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Abstract

Abstract

The limitations of traditional energy sources, as well as the increasing demand for energy, push
scientists to lower the energy demand of engineering systems and to search for clean energy sources.
Latent heat thermal energy storage systems are emerging as one solution for reducing energy demand.
These systems use phase change materials to store and release heat when needed, taking advantage of
the latent heat of the materials. They aid in lowering the energy demand by distributing the energy load
throughout the day. However, these systems still have several issues, one of which is supercooling, which
occurs when the PCM remains liquid rather than solidifying. This natural phenomenon prevents the
release of latent heat. The present work first provides a review of the supercooling phenomenon, listing
its benefits and drawbacks depending on the application. The challenges encountered during the
modeling of supercooling and the solutions employed by various authors are also discussed. The review
serves as the foundation for achieving the goal of this work, which is to build a numerical model that
accounts for supercooling during cooling.

The proposed model uses an in-lab existing enthalpy-porosity model that accounts for natural
convection during melting. The latter model is adjusted and modified to include supercooling, mainly by
adding a heat source term that represents the latent heat release. The model is then validated through a
series of experiments. The experiments are carried out in accordance with the factors identified in the
review as having the greatest impact on supercooling. They include several PCM types, namely an organic
PCM (octadecane), a eutectic PCM, and an inorganic PCM (sodium acetate trihydrate). They also use
various PCM container geometry and cooling rates. The results demonstrate the effect of the container’s
volume, surface roughness and thermal insulation, PCM type, cooling rate, and mechanical shocks on the
supercooling degree. The experiments also investigate the impact of natural convection on the melting
and solidification processes. The obtained results may provide benchmark experimental data for
numerical models of phase change. Finally, the validated model is used to investigate the effect of
supercooling in thermal engineering systems. The first application is a hot water tank, in which the PCM
is charged with thermal energy during off-peak hours and discharges when the water temperature drops.
The second application is a PCM-integrated free heating system in a residential building. It is discovered
that the presence of supercooling has a significant effect on the system’s performance, which is
represented by the transient temperature of the water and the air, respectively for each application. The
final temperature reached is lower when supercooling is present.

Keywords: Thermal energy storage; Phase change material; Supercooling; Experiment; Numerical model



Résumé

Résumé

Les limites connues des sources d'énergie traditionnelles, ainsi que la demande croissante en énergie,
poussent les scientifiques a réduire la demande énergétique des systemes techniques et a rechercher des
sources d'énergie propres. Les systemes de stockage de chaleur latente apparaissent comme une solution
pour réduire cette demande énergétique. Ces systéemes utilisent des matériaux a changement de phase
(MCP) pour stocker et libérer la chaleur en cas de besoin, en tirant parti de la chaleur latente des
matériaux. lls contribuent a réduire la demande d'énergie en répartissant la charge énergétique tout au
long de la journée. Cependant, ces systémes présentent encore un certain nombre de problémes, comme
la surfusion, qui se produit lorsque le MCP reste liquide plutét que de se solidifier. Ce phénomeéne naturel
empéche le dégagement de chaleur latente lors du changement de phase. Ce travail de thése présente
d'abord un état des lieux du phénoméne de surfusion, en listant ses avantages et ses inconvénients selon
I"application. Les défis rencontrés lors de la modélisation de la surfusion et les solutions employées par
divers auteurs sont également discutés. Cette revue de littérature scientifique sert de base pour atteindre
I'objectif du travail, qui est de construire un modele numérique tenant compte de la surfusion pendant le
refroidissement du MCP.

Le modele proposé utilise un modele d'enthalpie-porosité développé au laboratoire qui tient compte
de la convection naturelle pendant la fusion. Ce dernier modeéle est ajusté et modifié pour inclure la
surfusion, principalement en ajoutant un terme de source de chaleur qui représente le dégagement de
chaleur latente. Le modéle est ensuite validé par une série d'expériences. Ces derniéres sont réalisées en
fonction des facteurs identifiés dans I’état de I’'art comme ayant le plus grand impact sur la surfusion. Elles
incluent plusieurs types de MCP, a savoir un MCP organique (octadécane), un MCP eutectique et un MCP
inorganique (acétate de sodium trihydraté). Les expériences utilisent également diverses géométries de
réservoirs et différentes vitesses de refroidissement du MCP. Les résultats démontrent |'effet du volume
du récipient, de sa rugosité de surface, de l'isolation thermique, du type de MCP employé, de la vitesse
de refroidissement et des chocs mécaniques sur le degré de surfusion. Les expériences étudient
également l'impact de la convection naturelle sur les processus de fusion et de solidification. Les résultats
obtenus peuvent fournir des données expérimentales de référence pour les modeles numériques de
changement de phase. Enfin, le modele validé est utilisé pour étudier I'effet de la surfusion dans les
systemes de génie thermique. La premiére application est un ballon d'eau chaude, dans lequel le MCP est
chargé en énergie thermique pendant les heures creuses et se décharge lorsque la température de l'eau
baisse. La deuxieme application est un systéme de chauffage a MCP intégré dans un batiment résidentiel.
On découvre que la présence de surfusion a un effet significatif sur les performances des systemes, qui
est représenté par les réponses transitoires de la température de I'eau et de I'air, respectivement pour
chaque application. La température finale atteinte est plus faible lorsque la surfusion est présente.

Mots clés : Stockage d'énergie thermique ; matériau a changement de phase ; surfusion ; Expérience ;
Modele numérique
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Context of the thesis

One of the foundations of human activities is energy. With the rising demand for energy and limited
resources, achieving energy efficiency and developing new clean energy sources has become critical. One
of the strategies employed is using phase change materials (PCM) based thermal energy storage systems.
PCM can be utilized to improve the operation of thermal energy storage systems by lowering energy loads
and moving peak demand hours. Consecutive solidification and melting of the materials adds or removes
a considerable amount of energy to the systems, represented by the material's latent heat. PCM has been
used in a wide range of applications such as renewable energy [1], building energy savings [2], heat pumps
[3], electronic temperature management [4], food and biomaterial preservation [5], and the automotive
industry [6] (conventional and electric).

These materials, however, continue to face a variety of hurdles posed by their thermophysical
characteristics and thermal behavior, such as the low thermal conductivity of most organic and eutectic
PCM, the PCM degradation due to consecutive heating and cooling cycles, phase segregation, chemical
stability, and their hysteresis upon melting and solidification and supercooling. In this study, we are
interested in supercooling, a natural phenomenon in which the material remains liquid at temperatures
lower than the solidification temperature. This broad description allows this phenomenon to manifest in
a variety of everyday applications. The behavior of a material in a supercooled state is determined by a
variety of factors, including the material's properties and the surrounding applied conditions. The
arbitrary presence of supercooling is a disadvantage, but if thoroughly investigated, it can be avoided in
applications such as latent heat thermal energy storage systems where the prevention of latent heat
release reduces the system’s performance, or promoted in applications such as the preservation process
of food, drugs, and organs for transplantation where it may be wanted.

Several studies have been done on the behavior of a material in a supercooled state and the influencing
factors on the degree of supercooling. These factors can be divided into three categories as follows:

e Thethermophysical properties of the material: thermal conductivity, heat capacity, density, purity
of material, type (organic, inorganic, eutectic), and thermal history.

e The container: insulation, thermal conductivity, thickness, surface roughness, shape, and volume.

e The applied conditions: cooling rate, mechanical and electric shocks.

Thesis question and methodology

The direct impact of supercooling on the performance and efficiency of a system requires a good
representation in the numerical models. Several computational fluid dynamics codes exist to represent
the melting and solidification of a PCM in the presence of natural convection. Such an in-lab,
experimentally validated code can be found at the Institut Pascal. So far, most numerical models of
supercooling are one-dimensional, with very few attempts reporting 2D and 3D modeling. Therefore, the
goals of the present thesis are twofold:

e Design and validate experimentally a multidimensional CFD model of PCM melting and
solidification that includes natural convection and supercooling. The model should reproduce the
kinetics, flow, and temperature fields of the PCM, according to the above-mentioned parameters
that affect its behavior.

e Investigate the impact of supercooling on latent heat thermal energy storage systems.
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To achieve these goals, several steps have to be followed. Firstly, it is necessary to clearly understand
the supercooling phenomenon, especially the significant factors that directly affect the degree of
supercooling. Including only the important factors in the numerical model may reduce its complexity by
finding a simple and accurate manner to represent them. Some of the main challenges encountered
during modeling are summarized as follows:

e The degree of supercooling depends on the before mentioned affecting factors.

e Theincrease in temperature due to latent heat release. When solidification is initiated, latent heat
is released and the temperature of the PCM increases.

e Thereduction of latent heat during solidification, since a part of the latent heat is used to increase
the temperature of the PCM

Secondly, the numerical model must be validated using experimental results. There are numerous
experimental results in the literature; however, they lack detailed information on the used PCMs and
container characteristics or exact data on the boundary and initial conditions. As a result, an in-house
experimental setup is needed. By holding all other parameters constant, the effect of each factor on
supercooling may be studied individually.

After the model has been validated, it can be used to study the performance of a system in real-world
applications. The presence of supercooling in a latent heat thermal energy storage system is numerically
investigated in two applications. The first one is a hot water tank, which encloses a PCM. The water is
heated during the day with solar panels and heated at night with the PCM. The second application is a
residential building ventilation system with a PCM in the pipework. The PCM is heated by ambient hot air
during the day and releases this heat to the cold air passing through the pipes at night. The effect of
supercooling is investigated by comparing the temperature curves of water or air in the two systems with
and without supercooling.

Plan of the manuscript
The thesis work is presented in four chapters in the manuscript, which are as follows:
Chapter 1: State of art on the supercooling phenomenon.

The first section introduces the supercooling phenomenon and the applications in which it may occur.
It describes the impact of its presence on the behavior of the PCM and the system that contains the PCM.
The second section discusses the major factors influencing this phenomenon. A series of experiments
conducted by several authors examine the impact of each factor. The next section summarizes the
difficulties encountered while modeling supercooling. The dependence of supercooling on several factors
complicates the determination of the supercooling degree, crystallization phase, and solidification
process. The solutions used by various authors to overcome these challenges are discussed. Fourth, a set
of recent models that incorporate supercooling during the cooling process are presented. Finally, this
review emphasizes the work that needs to be done and positions the work of this thesis. It identifies the
critical points to be investigated as well as the key parameters to be considered during the modeling and
experimental processes.

Chapter 2: A CFD model of solid-liquid phase change with natural convection and supercooling.

The numerical model is detailed in this chapter. First, the modeling challenges discussed in the first
chapter are redefined, and a solution for each is found. Second, these solutions are added to an existing
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model that has already been validated for natural convection during heating. Finally, the physical model
is presented, and the numerical scheme used is described in detail. This chapter reports the first attempt
to incorporate natural convection and supercooling phenomena into a model using this method.

Chapter 3: Experimental benchmark on solid-liquid phase change in the presence of supercooling and
natural convection.

Following the construction of the numerical model, accurate experimental results with precise initial
and boundary conditions, physical model dimensions, and material properties are required. As a result, a
benchmark experiment is constructed using three different PCMs with different melting temperatures
and thermophysical properties. The first PCM chosen is octadecane, an organic PCM with a melting
temperature T,,, = 28°C; the second is a eutectic PCM with a melting temperature T,,, = 21.5°C; and the
third is sodium acetate trihydrate (SAT), an inorganic salt hydrate with a melting temperature T,,, = 58°C.
According to Chapter 1, the major factors that influence the degree of supercooling are the cooling rate,
PCM volume, container surface roughness, PCM purity, and mechanical shocks. The effect of the
aforementioned factors on the degree of supercooling is investigated using two different PCM containers.
The first is small scale in a test tube, and the second is large scale in a cuboid-shaped container.

Chapter 4: Validation of the numerical model and applications.

This chapter is split into two parts. The physical model is represented in the first section by assigning
the used boundary and initial conditions, and the values of the materials' properties. The numerical results
obtained are compared and validated against the experimental results obtained in Chapter 3. The model's
limitations and required improvements are then identified. The second part studies and numerically
examines two applications of thermal energy storage systems using phase change materials in the
presence and absence of supercooling. The first is a hot water storage tank, while the second is a
residential heating ventilation system. This numerical study then investigates the effect of the presence
of supercooling.

The manuscript ends with a "General Conclusions and Perspectives" section that summarizes the main
findings and proposes a few perspectives for the work.

This research work was funded by the Conseil départemental de I’Allier. It is an international joint
research project of the University Clermont Auvergne (UCA), France, and the Lebanese University (LU),
Lebanon, under the supervision of Professor Pascal Henry Biwole (UCA), Professor Farouk Fardoun (LU),
and Associate Professor Fabienne Pennec (UCA).
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Presentation of the chapter

With the growing public awareness of the environmental vulnerability of our planet and the recent
issue, in many countries, of stricter regulations in terms of carbon emissions and energy consumption, it
has seemed to us important to establish a state of the art regarding the supercooling phenomenon in
phase change materials (PCM). Depending on the application, supercooling can be either an advantage or
a disadvantage. PCM can be used in thermal storage systems to enhance their performance by decreasing
the demand on energy supply and shifting the peak hour demand. This is done by the alternating
solidification and melting processes that serve in the release and absorption of latent heat. Supercooling
negatively affects the performance of such system by delaying or preventing solidification. On the other
hand, supercooling can be beneficial in the sectors of preservation and survival of plants. This chapter first
presents a comprehensive review of the daily applications where this phenomenon can appear. Then, a
detailed analysis of the effect of different factors on the degree of supercooling is done. It was found that
there is still a lack of information regarding the correlation between the different factors. Afterward, a
detailed explanation of the challenges encountering researchers when modeling supercooling is done,
followed by a set of models showing the different methods to overcome the challenges. A final discussion
on needed future works is provided. The chapter ends by stating the positioning of the present work
relative to the state of the art.

Nomenclature
ay, aq,a, Constants T Temperature, K
Bi Biot number, - At Time step, s
CR Cooling rate, ° C/min T, Average value of nucleation and solidification
. , K

Gy Heat capacity, J /K temperatures
d The molecular diameter, m ATam Melting point depression, K

o s . T, Coolant temperature, K
Fory Crystallization probability function, - ¢ P
Fo Fourier number. - T4 Density change temperature, K
f Crystallization factor Tg Equilibrium melting point temperature, K

[ -

. . . t D i f simulation,

f Nucleation barrier reduction factor, - end uration of simulation, s
T Freezi K
fsuper Phase supercooling indicator, - ! reezing temperature,
H Latent heat, J /kg AT}, Degree of overheating, K
h Planck’s constant. - T,w Capsule’s internal wall temperature, K
! T. e
Ah latentheat X molecularweight ‘ Initial temperature, K
Avogadro'snumber

I Homogeneous nucleation rate T Melting temperature, K
L, Nucleation factor T, Nucleation temperature, K
k Boltzmann constant, - T Solidification temperature, K
K; Arbitrary constant, - AT Degree of supercooling, K
K, Fitting parameter, K ~2 ts Duration of supercooling, K
K3 Calibration parameter, - u Internal energy, |
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L Length, m v(T)
Lagj Number of solid crystals in the adjacent w
segments, -

L¢ Molar heat of fusion, J/mol Ax
N Number of atoms of a system, - X;
n Total number of measurements, - B
P(T) Nucleation probability function, - A

Q Heat source, kW p

R Molar gas constant, J/(mol.K) a
R Surface roughness, um 0

q Activation energy, kJ /mol Y
SF Solidified fraction, - AGy,
o Surface tension, N/m a

Solidification rate, m/s

Normal surface velocity of the freezing front,
m/s

Size of the cell, m

The impurity fraction, -

State quantity, -

Thermal conductivity, W /(m.K)
Density, kg/m3

(water/PCM) convection coefficient, -
Solidification ratio, -
Surface tension, N.m™!

Free energy variation, J

Angle of notch, rad

1.1 Introduction

For a given phase change material, the melting temperature, T;,, is the theoretical temperature at
which the material changes its phase from solid to liquid and vice versa. For a pure PCM, phase change is
considered isothermal. In reality, for most PCM used in engineering applications, phase change occurs in
a range of temperature around the melting temperature, as shown in Figure 1.1.

Temperature (°C)

=== |deal PCMS (Isothermal)
Actual PCMS (Mon-isothermal)

Heat absorbed (kl/kg)

Figure 1.1 Temperature variation and phase change as a function of absorbed heat. The pink horizontal
lines represent the actual phase change range. The blue line curve represents the actual temperature
curve, whereas the black dotted curve represents the theoretical melting temperature [7]

A material remaining in liquid state at a temperature below its melting temperature is referred to a
phenomenon known as supercooling, subcooling or undercooling. During supercooling, the material is in
metastable state and plenty of factors can trigger solidification. Indeed, the initiation of solidification
requires a solid particle referred to as a nucleus, which may be too small and even not present at the
liquid state. This nucleus is formed and grows by the solidification of the liquid on the solid surface. In this
case, the liquid releases its heat to reach minimum energy. The heat release and solid formation depend

7
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on the radius r of the nucleus. The released heat is the function of the volume (proportional to r?) while
the solid formation depends on the surface area of the nucleus (proportional to r?). An energetic barrier
is formed for small values of r, which means that the gained surface energy is larger than the heat released
by solidification [8]. Liquids enter the supercooled state when energy release from the nucleus necessary
to form the solid-liquid interface is not sufficient [9]. In this case, solidification is prevented and the liquid
enters into the supercooling state. Solidification initiates when the radius of the nucleus is sufficiently
large. The initiation of solidification results in the release of the latent heat, which causes a temperature
rise within the material. If the energy contained in the liquid is sufficient, the temperature of the liquid
will increase to its melting temperature as shown in Figure 1.2. The degree of supercooling is the
difference between the theoretical melting temperature and the lowest temperature reached by the
liquid phase, called the nucleation temperature hereafter denoted as T;,.

Depending on the given application, supercooling can be either useful or destructive. However,
treating this phenomenon requires a good knowledge of its behavior under different conditions. If
supercooling is desired, a set of actions can be taken to increase the degree of supercooling and insure no
solidification in the operating range below the melting temperature. For example, in applications of
preservation, it is suitable avoid solidification while maintaining low temperatures. In this case,
supercooling allows decreasing the quantity of energy needed to reach such temperatures, which is
represented by the latent heat of solidification. However, if supercooling is not desired like in latent heat
thermal energy storage systems, some parameters should be modified in a way to eliminate or decrease
as much as possible the degree of supercooling. The importance of this phenomenon is reflected by the
increasing number of articles, conferences and patents containing supercooling in their titles and
abstracts, throughout the last decades. Based on Google scholar data, Figure 1.3 illustrates this trend.

Temp.

Ig

m

Tn —(—

Time

Figure 1.2 Plot of liquid undergoing supercooling upon cooling [10]
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Figure 1.3 The increasing number of articles containing supercooling

Moreover, Figure 1.4 shows a statistical study done on a sample of 130 papers published in the year
2020 including the supercooling phenomenon. Those papers can be either a review paper, presenting a
new numerical model, showing the current difficulty to address supercooling by numerical methods.

REVIEW PAPER

NUMERICAL MODELLING

EXPERIMENTAL

0 20 40 60 80 100

Figure 1.4 Investigation of type of publications of the year 2020 from a sample of 130 articles

Existing reviews focus on one specific application such as food preservation [5], [11], [12], TES systems
[13] or on very specific materials [14]—-[16]. Such reviews only consider methods to reduce supercooling
[17]-[20] or to increase supercooling, depending on the application, without presenting both aspects. In
the same way, most existing review focus either on experimental methods or on numerical modeling
methods to deal with supercooling, with almost no paper discussing both. Only two recent reviews [21],
[22] discussed both aspects but limited the study to man-engineered PCMs only, without considering
supercooling in nature and preservation processes. Therefore, there is still a need for a foundational
comprehensive review on all aspects of supercooling, cataloging and discussing its main occurrences in
nature and human processes, the experimental methods to increases or decrease its occurrence
depending on the application, and the existing numerical models. The present chapter aims at filling this

gap.
First, an overall introduction to supercooling is conducted through its occurrence in nature or daily
applications such as food preservation and thermal energy storage systems. The importance of

considering this phenomenon in experimental and research works is explained by presenting its direct
effects on the applications’ performance and efficiency. In the second part, the chapter details the most
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important factors having an effect on the degree of supercooling. According to the application, if these
factors are well treated, the degree of supercooling can be increased, decreased or even eliminated at
low cost using simple techniques. When trying to include supercooling in the numerical models, a set of
challenges arises due to the metastable state of the material. The third section presents these challenges,
along with the adapted solutions. The most recent models for supercooling, their methodology, the used
mathematical equations and the taken assumptions are discussed. Then, the numerical results obtained
by several researchers are compared and the gaps in the models are presented. At last, clear guidelines
are provided for the optimal experimental design or numerical modeling of applications in the presence
of supercooling and the required future works are discussed.

1.2 Supercooling in nature and human applications

Supercooling is a natural phenomenon that depends on the surrounding circumstances, the liquid’s
properties and its response to different applied conditions. This variety of factors of supercooling
presence causes this phenomenon to appear in various applications such as in plants, living creatures,
food preservation and thermal storage systems using phase change materials.

1.2.1 Animals, plants and specimen organs

In nature and especially in freezing climate zones, the living creatures have three main options: they
can either migrate to a warmer land, die freezing or survive by supercooling. Supercooling exists among
plants and animals living in a very cold freezing climate in order to prevent these living creatures from
dying due to the solidification of their body water content, body cells and blood. Some examples of
animals are: Nematodes, insects that were found alive at a temperature of -80°C in Antarctica; Vallonia
perspectiva, a small land snail [23]; Hippodamia convergens, a lady bird beetle; the larvae of goldenrod
fly that were found alive at a temperature of -9°C and Chrysemys picta, a north american turtle that faces
ice and freeze [24]. In addition, arctic fishes were found alive at a temperature of -1~-3°C [25].

Similarly, plants tissues can be damaged due to freezing of the water content inside the plant,
especially the xylem tissues that are responsible of water and nutrients transport to several parts of a
plant such as leaves [26]. The experiment carried by Hacker et al. [27] on a cushion of Saxifraga caesia at
bud stage and Saxifraga moschata during anthesis shows that the solidification of supercooled
inflorescences occurs when reaching the minimum temperature and that 77% of caesia buds and 44% of
moschata flowers solidified, causing lethal damage. However, the unfrozen inflorescences survived.
Depending on the time spent in supercooling state and the temperature reached, Figure 1.5 shows in gray
circles and black diamonds the number of solidification cases for caesia and moschata respectively.
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Figure 1.5 (A) Plot showing the percentage of frozen S. caesia and S. moschata with respect to
temperature and time, (B) Captured photo of the experiment showing the impact of supercooling [27]

The preservation of mammalian body parts specimens is essential. It aims to have available cells,
organs or tissues maintained at certain standards. In the presence of oxygen, the body is able to create
energy by the degradation of aminoacids, carbohydrates, proteins and fats by aerobic metabolism
process. According to Sicular et al. [28], for every 10°C of temperature decrease, the metabolism activity
decreases by a factor of 1.5-2. Regarding the body temperature, preserving the organs at 4°C decreases
the metabolism to 1/10, whereas the preservation at -4°C decreases it to 1/17. Monzen et al. [29]
performed an experimental study on the preservation of rats’ heart, liver and kidney in supercooled state,
that is attained by an energized chamber using electric pressure. Preserving in supercooling state shows
promising results, whereas cell and tissue damages are detected in the organs preserved at ordinary 4°C
conditions. Moreover, the use of an electric field to attain supercooling state did not leave any trace or
evidence of damage even when increased to 1000V. It is important to attain stable supercooling state to
ensure that no solidification will take place which leads to organs damage. There are several techniques
used to reach the stable state, one of which is adding antifreeze agents. However, the agents used in the
experiment of Rubinsky et al. [30] left traces in the organs that caused inevitable damages. This technique
of preservation is essential because it extends the storage life of the specimens, especially from human
donners.

1.2.2 Food preservation

Supercooling is considered very helpful in food preservation when knowing that a material undergoing
supercooling does not release its latent heat because it remains in liquid state. Therefore, preserving food,
at a given temperature, in supercooled state rather than solid state, will require less energy. In addition
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to economical savings, other benefits can be found. The growth of bacteria decreases with decreasing
temperature, so preserving food in supercooled state keeps it fresh for a longer period with a high quality
since the formation of ice ruins the food structure and properties. This technique leads to a decrease in
food waste and an increase in the lifetime of fresh food at a lower cost [5]. The studies are still new, but
they are promising in such fields as agricultural products [31], meat [32], [33] and fish [34], [35].

You et al. [36] conducted an experimental study on beefsteak, where the beef’s internal temperature
was held at a temperature of -4°C for 14 consecutive days using pulsed electric field and oscillating
magnetic field. Figure 1.6 shows the obtained samples after 14 days for samples preserved by refrigeration
(4°C), slow freezing (-10°C), fast freezing (-20°C) and fresh samples. By comparing these samples, no
significant color change is observed between fresh (Figure 1.6a), rapid freeze (Figure 1.6e) and
supercooled (Figure 1.6c) beef. Preserving by refrigeration (Figure 1.6b) shows an obvious change in color.
The drawback of slow freezing (Figure 1.6d) is destroying the meat cells by the slow formation of ice. The
slow formation of ice causes the ice to be formed as clusters that leads to drip loss, tenderization causing
protein denaturation. Using rapid freezing can decrease the lipid oxidation and cell damage. Lipid
oxidation causes a deterioration in the quality concerning the color, taste and nutritional value. However,
low heat transfer rates in large sized food prevents using rapid freezing, which sets the technique of using
supercooling in the scope of interest. Therefore, the quality of the beef represented by color, lipid
oxidation, drip loss and texture can be attained similar to fresh meat by supercooling with less risk.

Studies done on fish meat show that the meat preserved at a supercooling state has a firm structure
[37], [38], fresher, since at a refrigeration temperature, meat can be preserved for a few days only and
loses its firmness after that. Using standard refrigeration preserving conditions, the preservation of
chicken is less than one month. However, a chicken preserved at supercooling state can endure
preservation for months, which gives an extended margin for the merchant to distribute his products.
Similarly, the supercooled garlic at -6°C shows a higher quality, as shown in Figure 1.7, where the color
and structure of the cloves of garlic are better than those frozen at -30°C [39]. Similarly, Figure 1.8 shows
the effect of temperature and preservation technique on the garlic and shallot, where a severe structure
damage is clear in the freezing case [40].

c- . e.

Figure 1.6 Images of a) fresh beefsteak compared to beefsteak samples preserved for 14 days by b)
refrigeration, c) supercooling, d) slow freezing and e) rapid freezing [36]
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Figure 1.7 Garlic preserved unpeeled for one week a) supercooled at -6°C and b) frozen at -30°C [39]

Figure 1.8 Snapshots of a) garlic and b) shallot after being preserved unpeeled for a week at ambient
temperature, chilled temperature 1.1°C, -6°C supercooled temperature and -30°C freezing temperature
from left to right respectively [40]

James et al. [40], performed a series of experiments on vegetables and fruits. Table 1.1 summarizes
the results, where the melting temperature is the temperature of phase change in case of no supercooling.
From the below table, two things can be observed. The first is the dependence of the degree of
supercooling on the type of sample, knowing that the supercooled material, water content, is the same.
The degree of supercooling and standard deviation vary indeed from one to another. The second thing is
the sensitivity of supercooling to any change. When performing an experiment on a given vegetable or
fruit, efforts are done to take identical samples and apply similar external conditions. However, the degree
of supercooling for some samples have a wide range and high standard deviation (sd).

As presented above, supercooling is beneficial for food preservation. A good knowledge of
supercooling behavior helps applying the suitable techniques needed to obtain a narrow range of
supercooling degree and low standard deviation with an optimal cost and better quality.
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Table 1.1 Supercooling experimental results performed on vegetables and fruits [40]

Average melting Degree of supercooling
temperature (°C) Number of samples
Sample and standard (s—upercoowd)
< Total Min Max Avg (sd)
deviation
Broccoli -2.1(0.3) 9/10 0.4 7.7 2.5(2.3)
Carrot -1.6 (0.6) 9/10 0.4 2.6 1.1(0.7)
Cauliflower -1.5(0.3) 7/10 0.6 6.9 3.8(2.6)
Garlic -2.7(0.3) 15/15 4.9 12 10.3 (1.6)
Leek -1.9(0.3) 9/10 0.6 2.3 1.6 (0.6)
Parsnip -2.2(0.2) 4/10 0.4 0.9 0.7 (0.2)
Shallot -1.6 (0.2) 10/10 1.1 4.7 3.3(1.3)

1.2.3 Thermal storage systems

Energy is the main demand for humans to fulfill their activities. The global energy demand is constantly
increasing, with the increase in living standards and the growth of the economy and human population.
The limited amount of traditional energy sources, such as coal and fuel, prompts the search for other
clean, inexpensive and unabated energy sources. The renewable energies are often intermittent and
therefore need to be stored. Phase change materials (PCM) have drawn attention due to their importance
in applications of thermal energy storage. PCM are promising materials that store energy in a relatively
small volume of material. PCM store thermal energy by changing phase and taking advantage of their high
latent heat. PCM in wallboards or HVAC systems serves in increasing the thermal comfort in the building
by shifting the hour of peak load demand, decreasing this peak, reducing the sharp variation of daily
energy demand and enhancing the building’s thermal and energy behavior. In addition to that, using
transparent PCM can serve in providing natural day light that also interferes in energy saving and adding
comfort to the building. PCM can also act as a temperature regulator and heat sinks by delaying the rise
in temperature of various electronic systems such as photovoltaic panels [41], [42]. Figure 1.9 shows the
behavior of a PCM during heating and cooling, where making use of the big amount of latent heat serves
to make PCM supplementary and even alternative to traditional cooling systems.

For that reason, PCM are precisely chosen according to their melting temperature to obtain the
maximum efficiency of the thermal energy storage system in which they are integrated. One of the
challenges facing the success of solid-liquid PCM systems is the supercooling phenomenon. The PCM
remains liquid rather than solidifying, which prevents the system from benefiting of the latent heat. For
such systems, researchers pay great attention to supercooling because of the direct negative impact on
the efficiency, which may cause a damage and a fail in serving their purpose. Jin et al. [7] performed an
experiment to study the supercooling degree of sodium acetate trihydrate (SAT). Three different cases
were studied. The first starts the cooling process when the SAT is in solid state. In this case, no latent heat
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is released because there is no phase change and no supercooling. The second starts the cooling process
when the SAT is in a partially melted state. In this case, the released latent heat and the degree of
supercooling are relatively small. The third starts the cooling process when the SAT is in liquid state. Here,
the liquid remains in supercooled state and latent heat is not released. The main challenging problem is
that the degree of supercooling depends on several factors and differs from one fluid to another. There is
no general methodology to obtain a specific degree of supercooling for each material. Therefore,
experiments are conducted to study the effect of each factor separately. By the help of such experiments,
a number of the used PCM have a well-known range of supercooling degree. In addition to the
experiments, efforts are done to establish numerical models simulating the PCM behavior under
supercooling. The following paragraphs discuss the details of supercooling in PCM.
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Figure 1.9 Schematic drawing representing a PCM during absorption and release of heat [43]
1.3 Effects of supercooling on PCM behavior

When choosing a PCM to include in a heating/cooling system, the main parameters taken into
consideration are the melting temperature T, and the latent heat H. The melting temperature has to be
chosen close to the desired operating temperature or within the thermal comfort temperature range.
Supercooling may be catastrophic to the PCM system efficiency. For example, in buildings, solidification
mainly takes place naturally at night during a limited time. If the PCM undergoes supercooling instead of
solidification, it will not be able to discharge the stored thermal energy. Therefore, the main goal of the
presence of the PCM is not achieved during the day, leading to a system failure. Schranzhofer et al. [44]
highlighted this problem by using a validated TRNSYS model, where they compared a brick wall layer with
a PCM wall layer. The simulations highlight reduced temperature peaks with the use of PCM plaster since
the latent heat plays an important role in shifting and decreasing the peak load. However, in the case of
solidification prevention at night due to supercooling, the PCM remains liquid. In this case, the liquid PCM
has a similar performance to that of the brick wall.
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The following sections present a set of recent experimental and numerical results showing the effect
of supercooling on the PCM behavior. The effect of supercooling degree on the temperature distribution,
crystallization and quantity of released latent heat is outlined.

