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Abstract

Environmental concerns due to greenhouse gases emissions from burning fossil fuels call for the
development of low or zero carbon technologies, particularly renewable energy sources. Deep
penetrations of renewable energy bring in significant challenges in managing the mismatch between
fluctuating and intermittent supply and demand. Various energy storage technologies have been
proposed and developed to address this challenge. Liquid Air Energy Storage (LAES) has attracted

significant attention in recent years due to its high energy density and no geographical constraints.

The round-trip efficiency of a standalone LAES system is limited to 50-60%, one of the major reasons
for this is related to the high-grade cold energy storage. Several studies have attempted to address this.
However, most of these studies are focused on sensible heat storage (SHS), and little attention has
been paid to other storage methods, such as the latent heat storage (LHS) at the cryogenic temperature
range, which is also known as the phase change materials (PCMs) based storage. This work aims to
develop an integrated sensible and latent heat storage system to store and utilise high-grade cold

energy (below -150°C) based on suitable cryogenic thermal energy storage (CTES) materials.

Firstly, this work focuses on the screening and characterisation of suitable CTES materials. In the
study of SHS materials, temperature variations were found to have a significant effect on the specific
heat values of the glass bead, the Dorset gold gravel and Brittany bronze gravel, decreasing by
~21.7%, ~13.08% and ~20.9% separately at -40°C compared to that at the room temperature.
Borosilicate glass bead is selected as the SHS material due to its better specific heat capacity and
thermal conductivity than quartz-based gravels. For the LHS material study, hydrocarbons with Cs

and Cs were chosen as the LHS material with a phase transition temperature of approximately -160°C.



The results from the DSC and T-history measurements showed that the sample volume has a

significant influence on the supercooling degree. To improve the thermal conductivity of the PCMs,

expanded graphite (EG) and two different thickeners were used in the formulation to form composite

PCMs. Both SiO,-based (3 wt.%) and SEBS-based (2 wt.%) composites with 0.5 wt.% EG enhance

the thermal conductivity by 34.5% and 38.1% in the solid state and 64.2% and 52.3% in the liquid

state compared with the pure substance, respectively. Furthermore, the addition of fire retardants was

studied and found to be able to inhibit the burning intensity of the PCM with the flammability limits

observed to be proportional to the amount of fire retardants added.

An experimental system was then designed based on the CTES materials to store and utilise high-

grade cold energy for studying the charging (storage of the cold energy) and discharging (use of the

cold energy) processes. The design scheme of the latent heat cold storage (LHCS) device was

developed according to the simulation results of the one-dimensional transient tube model with

cylindrical fins in terms of fin length, fin thickness, fin gap, and tube material. The simulation results

indicated that although the heat transfer coefficients for boiling and condensation varied in different

patterns with the proportion of vapour in the two-phase flow, both the inner tube diameter and the

mass flow rate were positively related to these coefficients. In addition, the heat transfer rate was

significantly influenced by fin thickness, fin gap, fin length and number of fins, but the effect of

different tube materials was negligible.

Various experiments were performed using the experimental system, including the high-grade cold

energy storage and utilisation processes. The system was found to be able to liquify nitrogen (the

working fluid). The charging experiments were conducted at an operating pressure of 13 barg and 8.5



barg, respectively. The CTES devices were found to be completely charged within 10 hours using 110
L of LN.. In the system discharging experiments, the real-time pressure and temperature of the system
were monitored and recorded to evaluate the N2 liquefaction performance. The results indicate that the
total amount of LN, produced during the non-phase change period is 1.08 kg at a system pressure of
16.5 barg. During the phase transition period of the PCM, the effective time of N, liquefaction is
approximately 24 minutes with the mass of the condensed N, of 0.72 kg at a system pressure

maintained at 17 barg.
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CHAPTER 1
INTRODUCTION



1.1 Background

Fossil fuels (coal, petroleum, and natural gas), as the primary energy sources to meet the world’s
energy demand, have caused grave environmental issues due to their combustion processes, emitting a
huge amount of greenhouse gases, destructing the ozone layer, and leading to excessive acid rains and
other pollutions [1]. These have driven the development of energy technologies and energy policies
towards decarbonization. The most robust evidence of the development is the increased energy
generation from renewable energy sources (solar, wind, hydropower, tide, biomass, geotherm). By the
end of 2020, the installed renewable energy capacity reached 2838 GW, which was sufficient to
provide an estimated 29% of global electricity generation as reported by the Renewables 2021 Global
Status Report [2]. Hydropower and wind power account for 58% and 22%, respectively [2]. The
global hydropower generation has a slight growth of 1.5% from 2019, which was an estimated 4370

TWh, or approximately 16.8% of the world’s total electricity generation in 2020 [2].

Figure 1.1 shows the share of electricity production from renewable energy sources over the last
decade (from 2010 to 2020) [3]. One can see that the renewable share of electricity generation in
China increased significantly from 17.81% to 29.02%, considering that the total electricity production
was more than doubled over the decade. In the United States, the renewable share increased from
10.23% to 20.44% between 2010 and 2020. The change in the UK was from 6.91% to 42.30%—a big
jump. To achieve net zero greenhouse gas emissions of more than three-quarters by 2050 and lead the
way in tackling climate change globally, UK Government announced a new ambitious target to reduce

the UK’s emissions by at least 78% by 2035, compared to 1990 levels [4].
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Figure 1.1: Share of electricity production from renewables between different countries from 2010 to 2020 [3].

The significantly increased penetration of renewable energy faces challenges. The main challenge lies
in the unpredictable nature of the renewable energy sources, tilting the balance between electricity
generation and electricity demand. Another challenge is the effect of the fluctuating renewable energy
generation on the frequency of electricity grids, especially when the penetration exceeds 10-20% of
the total load [5, 6]. In addition, regional restrictions have a significant impact on obstructing the
growth of renewable energy. For instance, tidal energy locations are often far away from industry sites
or densely populated areas, and the long-distance power transmission may increase the cost of tidal

energy utilisation.

To overcome the intermittent electricity production from renewable sources and reduce the mismatch

between renewable energy supply and demand in both time and space, various energy storage



technologies have been developed [7]. These technologies can be classified into the following

categories according to their working principles:

» Mechanical energy storage: e.g., flywheel energy storage (FES), compressed air energy

storage (CAES), and pumped hydro energy storage (PHES).

» Electrical energy storage: e.g., battery energy storage (BES), flow battery energy storage
(FBES), superconducting magnetic energy storage (SMES), and supercapacitor energy

storage (SCES).

» Chemical energy storage: e.g., hydrogen, methanol and ammonia.

» Thermal energy storage: e.g., sensible heat storage (SHS), latent heat storage (LHS), and

thermochemical energy storage (TCES).

In recent years, Liquid Air Energy Storage (LAES), which is fundamentally a thermal energy storage
method, has attracted increased attention due to several advantages, including high energy density,
geographical flexibility, environmental friendliness, long lifespan, and a relatively low CAPEX and
OPEX [8]. The LAES can be the intermittent renewable sources and/or off-peak electricity to produce
liquid air via air liquefaction (charging); while the power recovery process (discharging) occurs in
peak times when the liquid air is pumped to high pressure first, then heated by ambient heat and
superheated by compression heat before finally expanding in air turbines to produce electricity. The
University of Newcastle first was the first to propose the concept of the LAES in 1977 with a
theoretical energy recovery efficiency of 72% [9], and the world’s first pilot plant (350 kW/2.5 MWh)

was established and tested by Highview Enterprises Ltd (now Highview Power) in collaboration with



the University of Leeds from 2009 to 2012. In 2013, the plant was relocated to the University of
Birmingham for further study and academic research [10]. Between 2013 and 2018, a pre-commercial
scale LAES (5 MW/15 MWh) was designed, built, and tested by Highview Power in Manchester, UK,
with Viridor [11]. In 2019, Highview Power started its journey to design and build 50 MW/250 MWh
plants in the UK. This was enhanced by an investment of £6m from Sumitomo Heavy Industries, Ltd.

(SHI, Japan) into Highview in Feb 2020.

A large-scale standalone LAES system has a relatively low round-trip efficiency, which can be even
lower for small-scale systems mainly due to the high energy consumption of the liquefaction process
if waste thermal energy (heat and cold) is not recovered [12]. Morgan et al. [13] investigated the
integration of high-grade cold storage with quartzite rocks into a LAES pilot plant and showed that
the round-trip efficiency of the configuration could be increased by 4.8% compared with the single
module configuration. Huttermann and Span evaluated different materials, including metal, ceramic,
mineral, and plastic, for use as the TES material in a packed bed [14]. They introduced the average
volumetric heat capacity and the temperature-related heat capacity ratio to characterise these storage
materials. Their results showed that polypropylene, high-density polyethylene, sodium chloride and
quartz achieved the best compromise in terms of storage efficiency, feasibility and costs. Sciacovelli
et al. [15] developed a numerical model for the cold thermal storage based on the experimental results
of the LAES pilot plant. Their study indicated that the packed bed cold energy storage with quartzite
rocks could reduce the energy required in the air liquefaction process by around 25%. So far, most of
the studies on the recovery of high-grade cold energy have been focused on the use of sensible heat
storage materials, which are characterized by low energy storage density and hence large volume.

Little attention has been paid to the high-grade cold energy storage at cryogenic temperature range



(below or around -150°C) with latent heat based phase change materials (PCMs). Although there have
been lots of work on cold energy storage using PCMs, the literature work has been mainly
concentrated on temperatures not far from 0°C. Studies on cryogenic PCMs far below -100°C are

almost non-existent. These form the dominant motivation for this Ph.D. study.

1.2 Aims and objectives

The aim of this Ph.D. research is to develop an innovative solution for the storage and utilisation of
high-grade cold energy (below -150°C) by using suitable CTES materials. The specific objectives are

detailed in the following:

i)  To understand and screen suitable CTES materials for cryogenic energy storage applications;

ii) To study the thermophysical properties of these CTES materials, including phase change
temperature (PCT), latent heat of fusion, thermal conductivity, specific heat capacity,

supercooling, flammability, and thermal cycling stability;

iii) To enhance the thermal performance of the most promising cryogenic PCMs;

iv) To design and fabricate a lab-scale test rig based on the CTES materials for high-grade cold

energy storage and utilisation;

v) To investigate the system cooling efficiency by using liquid nitrogen (LN.) as a working
fluid, to understand the charging and discharging processes and to study the condensation of

nitrogen (N») during the discharging process.



1.3 Novelties

The novelties of this work are listed in the following:

i)

i)

This work screened and characterised suitable CTES materials for high-grade cold energy

(below -150°C) storage and utilisation;

This work extended the research temperature of low temperature PCMs from -100°C to -

160°C;

This work proposed to use a combination of DSC and T-history methods to determine the

phase change enthalpies of PCMs with significant supercooling issues;

This work proposed a one-dimensional transient tube model with cylindrical fins to
numerically study the effect of fin geometry, material and arrangement on the heat transfer

of the working fluid;

This work designed and fabricated an integrated laboratory-scale cryogenic energy storage
system based on the studied CTES materials to demonstrate high-grade cold energy storage
(system charging process) and utilisation (system discharging). This brings a new approach

to the N liquefaction via cascading heat exchange with CTES materials.

1.4 Thesis layout

This thesis consists of seven chapters, and they are briefly outlined in the following:

Chapter 2 summarizes the relevant literature work on CTES materials for cryogenic energy

storage applications and methods for evaluating the thermophysical properties of PCMs at very



low temperatures. Potential technical challenges and possible solutions are discussed on the
cryogenic PCM candidates. In addition, both numerical and experimental case studies of CTES
devices are reviewed to understand the state of the art in the cold energy storage field, including
packed bed and shell-and-tube based CTES devices. The applications of CTES technology are

also reviewed.

Chapter 3 details the measurement techniques and instruments for the determination of the
thermophysical properties of CTES materials, and the modelling of the CTES device using a

mathematical model.

Chapter 4 investigates the thermophysical properties of potential CTES candidates, and studies
the methods to enhance the thermophysical properties of cryogenic PCMs, especially in terms of

thermal conductivity and flammability.

Chapter 5 describes the design and construction of a lab-scale cryogenic energy storage test rig

based on the thermophysical properties of the selected CTES materials.

Chapter 6 presents and analyses the experimental results of the charging and discharging

processes using the test rig.

Chapter 7 summarizes the main findings of this work and provides recommendations for the

future work.

To sum up, the outline of the thesis is presented in Figure 1.2.
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Figure 1.2: The outline of the thesis.
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LITERATURE REVIEW
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2.1 Thermal energy storage (TES) technologies

TES plays an essential role in reserving excessive energy and coordinating the mismatch between
energy demand and supply, as well as improving the performance and reliability of different energy
conversion systems, such as renewable energy utilisation, cogeneration, industrial waste heat recovery,
etc [16-24]. The classification of TES technologies and the criteria for TES material selection are

reviewed in this section.
2.1.1 Classification of TES technologies

It is well known that TES technologies can be categorised as sensible heat storage (SHS), latent heat

storage (LHS), and thermochemical energy storage (TCES) according to their material types [16].

The amount of energy stored in a SHS unit is expressed by Equation 2.1 [17], which shows that the
specific heat capacity, the temperature change, and the mass of the material determine the upper limit

of the energy storage capacity in the SHS system.

Ty
Qsensivbie = f Cp-m-dT (2.1)

T;

where Qgensipie 1S the sensible heat stored (kJ), Cp is the specific heat capacity (kJ/kg-K), m is the

mass of material (kg), and T is the temperature varying from T to T; (K).

Figure 2.1 [18] illustrates the working principle of storing and releasing thermal energy in an LHS
system using PCMs. melting and solidification processes, respectively. The energy storage capacity of
a LHS unit, which often includes the SHS part due to temperature variations, can be around 5-14

times higher than that of a SHS unit [16]. The total heat stored by a LHS unit can be given by [17]:

11



Tp TZ
Qratent = f Cs m-dT + ma, H + f C,-m-dT (2.2)

T Tp

where Qucen: 1S the total amount of sensible and latent heat stored (kJ), Cs is the specific heat capacity
of material in solid-state (kJ/ kg-K), C is the specific heat capacity of material in liquid-state (kJ/ kg
K), m is the mass of material (kg), an is the fraction of material which has melted, H is the latent heat

of fusion during the phase change process (kJ/kg), Tp is the PCT (K).
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Figure 2.1: Schematic diagram of the energy storage process in the LHS system [18].
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Figure 2.2: Schematic diagram of the energy storage process in the TCES system [19].

TCES is based on the utilisation of a reversible chemical reaction or a sorption process to store or
release energy. The reaction or sorption heat, see Figure 2.2 [19], is absorbed to break molecular
bonds during the system charging (endothermic) process and then released to reform new chemical

bonds in the discharging (exothermic) process. The energy stored in a TCES unit can be calculated by:

Qthermochem = @y *m * Ah, (2.3)

where Q¢hermochem 1S the thermochemical heat stored (kJ), a,. is the extent of chemical reaction or

sorption, m is the mass of the material (kg), and Ah,. is the enthalpy of the reaction.

Table 2.1 [19-21] gives some performance data and features of the TES technologies. The SHS
technology has been in commercial applications for many years. It has a relatively low cost and a
simple configuration. But it has the lowest energy storage density among these TES technologies for a

given temperature range [20, 21]. The main feature of the LHS technology lies in its high energy

13



density compared to the SHS and charging/discharging of the latent heat at almost constant

temperature. But the chemical and physical compatibility, and the stability of some PCMs are among

crucial barriers for the use of the LHS technology [20, 21]. For the TCES technology, the negligible

energy losses during storage process enables its energy storage efficiency higher than that of SHS and

LHS technologies. The high energy storage density is another advantage of the TCES technology.

However, the TCES systems are in the early technology development stage and are often complex and

have a comparatively high cost [19-21]. Significant efforts are needed to bring the thermochemical

technology to the marketplace [19-21].

Table 2.1: Some performance data and features of TES systems [19-21].

Performance data and Type pf TES
features SHS LHS TCES
Energy density
10-50 (low) 50-150 (moderate) 120-250 (high)
(kWhtt)
Energy storage
50-90 75-90 75-100
efficiency (%)
Cost (€/kWh) 0.1-10 10-15 8-100
Storage time (h, d, m) h/d h/d/m h/d/m
Lifetime Long Medium Medium
Status Available commercially  Available commercially Rare commercially
Low cost Specific temperature High storage density
Advantages

Disadvantages

Simple system
Heat losses

Large volume

Small volume required

Material stability

Low thermal conductivity

Minor heat losses
Complex system

High cost




2.1.2 Criteria for TES material selection

To select a suitable material for a TES application, Table 2.2 lists some criteria which should be

considered [22-24].

Table 2.2: Criteria for selecting TES materials [22-24].

Properties Criteria
»  Appropriate phase transition temperature
» High phase transition enthalpy and high specific heat capacity
Thermal
» High thermal conductivity
»  Minimum supercooling behaviour
High density
Physical »  Small volume change
»  Low vapor pressure
» Long-term chemical stability without degradation
Chemical » Non-corrosive, compatible with other materials
» Non-toxic, non-explosive, and non-flammable
» High nucleation and crystallisation rates to avoid supercooling issue
Kinetic
» Reproducible phase change (melting/solidification processes)
» Cost-effective
Economic » Available and abundant

»  Eco-friendly

15



2.1.3 Summary

In this section, three different TES technologies are explained. A comparison among these three
technologies systems is made in terms of their performance data, advantages and disadvantages, as
well as their application status. The criteria for the screening of TES materials are discussed. In the
following section, the state of the art development of CTES materials will be discussed with more

details.

2.2 Cryogenic thermal energy storage (CTES) materials

2.2.1 SHS materials

As briefly mentioned above, SHS systems have been widely used in various CTES applications. For
CTES, many solid SHS materials have been studied for use at temperatures ranging from room
temperature to around 77 K. These materials include quartzite rocks, pebbles, minerals, concrete,
metals, polymers, and ceramics [9, 13-15, 25, 28, 29]. Smith [9] proposed the first design of a
regenerator as the initial concept for the cryogenic temperature SHS applications. He suggested a 304
stainless steel matrix structure of solid rods in cross-inclined packing to make the regenerator. Araki
et al. [25] developed a numerical simulation model to predict temperature variations of a cold storage
unit with stainless steel pipes inserted in a concrete medium. However, the application of such SHS
materials is usually achieved by designing a packed bed cold storage (PBCS) component due to their
high thermal efficiency (around 85%) [26], flexible operating conditions, and inexpensive and
straightforward system configurations [27], especially for the high-grade cold energy storage of the

LAES system.

16



To increase the round-trip efficiency of the LAES system, a cellular pattern of PBCS was proposed by

Morgan et al. [13], where individual packed beds can be arranged in parallel or series or isolated to

store cold thermal energy, depending on the mass flow rate and the system load. Their simulation

results showed that the round-trip efficiency of the LAES based on this multi-cell structure with

quartzite gravel could be increased by 4.8% compared with a single-cell storage unit. The same

authors [28] also reported that the quartzite gravel used in the cold energy recovery was thermally

stable, and no dust or shattering was observed after approximately 100 thermal cycles from ambient

temperature to cryogenic temperature. Huttermann and Span [14] described the PBCS device with a

one-dimensional two-phase numerical model to evaluate the storage efficiency, i, using different

SHS materials. The exergy efficiency of PBCS (1., = 99%) and the time-averaged pressure drop

(Ap, = 10 kPa) were introduced as boundary conditions in the modelling. Their results indicated

that the polypropylene (PP) and high-density polyethylene (HDPE) achieved high storage efficiencies

of 33.74% and 32.28%, respectively, and the quartz and sodium chloride reached medium efficiencies

of 28.99% and 29.41%, respectively. Additionally, the storage efficiencies using metal materials,

including aluminium oxide, aluminium 6061, zinc, and 304 stainless steels, were relatively low,

ranging from 22.43% (aluminium oxide) to 21.13% (stainless steel 304). Sciacovelli et al. [15] found

that the thermal properties of quartzite-based river shingle at cryogenic temperatures were

significantly different from the ones at ambient temperatures. Their experimental results indicated that

the measured specific heat capacity at cryogenic temperatures was around 20% lower than that at

room temperature. However, the thermal conductivity at the cryogenic temperature increased by about

30% compared with that at the ambient temperature. Chai et al. [29] designed a PBCS test rig with

granite pebbles medium to investigate the thermal behaviours of the packed bed at different pressures

17



(from 1 bar to 65 bar). The transient temperature distribution profiles of the packed bed revealed a

typical thermocline behaviour at both low and high pressures. The granite pebbles showed good

pressure resistance and strength within the operating temperature range of the device (77 K to

ambient).

Table 2.3: Review on solid SHS materials for cryogenic energy storage applications [9, 13-15, 25, 28, 29].

Material Operating Component Research method Reference
temperature

304 stainless steel -188 to 20°C Matrix Numerical modelling [9]
Concrete -183to 20°C Cube Numerical modelling [25]
Quartzite gravel -183t0 20°C PBCS Numerical modelling [13]
Quartzite gravel -190 to 20°C PBCS Experiment [28]
PP -150 to 30°C PBCS Numerical modelling [14]
HDPE -150 to 30°C PBCS Numerical modelling [14]
Quartz -150 to 30°C PBCS Numerical modelling [14]
Sodium chloride -150 to 30°C PBCS Numerical modelling [14]
Aluminium Oxide -150 to 30°C PBCS Numerical modelling [14]
Aluminium 6061 -150 to 30°C PBCS Numerical modelling [14]
Zinc -150 to 30°C PBCS Numerical modelling [14]
304 stainless steel -150 to 30°C PBCS Numerical modelling [14]
Shingle -80 to 20°C PBCS Experiment [15]
Pebble -196 to 30°C PBCS Experiment [29]

Table 2.3 summarizes the solid SHS materials for CTES, along with their working temperature,

component configuration, and research method. However, the problem of large storage volume of

such solid SHS materials has led to the use of liquid SHS materials.
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Unlike solid materials, liquid SHS materials can be used as the heat transfer fluid (HTF) as well,
which means that the system operating temperature must be between the boiling and freezing points
of such materials. Laughlin [30] proposed the use of n-hexane as a storage fluid for pumped thermal
energy storage. However, health and safety issues must be considered when using such hydrocarbons
and their derivatives. Laughlin also pointed out that some shorter-chain alcohols, such as methanol,
ethanol, propanol, propylene glycol, and their water solutions can be selected as liquid SHS materials.
Li et al. [31] proposed a two-tank configuration with liquid SHS materials (propane and methanol) for
cold energy recovery and storage. The use of propane and methanol for both transferring and storing
thermal energy can extensively cover the required temperature range of the cold energy storage,
simplify the design of the system as no additional heat exchangers are required, and control the cold
energy storage process by adjusting the flow rate of liquid materials, which are extremely difficult to
achieve using the packed bed with solid SHS materials. A comparison between liquid SHS materials-
based multi-tank storage system and solid SHS materials-based packed bed storage system for CTES
was performed by Hutterman et al. [32]. The multi-tank configuration employs propane and methanol
as working fluids, and the packed bed system fills with solid storage materials. These two systems
were integrated into a LAES cycle to investigate its exergy and round-trip efficiencies of the system.
The results showed that the exergy losses of the packed bed system were significantly lower
compared to the multi-tank system. Consequently, the round-trip efficiency of the LASE system can
be increased to 60.48% based on the packed bed configuration. The main advantage of the multi-tank
configuration is the steady and uncomplicated process. However, the packed bed is easily affected by
unstable working conditions and gas hold-up effects during the LAES system charging and

discharging processes.
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In this section, solid and liquid SHS materials are reviewed based on their CTES applications. A

packed bed with solid SHS materials is a commonly used configuration for cold recovery and storage.

Novel liquid SHS materials can also be applied thanks to their dual role in energy storage and transfer.

However, more suitable candidates for liquid SHS materials, especially materials with good thermal

performance and cost-effectiveness at cryogenic temperatures, are worth exploring and developing in

future research works.

2.2.2 LHS materials

2.2.2.1 PCM classification

LHS materials, also termed as phase change materials (PCMs), undergo a phase transition to store and

release thermal energy. The phase transition can be in the following form: solid-solid, solid-gas,

liquid-gas, and solid-liquid, and vice versa. Solid-gas and liquid-gas transitions can provide the

highest latent heat of phase transition, but they are also accompanied by very large changes in volume

and pressure, which are complex and less practicable [16]. The solid-solid PCMs store thermal energy

by changing their crystallization structure from one lattice to another [33]. Although the solid-solid

PCMs offer the advantages of small volume change and greater design flexibility, most of them have

a relatively lower latent heat of phase transition compared with solid-liquid PCMs [34]. The thermal

expansion coefficient of solid-liquid PCMs is generally low, with many less than 10% during the

phase change process [35]. These make the solid-liquid PCMs to be attractive candidates for TES

applications.

According to chemical compositions, sub-families of solid-liquid PCMs for CTES applications are

respectively categorised as organic, inorganic, and eutectics; see Figure 2.3 [16, 22].
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Figure 2.3: Classification of LHS materials for CTES applications [16, 22].

A comparison of the advantages and disadvantages of organic and inorganic PCMs was made by

Zalba et al. [36]; see Table 2.4.

Table 2.4: Comparison of organic and inorganic PCMs for thermal energy storage [36].

Organics Inorganics
Low or no supercooling High latent heat
Advantages Non-corrosive High thermal conductivity

Chemical and thermal stability = Cost-effective

Low thermal conductivity Supercooling
Disadvantages Low latent heat Corrosion
Flammability Phase separation
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2.2.2.2 Inorganic PCMs

Inorganic materials can be further categorized as salt-water solution and salt hydrates. The salt-water
solution is the most widely studied and applied as a PCM in CTES applications. Table 2.5 gives a list
of salt-water solutions for the sub-zero temperature range is given in [37, 38]. Salt hydrates can be
regarded as ionic compounds consisting of water molecules and inorganic salts and are denoted by the
chemical formula A, B, - nH, 0, where n refers to the number of water molecules and A, B,, represents
different types of inorganic salts, such as chlorides, carbonates, nitrates, sulphates, and phosphates
[39]. Thermodynamically, the phase change process for salt hydrates implies that the hydrated salts
desorb the crystallisation water and absorb heat during the heating process, and the inorganic salts
recombine with the water to form hydrated salts and release heat during the cooling process [40].
However, most hydrated salts are not suitable for use in sub-zero temperatures due to their relatively
high PCT [38]. In addition, some gases composed of inorganic non-metal elements can be used as
solid-liquid PCMs for cryogenic applications theoretically, such as oxygen, nitrogen, hydrogen, neon,
and helium [41]. Jisung et al. [42] tested the performance of a superconducting flywheel experimental
apparatus that utilized solid nitrogen to store both the cold thermal energy and mechanical kinetic

energy.

As mentioned above, the advantages of inorganic PCMs include high latent heat, high thermal
conductivity, and low cost relative to organic PCMs. But these materials still face some issues, for

instance, supercooling, phase separation, and poor compatibility with metals.
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Table 2.5: Thermophysical properties of salt-water solutions (PCT up to -20°C) [37, 38].

Composition Latent heat
PCM PCT (°C) Reference
(wt.% of Salt) (kJ/kg)
HCI/H20 24.8 -86 73.77 (kd/mol) [37]
LiCl/H.0 24 -67 36.26 (kJ/mol) [37]
ZnCly/H,0 51 -62 116.84 [38]
FeCls/H,0 33.1 -55 155.52 [38]
CaCly/H:0 29.8 -55 164.93 [38]
CaCly/H:0 30.5 -49.5 76.81 (kJ/mol) [37]
CuCly/H0 36 -40 166.17 [38]
K2CO3/H,0 39.6 -36.5 165.36 [38]
MgCl,/H,0 17.1 -33.6 221.88 [38]
MgCl./H,0 21.01 -335 36.30 (kJ/mol) [37]
AI(NOs)s/H;0 305 -30.6 207.63 [38]
Mg(NOs)./H,0 34.6 -29 186.93 [38]
Zn(NOs)./H,0 39.4 -29 169.88 [38]
NH4F/H,0 32.3 -28.1 187.83 [38]
NaBr/H.0O 40.3 -28 175.69 [38]
KF/H20 215 -21.6 227.13 [38]
NaCl/H,0 22.4 -21.2 228.14 [38]

2.2.2.3 Organic PCMs

Organic PCMs can be further classified as paraffin and non-paraffin. As most commonly used organic

PCMs, paraffins, also termed alkanes, consist of a pure hydrocarbon or a mixture of mostly straight-

chain n-alkanes, CHs-(CH.):,-CHs. Several investigations by using high precision adiabatic

calorimetry have been conducted to measure the thermal properties of linear n-alkanes. Parks et al.
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[43] tested the specific heats and the heats of fusion of nine hydrocarbons (CnHzn+2) with n ranging
from 16 to 27 over a temperature range between 78 and 300 K. Based on the low temperature
calorimetric data of n-pentane, n-heptadecane, and n-octadecane, Messerly et al. [44] calculated the
chemical thermodynamic properties of n-paraffins from Cs to Cis at a selected temperature range
between 10 and 300 K. According to these studies, the melting enthalpy (AHf,s) and the melting point
(T,,,) are related to the number of carbon atoms [45]. Typically, both the PCT and latent heat of
alkanes increase with the carbon chain length [16]. Therefore, paraffins for CTES applications should
have a short carbon chain. Typical paraffins are chemically stable, non-corrosive, and compatible with
metals, and have little or no supercooling with no phase separation. In addition to these favourable
characteristics, paraffins usually have a relatively low thermal conductivity and a low density.
Moreover, they are moderately flammable and relatively expensive compared with inorganic PCMs

[16, 37, 38].

Non-paraffin PCMs refer to compounds containing functional groups, such as alcohols, glycols, fatty
acids, and esters [34]. Alcohol is an organic compound in which one or several hydrogen atoms are
replaced by the hydroxyl functional group. Apart from salt-water solution-based PCMs, eutectic
alcohol-water solutions have been widely studied for sub-zero applications, such as industrial
refrigeration and supermarkets. [38]. According to the freezing point depression behaviour, H&yg [46]
indicated that the freezing point of alcohol-water solutions could be suppressed by different
concentrations of alcohols. The desirable freezing point for different cold energy storage requirements,
therefore, can be achieved by selecting various types of inhibitors (alcohols) or changing their
concentrations. Furthermore, Kumano et al. [47] investigated the relationship between the latent heat

of different alcohol-water solutions and the degree of freezing point reduction. They found that the
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decreasing tendency of latent heat depended on the concentration of alcohol. Although the addition of

more alcohols can lower the freezing point, it also reduces the latent heat of PCMs.

