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ABSTRACT

The dissertation is intended to study the fundamental physical behavior of phase
change materials (PCMs) and provide a comprehensive overview of the state of the art in
their design and applications for thermal energy storage. Standard, predictive and
thermodynamic models were presented to develop new PCM eutectic mixtures in a more
scientific design approach. As new eutectic PCMs were developed, further research efforts
were initiated to develop functionalized PCMs with enhanced thermal and physical
properties to create the next generation of PCMs. Further efforts have been expanded to
review several high-temperature PCM candidates with phase transition temperatures in the
range of 70 °C to 90 °C for enhancing the passive safety and heat removal capabilities of
the reactor containment during Loss of Coolant Accidents (LOCA). An optimum PCM
candidate was selected and the temperature-dependent properties of the selected PCM were
studied in detail. The study has also reviewed very high-temperature PCMs in the range of
300 °C to 900 °C which provide a unique opportunity to meet the variation in the power
plant demand profiles. This review discussed various design and technical aspects on the
concept of a coupled nuclear reactor thermal energy storage unit for several reactor types
and identified numerous very high-temperature PCMs for potential improvements to
Generation 1V reactor designs and load shifting purposes. Finally, as a first step on
experimentally studying a real PCM thermal energy storage system, a PCM heat exchanger
in the form of parallel-plate heat exchanger was built and experimentally characterized for

load shifting purposes.
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1. INTRODUCTION

1.1. OBJECTIVES AND SCOPE

Thermal Energy Storage (TES) has become one of the most pressing topics
worldwide. The serious concern of public regarding greenhouse gases emissions, limited
reserves of fossil fuel, and rapid growth of global energy have shed the light on the effective
utilization of thermal energy. According to the U.S energy information administration [1],
the global world energy use is estimated to increase from 1.7x10'* MWh in 2015 to
2.2x10' MWh in 2040, an increase of 29%. Thermal energy storage provides a key method
to reduce energy consumption and dependency on fossil fuels. Efficient utilization of
energy can be achieved by matching the energy supply with demand by means of thermal
energy storage systems. For instance, power plants can run at maximum power, and excess
heat from production can be transferred to thermal storage systems where it is stored for
later utilization during peak demand, increasing efficiency and reducing the mismatch
between energy supply and demand. In this context, thermal energy storage using Phase
Change Materials (PCMs) present a unique opportunity to reduce the need to fossil fuel
and suppress greenhouse gases emission.

The ultimate objective of this research is to develop high-temperature phase change
materials as potential candidates for passive safety mechanisms to improve the reliability
and safety of nuclear reactors. The first step in that direction was developing methodologies
and standards for thermal characterization of PCMs [2], and developing new eutectic PCMs
for low temperature applications [3]. The results of that step have verified and improved
key factors affecting the performance of PCMs and resulted in a more scientific design

approach for developing eutectic PCMs. This approach was used in the next steps to study



the high-temperature PCMs for nuclear safety applications. The components of the overall

research plan can be summarized as follows:

1.

Uncertainty of Thermal Characterization of Phase Change Material by Differential
Scanning Calorimetry Analysis [2].

Scope: Advanced Methodologies and Standards for Thermal Characterization of PCMs.

Preparation and Thermal Performance of Methyl Palmitate and Lauric Acid Eutectic
Mixture as Phase Change Material (PCM) [3].

Scope: Developing New eutectic PCMs for low-medium temperature applications.

Preparation and Enhanced Thermal Performance of Novel (Solid to Gel) Form-stable
Eutectic PCM Modified by Nano-Graphene Platelets [4].

Scope: Enhancing heat transfer and functionality of the eutectic PCMs.

Development of High-Temperature PCMs for Enhancing Passive Safety and Heat
Removal Capabilities in Nuclear Reactor Systems.
Scope: Developing suitable PCMs for safety and performance enhancement of ice

condenser system in the reactor containment.

Load Shifting of Nuclear Power Plants Using Thermal Energy Storage: A Review.
Scope: Reviewing design concepts of several reactors and identifying high-temperature

PCMs for potential improvements to Generation IV reactors and load shifting purposes.

. Design and Experimental Investigation on the Thermal Performance of PCM Energy

Storage Heat Exchanger.
Scope: Parallel plate heat exchanger design utilizing PCMs as latent heat storage

medium in the form of an energy storage vessel for load shifting purposes.



The research component of the first point was focused on developing thermal
characterization methodologies and theoretical predictive capabilities using low
temperature PCMs in the range of 20 °C to 60 °C. Further details of this effort can be found
in the author’s paper [2] and thesis [5]. This stage was a critical component for the
development of the overall research plan. Developing standards and precise predictive
capabilities have provided key understanding of the factors affecting PCM performance
and resulted in a more advanced design approach for developing binary and ternary eutectic
PCMs.

A comprehensive overview of the physical behavior of PCMs and state of the art
in their design and applications for thermal energy storage are presented in Section 1.1.
Section 2 provides a brief overview of the analysis and experimental methodologies.

