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Abstract

Thermal energy storage (TES) has a crucial role to play in conserving and efficiently utilising
energy, dealing with mismatch between demand and supply, and enhancing the performance
and reliability of our current energy systems. This thesis concerns TES materials and devices
with an aim to establish a relationship between TES device level performance to materials
properties. This is a multiscale problem. The work focuses on the use of carbonate salt based
composite phase change materials (CPCMs) for medium and high temperature applications.
A CPCM consists of a carbonate salt based phase change material (PCM), a thermal
conductivity enhancement material (TCEM, graphite flake in this work) and a ceramic
skeleton material (CSM, MgO in this work). Both mathematical modelling and experiments
were carried out to address the multiscale problem. The following is brief summary of the

work.

First, the wettability of carbonate salt and MgO substrate is studied. It is found that the MgO-
carbonate salt system presents an excellent wettability. The sintering of MgO reduces surface
tension, leading to an increased contact angle between the carbonate salt and the sintered
MgO. Second, microstructure characteristics and formation mechanisms of two CPCMs are
explored. The results show that the addition of graphite flakes leads to reduced wettability of
the carbonate salt on MgO and the tendency aggravates with increasing graphite loading. Salt
motion occurs within the composite structure during repeated heating and cooling cycles.
Such motion could form a shear force and break graphite flakes. The particle migration
during the melting-solidification processes leads to a more homogenous distribution of both
the salt and CSM/TCEM particle and an increase in the density of the microstructure. The
CSM (MgO) particles in the single carbonate salt based composites would sinter and form a
porous structure due to the use of a high sintering temperature. This reduces significantly the
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swelling effect due to the presence of low surface energy graphite and restricts particle
motion during melting-solidification thermal cycles. Third, an investigation on the effective
thermal conductivity of the CPCMs is carried out based on the developed microstructures. A
parallel-plate based experimental set up is constructed to measure the effective thermal
conductivity of the composites. A theoretical model is proposed to predict the effective
thermal conductivity of the single carbonate salt based CPCMs, and the model agrees well
with experimental data. It is found that the Zehner-Schlunder model and Raticffr model can
be used for the estimation of effective thermal conductivity of eutectic carbonate salt based
CPCMs. Fourth, heat transfer behaviour of CPCMs based TES at component and device
levels is investigated. This includes the formulation of a numerical model for transient heat
transfer in CPCM modules and TES components and validation of the model via experiments.
The model considers the thermal contact resistance within the TES component, and the
influence of materials properties, module size and surface roughness of CPCM module as
well as flow conditions of heat transfer fluid (HTF) are investigated. The results show that a
constant mass ratio of PCM in CPCM modules gives the best combination of heat transfer
rate and heat storage density. A larger CPCM module and a higher HTF inlet velocity give a
more remarkable enhancement of the heat transfer behavior at the component level. For a
given set of conditions, the concentric tubular based components offer better heat transfer
performance compared with the single tubular components, with a total heat storage time and
release time approximately 10% and 15% shorter, respectively. Trapezoidal packing TES
device offers the best heat transfer behaviour and is superior to parallel and interlaced
packing devices. At the same set of other working conditions, the total heat storage time for a
trapezoidal configuration is shorter than parallel and interlaced packing devices, respectively

55.6% and 34.8%.
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Chapter 1 Introduction

1.1 Background

Global energy systems face great challenges [1-5]. In the UK, it is expected that the amount
of electricity demand met by renewable generation in 2020 will be increased by an order of
magnitude from the present levels [1, 2]. In the context of the targets proposed by the UK
Climate Change Committee it is expected that the electricity sector would be almost entirely
decarbonised by 2030 with significantly increased levels of electricity production and
demand driven by electrification of heat and transport. India has been responsible for almost
10% of the increase in global energy demand since 2000. Its energy consumption in this
period has almost doubled, leading the country’s share in global demand up to 5.7% in 2013
from 4.4% at the beginning of the century [4]. The renewable energy share in US energy mix
was 7.5% in 2010. This included 2.5% renewable power, 1.6% liquid biofuels and the
remaining, 3.4%. This share will only increase to 10% by 2030. The REmap analysis
indicates that it is technically feasible and cost-effective to increase the renewable energy
share in total final energy consumption to 27% by utilizing existing renewable energy
technologies [5]. In China, the government has promised to cut greenhouse gas emission per
unit of gross domestic product by 40-45% by 2020 based on the 2005 level. This represents a
significant challenge given that over 70% of its electricity is currently generated by coal-fired
power plants [3]. Energy storage has the potential to provide a solution towards these

challenges.

Energy storage refers to a reversible process that excess energy is stored into a form that can
be transferred back to the same form or a different form when needed [6]. Numerous energy

storage technologies exist currently due to different forms of energy, including
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electrochemical (batteries, flow batteries and sodium sulphate batteries etc), mechanical
(compressed air and pumped hydro etc), thermal (heat and cold), and -electrical
(supercapacitors) [6-8]. Thermal energy storage (TES) relates to a collection of technologies
that store excessive energy in the forms of heat, cold and their combination in a medium
termed TES material, and utilizes the stored thermal energy either directly or indirectly
through energy conversion process when needed. TES currently accounts for approximately
55% of global non-pumped hydro installations [7-8]. However, the majority of research
efforts have been paid on electrochemical energy storage in the past few decades [8]. The

significance of TES should obtain wide recognition due to the following reasons:

a. Over 90% of global energy budget focuses on heat conversion, transmission and storage
[6-8]. Thermal energy provides a main linkage between the primary and secondary
energy sources [7-8], as illustrated in Figure 1.1.

b. Thermal energy is an intermediate product or by-product of industrial processes due to
the thermodynamic constrains. Therefore, the utilization of TES technology has the
potential to enhance the process energy efficiency and economics - a unique role that
cannot normally be played by other energy storage technologies [6].

c. TES is an enabling technology for other energy storage methods, including cryogenic
energy storage, compressed air energy storage and pumped thermal electricity storage.
Integration of TES technology with power plants could substantially increase their
capabilities of peak shaving and largely reduce the carbon capture costs [8].

d. Approximately 50% end use energy demand in the world is in the form of thermal

energy [6].



Photosynthesis

Primary
Energy
Sources

Secondary
Energy
Sources

90% of current energy budget centers around
\ Heat conversion, transmission, and storage /

Figure 1.1 Thermal energy at the heart of energy chain [4].

Fundamentally, development of TES technologies requires the understanding of relationships
between TES materials properties and performance of components, devices and systems as
illustrated in Figure 1.2. This implies fundamental understanding of multiphase physics

across multiscale. This forms the main motivation for this PhD thesis.

101°-10“*m 101-10°m

Figure 1.2 Multiscale multiphase physics of TES technologies: from materials

formulation to system integration [6].



1.2 Aims and Objectives

The aim of this study is to understand the relationship between TES materials properties and
performance of components and devices. Composite phase change materials (CPCMs) are
used as examples for the study, which consist of a phase change material (PCM), a thermal
conductivity enhancement material (TCEM) and a ceramic skeleton material (CSM). The
reasons for selecting this composite are associated with the combination of the energy and
power densities, cost effectiveness, shape stability and long life span [9, 10]. The specific

objectives of this study are:

(1). To study physical compatibility of different components of the CPCMs by investigating

into the wettability of PCM on CSM.

(2). To characterise the microstructures of CPCMs and investigate into the microstructural

evolution and underlying mechanisms.

(3). To develop a theoretical model for predicting the effective thermal conductivity of

CPCMs and to validate the model experimentally.

(4). To study heat transfer and fluid flow behaviour of TES components and devices

containing CPCMs.

1.3. Layout of the Thesis

This thesis consists of seven chapters. Chapter two provides a detailed summary of literature

relevant to this work.

Chapter three looks at the wettability of PCM on CSM.



Chapter four studies the microstructural characteristics and evolving mechanism of CPCMs

structures.

Chapter five explores the effective thermal conductivity of CPCMs.

Chapter six investigates into heat transfer and flow behaviour in CPCMs based TES

components and devices.

Finally chapter seven summaries the main conclusions from this study and gives

recommendations for future work.



Chapter 2 Literature Review

This chapter summarises relevant literature related to TES technologies covering materials,
components and devices. Section 2.1 provides the current state of the art developments in
TES technologies. Section 2.2 looks at TES materials particularly PCMs and CPCMs.

Section 2.3 reviews the work on TES components and devices.



2.1 Thermal energy storage technologies

TES has a crucial role to play in conserving and efficient utilising energy, dealing with

mismatch between demand and supply, and enhancing performance and reliability of energy

systems [11-14]. TES technologies can be classified into three main categories of sensible

heat storage (SHS), latent heat storage (LHS, also called PCM-based) and thermochemical

energy storage (TCES); See Figure 2.1. SHS uses temperature difference and stores heat in

solids and liquids; LHS is due to enthalpy change during solid-solid and liquid-solid phase

change and TCES uses reversible adsorption/absorption/reaction enthalpy change due to

interactions among liquid, solid and gas molecules [13]. An overview of literature on these

different types of TES technologies is summarised below.

[

(TES)

Thermal energy storage]

| Sensible |

Solid

Liquid

L-G

| Chemical |

—| Thermochemical

—{ Reaction heat

—‘ Heat pump

Figure 2.1 Classifications of TES technologies (S-S, solid-solid; S-L, solid-liquid; L-G,

liquid-gas).



2.1.1 Sensible heat storage (SHS)

SHS is realised through temperature variation of storage materials. It can be further divided
into solid SHS (metals, brick and ceramic materials) and liquid SHS (such as water and oil).
The amount of heat stored in SHS is proportional to the temperature variation, the heat

capacity and mass of storage materials [16], as described by the following equation:
0={"mC,dr =mC,(r,~T) @.1)

where Trand T; are respectively final and initial temperatures of the storage material, m is the

mass of storage material, and C,, is the average specific heat between 7; and 7.

Some common used SHS materials and their properties are summarized in Table 2.1 [17, 18].
Water has the highest specific heat and is regarded as one of most cost effective SHS medium
for applications below 100°C. Above the boiling point, the use of water requires an increase
in the system pressure and hence cost. Therefore, materials with a high energy density similar
to water have been sought for many years. Salts and petroleum based oils are commonly used
for replacing water [17]. These materials have a lower vapour pressure and a wide
temperature operation range than water. However, they suffer from one or more problems of
corrosion, chemical stability, and short life etc. Solid materials such as brick, rock, concrete,
wood, etc. are applicable for SHS at both low and high temperatures. However, these
materials often suffer from low specific heat capacity and heat transfer can be an issue as well

[18].



Table 2.1 Some common SHS materials [15-18].

. Temperature operation Specific heat _ ;
Storage Medium Density (kg/m”)
(°C) (J/kg'K)

Brick 20 840 1600

Rock 20 879 2560

Water 100 4190 1000

Concrete 20 880 1900-2300

Engine Oil 160 1880 888
Ethanol 78 2400 790
Butanol 118 2400 809
Isotunaol 100 3000 808
Octane 126 2400 704
Synthetic oil 30-100 2300 900

NaCl solid 50-150 850 2160

Cast iron n.a. 560 7200

Magnesia fire
50-200 1150 3000

bricks

2.1.2 Latent heat storage (LHS)

The storage mechanism of LHS (PCMs) is illustrated in Figure 2.2. When a PCM at solid
state is heated and its temperature increases until it reaches the phase change point. Over this
period, heat is stored in sensible form. Further heating of the material incurs solid to liquid
phase transition and heat is stored in latent form and temperature is constant during this
period. Once the phase change is completed, the PCM is in liquid phase, further heating of
the material increases its temperature and heat is stored again in sensible form. Further
heating to the material leads to boiling, which not normally used for TES. The reverse of the

processes described above releases heat, which is also called discharge process.



0

S-L

5

Temperature
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Heat

Figure 2.2 Phase change transition diagram for a LHS material.

As can be seen, a whole heat storage or release process involves three stages, two for sensible
storage and one for latent storage, and hence the total heat storage capacity of a LHS material

can be calculated by the following equation [19-21]:
T, T,
0 =" mC,dT+mL +['mC,dT =m|C,(T, ~T)+ Ly +C, (T, ~T,)] (2.2)

where Cy, is the average specific heat between T; and T,,, Cj, is the average specific heat

between 7, and T}, and L is the latent heat of solid-liquid transition.

It is seen that the heat capacity of a LHS material depends on its specific heat of both solid
and liquid and the latent heat. Therefore, a high heat capacity and a large latent heat are key
for LHS materials selection. As mentioned above, the transformation between solid and
liquid states is specifically attractive due to small change in volume and has therefore been
mostly investigated and utilized [22-25]. Solid-Solid phase change is less explored due to its

low latent heat except of a few cases [23, 24].
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2.1.3 Thermochemical energy storage (TCES)

TCES relies on reversible sorption of chemical reactions. Heat storage capacity is
proportional to the mass of storage medium, the enthalpy change of the reversible processes
and extent of the process towards equilibrium [26]. Mathematically, this takes the following

form:

Q=mAh, (2.3)

where, Ah, is the endothermic heat of reaction.

TCES technology is still at the early stage of development. This study focuses on LHS using

PCMs. As a result, TCES and SHS are not discussed further unless when necessary.

2.2 Thermal energy storage materials

2.2.1 Phase change materials (PCMs)

The thermophysical and chemical properties of PCMs are among the most important factors
that determine the performance of a LHS system. Therefore, the selection of suitable PCMs
for practical applications needs careful consideration. Table 2.2 lists some main characteristic

requirements for PCMs selection.
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Table 2.2 Main characteristic requirements for PCMs [13, 18].

‘ Physical Kinetic Chemical '
Thermal properties ) _ ) Economic
properties properties properties
. Favourable ]
Suitable phase change No Chemical
phase . . Abundant
temperature o supercooling stability
equilibrium
Sufficient Compatibility
High latent heat High density  crystallization ~ with materials Available
rate of construction
High thermal Small volume _ )
o Non toxic Cost effective
conductivity change
) ) Low vapor
High specific heat No fire hazard
pressure

Numerous PCMs have proposed and studied in the literature. These materials can be divided

into three groups of solid-solid PCMs, solid-liquid PCMs and liquid-gas PCMs. Solid-solid

PCMs store heat through the crystallization forms transition and are companied by a

relatively low latent heat. Liquid-gas PCMs are usually associated with a big volume change

which leading to system complexity and some encapsulation issues. Solid-liquid phase

change processes normally give a small changes of volume and relatively high latent heat,

and are therefore the most promoting and widely used. Figure 2.3 shows classification of

PCMs.
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Phase change materials
(PCMs)

| Solid-Solid l | Solid-Liquid | | Liquid-gas |

[ Salt hydrates ]— —[ Organic-Organic ]
[ Salt composites ]— [ Paraffins ] [ Non Paraffins ] —[ Inorganic-Organic ]
[ Metallics ]— —[ Inorganic-Inorganic ]

Figure 2.3 Classifications of PCMs.

Solid-liquid PCMs can be further classified into three main categories of inorganic, organic
and eutectic PCMs. Inorganic PCMs include salt hydrates, salt composites and metallics.
Organic PCMs consists of paraffins and non-paraffins such as fatty acids, esters and alcohols.
Eutectic PCMs are made of two or more components, which can be organic-organic,
inorganic-inorganic and inorganic-organic combinations. Some commonly used solid-liquid
PCMs reported in the literature and their thermophysical properties are summarized in Table

2.3.
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Table 2.3 Thermophysical properties of some common PCMs [18-28].

Melting Heat of Thermal
Materials temperature fusion Density (kg/m®)  conductivity (W/m
(°C) (KJ/kg) K)
o 878(liquid) o
Capric acid 32 152.7 . 0.153(liquid)
1004(solid)
901(liquid)
Caprylic acid 16 148.5 0.149(liquid)
981(solid)
2260(solid)
NaNO; 308 162.5 0.5
1900(liquid)
1450(liquid 0.57(liquid
MgCl,-6H,0 117 168.6 (g . ) (g . )
1569(solid) 0.694(solid)
1562(liquid 0.54(liquid
CaCl,-6H,0 29 190.8 (liquid) uid)
1802(solid) 0.108(solid)
N8.2CO3/Li2CO3
498 393 2500 2.02
(55.7/44.3)
Alpha glucose 141 174 1544 n.a.
RT 65 64 154/173 910 0.2
RT 81 81 140 920 0.2
RT 90 90 163/194 930 0.2
Mg(NOs),-6H,0 89.3 149-175 1550 0.57 (120°C)
PK 80 A6 81 119 900 0.2
Benzanilide 161 162 n.a 0.4
O-Mannitol 166 294 1489 0.2
Hydroquinone 172.4 258 1358 0.2
Penterythritol (PE) 185 303 n.a. 0.2
Galactitol 188-189 351.8 1470 n.a.
Salicylic acid 159 199 1443 n.a.
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These PCMs differ in not only the melting temperature and thermal properties, but also in

melting-solidification process and are hence suitable for different applications. Table 2.4

compares the advantages/disadvantages of them.

Table 2.4 Summary of advantages and disadvantages of solid-liquid PCMs [25-29].

PCMs Advantages

Disadvantages

eGood thermal stability
eSmall volume varies
e[.ow vapour pressure

eWide operation temperature range

o] ow thermal

Organic eFreeze without much supercooling conductivity
eNo segregation eFlammable
eHigh fusion heat
eRecyclable
eNon-toxic
eSupercooling
eNon-flammable .
) eSegregation
Inorganic eRelative high latent heat storage ) )
' eHigh volume varies
capacity
eCorrosive
eHigh cost
eCorrosive

_ eNarrow melting points
Eutectic
eFlexibility properties

eLimited available
thermophysical
properties data

2.2.2 Composite phase change materials (CPCMs)

As summarized above, organic PCMs and salt hydrates suffer from phase segregation and

sub-cooling; inorganic PCMs have a low thermal conductivity and segregation; Eutectic
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PCMs and molten salts are corrosive [13, 18]. Various approaches have been proposed to
resolve these problems particularly for organic materials and inorganic hydrates [13]. These
include encapsulation of PCMs to reduce sub-cooling and overcome leakage, and addition of
highly thermally conductive materials such as metal foams and carbon materials to enhance
their thermal conductivity [13]. However, these methods are not effective for molten salt
based PCMs due to low thermal conductivity as well as chemical incompatibility [7]. Recent
research has indicated that the use of CPCMs could provide an effective avenue to resolve
these problems. Here, the CPCMs usually consist of a PCM, a TCEM and a CSM for shape
stabilization. Such a combination has been shown to give an excellent combination of energy

density, power density and mechanical properties [6, 9, 10].

Hong et al. [30] prepared paraffin and polyethylene based composites and investigated their
thermal properties. Wang ef al. [31] and Tang et al. [32] fabricated polyethylene glycol
(PEG)/Silica dioxide (SiO;) based composites by using a sol-gel method. Li ef al. [33] also
formulated a PEG/Si0, composite using the same method. Their results showed that the
composites presented stable core-shell structures and can remain in the solid form even if
external temperature exceeded the melting temperature of the PCM. Similarly, Wang et al.
[34] prepared PEG/Si0, based composites using B-Aluminum nitride (B-ALN) as a thermal
conductivity enhancer and studied their thermal properties. Their results indicated that the
CPCMs gave a higher heat transfer rate and the thermal conductivity increased with an
increase in B-ALN loading. Gokon et al. [35] prepared and investigated the thermophysical
properties of alkali-carbonate and MgO ceramics composites. Xu et al. [36] prepared a
methyl palmitate and methyl stearate composite and investigated the optimum formulation.
Notter ef al. [37] investigated the thermophysical properties of a ceramic-salt composite. Sari
et al. [38] studied the preparation and thermophysical properties of paraffin and expanded

graphite composites. Karaipekli and Sari [39, 40] formulated a mixture of capric acid and
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myristic acid and expended perlite (EP) composite. The thermal properties, thermal reliability
and thermal conductivity of the composites were determined. Their results showed a
maximum salts concentration of 55wt% in the composites without PCM leakage from the
composite. Thermal cycling measurements indicated good cycle life of the composite. Yang
et al. [41] investigated PEG-tetraethyl orthosilicate composites containing various mass ratios
of PEG made with the sol-gel method. The composites were characterized by X-ray
diffraction (XRD) and differential scanning calorimetry (DSC), and the results showed that
the silica structure held PEG strongly. Zhang and Feng [42] prepared a composite consisting
of paraffin and olefin block copolymer as PCM and CSM, respectively. It was found that the
composite had a good stability and excellent mechanical properties even with up to 40% of

paraffin.