1.3.1

Different behaviors during cooling

Five typical cooling curves for water are presented in Figure 1.10, where T;, Ty;, T¢, T, and T, are the

initial, density change, freezing, nucleation and coolant temperatures respectively. Five steps of PCM
cooling process are displayed: (a): phase of release of sensible heat from liquid water and density changes
until reaching freezing temperature; (b): metastable state of supercooled liquid; (c): process of dendritic
ice formation and temperature increase; (d): release of latent heat and solid formation; (e): cooling of
solid water where temperature decreases by sensible heat release [45].

1.

In Figure 1.10-1, water freezes without any presence of supercooling. Upon cooling, the
temperature of water decreases by releasing its sensible heat until reaching T, after which the
latent heat is released and phase change takes place. After releasing all latent heat, the solid water
starts to cool down by releasing sensible heat. Since no supercooling takes place, dendritic ice is
absent and crystalline ice is formed.

In Figure 1.10-2, the above five steps (a) B (e) take place, dendritic ice is formed during step (c)
once T, is reached. The temperature increases until it reaches T, and this is done by the release
of the latent heat from the dendritic ice and its absorption by the supercooled liquid.

Figure 1.10-3 shows the case of water with low level of energy, which causes the freezing to take
place immediately once Ty is reached.

Figure 1.10-4 shows a case similar to the case in Figure 1.10-3. However, the energy is low in a way
that all the latent heat of the crystallized portion is released at a temperature lower than Ty and
the latent heat is insufficient to raise the temperature to Ty.

. In Figure 1.10-5, water stays in supercooled state and no phase change takes place. In this case,

water stays in process (b) for an undetermined period. This can be due to a value of T, higher than
Ty, and close to Ty ; or to a capsule material having low thermal conductivity, which fosters a higher
degree of supercooling.
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Figure 1.10 Process of 1) freezing with no supercooling, 2) instantaneous freezing with supercooling, 3)
freezing with supercooling where all latent heat released to reach Ty, 4) freezing with hyper-cooling and
5) permanent supercooling with no process of freezing [45]

1.3.2 PCM performance

When choosing a PCM, its phase change temperature should be close to the comfort temperature or
the desired functioning temperature of an apparatus, and the latent heat of fusion per unit volume should
be high. The advantage of latent heat over sensible heat is the larger heat storage capacity with the same
mass of material. However when solidification initiates in the presence of supercooling, the liquid PCM
absorbs part of this latent heat to increase its temperature from the nucleation temperature up to the
melting temperature T,,, as shown in Figure 1.10. The higher the degree of supercooling, the lower the
amount of latent heat that is released at the actual phase change temperature. When comparing with a
case not suffering supercooling, this consumed portion is equal to ¢, ; AT, where ¢, ; is the liquid phase
heat capacity and AT is the degree of supercooling. If AT increases, more energy is needed to rise the
temperature to the melting temperature, which may cause a lack of useful energy needed during phase
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change. When solidification initiates, the temperature of the supercooled liquid increases sharply at a
constant enthalpy. According to the experiments held by Sandnes et al. [46], this increase can be easily
highlighted from enthalpy plots. They measured enthalpy-temperature curves for disodium hydrogen
phosphate dodecahydrate, sodium acetate trihydrate and STL-47 that are well-known supercooling salt
hydrates and found that the nucleation temperature decreases as the supercooling degree AT increases.
This decrease of nucleation temperature causes a delay in the onset of crystallization, which is shown in
the studies done by Hu et al. [47]. The one-dimensional mathematical heat transfer model of a PCM s
initially set at the same temperature before decreasing the temperature of the left side. For different
degrees of supercooling, Figure 1.11a shows the temperature distribution of the domain at a given instant,
and Figure 1.12 shows the temperature variation at a given node. The temperature at the same location
decreases with the increase of supercooling degree, because the initially liqguid PCM, experiencing
supercooling, releases sensible heat upon cooling, resulting in a temperature drop, while the other
releases its latent heat and maintains a constant temperature. Moreover, as shown in Figure 1.11b, the
heat flux variation depends on the PCM state and temperature. A PCM undergoing phase change has
approximately equal temperature through all the sample. As a result, the maximum value reached
increases before phase transition with the increase of supercooling degree; while during the whole
process of solidification, it decreases [47].

d b —a— No supercooling —@— supercooling 1 —A— supercooling 2
( ) ,.}Luﬂﬂ!! 1!,2' ' ( ) v supercooling5 —#— supercooling 10 —«— supercooling 15
o211 vV Iy 160 A
e vV _ et i
Y *» & | R
25t v A Y
v N 140 A
v’ N "
P ’ ol | '*'H
£ 4 al M
St ' .
o v —=— No supercooling ¢ »:
- ‘,.( *— supercooling 1 ! 94
i —a— supercooling 2 y P
g A« v supercooling 5 »
o0t ¥ supercooling 10 o
- : ¥ p
super-cooling 15
"t—q,
5t s N 044'*4-44—4!‘

O A A " A A 1 1 1
000 005 010 0145 020 025 030 10 15 20
X (m) Time (hour)

Figure 1.11 Plots showing the variation of the (a) temperature after 20 hours, (b) heat flux at a specific
PCM node as a function of time under different degrees of supercooling [47]
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Figure 1.12 Temperature variation as a function of time for different degrees of supercooling at the same
node having abscissa a) L/10, b) L/5, with t1=30°C, t2=0°C and a phase transition temperature range of
26-28°C [47]

Another effect of supercooling on the PCM is increasing the time required to discharge the stored heat.
This phenomenon is due to the small temperature difference between the cold temperature applied at
the heat exchange surface and the nucleation temperature T,, causing the PCM to approach the
exchanger’s temperature by sensible heat extraction. If T,,is lower than the exchanger temperature, the
PCM fails to change phase, which means that the latent heat will not be extracted. The small temperature
gradient just before reaching T,, causes a slow heat extraction. Using a numerical parametric study,
Gunther et al. [48] reproduce qualitatively the main effects of supercooling in the PCM. The PCM is
connected on one side to a heat exchanger and on the other side to an insulating material. Another
supercooling effect is represented by the phase change plateau’s time span, which is the PCM buffering
effect. By plotting the material average temperature versus time, the latent heat can be detected by a
plateau of constant temperature. Increasing the degree of supercooling has several effects on the PCM
behavior. First, the length of the plateau during which the release of latent heat takes place decreases
meaning that less latent heat is released at T},,. In the case of severe degree of supercooling this plateau
vanishes. Second, the temperature rise due to latent heat release becomes sharper, which causes
problems in the performance of an application by releasing a sudden amount energy causing a sharp
temperature variation. Moreover, this behavior causes numerical problems in simulation. Third, the
instant of onset of solidification becomes late. Finally, the temperature of the PCM approaches the
temperature of the node of heat exchanger, which decreases heat transfer rate between the PCM and
the exchanger.

Even if the supercooling effect is inconspicuous, it does not mean its absence and it should be taken
into account in numeral modeling since it may have a major impact on the heat transfer rate [49]. As
shown above, the two main drawbacks of supercooling presence in heat storage systems are the shift in
the phase change temperature, the reduction of the amount of useful latent heat energy and even its
absence in some cases. Any loss in the latent heat is a loss of the useful heat and a decrease of the system’s
efficiency. The sudden and sharp increase of temperature due to latent heat release contradicts with the
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PCM goal to reduce sharp energy demand variation. This phenomenon, if not taken into consideration,
can cause severe effects on the PCM performance.

1.4 Factors affecting supercooling

Generally, the presence of chaotic and unexpected supercooling in an application is not recommended.
Handling and controlling this phenomenon requires a good knowledge of the factors responsible for its
presence. Precisely knowing the role of each factor and of the PCM behavior with their variations is
essential to understand the basis of supercooling control. Controlling supercooling can be either
increasing the degree of supercooling if its presence is desired, or decreasing it as much as possible if not.
In this section, a number of important factors that have a direct responsibility in changing the degree of
supercooling is presented.

1.4.1 Volume of the liquid

The dimensions of the PCM container have a direct influence on the degree of supercooling, where a
decrease in the sample’s volume generally increases the degree of supercooling. Figure 1.13 shows the
results obtained by Adachi et al. [50] of the experiments done on 99% pure Erythritol. The results reveal
that decreasing the PCM container’s volume from 16cm?® to 0.025cm? increases the degree of supercooling
of erythritol from 48K to 88K. As the volume of the container decreases, the solidification initiation shifts
toward the surface of the container. In this way, the influence of suspended impurities in the PCM on the
solidification initiation decreases compared to the influence of the container’s wall. Similarly, the
supercooling in metals is influenced by volume change, where a change from mm3to um3 scale may
increase the degree by a factor of 3 [51]. Dumas et al. [52] found an increase of the supercooling degree
in benzene from 19.5K to 71.5K when the volume decreased from 1cm? to few cubic micrometers. The
same influence is observed for organic bodies [52]. Lafargue et al. [53] found crystallizations at a
temperature of -40.5°C and -14°C for a water container of a few cubic micrometers and 10mm3
respectively.

Conversely, when the supercooling effect is required, the use of a single volume of high dimensions
should be avoided, especially in applications that seek longer-term storage. Indeed, such a volume has
many germination sites, which facilitates crystallization and risks releasing all of the stored energy as soon
as crystallization initiates. It then becomes necessary to compartmentalize the storage. Chen S.L. and Chen
C.L. [54] studied the probability of crystallization per sample. They found that with a larger size sample,
the probability of crystallization increases. The best solutions in this area remain the encapsulation or
emulsion processes, where the material is divided into microscopic portions serving in increasing the heat
exchange surface and improving heat exchange. Each capsule then has a reduced number of impurities,
which limits solidification and accentuates the degree of supercooling.

20



Chapter 1: State of art on the supercooling phenomenon

O Glass wall

X Solidification occurrence

(a) ¥'=0.025 cm’ (b) ¥=0.40 cm’ (¢) ¥'=16.0 cm’

Figure 1.13 The position of solidification initiation for three different volumes having a measured degree
of supercooling for the same PCM of a) 88°C, b) 58°C and c) 48°C [50]

When the mass of material is sufficiently low, a new phenomenon may appear, in particular during
imposed thermal cycles. Due to the low number of impurities, crystallization is not possible until reaching
a very low temperature corresponding to a very high degree of supercooling. However, the lower
temperature of the sample also increases its viscosity, until it evolves into an amorphous solid. It is then
necessary to wait until the material is heated again to allow the release of the stored energy. This
phenomenon is called cold crystallization. Nakano et al. [53] finds that at a cooling rate of 1K/min of
erythritol, the crystallization of 4.5g is possible at around 24°C while a mass of 3.5g remains supercooled
till -50°C and doesn’t crystallize until the temperature rises to -14°C approximately.

1.4.2 Rate of cooling

The rate of cooling directly affects the degree of supercooling on one hand, and the time spent in
supercooling state on the other hand. Taylor et al. [55] conducted an experiment on commercial hydrated
calcium chloride salts known as PC25 and PC29. As shown in Figure 1.14a, the degree of supercooling
increases with the increase of the cooling rate. The cooling rate corresponds to the slope of the curves in
Figure 1.14b before reaching the melting temperature and entering supercooling. So, as the bath
temperature decreases, the cooling rate increases and the degree of supercooling increases too. Figure
1.14b confirms the observation of Figure 1.14a, where an increase in the degree of supercooling is
observed for samples cooled with higher rates. It can be seen that the minimum temperature, reached
before the initiation of solidification, decreases as the cooling rate increases. The figure also shows that
the nucleation is delayed as the cooling rate decreases that is the PCM remains in supercooled state for a
longer period. For example, the crystallization of samples cooled by 0°C and 20°C baths, corresponding to
cooling rates of 166.3°C/min and 31°C/min respectively, is delayed for about 100s and 1400s respectively.
In other words, this figure shows that decreasing the cooling rate decreases the degree of supercooling
and delays nucleation initiation. This result is also observed in the experimental study done by Chen et al.
[56] on water inside horizontal cylinders. Moreover, holding the PCM at a lower temperature increases
the probability of solidification as shown in Figure 1.14b. This observation is also highlighted in the
experiments of Dannemand et al. [57] on 10 samples sodium acetate trihydrate, where 73% of the
containers remained supercooled at a degree of supercooling AT = 23K, while only 42% remained in
this metastable state at AT = 45K.
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Figure 1.14 Plots showing (a) the variation of degree of supercooling as a function of cooling rate, (b)
instantaneous temperature for PCM cooled in different bath temperatures [55]

The effect of coolant temperature and capsule’s material on the probability of nucleation of
encapsulated water is shown in Figure 1.15 [45]. The capsule material is represented by its thermal
conductivity and roughness. By comparing the cases having similar surface roughness, the plot shows that
the probability of nucleation decreases with decreasing cooling rate and with lower thermal conductivity
materials. In other words, to reduce supercooling in an application having low cooling rate recommends
using materials having high thermal conductivity. The cooling rate is also dependent on the surface of
heat transfer. There are several passive and active techniques used to enhance the heat transfer rate [58].
An example of passive technique is adding fins to increase the heat transfer area. On the other hand,
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adding a certain percentage of additives can also increase the thermal conductivity of a PCM as reported
by Kant et al. [59]. Asgari et al. [60] studied the effect of fin structure and thickness on the heat transfer
rate in addition to using nanoparticles. They showed that thin branch-shaped fins and nanoparticles with
0.04 volume fraction help in increasing contact surface area and thus the heat transfer rate.

From Figure 1.10, the cooling rate, CR, can be obtained by evaluating the temperature variation of
capsule’s internal wall Ty, from the beginning until the end of supercooling or by dividing the degree of
supercooling, ATs, by the duration of supercooling, t, [45]:

n n ((Tiw)i = (Trw)i-1)
i=1 CR; — =1 ts
n n (1.1)

AT,
CR=—2
tS

CR =

where i is the index of the measurement and n is the total number of measurements.
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Figure 1.15 Variation of nucleation probability as a function of cooling temperature for materials with
different thermal conductivities and various roughness of the internal wall [45]
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Figure 1.16 shows the time spent in supercooled state for four different containers. Regardless the
thermal conductivity and wall roughness of the container, Guzman et al. [45] obtained the same results
as Taylor et al. [55] concerning the supercooling period: the time spent in supercooled state increases as
the cooling rate decreases. As the rate of cooling increases, it becomes dominant over other factors,
where the graph becomes confined.
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Figure 1.16 Time spent in supercooling state for different materials as a function of cooling rate. r is the
container surface roughness and k is the thermal conductivity [45]

1.4.3 Thermal history of the PCM

The degree of supercooling is directly affected by the PCM history which has an impact on crystal
growth, nucleation and their properties [61]. This dependence can beillustrated as a relationship between
the degree of supercooling and the degree of over-heating (AT},). The degree of superheating is given by
ATy, = Tpey — Ty This relationship has been studied for different (semi)metals (Sn, Bi, Ga) [53] and alloys
[62]. Figure 1.17a shows this relation, where the degree of supercooling changes sharply beyond a certain
value of degree of superheating. In a molten metal, the imbedded impurities may stay in solid clusters.
Heating the melt above a critical temperature, will lead to the melting of these impurities and change
their structure later. In addition to that, metals tend to change their physical properties depending on
their thermal history and temperature variation. For example, Rudolph et al. [63] show that the degree of
supercooling changes according to the time spent by the PCM at molten phase as shown in Figure 1.17b.
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In addition to the before mentioned effect, Mei and Li [64] results show a significantly reduced melting
temperature of Al encapsulated in Al,O3 after several cooling-heating cycles.
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Figure 1.17 Variation of the degree of supercooling as a function of (a) degree of superheating of CdTe

for stoichiometric, 1% and 5% excess mole fraction of Te, (b) holding time at 10°C superheated state of
stoichiometric CdTe [63]
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Fatty acids are known for their low degree of supercooling and large applications in different heat
storage systems. Fatty acids have a threshold temperature above which if heated and held for a given
time, the alkyl chain becomes more mobile and the molecular clusters break apart [65]. Upon cooling, the
clusters do not reform quickly causing a barrier to nucleation that leads to supercooling. The obtained
results by Noél et al. [65] are in agreement with those of Rudolph et al. [63] and show the significant
difference in the degree of supercooling between samples heated above the threshold temperature and
others that are not. Figure 1.18 shows the influence of holding dodecanoic acid at a temperature above
its melting temperature. The figure shows that, as the difference between the holding temperature and
the melting temperature increases, the degree of supercooling increases too. For a 125°C holding
temperature, a dramatic change in the degree of supercooling is observed, which approximately
corresponds to the above mentioned threshold temperature. Similarly, the probability of crystallization
of emulsions varies with the number of cooling-heating cycles [66], [67].
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Figure 1.18 Thermal cycling of dodecanoic acid [65]

For the case of salt hydrates, Wada et al. [68]-[70] performed studies on sodium acetate trihydrate
(SAT), by investigating its thermal stability after several cooling-heating cycles. SAT has a melting
temperature of 58°C and is used in solar heating systems. SAT can undergo stable supercooling if extra
heat is needed. The problem comes from the phase separation during supercooling and the probability of
solidification of the supercooled SAT. Indeed, melting phase separation can affect the solubility, volume
and density, which in turn may cause a change in the thermal conductivity, heat transfer rate and the
amount of latent heat available for the next cycle. Some solutions consist of adding excessive water,
thickening agents or mixing. However, although adding water or thickening agents is helpful, attention
should be given to the functioning range of the system and the change in the properties of the SAT
solution, such as melting temperature, density and thermal conductivity. After each thermal cycle, part of
SAT solidifies and precipitates, which also eventually leads to a change in the properties. In [68]—[70], the
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probability of solidification decreased to zero upon heating above 80°C, due to the melting of the entire
precipitated solid. Similar results are obtained by Fashandi and Leung [71], where heating the
encapsulated SAT in nanocapsules above 70°C causes a significant increase of the supercooling degree as
shown in Figure 1.19. In addition, the use of sodium dodecyl (SDS) as a thickening agent decreases the
degree of supercooling to almost zero as shown in Figure 1.20. Furthermore, the particle size of the SAT
powder used to prepare the solution also has an effect on the degree of supercooling as shown in Figure
1.21. The increase of the particle size interferes in increasing the degree of supercooling. This may be
explained by a change in the solution homogeneity and by a phenomenon called sifting due to the phase
segregation of the solution. Thus, heating history can play a role in changing the initial properties of the
used PCM by changing size and structure of additives, thickening agents or impurities.
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Figure 1.19 Effect of preheating a) on the temperature variation as a function of time during cooling and
b) on the degree of supercooling [71]
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Figure 1.20 Effect of percentage of thickening agent a) on the temperature variation as a function of time
during cooling and b) on the degree of supercooling [71]
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Figure 1.21 Effect of particle size a) on the temperature variation as a function of time during cooling and
b) on the degree of supercooling [71]

The threshold temperature may also vary with respect to the history of the PCM. Johansen [72] also
supposes that this is due to a decrease in the number of potential germination sites or to phase separation
due density difference. In Wada’s study mentioned above [68]-[70], a zero probability of nucleation is
achieved by heating up to 80°C a sample kept 30 minutes at 20°C, while a sample left for 96 hours at 20°C
requires heating up to 93°C. However, beyond this time, this threshold temperature remains constant. On
the other hand, cooling the solid to -20°C for 96 hours requires a reheat to 83°C.

1.4.4 Roughness of contact surface

The degree of supercooling is directly affected by the surface roughness of the container that embraces
the PCM. Rough surfaces are a factor in lowering and even eliminating supercooling [73] because the
surfaces trigger the initiation of solidification. This direct impact can be observed using several techniques.
The first technique is introducing the PCM in a very smooth container and scratching one of its sides. The
second technique is performing the same experiment on a number of identical samples contained in
containers of different roughness. The degree of supercooling is lower in the case of more rough surfaces.
Below are couple of experiments performed on different PCM.

According to Faucheux et al. [74], the degree of supercooling of aqueous solution of ethanol decreases
when changing the surface roughness of aluminum tubes from 0.63um to 13.3um. The used container
has rough walls while the bottom has a smooth glassy poly (methyl methacrylate), PMMA. In all the
experiments, the crystallization initiated from the container’s rough surface rather than the smooth
bottom. In this study, a correlation between the degree of supercooling and the surface roughness is
demonstrated by the aid of the free energy variation equation and the conditions to permit nucleation
and then phase change. This correlation is given by equation (1.2) [74]:

8my3T2 a b
ATg = \/m (1 — cos E) = aRa (1.2)

where y is the surface tension, AG, is the free energy variation and « is the angle of notch where
crystallization takes place. H is the latent heat and Ra is the surface roughness. a and b are constant
coefficients, obtained from experimental results by least square optimization [74]:
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ATg = 7.15Rq 019 (1.3)

Similar results are reached by Sakurai et al. [75] for silver electrode embedded with SAT crystals and
immersed in a supercooled SAT. In this experiment, low values of roughness of Ag anode leads to stability
of the supercooled solution of SAT, while a higher surface roughness leads to a larger number of repeated
cycles of electrical nucleation allowing the controlled release of latent heat.

Akio et al. [76] studied supercooling in water. In the first experiment, one side of the smooth container
is scratched and as a result, crystallization is first formed on this rough scratched surface. In the second
study, water contained in rough surfaces containers experience a lower degree of supercooling.

1.4.5 Additives

Nucleation is a spontaneous process that requires energy to solidify the liquid phase on its surface.
The free energy volume, that is proportional to the heat released by crystallization, and surface energy
are two components in competition forming a barrier between the liquid and crystallization. There are
two types of nucleation: homogeneous and heterogeneous. In the homogeneous nucleation, the
impurities have no impact on the nucleation process, which happens suddenly by generating crystal
nuclei. On the other hand, the presence of any impurity or contact surface with the liquid play a role in
triggering the nucleation process. This latter phenomenon is called heterogeneous nucleation.

The surface of nucleation is not limited to the surface of the container. Impurities embedded in the
solution are also surfaces for nucleation. In this case, the role of nucleating agent additives becomes more
obvious in increasing the nucleation probability, where additives increase the area of nucleating surfaces
with the PCM. Chen et al. [56] confirmed the before mentioned researches by experiments done on water.
Their results show that additives with higher surface roughness had a greater effect in decreasing degree
of supercooling.

As mentioned in subsection 1.4.4, the contact surfaces with the PCM motivate crystallization. Any
impurity present in the PCM reduces the required free energy surface and can be a surface for
crystallization onset. From this concept, additives are chosen with a melting point higher than that of the
PCM to ensure that they are solid during the phase change interval. Fashandi and Leung [71] studied the
supercooling of SAT. In their study, a bio-derived nucleating agent called Chitin nanowhisker is added to
the SAT contained in nanocapsules. The addition of nucleating agent affects significantly the degree of
supercooling as shown in Figure 1.22a. The sample with no nucleating agent suffers from a severe degree
of supercooling and does not solidify. However, the addition of the additive triggers solidification. First,
the degree of supercooling decreases as percentage of additive increases to a given value after which it
starts to increase again. The estimated value, at which the supercooling degree reaches the minimum
value, is 1% as shown in Figure 1.22b. This is most probably due to the gathering of the additive particles,
which leads to a decrease in the density of nucleation sites.
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Figure 1.22 Effect of the percentage of nucleating agent a) on the temperature variation as a function of
time during cooling and b) on the degree of supercooling [71]

Shamberger et al. [77] added Cus(OH)s(NOs)-2(H,0) as an additive to decrease the degree of
supercooling of LiNO3-3H,0. The addition of additive decreased the degree of supercooling by up to 66%.
On the other hand, it increased the stability of LiNO3-:3H,0 for more than 900 phase change cycles and
increased the aging at elevated temperature for extended periods of time (t > 250 days). Chen et al. [54]
studied, for different cooling rates, the effect of nucleation agents by using several types of additives such
as lead iodide, mud powder, silver iodide and river sand. A significantly lower degree of supercooling is
noted for water with additives in comparison with pure water. Silver iodide shows an attractive
performance while sand is the most recommended for its cheap price. Crystal mesh size variation of the
additives must be 15% less than that of PCM to be crystallized [69,70]. This result has been the scope of
work of many studies. Lane et al. [80], for example, studied the nucleating agents of several materials that
distinguish them into isostructural materials or not. These studies report the difficulty to define the type
and amount of the nucleating agent to be added to a specific PCM. Crystallization is not dependent only
on these agents, and studying under all circumstances is time consuming. The most used variable is the
nucleating agent-PCM mass fraction. Beaupere et al. [18] presented the results of several PCM nucleating
agents’ effectiveness in Figure 1.23. Similar to other conclusions, the best percentage to use is about 1%.
This result is the average obtained by several researchers as shown in Table 1.2.

Table 1.2 Set of experiments showing the effect of different additives on the degree of supercooling
(AT,) and on the latent heat of fusion (H) for different PCM

Author (year) PCM Additives Results
T, =58°C
Nothing added AT, =17 °C
Hu et al. [81] Sodium acetate H =238.54k]/kg
(2011) trihydrate
AIN
. 3 wt%
nanoparticles AT, =2.4°C
cMmc* 4 wt%
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AN 4 wt%
nanoparticles ° ATy =1°C
cMC 4 Wt%
AIN = °
. 5 Wi% T,, = 52.5°C
nanoparticies ATS —0°C
cMC 4 wt% H =227.54k]/kg
T,, = 58°C
CH3COONa-3H,0
AT, = 28.3°C
CH3COONa-3H,0- Ty =54°C
2%KCl AT, =9.2°C
CH3COONa-3H,0- Tm =53°C
4%KCl AT, = 3.5°C
Nothing added
CH3COONa-3H,0- Ty =52°C
6%KCl AT, =3.1°C
Lietal [82] | CHs;COONa-3H,0- T =50°C
(2016) 8%KCl AT, =7.1°C
CH3COONa-3H,0- Tn =50°C
10%KCl AT, =9°C
0.5% AT, =3..5°C
Nucleating
19 AT, =0.1°
agent: Al,03 % s=0.1°%
CH3COONa-3H20- | nanoparticles o _ o
29KCl 2% AT, = 2.3°C
and
2.5% AT, = 4.6°
4 wt% CMC % s 6°C
3% AT, = 5.3°C
AT, = 36.8°C
Nothing added
H =1689k]/kg
Pilar et al.
rareta MgCl2-6H20 AT, = 14.2°C
[83] (2012) 0.5 wt%
1 wt% AT, = 6.4°C
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H =157.7 kj /kg

AT, =1.8°C
2 wt%
H=1123kJ/kg
AT, =1.2°C
3 wt%
H =100 kJ/kg
AT, =4.3°C
0.5 wt%
H=1494k]/kg
AT, =5.2°C
1wt%
H =1509kJ/kg
Sr(OH)2
AT, =0.1°C
2 wt%
H=1114kJ/kg
AT, =0°C
3 wt%
H =944k]/kg
AT, =18.9°C
0.5 wt%
H =160.1kJ/kg
AT, =189°C
1 wt%
H =143.6 k] /kg
Mg(OH)2
AT, = 14.8°C
2 wt%
H=102.4kJ/kg
AT, =16°C
3 wt%

H =108.2 kJ /kg

Ushak et al.
[84] (2016)

bischofite

Nothing added

AT, = 36°C
H = 1155k /kg

CaO

AT, =16.3°C
0.5 wt%
H =95.3k]/kg
AT, =199°C
1wt%
H =57k]/kg
AT, =21.4°C
1.5 wt%
H =50.8k]/kg
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AT, =204°C
2 wt%
H =46.6 k] /kg
AT, =11°C
3 wt%
H =285k]/kg
AT, =18.2°C
0.5 wt%
H =104.4k]/kg
AT, =29°C
1 wt%
H =36.6kJ/kg
AT, =204°C
Sr(OH)2 1.5 wt%
H=731k]/kg
AT, = 18.7°C
2 wt%
H =1786k]/kg
AT, = 0°C
3 wt%
H =71.1k]/kg
AT, = 23.7°C
0.5 wt%
H =1188k/J/kg
AT, = 22.4°C
1wt%
H =106.8kJ/kg
AT, = 15.7°C
SrCOs3 1.5 wt%
H =923k]/kg
AT, = 5.51°C
2 wt%
H =945k]/kg
AT, =1.7°C
3 wt%
H =89.3k]/kg
AT, =24.2°C
0.5 wt%
H =99.7kJ/kg
LiOH.H20 AT, = 18°C
1 wt%
H =849k]/kg
1.5 wt% AT, =219°C
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H=827kl/kg

2 wt%

AT, = 23.6°C
H =85.6k/kg

3 wt%

AT, = 18.3°C
H =635k /kg

0.5 wt%

AT, = 27.8°C
H=859k//kg

1wt%

AT, = 18.8°C
H=763k/kg

Li>CO3 1.5 wt%

AT, = 22°C
H=763k]/kg

2 wt%

AT, = 19.1°C
H=641kl/kg

3 wt%

AT, = 25.6°C
H=599k//kg

Sutjahja et
al. [85]
(2016)

Caclz.GHzo

Nothing added

AT, = 1.8°C

Induction time® = 178 min

SrCl,.6H,0 (1 wt%)

AT, = 0.3°C

Induction time = 19 min

BaCOs; (0.5 wt%)

AT, = 0.95 °C

Induction time = 50 min

K,CO4 (05 Wt%)

AT, = 0.92°C

Induction time = 107 min
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* CMC: Thickener: Carboxyl methyl cellulose

* Induction time is the time required for temperature to rise from nucleation temperature to melting
temperature due to latent heat release and initiation of solidification
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Figure 1.23 Percentage of supercooling reduction as a function of several additives percentage [18]

In a PCM application, using the appropriate concentrations of nucleating agents is an effective method
used to reduce or even eliminate supercooling along with triggering crystallization in a shorter period. In

the study of Liu et al. [86] on a nanofluid, the degree is reduced by 69.1% and nucleation time is shortened
by 90.7%.

