous data
logging. The device is used with the Picolog software to display and output the
recorded data as CSV files. The data is then synced with the battery data using
the timestamp associated with the logged data.

Although purchased brand new for this study, it is important to verify the
accuracy of the data logger to ensure the TC sensor results are comparable to
the FBG temperature response. The accuracy of the TC-08 logger is conducted
with a MICROCAL 2 K-type thermocouple simulator (Figure 4.2-4), which
provides a reference voltage to the logger related to a temperature level
experienced by the TC sensor. The calibration certificate for the thermocouple
simulator is shown in Appendix A.

MICROCAL 2

Figure 4.2-4: MICROCAL 2 Thermocouple Simulator.

Table 2 shows the response from each of the eight channels on the TC-08
device for -20 °C, 0 °C, 10 °C, 50 °C, and 100 °C temperature intervals defined
by the MICROCAL device. Each temperature interval is recorded for 10 minutes
with temperature logged once per minute. The MICROCAL 2 device can
simulate for up to 1000 °C at pre-programmed intervals, however, the range
described is suitable for the temperature experienced by the LIB cells under

testing, thus temperatures above 100 °C are not considered in the calibration.

Showing 10-minute average data for each channel at each temperature point,
and standard deviation of all channels. Table 2 shows an average temperature
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within the 0.5°C uncertainty for each channel, thus all temperature data
recorded from the TC-08 will adopt a 0.5 °C uncertainty factor.
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Table 2: TC-08 Callibration Data

TC-08 Channel Calibration with MICROCAL 2

Set Channel1 Channel 2 Channel 3 Channel4 Channel 5 Channel6 Channel7 Channel8  Channel Standard
Temperature (°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C) Average (°C) Deviation
-20 -19.85 -19.94 -20.10 -20.29 -20.36 -20.20 -20.05 -19.88 -20.085 0.188
0 0.17 0.04 -0.06 -0.27 -0.31 -0.12 0.04 0.14 -0.046 0.176
10 1017 10.05 9.95 9.75 9.70 9.89 10.03 10.13 9.957 0.173
50 50.20 50.10 50.01 49.81 49.69 49.92 50.10 50.17 50.002 0.182
100 100.23 100.13 100.06 99.91 99.73 99.96 100.17 100.23 100.051 0.176

Average of 10 minutes recording per channel, standard deviation of all eight channels per set temperature.
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4.2.3.2 Thermocouple and Platinum Resistance Sensor Calibration

Shown in Figure 4.2-5, the thermocouples and platinum resistance sensors are
checked to obtain their variation at zero degrees Celsius to be certain they
function within tolerance. They are subject to zero degrees Celsius for over two
hours in an ice-filled vacuum flask. The sensors are housed in a thin glass test
tube to avoid moisture contact, they are then fed through a hole in the insulated
lid and connected to the relevant data logger (Pico Technology TC-08 and Pico
Technology PT-104), the hole is covered with a soft insulating material. Once
the sensors reach a stable temperature the data is logged for 60 minutes at 1
Hz, this is used to calculate the mean and standard deviation of the sensor

response.

A total of eight K-type TC sensors and three 4-wire B-class PT sensors
(manufactured by LAB FACILITY, purchased from Farnell UK) are used for the
calibration, where all sensors used for the experimental findings are of identical
type. It is found that for the 60-minute duration the PT sensors have a mean of
0.0425 °C, with a standard deviation of 0.0183 °C, while the TC sensors have a
mean of 0.0061 °C with a standard deviation of 0.0148 °C. Both sensor types
have a very similar standard deviation over the 60-minute duration, however, it
is shown that the TC sensors hold closest to zero degrees.

TC & PT SENSORS
S CONNECTED TO TC-08

&PT-104

<+ INSULATED LID

@ VACUUM FLASK

ICE

< TEST TUBE
4

(@) (b)

Figure 4.2-5: Sensor Callibraton at 0 °C (a) schematic of setup witth Ice Bath in
Vaccum Flask, and (b) picture of setup with the PicoTech TC-08 Data logger.
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Figure 4.2-6 (a) shows the response of the eight TC sensors and Figure 4.2-6
(b) shows the response of the three PT sensors. The sensors fall within their
respective error margins of 0.5 °C and 0.3 °C for TC and PT respectively. It is
important to note that the PT sensors' uncertainty changes from 0.3 °C at zero
degrees Celsius to 0.8 °C at 100 degrees Celsius, thus the data in this chapter
will show the maximum uncertainty of 0.8 °C for all PT sensor data.
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Figure 4.2-6: Sixty minute data for zero degrees callibration of (a) eight K-type
TC sensors and (b) Three 4 wire class B PT sensors.

4.2.3.3 In-Situ Fibre Bragg Sensor Calibration

The FOS with five FBG sensors attached to the battery pack with the 3D printed
plinths is subject to a variable temperature sequence in the ESPEC LU-114 low-
temperature chamber. The temperature is increased from 20 °C to 55 °C at 5
°C increments, and the temperature is held at each temperature increment for
a minimum of 30 minutes, during this time, the wavelength shift (nm) is recorded
at a rate of 1 Hz, this data is then used to obtain an average wavelength shift
for each temperature increment, plotted in graphical form (Figure 4.2-7), this
shows the response of each FBG sensor along the FOS strand. It shows a good

correlation with FBG response to the exposure temperature.

If the response of the FBGs for this calibration is compared to the response seen
from the previous calibration i.e. comparing Figure 4.2-7 to Figure 3.2-3 (a), it is

seen that the chamber used in this chapters calibration is less volatile when
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holding a constant temperature. This is due to the ESPEC LU-114 temperature
being purpose-built and designed for this application. Whereas the chamber
used in the previous chapter is a DIY chamber made from a benchtop freezer
using off-the-shelf parts.

As detailed in Chapter 3, equation 9 is used to obtain the temperature change
experienced by the FBG sensors. In this case, the resultant sensitivities of 9.463
pm, 9.562 pm, 9.623 pm, 9.688 pm, and 9.721 pm for FBG 1, FBG 2, FBG 3,
FBG 4 and FBG 5 respectively. The reference Wavelength is 1523.157 nm for
FBG 1, 1536.11 nm for FBG 2, 1546.062 nm for FBG 3, 1553.229 for FBG 4
and 1563.103 for FBG 5.

0.4 g I J I ) T T T T T T 60
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Figure 4.2-7: Wavelength shift over the calibration temperature variaton.
Showing exposure temperature and each FBG wavelength shift. nm =
nanometers.
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4.2.4 Testing Regime

The three-cell battery pack with attached sensors is discharged at 0.5 C, 2 C
and 40 CW until the 2.5 V cut-off voltage is reached. The 0.5 C and 2 C
discharge conditions will induce a different level of heat generation as 2 C has
a higher constant current draw, whereas the constant power discharge will
induce an increasing current change during the voltage decrease, as discussed
in the previous chapter.

The three discharge conditions will induce a different temperature change in the
cells in the battery pack. It is expected that the 2 C discharge at a constant high
current discharge will induce the highest temperature change, whereas the 0.5
C will induce the lowest and the 40CW test will show a temperature change
somewhere in between the 0.5 C and 2 C discharge. This will provide suitable
data to assess the effectiveness of the FBG sensors against the traditional

sensors for individual cell level monitoring.

4.3 Results

The response of the FBGs is directly compared to the TC and PT sensors to
determine their ability to record the cell temperatures of the battery pack
successfully and accurately with the guide tube and plinth mounting method.
The results of the testing regime are presented, where each test is analysed
individually, and a discussion of all experiments is presented.

4.3.1 0.5 C Discharge

A 0.5 C discharge is conducted where a constant draw of 4.8 A induces an
average temperature change of 9.33 °C, 9.24 °C and 8.41 °C for cell 1, cell 2,
and cell 3 respectively. Figure 4.3-1 shows the temperature change response
from each sensor as the capacity increases throughout the discharge.
Generally, the sensors follow the same temperature change pattern over the
three cells.
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Figure 4.3-1: TC and PT temperature differential induced by 0.5 C discharge,
Achieved Capacity = 9.302 Ah.

Figure 4.3-2 presents the difference in final temperature and temperature
change (AT) experienced by the respective sensors of the cells at the end of the
discharge. The TC sensors show an error bar of 0.5 °C uncertainty and the TC
sensors 0.8 °C, relating to the specific accuracies of each sensor, as discussed
earlier in this chapter.

It is shown in Figure 4.3-2 (a), that in the case of cell 1 and cell 3, the FBG
response sits within the uncertainty of both traditional sensors. It is shown for
Cell 1 that FBG 1 is almost identical to the PT sensor with a 0.012 °C differential,

355 19.5 T
N\ FBG - FBG
224 PT Sensor 10l (23 PTSensor | |
35 4 TC Sensor R ~—1 TC Sensor

18.5F P e ]
345 |

18

Temperature (°C)
w
S
AT (°C)

175 NN B

33.5

17F RN

33

16 NN A... ,v;‘..\.‘; | P
Cell 1

T Cel2 cel3
(b)

Figure 4.3-2: 3-Cell Battery Pack Discharge at 0.5 C; (a) Final recorded temperature
for each of the sensor types, and (b), temperature change experienced by each sensor
over the discharge period. Uncertinty of 0.8 °C and 0.5 °C for the PT and TC sensors
respectively.
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and is marginally off the lower TC error by 0.029 °C. The response of FBG 5
situated on cell 3 compares well to the TC and PT sensor, reaching a final value
of 32.87 °C compared to 33.04 °C and 33.58 °C for the TC and PT sensors
respectively. It is shown, however, that the response of FBG 3 situated on cell
2 is lower than the PT sensor, 0.071 °C from the lower PT uncertainty and is
marginally within the lower TC uncertainty by 0.025 °C.

A comparison of the temperature change is shown in Figure 4.3-2 (b), which
negates any temperature differential experience at the start of the discharge,
showing the temperature change over the discharge period. Itis shown that two
FBG sensors are within the error margins of at least one of the traditional
sensors, and for cell 2, FBG 3 is within the error margins of both the TC and PT

Sensors.

Regression analysis results are shown in Table 3, comparing each FBG with
the corresponding traditional sensor on each of the three cells. In all cases, the
analysis shows an excellent correlation between the FBG and respective
sensors, with R? values upward of 0.98. The standard error does show higher
for cell 3 for both sensor types when compared to cell 1 and cell 3.

The response of each sensor for each of the battery cells is shown in Figure
4.3-3 where capacity is shown on the x-axis, it is shown that for each cell, there
is a good agreement between the FBGs and respective TC and PT sensors. It

is shown that all the FBGs sit close to the uncertainty of the PT sensors which
Table 3: Regression Analysis for 3 Cell LIB pack at 0.5 C Discharge

Regression Data (R?)