Section 3 is focused on experimental investigations of developing new eutectic
PCM mixtures. Naturally occurring organic PCMs such as fatty acid, methyl esters, and
high-temperature sugar alcohols exhibit great thermal properties. Their applications,
however, are limited due to the fixed phase transition temperature of the current existing
PCMs. Hence, their individual melting temperatures are sometimes higher or lower than
the required temperature for some applications. A theoretical thermodynamic model based
on Schroeder-var equation was presented. The model provides a powerful tool to save time
and money, initially predict the eutectic composition of eutectic PCMs, and to develop
PCMs with phase transition temperatures that cannot be met with existing materials. A new
binary PCM eutectic mixture was developed at the desired phase transition temperature
with latent heat of fusion that is as much as 20% higher than other PCMs developed for

applications in the same temperature range.



In Section 4, the research effort is focused on enhancing the thermal performance,
functionality and crystallization process of eutectic PCMs. The major limitations of organic
PCMs in general are the low thermal conductivity, leakage of its liquid phase, and
supercooling. To address these issues, we presented characterization methods and
developed a PCM characterized by an enhanced thermal performance, as well as novel
(Solid to Gel) shape-stable eutectic PCM and reduced supercooling.

In Section 5, the objective was to characterize suitable PCMs for nuclear safety
enhancement in the containment. PCMs with phase transition temperature in the range
70°C to 90°C and latent heat of around 200 kJ/kg or higher are proposed to solve many of
the maintenance issues of the ice condenser system in Small Modular Reactors (SMRS).

Section 6 presents the concept of a coupled nuclear reactor thermal energy storage
system utilizing high-temperature PCMs as a potential passive safety mechanism to
improve the safety and reliability of SMRs, and for load shifting purposes. Developing
PCMs with suitable phase transition behavior is the key. The technical and design aspects
for several reactor types are discussed and wide range of binary and ternary mixtures of
high-temperature eutectic PCMs are identified as potential candidates.

In Section 7, whereas the objective of the previous section was studying PCMs for
energy storage and load shifting in nuclear reactors, this section presents experimental
investigation of a parallel-plate heat exchanger design utilizing PCMs in the form of an
energy storage vessel for load shifting purposes. A latent heat storage system was built to
experimentally investigate the performance of PCMs for storage and release of thermal

energy.



1.2. AN INTRODUCTION TO PHASE CHANGE MATERIALS

Thermal energy storage is a key technology for an effective utilization of energy.
The applications of phase change materials for thermal energy storage have been the focus
of extensive research in recent decades. Their use can reduce the size and cost of the
system, offering higher thermal storage capacity and the ability to be used as a thermal
management tool. The following sections present the fundamentals of phase change
materials including the details of their physical behavior, design issues, and applications
for thermal energy storage.

1.2.1. Thermal Energy Storage. There are three common ways to store thermal
energy: sensible heat, latent heat and thermo-chemical energy. In sensible heat, energy is
stored/released by raising/reducing the temperature of a storage material without changing
the phase [6]. Besides the mass of storage material, the amount of sensible heat storage is

limited by the temperature change of the system as seen in equation 1.

T2
Q=m j C,.dT
T (1)
Where Q is the sensible heat stored, m: is the mass of storage material, T1 and T»

are the temperature range which the process operates.

In latent heat storage systems, thermal energy is stored or released by the material
while it experiences a phase transition from solid to liquid during a charging period, or
liquid to solid during a discharging period. Phase change may also occur in form of liquid-
gas phase transition characterized by even higher latent heat than solid-liquid. liquid-gas

phase transition however is not commonly used for energy storage applications due to the



higher pressure and the impractical large volume involved. Unlike sensible heat, latent heat
storage is attractive in that it stores larger amount of energy at constant temperature during

phase transition. The storage capacity of a latent heat system is given by:

m T2
Q =m| [ Co g dT +AN+ [ Co i .dT}
Tl - ™™ - (2)

Where Q is the latent heat stored in the system, m is the mass of storage material,
Tm is melting temperature of storage material, Ah is the enthalpy or latent heat of storage
material, T and T represent the temperature range and C, is the specific heat capacity at
constant pressure.

In thermo-chemical energy storage, heat is absorbed or released through a
completely reversible chemical reaction when the molecular bonds are reformed and
broken during an endothermic or exothermic reaction as given in equation 3. Due to the
high cost of such systems, their applications are very limited [7]. The storage capacity of a

thermo-chemical system is given by:

Q =ma,Ah 3)

Where Q is the thermo-chemical energy stored, m is the mass of storage material,

ar is the extent of conversion and A% is the endothermic heat of the reaction.



1.2.2. Phase Change Materials. Phase Change Materials (PCMs) are latent heat
energy storage materials that undergo solid-liquid phase transition at specific temperature
known as the phase transition temperature [8-11]. As the PCM absorbs energy from the
surrounding, the material changes its phase from solid to liquid while maintaining nearly
constant temperature that corresponds to the phase transition temperature of the PCM. The
absorbed energy is stored in the constituent atoms or molecules in the form of vibrational
energy. When PCM absorbs its maximum energy storage capacity, the atomic bonds are
loosened, and the PCM completes its transition from solid to liquid. This amount of energy
absorbed during phase transition is known as the latent heat or enthalpy of fusion.
Solidification, also known as freezing or crystallization, is the reverse of this process during
which the energy is released, molecules are reordered, and the material transitions from

liquid to solid at nearly constant temperature. This process can be seen in Figure 1.1.
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Figure 1.1. Thermal energy storage in PCMs