Fatty acids constitute another significant category of non-paraffin PCMs, which can be expressed by
the chemical formula CH3(CH2)2:COOH. The most regularly used fatty acid can be divided into six
groups: caprylic, capric, lauric, myristic, palmitic, and stearic [22]. Kenisarin [48] reviewed some low
temperature fatty acid candidates with melting points within -7°C to 75°C and the latent heat between
45 and 210 kJ/kg. Since the primary sources of fatty acids are vegetable oils and animal fats, it is
sustainable compared with other organic PCMs [45]. But the price of fatty acid materials is about

three times higher than that of paraffins [49].

In addition, some alkanones also show a relatively low PCT, which can be obtained by an oxidation
reaction to form the carbonyl functional group [38]. Table 2.6 [50] presents thermophysical properties
of some alkanones containing carbon atoms from 3 to 7. They have excellent potential for sub-zero
CTES applications owing to their low phase transition temperature and good latent heat. However, the

flammability and toxicity issues need to be considered in the CTES application [38].

Table 2.6: Thermophysical properties of alkanones for CTES application (PCT up to -30°C) [50].

Latent heat Liquid density
PCM Formula PCT (°C)
(kJ/kg) (kg/m?3)
Acetone CsHsO -94.9 99.3 784
2-Butanone CsHsO -86.7 116.4 799
2-Pentanone CsH100 -76.8 123.4 809
2-Hexanone CsH120 -55.4 148.7 812
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Latent heat Liquid density

PCM Formula PCT (°C)
(kJ/kg) (kg/m?3)
3-Hexanone CsH120 -55.4 1345 815
3-Pentanone CsH100 -38.9 134.6 809
3-Heptanone CeH120 -37.2 153.5 818
2-Heptanone C7/H140 -34.7 172.6 811
4-Heptanone C/H10 -32.9 1415 817

2.2.2.4 Eutectics

A eutectic system is a mixture of two or more substances with a specific composition, which has the
lowest melting temperature among all such mixtures formed by the same substances [41]. Sub-
families of eutectics are grouped into organic-organic, organic-inorganic (alcohol-water solution), and
inorganic-inorganic (salt-water solution) systems. In organic-organic eutectics category, the binary
and ternary fatty acid eutectics have been investigated extensively as possible PCMs for various
energy storage applications, such as building energy storage systems, air conditioning systems as well
as solar photovoltaic systems [51]. Ke [51] and Sharma et al. [52] summarised previous studies on the
binary and ternary fatty acid eutectics, with a melting temperature ranging from 20°C to 50°C.
However, it is hard to meet the temperature requirement of sub-zero TES applications. Zhang et al.
[53] proposed a modelling method to predict the thermophysical properties of cryogenic eutectic
PCMs composed of alkanes. Both hypothetical path for solid fugacity calculation and Soave-Redlich-
Kwong (SRK)-UNIFAC model for liquid fugacity calculation were applied to evaluate the eutectic

composition, eutectic temperature, and eutectic enthalpy of cryogenic composite PCMs. The
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calculation deviation of these thermophysical properties was within 5% compared with the literature
values. The study also suggested high-grade cold energy storage for the LNG gasification process by
using binary n-pentane/n-hexane PCM, which has a eutectic temperature of 140.95 K, and a eutectic
enthalpy of 118.2 kJ/kg. Therefore, eutectic PCMs composed of alkanes can be a possible candidate

material for the cryogenic energy storage application.

2.2.2.5 Commercial PCMs

According to the thermophysical properties provided by different suppliers, several commercial
PCMs are available nowadays, which are listed in Table 2.6 for the sub-zero temperature applications
[54-57]. It is noticed that the lowest PCT of commercial PCMs is -114°C, and its thermal conductivity
decreases sharply to about 0.2 W/m-K when the melting temperature is around -100°C. However, most
of these materials are eutectic salt-water solutions, and few suitable organic candidates have been

developed as PCMs commercially in the cryogenic field.

Table 2.7: Thermophysical properties of commercial PCMs for CTES application (PCT up to -30°C) [54-57]*.

Thermal
Latent  ghecific heat o Density
Product Supplier PCT (°C)  heat conductivity
(kI kg-K) (kg/m?)
(kJ/kg) (W/ m-K)
E-114 PCM products [54] -114 107 2.39 0.17 782
E-90 PCM products [54] -90 90 2.56 0.14 786
E-78 PCM products [54] -78 115 1.96 0.14 880
E-75 PCM products [54] -75 102 2.43 0.17 902
E-62 PCM products [54] -62 180 4.01 0.58 1300

27



Thermal
Latent  ghecific heat

Product Supplier PCT (°C)  heat conductivity ~ DeMSItY

(k/kg) WIkgK) iy 9™
E-60 PCM products [54] -60 172 2.9 0.44 1280
SP-50 Rubitherm [55] -50 190 2 0.6 1300
E-50 PCM products [54] -49.8 218 3.28 0.56 1325
E-46 PCM products [54] -46 240 3.05 0.54 1205
P-37 Puretemp [56] -37 145 1.99 0.15 880
E-37 PCM products [54] -36.5 213 3.15 0.54 1500
E-34 PCM products [54] -33.6 240 3.05 0.54 1205
HS30N Pluss [57] -33 224 2.7 - 1425
E-32 PCM products [54] -32 243 2.95 0.56 1290
SP-30 Rubitherm [55] -30 250 2 0.6 1200
E-29 PCM products [54] -29 222 3.69 0.64 1420
SP-29 Rubitherm [55] -29 260 2 0.6 1200

* Some of these data have not been independently validated and are not necessarily all correct.

2.2.2.6 Summary

This section gives an up-to-date review of LHS materials for sub-zero applications; see also Figure

2.4 [37-57]. Most of the inorganic PCMs studied and developed in research laboratories, and

commercial companies are eutectic salt-water solutions with phase transition temperatures below 0°C.

Salt-water-based PCMs show good thermophysical properties in terms of latent heat and thermal

conductivity. However, supercooling, phase separation, instability, and corrosiveness, are among

challenges that need to be addressed for practical applications. For organic PCMs, paraffins have
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benefits of chemically stable, non-corrosive, little or no supercooling, and no phase separation. But

they have poor thermal conductivity and are flammable. In the non-paraffin group, alkanones exhibit

a great potential for sub-zero applications thanks to their suitable low phase transition temperature and

high latent heat. However, similar to alkanes, the flammability issue needs to be addressed or

mitigated.

For a specific application, one of the most important criteria for PCM screening is their phase

transition temperature. As mentioned above, alkanes with short carbon chains and their eutectic PCMs

are appropriate candidates for CTES applications at cryogenic temperature range. In addition, it is

also crucial to understand the thermophysical properties of PCMs within their operating temperature.

Therefore, the characterization techniques and methods for PCM will be discussed in detail in the

following section, especially in the low temperature range.
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Figure 2.4: Solid-liquid materials being investigated and used as PCMs for sub-zero temperature applications
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2.3 PCMs characterisation techniques & methods

The performance of the PCM is usually achieved by a heat exchange unit, and one of the prerequisites
for the design of an appropriate heat exchange device is to understand or determine the
thermophysical properties of the PCM. The first set of significant properties that affect the thermal
storage capacity are PCT (T;), liquid and solid specific heat (C,), and phase change enthalpy (H,,).
The second set of properties include thermal conductivity (1), density and viscosity at liquid state,
which can play a vital role in the component design of the TES system particularly their effects on the
charging/discharging kinetics of the system. Furthermore, safety considerations, such as flammability,

should be carefully considered when using organic materials.

2.3.1 Thermal storage capacity determination

Among different thermal analysis (TA) techniques, differential scanning calorimetry (DSC) is one of
the most powerful and versatile tools to determine the melting/solidification temperatures, the
melting/solidification enthalpies, and the specific heat of a material over a wide temperature range
[58]. Depending on the cooling method of DSC, the sample can be measured at various temperatures
(e.g., -100°C with a mechanical refrigeration cooling unit, or -196°C when LN, is used as the coolant)
[59]. In DSC measurement, the heat flow rate difference between a sample and a reference (with
known thermal properties) is measured as a function of temperature while they are subjected to a
controlled temperature program with constant heating and cooling rates [59]. As the specific heat and
the phase change enthalpy are a function of temperature, the heating and cooling rates influence the
measurement accuracy and the shape of the DSC curves. Castellon et al. [60] investigated the

enthalpy-temperature relationship of organic PCM RT27 using a dynamic method, which has different
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heating/cooling rates in the range of 0.2-10 K/min. Their study indicated that the melting enthalpy
was lower than the solidification enthalpy under lower heating/cooling rates (< 2K/min) and exceeds
10% permitted deviation. Kousksou et al. [61] reported that the specific heat of hexadecane decreased

with increasing heating rate from 2 to 15 K/min.

The use of DSC should also consider the possible impact of the sample size and geometry on its
thermal behaviour. Kinetic properties such as supercooling, crystal growth, and phase separation of
materials may be affected by the sample size and geometry [62]. Typically, the sample weight in DSC
experiments should be in the range of 5 to 20 mg. If the sample size is too large, an undesirable
increase will occur in the thermal hysteresis and temperature gradient within the sample. On the other
hand, a sample with a too small mass may reduce the sensitivity of the measurement [59]. Rathgeber
et al. [63, 64] studied the effect of different sample amounts on the enthalpy [63] and supercooling [64]
of commercial paraffin RT58. The sample masses used were 12.35 mg, 9.61 g, and 108 kg,
respectively. The enthalpy-temperature plots were obtained to compare the enthalpy changes
measured with different sample sizes upon the melting and solidification processes. Their results
showed that the enthalpy change of RT58 was relatively low when the sample mass was 108 kg [63].
Regarding the influence of different sample sizes on supercooling behaviour, they found that the
supercooling degree of paraffin RT58 was independent of the sample size. However, the other
measured PCMs (Bischofite, D-mannitol, Hydroquinone) showed a common trend in terms of
supercooling degree: the larger the measured sample size, the smaller the supercooling degree. It is
therefore necessary to assess an application oriented PCM with different sizes to ensure correct data
[64]. Kousksou et al. [61] investigated the influence of different sample geometries on the specific

heat of a 10 mg hexadecane sample at a constant heating rate of 5 K/min. Their results showed that

31



the phase change peak of hexadecane in the C, (T)-curve was shifted from 295 K to about 297 K, but
the area under phase change peak remained constant at around 263 kJ/kg. A reasonable explanation
was given as that during the melting process, the specific heat capacity varied with the temperature
gradient inside the PCM, and the internal temperature gradient was caused by the change of sample
geometry. Therefore, the sample geometry is a crucial factor in determining the thermal behaviour of

PCMs in a DSC measurement.

These issues have led to the development of other methods for the analysis and determination of the
thermal properties of PCMs. An example is the T-history method, which was originally proposed by
Zhang et al. [65] in 1999. In terms of recording temperature versus time curves of the PCM, the PCT,
heat of fusion, specific heat capacity, supercooling degree, and thermal conductivity of PCM samples
are determined simultaneously. This method is shown in Figure 2.5 [65]. In a typical test, several
glass tubes containing PCM samples and reference materials are heated in a water bath to/above the
melting temperature of PCM (T, > T,,), and then they are suddenly exposed to the time-dependent
ambient temperature (T, ). The T-history (temperature versus time) curves of the PCM and the
reference material are recorded during this cooling process, as illustrated in Figure 2.6. Figure 2.6 (a)
shows the PCM with a supercooling degree AT,, = T,,, — Ts; Figure 2.6 (b) demonstrates the PCM
without supercooling where the phase transition process is between T,,, ; and T, ,; whereas Figure 2.6
(c) displays the water temperature as a reference T,. To derive the specific heat of PCM for liquid
(Cp,) and solid phase (C,,) and the heat of fusion (H,,), the temperature distribution within the
sample is assumed to be uniform, and the lumped capacitance method is applicable, which stands if
the Biot number is less than 0.1. These are given in the following equations and are applied to PCM

with supercooling.
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where m,,, m;, and m,, are the mass of the water, the tube and the PCM, A is the integral of the
temperature gradient between the recorded temperature (T) and the ambient temperature (T,,) at
different time intervals, with Ay = [[*(T = T.o)dT, A, = [*(T = T)dT, Ay = [*(T = T.))dT,

A’1 = fotll(T — Too)dT, and AIZ = fttllz(T - Too)dT
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Figure 2.5: Schematic diagram of the T-history experimental rig [65].
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Figure 2.6: T-history curves: the PCM with supercooling (a), without supercooling (b), and the water (c) during
the cooling process [65].

For PCM without supercooling, both liquid and solid specific heats are the same, and the phase

transition enthalpy between the time interval ¢; and t, is given by:

meCy ¢ (Tm,l - Tm,z)
m

_ My, Gy + MGy e Ay
= T
1

Hnm (To = Tm1) = (2.7)

m

4 p

To enhance the measurement accuracy of the T-history method, the research community has
implemented many modifications to the experimental rig and the mathematical model. Compared with
the original model, Lazaro et al. [66] performed a measurement in an insulated air enclosure chamber
instead of exposing the heated tubes to the ambient in which the heat transfer coefficient from the
environment to the PCM and reference can be considered as the same. They also indicated that a
correct calibration of the temperature sensors was necessary for accurate results. They used Type K

thermocouples, which were calibrated in a thermostatic bath using a calibrated Pt-100 as a reference
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in their study. Before starting a measurement, the correctly calibrated thermocouples were checked by
comparing the values when the sample, reference substance, and environment were in the thermal
equilibrium. Peck et al. [67] proposed a horizontal setup to measure the low temperature PCM
(distilled water, tetradecane, and PEG). This configuration could suppress the strength of the natural
convection effect proportional to the vertical length of the test tube and reduce the deviation and
temperature difference along the longitudinal direction of the test tube. In addition, a volume control
tube was installed to avoid the influence of volume changes on the calculation of the heat transfer
coefficient during the phase change process. Their results showed that the errors of distilled water and

tetradecane were only 2.1% and 3.9%, respectively, compared with the reference values.

The original mathematical model and data evaluation have also been modified to increase the
accuracy of the method. Since the exact point at which the phase transition process is completed is
hard to confirm and highly hinges on the operator [68], Hong et al. [69] introduced an inflection point
(point b in Figure 2.7 (a)) as the boundary between the phase change and the solid phase regions. As
shown in Figure 2.7 (b), this point can be obtained by the first derivative of the T-history curve for
PCM. They also suggested that the calculation of the phase change enthalpy should not include the
sensible heat, which showed a difference up to 7% compared to the original method. Moreover, due to
the volume change of the PCM, the heat transfer area of the test tube would change before and after
the solidification process. Thus, the mean value of the areas was applied in this modification method.
Marin et al. [70] proposed the use of a concept of enthalpy and its relationship with the temperature
rather than using a concept of temperature changes over time. The original mathematical models,
therefore, were improved by varying the temperature in a small interval of time, namely AT;

corresponding to time intervals At; = t;,, — t; and At'; = t';,, — t’; for the PCM and the reference
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substance, respectively. To obtain enthalpy-temperature curves, Equation 2.8 was rewritten with T;
being the average temperature of the interval:

m C A (T) + th ,C(T.) A mt
AH,(T;) = wblpw zmp pt\li A_,liATl- _m_p Cp,t (T)AT; (2.8)

Also, the phase change enthalpy of PCM can be determined as the sum of the enthalpy intervals,

assuming a constant value of H,, , as a reference:

AH,; + Hy (2.9)
1

Hp(Ti) =

N
1=

In addition, the specific heat for both solid and liquid phases can be obtained by computing the slope

of the curve at the selected temperature, as shown in the following Equation 2.10:

C = 5_1‘1 (2.10)
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Figure 2.7: The modified mathematical model of the T-history method: (a) T-history curve with the inflection

point b as the boundary; (b) the first derivative of the T-history curve [69].

The T-history method has some advantages for determining thermophysical properties of PCM

compared with the commercially available thermal analysis techniques (DSC). For instance, it allows
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large-sample analysis of various PCMs (inorganic, organic, and eutectic) so that more representative
data can be measured for TES applications; the phase change process can be visually observed during
the measurement, and the measuring temperature range and the cooling/heating rates are variable
based on different samples [58]. Moreover, maintenance and equipment price are inexpensive, and the
system configuration is simple [69]. However, the main drawback is the lack of common instrument
configurations and standard data analysis processes, which may affect the accuracy of T-history

measurement [58].

2.3.2 Thermal conductivity measurements

Thermal conductivity refers to the intrinsic physical ability of a material to transfer or conduct heat,
and it represents the quantity of heat energy that flows through a unit cross-section area of a material
pre-unit time when the temperature gradient is 1°C [71]. The thermal conductivity of the material can

be described following Fourier’s law [72]:

0=-142 (2.11)

where Q is the heat flow rate of thermal conduction (W), A is the thermal conductivity of the material

(W/m-K), A is the cross-section area (m?), and dT /dx is the temperature gradient of the test sample.

According to different measurement conditions, the thermal conductivity determination techniques
can be classified as steady-state methods (heat flowmeter, guarded hot plate) and transient methods
(transient hot wire/strip, laser flash apparatus, transient plane source, thermocouple method, etc.) [73].
The steady-state methods can determine the thermal conductivity directly by measuring the

temperature AT under a steady-state heat flow Q through the sample. The transient techniques
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measure thermal diffusivity by using heat sources that can be supplied either periodically or as a pulse
[74]. Among these measurement methods, the testing temperature range of laser flash apparatus and
transient hot wire/strip can reach sub-zero temperature, which are -120°C to 2800°C, and -150°C to
200°C, respectively [73]. These two techniques are suitable for measuring the thermal conductivity of

low temperature PCMs, and hence are discussed further in the following.
2.3.2.1 Transient hot wire/strip method

The transient hot wire/strip method employs a hot wire/strip sensor that acts both as a linear heat
source and a thermocouple (usually platinum or tantalum) during the thermal conductivity
measurement. This linear heat source leads to the temperature rising of the sample over a known time
interval, thereby determining the thermal conductivity of the sample. Equation 2.12 [75] is the
mathematical representation of the thermal conductivity of the material based on the transient hot

wire/strip method.

1=—1 2 (2.12)
an(T, —T1) '

where A is the thermal conductivity of the material (W/m-K), g is the heating power per unit length of
the wire/strip (W/m), and Ti (i = 1, 2) is the temperature of the wire/strip at corresponding time t;

and ¢t,.

Currently, transient hot wire/strip instruments permit more than 1000 data acquiring within 1 ms up to
15 (10s for solids) [74]. Moreover, it has been reported to be able to measure the thermal conductivity
of gases, solids, and liquids with uncertainties below 1% [76]. Palacios et al. [73] reviewed various

thermal conductivity measurement methods and found that the available instrument can work at
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temperatures from -150°C to 200°C, while the measuring range of the thermal conductivity can be
from 0.001 to 500 W/m-K with different sensors. However, this method also has some limitations in
terms of sample types and sample thickness. For instance, the specimen to be tested should be non-
conductive material. Because the thermal conductivity is only tested in one direction, the results of
irregular solids (e.g., sensible storage material), powders, heterogeneous are not accurate [73]. In
addition, heat losses occur when the thickness of the sensor is equivalent to or greater than the

thickness of the sample, such as thin films [76].
2.3.2.2 Laser flash apparatus

Laser flash apparatus (LFA) is a well-known technique that uses non-contact, non-destructive
temperature sensing to measure the thermophysical properties (thermal diffusivity, specific heat, and
thermal conductivity) of samples [77]. The working principle of the laser flash method is depicted in
Figure 2.8 (a). During measurements, a laser pulse from a laser beam source uniformly heats up the
front side of a planar-shaped sample, and an infrared detector monitors the time-dependent
temperature change at the rear side of the sample [77]. The thermal diffusivity along the thickness
direction of the sample can be expressed as a function of time by [78]:

2

d
& = 0.1388 X — (2.13)
t1/2

where «a is the thermal diffusivity (m?/s), d is the thickness of the sample (m), and ¢, , is the time for

the specimen to reach 50% of the maximum temperature, as shown in Figure 2.8 (b) [78].

The thermal conductivity (1) can be obtained if the density (p) and the specific heat (C,) of the

sample are available by using the following Equation 2.14 [78]:
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A=a-p-C, (2.14)
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Figure 2.8: The principle and temperature rise curve of laser flash method [67, 68].

The laser flash technique is one of the commonly used techniques in the thermal conductivity
measurement of solids and liquids. The commercially available instrument can conduct the
measurement over a wide temperature range (-120°C to 2800°C) with a high accuracy. Min et al. [77]
claimed that the measurement uncertainty was less than 3%. The advantages of this method are: 1)
measurement is fast, usually 1-2 s for solids; 2) only small samples are required, e.g., 6-12 mm in
diameter with 1-4 mm thickness; 3) there are measurement standard for this, including 1ISO 220074
and ASTM E1461; 4) Because the measurement is carried out in a specific furnace, the test
temperature, pressure, and atmosphere can be controlled [73]. However, there are also some factors
that will increase the measurement uncertainty, including sample preparation and material properties.
For instance, solid samples require a flat and smooth surface to obtain accurate and repeatable results

[74], while liquid or powder samples need to maintain good contact between the sample and the
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measurement area of the sample holder [73]. Moreover, specific heat and density of the sample should

be known or measured from other experiments, which may generate large errors [74]. Also, the

system is expensive, and the maintenance and operation costs are high. Additionally, the method is

less suitable for thermal insulation or heterogeneous solid materials [73].

2.3.3 Flammability limits test

As aforementioned, one of the aspects of low temperature organic PCMs is their flammability, which

is a potential fire hazard during storage, operation, transportation, and applications [79]. Generally,

the flammable characteristic of a specific material is represented by flammability limits. These limits

can be used to distinguish boundaries of the flammable mixture regions where the flame propagation

occurs or does not occur [80]. There are two flammability limits for a hydrocarbon-air mixture: lower

flammability limit (LFL) and upper flammability limit (UFL). The LFL is the minimum concentration

(i.e., lean mixture) of hydrocarbon vapor or gas capable of propagating flame upon ignition at a given

temperature and pressure, while the UFL is the maximum concentration (i.e., rich mixture) in the

same scenario [81]. The LFL and UFL therefore define the flammable concentration range of a

hydrocarbon-air mixture. Because flammability limits are affected by several factors, such as the

geometry of the apparatus, the operating temperature and pressure, the strength of the ignition energy,

and the oxygen concentration [82], the correct determination of flammability limits is important for

the prevention of fires and explosions. Knowledge of flammability limits is mainly based on two

methods: theoretical calculation and experimental measurement.
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2.3.3.1 Theoretical calculation

Different theoretical methods are discussed to calculate flammability limits in the literature: the
stoichiometric concentration [83], the combustion enthalpy [84], the vapor pressure [85], and the
algebraic method [86]. In all these methods, the theoretical data of LFL fit the experimental values

well; however, there are some differences between UFL values and experimental data [80].

Stoichiometric concentration. The LFL and the UFL for many hydrocarbon vapours are a function of
the stoichiometric concentration (Cs) of the flammable mixture for complete combustion reaction in

the air, as shown in the following equations [83]:

LFL = 0.55Cs (2.15)

UFL = 3.5Cs (2.16)

Combustion enthalpy. The LFL of combustibles in the air can be roughly estimated using the
following Equation 2.17 [84]:

4354
AHcomb

LFL = — (2.17)

where AH .., 1S combustion enthalpy (kJ/mol), and LFL is given in volume percentage.

Vapor pressure. The LFL can be determined by using the pressure ratio of flammable substance and

atmosphere [85]:

Pr
LFL = -£ x 100 (2.18)
Py

where Pr is the vapor pressure of the flammable mixture at flashpoint, and P, is the standard
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atmospheric pressure.

Algebraic method. Mathematically, the LFL can be expressed as [86]:

(2.19)

where n, is the number of moles of air per mole of combustible in the mixture at the LFL.

2.3.3.2 Experimental method

Experimental methods for measuring flammability limits of combustibles have been standardized by

the combination of the following criteria: (a) visually inspect the flame propagation caused by a spark

igniter among the flammable mixture in the transparent and closed vessel (visual criteria); (b) monitor

the pressure change at the instant of ignition in the closed vessel (pressure criteria) [80].

Visual criterion. European standard EN 1839 defines two test methods (tube method and bomb

method) to determine flammability limits of combustibles [87].

EN 1839 (T) offers one visual criterion: the flame detachment and propagation from the spark igniter

are at least 100 mm.

American standard ASTM E-681 [88] provides two different visual criteria according to different

vessel sizes:

* For the 5 L vessel, the flame spread upwards and outwards to a distance of at least 13 mm from the

spark to the vessel wall (horizontal or vertical).

* For the 12 L vessel, the flame moves upwards and outwards from the spark igniter to the vessel wall
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and forms an angle equal to or greater than 90° as measured from the ignition point to the vessel wall.

Pressure criterion. The ASTM E-2079 [89] and EN 1839 (B) standards are not for the flame
propagation, but for pressure increase after ignition. The American standard recommends a pressure
rise of 7% above the initial fixed pressure as the critical point condition, while the European standard
suggests a 5% criterion. Takahashi et al. [90] reported that if the vessel size is large enough, the
experimental results of flammability limits may be close to the values obtained in open space.
Therefore, the minimum vessel volume recommended by EN 1839 (B) and ASTM E-2079 is 5 L and

4 L, respectively.

However, the fundamental difference between European and USA standards is the definition of
flammability limits. According to the European standard [87], the flammability limit itself is not a part
of the flammable range, and the flame cannot spread/propagate after being ignited. Instead, American
standards [88, 89] define the flammability limit as the limit fuel concentration that permits the flame
to propagate through the flammable mixture. From a safety consideration, Schroder et al. [91]
suggested the use of the more conservative European standard with the final non-ignition

concentration as flammability limits.

2.3.3.3 Fire retardants

To address the potential fire hazards of organic PCMs, fire retardants have been attempted to reduce
the flammability of materials. According to the mode of action, fire retardants can be classified as
either a chemical action type or physical action type [92]. The most commonly used chemical action

type is known as a flame quencher, which may decompose to generate gases or char layers, thereby
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interrupting the propagation of free radicals necessary for flame burning while increasing smoke,

carbon monoxide, and other by-products of incomplete combustion [92, 93]. Materials such as

halogenated alkanes (chlorinated paraffin) [94] and halogenated phosphate esters (TCEP, TCPP,

TDCPP) [95] have been widely employed as fire retardants. These halogen-containing flame

retardants, however, present some potential threats to the environment and human bodies, such as

carcinogenicity, mutagenicity, corrosivity, and toxicity [96]. Consequently, halogen-free fire

retardants are proposed as an alternative solution. Various environmentally friendly additives based

on silicon materials, such as kaolin, clay, silsesquioxane, and silicon dioxide (SiO,), have been

extensively accepted as a new direction of flame retardant research [95, 97]. Huang et al. [98]

performed an extensive study on the effects of incorporating different SiO, on flame retardancy of

EVA/Mg(OH). composites. The results showed that the fire performance index and ignition time had

been increased, and the peak rate of heat release had been dramatically reduced.

While another type based on physical action is called heat absorber or hydrated filler, which

decomposes endothermically to remove heat from the material and flame and creates a barrier layer to

prevent oxygen from entering the flammable zone and hence mitigate the combustion [92, 93]. Some

metal hydroxides have been used to enhance the flame retardancy of materials, among which are

magnesium hydroxide and aluminium hydroxide [92, 95, 98-100].

2.3.4 Summary

In conclusion, the study of the thermophysical and, in some cases, chemical properties of the PCM is

essential for designing a suitable TES device and further determining the thermal performance of the

TES system. Correspondingly, thermal analysis of thermal storage capacity, thermal conductivity, and
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flammability limits are reviewed for low temperature organic PCMs. A comparison between DSC and
T-history methods illustrates that different sample amounts have a significant impact on thermal
behaviours of PCM, especially on enthalpy and supercooling. Meanwhile, LFA and transient hot
wire/strip methods are discussed to determine the thermal conductivity of storage materials because
they can operate at a relatively low measurement temperature. Taking into account the flammable
characteristics of organic PCMs, the determination of flammability limits is analysed in terms of the
theoretical calculation and experiment verification. In addition, several fire retardants that can be

potentially used for organic hydrocarbons are reviewed based on their mode of action.

2.4 CTES devices and applications

Successful utilisation of a TES material requires the use of devices or components for the provision of
encapsulation for materials and container for HTF [101]. Therefore, in this section, different types of
TES devices for CTES applications will be discussed, including both numerical and experimental

studies.

2.4.1 Packed bed CTES device

As reviewed in Section 2.2.1, packed beds are one of the most commonly used TES technologies at
cryogenic temperatures. Figure 2.9 illustrates a typical packed bed storage device consisting of an
insulated tank, storage materials, a supported screen, and inlet and outlet pipelines [102]. The storage
materials, also called packing elements, can be solid SHS materials [103] or PCMs contained in
macro-encapsulation [41]. In the case of cold energy storage applications, a liquid or gas is used as a

HTF to transport the energy from cold/heat source to the storage materials, which corresponds to the
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charging/discharging process of the system. The advantage of the packed bed CTES is the simplicity
in design and manufacture, low cost, and reliability over thermal changing and discharging cycles
[27]. However, the disadvantages of the packed bed device are also clear, such as the large pressure

loss on the HTF side, and the high void fraction leading to a lower energy storage density [41].
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Figure 2.9: Schematic diagram of typical packed bed based CTES device [102].

2.4.1.1 Numerical models

Various numerical studies for the heat transfer analysis of packed bed devices have been reported in
the literature. These numerical models can be divided into two groups: single phase models and two

phase models.

In the single phase models, the solid and fluid phases are considered to be one phase, and their

instantaneous temperatures are equivalent. As reported by Ismail and Stuginsky [104], this model is
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applicable to storage materials with a high thermal conductivity and a high heat capacity in

comparison to the working HTF. However, because of the limited thermal conductivity of commonly

used PCMs, the use of this model is not prevalent when describing PCM packed bed devices.

Regarding the two phase models, heat transfers in the solid and the HTF are treated separately and the

boundary between solid and fluid interfaces is linked by the Nusselt correlations [105]. These models

have been used to represent the dynamic thermal behaviour of the packed bed, namely the

Schumann’s model [106], the concentric dispersion model, and the continuous solid phase model.

Schumann’s model.

This two phase model assumes one-dimensional heat transfer and does not take into account heat

conduction either in the HTF or in the solid phase. This methodology was one of the first attempts to

numerically represent the behaviour of packed bed thermal storage devices. It adopts a lumped

capacitance approach to solid particles and assumes that the convection coefficient is independent of

time and space [106]. The major limitation of the Schumann's model is that it does not consider the

thermal diffusion within solid particles, therefore no thermal gradients are considered in the sphere

and only the convection drives the heat transfer process [105].

Concentric dispersion model.