Sensor FBG 1 (Cell 1) FBG 3 (Cell2) FBG 5 (Cell 3)

Thermocouple (TC) 0.997 0.987 0.993

Platinum Resistance (PT) 0.996 0.986 0.991
Regression Data (Standard Error)

Thermocouple (TC) 0.203 0.438 0.308

Platinum Resistance (PT) 0.232 0.478 0.349

is also confirmed by the standard error from the regression analysis.
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In addition to the three FBG sensors located individually at each cell, there is an
FBG located between each cell, FBG 2, located between cell 1 and cell 2, and
FBG 4, located between cell 2 and cell 3. Figure 4.3-4 shows the response of
these FBGs, It is shown that they have a much larger deviation from the PT and
TC sensors on the adjacent cells. This not only shows the temperature variation
between the cells but the effectiveness of the FBGs located on the cells. As
when compared to the respective sensors, these FBGs do not stay within the

uncertainty factor associated with the sensors.
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Figure 4.3-3: Comparison of sensor response for 1 C. Plotted against capacity,
showing each cell individualy, where FBG1, FBG 2, and FBG 3 are relted to cell 1,
cell 2 and cell 3 respectively
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Figure 4.3-4: Comparison of FBG 2 and FBG 4 and relevant traditional sensors
during 0.5 C discharge; (a) FBG 2 with TC sensors on cell 1 and cell 2, (b) FBG 2
with PT sensors on cell 1 and Cell 2, (c) FBG 4 with TC sensors on cell 2 and cell 3,
and (d) FBG 4 with PT sensors on cell 2 and cell 3. Where FBG 2 is situated between
cell 1 and cell 2, and, FBG4 situated between cell 2 and cell 3.

4.3.2 2 C Discharge

The 2 C discharge with a constant current of 19.2 A induces an average
temperature change of 40.05 °C, 47.07 °C and 41.37 °C respectively for cell 1,
cell 2, and cell 3 of the battery pack. Which is an increase of 30.72 °C for cell 1,
37.83 °C for cell 2 and, 32.96 °C for cell 3, compared to the 0.5 C discharge
conditions. Figure 4.3-5 shows the responding temperature change from each

sensor as the discharge capacity increases. Similarly, to the 1 C discharge
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(Figure 4.3-1) the TC and PT sensors generally show the same response

throughout the discharge.

The 2 C discharge shows that cell 2 has the largest overall final temperature
and temperature change during the discharge period. Figure 4.3-6 (a) shows
the final temperature of each cell recorded by the three sensing methods,
moreover, Figure 4.3-6 (b) shows the temperature change for each cell. The
FBG sensors show good response in line with the traditional sensors, for
example, cell 1 and cell 2 are lower than cell 3, and the corresponding FBG
sensors also reflect this pattern.
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Figure 4.3-5: TC and PT temperature differential induced by 2 C discharge, Achieved
Capacity = 9.424 Ah.
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Figure 4.3-6: 3-Cell Battery Pack Discharge at 2 C; (a) Final recorded temperature for
each of the sensor types, and (b), temperature change experienced by each sensor
over the discharge period. Uncertinty of 0.8 °C and 0.5 °C for the PT and TC sensors
respectively

Cell 2 has the highest response seen in the FBG sensors, reaching 72.53 °C
with a temperature change of 47.53 °C recorded at the cell. The FBG sensor
(FBG 3) shows to be 0.19 °C from the lower uncertainty of the PT sensor,
however, it overshoots the upper TC uncertainty by 1.40 °C. The other two cells
are more agreeable where FBG 1 at cell 1 overshoots both the TC and PT

sensors' uncertainty by 0.30°C and 0.77 °C respectively.

The FBG sensors show agreeability with the traditional sensors on each cell
throughout the discharge, which can be seen further in Figure 4.3-7 where each
sensor is plotted against capacity. The FBG response shows excellent
alignment with the other sensors for cell 1 and cell 3, for cell 2 however, there
is a greater deviation in the response, which corresponds with maximum and

delta temperatures shown in Figure 4.3-6 (a) and (b).

Table 4: Regression Analysis for 3 Cell LIB pack at 2 C Discharge

Regression Data (R?)

Sensor FBG 1 (Cell 1) FBG 3 (Cell2) FBG 5 (Cell 3)

Thermocouple (TC) 0.999 0.993 0.994

Platinum Resistance (PT) 0.999 0.992 0.994
Regression Data (Standard Error)

Thermocouple (TC) 0.284 0.748 0.546

Platinum Resistance (PT) 0.284 0.820 0.595
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Regression analysis (Table 4) shows a high correlation between the FBG
response and the respective sensor on each battery cell. The R? values show a
minimum of 0.992 however a greater standard error is shown in comparison to
the 1 C discharge. Similarly to the 1 C discharge, it is shown that FBG 3 has the
higher error out of the three FBGs.
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Figure 4.3-7: Comparison of sensor response for 2 C. Plotted against capacity,
showing each cell individualy, where FBG1, FBG 2, and FBG 3 are relted to cell 1,
cell 2 and cell 3 respectively.
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The FBGs between the cells, FBG 2, and FBG 4 show a more drastic deviation
at the higher 2 C discharge compared to the response from the 1 C discharge.
Due to the much higher temperature change at 2 C, it is shown that the median
between the cells reaches 32.84 °C and 34.64 °C for FBG 2 and FBG 4
respectively. This reduced temperature can be seen against both the TC and
PT sensors shown in Figure 4.3-8. Again, this shows that the FBGs located at

the cell LIB cell surface are working as expected.
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Figure 4.3-8: Comparison of FBG 2 and FBG 4 and relevant traditional sensors during
2 C discharge; (a) FBG 2 with TC sensors on cell 1 and cell 2, (b) FBG 2 with PT
sensors on cell 1 and Cell 2, (c) FBG 4 with TC sensors on cell 2 and cell 3, and (d)
FBG 4 with PT sensors on cell 2 and cell 3
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4.3.3 40 Watt Constant Power Discharge

The 40 Watt CW discharges with an increasing current draw from 10.55 A to
16.12 Alinduce an average temperature change of 26.41 °C, 29.34 °C and 26.41
°C respectively for cell 1, cell 2, and cell 3. The CW discharge shows an
increased temperature change when compared to 1 C discharge but does not
reach the same level as 2 C. As discussed in the previous chapter, CW testing
is crucial to understanding the behaviour of the battery cell at a constant power

output with increasing current output.

Figure 4.3-9 shows the temperature change from each sensor as the current
increases throughout the discharge. Similarly to 1 C discharge (Figure 4.3-1)
the TC and PT sensors generally show the same response throughout the
discharge.

The 40CW discharge shows similarities to the 2 C discharge i.e. cell 2 shows
the highest temperature change and final temperature. This can be seen in
Figure 4.3-10 (a) and (b), when comparing each sensor type across three cells.
During this discharge, it is shown that the FBG response, FBG 1, is the only one
to fall within the uncertainty of the traditional sensors, moreover, in this case
only within the PT sensor uncertainty. FBG 1 shows a final temperature
differential of 0.49 °C when compared to the PT sensor for cell, however, when
compared to the TC sensor it shows a 2.96 °C differential, where the TC
registers the higher temperature. For cell 2 and cell 3 it is shown that both the
traditional sensors register a higher temperature than the respective FBG
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Figure 4.3-9: TC and PT temperature differential induced by 40 Watt CW discharge,
achieved capacity = 9.059 Ah.
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sensors. In all cases, the FBGS respond similarly to the traditional sensors i.e
show higher temperature when the traditional sensors show higher and vice

versa.

The regression analysis (Table 5) shows good comparability with the sensors
and associated FBG with an R? value showing no less than 0.98, additionally,
the standard error shows cell 2 to be higher than the adjacent cells within the

battery pack.
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Figure 4.3-10: 3-Cell Battery Pack Discharge at 40 Watts CW; (a) Final recorded

temperature for each of the sensor types, and (b), temperature change experienced by

each sensor over the discharge period. Uncertinty of 0.8 °C and 0.5 °C for the PT and
TC sensors respectively.

Table 5: Regression Analysis for 3 Cell LIB pack at 40W CW Discharge
Regression Data (R?)

Sensor FBG 1 (Cell 1) FBG 3 (Cell2) FBG 5 (Cell 3)

Thermocouple (TC) 0.989 0.981 0.999

Platinum Resistance (PT) 0.989 0.981 0.999
Regression Data (Standard Error)

Thermocouple (TC) 0.220 0.494 0.344

Platinum Resistance (PT) 0.221 0.520 0.374

The overall response of the FBGs during the discharge period, Figure 4.3-11,
shows that FBG 5 located on cell 3 has the least variation, whereas FBG 3 on
cell 2 shows variation below both of the traditional sensors, and FBG 1 on cell
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Figure 4.3-11: Comparison of sensor response for 40 Watt CW. Plotted against
capacity withdrawn from the battery pack, showing each cell individualy, where
FBG1, FBG 2, and FBG 3 are relted to cell 1, cell 2 and cell 3 respectively.

1 shows the variation of FBG response to generally fall between the PT and TC

sSensors.

The FBG sensors between the cells, FBG2 and FBG 4, show again there is a
discrepancy between the FBG temperature and the temperature of the cells on
either side. It is seen that in most cases when compared to the traditional
sensors, the FBGs sit within the two cells, however, there is a large variation

seen. Similar to the response seen during the other two discharge conditions.
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This can be seen in Figure 4.3-12, where the FBG response is compared to the

traditional sensors on the cells on both sides.
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Figure 4.3-12: Comparison of FBG 2 and FBG 4 and relevant traditional sensors during
40 Watt CW discharge; (a) FBG 2 with TC sensors on cell 1 and cell 2, (b) FBG 2 with
PT sensors on cell 1 and Cell 2, (c) FBG 4 with TC sensors on cell 2 and cell 3, and (d)
FBG 4 with PT sensors on cell 2 and cell 3.

4.3.4 Overall Discussion

When the FBGs are compared to the traditional sensors in each discharge
condition, it can be said that there is a good correlation between the sensor
types, as can be seen by the linear regression, where over the three discharge
conditions the lowest R? value is 0.981.
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It is shown that during the 1 C discharge, the sensors are well-matched i.e. all
FBG sensors across the three LIB cells are within, or very close to the
uncertainty of the PT and TC sensors. The 2 C and 40CW discharge conditions
provide more varied results due to the larger discharge current producing higher
thermal gradients for each cell within the LIB pack. Due to the varied responses,
it is important to analyse the maximum temperature recorded by each sensor

during each discharge condition, as up to this point only the final temperature is

analysed.
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Figure 4.3-13: The maximum recorded temperature change over the three discharge
conditions, (a) 0.5 C discharge, (b) 2 C discharge, and (c), 40 Watt CW discharge.
Where each sensor on each of the three cells is compared. Showing the uncertianty
factor of 0.5 °C and 0.8 °C for the TC and PT sensors respectiviely.
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Figure 4.3-14: Linear Regression Analysis Standard Error, each sensor compared to
respective FBG.

Figure 4.3-13 shows the maximum temperature recorded for each sensor over
the three discharge conditions. It is shown that there are only 2 occurrences
where the respective FBG sensor is not within the uncertainty of at least one of
the traditional sensors; FBG 1 on cell 1 during the 2 C discharge (Figure 4.3-13
(b)), and FBG 5 on cell 3 during the 40 CW discharge (Figure 4.3-13 (c)). This
provides enough certainty that the described mounting method with guide tube
is sufficient to provide accurate temperature data for individual cell level

monitoring.

To fully scrutinise the technique, it is important to discuss the standard error
generated from the linear regression conducted for each discharge condition.
Figure 4.3-14 shows the standard error for the PT and TC sensors in correlation
to their respective FBG. It is shown that for the lowest discharge the relative
error is minimal when comparing across the three cells individually, however,
this cannot be said for the 2 C and 40CW discharge. It is evident that during
higher discharge conditions the standard error is increased when there is an
increased temperature differential. It is shown that in both the 2 C and 40CW
discharge cell 2 has the highest standard error, thus it can be hypothesised that
FBG 3 is more susceptible to deviation potentially caused by the slack in the
FOS strand over the battery cells. As FBG 1 and FBG 5 have the plinths to

Keith Michael Alcock Page 77



The Thermal Monitoring and Management of Lithium-lon Batteries

provide localised support, the middle FBG, FBG 3, does not have this support,
thus the lack of FOS strand support in this region could interfere with the
temperature readings, as is documented in the literature, bending of the FBG
can induce strain. As this section of the fibre does not have a microtube
encapsulating it to keep the FBG level, it is reasonable to assume this is the

case.

