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Abstract

The goal of this thesis is to carry out a detailed study in order to overcome situations where
the PCM double layer building envelope is not efficient, taking into account numerous
melting temperatures and latent heats for single PCM layer configurations, as well as several
combinations of melting temperatures (61, 8m2), and latent heat (Ste;, Stez) for double PCM
layer building envelope during charging cycle in summer by solidification. Furthermore, this
work aims to numerically investigate the performance of mobile PCM layers in a building
wall for different seasons (summer and winter). This study takes into account numerous
combinations of PCM melting temperature (6,7, 0n2), based on examining numerous
parameters, through studying the processes of phase change solidification/fusion, by
exhibiting the kinetics of phase change fronts, the duration of charging /discharging cycles, as
well as the operating PCM fraction and the average heat flux gained/lost over one cycle. The
finite volume approach is used to solve numerically the mathematical model that governs the
configuration. the study examined the performance of a building envelope incorporating a
single PCM layer during various seasons, including summer and winter, indicate that the
cases where the melting temperatures are situated within the range of outside temperature
fluctuations and are in proximity to the indoor comfort temperature (depending on the season)
result in optimal yearly performance of the PCM wall. This optimal performance is
manifested in the smoothing of instantaneous heat flux and the reduction of its amplitude.
Conversely, instances where melting temperatures are aligned with the farthest temperature
values from the outside fluctuations (one near the maximum temperature in summer and the
other close to the minimum temperature in winter) contribute to minimizing energy
consumption by the HVAC system. While, the obtained results among the part that focuses
only on examining the double PCM layers wall during charging cycle show that, the melting
temperature of outer PCM layer is the main controlling parameter of the heat lost amount,
where increasing 6, increases the heat lost, such as, combination (6,,;=0.7, 8,2=0.5) releases
the ratio of 18% as extra heat more than the reference case (without PCM). While, for the
combination (6,7=0.5, ,,2=0.7) it achieves 13%. Moreover, it is better for the latent heat of
the inner layer to be lower than the latent heat of the outer layer, which leads to a strong
solidification process, then, a high amount of released heat could be achieved. As well as,

combination (Ste;/=0.1, Ste>=0.01) the extra heat released ratio was 15%, while for (Ste;=0.1,



Ste;=0.5) it was 8%. However, the results depicts the dynamic double PCM layers
configuration, showed that combinations (6,,; = 2.4,60,,, = 2.4) and (0,1 = 1,0, = 1)
are the best in terms of smoothing the amplitude of heat flux fluctuation throughout their
appropriate season, summer and winter, with ratios of 13% and 15%, respectively.
Furthermore, using mobile layers design, the combination ((6,,; =1,0,,, =2.4) for
summer, (6,,; = 2.4,60,,, = 1) for winter) has the best annual performance, where it
provides the highest annual average operating PCM fraction (35%), with the longest yearly
average length of discharging. Combinations with melting temperatures close to the outside
fluctuating temperature and close to the inside comfort temperature (according to the season),
ensure the best annual performance of the building envelope, in terms of smoothing the
instantaneous heat flux and diminishing the fluctuating amplitude, which reduces the required
power of heating, ventilation, and air conditioning (HVAC) system (it could reach 6.5%).
However, combinations with melting temperatures include in the field of the outside
temperature fluctuating, one close to the maximum temperature in summer and the other one
close to the minimum temperature in winter; ensure minimizing the energy consumed by the

HVAC system by around 12%.

Keywords: Phase change material; double PCM layer; mobile layers; charging/discharging
cycles; enthalpy method; building envelope.



Résumé

L'objectif de cette thése est d'effectuer une étude détaillée afin de surmonter les situations ou
I'enveloppe d’un batiment a double couches PCM n'est pas efficace, en tenant compte de
nombreuses températures de fusion et de chaleurs latentes pour les configurations a couche
PCM simple, ainsi que de plusieurs combinaisons de températures de fusion (01, On2) et de
chaleur latente (Ste;, Ste2) pour l'enveloppe du batiment a double couches PCM, pendant le
cycle de charge en été par solidification. De plus, ce travail vise également a étudier
numériquement comment les couches PCM mobiles fonctionnent dans un mur de batiment
pendant différentes saisons (été¢ et hiver). Cette étude prend en considération de nombreuses
combinaisons de températures de fusion du PCM (6,1, 0.2). Elle examine de nombreux
parametres, étudie les processus de changement de phase solidification/fusion, analyse la
cinétique des fronts de changement de phase, mesure la durée des cycles de charge/décharge,
¢évalue la fraction de PCM en fonctionnement, ainsi que le flux de chaleur moyen gagné ou
perdu au cours d'un cycle. L'approche des volumes finis est utilisée pour résoudre
numériquement le modéle mathématique qui régit la configuration. L'étude a examiné les
performances d'une enveloppe de batiment incorporant une seule couche de PCM pendant
différentes saisons, notamment 1'été et I'hiver, indiquant que les cas ou les températures de
fusion sont situées dans la plage des fluctuations de température extérieure et sont proches de
la température de confort intérieur (selon la saison) donnent des performances annuelles
optimales du mur PCM. Cette performance optimale se manifeste par l'atténuation du flux de
chaleur instantané et la réduction de son amplitude. En revanche, les cas ou les températures
de fusion sont alignées sur les valeurs de température les plus éloignées des fluctuations
extérieures (I'une proche de la température maximale en été et l'autre proche de la température
minimale en hiver) contribuent & minimiser la consommation d'énergie du systéme HVAC.
Cependant, les résultats obtenus pour la partie qui se concentre uniquement sur I'examen de la
paroi a double couche PCM pendant le cycle de charge montrent que la température de fusion
de la couche externe de PCM est le principal paramétre de contrdle de la quantité de chaleur
perdue, ou l'augmentation de #,,; augmente la chaleur perdue, par exemple, la combinaison
(6m1=0.7, 6,,2=0.5) libére un ratio de 18% de chaleur supplémentaire par rapport au cas de
référence (sans PCM). En revanche, pour la combinaison (6,,,=0.5, 8,2=0.7), elle atteint 13%.
De plus, il est préférable que la chaleur latente de la couche intérieure soit inférieure a la