The above subsections present the main factors that contribute to change the behavior of a supercooling
prone PCM. These factors are considered of great importance because they appear in almost all applications,
experiments and even create problems in modeling the PCM behavior with supercooling. Table 1.3
summarizes these factors by presenting the results of a number of experiments performed on different types
of PCM. It is worth noting that there are plenty other factors that interfere in influencing supercooling such
as stirring, magnetic field, electric field, mechanical vibrations or shocks. These factors are not mentioned
in this chapter, but more details can be found in [19].
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Table 1.3 Summary of major experimental results on supercooling over the past 50 years

Author (Year)

Body/material

Method/measuring
technique

Results

Packard et al.

Statistical analysis: Factorial

Lower ambient temperatures improve the capacity for supercooling of
acclimated turtles, the ingestion of particle of soil (as nucleating agents)

(2020)

Turtles i
[24] (2001) analysis of variance (ANOVA) | may reduce the degree of supercooling.
Scholander et al. - Supercooling serves in the survival of the fish.
Fish Thermometer
[25] (1971) - Ice formation can be triggered by contact with a freezing surface.
Hacker et al. [27] - Ice formation is triggered by reaching minimum temperature and is
affected by the duration of supercooling state.
Plants Infrared thermography
Wisniewski et al. - Only the plants in supercooled state survived, where plants use
[31] (2008) hydrophobic barrier to prevent nucleation in its sensitive parts.
Fakuma et al.
2012 ot fe.
[351(2012) ) - Statistical analysis: one-way | _ kish meat achieves supercooling state by slow cooling due to insufficient
Fish meat ANOVA kinetic energy necessary for the formation of ice nuclei
Ando et al. [37] gy Y ’
(2007) - Measuring and analysis
tools
You et al. [36] - Beef steak achieves supercooling by pulsed electric field (PEF) and
Beefsteak

oscillating magnetic field (OMF).

Jeremiah et al.
[33] (2001)

Muscle steak

- Low-temperature
incubators

- Temperature data loggers

- Stability of supercooling varies according to the material to be conserved.

- Instability of supercooled state: any shock can trigger solidification.
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Duun et al. [38]
(2008)

Fillet salmon

James et al.
[39] (2009)
[17] (2011)

Garlic vegetables

Sea food

- pH meter

- Reflectance
spectrophotometry

- Storing at refrigeration and freezing temperatures shows very rapid
muscle deterioration, which causes softening.

- Storing in supercooled state shows similar color, odor, drip loss and shear

as fresh food.

- Storing in supercooled state provides better quality (hardness) and
increases storage life by limiting bacterial growth.

- Drip loss is recorded during supercooling but it is not considered as a
disadvantage.

- Recommendations to use supercooling in preservation

Yehya [43]
(2015)

Paraffin based, organic

99% pure octadecane

Guzman et. al
[45] (2005)

water

Sandnes et al.
[46] (2006)

Salt hydrates

- Disodium hydrogen
phosphate

- Dodecahydrate sodium
acetate trihydrate

-STL-47

Thermocouples, probes and
meters

- Supercooling causes a vertical discontinuity in the temperature curve.

- Increasing the cooling rates causes a higher degree of supercooling,
however PCM stays in supercooled state for a shorter time.

- Increasing the thermal conductivity increases the probability of
nucleation.

- Quantity of energy, needed to increase liquid’s temperature to melting
temperature, increases with the increase of supercooling degree.

Adachi et al. [50]
(2014)

Organic

99% pure Erythritol

Differential scanning
calorimetry (DSC) used to
calculate latent heat and
melting temperature

Chen et al.

a)[56] (1998)

Pure degasified water

a) horizontal cylinders

Flow meters and
thermocouples

Time spent in supercooled state decreases as:
- cooling rate increases
- volume of container increases

As the volume of the container decreases, solidification initiates from
surface of container rather than impurities embedded in liquid.
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b)[87] (1998)

b) cylindrical capsules

Taylor et al. [55]
(2016)

Calcium chloride
hexahydrate-based salts

PC25 and PC29

-T history method

-Distilled water as a
reference sample

-Temperature measured by
NTC thermistors

Akio et al. [76]
(1990)

Pure water

Fashandi and

Inorganic salt hydrate

Sodium acetate

Thermocouples

Probability of nucleation increases as:

- cooling rate increases

- the volume container increases

- the roughness of contact of surfaces increases
Degree of supercooling decreases with:

- decreasing the cooling rate

- increasing the surface roughness

- decreasing the particle size

- adding thickening agents

- adding additives, maximum reduction is obtained by adding 1% of
additives

Degree of supercooling_increases dramatically by heating above a critical
value

Leung [71]
trihydrate - Stable supercooling is achieved when coolant temperature is higher than
nucleation temperature
- Crystallization starts from rough rather than smooth surface
- Concentration of the mixture has no significant effect on the degree of
Faucheux et al. Organic supercooling compared to roughness factor.

[74] (2006)

Ethanol/water mixture

K-type thermocouples

- Power relation between the degree of supercooling and roughness is
obtained.

Nakano et al.
[53] (2015)

Organic- sugar alcohol

97% pure meso-
Erythritol

Differential scanning
calorimetry (DSC)

PCM in and around 2D mesoporous silica shows that as the pore diameter
decreased:

- amount of latent heat decreased

- nucleation temperature increased
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Influence of thermal history on the behavior of PCM upon cooling and
heating

Heterogeneity of the solution induces surfaces for crystallization initiation.

Rudolph et al.
[63] (1996)

Metals

CdTe and PbTe

Direct temperature measure

-X-ray diffraction

The thermal history represented by the degree and time held at
superheating affects:

- the quality of the crystals

- the crystal growth

Yin et al. [62] Cast nickel-based super | Measurement - degree of supercooling

(2004) alloy M963 -ISM-6301F scanning

electron microscope (SEM)

Yang et al. [88] Metal SL!p.ercooIing degreej increases as the. cooling rate incrfeases until reaching a

(2014) critical value of cooling rate after which the supercooling degree starts to

Pure Sn decrease strongly depending on the volume of capsule and purity of PCM.
Mei and Li [64 Metal
[64] Low cooling rate does not affect the supercooling degree.
(2016) Pure Al DSC
Fatty acids Dielectric measurements

Noél et al. [65]
(2018)

- Octanoic acid
- Dodecanoic acid
- Tridecanoic acid

- Hexadecanoic acid

Dependence of degree of supercooling on the degree of superheating,
presence of a threshold temperature above which if heated, PCM
undergoes significant degree of supercooling.
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Zhou et al. [89]
(2000)

Alloy metal

Pure BigsShs

Temperature measurement
by thermocouple

Four factors affecting supercooling degree are investigated and listed from
more to less important:

- cooling rate
- degree of superheating
- number of cycles

- soaking time

Johansen et al.
[72] (2014)

Inorganic salt hydrate

Sodium acetate
trihydrate-water mixture

Heat conductivity
measurement by Isomet
heat transfer analyzer

- Graphite enhances the thermal conductivity of the mixture but does not
affect the degree of supercooling.

- Use of gelation agent to overcome the problem of phase separation over
long periods of cycles.

- The used gelation agent (carboxyl methylcellulose CMC) is affected by
high temperatures causing its degradation and change in color.

Sakurai et al.
[75] (2018)

Inorganic salt hydrate

Sodium acetate
trihydrate-water mixture

X-ray photoelectron
spectroscopy- XPS

Scanning electron
microscopy- SEM

- Increasing the voltage applied to the Ag anodes immersed in the solution,
decreases the time spent in supercooling state.

- After 30000 cycles estimated by 10 years, the response to applied voltage
becomes faster.

- Roughness of the Ag surfaces affects the behavior of solution upon
cooling. For a given interval of roughness, the behavior upon cooling is
stable for repeated cycles.

Liu et al. [86]
(2015)

Organic

Water-based graphene
oxide

Thermostatic water bath and
thermocouple

Supercooling degree decreases when adding graphene oxide nano sheets.

Structure of the sheet affects the onset of crystallization.
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As presented above, it is clear that each factor has a direct impact on the degree of
supercooling and this dependency is detailed as a function of each factor separately. However,
some correlations exist between them and some factors have a higher impact. As an example,
Figure 1.15 and Figure 1.16 show that as the thermal conductivity of a material increases, the
impact of surface roughness on the probability of nucleation and time spent in supercooled state
decreases. Moreover, some factors can affect PCM properties. For example, adding additives can
change the thermal conductivity of the solution along with the ratio of the PCM volume compared
to total volume, which in turn decreases the latent heat of the solution. When using a PCM, a set
of procedures can be taken to control supercooling. These procedures should not prevent the
PCM from performing its role. For example, in a thermal energy storage system, the procedures
should not change the thermal conductivity, quantity of latent heat or melting temperature to a
value outside the acceptable range, whereas in a preservation process, they should not cause a
damage for preserved materials. It is essential to follow a combination of several techniques,
where tradeoffs are done to obtain the optimal performance in terms of energy saving on one
side and economical cost on the other side.

1.5 Challenges in modeling

Modeling is essential in almost all applications, where a well-modelled system gives fast and
more accurate results than experiments. The advantage of modeling is the ability to track, at any
time and any position of the model, the change of desired parameters and to apply desired
conditions without facing the problem of devices’ accuracy and effect of their presence on the
system. This particularly suits an application with supercooling occurrence. However, modeling
requires an accurate presentation of the system by means of mathematical equations. As
previously mentioned, there are plenty of factors affecting supercooling. The correlation of these
factors adds complexity and challenges to model this phenomenon, where any change of any
factor can dramatically change the performance of the system. A set of theoretical equations
exists and has been validated for pure elements, which is not the case for all PCMs used in thermal
storage systems. For example, any impurity or surface roughness can play the role of surface for
crystallization onset. Moreover, considering all the factors requires time and high computational
cost. The following subsections present a set of common challenges that encounter when
modeling supercooling and the methods developed by different authors to overcome these
challenges.

1.5.1 Degree of supercooling and nucleation

The determination of crystallization initiation is still an open challenge. As shown above, the
behavior of PCM changes for different supercooling degrees, where the crystallization onset
depends on several factors and is sensitive to different circumstances. Different techniques are
adapted to include the nucleation temperature in the models and simulations. The most used
method is to preset the temperature of crystallization. The PCM stays liquid upon cooling until
reaching the preset temperature. However, choosing that temperature is also challenging, so the
used value is obtained from an experimental result or from the literature. Besides, using accurate
values is challenging, because they are affected by several parameters, especially for impure
PCMs. Some researches use a mathematical relation between the supercooling degree and the
impurity fraction in the solution. To overcome this problem, Yehya [43] performed experimental
studies on octadecane as PCM to obtain the real enthalpy curve and supercooling degree. In
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buildings, octadecane contained in a Plexiglas enclosure is considered as an innovative technique,
where the translucency of the PCM provides natural day light. The presence of soluble impurities
lowers the melting temperature, widens the melting range and changes the heat flux curve as
shown in Figure 1.24. This phenomenon is referred to as the “melting point depression” and this
depression can be calculated according to the following relation [90]:

_ RT2X

» (1.4)

AT, =T, — T

where T, and T,,, are the melting temperatures for pure and impure PCM respectively and X; is
the impurity fraction. R is the molar gas constant and Ly is the molar heat of fusion.

The obtained values of melting temperature due to depression and degree of supercooling are
implemented into a numerical model. When using the preset temperature method, experiments
and simulations are done repeatedly to obtain accurate average solutions.
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Figure 1.24 Effect of soluble impurities in octadecane on (a) the enthalpy-temperature curve
variation for different depression values and (b) the heat flux variation as a function of time [43]

Another suitable method consists of representing the nucleation temperature by means of a
probability function. Because of the stochastic nature of nucleation, Waser et al. [49] proposed a
crystallization probability function F,., dependent on time, location and temperature given by:

K2

—f
Lnyc (AT, f) = Ky.e AT

f(Lagj) = 1 — -4 (1.5)

Foy(ts, I)) =1 —e ts'n where

K.

The supercooling time t, and the nucleation factor I,, are the variables of this probability
function. I,, depends on the degree of supercooling AT, and the reduction factor of nucleation
barrier f. K; is an arbitrary constant and K, is a fitting parameter that affects the critical degree
of supercooling for which probability of crystallization increases. Solidification may take place due
to contact between a supercooled liquid with a solidified PCM; f represents this phenomenon
where Lg4; corresponds to the number of solid crystals in the adjacent segments and calibrated
by K5. The values of these constants are obtained from the experimental study. Figure 1.25a
shows that the probability function is mainly affected by the degree of supercooling where the
probability of solidification increases as the degree of supercooling increases. This is because as
the liquid become colder, its ability to trigger solidification increases. This result is in total
agreement with the classic nucleation theory [91]. As L, 4; decreases the number of solid particles
in the adjacent node decreases too, meaning that the ability to solidify due to contact of liquid
with solid also decreases. This is shown in Figure 1.25b, where the decrease of L4 is represented
by the increase of f causing the degree of supercooling increases too.
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Figure 1.25 Variation of the probability function against a) supercooling time (t,,,,) and degree
(AT s,;) for f = 0.1; b) degree of supercooling for different values of f at t,,, = 0.1s [49]

Yehya et al. [43] proposed another probability function to predict nucleation at a given

temperature T
1
(1.6)

P(T) =1~- 1 + e-ATs.(T-Tg)

where T, = (Ts +T,)/2, T, et T, are the temperatures of solidification and nucleation

respectively. Figure 1.26 shows the difference between nucleation and solidification temperature
where solidification takes place in the region between them. This probability function can change
from one PCM to another according to the different parameters and conditions, so experiments

and analytical studies are done to modify and calibrate it.

temperature

3

Nnucleation
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solidification
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time
Figure 1.26 Solidification process [43]

1.5.2 Rate of solidification
Usually crystallization has a very high rate that may cause system instability in solidification

modeling. The model requires fine grid with small time steps, which increases the simulation
effort, time and complexity. To model the solidification phase efficiently, an equation relating the
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rate of solidification to the degree of supercooling is required. A logical assumption is that the
rate of solidification increases with the increase of degree of supercooling, because the sample is
colder. However, as shown by the solid line in Figure 1.27, accounting for a typical form of the
relation between the solidification speed and the degree of supercooling, this assumption is true
until a limit. Indeed, beyond this limit, the molecules of PCM lack thermal energy and become

more sluggish causing a decrease in the rate of solidification.
According to the classical nucleation theory [92], the homogeneous nucleation rate I can be

written as:
NkT —16m\ (o3 \ (T3 \ /1

_ _m (= 1.7

! exp[( 3 )(HZ)(ATz (kT) (1.7)

h
where N is the number of atoms of a system, k and h are Boltzmann and Planck’s constant
respectively, o is the surface tension of the interface between the nucleus and its surrounding, H

is the latent heat and T}, is the equilibrium melting temperature.
Font et al. [93] used the approximated results of solidification rate obtained by Ashby et al

[94]:
h
(1.8)

A —q
v(T) = m (ATy)exp (k_T)

Ah = (latentheat X molecularweight)/

where d is the molecular diameter,
(Avogadro' s number), and q is the activation energy.
The dashed line in Figure 1.27 is obtained from the linearization of equation (1.8).
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Figure 1.27 Variation of solidification speed of copper as a function of supercooling degree (T: is
the phase change temperature) [93]
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In the numerical models, the rate of solidification is taken into account by different methods.
Font [93] and Alexiades [95] use a one dimensional Stefan problem where the model consists
initially of supercooled PCM. Both relate the rate of spread to the temperature gradient. The first
supposes the solid/liquid interface temperature is equal to the nominal phase change
temperature while the latter chooses the interface temperature as an unknown to be solved and
uses an exponential function or an approximation to this function. Le Bot et al. [96] performed an
experiment to obtain the required data of indium solidification and rate of spread. The obtained
data from the experiment and an analytical model are used in their numerical model that starts
solidification by the implementation of a small solid fraction. According to Ginther et al. [48],
solidification can start for two reasons: the PCM reaches the preset temperature or by direct
contact of solid PCM node with its neighbor supercooled node. In their model, the rate of spread
is thus controlled by isolating each node during its solidification, meaning that a node cannot
trigger solidification in the neighboring node until it is totally solid. According to them, the rate of
spread v(T) is also temperature dependent and is given as [48]:

v(T) = vo.(ag + ;T + a,T?) (1.9)

where ay, a; and a, are constants, determined by using a quadratic fit to measured data.

Uzan et al. [97] introduces a solidification ratio @ that is initially zero for total liquid node and
is given as:

@™t = @™ + v.At/Ax (1.10)

where n is the number of time steps and v is the speed of solidification.

The speed of solidification is given as [97]:

d _q)M (1.11)

v =—exp (ﬁ T

where d is the molecular diameter and g is the activation energy.

Moreover, Uzan et al. [97] improved Glinther’s isolation method, by defining a solid-liquid
ratio @. Once a certain node reaches @,,,,, it can trigger solidification in the adjacent node before
completing its solidification.

Davin et al. [98] use a relative factor § which is the inverse of crystallization factor f, given by:
ﬁ = Qqy + alATS + azATsz (1.12)

Note that AT can have different values according to the mode of solidification (i.e. reaching
preset temperature or by solid-liquid contact). As previously mentioned, the proportionality
relation between crystallization rate and f. factor is sensitive to several parameters. During
parameterization, if the enthalpy-temperature curve is available, f; is estimated by curve fitting.
However, if the rate of crystallization v, is known, the same law for f_ is used such that calibration
for the factor is needed by actual rate computing and checking. A very high value of f. means a
rapid solidification that requires a very fine grid since the time step of the solidification (time
needed for a node to complete its solidification process) should be greater than that of the
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simulation to overcome divergence and simulation errors. The beginning of solidification may also
be chaotic as shown in Figure 1.28. On the other hand, a very low value of f. can cause energy
balance errors and in some cases solidification appear in two different locations. It is therefore
recommended to assign a lower limiting value for f,, to avoid a reach of crystallization
temperature by a node different from the current one.
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Figure 1.28 a) Chaotic behavior of temperature curve at the beginning of solidification of
supercooled PCM and b) the enhancement due to fc limitation [98]

1.5.3 Thermal behavior

Another challenge in the modeling of the cooling process of a supercooled PCM is the
simulation of the suitable thermal behavior of PCM. As shown in section 1.4.2, the behavior of
PCM upon cooling is not the same in all cases. Once solidification initiates, the PCM enters the
kinetic solidification phase, which is the phase where the latent heat is released to increase the
PCM temperature. In this phase, several factors interfere in the kinetics of temperature increase.
Figure 1.29 shows the different possible types of temperature increase [13]. The cases
characterized in Figure 1.29a and Figure 1.29b are the same, where poor nucleation leads the
PCM to attain supercooling. However, for higher values of thermal diffusivity, the temperature
rises sharply (Figure 1.29b) to reach the melting temperature. In Figure 1.29c, the PCM attains
supercooled state due the low crystal growth rate. This case shows the “kinetic controlled
process”, where the critical factor is the poor crystallization kinetics rather than the heat transfer
rate. On the onset of PCM nucleation, the temperature stabilizes at a temperature lower than
melting temperature rather than increasing to the melting point. This phenomenon is due to the
balance between latent heat and heat removal. In Figure 1.29d, nucleation starts normally at the
melting temperature, but the liquid undergoes supercooling during its solidification. The possible
explanation for this case is the high rate of heat removal. The liquid in Figure 1.29e undergoes
supercooling but is not seen in the temperature-time plot. This is due to the slow decrease of the
temperature and the late reach to the melting temperature point and to a liquid with poor
thermal diffusivity. Another explanation may be a difference between the position of the sensor
and the solidification zone.
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Davin et al. [98] developed a model based on the apparent specific heat capacity model by
using a new formulation to represent the crystallization kinetics. The results show that by setting
different coefficients for the crystallization factor law, it is possible to recover several typical
thermal behavior of Figure 1.29. The results are discussed later in section 1.6 (Figure 1.37).
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Figure 1.29 Plots showing different thermal behavior of PCM suffering supercooling [10]

As shown in the above subsections, the important parameters that represent supercooling are
the degree of supercooling and rate of crystallization spread. It is challenging to represent these
two parameters in a general equation to use in any application. These two parameters are also
dependent on other factors previously mentioned which increases this challenge. Efforts are done
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to define some correlations; however, these equations still need calibration and validation by
experimental results to become valid for a specific PCM under certain well-defined conditions.

1.6 Existing models

As shown in the previous sections, different methods are adopted to model the parameters of
the solidification process that are the degree of supercooling and the rate of spread. Some
assumptions are often taken into consideration to simplify the model; such as neglecting the
volume change due to thermal expansion, the natural convection and radiation heat exchange,
etc. In order to model supercooling, researchers modify the different methods used in modeling
phase change problem. Each method has its own advantages and disadvantages when modeling
a phase change process as shown in Table 1.4. The below sections present different models, the
method used, the taken assumptions and the technique followed in each model to deal with the
additional difficulty of supercooling modeling.

Table 1.4 Advantages and disadvantages of different methods used in modeling phase change

problems
Method Criteria Advantages Disadvantages Authors
using this
method
Enthalpy method The enthalpy 1- Fast Temperature [99][100]-
function includes 9- Can handle oscillation at typical | [109]

both sensible and
latent heat

sharp and gradual points of a grid

phase changes

Heat capacity The heat capacity | 1- Variable are only | 1- Accurate results [100], [101],
method function includes | dependent on require fine grids [110]-[123]
both sensible and | temperature and small time
latent heat 2- Easily steps.
programmable 2- Requires a
gradual phase
change (phase
change range) rather
than sharp change
3- Latent heat is
underestimated.
Temperature The values of heat | 1- can handle sharp | This method is not [124]-[128]
transformation capacity and a and gradual phase | commonly used
method source term are changes

equivalent to
both sensible and
latent heat

2- Can be used for
large time steps
and coarse grids

Heat source method

The value of a
source term is

1- Latent and
sensible heats are

1- An optimal value
for relaxation factor

[129]-[133]
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equivalent to

represented by

is required to apply

latent heat different variables an under-relaxation.
2- Can handle 2- Low
sharp and gradual computational
phase changes efficiency
3- Difficulty in
modeling

supercooling

1.6.1 One-dimensional models

Modeling is a method used to obtain the needed results to follow accurately the behavior of
the tested material in a reliable period. Using a one-dimensional model reduces the complexity,
where the heat equation is a function of time and one-direction. Moreover, the model is divided
into several phases defined by state variables and functions. These variables and functions are
introduced in the heat equation to represent the different phases and the values of different
parameters. After dividing the model to a number of phases, some parameters do not affect the
results a lot, so if neglected, this reduces the complexity and simulation time.

Frémond et al. [134] in 2001 developed a macroscopic predictive theory of supercooling to
model the evolution of a supercooled body from its liquid state to its solid state. The domain is
separated into two portions, solid and liquid, by the help of a state quantity §§ representing the
volumetric fraction of liquid material. In this model, for simplicity, the latent heat is equal to 1 and
solid-liquid portions are separated by a surface of discontinuity having a temperature related
speed [135]. This leads to a problem having free boundary. Introducing the viscosity term in 8
leads to an irreversible model that is represented by differential equations obtained after deriving
the energy equations as an affine function of local temperature u. The differential equations
obtained in the continuous differentiable domain are [134]:

L+wIvpl =0 (1.13)
du ap

ou_ob _ = 1.14
5 Au=0 (1.14)

where W is the normal surface velocity of the freezing front. In these equations, when assigning
the values for 3, the free boundary appears explicitly. In the irreversible model, the end of the
supercooling of liquid involves microscopic movements. During phase change, macroscopic
effects occur due to these microscopic movements, which causes a slight change in density and
volume. Since S is the state of the PCM, its change with time (0 /dt) represents the microscopic
velocities. Similarly, six differential equations are formed [135] and proved that there exists at
least one solution.

Gunther et al. [48] proposed in 2007 a linear and one-dimensional model based on the
enthalpy method. Their model is connected to a heat exchanger on the left side and to an
insulating material on the other side. The total volume of the container is equally divided into
volume elements.
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This model considers conduction as the only heat transfer mechanism and neglects the
variations of volume resulting from phase change. The explicit finite volume method is used. The
duration of the simulation is preset, and the used time step has a fixed value and is obtained from
the CFL criterion [136]. In an enthalpy method, the enthalpy function is injective. To include
supercooling in the enthalpy-temperature relation, two enthalpy curves for stable and metastable
states are used and when the crystallization temperature is reached, switch is done between both
curves. The drawback of this method is the discontinuity of the enthalpy due to phase change that
may cause simulation errors and misrepresents the real case of phase change. In the ideal case,
the PCM has a fixed melting and nucleation temperatures whereas the more realistic case is
having a temperature interval to accomplish the two processes. For an ideal case, the heat
capacity is considered constant; however, this is not accurate, so experimental values of h(t) are
implemented in the model.

Another challenge is to control the rate of crystallization. As mentioned before, the used PCM
has a known degree of supercooling that is obtained by performing similar scenario experiments.
Solidification can start when the PCM reaches the preset nucleation temperature or due to solid-
liquid interaction. The used rate of spread is given as a function of temperature according to
equation (1.9). In some cases, to decrease the computational effort and to use a finer mesh, the
rate of solidification is decreased using the isolation method. This method restricts the ability of
solidification by solid-liquid interaction, where a node cannot trigger solidification in the
neighboring node until it completely finishes its solidification process [48].

v(T) = vo.(ay + a;T + a,T?) (1.9)

Hu et al. [47] developed in 2017 a model that is solved by using the finite differences method.
Using the equivalent specific heat capacity method, the heat capacity is considered constant
during phase change along with isothermal system as shown in Figure 1.30. The model uses
implicit scheme to discretize the control equations and boundary conditions.
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Figure 1.30 Equivalent rectangular specific heat capacity [47]

Bony [137] started from the existing type 60 in TRNSYS, dedicated to stratified fluid tanks
based on sensible energy storage, and made an extension. The physical model consists of a water
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heat exchanger tank filled with PCM modules of different shapes (cylinders, plates, spheres),
which allows a bidimensional calculation model. The tank is vertical and constituted of multiple
segments or nodes. An assumption of constant node temperature is taken. He uses the enthalpy
method to calculate the heat transfer. The numerical equations are solved using the explicit
method and to avoid calculation divergence, some conditions are applied on the nodes and the
time step as follows [137]

For a surface node Fo(2+Bi)<1/2 (1.15)
For a node inside material Fo<1/4 (1.16)
with: Fo = A.At/(p. Cy. Ax?) and Bi = a.Ax/2

where Fo and Bi are Fourier and Biot numbers respectively, a is the convection coefficient
between the water tank storage and the PCM container, A is the thermal conductivity.

The maximum time step that can be used is [137]:

Ap < P Cp.x?

For a surface node ST 7ax\ (1.17)
22[2+(7)]

For a node inside material At < (p.Cp.x*) /47 (1.18)

Hysteresis and supercooling phenomena are taken into account in the model as shown in
Figure 1.31 by introducing a specific indicator for each of them. Due to the vertical shape of the
container, the lower part of the cylinder is colder than the top. As a result, the lower part
undergoes higher degree of supercooling and is the first to reach the preset crystallization
temperature. Once solidification starts, it propagates to the above nodes with an instantaneous
rate of spread (Figure 1.32). The thermal conductivity of PCM takes two different values for liquid
and solid phases and is calculated by linear interpolation during the phase change. Concerning
the convection coefficient between water and PCM, it is calculated according to the PCM
container shape and the type of fluid flow.
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Figure 1.31 : New enthalpy functions to represent hysteresis and supercooling [137]

52



Chapter 1: State of art on the supercooling phenomenon

No subcooling
in the upper

part of PCM
module

Solidification

start
T cold T cold

N

Figure 1.32 Solidification propagation according to the PCM module shape [137]

In 2020, Davin et al. [98] used, like Hu et al. [24], the apparent specific heat capacity method.
The particularity of their method is related to the introduction of a negative Cp to accurately take
into account supercooling. Their model is based on the lumped system or nodal method to
discretize the heat equation as shown in Figure 1.33, with the main governing equation described
in equation (1.19) [98]:

Figure 1.33 Lumped system network used for heat equation discretization [98]
dT; ]
Z/L-j(Ti —T)+ Q=G Vi € [1,N] (1.19)
J

where A is the thermal conductance, Q represents the heat sources and the boundary conditions,
C is the heat capacitance that can insure phase change and i, j are the node indices.

Using an explicit scheme, the temperature is calculated for each time step. Similar to the
before mentioned models using enthalpy method, the crystallization initiates either by reaching
the present nucleation temperature T, or by the liquid-solid interface. To reduce numerical errors
and better represent the heat transfer, the Gaussian approximation is used to account for the
specific capacity C, (T). Figure 1.34c shows two formulations for heat capacity change during the
cooling phase at the crystallization temperature T;. The first, blue arrow, considers the easy
simple formulation while the second, green arrow, is more complex but represents the
crystallization process. fq,per is @ phase supercooling indicator that allows to differentiate the
specific capacity regarding the phase history. During fusion (Figure 1.34a), the Gaussian law is
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used and fg,per = 0. During cooling (Figure 1.34b), the PCM stays liquid until crystallization starts
and foyper is set to 1. When crystallization starts (Figure 1.34c), fq,per is incremented to 2. Finally,
fsuper returns to 0 as soon as crystallization ends and the solid begins to cool down (Figure 1.34d).

fuper=0 fouper=1 fsuper=2 fsuper=0
A A :.’ “‘ A . v “ \ Cp
. b ;% e A
:: “‘ / "‘ ‘_
.....:..' ""{:?' CLLTT P r P rr e
| » | | » | s | | | -
| v T | | 4 " i » | H >
Tm Tc Tm Tc Teq( Teqm Tc Tm Teq
d b C d

Figure 1.34 The different steps followed to represent supercooling: a) heating b) cooling until
crystallization starts c) two formulations of crystallization and temperature rise represented by
blue and green lines d) cooling of the solid PCM [98]

In formulation 1, the temperature directly increases from T, to Te(,;) by considering a very high
rate of crystallization. The heat capacity for formulation 1 can then be written as [98]:

C[;] s (1) if fsuper =
Cp(T) = Czl) if fsuper =1
Cz;qauss (1) if fsuper =2

(1.20)

where Ci,gauss is the Gaussian approximation, Czl, et Cpare the heat capacity in liquid and solid

phases respectively. Moreover, in case foper =2, T = Telq and foper(t + At) = 0.

According to [48], [97], [138], C;***can be written as:

(1.21)

H —(T — T,,)?
S

CIMS = 0 4 ex
P N~ p

where AT is the Gaussian standard deviation of Cp and H is the latent heat.