In each discharge it is shown that the FBGs placed at the cell spaces show a
reduced temperature reading, this demonstrated the effectiveness of the FBG
placed at the cell as they are experiencing higher temperature deviations. This
further demonstrates the effectiveness of the FBG sensors' suitability for
individual cell level monitoring, furthermore, it is possible to use FBGs for
measurements beyond the cell to gather more information surrounding the

battery pack.

The overall maximum temperature readings for each sensor per discharge
condition are summarised in Table 6 (below). Comparing the FBGs to both
traditional sensors over the three discharge conditions It is calculated that the

Table 6: Maximum Recorded Temperature from each Sensor.

0.5 C Discharge
Sensor Cell 1 Cell 2 Cell 3
FBG 34.08 33.55 32.88
PT 34.09 34.42 33.05
TC 34.55 34.03 33.58
2 C Discharge
Sensor Cell 1 Cell 2 Cell 3
FBG 66.33 72.53 67.31
PT 64.98 73.54 67.38
TC 65.55 70.59 65.62
40 CW Discharge
Sensor Cell 1 Cell 2 Cell 3
FBG 50.27 52.53 48.87
PT 49.97 54.90 51.06
TC 53.23 53.84 51.68

All temperature data in degrees Celsius (°C).

average deviation for FBG 1 is 0.97 °C, with a minimum and maximum deviation
of 0.01°C and 2.96 °C respectively. For FBG 3 at cell 2, it is calculated that the
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average deviation is 1.33 °C, with a minimum and maximum of 0.48 °C and 2.37
°C respectively, while FBG 5 at cell 3 has an average deviation of 1.27 °C with
a maximum and minimum deviation of 0.17 °C and 2.81 °C respectively. When
considering the average deviation this is a significant improvement compared
to the guide tube mounting method described in the previous chapter with a
deviation of 2.15 °C, thus it is possible to acknowledge that the use of PTFE as

a guide tube is significantly more effective than PVC when combined with the
plinth mounting method.

4.4 Conclusion

This chapter successfully details the implementation of a FOS strand with five
FBG sensors for the individual cell level monitoring of a 3-cell LIB pack. The use
of the PTFE guide tube and ABS 3D printed plinths shows improved accuracy
compared to the PVC guide tube detailed in the previous chapter, with an
average error of 0.97 °C, 1.33 °C, and 1.27 °C for FBG1 on cell 1, FBG 3 on
cell 2 and FBG 5 on cell 3 respectively, compared to 2.15 °C for the PVC guide

tube.

It is shown that in addition to temperature measurement at the cell level, it is
possible to capture temperature data between cells as demonstrated by the
temperature response of FBG 2 and FBG 5 for each discharge, where a lower
temperature was recorded in comparison to the FBGs situated at the cell
surface. The higher variation seen in these FBGs could be used in the future to
assess and investigate the radiating heat from cells within a battery pack. Due
to the small dimensions and minimally invasive nature of FBG sensors, it is

possible to situate FBGs within the small gaps between cells.

It is evident from the regression data, specifically the standard error that the
FBG 3 response, situated in the middle of the mounted FOS strand shows a
more varied response. It is possible to hypothesise that the larger error seen
over the three discharge tests indicated a slack in the FOS which is minimally
interfering with the temperature measurements. A possible solution for future
work would be to apply a method to support the FBG around the cell without
interfering with the FBG situated at the cell surface, additionally, a mechanical
method to apply slight tension to the FOS strand across the cells would minimise
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slack in the FOS, however, this must be able to allow expansion and contraction
for the whole FOS strand to decouple the strain and temperature.
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Copper Plated Polymer Foam for Battery Thermal

Management

5.1 Introduction

As discussed previously, in order to decrease and restrict the incidence of
battery degradation and maximise LIB lifetime, it is recognised that the
temperature gradients created by the use of a LIB must be regulated. Usually
accomplished in industrial settings, such as in electric vehicles, by using forced
air or indirect liquid cooling techniques. Phase change material and foam are
increasingly explored for passive techniques for producing improved thermally
conductive PCM/foam composites.

As previously stated, the research in this field typically uses copper, nickel, or
aluminium foam for the fabrication of PCM/foam composites. Furthermore, there
are few examples of plated polymer foam structures utilised with PCM materials,
and at the time of writing this thesis, there are no known peer-reviewed research
studies addressing the use of copper-plated polymer foams with PCM for
thermal management of LIBs.

The most relevant studies avaiable in the literature related to this study show
promising results when using a depsotion methodologies on foam structures,
for example, A. Hussain et.al. present a study of graphene coated nickel foam
saturated with paraffin as a novel material for thermal management of Li-ion
batteries, resulting in 17% less surface temperature rise than with plain nickel
foam [111].

Additionally, S. Inazawa et al. investigate the benefits of using a titanium redox
process as a pure nickel electroless plating method compared to the
conventional hypophosphite method. This study focuses on the development of
an eco-friendlier method of nickel plating and details the process of plating
urethane-based structures for applications in batteries.[112].

In order to address gaps in the literature due to the absence of research papers
on polymer foam plating, particularly for the application of LIB thermal
management, the following are suggested:

Keith Michael Alcock Page 81



The Thermal Monitoring and Management of Lithium-lon Batteries

e Copper deposition of polyurethane foam for PCM impregnation using the
electroless plating technique, which has not been documented for
polymer foam substrates.

e This novel composite material will be employed for the passive thermal
management of a LIB.

e As solid commercial foam has been employed in previous studies, the
copper deposition mass will be adapted and examined in comparison to

commercially available copper foam.

This will offer a solid proof of concept study for the application of PCM composts
made from cooper-deposited polymer foam to the passive thermal management
of LIBs.

5.2 Materials and Method

The following sub-sections describe the processes and methods used to
manufacture the configurations of PCM/Foam composites. Additionally, the

methodology of the experimental works carried out is detailed herewith.

5.2.1 Cell Thermal Characterisation and Monitoring

The battery cell used in this chapter is the EEMB Li-ion Polymer LP963450-
PCM-LD Battery, this cell has a rated capacity of 1800 mAh and 3.7V nominal
voltage. Full battery specifications can be found in Appendix C: EEMB
LP963450-PCM-LD Battery Data Sheet.

It is important to quantify the temperature gradient generated from this cell under
various discharge conditions to select an appropriate discharge for the
experimental study of Cu-P foam composites, the highest temperature being
preferable.
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The temperature of the cell is obtained by two K-type TCs, one glued to each
side of the battery cell, as shown in Figure 5.2-1 (a) and (b). The temperature
data is obtained using the Pico Technology TC-08 data logger, with the Picolog
software, recording at 1 Hz. Figure 5.2-2 shows the temperature change (AT) of
the battery cell during 1 C and 1.5 C discharge, it is shown that 1.5 C induces a

K-Type Thermocouple <—>

.| ¢ 2 Pin JST Connector

<+ Battery Control Board

Gluedon TC Tip
+——————— Battery Cell

LT

(b)

Figure 5.2-1: EEMB LIB (a) schamtic of the cell with K-type TC attached, identical at
the reverse side, and (b) photograph of actual cell showing length of cell.
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Figure 5.2-2: Thermal performance of Li-ion Polymer Battery at 1 C and 1.5 C
discharge

more significant temperature change compared to 1 C, however as the current
is increased, the discharge time reduces.

The 1.5 C discharge induces an 18 °C temperature change, whereas 1 C
induces a 10 °C change. The data shown in Figure 5.2-2 shows the average of
both TC sensors glued to the battery cell, the discharge occurs in the ESPEC

LU114 low-temperature chamber at 25 °C, as detailed in the previous chapter.

As 1.5 Cinduces an 8 °C higher temperature change, this discharge rate is used
for further tests to assess the effectiveness of the copper foam composite
samples.

5.2.2 Phase Change Material Selection

Two commercial phase change materials obtained from Rubither GmbH, RT31
and RT42, are evaluated for use in the PCM foam composites. Since the battery
cell begins discharge at 25 °C and concludes 18 °C higher, at 42 °C when
discharged at 1.5 C, the PCM must function within this temperature range in
order to absorb the heat produced by the cell. The specification described by
Rubitherm GmbH, states the melt range of the RT31 PCM is 29 °C to 34 °C with
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Figure 5.2-3: DSC curve for (a) RT31 and (b) RT42 Phase Change Materials.

o

a main peak at 31 °C, whereas the RT42 PCM is stated as a having a melt range
of 38 °C to 43 °C with a main peak at 42 °C.

Conducted using a TA Instruments Q2000 Differential Scanning Calorimeter
(DSC), Figure 5.2-3 shows the heat absorption of both of the PCM samples.
The RT42 variation has a transition onset temperature of 36.83 °C and a peak
transition temperature of 42.11 °C, whereas the RT31 sample has a transition
onset temperature of 24.92 °C and a peak transition temperature of 32.32 °C.

The RT31 variation is better suited for the application, as the onset transition
temperature is close to the discharge start temperature and the transition peak
temperature is below the expected end temperature of the 1.5 C discharge,
allowing the PCM's full capacity to be utilised. When examining the RT42
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variant, the transition peak temperature is marginally higher than the expected
final temperature of the battery, resulting in uncertainty whether the PCM will
fully transition during a discharge, thus the RT31 PCM is used in the

experimentation.

5.2.3 Foam Selection

The foam substrate employed in this study is made of Polyurethane (PU), which
has a relatively low thermal conductivity (0.29 W/m-K), especially when
compared to other polymers such as low density polyethylene (0.33 W/m.K),
hight density polyethylene (0.45 — 0.54 W/m.K), [113, 114]. Furthermore, the
PCM selected has a thermal conductivity of 0.2 W/m.K, therefore the similarities
in thermal conductivity will contribute to a better understanding of the effect of
the copper deposition layer and its purpose of enhancing heat transfer.

5.2.4 Electroless Plating for Polymer Substrates

As the PU substrate, in its raw form, is non-conductive, it is not possible to
electroplate, it must be electroless plated to achieve a thin layer of copper over
the surface. The principle of electroless copper deposition is to use the chemical
reaction between a reducing agent and a copper salt in a liquid solution so that
the copper ion can be reduced to a copper atom, the reaction should be
continuous so that sufficient copper can form a film and cover the substrate
[115].

The methodology used for electroless copper plating is combined from various
sources [115-117]. Since formaldehyde is carcinogenic, glyoxylic acid-based
solutions are commonly utilised instead of formaldehyde-based solutions.

Wang et al. (2011) created an electromagnetic interference shield using
electroless copper deposition on Fraxinus mandshurica veneers (plywood),
which served as the starting point for the plating bath used in this investigation
[116]. Wang et al. employed chitosan to build a layer on which a thin palladium
coating was formed, followed by copper deposition. Chitosan is not employed
in this work since it is a viscous solution that does not fully penetrate the pores
of the PU foam; nevertheless, a 2 g/L sodium hypophosphite solution is used to
generate a thin layer of palladium for copper deposition.
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The chemical concentrations utilised in the plating bath in the study for copper
deposition are the same quantities used in [116], detailed in Table 7. It is critical
to observe the presence of 2-mercaptobenzothiozole (2MBT) in the plating bath.
As copper plating baths are notoriously unstable and prone to decomposition,
this is added to the solution as a stabiliser [117].