chaleur latente de la couche extérieure, ce qui entraine un processus de solidification solide,



puis une grande quantité de chaleur libérée pourrait étre obtenue. Ainsi, la combinaison
(Ste;=0.1, Ste;=0.01) a libéré chaleur supplémentaire de 15%, tandis que pour (Ste;=0.1,
Ste;=0.5), il était de 8%. Cependant, les résultats montrent que la configuration dynamique a
double couches PCM, les combinaisons (6,,; = 2.4,60,,, = 2.4) et (O =
1,60,,, = 1) sont les meilleures en termes d'atténuation de 1'amplitude des fluctuations du flux
de chaleur tout au long de leur saison appropriée, été et hiver, avec des fractions de 13% et
15% respectivement. De plus, en utilisant la conception de couches mobiles, la combinaison
By = 1, 60,5, = 2.4) pour 1'été, (0,1 = 2.4, 0., = 1) pour I'hiver) présente les meilleures
performances annuelles, avec la plus haute fraction de PCM en fonctionnement en moyenne
annuelle (35%), avec la plus longue période moyenne annuelle de décharge. Les
combinaisons avec des températures de fusion proches de la température extérieure fluctuante
et proches de la température de confort intérieur (selon la saison) assurent la meilleure
performance annuelle de 1'enveloppe du batiment, en termes d'atténuation du flux de chaleur
instantané et de réduction de l'amplitude des fluctuations, ce qui réduit la puissance requise du
systeme de chauffage, de ventilation et de climatisation (HVAC) (elle peut atteindre 6,5%).
Cependant, les combinaisons avec des températures de fusion incluses dans le champ des
fluctuations de température extérieure, une proche de la température maximale en été et l'autre
proche de la température minimale en hiver, garantissent une réduction de la consommation

d'énergie du systeme HVAC d'environ 12%.

Mots-clés : Matériau a changement de phase ; double couches de PCM ; couches mobiles ;

cycles de charge/décharge ; méthode enthalpique ; enveloppe du batiment
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General Introduction

General Introduction

The use of fossil fuels and reliance on non-renewable energy sources became a problem in
the building industry during the last years of the 20th century. A variety of difficulties
emerged in this area, including the need to reduce consumption, improve the effectiveness of
energy production, and finally adopt sustainable resources. Notably, the construction industry
has demonstrated a huge thirst for energy, accounting for about 33% of the world's energy

consumption while also producing over 25% of the total emissions of greenhouse gases [1].

Innovative strategies are always being investigated to improve the thermal performance of
building envelopes in the quest of sustainable and energy-efficient building designs. The
incorporation of Phase Change Materials (PCMs) into building structures is one possible
direction for this attempt. Due to their distinct capacity to store and release thermal energy
during phase transitions, PCMs have drawn a lot of attention. This has helped to increase
interior comfort and promote energy efficiency. The incorporation of PCMs has the potential
to completely transform how we design, build, and run buildings as the globe struggles with

issues of energy consumption and environmental impact.

This thesis embarks on a comprehensive exploration of the performance and potential of
PCM-integrated building envelopes. Through a synthesis of theoretical foundations,
computational modeling, and empirical analysis, this study aims to unravel the intricate
dynamics of PCM behavior within building structures. By examining various aspects such as
material properties, phase change kinetics, and system design, we seek to not only deepen our
understanding of the underlying mechanisms but also uncover novel strategies for harnessing
PCM technology to its fullest extent. It aims also to illustrate how different parameters
effecting the phase change phenomena within a multilayered building envelope, under
numerous inside/outside situations, in order to overcome the circumstances where the PCM
wall is not well operating, where a single and double PCM layer building envelope are
studied. Further, the impact of mobile PCM layers enhancing the building envelope via

different seasons (summer and winter) was examined.

The first chapter provides an extensive exploration of the phase change phenomenon,

covering its fundamental principles and a range of practical applications. Beginning with an
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introductory context, subsequent sections delve into the mechanics of phase change and the
factors influencing this process. The discussion then expands to encompass the various types
of Phase Change Materials (PCMs), each with distinct characteristics. The versatility of
PCMs in enhancing diverse applications is showcased, and their role in revolutionizing
building techniques is illuminated. The subsequent chapters delve into specific aspects,
including single and double PCM layers, dynamic insulation, and dynamic single PCM layers,

offering a comprehensive understanding of PCM utilization within construction contexts.

The primary goal of the second chapter was to showcase and evaluate the effectiveness of
the phase change process within a building envelope that incorporates a single layer of phase
change material (PCM). This was achieved by demonstrating the diverse mechanisms
employed for cold (or heat) storage, utilizing both sensible and latent heat methods, and by
monitoring the advancement of phase change fronts. Additionally, the study conducted an in-
depth analysis of the influence of variables such as melting temperature and latent heat.
Furthermore, the investigation explored the time required to reach the point of solidification
limit concerning the melting temperature or latent heat. Furthermore, the study delved into the

assessment of heat loss during the charging cycle.