When choosing a PCM for a given application the main considerations are the phase
transition temperature and the latent heat of fusion. The phase transition temperature needs
to be within the operating range of the application, or within the temperature range at which
the system needs to be maintained. The latent heat of fusion should be as high as possible.
When compared to sensible heat storage materials, the main benefits of PCMs is the ability
to maintain the system at nearly constant temperature during the phase transition in a
passive way regardless of the applied heat flux. Therefore, efficient thermal management
is only possible using PCMs, while sensible storage material can only store thermal energy
over a temperature range. Moreover, PCMs have much higher energy storage density,
reducing the volume of the system, and resulting in less material mass. PCMs, however,
do not fully meet the requirements for all thermal energy storage systems. A wide range of
technical solutions have been developed. For instance, current existing PCMs are only
available at particular phase transition temperatures. Therefore, eutectic PCM mixtures can
be developed to create new PCMs with improved properties and new phase transition
temperatures. In addition, finding materials with very high latent heat as well as excellent
heat transfer characteristics has been challenging. The low thermal conductivity and
thermal diffusivity of PCMs prevent rapid system transients. Currently, the enhancement
of heat transfer in PCMs is one of the most pressing topics.

A PCM based system can have a heat storage capacity that is 4-50 times larger than
sensible heat storage materials [5]. For instance, water is a common storage medium for
solar water heating systems in the range of 45°C to 60°C [7]. In Figure 1.2, the theoretical
energy storage of a PCM tank -Myristic Acid with phase transition temperature of 54°C

and latent heat of 220J/g - is compared to that of water.
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Figure 1.2. Comparison between thermal energy storage of Myristic Acid PCM and water

Theoretically, the PCM tank can store 260 Joules per 1 Kg of PCM compared to 63

Joules per 1 Kg of water, an increase of 313% in energy storage capacity over a temperature
range of 15°C. For a storage temperature of 55°C and temperature range of 5°C, the energy
storage of the PCM system is 11 times larger than a sensible heat storage system. In other
words, a solar system with PCMs can be 4-11 times smaller than water systems and still
able to store the same amount of thermal energy. Moreover, the PCM tank can store most
of the energy at 54-55 °C, illustrating a higher useful quality for energy. The same concept
can also be applied in larger solar energy power plants. PCMs can be integrated in the

system to store the excess solar energy during periods of lower demand and utilize it later

when the demand exceeds the supply.



PCMs are typically separated into three categories:

eutectics. A classification is given in Figure 1.3.
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Figure 1.3. Classification of PCMs

In general, organic PCMs are the most popular type of PCMs, classified as Paraffin
(CnH2n+2) and the non-paraffin such as fatty acids (CH3(CH2)2:COOH) [12]. Depending on
the hydrocarbon chain structure, each PCM has its particular phase transition temperature
and latent heat of fusion. Most organic PCMs are characterized by excellent thermal
stability, non-corrosiveness, non-toxicity, and little or no supercooling [13, 14]. Their
major limitation is the very low thermal conductivity, relatively higher cost, and

flammability [12]. Inorganic PCMs are classified as salts and metallic alloys. Salt hydrates
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consist of a crystal matrix of water and salt solution [12, 15]. The high latent heat of some
mixtures, low cost, ease of availability, high specific heat, and high thermal conductivity
of salt hydrates are very attractive for practical application, however the supercooling and
poor thermal stability upon cycling due to phase separation and dehydration are their main
drawbacks [16]. Metallic alloys possess attractive thermo-physical properties such as high
thermal conductivity and specific heat, however they are mostly available with very high
phase transition temperatures, limiting their applications. Eutectic PCMs are two or more
components that melt and freeze simultaneously. Details on eutectic PCMs are presented

in Section 1.2.4 and Section 3. A comparison between different PCMs is given in Table

Flammability

Corrosiveness

Some are Flammable
Mostly Non-corrosive

Non-flammable

Corrosive

1.1.
Table 1.1. Comparison between different families of PCMs [17-23]

Organics Salts/Salt hydrates Metallics
Latent heat Fatty acids: 100-240 J/g 90 —-492 J/g 16-560 J/g

Methyl esters: 200-250 J/g

Sugar Alcohols: 200-300J/g

Paraffins: 170-270 J/g
Cost Moderate Low Low to high
Availability Widely available Widely available  varies
Conductivity 0.15-0.4 Wm.K 0.5-1.2 Wm.K 8-237 W/m.K
Specific heat 1.5-2.8J/gK 25-457/gK 0.2-1.5J/g.KX
Density 0.7-0.96 kg/m? 1.3-2.5 kg/m? 1740-7030 kg/m’
Supercooling Minimal to Self-nucleating  High Minimal
Melting Very sharp Wide-sharp Very sharp
Phase separation No phase separation Separates No separation
Thermal stability Mostly stable Mostly unstable Stable

Non-flammable

Non-corrosive
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1.2.3. Advanced Phase Change Analysis. Recent effort has been focused on the
development of PCMs for wide range of applications, but a lot of the effort has been based
on testing new materials rather than targeting limitations of PCMs in general through
understanding of the underlying causes. A wide range of energy storage applications have
been proposed using PCMs, from small electrical devices to large scale space applications.
In order to develop technical solutions and overcome the limitations of current PCMs, the
physics of phase change needs to be fully understood. This section is intended to provide
a compressive overview of the fundamental physical behavior of PCMs, limitations and
methods to enhance it.