This model treats a packed bed as an isotropic porous medium consisting of individual spherical

particles and allows for the existence of thermal gradients within solid materials. In this model, the

packed bed is divided into multiple elements in the axial direction, where fluid temperature is

considered to be homogeneous. But the temperature gradient on the surface of the particles in only
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due to the heat transfer between the HTF and the packed bed [107]. In addition, the calculation of heat

loss to the environment can be implemented in this model [105].

Continuous solid phase model.

In this model, the solid is assumed to be a continuous medium, rather than a medium consisting of
solid particles [107]. The heat conduction in the packed bed can occur in the axial direction (one-
dimensional continuous solid phase model) or in the axial and radial directions (two-dimensional
continuous solid phase model). Although the addition of the radial heat transfer intensely increases the
computational cost of the model, it is the only model capable of capturing the thermal gradient in this
direction, which is significant for systems with low mass flow rates that are affected by the heat losses

from the environment or the uneven distribution of the inlet flow through the system [105].

Davenne et al. [108] performed a numerical analysis to compare the heat transfer behaviour of
concrete based packed bed and a liquid thermocline as cold storage devices for an offshore wind
driven pumped TES system, respectively. They used the one-dimensional single phase model with
convection diffusion equations, including the speed of the thermocline and the effective diffusivity
coefficient in the storage. Sciacovelli et al. [15] used a one-dimensional continuous solid phase model
to estimate the performance of the packed bed cold storage as a component of the LAES system.
Their results were compared with the experimental data obtained in a charging experiment with
modular packed beds consisting of four U-shaped units filled with quartzite pebbles, as shown in
Figure 2.10. Their simulation results correlated well with experimental results of measured
temperatures at locations of 0.27, 1.7, and 3.13 m along the axis direction of the packed bed during

the charging process.
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Figure 2.10: Schematic diagram of modular packed bed high-grade cold storage [15].

In addition, numerical studies have also been carried out on packed beds filled with PCM capsules for
the storage of cold energy at temperatures below 0°C. Khor et al. [109] conducted a numerical
investigation of a cascaded packed bed system comprising three different encapsulated PCMs with
cascading phase transition temperatures (-49°C, -19.5°C and 6.5°C, respectively) along with the
packed bed, as shown in Figure 2.11. The concentric dispersion model with the enthalpy method was
used to simulate the heat transfer and the phase change process generated in the PCM capsule along
the radius of the capsule in a one-dimensional manner. Their simulation results provided a few
performance graphs of the cascaded packed bed units and demonstrated that different storage
capacities within each temperature region were determined by the quantity of PCMs and the various

diameters of PCM particles.
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Figure 2.11: Schematic diagram of packed bed using cascaded PCMs as TES materials [109].

2.4.1.2 Experimental studies

As depicted in Figure 2.12, many physical phenomena govern the packed bed storage behaviour in
terms of the heat transfer coefficients between HTF/solid and HTF/wall, the effective thermal
conductivity, the temperature stratification (also known as a thermocline/thermal front), and the
pressure loss of the bed [110]. The performance of the packed bed system will be affected by various
design and operating factors, such as aspect ratio, particle size and shape, void fraction, and properties
of both storage materials and HTF [102]. Therefore, those parameters need to be carefully considered

during the designing procedure of the packed bed.
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Figure 2.12: Schematic diagram of some physical phenomena involved in the packed bed storage system [110].

Colburn [111] studied heat transfer coefficients of air flowing through a packed bed filled with
various sizes of granular materials, including porcelain balls, pebbles and zinc balls. It was found that
the heat transfer coefficient was eight times higher than that of an empty tube, which depended
primarily on the mass flow rate of the air and the ratio of the particle diameter to the tube diameter.
Standish and Drinkwate [112] investigated the response of different shaped particles on the
performance of the packed bed filled with glass balls, coke spheres, and ceramic rings with porosity
between 0.41 and 0.59 and sphericity between 0.53 and 1.0. Air and water were used as the HTF,
respectively. The study concluded that the pressure drop was strongly influenced by the pore spaces,
and apart from the size of the storage material, its geometry also played an important role in the
performance of the packed bed. Allen et al. [113] examined the effects of roughness, size distribution,
packing arrangement and particle shape on pressure drop. In this study, three different packing

arrangements were utilised, namely hexagonal closed, offset simple cubic and simple cubic with
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various void fractions, where the simple cubic with a void fraction of 0.48 was found to have the
minimum friction coefficient value. The friction coefficient increased with increasing roughness of
the storage element, and the pressure drop performance of the packed bed was improved by two
different sizes of storage elements. The packed beds with higher values of void fraction leads to a
lesser pressure drop as well as a lower heat transfer. An optimum value of the void fraction, therefore,

should be selected to obtain maximum heat transfer with minimum pressure loss [102].

The main benefit associated with the packed bed is thermal stratification, since it improves the
efficiency of energy storge [104]. The physical significance of stratification was suggested by Phillips
[114], and the results were presented in terms of a stratification coefficient, which was defined as the
ratio of the actual useful energy gain to the energy gain at a uniform temperature. Figure 2.13
illustrates different levels of the temperature stratification within a packed bed device with the same
stored heat: (a) highly stratified; (b) moderately stratified; (c) unstratified storage [115]. Ramana et al.
[116] reported that the better stratification produced by a lower mass flow rate can improve the
storage efficiency of the packed bed during the charging process. Lugolole et al. [117] demonstrated a
comparison of the discharging performance of two packed beds with 10.5 mm and 31.9 mm granite
rocks respectively at different flow rates. It was reported that the de-stratification is affected by the
mass flow rate of the HTF and the equivalent diameter of the packing material. This study also
observed an improvement in the stratification when the flow rate of HTF was reduced. Consequently,
the thermal mixing between the flowing streams reduces as the flow rate decreases. Yang et al. [118]
suggested that storage materials with a low thermal conductivity, complete charging of bed and
adequate insulation of storage tank are some initiatives to maintain the stratification of the packed bed

during the stationary period.
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Figure 2.13: Schematic diagram of different degrees of stratification within a packed bed device with the same

amount of stored thermal energy: (a) highly stratified; (b) moderately stratified; (c) unstratified storage [115].

Based on the reviewed studies, it is found that stratification is an essential feature for the effective
utilisation of packed beds. It is affected by the internal wall material of the storage tank during the
static condition. However, the axial heat conduction and the wall heat losses are the two dominant
factors related to de-stratification in the packed bed storage system [102]. The stratification
coefficient decreases with the increase of charging time, which is attributed to the increase of the

temperature within the packed bed.

2.4.2 Shell-and-tube CTES device

The shell-and-tube based device is another commonly employed storage configuration in CTES
applications; see Figure 2.14 for an illustration. From Figure 2.14, one can see that this storage unit
operates according to the similar principle as a shell-and-tube heat exchanger, where the TES material
fills the space between the shell and tube and the HTF flows through the tube. For systems using
PCMs, heat is transferred to or from the PCMs through the tube walls. In addition, the melted PCM
flows, leading to natural convection that enhances the overall heat transfer of the system. The heat

transfer coefficient for a given HTF flow rate is highly determined by the number of tubes as well as
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their diameter and length, and these parameters are also the most significant ones to be optimised via

numerical simulations [41].
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Figure 2.14: Schematic diagram of a shell and tube type CTES component.

Several studies on the shell-and-tube system have been conducted both numerically and
experimentally. A shell-and-tube CTES designed for a low thrust cryogenic propulsion system was
investigated numerically by Torras et al. [119] with a commercial software named TermoFluids. The
numerical model was founded on the coupling of the three subroutines: 1) one-dimensional and
transient resolution of the fluid flow inside the heat transfer tube; 2) two-dimensional and transient
treatment of the heat conduction in solid tubes; 3) three-dimensional and transient resolution in the
region occupied by the PCM. The simulation results were validated by an experimental cylindrical
accumulator test facility using water as the PCM and operating in the temperature range of -195.0°C
to 7.74°C. Sang et al. [120] proposed a new efficient numerical approach to study the phase change

processes of the full-scale vertical ice-on-coil type CTES [120]. In order to reduce the pressure drop,
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the tubes were split into 8 channels, one of which consists of 92 tubes with a diameter of 12.75 mm.
These copper tubes were arranged into a staggered matrix, and it was assumed that there was no
thermal interaction between these tubes. The numerical model therefore was simplified to calculate
the heat transfer of 92 hexagonal three-dimensional tubes by conveying the outlet conditions of one

tube to the inlet conditions of the adjacent tube.

However, the heat transfer coefficient of a shell-and-tube system is limited due to limited heat transfer
area. Enhanced heat transfer technologies are usually required, of which the use of finned tubes has
been recommended as a simple and promising method [121]. Mosaffa et al. [122] numerically studied
the solidification process of PCM in a shell-and-tube device with radial fins. The geometry of the
device is shown in Figure 2.15. Calcium chloride hexahydrate (CaCl, 6H,O) with a melting
temperature of 29.7°C was selected as the PCM and atmaospheric air was chosen as the HTF to flow in
the tube. The outer side was insulated to prevent heat loss. The effects of air velocity and inlet air
temperature on the TES performance were investigated. Yamashita et al. [123] designed and
experimented with a prototype finned tube CTES system to store and release the cold energy of
liquefied natural gas (LNG) for the re-liquefaction of the boil-off gas (BOG). The vessel is made of
stainless steel, and the fin tubes are made of aluminium. A 25 m® of n-pentane (n-CsH12) with a purity
of 98.2%, whose freezing point is 143.55 K, is used as the PCM. The supports are used to stack the
finned tubes, they can therefore be moved along the axial direction to release the thermal stress.
During the charging process, the LNG flows through the tube to freeze the PCM outside the tube;
during the discharging process, the PCM melts and converts the LNG/BOG two-phase flow into

liquid LNG.
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Figure 2.15: Schematic diagram of a shell and tube device with radial fins [122].

2.4.3 Applications of CTES technologies

CTES technologies in the sub-zero temperature ranges are already used or have the potential to be
used in a wide range of applications where high-grade cold energy below 0°C needs to be generated,
utilised, and stored. For instance, refrigeration systems operating in the sub-zero temperature range,
whether active or passive, are able to use CTES to improve efficiency, reduce energy consumption,
and shift electrical loads. CTES also has a unique application in space exploration. Power storage
systems that already employ CTES include LAES, PHES, and FES. The use of CTES in LAES has
been commercially demonstrated, while PHES and FES equipped with CTES are in the prototype
design stage. In addition, CTES can work with other energy systems for high-grade waste cold energy
recovery to improve the performance of the entire system, such as the regasification process at LNG

terminals.
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2.4.3.1 Active refrigeration

Depending on whether the cold energy is generated in situ when it is required, refrigeration systems
can be classified as active and passive refrigeration. In the active refrigeration system, the cold energy
is actively generated by the refrigeration cycle. The use of PCM-based CTES in the active
refrigeration system has been extensively studied [124-126]. In such applications, CTES units are
usually located near/around the evaporator or between the refrigeration system and the refrigerated
space. The temperature of the PCM should also be chosen carefully. A high PCT can lead to an
increased coefficient of performance (COP) due to reduced compressor work and enhanced heat
transfer from the evaporator, but also due to an increase in the air temperature inside the compartment

[125].

In addition to domestic refrigerators, space exploration is another application where CTES has been
used for active refrigeration. The NASA has designed and experimented with a CTES technology for
space applications that employs PCM for the cooling and thermal management of temperature-
sensitive sensors such as focal planes, optical components, reflectors, and telescopes, as shown in
Figure 2.16 [127]. The PCM used in this application was 2-Methylpentane with 3% acetone, which
has a PCT at -153°C. The results of ground and orbital experiments demonstrated that this technology
significantly reduces the weight of the cooling system of the space infrared sensor by more than 100
times compared to its own weight, which is essential for a spacecraft since the weight reduction can
lead to additional payload capacity or save millions of dollars in launch costs. The introduction of the
CTES system compensated for the cooling load generated by the electrical and ambient heating

during the operation of sensors, while the CTES unit also offered stricter temperature control as the
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operating temperature can be maintained around the PCT. In addition, the CTES device can contribute

to minimise vibrations of vibration-sensitive sensors by replacing refrigerators with moving
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Figure 2.16: The use of CTES for cooling and thermal management of the space telescope assembly [127].
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2.4.3.2 Electricity storage

Increasing the share of renewable energy, particularly solar and wind, in the energy mix is crucial for
the future energy transition and climate mitigation. Power storage technologies can decouple the
supply and demand of energy and address the intermittency of renewables, while supporting their
integration into the grid. These technologies can also assist in securing grid balance and reducing peak
load capacity [128]. Many concepts for power storage systems have been proposed or built so far, and

CTES is a crucial part of some promising systems.

LAES is a technology that uses liquefied air as a storage medium (-196°C) to store and release energy
[15, 128]. The working principle of a conventional LAES is shown in Figure 2.17 and comprises three
major steps of operation [128]. Step 1 is the charging process, where excess (off-peak and cheap)
electricity is used to liquefy the air. Step 2 is the storage process in which the liquefied air produced in

Step 1 is placed in an insulated tank at nearly ambient pressure. Step 3 is the discharging process,
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which recovers energy by pumping, reheating, and expanding in order to regenerate power during
peak hours when demand for electricity is high and expensive. In the storage step, the heat from the
air compression process in Step 1 and the high-grade cold energy during the reheating process in Step
3 can also be applied to increase the power output and decrease the energy consumption of the
liquefaction process. In the first LAES pilot plant, a pack-bed CTES device was employed to store the
cold energy being released during the discharging process of the LAES [28]. Sciacovelli et al. [15]
proposed that the high-grade cold energy recovery is critical to achieve maximum performance in the
LAES plant. This study indicated that both round-trip efficiency and liquid yield are greatly benefited
by the increased cold recycle: an increase in cold recycle of 16% results in a 20% increase in the

round-trip efficiency and a 30% improvement in the liquid yield.

Electricity

Air

Electricity

Figure 2.17: Schematic diagram of LAES technology [128].

2.4.3.3 High-grade waste cold energy recovery

Some energy processes operating in sub-zero temperature ranges, such as the regasification of LNG,

produce high-grade cold energy that can be captured by CTES for subsequent reuse. CTES
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implemented in association with such energy systems can improve the overall efficiency, reduce the

energy consumption, and smooth out fluctuations in energy supply.

LNG plays an important role in the global energy structure of many countries globally, particularly in

Europe and Asia [2]. Various systems have been proposed to recover the cold energy of the rapidly

growing LNG, which is often wasted in the regasification process [129,130]. However, the daily and

seasonal LNG demand at the terminal fluctuates due to changes in electricity and city gas demand,

making it more difficult to utilise the cold energy directly. CTES can be used to smooth out

fluctuations in cold energy supply and make effectively use of LNG cold energy [123]. Despite the

enormous potential, the use of CTES for LNG cold recovery is rarely mentioned.

A BOG re-liquefaction facility with a CTES system has been installed at Senboku Terminal Il of

Osaka Gas [131-134]. Instead of compressing the BOG directly to high pressure, the system

pressurises the BOG to 0.8 MPa and mixes it with the LNG stream. During the daytime operation, the

LNG flow rate is high enough that the cold energy from the LNG is sufficient to re-liquefy the BOG

at that pressure. The additional cold energy is stored in the CTES system, which contains a PCM that

freezes at -130°C. During the night-time operation, the LNG flow rate is not adequate to re-liquefy the

BOG in the LNG/BOG two-phase flow and the CTES releases cold energy for the re-liquefaction of

the BOG. In an analysis carried out by Ito et al. [134], the use of a CTES system resulted in a 30-60%

reduction in the compression power compared to the traditional method of compressing the BOG for

re-liquefaction. In addition to the BOG re-liquefication, He et al. [129] proposed the concept of using

PCM to store cold energy from LNG and subsequently use it for other purposes. As shown in Figure

2.18, PCM can be used for distribution for cooling purposes, while air or carbon dioxide is suitable
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for power generation. More systems using CTES to recover cold energy from LNG are worth

investigating.

f W JFcm

PCM (liquid) | B l 0
::;—r - Pump \ —=
H ‘ =

g \!,. e JJ - Distribution furg

: Storage State v;‘pn\—rimr Cooling Purpose
‘» jrecassenisussincEhtveset T ------------------------------------------------ :
s Natural Gas ['lil‘imtiun
= i 1 State
LNG Tank
Air/Carbon i i f. :
Dioxide | :J.éa:l R N
4 Power

: Compressor Liquid Air/Carbon | ! Generation |

Stm"‘lgc State Dioxide Storage . J21 . oota o 3

Figure 2.18: Cold energy storage system for LNG cold energy utilisation [129].

2.5 Summary

As an important category of energy storage technologies, TES has gained significant attention in
recent years. Depending on the energy storage medium used, TES technologies can be subdivided into

sensible heat storage (SHS), latent heat storage (LHS), and thermochemical energy storage (TCES).

For CTES applications, SHS and LHS materials are reviewed according to their operating
temperatures, and CTES based devices are also reviewed. The packed bed system with solid SHS
materials is a commonly used method for cold energy storage. Although there are suggestions to use

liquid SHS materials as both energy storage medium and HTF, more suitable candidates still need to
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be validated experimentally. Besides, different types of sub-zero LHS materials, including inorganic
PCMs, organic PCMs, eutectic PCMs and commercial PCMs, are discussed according to their
advantages and disadvantages. Existing PCM studies have been mainly focused on properties and
mechanisms in the ambient or sub-zero temperature ranges, few studies have been conducted on the
deep cryogenic temperature range, e.g., below -100°C. Under the condition that only the phase
transition temperature is considered, the appropriate cryogenic PCMs can be alkanes containing
shorter carbon chains and their eutectic mixtures. This study is therefore focused on screening suitable
CTES candidates for the deep cryogenic temperature range, and on characterising and optimising their

thermal performance (See Chapter 4).

The development of CTES materials usually involves two important steps for a given application. The
first step is to understand the thermophysical properties of the material at its working temperature
range. Correspondingly, several thermal analysis techniques and methods are compared for the PCMs.
Considering the flammable characteristics of organic PCMs, the determination of flammability limits
is analysed both theoretically and experimentally. The second step is to design a suitable CTES device
or component based on the thermophysical properties of the material. Two commonly used CTES
devices are reviewed, namely the packed bed for SHS materials and the shell-and-tube for PCMs.
Besides, some applications of CTES technologies are also briefly reviewed for different sub-zero
temperature ranges, including active refrigeration, electricity storage and high-grade waste cold
energy recovery. This work aims to develop a high-grade cold energy storage technology and a

system for the application of CTES materials, which will be discussed in Chapter 5 and Chapter 6.
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CHAPTER 3
MATERIALS AND METHODOLOGIES

This chapter explains the methodology used in this study including both experimental and theoretical
aspects. Section 3.1 provides information on the chemicals used and material preparation procedures.
Section 3.2 presents the thermophysical characterisation techniques as well as associated instruments.

Section 3.3 explains the details of mathematical models, analysis principles and parameters.
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3.1 Materials

3.1.1 SHS materials

The basic description and supplier information of the SHS materials studied in this work are listed in

Table 3.1. The Dorset gold and Brittany bronze gravels are natural quartzites that are mainly

composed of silica (~99.08%) and alumina (~0.274%), and the average diameter of these materials is

around 2-5 mm. Borosilicate glass beads (containing ~81% SiO; and ~13% B,0s) with a diameter of

2.9-3.5 mm were purchased from Sigmund Lindner.

Table 3.1: Basic information of SHS materials.

Material Ingredient Size (mm) Supplier
Dorset gold Quartzite 2-5 Long Rake Spar Ltd
Brittany bronze Quartzite 2-5 Long Rake Spar Ltd
Glass bead Borosilicate 2.9-35 Sigmund Lindner GmbH

3.1.2 Chemicals

Table 3.2 presents the chemicals used in the experiments and measurements, particularly organic

PCMs and additives. More information associated with the cryogenic PCM screening will be detailed

in Chapter 4. The additives used in this study are thermal conductivity enhancer, thickeners and fire

retardants. The expanded graphite powder (EG) with an average particle size of the 20 um was used

as the thermal conductivity enhancer. Two thickeners were compared: 1) fumed silica after-treated

with dimethyldichlorosilane (hydrophobic SiO, with an average particle size of 16 nm); 2) styrene-

ethylene-butylene-styrene (SEBS). In addition, the fumed hydrophobic SiO; was also investigated as
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a fire retardant to compare its effectiveness with tris (2-chloroethyl) phosphate (TCEP) in reducing

the flammability of selected PCMs.

Table 3.2: Basic information of chemicals used in this study.

) Purity CAS )
Material Formula Supplier
(%) Number
1-Hexene 98 CeH12 592-41-6 Alfa Aesar
Organic
2-Methylbutane 99 CsH12 78-78-4 Sigma-Aldrich
PCMs
3-Methylpentane 99 CeHua 96-14-0 Alfa Aesar
Expanded graphite powder 97 - - SGL Carbon
SEBS - - - SINOPEI
Additives
Fumed silica 99.8 SiOy 11297-52-5 Evonik
TCEP 97 CsH12Cl304P 115-96-8 Sigma-Aldrich

3.1.3 Preparation of modified PCM

The procedure for preparation of the modified PCM is shown in Figure 3.1. Firstly, the EG was
weighted and homogenously mixed into the 1-Hexene solution at ambient temperature. The
thickening agent was then added slowly while stirring gently with a glass stick to avoid the formation
of large agglomerates in the solution. The last step was to place the beaker in the ultrasonic bath for
15 to 20 minutes, and the dispersion of the solution was observed at all times. Simultaneously, the
temperature of the ultrasonic bath was controlled at 20°C to prevent evaporation of PCM at high

temperatures.
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Figure 3.1: The preparation procedure of modified PCM.

3.2 Characterisation techniques

To characterise and analyse thermophysical properties of CTES materials, various techniques were
used in this study. Each experiment was performed multiple times to minimize bias errors. The
following section describes the detailed experimental operating procedures and operating conditions

of the instruments.

3.2.1 Differential scanning calorimetry (DSC)

DSC is a widely used thermal analytical method to determine the thermophysical properties, including
phase transition temperature, enthalpy, and specific heat capacity. The principle of this technique is
that when a sample undergoes a phase transition, such as liquid to solid, the amount of heat flux that
maintains the sample at a pre-set temperature can differ from that for a reference sample. The
temperatures of both the sample and reference (see Figure 3.2 (b)) are controlled practically to the
same value throughout the entire measurement. The energy absorbed or released by the sample will
present as an endothermic peak or exothermic peak, corresponding to the melting or solidification of
the sample during the measurement process, respectively, as shown in Figure 3.2 (e). The phase

change enthalpy of the melting process, also known as heat of fusion, is considered as the latent heat
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of the sample by integrating the melting peak. In addition, for pure or eutectic substances where the
phase change curve only shows a single symmetry peak, the onset temperature is more representative
of their phase transition temperature than the peak temperature. This is because the peak value varies
with the heating rate of the measurement procedure or the measured sample weight, but the
intersection of the tangents to the peak, referred to as the onset temperature, is maintained unchanged
[135]. Therefore, the onset temperature is served as the phase transition temperature of the sample in

this study.

(a) (c)

- —-——
r 3

(e)

Peak temperature

Crystallization

% (Exotherm) Latent heat (AH)
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:“:' Onset temperature Melting
(Endotherm)

Temperature (°C)

Figure 3.2: (a): Mettler Toledo DSC3+ instrument; (b): Furnace inside of the DSC instrument that contains both
sample and reference; (c): 100 pL aluminium crucible; (d) 120 uL stainless steel medium-pressure crucibles; (€)

A typical DSC curve of phase transition process.
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In this study, the DSC was used to obtain the specific heat capacity of SHS materials and the phase

transition temperature and enthalpy of cryogenic LHS candidates.

3.2.1.1 Specific heat capacity

The Mettler Toledo DSC was used in this work to determine the specific heat capacity of SHS
materials with sapphire as a standard (standard DIN 51007). This method needs to perform blank,
sapphire, and sample measurements under identical procedures and experimental conditions. By
comparing with the known C,, ; of the sapphire standard, the C,, ,,, of the sample can be calculated by
the following equation:

_Qm'ms_
Qs - My

Com Cps (3.1)

where Q,,, and Q, are respectively the heat flux of the sample and sapphire, and m,, and mg are the

mass of the sample and sapphire, respectively.

The specific heat capacity measured in this work was performed at a constant pressure with a cooling
rate of 5 °C/min. The system was cooled from 20°C to -40°C and then the temperature was held at -
40°C for 10 minutes to stabilize the system. Afterwards, the same rate was applied to heat up the
system back to the initial temperature. Since the shape of the SHS material is irregular, the
measurement used a 100 uL aluminium crucible to load the sample with a mass of approximately 40
mg; see Figure 3.2 (c). Each sample was measured three times under the same test procedure to obtain

the average specific heat value.
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3.2.1.2 Phase transition temperature and enthalpy

The Mettler Toledo DSC was also employed to measure the phase transition temperature and enthalpy

of LHS materials. The operating temperature range of this instrument can reach -170°C by coupling

with a LN, cooling device. The system was started cooling from -110°C to -165°C with the rate of

1°C/min, and from -130°C to -170°C with the rate of 0.5 °C/min, respectively. Then the temperature

was held at -165°C/-170°C for 30 minutes for system stabilisation. Following this, the same rate was

applied to heat up the system back to the initial temperature. Because the light hydrocarbons are easy

to volatilize at room temperature, the 120 uL stainless steel medium-pressure crucibles were used to

hold the PCM sample with a mass of approximately 30 mg, which has a Viton O-ring to prevent the

sample from evaporating; see Figure 3.2 (d).

3.2.2 Temperature-history measurement

In order to eliminate the effect of the size and geometry of the test sample on its thermal properties,

the temperature-history (T-history) measurement method with the bulk material was performed to

obtain more reliable thermal performance data, which are close to practical applications. Figure 3.3 (a)

shows the major components of a T-history measurement device, including computer, data logger,

thermocouple, and sample holder. Figure 3.3 (b) shows the experimental setup for the T-history

measurement. The cylindrical sample holder is composed of three concentric cylinders with different

diameters. As a support structure for the test rig, the inner and outer walls of the outer cylinder are

attached with thermal insulation materials to isolate the direct contact between the sample holder and

the environment, thereby minimising heat leakage. The lowest isothermal temperature for the cooling

process is -196°C provided by LN placing in the middle cylinder, and this chamber is also used for
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heat exchange between the frozen sample and the environment during the heating process. The liquid
PCM sample is placed inside the inner cylinder with a volume of 100-150 mL. The inner cylinder lid

can be tightened to avoid sample evaporation during the measurement process.

Sample holder B

p
v

Figure 3.3:(a) Schematic diagram of the test rig configuration for T-history measurement; (b): The setup of the
T-history experiment (LN2 will be held in the middle layer. Thermocouples T1-T4 were placed at the same level

but at different positions to the centre of the sample cylinder).

In addition, four compression glands are welded onto the surface of the lid to fix the Type T
thermocouples, which are labelled as T1, T2, Ts, and Ta, respectively, and have an accuracy of +0.5°C.
These thermocouples are located at different distances from the inner wall of the inner cylinder, which
are 0.5 cm, 1 cm, 1.5 cm, and 2 cm, respectively, but the depth of their immersion into the sample
remains the same. Besides, To is placed in the middle cylinder to record the temperature of LN,
(cooling process) or the ambient temperature around the inner cylinder as the measurement reference
temperature (heating process). During the test, the temperature changes of the sample are recorded by
a data logger every 5 s, and the T-history profile of the sample is displayed on the PC for in-situ

monitoring purpose.
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3.2.3 Thermal conductivity

3.2.3.1 Laser flash apparatus (LFA)

The thermal conductivity measurements of the SHS materials were carried out by using a NETZSCH
LFA 427 system; see Figure 3.4. The measurement program initiated from 20°C, and three individual
laser shots were conducted for each temperature to improve accuracy until the system temperature
approached -40°C. The solid SHS samples were stacked in the Pt/Rh holder with a diameter of 12.7
mm and a thickness of 0.505 mm. At the same time, the graphite coating for both the front and rear
surfaces of the sample holder was required to achieve uniform heat entry and departure in the sample
preparation step. By using Equations (2.13) and (2.14) as discussed in the literature review, the
thermal diffusivity and conductivity can be obtained by using the Proteus® software, which also

provides comprehensive correction models to increase the accuracy of the results obtained.

IR detector

« ﬁ’«

Pt/Rh sample holder

| peecccccoes

Pulse detector
Laser system

Figure 3.4: Schematic diagram of NETZSCH LFA 427 instrument with Pt/Rh sample holder.
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3.2.3.2 Transient hot bridge (THB)

A Transient Hot Bridge (THB)-500 instrument (see Figure 3.5 (a)) was used for the thermal
conductivity measurements of PCMs. Such a device is based on the transient strip method, as shown
in Figure 3.5 (b), which uses a strip-shaped conductor that serves as a heat source and a temperature
sensor. During the measurements, the THB sensor emits a constant heat flow, which causes the

temperature to rise over time, providing the heat transfer characteristics of the sample.

(b)

(c)

Figure 3.5: (a) Linseis THB-500 instrument; (b) low temperature THB sensor; (c) schematic diagram of the
thermal conductivity measurement procedure (The sample was placed into the inner cylinder of the sample
holder, and the measurement circuit of the sensor was entirely submerged by the sample. The outer cylinder is
filled with LN to cool down the sample).

Three steps were included in a typical experimental procedure; see Figure 3.5 (c). Firstly, a 100 mL
liquid PCM sample was loaded into the inner cylinder and the position of the THB sensor was

adjusted so that its measuring circuit can be completely submerged by the sample. LN, was then

introduced into the middle cylinder of the test rig to cool the sample down to below its phase
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transition temperature. The measurement began once the sample was fully frozen. The data of both

thermal diffusivity and thermal conductivity corresponding to the change of temperature were

recorded continuously during the sample melting process. Three tests for each sample were carried

out to obtain repeatable results.

In order to reduce the uncertainty of the THB sensor caused by the significant change of the sample

temperature in a short time, the raw data were processed to remove unreasonable measurement points

by following some temperature and heat transfer assumptions:

(1) The ambient temperature remains constant at 25°C during all measurements, which is broadly

correct in our lab.

(2) The influence of natural convection is not considered within materials on the result, and the

temperature of the sample varies uniformly during the heating process.

(3) The main factor affecting the heat transfer between the frozen sample and the ambient is the

temperature difference between the PCM and the environment, and other factors are neglected

here.

3.2.4 Infrared microscopy (IR)

Infrared microscopy (IR) is a non-destructive technique that allows materials with covalent bonds to

be identified by infrared spectrum. When the frequency of the infrared spectrum is the same as

vibrational frequency of the bond, it can be detected due to the absorption of the infrared spectrum.

According to the spectra obtained by scanning the entire wavelength range, the sample can be

determined from the database as each material has its own specific spectra. In this work, the infrared

microscopy (Bruker, LUMOS) allows observation by scanning the surface of the sample with a high
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spatial resolution. It can perform point, line, or map scans on the surface.