Table 7: Electroless Cu Bath Composition

Chemical Concentration (g/L)
CuS04 e 5H20 20
EDTANaz ¢ 2 H20 40
Glyoxylic Acid (60% wt) 21
2MBT 0.002

Bath Temperature = 55 °C, pH 12-12.5

F. Hanna et.al., investigates the use of different stabilisers in copper plating
baths [117]. It is found that all stabilisers considered significantly increase the
lifespan of the plating baths, and 2MBT at an optimum concentration of 2mg/L
increases the deposition rate. It is stated that the EDTA-based bath with 2mg/L
2MBT can operate for 80 minutes before decomposing [117].

5.2.4.1 Substrate Preparation

The samples for electroless copper plating are prepared as follows;

1) Cleaning and conditioning — 5% wt Sodium Hydroxide solution is used at 60
°C for 10 minutes to ensure the substrate is clean from any contaminants.

2) Rinse — The substrate is then rinsed in deionised water at room temperature
for one minute.

3) Etching — 30% wt Potassium Hydroxide at 60 °C is used to roughen the PU
surface for the adhesion of the deposition. The substrate is immersed for
four minutes.

4) Rinse — The substrate is then rinsed in deionised water for one minute.
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5) Catalysing — the palladium-tin colloidal solution is used to catalyse the
substrate for plating, at 60 °C for ten minutes. This solution is made from
PHP A salt and PHP B solution.

6) Pd(0) Promotion — 2 g/L concentration sodium hypophosphite is used to

promote Pd(0) on the substrate surface.

At this point, the samples are dried with hot air and weighed to obtain the pre-
plating mass. The preparation of the samples removes small quantities of PU
from the surface, thus altering the mass. The substrate is then ready to be
placed in the plating solution for the desired time to achieve the desired plating

mass

The catalyst solution (UNIPHASE PHP) supplied by Schloetter consists of
UNIPHASE PHP A salts and UNIPHASE PHP B solution. The solution is made

as follows.

Conducted in a fume cupboard, a clean one litre beaker is filled with half way
with deionized water, in which 100 g of PHP A salt was dissolved. Then 20 ml
of 37% hydrochloric acid was added and mixed well prior to addition of 20 mi
UNIPHASE PHP B. The volume is then made up to 1 litre with deionized water.
The solution is kept in a Winchester bottle to avoid chemical degradation due to
UV light. Deterioration of the catalyst is visible when the dark brown colour
weakens and the solution becomes slightly transparent, thus a new fresh
solution needs to be prepared. Generally if stored in a cool dark environment
the solution keeps for around 1 month and can be reused if no degradation is
present.

5.2.4.2 Electroless Bath Preparation

A one-litre batch of a base solution is prepared in advance of substrate plating,
the base solution is prepared in this way as a small quantity (0.2 mg/L) of 2-
Mercaptobenzothiazole (2 MBT) is used as a stabiliser to prolong the life of the
plating bath, one-litre quantity ensures accurate addition of the 2MBT. A
RADWAG MYAS precision balance is used to measure out the small quantity.
As copper electroless baths have a limited life, and can decompose once the
reducing agent is added, the reducing agent is not added until 200 ml is removed
from the base bath solution and plating is about to commence.
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The copper bath is prepared following the procedure outlined in [115], the
chemical quantities are per those detailed in [116] and 2 MBT is added as a

stabiliser following the optimum concentration outlined in [117].

The procedure is as follows;

1) Add 2 MBT to 1 litre of deionized water.

2) Mix EDTA into the solution, EDTA is very hard to dissolve in water, so white
precipitates of EDTA will remain in the deionised water.

3) Continuously add potassium hydroxide (KOH) to the solution; stir until the
white precipitates disappear. The solution is now a dipotassium-EDTA
solution. By using potassium hydroxide in glyoxylic acid solution, the
Cannizzaro reaction rate is reduced, and the mechanical properties are
improved.

The Cannizzaro reaction involved in electroless copper plating using
glyoxylic acid as a reducing agent consumes additional hydroxyl and
glyoxylic acid.

4) Carefully add copper sulphate pentahydrate crystals into the solution in
several separate goes.

5) Add potassium hydroxide until the white precipitates disappear.

The base solution does not contain the glyoxylic acid-reducing agent so can
be stored in a cool dark place until required.
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5.2.4.3 Electroless Cu Deposition Method

The Cu deposition is conducted with around 200 ml of the plating solution base,
in which 4.2 g of glyoxylic acid is added and mechanically stirred until the

Figure 5.2-4: Plating Solution Setup

solution is at 55 °C, and potassium hydroxide is added until the solution reaches
between pH 12 and pH 12.5, checked with a Fisher Scientific Accumet AE150
pH meter. The timing of adding glyoxylic acid is not critical, but the final pH

values of the plating solutions must be controlled with potassium hydroxide.

Figure 5.2-4 depicts the setup for the plating process, in which the polymer
substrates are inserted. To provide uniformity in heating the solution, the beaker
of the plating bath is placed into an oil bath (Heidolph MR Hei-Standard, with
Heidolph 504, 1 Litre oil bath attachment), the beaker rests on a plastic mesh,
separating the bottom from the heating element. A digital thermometer is placed
into the plating solution, the thermometer controls the heating of the oil bath to
maintain a solution temperature of 55 °C. This process is like that deployed by
W. Sha et. al. for their investigation of copper and nickel-phosphorus plating
[115].
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With the addition of 2MBT to stabilise the plating solution, foam substrates are
electroless plated for 20 minutes, 40 minutes and 80 minutes. It is detailed by
F. Hanna et.al. that the addition of 2MBT can provide up to 80 minutes of stability
once the reducing agent is added to the plating bath [117].

It was found that this was the case and foam substrates were plated for this
duration, it is important to note however that the plating rate dropped throughout
the 40-minute and 80-minute plating sessions. This was observed due to the
visible reduction of hydrogen bubbles in the solution. Once the samples were
weighed after the plating sessions it was found that there is an increase in
copper mass between the different durations, as shown in Table 9 for 10 PPI
and Table 9 for 20PPI.

Table 9: 10 PPl Foam Electroplating Results.

Plating Time (minutes) Prepared Mass Copper Mass

20 0.563 0.379
40 0.544 0.483
80 0.524 0.616

All mass values are in grams.

Table 9: 20 PPl Foam Electroplating Results.

Plating Time (minutes) Prepared Mass Copper Mass

20 0.563 0.438
40 0.491 0.482
80 0.526 0.610

All mass values are in grams.
5.2.4.4 Electro Plating
The method of copper electroplating is straightforward, as shown in Figure
5.2-5, an electrically conductive specimen is submerged into an electrolyte bath,

and a current is applied, resulting in the migration of copper ions which will
deposit onto the pre-existing metal layer of the submerged specimen [118].

The electrolyte bath used in this study contains two primary inorganic
components; Copper sulfate (CuS0O4) which provides a source of copper ions,
and sulfuric acid (H2SO4) which makes the bath conductive and acts as a

charge carrier.
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The method of electroless copper plating for this work was conducted using 1A
current at 4V, where both faces of the foam structure were held in place for 10

minutes, resulting in 20 minutes of total plaiting.

Figure 5.2-5: Electroless copper plating method [118]

5.2.5 Cu Foam Composite Manufacture

A series of foam samples are impregnated with the chosen PCM, RT31, to
create foam composites to increase thermal storage within the PCM. These are
three types, solid copper foam (Cu-S), Polyurethane foam (PU) and electroless
copper-plated foam (Cu-P). The Cu-P samples are plated in the aforementioned
process for twenty minutes achieving a copper mass of 0.342 g and 0.400 g, for
10PPI and 20PPI foams respectively, examples are shown in Figure 5.2-7.
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The foam samples are impregnated with RT31 PCM under vacuum, where the
samples are placed in a glass Petrie dish, melted PCM is poured into the dish
to cover the foam, and the dish is then placed into the vacuum chamber (Figure
5.2-9 (a)) until the PCM solidifies. The dish is then placed into the Binder FD23
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Figure 5.2-7 Example of 20 minute electroless plated PU foam (a), 10 PPl and ,
(b) 20 PPI.
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Figure 5.2-7: Solid Foam Samples, 10 PPI Cu-S (a), 20 PPI Cu-S (b), and (c),
foam sample impregnated with RT31 PCM after three times heat and vaccum
cycle.
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oven (Figure 5.2-9 (b)) at 45 °C until fully melted (approximately 30 minutes).
The dish is then placed back into the vacuum chamber, the cycle is repeated a
total of 3 times. When the chamber achieves a consistent vacuum, the air exiting
the foam is seen as visible bubbles on the surface; this is replaced by the PCM

permeating the foam structure.

Once the PCM foam composites are manufactured, they are placed into a 3D-
printed case. The case is manufactured out of polylactic acid (PLA) using a
Prusa Research Mini Plus, with 100% infill to ensure the case is solid and will
not allow PCM to pass through the PLA layers when liquid. The case is designed
for the 5 mm and 10mm thickness of PCM across the entire face of the LIB cell
on both sides. The impregnated PCM foam composites are installed into the
case void between the cell surface and the case wall. Additional RT31 PCM is
added to fill around the cell and PCM foam composites. The case is intentionally
designed taller than required to provide room for PCM expansion as there is a

12.5% volume expansion coefficient.

(b)

Figure 5.2-9: Equipment used for foam impregnation with PCM, (a) baco vaccum
chamber and, (b), Binder FD23 forced convection drying oven.

(b)

Figure 5.2-9: Configuration for battery testing, PLA 3D priinted box containing the
battery cell, PCM and PCM foam composites, (a) top view where the surface of PCM
is visible, (b) side view showing height of the box with labels to identify battery side
and , (c), front view showing label to identify sample contents.
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Table 10: Foam Composites Configuration Details

Sample Copper Mass (g)  Impregnated Mass (g)  PCM Mass (g) Total Mass (g)
5mm PCM - - 15.16 65.56
10mm PCM - - 26.53 81.83
10PPI PU - 20.06 25.49 83.10
20PPI PU B 21.85 26.63 83.71
10PPI - Cu-S 17.40 37.30 26.49 99.78
20PPI Cu-S 12.70 30.40 26.62 95.62
20 Min-10PPI Cu-P 0.379 24.40 26.87 83.73
20 Min-20PPI Cu-P 0.435 19.96 26.16 84.08
40 Min-10PPI Cu-P 0.483 24.42 26.45 84.30
40 Min-20PPI Cu-P 0.482 20.85 26.73 83.46
80 Min-10PPI Cu-P 0.616 24.58 26.91 84.35
80 Min-20PPI Cu-P 0.610 21.01 25.80 83.36
10PPI Cu-EP 1.531 24.156 26.49 84.78
20PPI Cu-EP 1.512 21.30 26.38 84.60

PPI = Pores Per Inch, PU = Polyurethane, S = Solid, P = Electroless Plated, EP = Electroplated. Total mass includes case,
battery, TCs, PCM and Foam where appropriate.
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Figure 5.2-9 shows a fully constructed configuration from various sides, Table
10 details all configurations analysed in this chapter. It is important to note that
the total mass of PCM is around 26g, except for 10PPI-PU which is 0.51g under
269 due to an error while manufacturing the configurations. It is also important
to highlight that the Cu-P configuration copper mass is 97.82 % and 96.62%
reduced for 10PPI Cu-P and 20PPI Cu-P respectively when compared to the
Cu-S configurations. A single cell is discharged without any PCM or PCM foam
composites, this will act as a control to distinguish the effectiveness of the

configuration outlined in Table 10.