In Figure 1.35, A corresponds to the enthalpy stored during heating process as shown in Figure
1.34a; A; corresponds to the enthalpy released during the cooling process in liquid or metastable
state as shown in Figure 1.34b, and A, corresponds to enthalpy released during the cooling
process from the equivalent phase change temperature Telq as shown in Figure 1.34d. The model
has the same initial and final temperature. Thus, the enthalpy of heating is equal to that of cooling
and the following equality relation is obtained [98]:

AO = Al + AzA, = A’l (1.22)
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Figure 1.35 Blocks representing the equivalent enthalpy of the processes (heating/cooling) of
formulation 1 [98]
By solving the equality of enthalpy blocks, performing change of variable, introducing error

function and supposing AT is very small, Te(;) can be finally deduced as [98]:

20T, = T)

& (1.23)

T = Ty + AT.erf ™! [1

Formulation 2, shown in green in Figure 1.34c, is more complicated to model but more
realistic. It is intuitive with a negative heat capacity chosen during phase change (i.e.: fayper = 2);
the expression of the heat capacity for fqper = 2 in equation (1.20) becomes [98]:

Cpy(T) = =BCp(T); if T=2TE, fouper(t+At) =0 (1.24)

Figure 1.36 represents the enthalpy blocks of all stages mentioned before and equality of
heating and cooling enthalpies is applied to determine Tezq.
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Figure 1.36 Blocks representing the equivalent enthalpy of the heating and cooling processes for
formulation 2 [98]

Similar assumptions of formulation 1 are taken to obtain the expression of Tezq [98]:
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26,1+ B) (T — T

TZ =Ty +AT.erf™*|1 H

(1.25)

Note that erf'1 accepts input value that belongs to the interval [-1,1]. In other words, if Tezq
is outside the melting range, then C,l,(l + B)(T,,, — T,) > H and an error occurs. In this case, the
expression of Tezqis replaced by equation (1.26) [98]:

H+Ty (C5—CL)+T..CL.(L+B)

T hTCs (1.26)
D p

2 _
Teq =

The factor 8 is found to be the inverse of the crystallization factor f, and is defined in equation
(1.12), where the rate of crystallization is discussed in details. The value of § indicates the speed
that a supercooled liquid reaches the phase change. If § is set to zero, then equations (1.23) and
(1.25) become identical meaning that phase change takes place immediately.

The model has Neumann boundary conditions for elements in contact with the air including
the natural convection coefficient. Heat transfer takes place in one direction so that the solid
liquid/interphase is always planar. The heating source, insulation, capsules and other parts used
in the experiment were included in the model.

To test this model, the simulated results are compared to experimental results. The study was
done on erythritol, which presents a high degree of supercooling (Tm = 118°C,Tn = 78°C) and
a relatively low crystallization rate. Erythritol is heated from 50°C to 150°C by a plate and cooling
is done by ambient air through the same plate. During the cooling phase, several polynomial laws
for the crystallization factor fc have been tested as shown in Figure 1.37. The actual crystallization
rate is the calculated ratio of the distance between two nodes divided by the time between the
two nodes crystallizations. These results show that it is possible to model different thermal
behavior of supercooling for the PCM material.
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Figure 1.37 Simulation results showing the influence of the crystallization rate factor fc(T) on the temperature and the crystallization rate [98]
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1.6.2 Multi-dimensional models

In a multi-dimensional model, an extra dimension is added to the one-dimensional model. In
this case, reproducing a more realistic image of the simulated case is better, where the effect of
convection in the PCM can be detected by the deviation of the solid/liquid interface. This accuracy
and these results cost more computational time and add complexity to the model

The model developed by Uzan et al. [97] in 2017 is based on the enthalpy formulation and
resolved by using finite volumes. The two-dimensional model is able to simulate the solidification
of a supercooled liquid using explicit numerical scheme. Upon cooling the cylindrical model from
the bottom, the liquid’s temperature decreases and the PCM is in supercooled stage until
solidification starts either by reaching the preset temperature or by the solid-liquid interaction.
After solidification, the temperature of the solid continues in decreasing. Similar to Glinther [48],
Figure 1.38 shows the phase change process that takes place during an interval of temperature to
overcome the sharp variation of enthalpy that may cause simulation errors. The difficulty of using
the enthalpy method is the undefined enthalpy values for supercooled liquid. Experimental
results of gallium and analytical solutions are compared with the results of the model.
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a. b.
Figure 1.38 Enthalpy energy relation: a) used by enthalpy method; b) used by Giinther and Uzan

[97]

The heat capacity is in the form of a Gaussian function and a parameter “p” is used, as in the
model of Giinther et al. [48], to determine the state of the PCM. This indicator p is assigned for
each node. A ratio for solid/liquid fraction @ and the speed of solidification v are calculated
according to equation (1.10) and equation (1.11) respectively [97].

Q)n+1=®n+ﬁv (1 10)
Ax )

(1.11)

,_d (—q)L(Tm—T)

~6hy P \eT) T,
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The temperature is calculated at each time step according to the following equation (1.27)
[97]:

T =

0 ) T(Liquid) (1.27)

Q)max

G T(Solid) + (1 -
where @ is the solid-liquid fraction, and @,,,, must be previously defined using the energy
conservation equation. T(Solid) and T(Liquid) are obtained by using the enthalpy relations in
stable solid and liquid phases as described in equations (1.28) and (1.29) respectively. If @ < 0,4
part (a) of equation (1.29) is used, else part (b) [97].

L T—-T,
MT) = Cp(T = Tn) +Eerf< 5T ) (1.28)
h(T) = CP(T - Tm) —0.5L (a) solid
= {Cp(T —T,) +0.5L (b) liquid (1.29)

Moreover, a solidified fraction SF defines the ratio of solid mass over total mass. Reaching its
maximum means the end of the kinetic solidification, which is the increase of the liquid
temperature to its melting point. As shown in equation (1.30), SE,,4 is a function of the degree
of supercooling and material properties [97]:

1
SF, =
max L L= Cos (T = T) (1.30)
Cpl(Tm - Tn)

where (s and Cp,; are the solid and liquid heat capacities respectively.

Glnther’'s model isolates each node until it finishes solidification. However, in this model, once
the node reaches the @,,,,,, it triggers solidification in the adjacent node.

For simplicity, the model neglects volume and density changes. First, the model considers heat
transfer in radial direction only (1D problem) and after 1D validation, heat transfer along z
directionis included to obtain a 2D model (Figure 1.39). Similar procedure for differential equation
discretization is followed. For both 1D and 2D models, the cylinder’s wall has constant
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temperature and zero heat flux at the centerline. For 2D model, the base of cylinder has constant
temperature while the top is insulated.

1130 s (at nucleation) 1460 s

1790 s 2120

2450s Solidification Temperature
patterns distribution
B Mold 30
20
|| Solid Gallium
10
B Liquid Gallium
0
I Mushy region

Figure 1.39 2D model simulated results from the start of cooling: solidification maps on the left
and temperature fields on the right [97]

Waser et al. [49] proposed a 3D model consisting of a fin tube heat exchanger shown in Figure
1.40. To reduce the computational cost, the following assumptions are taken into account:
convection heat transfer in PCM is neglected, as well as thermal losses to the ambient from the
PCM. The material properties are constant, and the only considered heat transfer is from the PCM
to the heat transfer fluid (HTF). The 3D model is reduced to 1/8 with symmetrical boundary
conditions and a convective boundary condition is applied at the inner tube surface. Concerning
the HTF, its model is one-dimensional with n segments and discretized using an upwind scheme
to calculate the temperature in each segment. The energy equation of the PCM is discretized using
finite volume method; the time discretization scheme used is implicit of first order and the spatial
discretization scheme is second order. Using the enthalpy method, the latent heat is included in
the enthalpy term of the energy equation. A temperature dependent state indicator 8 is used to
indicate whether the PCM is in solid, liquid state or in the mushy zone. The mushy zone is a zone
where phase transition takes place, and its role is to prevent the sudden phase change that causes
simulation instabilities. The indicator S is written as [49]:
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0 if T<T,
B = TTI__TTSS if T, <T<T, (1.31)
1 if T>T,

where T is the maximum temperature of the PCM when it is totally solid, T; is the minimum
temperature reached by the liquid PCM and T is the instantaneous temperature of the PCM. The
indicator 8 can also be used to determine the enthalpy and the amount of the latent heat
released.
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Figure 1.40 lllustration of the 3D model done by Waser et al. [49]

The temperature of the inflow is constant and PCM temperature is initially 68°C (10°C higher
than melting temperature) and decreases to 15°C. As mentioned before, equation (1.5) shows the
used crystallization probability function, which is calibrated by an experimental study [49].

‘f-K_zz
Inuc(Ts: f) =K.e ATs

Lag;

Fopy(ts, 1) =1 — e ts'n where
f(Laaj) =1~ a
3

(1.5)

Figure 1.41 gives K, = 7250K~2 and K; = 0.7 for the minimal deviation of 140W. Both
models are linked to each other by the heat flow rates from PCM to HTF. The heat flow rates are
generated by the 3D model and collected in two datasets. The former contains data as the phase
change occurs and the latter contains data when PCM remains liquid. The heat flow rates are then
used as source term in the 1D tube model.
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Figure 1.41 Averaged deviation between experimental and numerical results obtained for
different values of K2 and K3 [49]
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As shown above, the researchers tend to use different methods to include supercooling in numerical simulations. Simplifying the model is an
important issue used to decrease the time and complexity of the simulation. Table 1.5 summarizes the above-discussed models showing the
dimension, methods and assumptions taken.

Table 1.5 Summary of the most recent methods used for the numerical modeling of supercooling

Author (year) Dimension Method used Assumptions Results
- Supercooling delays the
onset of solidification.
- As the degree of
- Finite difference method supercooling increases, the
Hu et al. [47] - Heat capacity method Isothermal phase maximum value of heat
1D pacity transition ,:ocess flux reached before phase
(2017) - Implicit scheme to discretize the control equations and P change increases.
boundary conditions
y - The overall value of heat
flux decreases as the
degree of supercooling
increases.
_— . . _ - The model consisted of
- Assigning a state quantity B representing the liquid . .
. two zones, liquid and solid,
volume fraction
separated by a surface of .
Reversible and irreversible models, where the latter is di tinuit Presence of a unique
Frémond et al. [134] _ ) o r i Iscontinuity. solution for the obtained
1D obtained by adding the viscosity term in the partial

(2001)

differential equation of the moving front

- Free velocity of freezing surface function of
temperature

- During phase change, the
medium is at rest.

- Latent heat value setto 1
kJ/kg.

differential equations for
both cases
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- Enthalpy method to calculate heat transfer

- Explicit method to solve numerical equations

Constant rate of

- Assuming constant rate
of crystallization leads to
inaccurate results

- Temperature oscillations

Bony et al. [137] (2007) 1D . N . crystallization are observed during phase
- Applying conditions on the nodes and the time step change that need to be
using Fourier and Biot numbers reduced without

dramatically increasing the
calculation time.
- Finite volume method
- The values of enthalpy are implemented as a function - Conduction is the only Using two curves of
of time to overcome the reality that enthalpy function is | heat transfer mechanisms | enthalpy to include
no longer injective. . supercooling causes a
& J - Constant volume during dispcontinuitg of the
Gunther et al. [48] - Solidification is triggered either by reaching a preset phase change Y
1D . enthalpy due to phase
(2007) temperature or by the solid front. .
- Melting and change. It causes
- Rate of spread is a function of time. crystallization take place in | simulation errors and
. T . . a range and not at an exact i
- A node could trigger solidification in the neighboring | g mlsrer:cref]ents t:e real
e . value.
node when it finishes completely its phase change to case of phase change
solid.
- Rate of solidification is a
- Lumped system or nodal method to discretize the heat | fynction of a crystallization | - Using different values for
equation factor which is a function heat capacity, especially
: the negative values, ma
Davin et al. [98] - Time-explicit scheme to calculate the temperature at of temperature. & :
1D cause robustness problems

(2020)

each time step

- Enthalpy method based on heat capacity as a function
of temperature

- One direction heat
transfer

- The crystallization factor
is bounded in an interval

- The crystallization rate
factor and the time step
are the major parameters
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- Modification of the heat capacity in the phase change
range to include the latent heat to the equations (using
negative heat capacity)

- Solidification is triggered by either reaching a preset
temperature or by the solid front.

- Gaussian approximations for the heat capacity

for computational reasons
concerning divergence and
errors.

that influence stability of
the system

- The onset of heat release
is a critical point

- Decreasing the
crystallization rate and
using smaller time step
improve the stability of
algorithm

- Using low values for
crystallization rate factor
can cause energy balance
errors.

Uzan et al. [97]

- Finite volumes method to resolve the enthalpy
formulation

- Solidification is triggered by either reaching a preset
temperature or by the solid front.

- Phase change takes place
in a range and not at an
exact value to overcome

- The model shows
acceptable results
compared to experimental
data

- Ability of the model to
predict temperature

2D - Explicit numerical scheme to solve the solidification sharp variation of behavior at different
(2017) process enthalpy. positions and to
. ; demonstrate the effect of
- A node can trigger solidification in the neighboring No volume and density boundari
: changes oundaries
node after reaching a preset value of percentage of
solidification. - Ability to be a basis of
complex multidimensional
modeling
. - No convection heat The proposed
Waser et al. [49] 3D - The model consists of PCM and prop

transfer

crystallization probability
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(2008)

- Upwind scheme to discretized the inner heat transfer
tube

- Finite volume method to discretize the energy equation
of the PCM

- Implicit first order to discretize the time scheme

- Second order spatial discretization scheme

- Enthalpy method

- Used a phase indicator as a function of temperature

- Used an experimentally calibrated crystallization
probability function

- No thermal loss with the
surrounding ambient air

- Constant material
properties

- No heat transfers
between the segments of
the model

- The model was reduced
by symmetry by a factor of
8

- The inner heat transfer
tube is 1D

function must be
calibrated using suitable
experimental data.
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1.7 Discussion

Obtaining an optimal performance with minimal supercooling degree is the main goal when using PCM
in thermal storage systems. Each factor affecting supercooling was separately discussed and it was shown
that the effect of some factors do not necessarily follow a monotonic tend such as the percentage of
additives on the degree of supercooling. The effect of additives decreases after a mean value. The main
challenge is to determine the combination between several factors like surface roughness, cooling rate,
thermal conductivity, percentage of additives and thermal history that can lead to a PCM with optimal
performance. For example, in Figure 1.15, the use of an aluminum capsule having surface roughness r =
0.6 and thermal conductivity k = 183W /m. K gives approximately similar nucleation probability curve as
a brass having higher r = 1.59 and lower k = 113W /m. K. Similarly, the decrease of container’s volume,
for example by the use of micro-encapsulation, leads to an increase in supercooling degree, but also to an
increase of the heat transfer area in a thermal storage system.

The dependency of the supercooling phenomenon on many factors complicates its modeling. As
shown above, most authors tend to perform experimental measurements to obtain the required
parameters like supercooling degree and rate of spread. Nucleation theories are often used in the
numerical models, but the implemented equations still need calibration using experimental data to fit the
given case. It is better to increase the number of identical samples used to take the mean value and
standard deviation, in order to overcome experimental inaccuracies, including changes in applied
conditions and in materials properties. Implementing all known parameters/datasets in the simulations
coupled to a statistical tool is still difficult, because of the models complexity and the simulation time that
are restricted by the available computational power. Therefore, researchers take approximations,
assumptions and neglect parameters to decrease this complexity.

So, it is recommended to use micro-capsulations to increase the heat transfer area and avoid sudden
release of huge amount of latent heat. The whole knowledge of PCMs behavior should help in choosing a
better PCM that can be a combination of several PCMs to obtain the desired melting temperature. For
example, paraffins have high latent heat with a melting temperature near the indoor comfort
temperature, which is needed in thermal energy storage in building walls; however, their thermal
conductivity is low. Experimental results are important to validate the obtained results, but until now,
they are being used to obtain several values to implement in equations and conditions in the model. This
strategy restricts the field of work of the model to the applications having same conditions as the
experiments. As a future work, it is important to be able to predict the degree of supercooling, which
requires building the system of dependency between all parameters. Furthermore, the optimal
performance of a PCM in terms of energy may not be the desired one in terms of investment. The chosen
parameters should also include cost, energy saving and payback period studies. The ability of modeling a
PCM regardless the changing parameters will provide an ability to choose the optimal conditions to be
applied in a system from the energy, exergy, economic and environmental viewpoints.

Based on the above, the following guidelines should be followed for the optimal experimental design
of an application:

1. Classification of the application: in this step, one should determine whether supercooling is desired
(preservation process, animals and plants survival) or not desired (thermal storage systems).
Supercooling chaotic behavior can dramatically change the system efficiency.
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2. Determination of the parameters that can be modified and have a direct effect on the supercooling
degree. For example, modifying the structure, roughness and size of the container of PCM is more
easily achieved in thermal energy storage systems than in the processes of preservation. However,
in preservation processes, controlling the cooling rate is easier than in thermal energy storage
systems integrated in the walls of a building or a greenhouse, which depends on the exterior
atmosphere.

3. Study of the correlation between the parameters to be changed. Some parameters have higher
impact than others do; for example, the thermal conductivity and surface roughness of the container
(see Figure 1.15).

4. Tradeoff between system performance and cost. The chosen techniques to increase or decrease
supercooling should serve in increasing the system’s efficiency with the lowest possible cost. Figure
1.42 summarized the most important decisions to take according to the application and whether
supercooling is favored or not.

Regarding the numerical modeling of supercooling, the following guidelines might be followed:

1. Build a physical model with a simple geometry and dimension structure, to reduce computational
time and cost.

2. Choose the appropriate modeling method: each method has its advantages and disadvantages.
Table 5 summarizes the major characteristics of each model.

3. Make simplifying assumptions to reduce computational time and avoid divergence. Some
parameters have negligible effect on heat transfer and PCM behavior while their implementation
requires a high computational effort. For example, during solidification, conduction heat transfer is
dominant over natural convection. Several assumptions have also been taken by different authors
to initiate crystallization (preset temperature, probability equation, state functions)

Build the equations representing the temperature rise during latent heat release. Most authors tend to
obtain it from experimental results. The manner of crystals spread differs for different temperatures
and degrees of supercooling. This modeling challenge adds up to the modeling requirements for
crystallization initiation (onset and position). A set of relations have been developed, but they are still
limited to specific PCM, container properties and initial values.
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Figure 1.42 Flow chart showing different solutions to trigger or prevent solidification depending on
the application

1.8 Conclusion

The present chapter is a comprehensive review of the supercooling phenomenon. The review of its
principal occurrences in nature and human applications shows that it is usually beneficial for animal and
plants survival and for the preservation of food and organs, while it is detrimental to the performance of
most thermal energy storage systems. The investigation of the factors affecting the onset and degree of
supercooling leads to the following conclusions:

e The occurrence and degree of supercooling increase with a decrease in the percentage of PCM
impurities. Decreasing the cooling rate decreases the degree of supercooling but increases the time
spent in supercooled state. Overheating the PCM over repeated cycles and the absence of
mechanical shocks on the system also foster supercooling.

e Conversely, the onset and degree of supercooling are reduced by increasing the mixture’s thermal
conductivity, the container’s surface roughness and volume, or by reducing the PCM mixture melting
temperature. Adding suitable nucleating agents to the PCM is one of the most used methods to
reduce the supercooling degree.

)]
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By reviewing the existing numerical models for the simulation of supercooling, it was found that:

The main challenges are the instable, non-deterministic nature of supercooling and the lack of
knowledge on the exact correlations between the various factors affecting its onset.

Therefore, most models rely on experimental data to provide important parameters such as the
degree of supercooling or the rate of crystallization spread. Preset nucleation temperatures,
probability equations and state functions are the most used methods to initiate crystallization.
However, this strategy limits the validity of the numerical models to very specific experimental cases.

Future experimental and numerical work should include:

The research of general correlations relating the most important factors affecting supercooling,
towards the better prediction of the degree of supercooling and of the onset of crystallization. The
correlations should also take into consideration the degradation of the material that takes place
due to repeated thermal cycles.

The investigation of changes in material thermophysical properties as a function of the supercooling
degree. This is especially important for high supercooling degrees where the traditional
assumptions (density, thermal conductivity, rate of spread, etc.) are no longer applicable.

The investigation of the PCM temperature increase due to latent heat release. This point is still not
well established due to several factors such as degree of supercooling, the change in material’s
properties and the high rate of spread. Once the behavior is known, the numerical simulation of the
system behavior may become more accurate.

In a holistic approach, the evaluation of the energy and economic impact of supercooling on each
application.

1.9 Positioning of the work

The primary goal of this work is to represent supercooling in a numerical model accurately and simply.

It is found from the above literature that several critical points must be investigated to build this model.

o The degree of supercooling: It is one of the primary issues that arise in a supercooling problem.
The authors of all attempts found in the literature rely on experimental results to assign a
nucleation temperature or a nucleation probability formula. As a result, in our work, the model
will be given the nucleation temperature. The nucleation process can be initiated by either
reaching the predetermined temperature or triggered by the solid/liquid interface.

e The increase in PCM temperature is caused by the release of latent heat when supercooling is
interrupted. The value of latent heat during solidification is affected by supercooling. A way to
properly define this value should be researched.

e Supercooling degree sensitivity: The degree of supercooling varies as a function of several factors,
including externally applied conditions as well as material properties. To validate the model,
precise experimental results should be available, which is not the case in the literature. As a result,
a benchmark is needed to provide different results using different PCM and by varying various
parameters found in the literature to be influential.

The literature lacks quantitative evaluation of the effect of supercooling in real-life latent heat

thermal energy storage systems. Such an investigation should be done.
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Presentation of the chapter

Considering the supercooling phenomenon in the numerical simulations gives a better prediction of the
energy performance of a system. This work is the first attempt to include supercooling in a two-
dimensional numerical model that accommodates natural convection during the melting process and
supercooling during the cooling of the phase change material. The model represents supercooling using
an internal domain heat source and a state function used to modify the thermophysical properties of the
material. The goal is to simulate supercooling as simply and quickly as possible while also being as accurate
as possible. Based on the literature reviewed in chapter 1, this is the first attempt to represent supercooling
using this method.

Nomenclature
A Function (-) q Conductive heat flux (W/m?)
B Melted fraction (-) s, 1 Subscripts solid and liquid respectively
C;, Gy Constants (-) S State function (-)
Gy Thermal heat capacity (J/kg.K) T Melting temperature (°C)
D Gaussian function (-) T,, nt Nucleation temperature (°C)
F Volume force (N/m?3) ts Time required for crystallization (s)
g Gravity (m/s?) dr Phase change temperature interval (°C)
Thermal conductivity (W/m.K) i Velocity of liquid PCM (m/s)
Lp,LH  Latent heat of fusion (J/kg) AH Sensible enthalpy (J)
n Normal vector, (-) P Density (kg/m3)
Pe Peclet Number, (-) B Thermal expansion coefficient (-)
Q Heat source (W/m?3) u Dynamic viscosity (Pa.s)
Ax Maximum length of mesh cells (m)

2.1 The modeling challenges

Incorporating supercooling into numerical simulations necessitates a number of precautions that
increases the model's complexity. A mathematical bijective function from a set X to a set Y allocates
exactly one element of Y to each element of X as shown in Figure 2.1a. If a value of X allocates two or
more elements of Y, the system is no longer a bijective function as shown in Figure 2.1b. For a given typical
phase change problem in the absence of supercooling, the PCM’s thermophysical properties can be
represented as a bijection of temperature. In the case of cooling in the presence of supercooling, the
material examines four consecutive conditions defined as: cooling in liquid state (including supercooled
liquid), temperature increase in liquid state caused by latent heat release, solidification in the
temperature range of phase change, and cooling in solid state. For example, Figure 2.2 shows the density
variation of a material undergoing supercooling as a function of temperature during the cooling process.
The figure represents a material having a solid density greater than a liquid density, but the following
discussion also applies to liquid densities greater than solid densities. From a liquid state, the material is
cooled until it reaches the nucleation temperature T,, (orange), at which the temperature rises (blue) as
solidification initiates and latent heat is released. When the material reaches the phase change
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temperature, it undergoes solidification (green), and then it goes through a cooling phase of solid (yellow).
For a given temperature T; where T,, < T; < T,, — dT /2, the material can be either in liquid state, solid
state or in the phase of temperature rise because of initiation of solidification. Another example is for a
temperature T that belongs to the phase change temperature range [T,, — dT /2, T,, + dT/2]. Here the
material can be either liquid, in the phase of temperature rise or undergoing phase change. As a result, a
PCM’s thermophysical properties can no longer be represented solely as a bijective function of
temperature.

Another difficulty is determining the temperature at which nucleation begins. Nucleation can be
initiated by either reaching a predefined temperature T, or triggered by the solid-liquid interface. The
nucleation temperature varies from node to node, and it is critical because it determines the amount of
energy required to raise the temperature to the melting temperature.

The required energy to raise the temperature is obtained from the material's latent heat. The third
challenge is determining whether or not the latent heat is sufficient, as well as the temperature attained
by the material.
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Figure 2.1 Difference between a) a bijective function and b) a non-function
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Figure 2.2 Density variation of a PCM undergoing supercooling

Furthermore, the temperature of the material in a supercooled state can rise. This rise can be
attributed to the release of latent heat in the neighboring node or to heating the material with an external
heat source applied at the boundary. The first assumption means that solidification will begin, which
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necessitates the model raising the temperature to reach the phase change temperature and continue
solidification. However, the second assumption is typical liquid heating, in which the temperature of the
PCM rises without solidification.

Including supercooling in the numerical model necessitates consideration of all of the above-
mentioned.

2.2 Mathematical model

2.2.1 Existing model without supercooling

The model built in this study is a modification of an already existing model of Biwole et al. [139], [140],
which is a modification of Brent et al. [141] enthalpy-porosity model. The model assumes that phase
change occurs over a temperature interval [T,,, — dT /2, T,, + dT /2] rather than a constant temperature.
The melted fraction is calculated using the function B(T) given by equation (2.1). B(T) is 0 for
temperatures less than T;,, — dT /2 and 1 for temperatures greater than T;,, + dT /2, and it varies linearly
between these two values as shown in Figure 2.3. The density and thermal conductivity are modified
depending on the temperature using the piecewise function B(T) as shown in equations (2.2) and (2.3).

To include latent heat during phase change, the value of the specific heat capacity is modified in the
interval [T,, —dT/2,T,, + dT /2] by applying a Gaussian function denoted by D(T) given by equation
(2.4) and shown in Figure 2.4a. D(T) is multiplied by the latent heat of the PCM and added to the thermal
capacity as shown in equation (2.5) and Figure 2.4b.

T

0.8
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_/ l
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Figure 2.3 Variation of B(T) as a function of temperature
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( 0, T<Tm-—dT/2
T—Tm+dlj2 rogm AT
By =" ar Mz <imiy (2.1)
1 Tsrm+ L

k ’ =1Im 2
k(T) = ks + (ky — ks)B(T) (2.2)
p(T) = ps + (py — ps)B(T) (23)

(T-Tm)?

—e dT*/4 (2.4)

D) /,/ndTZ/él-
Co(T) = Cp, + (Cp, = Cp_) B(T) + LD(T) (2.5)

The material is motionless in the solid phase. To represent the solid phase, the viscosity of the PCM is
increased using a function A(T) shown in Figure 2.5 and denotes as:

C(1 - B(D)?

AT = —prys C,

(2.6)

where C; and C, are constants. C; has a very high value that depends on the material, as explained in
[139], while C, has a very small value and prevents dividing by zero when the PCM is in the solid state. In
the solid state B(T) = 0 and A(T) = C;/C, which corresponds to a very large value, while in the liquid
state B(T) = 1 and A(T) = 0. The viscosity function is then written as:

w(T) = (1 + A(T)) (2.7)

Gaussian function D(T)

T
|
I
I

o . | | . ! ﬁ
Tm Temperature
Temperature (K)

Figure 2.4 Variation of a) D(T) and b) the thermal conductivity as a function of temperature
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In the momentum conservation equation, a volume force Fa) is also added to dominate over all other
forces in the solid phase. When this force overcomes all other forces, the velocity of the PCM ()
converges to zero, corresponding to the solid state.

—

F, = —A(T).u (2.8)

The natural convection is included using a volume force given by:

Fy = —pB(T —T)d (2.9)

where f is the coefficient of thermal expansion

The model has already been validated for natural convection during melting in [139], [140]. In those
papers, the melting of RT25 and Lauric acid in rectangular enclosures was simulated and compared to an
in-lab experiment, and to the experimental work of Shokouhmand and Kamkari [142]. Figure 2.6 shows
the comparison of the melting front positions for octadecane, between the present model and other
models presented in numerical benchmark of Bertand et al. [143] for Prandtl and Rayleigh numbers of
value 50 and 108, respectively.

Function 4¢T)

Tm
Temperature (K)

Figure 2.5 Variation of A(T) as a function of temperature
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Figure 2.6 Position of the melting front obtained by the current model and the numerical benchmark
[143]

2.2.2 Modifications and additions to accommodate supercooling

In the present study, the model is modified to include supercooling upon cooling. To address the issue
that the thermophysical properties that can no longer be represented as a bijective function of
temperature, a new piecewise state function s(s, T) is developed to precisely represent the state of the
material. This function varies according to the material’s state and temperature as follows:

=

, Heating process

2, Liquid and supercooled states

s(s, T) = (2.10)
3, Temperature rise

4, Solidification process and cooling of solid

The nucleation temperature T,, is the temperature at which solidification initiates. In other words, it is
the lowest temperature a PCM reaches in the liquid state. The nucleation temperature differs from one
node of the computational grid to another. For this reason, it is calculated separately for each node and
denoted by nt. The following strategy is used to model supercooling:

e First, the PCM in the liquid state stays liquid until solidification is triggered either by the
solidification of the adjacent node or if a node reaches a preset nucleation temperature T,,.

e Second, when solidification initiates, the PCM uses a portion of the latent heat to increase its
temperature to the upper temperature limit of melting range T,,, + dT /2. The required energy
can be calculated as Cpl(Tm — nt), as detailed in [144]. Therefore, the model increases its
temperature by a domain heat source Q(W /m?3) given by:

77



Chapter 2: A CFD model of solid-liquid phase change with natural convection and supercooling

Q= plCPl(Tm —nt)/ts (2.11)

where t is the time required to raise the temperature from nt to (T, + dT/2) and is defined based on
experimental observations.

e Third, when the temperature of the PCM reaches (T, + dT/2), the PCM continues
solidification in a typical manner in an interval dT. Thereafter, the value of the latent heat is
reduced by Cp,(T,, — nt), which is the consumed energy required to increase the temperature
from nt to Tyy,.

However, if the latent heat is insufficient, that is, Cpl(Tm —nt) > Lg, the node’s temperature rises to
a value lower than the melting temperature. Knowing that all the latent heat will be released, equation
(2.12) can be written and the attained temperature T reads as in equation (2.13):

Lp = Cp (T — nt) (2.12)
Lp

T=—"+nt (2.13)
pl

If the latent heat is insufficient, the temperature rises to the previously stated value and the PCM
changes its phase directly to the solid phase.