In this chapter (3), a comprehensive investigation is centered on addressing situations
where the operational efficiency of a single PCM building envelope is suboptimal. This is
achieved by delving into the processes of solidification and fusion, characterized by the
illustration of phase change front kinetics, analysis of charging and discharging cycle
durations, examination of the proportion of operational PCM, and the assessment of the
average heat flux gained or lost during a complete cycle. This analysis is conducted across a

range of varying melting temperatures to ensure a comprehensive examination of the subject.

The fundamental aim of next chapter (4) is to illustrate and evaluate the operational
effectiveness of the phase change process within a building envelope that incorporates dual
layers of Phase Change Material (PCM). This objective was accomplished by showcasing the
ways in which cold (or heat) is stored using sensible or latent heat mechanisms, all while
investigating the dynamics of phase change fronts. Furthermore, the study explored the
implications of utilizing two distinct PCM layers, which differ in terms of either their melting
temperatures or latent heats. Additionally, the investigation examined the outcomes resulting

from variations in the melting temperatures | Om1-Om2 | and latent heats | Stei- Stes | of the
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two PCM layers, considering a wide array of combinations (6,,1,0,,2) and (Steq, Ste;).
Moreover, the study assessed the time required to reach the solidification limit point, taking
into account the temperature and latent heat differences |0m1-0m2| and |Stel- Ster |

Furthermore, the research scrutinized the heat loss experienced during the charging cycle.

The aim of this chapter (5) is to explore the impact of integrating two mobile Phase
Change Material (PCM) layers into a building wall, each designed for specific seasons (either
summer or winter). These layers can switch positions based on the most effective
configuration for the given time of year. Several combinations of melting temperatures
(@1, Omz) are suggested, and the behavior of the wall is examined during both seasons. The
analysis covers alterations in temperature and enthalpy, as well as the advancement of phase
change fronts (either solidification or fusion) of the PCM. Furthermore, it evaluates the
proportion of operational PCM for each season, the duration of PCM charging/discharging

cycles, and the temporal fluctuation of heat flux.
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Chapter 1: An overview of the phase change phenomenon
1.1 Introduction

Due to its exceptional capacity to store and release thermal energy during phase
transitions, the use of Phase Change Materials (PCMs) has attracted considerable attention
in a number of different sectors. The fundamental ideas underlying phase change
processes and their consequences for improving many applications, notably in the field of

construction approaches, are laid forth in this chapter.

1.2 Phase change process
1.2.1 Sensible Heat

Sensible heat storage involves the accumulation or release of thermal energy by
manipulating the temperature of a solid or liquid storage substance through interactions
with heat transfer. In a sensible heat storage process, the storage or release of thermal
energy occurs across a temperature span without causing a change in the material's phase
during the charging and discharging phases. The quantity of heat stored is determined by
factors like the mass of the storage material, its specific heat capacity, and the degree of
temperature alteration, as referenced by Abedin and Rosen [2], Zalba et al. [3], and

Pielichowska and Pielichowski [4].

Hence, the equation for sensible heat storage can be formulated as follows:

Q= f;f mC, dT = mCy(T, — Ty) (1.1)

where Q is the sensible heat stored, m is the mass of storage material, C,, is the specific

heat capacity at constant pressure, and [T} ,T,] are the temperature range [5].

1.2.2 Latent Heat

A latent heat storage presents an exceedingly effective way for the storage or release of
thermal energy, owing to its elevated storage density maintained at a consistent
temperature [4]. The efficiency of a latent heat storage relies on the capacity of the storage
material to absorb or release heat while maintaining a constant temperature during the
process of phase transition. In contrast to sensible heat storage, latent heat storage offers a

greater storage density within a narrower temperature range. Moreover, materials used in

4
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latent heat storage, such as Phase Change Materials (PCMs), are capable of storing 5-14
times more heat per unit volume compared to materials used in sensible heat storage, such

as water, masonry, or rock [6].

A sensible heat storage throughout the complete temperature range should be taken
into account together with a latent heat storage at a restricted temperature range during the
phase transition in order to comprehend the storage density of a latent heat storage system.
As a result, according to Pielichowska and Pielichowski [4], and Tao et al. [7], the total

stored energy for the TES system with a PCM may be represented as:

Tm T
Q=m fTi Cp,sotia AT + mAh +m [ nf Cp riquia AT 1.2)

Here, the initial and final expressions represent the sensible heat contained within the
solid and liquid phases, respectively, while the intermediary element signifies the latent

heat engaged in the process of phase transition.

m is the mass of a PCM, T; is an initial temperature, 7., is a melting temperature, 7ris a

finish temperature, and A/ is a latent heat of fusion.

1.3 Phase Change Materials (PCM)

These are materials that can change their physical state within limited ranges of
temperature. The most typical phase change within this temperature range is

melting/solidification.

The most effective way to store thermal energy is through phase change or latent heat
storage materials. When a solid transform into a liquid and then freezes at a certain
temperature, energy per unit mass is stored and released. The energy received by the
substance enables the component atoms or molecules to vibrate at higher energy states[8].
Since the atomic bonds relax during melting, the substance transforms from a solid to a liquid.
However, when the substance solidifies, energy is transferred, allowing the molecules to lose

energy and arrange themselves into a solid form.
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Phase change materials classification

The three main categories of phase change materials are: organic (paraffin and
nonparaffin), inorganic (salt hydrates and metallic alloys), and eutectic (a combination of two

or more organic, inorganic, or both PCM components). Fig. 1. [9]

Saline hydrates are substances formed by combining salt with a precisely determined
amount of water. Take, for example, the one developed by combining sodium chloride and
water and producing the hydrate (NaCl,2 H>O), sodium sulphate deca hydrate (Glauber's salt
NaxS04,10H20), calcium chloride hexahydrate (CaCl,,6H20), ...