Karaman ef al. [43] prepared PEG/diatomite composites with graphite as TCEM and studied
their structure and thermal conductivity. Ye et al. [44] prepared and studied the thermal
properties of CPCM consisting of NaNOs;, MgO and multi-walled carbon nanotubes
(MWCNTs) as the PCM, CSM and TCEM, respectively. Introducing of MWCNTs into the
composites greatly enhanced the thermal conductivity, and the extent of the enhancement
increased with increasing mass ratio of the MWCNTs and testing temperature. Ge et al. [9,
10] prepared a CPCM with eutectic salt of lithium and sodium carbonates as the PCM,
magnesium oxide as the CSM, and graphite as the TCEM. They found that the presence of
CSM was essential for the dispersion of graphite materials within the PCMs. The wettability
of the PCM on the CSM and TCEM significantly influenced the microstructure of the

composites. Table 2.5 shows some CPCMs formulation methods reported in the literature.

-17 -



Table 2.5 Fabrication methods of CPCMs [45-57].

Thermal
Fabrication methods PCM Supporting materials conductivity

enhancer

B-Aluminum

polyethylene Silica; silicon dioxide; o
Sol-gel method . nitride;
glycol; tetraethyl orthosilicate '
Graphite
o expanded perlite;
vacuum capric acid and o
‘ _ o vermiculite; carbon
1mpregnation myristic acid;
o foam; cement;
method palmitic acid ‘ _
diatomite
Paraffin;
‘ _ polyethylene Olefin block copolymer ‘
Physical blending i Graphite; carbon
glycol; Molten ; Silica; porous carbon;
method _ . nanotubes
salt; molten alkali- active carbon; MgO
carbonate

2.3 Thermal energy storage components and devices

2.3.1 Heat transfer analysis during phase change

Heat stored or released in solid-liquid PCMs is always accompanied by a phase
transformation at liquid-solid interface [14]. During a storage process, solid phase melts,
leading to an increase in the liquid phase, natural convection in the liquid phase often occurs.
During heat release, the liquid phase freezes at the liquid-solid interface, forming an
immobile layer of solid phase, which grows with time, giving up heat of fusion [21]. As
natural convection is a more effective heat transfer mechanism than thermal conduction, the
charging process is expected to be quicker than the discharging process. In addition, the solid

phase often has a low thermal conductivity, giving rise to a slow heat transfer during

-18 -



discharging. This in turn prolongs the energy release process. The governing equation for the

phase change can be written as:

dst))_, (9T, (T,
/1'0( dt j_k“{ azj k’( 8tj 4

where A is the latent heat of fusion, p is the density, s(2) is the surface position, ¢ is time, k&

is the thermal conductivity, subscripts s and / are the solid and liquid phases.

Heat transfer occurred at the liquid-solid interface is known as the Stefan problem [14, 20,
21]. Unlike single phase problems, heat transfer during phase change at the interface is much

more complicated due to the following reasons:

(1). Non-linearity resulting from the movement of the phase change front [21].

(2). Lack of knowledge of heat transfer behaviour at the phase change front due to effect of

buoyancy driven natural convection in the liquid phase field [22].

(3). Volume change occurs during phase change.

Several methods have been proposed to resolve the Stefan problem and they can be
categorised into theoretical and experimental methods [20, 21]. The theoretical methods can
be further divided into two groups of temperature-based and enthalpy-based methods [21-24].
In the temperature-based method, the phase change front is captured on a grid at each fixed
time step, and non-uniform grid spacing and time step are utilized [29]. In the enthalpy-based
method, the phase change interface fitting is totally eliminated by solving the energy equation
with a fixed grid size and a fixed time step [21]. The enthalpy-based method is most suitable
for solving the Stefan problem, especially when phase change takes place at a temperature
range rather than at a constant temperature. In addition, there are more advantages: (1) the

energy equation is similar to that for the single phase; (2) no specific conditions are needed to
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be satisfied at the phase change front; (3) the enthalpy formulation involves the solution
within a mushy zone, which includes both solid and liquid phases. The enthalpy-based

method uses the following equation for the whole PCM area [24]:

Apyhy) _of, 0T, of, T, (2.5)
o0 ax\ " ax ) avl” oy '

where £, is the specific enthalpy of the sum of the sensible enthalpy (/) and the enthalpy

change ( gL ) during phase change, k, is the thermal conductivity of PCM, T, is the
temperature of PCM; L is the latent heat of PCM and g is the liquid fraction. In Equation
(2.5), p is assumed to be zero in the solid phase, one in the liquid phase, and it is between

zero to one at the solid-liquid interface; see Equation (2.6).

0 ifT.<T
T.-T
p={ "t fT.<T.<T, (2:6)
T-T,
1 ifT.>T

where T; is the freezing point and T; is the melting point, and their difference is due to

supercooling or superheating of the PCM.

2.3.2 Thermal energy storage components and devices

A typical TES device usually consists of two main elements [21]: (1) an appropriate PCM
suitable for the desired temperature range; and (2) an encapsulation for the PCM that can
offer a desired heat transfer surface. A TES device is often made of components, and it can
only function when it is integrated into a system. Successful utilization of a PCM depends on

the device which provides encapsulation for PCM and container for HTF. A number of TES
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devices have been developed. Figure 2.4 shows some examples of the TES devices reported
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in the literature.
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Figure 2.4 Different types of TES devices [21]: (a) Flat plate; (b) Shell and tube—
internal flow; (c) Shell and tube—parallel flow; (d) Shell and tube—cross flow; (e)
Packed bed.

Macro-encapsulation of PCM is a common type of TES components assembled to give a
device for which both liquid and gas phases can be used as HTFs. This type of TES
components can also prevent phase separation and is easier to operate and manufacture. The
geometry and structure of macro-encapsulation vary from packed bed, to shell and tube, and

to flat plate [21, 24].

2.3.2.1 Packed bed based TES components and devices

A schematic diagram of packed bed based TES device consisting of PCMs storage
components is shown in Figure 2.5. Heat is transferred to or from a HTF with the HTF

flowing through the voids between the components in the bed [21, 58]. During heat storage,
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the high temperature HTF carrying heat flows through the bed and transfers the heat to PCM
components in which PCMs absorb the heat and melt when temperature exceeds its melting
point. Heat is released through TES components from PCM during heat release with the PCM

freezing when temperature decreases to below the melting point.

TES
component

Figure 2.5 Schematic diagram of a packed bed based TES device.

Packed bed based TES devices provide a relatively large specific heat transfer surface within
a small volume, which prolongs tortuous flow paths between TES components, enhances heat
transfer during charging and discharging processes [21]. The heat transfer in a packed bed
based TES device is determined by a number of factors such as packing ratio, component size
and shape, operation conditions, and properties of PCM and HTF [58-60]. Those parameters

need to be carefully considered when designing a packed bed based TES device.

Detailed HTF flow patterns and heat transfer processes inside a packed bed based TES device
are complicated due to less regular packing of PCM components and disturbed flows in the
bed. In order to investigate such behaviour, various mathematical and experimental studies
have been carried out. The first mathematical study on packed bed based TES device was

performed by Schuamnn [24] and most modelling studies reported so far has been based on
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his model [58]. Mathematical models reported in the literature can be broadly divided into
five categories; See Table 2.6 summarises the governing equations for the PCM and HTF. In

the following, main assumptions for these models are discussed.

(1). Schmamnn’s model: No heat transfer between TES components containing PCM was

assumed and thermal conduction in the radial direction was not considered [60].

(2). Single phase model: In this model, solid and fluid phases in the device are treated as one
phase. This model is only effective for the bed packed with very high thermal conductivity

materials; there is not thermal resistance between liquid and solid.

(3). Continuous phase model: In this model, packed PCM components are assumed to be a
continuous porous medium rather than a medium consisting of independent and individual

TES components [61, 62].

(4). Thermal diffusion model: This model assumes a temperature gradient inside PCM
components and there is no inter-TES component heat transfer. The temperature gradient at
the TES component surface is only due to heat transfer between HTF and TES components

[60].

(5). Effective packed bed model: Heat transfer between PCM components is assumed
negligible in this model, and the heat is transported through point-to-point contacts between

TES components and voids in-between is transformed from 3-D to 2-D ones [63].
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Table 2.6 Governing equations of HTF and PCM containing TES components [S8-63].

Single phase model:

0
(1=n)p,C, +np,C, ]a—f’ +GC

2 1
7 i =k, o f ko o (20+_8_qo
oZ oz or r or

Continuous solid phase model:

oT, T,
HTF: 10, 4,L,C,| —F+V L |=ha (T, -1,)

t Ox

oH ,
PCM: (1=n)p, A.L,C, — " =h.a (r,-1)

Continuous solid phase model including conduction effect along the axial

direction:
o,  or o°T
HTF: np, A.L,C,| —L+V—L|=k +ha (T, -T
Wr { o axJ ra a0, T))
oH , o°T,
POM: (1=m)p, AL,C,— =k, —-+ha T, -1)
Enthalpy based model:

or, o,
HTF: 0, AL, C | — LV —L = ha,(T, -T,)

t Ox
OH o°T o oT
PCM: P =k P+ L
Pr ot Port or ? oor

Effective packed bed model:

olp,e,T, ) olp,c,u, T ) olp,c,v,T,) i(kf aiJ 0 (k an]

HTF: — —
ot Ox oy ox ox

vl oy

alp h oT oT
PCM: —(pf p)zi[k PJ+ﬁ(k ”j

ot ox\ " ox ) oyl 7 oy

Concentric dispersion model:
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Ox

oT, orT, o’T
. S f
HTF: np»f'cf[?_'_VEJ:kf_2+hsa”(3 —T)—UWCIW(T—TO)

PCM: pC.—=k +
Psts or’ r or

09 , (o°9% 209
o

Notes: 7 -void fraction; A.-cross sectional area of the device; L;-height of the device; V-HTF

velocity along the device void fraction; Ag-surface heat transfer coefficient between HTF and

PCM,; a,-surface area of the PCM components.

Erek and Dincer [64] performed a numerical analysis of heat transfer behaviour of an ice
based TES device using a concentric dispersion model with an empirical heat transfer
coefficient correlation. Arkar and Medved [65] used the continuous solid phase model to
investigate heat transfer behaviour of a packed bed based TES device with paraffin as PCM.
The influence of thermal properties of PCM on the response time of the device was discussed.
Benmansour ef al. [66] also used the continuous solid phase model to analyse the transient
behaviour of a cylindrical packed bed based TES device. Similarly, Hu et al. [67] studied a
direct contact condenser consisting of a packed bed TES device in a solar driven
humidification-dehumidification desalination plant by using the continuous solid phase
model. Ismail and Henriquez [68] numerically investigated a packed bed based TES device
packed with spherical capsules of water as PCM. The numerical modelling was performed
with a marching technique which coupled the phase change inside the spherical capsules with
the energy equation through the spherical boundary and the HTF. Regin et al. [69] studied a
similar problem but with paraffin as PCM using the enthalpy method. They analysed the
phase change phenomena of PCM inside the spherical capsules. This was for solar water

heating applications. The effects of PCM phase change temperature range, the PCM capsule
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size HTF inlet temperature and flow rate on the performance of the packed bed based TES
device were investigated. Rady [70] numerically and experimentally studied heat transfer
behaviour of a packed bed based TES device containing granular PCM as storage component.
The governing equations for heat transfer in the device were obtained by considering a
representative elementary volume containing granular PCM particles and air. MacPhee and
Dincer [71] investigated the charging process of an ice packed bed based TES device. The
energy, thermal exergy and flow exergy efficiencies, internal and external irreversibilities
corresponding to flow exergy, as well as charging time were estimated. Wu et al. [72] studied
heat transfer behaviour of a packed bed based cool storage device using n-tetracdecane as
PCM, and numerically evaluated the kinetics using the implicit finite different method. Xia et
al. [63] developed an effective packed-bed model to study the performance of a packed bed
based TES device. They studied the effects of structural arrangement of TES components
containing spherical capsules of PCM and PCM properties on the heat transfer behaviour of
device. Eduard Ori et al [61] studied the performance of a packed bed based TES device
using two different mathematical models and built an experiment set up to validate the
modelling result. Karthikeyan and Velraj [60] performed a comparative study with three
different mathematical models on the performance of a packed bed based TES device. Using
paraffin as PCM encapsulated into spherical form, the effects of HTF properties, PCM
capsule size and HTF operation conditions were investigated. Hitesh ef al. [73] developed a
heat transfer model for the packed bed based TES device and accounted for wall heat transfer
coefficient and intra-particle diffusion effects. Based on the results, recovered and lost exergy
were calculated. Table 2.7 summarises studies on packed bed based TES device reported in

the literature.
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Table 2.7 Summary of heat transfer behaviour studies on packed bed based TES device reported in the literature.

Investigation Numerical . .
References PCM/HTF Models Parameters Main conclusions
methods method
Both charging and
discharging/ . :
1. i : Prandtl Alternating 1. Numerical model has
Experimental Continuous . - .
Benmansour Paraffin : - ; number; Direction Implicit accurate prediction of the
: investigation & solid phase . L .
et al, 2006 wax/Air . Reynolds and Fully explicit temperature distributions within
mathematical model.
[66] . numbers scheme the bed.
modeling.
Fluid flow ) ) )
) ) 1. Increasing working fluid
Charging/ rate; fluid .
Water/30% ) L volumetric flow rate reduces the
) ) Experimental entry Finite difference . . .
2. Ismail and volumetric . o One fully charging and discharging
) ] investigation & ) ] temperature; approach and
Henriquez, concentration ) dimensional ] ] ] processes.
mathematical Material of the moving grid ) o
2002 [68] ethylene glycol . model . ) 2. High thermal conductivity
) modeling. spherical technique i ]
solution materials reduce the charging
capsule ) ) ]
and discharging times.
Both charging and 1. The apparent heat capacit
R , Fluid flow  Explicit finite- = - ¥ N
3. Arkar and discharging/ Continuous . should include an additional
Paraftin(RT20) . i rate; difference . ;
Medved, 2005 . Experimental solid phase o parameter-a heating or cooling
/ Air : . Apparent heat approximation
[65] investigation model : rate.
: capacity method ;
&mathematical 2. The experimental and
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Continuous

model based 1. Free convection is not as
Organic on the important as forced convection
material Charging/ Brinkman control volume when higher Re number
4. Eduard Oro (Cps=4000J/kg. Experimental equation Gravitational based method- dominates the heat and mass
et al, 2013 investigation & Energy force; Nu; CFD, COMSOL transfer, the Brinkman equation
671 Cp=3000J/kg. mathematical equation 4.2 and Gauss will be the most useful model.
K modeling. model (Treat seldel iterative 2. Both mathematical models
h=175KJ/kg (- the PCM method are validated with experimental
2-13C)/ water capsules as data and the agreement is
individual accurate.
particles)
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1. Solidification process is

longer than melting process due

to the low heat transfer rate
Inlet heat

. during solidification.
transfer fluid

2. Higher Stefan number and

. temperature(St
. Both charging and Schumann mass flow rate reduce the fully
6. A Felix . . efan number); L .
. Paraffin wax/ discharging/ model and . Finite difference charging process.
Regin et al, ) fluid flow rate; o ] )
water Mathematical enthalpy approximation 3. Small radius capsules give a
2009 [21] . phase change
modeling. method faster
temperature .
4. For a proper modeling, the
range;

. phase change temperature range
capsules size;
of the PCM must be accurately

known and should be take into

account.
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1. Increasing of HTF flow rate
leads to a reduction of

. Inlet fluid o charging/discharging process.
n- Both charging and Implicit finite i
. . temperature, . 2. HTF inlet temperature has
8. Shuangmao tetradecane/40 discharging/ . difference .
. Continuous  mass flow rate, strongly effect on both charging
Wu et al, %aqueous Mathematical ] approach and ) )
. phase model diameter of . and discharging processes.
2010 [72] ethylene glycol modeling central difference .
) capsule, o 3. Lower packed porosity gives
solution . approximation. . .
porosity; a higher cool storage capacity

and a longer melting and

solidification processes
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2.3.2.2 Shell and tube type TES components and devices

Shell and tube type of TES devices are considered one of the most popular for commercial
applications. In this type of configuration, PCM is contained in the space between the shell
and tubes, with the HTF flows through the tube, as shown in Figure 2.6. Heat is transferred to

or from PCMs through the tube walls.

HTF
Tin ||
|
N 1 pcMm
| _Wwall
4—| _HTF

Tl)ll{ l l

|
Al

Figure 2.6 Schematic diagram of a shell and tube type TES device [74, 75].

The shell and tube type TES devices have been investigated by a number of researchers both
experimentally, analytically and by modelling. Anica Trp [76] investigated heat transfer
behaviour of a shell and tube TES device using paraffin as PCM and water as HTF. A
FORTRAN computer code was written based on the enthalpy method to simulate the

transient thermal behaviour of device during charging and discharging processes.

Liu et al. [77] numerically simulated a shell and tube TES device with Paraffin and water as
PCM and HTF, respectively. The effects of properties of PCM and operation conditions of

HTF on heat storage capacity and heat storage rate of device were studied. They showed that
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the total heat storage capacity and rate of device increased when the initial temperature of
PCM decreased or inlet temperature of HTF increased. Pandiyarajan et al. [78]
experimentally studied thermal characteristics of a combined sensible and latent shell and
tube TES device for diesel engine exhaust heat recovery and found that nearly 10-15% of
total heat was recovered with the use of this combined device. Avci and Yazici [79]
experimentally investigated heat transfer characteristics of a horizontal shell and tube TES
device containing paraffin. The effect of inlet temperature of HTF on the melting and
solidification processes was determined. Their results showed that increasing (for melting
process) or decreasing (for solidification process) of HTF inlet temperature was found to
enhance phase change process inside the device. In a similar experimental study, Akgun et al.
[80] investigated the melting and solidification characteristics of paraffin in a shell and tube
type TES device and the results indicated that increasing of HTF inlet temperature leaded to a
decrease in the melting time. Agyenim et al. [81] compared two configurations of shell and
tube TES devices using numerical modelling. Temperature gradients along the axial, radial
and angular directions were compared and analysed. They found that the temperature
gradient of PCM field during phase change was greatest in the radial direction for both
devices and the recorded temperature gradients in the axial direction were respectively 2.5%
and 3.5% that of the radial direction. Wang ef al. [82] numerically investigated the charging
and discharging characteristics of a shell and tube device containing an n-octadecane. The
effect of HTF operation conditions on the thermal behaviour of device was studied. Their
results showed that HTF inlet temperature had great effect on charging and discharging
processes. Under the same working conditions, discharging process had a larger heat transfer
rate than charging process. Tao et al. [83] developed a numerical code to investigate heat
transfer performance of a shell and tube TES device for solar thermal collection. The effect of

the non-uniform heat flux on the temperature distribution in PCM was examined. Their found
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that the non-uniform heat flux boundary resulted in significantly non-uniform temperature
distribution in PCM field. Ismail and Abugderah [84] employed a fixed grid numerical model
to study the thermal behaviour of a vertical shell and tube TES device. The effects of
Reynolds and Stefan numbers, and device geometry on the heat transfer behaviour of device
were discussed. Their results indicated that the phase change temperature range had little
effects on the device performance. The most significant parameters in influencing the device
performance were the device length and tube outer radius. Wang et al. [85] experimentally
analysed heat transfer performance of a novel dimpled shell and tube TES device. The
thermal behaviour and pressure drop of the device were studied and the results were
compared with spherical dimples and conventional smooth configurations. The ellipsoidal
dimpled tube device was found to be better performance on heat transfer with a relatively low
pressure drop than that spherical dimpled tube device. Most of studies on the shell and tube
type TES device summarised above used either organic or inorganic PCMs with low thermal
conductivity. This limits heat transfer rates during both charging and discharging processes.
As a result, many investigated have been carried to enhance heat transfer at the PCMs side of
the device. The most common approaches have been the use of fins of different
configurations to the inner surface of the tube and high thermal conductivity enhancers, such
as metal foam and graphite [86]. Heat transfer in a PCM-based TES device can also be from
the HTF side, particularly when low thermal conductivity HTF such as air and water are used.
In such cases, the main thermal resistance of shell and tube based TES device occurs in the
HTF side. Measures have also been investigated to enhance heat transfer in the HTF side by
using for example different tube structures to increase heat transfer surface area and internals
fins to create the turbulence [87-93]. Table 2.8 gives a summary of the heat transfer

enhancement methods reported in literatures for shell and tube based TES devices.
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Table 2.8 Summary of heat transfer enhancement methods for shell and tube based TES device containing PCM [86-99].