In the equations, s(s,T) will be written as "s" for simplicity. This function divides the heating and
cooling cycle to four stages as shown in Figure 2.7. After defining the meaning of each value of s function
in equation 2.14 and the possible cases, the state function can be written as follows:

1, s=4and Ty, > Ty
2, s=1landT > Ty and Topp < Ty
s(s,T) = oT (2.14)
3, s=2andTapp<Tmand(T=Tnor§>0)
4, s=3and Q < LpandT =T, + dT/2
or

s=3andQ >LpandT = Lg/Cy + 1t
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Figure 2.7 The value of the state function s(s,T) as a function of the state of the PCM

The nucleation temperature and the heat source can now be defined as:

{ Tml s=1
nt(s, T) = min(T,,, T), $=2 (2.15)
k nt, S 2 3
p[CPl(Tm—nt)/tS, S = 3
Q(s, T) = (2.16)
0, else

The modified latent heat L, depends on the state of the material and is defined as follows:

Lp, s<3
Ly(s,T) = 0, s =4 and p,Cp,(Ty, — nt) > Ly (2.17)
Lg = Cp (T — nt), else

In supercooled state and during the temperature rise, the material is in liquid state, so the
thermophysical properties of the PCM are conserved equal to the liquid properties. The modified density,
thermal conductivity, heat capacity, and viscosity are represented by equations (2.18), (2.19), (2.20) and
(2.21), respectively.
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ps + (p — ps)B(T), s=1lors=4

p(s,T) = (2.18)
Pr, s=20rs=3
ks + (k; — kg)B(T), s=1lors=4

ks T) = (2.19)
ki, s=20rs=3

Cps + (Cpr— Cps)B(T) + LH xD(T), s=1lors=4

(
Cp(s,T) = { (2.20)

k Cots s=20rs=3
I{ w, (1 + A(T), s=1lors=4
u(s,T)={ .
Ui, s=2o0rs=3 (2.21)

\

2.3 Numerical modeling
2.3.1 Physical model

The model is a 2D representation of a test tube partially filled with PCM and immersed in a water bath.
The tube is 1.5 mm thick, 13 mm in internal diameter and 7.5 mm in height. Figure 2.8 shows the materials
of each component in the model and the boundary conditions. Regarding the boundary conditions, the
upper boundary condition is open, whereas the remaining boundaries have Dirichlet conditions with a
fixed applied temperature denoted by Ty, which represents the temperature of a water bath. The
Dirichlet (or first-type) boundary condition is one kind of boundary conditions used in the study of
differential equations in mathematics [145]. It specifies the values that a solution must take along the
domain's edge when applied to an ordinary or partial differential equation. When a Dirichlet condition is
given, there is no need to solve for the dependent variable because it is predetermined. As a result, the
problem can be solved without using equations for these degrees of freedom. The open boundary
condition allows fluid flow through the boundary. It applies a zero conductive flux condition for an

outgoing fluid flow across the boundary according to equation (2.22):

-n.q=0, nu=0 (2.22)

where n and g are the normal vector pointing out of the domain and conductive heat flux respectively.

It automatically takes into consideration the heat flux caused by the flow rate through a Danckwerts
condition on the enthalpy for an incoming flow of velocity field u across the boundary given by the
equation (2.23):

—n.q = pAHu.n, nu<o (2.23)
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where AH is the sensible enthalpy

Open boundary
Air
Tapp Test Tapp
tube

PCM

)/
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Figure 2.8 Geometry, materials and boundary conditions used in the numerical model

As an alternative, the temperature of an entering flow can be limited by the open border condition.
For example, in an experiment with an open boundary to standard room temperature, the temperature
border condition can be set to the ambient temperature. Both possibilities are predicated on knowledge
of the upstream temperature at the virtual domain's outer boundary, however the first one should be
chosen in order to take into consideration the feedback from the model's heat sources and temperature
limits on the inlet temperature profile.

The PCM, tube, and air above the PCM have the same initial temperature while the initial temperature
of water is Ty, If the initial temperature of PCM is higher than the phase change temperature, it is
assumed to be in the liquid state; otherwise, it is assumed to be in the solid state.
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2.3.2 Numerical scheme

The finite-element approach is frequently utilized for the thermal numerical simulation of heat
treatment, casting, or welding operations. Due to the effects of latent heat, simulating phase changes
necessitates simulation of extremely nonlinear problems. The numerical challenge of finite-element
analysis of heat transfer systems incorporating phase changes has received a lot of attention lately [146].
The fixed-grid technique relies on the temperature profile to determine the position of the interface.
Consequently, the interface can have a continuous, smooth front or not. The three different fixed grid
approaches, which can be divided into three groups, are described in depth by Voller et al. [147]:

e The fictitious heat flow methods
e The effective heat capacity technique
e The total enthalpy methods

The above described mathematical model is implemented in a mesh built using linear free triangular
elements (Figure 2.9). The mesh size is defined by ensuring a mass mesh Peclet number lower than two
as shown in equation (2.24), to help numerical converge. The simulations first run with an extra-fine
mapped mesh of 9818 elements (Figure 2.9a). The second batch of simulations is run with an extremely
refined mesh composed of 21262 (Figure 2.9b).

ulx
Pe=——<2 (2.24)
u/p

where Ax is the maximum length of mesh cells.

Figure 2.9 Meshes used in the COMSOL Multiphysics numerical model: a) extra fine and b) extremely
fine

2.4 Chapter conclusion

Including the supercooling phenomenon in numerical simulations necessitated the addition of a
piecewise state function that defined the material's state. The function is used to modify and control the

82



Chapter 2: A CFD model of solid-liquid phase change with natural convection and supercooling

thermophysical properties of the PCM. The model represents supercooling and its effects on the PCM's
behavior using a simple technique. The PCM is forced to remain at liquid state at a temperature below its
melting point until it reaches a preset temperature or until a neighboring node triggers solidification. The
core novelty of the model is the representation of the temperature rise by a domain heat source whose
value depends on the nucleation temperature. The reached temperature and rest amount of latent heat
to continue solidification are also calculated as functions of the nucleation temperature.

To validate this model, a series of experiments with various PCMs having different thermophysical
properties is carried out in the following section of this manuscript. Validating the model and
understanding its limitations later allow to use it in real applications of thermal energy storage systems,
where the effect of supercooling is investigated.
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Presentation of the chapter

Phase change materials (PCM) are used in thermal energy storage systems to enhance their
performance. Supercooling and natural convection can occur respectively during the cooling and heating
cycles of the material’s solid-liquid phase change and modify the systems’ efficiency. This study
experimentally investigates the supercooling and convection behavior in three PCMs, namely pure
octadecane (organic), a eutectic PCM, and sodium acetate trihydrate (inorganic). The aim is to provide
benchmark data for numerical simulation models and to explore the effect of different factors on the
degree of supercooling and on natural convection. Results show that the type of PCM, the temperature of
the cooling fluid, mechanical shocks, the geometry of the PCM’s container and its surface roughness have
a direct effect on the degree of supercooling. The supercooled PCM shows a high sensibility to any changes
in the applied conditions. The thermal insulation of the unheated PCM boundaries has a major effect on
the solidification and melting dynamics and topology, particularly regarding the solid-liquid interface. The
cross-sectional temperature profiles, the inclination of the solid-liquid interface, and the melting rate show
that regardless of the PCM, natural convection plays a significant role during the heating process but not
during the cooling process.

Nomenclature

p Density (kg/m3) s, 1 Subscripts solid and liquid respectively
k Thermal conductivity (W/m.K) ) Diameter (mm)

Gy Thermal heat capacity (J/kg.K) Tonax Maximum temperature (°C)

T Melting temperature (°C) Lp Latent heat of fusion (J/kg)

3.1 Introduction

Phase change materials (PCM) employed in latent heat thermal energy storage systems (LHTESS) are
divided into three categories, organic, inorganic, and eutectic. Organic materials are classified as paraffin
(straight chain n-alkanes) and non-paraffin (glycol, alcohol, and fatty acid); inorganic materials are
classified as salt hydrates, inorganic compounds, and metallic; and eutectics are mixtures of two phase
change materials with different melting temperatures [148], [149]. Each category has its own
characteristics that might have beneficial or adverse effect when used in LTES systems [150]. Table 3.1
summarizes the desired properties when selecting a PCM for integration in a LHTESS. The PCM used in a
thermal energy storage system is critical to the system's efficiency and performance [151]. Supercooling
refers to a material remaining in liquid state at a temperature lower than its melting temperature.
Supercooling is undesirable in most LHTESS. According to the recent literature [59], a supercooled liquid
is instable, and solidification can occur due to a variety of factors. Inorganic materials, for example, are
subjected to more supercooling and phase separation than organic compounds. Natural convection in a
PCM container refers to the transport of melted material due to buoyancy forces arising when the density
of melting PCM parts decreases. Natural convection has a direct impact on the melting process by
increasing the melting rate.

Several researchers have recently proposed numerical models of supercooling in PCMs [49], [152],
[153]. Unfortunately, there is still a scarcity of experimental data that can be used to validate such models.
This is especially true for supercooling. Waser et al. [49] modeled the solidification of PCM in a fin-tube
heat exchanger, including supercooling, and sodium acetate trihydrate (SAT) was used in the experimental
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model validation process. Huang et al. [152] numerically modeled the crystal growth of a supercooled
PCM during phase change. SAT was also used to experimentally investigate the effect of supercooling on
output heat. Zhao et al. [153] developed a numerical model of fin tube latent heat storage and validated
it using experimental data from inorganic salt hydrates. Validation of the numerical models necessitates
not only precise results, but also precise input parameters including the container geometry, the used
materials, the initial and boundary conditions applied, and the various measurement tools and control
systems. As a result, the authors prefer to conduct their own experiments to ensure precise results and
well-known experimental conditions.

The goal of this research is to provide benchmark experimental data of PCM thermal behavior in the
presence of supercooling and natural convection. The obtained results can be used in the computational
fluid dynamics community to validate numerical models. The chapter first describes the experimental
methodology, which includes a detailed description of the experimental setups, the thermophysical
properties of the chosen materials and the temperature control and monitoring system. The study
investigates three PCMs: octadecane, an organic PCM of phase change temperature 28 °C, sodium acetate
trihydrate (SAT), an inorganic PCM of phase change temperature 58 °C, and a eutectic PCM of phase
change temperature 21.3 °C. Then, experimental results are provided in the form of temperature variation
as a function of time at several locations in the PCM container. Each PCM is tested on two containers of
different geometry, with varying cooling and heating rates. For each experiment, the initial and boundary
conditions are detailed. Last, a discussion section examines the main findings.

Table 3.1 Phase change material selection criterion based on the properties [154]

High thermal High thermal stabilit
Thermodynamic Melting temperature ranging conductivity g Y
properties in operating range of LHTESS High specific heat

High latent heat
. . . Non-toxic to the .

Environmental aspects Reduction of global warming ) Sustainable product

environment

Non flammable Non toxic Low volume expansion
Chemical properties
High chemical stability No supercooling Non corrosive

Economical aspects Low price Availability Low operating cost

3.2 Methodology
3.2.1 Phase change materials

A number of variables, including metabolic rate, clothes insulation, air relative humidity and velocity,
affect the comfort temperature in a room. According to ASHRAE standard 55 [155] on thermal comfort,the
indoor comfort temperature range for a person during summer and winter is, respectively, [22.8 °C, 26.1
°C] and [20 °C, 23.9 °C]. The phase change temperature of organic n-alkanes varies from 18 °C to 36 °C,
making them suitable candidates for use in applications to maintain comfortable indoor temperatures.
They also exhibit steady chemical activity under repeated phase changes [156]. The first selected PCM is
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therefore octadecane CigHss. The manufacturer, FisherScientific, reports a 99+% purity. Table 3.2 lists the
thermophysical properties of solid and liquid octadecane.

Table 3.2 Thermophysical properties of octadecane

Reference Property Solid Liquid
Yehya et al. [157] Cp (J/kg.K) 1910 2230
Yehya et al. [157] k (W/m.K) 0.356 | 0.149

Supplier p (kg/m3) 777 777
Supplier Tm =28-30 °C - -
Supplier Lr = 237 kJ/kg - -

The second PCM is a eutectic fatty acid previously used by Souayfane et al. [158] and supplied by
Cristopia Energy Systems. Its thermophysical properties are listed in Table 3.3:

Table 3.3 Thermophysical properties of eutectic fatty acid PCM [158]

Property Solid Liquid

k(W/m.K) 0182 0.182

Cp (J/kg.K) | 1670 2090

p (kg/m3) 960 884

Tm=21.3°C - -

Lr = 152 ki/kg - -

The third chosen PCM is pure sodium acetate trihydrate (SAT). The manufacturer, FisherScientific,
reports a 99+% purity. SAT possesses a number of characteristics that make it suitable for use in thermal
energy storage systems. According to Wang et al. [159] SAT exhibits high latent heat, low thermal
expansion, is chemically stable, non-toxic, low cost and easily accessible. However, the material has some
drawbacks for LHTESS applications which are low thermal conductivity, high supercooling degree, phase
segregation and corrosion with some metals [160]. Table 3.4 summarizes the thermophysical properties
of SAT [159].
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Table 3.4 Thermophysical properties of SAT

Reference Property Solid Liquid
Wang et al. [159]  Cp (J/kg.K) 2900 3100
Wang et al. [159]  k (W/m.K) 0.600 0.385
Wang et al. [159]  p (kg/m?) 1450 1280
Supplier Tm =58-60 °C - -
Supplier Lr = 264 ki/kg - -

3.2.2 Small-scale and large-scale experimental setups

A first setup, hereafter referred to as the small-scale experiment, consist of a test tube that is fixed to
a stand and placed vertically inside a temperature-controlled chamber. The tube is 100 mm high, 1.5 mm
thick, and has an outer diameter 16 mm. The temperature variation with time is collected using two T-
type class 1 thermocouples of precision £ 0.5 °C and 1 mm junction diameter. As seen in Figure 3.1a, the
first thermocouple measures the temperature of the PCM close to the boundary, while the other
measures the temperature of the water in the chamber. The aim of the small scale experiment is to ensure
limited amount of tested PCM, which reduces the risk of nucleation sites within the material, and smooth
surface contact between the PCM and the glass container.

A second, large-scale experiment, is done in a polycarbonate container of dimensions 208 mm x 100
mm x 150 mm (width x depth x height). The container’s wall is 10 mm thick, transparent and of thermal
conductivity 0.20 W.m™1.K2. As shown in Figure 3.1b, the container is divided into three chambers that are
separated by two 3 mm thick aluminum plates with dimensions of 100 mm x 150 mm (depth x height).
The PCM is located in the middle chamber, which is 80 mm x 100 mm x 150 mm (width x depth x height).
The PCM chamber's temperature is controlled by the two adjacent chambers that act as thermostatic
baths. The adjacent chambers are filled with water at regulated temperature, thus imposing Dirichlet
boundary conditions to the PCM domain. In order to reduce heat loss to the outside and ensure the PCM
receives heat predominantly from the thermostatic baths, 40 mm thick polyurethane foam with a thermal
conductivity of 0.025 W/m.K insulates the polycarbonate plates in contact with the PCM from the exterior.
The large-scale experiment provides the opportunity to view the effect of natural convection on the
melting front, and the effect of PCM’s volume on the supercooling degree.

These experiments allow for the use of a variety of cooling temperatures, to investigate their effect on
the supercooling phenomenon. The container effect is represented by the structure’s volume, and surface
roughness.
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Figure 3.1 (a) Thermocouples position in the small-scale experiment and (b) top view of the large-scale
experiment

3.2.3 Temperature control and monitoring system

The water temperature in the two adjacent chambers is controlled by a LabTech H50-500 water chiller
and a Fisher Scientific Heating Circulator Polystat 5A+24. The temperature and flow rate controls are listed
in Table 3.5. The water flows from the top to the bottom of each chamber, to maintain a consistent water
temperature near the aluminum plate. Figure 3.2 shows one of the adjacent chambers.

To measure the temperature of the PCM at various locations, fifteen class 1 T-type thermocouples of
precision = 0.5 °C are inserted into the container's back plate. The thermocouples have a diameter @ =
1 mm, an AISI 321 stainless steel coating, are hot weld insulated, and can withstand temperatures as high
as 400 °C. As shown in Figure 3.3, the thermocouples are evenly spaced in the vertical direction and
focused on one side in the horizontal direction. The thermocouples are inserted in the PCM at 2.5 cm from
the back plate. The objective is to raise the thermocouple density close to the plate where solidification
begins. To avoid leakage, the thermocouples are fixed using silicon caps. The presence of thermocouples
enables the examination of temperature variations in both the vertical and horizontal directions.

Table 3.5 Characteristics of water chiller and heating circulator

Temperature Temperature Temperature Flow rate
range (°C) stability (°C) controller (L/min)

Water chiller -5 —» 35 +0.3 PID Upto3

Heating circulator 20 — 100 +0.05 PID Upto 10
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Figure 3.2 Water flow to control the temperature at the PCM boundaries
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Figure 3.3 Positions (mm) and number of thermocouples used to measure the PCM temperature

Additionally, to monitor the temperature of the water near the aluminum plate, one T-type class 1
thermocouple of 3mm diameter is installed in each of the two neighboring chambers.

The thermocouples are connected to an NI ¢cDAQ-9174 data acquisition device, enabling LabVIEW
software to gather and save the measured data. Figure 3.4 shows the front view of the large-scale
experiment. The figure shows the position of PCM, water, insulation and thermocouples that measure
water temperature.
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Figure 3.4 Front view of the large-scale experiment

3.3 Results

3.3.1 Small-scale experiment
3.3.1.1 Octadecane

A 35 °C bath is used to heat the test tube containing 1.8 g of octadecane. After melting, the tube is
placed in a cooling water bath with a preset temperature. The study is done on how coolant temperature
affects the occurrence of supercooling. The evolution of the PCM and water temperatures are recorded.
Results show that when the coolant temperature is lower than 25 °C, supercooling does not occur. It
occurs when the coolant temperature rises to 25.5 °C, which is closer to the phase transition temperature,
with a recorded nucleation temperature of 26.34 °C as seen in Figure 3.5. Within the supercooled state,
the nucleation temperature is defined as the temperature at which the local PCM temperature begins to
rise as a result of latent heat release. In the case of the small-scale experiment with octadecane, the
initiation of solidification is accompanied by the increase of the local PCM temperature to a temperature
of 27.3 °C, where solidification takes place.

Figure 3.6 shows an additional series of tests that make use of a reduced temperature difference
between the cooling bath and the PCM. The cooling bath's temperature progressively drops, affecting the
PCM's temperature. The water temperature is adjusted several times, to reduce to cooling rate and
impose a progressive temperature drop. The adjustment is reflected in the fluctuations of water
temperature visible in Figure 3.6a. As shown in the Figure, fluctuations in the coolant temperature lead
to fluctuations of the PCM'’s temperature. In this case, the PCM's temperature gradually drops as well,
entering a stable supercooled state from second 970 to second 1235. In the absence of nucleation
initiation conditions, the PCM remains in a stable supercooled state. Once the PCM temperature hits 26.15
°C, solidification begins, showing that the nucleation temperature varies as a function of cooling rate. As
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noticed by several researchers [45], [55], [57], [58] reduced cooling rates allow for lower nucleation
temperatures. Figure 3.6b examines the effect of a water bath temperature close to the previously
recorded nucleating temperature. Therefore, the bath's temperature is decreased from 26.5 °C to 26.3
°C. Similar to Figure 3.6a, PCM's temperature drops gradually until it reaches 26.3 °C, at which point
solidification begins.
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Figure 3.5 Cooling of octadecane using cold water (25 °C) and presence of supercooling
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Figure 3.6 Octadecane entering in stable supercooling with a) gradually decreasing and b) relatively high
cooling bath temperature

3.3.1.2 Eutectic PCM

The test tube containing 3.2 g of eutectic PCM is heated until the material melts. The same mass is
used in a series of trials with various cooling temperatures. Table 3.6 details for each trial the cooling
temperature used and the obtained nucleation temperature, supercooling degree, time spent in
supercooled state, solidification temperature and elapsed time from the nucleation to the solidification
temperature. The solidification temperature is the achieved temperature following the release of latent
heat caused by solidification initiation. However, the supercooling degree is the difference between the
nucleation temperature and the material’s melting temperature. It is found from the performed trials that
the melting temperature is actually 21.5 °C. The time spent in the supercooled state is the interval
between the instant when the temperature of the liquid PCM falls below the melting temperature and
the instant solidification is initiated.

The first two trials are done using the same coolant temperature. The results are close. However, even
though the experiment is done using the same mass of the material, the same container, the same
position of thermocouples, the same DAQ system and the same cooling temperature, the behavior of PCM
for both tests is slightly different as shown in Figure 3.7. In the first trial, the nucleation starts earlier and
the temperature reaches a higher value when latent heat is released. It also displays a one-degree
difference in nucleation temperature and supercooling degree when compared to the second trial. This

finding underlines the instable nature of supercooling. However, the different behavior might also be due
to the precision of the thermocouples, which is + 0.5 °C.
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Table 3.6 Cooling of eutectic PCM using different coolant temperatures

Ti t Ti ired
Coolant Nucleation ) |me.spen Solidification 'me re.qmre
Supercooling in during
temperature  temperature . temperature
. . degree (°C)  supercooled . temperature
(°C) (°C) (°C) .
state (s) increase (s)
Trial #1 18.1°C 20.4°C 1.1°C 62s 21.5°C 158 s
Trial #2 18.1°C 20.3°C 1.2°C 63s 21.4°C 154 s
Trial #3 13.2°C 20 °C 1.5°C 54s 20.94 °C 154 s
Trial #4 8.5°C 19.9°C 1.6°C 43 s 20.7 °C 98 s
Trial #5 3.6°C 19.6 °C 1.9°C 40s 20.4°C 89s
Gradually
Trial #6  decreasing 19.8°C 1.7°C 64 s 21.5°C 188 s
(Figure 9)
Trial #7  20.75°C 20.87 °C 0.63 °C Stable 21.4 74's

supercooling

In trials #3 to #5, the coolant temperature is decreased to 13.2 °C, 8.6 °C, and 3.6 °C, respectively.
Although the PCM enters in supercooled state in each trial, its behavior varies depending on the cooling
temperature. First, as the cooling temperature decreases, the PCM reaches the nucleation temperature
faster. For this reason, the PCM spends less time in supercooled state. However, as the cooling
temperature decreases, the degree of supercooling increases. In other words, the nucleation temperature
is lower. These results are consistent with the findings published in several other experimental studies
and literature reviews [55], [57], [58], [144]. Additionally, the PCM is unable to attain its phase transition
temperature as the cooling temperature drops. As observed during the experiment, the PCM next to the
test tube’s wall begins to solidify before the PCM located near the thermocouple. The latent heat of the
eutectic PCM is theoretically sufficient to increase the local temperature to the melting temperature, but
this is not the case as shown in Figure 3.8. The PCM is not able to rise its local temperature to the melting
temperature due to the slow temperature rise and the heat loss to the surrounding PCM parts.

The coolant temperature and PCM have the same initial temperature in trial #6, and the coolant
temperature gradually decreases to a minimum temperature of 17.3 °C, as shown in Figure 3.9. In this
case, the PCM is supercooled by 1.6 °C, yielding a value similar to those obtained when using very low
cooling temperatures (trials #4 and #5). However, before reaching the nucleation temperature and
initiating solidification, the PCM stays for a longer time in supercooled state. It should be noted that the
variation in water temperature is caused by changing the temperature of the supplied water. It is not due
to the latent heat release in the PCM.
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Figure 3.10 shows stable supercooling with a coolant average temperature of 20.75 °C. The PCM stays
in supercooled state for 807 seconds before a mechanical shock is applied, resulting in the start of
solidification. The lowest temperature recorded in supercooled state is 20.87 °C resulting in 0.63 °C of
supercooling. The temperature increases to 21.4 °C where solidification takes place. Another experiment
is carried out and then repeated. In the first and second experiments, the average coolant temperature is
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19.87 °C and 19.91 °C, respectively. Figure 3.11 represents the temperature variation of PCM and water
in each experiment. It shows that despite the fact that the average temperature is nearly identical, PCM
in supercooled state is sensitive to any small thermal amplitude. A slight difference in the coolant
temperature causes a difference in the supercooling degree and PCM behavior during temperature
increase and solidification.
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Figure 3.11 Eutectic PCM supercooling behavior by applying two similar coolant average temperatures

3.3.1.3 Sodium acetate trihydrate

The small-scale experiment uses 4.2 g of sodium acetate trihydrate (SAT) crystals. Knowing that the
phase change temperature of SAT is between 58 °C and 60 °C as indicated by the manufacturer, the
material is heated to 70 °C using a 75 °C hot bath until complete melting. The PCM cooling experiment is
repeated using different cooling bath temperatures. In order to calculate the degree of supercooling, 58
°C is considered as the phase change temperature of SAT. In the first trial shown in green in Figure 3.12,
the sample is immersed in a precooled bath of average temperature 47.6 °C. The PCM temperature
decreases to 58 °C and enters a supercooled state after cooling for 37 seconds. SAT records a supercooling
degree of 6.25 °C, then latent heat release raises its temperature from 51.75 °C to 58.5 °C in 10 seconds.
In the second trial shown in orange in Figure 3.12, the sample is immersed in a precooled bath that is, on
average, 40.8 °C in temperature. The PCM enters in supercooled state for 50 seconds before the initiation
of solidification at a 47.4 °C nucleation temperature. The initiation of solidification increases the
temperature to reach 58.18 °C in 9 seconds. In this case, the degree of supercooling recorded is 10.6 °C.
The third trial shown in blue in Figure 3.12 uses identical coolant temperature as the second trial.
However, the PCM stays for only 46 seconds in supercooled state before the initiation of solidification at
48 °C. The temperature increase to 58.26 °C lasts 10 seconds and the recorded degree of supercooling is
10 °C. This slight difference can be due to the unstable nature of supercooling.

Table 3.7 summarizes the results obtained with SAT. Similarly as the observations using the eutectic
PCM, as the coolant temperature decreases, the time spent in supercooled state decreases and the
supercooling degree increases as shown in Figure 3.12.

97



Chapter 3: Experimental benchmark on solid-liquid phase change in the presence of supercooling and
natural convection

Table 3.7 Cooling of SAT using different coolant temperatures

Coolant Nucleation Supercooling Time spent in
temperature (°C)  temperature (°C) degree (°C) supercooled state (s)
Trial #1 47.6 51.75 6.25 74
Trial #2 40.8 47.4 10.6 49
Trial #3 40.8 48 10 46
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Figure 3.12 SAT temperature variation with time as a function of coolant temperature
3.3.2 Large-scale experiment

The experiments performed in the large-scale experiment are conducted to show the influence of PCM
container’s volume on the supercooling phenomenon and the effect of natural convection during the
heating process. Convection-dominated phase change problems have attracted many investigations over
the past 20+ years, and scientists agree on the paramount importance of natural convection in the heat
transfer whenever the PCM container’s volume allows motion of the liquid PCM. Convection in the liquid
PCM actually takes place under the influence of buoyancy forces during the melting process because of
variations in density gradients. The effect of natural convection on the melting and solidification processes
was examined by Lamberg et al. [101] and Souayfane et al. [161]. They demonstrated that when the effect
of natural convection is neglected in the modeling of the melting, unacceptable numerical results are
obtained. When the used PCM melts, the discrepancies between the projected temperature with and
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without convection can reach up to 18 °C for container thicknesses more than 1 cm, while they are
negligible for thicknesses less than this value [162]. However, accurate predictions are demonstrated
during the solidification process, even without taking into account convection [163], [164].

3.3.2.1 Octadecane

The PCM chamber of the large-scale experiment is filled with 900 grams of solid octadecane. Water
heated to an average temperature of 36 °C flows in the left chamber to melt the PCM, while water heated
to a temperature of 20 °C flows in the right chamber. Results show that the melting front initially has a
vertical shape, as seen in Figure 3.13a. The amount of melted PCM grows over time, and the impact of
natural convection is more apparent, as the melting front deforms (Figure 3.13b-c). As the melting front
area begins to rise, the melting rate increases. As a result, the temperature varies unevenly in the domain.
Figure 3.14a shows the PCM transient temperature in a vertical line near the middle of the chamber. The
figure demonstrates that even in the non-melted portions of the domain, the higher portion of the PCM
is hotter than the lower portion in the vertical plane. Figure 3.14b shows the PCM transient temperature
in a horizontal line near the middle of the chamber. As expected, the temperature decreases with
decreasing distance from the hot water bath.

Figure 3.13 Evolution of the solid/liquid interface during melting (a) t=40 min, (b) t=230 min, and (c)
t=290 min
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Figure 3.14 Temperature variation of PCM in a) vertical and b) horizontal line during the heating process

To investigate the impact of thermal insulation on the melting process, another experiment is carried
out. The front plate is not insulated, whereas the back plate is insulated. The front plate refers to the
unheated container side facing the outside ambient environment while the back plate is the opposite side,
which holds the PCM thermocouples network. In this case, the front plate's ability to transfer heat to the
outside slows the melting process. Figure 3.15 displays the top view of the melting front in both the
insulated and not-insulated scenarios. The scenario of an absence of insulation is depicted in Figure 3.15a.
More PCM is melted at the back insulated plate than at the front plate. This is because at the back plate,
heat is transferred to the solid fraction as opposed to being lost to the environment. Figure 3.15b,
however, shows the scenario of a completely insulated container. The melting front is uniform and
symmetric.

100



Chapter 3: Experimental benchmark on solid-liquid phase change in the presence of supercooling and
natural convection

a

Figure 3.15 Top view showing the effect of insulation on the melting process of octadecane when the
front plane is (a) not insulated and (b) insulated

To study the supercooling presence during the cooling process, the right and left chambers are filled
with water of average temperature 27.5 °C and 25.5 °C, respectively. No supercooling of the PCM is
detected. The PCM gradually solidifies once the solidification initiates from the aluminum surface. As show
in Figure 3.16, as the solid fraction rises, the solidification front stays vertical and the PCM's temperature
tends to be homogeneous. Study is also done on the impact of natural convection during the cooling
process. The variation in temperature as a function of height is presented in Figure 3.16a. There is a slight
difference in the liquid phase where the upper part is warmer than the lower part. Later, with a slight lag
in time, the temperature in the lower parts reaches the same value, and the PCM solidifies. Natural
convection has very little impact on the solidification process. Similar to Figure 3.16b, the thermocouples
positioned in the horizontal center direction display the same temperature distribution.

As previously, the impact of insulation on solidification is studied. The experiment is carried out in a
room with an ambient temperature lower than the melting point of octadecane. Since the heat exchange
via the aluminum plates is greater than that through the front plate, solidification begins there. The
propagation of the solidification front, however, is not always vertical and uniform. Figure 3.17 illustrates
how the production of a new solidification front from the front plate is caused by the heat loss through it.
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the cooling process
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Figure 3.17 Front view showing the solidification initiation due to heat exchange with the exterior

3.3.2.2 Eutectic PCM

The large-scale experiment is set up by filling 960 grams of the eutectic PCM in the PCM chamber of
the container. Until the melting process starts, water in the right chamber is kept at an average
temperature of 36 °C. Later, to speed up the melting process, the temperature is raised to 50 °C, while
the left chamber is filled with still water that is 22 °C. Figure 3.18 depicts the melting front's progression
at various times. The experiment begins in a completely solid condition (Figure 3.18a) and as a result of
the hot water on the right, the PCM heats up and melts. The influence of natural convection is unclear as
the melting front begins vertically. After 45 minutes of heating, this impact begins to manifest itself as
depicted in Figure 3.18b. The melting process is accelerated by natural convection, and the melting front
is not vertical anymore as seen in Figure 3.18c. The rise in melting rate is evident from the rising melted
part as a function of time, where the PCM melts more quickly after 105 minutes (Figure 3.18d).
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c

Figure 3.18 Front view showing the evolution of the solid/liquid interface during melting at (a) t=0 min
(b) t=45 min (c) t=75 min, and (d) t= 105 min

Plotting the temperature curve for various thermocouples allows showing how natural convection
affects the system. A plot of the temperature curve for the three thermocouples close to the hot plate is
shown in Figure 3.19. These three thermocouples are arranged vertically from top to bottom and are
illustrated in orange, black, and gray color, respectively. The three sites have similar temperatures during
the solid state and the beginning of melting. The temperature of the higher thermocouple rises
significantly as the melted portion rises until t = 90 min, after which it remains constant from t =
90 mintot = 106 min, despite the fact that the temperature of the water is higher than that of the
PCM. This could be explained by the fact that at thermocouple TC_15 location, the heat gain from the
aluminum plate is equal to the heat loss to the solid fraction. In other words, the heat gained by the PCM
portion close to the boundary is transferred to the PCM portion further away from the boundary. To
increase the melting rate and liquid fraction, the temperature of the water shown by the yellow curve is
raised to 50 °C after 105 minutes. As the liquid fraction's temperature rises sufficiently, melting begins at
the middle thermocouple position shown by the black-colored curve in Figure 3.19.