Organic Paraffinic Compounds: Paraffins are organic materials, consisting of mixtures of

saturated hydrocarbons, which are alkanes of the general formula CnH2n+2.

Non-paraffinic organic compounds are other compounds apart from paraffins, such as fatty

acids, esters, alcohols, and glycols.

Eutectics are mixtures of two or more substances. They exhibit behavior similar to that of

Phase Change
Materials
A y
Organic Inorganic | Eutectic

[ Paraffin ] [Non-parafﬁn] [ Metallic ] [Salt Hvdrate] Organic-Organic

salt hydrates with congruent melting.

i

e

Inorganic-inorganic ]

Organic-Inorganic

Figure 1.1 PCM Classification [9]
1.4 Literature review

Since the first use of Phase change materials, its importance has been improved significantly

in widely fields. Numerous applications based on phase change materials in order to make it
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more efficient, either for heat and cold storage [10,11], photovoltaic applications [12,13], as
well as for cooling and heating systems, such as electronic devices [14,15] and building

[16,17].

1.4.1 PCM enhancing numerous applications
1.4.1.1 Electronic devices

In the field of incorporating PCMs into electronic devices, such as, electric batteries, power
electronic and portable device applications[18], the thermal management of electronic
components is generally categorized into two types: active and passive systems [19,9]. Active
cooling systems involve mechanical components such as fan-assisted cooling, spray cooling,
and micro-channel systems with single or multi-phase flows[20]. These systems provide high
heat removal capacity and offer a certain level of control over their operation. However, they
can be associated with drawbacks such as increased maintenance requirements, noise
generation, and vibration. On the other hand, passive cooling systems operate without the
need for external components. Examples of passive cooling techniques include heat pipes[21]
and heat sinks [22]. While passive systems may have lower heat removal capacity compared
to active systems, they present several advantages for electronic applications. They are noise-
free, have no parasitic power consumption, and incur lower operational and maintenance
costs. Therefore, passive cooling techniques offer an appealing solution in many electronic

applications.

Researchers have shown a significant interest in integrating phase change materials
(PCMs) into heat sinks due to their advantageous characteristics such as high latent heat of
fusion, low flammability, and safety. During device operation, PCMs absorb heat at a constant
temperature while undergoing a phase change, typically from a solid to a liquid state. When
the device is powered off, the PCM releases heat to the surrounding environment and initiates
the reverse phase-change process, transitioning back from a liquid to a solid state. The
primary motivation behind incorporating PCMs into electronic devices is to effectively reduce
their operating temperature over a specific period while also enhancing the thermal response

of the equipment[23].
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Figure 1.2 Example of PCM-based thermal management of electric battery [18]

The charge and discharge capabilities of a battery, represented by the charge/discharge
current, are typically assessed using the C-rate. The C-rate refers to the rate at which the
battery can be charged or discharged relative to its maximum capacity. For example, consider
a battery with a nominal capacity of 100 Ah and a C-rate of 1C. This means the battery can
deliver a current of 100 A for 1 hour. In contrast, if the C-rate is 0.5C, the same battery can
provide 50 A of current for 1 hour. From a thermal management perspective, this parameter
holds significant importance. Batteries with high charge and discharge rates experience an
increased temperature rise due to internal losses. These losses can exceed the standard
operating values, such as 60°C, as referenced in sources[24]. Therefore, monitoring the C-rate
is crucial for effective thermal management of batteries to prevent excessive temperature
increases. Within this context, researchers have proposed incorporating phase change
materials (PCM) into thermal management systems for large battery packs and batteries with
high charge/discharge rates. The aim is to enhance the heat removal system's performance and
stabilize the batteries' operating temperature. Al Hallaj and Selman [25] conducted
experimental demonstrations that showcased the effectiveness of this solution. Additionally,
they delved into various aspects such as PCM thermal properties, configurations, PCM

encapsulation, and potential techniques for enhancing heat transfer.

Arshad et al. [26] conducted an experimental investigation to enhance the thermal
performance of portable electronics. They utilized n-eicosane as a phase change material
(PCM) to fill pin-fin heat sinks. Four different configurations of pin-fin heat sinks were
examined, each with varying volumetric fractions of n-eicosane. This was done to evaluate
the effectiveness of pin-fins in cooling electronics, including a configuration without fins for
comparison purposes. The results of the study indicated that incorporating n-eicosane into the

pin-fin heat sink design yielded favorable performance, effectively maintaining the
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temperature of mobile devices within a comfortable range. Under lower heat inputs and
steady-state operating conditions, it was observed that achieving uniform charging of the
PCM took a longer duration, resulting in a greater duration of latent heat release. The analysis
of enhancement ratios revealed that a pin-fin heat sink with a thickness of 2 mm exhibited the
highest thermal performance, making it a reliable choice for ensuring optimal performance of

electronic packages.

1.4.1.2 Photovoltaic applications

The integration of phase change materials (PCM) with photovoltaic cells offers an
enhancement in electrical conversion efficiency by utilizing latent heat storage. While
crystalline silicon cells have dominated the photovoltaic industry, they exhibit a high
temperature coefficient ranging from 0.4 to 0.5%. To address this issue, passive regulation of

temperature increase during peak solar irradiation can be achieved by integrating PCM [27].