5.2.5.1 Scanning Electron Microscope Imaging

A Hitachi S-4800 Scanning Electron Microscope (SEM) was used to analyse the
electroless plating surface of the foam. The SEM shows a detailed image of the
surface of the foam, to the point where the copper grains are visible, thus
showing that all plating times provides a full covering of copper on the
polyurethane skeleton.

Firstly, the surface of the plain polyurethane foam is inspected. The use of
palladium sputter coating was deployed to make the surface conductive for the
SEM. Figure 5.2-10 shows a whole pore and the triangular strut profile of the
20PPI PU foam. In general, the foam surface is smooth with PU artefacts over

the surface.

It is shown that the polymer foam is solid in its structure which is contradictory
to the commercial copper foam. In Figure 5.2-11 it is shown for both the 10PPI

3.0kV 45.0mm x25 SE(M)I:

(a)

Figure 5.2-10: SEM Imaging of 20PPI PU Foam, (a) whole pore with struts, and (b)
Strut cross section.
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P10.0kV 45.0mm x70 SE(M)

10.0kV 45.0mm x60 SE(M) 500um

Figure 5.2-11: SEM imaging of commercial foam; (a) 20PPI pore structure, (b) 20PPI
strut cross section, (c) 10PPI pore structure, and (d) 10PPI strut cross section.

and 20PPI that the copper structure is hollow. It is reasonable to assume that
under vacuum the PCM will infiltrate the internal structure as the foam is cut to

size, leaving open strut cross sections.

The electroless copper plating is presented in Figure 5.2-12 for each of the three
plating times. It is generally seen that there are no major differences in the
structure of the copper layer on the PU skeleton, additionally it appears that
there is consistent layer over most of the pieces. However, it is seen for all three
samples used for SEM analysis that there is cracking on the surface. It is not
known if this is due to handling the sample or a result of the plating method.
Generally, the plated surface looks consistent for each plating duration and

overall, a consistent copper surface is present.
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20.0kV 45.0mm x110 SE(M)

20.0kV 45.0mm x60 SE(M) 20.0kV/45.0mm x100 SE(M)

20.0kV 45.0mm x80 SE(M) 20.0kV 45.0mm x100 SE(M) 500um
(e) (f)

Figure 5.2-12: SEM imaging of electroless copper PU foam, (a) 20 minute plating
surface, (b) 20 minute plating strut cross section, (c) 40 minute plaitng surface, (d) 40
minute plaitng strut cross section, (e) 80 minute plating surface, and (f) 80 minute
plating strut cross section.
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5.2.6 Thermal Conductivity of PCM Foam Composites

The Thermal conductivity is calculated for the Cu-S configurations by the
method set out by X, Xiou et. al [83] who based their work partially on the work
of Bhattacharya et. al. [119].

The bulk porosity (ration of solid mass to pore size) of the solid foams is

calculated as follows.

mfo

(10)
Psk Vt

Eb:]._

where mg, is the mass of the metal foam, V, is the total volume of the metal

foam piece, pg; is the density of the skeleton material.

The impregnation ration «;, which is a dimensionless parameter to evaluate the
compatibility between the PCM and the metal foam structure, is calculated as

follows;

Mactual _ A7ni
Migeal Ethppcm (1 1)

a; =

Where Am; is the difference in mass between the impregnated foam composite
and the mass of the foam and p,., is the density of the PCM during the solid
phase, in this case for RT31, 0.88 g/litre. It is calculated that the impregnation
ratio for the Cu-S configurations is 0.81 for 20 PPI and 0.88 for 10 PPI foam

variants.
The theoretical thermal conductivity can be calculated as follows.

1-4

< €p +ﬂ) (12)
/1pcm Ask

/16 = Ac(gb/lpcm + (1 - Sb)/lsk) +

Where A, is the thermal conductivity of the PCM, in this case, 0.2 W/m.K for
RT31, A is the thermal conductivity of the skeleton material, in this case, copper

which is taken as 390 W/m.K, the same value used in [120], and A, is the
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correlation coefficient, found to be 0.35 by Bhattacharya et. al. [119] for foams
of 5-40PPI and porosities 90.5-97.8%, which these metal foams fall within.

It is found that the theoretical thermal conductivities are 10.28 W/m.K and 7.55
W/m.K for 10PPI Cu-S and 20PPI Cu-S respectively, this compares well to the
findings in [120].

As shown in Error! Reference source not found., the thermal conductivity of
the skeleton material (1) is required to calculate the theoretical thermal
conductivity of the foam composite. With a copper-plated PU substrate, it is not
accurate to use the conductivity of the PU or the conductivity of pure copper for
this value and a combination of the two materials adds complexity beyond the
scope of this work as a proof-of-concept investigation, thus the thermal
conductivity is not calculated for all configurations, the performance of the
configurations is compared using heat change recorded at the battery cell
surface.

It is important to note that it is possible to experimentally obtain the thermal

conductivity of foam composite samples using the hotdisk method.

The well-established Hot Disk method, or Transient Plane Source (TPS) method
invented by Hot Disk founder Dr Silas E. Gustafsson in 1986, allows rapid,
accurate and non-destructive testing of thermal conductivity, thermal diffusivity
and specific heat capacity of most material types, all in a single measurement.
A key aspect of the TPS method is that it is absolute i.e., there is no need for
repeated calibrations or the use of standard samples, as is common with other
approaches. The TPS method requires one or two pieces of the sample to test,
each needing no more than one flat surface where the Hot Disk double spiral
sensor can be applied [121].

Many peer-reviewed papers explaining and evaluating the technique have been
published in scientific journals. Since 2008 the method is standardised in 1ISO
22007-2, and over the years thousands of publications featuring results
acquired with Hot Disk instruments have been published [121].

Unfortunately, the university does not own this equipment, The University of
Edinburgh was contacted by a member of the technician staff to enquire if there
was a system available for use, unfortunately, the contact at the University of

Edinburgh was not aware of the required apparatus at the institution.
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5.2.7 Experiment Setup

All of the configurations detailed in Table 10 are subject to 1.5 C discharge via
the B&K Precision electronic load. The cell is charged with the B&K precision
power supply at 1 C until the cut-off current of 0.36 mA is achieved. During all
testing, the sample under test is rested in the chamber at a 25 °C constant
temperature until all sensors indicates a uniform temperature as close to 25 °C
as possible, generally around 60 to 90 minutes, ensuring thermal equilibrium.
After charge and discharge, the samples under test are rested for at least 30

minutes for chemical equilibrium to occur within the battery cells.

f ESPEC LU114Chamber \

Software
- B&K Precision
Battery Test
- PicoLog® &
Batten e 4
attery s PicoLog" i
Foam/PCM <& H TC e—— TC-08 »-
: Datalo gger
s e Q
} Y
B&K Precision® 9202 DC <
Power Supply
B&K Precision® 8610 DC
i . electronic load ¢

Figure 5.2-13: Testing Regime Setup for PCM and PCM Foam composites.

The experimental setup is shown in Figure 5.2-13, which is similar to the
previous setup, where the ESPEC LU114 chamber is used to maintain a
constant ambient temperature, and the Pico Technology TC-08 and the Picolog
software are used to acquire the thermocouple temperature response. The
samples under test are held in a Faraday cage inside the ESPEC chamber to

eliminate any noise or interference.

5.3 Results

The results and discussion will initially discuss only the 20-minute plating
configurations, named Cu-P in the graphs in section 5.3.1, thus any reference
to plating in this section refers to only 20 minutes electroless plating. Then all
configurations detailed in Table 10 are discussed in section 5.3.2 onwards.
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5.3.1 Initial Copper Deposition Analysis

The following section details and discusses the results of the testing regime set
out previously in this chapter. Firstly, it is important to consider starting
temperature when discussing temperature change. All tests must be started
within a reasonable range to ensure conformity in the results. Figure 5.3-1 (a)
shows that the average start temperature for discharge tests is relatively linear,
around 24.75 °C. Moreover, it is shown in Figure 5.3-1 (b) that the standard
deviation for the start temperature is no more than 0.263 °C, with the majority
below 0.15 °C. It is demonstrated that an effort was taken to ensure a relatively
even starting temperature for the discharge tests to ensure comparability of the

final results.
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Figure 5.3-1: Testing start temperature, (a) an average of three tests showing 0.5 °C
uncertainty for K-type thermocouples, and (b), standard deviaiton of three tests per
sample.

All of the samples with PCM and PCM/foam composites are initially directly
compared to the discharge of a LIB cell with no passive cooling method applied,
then a comparison of the samples alone, to fully investigate and discuss the
comparability of the configurations.
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Figure 5.3-3 shows the average temperature change for the discharge tests of
all considered configurations. It is shown that as soon as PCM is incorporated
into the case there is a dramatic reduction in final temperature at the battery cell
surface. It is shown that for 5 mm PCM thickness, a reduction of 8.54 °C,
equates to a 49.39% reduced temperature change in the cell, however, the
doubling of the PCM only adds a further 2.35% reduction to 51.42%, which can

be seen for the 10mm PCM configuration. It is demonstrated that simply
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Figure 5.3-2: Final battery temperature change, average of three dischaege tests,
showing standard deviaiton.

doubling the PCM thickness does not result in the doubling of thermal storage,
this is due to the low thermal conductivity of the PCM as discussed previously it
is shown that the 10mm PCM thickness with 20PPI solid copper (10mm 20PPI
Cu-S), shows the most reduction in cell temperature with an additional 18.86%
to achieve a total reduction of 68.28% when compared to the cell alone.
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Figure 5.3-2 shows the incremental decrease over the configurations tested. In
this case, the standard deviation is represented as error bars, to show the
variation in the final results. It is shown that 5 mm PCM shows the highest

temperature change, then incremental reductions to the best performing
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Figure 5.3-3: Temperature change of a LIB cell, PCM samples and PCM/Foam
composites. showing 0.5 °C uncertainty for K-type thermocouples.

configuration, 10mm 20PPI Cu-S. It is shown that there is a 37.26% reduction
in temperature change between the 5 mm PCM-only sample to the 10mm 20PPI
Cu-S. The plated samples, 10mm 10PPI Cu-P and 10mm 20PPI Cu-P show a
reduction of 14.06% and 19.20 % respectively. Between the two plated samples,
it is shown that when considering the mean result, the 20PPI variant is 5.98%
more effective at lowering the temperature gradient and 10mm 10PPI Cu-P
shows a higher standard deviation. If the lower error for 10PPI Cu-P and higher
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error for 20PPI Cu-P are considered, it is shows that there is only a 0.08 °C

difference between the two configurations.

Figure 5.3-4 shows the plated and solid foam configurations together, shown is
the reduction in maximum temperature change of 5.98% when the 20PPI foam
is used. The density of foam also shows to be important as the solid foam
demonstrates the same findings as the plated foam, however, the solid 20PPI
foam shows 10.29% more effectiveness. It is also shown that there is a gap
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Figure 5.3-4: Plated and solid foam samples with 10 mm PCM, showinf percentage
drop between both plated samples, solid samples and 20PPI plates against 10PPI
Solid foam.

between the Cu-P and Cu-S configurations, averaging 13.44%.