Heat transfer enhancement Research .
References PCM/HTF Parameters Conclusions
methods method

PCM solidifies more quickly
in a cylindrical shell

2. o HTF operating configuration than in a
. Longitudinal ) ) . )
Mosaffa et al, PCM side ¢ CaCl,.6H,O/air Numerical conditions; System rectangular configuration.
ins
2012 geometry Heat transfer behavior of the

device is enhanced by adding

fins.
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Artificial neural network

4. Water/Ethyl- ) . . .
. ) ) ) Finned tube size; HTF algorithm is found to be
Ermis et al, PCM side Finned tube alcohol (CH3- Numerical . .
operating condition more accurate than
2007 CH,0H)

numerical results.

The number of fins, and the
length and thickness of the

6. ) fins are found to influence
. . . ) Fin structure (Length, o o
Ismail et al, PCM side Axially fin N/A Numerical . the solidification time.
thickness, amount) o
2001 Natural convection in PCM

is delayed with the use of

fins.

Heat transfer augmentation

8. o . 1s more sensitive to the
. longitudinal o ) HTF operating ) )
Rathod et al, PCM side Stearic acid/water Experimental o increase of HTF inlet
fins conditions . .
2015 temperature; Solidification

time reduces up to 43.6%
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with the use of fins.

Heat transfer

area
Heat transfer performance is
enhancement ) ) o
10. . . LiF-CaF,(80.5%- . Size of tube; HTF significantly enhanced by
HTF side (Dimpled, Numerical ] o )

Tao et al, 2012 19.5%)/He-Xe operating conditions changing tube surface

cone-finned
. features.
and helically
tube)

The use of aluminum foils is

12. . KNO:;- HTF operating .
. Aluminum . . an effective method to
Guo and PCM side ) NaNO;/Water/stea Numerical conditions; system ]
foils ) enhance the device thermal
Zhang, 2008 m geometry size

performance.
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The use of corrugated tube

14. Tube geometry gives nearly 9 times
. Corrugated . _ _
Languri et al, PCM side b Octadecane/Water Experimental structure; HTF increase in heat transfer
e
2013 operating conditions.  rates compared to a normal
device.
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2.3.2.3 Plate type TES components and devices

Plate type TES devices have gained widely attention due to compact design, high specific
heat transfer areas, low pressure drop, and easy to clean and maintain. A schematic diagram
of a typical plate type TES device is shown in Figure 2.7. PCM is filled in between neighbour
plates with HTF flowing through flat channels between the PCM plates. Heat is transferred to

or from PCM through the plate walls.

PCM slabs l HTF out

Figure 2.7 Schematic diagram of plate type TES device [100].

Campos-Celador et al. [101, 102] numerically investigated a TES device with finned plate
filled with RT60 as PCM and water as HTF. The effect of HTF operating conditions on
thermal behaviour of device was examined, and the results were compared with the packed
bed based TES device with the same storage capacity. The plate type of device was found to

be superior to the packed bed device.

Johnson et al. [103] experimentally studied heat transfer behaviour of a flat plate TES device.
A eutectic mixture salt of KNO3;-NaNO; was used as a PCM and Mobiltherm 603 was
employed as HTF. Various plate geometries were investigated, as illustrated in Table 2.9.

Their results showed that the addition of heat transfer enhancement structure significantly
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improved the heat transfer rate, and the cross-profile configuration offered the best heat

transfer performance compared to other configurations.

Table 2.9 Heat transfer behaviour of plate type TES devices reported in [103].

Apbisiaan Descilon DN Additional heaf:tmnsfer Structure volume Phase change time

surface area [m’]* [e]* during discharge [h]
None None 0 0 5.51
WP Waved profile N 215 495 3.95
TP Trapezoidal profile ava 215 406 3.69
RP Rounded profile S— 227 521 4.63
Z7p Zigzag profile AAA 206 6.12 362
HP Hollow profile .¢.<:>¢- 2384 6.61 324
SCP Semicircle profile }N{ 284 7.18 361
XP X-profile YOOK, 3327 7.60 388
ZP Z-profile c2ez 339 7.82 321
cP Cross profile 44 355 8.66 264

* for comparison: using a 0.6 m x 0.93 m x 0.076 m chamber

Bechiri and Mansouri [104] numerically investigated the melting and solidification processes
of paraffin in a plate type TES device and found that Reynolds number had a significant
impact on the device overall storage performance. Increasing HTF inlet temperature leaded to
a reduction of PCM melting time at a given HTF mass flow rate. Tian and Zhao [105]
analysed the charging and discharging behaviour in a plate device containing paraffin. The
PCM samples with metal foam embedded was investigated, and the results indicated that the
addition of metal foams considerably enhanced device heat transfer performance. Liu et al.
[100] numerically studied the heat transfer performance of a plate type TES device with a
eutectic carbonate salt as PCM for concentrated solar power (CSP) applications. Six gaseous
and liquid HTFs were considered and the effects of HTF thermal properties, operating
conditions and heat storage capacity on the both charging and discharging processes were
investigated. Their results showed that liquid sodium had the best heat storage capacity. At

the same working conditions, the use of liquid sodium as HTF gave a 25% shorter fully
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charging period than that of solar salt. Charvat et al. [106] investigated both numerically and
experimentally thermal performance of a plate TES device with paraffin as PCM and air as
HTF. The influences of HTF flow rate, inlet temperature and the thickness of plate
component were analysed. They showed a significant impact of the HTF operating conditions
and PCM plate thickness on the device performance. Halawa and Saman [107] formulated a
theoretical model for a plate type TES device containing calcium chloride hexahydrate as
PCM with a phase change temperature of 28 °C. The effects of natural convection, plate
component dimension and HTF operating conditions were studied. They found that thicker
PCM slab reduced the heat transfer rate and therefore prolonged the whole charging and
discharging processes. Ye et al. [108] numerically simulated thermal storage and release
processes of a two-dimensional plate-fin device. Their results showed a significant role of the
temperature difference between HTF and PCM in the device performance particularly when
the temperature differences were below 20 °C. Darzi et al. [109] numerically investigated heat
transfer behaviour of a plate type device with Rubitherm as PCM. The effects of various
parameters such as HTF operating conditions and plate component dimension on the melting
front, outlet temperature, cooling power and thermal behaviour of device were examined.
Their result indicated that the thickness of the PCM plate played an important role in the

thermal performance of device and had a linear relation with the melting process.

There are also many other studies on the heat transfer behaviour of plate type heat
exchangers [110-118]. These studies are not explicitly for TES applications but maybe of

interest to the readers.
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2.3.2.4 Other types of PCM based TES components and devices

Tay et al. [119-121] conducted a combined experimental and theoretical investigation of a U-
type cylindrical TES device during the charging and discharging processes. They used
hydrate salt as PCM and the PCM is filled in the interior of cylinders. Water was used as
HTF circulating inside the U tube, as shown in Figure 2.8. A model based on the
effectiveness-number of transfer units (e-NTU) was developed. Numerical results of both the
charging and discharging processes agree well with experimental data. After validated the
numerical model, Tay et al. [122] compared heat transfer behaviour of device with pinned
tubes, finned tubes and plain tubes; see Figure 2.9. Transient temperature distributions of the
tube wall and PCM field were obtained under different HTF operating conditions. They
found that finned tubes based device provided higher heat transfer rate than pinned tubes

based device without impacting on the overall energy storage capacity.

Figure 2.8 Schematic diagram of TES device with pinned tubes [119, 120].
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Figure 2.9 Schematic representations of a cylinder TES device with (a) pinned tubes, (b)

finned tubes and (c) plain tubes [122].

Cakmak [123] experimentally investigated the thermal behaviour of a U-tube TES device
containing cylindrical components (Figure 2.10). Calcium chloride hexahydrate with a phase
change temperature of 29 °C was selected as PCM and water was used as HTF (Figure 2.10).
They found that 588 kJ and 417 kJ heat were stored at two HTF inlet temperatures of 65 °C

and 45 °C, respectively.

Kurnia ef al. [124] and AL-Khaffajy and Mossad [125] numerically studied heat transfer
performance of a rectangular TES device containing U type component (Figure 2.11). Their
results showed that the novel design provided highest heat transfer performance followed by
U-tube with fins. U-tube with staggered fins performed better as compared to U-tube with in-

line fins.
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Zukowshi [126] presented a boat shaped TES device and experimentally studied its thermal
behaviour with paraffin as PCM, as illustrated in Figure 2.12. He found that the proposed
TES device containing paraffin wax (RII-56) can be successfully used in TES applications
for processes and buildings. The heat transfer performance depended on HTF flow rate and

PCM temperature change.

Shon et al [127] designed a finned rectangle TES device for receiving waste heat from
coolant using xylitol as PCM (Figure 2.13) and analysed its heat transfer performance. Their
results indicated that the absorption efficiency of the device was more significantly
influenced by the coolant flow rate than by the temperature, and the influence of the coolant

flow rate was related to the convective heat transfer inside the tubes.

Figure 2.10 U-tube device containing cylinder component [123].
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Inlet service water Service water tube Outlet service water

Figure 2.11 U-tube based rectangular device [125].

matrix layers

Figure 2.12 Boat shaped TES device [126].
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Figure 2.13 Finned rectangle TES device [127].

Gil et al. [128] proposed a rectangular TES device containing U shape tubes for solar cooling
and refrigeration applications, and experimentally analysed its thermal behaviour with
hydroquinone as PCM and therminol VP1 as HTF; see Figure 2.14. They calculated the
average effectiveness of the device and compared it with empirical modelling results in the
literature, and found that the effectiveness described an important design specification of the

device and increased with decrease of HTF flow rates.

Figure 2.14 Rectangular TES device containing U shape tubes [128].
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Rouault ef al. [129] developed a one-dimensional numerical model to simulate the charging
and discharging phenomena inside a rectangular TES device containing squared tubes, as
illustrated in Figure 2.15. Paraffin wax was selected as the PCM and air was used as the HTF.
An experimental set up was built to validate the modelling approach. Their results showed
that modelling results had a good agreement with experimental data. Heat transfer coefficient
between the PCM and the tubes depended on the downstream state of melting at a given point

of the device.

Figure 2.15 Rectangular TES device containing squared tubes [129].

2.4 Summary of the literature review

A wide variety of studies focusing on the TES technologies from materials to components
and devices levels are presented in the literature. For the TES technologies to be more
competitive and effective, a number of technological and scientific challenges need to be
addressed at both materials and device/system scales. For TES materials, the challenges are
associated with improving the properties including energy storage density, thermal

conductivity, lifespan, operation temperature range and mechanical strength under large
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temperature swings as well as cost reduction. Fabrication of TES devices and systems at
scales that can deliver the properties at the materials scale are among other challenges. The
use of microstructured CPCMs could provide an effective way to meet TES material level
challenges. The CPCMs consist of a PCM, a TCEM and a CSM for shape stabilization. Such
a combination gives an excellent combination of energy density, power density and
mechanical properties. Understanding of the relationship between materials properties and
microstructures is essential for the formulation design and manufacture process of CPCMs,
however, it is insufficient as the TES devices and systems may not be able to deliver the
properties at the materials scale and little work has been done in this respect. This forms the
motivation of a systematic study on TES system level performance to TES materials
properties and implies fundamental understanding of multiscale multiphase physics across a
large length scale. The work presented in this thesis forms part of the efforts. It concerns the
relationship between TES device level performance to TES materials properties using

CPCMs.
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Chapter 3 Wettability of carbonate salt on MgO

This chapter aims to understand the wettability behaviour of carbonate salt on MgO
substrates through the measurements of contact angle. The effects of two important factors on
the contact angle were studied: (a) penetration of carbonate salt into MgO substrate, and (b)
surface tension of the salt changes on the MgO substrate. Scanning electron microscopy with
energy dispersive X-ray spectrometry (SEM-EDS) and Atomic force microscopy (AFM)
were used in the study. The results are useful for guiding the fabrication of MgO based
CPCMs and the understanding of microstructural characteristics of the fabricated composite

materials.
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3.1 Introduction

Industrial needs for TES materials with high energy and power density, good mechanical
strength, and long life span has led to significant interest from both scientific and industrial
communities [41-43]. As explained before, CPCM can meet the needs, which consist of a
PCM, a CSM and a TCEM. Such materials can be fabricated by using two methods of
physical mixing and vacuum infiltration [9, 10, 44]. For either of the methods to be
successful, the wettability of liquid PCMs on CSMs plays a crucial role. This calls for an in-
depth understanding of the wetting behaviour liquid PCMs on CSMs. Such understanding is
important not only for the formulation of the CPCMs, but also for the predication of

microstructural characteristics of the materials.

Numerous PCMs can be utilized for the fabrication of the CPCMs. Examples include fatty
acids and paraffin waxes with low melting temperature, and molten salt (carbonates, nitrates
and sulphates) with medium to high melting temperature [30-46]. There are also a number of
materials that may be used as CSMs, including diatomite, magnesium oxide, expanded
graphite and silicates [47-57, 130]. This work focus on the use of MgO as the CSM and
carbonate salt as PCM, which are mainly for medium and high temperature TES applications.
The wettability of a molten salt on a CSM depends on the interfacial energies between three
phases involved solid/vapour, solid/liquid and liquid/vapour. According to the Young’s
equation [9], the contact angle for a molten salt on a smooth MgO substrate can be described

as: cos@=(o, —0o,)/ o,, where 6 is the contact angle of solid and liquid phase, o is the

interfacial energy, and subscripts sv, s/ and /v denote respectively solid/vapour, solid/liquid

and liquid/vapour interfaces.
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Very limited work has been carried out so far on the wettability of molten salts on ceramic
material substrates [10]. This forms the motivation for the work of this chapter. This research
focuses on the influences of two factors on the contact angle: (a) penetration of carbonate salt
into MgO substrate, which may change the contact angle dynamically, and (b) surface tension
changes due to different fabrication temperatures. Scanning electron microscopy with energy
dispersive X-ray spectrometry (SEM-EDS) and Atomic force microscopy (AFM) were used

in the study.

3.2 Experimental

3.2.1 Preparation of carbonate salt samples and MgO substrates

The salt samples used in this study were made with eutectic carbonate salt (NaLiCO3), which
were in cylinder (rod) shape and had a mass of approximately 50 mg. The eutectic salt
contained 50 wt% Li;COs3 and 50 wt% Na,COs. The samples were made by thoroughly
mixing the two salts followed by shaping in a cylindrical mould with diameter of 4 mm.
MgO substrates used were either a sintered or a non-sintered cylindrical plate with dimension
of 13 mm diameter and 4 mm thickness. The sintered MgO plates were sintered at 1000 °C.
One flat surface of the plates was polished to give a mirror finish using various grades of SiC
abrasive papers and three grades of diamond pastes (with particle diameters of 6, 3 and 1 pm)
to an average surface roughness of 300-400 nm as measured by a surface profilometer (KLA
Tencor MicroXAM 2) over a length of 150 um at a speed of 20 pm/s. The substrates were
carefully cleaned in acetone using an ultrasonic machine before placed wettability

experiments.
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3.2.2 Experimental apparatus and measurement methods

A high temperature drop shape analyser (Kruss, DSAHT17-2) was used to investigate the
wetting behaviour of carbonate salt on MgO substrates. The device is based on the sessile
drop method. Figure 3.1 shows a schematic illustration and an image of the experimental

apparatus.

silicide heater

'!‘ ‘ ‘ | ‘ Molybdenum

Digital camera

Figure 3.1 A schematic illustration and a photograph of the sessile drop test apparatus.

The analyser consists of a molybdenum reflector installed in a sealed chamber, a
molybdenum silicide heater, an aluminium oxide supporting tube and a sample holding
platform, a type B thermocouple, a vacuum pumping unit with a rotary pump and a turbo
molecular pump, a programmable temperature controller, a He-Ne laser and a high-resolution
digital camera. Prior to a test, a salt cylinder was placed on the top of MgO substrate, and
followed by placing the salt-MgO sample on the sample holding platform. The platform was
then adjusted to a horizontal position, and inserted into the centre of the chamber. A high
purity nitrogen stream was then switched on to flow into the chamber followed by heating up

sample to a preset temperature at a heating rate of 10 K/min. After the sample temperature
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reached the measurement temperature, the N, gas supply was cut off. As soon as the sample
began to melt, the digital camera was started to capture the image of the salt sample, which
was used as the initial drop profile. Subsequently images were taken every 5 seconds and the
images were analysed using the drop-analysis software to obtain the contact angle, drop
height and contact diameter. Each experiment was repeated at least twice to study the
repeatability. In order to investigate the effect of infiltration of the carbonate salt into MgO
substrates on the wettability, a 10mmx>10mm single crystal MgO (100) plate (Sigma-Aldrich
Co. LLC, UK) was used, which had a purity of 99.9% and a relative density over 96%. A
SEM with EDS was used to investigate the microstructures at and near the triple point as well
as the interface between the carbonate salt and the MgO substrate after the salt solidified. The
surface morphology was measured by an atomic force microscope (AFM, NanoWizard III

NanoScience).

3.3 Results and discussion

3.3.1 Contact angle and drop dimension

Figure 3.2 shows the time evolution of the contact angle (6) and the droplet diameter (D) and
height (H) for the carbonate salt on the non-sintered MgO substrate at a measurement
temperature of 778 K. It can be seen that the contact angle and drop dimension change with
time, and the change can be divided into three stages of (a) initial stage, (b) spreading stage,
and (c) steady state stage. The initial stage could be regarded as the equilibrium stage since
the contact angle and the droplet dimension are almost constant, and the spreading velocity is
very low as the salt sample just starts to melt. In stage (b), both the contact angle and droplet
height decrease whilst the droplet diameter increases, indicating the spreading of droplet on

the triple line as carbonate-MgO is a non-reacting system [9, 10]. In stage (c), the contact

-53-



angle and droplet dimension are almost constant, indicating the constraint of energetic

equilibrium on the substrate surface.

100 10

{9
<
80 18 3
{7 &
o e.
o 60} 16 5
=y Q
g 15 8
o o
g a0t 14 2
S 8
© 13 &
=
20 {12 8
3
lv

0 1 M 1 " 1 " 1 M 1 " 1 0

0 10 20 30 40 50
Time (s)

Figure 3.2 Time evolution of contact angle and droplet dimension of carbonate salt on a

non-sintered MgO substrate.
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Figure 3.3 Time evolution of contact angle and droplet dimension of carbonate salt on a

sintered MgO substrate.

Figure 3.3 demonstrates the contact angle and droplet dimension of the carbonate salt droplet
on a sintered MgO substrate. One can see three clear stages of the spreading process, similar
to the observation of the carbonate salt drop on the non-sintered MgO substrate. However, the
durations of the first two stages are far longer compared with that of the non-sintered MgO
substrate: stage (a) lasts ~8 s (~5 s for the non-sintered case) and stage (b) is ~57 s (~30 s for
the non-sintered case). The equilibrium contact angle approaches ~25° (~12° for the non-
sintered case). These observations indicate that the wettability of carbonate salt on the
sintered substrate is lower than that on the non-sintered substrate. The enhanced wettability is
likely due to the salt infiltration into the MgO substrate, which will be discussed in Section

3.3.2.
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3.3.2 Salt infiltration

The salt infiltration was studied by using SEM-EDS. Figure 3.4 shows typical top-view SEM
images of both non-sintering MgO and sintered MgO substrates. Coarse particles are seen on
the non-sintered MgO substrate, which are non-uniformly distributed. Although uniaxial
compression and polishing processes were applied during SEM sample preparation, some
cavities and crevices of ~3-5 um are apparent. Fine particles are seen to distribute uniformly
and densely packed on the sintered MgO substrate although there are still some micro
crevices with ~ 0.5 um diameter (Figure 3.4 (b)). As a result, liquid carbonate salt is more

likely to penetrate into the non-sintered MgO substrate.