Naseer et al. [28] focuses on evaluating the performance of PV panels in the Taxila climate
of Pakistan by varying the thickness of hybrid phase change materials (PCMs). Two PCMs
with different melting points were utilized, separated by an aluminum plate and positioned on
the rear side of the PV module. Three different configurations (B, C, D) of PV panels, each
containing different thicknesses of hybrid PCMs, were compared to a reference configuration
(A) that experienced natural cooling. The results revealed that the PV panel configuration
with a higher proportion of low melting point PCM outperformed the others. Notably,
configurations B, C, and D demonstrated average temperature reductions of 4.9°C, 6.5°C, and
8.1°C, respectively, compared to configuration A. Additionally, electrical efficiency
improvements were observed in these three configurations, with enhancements of 5.0%,
6.1%, and 7.8% in electrical power output of the PV panels, respectively. Among the three
configurations, configuration D, which featured the thickest layer of low melting PCM,
exhibited the best results in terms of electrical power and efficiency, surpassing

configurations B and C, which had high melting PCMs.

In this study conducted by Mahamudul et al. [29], the aim was to develop an efficient
design for a temperature-regulated PV module suitable for the Malaysian weather conditions
by integrating phase change materials (PCMs). The research involved a combination of

numerical analysis and experimental investigations. The functioning of the system primarily
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relies on the heat exchange properties between the phase change material and the PV module,
Fig 2*. Excess heat absorbed by the PV module is transferred to the phase change materials.
When the temperature of the PV module reaches the melting point of the PCM, the module's
operating temperature remains constant during the phase transition, effectively regulating the
temperature. The numerical analysis and experimental results demonstrate that incorporating
phase change materials can regulate the PV module's temperature by approximately 10°C for
approximately 6 hours in the Malaysian weather conditions. This reduction in operating
temperature significantly enhances the conversion efficiency of the PV module, successfully
achieving the fundamental objective of the study. However, challenges arise due to the issue
of volume change of the PCM when integrated with the PV module. The authors suggest that
using a shape-stabilized phase change material can resolve this problem, which serves as a

potential future step for their work.

Heat exchange
between PV and PCM
Temperature sensing of the PV modulel Width of PCM layer 0.02m

|Radialiun sensing of the PV mndtﬂel

Energy
conversion
and

Surface of the PV ot
necessary
module . |
electrica
connection

Phase change materials I— 3

Figure 1.3 Diagram illustrating the arrangement of the PV-PCM system [29].
1.4.1.3 Heat and cold storage

Utilizing thermal energy storage (TES) has been demonstrated as a viable method to
increase the integration of renewable energy into energy systems. Among various thermal
storage technologies, latent heat thermal energy storage (LHTES) has garnered significant
interest from researchers in the past decade. This is primarily due to its exceptional energy

density and versatile range of applications [30].

To address the existing gap in the literature, Vérez et al. [31] conducted an experimental

study to examine the influence of macro-encapsulation design on the performance of a

10
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laboratory-scale thermal energy storage tank. The design of the storage material encapsulation
was identified as a crucial parameter affecting heat transfer during the charging and
discharging processes of the storage system. The study utilized two rectangular slabs filled
with a commercial phase change material, having the same length and width but different
thicknesses (35 mm and 17 mm). The results revealed that employing thinner slabs resulted in
higher power output, leading to a reduction in both charging and discharging times by 14%
and 30%, respectively, compared to the thicker slabs. Additionally, the variation in the flow
rate of the heat transfer fluid had a more significant impact on temperature distribution and
the amount of energy charged or released when thicker slabs were used. However, the macro-
encapsulation design did not significantly influence the discharging efficiency of the tank,

which remained at approximately 85% for the operating thresholds considered in this study.

Figure 1.4 Latent heat TES [31].

In a numerical investigation conducted by Arici et al. [32], the melting behavior of paraftin
wax with Al2O3 nanoparticles in a partially heated and cooled square cavity was examined.
The enclosure consisted of thermally active sections facing each other, maintained at different
constant temperatures, while the remaining parts were thermally insulated. The study explored
the influence of nanoparticle concentrations (® = 0 vol%, 1 vol%, 2 vol%, and 3 vol%), the
orientation of the activated walls, and the temperature of the hot wall on the melting process
and stored energy. The thermophysical properties of the nanocomposite phase change
material (NEPCM) were considered to be temperature and phase dependent. The

computational results revealed that the investigated parameters had a notable impact on both

11
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the melting rate and stored energy. Specifically, the study found that the highest enhancement
occurred when the enclosure was filled with a nanoparticle concentration of @ = 1 vol% and
heated from the bottom. However, beyond a nanoparticle concentration of @ = 1 vol%, the

purpose of enhancement was compromised, resulting in a decrease in overall performance.

In the context of heat and cold storage, PCM's low thermal conductivity has led to several
studies exploring the integration of fins in latent heat storage systems to enhance the phase

change response.

Tiji et al. [33] conducted a numerical investigation to examine the impact of T-shaped fins
on enhancing PCM melting. Furthermore, Sun et al. [34] investigated the enhancement of
solidification in a triple-tube latent heat energy storage system using twisted fins. Another
study by Chatroudi et al. [35] evaluated the charging behavior of a double-tube latent heat

storage device with circular fins.

To reduce energy consumption, Sheikholeslami [36] suggests combining thermal storage
with solar concentrating devices in a numerical study. Additionally, an improved fin design
and the dispersion of ZnO nano-powders are proposed to enhance the low conduction mode of
pure paraffin. In another work by Sheikholeslami [37], the effect of using porous media on
water solidification in the presence of hybrid nanoparticles is simulated. To expedite the
process, a tree-shaped fin is employed, and radiation effects are taken into account. The
introduction of radiation reduces solidification duration by approximately 56.28%, while the

use of porous media further reduces it by 91.21%.

1.4.2 Integrating PCM in Building
1.4.2.1 Single PCM layer

Building is the main cause of energy consumption in many countries. Energy consumption
is high in buildings due to the low thermal inertia of the building envelope. Thus, increasing
the thermal inertia of the envelope can contribute to reduction in energy consumption and

reduces hence the carbon footprint of buildings.