There is a sample stage which can be used to position the sample and can be adjusted to focus on the
surface. The detector must be cleaned before each test as there may be previous sample contamination
on the detector. A low pressure was applied when the detector is in contact with the sample. A blank
measurement was conducted to remove noise from background. In this work, each spectrum was

scanned 64 times to obtain an average value.
3.2.5 Volume expansion coefficient

A 10 mL graduated cylinder with an accuracy of +£0.2 mL was used to determine the volume
expansion coefficient of the low temperature organic candidates during the phase change from liquid
to solid. The graduated cylinder with a liquid sample was immerged in the LN bath to induce the
phase transition of the material. The reduction in the sample volume between the liquid and solid

phase was then recorded. Thus, the volume expansion coefficient (volume %) can be expressed as:
V
9 =—x100 (3.2)
Vi

where, V; is the initial volume of the PCM in the liquid phase; and V. stands for the volume change of

the PCM that undergoes the liquid to the solid phase transition.
3.2.6 Thermal cycling performance

The thermal cycling test was conducted to understand the performance of materials after a long-term
continuous operation and to determine whether these repeated thermal cycles would lead to

degradation or phase separation of materials. The measurement has two steps: 1) Thermal cycling
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experiments based on the small test rig for T-history measurements; 2) DSC measurements of the
cycled sample as a function of cycling times. In one cycle, the material should first be completely
frozen by LN, and then heated to the end of the phase transition at the ambient temperature. After
every 25 cycles, a small quantity of material was taken out to perform the DSC measurement. The
DSC measurement procedure used a cooling/heating rate of 0.5 °C/min and a temperature range of -
130°C to -170°C. By comparing the DSC results before and after the thermal cycling tests, the thermal

stability of materials was analysed, and the feasibility of the long-term operation was evaluated.

3.2.7 Flammability limits (FLs)

An OZM FRTA-I instrument was used to determine both the lower flammability limit (LFL) and
upper flammability limit (UFL of the target PCMs); see Figure 3.6 for a photograph of the device. It
operates on high voltage electrical ignition (15 kV/30 mA), allowing the operator to observe the flame
propagation phenomenon through the viewing glass door. It consists of a spherical glass pressure test
vessel of 5 L internal volume placed inside a stainless steel oven. The test vessel is equipped with a
temperature sensor and a pressure transducer to monitor respectively the gas temperature and pressure.
There are two touch panels on the front of the oven. One is for the control and display of the
temperature value inside the oven, and the other serves to display the atmospheric pressure and the
pressure inside the vessel and to control and configure the ignition device. The speed of the egg-

shaped magnetic stirrer can be adjusted from 400 to 1200 rpm.
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Figure 3.6: OZM FRTA-I instrument: 1. 5 L test vessel; 2. Magnetic stirrer; 3. Magnetic stirrer speed control
button; 4. Temperature control panel; 5. High voltage key-switch; 6. Operation control panel; 7. Testing
assemblies.

As reviewed from the literature, different criteria have been proposed to evaluate FLs of various
materials [87-89]. In general, an accurate FL value would attain by adopting the concept of both
visual criteria and pressure criteria. As stated in the European standard EN 1839 [87], visual and

pressure criteria are used to determine whether a PCM is flammable:

a) Flame detachment: an upward movement of the detached flame from the spark igniter is at least

100 mm.

b) Pressure increase: the final pressure in the test vessel is 5% above the initial value.

According to the experimental results, the lower and upper concentration limits of flammability

(volume %) can be calculated by using the following equations:
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_ @)@ Vo)(Po) (3.3)

LFL="awy ) = () < 1°
1
Ly = 5 (L + L) G4
L WH@T) Vo)) 35)
UL ="uw ) ) <1
(3.6)

1
Uy = E(Ul + Uy)

where L is the minimum sample quantity (cmq) that gives flame propagation, and L, is the minimum
sample quantity that does not incur flame propagation; U; is the maximum sample quantity in which
flame propagation can occur, and U, is the maximum sample quantity in which no flame propagation
occurs; d and MW are the sample density (g/cm®) and molecular weight (g/mol), respectively; and T
and P stand for the test temperature (K) and pressure (kPa), respectively. The rest parameters are
constants: the volume of test vessel (V) =5 L, the standard molar volume (V,) = 22.4 L, the standard

temperature (Ty) = 273 K, and the standard pressure (Py) = 101.3 kPa.
3.3 Mathematical modelling of LHCS tank

A one-dimensional transient tube model with cylindrical fins was developed to investigate the effect
of different parameters including fin length, thickness, gap, and material on the heat transfer between

the HTF and the PCM in the LHCS tank in the MATLAB environment.
3.3.1 Geometric model

Figure 3.7 shows the geometric model of the tube with cylindrical shape fins. The heat transfer
involves several steps: from cylindrical fins to the PCM, from tube wall to the PCM and within the

tube. Heat transfer rate through the cylindrical fins (q5) has been intensively studied [136-138]. It can
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be expressed in terms of the known heat transfer coefficient (hpcy) Of the external PCM and its

temperature (T, ); see Equation 3.7 below:

Figure 3.7: Schematic diagram of the geometric model of the tube with cylindrical shape fins.

NA
a = hnche 1 == (1 =) | (T, 7o) (37)

where N is the number of fins; A is the total surface area; Ar is the surface area of one fin; and 7 is
the fin efficiency which can be calculated using the following Equation 3.8 to 3.12:

—C Ki(mry). Iy (mry.) — I (mry). Ky (mry.) (3.8)

= Iy(mry). Ky (mry.) + Ko (mry). [ (mryc)

2r /m
C="%_2 (3.9
e ™1
me 2R (3.10)
kt
Ap = 2m(rf. —rf) (3.11)
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Toc =17 + = (3.12)

where I, and K, are modified, zero-order Bessel functions of the first and second kinds, respectively;
and I; and K, are modified, first order Bessel functions of the first and second kinds, respectively,
which can be calculated using Table A.1 in the Appendix; k and t are respectively the thermal
conductivity and thickness of the fins; and r; and r, are the base and tip radiuses of the fins,

respectively.

Since the one-dimensional model only considers the heat transfer from the fins to the surrounding
PCM, it ignores the heat transfer in areas without fins. The heat transfer rate from the inner fluid to
the inner tube surface (q;) and the heat transfer rate from the inner surface to the outer surface (q,,)

can be calculated by the following Equations 3.13 and 3.14, respectively:

q; = 2mroLhrp(T; — Ty) (3.13)
2mkL (T, —T,)

AQw =~ Uw — 1p (3.14)
In(-2 '
n(%)

where /2TP is two-phase flow heat transfer coefficient during boiling/condensation of LN;; L and k are
respectively the tube length and thermal conductivity; 1y is the inner radius of the tube; T, is the
temperature of the inner tube surface; and T, is the temperature of the outer tube surface. The energy
balance of the heat transfer between the HTF and the PCM through all parts (from the fluid to the tube
inner surface, from inner surface to the outer surface and from the outer surface to the fin) is
considered to be equal, giving the following equilibrium Equations:

ar = 4q; (3.15)

qr = qw (3.16)
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Therefore, the heat transfer coefficient at boiling/condensation of LN, needs to be calculated to obtain
the effect of the geometric model on the heat transfer rate in order to determine the appropriate

configuration of the LHCS tank.
3.3.2 Boiling heat transfer coefficient

There are several approaches to calculate the boiling flow heat transfer coefficient such as Shah [139,
140], Chen [141], Kandlikar [142] and other correlations [143-146]. Among these correlations, the
Chen correlation works fairly well with both horizontal and vertical tubes, but its accuracy is
significantly less than the Shah and the Kandlikar correlations. For LN, it can be seen that the Shah
correlation is in good agreement with the measured data, while the Kandlikar correlation is over-
predicted [146, 147]. Therefore, the Shah correlation was used in this model, and the boiling flow heat

transfer coefficient can be calculated as follows:

hrp = Fohio (3.17)

where h; is the liquid only heat transfer coefficient and can be calculated using Equation 3.18; F, is

the enhancement factor due to the two-phase flow and is calculated using Equation 3.19.

k
hio = 0.023Re°'8Pr°'4El (3.18)

F,=F.,(1-x) (3.19)

where x is the vapour quality; and F, is the convection boiling factor. For pure convection boiling

that occurs at high vapour qualities, and low boiling numbers, the convection boiling factor defined as:

Fp =18C0o™%% for Co<1.0 (3.20)

F., =1+ 0.8 Exp[1 — (C0)*®] for Co>1.0 (3.21)
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where Co is the convection number and can be defined as:

1—x\%8 0.5
CO = KFR ( X ) (%) (322)

The Froude number (Fr;) is given in Equation 3.23 to determine whether stratification effects due to
gravity are important. Fr; > 0.04 indicates that stratification effects are negligible and inertial forces

are dominant compared with gravitational forces.

GZ
Fr,=—— (3.23)
LT gpid

where G is the mass flux, p; is the liquid phase density of LN and d is the inner diameter of the tube.

A correction factor (Kzg) is used for low Froude number (Fr;, < 0.04) and expressed as:

KFR = (ZSFTL)_OB FTL < 0.04
(3.24)
Krp =1 Fr; > 0.04

3.3.3 Condensation heat transfer coefficient

To validate the effect of the geometric model derived from the LN, boiling process on the N
condensation, particularly in terms of the condensation flow heat transfer coefficient and the
condensation rate, the N, condensation model was proposed based on different flow regimes of the
two-phase flow in a vertical tube, as illustrated in Figure 3.8 [148]. In this condensation model,
mainly annular, slug and bubble flows are considered. The study of two-phase condensing flows in a
vertical tube has produced different methods to predict the condensation heat transfer coefficient,
including the use or development of semi-empirical correlations [149-153]. However, these methods

have only been validated for specific flow configurations and relatively narrow ranges of operating
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conditions.

Flow Single-phase vapour flow

Annular flow

\l Slug flow

Bubble flow

Single-phase liquid flow

Figure 3.8: Two-phase flow regimes in a vertical tube [148].

This model adopted two correlations proposed by Kim [154], one for predominantly annular flow, and
the second for slug and bubble flows, which show excellent predictive capability in a consolidated
database consisting of 4045 condensation points, with an overall mean absolute error of 16% [149,
155, 156]. The condensation flow heat transfer coefficient for annular flow (/me) can be calculated

as follows:

k= 0.048Re{"69Prl°'34X—ttD—h for We* > 7X%? (3.25)

where Dy, is the hydraulic diameter and is equal to the inner diameter of the tube (d); Pr; is the Prandtl
number, which can be expressed by Equation 3.26; Re is the Reynolds number defined according to
different vapour qualities (x) as shown in Equations 3.27 to 3.29; @, and X, are the two-phase

pressure drop multiplier [157] and the Lockhart—Martinelli parameter [158], denoted by Equations
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3.30 and 3.31.

_ Couy

P
n kl

(3.26)

where Cp;, i;, and k; are the specific heat capacity, dynamic viscosity and thermal conductivity of

LN at the corresponding operating pressure of the system, respectively. The Re;, Rey and Rey, are

defined by:
G(1—-x)D
Re, = % for 0 < Re, < 79202 (3.27)
l
GxD
Reg == h for 0 < Re, < 247740 (3.28)
g
GD
Re,, = u_h for 276 < Re;, < 89798 (3.29)
l

where Re; is the saturated liquid Reynolds number, Re, is the saturated vapour Reynolds number and

Rey, is the liquid only Reynolds number.

02 =1+CX + X? (3.30)
0.1 0.9
1-x 0-5
Xee = <ﬂ> ( ) (p—g) (3.31)
Hg x P

_ |(dp/dz),
X = /m (3.32)
dp\ _ 2fiv,G*(1—x)* dp\ _ 2fyv,G*x?
- (E), - D, and - (E)g -7 D,

(3.33)

where v;,and v, denote the kinematic viscosity of the liquid and the vapour at the corresponding working
pressure, respectively; the friction factor f is determined based on the Reynolds number which

corresponds to the actual flow rate. For instance, the liquid phase f; can be given by:
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f; = 16Re; ! for Re; < 2000

fi = 0.079Re; 25 for 2000 < f; < 20000 (3.34)

fi = 0.046Re; %2 for f; = 20000

Similarly, the coefficient C in the two-phase pressure drop multiplier is derived from the following

different Reynolds numbers:

( 0.35
3.9E — 2Rep>Sugy <%> Re; = 2000 Re, > 2000
g
p 0.14
8.7E — 4Repy" Sugs <p—l> Re; > 2000 Rey < 2000
— 9
¢ = 5p\03 (3.35)
1.5E — 3Refs>Suy? <p—l> Re; <2000 Rey = 2000
g
p 0.48
| 3:5E ~ SRe*Sudy <p—l> Re; < 2000 Rey < 2000
9

where p; and p, refer to the density of the vapour and the liquid at the corresponding working
pressure, respectively; Sug, is the vapour only Suratman number, which can be calculated using

Equation 3.33:

4 (3.36)

where ¢ is the surface tension and p,, is the dynamic viscosity of the vapour.

The modified Weber number (We*) is used to determine different condensation regimes [152, 159], it

can be represented as follows:

0.64
Reg

Sudd (1 + 1.09X7°39)04

We* = 2.45 for Re; < 1250 (3.37)
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Re0-79 x0.157 1\ 2 0.084

. g tt g Py

We* = 0.855 03 (1 + 1.09x00939)04 [(—) (—)] for Re; > 1250 (3.38)
Ugo 1+1 hrantd) Uy Pg

For slug and bubble flows, the condensation flow heat transfer coefficient (/Znon_ann) can be written
as follows:

05
2 k;

(D 2
— 0.69 0349 -7 —0.38 1.39
ko= [(0.048Rel Pr X—) + (3.2 x 1077 Re; *38Su}2 D, (339)

tt

for We* < 7X%?

According to the Equation 3.13, the condensation rate () therefore can be calculated using Equation

3.40:

iy = qi
hLNZ

(3.40)

where hy - is the latent heat of the LN at corresponding operating pressure of the system.

3.3.4 Boundary conditions

The boundary conditions are different for different processes. During the system charging process
(LN2 boiling process), the temperature of the LN at 8.5 barg is -170.19°C. The operating pressure of
the discharging process (N2 condensation process) is 17 barg, and the corresponding saturation
temperature of the LN is -159.5°C. The detailed thermophysical properties of LN are listed in Table

3.3 [50].
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Table 3.3: The thermophysical properties of LN at different operating pressures [50].

o) A Cp u
PCT
Pressure
(kg/m3) (W/m-K) (kd/'kg-K) (Pa-s) o (N/m)
(barg) 0
(°C)
Liquid/Gas
8.5 -170.19 670.94/39.184 0.095/0.012 2.4/1.62 6.9x10%5/7.7x10® 0.0035
17 -159.5 591.16/79.674 0.075/0.016 3.07/251  4.9x10%/9.2x10° 0.0016

The phase transition temperature of 2-Methylbutane is -160.15°C, and the thermal conductivities of 2-
Methylbutane at liquid and solid phases are 0.195 W/m-K and 0.191 W/m-K, respectively. In addition,
different tube and fin materials are investigated, and their thermal conductivities at around -170.19°C
are stainless steel-304 9 W/m-K [160], aluminium-6061 100 W/m-K [161] and pure copper 500

W/m-K [160].
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CHAPTER 4
RESULTS AND DISCUSSION: CTES MATERIAL
SCREENING AND CHARACTERISATION

This chapter presents the screening procedure and results of the thermophysical properties
characterization of CTES materials, including the SHS material and the phase change material. In
Section 4.1, different SHS materials are compared and screened according to their specific heat and
thermal conductivity. Section 4.2 discusses the screening procedure for the cryogenic PCMs, where
the results of the thermophysical properties of selected PCM candidates are also presented. Section

4.3 presents the experimental results for the feasibility study of the selected cryogenic PCM.
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4.1 Sensible heat storage (SHS) materials

The physical shape and size of SHS candidates are displayed in Figure 4.1 (a), (b), and (c),
respectively. It can be seen that the surface of the glass beads is smooth, and their shape and size are
regularly distributed. The Dorset gold and Brittany bronze gravels have irregular shapes with a wide

range of sizes, and their surfaces are comparatively rough.

Figure 4.1:Physical surface morphology (shape and size) of SHS materials: (a) glass bead; (b) Dorset gold

gravel; (c) Brittany bronze gravel.

4.1.1 Specific heat capacity

The specific heat determines the energy storage capacity of the SHS device within a defined
temperature range, which was measured and used as an indicator for choosing the suitable SHS
candidate. The average specific heat values of the SHS materials at different temperatures are shown
in Figure 4.2. One can see that in all measurements the average values increase with the temperature,
and this tendency gradually slows down when the test temperature approaches the ambient
temperature, which is consistent with other studies of SHS materials [15]. Temperature variations

have a significant effect on the specific heat values of the glass bead, the Dorset gold gravel and
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Brittany bronze gravel, decreasing by ~21.7%, ~13.08% and ~20.9% separately at -40°C compared to
that at the room temperature. In addition, the glass bead has the highest specific heat among the three
samples. Considering that the reduction in the size of solid particles in a defined volume heat
exchanger can lead to an increase in the quantity of their packing, thereby enhancing the heat transfer
area between the solid particles and the HTF [107], the smallest size of glass beads was selected as the
SHS material. However, the specific heat value of glass bead at the cryogenic temperature range
cannot be obtained by the DSC instrument due to its measurement limitations. Thus, the 3™ order
polynomial fitting function (R? = 0.9993) is used to fit the data as shown in Figure 4.2 and the fitted

expression is used to estimate the specific heat of glass beads within the cryogenic temperature range:

C'p=-1.1e"%x T3 —4.4e 5 x T? +0.00338 X T + 0.787 4.1
& Glass bead
m  Dorset gold
0.8 | | v Brittany bronze
—— 3™ polynomial fitting
3
2
5 L]
=07 | 5
3 Y
= v
8
=
E'é o . Y
) 06 | i
Y
Y
05 1 L 1 L 1 L 1 L 1 L 1 L 1
-40 -30 -20 -10 0 10 20

Temperature (°C)

Figure 4.2:The average specific heat values of glass bead, Dorset gold gravel, and Brittany bronze gravel at
different temperatures were determined by DSC (with a cooling/heating rate of 5 °C/min, in the temperature

range of -40°C to 20°C).
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4.1.2 Thermal conductivity

The average thermal conductivities of glass bead over the range of -40°C to 20°C are shown in Figure
4.3. It can be seen that the thermal conductivity of the material decreases with decreasing temperature,
which agrees with the theory that the thermal conductivity of glassy materials decreases sharply with
decreasing temperature [162-165]. Besides, Figure 4.3 also shows a comparison between the
measured data of borosilicate glass and the reference value [166]. One can see that there is a good
agreement at the test temperatures above 0°C. The deviations (~0.05 W/m-K) from the reference data
occur in the low temperature range, which are relatively small. Hence, the thermal conductivity of

borosilicate glass beads at cryogenic temperatures is estimated by using the data from the literature.

1.2

® Experimental value
— Dilley et al. [165]

—_
-
T

—_
o
T

09

Thermal conductivity [W/(m-K)]
o
T

06 1 L 1 L | L 1 L 1 L 1 L 1 L 1 L 1 L |
-160 -140 -120 -100 -80 -60 -40 -20 0 20

Temperature (°C)

Figure 4.3:The average thermal conductivities of glass bead at different temperatures were measured by LFA

(with a cooling/heating rate of 5 °C/min, in the temperature range of -40°C to 20°C).
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4.2 Latent heat storage (LHS) materials

4.2.1 Cryogenic PCM screening

For cryogenic applications, the desirable phase transition temperature range is from -140°C to -160°C.
Following the selection criteria reviewed in Section 2.2.2.3, hydrocarbons with a few carbon atoms
(Cs and Cg) are suitable for cryogenic energy storage applications because of the applicable PCT and
the adequate energy storage density. Hence potential PCM candidates were selected from the above-
mentioned material type and the temperature range. Table 4.1 lists some thermophysical properties

[50] and prices of cryogenic PCM candidates.

Table 4.1: Desirable PCM candidates and their thermophysical properties for the cryogenic application [50].

Cryogenic PCM Candidates

Boiling  Melting

) ) ) Heat of Price
Candidates Name Formula point point )
fusion(kJ/kg)  (8kg)
() (0

1 2-Methylpentane CeHus 60.25 -153.55 72.74 12.51
2 2-Methylbutane CsH12 27.85 -159.78 71.46 1.47
3 3-Methylpentane CeH1a 63.25 -162.85 61.62 4.78
4 1-Pentene CsHio 31.65 -165.13 84.70 3.31
5 1-Hexene CsH12 62.47 -139.76 111.06 1.66

Generally, these candidates can be classified as alkanes and unsaturated olefins, and the phase

transition temperatures of these candidates are from -140°C to -165°C, which match the temperature
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requirements for the cryogenic energy storage applications. Most characterisation instruments have a
temperature measurement limitation of around -150°C to -160°C, which makes it challenging to
determine the thermophysical properties of candidate 4. Although 1-Pentene has the lowest PCT and
highest latent heat among these candidates, it was not studied in the current work due to difficulties in
the thermal characterisation. In addition, considering of large-scale system testing and further
applications, a suitable PCM candidate should be commercially available and abundant. Limited by
their complicated production process, the commercially available 2-Methylpentane is reagent grade,

and its relatively high price is not suitable for large-scale applications.

Of the remaining candidates, 2-Methylbutane and 3-Methylpentane have excellent potential for
cryogenic applications due to their suitable phase transition temperatures. However, 2-Methylbutane
is a highly volatile substance at ambient temperature, which requires that experiments are prepared
and operated at as low environmental temperatures as possible. 3-Methylpentane is a more expensive
candidate, but it has a lower phase transition temperature and a higher boiling temperature in
comparison to 2-Methylbutane. Therefore, 3-Methylpentane was selected as an alternative LHS
material in this study. Besides, 1-Hexene was also studied and compared as a reference material for
control experiments, which assisted in understanding and estimating some thermophysical properties

of 2-Methylbutane and 3-Methylpentane that cannot be reliably measured by our available equipment.

4.2.2 Phase transition temperature and enthalpy

The energy storage density of PCM is closely related to its enthalpy and PCT. In order to obtain
accurate phase transition temperatures and enthalpies of these PCM candidates, DSC and the T-

history measurements were performed, respectively.
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4.2.2.1 DSC measurements

Firstly, 1-Hexene was tested because it is less volatile and possesses a relatively higher melting point

than other potential candidates. It is, therefore, easy to be implemented in the initial stage of cryogenic

material study. Two different cooling rates were applied in the DSC measurements to study the

crystallisation behaviour of the material (see Figure 4.4 and Figure 4.5), the measurement results are

summarised in Table 4.2.

Table 4.2: The phase transition temperature and heat of fusion of 1-Hexene under different measurement

conditions.
Cooling rate o o o o Heat of fusion
(°C/min) Onset Ts(°C)  Peak T¢(°C)  Onset Tm (°C)  Peak T (°C) (ki/kg)
1 -165 -164.99 -138.83 -137.7 156.39
0.5 -159.51 -158.89 -140.36 -139.46 158.07

Figure 4.4 shows the DSC curve of 1-Hexene (28.7 mg) over a temperature range between -110°C and
-165°C with a cooling/heating rate of 1 °C/min. One can see a small exothermic peak appears near the
end of the cooling process. The instrument can automatically adjust the heat flux supply when the set
temperature program enters a new measure segment, such as from a cooling process to an isothermal
process. Hence, the small exothermic peak induced by the heat flux change in the measurement
chamber at around -165°C could trigger the crystallisation event of 1-Hexene. During the 30 minutes
isothermal stage, a distinct crystallisation peak is observed at this time. The 1-Hexene sample was
then heated to -110°C at a heating rate of 1 °C/min. The endothermic peak represents the melting

process of the material from solid to liquid phase transition with an onset temperature of -138.8°C.
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The phase change enthalpy of 1-Hexene is 156.39 kJ/kg by integrating the melting peak. This is
approximately 40.8% greater than the value reported by McCullough et al [167] in 1957. In their
study, a copper calorimeter was applied to test 55 mL material under sealed conditions. Their data
showed a large distribution of values, which was attributed to the incomplete crystallisation of the
sample in the calorimeter. The use of the DCS instrument with a smaller sample size will avoid this

issue. Therefore, the measured enthalpy of 1-Hexene is considered to be reasonably accurate.
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Figure 4.4: DSC measurement curve of 1-Hexene with a cooling/heating rate of 1 °C/min, in the temperature

range of -110°C to -165°C.

To decrease or eliminate the impact of heat flux change on crystallisation, both the cooling and
heating rates were fixed at 0.5 °C/min. Meanwhile, based on the previous result, the temperature range
of the cooling process was also enlarged, aiming to obtain better results. The experiment was repeated

in the new temperature range of -130°C to -170°C.

Figure 4.5 shows the DSC measurement curve of 1-Hexene after using the revised procedure. It can
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be seen that as the system temperature continues to rise, an explicit sharp crystallisation peak is
obtained near -159°C, and a melting peak is also observed at -140°C. The onset temperature difference
between crystallisation and melting is the supercooling degree of 1-Hexene under the current
experimental condition, which is 19.15°C. The phase change enthalpy obtained with the new
procedure has not changed, which is 158.07 kJ/kg, giving a confirmation of the higher latent heat
obtained under the previous measurement procedure. Typically, the crystallisation of the sample will
occur during the cooling process. However, the crystallisation of 1-Hexene during the heating process
indicates that the induction time of its nucleation is comparatively long under the current experimental
conditions. One possible reason for this phenomenon is that the supercooling degree of PCM is
affected by sample size. To understand this, a larger volume of 1-Hexene is used in the subsequent T-

history measurements.
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Figure 4.5: DSC measurement curve of 1-Hexene with a cooling/heating rate of 0.5 °C/min, in the temperature

range of -130°C to -170°C.
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The same program was applied to measure the second candidate, 2-Methylbutane. Its melting point is
around -159°C, lower than 1-Hexene. According to the result illustrated in Figure 4.6, 2-Methylbutane
did not undergo any phase transition during the measurement process. As stated in Section 3.2.1.2, the
lowest measurement temperature of the characterization instrument is -170°C, and the theoretical
crystallisation temperature of 2-Methylbutane is -160°C. Therefore, one possible reason is that the
supercooling degree of 2-Methylbutane is greater than 10°C under the applied measurement
conditions. The instrument is not capable of providing the low temperature required to trigger the
material nucleation. Consequently, no crystallisation or melting peaks were observed in the DSC
curve. Considering a set of experimental results reported by Edelstein [168], who used acetone as a
nucleation agent to mix 2-Methylpentane with a volume ratio of 3% to 10% (v/v) to suppress the
supercooling behaviour, experiments, therefore, were carried out with different volume ratios of 2-
Methylbutane mixed with acetone. However, the DSC measurements (see example of 2-Methylbutane
+ 5% Acetone in Figure 4.6) did not show significant improvement in the reduction of supercooling
degree. As a result, the use of acetone could not mitigate the supercooling issue probably due to the
different base materials. The T-history method was used subsequently to compare and evaluate the

phase transition of 1-Hexene and 2-Methylbutane under identical experimental conditions.
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Figure 4.6: DSC measurement curves of 2-Methylbutane and its mixture with 5% (v/v) acetone with a

cooling/heating rate of 0.5°C/min, in the temperature range of -130°C to -170°C.

4.2.2.2 Temperature-history measurement

Figure 4.7 illustrates the result of the T-history measurement of 1-Hexene. The positions of To to Ta
are as described in Section 3.2.2, where Ty is placed in the middle cylinder, and the distances from T;
to T, to the inner wall of the inner cylinder are 0.5 cm, 1 cm, 1.5 cm, and 2 cm, respectively. The
upper diagram of Figure 4.7 represents the crystallisation process of 1-Hexene. It can be seen that the
temperature of the material starts dropping immediately after the introduction of LN, and exceeds the
solidification point (-139°C) directly. As the temperature difference between 1-Hexene and LN
gradually decreasing, the cooling curve is slowly approaching flat, but no obvious platform is
generated around -139°C. This change in the slope of the cooling curve can be considered as an
indication of 1-Hexene crystallisation. However, when the LN, level in the middle layer slowly

declines, the sample temperature continuously drops for a while, then rebounds back by
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approximately 16°C and stabilizes at -144°C to form a small plateau lasting about 2 minutes, see the

green line in Figure 4.7. This temperature fluctuation is mainly caused by the exothermic

crystallisation event of I-Hexene. Hence, after the completion of crystallisation, the temperature

commences to decrease and finally approaches the temperature of LN.

The lower diagram of Figure 4.7 displays the melting process of 1-Hexene, which was measured

straight after the crystallisation process. One can see that when the remaining LN, is entirely

evaporated, the reference temperature (To) gradually increases due to the temperature difference with

the surroundings, and the reduction in temperature difference does not have a significant effect on the

variation rate of the reference temperature throughout the melting process, which implies a relatively

uniform heat exchange between the environment and the T-history system. The PCM begins to melt at

around -140°C and remains at this temperature for approximately 28 minutes. As the phase transition

of the material ends (after approximately 2520 seconds), the sensible heat of the material is released,

and the PCM temperatures at different positions (T1, T2, Ts, and T4) progressively overlap with each

other. The temperatures of the reference and the PCM increase at an almost similar rate, which further

validates that the entire system is evenly heated by the environment.

Figure 4.7 also indicates that the supercooling degree is approximately 12°C under the current

experimental conditions of solidification and melting. It is approximately 40% lower compared to the

DSC results. The evaluation of the supercooling degree of 1-Hexene obtained by different

measurement methods supports that the supercooling degree is affected by the amount of the test

sample as mentioned earlier. Besides, the cooling rate and the container roughness could also play a

role in the supercooling reduction.
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Figure 4.7: T-history measurement profile of 1-Hexene PCM, the upper diagram illustrates the freezing process,

and the lower one shows the melting process of 1-Hexene.
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Figure 4.8: T-history measurement profile of 2-Methylbutane PCM, the upper diagram illustrates the freezing

process, and the lower one shows the melting process of 2-Methylbutane.
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Figure 4.8 shows the T-history measurement profile of 2-Methylbutane under the identical
experimental conditions as for 1-Hexene, i.e., the measurements were both performed at an ambient
temperature of 25°C and the thermocouples were in the same position. Similarly, the upper diagram
represents the crystallisation process of 2-Methylbutane. It can be found that during the solidification,
a more obvious platform appears at around -162°C compared to that of 1-Hexene. This is due to the
fact that the temperature difference between the LN boiling point and the phase transition
temperature of 2-Methylbutane (~36°C) is much higher than that of 1-Hexene (~56°C). The heat
released by the crystallisation of the material at lower temperatures is more likely to compensate for
the heat absorbed by the LN, evaporation, thus forming a stable plateau. However, the length of the
platform corresponding to each position of the sample is different. This is correlated with the heat
transfer of the sample at different positions. For instance, the material at position T; firstly undergoes
a phase transition from liquid to solid because the heat transfer near the cylinder wall is earlier than
elsewhere. Thus, the cooling curve at this position shows a fluctuating downward trend. While
thermocouple T4 is placed close to the middle of the cylinder, the heat transfer to this point is mainly
contributed by heat conduction within the material, which is relevant to the thermal conductivity of
the material itself. Therefore, the crystallisation occurs slightly later at the position T4, and the length

of the platform is longer than other positions.