»

Figure 3.4 SEM images of non-sintered (a) and sintered (b) MgO substrates.

This agrees with the following Washburn’s equation [131]:

ro,, cos @
=—"1

2u

h’

1

(3.1)
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where r is the radius of capillary or pores, o, is the surface tension, € is the contact angle, u

is the viscosity and ¢ is the time taken to reach an infiltration height of 4. Equation (3.1)
applies to cases with high wettability and acute contact angle. This is indeed the case for the
carbonate salt on both sintered and non-sintered MgO substrates. Equation (3.1) also
indicates that the infiltration of carbonate salt on non-sintered Mgo substrate should be more

significant than that of sinter MgO substrate due to larger pore sizes.

Figures 3.5 and 3.6 show SEM-EDS images and analyses of the interface between MgO
substrate and the carbonate salt. Considerable salt infiltration into the MgO substrate is
evident, particularly for the non-sintered MgO substrate (Figure 3.5) where an infiltration
depth of ~ 1.5 mm can be observed, significantly larger than that for the sintered MgO
substrate (~ 0.5 mm , Figure 3.6). Such difference could be explained from two aspects: One
is that the size and number of crevices and pores of non-sintered MgO substrate are larger
than that of sintered MgO substrate, as shown in Figure 3.4. The other is that the specific
structure of the sintered MgO substrate, which may hinder the salt penetration. As illustrated
in Figure 3.4 (b), the sintered MgO substrate is in the early stage of sintering process with
individual particles still visibly distinguishable [132, 133] and sintering necks starting to
growth [133]. The sintering of MgO particles forms a rigid microstructure that could confine

and hence prevent the motion of liquid carbonate salt into the substrate.
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Figure 3.5 SEM-EDS analysis of the interface between carbonate salt and non-sintered

MgO substrate: (A)-carbonate salt droplet; (B) and (C)-non-sintered MgO substrate.
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Figure 3.6 SEM-EDS analysis of the interface between carbonate salt and sintered MgO
substrate: (A)-carbonate salt droplet; (B) and (C)-sintered MgO substrate.
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3.3.3 Effect of substrate on the contact angle

As illustrated in the previous sections, the extent of salt infiltration increases with increasing
wettability, which leads to a decrease in the droplet volume on the substrate, and hence
influence on the measured contact angle. In other words, the actual contact angle is different
from the measured value. Therefore, the effect of infiltration should be taken into

consideration when studying this sort of liquid-substrate combination.

Y
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Figure 3.7 Schematic illustration of changes of a carbonate salt droplet on a MgO
substrate due to infiltration (Red line in (b) denotes the contour of salt droplet without

infiltration).

Quantification of the effect of salt infiltration on the contact angle could be evaluated by
using the evaporation method proposed by Kondoh et al. [134]. For doing so, the salt droplet
is assumed to be part of a sphere with radius R and the infiltration has no effect on the
wetting test. Under those assumptions, the volume of salt droplet on the substrate should be
constant and does not change with the time during the test; (see the red line which denotes the

droplet contour without the effect of infiltration, V;=V7). This is illustrated in Figure 3.7.

The volume of the carbonate salt drop at any moment on the substrate (V;=V;) and the contact

angle at t=0 can be expressed by:
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where V;, D;, H; and 6, are respectively the salt droplet volume, droplet diameter, droplet
height and contact angle at t=0; (see Figure 3.7a). The change in the droplet height and radius,

and the contact angle at any moment can be then calculated by:

3D'H, 6V, _

H’ + 0 (3.4)
4 V4
V H.
R T — 3.5
oaH? 3 (3-5)
D.
0, =sin” —— (3.6)
2R

Where H;, R; and 6, are respectively modified droplet height, drop radius and contact angle at

any moment. D; denotes the experimentally measured droplet diameter, which, upon inserted
into Equations (3.4)-(3.6), gives the modified droplet height, radius and contact angle. Figure
3.8 shows the modified contact angle under different conditions (non-sintered MgO, sintered
MgO and single crystal MgO) taking into account of the salt penetration. Here, the use of
single crystal MgO substrate is to show the result with no infiltration for comparative purpose.
One can see significant effect of the substrate on the contact angle. For the non-penetration
single crystal MgO substrate, the wetting and spreading process is far quicker than that with
other two substrates, giving the final equilibrium contact angle of 38°. The contact angle of
the carbonate salt on the non-sintered MgO and sintered MgO substrates are respectively 25°

and 32°, considerably lower than that for the single crystal MgO plate.
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Figure 3.8 Effect of substrate type on the contact angle.

3.3.4 Surface energy measurements

The results presented in section 3.3.3 suggest that the substrate structure plays a key role in
the wetting and contact angle of salt. The structure of the substrate very much depends on the
sintering temperature should the substrate be made from powders-the cases in this study for
both the sintered and non-sintered substrate. Single crystal MgO could also be made by
sintering at very high temperature (~3000°C). Different substrate structures produced at
different sintering temperature could mean different surface energies. As a result, an attempt
is made in the following to explain the experimental observations of wetting and contact

angle from the view point of surface energy.

At equilibrium, the contact angle depends on interactions between different phases, and can

be described by the Young’s equation [135]:
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cos @ =2 — 9t
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(3.7)

v

For a given liquid phase, that is the carbonate salt of NaLiCOs in this study, o, is constant,
the difference between o,, and o, is the only factor that determines the value of contact

angle. Let o be defined as the difference:

oO=0,—O0O

sV sl

(3.8)

Over the two interfacial tensions, o,, depends on the intrinsic property of the substrate,
whereas o, is due to the interaction between the carbonate salt and the substrate. Interfacial

tension could be linked to intermolecular forces and polarity of the phases. For example, o,

could be given by [136]:

d da\l/2 1/2
o,=0,+0,-2c" o) ~2c"-op) (3.9)

sV

where the subscribes d and p denotes respectively the dispersion and polar contributions to
the surface tension. In cases where only dispersion forces operate, the polar term goes and

Equation (3.9) becomes the Fowkes equation [136]:

o,=0,+0,-2c" ot )" (3.10)

sV v

Inserting Equation (3.10) to Equation (3.8) yields:

d a\/2
0'22(0' -O') -0,

sV Iv

(3.11)

v

Equation (3.11) suggests that the interfacial tension difference be determined by o, (the

interfacial tension of solid and vapour phases), given the liquid-vapour interfacial tension

(o, ). This implies that the contact angle depends on the interfacial energy between the
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vapour phase and the measured solid surface. The salt on the non-sintered MgO substrate has
the smallest contact angle as demonstrated before, indicating the greatest the substrate surface
tension, which is exactly what was observed experimentally. This is also explains that the
single crystal MgO substrate give the lowest surface tension. The above results also indicate
that the sintering temperature plays an important role due to its effect on the structure of the
substrate. To further investigate this, atomic force microscopic (AFM) analyses on the MgO
substrates were carried out by using a Nanoscope III AFM with functionalised silica tips from
Mikromasch. The measurements were done mainly on the adhesion force and principle of the
measurements has been described elsewhere in the literatures [137-139]. Briefly, an AFM
measures the cantilever deflection of the tip displacement due to its interaction with the

substrate. The adhesion force can be calculated from the Hooke’s law [140]:

F =kAe (3.12)

where k is the spring constant of the cantilever calculated to be 0.179 N/m and A¢ is the
maximum cantilever deflection. Figure 3.9 shows the measured force-displacement curves for

three MgO substrates. The insert in Figure 3.9 gives the adhesion forces for three substrates.
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Figure 3.9 Typical force-displacement curves for the three MgO substrates. The inset

summarises the average adhesion force for three MgO substrates.

One can see that the single crystal MgO substrate gives an adhesion force of 2.1 nN.
Significantly larger adhesion forces are observed for both the sintered and non-sintered MgO
substrates, with that for the non-sintered MgO substrate (~8.4 nN) nearly 2.5 times that for
the sintered MgO substrate (~3.5 nN). The significant difference in the adhesion forces for

the three substrates indicates the effect of different surface microstructural and possibly

chemical characteristics.

The adhesion force between the tip and the substrate is the sum of several forces and can be

expressed by [137]:
F:F;l +dew+F;ap+FLhem (313)

where F,, F,,,, F,, and F,  represent respectively the electrostatic force, Van der Waals

force, meniscus or capillary force and chemical bond or acid-base interacting force. Under
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the ambient conditions, the dominant adhesion force is the capillary force due to the
formation of a liquid meniscus between the tip and the substrate [140]. Assuming that the
AFM tip is a hemisphere with radius R in contact with the substrate, and liquid volume is

negligible, the capillary force can be given by [140]:

F. =2y, R(cos6, +cosb,) (3.14)

cap

where y,, is the surface tension at the liquid vapour interface, and 6, and 6, are the contact

angles between the liquid and the tip, and the liquid and the substrate, respectively. Inserting
of the above equation into equations (3.12) and (3.13) gives the contact angle of liquid and

the substrate as:

cos@, = hx —cos 6, (3.15)
ZWIVR

Equation (3.15) shows that the contact angle of the liquid and the substrate depends on the
adhesion force; the larger the adhesion force, the smaller the contact angle will be. Equations
(3.13) - (3.15) also indicate that the non-sintered MgO substrate has the highest surface
tension in agreement with experimental observation presented in Section 3.3. As mentioned
early, sintering temperature determines the microstructure of the MgO substrate given other
conditions, and hence the surface energy and contact angle upon contacting the salt. More
experiments were carried out on the MgO substrates sintered at different temperatures. Table
3.1 summarises the results. For comparison, the result for the single crystal MgO (3000 °C) is
also listed. One can see that when the sintering temperature increases from 500 °C to 3000 °C,

the contact angle increases from 25° to 40°.
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Table 3.1 Contact angle of the carbonate salt on MgO substrates sintered at different

temperatures®.

Sintering
500 700 900 1100 1300 3000
temperature (°C)

Contact angle ~ 25° (£1.7°) 25°(#1.8°) 32°(£1.6°) 32°(%1.8°) 34°(%1.7°) 40°(=1.8°)

* The effect of salt infiltration has been taken into consideration for all measurements. The

data includes the best estimate and the standard error.

3.4 Conclusions of chapter 3

The wetting behaviour of carbonate salt on MgO substrate has been investigated through
contact angle measurements at elevated temperatures. Both non-sintered and sintered MgO
substrates were prepared for the study. For the sintered substrates, different sintering
temperatures were applied, which ranges from 500 °C to 3000 °C. For comparison purposes, a
single crystal MgO substrate was also used in the study. To eliminate the effect of salt
penetration on the contact angle, a calculation model is used to obtain true values of the
contact angle. The results show good wettability of the carbonate salt on the MgO substrates
and the wettability is a fairly strong function of microstructure and hence surface energy of
the MgO substrates fabricated at different sintering temperature. The non-sintered MgO
substrate has a loose surface particle packing with large pores and crevices, leading to
significant salt infiltration. The corresponding contact angle is measured to be 25 °. The
structure and morphology of sintered MgO substrates depends the sintering temperature
given other conditions, the higher the sintering temperature, the finer the particles on the

surface, the more homogenous particle distribution, and the smaller the size of the porous and

- 66 -



crevices on the substrate surface. At very high sintering temperature, e.g. 3000 °C (for MgO
single crystal), the surface structure is very dense and smooth. The contact angle of the salt
on the sintered MgO increases with increasing sintering temperature of the MgO substrate
fabrication and approaches ~40° for the single MgO crystal. The effect of the sintering
temperature for making the MgO substrate could be linked to the surface energy due to the
surface microstructures. This is validated by the AFM measurements of the adhesion forces

of the MgO substrates.
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Chapter 4 Microstructure Characteristics and Development of

CPCMs

This chapter studies the microstructure characteristics and formation mechanisms of CPCMs.
Two CPCMs, eutectic carbonate salt based CPCMs and single carbonated salt based CPCMs
were prepared and investigated. SEM and EDS were used in the study to measure salt
distribution and redistribution within the composite structure during melting-solidification
thermal cycles. The effect of TCEMs on the microstructural changes and the development of

CPCMs were also investigated.
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4.1 Introduction

Understanding the microstructural characteristics is essential for the establishment of
structure-property relationship for CPCMs and hence the capability of design and fabrication
of the material. This is also important for the predication of the thermophysical properties and

performance of CPCM modules [6].

In this work MgO based carbonate salt CPCMs were used which are mainly for the medium
and high temperature TES applications. The goal is to study the microstructure characteristics
and structural changes during thermal cycles. Both a eutectic carbonate salt and a single
carbonate salt based CPCMs were prepared and investigated. SEM and EDS were the main
tools for the study, which measure time evolution of the salt distribution and migration within
the composite structure during melting-solidification thermal cycles. The effect of the

presence of TCEMs on the microstructure development of CPCMs was also investigated.

4.2 Experimental

4.2.1 Raw materials

The PCM used for the composite formulation was the eutectic carbonate salt (NaLiCOs),
made with 50 wt% sodium carbonate (Na,COs, purity >99%) and 50wt% lithium carbonate
(Li2COs, purity >99%), both from Sigma-Aldrich Co. LLC, UK. The melting temperature of
the eutectic salt is 500.35°C. Sodium carbonate (Na,COs, purity >99%, Sigma-Aldrich Co.
LLC, UK) was used for preparing the single sodium carbonate based composite. MgO
(purity >95%, light magnesia, Sigma-Aldrich Co. LLC, UK) and natural graphite flake
(Sigma-Aldrich Co. LLC, UK) were used as the CSM and TCEM, respectively, for the

composite formulation.
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4.2.2 Fabrication of eutectic carbonate salt based CPCM modules

The fabrication of the eutectic salt composite involved the following steps. Step 1 was
thoroughly mixing sodium carbonate and lithium carbonate (50:50 ratio by mass) in a
stainless steel crucible and followed by heating the sample in a furnace to 530 °C for 1 h. The
carbonate mixture was then cooled down to the ambient temperature and milled to fine
powder form. Step 2 was thoroughly mixing the milled eutectic carbonate salt with an
appropriate amount of MgO and graphite flake, followed by shaping the powder mixture into
disk-like pellets of 30 mm in diameter and 10 mm in thickness by uniaxial cold compression
at 30 MPa for 1 min. In step 3, the green pellets were sintered under a N, atmosphere in an
electrical furnace using the following profile: heating at 5 °C/min between 25 and 100°C;
holding at 100°C for 60 min; heating further at 5 °C/min between 100 and 550°C; and holding
at 550 °C for 90 min; and finally cooling of the sample to ambient temperature with the

reversed profile to the heating process.

4.2.3 Fabrication of single carbonate salt based CPCM modules

The fabrication process for the single carbonate salt based CPCM modules was the same as
that for the eutectic carbonate salt based CPCM modules except for the sintering process.
After the green pellets were made in step 2, the pellets were sintered under the N, atmosphere
with the following profile: from heating at a rate of 5 °C/min between 25 and 100 °C; holding
at 100 °C for 60 min; further heating at a rate of 10 °C/min between 100 and 950 °C; holding

at 950 °C for 90 min; and cooling with a profile reverse to the heating process.
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4.2.4 Characterization of the CPCM modules

The morphological and microstructural characteristics of the CPCMs modules were studied
by using SEM-EDS (TM3030, HITACHI). The wettability studies were performed with the
high temperature drop shape analyser (Kruss, DSAHT17-2) introduced in chapter 3. The
thermal cycling tests were done by a self-constructed and automated device comprising of a
high temperature region (1000°C) and a low-temperature region (20°C) with a perpendicular

arrangement.

4.3 Results and discussion

4.3.1 CPCMs with no graphite addition

4.3.1.1 Morphological and microstructural observations

Figure 4.1 (a) and (b) show SEM images of green pellets made of powder mixtures of
NaLiCOs and MgO, and Na,CO3; and MgO with uniaxial cold compression, respectively. A
reasonably homogeneous distribution of salt and MgO can be observed for both sets of
samples after the mixing process. The embedded image in Figure 4.1 (a) is a pellet made of
pure MgO, which shows that MgO particles are approximately spherical in shape with a
mean diameter of 3-5 pm, and there are plenty of voids formed between packed MgO
particles. Figure 4.1 (a) shows that the salt occupies the voids of packed MgO particles
forming the composite. Sintering of the composites changes the microstructure significantly,
as shown in Figure 4.1 (c) for the NaLiCO3-MgO composite. The salt experiences melting
and recrystallization during heating and cooling processes, leading to the formation of a
molten salt liquefied structure (MSLS) [10]. Such a structure plays an important role in

retaining the salt and forming a dense structure. It is also noticed that apart from forming the

-71 -



MSLS, MgO particles appear to have densified in the Na,CO3;-MgO composite, with MgO
particles coated by salt as shown in Figure 4.1 (d). Such structure difference between the two
composites as shown in Figure 4.1 (¢) and Figure 4.1 (d) could be attributed to both the
interfacial energy between the different components of the composites, and the sintering

temperature differences for the composites.

Figure 4.1 (a) SEM image of green pellet (non-sintered) of NaLiCO3-MgO composite

with a mass ratio of 1:1; inset is a SEM image of green pellet (non-sintered) made of
pure MgQO; (b) SEM image of green pellet of Na,CO3-MgO composite with a mass ratio
of 1:1; (C) SEM image of sintered pellet of NaLiCO3-MgO composite with a mass ratio
of 1:1; (d) SEM image of sintered pellet of Na,CO3;-MgO composite with a mass ratio of
1:1.
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4.3.1.2 Particle distribution and migration during melting-solidification thermal

cycles

Particle distribution and migration within the composite during thermal cycles were observed
by SEM-EDS analyses. The two carbonate salt based CPCMs were used in the work. After
the green pellets were made in the fabrication process, they were equally cut into two pieces.
A rectangular area from the cross section of either half a piece was selected for the
observation with a horizontal line being marked for quantitative analyse. Figure 4.2 illustrates

the position and orientation of the observed area and line in the samples.

Gravity |

direction

Figure 4.2 Illustrations of position and orientation of observation line (area) in the

samples (Carbonate salts based MgO composites with mass ratio of 1:1).

Figure 4.3 shows element distributions in the observation area of the NaLiCO;-MgO
composite after 0 (green sample), 1, 10 and 50 heating and cooling cycles. These
distributions were obtained from EDS mapping, which only gives Mg and Na maps. The EDS
was unable to map Li distribution due to low atomic mass. Na and Mg maps give an
indication of PCM and CSM distributions in the observation area within the composite. One
can see that both the PCM and CSM are dispersed reasonably well within the green sample

through physical mixing (Figure 4.3a). Sintering of composites leads to significant changes to
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the structure and particle distribution (Figures 4.3b-4.3d). A number of pros/cavities appear
during the first thermal cycle due to volume change as a result of phase change of the salt
(Figure 4.3b). As melting-solidification thermal cycles go on, further change are seen in the
particle distribution within the composites, as shown in Figures 4.3(c) and 4.3(d). The salt
shows a tendency of moving downward in the observation area and the CSM seems to have

moved with the salt.

Figure 4.3 EDS element mapping micrographs of the observation area within the

NaLiCO3;-MgO composite: (a) green sample (non-sintered), (b) after one heating and
cooling cycle, (c) after 10 heating and cooling cycles and (d) after S0 heating and cooling

cycles; blue and green colours represent Mg and Na, respectively.
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Figure 4.4 shows particle concentrations in the observation area after different heating and

cooling cycles. One can see that the particle concentration along the observation line changes

with the melting-solidification thermal cycles. This is consistent with the qualitative analyses

of the EDS mapping presented above. An attempt is made to explain the experimental

observation in the following. When the temperature approaches the melting point during a

melting-solidification thermal cycle, the solid salt turns into viscous liquid leading to flow of

liquid salt in the pores. The flow is due to several factors including volume change due to

phase change of the PCM, capillary force due to interfacial tension and gravitational force.