Thermal management through the incorporation of PCMs into building walls has gained
significant interest among researchers. An array of building materials infused with PCM,

including blocks, bricks, wallboards, panels, and plaster, have undergone extensive
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production and testing. [38] [39]. In one example, Li et al. [40] Performed a numerical study
to evaluate how the thermophysical properties of PCM impact the thermal performance of a
double-glazing unit containing PCM. Subsequently, Liu et al. [41] validated the developed
model experimentally to determine the thermal and optical performance of the same
configuration. The study results indicated that when the refractive index of the PCM is below
1.95, its influence on the temperature decrement factor and other optical properties is

comparatively limited.
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Figure 1.5 Double-glazing unit filled with PCM [40].

In Sheikholeslami's work [42], an air conditioning device incorporating a porous medium
is proposed. The research incorporates the combination of paraffin (RT27) and nano-sized
ZnO particles within numerous five-lobed cylinders within the duct to augment the material's
conductivity. Utilizing porous media in this configuration results in a decrease in the

necessary time by around 37.15%.

Phase change materials (PCMs) serve as an effective approach to enhance the thermal
performance of buildings. Previous research has demonstrated that achieving an effective
contribution from PCMs in enhancing building walls requires optimization of various
parameters, such as PCM position, melting temperature, latent heat, and PCM thickness. The
optimization of these parameters is influenced by the thermal inertia of the wall, which

depends on the thermal properties of the wall materials. Additionally, climatic zone, indoor
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conditioning or non-conditioning, wall orientation, and seasonal conditions also play vital

roles in the optimization process [38].
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Figure 1.6 Wall with PCM [39].
1.4.2.1.1 Optimize the PCM position

To optimize the position of phase change materials (PCMs) within building walls,
researchers have explored various PCM locations [38]. For instance, Fateh et al.[43] and
Zwanzig et al. [44] found that the best position for PCMs is inside the wall section.
Alternatively, Kong et al. [45] and Zhu et al. [46] suggested placing PCMs in the internal
layer of the wall, while Lei et al. [47] and Gounni and El Alami [48] proposed positioning
PCMs in the external layer of the wall. An example study by Shi et al. [49] conducted
experiments on room models with concrete walls incorporating macro-encapsulated PCM
under real conditions. The results demonstrated that the model with PCM integrated within
the concrete walls exhibited superior temperature control compared to other models.

Moreover, this configuration effectively reduced the maximum temperature by up to 4 °C.

The research conducted by Al-Absi et al. [38] highlighted that the optimal locations for
phase change materials (PCMs) depend significantly on implementing a daily full
melting/freezing cycle to prepare for the next day. In the study by Sun et al. [50], It was
noticed that with an increase in thermal resistance of the wall insulation, the ideal placement

of the PCM layer shifted slightly toward the outer side of the wall. Lagou et al. [51]
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demonstrated that in non-conditioned indoor spaces, the PCM layer should be integrated into
the inner surface of the wall. Furthermore, Liu et al. [52] investigated the incorporation of
PCMs into lightweight building walls (LBW) to enhance thermal inertia and improve indoor
thermal comfort. Through numerical simulations, they analyzed and evaluated the impact of
different PCM parameters on the thermal performance of LBW. The findings revealed that
installing PCM in the middle of the wall at an appropriate phase-transition temperature

yielded superior performance compared to installation on the outer or inner surfaces.

1.4.2.1.2 Optimize the melting temperature

As mentioned earlier, optimizing the melting temperature is a crucial factor to ensure the

efficient performance of the wall.

In a numerical study conducted by Sun et al. [50], the study examined and verified the
thermal performance of a building wall incorporating a phase change material (PCM) for
passive cooling using experimental data. The study examined the impact of six factors,
including the optimal PCM phase transition temperature for achieving heat flux reductions.
The results demonstrated that for improved space cooling performance, with the indoor air
temperature set at 24 °C, the PCM phase transition temperature was found to be within the

range of 27-31 °C.

The objective of Bozzhigitov et al. [53] was to optimize the melting temperature of phase
change materials (PCM) to enhance energy-saving potential in office buildings located within
the temperate oceanic climate region (Cfb climate zone). The study utilized the Fanger model
and found that PCM temperatures ranging from 22 to 25 °C were optimal for the entire Ctb
climate zone. Implementing these optimal PCM temperatures resulted in energy consumption

reductions of up to 37.6%.

In their study, Lagou et al. [51] investigated the incorporation of phase change materials
(PCMs) into building envelopes and provided valuable insights regarding the suitable melting
temperatures for PCMs in non-conditioned buildings. The findings indicated that for the
southern European zone, an optimal melting temperature of 35 °C during summer was
identified. On the other hand, for the central European zone, the optimal melting temperature

during summer was found to be 22 °C.
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Figure 1.7 Area of Cfb region and location of selected cities [53].

Zhou and Eames [54] focused on the application of phase change materials with a solid-
liquid phase change (PCMW) in partition walls of buildings. They considered several key
factors that influence the selection of the optimal melting temperature, such as outdoor
temperature, solar radiation, window size, air change rate, and the U-values of external walls
and windows. To study this, a lightweight building case was examined using actual weather
data from the summer months in the United Kingdom. The simulation was performed using
EnergyPlus software, with the aim of reducing energy consumption while maintaining desired
internal temperatures. Through their analysis, the optimal melting temperature during the

summer in the United Kingdom was found to be 23.4 °C.