Similar to this, Figure 3.20 displays the temperature curve for the thermocouples at the same height
of 111 mm (TC_13, TC_14, TC_15). The three thermocouples are shown in the orange, black, and gray
colors, and are horizontally aligned from the hot plate to the cold plate. As expected, the temperature
rises, as the position gets closer to the hot plate. The temperature of TC_10 in Figure 3.19 and that of
TC_14 in Figure 3.20 can be compared, nevertheless. This comparison demonstrates that the melting
begins and its temperature rises at TC_14 before TC_10 does, knowing that TC_14 is farther than TC_10
from the hot plate but it has a higher position in the vertical plane.
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Figure 3.19 Variation of temperature at the bottom (gray), middle (black) and upper (orange) positions
near the hot plate
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Figure 3.20 Temperature variation in the upper plane increasing distance from the hot plate

During the cooling process, the right and left chambers are filled with water with average temperatures
of 25 °C and 15.7 °C respectively. Alike what was observed with octadecane, the eutectic PCM doesn’t
undergo any supercooling. The solidification initiates from the aluminum surface and expands into the
PCM gradually. The temperature change for thermocouples at same height is compared in Figure 3.21.
The top, middle, and lower planes are shown in Figure 3.21a, b, and c, respectively. Except the time when
the phase change temperature is attained, the three planes exhibit comparable behavior. The plot of
temperature variation as a function of vertical location can be seen in Figure 3.22. The temperature
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variation in a plane near the cold plate is shown in Figure 3.22a, while that of a plane near the center of
the PCM chamber is shown in Figure 3.22b. The liquid at the bottom reaches the phase change
temperature before the liquid at the top. The reason for this is that at the start of the cooling process, the
melted PCM in the upper sections is warmer than in the lower sections, as a result of natural convection
during the previous melting phase. The temperature difference between the thermocouples decreases as
solidification progresses. For example, at t =19 min, the vertical temperature difference between each
thermocouple is 5 °C. As the temperature approaches the phase change temperature at t = 100 min,
this difference becomes less than 0.5 °C.
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Figure 3.22 Temperature variation at bottom (gray), middle (green) and upper (orange) positions of
thermocouples in vertical planes close to the cold plate

Figure 3.23a shows the PCM in a liquid condition just before solidification initiates. As displayed in
Figure 3.23b, the solidification begins at the left aluminum plate and spreads out horizontally. The
solidification front remains vertical during all the solidification process, demonstrating a limited
convection within the chamber. The effect of the thermal insulation is also studied. Its influence is
highlighted through the shape of the solid/liquid interface visible when looking at the large-scale
experiment from above. Figure 3.24a shows the top view of the solid/liquid interface during the
solidification process. The solidification initiates from the left and due to the insulation, the solid-liquid
interface is linear with a nearly constant thickness of the solid layer. However, if no insulation is applied
to the boundaries, the PCM loses heat to the outside, resulting in the formation of another solidification
front starting from these surfaces. A similar behavior is witnessed during melting. Figure 3.24b shows the
top view of the melting front when the front plane is not insulated. Melting occurs closer to the front
plane and more quickly. This finding does not contradict the result of Figure 3.15. Here, the room's
ambient temperature is higher than the PCM's melting point, which allows heat to move from the room
to the PCM and rise its temperature.
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Figure 3.24 Top view of the solid/liquid interfase during a) solidification with thermal insulation and b)
melting absence of insulation

3.3.2.3 Sodium acetate trihydrate

The PCM chamber contains 1200 g of solid SAT. To accelerate the heat transfer, a controlled climate
chamber is used to melt and cool the PCM. Therefore, the right and left chambers of the PCM container
are emptied and contain only air. The climate chamber is a Memmert HPP260, which can control the
temperature between -10 °C and 70 °C with a precision of 0.1 °C, and the relative humidity between 10%
and 90% with a precision of 0.5 %. The PCM is heated to 62 °C until it reaches liquid state, and then cooled
by setting the controlled temperature of the chamber to 26 °C. Figure 3.25 shows the temperature
variation of the air in the chambers on the left and right sides of the PCM. The temperature variation
depends on the temperature of the controlled climate chamber and the heat transferred from the PCM
chamber via the aluminum plates.
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Figure 3.25 Temperature variation of the right and left chambers

Upon cooling, SAT enters a supercooled state and the lowest temperature detected before
crystallization is is 53.64 °C measured at location TC_6, resulting in a maximum supercooling degree of
4.36 °C. The time of nucleation start at each thermocouple location is shown in Table 3.8. It is determined
by the instant at which the temperature begins to rise due to latent heat release. The table shows that
solidification begins at the top parts of SAT (represented by the thermocouples TC_11 — TC_15), spreads
to the middle and then to the bottom. Examining the temperature variation of all the thermocouples, it
is found that the solidification initiates first from TC_14 at t = 65.03 min and T = 55.83 °C, before
spreading in all directions. From the thermocouples located in the middle horizontal cross-section,
solidification begins at TC_6 (near the left boundary thermocouple), which has also the lowest
temperature among the thermocouples located at the same height. This solidification can be attributed
either to reach a temperature too low to maintain the supercooled state, or to the presence of a solid-
liquid interface above it at TC_11. Because of the slow spread of the solid-liquid interface, the middle part
of the PCM can cool down and reach temperatures lower than the nucleation temperature of the locations
where the solidification has been first detected. In other words, the nucleation temperatures detected at
each thermocouple in the lower and middle parts of the PCM are lower than that detected at TC_14, as
shown in Table 3.9.

Figure 3.26a plots the temperature curves for thermocouples in the upper horizontal cross-section.
The temperature fluctuation is caused by the initiation of solidification associated with the sudden release
of latent heat. However, thermocouples in the middle and lower horizontal cross-section exhibit a smooth
inflection and temperature rise, as shown in Figure 3.26b and Figure 3.26c, respectively. This can be due
to the sudden initiation of solidification on top of the PCM container, followed by a slow propagation of
the solid liquid interface towards the lower sections. Table 3.8 shows that the propagation takes 10.13
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min from TC_11 to TC_6. It is also observed that the PCM near the boundaries loses energy faster than
the inner parts, leading to a shorter phase change time. Figure 3.27 shows the temperature variation in a
vertical cross-section located close to the middle of the PCM chamber. As expected, because solidification
begins in the upper part of the PCM, temperatures there are lower than in the lower parts.

Table 3.8 Time of first SAT solidification at each thermocouple position

Initiation of solidification (min)

TC_11 ->»TC_15 66.72 66.57 @ 66.57 65.03 66.72

TC_6—>TC_10 76.85|79.41 | 81.71 85.86 83.71

TC_1->TC_5 81.71 92.61 103.87 111.70 95.12

Table 3.9 SAT nucleation temperature at each thermocouple position

Nucleation temperature (°C)

TC_11 >TC_15 55.48 55.66 55.64 55.83 55.96

TC_6 >TC_10 53.64 | 54.42 | 54.08 | 53.77 54.90

TC_1->TC_5 53.89 54.07 54.23 53.64 54.76
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3.4 Discussion

Supercoling was observed in all small-scale experiments, whatever the PCM type, but not in all large-
scale ones, except for SAT. This can be explained in several ways. First, the PCM volume in small-scale
experiments is smaller, which reduces the number of potential nucleation sites. Second, compared to the
aluminum plate utilized in the large-scale experiment, the contact surface in the small-scale experiment
is smooth. The degree of supercooling reveals to increase as the surface roughness decreases. Third, the
uniformity of the surface contact seems to play a role. The small-scale experiment has no sharp edges and
is completely uniform and cylindrical. The large-scale experiment, however, is a rectangular
polycarbonate box that leads to sharp joints, including two aluminum plates that cause a sharp change in
the surface roughness.

The cooling rate is also one of the major factors that affect supercooling. A low cooling temperature
causes the PCM to start solidification from its contact with the PCM container’s inner surface. This is due
to the fast decrease in the surface temperature to a limit where the crystallization initiates spontaneously.
The initiation of crystallization causes the PCM temperature to increase due to the release of latent heat.
Theoretically, the temperature has to increase to the melting temperature at which the PCM should
continue its solidification. However, in the case of low coolant temperatures, the PCM is incapable of
reaching the melting temperature, and loses its latent heat during its temperature increase. For that
reason, it reaches a temperature inferior to the melting temperature (Figure 3.8). As the coolant
temperature decreases, the PCM reaches the nucleation temperature faster, which reduces the time
spent in supercooled state, but the PCM also undergoes higher degrees of supercooling. In addition, using
small temperature gradients between the coolant and the PCM keeps the PCM in supercooled state for a
longer time. This case is obtained using the octadecane and the eutectic PCM (Figure 3.6 and Figure 3.9)
where the PCM enters a stable supercooling state and for a longer period, compared to other trials. The
PCM stays in liquid state at a temperature lower than the melting temperature and changes states as a
function of the cooling temperature. This case shows the disadvantage of supercooling in thermal energy
storage systems. Generally, the PCM is cooled using natural sources such as the wind during the night.
However, if the temperature difference is not sufficient, the PCM can remain supercooled and cause a
system failure the next day due to the prevention of solidification.

The comparison of the three different PCMs reveals that the eutectic PCM undergoes supercooling for
a larger range of cooling temperatures; the organic PCM (octadecane) exhibits a small degree of
supercooling (0.5 °C), under specific cooling rate conditions and without any mechanical shocks or
vibrations; while the inorganic PCM (SAT) undergoes about 10 °C of supercooling. This reveals that the
type of PCM (organic, inorganic and eutectic) also affects the behavior of the material. The instability of
PCM in supercooled state can be shown in the cases where similar average coolant temperatures are
used. Small differences between the trials gives noticeably different results regarding the nucleation
temperature and the time spent in supercooled state.

The melting process is greatly impacted by natural convection. A vertical melting front is produced in
the computer simulation when natural convection during melting is ignored. However, experimental
evidence has shown that as the melted fraction increases, the melting front slopes and the temperature
is not equal in the vertical direction. Because of this, neglecting it in numerical models could lead to
notable errors in the PCM's state, temperature distribution, and system performance during melting.
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However, natural convection has a little impact during the solidification process, since the solidification
front stays vertical and the vertical temperature distribution is homogeneous.

Thermal insulation of the PCM container has a considerable impact on both the heating and cooling
processes. The performance of the system can be considerably altered by the heat transport into or out
of it. An absence of insulation changes the dynamics of melting and solidification by increasing or
decreasing the melting and solidification rates, depending on the ambient temperature. It also changes
the topology of the phase change as additional melting or solidification fronts are created close to the
uninsulated boundaries. In the insulated scenario, the melting or solidification front move perpendicular
to the heat transfer surface (aluminum plate in the case of the large-scale experiment).

3.5 Conclusions

This study experimentally studied the effect of the PCM containers’ volume, surface roughness,
geometry, and PCM type and cooling/heating rate on the supercooling and natural convection
phenomena. Three types of PCMs were investigated, an organic PCM, octadecane, of phase change
temperature 28 °C, an inorganic PCM, sodium acetate trihydrate (SAT), of phase change temperature 58
°C, and a eutectic PCM of phase change temperature 21.3 °C. It was found that regardless the PCM type,
supercooling is facilitated by reduced container’s volume, surface rugosity and number sharp corners, and
absence of mechanical or electrical shocks. Such characteristics decrease the likelihood of nucleation sites
within the material or at its boundaries. It was also found that the chosen cooling rate has a significant
effect on the supercooling. Low cooling rates (reduced temperature difference between the PCM and the
coolant) facilitate, the PCM entering a stable supercooled state. However, as the cooling rate increases,

e the supercooling degree increases

e the time spent at supercooled state decreases

e the temperature reached, after the latent heat is released, decreases
e solidification initiates from the surface of container

Additionally, it was shown that the impact of natural convection on the solidification process is
negligible. Conversely, the melting process is significantly impacted by natural convection. The presence
of natural convection causes temperature variations in the vertical direction, the inclination of the melting
front, and an increase in melting rate.

Finally, the impact of insulation was investigated. It was demonstrated that poor insulation of the
unheated PCM boundaries changed the solidification and melting rates, as additional heat transfer
occurred with the ambient. It also modified the topology of the phase change as additional melting or
solidification fronts appeared close to the uninsulated surfaces.

The findings of this investigation provide a wide range of experimental data for different PCM
characteristics and boundary conditions. The provided experimental details and the obtained results are
to be used to validate numerical simulations. One limitation of this study is the presence of the
thermocouple network within the PCM. During cooling, that may create new nucleation sites and induce
unwanted supercooling. During heating, they may hinder convection transport of the melted PCM. In this
regard, the use of developing non-intrusive temperature measurement techniques such as infrared
thermometry may provide new insights on the thermal behavior of solid-liquid phase change materials in
the presence of supercooling and natural convection.
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Presentation of the chapter

This chapter is divided into two sections. In its first section, the numerical model detailed in chapter 2
is validated using the experimental results obtained in chapter 3. In the second section, the validated model
is used to study the effect of supercooling on two thermal energy storage systems using phase change
material, namely a hot water tank and a ventilation system integrated with PCM.

Nomenclature
Cp Thermal heat capacity (J/kg.K) Topp Applied temperature (°C)
k Thermal conductivity (W/m.K) RMSE Root mean square error (°C)
p Density (kg/m3) PRMSE  Percentage root mean square error (%)
dT Phase change temperature interval (°C) LH Latent heat of fusion (kJ/kg)
T Melting temperature (°C) H Height (cm)
ts Time required for crystallization (s)

4.1 Experimental validation

In chapter 3, supercooling was detected in the small-scale experiments. For that reason, the obtained
results are used to validate the numerical module detailed in chapter 2. Figure 4.1 shows the materials of
each component of the physical model and the boundary conditions as explained chapter 2 and equations
(2.22) and (2.23). The density, thermal conductivity, heat capacity, melting temperature, and latent heat
of the PCM are assigned to each simulation. The applied temperature on the boundaries, the nucleation
temperature, and the time required to raise the temperature to the melting temperature are assigned
based on the experiments chosen.

These values are obtained using the thermocouples included in the experiment, the first of which
measures the temperature of the PCM and the second of which measures the temperature of the water.
The data presented in this validation study refer to numerical thermocouples, which are responsible for
displaying the temperature at the same position as the experiments. To validate this model, the root mean
square error RMSE and the percentage root mean square error PRMSE are calculated for each PCM
validation process. Using the experimental data as a reference and the numerical data spread around it,
the RMSE calculates the spread of numerical results around the experimental ones, and a small value
indicates a high concentration and best fit between the two results. According to Veerasamy et al. [165],
a model having a RMSE with a value greater than 1 is considered inaccurate. Likewise, the PRMSE
displays the percentage of this deviation from the true values.

The simulations are done using an Intel Xeon CPU E5-1650 v3 of speed 3.5 GHz, six cores (12 CPUs) and
16 GB RAM.
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Figure 4.1 Geometry, materials and boundary conditions used in the numerical model

4.1.1 Octadecane

Based on the experimental results obtained in Chapter 3, the following temperature values 27.3 °C,
25.5 °C and 26.36 °C are set for the melting (T,,), nucleation (T,,) and cooling (Tgp,) temperatures,
respectively, and the time needed to reach phase change (t;) is 15 s. The numerical phase change range
(dT) chosen is 0.5 °C, where below this value, the model suffers from numerical divergence. The phase
transition plays a role in the functions that change the thermophysical property values and the state of
the PCM. The transitions become sharper as the phase change range narrows, causing divergence. Several
authors have also used similar values such as 2 K [166], 1 K [139], [161] and 0.2 K [167].

First, a mesh independence study is performed by comparing the obtained numerical results from the
extremely fine and extra-fine meshes as shown in Figure 4.2. The model shows similar results regardless
the mesh size. By calculating the root mean square error and percentage root mean square error for the
first 300 seconds of computation for the two meshes, it is found that RMSE = 0.021 °C and PRMSE =
0.075%, which shows very good agreement. In the following, the extra-fine mesh is used.
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Figure 4.2 Comparison between the results obtained using extremely fine and extra-fine meshes

Figure 4.2 shows that the designed COMSOL model is able to simulate properly the supercooling
phenomenon. The PCM remains in the liquid state until reaching 26.37 °C, which is close to the preset
temperature of 26.36 °C. At that point, the temperature of the PCM increases until reaching the upper
limit from where solidification starts (T;,, + dT/2). Figure 4.3 compares the results from the numerical
model with the experimental results. The model shows similar results and representation of supercooling.
By calculating the RMSE and PRMSE between the experimental and numerical results on the extra-fine
mesh, it is found that RMSE = 0.258 °C and PRMSE = 0.92%. The solidification initiates at the same
time as the experiment and the time required for temperature increase is almost the same. However,
phase change in the numerical model is considered to take place in an interval of temperature (0.5 K). For
that reason, the numerical temperature increases to a value higher than the experimental melting
temperature.
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Figure 4.3 Comparison of experimental and numerical results of octadecane undergoing supercooling
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4.1.2 Eutectic PCM

Based on the experimental results obtained from trial #1 in Chapter 3, values 21.5 °C, 20.4 °C and 18.1
°C are set for the melting (T;,), nucleation (T,,) and cooling (T,,,) temperatures, respectively, and the
time needed to reach phase change (t;) is 158 s. The numerical phase change range (dT) chosen is 0.25
°C. The comparison between the experimental and the model’s results are shown in Figure 4.4.

Calculating the root mean square error (RMSE) and the percentage root mean square error (PRMSE),
it is found that RMSE = 0.15 °C and PRMSE = 0.71 %.

However, the model is unable to simulate trial #5 when the cooling rate is very high. Experimentally,
the PCM loses its latent heat before reaching the melting temperature and solidifies at a lower

. - ar . .
temperature. In this case, the model will increase the temperature to T;,, — ~- since the latent heat is

theoretically sufficient.
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Figure 4.4 Comparison of experimental and numerical results of the eutectic PCM undergoing supercooling
4.1.3 Sodium acetate trihydrate

Based on the experimental results obtained in Chapter 3, values 58 °C, 47.4 °C and 40.8 °C are set for
the melting (T,,), nucleation (T;,) and cooling (Tg,p) temperatures, respectively, and the time needed to
reach phase change (t;) is 9 s. The numerical phase change range (dT) chosen is 0.5 °C.

In this simulation, the model provides lower temperatures before solidification. The model accurately
simulated the cooling process of the liquid PCM in the two previous PCM validation processes, so the
difference in this case can be attributed to a difference between the real thermophysical properties of the
PCM and those provided by the supplier. However, the model behaves precisely during the temperature
increase phase. The temperature rises in the same way as in the experiment, but to a higher value because
the model raises the temperature to (T;,, + dT/2) as shown in Figure 4.5. Similarly as in section 4.1.2, the
solidification of the PCM in the model takes more time than the solidification in the experiment.
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By calculating the root mean square error (RMSE) and the percentage root mean square error
(PRMSE), it is found that RMSE = 2.47°C and PRMSE = 4.63%. It should be noted that this error is
primarily caused by the part prior to supercooling.
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Figure 4.5 Comparison of experimental and numerical results of SAT undergoing supercooling
4.1.4 Discussion

The model performed well, and the supercooling phenomenon was numerically represented using a
straightforward method. The onset of solidification and the time required to raise the temperature to the
melting temperature are the most important aspects of the model. In cases of rapid temperature increase,
the model accurately represents these two. However, the model still requires some improvements.
Instead of considering adiabatic temperature rise due to latent heat release, heat transfer should be
considered. Because of this omission, the amount of latent heat used to increase temperature to phase
change temperature is underestimated, resulting in a longer solidification process represented by the

. . . d d . . L . . .
time spent in the interval [T;,, — 7T T + TT]. This effect is not visible with rapid temperature increases,

but with slow temperature increases and high cooling rates, the PCM can lose all of its latent heat without
reaching the phase change temperature. The model cannot simulate this scenario. In Chapter 3, for
example, the temperature slowly rises (after 89s) during the cooling process of the eutectic PCM using 3.6
°C coolant temperature. The latent heat is theoretically sufficient to raise the temperature from 19.6 °C
to 21.5 °C representing a 1.9 °C of supercooling. However, the temperature rises to 20.4 °C rather than
21.5 °C, after which it falls rapidly.

It can be concluded from this validation step that the model performs best when temperatures rise
quickly and cooling rates are low. In this case, the temperature exchange to the outside becomes
insignificant. However, when high cooling rates are used and the temperature increase is relatively slow,
the PCM loses more energy to reach its melting temperature. This model still has some limitations, one of
which is its reliance on experimental data. Input data such as the nucleation temperature and the time
required to raise the temperature from the nucleation temperature to the melting temperature are
critical.
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4.2 Hot water tank application

Heating residential spaces and generating hot water are responsible for about 75% of buildings energy
consumption [168]. Using clean energy sources such as solar energy is one of the alternatives to cover an
important part of this demand. The solar energy is collected using solar panels, transferred most of the
time using water in isolated pipes and stored in big isolated tanks. The use of solar energy to heat water
decreases the need for electric and gas heaters, and thus decreases the emission of greenhouse gases. A
solar water heating system is equipped with a thermally insulated water tank which temperature ranges
between 50 °C and 60 °C [169]. During the day, the water is heated by the sun and stored in the tank. An
auxiliary electric resistance situated within the tank is activated when more heat is required. The use of
PCM in this system enhances its performance and efficiency. In the following subsections, the different
methods used to integrate the PCM are detailed. Then a method is selected to be used to numerically
study the effect of supercooling on the system’s performance. Supercooling has a direct effect on the
system because it prevents solidification, which reduces the amount of energy released to heat the water
tank. The previously validated numerical model is used to compare the temperature variation of water
with and without supercooling.

4.2.1 Models in the literature

This section presents a set of experimental and numerical models developed by other authors. It aims
to select a model with simple geometry in order to use the validated model and demonstrate the effect
of supercooling on a solar water heating system.

The literature is rich with various solar-powered thermal energy storage systems. The basic idea is to
collect solar energy with a solar panel and store it in a storage tank filled with water or another liquid
material. The PCM can be built into the solar panels [170], insulating pipes [171], and storage tank [172].

When integrated into solar panels, the PCM is positioned at the bottom surface of the collector or
around the tubes [173], which serves in:

e Preventing energy losses and heat transfer through the network pipes,
e Reducing the initial fixed cost,
e Decreasing the overheating of the panels.

The use of PCM in the storage tank has a number of benefits [174]:

e Control the temperature of the water,

e Increase the thermal capacity of the tank,

e Ability to decrease the volume of the tank,

e Distribute the peak load over off-peak periods.

The benefits listed above improve the system's efficiency and dependability. Several studies have
investigated the performance of PCM integrated of solar water tanks. PCM can be introduced in packs at
the upper part of the tank as shown in Figure 4.6a. In this experiment, Mazman et al. [175] reported that
the temperature holding time in a solar water tank with PCM was 6 to 12 hours longer than without PCM.
Similarly, Al-Hinti et al. [176] filled 38 kg of paraffin wax PCM in aluminum cylindrical containers. Figure
4.6b illustrates the placement of the 38 containers on two levels. The storage tank has a total volume of
107.4 L, of which 58 L is filled with water and the remaining 49.4 L is occupied by the PCM. The tank has
an inner diameter of 450 mm, a height of 675 mm, and a rock-wool insulation thickness of 78 mm. They
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reported a difference in average water temperature of 13 °C to 14 °C between systems with and without
PCM, as shown in Figure 4.7.
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Figure 4.6 Solar heat storage tank integrated by PCM modules a) at the upper part [175], b) at two levels [176]
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Figure 4.7 Variation of temperature difference between the ambient temperature and water in storage
tanks with and without PCM [176]

As shown in Figure 4.8, the PCM can also be used as a jacket to cover the hot water tank. The authors
used spherical PCM capsules in a heat exchanger tank in this experiment [177]. The benefits of using the
PCM have been reported to be a 25% increase in supply time of 80 °C hot water, a 39% increase in
storage density, and a 16% increase in exergy.
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Figure 4.8 Solar water heat storage tank integrated by PCM modaules at the periphery of the tank [177]

Cabeza et al. [178] built two identical hot water tanks, one of which equipped with PCM. A compound
made of sodium acetate trihydrate (SAT) and graphite was placed in two aluminum bottles measuring
31.5 cm in height and 8.8 cm in diameter. A bottle has an estimated volume of 1.5 L, which accounts for
about 2% of the total volume of the storage tank, which is 146 L. Figure 4.9 illustrates the experiment
layout, including the bottle and tank dimensions. The temperature of the water drops as heat is lost to
the outside via the used insulation, which has a U-value of 1.5 W/mZK.
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Figure 4.9 Hot water tank equipped by PCM designed by Cabeza et al. [178]

Dhaou et al. [169] examined two types of hot water tanks with a paraffin wax that is nano-enhanced
(Ne-PCM) and having a phase change temperature 52 °C, as shown in Figure 4.10. The type of heat
exchanger between the PCM and the flowing water distinguishes the two tanks. The PCM is housed in
copper capsules with inner diameters of 4 mm, height of 120 mm, and thicknesses of 1 mm. The circular
array inside the tank required the use of 20 capsules. The first tank's heat exchanger is a cylindrical jacket
with an inner diameter of 130 mm, height 170 mm, and thickness 6 mm. As shown in Figure 4.10 case 2,
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the heat exchanger in the second tank has a spiral shape and isimmersed in the tank. The heat exchanger's
role in both cases is to heat the PCM and water using solar energy during the off-peak load periods.

Xue [179] used Ba(OH),.8H,0 as a PCM in the experimental setup. The heat is extracted from the PCM
using a U tube made of copper embedded in the PCM, as shown in Figure 4.11. The diameter and the
thickness of the U tube are 8 mm and 0.8 mm respectively. The water flowing in the tube is connected to
a 90 L tank.
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Figure 4.10 Two hot water tank equipped by PCM designed by Dhaou et al. [169]
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Figure 4.11 Hot water tank equipped by PCM designed by Xue [179]
4.2.2 Present model

To build the present model, the hot water storage tank with PCM in bottle-shaped containers
investigated by Cabeza et al. [178] was chosen, due to its simple layout. The container measures 39cm in
height and 125cm in width. The bottles are commercial aluminum bottles (density 2700 kg/m3) that are
assumed rectangular for simplicity. The bottles measure 31.5 cm in height, 8.8 cm in width, and 0.4 mm
in thickness. The PCM chosen is sodium acetate trihydrate (SAT), which has the thermophysical properties
shown in Table 4.1.
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Table 4.1 SAT thermophysical properties [159]

Solid Liquid
Cp (J/kg.K) 2900 | 3100
k (W/m.K) 0.600 | 0.385
p (kg/m?3) 1450 | 1280
Tm=58"°C - -
LH = 264 ki/kg - -

The following scenario occurs in this physical model: the tank is filled with 70 °C hot water until the
PCM and aluminum reach this temperature. Then, the hot water is drained and replaced with cold water
at 20 °C. A real-life example is a domestic hot water tank heated by a solar panel, where the tank is heated
by the solar energy during the day and all of the water is used after sunset, so the tank is refilled with tap
cold water. In this case, the PCM is used to reheat the water. Two study cases are simulated: in the first
case, the PCM becomes supercooled, whereas in the second, the PCM solidifies without supercooling. The
effect of supercooling on the maximum temperature at each thermocouple location in the water is
investigated. As a result, the heating part of this application is the most interesting. Therefore, as a
boundary condition, the system is considered adiabatic so that no heat is exchanged with the outside. The
initial temperature of the water is 20 °C, and the temperature of the bottles and PCM is 70 °C. Figure 4.12
shows the model’s geometry, the boundary and initial conditions. A thermocouple is placed in the center
of each PCM bottle, and three thermocouples (TC_1, TC_2, and TC_3) are placed 100 cm, 70 cm, and 30
cm above the bottom of the tank, respectively. The thermocouples are shown in red in Figure 4.12.

By taking the bottom of the tank as a reference of height, let H be the height of water with respect to
the bottom. The average temperature for the water part at H > 62.5 cm and H > 80 cm is instantly
provided by Tavg1 and Ta,,gz, respectively.

The applied mesh is extra-fine free triangular and the simulated time is 8 hours (480 min).
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Figure 4.12 Position of thermocouples, geometry, boundary and initial conditions of the hot water tank
model

4.2.3 Results

When supercooling is present, the PCM cools down due to the heat transferred to the water. The
temperature of the PCM falls below the melting point without changing phase. Because the upper part of
the water is heated, there is no natural convection heat transfer in water, and heat is only transferred by
conduction. As a result, the water at the bottom remains cold. The maximum temperature reached by
water at TC_1 and TC_2 at after 480 min is 49.26 °C and 30.32 °C, respectively. It is worth noting that the
maximum temperature of TC_1 is reached at t = 130 minutes, after which the temperature drops due to
conduction heat transfer to the lower parts.

Without supercooling, the PCM reaches melting temperature and changes phase by releasing its latent
heat. The maximum temperature reached by water at TC_1 and TC_2 is 52.23 °C and 31.70 °C,
respectively. It is worth noting that the maximum temperature of TC_1 is reached att = 151 minutes,
after which the temperature drops due to conduction heat transfer to the lower parts. As a result, in the
absence of supercooling, the water at TC_1 is 2.97 °C hotter than in the presence of supercooling. Figure
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4.13 depicts the temperature variation of the PCM and the water over 480 minutes at three different
locations. It can be seen that in the presence of supercooled PCM, the water is always colder.