Meanwhile, the liquid salt is wetted by the high interfacial energy CSM and provides a force

to drag the CSM to move within the interparticle voids of the composite microstructure.
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Figure 4.4 Element concentrations along the observation line within the NaLiCO3;-MgO

composite: (a) green sample (non-sintered), (b) after one heating and cooling cycle, (¢)

after 10 heating and cooling cycles and (d) after 50 heating and cooling cycles; blue and

green colours represent Mg and Na, respectively.
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Figure 4.5 shows the EDS micrographs of element distributions in the observation area of the
Na,CO3-MgO composite after 0, 1, 10 and 50 melting-solidification thermal cycles. The
structure of green sample (Figure 4.5a) is similar to that for the green NaLiCO;-MgO
composite as shown in Figure 4.3a. However, significant changes are observed after first
thermal cycle, the observed are seems to be covered mostly by the salt, represented by Na,
and only a small amount of element Mg is detected. More thermal cycles give insignificant

changes.

Figure 4.5 EDS element mapping micrographs of the observation area within the

Na,CO3-MgO composite: (a) green sample (non-sintered), (b) after one heating and
cooling cycle, (c) after 10 heating and cooling cycles and (d) after S0 heating and cooling

cycles; blue and green colours represent Mg and Na, respectively.
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Figure 4.6 Element concentrations along the observation line of the Na,CO;-MgO
composite: (a) green sample (non-sintered), (b) after one heating and cooling cycle, (¢)
after 10 heating and cooling cycles and (d) after 50 heating and cooling cycles; blue and

green colours represent Mg and Na, respectively.

Figure 4.6 shows particle concentrations along the observation line of the Na,CO;-MgO
composite after different melting-solidification thermal cycles. High MgO concentration
(represented by high Mg intensity) observed in the green pellet almost disappears after first
cycle, which is consistent with the qualitative observation of the EDS maps shown in Figure
4.5. This is very different from the NaLiCO3-MgO composites, where no significant changes
in Mg and Na intensity are seen (ref. Figure 4.4). The exact reason for this difference remains
to be identified. Higher viscosity of Na,COs3 may be a reason, which leads to a thicker coating
of the MgO particles during solidification. Higher sintering temperature could be another
reason. The MgO particle could sinter and form a sintering neck structure during sintering
process. Such a rigid structure could hold the molten salt and prevent the salt migration

within the composite structure during repeated heating and cooling cycles.
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4.3.2 CPCMs containing graphite

4.3.2.1 Morphological and microstructural observations

Figure 4.7 SEM images of sintered NaLiCO3;-MgO-Graphite composites (a, b) with a
mass ratio of 1:1:0.1 and Na,CO3;-MgO-Graphite composites (¢, d) with a mass ratio of
1:1:0.1. The micrographs on the right hand side are captured from the rectangular

areas indicated on the left figures.

Figure 4.7 shows SEM images of two sintered carbonate composites containing graphite. A
layered structure is observed in composite and which is due to the addition of graphite flakes
and the flat surface of the graphite particles orientate perpendicularly to the compression
force. Figure 4.7 also shows a graphite rich area and there micro-gaps between graphite
flakes and other ingredients in the composites. This could be attributed to the poor wettability
of salt on graphite [9, 10]. An inspection of Figures 4.7 (a) and 4.7 (b) suggests the formation

of MSLS, leading to a dense structure, as expected. However, a very different structure is
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seen for the Na,CO3;-MgO-graphite, as shown in Figure 4.7 (d), where less pores are apparent,

giving a more dense structure.

4.3.2.2 Particle distribution and migration during melting-solidification thermal

cycles

Figure 4.8 shows the element concentrations along the observation line of the NaLiCOs-
MgO-Graphite composite after 0, 1, 10 and 50 heating and cooling cycles. Significant
changes can be observed in the concentrations distributions of C (yellow), MgO (blue,
represented by Mg) and salt (green, represented by Na). This suggests particle migration and
redistribution within the composite structure during repeated heating and cooling processes.
Figure 4.9 shows EDS mapping of element C within the NaLiCO3;-MgO-Graphite composite
after different thermal cycles. The flake shaped graphic particles have an orientation
perpendicular to the direction of compression in the green pellet (Figure 4.9a). Thermal
cycles appear have led to fragmentation of the particles to give smaller and more

homogenously distribution particles (Figure 4.9 b,c,d).

The work by Ge et al indicates a competing mechanism within a composite structure due to
different wettabilities of the salt on the CSM and, that on the carbon material [9, 10]. Ceramic
materials particularly MgO has a high interfacial energy and hence easily wetted by molten
salt, while graphite has a low interfacial energy and hence is less wetted by the salt. This
competing mechanism leads the formation of microcavities within the composite structure
after thermal cycling. This agrees with the observation of this work; see Figure 4.7. Such
microcavities provide a route to absorb volume change during phase change. During heating,
salt turns into a viscous liquid, providing a capillary force hold the ceramic particle together

while avoiding leakage. In the same time, liquid salt moves within microcavities and

-79 -



interparticle pores, generating particle migration and creating a shear force that could break

graphite particles. The solidification process could also generate significant stress on the

graphite, leading to size reduction.
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Figure 4.8 EDS mapping of Mg, Na and C along the observation line in the NaLiCO3-
MgO-graphite composite with a mass ratio of 1:1:0.1 experienced different thermal
cycles, (a) green sample (non-sintered), (b) after one heating and cooling cycle, (c) after
10 heating and cooling cycles and (d) after 50 heating and cooling cycles; blue, green

and yellow colours represent Mg, Na and C, respectively.
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Figure 4.9 EDS mapping images of element C within the NaLiCO3;-MgO-graphite

composite with a mass ratio of 1:1:0.1 after different thermal cycles, (a) green sample
(non-sintered), (b) after one heating and cooling cycle, (¢) after 10 heating and cooling

cycles and (d) after S0 heating and cooling cycles.

The effect of graphite loading in the composite was also investigated. Figure 4.10 shows EDS
maps along the observation line in a NaLiCO3;-MgO-Graphite composite with a mass ratio of
1:1:0.6 after 0, 1, 10 and 50 melting-solidification thermal cycles. Difference in the element
distribution before and after thermal cycles is apparent though less significant than the
composite containing less graphite loading. However, the element distributions after different
numbers of thermal cycles are very small, indicating the higher graphite loading may have
hindered particle migration. This hindrance may also be associated with wettability of salt on

graphite and the flake shape.
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Figure 4.10 Element distributions along the observation line in the NaLiCO3;-MgO-
graphite composite with a mass ratio of 1:1:0.6 after different thermal cycles, (a) green
sample (non-sintered), (b) after one heating and cooling cycle, (¢) after 10 heating and

cooling cycles and (d) after 50 heating and cooling cycles; blue, green and yellow colours

represent Mg, Na and C, respectively.

Figures 4.11 and 4.12 show the C maps in the observation zone of the NaLiCO;-MgO-
Graphite composites with mass ratios of 1:1:0.2 and 1:1:0.6 after different heating and
cooling cycles, respectively. One can make the following observations: (1) Breakage of
graphite particles occurs during thermal cycling and the extent of particle breakage decreases
with increasing graphite loading; (2) There are still graphite flakes even after 50 thermal

cycles; (3) Particle migration appears to be more difficult with more graphite loading.
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Figure 4.11 EDS element maps of C of NaLiCO3;-MgO-graphite composite with a mass
ratio of 1:1:0.2 after different thermal cycles, (a) green sample (non-sintered), (b) after
one heating and cooling cycle, (c¢) after 10 heating and cooling cycles and (d) after 50

heating and cooling cycles.
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Figure 4.12 EDS element maps of C of NaLiCO3-MgO-graphite composite with a mass
ratio of 1:1:0.6 after different thermal cycles, (a) green sample (non-sintered), (b) after
one heating and cooling cycle, (¢) after 10 heating and cooling cycles and (d) after 50

heating and cooling cycles.

Shown in Figure 4.13 are concentration distributions of MgO (represented by Mg), salt
(represented by Na) and C along the observation line in the Na,CO3;-MgO-Graphite
composite with a mass ratio of 1:1:0.1 under 0, 1, 10 and 50 melting-solidification thermal
cycles. Little change could be observed in the concentration distributions after different
thermal cycles. This indicates little particle migration and hence redistribution of particles in
Na,CO3;-MgO-Graphite composite during thermal cycles and the use of graphite further

hinders the migration.
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Figure 4.13 Element concentration distributions along the observation line in the
Na,CO;-MgO-graphite composite with a mass ratio of 1:1:0.1 after different thermal
cycles, (a) green sample (non-sintered), (b) after one heating and cooling cycle, (¢) after
10 heating and cooling cycles and (d) after S0 heating and cooling cycles; blue, green

and yellow colours represent Mg, Na and C, respectively.

4.3.3 Microstructure development of CPCMs

Based on the experimental observations and analyses presented above, a tentative
microstructure development mechanism is proposed for carbonate salt based CPCMs. Figure
4.14 illustrates the mechanism with Figure 4.14 (a) for the eutectic salt based CPCMs and

Figure 4.14 (b) for the single carbonate salt based CPCMs.
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Figure 4.14 Schematic illustrates of microstructure development of CPCM:s for (a)

eutectic carbonate salt based and (b) single carbonate salt based composites.

First consider the eutectic carbonate salt based CPCMs with a low graphite loading. During
the green pellet fabrication process, physical mixing enables good distribution of particles
within the composites at the composite module scale whereas the cold compression reduces
interparticle voidage. Upon sintering, the solid salt particles form eutectic phase and turns
into a viscous liquid when the temperature is above the melting point. The liquid flows into
micro-pores under a pressure difference created by volume change and interfacial energy
between CSM and the salt. The interfacial energy also pulls the CSM particles together
forming liquid bridges among the particles. During such a process, rearrangement and
migration of CSM particles occur with the liquid phase salt. This could overcome the
swelling caused by graphite particles due to their low surface energy towards the salt,

allowing the formation of a dense composite. During repeated heating and cooling cycles, the
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salt changes between liquid and solid states. The surface tension (originated from the
intermolecular forces) between salt and solid surfaces leads to capillary actions, which could
create a significant shearing force (AF). Such a shearing action could lead to breakage of
graphite flakes. The reciprocating motion of salt causes particle redistribution within the
composite, leading to a more homogenous distribution of ingredients. When the graphite
loading is high, particles migration inside the composite are restricted due to increased
viscosity of liquid salt and low interfacial energy. This gives a reduced extent of graphite

breakage and little changes to the concentration distribution over different thermal cycles.

Next consider the single carbonate salt based CPCMs, as shown in Figure 4.14 (b). The
fabrication process is similar to that for the eutectic carbonate salt based composites. Upon
heating, the solid carbonate salt turns into liquid phase when the prevailing temperature
exceeds the melting point. The flow of liquid salt in the interparticle voids leads to
rearrangement of CSM. Due to high sintering temperature used in the fabrication process, the
CSM could sinter and form a rigid structure upon cooling. Such a rigid microstructure is
formed in the first few cycles, which can effectively prevent the salt leakage and, maintain
the particle distribution within the composite structure during melting-solidification thermal
cycles. It is because of this structure, little rearrangement of CSM particles occurs during

subsequent thermal cycles, and little breakage of graphite particles.

Finally, the influence of graphite loading on the microstructure development of CPCMs is
analysed further in the following. As discussed before, the low wettability of salt on graphite
hinders particle redistribution and swells the structure, the use of a CSM with a high

wettability towards salt is needed to maintain the composite structure.
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Figure 4.15 A molten salt drop on two different substrates.

According to Young’s equation [10, 134], the wettability of the liquid phase on a solid phase
is linked to the contact angle and depends on the relationship between the interfacial energies
of three phases, solid/vapour, solid/liquid and liquid/vapour. For CPCMs without graphite,
the contact angle is determined by the interfacial energy of CSM; see Figure 4.15 (a). The
CSM is usually selected to have a relatively high interfacial energy such MgO used in this
work, and hence a small contact angle. For CPCMs with graphite, the wettability of salt on
the substrate is determined by both the properties of CSM and graphite (Figure 4.15 (b)), and

the contact angle can be written as:

v sv(MgO+Graphite Y si(MgO+Graphitd / Salt

cosf = 4.1)
Y tv(salp

Figure 4.16 shows measured contact angle data of the two carbonate salts on MgO substrate
containing different graphite loadings. As expected, the wettability of carbonate salts on the
CSMs decreases with increasing graphite loading. At zero graphite loading, the contact
angles for the NaLiCO; and Na,CO; are approximately 23  and 32, respectively. They
increase to 128 and 133 respectively for the two salts with a graphite loading of 100%. The
results also show that the contact angle starts to exceed 90" when the graphite loading is

above ~ 60%.
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The above observations and analyses confirm that the hindrance of particle migration within
the composite structures during melting-solidification thermal cycles is mainly due to the
addition of graphite, as illustrated schematically in Figures 4.11 and 4.12. It also explains that
the salt leakage could occur within a composite if the graphite is overloaded, as the CSM

could not be able to excelled the poor wettability of graphite and retain all the salt [10].
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Figure 4.16 Contact angles of the two carbonate salts on MgO and MgQ/graphite

substrates as a function of graphite loading.

4.4 Conclusions of chapter 4

The microstructure formation mechanisms of CPCMs are studied and presented in this
chapter. Two CPCMs, a eutectic carbonate salt and a single carbonate salt based CPCMs,
were used as examples in the study using SEM and EDS. Salt motion and particle migration

and distribution/redistribution within the composites during melting-solidification thermal
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cycles are discussed based on the experimental observations. The effect of TCEM on the

microstructure formation was investigated. The following conclusions could be obtained:

(1). Salt motion occurs within the composite structure during repeated heating and cooling
cycles. Such motion is likely to be associated with volume change induced by phase change
and surface tension due to intermolecular forces. The motion could provide a force to drag
the CSM (MgO) to move within interparticle void of the composit microstructure. The
motion could form a shear force. Such a force could break graphite flakes. The migration
during the melting-solidification processes leads to a more homogenous distribution of both

the salt and CSM/TCEM particles and an increase in the density of the microstructure.

(2). The CSM (MgO) particles in the single carbonate salt based composites could sinter and
form a porous structure due to the use of a high sintering temperature. This reduces
significantly the swelling effect due to the presence of low surface energy graphite and

restricts particle motion during melting-solidification thermal cycles.

(3). The addition of graphite flakes in the formulation leads to reduced wettability of the
carbonate salt on MgO substrates and limits particle migration within the composites. The

extent of the reduction increases with increasing graphite flake loading.

(4). A tentative mechanism is proposed for the microstructure formation of the composite
based on the experimental observations and analysis of interfacial energies between PCM,

CSM and TCEM.
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Chapter 5 Effective Thermal Conductivity of CPCMs

The effective thermal conductivities of carbonate salt based CPCMs have been investigated
and reported in this chapter. A theoretical model based on composite microstructures was
proposed to predict the effective thermal conductivity of the single carbonate salt based
CPCMs. The model uses a unit cell modelled as two MgO spheres in contact with the
PCM/TCEM mixture filled in the interparticle void of them. Two models reported in the
literature were employed to determine the thermal resistance between the particles and to
estimate the sintered neck parameters. A parallel-plate based experimental set up was
constructed to measure the effective thermal conductivity of the composites. The modelling
results were compared with experimental data and reasonably agreement has been obtained.
Various literature models for the effective thermal conductivity were compared with each

other and experimental data.
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5.1 Introduction

A CPCM consists of a PCM, a TCEM and a CSM. Such a formulation and associated
fabricated method have been shown to give an excellent physical and chemical stability and a
high thermal conductivity [9-11]. This chapter addresses thermal conductivity of CPCMs,
which is essential for the design and optimization of CPCMs based TES components, devices,
and systems. As discussed in chapter 4, CPCMs has a microstructure that depends on the
formulation and fabrication process, they can be treated as a porous media with the CSM as
skeleton for retaining the PCM and TCEM while maintaining structural stability. Prediction
of thermal conductivity of such materials is therefore complicated due to many factors
involved including microstructures, spatial distribution of different ingredients, and their
thermal properties. Numerous theoretical and empirical corrections have been proposed in the
literature. These corrections are mostly based on six basic structural models of series, parallel,
geometric mean, Maxwell and Zeher-Schlunder [148-155], which cannot be used directly to
predict the thermal conductivity of CPCMs. As shown in chapter 4, different fabricated
processes also bring complication. This complication can be addressed by considering
sintered and non-sintered structure separately [156]. Atabaki and Baliga [157] carried out
both experimental and theoretical studies on thermal conductivity of sintered powder-metal
plates filled with distilled water and verified the effective thermal conductivity of the sintered
materials is higher than that of non-sintered materials. Florez et al. [156] studied the effective
thermal conductivity of sintered porous media both numerically and experimentally. In their
work, thermal circuit analogy was employed to derive an expression for the determination of
hemisphere thermal resistance between sintered necks. Alexander [158] investigated the
effective thermal conductivity of sintered metal fibres and powders, and proposed a
theoretical model based on the experimental data. Sheng et al. [159] proposed a junction

factor model to predict the effective thermal conductivity of sintered microfibrous materials
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made of conductive metal. Hadley [160] considered the effective thermal conductivity of
porous media made of unconsolidated and consolidated packed metal particles. A theoretical
model for the effective thermal conductivity of sintered porous media made of zinc oxide has
also been proposed by Birnboim et al. [161], who also studied relationship between the

material microstructure and thermal conductivity, with the former including neck growth rate.

The main objective of the work to be presented in this chapter is to investigate the effective
thermal conductivity of carbonate salt based CPCMs. A theoretical model is proposed for
predicting the thermal conductivity. The model is based unit cells of a matrix media
consisting of two MgO spheres (CSM) in close contact with PCM and TCEM mixture fully
filled the void between the CSM particles. The point contact model proposed by Zehner-
Schunler [153, 154] and the neck growth model proposed by Birnboim et a/ [161], which will
be reviewed in Section 5.1.1 and 5.1.2, are employed to account for the sintered and non-
sintered structures for the determination of the thermal resistance between the CSM particles.
A parallel-plate based experimental set up was designed and constructed to measure the

effective thermal conductivity and verify model.

5.1.1 Zehner-Schlunder’s model

Zehner-Schlunder’s model is the theoretical model that uses a unit cell to predict the effective
thermal conductivity of porous media. The unit cell for Zehner-Schlunder’s model is shown
in Figure 5.1. Zehner and Schlunder [153] assumed that heat conduction in the unit cell
follows two parallel paths: one is through the fluid in the outer concentric cylinder and the

other is via the inner cylinder which consists of both solid and fluid phases.
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Figure 5.1 Schematic diagram of unit cell of Zehner-Schlunder’ model.

Thus, the effective thermal conductivity of unit cell, k,, can be written as:

1 1
ke: (I_ijf +Fk‘§f (51)

where k&, is the equivalent thermal conductivity of the inner cylinder consisting of both fluid
and solid phases, k ,is the thermal conductivity of fluid phase, R is the particle radius. To

determine the relationship between the R and the porosity, the authors obtain from mass
transfer experiments that the diffusivity ratio of a fluid-saturated bed to that of a pure fluid is

related to the porosity by [153]:

vy, =1-J1-9¢) (5.2)

where y, is the diffusivity of a fluid-saturated packed bed, and v , is the diffusivity of the

fluid phase. Since heat conduction through a packed bed of non-conducting particles
surrounded by a conducting gas is analogous to mass diffusion in a bed, the following

equation is therefore given:



lim k,/k, =y /y, =1-\(1-¢) (5.3)

kg [k —0

The thermal resistances of the solid and fluid in the composite layer are assumed in series,

and it follows that k =k as k /k, — 0 and at this limit, Combining Equation (5.1) and

(5.3) gives:
() (54)
R2 - .

Thus, the effective thermal conductivity of unit cell can be written as,

k=== k, +Ja-pk, (5.5)
The value of k,, depends on the shape of the solid and fluid interface (see Figure 5.1) which
is given by,

’ +[13—(1_!3—1)2]2 -

(5.6)
where B is the shape factor, note that for =0 the boundary becomes the z-axis with no solid
volume, at B=1 the solid becomes a sphere, and at B — oothe solid occupies the entire inner

cylinder. Assuming the thermal resistances of the solid and fluid phases in the inner cylinder

are in series with respect to the temperature gradient and thus,

k, - _
Ky _ 2 a /”L)B2 lnL—B+l— B-1 5.7)
k, 1-AB\(1-AB)" 4B 2 1-AB
where A =k, /k, . Substituting equation (5.7) into equation (5.5),

21— - —
LR o A Gl O HU A8 1 B+l B (5.8)
k, 1-AB \(1-4B)" AB 2 1-AB

The shape factor B is determined from a geometric condition which gives,
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In the Zehner and Schlunder’s model, C is a constant of 1.25 and m of 10/9 [153, 154].