In their study, Tungbilek et al. [55] examined the impact of nanoparticle-enhanced PCM
on building energy savings. They used a PCM enriched with aluminium oxide nanoparticles
(AL20O3) at varying content levels of 1, 2, and 3 vol%. The results indicated that using pure
PCM in the wall led to a yearly energy saving of 20.7%. However, when 3 vol% of Al2O3; was
added to the PCM, the heating energy saving reduced by 1.7%.

Li et al. [56] conducted a numerical investigation with the objective of exploring the
effects of critical design parameters, For instance, the choice of the melting point for the PCM
can be influenced by varying loading conditions associated with different climate zones and
months. They employed COMSOL Multiphysics software to assess the thermal performance
of multilayer walls containing PCM under various climate loading conditions. The findings

demonstrate that selecting the appropriate PCM melting point based on these design
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parameters can effectively reduce indoor peak temperatures and temperature oscillations. As a
result, the energy consumption by the HVAC system for indoor temperature regulation is

reduced.

1.4.2.1.3 Optimize the heat latent

Using phase change material (PCM) in buildings effectively enhances the thermal mass of
walls, especially when considering the latent heat of the PCM. In their study, Liu et al. [52]
chose seven sets of data with intervals of 50 kJ/kg, ranging from 25 klJ/kg to 325 kl/kg, as
research indicators, while keeping other non-research parameters at their base values. This
study illustrates the changes in various evaluation indicators corresponding to different phase
change latent heats. Where it is shown that, a higher latent heat leads to a longer phase change
duration (@) and a lower the attenuation rate of inner surface temperature (f). Specifically,
when the latent heat increased from 25 kJ/kg to 175 kJ/kg, ¢ increased by 2.28 to 4.28 hours,
and f decreased from 5.34% to 0.54% (89.89% reduction) compared to the reference wall
without PCM. However, when the latent heat increased from 175 kl/kg to 325 kJ/kg, ¢ only
increased by 0.86 hours, and f decreased from 0.54% to 0.29%. This demonstrates that the
greatest benefit is observed when the latent heat is set at 175 kJ/kg. Beyond that point, further
increases in latent heat weaken the impact on ¢ and f. They also showed that, the peak heat
flux (qpeak) at the inner surface gradually decreases as the latent heat increases. When the
latent heat is raised from 25 kJ/kg to 325 kJ/kg, qpeak can be reduced by 37.37% to 66.52%
compared to the case without PCM. However, it becomes apparent that the rate of qpeak
reduction levels off when the latent heat exceeds 175 kJ/kg. This finding aligns with the
conclusion drawn from increased PCM thickness, indicating that the heat storage capacity
improves with higher latent heat, but beyond a certain threshold, the effect stabilizes due to

the limited amount of outdoor heat available.

The findings in this study differ significantly from the previous research of Kishore et al.
[57], where the effect of PCM tends to stabilize once the latent heat exceeds 50 kJ/kg. This
discrepancy suggests that variations in outdoor thermal boundaries and the thermal resistance
of the base layer (without PCM) can influence the efficiency of PCM's contribution.
Furthermore, unlike the considerable changes observed in qpeak, the qave (average heat flux)
remains relatively unchanged as the phase change latent heat strengthens. This further

highlights that PCM primarily adjusts temperature fluctuations through its inherent thermal
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mass without significantly diminishing the heat transfer effect. While walls with high thermal
storage capacity and superior thermal regulation mechanisms can yield energy-saving benefits
for g, these benefits become negligible when the latent heat surpasses a specific threshold
(175 kJ/kg). Specifically, when the phase change latent heat is 175 kJ/kg, the qpeak is only 0.7
W/m? (13.33%) higher than the qave, while compared to the reference wall (without PCM), the
Qpeak and ave are reduced by 62.12% and 24.41%, respectively.

Within this work Arici et al. [58] carried out a study in order to uncover the role of latent
heat in the wall's thermal efficiency and establish the optimal location, thickness, and melting
temperature of PCM for exploiting latent heat to the fullest extent in diverse climatic
situations. The computed outcomes indicate that the monthly optimal PCM melting
temperature and PCM layer thickness differ from 6 to 34°C and from 1 to 20 mm,
respectively, based on the climate conditions. It was deduced that an optimization analysis

must be performed to prevent PCM from acting like PSM.

1.4.2.2 Double PCM layer in Building

The incorporation of a single PCM layer in building walls often poses the challenge of
being suitable for only one specific season, depending on the PCM's melting or solidification
temperature. To overcome this limitation, several studies have been conducted. As an
example, scientists have investigated employing natural nighttime ventilation to charge the
PCM in preparation for the upcoming phase change cycle [59,60]. Another approach is to
consider the incorporation of double PCM layers in building envelopes, where each layer is
optimized to function optimally during its respective season. This enables better thermal

management and ensures the PCM's effective performance throughout the different seasons.

Therefore, to combine the advantages of different PCMs with different melting properties,
the concept of double PCM is carried out [61].

In their study, Kong et al. [62] introduce a novel double-layer PCM Trombe wall with
multiple phase transitions. The results reveal significant benefits of the new double-layer
PCM Trombe wall in regulating indoor temperature. During winter, the average temperature
in the room can be increased by 0.3 to 6.6 °C, while in the summer, it can be decreased by 0.4
to 0.93 °C. Moreover, the peak temperature occurrence during the summer can be

significantly delayed. Additionally, the heat flux can be reduced by 9.1 to 92% in the summer
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and by 1.8 to 75.7% in the winter. These findings underscore the superior performance of the
proposed double-layer PCM Trombe wall in effectively managing the indoor thermal

environment.