For practical application, a variety of PCMs can be found with a desirable operating
temperature range, and high latent heat of fusion. However, there are a number of key
factors that must be also considered. The most detailed information about the phase change
transition can be obtained from the differential scanning calorimetry (DSC) experiments.
Details on the DSC experiments can be found in Section 2. From such experiments, the
heat flow during the solid-liquid phase transition can be extracted at a resolution of better
than 0.01°C for some advanced DSCs, which provide the most comprehensive information
about the phase change process. Information that can be obtained from the DSC
experiments includes but not limited to: phase change latent heat of fusion, phase transition
temperature, phase separation, phase change temperature range, sensible heat component,
crystallization, decomposition, supercooling and thermal stability. In order to characterize
the physical behavior of PCMs during the phase change process, the DSC spectra and

results should be fully understood. Figure 1.4 shows a typical result from a DSC
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experiment for PCMs. In short, the DSC measures the amount of heat absorbed or released

by the PCM sample as a function of temperature.
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Figure 1.4. Typical results from a differential Scanning Colorimetry (DSC) experiment

The red shaded area represents the enthalpy of fusion for the solid to liquid phase

transition (4Hm), similarly, the blue shaded area (4Hr) refers to liquid to solid phase

transition. The peak temperature for the solid to liquid phase transition peak is the melting

temperature (Tm), and the peak temperature for the liquid to solid phase transition peak is

the freezing temperature (Ts), also known as the solidification temperature.

In order to obtain comprehensive and detailed information about the phase change

process, the DSC spectrum should be further analyzed. Thus, the enthalpy-temperature

curve is calculated from the DSC spectrum using thermodynamic calculations as presented

in detail in Section 3.3.2. With the enthalpy-temperature curves, as seen in Figure 1.5, in
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addition to the latent heat of fusion (4H) and phase transition temperatures, it becomes

possible to measure the direct specific heat capacity (Cp), total energy storage or enthalpy

sum and the phase transition temperature range (7).
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Figure 1.5. The enthalpy-temperate curve of phase change calculated from DSC results

One of the benefits to using the enthalpy curve when describing phase transition of
PCMs is that the temperature control, specific heat, latent heat and state of phase for
different PCMs can be easily compared. Some examples for the phase transition
characteristics for an ideal PCM and common PCM are given in Figure 1.6. Additionally,
the enthalpy-temperature curve is used as an input for the modelling and simulation of

transient behavior of PCMs in many software packages such as EnergyPlus and Modelica.
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Figure 1.6. Phase transition characteristics of PCMs using the enthalpy curve

In the case of ideal PCM, it is assumed that the enthalpy-temperature curve is the
same for the solid-to-liquid phase transition during melting and liquid-to-solid phase
transition during freezing. However other phenomena such as hysteresis and supercooling
can influence this reversible balance. Supercooling occurs when the PCM during liquid to
solid phase transition has to reach temperatures well below the phase transition temperature
to start crystallization and to release the latent heat of solidification. Figure 1.7 shows an
example for a PCM with significant supercooling (line a) and another with reduced

supercooling (line b).
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Figure 1.7. Schematic for the cooling curve of PCM with supercooling (line a) and PCM
with reduced supercooling (line b)

Soares et al [24] presented different cases that can lead to hysteresis as given in

Figure 1.8.
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Figure 1.8. Hysteresis of PCMs: (a) the temperature rises again to the phase transition
temperature, (b) the temperature does not rise to the phase transition, (c) real hysteresis
caused by slow rate of crystallization of real difference between melting and freezing, (d)
apparent hysteresis due to non-isothermal conditions during measurements [24].
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The effect of hysteresis and supercooling of PCMs, and methods to reduce it, are
discussed in detail in Section 4.3. “Fake” hysteresis can be measured in some cases due to
non-isothermal conditions, particularly, during DSC calorimetric measurements. In this
case, it is called apparent hysteresis as described by Mehling and Cebeza [25]. Hence, the
actual crystallization temperature can be measured using other methods such as the T-
history method as shown in Section 4.4.2.7.

Nowadays, the DSC method is the most reliable method to characterize the phase
transition characteristics of PCMs [26-29]. However, calorimetric measurements for PCMs
require extra precautions. For example, determination of specific heat and enthalpy-
temperature curve using conventional DSCs is time consuming and require several steps.
in some cases, it can provide inaccurate or misrepresentative data for PCMs due to several
uncertainty sources. A study on the uncertainties sources of calorimetric measurements on
PCMs and methodologies to produce reliable data can be found in the author’s paper [2].
Advanced techniques such as baseline measurements, higher resolution, and modulated
heat flow signal are required to eliminate uncertainty sources. For that reason, the new
advanced modulated-DSCs (M-DSC) are preferred due to their sufficient precision,
increased resolution, flat baseline, and ability to measure direct specific heat by separating
several thermal events [24]. In short, the main limitations of the DSC method are: (a) Some
transient thermal events are omitted such as convection, non-uniformity and heating rate
imbalance; The new modulated-DSCs however have shown promising abilities to account
for these thermal events particularly for PCM composite mixtures. (b) Only few milligrams
of PCM are tested in a DSC experiment which may not represent the actual behavior of

bulk PCM. (c) The required steps for advanced methodologies and standards of accurate
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measurements are time consuming and complex. (d) The advanced modulated DSCs are
very expensive compared to the conventional dynamic DSCs.