In the absence of supercooling, Ta,,g1 records a temperature of 41.65 °C and 43.02 °C during 300 and
480 minutes, respectively. Similarly, Ta,,g2 records 48.27 °C and 48.78 °C. In the presence of supercooling,
however, Ta,,g1 records a temperature of 29.54 °C and 31.93 °C during 300 and 480 minutes, respectively.
Tavg2 records 45.22 °C and 45.7 °C, respectively. Table 4.2 summarizes these findings. This demonstrates

that the PCM significantly heats the upper part of the water. Because water lacks natural convection, heat
is transferred slowly to the lower parts via conduction heat transfer. The position of the PCM or the
number of PCM cells can be changed depending on the quantity and temperature of hot water required.
Supercooling has an important effect, where in the cases with and without supercooling, Ta,,g1 recorded

a difference of 12.11 °C and 11.09 °C after 300 and 480 minutes, respectively.
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Figure 4.13 Temperature variation of PCM and water at different heights in the case of presence (dashed
lines) and absence (solid line) of supercooling
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Table 4.2 Temperature of water at different heights and times for the cases with and without
supercooling

Thermocouple Time (min) Height (cm) With Without supercooling
supercooling
TC_1 480 100 49.26 °C 52.2°C
TC_2 480 70 30.32°C 31.7°C
TC_3 480 30 20.01°C 20.01°C
Ta,,g1 300 >62.5 29.54 °C 41.65 °C
Ta,,g2 300 >80 45.22 °C 48.27 °C
Ta,,g1 480 >62.5 31.93°C 43.02 °C
Ta,,g2 480 >80 45.70 °C 48.78 °C

4.3 Residential heating

Maintaining a comfortable temperature in a building accounts for the majority of the energy demand
[180], which necessitates finding ways to reduce this demand. Latent heat thermal storage systems are
one of these solutions in which the PCM can help to conserve energy for later use in cooling and heating
processes [181]. The main characteristics that distinguish the PCM are [182]:

e The ability to maintain a constant temperature range during phase change
e The presence of various types of PCM with a wide range of phase change temperatures
e The high value of latent heat

The PCM is used in free cooling and free heating processes, where heat stored during the day is used
to heat during the night, and in other systems, where cold is stored during the night and used to cool
during the day. The PCM can be installed into a separate system [183], the building's ceiling [184], walls
[185], floor [186] or windows [187].

Supercooling can be investigated in both heating and cooling processes. In temperature management
(cooling) processes, the PCM absorbs excess heat during the day and release it later in the night. If the
PCM is not allowed to solidify at nighttime, it remains liquid and absorbs less energy when heated again
during the following day. In building heating processes, the PCM loses its energy to heat the indoor space.
Preventing solidification results in less heat being released into the room.

4.3.1 PCM incorporation into the system

According to Iten et al. [182], thermal energy storage systems using phase change materials in building
applications can be divided into passive and active techniques. Passive technique does not necessitate the
use of fans, pumps to increase the heat transfer rate to the PCM. Such techniques include PCM
incorporated into building materials. In active techniques, on the other hand, the PCM is integrated in a
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system that improves heat release and storage through the use of fans, pumps, and storage tanks. Here,
the PCM can be integrated into a building's ceiling, underfloor, and walls.

The following are some examples from the literature that correspond to a passive technique.

Ahmad et al. [188] created a small chamber prototype with floor dimensions of 90 x 90 cm, and the
PCM was integrated into the chamber walls using PVC panels. Figure 4.14 illustrates the cross section of
the wall made of fiber cement, vacuum insulation panel (VIP), PCM, and plywood.

To reduce the demand for heating, Chen et al. [189] added a PCM layer to the inner surface of the
north wall of an ordinary room, as shown in Figure 4.15. The PCM and cement layers are both the same
thickness (20 mm). By using 30 mm thick PCM having T,,, = 23.8 °C and a heating temperature set at 20.8
°C, the rate of energy saving increased by 17%.

Jin et al. [190] used protective aluminum foils to encapsulate the PCM. The position of the PCM in the
wall was changed to investigate the effect of its location on the system performance. According to their
findings, placing the PCM near the interior wall produces the best results.
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Figure 4.15 PCM integrated to the inner surface of a wall [189]
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Liu et al. [191] investigated the effect of PCM thickness on the heat exchange in windows. They found
that as the thickness increases, the heat transfer decreases non-linearly. The heat exchange became
constant once the thickness reached 16 mm.

Su et al. [192] designed walls integrating two phase change materials. The encapsulated PCMs had
different melting temperatures, with the lower melting temperature placed near the interior surface and
the higher melting temperature placed near the exterior. The results show that increasing the thickness
of the PCM increases the system's thermal storage capacity, and the PCM can stabilize the temperature
for a longer period of time (about 12%) between 21 °C and 28 °C when compared to walls without PCM.

Similarly, Al-Rashed et al. [193], Kalbasi [194] and other authors integrated the PCM in the rooms’ walls
and roof while Sun et al. [195] constructed a floor model using two PCM. These systems can be used in
the summer and winter to regulate internal temperatures and provide thermal comfort that can be
increased by 2.2 times over the case without PCM.

Here are some examples of active techniques used in free cooling and free heating applications.

Butala and Stritih [196] incorporated the PCM into the ventilation system. The PCM was heated by the
outside temperature during the day and released heat later at night, as shown in Figure 4.16. The
temperature and flow of inlet air are the two most important factors influencing discharge time.

Raj and Velraj [197] proposed the set up shown in Figure 4.17. Using cylindrical disc modules, the PCM
is installed in the heat exchanger as shown in Figure 4.18. Dampers 1 and 4 are opened to charge the PCM
with cold energy, as a fan pumps the cold wind to cool the PCM located in the heat transfer module.
During the day, dampers 2 and 3 are open, allowing hot air from the room to enter the heat exchanger
module via natural or forced convection, depending on the required cooling rate. Similarly, the flow, inlet
temperature, and spacing between PCM modules are important factors influencing discharging time.

Figure 4.16 a) storage of heat during day and b) free heating using the PCM [196]
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Figure 4.18 a) Photograph and b) isometric view of the PCM module used in the heat exchanger [197]
Lu et al. [198] integrated the PCM into the floor, as shown in Figure 4.19, where letters “a” to
“d” represent the layers used for finishing, filling, insulation, and moisture barrier, and “e” to “g”
represent the PCM casing, hot water, and PCM, respectively. Hot water is used to heat the PCM using
solar energy, and electricity is used to heat the circulating water when necessary. As a result, the system
can save approximately 30% on energy costs compared to system using solely an electric heater. The total

cost, however, remains high due to the high cost of materials required to build the system.
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Figure 4.19 Floor heating using PCM [198]
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Wagqas and Kumar [199] integrated the PCM into a building's ventilation system. The purpose of PCM
is to heat the inlet air to the building, which is especially important during the dry, cold summer nights of
South Asia. During the day, all hot air passes through the PCM and ventilation system, ensuring that the
PCM is charged with heat and arrives at the cold night in a liquid state, as shown in Figure 4.20a. Figure
4.20b shows how the PCM heats a portion of the cold air during the night. As a result, thermal comfort is
achieved by lowering the temperature of the hot air during the day and raising the temperature of the
cold air during the night. The system performs best in the summer when the PCM has a melting
temperature equal to the comfort temperature.

Xiao et al. [200] created a numerical model of a residential building room. The PCM is integrated into
the room's interior enclosure, as shown in Figure 4.21, and is heated using direct solar energy. During the
night, the window is closed, and the PCM heats the room with heat gained during the day. The studied
room is 4m long, 5m wide, and 2.8m high, with all the walls being interior except for the southern wall
that has the window. Polystyrene, 60mm thick, is used to insulate this wall. Using 20 mm panels, the PCM
is integrated into the walls, roof, and floor. The density of the PCM is 900 kg/m?3, the heat capacity is 1.05
ki/kg.K, the thermal conductivity is 0.2 W/m.K, the latent heat is 35 kJ/kg, and the phase change
temperature is 20 °C. As a result, the phase change temperature must be chosen based on the amount of
radiation available and the temperature of the indoor air. The results show that using PCM on the interior
side has little effect on internal room temperature fluctuations, which depend on the heat transfer
coefficient between the room and the PCM surface contact.
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Figure 4.20 Air heating system using PCM a) charging during the day and b) discharging during the night
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Figure 4.21 PCM integrated in the enclosure of a residential room [200]
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4.3.2 Present model

Studying cooling process necessitates a 24-hour system operation monitoring that requires accurate
weather data input. A heating process is chosen for this chapter since the study can be done in a shorter
period of time. The air heating system presented by Waqgas and Kumar [199] is chosen to simulate the
effect of supercooling. The system is a ventilation system using latent heat thermal energy storage. The
PCM is integrated in the ventilation pipe. The following scenario is used in the present study: the PCM is
first heated during the day and the PCM reaches 32 °C. Later at night, the ambient temperature drops to
20 °C. To simplify the model, the study considers only half of the tube containing PCM, since the model
has axisymmetric boundary conditions, as shown in Figure 4.22. The PCM is 2.5 cm thick and 50 cm long.
The same dimensions apply to the air cavity above it. The inlet air flow rate is chosen 10 m3/h, and the
chosen PCM is CaCl,.6H,0, that has the thermophysical properties shown in Table 4.3.

Table 4.3 CaCl..6H:0 thermophysical properties used in the residential heating [199]

Solid Liquid
Cp (J/kg.K) 1430 2312
k (W/m.K) 1.09 0.54
p (kg/m?) 1710 1500

Tn=28°C - -

LH = 188.34 ki/kg - -

In the first case study, the PCM becomes supercooled, whereas in the second, the PCM solidifies
without supercooling. The effect of supercooling on the temperature of the air at the exit is investigated.
As a result, the PCM cooling part of this application is the most interesting. The initial temperature of the
air is 20 °C, and the temperature of the PCM is 32 °C. Figure 4.22 shows the model’s geometry and the
boundary conditions. A thermocouple is placed at the exit of the tube to calculate the temperature of the
air after being heated by the PCM. In addition, five thermocouples (TC_1 - TC_5) are placed in the PCM
as shown in Figure 4.22.

The applied mesh is extra-fine free triangular and the simulated time is 8 hours (480 min).
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Figure 4.22 Position of thermocouples, geometry and boundary conditions of the pipe model
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As shown in Figure 4.23a, the temperature of the PCM decreases due to the incident cold air flow
around it. Because of its proximity to the left boundary, the first thermocouple, TC_1, shows a faster
temperature decrease than the others. The surface contact with the air is greater in that region, and the
air temperature is the lowest. As the air passes through the channel, its temperature rises, resulting in a
higher heat flow at first. The first effect of supercooling can be seen in Figure 4.23a, where the
supercooled PCM has a lower temperature than the solidified PCM. The temperature gradient between
the PCM and the air decreases in this case, resulting in a lower heat flow from the PCM to the air. The
effect of supercooling is direct on the temperature of the air at the exit, where the air is heated more in
the absence of supercooling, as shown in Figure 4.23b. As expected, the air reaches high temperatures at
first while the melted PCM is still hot, and the temperature decreases as the PCM cools. The second effect
of supercooling is that the temperature of the air gradually decreases rather than remaining constant over
time. The figure demonstrates that the phase change of the material adds more energy to the air, as it
maintains a stable temperature of 26.34 °C. The difference between the cases with and without
supercooling increases from 0.4 °C at t = 300 min, to 2.4 °C at t = 480 min.
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Figure 4.23 Temperature variation of a) PCM and b) air at exit in the case of presence (dashed lines) and absence
(solid lines) of supercooling

4.4 Conclusions

Supercooling can be modeled using the proposed COMSOL Multiphysics model. One limitation occurs
when the temperature rise caused by latent heat release can no longer be assumed adiabatic. The first is
for rapid cooling, in which the PCM loses energy as the temperature rises. As a result, the model calculates
the minimum energy required to raise the temperature to the melting point while accounting for heat lost
to the outside. In this case, the numerical solidification takes longer than the experiments, because the
amount needed to raise the temperature is deducted from the latent heat. The second is during a very
slow temperature rise, as demonstrated by the eutectic PCM experiments. In theory, and ignoring heat
losses, the latent heat is sufficient to raise the temperature to the melting point. The model, however,
does not reach the melting temperature as all of the latent heat is released during the very low
temperature rise. Therefore, the model works well for supercooling when the temperature rises quickly
but the cooling rate is slow. As future enhancements needed for this model, the heat source function
should be improved to include heat losses to the exterior rather than assuming an adiabatic temperature
increase.

The use of PCM in thermal energy storage systems has a direct impact on their performance. The PCM
is used to raise the temperature of water in a hot tank in the first application studied. The presence of
supercooling has a significant effect, as the maximum temperature attained by the water at the end of
the simulations was lower in the presence of supercooling. In the second application, the PCM heats the
air in a forced ventilation system before it is pumped into the residential rooms. The presence of PCM has
a significant effect on the temperature of the air entering, and the presence of supercooling reduces the
system performance by lowering the maximum temperature reached by air. This study shows that it is
critical to include supercooling this phenomenon in numerical simulations of latent heat energy storage
systems using PCMs that may undergo supercooling.
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The primary goal of this thesis is to build a multidimensional CFD model of supercooling to numerically
investigate its effect on the performance of thermal energy storage systems using phase change materials.
The latent heat of phase change materials adds a significant amount of heat to the system, significantly
increasing the system's efficiency. The presence of supercooling prevents or delays the solidification of
the phase change material and the release of latent heat, which has a serious impact on the performance
and efficiency of the system.

To achieve the thesis's goal, a literature review on the presence of supercooling and the factors
influencing its occurrence is presented. In addition, the existing models found in the literature and the
problems encountered during modeling are detailed. This review aids in the development of knowledge
on the supercooling phenomenon, including its impact on the material behavior, its effect on the
integrated PCM's system, the influencing factors, and aids in the development of a simple, and accurate
method for representing this phenomenon in a numerical model. A previously validated numerical model
for natural convection is modified to include supercooling during PCM cooling. This model considers the
difficulties encountered in modeling the thermal behavior of supercooled PCM and devises a solution for
each one. To validate this model, accurate experimental results starting from known model geometry,
material properties, and conditions (initial and boundary) are determined. These findings are used to
validate the numerical model, which is then used to investigate the performance of two latent heat
thermal energy storage systems.

The work completed in each chapter, the obstacles encountered, the results obtained, and the
required future work are listed below.

Chapter 1

The first chapter is a review of the literature on the supercooling phenomenon. This chapter begins by
defining supercooling and the systems in which it can occur. It has been discovered that supercooling can
be a beneficial or harmful phenomenon, depending on the system. Supercooling is beneficial in
preservation processes such as for food, medical drugs, and organ transplantation. Furthermore, by
preventing solidification, supercooling aids in the survival of animals and plants in cold winter regions.
However, in thermal energy storage systems, PCM solidification is critical, and its prevention significantly
reduces the systems’ performance. In both cases, the arbitrary presence of supercooling is detrimental,
so a review of the main factors that influence this presence is performed. It has been discovered that
there are a large number of correlated factors that influence the occurrence and degree of supercoooling.
The cooling rate, the volume of the PCM container, mechanical shocks, the purity and the thermal history
of the PCM are some of the most important factors. Each factor's effect is investigated independently by
presenting the most recent experimental work done in the literature. This review continues with the
numerical methods that are commonly used to model a phase change problem. The addition of
supercooling to these models complicates the model and presents several challenges. The thermophysical
properties of the material are no longer linear and are a function of temperature, where a given
temperature lower than the melting temperature can correspond to the solid, supercooled, or
temperature increase phases of a PCM. In addition to the method of temperature rise, indicating the
temperature at which solidification begins is a challenge. This review discusses various recent models
developed by various authors, as well as the criteria used to overcome these difficulties.
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Perspectives:

This review demonstrates that supercooling is an important phenomenon, and its instability
complicates the system. Its instability is because the presence of supercooling is dependent on several
factors. However, these variables are still unconnected. More experiments should be carried out to
develop general equations that precisely predict the nucleation temperature based on the crucial factors
influencing supercooling. Its omission in numerical models can result in a disparity between real and
simulated results.

Chapter 2
Main contributions

The second chapter describes the implemented numerical model. An optimal solution is found to every
problem encountered while numerically simulating supercooling. Finally, a consistent model is presented
and later validated and used in the following chapters.

The first key issue tackled is the initiation of solidification. The instability of the supercooled liquid and
the initiation of solidification at any time present a significant challenge in determining the temperature
at which solidification begins. Setting a temperature for solidification initiation at the first node solves the
problem. Thus, solidification can occur either by reaching the preset temperature or by being triggered
by the solid-liquid interface.

The second key issue is the non-linearity of the problem: the properties of a material can be defined
as a function of temperature in a typical phase change problem; however, in the presence of supercooling,
a given temperature can correspond to different states of the material. To solve this problem, a new state
function s(s,T) is defined. This function subdivides the system into four sections depending on the
current state and the temperature of the material. The first is the heating process, the second is the liquid
cooling (including supercooled liquid), the third is the temperature rise due to the latent heat release, and
the fourth is the solidification and cooling of the solid.

The third key issue deals with the quantity of latent heat: when solidification begins, the PCM uses
latent heat to raise its temperature. As a result, the amount of latent heat present during solidification
differs from that present during melting. These two processes have already been separated by the state
function s(s, T). If the latent heat is sufficient during the cooling process, the temperature rises to the
melting point. If not, the PCM releases all of its latent heat and solidifies at a temperature lower than the
material's melting point. The value of latent heat during the solidification process is determined by
assigning a state variable nt(s,T) that indicates the nucleation temperature at each node. This aids in
precisely determining the amount of heat required to raise the temperature to the melting point.

The last major issue concerns the temperature rise due to latent heat release: the PCM's temperature
rises as latent heat is released. This section is complex, as it is caused by several factors. The most
important of which are the thermophysical properties of the material and the cooling rate. To deal with
the complexity, a domain heat source that is a function of the state variable nt(s, T) is defined. Depending
on its position and the degree of supercooling, this heat source releases a sufficient amount of heat to
raise the temperature at the node.
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Limitations and perspectives:

This is the first multidimensional CFD model that attempts to incorporate both supercooling and
natural convection. The model is simple and needs several improvements. First, major inputs such as the
nucleation temperature and the time required to increase from the nucleation to the melting temperature
are not experimentally free. These two factors necessitate a thorough understanding of PCM's chemical
behavior to develop general equations for predicting these values. Second, modeling temperature rise as
a linear function with an adiabatic reaction is unrealistic. Heat transfer never stops, and the PCM requires
more energy to reach the melting temperature and especially at low cooling temperatures.

Chapter 3
Main contributions

The third chapter is the experimental benchmark. This chapter aims to obtain accurate experimental
results to use in the validation process of the numerical model. To build the experimental setup efficiently,
the most important factors that affect supercooling are taken into consideration. The following factors
are considered:

e The volume of the container: Two setups are constructed. The first is a small-scale experiment
using a test tube as the PCM container, and the second is a large-scale experiment using a
cuboid-shaped container.

e The surface roughness: The test tube has a smooth inner surface with no edges or connections,
whereas the cuboid-shaped container has edges connecting the sides, as well as a difference
in surface roughness between the aluminum plate used for heat transfer and the
polycarbonate sides.

e The cooling rate: a water chiller and a heating circulator are used to study the effect of the
cooling rate. These two devices make use of PID controllers to precisely adjust the temperature
as needed.

o The type of PCM: The type of PCM, which can be organic, inorganic, or eutectic, influences
supercooling. Three PCMs of different types are chosen: octadecane (organic), sodium acetate
trihydrate (inorganic salt), and a eutectic PCM.

e Mechanical shocks: Mechanical shocks can cause supercooling to stop and solidification to
begin. The experiments are carefully carried out to avoid mechanical shocks. In one of the
experiments, the PCM enters a stable supercooling state and is terminated by an applied
mechanical shock.

e The container’s thermal insulation: Insulation limits the heat transfer through the aluminum
plates and prevents heat loss to the outside. The use of good insulation allows the numerical
model to later assume that heat is transferred perpendicular to the aluminum plates and to
use adiabatic boundary conditions.

Type T class 1 thermocouples are used to measure temperature at various points. This distribution aids
in the investigation of the effects of supercooling and natural convection respectively during the cooling
and heating processes.

The results of the experiments show that supercooling occurs in the test tube for all PCM types.
However, supercooling proceeds only with the inorganic PCM in the large-scale experiment (sodium
acetate trihydrate). The type of PCM, volume of the container, and surface roughness all play a role in
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achieving such a result. First, inorganic PCM suffers from supercooling more than other PCM types. How
temperature rises due to latent heat release is also material dependent. When solidification begins, the
temperature of octadecane increases rapidly, the temperature of eutectic PCM increases slowly, and the
temperature of sodium acetate trihydrate increases rapidly in the small-scale experiment and slowly in
the large-scale experiment. Second, as the volume of the container decreases, the degree of supercooling
increases. Third, as the surface roughness decreases, the supercooling degree increases.

Insulation has a direct effect on the solid-liquid interface during the heating and cooling processes. If
no insulation is applied, heat is exchanged with the exterior, and the solid-liquid interface does not have
a unique in-depth form (when looking at the PCM container from above), depending on the exterior
temperature. If the exterior temperature is higher or lower than the melting temperature of the PCM,
heat exchange with the exterior results in a convex or concave melting front of the solid part, respectively.

The cooling rate has a direct effect on the degree of supercooling. It has been demonstrated that, up
to a certain point, the degree of supercooling increases as the cooling rate increases. However, as the
cooling rate increases, the time spent in the supercooled state decreases. This is because the PCM reaches
the nucleation temperature faster. The experiments also demonstrate that by using a low cooling rate,
where the temperature of the cooling fluid gradually decreases with a negligible temperature gradient
with the PCM, stable supercooling can be achieved. However, if the cooling rate is high during the
temperature rise due to latent heat release, the PCM loses its latent heat during this phase and, in some
cases, is unable to reach the melting temperature. When considering an adiabatic temperature increase
caused by latent heat release, the latent heat is sufficient to raise the temperature to the melting point;
however, the PCM does not reach the melting point due to heat loss during this phase.

Natural convection has a significant impact on the melting process during the heating process. The
melting front is initially vertical, and as the melted fraction increases, natural convection increases the
melting rate, and the solid-liquid interface slopes. The presence of natural convection causes the hot
particles of the PCM to rise to the surface, causing the temperature to vary vertically. However, the
phenomenon is not observed during the cooling process. The PCM has a nearly identical temperature in
the vertical direction, and the solid-liquid interface remains vertical during the solidification process.

Limitations and perspectives:

The obtained results provide an accurate benchmark that different authors can depend on to model
the PCM's thermal behavior and validate their numerical models. Future experimental studies should
complement the data with the monitoring of the PCM velocity during melting and solidification, using
such tools as particle image velocimetry.

Chapter 4
Main contributions

The fourth chapter is divided into two sections: a validation of the implemented model in COMSOL
Multiphysics and a numerical study of two thermal energy storage systems. The small-scale experiment is
chosen for validation because supercooling occurred in the experiment with all PCMs. The model
accurately simulates the supercooling phenomenon for octadecane. A deviation is registered at the
temperature reached after latent heat release. This is because, in the experiment, the temperature rises
to the melting point, whereas in the numerical model, the phase change is assumed to occur within a
temperature range, so the temperature rises to the upper bound of this temperature range.
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The model is able to simulate the supercooled process for the eutectic PCM, but differences occur
during the solidification process. Experimentally, the slow temperature rise during latent heat release
results in energy loss to the PCM's surroundings. In this case, considering an adiabatic temperature rise
reduces the estimated amount of energy required to raise the temperature to the melting temperature.
The required energy to raise the temperature is deducted from the latent heat. Therefore, the
solidification takes longer to complete numerically because the melting temperature was reached with
less energy. The model accurately represents the supercooling degree for sodium acetate trihydrate, but
the same drawback is observed, which is due in this case to the high cooling rate. The temperature rises
quickly, but the high cooling rate causes the PCM to lose some of its energy during the rise.

A hot water tank and a residential heating system integrating PCM are studied. The presence of
supercooling has a negative impact on the system's performance in both cases. The phase change adds a
significant amount of energy to the system. However, in the presence of supercooling, both the water in
the hot water tank and the air in the residential heating system are heated to lower temperatures.
Furthermore, during solidification, the air temperature at the outlet remains constant, which is not the
case in the presence of supercooling.

Limitations and perspectives:

As a first attempt, the model performs well despite the complexities of supercooling. The model
performs more accurately when temperatures rise quickly at the end of the supercooled state and cooling
rates are low. The heat loss is very low in this case, and the temperature increase is nearly adiabatic. In
the future, the domain heat source should be improved so that the model can estimate the additional
heat lost during the temperature rise. Besides, determining the nucleation temperature without referring
to experimental results is essential. Finally, the numerical model that takes into account the supercooling
phenomenon has provided evidence of its significant impact on the integrated PCM system's efficiency,
and highlighted the major importance of implementing supercooling in mathematical models for sizing
efficient latent heat thermal energy storage systems.
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Introduction

L'objectif principal de cette these est d'étudier numériquement l'effet de la surfusion sur les
performances d'un systéme de stockage d'énergie thermique utilisant des matériaux a changement de
phase (MCP). La chaleur latente des MCP apporte une quantité importante de chaleur au systéme,
augmentant considérablement I'efficacité du systeme. La présence de surfusion empéche ou retarde la
solidification du MCP et le dégagement de chaleur latente, ce qui a un impact néfaste sur les performances
et |'efficacité du systeme.

Pour atteindre I'objectif de la thése, une revue de la littérature sur la présence de surfusion et les
facteurs influencant son apparition est présentée. De plus, les modeéles existants trouvés dans la
littérature et les problemes rencontrés lors de la modélisation sont détaillés. Cette revue contribue au
développement des connaissances sur le phénomeéne de surfusion, y compris son impact sur le
comportement du matériau, son effet sur les systemes intégrant des MCP ou encore les facteurs
d'influence et aide au développement d'une méthode simple, directe et précise de prise en compte de ce
phénomeéne dans un modéle numérique. Un modéle numérique précédemment validé pour décrire la
convection naturelle a été modifié pour inclure la surfusion pendant le refroidissement. Ce modele tient
compte des difficultés rencontrées dans la modélisation du comportement thermique des MCP surfondus
et élabore une solution pour chacune d'entre elles. Pour valider ce modele, des résultats expérimentaux
impliquant un protocole rigoureux sont nécessaires. Ces résultats, obtenus avec une géométrie de
dispositif, des propriétés de matériaux et des conditions (initiales et limites) clairement spécifiées, sont
utilisés pour valider le modéle implémenté sous COMSOL Multiphysics. Ce dernier est ensuite employé
pour étudier les performances de deux systemes de stockage d'énergie thermique a chaleur latente.

Les travaux réalisés dans chaque chapitre, les obstacles rencontrés, les résultats obtenus et les travaux
futurs requis sont énumérés ci-dessous.

Chapitre 1

Le premier chapitre est une revue de la littérature sur le phénomeéene de surfusion. Ce chapitre
commence par décrire la surfusion et les systemes dans lesquels elle peut se produire. Les recherches
montrent que la surfusion peut étre un phénomeéne bénéfique ou néfaste, selon le systeme concerné. La
surfusion est, par exemple, bénéfique dans les processus de conservation des aliments, des médicaments
ou pour la transplantation d'organes. L’absence de solidification en raison de la surfusion nécessite moins
d’énergie pour atteindre la température souhaitée et d’autre part permet de conserver a des
températures plus basses sans dégrader les éléments a conserver. De plus, en empéchant la solidification,
la surfusion aide a la survie des animaux et des plantes dans les régions hivernales particulierement froides
en protégeant leurs organes du changement de phase. Cependant, dans les systéemes de stockage
d'énergie thermique, la solidification du MCP est critique et si elle n’a pas lieu ou est retardée, cela réduit
considérablement les performances du systéme. Les technologies de tels systemes reposent sur le
changement de phase du MCP qui va apporter une quantité raisonnable d'énergie grace a sa chaleur
latente. Dans les deux cas, la présence arbitraire de surfusion est préjudiciable, aussi une revue des
principaux facteurs qui influencent cette présence est-elle effectuée. Les recherches actuelles montrent
gu’un grand nombre de facteurs corrélés existe. L'effet de chaque facteur est étudié indépendamment en
présentant les travaux expérimentaux les plus récents réalisés dans la littérature. On constate que le degré
de surfusion augmente avec l'augmentation de la vitesse de refroidissement et la pureté du MCP,
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cependant, il diminue avec I'augmentation du volume du récipient et de la rugosité de la surface de
contact. Le MCP surfondu est instable et tout choc mécanique, vibration ou tension appliquée peut initier
sa nucléation.

Cet état de I'art se poursuit avec les méthodes numériques couramment utilisées pour modéliser un
changement de phase. L'ajout de la surfusion a ces modeles présente plusieurs défis. Les propriétés
thermophysiques du matériau ne sont notamment plus linéaires et sont fonction de la température. Une
température donnée inférieure a la température de fusion peut correspondre aux phases solide,
surfondue ou de montée en température du MCP. De plus, la température a laquelle la solidification du
MCP commence est difficile a définir dans le modele pour se rapprocher au mieux du comportement
thermique du MCP en présence de surfusion. Cette revue examine ainsi de modeles récents développés
par divers auteurs, ainsi que les criteres utilisés pour surmonter ces difficultés.

Perspectives :

Cette revue démontre que la surfusion est un phénomeéne important, et son instabilité peut étre
nuisible au systéme comportant des MCP. Son instabilité est due au fait que la présence de surfusion
dépend de plusieurs facteurs. Cependant, ces variables ne sont toujours pas bien connues et les
corrélations entre elles pas bien définies. D'autres expériences devraient étre menées pour développer
des équations générales qui déterminent avec précision la température de nucléation en fonction des
facteurs mis en avant influengant la surfusion. Son omission dans les modeéles numériques peut entrainer
une grande disparité entre les résultats réels et simulés.

Chapitre 2

Le deuxiéme chapitre décrit le modéle numérique implémenté. Une solution optimale est trouvée a
chaque probleme rencontré lors de la simulation numérique de la surfusion. Enfin, un modele cohérent
est présenté et sera validé et testé dans les chapitres suivants.

Modeéle existant sans surfusion

Le modele construit dans cette étude est une modification d'un modele déja existant de Biwole et al.
[1], [2], qui est lui aussi une modification du modele enthalpie-porosité de Brent et al. [3]. Le modeéle
suppose que le changement de phase se produit sur un intervalle de température [T;, —dT/2, T,, +
dT /2] plutdt qu'a une température constante. La fraction liquide est calculée a I'aide de la fonction B(T)
donnée par I'équation (1). B(T) vaut O pour les températures inférieures a T,,, — dT /2 et 1 pour les
températures supérieures a T;,, + dT /2, et varie linéairement entre ces deux valeurs comme le montre la
Figure 1. La densité et la conductivité thermique sont modifiées en fonction de la température en utilisant
la fonction par morceaux B(T) comme indiqué dans les équations (2) et (3).
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Figure 1 Variation de B(T) en fonction de la température

Pour inclure la chaleur latente lors du changement de phase, la valeur de la capacité calorifique
spécifiqgue est modifiée dans l'intervalle [T}, — dT /2, T,, + dT /2] en appliquant une fonction gaussienne
notée D(T) dont I’expression est donnée par |'équation (5). D(T) est multiplié par la chaleur latente du
MCP et ajouté a la capacité thermique comme indiqué dans I'équation (5).

( 0, T <Tm—dT/2
T —Tm+dT/2 . dT - dT
BTy={" ar M- <i<im+— (1)
dT
\ 1, T>Tm+—
2
k(T) = ks + (k; — kg)B(T) (2)
p(T) = ps + (pr — ps)B(T) (3)
(T-Tm)?

D(T) =@ dr?/4

4
/JT[dTZ/‘l- @
Co(T) = Cp, + (Cpl - CPS) B(T) + LpD(T) (5)

Le matériau est figé dans la phase solide. Pour représenter la phase solide, la viscosité du MCP croit a
I'aide d'une fonction A(T) et désigne comme suit :

Ci(1 - B(T)?