Comparing the Cu-P to 10 mm PCM, it is shown in both the 10PPI and 20PPI
configurations, there is a significant reduction in the temperature change
(Figure 5.3-5 (a) and (b)), for the 10PPI Cu-P there is a 10,48% temperature

Keith Michael Alcock Page 105




The Thermal Monitoring and Management of Lithium-lon Batteries

reduction and for 20PPI Cu-P, 15.83%. This shows that the addition of the thin
layer of copper to the PU foam substrate aids the transfer of heat into the PCM,
however, in comparison to the commercial solid copper foam there is still a
significant gap. In the case of 10PPI Cu-P, 18.62%, and 20PPI, 22.35% when
comparing the Cu-P to the Cu-S configurations.
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Figure 5.3-5: Temperature delta of discharge considersing (a) 10PPI configuraitons,
and (b), 20PPI configurations.
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5.3.2 Varied Copper Plating Mass

The following section details and discusses the results of the 1.5 C testing of
the configurations with various foam plating masses, as detailed in Table 10.
The start temperature of each test is discussed to ensure the comparability of
the results. Figure 5.3-6 (a) shows the average start temperature of the three
tests conducted on each configuration, showing 0.5 °C uncertainty. It is shown
that they all begin between 24.5 °C and 25 °C, Figure 5.3-6 (b) shows the
standard deviation of the three tests for each configuration, it is shown that the
majority show less than 0.2 °C with nothing above 0.21 °C, showing that there

is good consistency of the start temperature.
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Figure 5.3-6: 1.5 C discharge test (a) Start temperature with 0.5 °C uncertainty as
error bars, and (b), standard deviation of the three discharge tests for each
configuration.
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Figure 5.3-7 shows the average temperature change (AT) at the cell surface
from the two attached thermocouples. It is shown, similarly to the previous
section, that as soon as PCM is introduced, a significant drop is achieved,
furthermore it's shown that there is a gradual drop as the copper mass of the
foam increases, with some exceptions. The pore density of the foams will be
discussed individually, then the foam densities will be compared to each other,
and conclusions will be made regarding the effectiveness of the foams and the
role in which the copper mass plays in the cooling effect of the battery cell.
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Figure 5.3-7: All configurations, temperature change at the cell surface.

Keith Michael Alcock Page 108



The Thermal Monitoring and Management of Lithium-lon Batteries
5.3.2.1 10PPI Configurations

The 10PPI configurations are compared directly with each other to understand
the effectiveness of the 10PPI foam with various plating mass. Figure 5.3-8
shows all 10PPI configurations against the 10mm PCM only configuration, it is
found that as soon as any type of foam is added to the PCM a temperature
reduction at the cell surface is seen, however, it is also evident that the plain PU
foam performs very similarly to the 20 and 40 minute plating configurations with
0.379 and 0.483 grams of copper respectively, it is only in the 80 minutes plating
with 0.616 grams of copper where a slight reduction is seen. It is important to
note the larger standard deviation of the 20 and 40-minute plating configurations
compared to the plain PU foam configuration, which suggests the foam is not
aiding the heat transfer consistently. It is shown that the electroplated
configuration, 10PPI Cu-EP is closely comparable to that of the 10PPI Cu-S
configuration, all be it with a larger standard deviation.
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Figure 5.3-8: 10PPI Configurations with 10mm PCM only
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Figure 5.3-9 further compares the plating configurations, showing an
inconsistent reduction when looking at the electroless plated configurations. If
the 0.5 °C were placed on the 20, 40, and 80-minute configurations it would
show that there are effectively no distinguishable values over the three
configurations. It can be proposed that in this case, the electroless plating shows
to be as effective at 20 minutes as it is at 80 minutes, with 0.237 grams more
copper on its structure. When the copper mass on the foam skeleton is
increased, a difference is shown, this is the case for the Cu-EP configuration
with an extra 0.915g of copper aided by electroless plating. It is shown that there
is a 13.74% reduction in the average temperature change between the Cu-EP
and the 80-minute electroless configurations. This is also significant as the Cu-
EP configuration shows a small 0.33% variation from the Cu-S commercial
foam, showing comparability with the commercial foam variant, with a larger

standard deviation, however.
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Figure 5.3-9: Temperature change of 10PPI Plated Samples
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While the electroless plated configurations for the 10PPI foam density do not
show significant change with increased plating time and Cu mass increase, it is
shown that with the 80-minute acting as a base layer it is possible to achieve
sufficient electroplating on the foam skeleton to directly compare with the

commercial foam with over 91.47% more copper mass.

When comparing the best two configurations i.e., the 10PPI Cu-EP and 10PPI
Cu-S configurations, to the cell only, it is shown that these configurations
provide a substantial reduction of the cell surface temperature. It is calculated
for the 10PPI Cu-EP configuration, there is a 63.23% decrease in the cells'
average surface temperature, while the Cu-S Configuration only provides a
further 2.21% achieving a temperature reduction of 65.44%.

5.3.2.2 20PPI Configurations

The 20PPI configurations show different results from the three discharges per

configuration. As shown in Figure 5.3-10, there is still a drop in the temperature

9
8.5 {

I

8t

I

~ 75 + T

@

6.5

5.5

T

10 mm PCM
20PPI PU

20 Min-20PPI Cu-P (0.4359)
20PPI Cu-EP (1.5129)
20PPI Cu-S (12.79)| @

40 Min-20PPI Cu-P (0.482g)
80 Min-20PPI Cu-P (0.610g)

Figure 5.3-10: 20PPI Configurations with 10 mm PCM configuraiton
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change as soon as foam is added into the PCM, as seen with the 10PPI
configurations, however, the plain PU foam in the 20PPi density shows to be
higher than that seen in the 10PPI configuration, with a very small standard
deviation not visible in Figure 5.3-10. It is shown that the electroless plated
configurations show a similar trend to the 10PPI configurations where there is
no consistent change between the 20, 40 and 80-minute plating configurations.
When the electroplating is introduced, there is a shift downwards, however in
this case it does not match the levels of the 20PPI Cu-S configuration. The error
bars, showing standard deviation are more compact when compared to the
10PPI configurations, suggesting that the 20PPI plated foams act more

consistently than the 10PPI configurations.

Again, it is seen in Figure 5.3-11 that there is no significant reduction of
temperature change at the cell surface when the electroless plating
configurations are compared, if all three showed the 0.5 °C uncertainty rather
than the standard deviation, it would be hard to distinguish the three apart.

8T
75F 7 i -
- I/ ® /’
A ) |
4 o \
o i \‘“"f' —————————— o
= 6.5 _ _ e
Inconsistent Reduction
6
: Reduction = 7.97% /'
56 Reduction = 18.06% . ®

20 Min-20PPI Cu-P (0.435q)
40 Min-20PPI Cu-P (0.4829)
80 Min-20PPI Cu-P (0.610g)
20PPI Cu-EP (1.5129g)
20PPI Cu-S (12.79)

Figure 5.3-11: Temperature change of 20PPI Configurations
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The electroplated configuration shows to be 7.97% lower than the 80-minute
electroless plated configuration, which is a significant result as it shows that the
elector plating on the electroless plated foam skeleton further aids the heat
transfer into the PCM, as seen in the 10PPI configuration. There is still a
significant gap between the Cu-EP configuration and the Cu-S configuration,
18.06%, which contrasts that of the 10PPI configurations, however, it is shown
that the 20PPI Cu-S is more effective at reducing the temperature change
compared to the 10PPI configuration.

When comparing the best two 20PPI Configurations i.e., the 20PPI Cu-EP and
20PPI Cu-S configurations, to the cell only, it is shown that these configurations
also provide a substantial reduction of the cell surface temperature, similar to
the 10PPI variants. It is calculated for the 20PPI Cu-EP configuration, there is a
62.17% decrease in the cells' average surface temperature, only 1.06%
variation compared to the 10PPI equivalent, while the Cu-S Configuration
provides a further 6.83% achieving a 69% temperature reduction.
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5.3.2.3 Foam Density Comparison

All plated configurations the solid foam configurations are shown in Figure
5.3-12 with 10mm PCM configuration. It is shown in the order of plating time for
the Cu-P configurations, then the electroless plated foam configurations, and
finally the solid copper foam configurations. It is visible that as the plating time
increases and subsequently the plated copper mass, the temperature delta

doesn’t decrease as expected.

The 20-minute configurations show a lower value more in line with the 80-minute
configurations. As discussed in the 10PPI and 20PPI sub-chapters previously,
the electroless plating and plated mass do not induce a significant temperature
change when compared to each other, it is only when electroplating
configurations is used where a more significant drop of temperature at the cell
surface is seen. The remainder of this section will discuss and compare the

difference in the foam densities at each copper plating time and configuration.
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Figure 5.3-12: All configurations with copper foam, shown with 10mm PCM
configuration.
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Figure 5.3-13: Comparisons of pore density (a) 20 minutes plating time, (b) 40 minutes
plating time, (c) 80 minutes plating time, and (d) electroplating.

Figure 5.3-13 (a) shows the comparison of the 20-minute plating process, the
two configurations, 10PPI Cu-P and 20PPI Cu-P show to be very similar at
around 7.15 °C, however, the 10 PPI variant shows a much larger standard
deviation, almost in line with the 0.5 °C uncertainty of the TC-08 data logger.
However, apply the 0.5 °C uncertainty and these two configurations look to be
almost identical. The 10PPI variation shows 0.056g less copper mass. As these
configurations show similarities in thermal response, it further demonstrates that
the electroless plating is not sufficient to show any major variation at this

quantity.

Figure 5.3-13 (b) shows that there is virtually no difference between the 10PPI
and 20PPI not only in the temperature change but also in the mass of plating
achieved with there being only a 0.001g difference between the samples. It is
shown that the 10PPI variant has a larger standard deviation. The 40-minute
configurations show to have a marginally higher temperature change over the
20-minute configurations, however as discussed, these are all within the same

area and are all within the 0.5°C uncertainty.

The 80-minute configurations begin to show more deviation, Figure 5.3-13 (c),
where the 10PPI variation shows to be around 0.2 °C lower than the 20PPI
variation, however as with the previous two plating durations, as soon as a 0.5°C
uncertainty is in place for the error bars it would show a strong overlap and these
two configurations would show to be very similar. Additionally, if a 0.5 °C error
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was placed at 7 °C it would capture all the electroplated configurations, thus it
can be determined overall that the electroplating at this scale does not add a
significant quantity of copper onto the substrate between the 20 and 80 minutes
to influence the temperature change beyond the 0.5 °C uncertainty.

When electroplating is introduced a more significant drop in temperature change
is seen, Figure 5.3-13 (d), where 10PPl Cu-EP shows to be the best
configuration, all be it with a larger standard deviation compared to the 20PPI
Cu-EP configuration. As discussed previously, the electroplated Cu-EP
configurations show the most comparability with the commercial foam Cu-S

configurations.

5.3.3 Cost Analysis

A cost analysis of the Cu-P foam samples is discussed and compared to the
cost of the commercial copper foam purchased for this study. The cost analysis
considers only the foam and the chemical components used in the copper
plating bath. All other components such as the PCM, PLA for the case, battery,
connectors, and electricity used during plating is not considered. The chemicals
used in the preparation of the PU foam skeleton was not considered as these
are reused several times, except in the case of the sodium hypophosphite as
this is used only once.