The lower graph of Figure 4.8 shows the melting process of 2-Methylbutane, which has a platform at -
160°C and lasts for approximately 17 minutes. The supercooling degree of 2-Methylbutane is only 2°C
under the current measurement conditions. In general, the supercooling degree of the organic material
is influenced by different factors, for instance, the cooling/heating rate, the surface roughness of the

test containers, the amount of PCM tested, etc [169]. The results from the DSC and T-history
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measurements indicate that the sample amount has a significant impact on the supercooling degree.

Certainly, the T-history method is more realistic as it is closer to practical applications.

Since the enthalpy of 1-Hexene, Ah,_pexene, Nas already been measured and analysed accurately via
DSC experiments, the enthalpy of 2-Methylbutane, Ah;_yetnyibutane 1S therefore estimated by
comparing the under-curve area of the melting process of 1-Hexene and 2-Methylbutane with the

following equation:

!

T
AhZ—Methylbutane = S_ X ARy _pexene (4.2)
T

where S and S are respectively measured under the same conditions during the melting process; see
Figure 4.9. They can be obtained by integrating the melting curve over the corresponding melting
time period. The area ratio of 2-Methylbutane to 1-Hexene is found to be 0.47, and the heat of fusion
of 2-Methylbutane is therefore estimated to be 74.29 kJ/kg. The measurement uncertainty using the T-
history method is around 3.9% compared to the results obtained by adiabatic calorimetric system
[170]. The measurement errors are mainly from: 1) part of the sensible heat of the material is included
in the area calculation; 2) this area comparison method is based on the assumption of negligible
influence of the temperature difference on the natural convection between the T-history system and
the air. The second reason is considered acceptable as the average temperature difference between the
phase transition temperatures of both materials with respect to their reference temperatures (see black
dash line in Figure 4.9) is not as large as expected, which is 22.5°C for 1-Hexene and 25.1°C for 2-

Methylbutane.
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Figure 4.9: The comparison of the T-history melting curves of 1-Hexene and 2-Methylbutane under the identical

experimental conditions.

4.2.3 Thermal conductivity

The thermal conductivity of PCM affects its thermal storage and release rate, which is critical for the

design of heat exchange component and the evaluation of the charging/discharging kinetics of the

overall system and hence its energy storage efficiency. As described in Section 3.2.3.2, measurements

were performed using the THB method to determine the thermal conductivity of the samples during

the dynamic melting process, and the results were categorised as the solid and liquid states according

to the different phase transition temperatures of the samples.

Figure 4.10 (a) and (b) show the thermal conductivity results of 1-Hexene in the solid and liquid states.

The measurement is regarded on the solid phase state if the temperature ranges from -190°C to -145°C;

where the liquid phase state occurs from -135°C to -25°C. The 3™ order polynomial fitting curves are
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Figure 4.10: (a) Thermal conductivity measurement results for the solid state of 1-Hexene from -190°C to -

145°C; (b) Thermal conductivity measurement results for the liquid state of 1-Hexene from -135°C to -25°C.
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used to characterise data dispersion with variation in temperature for both states. It can be seen that
the data in the solid state is more dispersed, which is likely to be attributed to the intense heat transfer
between the environment and the sample due to the large temperature difference. This dispersion
trend also appears in the initial liquid state. However, as the temperature difference between the
sample and the environment gradually decreases, the measured data are evenly distributed around the
fitted curve when the sample temperature is greater than -80°C. In order to minimise the effect of
scattered data on the accuracy of the results, the data within dashed lines in Figure 4.10 (a) and (b) are
averaged as the thermal conductivities of 1-Hexene in the solid and liquid states, see Table 4.3. One
can see that the thermal conductivities of 1-Hexene in the solid and liquid states are both lower than
0.2 W/m-K, and the average thermal conductivities of the solid and liquid phases are 0.139 and 0.151

W/im-K, respectively.

Figure 4.11 (a) and (b) present the thermal conductivity results of 2-Methylbutane in the solid and
liquid states. The temperature range is adjusted based on the phase transition temperature of 2-
Methylbutane, ranging from -190°C to -175°C for the solid state and -155°C to -35°C for the liquid
state. It can be seen in Figure 4.11 (a) and (b) that the thermal conductivity of 2-Methylbutane is
lower than 0.3 W/m-K, and the average thermal conductivities in both solid and liquid states are close,
0.195 W/m-K and 0.191 W/m-K, respectively. The dispersion of 2-Methylbutane data is relatively
large compared to that of 1-Hexene, and the distributions of these data are comparatively scattered in
both solid and liquid states. This is likely to be related to the lower phase transition temperature of 2-
Methylbutane. The significant temperature difference with the surrounding environment is likely to
affect the stability of the heat flow signal of the measuring sensor, leading to the fluctuation. However,

the data are more centralized again when the sample temperature approaches -80°C.
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Figure 4.11: (a) Thermal conductivity measurement results for the solid state of 2-Methylbutane from -190°C to
-175°C; (b) Thermal conductivity measurement results for the liquid state of 2-Methylbutane from -155°C to -

35°C.
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Table 4.3: Thermal conductivity measurement results of 1-Hexene and 2-Methylbutane in both solid and liquid

phases.

Sample Solid phase (W/m-K)  Liquid phase (W/m-K)

1-Hexene 0.139+0.003 0.151+0.001
Average value

2-Methylbutane 0.19540.013 0.191+0.002

There are very limited experimental data available in the literature that can be used to validate the
thermal conductivity of liquid organic compounds obtained at temperatures investigated in this work,
especially for the solid state data. Missenard and Pachaiyappan proposed an estimation method to
obtain the thermal conductivity of the liquid state of organic compounds as a function of the

temperature [171]. The correlation equation can be written as:

2
7

T
loglo Aliq =A+B [1 - E] (43)

where A, is the thermal conductivity of a liquid organic compound (W/m-K), A, B, and C represent

regression coefficients of the compound, and T is the prevailing temperature (K).

In terms of coefficients for Equation 4.3, namely the values of A, B, and C, the thermal conductivities
of 1-Hexene and 2-Methylbutane at the corresponding temperatures are calculated and shown
graphically in Figure 4.12. The results indicate that the thermal conductivities of 1-Hexene and 2-
Methylbutane are lower than 0.18 W/m-K, which are very close to the experimental results. Besides,
it was observed that both materials became viscous or glassy as the temperature decreased. As
reported by Edelstein [168], this is because that the low thermal energy levels present at cryogenic

temperatures, which weakens the molecular mobility of materials and makes them exhibit a low
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Figure 4.12: Thermal conductivity estimations of 1-Hexene and 2-Methylbutane based on modified Missenard

and Pachaiyappan methods [171].

4.2.3.1 Thermal conductivity enhancement

The lower thermal conductivity of the PCMs can, to some extent, lead to longer thermal storage and
release times, leading to slow charging/discharging kinetics [172]. Therefore, modification of 1-
Hexene was carried out to address the low thermal conductivity issue. Different methods and thermal
conductivity enhancement additives have been used to enhance the thermal conductivity of PCMs,
including the inclusion of metal foams/fins, ceramics and carbon-based/metal-based particles [173-
176]. Carbon-based particles are widely used as the thermal conductivity enhancer because of their

low density, better stability and dispersion in PCM compared to metal-based particles. In this study,
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the expanded graphite (EG) with an average particle size of 20 um was used to mix with pure 1-
Hexene for the thermal conductivity enhancement. Figure 4.13 (a) shows the use of EG to formulate
the composite PCM sample. EG particles are seen to settle to the bottom of the container as soon as it
is added into the 1-Hexene solution. The use of thickener was therefore studied. Two thickeners, SiO;
and styrene-ethylene-butylene-styrene (SEBS), were used. The amount of thickener added to the PCM
should be as small as possible in order to minimise the reduction in the PCM enthalpy while achieving
a good EG dispersion effect. 1-Hexene mixtures containing 1 wt.%, 2 wt.%, 3 wt.%, 4 wt.% and 6 wt.%
of each of the thickeners were mixed with 0.5 wt.% of EG (all concentrations were with respect to the
total amount of 1-Hexene). As shown in see Figure 4.13 (b) and (c), no significant graphite
agglomeration or sedimentation were observed when the addition of SiO, was 3 wt.% and higher, and
the addition of SEBS was 2 wt.% and higher, after placing these samples in a refrigerator at -45°C for
48 hours. It indicates that 3 wt.% SiO; and 2 wt.% SEBS are sufficient to disperse 0.5 wt.% of EG in
the 1-Hexene solution, and there is no necessary to increase the proportion of thickeners. Therefore,
the optimum dispersion of 0.5 wt.% EG in 1-Hexene solution can be achieved with 3 wt.% SiO. and 2

wt.% SEBS, respectively.
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Figure 4.13: (a) 1-Hexene with 0.5 wt.% EG mixture; (b) the stability of composite 1-Hexene solutions
containing 1 wt.%, 2 wt.%, 3 wt.%, 4 wt.%, 6 wt.% SiO, and 0.5 wt.% EG respectively after being stored in a
freezer at -45°C for 48 hours; (c) the stability of composite 1-Hexene solutions containing 1 wt.%, 2 wt.%, 3

wt.%, 4 wt.%, 6 wt.% SEBS and 0.5 wt.% EG respectively after being stored in a freezer at -45°C for 48 hours.

4.2.3.2 Thermal conductivity measurements of 1-Hexene with additives

The composite 1-Hexene mixtures were prepared based on the two optimum ratios (Figure 4.13 (b)
and (c)) and measured for their thermal conductivity by using the THB instrument. Figure 4.14 (a)
and (b) and Figure 4.15 (a) and (b) show the measured thermal conductivity results for the two

formulated 1-Hexene composites in the solid and liquid states, respectively.
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Figure 4.14: Thermal conductivity measurement results of modified 1-Hexene with 3 wt.% SiO, and 0.5 wt.%

graphite: (a) solid state from -190°C to -140°C; (b) liquid state from -140°C to -60°C.
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Figure 4.15: Thermal conductivity measurement results of modified 1-Hexene with 2 wt.% SEBS and 0.5 wt.%

graphite: (a) solid state from -190°C to -140°C; (b) liquid state from -140°C to -60°C.
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It can be seen from Figure 4.14 (a) and (b) Figure 4.15 (a) and (b) that the solid and liquid thermal
conductivities of two optimally modified 1-Hexene mixtures are improved compared to the pure
material. For the solid state, the thermal conductivities of SiO,-based and SEBS based 1-Hexene
mixtures are enhanced by 34.5% and 38.1% to 0.187 W/m-K and 0.192 W/m-K, respectively.
However, partial aggregation of SiO, in the 1-Hexene solution was observed during the melting
process of the SiO.-based 1-Hexene mixture, leading to a reduction in the dispersion of EG. As a
result, the measured data of the SiO,-based 1-Hexene fluctuate considerably in the testing temperature
range compared to the SEBS-based 1-Hexene. Furthermore, this fluctuation also leads to a higher
thermal conductivity of SiO,-based 1-Hexene than that of SEBS-based 1-Hexene in the liquid state,
despite the fact that the same amount of EG is added to both composites. The introduction of 0.5 wt.%
EG results in a 64.2% and 52.3% improvement in the liquid thermal conductivity of two optimally
modified 1-Hexene mixtures compared to the pure 1-Hexene, reaching 0.248 W/m-K and 0.230

W/im-K, respectively.

Table 4.4: Thermal conductivity measurement results of modified 1-Hexene in liquid phases.

Solid phase Liquid phase 0
Sample (W/m-K) (WIm-K) Increment (%)
1-Hexene with SiO; 0.187+0.008 0.248+0.004 34.5(S)/64.2 (L)
Average
value
1-Hexene with SEBS 0.192+0.008 0.230+0.001 38.1 (S)/52.3 (L)
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4.2.3.3 Impact of thermal conductivity enhancers on thermal properties of 1-Hexene

To understand potential effect of material modification on the enthalpy and phase transition
temperature of the PCMs, DSC measurements were carried out on both composites with a
cooling/heating rate of 0.5 °C/min. Figure 4.16 and Figure 4.17 show the DSC curves for the SiO--
based 1-Hexene (Composite 1) and SEBS-based 1-Hexene (Composite 2), respectively. The

measurement results are also summarised in Table 4.5.

Table 4.5: The phase transition temperature and heat of fusion of modified 1-Hexene.

Composite ~ Onset T (°C)  Peak Tf(°C)  Onset Ty (°C)  Peak Tn (°C) Heat of fusion

(ki/kg)
Composite 1 -151.56 -152.15 -140.59 -138.59 157.27
Composite 2 -154.41 -155.40 -141.10 -140.00 155.75

Pure -159.51 -158.89 -140.36 -139.46 158.07

It can be found that both composites obtain distinct sharp crystallisation peaks during cooling, which
means that the time required for crystallisation becomes shorter than that for the pure substance.
Besides, their freezing onset temperatures increase from -159.51°C to -151.56°C and -154.41°C,
respectively. As reported by Lu and Tassou [177], during the charging process, if the HTF
temperature is reduced by 1°C, there is a corresponding 3% reduction in the coefficient of
performance (COP) of the system. These results imply a potential increase in the charging
performance of the PCM by reducing the temperature conditions of the HTF, and hence improving the
COP of the system. This variation in the crystallisation of composite PCMs is mainly attributable to

the addition of extra particles, which is likely to have accelerated the formation of the crystalline
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nucleus and the crystal growth.
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Figure 4.16: DSC measurement curve of Composite 1 (1-Hexene containing 3 wt.% SiO; and 0.5 wt.% EG)
with a cooling/heating rate of 0.5°C/min, in the temperature range of -130°C to -170°C.

Moreover, the enthalpy of the modified materials does not change significantly, decreasing by only
0.51% for Composite 1 and 1.47% for Composite 2. Although the enthalpy change of the Composite 2
is expected, the appearance of a splitting peak is observed during the melting process; see Figure 4.17.
Possible reasons for this phenomenon are: 1) some 1-Hexene is chemically bonded to the added
materials thus changing its original melting point; 2) there is a hysteresis in the melting of the material

due to the colloid formed when SEBS is dissolved in 1-Hexene.
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Figure 4.17: DSC measurement curve of Composite 2 (1-Hexene containing 2 wt.% SEBS and 0.5 wt.% EG)

with a cooling/heating rate of 0.5°C/min, in the temperature range of -130°C to -170°C.

Therefore, chemical compatibility between additives of the Composite 2 was studied by IR
spectroscopy. Figure 4.18 shows the IR spectra of the pure material and the composite 1-Hexene. It
can be seen that the graphite spectrum does not have any characteristic peak, as it does not have any
functional groups. 1-Hexene displays the spectrum for the groups of Cgpz — H stretching (3150-3000
cm™), Cgps — H stretching (3000-2850 cm™), and the C = C stretching (1650 cm™), in agreement with
data reported in the literature [178]. The IR spectrum of SEBS shows the characteristic peaks at 2919,
2850, 1454 and 1376 cm for the CH; stretching, CH, stretching, CH, and CH; bending and CH;
wagging, which are identical to the literature data [179-181]. After the mixing of SEBS, EG and 1-

Hexene, the IR spectra of the composite 1-Hexene show no new peaks generated and no shifts,
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indicating no chemical reaction among 1-Hexene, SEBS and EG, and the mixing of the composite 1-
Hexene solution being a physical process. In other words, the splitting peak that appear in the DSC
measurement is not caused by new substances generated during the mixing process. Therefore, the

colloid formed when SEBS is dissolved in 1-Hexene is likely to be the reason for the appearance of

the splitting peak.

Graphite

SEBS

v NT

1-Hexene

1-Hexene+SEBS
‘1r\J/' \
Composite 1-Hexene

"\\va

4000 3500 3000 2500 2000 1500 1000 500
1)

Transmittance (%)

Wavenumber (cm™

Figure 4.18: Infrared spectra of different additives in SEBS-based composite 1-Hexene.

In summary, both formulations exhibit improvements in terms of the thermal conductivity and the
crystallisation behaviour without a significant enthalpy reduction. However, the SiO»-based 1-Hexene
shows a poor stability, the partial aggregation of SiO; leads to a reduction in EG dispersion. The
formulation of 1-Hexene with 2 wt.% SEBS and 0.5 wt.% EG not only increases the thermal

conductivity but also reduces the time required for crystallisation.
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4.2.4 Thermal cycling stability

The commercialisation of LHS systems often requires the repeated thermal charging and discharging
of the PCM without excessive changes in its thermophysical properties [182]. To give a preliminary
assessment, 100 thermal cycling tests were carried out and compared with the uncycled material. 1-
Hexene was selected to perform the thermal cycling test because of its relative non-volatility and

easiness of its phase transition process to be determined by DSC measurements.
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Figure 4.19: DSC measurement curves of 1-Hexene after 25, 50, 75, and 100 thermal cycles with a

cooling/heating rate of 0.5 °C/min, in the temperature range of -130°C to -170°C.

Figure 4.19 displays the DSC curves of 1-Hexene that has undergone different numbers of thermal
cycling. One can see that the crystallisation peak shifts from the ramp-up phase to the ramp-down
phase of the measurement procedure after 25 cycles and continues to move towards higher

temperatures as the number of cycles increases. The measured onset freezing temperatures of 1-
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Hexene are listed in Table 4.6, which shows an increasing trend from -163.11°C to -156.68°C,
indicating that the cycling of the material can reduce the time required for solidification to some
extent. This has a considerable impact on the application of PCM, as the less charging time implies
the less cold energy requirements and faster system response. Different from the changes in
crystallisation caused by the modification of 1-Hexene, the changes in the crystallisation behaviour of
the material after multiple charging and discharging are likely attributed to the crystalline memory
effect. Such an effect is manifested in “morphological” and “kinetic” memory in a particular crystal
state [183]. In general, the recrystallised structure bears some resemblance to the molecular clusters
that retained their crystallographic arrangements prior to melting, particularly with regard to the
position of the nuclei and the relative orientation of crystallites [183, 184]. These aggregated
molecular clusters can act as predetermined nucleation sites allowing recrystallisation to occur rapidly,
which can greatly improve the overall crystallisation rate during the subsequent cooling process [183-
186]. As a result, the crystallisation required time for 1-Hexene after thermal cycling is significantly

reduced.

The onset melting temperatures of 1-Hexene varies in the range of +0.5°C, which is within the
measurement uncertainty of the instrument. The thermal cycling test has almost no effect on the
melting behaviour of the material. In terms of the latent heat, it can be found that the phase change
enthalpy decreases slightly with increasing thermal cycling time. The enthalpy variation of 3.16%

after 100 times of thermal cycling is acceptable for long-term stability.
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Table 4.6: The phase transition temperatures and heat of fusion values of 1-Hexene under 25, 50, 75, and 100

thermal cycles.

Measured Data

Heat of Variation

Cycles Onset Tf(°C) Peak Tt (°C) Onset T (°C) Peak Tm (°C) fusion (ki/kg) (%)

0 -159.51 -158.89 -140.36 -139.46 158.07 -
25 -163.11 -165.22 -139.21 -137.45 157.83 0.15
50 -160.75 -162.3 -139.59 -137.4 157.15 0.58
75 -159.47 -162.1 -139.75 -137.05 153.79 2.7
100 -156.68 -160.37 -139.28 -137.84 153.08 3.16

4.2.5 Volume expansion

In the liquid-solid phase transition of the PCM, the volume expansion is crucial to the design of the
heat exchanger. This is because the volume change affects the internal arrangement of the heat
exchanger, especially the determination of the effective heat transfer area. For instance, if the volume
expansion of the material is not considered during the phase transition process, there will be a
mismatch between the required heat exchange area and the practical design. In addition, it is essential
to understand the volume expansion of PCM for the material encapsulation in actual applications. The
reserved space according to the volume expansion of PCM can avoid leakage issues during the
heating and cooling cycles. Consequently, the volume expansion measurements of 1-Hexene and 2-

Methylbutane were performed in this study.

The graduated cylinders containing 10 mL 1-Hexene and 2-Methylbutane were simultaneously

immersed in the LN bath to trigger their liquid-solid phase transition. As shown in Figure 4.20, the
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solid volumes of 1-Hexene and 2-Methylbutane are 7.9 mL and 8 mL, respectively. Therefore, the
volume expansion coefficient for both candidates are estimated to be 21% and 20%, respectively, by

using Equation 3.2.
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Figure 4.20: Thermal expansion determination of 1-Hexene and 2-Methylbutane: (2) PCM in liquid phase under

room temperature (25°C); (b) PCM in the solid phase.

4.2.6 Flammability Limits (FLs)

As reviewed in Chapter 2, the flammability is one of the apparent disadvantages of organic PCMs,
which may create some fire risks in their applications. Although this property was not used as the
primary criterion for the material selection, it is related to the maximum quantity of PCM loading for
an acceptable fire risk, thus bears an importance in practical applications. In this section, the
flammability of the selected organic PCMs was determined by FRTA-I instrument at ambient

temperature and atmospheric pressure.

As described in Section 3.2.7, the UFL and LFL of samples were determined based on both visual and

pressure criteria. The results of flammability tests based on the visual standard show that the different
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ignition colours of PCM-air mixtures are related to the amount of PCM added and irrelevant to the
substance itself. Therefore, only 1-Hexene is discussed here as an illustration of the test results. Figure
4.21 (a) shows time sequence photographs of flame propagation after ignition of a mixture containing
0.35 mL of 1-Hexene and air. It can be clearly seen that the light blue flame propagates upwards from
the spark igniter to the top of the test vessel, and then extends to the vessel wall and travels
downwards. As the PCM addition was gradually decreased to the value corresponding to the lower
non-flammable point (0.32 mL), the brightness of the flame and the intensity of the explosion sound
diminished accordingly. As shown in Figure 4.21 (b), the flame propagation of the mixture containing
0.32 mL of 1-Hexene and air does not meet the distance of 100 mm required in the visual standard
[87]. Therefore, this PCM addition can be regarded as the minimum sample quantity that does not
induce flame propagation. In the case of 1.5 mL of 1-Hexene and air mixture, the colour of the flame
changes from a light blue at low PCM amounts to a bright orange; see Figure 4.22 (a) and (b).
However, the flame propagation pattern does not change significantly, but the noise of the explosion
is not as intense as that at the low PCM volumes. In addition, carbon residues from the explosion can

be observed deposited on the surface of the test vessel.
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Figure 4.21: Time series photographs of flame propagation after ignition of a mixture: (a) containing 0.35 mL of

1-Hexene and air at 25°C; (b) containing 0.32 mL of 1-Hexene and air at 25°C.
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Figure 4.22: Time series photographs of flame propagation after ignition of a mixture: (a) containing 1.5 mL of

1-Hexene and air at 25°C; (b) containing 2.2 mL of 1-Hexene and air at 25°C.
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The test was conducted in a step-by-step manner to determine the flammability limit of the sample by
monitoring pressure changes at the instant of ignition in the closed vessel caused by different sample
injection quantities. For instance, as shown in Figure 4.23, 0.35 mL and 1.5 mL of 1-Hexene are
injected into the test vessel causing a detonation, while their pressures reach a maximum value and
then decreased rapidly. It indicates that the injection volume to approach the UFL and LFL of the
sample must be greater than 1.5 mL and less than 0.35 mL, respectively. In the case of 0.34 mL,
although the duration of maintenance at maximum pressure is longer than the scenario at 0.35 mL,
there is a time delay from 500 ms (0.35 mL) to 780 ms (0.34 mL) in terms of reaching the maximum
pressure. As the sample amount is further reduced to 0.33 mL, this time delay appeared much later, at
approximately 1150 ms. It means that the burning intensity of 1-Hexene is progressively reduced as
the amount of sample introduced decreases and eventually approaches its LFL (0.32 mL). The UFL of
1-Hexene was determined in a similar manner. However, during the determination of the UFL, the
pressure gradually declines with increasing sample addition, and no plateau period is observed; see

Figure 4.23.

Table 4.7: Pressure changes in the test vessel after ignition of the mixtures of 1-Hexene and air.

UFL of 1-Hexene LFL of 1-Hexene

15mL 2mL 215mL 22mL 035mL 034mL 033mL 0.32mL

Initial Pressure

(kPa) 101.30  100.95 100.72 100.79 98.28 98.34 101.10 101.35

Final Pressure

(kPa) 181.96 132.72 107.10 101.46 130.87 216.99 249.89 101.61

Increasing % 79.62 31.47 6.33 0.66 33.16 120.65 147.17 0.26
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Furthermore, the same conclusion can be drawn when correlating the sample injection volume with
the visual observations. When 0.34 mL of 1-Hexene was introduced, only a flame was seen in the
vessel without spreading explosion sound. As the injection volume was reduced to 0.32 mL, no flame
propagation occurred in the vessel. The pressure changes in the test vessel accompanied by ignition of
mixtures consisting of different amounts of 1-Hexene and air are listed in Table 4.7. Based on the
pressure criteria, the pressure increase in the vessel after ignition of the mixture is 0.26% and 0.66%
for the addition of 0.32 mL and 2.2 mL PCM respectively, which is less than 5% increase above the
initial value [87]. Hence the mixture at these two points is non-flammable. Subsequently, by using
Equations 3.3 to 3.6, the flammable concentration range of 1-Hexene is calculated to be 1.191%-

8.042%.
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Figure 4.23: Pressure change curves in the test vessel after ignition of mixtures consisting of different volumes
of 1-Hexene and air.

Similarly, both visual and pressure criteria are also used in determining the UFL and LFL of 2-
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Methylbutane. In the presence of 0.34 mL and 1.9 mL PCM, the pressure increase in the vessel after
ignition of the mixture is 0.19% and 2.80% respectively. The flammable concentration range of 2-

Methylbutane is therefore 1.362%-7.158%.

Table 4.8: Pressure changes in the test vessel after ignition of the mixtures of 2-Methylbutane and air.

UFL of 2-Methylbutane LFL of 2-Methylbutane
1.8 mL 1.9 mL 0.35mL 0.34 mL
Initial Pressure
101.72 102.08 100.94 100.96
(kPa)
Final Pressure
123.64 104.94 249.89 101.15
(kPa)
Increasing % 21.55 2.80 147.56 0.19
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Figure 4.24: Pressure change curves in the test vessel after ignition of mixtures consisting of different volumes

of 2-Methylbutane and air.
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In order to mitigate the fire risk that may result from the application of these PCMs, a feasibility study
was carried out on the impact of fire retardants on the flammable limits of PCM. Two different types
of fire retardants were used in this work: 1) organic halogenated phosphate esters, TCEP; 2) inorganic
nanoscale (with an average particle size of 16 nm) fumed hydrophobic SiO.. Since the plateau period
formed by the pressure variations and the time delay phenomenon were not observed during the UFL
determination, it is hard to evaluate the effect of flame retardants on the UFL of materials. Only the
LFL of modified PCMs, therefore, was tested in this study. In addition, the amount of pure PCM that
provided an intense combustion on both visual and pressure criteria was selected to verify the
effectiveness of fire retardants, where 1-Hexene was 0.34 mL and 0.35 mL, 2-Methylbutane was 0.35

mL and 0.36 mL.

The upper diagram of Figure 4.25 compares the pressure variations between the 0.34 mL of pure
substance and the same volume of 1-Hexene mixed with different proportions of flame retardants. It
can be found that the addition of SiO; generally results in a delay in the formation of a platform for
pressure changes, and this effect becomes more pronounced as the amount of the SiO, added is
increased from 2% to 5% (v/v) with an increase in time delay from 710 ms to 1210 ms. Although the
flame retardancy exhibited by 5% TCEP is superior to that of SiO; at 1-Hexene volume of 0.34 mL, it
exhibits an earlier time delay on the pressure change platform (~640 ms) than that of SiO; (~795 ms)
when the sample volume is raised to 0.35 mL. This is likely to be attributed to the poor solubility of

TCEP in 1-Hexene, whereas SiO, is comparatively easy to disperse in solution.

Figure 4.26 shows time sequence photographs of flame propagation after ignition of the mixture,

which includes 0.35 mL of 1-Hexene modified by 5% SiO; and air. Compared with the pure material
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(see Figure 4.21 (a)), the SiO; has a significant effect on reducing the flammability of the same

volume of 1-Hexene. The light blue flame only propagates upwards from the spark igniter to the top

of the test vessel, and then does not extend to the vessel wall.

According to the pressure variations listed in Table 4.9, the addition of 5% TCEP increases the LFL

of 1-Hexene from 1.191% to 1.265%. For 2-Mehtylbutane, the addition of 5% either TCEP or SiO;

results in an improvement in the low non-flammable point from 0.34 mL to 0.35 mL; see Figure 4.27.

The improved flammability of 2-Methylbutane ranges from 1.401% to 7.158%. Considering its

compatibility and environmental benefits, SiO- is regarded as a more suitable candidate for mitigating

the flammability of the PCMs.
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Figure 4.25: Pressure change curves in the test vessel after ignition of mixtures containing 1-Hexene modified

with different fire retardants and air.
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Figure 4.26: Time series photographs of flame propagation after ignition of a mixture containing 0.35 mL of 1-

Hexene modified by 5% (v/v) SiO; and air at 25°C.
Table 4.9: Pressure changes in the test vessel after ignition of the mixtures of PCMs modified with different fire

retardants and air.

LFL of 1-Hexene LFL of 2-Methylbutane

0.35 mL 0.34 mL 0.36 mL 0.35mL
5% 5% 5% 5% 5% 5% 5% 5%
TCEP SiO2 TCEP SiO2 TCEP SiO2 TCEP SiO2
Initial
98.2 99.73 99.59 99.33 100.8 101.11 100.96 100.67

Pressure (kPa)

Final Pressure  ya0 17 22617 9989 24980 24989 24292 10098  100.81

(kPa)

Increasing % 91.87 126.78 0.30 151.57 147.91 140.25 0.02 0.14
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Figure 4.27: Pressure change curves in the test vessel after ignition of mixtures containing 2-Methylbutane

modified with different fire retardants and air.
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4.3 Alternative cryogenic latent heat storage (LHS) material

As discussed in PCM screening section, 3-Methylpentane was investigated as an alternative to LHS
material. The thermophysical properties of 3-Methylpentane were therefore also determined according

to the same experimental methods as used for 2-Methylbutane.
4.3.1 Phase transition temperature and enthalpy

Figure 4.28 shows the T-history measurement profile of 3-Methylpentane under the identical

experimental conditions as for 1-Hexene and 2-Mehthylbutane.
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Figure 4.28: T-history measurement profile of 3-Methylpentane PCM, the upper diagram illustrates the cooling

process, and the lower one shows the melting process of 3-Methylpentane.