Now that the fundamental of phase change and analysis of PCMs are discussed, the
question becomes what kinematic and physical behavior of PCMs are of interest. First and
foremost, the phase transition temperature and latent heat of fusion are the primary
parameters when choosing a PCM. The latent heat of fusion. must be as high as possible
to minimize the system size and maximize the storage capacity. The phase transition
temperatures must be within the operation temperature of the system, with melting
temperature that is as high as reasonably possible in order to maximize the effective
transient thermal storage/management time, and freezing temperature that is as close as
possible to melting and higher than the temperature during normal operating conditions or
off-peak conditions. Finally, a narrow phase transition range () is desirable.

Another important parameter is the thermal and chemical stability. Some PCMs
tend to separate upon several cycles of melting and freezing. For organic PCMs where the
material is consisting of single or blends of PCMs, they tend to show excellent thermal
reliability in literature [3, 9, 20, 30]. Eutectic mixtures of organic PCMs however require
a very careful consideration. Because of the nature of eutectic mixtures, an off-eutectic
composition could lead to a phase transition separation of the individual components upon
thermal cycling. Most salt hydrates have also been known by their poor thermal stability
in many cases [18, 24, 25, 31]. In Figure 1.9, the effect of thermal cycles on the thermal
performance of stable PCM (i.e. Organic PCMs) is compared to that of a non-stable PCM

(i.e. Inorganic Salt hydrates).
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Figure 1.9. Sketch for thermal cycling stability of stable and unstable PCMs, i.e. Organic
vs Inorganic

In the case of unstable PCMs, and salt hydrate PCMs in particular, the short life
cycle and inconsistent performance is the major concern. Salt hydrates are salt and water
in a crystal matrix at discrete ratios (Salt.nH20). Upon cycling, due to the higher density
of salt in the PCM solution, salt tends to settle down and separates. This phenomenon is
called phase separation. As a result, the eutectic composition between salt and water
molecules no longer exists, and salt becomes unavailable for recombination with water
during the subsequent liquid to solid transition, causing a phase separation and forming
sharp crystals with higher phase transition temperatures [25]. This also results in a
decreased storage capacity after several thermal cycles and wider/higher phase transition

temperatures. An example on the phase separation of PCMs is shown in Figure 1.10.
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Figure 1.10. Sketch for the phase separation of inorganic or off-eutectic organic PCMs
upon thermal cycling.

The simple phase separation shown in Figure 1.10 is closer to the phase separation
for an off-eutectic composition of organic PCMs. However, the phase separation for salt
hydrates (salt.nH20) is more complex. Strictly speaking, for salt hydrates, even a eutectic
composition would still show phase separation upon cycling in some cases. An example of
salt hydrate PCM is calcium chloride hexahydrate (CaCl..6H>O salt hydrate). The
CaCl,.6H20 has 50 wt% of CaCl, and 50 wt% of water, and phase transition temperature
of around 29 °C [32]. When salt starts to segregate due to its higher density, part of the
mixture will possess higher water content than the eutectic CaCl..6H.0 composition. This
can produce a new localized PCM composition with different phase diagram and melting
behavior. In other words, forming a (Salt.nH>O) composition with lower (n), i.e.
CaCl2.4H20 with a phase transition temperature of 45.3°C.

Numerous attempts were made to enhance thermal stability and prevent phase

separation of salt hydrates. One way is to reduce the distance that material compositions
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can separate by packaging in small shallow containers, however, this method was found to
be insufficient for long-term stability [25]. The distance that the phases can separate has to
be reduced to a microscopic scale rather than few millimeters. This can be achieved by
forming a gel matrix to crosslink the different compositions of the PCM mixture. For
example, Qian et al. [33] found that fumed silica can be used as a gelling agent for pristine
PEG PCM. Ryu et al [32] investigated Borax as a thickening agent for stabilization of
inorganic salt hydrate PCMs. Lane [34] gives several examples of thickeners for several
PCMs.

Sustainability is one of the key factors when choosing a PCM. Organic PCMs
possess more favorable characteristics over all other types in terms of sustainability. When
compared to salt hydrates, organic PCMs (i.e. fatty acids) are derived from agricultural by-
products, made from food grade, non-toxic, vegetable oil and plant-based ingredients that
are sustainable, renewable, biodegradable, and environmentally friendly. Myristic acid, for
example, is a common PCM used for thermal energy storage in solar applications that can
be found in palm kernel oil, coconut oil and animal fats [35]. In the contradictory, while
salt hydrates are readily available, they are not however sustainable or biodegradable.