The commercial foam was purchased for this study directly from GoodFellow.
The cost of the foam pieces was, £477 and £487 for the 10PPI and 20PPI pieces
respectively. Both pieces of copper foam were 200mm x 200mm and 5Smm thick.
A summarised quotation from GoodFellow can be seen in Appendix E.

Each piece of commercial copper is 40,000 mm? in theoretical area i.e., not
accounting for pores, just considering length and breadth dimensions. The two
configurations with commercial foam require 4 pieces of foam 30 mm x 42 mm,
thus requiring 5040 mm? of foam. Therefore, each piece of foam can be used to
create 7.936 configurations, rounding down to 7 configurations, each 10PPI
configuration costs approximately £68.14, and each 20 PPI configuration costs
£69.57.

The cost of the electroplating chemicals are listed in Table 11 as the cost per
gram or millilitre. Where appropriate the cost per gram is calculated from the
cost of 100g container. The cost per millilitre is derived from the cost of 1 litre of
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solution. The source of the chemical is listed and price excluding VAT is correct
as of 27" July 2022.

Table 11: Cost Breakdown of Electroless Plating Chemicals

Chemical £/100g £lg £/L £/ml Source
Copper (I1) .
Sigma
sulphate £31.10 £0.311 - - .
Aldrich
Pentahydrate
Sigma
EDTA £39.40 £0.394 - - .
Aldrich
Sodium .
Sigma
Hypophosphite £30.80 £0.308 - - .
Aldrich
Hydrate
Sigma
2-MBT £26.20 £0.262 - - .
Aldrich
Glyoxylic Acid
(50% wt) Sigma
- - £28.12 £0.028
Solution in Aldrich
Water

Table 12 shows the total cost of the plating bath chemicals which is used to
manufacture the electroless copper plated foam skeletons in this thesis. The
qualities are described earlier in this chapter.

The PU foam used in this study was already purchased by the university some
years previous, thus a cost is not known. However, appendix F shows a quote
for 10 and 20 PPI Polyester foam from Zouch Converters Ltd. The cost for
150mm x 210mm x 10mm (31,500 mm?) foam is £2.85 and £2.66 for 10PPI for
20PPI respectively. This results in approximately £ 0.96 for 10PPIl and £0.90 for
20PPI per configuration, considering 6 usable foam pieces from each whole

foam piece.

Using these values, the total cost of electroless copper plated PU foam for the
specified application in this thesis is £6.70 for 10PPI and £6.64 for 20PPI. In
comparison to the commercially available solid copper foam from GoodFellow,
the in house manufactured foam is 91.17% cheaper for 10PPIl and 90.46%
cheaper for 20PPI.
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Table 12: Cost breakdown of electroless plating bath

Chemical Quantity Cost

Copper (Il) Sulphate

49 £1.24
Pentahydrate
EDTA 8¢ £3.15
Sodium Hypophosphite
YPOPROSP 04g £1.23
Hydrate
2-MBT 0.4 mg £0.0001
Glyoxylic Acid (50% wt)
O 4.2¢g £0.12
Solution in Water
Total £5.74

Cost for 200ml of solution

The cost saving for the electroless plated foam samples is substantial when
compared to the commercial alternative. The configurations with the additional
electroplated copper also show a substantial reduction. When considering a
cost per gram of pure copper, the London Metal Exchange (LME) shows $7976
USD per tonne of pure copper (accurate as of 11" August 2022 at 14:15pm).
This equates to £6521.10 GBP per metric tonne, resulting in approximately
£6.52 per kilogram of pure copper, with this the total cost of the electroplated
configurations is derived to be £7.26 and £7.22 for the 10PPl and 20PPI
configurations respectively. This shows the in house manufactured foam with
electroplated copper to be 89.30% cheaper for 10PPI and 89.62% cheaper for

20PPI, when compared to the commercial copper foam.

5.4 Conclusion

The investigation outlined in this chapter shows the results of the experimental
analysis of different copper masses deposited onto the surface of polyurethane
foam. With three different electroless plating durations, 20, 40 and 80 minutes
and then 80-minute electroless deposition and 20-minute electroplating

combined (Cu-EP) to create four manufactured configurations of foam for
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impregnation with RT31 PCM. A comparison is made to cell-only discharge with
no passive cooling, 10mm PCM only for passive cooling (10 mm PCM), and
non-plated polyurethane foam impregnated with PCM (10 mm - PU) and PCM-
impregnated commercial copper foam (Cu-P). Foam densities of 10PPI and
20PPI are compared in each instance.

It is shown in the results of this proof-of-concept investigation that PCM on its
own can reduce the cell temperature by 49.39% with 5 mm of RT31 PCM around
the cell, the doubling of the PCM only adds a further 2.35% reduction to 51.42%.
It is demonstrated that simply doubling the PCM thickness does not result in the
doubling of thermal storage, due to the low thermal conductivity of the PCM.

The addition of foam into the PCM increases the storage potential of the PCM,
as found in the literature. The findings of the experimentation in this chapter
demonstrate that the addition of electroless copper plating onto polyurethane
foam substrates of both 10PPI and 20PPI can reduce the cell temperature of a
commercial polymer Li-ion battery further.

When comparing the Cu-P configurations to the Cu-S configurations, it is shown
that the solid copper foam (Cu-S) in both densities has a significant advantage
over the copper-plated configurations (Cu-P), however, the mass differential
between the two foam types is also significant, where it is possible to justify
increasing the electroless plating mass attempting to close the gap between the
foam configurations. Additionally, this chapter aims to further develop the Cu-P
to increase the heat absorbed by the PCM, closer to the levels of the Cu-S
configurations. The mass of the plating is increased by longer plating times set
out by the literature and the addition of electroplating onto the electroless plated
substrate.

The consistent start temperature of each 1.5 C discharge experiment allows for
a good comparison of the foam configurations. It is found that in both the 10 and
20 PPI configurations the three Cu-P configurations with different plating times
show no significant reduction of cell temperature change when compared to
each other. This is also true for the 10PPI configurations when the Cu-P
configurations are compared directly to the 10PPI PU configuration, however,
there is a drop in temperature change with the 20PPI configurations.
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It is shown that there is no considerable difference between the foam densities,
even when considering the Cu-EP configurations. It is shown in the discussion
that if the 0.5 °C uncertainty is considered for the TC sensors. There is no

significant change between the foam densities in each case considered.

The most effective configuration i.e., the 10PPI Cu-EP shows an average cell
surface temperature reduction of 63.23% which is close to the sold 10PPI
configuration with a 65.44% temperature reduction. This is significant as there
is a substantial difference in the mass of the foam skeletons, where the Cu-EP
configuration has 91.47% less mass compared to the Cu-S configuration. This
is also true for the 20PPI configurations, where the Cu-EP configuration has
88.5% less mass than the Cu-S configuration of the same foam density, there
is also a significant drop of the average cell surface temperature, 62.17%.
Compared to the 69% reduction of cell surface temperature for the commercial
20PPI foam, this is still a successful result. It is also important to note that there
is a substation cost saving where the in house manufactured Cu-EP foam is
89.30% cheaper for 10PPI and 89.62% cheaper for 20PPI, when compared to

the commercial copper foam.

While the experimental results show that there is little consistency in the
electroless plating, it does show that the addition of copper on the foam skeleton
does reduce the cell surface temperature, thus it can be determined that the
plated copper mass is aiding in the heat transfer, unlocking further storage
capacity of the PCM.

It is shown in this work that there are advantages to the copper deposition of PU
foams for the enhancement of PCM thermal conductivity for battery
management applications, namely with the substantial reduction of copper mass
to achieve similar properties to commercial solid copper foams.
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Conclusions and Future Work

6.1 Conclusions

It is undoubtedly important to monitor and manage the temperature of the
lithium-ion battery. As demonstrated in the literature, over-temperature plays a
detrimental role in the accelerated degradation of the LIB cell. To combat this
the temperature in a commercial LIB pack is recorded at strategic locations
throughout and the temperature is provided to the Battery Thermal Management
System, where a cooling system, typically indirect liquid cooling or forced air
cooling is deployed to manage the thermal gradients.

Chapter three of this work demonstrated a method of utilising a small tube piece
made form PVC, to mount a FOS with FBG to measure the lithium-ion battery
surface temperature without the use of a full length microtube for the decoupling
of temperature and strain. The method, named ‘guide tube’, demonstrates that
the FBGs can provide accurate temperature measurements. The method allows
for the FBGs to be uncovered against the battery surface and when compared
to a mounting method which holds the FOS in position with glue, restricting the
expansion and contraction, the method shows higher accuracy when compared
against thermocouple sensors. The accuracy of the temperature readings
improves from + 4.25 °C to +2.13 °C when the guide tube method is adopted.
The research in this chapter was submitted to the ‘Sensors and Actuators A:
Physical’ journal and published in December 2021.

Chapter 4 of this thesis builds on the guide tube method devised in chapter 3 by
incorporating a PTFE microtube with specifically designed ABS plinths for
adhesion to the LIB surface. This setup allows the FOS with five FBGs to sit
across the three cell LIB pack. This method glues the FOS at one side of the
LIB pack and uses the PTFE tube at the other side of the LIB pack to decouple

strain and temperature to provide only temperature response from the FBGs.

This experimental work deploys three FBGs, one at each of the three LIB cells
and one between the cells, the five FBGs are used for temperature
measurement of 0.5 C, 2 C and 40CW discharge. The results of this testing
regime show an average error of 0.97 °C, 1.33 °C, and 1.27 °C for FBG1 on cell
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1, FBG 3 on cell 2 and FBG 5 on cell 3 respectively, which is a significant
improvement compared to the +2.13 °C error achieved in the setup detailed in

chapter 3.

It is shown that in addition to temperature measurement at the individual cell
level, it is possible to capture temperature data between cells, demonstrated by
the temperature response of FBG 2 and FBG 4 for each discharge condition.
Additionally, it is evident from the regression data, specifically the standard error
that the FBG 3 response, situated in the middle of the mounted FOS strand
shows a more varied response. It is possible to hypothesise that the larger error
seen over the three discharge tests indicated a slack in the FOS which is
minimally interfering with the temperature measurements. Overall, the guide
tube shows a promising method for the mounting of a FOS strand without the
need for a full microtube along the length of the FOS strand. It is planned that

this research will be published in a peer review journal in the coming months.

Chapter five, the final research chapter of this thesis, details the proof-of-
concept study of the novel application for electroless deposition on polyurethane
foam to passively manage the thermal gradient of a LIB. PCM. It is found that
on its own PCM can reduce the cell temperature by 49.39% with 5 mm of RT31
PCM and 51.42% with 10 mm.

The most effective configuration found in this study is the commercial 20PPI
copper foam (20PPI Cu-S) which achieved 68.28% reduction of the cells surface
temperature. The most effective copper plated configuration i.e., the 10PPI Cu-
EP shows an average cell surface temperature reduction of 63.23% which is
close to the sold 10PPI configuration with a 65.44% temperature reduction.

While the electroless foam enhances the PCM, unlocking more thermal storage,
it is shown that the electroless plating time with the methodology used in the
plating process does not significantly alter the effectiveness to enhance the
thermal storage of the PCM. However, the results of this work show that the
commercial foam can be replaced by the copper plated equivalents which have
has a substantial reduction of copper mass, in this case to the extent of 91.47%,
resulting in a potential cost saving of up to 89.30%, when considering the most
effective configuration, 10PPI Cu-EP. It is planned that this research will be

published in a peer review journal in the coming months.
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6.2 Future Work

The outcomes of the copper plating investigation and the individual cell
monitoring will be published in two further peer-reviewed articles that will be
submitted in the upcoming months. In addition, some further study directions
are discussed in the following subsections to further the research carried out for
this thesis.