5.1.2 Birnboim et al.’s model

A two-sphere model for the neck growth as a function of temperature during the initial
sintering stage has been proposed by Birnboim et al [161]. Figure 5.2 shows the schematic
diagram of two-sphere sintered model, the geometrical parameters in the model are the

particle radius, R, the neck radius, x, and the radius of curvature of the sintered neck, .

Figure 5.2 Geometric schematic of two-spheres sintered model.

The radius of curvature is given by:

P (5.10)

y="0 (5.11)
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The volume is changing at a rate and can be expressed by:

d > \d

A RGN (5.12)
dt R )dt

The volume of matter transported into the neck per unit time is given by:

40 (5.13)
dt

where Q is the atomic volume, A4 is the cross sectional area over which surface diffusion

occurs, and J is the vacancy flux and given by:

(5.14)

where D, is the vacancy diffusion coefficient and E is the vacancy concentration. The

concentration gradient can be approximated by:

vE=_2E_ (5.15)

5

where AE is the different in vacancy concentration caused by:

: (5.16)

E, is the vacancy concentration near a flat surface, y, is the surface energy. T is the

temperature and K3 is the Boltzmann constant. Combining above equations can get:

dv 16D.6 y Q

a Y lakell 5.17
dt  K,T(R’/x’) ©-17)

where
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D. =D, exp{leTj (5.18)

In Equations 5.17 and 5.18, Dj is the surface diffusion coefficient, D, is the coefficient of the
superficial diffusion, Q is the energy of activation for the superficial diffusion, O, is the

effective superficial thickness, and T is the sintering temperature in kelvin. Combining

Equation (5.12) and (5.17) gives:

-0
et
J.x"dx = IIK—Bmdt

5.19
0 (5.19)
16D QR’
where 7 = 10207, QR" (5.20)
7K ,

5.2 Experimental setup and thermal conductivity measurements

5.2.1 CPCMs preparation

The two carbonate-salt-based CPCMs, namely, the eutectic carbonate salt and the single
carbonate salt based CPCMs, were used in this part of study. Two types of raw MgO
materials, heavy and light MgO (Sigma Aldrich Co. LLC, UK), were employed for the
CPCMs fabrication. The heavy MgO has a coarse particle size with average diameter of 18
um and the light MgO has a fine average particle size with average diameter of 4 um; see
Figure 5.3. The eutectic carbonate salt (NaLiCO3) was made from 50 wt% sodium carbonate
(Na,COs, purity >99%, Sigma-Aldrich Co. LLC, UK) and 50 wt% lithium carbonate (Li,COs3,
purity >99%, Sigma-Aldrich Co. LLC, UK). The single carbonate molten salt (Na,CO3) was

from Sigma-Aldrich Company Ltd, UK, which has a purity >99%. Graphite flakes (Sigma-
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Aldrich Company Ltd, UK) were used as the TCEMs. These materials were used as received

without further purification.

The detailed fabrication process for the CPCMs has been detailed in chapter 4. Briefly, the
process involved three steps. First, preset amounts of PCM, MgO and graphite flakes were
mixed in a milling jar of a Planetary Mill Pulverisette (Fritsch, UK) at a speed of 150 rpm for
30 min. The mixture was then put into a mold (diameter of 50 mm) and shaped into a
cylindrical pellet by uniaxial compression at a pressure of 30 MPa with a holding time of 3
min. The pellet was sintered in an electrical furnace under N, atmosphere at either 550°C (for

the eutectic carbonate salt based CPCMs) or 950°C (for the single carbonate salt based

CPCM).

Figure 5.3 SEM images of MgO (a) light MgO and (b) heavy MgO.

5.2.2 Experimental setup

Figure 5.4 shows a schematic diagram of the experimental setup for thermal conductivity
measures. The setup consists of an electrical heating element connected to a power supply

unit, a test sample, a thermally insulated box, a thermostatic water bath and a data acquisition
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system. The electrical heating element has a rated power of 120 W and was purchase from
Fisher Scientific Ltd, UK. The power supply unit was obtained from ISE Company, USA,
which has an output voltage range of 0-280V. The thermal insulation box was made from
ceramic fibre and has size of 300mmx>300mmx300mm. The thermostatic water bath was used
to provide a constant temperature of 15°C during the measurements and controlled by a
refrigerated circulator (F32-MA, Julabo GmBH, Germany). The data acquisition system
consisted of a compact DAQ chassis (cDAQ-9172) and a temperature module (NI-9217) that

got from National Instruments Co. Ltd, UK.

In a typical experiment, a test sample was placed between the heating and cooling plates
(panels). The heating and cooling panels were in tight contact with the test sample to
minimize the thermal contact resistance and to ensure uniform heat conduction. A thermal
paste (MX-4 thermal compound, Arctic, UK) was applied on both the contact surfaces in
order to reduce the thermal conduct resistance at the interfaces and thermocouples. The
power supplier unit and the thermostatic water bath were then switched on followed by the
starting of the data logging unit. The power supplier unit provided a preset level of power to
the heating element, whereas the water bath carried away an equivalent amount of heat from
the heating element. After around 10 mins, an equilibrium state was established when the
temperatures at T1-T6 were stabilised as monitored by the data logging unit. These
temperature readings together with geometry of the sample and the heating power were used
for the estimation of the thermal conductivity; see section 5.2.3 for details. In order to study
the accuracy of the measurements, a standard stainless steel (NPL 2109, Thermtest, USA)

was used. Each experimental test was repeated at least 3 times to ensure repeatability.

- 100 -



Insulation material
Thermostatic

waterbath

Data acquisition
system

\Sample module

—O+ _O—

Stabilized power

Figure 5.4 Schematic diagram of the test platform for thermal conductivity

measurement.

5.2.3 Experimental measurements

As the test samples have a diameter far larger than their thickness (aspect ratio ~5), heat
transfer between the hot and cold surfaces can be considered as a one-dimensional heat

conduction problem, and the following Fourier’s law applies:

AT
O =-AMT)A4, o (5.21)

where Q is the heat input, A(7T) is the thermal conductivity, A, is the surface area of the
sample, and AT /Ax is the temperature (T) gradient in the direction (x) vertical to the
heating/cooling surfaces. Ax is the thickness of the test sample, AT=Tgown-Typ With Tgown and
Ty, being respectively the temperature at the lower and upper surfaces of the sample. The
upper and lower surface temperatures of CPCMs can be determined experimentally by taking

the average of reading of three thermocouples as:
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L +T,+T,

on = 3 (Hot surface temperature) (5.22)
T,+T, +7;
T, = 3 (Cold surface temperature) (5.23)

where, T-T¢ are the measured temperatures from different thermocouples as shown in Figure

5.4. From Equation (5.21), the thermal conductivity of the CPCM can be estimated as:

_ OAx
AT) = T T (5.24)

down ~ Tup

where Q can be estimated from the input power of the electrical heating element; Ax and A,

can be obtained from the sample geometry.

Figure 5.5 shows the measured thermal conductivity of standard stainless steel using the
method outlined above. For comparison, reference data [162] are also included. One can see
good agreement has been achieved, illustrating the accuracy of the experimental data and

reliability of the experimental setup.
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Figure 5.5 Comparison of the measured data with the reference data for stainless steel

standard.

5.3 A theoretical model for thermal conductivity of CPCMs

In a CPCM, the CSM serves as the micro-porous supporting material, the PCM and TCEM
are distributed in the interparticle voids. For the single carbonate salt based CPCMs, the CSM
can sinter and form a rigid porous structure due to the high sintering temperature. Assume
that the sintered CSM particles in the single carbonate salt based CPCM are in cubic
arrangement, then these particles contact with each other in both vertical and horizontal
directions, as shown in Figure 5.6. Consider further that heat is transferred only in one

direction (horizontal or vertical).
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3D amangement of CSMs

Figure 5.6 A schematic diagram of microstructure of the single salt based CPCM and

CSM arrangement.

Under the above assumption, the arrangement of MgO particles can be simplified to a two-
particle unit cell as shown in Figure 5.7. This unit consists of two MgO spheres with the same
mean diameter, and the two spheres are connected by a sintered neck formed in the sintering
process. The PCM and TCEM are treated as a single phase filled in the interparticle voids of
the two spheres. As a consequence, the effective thermal conductivity of the single carbonate
salt based CPCM can be estimated by using two models reported in the literature: the point
contact model proposed by Zehner-Schunler [153, 154] and the neck growth model presented

by Birnboim et al [161].

——— -

Figure 5.7 Schematic diagram of a two-particle unit cell.
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Figure 5.8 Three dimensional representation of a two-particle unit cell.
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Figure 5.9 A Cross sectional view of the two-particle unit cell.

Figure 5.7-5.9 show schematically a modified two-particle unit cell based on the point
contact model (described in Section 5.1.1). Three parallel thermal conduction paths in
Regions I, IT & III can be identified from these figures. Region I consists of PCM and TCEM
mixture, and solid CSM; Region II contains PCM and TCEM mixture, sintered neck and
solid CSM; and Region III is made of sintered neck and solid CSM. Accordingly, the
effective thermal conductivity of the unit can be calculated from the following expression:
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2 2 2 2 2
_n R™-r, r, =1
k chﬁ Y kg + P K (5.25)

e —

where 1y, 1, and R represent respectively radii at interfaces between Regions II&II, 11&I and
CSM particles; kg, ky.s and k., are respectively equivalent thermal conductivities in Regions I,
IT and III. These thermal conductivities depend on the shape of the solid and salt interfaces Ay

and Ay,. Using the point contact model [153, 154], one has A4 in region I satisfying,

2
2 z

2, _R (5.26)

[(1+a)B-(B-1)f

where « is the deformed factor.

The equivalent thermal conductivity of k5 can be calculated by the following:
R .
2R =1 e, = [ 27k ar (5.27)

with k* given by:

*

k 1

k, 1+(A-D)z 428

where ky is the effective thermal conductivity of PCM and TCEM mixture. Equation (5.28) is
obtained from the layer-in-series method [154], with an assumption that the thermal
resistances of different paths in cylindrical region are in series with respect to the temperature

gradient. A =k, /k . Combining Equation (5.26) and (5.27) gives:

(1+ a)Bzdz

rdr=—
[(1+a)B-(B-1)z]

(5.29)

Integration of Equation (5.29) and application of Equation (5.28) gives:
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22

ki:A l—lln[B(Ha')—kz(l—B)}_ 1 B B(l+a)
C? z(1-2)-1 C*[B1+a)+z(1-B)] 2C(B-D[B(1+a)+z(1-B)[

0

(5.30)
where 4= 2B 2(1 + ‘f) ; C=1-AB+(1—A)aB; Z; 1s the z-coordinate at r=r; given by,
(R —-h )

(1+a)B\R* 1}
z, = (5.31)

1+(B-)R* -7}
The interface A4y in Region II is governed by:
[r —(r, +71, )]2 + [z - R]2 =r’ (5.32)
and the equivalent thermal conductivity of k. is determined by:
7r(r22 - )’(fcs = rz 2k dr (5.33)
with
k" 1
— (5.34)

k, 1+(A-D)z

By wusing Equations (5.32) and (5.33), Equation (5.34) can be integrated to

n
n

(5.35)

yield:

zzD{w?zl [N FERIE SN FPRS (R
k, (A-1) (A-1) A-1 1+ (A-1)z

Z, 2

where
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D= (r2—2—rz) (5.36)

Inserting Equations (5.30) and (5.35) into Equation (5.25), one has the model for effective

thermal conductivity, 4,

In order to calculate k., a few parameters need to be determined and they are summarised in
the following. First, the effective thermal conductivity of PCM-TCEM mixture, this can be

determined by Maxwell’ model [146]:

k, —2&(k,, —kr) (5.37)

k - kT + kacm + g(kpcm - kT)

pcm

k42

pem

where k., 1s the thermal conductivity of the PCM, k7 is the thermal conductivity of TCEM, &

is the volume fraction of the TCEM in the PCM-TCME mixture.

Second, the sintering neck parameters, 7;, 7, and r,,, (Figure 5.10) they can be calculated from

the sintering curve theory proposed by Birnboim et al. [161].

Figure 5.10 Two-particle sintered model [161].

As described in Section 5.1.2, the radius of curvature can be calculated by,
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Ty == 5.38
"R (5.38)

7, can be then obtained from a geometry analysis, as shown in Figure 5.10,

r, R
rn+r, R+r,

(5.39)

5.4 Results and discussion

5.4.1 Sintered neck parameters

In this work, MgO was used as the CSM. The physical properties of MgO are tabulated in
Table 5.1 [163-168]. Insertion of these parameters into Equations 5.19 and 5.20, and

Equations 5.38 and 5.39 gives the sintered neck parameters.

Table 5.1 Physical properties of MgO [163-168].

Property/parameter Symbol Value (units)
Atomic volume (m°) Q 1.87x107
Surface energy (J/m?) Vs 0.5
Grain growth Activation Energy (kJ/mol) 0 199
Mg grain boundary diffusion coefficient
3, Dy 3.4x10”exp(-402/RT)
multiplied by the grain boundary width
Boltzmann’s constant (J/K) Kp 1.38x107%
Melting Point (K) T 3125
Effective superficial thickness (m) 0, 4x1071°
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Utilisation of those data, one can obtain the sintering neck radius as a function the average
particle size of MgO. Figure 5.11 shows the results for a sintering temperature of 950 °C and
sintering time of 400 mins (see the insert of Figure 5.11). One can observe that the sintering
neck radius increases with an increase in MgO particle size and the increasing trend tends to
level off for particles larger than ~ 1000 um. The neck size is sensitive to the MgO particle
size particularly when MgO particle is less than ~ 100 um. This is partially because of higher
surface energy of smaller par ticles, leading to easier contact formation and neck growth [165,
167]. Other reasons for the particles size effect are associated with heat and mass transfer
during sintering-the larger the particle size, the lower the heat and mass transfer rates due to

larger transport distance [165-168].
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Figure 5.11 Radius of sintering neck as a function of particle diameter of MgO; insert is

the sintering temperature program.
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5.4.2 Comparison between effective thermal conductivity model and

experimental data

Given a and B, Equation (5.25) can be solved for the effective thermal conductivities. Taking
B as 1 for MgO particles (approximately spherical, as shown in Figure 5.3), the effective
thermal conductivity as a function of particle size is shown in Figure 5.12 for different
particle shape deformation factor a. In the figure, a=0 represents cases with no particle shape
deformation, whereas a=1 denotes large particle shape deformation. One can see that the
effective thermal conductivity decreases with increasing particle deformation factor for a
given particle size, and the shape deformation factor impacts become significant with MgO
particle size increased. The effect of particle size on the thermal conductivity is only

significant for particles smaller than ~ 30 um, beyond which the increasing trend levels off.

18} =0 - o=0
Mé i 0=10"
; 1.5}¢ 0=10"
N~ | o=0.1
> —
Z 12t \3 @2
Qs) ?D 0(:0.3
"g [ \% oa=0.4
S 09 | =3 o=0.5
= . e 0=0.6
g 06k 04=0.7
2| / 0=0.8
.g 03 L a=0.9
= >
m 0.0

M 1 M 1 M 1 M 1 1 1

Particle size (um)

Figure 5.12 Variation of the effective thermal conductivity as a function of particle size

and shape deformed factor.

-112 -



Figure 5.13 compare the calculated effective thermal conductivity using the model and the
experimental data as a function of MgO size for the single carbonate salt based CPCMs
without the addition of graphite. It is seen that the theoretical results are in excellent
agreement with the experimental data when the shape deformed factor is ~ 0.6, with the
effective thermal conductivities increasing with increasing particle size. The deviations
between calculated results and experimental data are 7.4% for case 1 (light MgO) and -9.8%
for case 2 (heavy MgO). The error bars indicate the uncertainty measurement scope. For both
cases, the deviations between the model results and experimental data are within the
uncertainty range of measurements. Except for possible the measurement errors, the
difference may be due to the assumption of the shape factor of B=1 and B can be slightly
away from 1, particularly for heavy MgO as shown in Figure 5.3. Another possible reason is

the existence of non-uniform particle size as also shown in Figure 5.3.

1.8
) —— Proposed model
£ I5F  m Experimental data
=
g Na:CO3/MgO
z 12| ( g0)
2
E
o 09
Q
=
.
=
0]
i
o 03F
2
0
0.0 L— : : : : :
0 30 60 90

Particle size (um)

Figure 5.13 Comparison between calculated results and experimental data for CPCMs

without graphite.
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Figure 5.14 compares the calculated effective thermal conductivities and the experimental
data for single carbonate salt based CPCMs with graphite. Good agreement has been obtained
with deviations of -12.1% for case 1 (light MgO) and -15.2% for case 2 (heavy MgO), and
the calculated results are within the experimental error bars for both the cases. A comparison
between Figures 5.13 and 5.14 shows that the addition of graphite increases the thermal
conductivity significantly. The addition of graphite also increases the deviation between
experiments and calculations. This can be explained by the effective thermal conductivity
calculation method for the PCM and TCEM mixture used. As mentioned earlier, the effective
thermal conductivity of PCM and TCEM mixture is calculated by the Maxwell model. This
model is for spherical non-interacting particles. Graphite particles are flake shaped, which
should give, in theory, a lower effective thermal conductivity. Moreover, the anisotropy
effect of graphite flake is not considered in the Maxwell model, which also could bring the
deviation. This is indeed demonstrated in Figure 5.14 where negative deviations are obtained.
The deviations could also be due to the MgO particle shape and non-uniform particle sizes as
described above and shown in Figure 5.3. Another possible reason is that, the bigger the MgO

particles, the more difficult the particles to be sintered [132, 133].
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Figure 5.14 Comparison between calculated results and experimental data for CPCMs

with graphite (Swt% graphite).

5.4.3 Comparison between the model proposed in this study and the literature

models

Figures 5.15 and 5.16 show a comparison of the experimental results for the effective thermal
conductivity of the eutectic carbonate salt based CPCMs with and without graphite, with
those calculated results using the literature models. Note the porosity needed by the literature
models has not been measured. The following equation is therefore employed to transfer the
input parameter of porosity to the volume ratio of PCM or PCM-TCEM mixture that used in

the experiments and the model proposed in this study:

= =y / V — Mpey | Prcy ) .
= Prcu PCM " " composite — mpeyy | ppcas +Mesue | Pesw+Mrcen | Presyt +Vair (without graphite) (5.40)
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1= Vecysrcan / Vcomposite  mpey | Pecvs sy | PesutMrcen | Prcey Vi

Mpcys | Ppay TMrcen ! Preeu

(with graphite)

(5.41)

where Vpem ,Veomposite and Vair are the volume of PCM, composite and air, respectively; mpcwm,

mcsy, and mycpy denote respectively the mass of PCM, CSM and TCEM; ppewm, pesm, and

prcem represent the density of PCM, CSM and TCEM, respectively.

The experimental data for eutectic carbonate salt based CPCMs without graphite seems to

agree fairly well with the Ratciffr’s and Maxwell’s models, and the average deviation are -

3.8% and 7.9% for both cases, respectively. The Zehner-Schlunder’s model shows a fairly

level of deviation from the experimental data particularly for the small MgO size case. In

contrast, the Alexander’s model takes into account the sintering behaviour of particles and

does not show good comparison with the experimental data and other models. The rest

models deviate significantly from experimental data particularly the parallel and series

models which are too ideal to be applicable in these cases.

Effective thermal conductivity (W/m. K)

N
o

—_—
(9]
1

—_
S
T

Volume ratio of salt
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"""" Maxwell (Upper)
""" Alexander
— Ratciffr
| -~ Zehner-Schlunder

B Experimental data .