Various limitations and drawbacks of current existing PCMs and methods to reduce
them are discussed in Section 3 and Section 4. These limitations include for example the
unavailability of reliable PCMs at some temperatures, leakage problem of the liquid phase
PCM, supercooling, and the low thermal conductivity of PCMs. Section 4 discusses in
detail how nanomaterials are utilized to modulate the thermo-physical properties of phase
change materials such as thermal conductivity, thermal diffusivity, specific heat,

viscosity/shape stability, density and thermal energy storage capacity.
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1.2.4. Advancement in Phase Change Eutectic Mixtures. Figure 1.11 shows a
typical phase diagram for a binary eutectic PCM. Component A melts at TA and component
B melts at TB. The addition of component A to component B leads to a decrease in the
melting temperature along the red line. Similarly, the addition of A to B leads to the same
trend. Point E corresponds to the eutectic point of the mixture. At this point both
components melt together. Some PCM mixtures do not form a eutectic system, and some
of them may form mixtures with a very low latent heat. S* and S represent the solid state
of components A and B. L” and LB represent the liquid state of components A and B. L
represents a partial liquid state of the eutectic system. The mixture at the eutectic point has
stable performance and both components crystallize or melt simultaneously. Away from
the eutectic molar ratio multiple phase change events may occur at different temperatures

and phase separation usually exists.
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Figure 1.11. Typical phase diagram for a binary eutectic PCM.
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The eutectic composition and phase change temperature for a binary mixture PCM
can be theoretically predicted by thermodynamic calculations using equation (4) [36]. The

latent heat of fusion for the eutectic mixture can be calculated using equation (5) [37] .

H:
Tp=q———— ,i=AB (4)
l
n
X, H; : T,
Hp, = TmZ[ ‘T 4+ x(cp —cﬁ‘g‘)lann] ,i= AB (5)
i=0* l

Where Hi is the latent heat of fusion for components A and B in units of J/mole,
and T; is the melting temperature of the individual PCM components A and B in Kelvin.
Tm is the predicted melting temperature of the eutectic mixture in Kelvin, Xiis the molar

ratio of components A and B, R is the universal gas constant, Hn is the latent heat of fusion
for the binary mixture in J/mole, Cﬁ_ii" and Cp%" are the specific heats at constant pressure

of the component “i”” for both the solid and liquid phase in J/mol-K.,.

When a mixture of three PCMs is prepared, the phase diagram of ternary eutectic
system is more complex and can be expressed by an equilateral triangle as shown in Figure
1.12. The ternary mixture consists of A, B, and C as the pure PCM components. The line
AB, AC, and CB represents binary mixtures of the corresponding components, and the
numbers on each line represent the molar or mass ratio of the corresponding binary mixture.
Whereas, the intersection of the three lines inside the triangle represent the ternary mixture.
For example, the point E is an example for a possible ternary eutectic composition consist

of 50% of component C, 20% of B and 30% of C.
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Figure 1.12. Typical phase diagram of ternary eutectic mixture.

On the basis of full understanding of the binary mixture phase diagram, we are
proposing a ternary eutectic system consisting of three different components based on a
pseudo-binary mixture thermodynamic model. First, two components are tested to form a
binary eutectic mixture. Taking A with B for example, If the selected two components A/B
lead to an ideal binary mixture, the resulted binary mixture A/B is considered as single
component (A/B) and mixed with another component, C for example, to form a pseudo-
binary mixture from the three components as (A/B) is the first one, and C as the second
component. The final ternary mixture would be (A/B)/C in the form of pseudo-binary
mixture. Therefore, the same theoretical prediction thermodynamic model used for binary
mixtures can be used to create a new ternary eutectic PCM and determine the composition,

molar ratios, melting temperature and the heat of fusion of the pseudo-binary mixture.
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In order to test this model, the predicted results from the thermodynamic model is
compared with the experimental values for ternary and pseudo-binary mixtures in a study
by Zhao et al. [38]. The study prepared a ternary mixture of lauric acid-myristic acid-stearic
acid (LA-MA-SA). The experimental melting temperature and latent heat of fusion for the
resulted ternary mixture were 29.35°C and 186.5 J/g, respectively. The corresponding
molar ratios were (60:30:10) for the experiential ternary mixture. The proposed theoretical
prediction model for (LA-MA)/SA as a pseudo-binary mixture determined the melting
temperature and the corresponding molar ratios within a relative error of 0.44% and 1.32%,
respectively, as given in Table 1.2. The corresponding theoretical molar ratios were
(60:31.6:8.4). The authors also experimentally compared a pseudo-binary mixture and the
ternary mixture and reported a negligible difference between the two mixtures. These
comparisons and results provide a theoretical and experimental support for the approach of

pseudo-binary mixture as a successful and viable method.

Table 1.2. A comparison between the experimental values by Zhao et al. [38] and
theoretical predicted values for a ternary eutectic mixture.

Mixture Eutectic T'm
Composition (%) [°C]
Literature Ternary: LA:MA:SA 60:30:10 293 °C
Theoretical Pseudo binary: LA:(MA/SA) 60 : (34.5/65.5) 31.1°C
Theoretical ternary: LA:MA:SA 60:31.6:84 31.1°C

Error 1.32% 0.44%
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1.3. APPLICATIONS OF PHASE CHANGE MATERIALS

Phase Change Materials are being used for wide range of applications, from small
size electronics to the large-scale concentrated solar plant applications; very low
temperature space applications at -40°C to very high temperature power plant applications
at 700°C. This section is intended to provide an overview on few selected popular
applications of PCMs.

1.3.1. Nuclear Thermal Energy Storage Applications. A comprehensive
overview and proposed designs for the applications of PCMs in nuclear reactor power
plants are given in details in Section 5 and Section 6.