6.2.1 FBGs for Thermal Monitoring

The works detailing the implementation of the guide tube for individual cell
monitoring highlighted some areas of future development. As seen in the
results, the middle FBG, (FBG 3) showed possible solution for future work would
be to apply a method to support the FBG around the cell without interfering with
the FBG situated at the cell surface. It would also be advantageous to further

develop the multiplexing method to measure more cells in a larger battery pack.

Additionally, the use of FBGs in between cells is advantageous as the
temperature variation seen in these strategically placed sensors could be used
to assess and investigate the radiating heat from cells within a battery pack. Due
to the small dimensions and minimally invasive nature of FBG sensors, it is
possible to situate FBGs within the small gaps between cells, providing more
data to the BTMS.

6.2.2 Copper Foam Design and Manufacture

While the copper plating process used in this study successfully demonstrated
the utilisation of electroless and electroplating of polymer substrates for the LIB's
temperature management, there are still a number of areas which require further

investigation.

Since the experimental investigation shows that the small mass changes
between the electroless plating configurations show little difference between
each other, it is suggested that further research could concentrate on enhancing
the electroless plating method to plate the copper at a higher rate or adapting
the solution to include a higher concentration of copper. This would involve
considerable amount of chemistry-based work, as the electroless copper plating

solution is inherently unstable, as was previously mentioned.
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Additionally, it would be advantageous to further investigate the electroplating
as this resulted in a larger deposition mass compared to the electroless plating.
The electroless plating of the foam will still be necessary to provide a conductive
substrate for the electroplating process, but nickel might be used in a more
straightforward manner to accomplish this.

Finally, the inclusion of the FBG sensors within the foam composites would
provide an interesting investigation. When the PCM is added to the foam
structure, a procedure would require development allowing the FOS strand to
be integrated into the foam and thermally compensated. Theoretically, this might
be accomplished by cutting a channel or groove into the foam structure before
plating, then adding a microtube inside the channel/groove before being
impregnated with PCM. To accurately measure the cell temperature, this must
be located close to the LIB cell's surface. As an alternative, the PCM's

temperature during phase shift might be recorded using the FBG.
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Appendix A: MICROCAL 2 Calibration Certificate

CERTIFICATE OF
CALIBRATION
Date Of Issue Cerlificate Number
7th December 2021 07T1224TCSS
Certificate |ssued By:
Blectronic Temperature Instruments Lid Page 1ol 1 pages
Unit 1, Tewlk: Industrdals, Worthing Approved Sgnatory | Signature
-~ Weal Sussax BN14 GNW, UK S. Wels
et I et 01803 202151

email: sales@etitd couk
wveww. etlld. com

Cuslomer Name: PASS (PORTABLE APPLIANCE SAFETY SERVICES) LIMITED
Adoress: 1 WILSON STREET
THORNARY
STOCKTON-ON-TEES
COUNTY DURHAM
TS17T 7AR
Order Number: 48684 Ref Number:  911/8094/
Dale Received. 15¢h Novernber 2021
Duste Cafbruled  6th December 2021
Ambient Temperslure: 23°C+3°C Amblent Humidity: < 80 %rh
Tempersture Scale: Intematonal Temperature Scae of 1990
Instrumant Type : ETI MICROCAL 2 'K’ SIMULATOR
Irstrument Serial Number: D21467916

Procedure:  The instrument was stabxlised at ambient femperature, then calbrated by measunng £s

aulput an lraceatie raderence equpment, the terpearsture equivalent was calculsied
from BS EN 60534-1: 2013 relerence tabies.

Resuits:
Test Tempersture °C  Nominal mV Messured mV Equiv Temperatre °C Maasurament Uncartanty “C

-200 -07775 -0.7731 -19.88 2020
0o 00000 -0.004 B -0.12 20.30

* 1000 +40062 +408920 +93 87 2030
+ 1550 +79387 78454 +195.16 1029
+ 5000 +20844 3 +206437 +499.97 2029

Readings taken wilh the inslruments cic an.
End of Report

The mporeg aspanosd ceTvely & based on & HicaT arcadanty matnded by o 70 focior 2, o g 3 kel of conitclance of
; AN Nw y Aaas e d ot i Wil UMAS

The reseats DdCad S omance of INGTUMEN: & $17a of MASSUIEEN, wilh N0 WalTanty 33 %2 SeoaTCanen Iepeaasily o 10°g lem slacily.

Tha cotfodte is inteed iy Wi 1 Oy BOCTRIMMY® (pga sy erts of Uhe Undad Kepdon A Serma Kpr ity of
0% 21 wyvien ol 2vS el of Loks o renvrerea d renined of 1v: Hedone! Fioyscd Latowiory or oifer tecogrnied rebon s medctgy rod sk rchadvyg fe
Naurel oy e OF S0n0eeds 800 Torhesogy (VRS 11,108 0ottt iy (vl Le reproducted et P i Mol ewcopd sy (e 250 wilde) aporuvel o e nawng elurehay
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Appendix B: ESPEC LU-114 Calibration Certificate

ERMRENESS € S e C
TEST AND INSPECTION REPORT
HEE juk t
Product Mame Terparatura Chamber P A SS ED
2= Model LU—114
®GHE Serial No. 1013003563 A
R AA 2020438 ERENE 202043808
Date of Manufacturng  ©  Mar.2020 Date of Tast : Mar.10.2020
REBFH | TARVIFARLATLW NEEE
Place i ___ESPEC TEST SYSTEM CORP. Ambient Temp. 18 T
[Ed:3 11 WmER : FH BE
Powar Souce: AC 230V 1¢ GdHz Ispecter ¢ TNakamura
53 35 T E) T HRRESR | A =
Test and lnspeclicn Item Spacifization Test Resull Jdgaman
E£50OMmEE Function BoOD
BMEB  Vechwnicd Faling GCOD
R Apoearance GOOD
4 K & Accassories GOoO |
M  Performance
1. AFEN -20C~485¢C —-20C~+85C Goco
Temperature range
2 . BEED 1.0 + 1.0CLEA Goop
Temperrsture constancy |less then £1.0C
3. AMEMBRFMN T8 | 20C~—20CET 1304 LA 58 &
Temo pA=down Tine rale 207C 10 <20C  withn 130min. 58 mn | GOOD
WERE
|Elestrical Characteristic
SR 10MQ ELE(DCS00VAR) 100 MR [ GOOD
Ingulstion Resistance Quer 10MQ (0C 500V Mega)
LEEE
Capscity
s Heater H1 ACZ230VEODW { 24~28 A) 25 A GOCD
_ less than
pop 1 Refrigerater | RUT AC100V250W (3.7 ABLTF) 16 A Goco
Find Judgement GOCD Chief Inspector
IZARGOHERSN
ESPEC CORP.
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Appendix C: EEMB LP963450-PCM-LD Battery Data Sheet

E Emn= % Document Name Decument No. Ver Date Paze
LS 63;;-“'!54’5 ALLDT | ZiQuRDSPCENS? | 00 | 20181025 | 311
1. ScopeZAEMN
This prodnct specibcatica defines the requiraments of the recharpsable pohymer Lithfzm-ion battscy
suppbed to £ custecar by EEME Co., Ltd
FEARRPEHT DB AEARAHNEEFfan.
2. Battery Cell Basic Characteristics Rl&~SEE4FE
No. Item B Characteriztics {EREINEE Remark & &
21 Moda] & b LPA§3450LC
X Nominal Capacity =
22 Caé;;u_\ FETR 1800 mAh 02CA
Mixiomum #% /0 E it 1700 mAh 02CA
23 Necinml Volags R =R 3.7 v
24 Wizt M Approx.36 T
25 | twmlimpedmey B |2 70 m0 | AC 1KEZ{50% chargs)
Length & = 51 mm
Dimsxdon
16 SRR Width T = 3435 mm
Thickmess TR | = 99 mm
RO 1500 mA | 1CiA (CCETV)
Chaxrge Limyted Voltage . »
27 o= T bR 4.200=0.020 Vv
End-cf Cumeat
E2RT & a mi
Maxicuies Current
2 X Catoff Volage ,
wadEER Sinien .
Operatica | Chape E=AMN 0~45 L
29 | T
THBE | picurostad® | <40~+85 T
1month
S L 2
Storage
= 3 moxths
210 | Temopecature <20~ 45 T
pong | STH GEEm
12 moahs
124H (ETR) 22 x
Sterage Ralxtive Ezmidity £
211 vren 6520 %
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Appendix E: Goodfellow Copper Foam Quote
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GMMW

Goodfellow Cambridgo Limited
don PE29 6WR Ei d
Emaul: mfo@goodfellow .com
Web : www goodfellow.com
Telephone 0800 73) 4653

Fax 0800 328 7689
Napier University Ventures Ltd. Vour refevence
Edinburgh Napier University Dased
Merchiston Site ‘;:"“"““
10 Colinton Road [Direes Dial Telephcns
EDINBURGH
EH105DT
e S0 995

Density  : 850g/m2

Porosity  : §9.0%

PPI : 20ppi Open cell

Thickness : 5.0mm (ncminal)

Size : 200mm x 200mm (nominal)

Quantity :1pe Price : GBP 487.00/ pc

3. Copper Foam 99.9%
Density  :850g/m2
Porosity  : 89.0%
PPL : 10 open cell
Thickness _: 5.0mm (nominal)
Size : 200mm x 200mm (nominal)

Quantity :1pc Price : GBP 477.00/ pe

Keith Michael Alcock

E-mail
6-February-2020
86947 /D E Innamoraio

N-RW-ZOZO
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Appendix F: Polymer Foam Quote

Hi Keith,
Good afternoon and | hope you are well?

First of all, thank you for your email enquiry and interest in our products. We now have the pleasure of
confirming as follows:

Option 1: ZOUCHretic 10FR - Plain Open-Cell Reticulated Polyester Filter Foam Cut Sheets

Material: ZOUCHretic 10FR

Porosity: 10ppi (10 cells per inch square)

Colour: Black

Density: 26 to 32 Kgs/m3

Drawing No: N/A

Description: Plain Open-Cell Flame Retardant Reticulated Polyester Filter Foam Cut Sheets
Adhesive System: N/A (supplied Plain without adhesive)

Size: 150mm Wide X 10mm Thick X 210mm Long

Presentation: Individually Cut Sheets

MOQ: 6 Units

Price: £2.85 per unit

Availability: 7/10 working days from receipt of order subject to workload at the time of production

Option 2: ZOUCHretic 20FR - Plain Open-Cell Reticulated Polyester Filter Foam Cut Sheets

Material: ZOUCHretic 20FR

Porosity: 20ppi (20 cells per inch square)

Colour: Black

Density: 26 to 32 Kgs/m3

Drawing No: N/A

Description: Plain Open-Cell Flame Retardant Reticulated Polyester Filter Foam Cut Sheets
Adhesive System: N/A (supplied Plain without adhesive)

Size: 150mm Wide X 10mm Thick X 210mm Long

Presentation: Individually Cut Sheets

MOQ: 6 Units

Price: £2.66 per unit

Availability: 7/10 working days from receipt of order subject to workload at the time of production
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