It can be observed during the freezing process that the slope of the sample temperature curve starts to

decrease at around -163°C, which indicates the onset of sample solidification. The slop drops rapidly

132



again as the temperature exceeds -170°C, the temperature of the solid 3-Methylpentane is attempting
to reach equilibrium with the LN.. However, no temperature platform is seen during the solidification
of the sample. The lower diagram of Figure 4.28 displays the melting behaviour of 3-Methylpentane,
which has a relatively short temperature plateau compared to 2-Methylbutane, lasting only about 13
minutes. Based on the under-curve area of the melting process of 1-Hexene and 3-Methylpentane, the
enthalpy of 3-Methylpentane is estimated to be 60.84 kJ/kg, which is in agreement with literature data

[50].

4.3.2 Thermal conductivity

Figure 4.29 (a) and (b) present the thermal conductivity results of 3-Methylpentane in the solid and
liquid states, respectively. The measurement temperature ranges were -190°C to -165°C for the solid

phase and -160°C to -60°C for the liquid phase.
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165°C; (b) Thermal conductivity measurement results of 3-Methylpentane liquid phase from -160°C to -60°C.

It can be seen from Figure 4.29 (a) and (b) that the thermal conductivity of 3-Methylpentane in the
solid state is much lower than that in the liquid state, and the average thermal conductivities of the
solid and liquid states are 0.104 W/m-K and 0.20 W/m-K, respectively. Compared with 1-Hexene and
2-Methylbutane, the solid state data are less accurate as it has the lowest phase transition temperature

among these PCMs. When the test temperature approaches -100°C, the data appear to fluctuate less

with thermal conductivity rising above 0.2 W/m-K.

Table 4.10: Thermal conductivity measurement results of 3-Methylpentane in both solid and liquid phases.

Sample

Solid phase (W/m-K)

Liquid phase (W/m-K)

Average value

3-Methylpentane

0.104+0.003

0.2040.005
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4.3.3 Flammability Limits (FLs)

The same step-by-step method was used to determine the flammability limit of 3-Methylbutane.
Figure 4.30 depicts the pressure change in the vessel along the ignition test of 3-Methylpentane and
air mixture. It can be found that the UFL and LFL of 3-Methylpentane can be obtained by
incrementally increasing the amount of material from 2.0 mL or by gradually decreasing the amount

of material from 0.36 mL, respectively.

The pressure changes in the test vessel accompanied by ignition of mixtures with different amounts of
3-Methylpentane and air are listed in Table 4.11. Based on the pressure criteria, the pressure increase
in the vessel after ignition of the mixture is 0.26% and 0.66% for the addition of 0.35 mL and 2.1 mL
PCM, respectively, which is less than 5% increase over the initial pressure. The flammable

concentration range of 3-Methylpentane is therefore 1.254%-7.299%.

Table 4.11: Pressure change in the test vessel after ignition of the mixtures of 3-Methylpentane and air.

UFL of 3-Methylpentane LFL of 3-Methylpentane
2.0mL 2.1 mL 0.36 mL 0.35 mL
Initial Pressure 100.67 100.59 100.31 100.27
(kPa)
Final Pressure
108.17 103.42 117.84 100.29
(kPa)
Increasing % 7.45 2.81 17.47 0.02
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Figure 4.30: Pressure change curves in the test vessel after ignition of mixtures consisting of different volumes

of 3-Methylpentane and air.
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Figure 4.31: Pressure change curves in the test vessel after ignition of mixtures containing different modified 3-

Methylpentane and air.

136



The fire retardants were also added to investigate the impact of fire retardant on the flammability
behaviours. Figure 4.31 shows the pressure changes between the pure substance and the 3-
Methylpentane mixed with 5% (v/v) of SiO.. It can be seen that the time required for the vessel to
reach maximum pressure is delayed backwards, and this pressure is maintained for a short while
before falling, which demonstrates a clear flame retardancy. Therefore, the SiO; fire retardant is also

suitable for mitigating the flammable behaviour of 3-Methylpentane.

4.3.4 Volume expansion

3-Methylpentane was cooled in the LN, bath until it underwent a phase transition. As shown in Figure
4.32, the solid volume of 3-Methylpentane is 7.95 mL. The volume expansion coefficient, therefore,
is 20.5%. It can be found that the difference in volume expansion between 2-Methylbutane and 3-
Methylpentane is very small, which can eliminate the influence of material variations on equipment

design, and indirectly extend the range of applications for the identical heat exchange device.

1-Hexene ° 3-1\%&119.

= a7 <m

1-Hexene 3-Methylpentane
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Figure 4.32: Thermal expansion determination of 1-Hexene and 3-Methylpentane: (a) PCM in liquid phase

under room temperature (25°C); (b) PCM in the solid phase.
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4.4 Summary

This chapter studies thermophysical properties of CTES materials for cryogenic applications. The
Borosilicate glass bead was selected as a suitable SHS material due to its relatively high specific heat
capacity and thermal conductivity among candidates. It is found that the temperature reduction leads
to a decrease in the specific heat of materials. The data measured by DSC are fitted using a 3™ order
polynomial fitting function and the fitted expression can be used to estimate the specific heat of glass
beads within cryogenic temperature range. The small deviations between measured and literature
values (~0.05 W/m-K) allow the thermal conductivity of the glass beads at cryogenic temperatures to

be estimated from the literature.

Thermophysical properties of LHS materials are studies including energy storage density, thermal
conductivity, thermal stability, volume expansion and flammability. The phase transition behaviour of
sample 1-Hexene was characterised at different cooling/heating rates, the results indicate that there is
a serious supercooling issue. Similarly, due to the supercooling issue, the phase transition of 2-
Methylbutane results was not observed in the same DSC measurements. The T-history method,
therefore, was employed for both 1-Hexene and 2-Methylbutane under the same experimental
conditions. The melting enthalpy of 2-Methylbutane is obtained by comparing and calculating the
under-curve arear of the melting process of 1-Hexene and 2-Methylbutane, which is estimated to be
around 74.29 kJ/kg. Besides, the supercooling degree of 1-Hexene (12°C) is approximately 40% lower
than the DSC results. For 2-Methylbutane, it is only 2°C. The results from the DSC and T-history
measurements demonstrate that the sample volume has a significant influence on the supercooling

degree. Of course, the T-history method is more realistic as it is closer to practical applications.
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The thermal conductivities of PCMs in the solid and liquid states were investigated during dynamic
melting process. In order to address the low thermal conductivity problem, the expanded graphite (EG)
was applied as a thermal conductivity enhancer. Two different thickeners were also blended into the 1-
Hexene solution to improve the stability of the EG dispersion. Both SiO-based (3 wt.%) and SEBS-
based (2 wt.%) composites with 0.5 wt.% EG enhance the thermal conductivity of solid state by 34.5%
and 38.1% compared with the pure substance, respectively. The introduction of 0.5 wt.% EG leads to
an increase in the liquid thermal conductivity of both optimally modified 1-Hexene mixtures by 64.2%
and 52.3%, achieving 0.248 W/m-K and 0.230 W/m-K, respectively. Besides, the time required for
crystallisation of the composite PCMs is reduced due to the addition of extra particles. Although the
SEBS-based composite shows a splitting peak during the melting process in the subsequent DSC
measurements, its dispersion performance of the EG is superior to that of SiO,-based composite at
cryogenic temperatures. The IR spectra indicates that the mixing of 1-Hexene, EG and SEBE is a
physical process. The colloid produced by the dissolution of SEBS is likely to be responsible for the
appearance of the splitting melting peak. Therefore, the homogenous mixing of the composite PCM is

essential in practical applications.

The long-term stability of 1-Hexene was performed by 100 complete charging and discharging
thermal cycles. It shows an acceptable variation (3.16%) in the latent heat after 100 thermal cycles.
Besides, the volume expansion coefficients from solid to liquid phase are 21% and 20% for 1-Hexene

and 2-Methylbutane, respectively.

The flammability of pure PCMs and PCMs modified with two different fire retardants (SiO, and

TCEP) was investigated at ambient temperature. The results demonstrate that the addition of both fire
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retardants can inhibit the burning intensity of PCM. However, the flame retardancy exhibited by 5%
(v/v) TCEP decreases compared with that of SiO; as the amount of 1-Hexene is increased. This could
be due to a better dispersion of SiO- in 1-Hexene than in TCEP. In addition, the flame retardancy of
SiO; is proportional to its adding amount. SiO- is regarded as a more suitable candidate for mitigating

the flammability of the PCMs due to its compatibility and environmental advantages.

Moreover, the measured thermophysical properties of 3-Methylpentane indicate that it can be a good

alternative LHS material at cryogenic applications.
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CHAPTER 5
LAB TEST RIG: DESCRIPTIONS, COMPONENTS AND
DESIGN

This chapter concerns with an integrated laboratory-scale cryogenic energy storage system using the
CTES materials investigated and discussed in Chapter 4. In Section 5.1, the system configuration of
the laboratory test rig is described. Section 5.2 explains the design of CTES components, including
the LHS and SHS units, respectively. Finally, Section 5.3 introduces the auxiliary components of the

test rig.
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5.1 System configuration

Based on the thermal properties of CTES materials obtained in Chapter 4, an experimental system
was proposed and designed to store and utilise high-grade cold energy through the integrated use of
latent and sensible TES materials. The 2-Methylbutane was selected as the LHS candidate with a
phase transition temperature of -160°C, and the borosilicate glass bead was chosen as the SHS
material with a diameter of 2.9-3.5 mm. As shown in Figure 5.1, the system consists of two main
processes corresponding to the storage and utilisation of the cold energy, which are: a) system

charging process; b) system discharging process.

5.1.1 System charging process

In the system charging process, the CTES materials are cooled down from ambient temperature to
cryogenic temperature as a cold energy storage process. The high-grade cold energy stored in LHS
materials mainly includes two categories: 1) sensible cold energy stored by the PCM at temperatures
outside the phase transition temperature; 2) latent cold energy at the phase transition temperature, i.e.,
the phase change enthalpy of PCM. For the SHS materials, only the sensible cold energy is stored
during the system charging process. The liquid nitrogen (LN>) is selected as the system cooling source
because it is easily available and relatively safe for laboratory level experiments compared to liquid
oxygen. Since the temperature difference between the PCM and the boiling point of LN, at the
atmospheric pressure (-195.8°C) is relatively large. The pressurized LN, with a higher boiling point,
therefore, is used to avoid the PCM being overcooled. Besides, the LN, first flows through the latent
heat cold storage (LHCS) tank and exchanges heat with the internal PCM, see Figure 5.1, and then the

evaporated cryogenic nitrogen gas (N,) is passed into the sensible heat cold storage (SHCS) tank to
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reduce the temperature of the glass beads. Therefore, two materials should reach different cryogenic

temperatures at the end of the charging process. In the system downstream, the use of a gas heating

system that heats up the N, to ambient temperature before it is removed from the system ensures that

the exhaust gas is warm and safe. The degree of the system charging depends on the phase transition

process of the PCM, which can be evaluated by recording the internal PCM temperature profile of the

LHCS tank. Once the PCM is completely frozen and the glass beads are simultaneously cooled to a

cryogenic temperature, the LN supply is stopped as the end of the system charging process.

5.1.2 System discharging process

The main purpose of the system discharging process is to perform a feasibility study of the N2

liquefaction/condensation by applying the stored high-grade cold energy. To achieve this purpose, the

system operating pressure should be sufficiently high to lower the saturation temperature of LN2, so

that it can exceed the temperature of the stored cold energy in the system charging process and thus

allow N liquefaction/condensation to occur. The specific system operating pressure will be provided

in Chapter 6, where the experimental results of the discharging process are discussed. As shown by

the red line in Figure 5.1, the system discharging experiment starts from the N cylinder, and ends with

the gas heating system. Firstly, the pure high pressure N is precooled to a cryogenic temperature in

the SHCS tank. The precooled N; is then transferred to the LHCS tank where its temperature

difference from the frozen PCM enables further heat exchange and temperature decrease to occur.

Similar to the system charging experiments, the cooled N fluid is heated by flowing into the gas

heating system before being discharged from the system. After the cold energy provided by the PCM

melting is gradually exhausted, the N2 supply will be disconnected to complete the system discharging

process.
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Figure 5.1: The flow chart of the experimental system to store and utilise high-grade cold energy through the application of CTES materials.
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5.2 CTES components

In this lab-scale cryogenic energy storage test rig, CTES materials are packed into the LHCS and
SHCS tanks to achieve high-grade cold energy storage and utilisation. During the system charging
and discharging processes, phase transitions of the PCM and the HTF are involved in the LHCS tank.
The one-dimensional transient tube model with cylindrical fins was proposed for the design of the
LHCS tank. The SHCS tank employs the typical packed bed pattern to implement direct heat

exchange between the glass beads and the HTF.

5.2.1 Numerical simulation of the LHCS tank

The design considerations for the LHCS tank are discussed in terms of fin length, fin thickness, fin
gap, and tube material, respectively, according to the simulation results of the one-dimensional
transient tube model with cylindrical fins as described in Section 3.3. Firstly, the model investigates
the effect of inner tube diameter and mass flow rate on both heat transfer coefficients during LN
boiling/condensation. The effect of fin thickness and gap is then investigated under the defined flow
rate and inner tube diameter constraints. Finally, the effect of different tube materials on boiling and

condensation heat transfer rates is compared, respectively.

5.2.1.1 Effect of inner tube diameter and mass flow rate on heat transfer coefficient

Figure 5.2 (a) shows the correlation between the boiling heat transfer coefficient and the proportion of
vapour in the two-phase flow, where the LN, flow rate is kept constant and only the inner tube
diameter is varied. It can be found that the boiling heat transfer coefficient increases with increasing

vapour quality for different inner tube diameters, and then begins to decrease when the vapour quality
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is 0.7. This is due to the variation in the vapour quality which affects the two-phase flow enhancement
factor (F,) and thus changes the boiling heat transfer coefficient, as described in Section 3.3.3.
Besides, it is inversely proportional to the inner tube diameter. This model also considers the effect of
different mass flow rates of LN, on the boiling heat transfer coefficient when the inner tube diameter
is kept at 4 mm; see Figure 5.2 (b). For different cases, the coefficient reaches a maximum value at the
vapour quality of 0.6, and then gradually decreases. Furthermore, it is proportional to the mass flow
rate of LN,. Since the design of the LHCS tank should allow for a certain design margin, the
following investigations of boiling process will therefore be based on the inner tube diameter of 4 mm,

the LN flow rate of 1.5 g/s and the vapour quality of 0.9.

Although the variation patterns of the condensation heat transfer coefficient are similar to those of the
boiling process when varying the inner tube diameter and the N, mass flow rate, their changes with
the vapour quality are relatively complicated; see Figure 5.3 (a) and (b). This is due to different flow
regimes that are discussed in Section 3.3.3. Figure 5.4 displays the determination of the flow pattern
based on the ratio of We* to 7X%2. The upper part of the black dashed line is the annular flow region,
and the bottom part is the slug and bubble flows region. The condensation heat transfer coefficient in
the annular flow region is higher than the slug and bubble flows region, which is in agreement with
the data reported by Kim and Mudawar [155]. For most cases, the change in the flow pattern form the
slug and bubble flows to the annular flow corresponds to the vapour quality of 0.3. Therefore, the
following investigations of condensation process will be based on the inner tube diameter of 4 mm,

the LN flow rate of 1 g/s and the vapour quality of 0.3.

146



3000

—— 3 mm
N a

—e—4 mm (@)
2500 - —A— 5 mm
S
+ 2000 +
0
(3]
=
3
21500 |
Q2
% |
® 1000
£
2 -
%
o 500

O 1 N 1 L 1 " 1 N | M
0.0 0.2 0.4 06 0.8 1.0
Vapour quality

—o—1g/s
= —A— 1.5 g/s
"E 2500 2gls
=3
5 2000 |
S
=
ki 1500 +
v
S
8 1000 |-
L
2
%
@ 500

0 1 L 1 L 1 L 1 L 1 L
0.0 0.2 0.4 0.6 0.8 1.0

Vapour quality

Figure 5.2: (a) The effect of inner tube diameter on the boiling heat transfer coefficient when the mass flow rate
of LN, is maintained at 1 g/s; (b) The effect of mass flow rate of LN, on the boiling heat transfer coefficient

when the inner tube diameter is maintained at 4 mm.
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Figure 5.3: (a) The effect of inner tube diameter on the condensation heat transfer coefficient when the mass
flow rate of LN, is maintained at 1 g/s; (b) The effect of mass flow rate of LN, on the condensation heat transfer

coefficient when the inner tube diameter is maintained at 4 mm.
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Figure 5.4: The flow pattern determination based on the ratio of We* to 7X%2 in the condensation process

(We*/7X%2 < 1, Slug and bubble flows region; We*/7X%? > 1, Annular flow region).

5.2.1.2 Effect of fin thickness and gap on heat transfer rate

Figure 5.5 (a) shows the correlation between the boiling heat transfer rate and the fin length,
maintaining the fin gap constant and only varying the fin thickness. It can be observed that the boiling
heat transfer rate presents a nearly exponential growth with the increase in fin length in all cases. The
maximum heat transfer rates at a fin length of 200 mm are improved as the fin thickness increases.
However, this improvement is less apparent when the fins are thicker than 1.5 mm. The effect of
different fin gaps on the boiling heat transfer rate is positively correlated when the fin thickness is
kept at 4 mm; see Figure 5.5 (b). This means that a larger gap is more beneficial for heat transfer from
the fins to the surrounding PCMs. Since the maximum heat transfer rates obtained with fin gaps of 10

mm and 20 mm are not significantly different at the fin length of 200 mm, and considering the
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restricted dimensions of the LHCS tank, the fin gap is therefore maintained at 10 mm.

Similarly, the effect of different fin thicknesses and gaps on the condensation heat transfer rates are
shown in Figure 5.6 (a) and (b), respectively. It can be seen that the variations in the condensation
heat transfer rate with fin thickness and gap are identical to the boiling process. The obtained fin
thickness and gap are therefore also applicable to the condensation process. However, the maximum
heat transfer rate is far less than that of the boiling process, which is approximately 15 W. This is due
to the given temperature difference between the PCM and the working fluid in the simulation. During
the boiling process (system charging), the temperature difference between the LN at 8.5 barg and the
PCM was set at 30°C. But this value was reduced to 10°C during the condensation process (system
discharging), which meant that the inlet N, exceeded its saturation temperature at the corresponding

pressure and was in an overheated state.
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Figure 5.5: (a) The effect of fin thickness on the boiling heat transfer rate when the fin gap is fixed at 10 mm; (b)

The effect of fin gap on the boiling heat transfer rate when the fin thickness is fixed at 1.5 mm.
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mm; (b) The effect of fin gap on the condensation heat transfer rate when then fin thickness is kept at 1.5 mm.
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5.2.1.3 Effect of different tube materials on heat transfer rate

For the boiling process, the obtained maximum heat transfer rates for different tube materials were the
73.02 W (stainless steel-304), 74.65 W (aluminium-6061) and 74.79 W (pure copper, see Figure 5.7
(2)), respectively. It can be found that the different tube materials have a negligible effect on the heat
transfer rate. This model uses copper as the fin material, the tube material is also adopted copper due
to material compatibility and welding intensity considerations. The overall condensation heat transfer
rates corresponding to different fin numbers and fin lengths are shown in Figure 5.7 (b) for copper as
the tube material. When the fin number is fixed at 10 (see red dashed line in Figure 5.7 (b)), the heat
transfer rate varies from 0.044 W to 10.68 W, as the fin length increases from 0.01 m to 0.2 m,

indicating that the fin length should be as long as possible. Therefore, this parameter is selected to be

0.2 m.
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Figure 5.7: (a) The boiling heat transfer rate when the tube material is pure copper; (b) The condensation heat

transfer rate when the tube material is pure copper.
Figure 5.7 (b) shows the correlation between the condensation heat transfer rate and the fin length and
the fin number. The fin number can be determined using Equation 3.40 based on the known latent
heat of fusion of the LN at the corresponding pressure and the design required condensation rate. For
instance, the black point in Figure 5.7 (b) is the required heat transfer rate for the LN, condensation
rate of 0.5 g/s at 17 barg. The corresponding number of fins at this point is approximately 40.
However, the actual required fin number may be less than the obtained value, as the above design
parameters are selected based on relatively rigorous heat transfer conditions, and the temperature

difference between the inlet N, and the PCM is highly dependent on the temperature of the glass

beads after the cooling process.
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5.2.2 Design of the LHCS tank

The detailed design of the LHCS tank adopts a layout in which the internal PCM vessel is contained

by an external cylinder, as shown in Figure 5.8 (a). There are two main types of ports on the top

surface of the external cylinder: 1) inlet and outlet of the working fluid via Ports A, B and C (see

below); 2) safety port (bursting disc). Depending on the experimental process, the LHCS tank also has

different inlets and outlets. Ports A and B are applied as inlet and outlet during the system charging

process, respectively, while during the system discharging process, Port B becomes the inlet for the

N, that has been pre-cooled by the SHCS unit, the outlet is made up of a 3 mm aspiration tube (AS)

embedded in Port C. The other side of the aspiration tube is placed at the bottom of the U-shaped tube.

The bottom Port D of the external cylinder is fitted with a thermocouple feedthrough, which allows

the thermocouple to extend through the internal tube to the PCM vessel. The other side of Port D is

connected to the other two ports: 1) Port E is used to install a pressure relief valve to avoid the

overpressure scenario of the PCM vessel; 2) Port F is used to connect a pressure transducer to

measure the internal pressure variation of the PCM vessel.

The flange section of the PCM vessel consists of three layers, as shown in Figure 5.8 (b). The top

layer is used to weld the PCM vessel to the external cylinder via the inlet and outlet pipes. The

chamber formed by the top and middle layers together is linked with both ends of the U-shaped tube.

The working fluid entering the LHCS tank reaches this chamber first and then continues to flow into

the U-shaped tube. The bottom layer is used to seal the PCM to prevent it from evaporating. In

addition, a lateral movement inhibitor located at the bottom is applied to ensure that the PCM vessel

can be fixed vertically within the external cylinder; see red dashed line in Figure 5.8 (a).
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The practical dimensions of the LHCS tank are shown in Figure 5.8 (c). Based on the simulation
results of the inner tube diameter on the heat transfer coefficient, the actual U-shaped tube is made of
0.25 inches outer diameter copper tube with a wall thickness of 1 mm. The mass flow rate of the
working fluid in practical experiments is guided by the conclusion that the heat transfer coefficient is
proportional to itself in both boiling and condensation processes. The simulation results also indicate
that the fin thickness, fig gap and fin length are positively correlated with the heat transfer rate, which
means a better heat transfer performance can be achieved as these parameters are increased. The fin
thickness, fig gap and fin length are therefore set at 1.5 mm, 11.5 mm and 198 mm, respectively,
based on the designed 0.5 g/s condensation rate of LN, at 17 barg and the overall dimensional
restrictions of the LHCS tank design. In addition, it can be found that different tube materials have a
negligible effect on the heat transfer rate. Thus, as with the fin material, copper is selected as the tube
material. A fin stack consisting of 37 fins is strung on the outer surface of the U-shaped tube by
welding, see Figure 5.8 (c), which is less than the required number of fins as discussed in Section
5.2.1.3. This is because the volume expansion of the PCM can result in some upper fins being not
used appropriately. Furthermore, the fin groove with a length of 140 mm and a width of 20 mm is

chiseled out in the middle of the fin to facilitate the installation of thermocouples; see Figure 5.8 (b).

Based on these detailed dimensions, the maximum PCM filling volume of the vessel can be obtained
by subtracting the U-shaped tube volume (0.08 L) and the fin stack volume (1.7 L), which is around
16.5 L. Following the principle that the solid 2-Methylbutane should contain as many fins as possible
to achieve a high heat transfer efficiency and its volume expansion during the phase transition is 20%,
the actual amount of liquid 2-Methylbutane used to match the 37 fins was 15 L, which is less than the

maximum PCM filling volume. The remaining volume of the LHCS tank was filled with air. The
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pressure change within the LHCS tank due to the liquid-solid phase change of the PCM is therefore

based on the atmospheric pressure.
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Figure 5.8: The detailed design layout of the LHCS tank (a: front view, b: three-dimensional vertical section, c: geometric dimensions of the fin stack, unit: mm).
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5.2.3 Design of the SHCS tank

The detailed design of the SHCS tank also uses a layout where the internal vessels are loaded by an

external cylinder, as shown in the Figure 5.9 (a) and (c), the internal vessels are fixed to the bottom

flange of the external cylinder using the inlet and outlet pipeline as welded points. On the top flange

surface of the external cylinder, there is a bursting disc, also known as a pressure safety disc, covered

with a blue-red rubber sleeve to prevent safety problems caused by overpressurisation of the vessel

during the system charging and discharging processes. This safety port is also used to connect a

vacuum pump in order to create a vacuum condition among the SHCS tank prior to the experiment,

which acts a thermal insulation layer to minimize the dissipation of cold energy. In addition, two

thermocouple feedthroughs are arranged to connect the internal thermocouples by penetrating the

vacuum chamber. Figure 5.9 (b) shows a top view of the distribution of these cylinders, which are

arranged in series. As a result, the gas will flow sequentially in these cylinders to exchange heat with

the glass beads. During the system charging experiment, the heat transfer between the evaporated

cryogenic N2 and the glass beads initially occurs in cylinder 1, which is therefore the coldest side at

the end of the charging process. On the contrary, the ambient temperature N> is introduced to the

SHCS tank from the cylinder 7, which is the warmest side. Figure 5.9 (a) and (b) also show the

geometric dimensions of the tandem vessels from front and top views. For each cylinder, the diameter

is 88.9 mm, and the height is 602 mm. Excluding the rounded upper and lower lids (51 mm), the

effective material filling height is 500 mm. Therefore, the total volume that can be filled with the

glass beads is 21.7 L. In practical, 30.97 kg of glass beads were filled to the internal cylinders of the

SHCS tank, which corresponds to a volume of approximately 13.9 L. Thus, the overall porosity of the

SHCS tank is ~0.36.
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Figure 5.9: The detailed design layout of the SHCS tank (a: front view, b: top view, c: three-dimensional view, unit: mm).
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5.3 Auxiliary components

Figure 5.10 shows a photography of the experimental system, which consists of the following sub-

systems: the CTES system (including LHCS tank and SHCS tank), the data acquisition system, the

pressure system, and the gas heating system.
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Figure 5.10: The physical view of the experimental system.

161



5.3.1 Data acquisition system

The data acquisition system is composed of the temperature and pressures sensors, the mass flow
controllers (MFCs) and the data logger; see Figure 5.10. Thermocouples are connected to the data
logger directly, while the signal of the pressure transducer is converted by the control circuit and then
connected to the data logger. The mass flow rate of the system is controlled and recorded by the
computer software. The data to be collected and monitored during both experimental processes are the
mass flow rates of working fluids (LN2 and N), the temperature profiles of main components and

pipelines, and the pressure variations in the system.

5.3.1.1 Temperature measurements

Table 5.1 lists thermocouple configuration and parameters used to monitor temperature profiles of
main components and pipelines. The mineral insulated type T thermocouples with a diameter of 3 mm
are located at different positions in the system pipeline: the inlet of the LHCS tank (T), the inlet of
the SHCS tank (T for charging process, Ts for discharging process) and the outlet of the SHCS tank
(T4), respectively; see Figure 5.1. The temperature data measured by thermocouples in different
positions vary depending on the experimental procedure. For instance, T, indicates the inlet
temperature of the SHCS tank during the charging process, while during the discharging process it

provides the outlet temperature of the SHCS tank.

The mineral insulated type T thermocouples with a diameter of 1 mm are utilised in the LHCS tank.
Due to the limited space available for thermocouples to pass through, thermocouples are arranged
only at the geometric center of the LHCS tank (L1) and at the same distance away from the U-shaped

tube, but at different depths (L2-La).
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Table 5.1: Basic configuration and parameters on the thermocouples used for system temperature measurement.

Thermocouple configuration and parameters

Diameter

Number Type (mm) Quantity Accuracy Location
1 Mineral insulated type T 3 4 +0.5°C Pipeline
2 Mineral insulated type T 1 5 +0.5°C LHCS tank
3 Washer type T 3.5 10 +0.5°C SHCS tank

To determine the exact location of these thermocouples within the fin stack, a two-dimensional
coordinate axis is established using the radial edge of the last fin on the bottom as the origin (O), see
Figure 5.11 (a) and (b). The coordinate values (X, Y), therefore, are 100, 200 for L4, 170, 300 for L.,
170, 200 for Ls and 170, 80 for L4, respectively (mm). Besides, another thermocouple (AS) is attached
to the outer wall of the aspiration tube and placed at the bottom of the U-shaped tube. It is primarily
used to determine the state of the working fluid at the bottom from the temperature data during the

experiment.
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Figure 5.11: The distribution of thermocouples in the LHCS tank (a: cross section; b: three-dimensional view,

unit: mm).
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Different from the LHCS tank, the temperature profiles of the glass beads cannot be measured directly
because the restricted space between each cylinder makes it difficult to install a feed-through device
that allows thermocouples to be inserted inside the cylinder. Since the space between the internal and
external cylinders of the SHCS tank is maintained under vacuum conditions during the experimental
operation, only the inlet/outlet wall temperature of each cylinder and the cylinder surface temperature
are measured in this context. As a result, the surface-attached washer type T thermocouples with a
diameter 3.5 mm are used in different sites within the SHCS tank, as shown in its distribution Figure
5.12. The inlet/outlet wall temperature of each cylinder is measured by seven thermocouples mounted
on the outer wall of the pipe by bolt connection, namely Si, Sz, Ss, Ss, Ss, Se, and Sio. Same
representation as pipeline temperature, the inlet wall temperature corresponds to the system charging
process, while the outlet wall temperature, in contrast, is the system discharging process.
Thermocouples Ss, Sg and Sy are attached vertically to the outer surface of the fourth cylinder at a

distance of 125 mm, 250 mm and 375 mm from the bottom, respectively.