A = e, ©
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ol (C; et C, sont des constantes. C; a une valeur tres élevée qui dépend du matériau, comme expliqué
dans [1], tandis que C, a une valeur trés faible et empéche la division par zéro lorsque le MCP est a |'état
solide. A I'état solide B(T) = 0 et A(T) = C;/C, ce qui correspond a une valeur trés grande, alors qu'a
I'état liquide B(T) = 1 et A(T) = 0. La fonction de viscosité s'écrit alors :

w(T) = (1 + A(T)) (7)

—

Dans I'équation de conservation de la quantité de mouvement, une force volumique F, est également
ajoutée pour dominer toutes les autres forces dans la phase solide. Lorsque cette force surmonte toutes
les autres forces, la vitesse du MCP (U converge vers zéro, ce qui correspond a I'état solide :

—

E, = —A(T).u (8)

La convection naturelle est incluse en utilisant une force volumique donnée par :

Fy = —pB(T —T))g (9)

ou S est le coefficient de dilatation thermique

Le modele a déja été validé pour la convection naturelle lors de la fusion dans [1], [2]. Dans ces articles,
la fusion du matériau RT25 et d'acide laurique dans des enceintes rectangulaires a été simulée et
comparée a une expérience en laboratoire et au travail expérimental de Shokouhmand et Kamkari [4].

Modifications et ajouts pour tenir compte de la surfusion

Dans la présente étude, le modeéle est modifié pour inclure la surfusion lors du refroidissement. Pour
résoudre le probleme des propriétés thermophysiques qui ne peuvent plus étre représentées comme une
fonction bijective de la température, une nouvelle fonction d'état par morceaux s(s,T) est développée
pour représenter précisément I'état du matériau. Cette fonction varie selon I'état et la température du
matériau comme suit :

1. Processus de chauffage
2. Etats liquides et surfondus
s(s, T) = , (10)
3. Hausse de température
Processus de solidification et refroidissement du solide

La température de nucléation T, est la température a laquelle la solidification s'initie. En d'autres
termes, il s'agit de la température la plus basse qu'un MCP atteint a I'état liquide. La température de
nucléation differe d'un nceud de la grille de calcul a I'autre. Pour cette raison, il est calculé séparément
pour chaque noeud et noté nt. La stratégie suivante est utilisée pour modéliser la surfusion :

e Premierement, le MCP a I'état liquide reste liquide jusqu'a ce que la solidification soit
déclenchée, soit par la solidification du nceud adjacent, soit si un nceud atteint une
température de nucléation prédéfinie T,,.
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e Deuxiemement, lorsque la solidification commence, le MCP utilise une partie de la chaleur
latente pour augmenter sa température jusqu'a la limite de température supérieure de la
plage de fusion T,, + dT /2. L'énergie nécessaire peut étre calculée égale a Cpl(Tm —nt),
comme détaillé dans [5]. Par conséquent, le modéle augmente sa température a I'aide de la
source de chaleur Q(W /m?) exprimée selon I’équation (11) :

Q= plCPl(Tm —nt)/ts (11)

oU t, est le temps nécessaire pour élever la température de nt a (T,,, + dT/2) et est défini sur la base
d'observations expérimentales

e Troisiemement, lorsque la température du MCP atteint (T, + dT/2), celui-ci poursuit sa
solidification de maniére habituelle dans un intervalle dT. Par la suite, la valeur de la chaleur
latente est réduite de Cpl(Tm — nt), qui est I'énergie consommeée nécessaire pour augmenter
la température de nt a Tp,.

Cependant, si la chaleur latente est insuffisante, c'est-a-dire Cp,(T;, — nt) > Lp, la température du
nceud monte a une valeur inférieure a la température de fusion. Sachant que toute la chaleur latente sera
dégagée, I'équation (12) est utilisée et la température atteinte T est calculée a I'aide de I'équation (13):

Ly = Cp (T —nt) (12)
L
T = C—F +nt (13)
pl

Si la chaleur latente est insuffisante, la température monte a la valeur précédemment indiquée et le
MCP change sa phase directement en phase solide.

Dans les équations suivantes, s(s,T) sera écrit "s" pour plus de simplicité. Aprés avoir défini la
signification de chaque valeur de la fonction s et les cas possibles, la fonction d'état peut s'écrire comme
suit :

L s=4detTyp >Tn
2, s=1letT >TyetTy, <Tp
s(s,T) = oT (14)
3, s=ZetTapp<Tmet(T=Tnor§>0)
4, s=3etQ<LpetT=>T,+dT/2
\ ou

s=3etQ>LpetT =Lp/Cy +nt
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La température de nucléation nt et la source de chaleur peuvent maintenant étre définies comme :

( Tmr s=1
I
nt(s,T) = { min(T,,, T), s=2 (15)
l nt, s=3
plCPl(Tm - nt)/ts: s=3
0' autre

La chaleur latente modifiée Ly dépend de I'état du matériau et est définie comme suit :

L, s<3

Ly(s,T) = 0, s =4et pCp,(Ty, —nt) > Lp (17)

Ly = Cpy (T — nt), autre

En état surfondu et lors de la montée en température, le matériau est a I'état liquide, donc les
propriétés thermophysiques du MCP correspondent aux propriétés liquides. La densité modifiée, la
conductivité thermique, la capacité calorifique et la viscosité sont alors représentées par les équations
(18), (19), (20) et (21) respectivement.

ps + (o1 = ps)B(T), s=1lous=4
p(s,T) = (18)
ou s=2ous=3
ke + (k; — kg)B(T), s=1lous=4%
k(s,T) = { (19)
ki, s=2ous=3
J Cps + (Cpi — Cps)B(T) + LH xD(T), s=1lous=4
Cp(s,T) = (20)
L Co) s=2ous=3
{ w (1 + A(T), s=1lous=4%
u(s, T) =
U, s=2ous=3 (21)
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Modele physique

Le modele est une représentation 2D d'un tube a essai partiellement rempli de MCP et immergé dans
un bain d'eau. Le tube mesure 1,5 mm d'épaisseur, 13 mm de diameétre interne et 7,5 mm de hauteur. La
Figure 2 montre les matériaux employés dans le modeéle et les conditions aux limites. La condition aux
limites supérieure est ouverte, tandis que les autres frontiéres ont des conditions de Dirichlet avec une
température fixe notée Ty, représentant la température du bain d'eau. La condition aux limites de
Dirichlet (ou de premier type) est une conditions aux limites utilisées dans la résolution des équations
différentielles en mathématiques [6]. Elle spécifie, dans I'équation différentielle, les valeurs qu'une
solution doit prendre sur le bord du domaine. Lorsqu'une condition de Dirichlet est donnée, il n'est pas
nécessaire de résoudre la variable dépendante car elle est prédéterminée. En conséquence, le probléme
peut étre résolu sans utiliser d'équations pour ces degrés de liberté. La condition aux limites ouverte
implique un flux conducteur nul sur la frontiére pour un écoulement de fluide sortant selon |'équation
(22):

-n.q =0, nu=0 (22)
ou n et g sont respectivement le vecteur normal pointant hors du domaine et le flux de chaleur
conducteur.

Il prend automatiquement en considération le flux de chaleur causé par le débit a travers une
condition de Danckwerts sur I'enthalpie pour un flux entrant de champ de vitesse u a travers la frontiére
donnée par I'équation (23) :

-n.q = pAHu.n, nu<0 (23)

ou AH est I'enthalpie sensible

Le MCP, le tube et I'air au-dessus du MCP ont la méme température initiale tandis que la température
initiale de I'eau est T,y Si la température initiale du MCP est supérieure a la température de changement
de phase, il est supposé étre a I'état liquide ; sinon, il est supposé a I'état solide.
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Figure 2 Géométrie, matériaux et conditions aux limites utilisés dans le modéle numérique
Schéma numérique

L'approche par éléments finis est fréquemment utilisée pour la simulation numérique des opérations
de traitement thermique, de coulée ou de soudage. En raison des effets de la chaleur latente, la simulation
des changements de phase nécessite la simulation de problemes extrémement non linéaires. Le défi
numérique de l'analyse par éléments finis des systémes de transfert de chaleur incorporant des
changements de phase a recu beaucoup d'attention ces derniers temps [7]. La technique a grille fixe
s'appuie sur le profil de température pour déterminer la position de l'interface de changement de phase.
Par conséquent, l'interface peut avoir un front continu, lisse ou non. Ces trois différentes approches de
grille fixe peuvent étre divisées en trois groupes et sont décrites en profondeur par Voller et al. [8]:

o Les méthodes fictives de flux de chaleur
e Latechnique de la capacité calorifique effective
e Les méthodes d'enthalpie totale

Le modele mathématique décrit ci-dessus est implémenté dans un maillage construit a l'aide
d'éléments triangulaires libres linéaires ((Figure 3). La taille de maille est définie en assurant un nombre
de Péclet massique de maille inférieur a deux comme indiqué dans I'équation (24), pour aider a la
convergence numérique. Les simulations s'exécutent d'abord avec un maillage extra-fin comportant 9818
éléments (Figure 3a), puis un deuxiéme lot de simulations est exécuté avec un maillage extrémement
raffiné composé de 21262 éléments (Figure 3b).
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Figure 3 Maillages utilisés dans le modéle numérique COMSOL Multiphysics : a) extra fin et b)
extrémement fin

Perspectives

Il s'agit du premier modele numérique qui intégre a la fois la surfusion et la convection naturelle. Le
modele est simple et nécessite encore des améliorations. Premieérement, les principaux paramétres
d’entrée telles que la température de nucléation et le temps nécessaire pour passer de la nucléation a la
température de fusion ne sont pas des données expérimentales aléatoires. Ces deux parameétres
nécessitent une compréhension approfondie du comportement chimique du MCP pour développer des
équations générales permettant de prédire ces valeurs. Deuxiemement, modéliser I'élévation de
température comme une fonction linéaire avec une réaction adiabatique n'est pas réaliste.

Chapitre 3

Le troisieme chapitre est consacré a une étude expérimentale. Ce chapitre vise a obtenir des résultats
expérimentaux précis qui vont permettre la validation du modeéle numérique. Pour construire
efficacement la configuration expérimentale, les facteurs les plus importants qui affectent la surfusion
sont pris en considération.

Analyse de l'influence du type de MCP, volume et rugosité de surface du contenant

Le type de MCP, qui peut étre organique, inorganique ou eutectique, influence la surfusion. Trois MCP
de types différents sont choisis : I'octadécane (organique, T,,, = 28 °C), I'acétate de sodium trihydraté
(sel inorganique, T,, = 58°C), et un MCP eutectique (T,, = 21.3°C). Deux configurations sont
construites. La premiére est une expérience a petite échelle utilisant un tube a essai comme contenant
du MCP, et la seconde est une expérience a grande échelle utilisant un réservoir rectangulaire comme
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contenant du MCP. Les résultats des expériences ont montré qu'une surfusion se produisait dans le tube
a essai pour tous les types de MCP. Cependant, la surfusion n'a eu lieu qu'avec le MCP inorganique dans
I'expérience a grande échelle (acétate de sodium trihydraté). Le type de MCP, le volume du récipient et la
rugosité de la surface jouent tous un role dans |'obtention d'un tel résultat. Premiérement, le MCP
inorganique est plus sujet a la surfusion que les autres types. La facon dont la température augmente en
raison du dégagement de chaleur latente dépend également du matériau. Lorsque la solidification a
commencé, la température de I'octadécane a augmenté rapidement, la température du MCP eutectique
a augmenté lentement et la température de I'acétate de sodium trihydraté a augmenté rapidement dans
I'expérience a petite échelle et lentement dans I'expérience a grande échelle. Deuxiemement, a mesure
gue le volume du récipient diminue, le degré de surfusion augmente. Troisiemement, a mesure que la
rugosité de la surface diminue, le degré de surfusion augmente. Le tube a essai a une surface intérieure
lisse sans bords ni arétes vives, tandis que le récipient rectangulaire comporte des arétes vives et la
rugosité de surface difféere d’un bord a I'autre puisque des plaques d'aluminium sont utilisées pour le
transfert de chaleur et du polycarbonate pour ses propriétés transparente et isolante.

Analyse de l'influence des chocs mécaniques

Les chocs mécaniques peuvent provoquer l'arrét de la surfusion et le début de la solidification. Les
expériences sont menées avec soin pour éviter les chocs mécaniques. Par contre, dans l'une des
expériences, |'état de surfusion stable du MCP a été volontairement interrompu par un choc mécanique,
comme illustré a la Figure 4.
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Figure 4 MCP eutectique entrant en surfusion stable avant d'appliquer un choc mécanique
Analyse de l'influence de I'isolation thermique

L'isolation limite le transfert de chaleur a travers les plaques d'aluminium et évite les pertes de chaleur
vers l'extérieur. Le modeéle numérique supposant que le transfert de chaleur est unidirectionnel
(perpendiculaire aux plaques d'aluminium) et appliquant des conditions aux limites thermiquement
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isolées, I'étude de l'impact de lisolation thermique sur le processus de fusion a été menée
expérimentalement. Dans ce cadre, I'expérience suivant a été réalisée : la plaque avant du réservoir n'est
pas isolée, tandis que la plaque arriere est isolée. La face avant fait référence au c6té non chauffé du
réservoir en contact avec I'environnement ambiant extérieur tandis que la face arriére est le c6té opposé,
qui contient le réseau de thermocouples du MCP. Dans ce cas, le transfert de chaleur vers |'extérieur au
niveau de la face avant ralentit le processus de fusion. La (Figure 5) montre la vue de dessus du front de
fusion dans les scénarios isolé et non isolé. Le scénario sans isolation est représenté sur la Figure 5a.
observé davantage de MCP fondu sur la plaque isolée arriere que sur la plague avant. En effet, au niveau
de la face arriére, la chaleur est transférée a la fraction solide au lieu d'étre perdue dans I'environnement.
La Figure 5b, a I'inverse, montre le scénario d'un réservoir complétement isolé. Le front de fusion est alors
uniforme et symétrique.

Figure 5 Vue de dessus montrant I'effet de I'isolation sur le processus de fusion de I'octadécane lorsque
la face avant est (a) non isolée et (b) isolée

L'impact de l'isolation sur la solidification est également étudié. L'expérience est réalisée dans une
piece a température ambiante inférieure a la température de fusion de |'octadécane. L'échange
thermique via les plaques d'aluminium étant supérieur a celui via la plaque avant, la solidification
commence sur la face avant. La propagation du front de solidification n'est cependant pas toujours
verticale et uniforme. La Figure 6 illustre comment la survenue d'un nouveau front de solidification a partir
de la face avant est provoquée par la perte de chaleur a travers celle-ci.
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Figure 6 Vue de face montrant l'initiation de la solidification due a I'échange de chaleur avec I'extérieur
Analyse de l'influence du taux de refroidissement

La vitesse de refroidissement a un effet direct sur le degré de surfusion. Il a été démontré que, jusqu'a
un certain point, le degré de surfusion augmente a mesure que la vitesse de refroidissement augmente.
Cependant, a mesure que la vitesse de refroidissement augmente, le temps passé a I'état surfondu
diminue, comme indiqué dans le Tableau 1. En effet, le MCP atteint la température de nucléation plus
rapidement.

Tableau 1 Refroidissement du SAT en utilisant différentes températures de liquide de refroidissement

Température du

liguide de Température de Degré de Temps passé en état
refroidissement nucléation (°C) surfusion (°C) de surfusion (s)
(°C)
Essai #1 47.6 51.75 6.25 74
Essai #2 40.8 47.4 10.6 49
Essai #3 40.8 48 10 46

Les expériences ont également démontré qu'en utilisant une faible vitesse de refroidissement, ou la
température du fluide de refroidissement diminue progressivement avec un gradient de température
négligeable, une surfusion stable peut étre obtenue, comme le montre la Figure 7.
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Figure 7 Octadécane entrant en surfusion stable avec une température de bain de refroidissement
relativement élevée

Cependant, si la vitesse de refroidissement est élevée pendant la montée en température du MCP, le
MCP perd sa chaleur latente pendant cette phase et, dans certains cas, est incapable d'atteindre la

température de fusion. Ce phénomeéne est observé méme lorsque la chaleur latente est suffisante si
I'augmentation de température est considérée comme adiabatique comme le montre la Figure 8.
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Figure 8 Température transitoire eutectique du MCP sous différentes températures de liquide de
refroidissement

Analyse de l'influence de la convection naturelle

La convection naturelle a un impact significatif sur le processus de fusion au cours du chauffage. Le front
de fusion est initialement vertical, et au fur et a mesure que la fraction liquide augmente, la convection
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naturelle augmente la vitesse de fusion, et I'interface solide-liquide suit un pan incliné. La présence de la
convection naturelle fait monter les particules chaudes du MCP vers la surface, ce qui entraine une
variation verticale de la température, comme le montre la Figure 9.

Figure 9 Evolution de l'interface solide/liquide lors de la fusion (a) t=40 min, (b) t=230 min, et (c) t=290
min
Cependant, le phénomeéne n'est pas observé pendant le processus de refroidissement. Le MCP a une
température presque identique dans le sens vertical et I'interface solide-liquide reste verticale pendant le
processus de solidification.

Perspectives

Les résultats obtenus fournissent des données expérimentales de référence précises sur laquelle
différents auteurs peuvent s'appuyer pour modéliser au plus pres le comportement thermique du MCP et
valider leurs modeles numériques.

Chapitre 4

Le quatrieme chapitre explore le modele numérique et est divisé en deux sections : une validation du
modele implémenté dans COMSOL Multiphysics et une étude numérique de deux systémes de stockage
d'énergie thermique.

Validation expérimentale

L'expérience a petite échelle a été choisie pour la validation du modeéle car une surfusion a été
observée avec tous les MCP. Le modeéle simule avec précision le phénomene de surfusion de I'octadécane.
Un écart est cependant enregistré pour la température maximale atteinte apres le dégagement de chaleur
latente. En effet, dans I'expérience, la température monte jusqu'au point de fusion, alors que dans le
modeéle numérique, le changement de phase est supposé se produire dans une plage de température, si
bien que la température monte jusqu'a la limite supérieure de cette plage, comme le montre la Figure 10.
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Figure 10 Comparaison des résultats expérimentaux et numériques de I'octadécane en surfusion

Le modeéle a été capable de simuler le processus de surfusion du MCP eutectique, mais une déviation
est enregistrée pendant le processus de solidification. La lente augmentation de température pendant le
dégagement de chaleur latente a entrainé une perte d'énergie dans I'environnement du MCP. Dans ce
cas, considérer une élévation de température adiabatique réduit la quantité estimée d'énergie nécessaire
pour élever la température a la température de fusion. La solidification prend plus de temps a se terminer
numériquement car la température de fusion a été atteinte avec moins d'énergie. Le modele représente
avec précision le degré de surfusion pour |'acétate de sodium trihydraté, mais le méme inconvénient a
été observé, dii dans ce cas a une vitesse de refroidissement élevée, comme le montre la Figure 11. La
température a augmenté rapidement, mais la vitesse de refroidissement élevée est responsable de la
perte d’une partie de I"énergie du MCP lors de la montée.
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Figure 11 Comparaison des résultats expérimentaux et numériques de SAT subissant une surfusion
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Impact de la surfusion sur un systeme de stockage d’eau chaude

Le modele développé et validé est a présent utilisé pour démontrer |’effet de la surfusion sur un ballon
d'eau chaude contenant des MCP dans des conteneurs en forme de bouteille. Ce dispositif a été étudié
par Cabeza et al [9] . Le conteneur mesure 39cm de hauteur et 125cm de largeur. Les bouteilles sont des
bouteilles commerciales en aluminium (densité 2700 kg/m3) supposées rectangulaires pour simplifier le
modele numérique. Les bouteilles mesurent 31,5 cm de hauteur, 8,8 cm de largeur et 0,4 mm d'épaisseur.
Le MCP choisi est I'acétate de sodium trihydraté (SAT), qui possede les propriétés thermophysiques
présentées dans le Tableau 2.

Tableau 2 Propriétés thermophysiques du SAT [10]

Solide Liquide

Cp (J/kg.K) 2900 3100
k (W/m.K) 0.600 | 0.385
p (kg/m3) 1450 1280
Tm =58 °C - -
LH =264 kJ/kg - -

Le scénario suivant se produit dans le modéle physique : le réservoir est rempli d'eau chaude 3 70 °C
jusgu'a ce que le MCP et I'aluminium atteignent cette température. Ensuite, I'eau chaude est vidangée et
remplacée par de I'eau froide a 20 °C. Un exemple concret est un réservoir d'eau chaude domestique relié
a un panneau solaire, ou le réservoir est chauffé par I'énergie solaire pendant la journée et toute I'eau est
utilisée apres le coucher du soleil, de sorte que le réservoir est rempli par la suite d'eau froide du robinet.
Dans ce cas, le MCP est utilisé pour réchauffer I'eau. Deux cas d'étude sont simulés : dans le premier cas,
le MCP rentre en surfusion, alors que dans le second, le MCP se solidifie sans surfusion. L'effet de la
surfusion sur la température maximale atteinte par I'eau a différents points du réservoir est étudié. Le
systeme est considéré comme adiabatique, de sorte qu'aucun échange de chaleur avec I'extérieur ne peut
avoir lieu. La température initiale de I'eau est de 20 °C et la température des bouteilles et du MCP est de
70°C. La Figure 12 montre la géométrie du modele, les conditions aux limites et initiales. Un thermocouple
est placé au centre de chaque bouteille MCP et trois thermocouples (TC_1, TC_2 et TC_3) sont placés
respectivement a 100 cm, 70 cm et 30 cm du fond du réservoir. Les thermocouples sont représentés en
rouge sur la Figure 12.

En prenant le fond du réservoir comme référence de hauteur H la température moyenne de |’eau pour
H > 62,5 cm et H > 80 cm est instantanément fournie par Tm,g1 et Tavgz, respectivement.

Le maillage appliqué est maillage extra-fin avec des mailles triangulaires et le temps simulé est de 8
heures (480 min).
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Figure 12 Position des thermocouples, géométrie, conditions aux limites et initiales du modeéle de ballon
d'eau chaude

En cas de surfusion, le MCP se refroidit en raison des pertes de chaleur dans I'eau. La température du
MCP tombe alors en dessous du point de fusion sans changer de phase. Etant donné que la partie
supérieure de I'eau est chauffée, il n'y a pas de transfert de chaleur par convection naturelle dans I'eau et
la chaleur n'est transférée que par conduction. De ce fait, I'eau du fond reste froide. La température
maximale atteinte par I'eau a TC_1 et TC_2 apreés 480 min est de 49,26 °C et 30,32 °C, respectivement. ||
convient de noter que la température maximale de TC_1 est atteinteat = 130 minutes, aprés quoi la
température chute en raison du transfert de chaleur par conduction vers les parties inférieures. Sans
surfusion, le MCP atteint sa température de fusion et change de phase en libérant sa chaleur latente. La
température maximale atteinte par I'eau a TC_1 et TC_2 est respectivement de 52,23 °C et 31,70 °C au
bout de 480 min. Il convient de noter que la température maximale de TC 1 est atteinte a t =
151 minutes, aprés quoi la température chute en raison du transfert de chaleur par conduction vers les
parties inférieures. En conséquence, en I'absence de surfusion, I'eau a TC_1 est 2,97 °C plus chaude qu'en
présence de surfusion. La Figure 13 illustre la variation de température du MCP et de I'eau sur 480 minutes
a trois endroits différents. On constate qu'en présence de MCP surfondu, I'eau est toujours plus froide.
En I'absence de surfusion, Tavg1 enregistre une température de 41,65 °C et 43,02 °C au bout de 300 et

480 minutes, respectivement. De méme, Ta,,g2 enregistre 48,27 °C et 48,78 °C. En présence de surfusion,

cependant, Ta,,g1 enregistre une température de 29,54 °C et 31,93 °C au bout de 300 et 480 minutes,
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respectivement. Ta,,g2 enregistre respectivement 45,22 °C et 45,7 °C. Le Tableau 3 résume ces résultats.
Cela démontre que le MCP chauffe considérablement la partie supérieure de l'eau. Parce que l'eau
manque de convection naturelle, la chaleur est transférée lentement vers les parties inférieures via un
transfert de chaleur par conduction. La surfusion a un effet important, ou dans les cas avec et sans
surfusion, Tm,g1 a enregistré une différence de 12,11 °C et 11,09 °C aprés 300 et 480 minutes,

respectivement.

La position du MCP ou le nombre de cellules MCP peut étre modifié en fonction de la quantité et de la
température d'eau chaude requise.
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Figure 13 Variation de température du MCP et de I'eau a différentes hauteurs en cas de présence (lignes
pointillées) et d'absence (ligne continue) de surfusion
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Tableau 3 Température de I'eau a différentes hauteurs et instants pour les cas avec et sans surfusion

Thermocouple Temps Hauteur Avec surfusion Sans surfusion
(min) (cm)
TC_1 480 100 49.26 °C 52.2°C
TC_2 480 70 30.32°C 31.7°C
TC_3 480 30 20.01°C 20.01°C
Ta,,g1 300 >62.5 29.54 °C 41.65 °C
Ta,,g2 300 >80 45.22 °C 48.27 °C
Ta,,g1 480 >62.5 31.93°C 43.02 °C
Ta,,g2 480 >80 45.70 °C 48.78 °C

Impact de la surfusion sur un systéme chauffage résidentiel

Le systeme de chauffage de l'air présenté par Wagas and Kumar [11] est a présent choisi pour simuler
|'effet de la surfusion. Le systéme est un systeme de ventilation utilisant le stockage d'énergie thermique
par chaleur latente. Le MCP est intégré dans le tuyau de ventilation. Le scénario suivant est utilisé dans la
présente étude : le MCP est d'abord chauffé pendant la journée et sa température atteint 32 °C. Plus tard
dans la nuit, la température ambiante chute a 20 °C. Pour simplifier le modeéle, I'étude ne considére que
la moitié du tube contenant le MCP, puisque le modéle a des conditions aux limites axisymétriques,
comme le montre la Figure 14. Le MCP a une épaisseur de 2,5 cm et une longueur de 50 cm. Les mémes
dimensions s'appliquent a la cavité d'air au-dessus. Le débit d'air d'entrée est choisi égal a 10 m3/h, et le
MCP choisi est du CaCl,.6H;0, qui a les propriétés thermophysiques indiquées dans le Tableau 4.

Tableau 4 Propriétés thermophysiques du CaCl2.6H20 utilisé dans le chauffage résidentiel [11]

Solide Liquide

Cp (J/kg.K) 1430 2312
k (W/m.K) 1.09 054
p (kg/m?3) 1710 1500
Tm=28"°C - -
LH = 188.34 ki/kg - -

Dans la premiére étude de cas, le MCP rentre en surfusion, alors que dans la seconde, le MCP se solidifie
sans surfusion. L'effet de la surfusion sur la température de |'air a la sortie est étudié. De ce fait, la partie
refroidissement du MCP de cette application est la plus intéressante. La température initiale de I'air est
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de 20 °C et la température du MCP est de 32 °C. La Figure 14 montre la géométrie du modeéle et les
conditions aux limites. Un thermocouple est placé a la sortie du tube pour calculer la température de l'air
apres avoir été réchauffé par le MCP. De plus, cing thermocouples (TC_1 - TC_5) sont placés dans le MCP
comme illustré a la Figure 14.

Le maillage appliqué est un maillage extra-fin avec des mailles triangulaires et le temps simulé est de 8
heures (480 min).
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Figure 14 Position des thermocouples, géométrie et conditions aux limites du modele de conduite

Comme le montre la Figure 15a, la température du MCP diminue en raison du flux d'air froid incident qui
I'entoure. En raison de sa position, le premier thermocouple, TC_1, enregistre une baisse de température
plus rapide que les autres. La surface de contact avec l'air est plus importante dans cette région et la
température de I'air plus faible. Au fur et a mesure que l'air traverse le canal, sa température augmente,
entrainant dans un premier temps un flux de chaleur plus élevé. Le premier effet de la surfusion est visible
sur la Figure 15a, ol le MCP surfondu a une température inférieure a celle du MCP solidifié. Le gradient
de température entre le MCP et I'air diminue dans ce cas, ce qui entraine un flux de chaleur plus faible du
MCP vers |'air. L'effet de la surfusion est direct sur la température de I'air a la sortie, ou |'air atteint une
température plus élevée en I'absence de surfusion, comme le montre la Figure 15b. Comme prévu, |'air
enregistre d'abord des températures élevées alors que le MCP fondu est encore chaud, puis la
température diminue a mesure que le MCP se refroidit. Le deuxieme effet de la surfusion est que la
température de I'air diminue progressivement au lieu de rester constante dans le temps. La figure montre
qgue le changement de phase du matériau ajoute plus d'énergie a I'air, car il maintient une température
stable de 26,34 °C. La différence entre les cas avec et sans surfusion augmente de 0,4 °Ca t =300 min, a
2,4°Cat=480 min.
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Figure 15 Variation de température a) du MCP et b) de Iair en sortie en cas de présence (lignes pointillées) et
d'absence (lignes pleines) de surfusion

Conclusion

La surfusion peut étre modélisée a l'aide du modele COMSOL Multiphysics proposé. Une limitation
survient lorsque I'élévation de température causée par le dégagement de chaleur latente ne peut plus
étre considérée adiabatique. C'est le cas lors d’un refroidissement rapide, ou le MCP perd de I'énergie a
mesure que la température augmente. En conséquence, le modeéle calcule I'énergie minimale nécessaire
pour élever la température au point de fusion tout en tenant compte de la chaleur perdue vers I'extérieur.
Dans ce cas, la solidification numérique prend plus de temps que les expériences, car la quantité
nécessaire pour élever la température est déduite de la chaleur latente. Un deuxiéme cas se produit lors
d'une montée en température trés lente, comme le démontrent les expériences sur le MCP eutectique.
En théorie, et en faisant abstraction des pertes de chaleur, la chaleur latente est suffisante pour élever la
température jusqu'au point de fusion. Le modele, cependant, n'atteint pas la température de fusion car

178




Résumé substantiel en francais

toute la chaleur latente est libérée lors de la trés faible montée en température. Par conséquent, le
modele fonctionne bien pour la surfusion lorsque la température augmente rapidement mais que la
vitesse de refroidissement est lente. Pour améliorer ce modeéle, la fonction source de chaleur devrait étre
modifiée pour inclure les pertes de chaleur vers I'extérieur plutét que de supposer une augmentation
adiabatique de la température.

L'utilisation de MCP dans les systéemes de stockage d'énergie thermique a un impact direct sur leurs
performances. Dans la premiere application étudiée, le MCP est utilisé pour augmenter la température
de I'eau dans un réservoir d'eau chaude. La présence de surfusion a un effet significatif, car la température
maximale atteinte par I'eau a la fin des simulations était plus faible en présence de surfusion. Dans la
deuxieme application, le MCP chauffe I'air dans un systéme de ventilation forcée avant qu'il ne soit pompé
dans les piéces résidentielles. La présence de MCP a un effet significatif sur la température de I'air entrant,
et la présence de surfusion réduit les performances du systéme en abaissant la température maximale
atteinte par l'air. Cette étude montre qu'il est essentiel d'inclure la surfusion de ce phénomene dans les
simulations numériques de systemes de stockage d'énergie a chaleur latente utilisant des MCP pouvant
subir une surfusion.
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