1.3.2. Space Applications. The applications of PCM for space systems can be
traced back to 1970s when NASA developed thermal capacitors and implemented PCMs
in moon vehicles, diver’s suites, and Skylabs. PCMs were integrated in the diver’s suit as
a thermal control system to regulate the rate of heat exchange between the skin and
composite, and as a thermal storage block to generate heat. U.S Pat. No 4,855,410 describes
details of different designs utilizing PCMs as a thermal capacitor for moon vehicles and
diver’s vests [39].

Very recently, phase change materials were used as a critical component in the
design of the Neutron Star Interior Composition Explorer (NICER) - a NASA explorers
program mission to the study of the extraordinary electromagnetic and nuclear physics
environments embodied by neutron stars from aboard the International Space Station (ISS)
[40]. On June 3, 2017, NICER was launched successfully and transported to the ISS.
During the actual trip, the transport vehicle provided power to the NICER payload. One of

the biggest challenges for the thermal control system was to maintain the electronic
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components above their survival temperature limit (-30°C) during the transfer of NICER
from the transport vehicle to the installation cite on the ISS. During installation, NICER
must survive without any heating power for as long as 6 hours until being re-powered. This
was achieved by utilizing a developed PCMs with phase transition temperature of -10 °C
and latent heat of 217 J/g between the heat spreader and instruments optical bench. Only
4.32 kg of PCM was used, which successfully released up to 937 kJ of thermal energy
during the 6 hours without power during installation.

1.3.3. Solar Power Systems. PCMs have applications in both large solar power
plants and smaller domestic solar energy systems. For solar power systems, the major
drawback has always been the limited effectiveness to periods when radiant solar energy
is high. While the demand is not limited to daylight hours, it becomes an issue for
commercial solar power plants. Thermal energy storage using phase change materials is a
unique solution for a viable economical design of large-scale solar plants.

An extensive review of different types of concentrating solar power plants can be
found in Barlev et al., [41]. In these plants, large-size concentrated mirrors are used to
reflect the sunlight and heat a carrier fluid. The heated fluid is then directed to an evaporator
creating steam to run a steam turbine. In some cases, the gain from solar energy is greater
than the capacity or demand on the steam turbine. This excess energy has to be released as
loss or stored in inefficient sensible heat water storage tanks. This changed dramatically
with the development of PCMs. The excess thermal energy can be stored in thermal storage
tanks utilizing PCMs at a temperature close to the steam lines temperature. The stored

energy can be released later at high-temperature during times of decreased supply,



28

enhancing the efficiency and economical aspects. This process is shown in Figures 1.13

and 1.14.
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Figure 1.13. Concentrated solar plant with carrier fluid for thermal energy storage [42] .
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Figure 1.14. Utilization of thermal energy storage to match the supply with demand

Thermal energy storage systems give the ability to increase the capacity of the solar
power plants, thus, reducing the need for combining the plants with conventional fossil fuel

systems to supply the grid during off-peak solar periods. In a conventional solar plant, it is
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common to design the plant at a capacity that is lower than the normal peak demand and
operate a fossil-fuel system at part load to match the supply with demand. However, using
PCMs for thermal energy storage, the plant can be designed at higher capacity. Excess
energy during the daytime can be stored in the PCM by transferring heat to an insulated
storage tank. During the decreased supply periods when the solar gain is less (i.e night time
or a cloudy day), the carrier fluid runs through the storage tank where the PCM releases its
energy at elevated temperature that corresponds to its phase transition temperature. While
these PCM systems have an extremely efficient thermal design, their major drawback is
the high cost and high corrosiveness of the current existing molten salt PCMs at elevated
temperature [43].

Smaller scale solar systems also have potential for thermal energy storage by
integrating PCM to improve efficiency for hot water production and heating systems. The
conventional systems consist of flat plate solar collector in the form of an enclosure with a
glass cover and tubes from inside. The heat transfer fluid after passing through the solar
collector tubes is stored in an insulated tank to supply domestic hot water or support a small
electrical or gas boiler. The effectiveness of conventional solar plate collectors is limited
to daylight hours and storage of limited hot water in tanks. The solar system can be
designed to store extra heat in a PCM vessel for use during the evening or early morning
hours, reducing the dependency on electrical or gas heating. The PCM can also be
integrated inside the water storage tank. For instance, Ghoneim [44] studied a solar system
containing encapsulated PCMs in tubes in a cylindrical water storage tank shown in Figure
1.15. Several designs of PCM energy storage in combination with solar heating systems

are studied in literature [44-48].
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Figure 1.15. Cylindrical storage tank with PCM storage [44]

1.3.4. Building Applications. The concept of thermal energy storage in buildings
using PCMs is one of the most enduring topics. For the last 40 years, thousands of studies
have found that PCMs in buildings have a significant impact on the thermal management
and energy savings due to its ability to store and release heat at nearly constant temperature
around comfort room temperature [49-55]. PCMs are incorporated into the building
through wallboards, ceiling, floor, air-conditioning systems, or by incorporating them
directly through gypsum mixture, cement paste, and mortar [5-7]. PCMs with phase
transition temperature in the range of 23-27 °C are usually used for reducing indoor
temperature swing and reducing energy consumption by shifting temperature peak hours.