500
375

Inlet Outlet

250

5 S, 53 Ss Sg Sg S10

Figure 5.12: The distribution of thermocouples in the SHCS tank (unit: mm).
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5.3.1.2 Thermocouple calibration

Thermocouples for temperature measurements were calibrated at six defined temperatures: -195.8°C, -
30°C, -20°C, -10°C, 0°C, and 25°C. The defined reference temperatures were provided by the
atmospheric pressure LN, bath and the temperature-controlled thermostat bath. The starting
temperature was 25°C and gradually decreased to -195.8°C. Thermocouples collected 5 minutes of
data at each defined temperature. The calibration curves were then obtained by fitting a 2" order
polynomial to the average of these thermocouple readouts and the defined temperatures. Figure 5.13
shows an example of the fitted curves for one thermocouple at different locations in the system, and

the R? values for these curves are all greater than 0.99.

y=0.317+1.014T+1.199E-4T2
R?=0.999

y=0.295+1.017T+1.325E-4T2

AS

y=1.071+0.975T-1.837E-4T?

Thermocouple reading (°C)

=-0.201+1.022T+1.673E4T?
R?=0.999

-200 -150 -100 -50 0

Defined temperature (°C)

Figure 5.13: Calibration curves of thermocouples at different positions of the system.
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5.3.1.3 Pressure measurements

As shown in Figure 5.1, pressure transducers with two measuring ranges are installed at different
positions of the system to monitor pressure changes during the experiment. In the system pipeline,
pressure transducers with a measuring range of up to 25 bar are located at the inlet of the LHCS tank
(P41), the inlet of the SHCS tank (P.) and the outlet of the SHCS tank (P3), respectively. In addition,
the pressure transducer P. is directly connected to the PCM vessel inside of the LHCS tank in order to
record pressure changes in the container caused by volume changes of the PCM during the system
charging and discharging processes. Since its internal pressure gradually decreased from the
atmospheric pressure as the PCM was cooled down, the vacuum pressure transducer, therefore, was
applied in which has a relatively low mearing range of -1 to 0 bar. For both mearing ranges pressure
transducers, the calibration work has been performed by the supplier to provide an accuracy of +0.5%

of the full scale reading.

5.3.1.4 Mass flow rate control and measurements

Because the working fluid of this test rig undergoes phase transitions during both charging and
discharging processes, the mass flow rate is used as a parameter to control and monitor throughout the
experiment. There are two MFCs installed in different locations on the system: 1) MFC 1 is located at
the downstream of the system, which is to record the mass of LN, heated by the heating system in
both charging and discharging processes; 2) MFC 2 is connected to the system discharging pipeline to
monitor the mass of N flowing into the system. Both MFCs have been calibrated by the supplier at a
calibration temperature of 20°C and a pressure range of 10-25 barg, which can provide an accuracy of
+0.5% of the reading.
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5.3.1.5 Uncertainty analysis

The overall uncertainty of the experimental results (0R) is affected by the devices used to measure

various parameters (6X,,), it can be expressed by Equation 5.1 [187]:

N 2

SR = z (:TR;) (6X,)? (5.1)

n-1

The uncertainties come from two aspects: systematic/fixed errors and random errors, which can cause
the results to deviate from the true values [188]. The first category refers to the lack of measurement
accuracy due to inappropriate calibration, installation errors and user errors in the measurement
process. These errors can be eliminated by proper calibration and correct installation of the equipment.

The random errors are due to the effect of measurement fluctuations on the accuracy of results.

Based on calibration certificate reports issued by suppliers, the full-scale measurement deviations of
MFCs, thermocouples and pressure transducers are 0.105%, 0.147%,0.131%, respectively. Therefore,
under the conditions of this study, the overall uncertainty calculated for the charging process is 4.27%

and for the discharging process is 5.12%, which can achieve a 95% confidence level [187].
5.3.2 Pressure system

The pressure source of the system is provided by a pressurized LN vessel (charging process) and a N2
cylinder (discharging process); see Figure 5.10. Figure 5.14 exhibits a general arrangement of the LN,
vessel from top and front views, respectively. The operating pressure of the LN, vessel can be
adjusted from 7 to 23 barg by using in combination with the pressure building regulator, the pressure

building valve and the internal pressure build coil. During the system charging experiment, the
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operating pressure was set to 13 barg and 8.5 barg to create a temperature difference of 5°C and 10°C
between the saturation temperature of the LN, and the phase transition temperature of the PCM,
respectively. However, the pressure of the LN supplied by the vessel will decease as the level inside
the tank decreases, which will also result in a lower saturation temperature of LN,. This is due to the
increasing amount of LN that needs to be evaporated to maintain the pre-set operating pressure. As a
result, there is a possibility of excessive cooling of the CTES materials used in the system during the
system charging process. The specific effects will be discussed based on the results of the charging
experiments. In addition, the reading of the level indicator is used to calculate the total LN

consumption during the system charging process.

| Pressure Build Coil

Figure 5.14: (a) Top view; (b) Front view including 1: Pressure gauge; 2: Bursting disc inner vessel; 3: Relief
valve; 4: Vent valve; 5: Level indicator; 6: Pressure building valve; 7: Pressure building regulator; 8:

Economizer regulator; 9: Gas use valve; 10: Liquid valve; 11: Bursting disc outer vessel.
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For the system discharging process, the operating pressure is obtained by adjusting the pressure
regulator of the N2 cylinder. The pressurized N is then introduced to the system at room temperature.

The discharging process occurs at different pressures, more details will be given in the Chapter 6.

5.3.3 Gas heating system

To ensure that the gas exhausted from the system is at room temperature, a gas heating system is
connected at the downstream of the system, which consists of a water-based heat exchanger and a
thermostat bath; see Figure 5.10. Figure 5.15 shows the dimensions of the water-based shell and tube
heat exchanger with a from front view (Figure 5.15 (a)) and a cross section view (Figure 5.15 (b)).
The cold N flows into the heat exchanger on the tube side, and the hot water fills the shell side to
take the cold energy from the N.. The thermostat bath is set to an operating temperature of 40°C to

provide sufficient heat.
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Figure 5.15: Schematic diagram and dimensions of the water-based heat exchanger (a: front view, b: cross

section view, unit: mm).
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5.4 Summary

An integrated laboratory-scale cryogenic energy storage system is set up based on the studied CTES
materials in this chapter. Section 5.1 introduces the system configuration through the charging and

discharging processes.

Section 5.2 explains the design of the CTES components of the test rig. Since the LHCS tank is the
critical component of this test rig, the mathematical modelling has been performed to investigate the
effect of different parameters including fin length, fin thickness, fin gap, and materials on the heat
transfer between the HTF and the PCM in the LHCS tank, thereby providing guidelines for its design.
Although the heat transfer coefficients for boiling and condensation vary in different patterns with the
proportion of vapour in the two-phase flow, the inner tube diameter and the mass flow rate are
positively related to these coefficients. The simulation results also indicate that the heat transfer rate is
significantly influenced by fin thickness, fin gap, fin length and number of fins. However, the

influence of different tube materials on the heat transfer rate is negligible.

In addition, the detailed descriptions of the data acquisition system, the pressure system, and the gas

heating system are presented in Section 5.3.
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CHAPTER 6
RESULTS AND DISCUSSION: TEST RIG EXPERIMENTAL
RESULTS

This chapter discusses the experimental results of the test rig under different experimental conditions.
Section 6.1 compares the system charging performance under different working pressures. Section 6.2
discusses the experimental results of N, condensation processes under the static and dynamic
discharging processes, respectively. In Section 6.3, the system condensation capacity is evaluated

during the dynamic discharging process under different working pressures.
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6.1 System charging process

In the system charging process, LN fluids at different pressures were applied as a cold source for
cooling both SHCS and LHCS tanks. Table 6.1 lists some basic information on LN, for working

pressures of 13 and 8.5 barg, respectively.

Table 6.1: Basic information on LN during system charging process.

Pressure (barg) Density (kg/m®  Boiling point (°C)  Usage amount (L)  Flow rate (g/s)

13 636.77 -165.19 110 3

8.5 670.94 -170.19 110 2

6.1.1 Charging process at a working pressure of 13 barg

The initial charging pressure in the experiment was set at 13 barg to obtain a temperature difference of
5°C between the boiling point of LN, and the PCT of 2-Methylbutane. The charging process took
approximately 6.5 hours, cooling the LHCS tank from -125°C to -160°C and the SHCS tank from -
80°C to -160°C with a constant mass flow rate of 3 g/s. This process consumed around 110 L of LN,

in total.

Figure 6.1 and Figure 6.2 show the temperature change of the LHCS and the SHCS tanks at different
measurement positions during the charging process, respectively. In the initial stage of the cooling
process, the temperature of the PCM remains almost constant. This is due to the cold energy of the
LN being used to cold down the system pipelines and the internal parts of the LHCS tank (U-shaped

tube and fins) from ambient to cryogenic temperatures. Therefore, temperature changes in the PCM
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require time to be observed. After around 1 hour of the charging process, the PCM temperature shows
a significant downward trend. Simultaneously, the inlet temperatures of each cylinder in the SHCS
tank have reached a lower temperature level, indicating that the glass beads have been excessively
cooled. Therefore, the extended spindle needle valve (V10) was opened after one hour of the charging
process to change the path of LN, through the system to avoid overcooling of the SHCS tank, while
continuing to cool the PCM. However, this operation inevitable caused the waste of cold energy from
LN, so the mass flow rate was reduced to 1.5 g/s. The fluctuations due to this operation are that the
PCM temperature is not falling rapidly, showing a steady trend. Whereas, the bottom U-shaped tube
temperature (AS) gradually increases, as indicated by the red dashed line in Figure 6.1. This is
because the warmer N inside the SHCS tank flows into the U-shaped tube due to the change in
charging path. With the system thermal equilibrium being re-established, the AS temperature returns
to approximately -165°C, while the PCM temperature begins to decrease further, eventually forming a

platform near its phase transition temperature of -160°C.

For the SHCS tank, the overall temperatures decrease dramatically before changing the charging path;
see Figure 6.2. This could be due to the poor vacuum condition between the internal and external
cylinders, thus resulting in a sharp change in the overall temperatures of the SHCS tank. This
assumption is also corroborated by the frost on the outer cylinder wall as observed during the practical
experiment. Such poor vacuum condition may lead to inaccurate temperature measurements of the
glass beads. After changing the charging path, the inlet temperature of the SHCS tank T, (see Figure
6.4) gradually increases, causing the glass beads to be heated. The coolant path was therefore changed

to continue cooling the SHCS tank after around 5 hours of the charging process.
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The change in coolant path during system charging process can also lead to the system pressure to

increase up to 14 barg and then decrease down to 13 barg; see Figure 6.3. Since the system pressure

and the saturation temperature of LN, are positively correlated, and the AS temperature approaches

the saturation temperature of LNz when the system is at steady state. Therefore, the fluctuations in the

system pressure can also be monitored by variations in the AS temperature. In Figure 6.4, the inlet

temperature of the LHCS tank T displays an unreasonable reading at the beginning of the charging

process, even higher than T,. This is because the pipeline thermocouple was not installed against the

inner wall of the pipe, but was placed in the centre of the pipe. The mass flow rate used in the

charging process did not allow the LN to completely fill the pipe, so T1 was actually measuring the

temperature of cold Na.

Apparently, such working pressure (13 barg) and LN, flow rate (3 g/s) are not an appropriate

operating condition of the system charging process. Because these operating conditions can cause the

SHS material to be excessively cooled, and this issue is due to the fact that 2-Methylbutane has a

lower thermal conductivity than glass beads and requires a longer time to fully charge. Although

changing the heat exchange path of the LN, can achieve the expected system charging process, it can

also lead to severe system fluctuations and significantly reduce the utilisation of cold energy. Hence,

the working conditions of the system need to be optimised to obtain improved cooling performance.

According to the existing test rig configuration, a feasible solution to weaken the impact of this non-

synchronous heat transfer between the PCM and the glass beads on the system cooling performance is

to reduce the working pressure and the LN- flow rate. Because the lower working pressure can offer a

greater heat transfer gradient between coolant and materials. In addition, the lower LN, flow rate

means that the heat transfer time is increased, and thus more cold energy can be stored.
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Figure 6.1: Temperature variation curves of the LHCS tank during the charging process at a system pressure of

13 barg (The distribution of thermocouples is illustrated in the legend).
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Figure 6.2: Temperature profiles of the SHCS tank during the charging process at a system pressure of 13 barg

(The distribution of thermocouples is illustrated in the legend).
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Figure 6.4: Pipeline temperature fluctuations during the charging process at a system pressure of 13 barg.
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6.1.2 Charging process at a working pressure of 8.5 barg

In order to study the effect of the working pressure and the LN, flow rate on the system cooling
performance, the working pressure of the charging experiment was set to 8.5 barg to obtain a
temperature difference of 10°C between the boiling point of LN> and the PCT of 2-Methylbutane, and
the LN, flow rate was reduced to 2 g/s. In addition, the amount of LN, used was consistent with the
initial charging experiment, which cooled down the LHCS tank from -95°C to -165°C and the SHCS

tank from -10°C to -150°C within 10 hours, respectively.

The PCM within the LHCS undergoes two stages during the charging process at 8.5 barg, including
the cooling stage and the phase transition stage; see Figure 6.5. At the initial cooling process (t <
2 hrs), the relatively small temperature variations in the LHCS tank are accompanied by sharp
fluctuations in the AS temperature. The cooling stage starts when the AS temperature reaches -170°C,
and the PCM temperature gradually decreases to the phase transition point with a cooling rate of
14°C/hr. The PCM enters the phase transition stage after around 5 hours of cooling, and it exhibits a
supercooling issue under the current cooling conditions, which is around 2.5°C. Although different
amounts of 2-Methylbutane are used, the supercooling degree is similar to the T-history measured
data obtained in Chapter 4. The entire phase change process of the PCM takes approximately 2 hours.
The different change trend among four thermocouples (Li-L4) is caused by their distribution pattern.
For instance, PCM at position L, (top of the LHCS tank) first undergoes the phase transition process,
because LN first flows through the top of the U-shaped tube, the heat transfer is faster than other
locations. Thermocouples Ls and L. are placed near the bottom of the U-shaped tube, the heat transfer

to this position, therefore, is relatively slower. After the phase change of the material is finished, its
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overall temperature continues to be cooled down to reach the saturation temperature of the LN,. This

part of the sensible heat will also be used during the system discharging process.

The inlet temperature profiles for each cylinder in the SHCS tank are close to the lowest temperature
(around -150°C) after 6 hours of cooling, which is 10°C higher than the minimum temperature
obtained during the 13 barg charging process; see Figure 6.6. However, the inlet temperatures of the
first four tanks (S; to Si) exhibit a decreasing trend after 9 hours of the charging process,
corresponding to the end of the phase change process of the PCM in the LHCS tank, which indicates
that the lower cold energy has entered the SHCS tank at this time, thus allowing the inner glass beads
to be overcooled. This process can also be demonstrated by the inlet (T2) and outlet (T4) temperatures
of the SHCS tank in Figure 6.8. Initially, the cold energy is greatly absorbed by the glass beads within
the first 2 hours of the charging process due to the large temperature difference between the material
and the cold N.. The inlet temperature T»is then maintained almost constant until the completion of
the phase change of the PCM. The glass beads are thus excessively cooled with the lower grade cold
energy entering the SHCS tank. For the outlet temperature Ty, it starts to decline rapidly after 2 hours
of the cooling process and approaches a steady state within 6 hours. However, T4 is relatively higher
than the last inlet temperature of the cylinder (S1o) in the SHCS tank by approximately 10°C at the end

of the cooling process due to the heat soak between the pipeline and the environment.

Furthermore, since this process does not change the path of LN, flowing through the system, a more
stable system pressure fluctuation is obtained compared with the cooling process at 13 barg, and the
system pressure presents a slight downward trend as the LN, is gradually consumed during the

cooling process; see Figure 6.7. The average pressure drops (difference between P, and P3) of the
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SHCS tank is around 10 kPa, which indicates that the main pressure drop of the system is not serious

during the system cooling process.

Compared with the charging process at 13 barg, the charging process at 8.5 barg not only reduces the
system fluctuations considerably, but also avoids the excessive cooling of the glass beads to a certain
extent. Firstly, the temperature difference provided by the charging process at 8.5 barg can effectively
address the non-synchronous heat transfer between the PCM and the glass beads, thus improving the
utilisation of cold energy. Secondly, although the reduced mass flow rate of LN, increases the time
required for the system charging process, it provides a more stable heat exchange, which enables a

more accurate measurement of the data.
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Figure 6.5: Temperature variation curves of the LHCS tank during the charging process at a system pressure of

8.5 barg (The distribution of thermocouples is illustrated in the legend).
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Figure 6.6: Temperature profiles of the SHCS tank during the charging process at a system pressure of 8.5 barg

(The distribution of thermocouples is illustrated in the legend).
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Figure 6.7: Pressure fluctuations during the system charging process at 8.5 barg.
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Figure 6.8: Pipeline temperature fluctuations during the charging process at a system pressure of 8.5 barg.

6.2 System discharging process

The system discharging process utilizes the stored high-grade cold energy to liquefy high pressure N,
which has a saturation temperature higher than the phase transition temperature of the PCM. The
discharging experiments were implemented under static and dynamic conditions, respectively.
Besides, as the preparation step of the discharging process, the remaining LN, from the charging

process had been rejected completely by reducing the system pressure.

6.2.1 Static discharging process

Initially, the downstream bypass valve (V15) and the mass flow controller (MFC1) were closed to
create a sealed condition for the discharging process, and the pressure regulator of the N cylinder was

set at 19.5 barg as the pressure source.
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Generally, the method to determine the condensation of N; is to compare the saturation temperature of
LN (under the real-time pressure of the system) with the real-time AS temperature while maintaining
the system pressure constant. There are three scenarios; 1) Tys < Tsgturation: 2) Tas = Tsaturation: 3)
Tas > Tsaruration- N the first scenario, the cold N2 is liquefied at this system pressure and is in a
supercooled state. The second scenario is that the condensed N, can be gas, liquid, or gas-liquid

mixture. In the third scenario, the low temperature N2 cannot be liquefied under this pressure.

As shown in Figure 6.9 (a), the system pressure starts to increase from 12 barg and reaches 19.5 barg
after 10 minutes. Then, the system pressure remains at 19.5 barg in the interval of 10 to 20 minutes to
induce the condensation of N». During this period of time, the AS temperature is observed lower than
the saturation temperature dash line of LN, at 19.5 bar; see Figure 6.9 (b). It indicates that the
condensed N2 accumulated at the bottom of the U-shaped tube is a sub-cooled liquid phase at this
working pressure. The AS temperature gradually increases and approaches the saturation temperature
of LN with the natural convection inside the U-shaped tube. In addition, the experiment also applied
the method of reducing the system pressure to further prove whether LN, can be generated. The
bypass valve (V15) was opened to reduce the system pressure to 15 barg after around 28 minutes of
the discharging process. As shown in Figure 6.9 (b), the AS temperature has a rapid decrease from the
saturation temperature to -162°C, which is due to the endothermic evaporation of the generated LN

under the reduced system pressure.
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Figure 6.9: (a) System pressure variation curves during the static liquefaction process of N, at a working

pressure of 19.5 barg; (b) Temperature profile of the AS during the static liquefaction process of N at a working

pressure of 19.5 barg.
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However, this static experiment can only qualitatively analyse the condensation process of Nz. In
order to quantitatively analyse the N, condensation rate during the system discharging process, the
flow rate parameter is introduced to evaluate the condensation process, and the above mentioned three
scenarios can be modified as 1) Tys < Tsaturation » Maischarging = Mn, 3 2) Tas =
Tsaturations Maischarging = M, 3) Tas > Tsaturations Mdischarging > M, - IN the first scenario, the
same mass flow rate of N, flowing into and out of the system maintains the system pressure constant,
and the real-time AS temperature is lower than the saturation temperature of LN,. It indicates that the
cold N2 is liquefied at this constant pressure and has a supercooled state. Therefore, the system
condensation rate of N, is approximately equal to the current mass flow rate of the discharging
process. In contrast, if the AS temperature is higher than the saturation temperature, it indicates that
the corresponding mass flow rate is too large to liquefy N, The second scenario is a more
complicated one, which can be divided into three sub-cases: 1) the cryogenic N is in a gas state,
which means the condensation rate is smaller than the mass flow rate; 2) the cold N is completely
converted to the saturated LN, the condensation rate of N, therefore, is the same as the downstream
mass flow rate; 3) N2 is only partially liquified in this case, and its gas-liquid composition is unknown,
which indicates that the actual condensation rate is lower than the mass flow rate of the discharging

process.

6.2.2 Dynamic discharging process

In order to further verify the three scenarios proposed, the downstream MFC1 was opened set to 0.31
g/s to change the N> condensation process from static to dynamic. The AS temperature and the MCF1
readings corresponding to the real-time pressure of the system were monitored during the entire

condensation process.
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As shown in Figure 6.10 (a), the system pressure increases from 12 barg to 19 barg and reaches

dynamic equilibrium after 5 minutes. Correspondingly, the AS temperature also gradually increases

and tends to be stabilized at -158°C, which is slightly lower (around 0.5°C difference) than the

saturation temperature of LN2 under the system pressure at 19 barg. At this time, the state of the

system is consistent with the first scenario mentioned above. Because the cold energy provided by the

PCM in the initial stage of the discharging process is greater than that required for N liquefaction, the

generated LN; is in a supercooled state. As the same operation conducted in the static experiment, the

system pressure was reduced to 16 barg to monitor the AS temperature change and exhaust the

generated LN, after 10 minutes. The result is that a sharp temperate decline peak caused by the

endothermic evaporation can be obtained during the process of system pressure drop. Therefore,

under the condition that the system pressure remains constant at 19 barg, the LN, can be produced at a

condensation rate of 0.31 g/s.

However, as the system pressure returns to 19 barg again, the AS temperature rises first, and then

stabilized at the saturation temperature of the LN,. In this scenario, since the AS temperature is close

to the saturation temperature of LN after the system pressure is rebalanced, it is difficult to determine

whether the N; inside the U-shaped tube is in a gas-liquid phase or a single phase. Thus, the MFC1

reading cannot reflect the actual condensation rate of the system, which should be smaller than the

measurement value of the MFC1.

Figure 6.10 (b) also presents the temperature change profile of the PCM during the dynamic

discharging process at 19 barg. One can see that the temperature between different parts of the PCM

is not uniform. The average overall temperature difference between the middle part (L1) and the
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bottom part (Ls and L4) is around 2°C, while the top part (L2) has the lowest temperature, which is -
163°C. This indicates that the heat exchange between the N, and the PCM is mainly concentrated at
the bottom of the U-shaped tube due to its relatively larger heat transfer area compared with the top
side. Other reasons for the temperature difference inside the PCM are likely to be: 1) the influence of
the U-shaped tube configuration on the heat transfer, including the geometry, size and distribution; 2)
the relatively lower thermal conductivity of the PCM. As described in Chapter 5, the diameter of the
U-shaped tube is comparatively smaller than the inner LHCS tank, and the cold N enters the LHCS
tank from both sides of the U-shaped tube at the same time. Therefore, the heat exchange between the
N2 through the tube wall and the PCM may be uneven, resulting in different melting rates of the PCM
at different positions. While the lower thermal conductivity of the PCM means that the heat transfer
ability among the material is poor, which can easily lead to temperature difference. It also illustrates
that the cold energy generated during its phase transition cannot be conducted to the U-shaped tube
wall timely, the temperature difference between the tube wall and the cold N, therefore, cannot
remain stable and will change to a certain degree over time, thereby affecting the N, liquefaction

process.

In addition, it can also be seen in Figure 6.10 (b) that the temperatures of the PCM at different
locations show a rapidly upward trend for the first 15 minutes, and then gradually stabilizes at
different temperatures. The initial part can be considered as the sensible cold period of the PCM,
which is quickly consumed. The following part is the phase transition period of the PCM, which has a
stable temperature plateau. However, for the reasons discussed above, the PCT of the material are not
equal at different positions. For instant, the bottom part Lz and L4 gradually increases and finally
stabilizes at around -157°C, which is higher than the saturation temperature of LN,. The phase
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transition temperatures of the middle part L1 and the top part L. are around -159°C and -162°C
separately. This difference in phase transition temperature of the PCM caused by multiple factors has
a great impact on the condensation efficiency of the system. Although it is possible to increase the
discharging working pressure to obtain a new temperature difference that can liquefy N, it has
exceeded the maximum pressure of the system design. Thus, the experimental time of the N

condensation process is usually shorter than the system charging process, which is around 30 to 35

minutes.
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Figure 6.10: (a) System pressure variation curves during the dynamic liquefaction process of N at a working
pressure of 19 barg; (b) Temperature profiles of the AS and the PCM during the dynamic liquefaction process of

N2 at a working pressure of 19 barg.

6.3 Evaluation of the system condensation capacity

To further determine the system condensation capacity of Ny, the test rig discharging experiment was
repeated based on the conclusion mentioned above. The system was fully charged by using LN, at 8.5
barg working pressure. Since the temperature difference between the PCM and the working fluid is
10°C. The experiments, therefore, were classified as the sensible cold period and the latent cold period
according to the temperature of the 2-Methylbutane. However, the LN, pressure provided by the LN,
tank gradually decreases as the cooling process progresses, which leads to the final temperature of
some parts of the PCM (L1 and L) being lower than -170°C after the cooling process is completed, as

shown in Figure 6.11.
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6.3.1 System condensation rate of N in the subcooled period of the PCM

Figure 6.11 presents some main parameters using sensible heat of the PCM during the system

condensation process. One can see that the system pressure remains at 16.5 barg after 7 minutes, and

the corresponding saturation temperature of the LN, is -160.02°C. At the same time, the AS

temperature quickly increases in the process of the system pressure build-up, and then gradually

stabilizes at around -161°C, which is lower than the current saturation temperature of the LNo..

Therefore, under the condition that the system pressure remains constant at 16.5 barg, the LN, can be

produced at a condensation rate of 1 g/s in the subcooled period of the PCM. The effective time of N;

liquefaction (Tys < Tsqruration) 1S denoted by the black dotted circle in Figure 6.11, which is around

18 minutes. The total amount of N liquefied at a system pressure of 16.5 barg is 1.08 kg during the

sensible cold period of the PCM. Subsequently, the AS temperature gradually increases and

eventually approaches the saturation temperature of the LN, in the last 5 minutes of the condensation

process.

The temperature change trend of the PCM is also shown in Figure 6.11. It can be seen that the overall

temperature of the PCM does not change significantly during the first 8 minutes of increasing system

pressure. When the system pressure stabilizes at 16.5 barg, the PCM temperature starts to be heated

by the flowing Na.
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Figure 6.11: System parameters of LHCS temperature, pressure, and flow rate for N, condensation process using
the sensible cold energy of PCM at an operating pressure of 16.5 barg.

As shown in Figure 6.12, during the condensation process of Ny, the temperature (Ts) of the high-
pressure N, entering the system is maintained at approximately 10.2°C and its temperature fluctuates
by no more than 0.5°C. However, the outlet temperature (S; or T>) of the cooled N, initially trends to
rise and then stabilizes at around -152°C, and the average temperature difference between the outlet
(cold side) and the inlet (hot side) is about 10°C. As demonstrated in Figure 6.6, since several
cylinders at the front of the tandem (cylinder 1 to 3) have some degree of supercooling, this results in
a lower N temperature at the outlet. Its temperature gradually equilibrates as this cold energy is
consumed. Meanwhile, the pipeline between the SHCS tank outlet and the LHCS inlet is not covered
by a vacuum layer, the heat soak from the ambient, therefore, makes the temperature at point T

slightly higher than the temperature at point S; by about 0.7°C even if the pipeline is wrapped with the
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insulation material. In addition, there is no significant temperature difference between Ss, Se, and Sy,
which are used to study the temperature distribution of a single cylinder at equal intervals along the

axial direction. Its average temperature is between the hot side and the cold side, which is around -

148°C.
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Figure 6.12: The temperature profile of the SHCS tank during the N2 condensation process at an operating

pressure of 16.5 barg using the subcooled period of the PCM.

6.3.2 System condensation rate of N in the phase transition period of the PCM

Before starting the condensation experiment with the latent cold energy of the PCM, the system
pressure was reduced several times to ensure that all LN generated in the sensible cold energy period
had been removed completed. Besides, the system N, flow rate was decreased from 1 g/s to 0.5 g/s to

reduce the effect of the gradually decreasing temperature difference between the PCM temperature
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and the LN saturation temperature on N2 condensation.

Figure 6.13 shows system parameters of LHCS temperature, pressure, and flow rate using latent heat
of the PCM during the system condensation process. It can be seen that due to the reduction in N
flow rate, the new system pressure is maintained at 17 barg, and the corresponding saturation
temperature of the LN is increased to -159.5°C. Simultaneously, the AS temperature is observed at
around -160.5°C, which is 1°C below the current saturation temperature of the LN.. It indicates that
the cold N can be liquefied with a condensation rate of 0.5 g/s in the phase transition period of the
PCM while the system pressure remains constant at 17 barg. The effective time of N liquefaction
(Tys < Tsaturation) 1S denoted by the black dotted circle in Figure 6.13, which is around 24 minutes.
The total amount of N liquefied at a system pressure of 17 barg is 0.72 kg during the latent cold
period of the PCM. After 24 minutes of the N, condensation process, the AS temperature starts to
increase and eventually exceeds the saturation temperature of the LN, without showing a downward
trend, which implies that the PCM is not capable of providing enough cold energy or temperature
difference to liquify N2 under the existing system conditions. When the system pressure is released at
27 minutes of the condensation process, the AS temperature exhibits the same downward trend that is
also observed in the dynamic experiments. However, the difference is that the AS temperature does
not remain near the saturation temperature of the LNy, but tends to rise gradually as the system

pressure returns to the set pressure.

The overall temperature of the SHCS tank tends to increase with further heat exchange between the
glass beads and the N, as shown in Figure 6.14. The outlet temperature (S; or T) of the cold N; is

maintained for the first 10 minutes at -153°C, and rises gradually as the process continues. This means
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that the cold energy required to liquefy the N2 is increase as well, thus affecting the overall
liquefaction efficiency of the system during the phase transition period of the PCM. In addition, the
temperature on the hot side increases considerably faster than that on the cold side, and the average
temperature difference between the cold side and the hot side is also enlarged from 10°C at the start of

the experiment to 20°C at the end of condensation process.
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Figure 6.13: System parameters of LHCS temperature, pressure, and flow rate for N, condensation process using

the latent cold energy of PCM at an operating pressure of 17 barg.
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Figure 6.14: The temperature profile of the SHCS tank during the N2 condensation process at an operating

pressure of 17 barg using the phase transition period of the PCM.

6.4 Summary

This chapter presents the experimental results of the high-grade cold energy storage in both LHCS
and SHCS units. Both charging and discharging processes were studied. One of the specific tasks was

to verify the liquefaction of N, during the release of cold energy stored in the CTES materials.