(NaLiCOy/Mg0) -~
0.0 0.2 0.4 0.6 0.8 1.0

Figure 5.15 Comparison between experimental data and literature models for the

eutectic carbonate salt based CPCMs without graphite.
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The measured effective thermal conductivities for the eutectic carbonate salt based CPCMs
with graphite are compared with the literature models in Figure 5.16. Zehner-Schlunder’ and
Ratciffr’s models are seen to give a closer agreement than other models, and the average
deviations are respectively 10.1% and 8.8% for both cases. The Maxwell’ model, on the other
hand, shows considerable deviations in this case, which is different from the case without
graphite where the agreement is good. Such a difference is, as discussed above, likely to be

associated with the shape of graphite flake which is not accounted by the Maxwell theory.

(9]
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Figure 5.16 Comparison between experimental data and literature models for the

eutectic carbonate salt based CPCMs with graphite (Swt% graphite).

Figures 5.17 and 5.18 compare the measured effective thermal conductivity of single
carbonate salt based CPCMs with the model results. One can see that the effective thermal
conductivity is very sensitive to the MgO size in both cases of CPCMs with and without

graphite. The Alexander model seems to agree with the experimental data for the CPCMs
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with small sized MgO. This model, however, differs significantly from the measured data of
the CPCMs with the heavy (large sized) MgO, whereas the Ratciffr’s model gives better
agreement. Also shown in Figure 5.17 and 5.18 are the calculated results using the model

development in this work. Very good agreement has been achieved for both cases.
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=

Figure 5.17 Comparison between experimental data and literature models for the single

carbonate salt based composite without graphite.
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Figure 5.18 Comparison between experimental data and literature models for the single

carbonate salt based composite with graphite (Swt% graphite)

Table 5.2 summarises the deviations between the experimental data and literature models.
The results of the model of this work are also shown in the table (Last row). One can see

overall the model derived in this study gives the best agreement with experiments.
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Table 5.2 Differences between literature model results and experimental data.

NaLiCO3 NaLiC03 N32C03 N3.2CO3

Differences

/MgO /MgO/C /MgO /MgO/C
%

Casel Case2 Casel Case2 Casel Case2 Casel Case2
Parallel -16 -15.6 -32.4 -22.5 -41.3 -23.8 -58.6 -19.3
Series 23.7 31.75 82.7 134.3 -14.1 27.1 -6.6 137.5

Maxwell
-7.6 -7.7 -18.7 -194 -36.1 -19.1 -50.8 -7.9

(lower)

Maxwell
4.4 5.4 23.6 42.1 -28.5 -11.7 -16.8 49.3

(upper)

Alexander 25.8 37.7 68.2 110.1 -5.1 28.2 -5.1 112.8
Ratciffr 5.4 5.4 10.3 24.7 -27.9 -12.1 -24.3 29.6
Zehner-

-4.3 -6.6 -15.3 9.5 -32.3 -13.9 -42.5 -8.2

Schlunder
Proposed

254 29.2 21.1 31.2 7.4 9.8 -12.1 -15.2
model

5.5 Conclusions of chapter 5

This chapter concerns the effective thermal conductivities of carbonate salt based CPCMs. A
theoretical model is derived for calculating the effective thermal conductivity of the CPCMs.
The model uses a unit cell modelled two MgO spheres in contact with a PCM/TCEM mixture
filled in the interparticle voids. Two models reported in the literature are employed to
determine the thermal resistance between spheres and to estimate the sintered neck

parameters. A parallel-plate based experimental set up was designed and constructed to
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measure the effective thermal conductivities of the composites and to verify the theoretical

model. The following conclusions are obtained:

(1). The theoretical model agrees well with experimental data.

(2). The Zehner-Schlunder and Raticffr models appears to agree with experimental data of

eutectic carbonate salt based CPCMs.

(3). The Alexander model seems to agree with experimental data for the single carbonate salt
based CPCMs made with small sized light MgO, whereas the Ratciffr model shows a better
agreement with the measurements for the CPCMs made from the larger sized heavy MgO

particles.

(4). The deviations of the theoretical model from experiments are likely due to particle shape

and non-uniform distribution of MgO particles.
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Chapter 6 Linking material properties to device performance

This chapter reports the results of both experimental and numerical studies on the heat
transfer behaviour of CPCMs based TES at component and device levels. The aim is to
establish a relationship between the device level performance and materials properties for
CPCM based TES. Two types of components, a single tube and a concentric tube component,
were designed and investigated. A mathematical model was formulated for studing the
transient heat transfer behaviour of CPCM modules and TES components. The modelling
results were first compared with experiments to demonstrate suitability of the model.
Extensive modelling studies were then carried out under different conditions. Various factors
such as CPCM material’s properties, CPCM module size, surface roughness of the module
and flow conditions of charging and discharging processes were examined. CPCM TES
devices using the CPCM components were then investigated with a specific focus on the

effect of the component arrangements.
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6.1 Numerical Modelling

6.1.1 Physical models

The aim of the work to be presented in this chapter is to establish a linkage between materials
properties at material module level and device level performance. Figure 6.1 shows the
physical configurations for the study, which is multiscale in nature. Two CPCM module
configurations are designed and fabricated as shown in Figure 6.2. The eutectic carbonate salt
(LiNaCOs3), MgO and graphite are used as PCM, CSM and TCEM, respectively. The eutectic
carbonate salt is made of lithium carbonate (Li,COs3) and sodium carbonate (Na,COs3) with
the mass ratio of 1:1. The thermophyscial properties of the matetials are measured by
different methods including Dilatometer for density (DIL 806), Laser Flash Analysis for
thermal conductivity (LFA 427), and differential scanning calorimetry for heat capacity,
phase change temperature and enthalpy (DSC, QMS 403D). Table 6.1 show the results. Two
CPCM based TES components are designed for the use of the material modules as illustrated
in Figure 6.2. One of the components uses solid CPCM modules, and these modules are disc
shaped, stacked in a cylindrical tube, as shown in Figure 6.2 (a). The tube has a length (L;) of
500 mm, an outer diameter (D;) of 58 mm and a wall thickness of 3 mm. The diameter and
thickness of the solid CPCM modules, d; and 4, are 50 mm and 10 mm, respectively. The
other component uses concentric disc, which are stacked in a concentric tube as shown in
Figure 6.2 (b). The concentric tube has the same length and wall thickness as that for the
single tube based component. The outer and inner diameters of the concentric tube are 60 mm
(D.) and 12.2 mm (D;), respectively. To make meaningful comparison between the two
components, the CPCM modules are made to have inner and outer diameters of 14.2 mm and
52 mm, respectively. This gives the same CPCM mass as the solid CPCM modules. One

notices that there are small gaps between the material modules and the tube walls. The gaps
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are filled with graphite powers for two reasons. One is for lubrication during assembly, and
the other is to allow for fabrication errors for both the tubes and material modules. The TES
device is designed to have configuration as shown in Figure 6.1 (c), which has an outer shell
containing an assembly of TES components. A HTF flows across the TES components (for
the tubular TES components) or through the inner tube (for the concentric tubular

components) to realise charge and discharge processes.

D
L
— d -
hc: 8 I hn] . )
[
In
N
(a) (b) (©)

Figure 6.1 Schematic diagrams of a CPCM module (a), a TES component (b), and a
TES device (¢).

De
HTF = Di
3 i Rl
A
3 e

Hollow CPCMs
X i 1

Figure 6.2 CPCM components: (a) tube based component and (b) concentric tube based

component.
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Table 6.1 Thermophysical properties of eutectic carbonate salt, MgO particles and

graphite.
) Thermal Heat Melting ~ Melting
) Density o ) )
Materials J— conductivity capacity point heat
‘m
s /W-m 'K /T1-g'K! /K /T-g!
LiNaCOs3
. 2100 2.0 1.3 773.35 348.5
(L12C031N32C03=1 . 1)
MgO 3580 0.5 1.0 3125
Graphite 1900 129 0.66 3773

6.1.2 Mathematical mode formulation

To establish a mathematical model for studying heat transfer behaviour of CPCM based TES

component and device, the following assumptions are made:

(1). The CPCM modules are homogeneous and isotropic in terms of their thermophysical

properties.

(2). The inlet velocity and initial temperature of the HTF are constant.

(3). The problem is considered as two-dimensional due to the symmetrical geometry.

Under the above assumptions, and consider the problem in cylindrical co-ordination, the
model consisting of mass balance, momentum balance and energy balance equations can be

written as follows:

First, governing equations for the HTF are given:

Continuity equation (mass balance)
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18(VV)+(814j=0 (6.1)
Ox

r or
where u and v are HTF velocities in the x and r coordinates, respectively.
Momentum equations (Momentum balance)

x-direction

2
a B, 10,00, 00 1o 62)
ot or Ox ror\_ or ox’ P, Ox
r-direction
2
N T 1 o I ) B (63)
ot or Ox "l ror\ or r ox P, or

where ¢ is the HTF viscosity, pr is the HTF density, p is pressure and t is time.

Energy equation (Energy balance)

or or or or.\ o°'T
£y Ly Ly =k, 19 r—L |+ zf (6.4)
Tl ot or ox ror or ox

where cr is the specific heat of the HTF, k¢ is the thermal conductivity of the HTF, and Ty is

the HTF temperature.

Second, the governing equations for the CPCM are discussed. Due to the involvement of

PCM, the enthalpy-porosity theory [167-177] is used, and the energy equation can be written

as [82]:

OoH 1 0( oT, o’T.

91 _ 122 cly 9 6.5
Per ot e[r or [r or j+ ox? } 65
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Equation (6.5) has an additional assumption that the natural convection and thermal radiation
within the phase change region is negligible. This is justified by the fact that PCM is confined

in the interparticle voids of CSM. In above equation, , and  are respectively the effective

density and thermal conductivity of the CPCM, T¢ is the CPCM modules temperature. H is

the specific enthalpy defined as a sum of the sensible enthalpy (%) and latent enthalpy (4H):
H=h+AH (6.6)

with the sensible enthalpy given by:
h=hy+[ 7 c,,dl (6.7)

where _, 7, and . are respectively the enthalpy at a reference temperature, the reference

temperature and the specific heat of PCM at a constant pressure. The latent enthalpy in

Equation (6.6) is related to the liquid phase fraction (£ ) during phase change and specific

latent heat of the CPCM (L) as:
AH = pL (6.8)

with S expressed by the following equation:

0 ifT.<T
T.-T
f=lcT T T <T (6.9)
T,-T, ‘
1 ifT.>T

The effective thermal conductivity of CPCM modules has been discussed in chapter 5, and

can be determined by Zehner-Schlunder’s model [151, 152]:

=1 0= ) +

f 1-AB

2JA-¢(@-AB 1 B+l B-l (6.10)
(1-ABY B 2 1-AB
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The effective density of CPCMs is calculated as:

P.=0=8)p, +80, (6.11)
The effective heat capacity of CPCMs is given by:

P£a=ﬂ—@Am%m+§%%~ (6.12)

where P, is the PCM-TCEM mixture density; _ and c, are the specific heats of the CSM

and the PCM-TCEM mixture, respectively; & is the volume ratio of the CSM in the CPCMs.

The effective density and specific heats of the PCM/TCEM mixture can be calculated as the
volume average of the thermophysical properties of the PCM and TCEM [178, 179]. The
effective thermal conductivity of the mixture is evaluated by Maxwell model, as described in

Equation (5.17) of chapter 5.

Third, the governing equations for the CPCM based TES components are similar to that
described above for the CPCM modules except for the thermal resistance between CPCM
modules, which will be discussed in section 6.1.3. The governing equations for the CPCM
based TES device consist of the equations for the HTF and TES components and are the same

as described above.

6.1.3 Thermal contact resistance between CPCM modules
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Figure 6.3 Contact of rough surfaces between CPCMs modules in a TES component.

As mentioned in the section 6.1.1, CPCMs based TES components are constructed by
stacking CPCM modules, there is a gap between contacting surfaces filled with the interstitial
stagnant gas unless the surface are perfectly smooth, which is unrealistic. The presence of the
gaps between contacting surfaces leads thermal resistance. Heat transfer mechanisms in such
a case are shown in Figure 6.3. Two paths can be identified from Figure 6.3 for heat transfer,
one is through the contacting parts of the surfacing and the other is via a stagnant gas layer of
the non-contacting parts. The low thermal conductivity of interstitial gas could cause a
relatively high temperature drop between the two surfaces, which should be considered in
studing the heat transfer behaviour of the CPCMs based TES component made by stacking
the material modules. Thermal radiation and the natural convection across the contacting
surfaces are not considered significant as the surface temperatures of CPCM modules are not
very high and the fluid Grashof number is below 2500 (Natural convection is negligible at
Grashof number below 2500) [180]. Consequently, heat transfer through the CPCM
contacting surfaces is considered mainly via conduction, and the thermal contact resistance

between two contacting surfaces consists of a microgap thermal resistance, R, (gas path), and
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thermal resistance of microcontacts, R;, (solid path) [181-184]. The overall thermal contact

resistance, R, can therefore be given by:

1 Y
R:(R_JFR_J (6.13)

Equation (6.13) assumes a one dimensional heat conduction problem with the two thermal

resistances being in parallel.

The microcontact thermal resistance, R;, can be estimated by the Bahrami’s model [181],

» - 0.565H" (c/9)

6.14
s K F (6.14)

where k= 2kk,(k +k) and H" =¢,(6"/5)* , 6" =c/c, and &, =1um . k; and k; are the thermal

conductivities of the contacting surfaces, respectively; o and ¢ are respectively the surface
roughness and surface slope of the CPCMs, and c¢; and ¢, are correlation coefficients

determined from the Vickers microhardness measurements [181].

The microgap thermal resistance, R, can be calculated by the Song’s model [182]:

P ¢ {IJFM+0.304(U/Y)_2.29(0'/Y)2} (6.15)
Y (A+M/)Y) (+M/Y)?

where Y 1s the mean separation distance between the contacting surfaces, k, is the gas thermal

conductivity, 4, is the heat transfer area of the gas path, and M is a gas parameter defined as:

M:(Z_a”+2_a”J( 2r JlA (6.16)

o ar, 1+y )Pr
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where ¢, andg,, are thermal accommodation coefficients corresponding to the two contact

surfaces. A is the mean free path of the gas molecules at the prevailing pressure, P, and

temperatrure, 7y, and given by:

T
A=Fo e p (6.17)

6.1.4. Initial and boundary conditions for the model

The initial conditions are defined as follows:

t=0, Tpem=To (charging process) (6.18)
t=0, Tpem=Tr (discharging process) (6.19)
The boundary conditions are defined as follows:

(1). The HTF inlet is defined as velocity inlet where the inlet velocity and temperature are

specified:
u=u;, (constant or changed with time depending on the work condition) (6.20)
T=Tinr(constant or changed with time depending on the work condition) (6.21)

(2). The outlet is defined as outflow outlet.

(3). All the outside walls are set as adiabatic and no slip:

or
or

_or
. or

r=r,

~0 (6.22)

r=ry

(4). The interfaces between the HTF and TES component as well as that between the

CPCM modules are coupled-wall boundary condition for heat transfer:
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k ory  _ k or  _ o (HTF-TES component wall interface) (6.23)
“orl,., orl.,

k or —k or — o (TES component wall interface-CPCM modules) (6.24)
< or v or

r=ry, r=r,

6.1.5 Numerical modelling

For all the cases reported in this work, calculation was performed by utilizing the commercial
CFD software, Ansys Fluent, and the mesh of computational domain was built by using the
software of Gambit. The User Define Function (UDF) program is used to account for the
variable thermophysical coefficients of HTF and interpret the thermal contact resistance
within the components. Governing equations were discredited by using the finite volume
approach. The Second Order Upwind scheme was adopted for solving the momentum and
energy equations while Pressure Staggering Option Scheme (PRESTO) scheme was used for
the pressure correction equation. The coupling between pressure and velocity is conducted by
the Semi-Implicit Pressure-Linked Equation (SIMPLE) algorithm. The under-relaxation
factors for the velocity components, energy, pressure correction and liquid fraction were 0.5,
1, 0.3 and 0.9, respectively. The effects of time step and mesh size on the solution were
carefully checked before the calculations. Convergence of numerical solution was examined
at each time step, and the convergence criterion was set to 10~ for the velocity and continuity

equation and 107 for the energy equation.

6.2 Model verification

6.2.1 Experimental apparatus and procedure
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The validity of the numerical model has been analysed by comparison between the numerical
results and experimental data. Figure 6.4 (a) shows a schematic diagram of the experiment
setup, which mainly consists of a cylindrical furnace, a single tube based component and a
data collecting system. The cylindrical furnace was made of stainless steel, with inner
diameter of 0.22 m and length of 1.4 m. In order to reduce the heat loss to the environment,
the outer wall of the furnace was thermally well insulated. Three K-type thermocouples were
used to measure temperatures at points as illustrated in Figure 6.4 (b). The thermocouples T1
and T2 were located in the middle part of the CPCM component, and 15 mm and 25 mm
respectively into the component. The thermocouple T3 is placed at the exit of the TES
component to monitor the end of charging and discharging processes. An additional
thermocouple T4 was used to measure the inlet temperature of the HTF. All thermocouples
were connected to a data logging unit interfaced to a computer. Heat supply to the
experimental system was achieved by burning liquefied gas, and hence the HTF was exhaust
gas from the combustion. The volumetric flowrate of the HTF was kept at 30.1 Nm’/h for
heat storage process and 28.5 Nm’/h for heat release process. The experiments were repeated

to ensure the repeatability of the results.

Thermocouples
— DAQ
Gas : ot

_/,/l = 0.8m l ]

TES component,/

(a)

Air

outlet
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Figure 6.4 Diagrammatic sketches of the experimental apparatus: (a) experimental set

up and (b) measurement points.

6.2.2 Comparison between experimental and numerical results

Figure 6.5 compares the measured and calculated temperature profiles at Location 7; and 7>
for both charging and discharging processes. The surface roughness of CPCMs modules was
measured by using the Atomic Force Microscope (AFM, NanoWizard III NanoScience),
which gave an average value of 3 um. Reasonably good agreement can be seen between
modelling and experimental data. During charging process, three stages can be identified
from Figure 6.5 (a). Stage 1 is the sensible heat storage during which the temperature
increases rapidly with time; Stage 2 is the latent heat storage with phase change occurring
and little changes in temperature; and Stage 3 is the sensible heat storage with the
temperature increasing again with time until thermal equilibrium. The PCM is seen to start to
melt at ~ 2700 s, and it takes about 2000 s to complete the phase change. The discharging
process is expected to experience three stages as well. However, as shown in Figure 6.5 (b),
only two stages are apparent, and the release of the sensible heat in Stage 1 should give a
sharp decrease in temperature. This does not occur possibly due to the data logging process

was not capture as shown clearly in Figure 6.5 (b), where the starting temperature is at the
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phase change temperature. Stage 2 corresponding the period during which the changes in
temperature are very small due to phase change. Stage 3 corresponds to the rapid drop in the
temperature after phase change completes. The small changes in temperature during phase
change are mainly due to the presence of the non-phase-change materials in the formulation.
The relatively small difference in 7; and 7> suggests that the heat transfer process inside the
CPCM modules is fairly quick and is dominated by heat conduction particularly in the
charging process. As graphite powder was used to fill the gap between the CPCMs modules
and the tube wall, the actual effective thermal conductivity is expected to be higher than the
value used this study. This may be a reason for the small difference between experimental
data and modelling results. The good agreement between experimental results and the
modelling also indicates that the mathematical modelling could be used to give good

prediction of the heat transfer behaviour at the component level.
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Figure 6.5 Comparison between experimental and numerical modelling: (a) charging

process; (b) discharging process.
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6.3 Numerical results and discussion

Having validated the modelling using the experimental data, a series of numerical analysis
have been carried out to investigate the heat transfer behaviour of CPCMs based TES
components and devices. All numerical models have performed similar to those used for the
numerical model validation. The influences of properties, module size and surface roughness

of CPCM modules as well as flow conditions of HTF are investigated.