During hot weather conditions, incident heat or energy is absorbed by the PCMs in
the form of latent heat while maintaining constant temperatures that correspond to the
phase transition temperature as shown in Figure 1.16. In other words, although more energy
is still being added to the building structure, this excess energy will not lead to an increase

in temperature because PCMs will store this energy as latent heat. Solidification or freezing
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is the reverse of this process, during which the PCM transfers the stored energy to the
surroundings at constant temperature when surrounding is relatively cold. During cold
weather conditions, PCMs help in capturing and storing the heat that would have leaked
out of the building if no PCMs were installed, therefore, When the temperature decreases
below the phase transition temperature, the PCMs will release that stored energy to the
building in the form of latent heat and maintain the temperature of the buildings within

comfort levels; thus, preventing the indoor temperature from getting excessively cold.

Figure 1.16. PCMs storing heat (left) and releasing heat (right).

PCMs in buildings are more efficient in places where the temperature swing during day
and night is high, to charge and discharge the PCM daily. However, PCMs above the
ceiling tiles coupled with a ventilation system that works at night to discharge the PCM
help to increase its efficiency when temperature swing is smaller. Figure 1.17 shows an

example for such systems [56].
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Figure 1.17. Ventilated ceiling with PCM for daily charging and discharging.

Figure 1.18 shows an example for increasing the thermal mass using PCM-gypsum

mixtures to reduce the indoor temperature swing by 56% [57]
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Figure 1.18. Reducing indoor temperature swing using PCMs [57]
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1.3.5. Solar Photovoltaic System. The energy generated from Photovoltaic (PV)
panels depends on the intensity of the solar radiation, the quality of the panels in use and
the surface temperature of the panels [58]. The efficiency of generating energy from PV
panels decreases with temperature. Only 10-20% of the incident solar radiation is converted
into electric energy in PV panels; the rest is either reflected or causes overheating of the
system [59]. The temperature rise of PV modules is known to cause a decrease in power
efficiency by 0.5% per kelvin above the standard test conditions (STC) of 25 °C. [60-62].
During the day, the temperature of a typical the PV panels may rise to 80°C or higher,
which accounts for about a 28% loss in solar to electrical conversion efficiency with respect
to the STC.

Several studies have been devoted to the use of mechanical fans, water circulation,
pumps, or other types of equipment that consume energy to enhance the free cooling and
efficiency of PV panels. Integrating PCMs in PV panels provides a novel passive solution
to prevent overheating and remove heat from PV systems. Such PV-PCM systems can
operate for a longer time at the desirable temperatures where higher efficiency is achieved.
Even when compared to natural ventilation methods, PCMs have a greater potential to
enhance the efficiency of PV systems because they are not affected by the speed or
direction of wind. Moreover, the excess and stored heat in a PCM can be utilized to provide
heat to buildings or any other system when it solidifies. Hasan et al. [63] developed a PV-
PCM system to reduce PV temperature dependent power loss and to increase the
conversion coefficient. The PV peak temperature was kept below 45 °C at a solar intensity
of 950 W/m?. This peak temperature value is over 20°C lower than that of the PV system

without PCM. In another study, Atkin and Farid [64] developed a novel design of PV-PCM
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consisting of a PCM infused graphite with external fins to improve heat sink at the rear
side of the module. It was shown that the overall efficiency can be increased by 13% using
this thermal regulation system. Ma et al. [65] noted that the PV—PCM system can be
extremely feasible from the economical side if integrated with a solar thermal system that
can absorb the excess heat from the PVV-PCM panels and discharge the stored heat in PCMs
to provide building heat services.

1.3.6. Electronics. Thermal management using PCM based cooling systems
provide a unique solution for electrical devices and ships that do not operate for long
continues periods. Such PCM based cooling systems can maintain the temperature of
electronics and prevent overheating [66, 67].

Kandasamy et al. [66] studied the performance of a PCM thermal management
system for cooling portable electronic devices. A PCM package was designed to meet the
heat dissipation and size requirements of the device. Yin et al. [68] analyzed the thermal
management and performance of composite PCM in a passive electronic cooling system.
The system insured a greater reliability against the thermal shock of high heat flux. The
heat transfer coefficient in this system was found to be 3 times greater than those cooling
systems without PCM. In another work, Tan et al. [69] studied a PCM based heat storage
unit for the cooling of mobile electronic devices. The PCM-based system maintained the
temperature of chips within a moderate temperature range for 2 hours of transient
operation. The configurations allowed the electronics to operate at a high-power dissipation

for a longer period time.
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1.3.7. Other Applications. Phase change materials are found to have large
number of applications and variety of possible technical solutions. For example, special
bandages and textiles equipped with PCMs for heating/cooling medical therapy [70]. Lv et
al. [71] presented a thermal protection system during cryosurgery. A micro-encapsulated
PCMs delivered to the tissue by injection were used to protect the healthy tissues near the
cancerous tumor from thermal injury. Wang et al. [72] developed a bio-sensing technique
using thermal probes of RNA aptamer-functionalized nanoparticles of PCMs to detect
thrombin with high sensitivity. The PCM thermal probe absorbs heat and results in a sharp
thermal signal during the temperature scan to determine the existence and amount of
thrombin based on the position and area of the peaks.

Phase change materials are also proposed for textile and thermal cooling vest used
by athletes to reduce the risk of dehydration and fatigues by controlling the body
temperature [73]. PCMs were filled in a special glass windows [74]. The PCM-filled
windows are more thermally effective than air filled windows and 