In the system charging process, the working fluid pressure was set at 13 barg and 8.5 barg for cooling
the system, respectively. It can be found that when the charging pressure is set at 13 barg, there is a
mismatch in the degree of cooling between the PCM and the glass beads, which tend to be overcooled
prior to the phase transition of the PCM. Although this issue can be mitigated by changing the path of
LN, through the system to cool down the LHCS tank individually, a significant amount of cold energy

is discharged directly from the system before being stored in the CTES materials. The system
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charging pressure, therefore, was reduced to 8.5 barg to bulit a 10°C temperature difference between
the saturation temperature of LN, and the PCT of the PCM. The LN, flow rate was also decreased
from 3 g/s to 2 g/s to increase the heat exchange time between the LN, and the CTES materials. The
results indicate that the CTES materials can be fully charged within 10 hours using 110 L of LN,. The
PCM is cooled from -95°C to -165°C with a cooling rate of 14°C/hr and then takes 2 hours to finalise
the phase transition process. The overall temperature of the SHCS tank is maintained at around -150°C
at the end of the charging process, and only the first few cylinders exhibit the overcooling problem

during the last hour of the charging process.

In the system discharging process, the verification experiments were implemented under static and
dynamic conditions to determine whether high pressure N2 can be liquefied by heat exchange with the
frozen PCM and glass beads at a given system pressure. By monitoring the real-time pressure of the
system and the AS temperature at the bottom of the U-shaped tube, different three scenarios were
proposed to analyse the possible state of N, after heat exchange with materials, namely 1) Ts <
Tsaturation » Maischarging =My, 5 2) Tas = Tsaturation + Maischarging = M, 5 3) Tas >
Tsaturations Maischarging > Mn,- Based on the experimental results of N liquefaction validation,
further condensation experiments were performed using the sensible cold energy and the latent cold
energy of PCM, respectively. During the sensible cold period of PCM, N is liquified at a system
pressure of 16.5 barg for a duration of 18 minutes, yielding a total of 1.08 kg of LN,. For the phase
transition period of PCM, the condensation capacity of the system for N, progressively decreases as
the heat transfer temperature difference provided by the PCM reduced, the N flow rate was therefore
adjusted from 1 g/s to 0.5 g/s. The effective time of N liquefaction is approximately 24 minutes, and
the mass of the condensed N is 0.72 kg when the system pressure is maintained at 17 barg.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS
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7.1 Conclusions

This work focuses on three aspects associated with high-grade cold energy storage based on CTES

materials: 1) to screen and determine suitable CTES materials for cryogenic applications; 2) to design

and build a laboratory-scale test rig for extremely valuable high-grade cold energy storage/utilisation

based on the investigated CTES materials; 3) to verify the performance of the test rig for high-grade

cold energy storage/utilisation through system charging and discharging experiments. The main

conclusions are summarised as follows:

*  The specific heat capacity and thermal conductivity of Borosilicate glass beads (SHS material)

have a tendency to decrease with the temperature reduction.

*  The results of the DSC measurements indicate that the PCT of 1-Hexene is -138.8°C with a phase

change enthalpy of 156.39 kJ/kg. But the phase transition of 2-methylbutane was not observed in

the same DSC measurements. The T-history method, therefore, was used for both 1-Hexene and

2-Methylbutane to further investigate their phase transition behaviours. It can be found that the

supercooling degree of 1-Hexene (12°C) is approximately 40% lower than the DSC results, and

that of 2-Methylbutane is only 2°C. The melting enthalpy of 2-Methylbutane is obtained by

comparing and calculating the under-curve area of the melting process of 1-Hexene and 2-

Methylbutane, which is estimated to be 74.29 kJ/kg.

* The expanded graphite (EG) and two different thickeners were mixed separately with pure 1-

Hexene to address the low thermal conductivity issue. Both SiO»-based (3 wt.%) and SEBS-

based (2 wt.%) composites with 0.5 wt.% EG enhance the thermal conductivity of solid state 1-

Hexene by 34.5% and 38.1% compared with the pure substance, respectively. For liquid state,
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the introduction of 0.5 wt.% EG leads to an increase in the thermal conductivity of both

optimally modified mixtures by 64.2% and 52.3%, achieving 0.248 W/m-K and 0.230 W/m-K,

respectively.

The long-term stability of 1-Hexene was performed by 100 complete charging and discharging

thermal cycles. It shows an acceptable variation (3.16%) in the latent heat after 100 thermal

cycles. In addition, the crystalline memory effect of the material due to thermal cycling

significantly reduces the time required for recrystallisation, which is beneficial for the practical

application of the material. Furthermore, the volume expansion coefficients from solid to liquid

phase are 21% and 20% for 1-Hexene and 2-Methylbutane, respectively.

The flammability of pure PCMs and PCMs modified with two different fire retardants (SiO; and

TCEP) was studied at ambient temperature. The addition of both fire retardants can effectively

inhibit the burning intensity of PCM, and the increment of the LFL is proportional to the amount

of SiO; added. Compared with the SiO,, the flame retardancy of the TCEP is not stable in terms

of flame retardancy. However, it is likely to be attributed to the better dispersion of SiO; in 1-

Hexene than in TCEP, the 5% (v/v) TCEP exhibits lower flame retardancy than SiO, as the

volume of 1-Hexene is increased. SiO; is regarded as a more suitable candidate for mitigating the

flammability of the PCMs due to its compatibility and environmental advantages.

The determined thermophysical properties of 3-Methylpentane suggest that it can be a good
alternative LHS material at cryogenic applications, especially in terms of compatibility with heat

exchange devices due to its similar volume expansion to that of 2-Methylbutane.
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A one-dimensional transient tube model with cylindrical fins was proposed to study the effect of
different parameters including fin length, fin thickness, fin gap, and materials on the heat transfer
between the HTF and the PCM in the LHCS tank. The simulation results indicate that the heat
transfer coefficients for boiling and condensation vary in different patterns with the proportion of
vapour in the two-phase flow, but the inner tube diameter and the mass flow rate are positively
related to these coefficients. The fin thickness, fig gap, fin length and number of fins are
positively correlated with the heat transfer rate. However, different tube materials have a

negligible effect on the heat transfer rate.

An experimental system was designed and built to store and utilise high-grade cold energy by
using 2-Methylbutane as LHS material and Borosilicate glass beads as SHS material. This system
consists of two processes corresponding to the storage and utilisation of the cold energy, which
are: a) system charging process; b) system discharging process. One of the specific tasks was to

verify the liquefaction of N> during the release of cold energy stored in the CTES materials.

The system charging experiments were conducted at 13 barg and 8.5 barg, respectively. It can be
found that when the charging pressure is set at 13 barg, there is a mismatch in the degree of
cooling between the PCM and the glass beads, which tend to be overcooled prior to the phase
transition of the PCM. The results of the charging process at 8.5barg show the CTES materials
can be fully charged within 10 hours using 110 L of LNy, and the overcooling problem of the

SHS material has been significantly improved.

In the system discharging experiments, the real-time pressure of the system and the AS

temperature at the bottom of the U-shaped tube were used to determine the possible states of N
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after heat exchange with PCM, as the interior of the LHCS tank is invisible. Three different
scenarios are included: 1) Tus < Tsqruration » Mdischarging =M, » 2) Tas =

Tsaturationa mdischarging = mNZ; 3) TAS > Tsaturationv mdischarging > mNz-

The system condensation capacity of N varies according to the temperature difference between
the frozen PCM and the cold N2. The results indicate that the total amount of LN, produced
during the sensible cold period of PCM is 1.08 kg at a system pressure of 16.5 barg. For the
phase transition period of PCM, the effective time of N liquefaction is approximately 24 minutes
under conditions of reducing the system flow rate from 1.0 g/s to 0.5 g/s and increasing the

system pressure from 16.5 barg to 17 barg. The mass of liquefied N is 0.72 kg.

7.2 Recommendations and future work

Although this work has obtained some promising results in the cryogenic energy storage filed, there

are still many aspects of CTES materials and their applications that deserve to be further investigated.

Some recommendations for future work are given in the following:

This work has successfully applied the hydrocarbons with a few carbon atoms (Cs and C) as
cryogenic PCMs. However, the selection of PCM candidates that are appropriate for cryogenic
applications remains very limited. More efforts are needed in the development of new material
formulations, such as eutectic composite cryogenic PCMs, which can achieve lower phase
transition temperatures. Besides, the thermophysical properties of cryogenic PCMs are not as
easy to determine as those of room temperature or mid-temperature PCMs. Some properties can

only be known through indirect measurements, which makes testing more challenging. Therefore,
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more convenient and accurate measurement methods should be developed to facilitate the study

of cryogenic PCMs.

In the configuration of the test rig, the series connection of the LHCS and SHCS tanks enables
the maximum amount of high-grade cold energy to be stored in the CTES materials during the
charging process. However, the different thermal conductivities of LHS and SHS materials can
led to an asynchronous cooling progress, which reduces the efficiency of cold energy storage.
Modification work on the test rig can be carried out, such as adding more U-shaped tubes inside

the LHCS tank, thus increasing the heat transfer area between the HTF and the PCM.

The system charging and discharging processes are mainly focused on the experimental study of
N2 liquefaction in this work. The total system efficiency should be further evaluated and studied
in both numerical and experimental aspects to gain a more comprehensive understanding of the

charging and discharging processes.
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Appendix
Appendix A

Modified Bessel Functions of the first and second kinds

Table A.1: Zero-order and first-order Bessel functions of the first and second kinds.

x e *Iy(x) e "1, (x) e*Ky(x) e*K;(x)
0.0 1.0000 0.0000 o) o)
0.2 0.8269 0.0823 2.1407 5.8334
0.4 0.6974 0.1368 1.6627 3.2587
0.6 0.5993 0.1722 1.4167 2.3739
0.8 0.5241 0.1945 1.2582 1.9179
1.0 0.4657 0.2079 1.1445 1.6361
12 0.4198 0.2152 1.0575 1.4429
14 0.3831 0.2185 0.9881 1.3010
16 0.3533 0.2190 0.9309 1.1919
1.8 0.3289 0.2177 0.8828 1.1048
2.0 0.3085 0.2153 0.8416 1.0335
2.2 0.2913 0.2121 0.8056 0.9738
2.4 0.2766 0.2085 0.7740 0.9229
2.6 0.2639 0.2046 0.7459 0.8790
2.8 0.2528 0.2007 0.7206 0.8405
3.0 0.2430 0.1968 0.6978 0.8066
3.2 0.2343 0.1930 0.6770 0.7763
3.4 0.2264 0.1892 0.6579 0.7491
3.6 0.2193 0.1856 0.6404 0.7245
3.8 0.2129 0.1821 0.6243 0.7021
4.0 0.2070 0.1787 0.6093 0.6816
4.2 0.2016 0.1755 0.5953 0.6627
4.4 0.1966 0.1724 0.5823 0.6453
4.6 0.1919 0.1695 0.5701 0.6292
4.8 0.1876 0.1667 0.5586 0.6142
5.0 0.1835 0.1640 0.5478 0.6003
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5.2 0.1794 0.1614 0.5376 0.5872
5.4 0.1762 0.1589 0.5279 0.5749
5.6 0.1728 0.1565 0.5188 0.5633
5.8 0.1696 0.1542 0.5101 0.5525
6.0 0.1666 0.1520 0.5019 0.5422
6.4 0.1611 0.1479 0.4865 0.5232
6.8 0.1561 0.1441 0.4724 0.5060
7.2 0.1515 0.1405 0.4595 0.4905
7.6 0.1473 0.1372 0.4476 0.4762
8.0 0.1434 0.1341 0.4366 0.4631
8.4 0.1398 0.1312 0.4264 0.4511
8.8 0.1365 0.1285 0.4168 0.4399
9.2 0.1334 0.1260 0.4079 0.4295
9.6 0.1305 0.1235 0.3955 0.4198
10.0 0.1278 0.1213 0.3916 0.4108

Appendix B

Program code of Latent heat cold storge (LHCS) tank

Boiling process

%input

$%Geometry

N=5:5:70;%fin number

S=20e-3;%fin gap[2.5e-3 5e-3 10e-3]
t=1.5e-3;%fin thickness
r2=10e-3:10e-3:200e-3;%fin raidus
r1=3e-3;%pipe outer radius
w=le-3;%pipe wall thickness

rO0=rl-w; $pipe inner radius

%$%Conditions
T PCM=130; %PCM Temperature, K, fixed
massflow=1.5e-3; %kg/s

T in=103;%inlet temperature

%material Properties

k £in=500; %fin thermal conductivity, fixed
k tube=500;%tube thermal conductivity

h PCM=0.19;%PCM thermal conductivity
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$Working Fluid Properties, fixed
rho 1=670.94;%kg/m"3
rho g=39.184;%kg/m"3
miu 1=6.8993e-5;%Pa*s
miu g=7.706e-6;%Pa*s
Cp_1=2.4043e3;%J/Kg/K
Cp_g=1.6162e3;%J/Kg/K
k 1=0.094917;%W/m*k

k g=0.011677;%W/m*k
x=0.9;

sigma 1=0.0034831;3N*m
sigma g=0.0034831;3N*m

$Initialization
Temp b=zeros (length (N),length(r2));
Temp w=zeros (length (N),length(r2));

HeatRate=zeros (length (N), length(r2));

)
) ;

’

HTC avg=zeros (length (N),length(r2)

$Calcualtion

for i=1:length (N)

for ii=1l:length(r2)

d=2* (rl-w) ; $inner diameter of tube

G=massflow/ (d"2*pi()/4);

L=N (1) * (t+3) ; $tube length

r2c=r2 (ii)+t/2;

Af=2*pi()*(r2c”2-rl."2);%area surface of the fin

At=(Af+S*rl1*2*pi())*N(i);%total area

Cl=h PCM*At* (1-N(i)*Af/At*(1-Fin Efficiency Cal(rl,r2(ii),k fin,h PCM,t)));
C2=2*pi () *k_tube*L/log(rl/x0);
C3=2*pi () *r0*L*HTC Boiling(G,d,rho _1,rho g,miu 1,Cp 1,k 1,x);

T base=((CL*C3+C1*C2)*T PCM+C2*C3*T in)/(C1*C3+C1l*C2+C2*C3);
T wall=(C3*C2*T_in-Cl1*C2*T base+Cl*C2*T PCM)/ (C3*C2);
Soutput in loop
Temp b (i,11i)=T base;
Temp w(i,1i)=T wall;
HTC avg(i,ii)=HTC Boiling Shah(G,d,rho 1,rho g,miu 1,Cp 1,k 1,x);
HeatRate (i,11)=-C3* (T _in-T wall);
end

end

function [HTC] = HTC Boiling(G,d,rho 1,rho g,miu,Cp,k 1,x)
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$HTC_TWOPHASE Summary of this function goes here

%G mass flux, kg/m*2/s

%d diameter of pipe, m

$rho 1 rho g density of liquid and gas phase, kg/m"3
$miu dyanmic viscosity, Pa*s

%Cp thermal capacity, J/Kg/K

%k 1 thermal conductivity of liquid phase, W/m/K

%$x vapour quality, 0-1

$Froude numbers
Fr=G"2/9.8/rho_172/d;
%correction factor
if Fr<0.04

K _FR=(25*Fr)*-0.3;
else

K_FR=1;

end

$convection number

Co=K_FR* ((1-x)/x)"0.8*(rho g/rho 1)"0.5;

%convection boiling factor
if Co<l

Fcb=1.8*Co"-0.8;
else

Fcb=1+0.8%exp (1-Co"0.5);
end
$velocity
v=G/rho_1l;%volume flow rate
%Renold number
Re=v*rho 1*d/miu;
$Prandlt bumber
Pr=Cp*miu/k_1;
%$1liquid only heat transfer coefficient

h 1=0.023*Re”0.8*Pr"0.4*k 1/d;

%enhancement factor due to the two phase flow
F=Fcb* (1-x) ;

%two phase flowheat transfer coefficient
HTC=F*h 1;

End
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Condensation process

%input

$%Geometry

N=5:5:70;%fin number

S=20e-3;%fin gap[2.5e-3 5e-3 10e-3]
t=1.5e-3;%fin thickness
r2=10e-3:10e-3:200e-3;%fin raidus
r1=3e-3;%pipe outer radius

w=1le-3; %pipe wall thickness

rO=rl-w; %pipe inner radius

$%Conditions
T PCM=113; %PCM Temperature, K, fixed
massflow=le-3; %kg/s

T in=123;%inlet temperature

$material Properties

k f£in=500; %fin thermal conductivity, fixed
k tube=500;%tube thermal conductivity

h PCM=0.19;%PCM thermal conductivity

$Working Fluid Properties, fixed
rho 1=591.16;%kg/m"3
rho g=79.674;%kg/m"3
miu 1=4.9210e-5;%Pa*s
miu g=9.1543e-6;%Pa*s
v_1=miu 1/rho 1;%m"2/s
v_g=miu g/rho_g;%m"/s
Cp 1=3.0676e3;%J/Kg/K
Cp_g=2.5051e3;%J/Kg/K
k 1=0.075026; 3W/m*k

k g=0.016507;%W/m*k
x=0.3;

sigma 1=0.0016033;%N*m
sigma g=0.0016033;%N*m

$Initialization
Temp b=zeros (length (N), length(r2));
Temp w=zeros (length (N), length(r2));
HeatRate=zeros (length (N), length (r2
HTC avg=zeros (length (N),length(r2)

));
).

I

%$Calcualtion
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for i=1l:length (N)

for ii=l:length(r2)

d=2*(rl-w) ; %inner diameter of tube

G=massflow/ (d"2*pi()/4);

L=N (i) * (t+S);%tube length

r2c=r2 (ii)+t/2;

Af=2*pi () *(r2c"2-r1"2);%area surface of the fin

At=(Af+S*rl*2*pi())*N(i);%total area

Cl=h PCM*At* (1-N(i)*Af/At* (1-Fin Efficiency Cal(rl,r2(ii),k fin,h PCM,t)));
C2=2*pi () *k_tube*L/log(rl/r0);
C3=2*pi () *r0*L*HTC Condenstion(G,d,rho 1,rho g,miu 1,miu g,v _1,v g,Cp 1,Cp_
g,k 1,k g,sigma_1,sigma g, x);

T base=((CL*C3+C1*C2)*T PCM+C2*C3*T in)/(C1*C3+4C1l*C24C2*C3);
T wall=(C3*C2*T_in-Cl1*C2*T base+C1l*C2*T PCM)/ (C3*C2);
Soutput in loop

Temp b(i,ii)=T base;

Temp w(i,1i)=T wall;

HTC avg(i,ii)=HTC Condenstion(G,d,rho 1,rho g,miu 1,miu g,v _1,v g,Cp 1,Cp g
+k 1,k g,sigma 1,sigma g, x);

HeatRate(i,1i)=-C3*(T_in-T wall);
end

end

function [HTC,FlowRegime] =

HTC Condenstion(G,d,rho 1,rho g,miu 1,miu g,v_1,v g,Cp 1,Cp g,k 1,k g,sigma
_1,sigma_g, x)

%$Kim 2013 Model is a fitted model which should be conservative for
sdownward annular condensation

nitrogen liquification

$Sung-Min Kim, Issam Mudawar, Universal approach to predicting heat transfer
$coefficient for condensing mini/micro-channel flow, International Journal

%0f Heat and Mass Transfer, 2013, Vol 56, Issuses 1-2, Pages 238-250

$rho=density in kg/m"3, miu=dynamic viscosity in Pa*S,Cp=specific heat
$capacity in kJ/kgK, k thermal conductivity in W/m"2/K, sigma=surface
$tension in N/m

% _1l=liquid phase, g=gas phase

$x=vapor quality

g=9.8; %Set gravity

%Reynolods numbers
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Re 1=G* (1-x)*d/miu 1;
Re g=G*x*d/miu_g;
Re lo=G*d/miu 1;

%$Prandtl number
Pr 1=Cp 1l*miu 1/k_1;
Pr g=Cp g*miu g/k_g;

$Lockhart-Martinelli parameter, only momentum equilibrium flow is
considered

X _tt=(miu_1/miu_g)~0.1* ((1-x)/x)"0.9*% (rho_g/rho 1)"0.5;

$Ligquid- or wvapor-only Suratman number

Su_go=rho g*sigma g*d/miu g"2;

$modified Webber number, in Ref equation 15a and 15b
if Re 1<=1250
We=2.45*Re g”0.64/(Su_go”0.3* (1+1.09*X tt~0.039)"0.4);

else

We=0.85*Re_g~0.79*X_tt~0.157* ((miu_g/miu_1)*2* (rho_1/rho_g))~0.084/ (Su_go”0
3% (1+1.09%X_tt"~0.039)"0.4);

end

$Two phase multipiler
if Re 1>=2000 && Re g>=2000
C=3.9%10"-2*Re 1070.03*Su_go”0.1* (rho 1/rho g)"0.35;
elseif Re 1>=2000 && Re g<2000
C=8.7*10"-4*Re 1070.17*Su _go”0.5* (rho 1/rho g)"0.14;
elseif Re 1<2000 && Re g>=2000
C=1.5*%10"-3*Re 1070.59*Su go”0.19* (rho 1/rho g)"0.36;
elseif Re 1<2000 && Re g<2000
C=3.5*%10"-5*Re 1070.44*Su _go”0.5* (rho 1/rho g)"0.48;

end

if Re 1<2000
ff=16*Re 1"-1;

elseif Re 1>=2000 && Re 1<20000
ff=0.079*Re_17-0.25;

elseif Re 1>=20000
ff=0.046*Re_1"-0.2;

end

if Re g<2000
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fg=16*Re_g~-1;
elseif Re g>=2000 && Re _g<20000
fg=0.07%9*Re _g"*-0.25;
elseif Re g>=20000
fg=0.046*Re_g*-0.2;
end
X=sqrt ((ff*v_1*(1-x)"2)/(fg*v_g*x"2));
fai=sqgrt (1+C*X+X"2) ;

%Heat Transfer Coefficient
if We>7*X tt"0.2 %for annular flow
HTC=(k _1/d)*0.048*Re 170.69*Pr 170.34*fai/X tt;
else %for slug and bubbly flow
HTC=(k _1/d)*sqrt((0.048*Re_170.69*Pr 170.34*fai/X tt)"2+(3.2*%10"-
7*Re 17-0.38*Su_go~1.39)"2);
end

FlowRegime=We/ (7*X_ tt"0.2);
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Appendix C
Experimental procedures

The experimental procedures can be divided into three steps: 1) the experimental preparation process;
2) the system charging process, which starts from the LN, tank, and ends with the gas heating system;
3) the system discharge process, which starts from the N, cylinder and ends with the gas heating
system. According to system temperature variations, the experimental procedures for the test rig are

depicted in Figure C.1.

Lab test rig experiments
Experimental
preparation

Equipment . " . . _—
|—~ quip —— Sealing test — Vacuuming — Purging — Pressurisation —‘

inspection

Room temperature

Residual LN, Cryogenic temperature

rejection

System discharging
l Room temperature

Figure C.1: The experimental procedures for the test rig based on system temperature changes.

Static
experiments

Dynamic
experiments

Experimental preparation process

Before starting system experiments, the preparation work needs to be carried out to ensure that the
experiments run smoothly. The preparation process includes: 1) equipment inspections; 2) system
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sealing test; 3) evacuation of LHCS and SHCS tanks; 4) system purging; 5) system pressurizing.

Equipment inspections

The equipment inspections are summarised below:

1) Check and record the amount of LN, according to the reading of the electronic contents gauge;
2) Check the amount of N, based on the pressure reading of the gas cylinder;
3) Check the connection status between the data acquisition system and the PC (including data
logger and mass flow controller software);
4) Check the power connection of the system control panel mainly including solenoid valves and
the emergency stop button;
5) Check the water level of the thermostat bath;
System sealing test
The system pressure was increased to 19 barg to perform the sealing test. In this operation, the
downstream MFC 1 and the valve 15 were closed to build the system pressure. At the same time, soap
bubbles were used at the critical connections of components to verify the system leakage status when
the system pressure increased. Once the system pressure was maintained at 19 barg for 10 minutes,
the corresponding flow rate reading of MFC 2 was recorded as the system leakage rate, which was

0.052 g/s.

Vacuuming of LHCS and SHCS tanks

In order to reduce the loss of stored cold energy due to heat transfer between the material and its

surroundings, two tanks were vacuumed prior to the experiment. As described in Sections 5.2.1 and
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5.2.2, the blue-red rubber sleeve was removed from the safety ports of both tanks to connect the

vacuum pump.

System purging

Because both processes operated at relatively low temperatures, the pipes and components were

dehumidified with N three times before the experiment. In this step, the operating pressure was set to

8 barg, and the mass flow rate of the N2 was 0.5 g/s.

System pressurisation

In order to avoid the rapid evaporation of LN due to the large pressure difference during the initial

stage of the charging process, the system pressure, therefore, was increased to close to that of the LN>

vessel before LN, was introduced into the system. This step also used the N cylinder as the pressure

source, the operating pressure at this point was set slightly below the LN, vessel pressure, and the

mass flow rate of the N, was 0.5 g/s.

According to the system flow chart (see Figure 5.1), system purging, and pressurisation operations are

as follows:

1) Set and open the pressure regulator (V1);

2) Open the solenoid valve (V2) by its power switch;

3) Set the flow rate 0.5 g/s on mass flow controller (MFC 2);

4) Close the extended spindle globe valve (V11);

5) Open the extended spindle needle valve (\V10);

6) Open the extended spindle globe valve (V12);
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7) Open the bypass valve (V15) for system purging, close the V15 for system pressurizing;
8) Set the flow rate 0 g/s on mass flow controller (MFCL1).
9) Monitor the system pressure no exceed the pressure relief valve setting value.

System charging process

Depending on the temperature variation of the CTES materials, the system charging process has two

stages: 1) fluctuation stage; 2) stable decline stage.

In the initial fluctuation stage, LN, was mainly used for cooling system pipes and components, such
as the U-shaped tube and the flange chamber of the LHCS tank. Therefore, the temperature of CTES
materials remained almost constant over a period of time. During this time, the temperature at the
bottom of the U-shaped tube also tended to fluctuate up and down. Once the AS temperature reached
the saturation temperature of the LN at this operating pressure, the system charging process will

move on to the next stage.

The second stage was a steady decrease in the temperature of CTES materials. The cold energy input
to the system was adjusted in time by MFC 1 according to the working power of the thermostat bath
and the cooling rate of CTES materials. To avoid the issue of the SHS material being overcooled due
to different thermal conductivity of PCM and glass beads, two methods were proposed: 1) remove the
pipe insulation material between the LHCS and SHCS tanks to ensure that the inlet temperature (T2)
of the SHCS tank is higher than the phase transition temperature of the PCM; 2) adjust the sequence
of LN, flowing through the system so that it only passes through the LHCS tank to cool down the

PCM.

The detailed operations are summarised as follows:

213



1) Open the power switch of the thermostat bath, and set the heating temperature at 40°C;

2) Open the pressure building valve of the LN, vessel;

3) Open the decant valve (V4) on the top of the LN2 vessel;

4) Open the solenoid valve (V6) by its power switch;

5) Close the extended spindle needle valve (V10);

6) Open the extended spindle globe valve (V11);

7) Open the extended spindle globe valve (V12);

8) Close the bypass valve (V15);

9) Set the flow rate 2 g/s on mass flow controller (MFC 1);

10) Monitor the working power of the thermostat bath after each adjustment of LN, flow rate;

11) Monitor the system pressure no exceed the pressure relief valve setting value;

12) Remove the pipe insulation material in the event of excessive cooling of glass beads;

13) Change the path of LNz through the system, open the extended spindle needle valve (V10);

14) Close the extended spindle globe valve (V11).

Moreover, the residual LN in the system was evaporated by reducing the system pressure at the end

of the charging process. This rejection process was conducted several times to ensure that no liquid

remained in the system. It is possible to determine whether the remaining LN, has been completely

evaporated according to the pressure and temperature changes during the system pressure release. For

instance, as the system pressure gradually decreases, the temperature at the bottom of the U-shaped

tube (AS) tends to decrease due to heat absorption by evaporation of the LN». Once its temperature

has not dropped significantly, it means that the LN, has been completely evacuated. Moreover, the
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fluctuations in system pressure (P1-P3) can also be used as a criterion, i.e., no obvious increase in

system pressure after closing the bypass valve (V15) and the mass flow controller (MFC1).

The detailed operations are summarised below:

1) Close the decant valve (\V4) of the LN, tank;

2) Keep the solenoid valve (V6) open;

3) Close the extended spindle needle valve (V11);

4) Open the extended spindle globe valve (V10);

5) Open the extended spindle globe valve (V12);

6) Open the bypass valve (V15);

7) Set the flow rate 0 g/s on mass flow controller (MFC 1);

8) Close the bypass valve (V15) once the AS temperature has not dropped.

System discharging process

The system discharging process was classified as static and dynamic experiments according to

different operating conditions.

Static experiments

The system static experiment was carried out under sealed conditions with the bypass valve (V15) and

the MFC 1 closed throughout. Following the system residual LN rejection process, the system

pressure was then raised to the operating pressure. The AS temperature was monitored in real time as

soon as the system pressure reached the set point of the N cylinder. Simultaneously, the variation in

mass flow rate of N, entering the system was recorded during the entire experimental process to
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determine the state of the internal gas. Theoretically, the readout of MFC 2 will decrease to 0 as the

system pressure increases to the operating pressure, while the reading changes after the system

pressure stabilisation and the corresponding AS temperature can be used to detect whether the gas will

be liquefied. The detailed operations are summarised below:

1) Set and open the pressure regulator (V1) of N cylinder;

2) Open the solenoid valve (V2) by power switch;

3) Set the flow rate 2 g/s on mass flow controller (MFC 2);

4) Close the extended spindle globe valve (V11);

5) Open the extended spindle needle valve (V10);

6) Open the extended spindle globe valve (V12);

7) Close the bypass valve (V15);

8) Set the flow rate 0 g/s on MFC 1;

9) Record the change in flow rate changes of MFC 2;

10) Monitor the real-time AS temperature and the system pressure; and

11) Always check the operating power of the heating system.

Dynamic experiments

The main difference from the static experiment is that during the dynamic experiment the opening of

MFC 1 was adjusted according to the actual PCM temperature and system pressure variations. For

instance, the initial value was set to a small flow rate in order to reduce the time required to pressurise

the system. Once the system pressure approached a predetermined test value, the flow rate was

increased allowing the system pressure to stabilise in dynamic equilibrium. In the subsequent N

liquefaction tests, the change in flow rate was dependent on the temperature variation of the PCM.
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Besides, the actual AS temperature and the saturation temperature of LN, corresponding to actual
system pressure were used to evaluate the N liquefaction process. This evaluation process will be
further discussed in Chapter 6 based on the experimental results. The detailed operations follow the

static experiment except for maintaining the adjustments of MFC 1.
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