6.3.1 Linking materials properties to TES component performance

6.3.1.1 Effect of CPCMs properties

CPCMs properties depend mainly on their formulation. Three cases are considered in this
regard, as shown in Table 6.2. One can see that the mass fraction of the PCM is kept at 50%
whereas the mass fraction of the CSM varies between 30% and 45%, and the corresponding
mass fraction of the TCEM changes between 20% and 5% in Case 1. In Case 2, the mass
ratio of PCM to CSM is kept at 1:1, while the mass fraction of TCEM changes between 5%
and 20%. In Case 3, the mass fraction of CSMs is kept at 50%, while the mass fractions of
the PCM and the TCEM are varied from 30% to 45% and 20% to 5%, respectively. In the
analysis, the single tube based component was used. The dimensionless thickness of the
CPCM modules, hy/D, was taken as 0.172, and the dimensionless diameter of the modules,
dy/Ds, was 0.862. The average surface roughness of CPCMs module was set as 3 um. The

total amount of CPCM modules inside the component was 50.
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Table 6.2 Cases for studing the effect of CPCM*.

Case 1 Case 2 Case 3
MpcMs: MTCEMs: MCSMs 50:20:30 40:20:40 30:20:50
MpcMs: MTCEMs: MCSMs 50:15:35 42.5:15:42.5 35:15:50
MpcMs: MTCEMs: MCSMs 50:10:40 45:10:45 40:10:50
MpcMs: MTCEMs: MCSMs 50:5:45 47.5:5:47.5 45:5:50

"(1) The CPCM properties depend on the formulation, so the above combination of CPCM
gives different properties, e.g. density, thermal conductivity, etc. Such properties can be
calculated by Equations (6.10-6.12) and the results are listed in following table 6.3. (2) All

modules are assumed to have the same size and are made under the same fabrication

conditions.
Table 6.3 CPCM properties of different formulation cases
) Heat Thermal Melting
Different formulation cases Dens1t_}; capacity  conductivity heat
Kem Jg'K' /Wem'K! /T-g!
50:20:30 2504 1.082 3.8481 174.25
Case 1 50:15:35 2588 1.099 3.1210 174.25
(Mpews: Mrcems: Mesws) 50:10:40 2672 1.116 2.3595 174.25
50:5:45 2756 1.133 1.8543 174.25
40:20:40 2652 1.052 3.2953 139.4
Case 2 42.5:15:42.5 2699 1.0765 2.7369 148.11
(Mpews: Mrcems: Msws) 45:10:45 2746 1.101 2.4364 156.825
47.5:5:47.5 2793 1.1255 1.8802 165.53
30:20:50 2800 1.022 2919 104.55
Case 3 35:15:50 2810 1.054 2.489 121.975
(Mpewst Mrcems: Mesws) 40:10:50 2820 1.086 2.2708 139.4
45:5:50 2830 1.118 1.6936 156.825
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Figure 6.6 shows the total charging time of the single tube based component, together with
the energy storage density of the CPCMs for the three cases, as a function of TCEM (graphite)
loading. It can be seen that, for all the three cases, both the total charging time and the energy
storage density decrease with increasing mass fraction of TCEM. When the TCEM mass
fraction increases from 5% to 20%, the total charging time of the component decreases from
9800 s to 4600 s for Case 1, 9515 s to 4130 s for Case 2 and 9195 s to 3615 s for Case 3,
respectively. This is because, for CPCM modules with a fixed mass fraction of PCM, the
stored thermal energy is almost constant, and hence a higher mass fraction of TCEM gives a
higher thermal conductivity. This implies a faster heat transfer rate and the shorter
charging/discharging time. As discussed before, TCEMs such as graphite used in this work
often give a poor wettability, leading to a loose structure and a low energy density.

Optimisation of the formulation is therefore important.
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Figure 6.6 The total charging time of component and thermal energy storage density of

CPCMs as a function of graphite loading.
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6.3.1.2 Effect of surface roughness of CPCM modules

The influence of CPCM surface roughness was investigated on the charging and discharging
processes. In the study, the dimensionless thickness of CPCM modules was fixed at 0.172,
whereas the dimensionless diameter was 0.862. The number of CPCM modules within a
single tube based TES component was 50. The mass ratio of PCM, CSM and TCEM was
50:40:10. The range of surface roughness examined was 0-20 um. Figure 6.7 shows the
results in the form of charging and discharging times as a function of surface roughness. It is
seen that the total time for the TES component to complete the charging and discharging
processes increases with increasing surface roughness. When the CPCM module surface
roughness in increased from 0 um to 20 um, the total charging time is increased by ~ 10.1%,
whereas the discharging time by ~ 12.2%. It is noticed that there is little effect when the
surface roughness is below ~ 600 nm (see the enlargement in Figure 6.7). The surface
roughness effect becomes more significant when its value is above ~ 800 nm. The above
observations can be explained by the theory presented earlier in this thesis on the interfacial
thermal resistance, which consists of two elements, solid path and gas path, and the larger the
surface roughness, the larger the gap between the contacting surfaces and the larger the

thermal resistances through both the paths.
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Figure 6.7 Effects of surface roughness of CPCM module on charging and discharging
processes; charging: Tyrr=873 K, Tiniia=281 K; discharging: Tyrr=473 K, Tinitia=873 K.
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6.3.1.3 Effects of CPCM module size and HTF velocity

In this set of analyses, the dimensionless thickness of the CPCM modules was considered to
vary between 0.172 and 0.862. For the given length of TES component, the corresponding
number of CPCM modules changed from 10 to 50. The dimensionless diameter of the CPCM
modules was kept at 0.862, and the mass fraction of the PCM, CSM and TCEM was 50:40:10.
The average surface roughness of CPCM modules was set as 3 um. Figure 6.8 (a) shows the
effect of CPCM module size on the charging and discharging times of the single tube based
component. Both the charging and discharging times decrease with increasing thickness of
the CPCM module. An increase in the module thickness from 10 mm to 50 mm, this
corresponds to the decrease of the number of modules within the component from 50 to 10,
leads to a reduction in the charging and discharging processes by 1.4 and 1.41 times,
respectively. A thicker CPCM module means less contact resistance and hence a better heat
transfer performance. The results suggest that thick CPCM modules be beneficial for the
thermal performance of CPCMs based TES components. However, thick modules can present
manufacture difficulties, particularly the uniformly in the microstructure of the material
modules. As a result, optimisation is needed by taking into account of both thermal

performance and fabrication process.
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Figure 6.8 Effects of CPCM module size (a) and HTF velocity (b) on charging and

discharging processes; charging: Tyrr=873 K, Tinitia=281 K; discharging: Tyrr=473 K,

Tinitia=873 K.
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The effect of HTF flow condition on the heat transfer performance of CPCM based TES
components is of great interest in terms of design and optimisation of CPCM based TES
components. This effect was examined with a focus on the HTF inlet velocity, which was
studied over a range of 0.2 m s to 8 m s for both the charging and discharging processes,

corresponding to the Reynolds number (defined as Re = p,,,,U, D/ u ) between 349 and 13960.

Here, pyrr is the density of HTF, U,, is the HTF inlet velocity, D is the inner tube diameter of
furnace. The CPCM module studied had a dimensionless thickness of 0.172, and
dimensionless diameter of 0.862, corresponding to 50 CPCM modules within the component.
The mass ratio of the PCM, CSM and TCEM was 50:40:10. An average roughness of 3 um
was set for the CPCM modules. Figure 6.8 (b) shows the results. An increase in the HTF
velocity accelerates both charging and discharging processes and hence a decrease in the heat
storage and releases times. A close inspection of the curves in Figure 6.8 (b) indicates that
rate of decrease in the charge/discharge time is low at HTF velocity below ~ 1 m/s. The rate
increases sharped at the HTF velocity above ~ 1 m/s until 4 m/s beyond which less significant
changes to the rate is observed. The 1 m/s HTF is approximately at the laminar to turbulence
transition, indicating external heat transfer to the TES component plays an important role in
the overall thermal performance. At HTF velocity above 4 m/s, external heat transfer appears
to be not a rate-limiting step and the overall thermal performance is controlled by the heat

transfer within the TES component.

6.3.1.4 Comparison between two configurations of CPCM based TES

components

Figure 6.9 compares the average temperature inside the CPCM based TES component in the

charge (a) and discharge (b) processes. In this set of study, the dimensionless thickness of
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solid and hollow CPCM modules was set to 0.172; the dimensionless outer and inner
diameters of the concentric CPCM modules were respectively set as 0.866 and 0.236 in order
to maintain the same mass of CPCM modules inside the two TES components; and the mass
ratio of the PCM, CSM and TCEM was 50:40:10; an average surface roughness of the two
types of CPCM modules was set as 3 um. From Figure 6.9, one can see that the effect of HTF
velocity agrees with that presented in section 6.3.1.3 for both types of TES components. For a
given set of conditions, the concentric tube based component shows a better heat transfer
performance than the single tube based component though the difference is not massive. This
is because the concentric tube based component has a larger heat transfer area with the HTF.
Quantitatively, the concentric tubular TES component gives respectively overall charge and

discharge times 10% and 15% shorter than the single solid tubular TES component.
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Figure 6.9 Comparison of two CPCMs based TES components: (a) charging process; (b)

discharging process.

6.3.2 Linking TES component behaviour to TES device performance

This section presents the results of heat transfer behaviour of TES device made from the TES
components. Three configurations of TES components were considered, parallel, interlaced
and trapezoidal arrangements with the same number of the CPCM modules, and the same
number of TES components of 45. Figure 6.10 illustrates schematically the three
arrangements. In all cases, the length of the TES device is 640 mm. Configuration 1 is the
parallel arrangement with 9 rows each containing 5 TES components (Figure 6.10 (a)). The
width of the configuration 1 is 310 mm. Configuration 2 is the interlaced arrangement with
10 rows each containing either 4 or 5 TES components (Figure 6.10 (b)). The width of the
configuration 2 is also 310 mm. Configuration 3 is the trapezoidal arrangement with 9 rows

each containing 5 TES components. The widths of the top and bottom sides of the trapezoid
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are respectively 280 mm and 340 mm. For comparison purpose, the total volume of the three
configurations is the same; so is the volume fraction of the TES component, which is 44.5%.
Air is used as the HTF and has a flow rate of 5.58 m*-h™". The initial temperature of CPCM
modules and HTF temperature are set as 600 K and 873 K, respectively. The mass ratio of the
PCM, CSM and TCEM is taken as 50:40:10, and the dimensionless diameter and thickness of
the CPCM modules are set respectively as 0.862 and 0.172. The diameter of TES component

1s set as 50 mm.
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Figure 6.10 Schematic arrangements of TES components for parallel configuration (a),
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=

interlaced configuration (b), and trapezoidal configuration (c).

Figure 6.11 shows the numerical results of the flow field for the three configurations.
Different flow parts are apparent in the three configurations. The parallel configuration shows
six main flow passages, as shown in Figure 6.11 (a), with the maximum HTF velocity of 0.08
m-s™ occurring between neighbouring TES components. The interlaced arrangement of TES
components gives a more disturbed flow and the highest velocity is around 0.108 m-s™
between the TES component and the wall (Figure 6.11 (b)). The trapezoidal configuration
shows six main flow passages with the maximum flow velocity of 0.133 m's™ occurring
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between neighbouring TES components at the exit region of the device due to reduced cross-

sectional area (Figure 6.11 (c)).

=
—
="

—

=
=
=3
=

=

—
=
—

=

=
1=
—

=

—

="

=

= = = = =" < =" <

=1

=" ="
=4 > > — == —

p=1
=4

(a)

Figure 6.11 Flow fields
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Figure 6.12 shows temperature distributions within the three configurations at the charging
process of 8 hours. It can be seen that compared with the interlaced configuration, the
temperature distributions along the X axis direction (at y=0.32m) within the trapezoidal and
parallel configurations are more uniform due to the uniform flow passages, as shown in
Figure 6.12 (a). In interlaced configuration, the disturbed flow paths lead to a non-uniform
HTF flow condition and thus a non-uniform heat transfer rate. The TES components near the
wall are heated intensely and the temperature increases more quickly than the centre of
device as the flow rate near the wall is higher than that in the centre area (see Figure 6.11).
This is the reason that a relatively inward bending curve of temperature distribution is
obtained. It also can be seen that the temperature distribution inside the trapezoidal

configuration is the highest than the other two configurations. This is because the reduced
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sectional area arrangement not only offers a uniform flow passage, but also gives an

enhancement on the HTF velocity.
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Figure 6.12 Temperature distributions within the three configurations during charging

process (8 hours).
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Figure 6.13 compares the HTF outlet temperatures of the three configurations, which agree
with the above analyses that trapezoidal configuration has the best heat transfer performance
and is superior to other two configurations. It can be seen that when the HTF inlet
temperature and CPCM modules initial temperature are respectively set as 873 K and 600 K,
the total charging time is 31.6 h for parallel configuration, 21.6 h for interlaced configuration,
and 14.1 h for trapezoidal configuration. Compared with the parallel and interlace
configurations, the fully charging process of trapezoidal configuration is shortened around
55.6% and 34.8%, respectively. It should be pointed that the pressure drop required for the
trapezoidal configuration is also higher than that for other two configurations. However, it is
very lower at the investigated work conditions and can be neglected compared with the

practical industrial applications.

900
850 |
800 |
<
L 750 F
2
5
2 700
=
=
650 f —m— Trapezoidal packing TES device
—o— Interlaced packing TES device
600 —A— Parallel oacking TES device
0 400 800 1200 1600 2000

Time (min)

Figure 6.13 comparison of the HTF outlet temperature of the three configurations.
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6.4 Conclusions of chapter 6

Heat transfer behaviour of CPCMs based TES at component and device levels have been
investigated in this chapter. This includes the formulation of a numerical model for transient
heat transfer in CPCM modules and TES components and validation of the model via
experiments. The model considers the thermal contact resistance within the component, and
the influences of materials properties, module size and surface roughness of CPCMs as well
as flow conditions of HTF were investigated. The CPCMs consist of a carbonate salt based
PCM, a TCEM and a CSM. The following conclusions were obtained under the conditions of

this work:

(1). The modelling results agree reasonably well with the experimental data, indicating the
validity of the numerical model. A constant mass ratio of PCM in CPCMs module gives the
best combination of heat transfer rate and heat storage density. A higher mass ratio of TCEM
in CPCM module gives a higher thermal conductivity at CPCMs level and hence a shorter

charging/discharging process at component and device levels.

(2). The thermal contact resistance between the contacting rough CPCM modules should be
considered and the influence is found to be significant when the surface roughness of CPCMs

is larger than 800 nm.

(3). A larger CPCM module and a higher HTF inlet velocity give a more remarkable
enhancement of the heat transfer behavior at the component level. For a given set of
conditions, the concentric tube based component offers better heat transfer performance
compared with the single tube based component, with a total heat storage time and release

time approximately 10% and 15% shorter, respectively.
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(4). Trapezoidal packing TES device offers the best heat transfer performance and is superior
to parallel and interlaced packing devices. At the same set of other working conditions, the
total heat storage time for a trapezoidal packing device is shorter than parallel and interlaced

packing devices, respectively 55.6% and 34.8%.
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Chapter 7 Conclusions and Future Work

This chapter summarizes the main conclusions from this thesis and gives recommendations

for future work.
7.1 Summary of main conclusions

This thesis concerns TES materials and device challenges with an aim to establish a
relationship between TES device level performance to materials properties. This is a
multiscale problem. Carbonate salt based composite phase change materials (CPCMs) were
used as example for the study, which consist of a carbonate based phase change material
(PCM), a thermal conductivity enhancement material (TCEM) and a ceramic skeleton
material (CSM). Both mathematical modelling and experiments were carried out to address

the multiscale problem. The following are the main conclusions:

(1). The carbonate salt-MgO system presents an excellent wettability and the wettability is a
fairly strong function of microstructure and hence surface energy of the MgO substrates
fabricated at different sintering temperature. The non-sintered MgO substrate has a loose
surface particle packing with large pores and crevices, leading to significant salt infiltration.
The corresponding contact angle is measured to be 25 °. The contact angle of the salt on the
sintered MgO increases with increasing sintering temperature of the MgO substrate
fabrication and approaches ~40° for the single MgO crystal. The effect of the sintering
temperature for making the MgO substrate could be linked to the surface energy due to the

surface microstructures.

(2). Salt motion occurs within the composite structure during repeated heating and cooling

cycles. Such motion is likely to be associated with volume change induced by phase change
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and surface tension due to intermolecular forces. The motion could provide a force to drag
the CSM (MgO) to move within interparticle void of the composit microstructure. The
motion could form a shear force and break graphite flakes. The migration during the melting-
solidification processes leads to a more homogenous distribution of both the salt and

CSM/TCEM particles and an increase in the density of the microstructure.

(3). The CSM (MgO) particles in the single carbonate salt based composites would sinter and
form a porous structure due to the use of a high sintering temperature. This reduces
significantly the swelling effect due to the presence of low surface energy graphite and

restricts particle motion during melting-solidification thermal cycles.

(4). The addition of graphite flakes in the formulation leads to reduced wettability of the
carbonate salt on MgO substrates and limits particle migration within the composites. The

extent of the reduction increases with increasing graphite flake loading.

(5). The proposed prediction model for effective thermal conductivity of single carbonate salt
based CPCMs presents a good comparison with the experimental data. The Zehner-
Schlunder’s model and Raticffr’s model can be used to predict the effective thermal
conductivity of eutectic carbonate salt based CPCM with reasonable accuracy. The proposed
model compares fairly well with the Alexander’s sintering model for the single carbonate salt
based CPCMs fabricated with small sized light MgO. For the CPCMs fabricated by large

sized heavy MgO, the experimental data is better estimated by the model of Ratcifft.

(6). The modelling results for transient heat transfer in CPCM modules and TES components
agree reasonably well with the experimental data, indicating the validity of the numerical
model. A constant mass ratio of PCM in CPCMs module gives the best combination of heat

transfer rate and heat storage density. A higher mass ratio of TCEM in CPCM module gives a
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higher thermal conductivity at CPCMs level and hence a shorter charging/discharging

process at component and device levels.

(7). The thermal contact resistance between contacting rough CPCM modules should be
considered and the influence is found to be significant when the surface roughness of CPCMs
is larger than 800 nm. A larger CPCM module and a higher HTF inlet velocity give a more

remarkable enhancement of the heat transfer behavior at the component level.

(8). For a given set of conditions, the concentric tube based component offers a better heat
transfer performance compared with the single solid tube component, with a total heat storage

time and release time approximately 10% and 15% shorter, respectively.

(9). Trapezoidal packing TES device offers the best heat transfer performance and is superior
to parallel and interlaced packing devices. At the same set of other working conditions, the
total heat storage time for a trapezoidal packing device is shorter than parallel and interlaced

packing devices, respectively 55.6% and 34.8%.

7.2 Recommendations for future work

Although some interesting and promising results have been obtained in this thesis, there are
still a number of areas worth to be further investigated at TES materials and device levels.

They are listed as following:

(1). To fabricate a novel MgO matrix based CPCMs: The CSM in the single carbonated salt
based CPCMs could sinter and forms a porous structure at high sintering temperatures.
However, the sintering temperature scope explored in this thesis (950 ~1000 °C) is far lower
than the CSM completely sintering temperature. The sintering neck in CPCMs should be just
in the early sinter stage and the microstructure is not fully stable. Therefore, in order to obtain
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a more rigid CPCM module, a possible approach is to introduce some other elements into the
CPCMs, such as nano-scales Al and Cu, to reduce the completely sintering temperature of

MgO particles.

(2). To investigate into the anisotropy effect of carbon materials on the thermal properties of
CPCMs: The thermal conductivity anisotropy effect of graphite flake is not considered in this
thesis. Actually, this is particularly important for the CPCMs materials properties prediction
and optimization design of TES component and system and cannot be neglected. Therefore, a

systematic study on the anisotropy effect of carbon material is needed and recommended.

(3). To explore the thermal stress within the CPCMs during melting-solidification thermal
cycles: The salt motion and particles distribution/redistribution could be leading to a non-
uniform thermal stress distribution within the CPCM, which is particularly significant for the

CPCM mechanical strength and lifespan predictions and thus is recommended to investigated.

(4). To design and investigate other types of CPCM based TES components and devices:
Fabrication CPCMs based components and devices that could be able to deliver the
properties at the materials scale should be the ultimate objective for future research on TES

component and device fields.
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