In their study, Louanate et al. [61] conducted numerical simulations using EnergyPlus
software to investigate the thermal behavior and energy efficiency of a residential home in a
Mediterranean climate. They explored the integration of several phase change materials
(PCMs) based on various ideas, including reducing average temperature fluctuation and
achieving monthly energy savings. The evaluation included both single and double phase
change material layers. The findings revealed that double-layer systems comprising two
different phase change materials outperformed single-layer systems throughout the year. The
yearly energy savings rates for single and double phase change material layers were 41.42%

and 55.41%, respectively.

Indoor

l'em Layer 1: PCM for cooling

I cm Layer 2: PCM for heating

I5cm Concrete layer

Outdoor

Figure 1.8 The schematic of the double-layer system [61].

Arici et al. [63] conducted research with the objective of enhancing the utilization of latent
heat by dividing the phase change material (PCM) into two layers and optimizing their
location and melting temperature. The study findings demonstrated that incorporating two
PCM layers, with one situated on the outside of the wall and a melting temperature of 17°C,
and the other on the inside with a melting temperature of 25°C, resulted in higher annual
energy savings (17.2%) compared to using a single PCM layer (16.8%). Through the
implementation of two PCM layers, the energy savings achieved through latent heat activation
increased from 2.5% to 3.2%. Furthermore, this design contributed to a significant reduction

in CO2 emissions, reaching up to 18.4%.
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In their research focused on the energy efficiency as well as the thermal behavior of a
residential building, Reddy et al. [64] discovered that the strategic incorporation of multiple
phase change material (PCM) layers with appropriate thickness can effectively maintain a
comfortable interior temperature of 28 °C throughout the day in Chennai, India. This
approach highlights the potential for significant energy savings and enhanced thermal
comfort. Furthermore, the study highlights the benefits of utilizing PCM layers in roofs. A
roof with a single PCM layer was found to reduce heat gain by 17 to 26%, providing
substantial energy savings and improved indoor thermal conditions. For even higher heat gain
reductions, a roof with a double PCM layer can achieve reductions of 25 to 36% during
different months of the year, demonstrating the remarkable potential of PCM technology in

mitigating temperature fluctuations and promoting energy efficiency in buildings.

In their investigation, Jin and Zhang [65] examined the thermal performance of a floor
system that incorporated a double layer of phase change material (PCM) using a numerical
model. The findings revealed notable improvements, including reduced heat fluxes and
temperature fluctuations at the floor's surface. Additionally, the system demonstrated the
ability to generate a certain amount of heat or cold energy even after the heat pump or chiller
had been turned off for an extended period. The study observed that the floor system with
PCM exhibited increased energy release during heating and cooling by 41.1% and 37.9%,
respectively, compared to the floor without PCM. This significant enhancement can be
attributed to the high heat of fusion of the PCM, which is 150 kJ/kg, allowing for efficient

storage and release of thermal energy.

Zhu et al. [66] proposed and validated a novel and simplified dynamic construction model
in their research. The new wall system consisted of a three-layer sandwich-type construction,
where the center layer was made of traditional brick, and the outer layers were shape-
stabilized phase change material (SSPCM) wallboards. The inner layer, which connects to the
interior of the building, had a PCM melting temperature close to the indoor set point used in
winter, while the outer layer, connected to the exterior, had a higher PCM melting
temperature for use in summer. The brick layer in the middle acted as insulation. Notably,
there were limited studies incorporating simplified dynamic models of building structures
with double layers of SSPCMs. The simplified dynamic model represented each wall layer

(brick or double layers of SSPCMs) by specific combinations of resistances and capacitances.
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The validation outcomes indicated that the simplified dynamic model provided an accurate

description of lightweight and medium-weight walls incorporating dual layers of SSPCMs.

Sm

ceiling 4m
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\ double layers SSPCMs wall

Figure 1.9 Schematic of double layers SSPCM wall [66].

Zhu et al. [67] conducted a study focusing on a wall system with a three-layer sandwich
construction. The exterior and interior layers of the wall consisted of wallboards made of
shape-stabilized phase change material (SSPCM), while the intermediate layer was made of
traditional concrete. The research included a simulation study that considered the climatic
conditions of Wuhan city, China, which experiences hot summers and cold winters. Based on
the test results, it was determined that the SSPCM wallboard should have a thickness ranging
from 30 to 60 mm on both the inside and outside of the wall. The study revealed annual
energy savings for cooling between 3.4% and 3.9%, while for heating, the savings were in the
range of 14.8% to 18.8%. The cooling peak load reductions exhibited variability from 3.1% to
3.8%, and for heating, the range was between 8.6% and 11.3%. The external and internal
layers of the wall contributed to the reduction of annual energy demand and peak load, with
the external layer primarily impacting cooling in hot seasons and the internal layer mainly

influencing heating in cold seasons.

Rehman et al. [68] conducted a study proposing a dual-layer PCM configuration for brick
walls to enhance human comfort in both hot and cold climatic conditions. The research
employed Ansys Fluent to perform numerical simulations for the dual PCMs integrated within
a brick wall, when evaluating scenarios in June and January, with respective melting

temperatures set at 29°C and 13°C, it is observed that employing both of these PCM types
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concurrently enhances human comfort and decreases energy consumption in Islamabad
throughout the year, as opposed to using a single PCM at 29°C for summer or 13°C for
winter. This innovative dual-layer PCM approach demonstrates its potential in effectively
regulating indoor temperature to maintain comfortable living conditions in diverse weather

conditions.

In their 2010 study, Almeida et al. [69]. utilized the ESP-r building simulator to contrast
the impact of employing multiple PCM layers with that of a single layer. Their research
demonstrated that the integration of PCM can have a substantial impact on a building's
thermal performance. Remarkably, in specific scenarios, the implementation of multi-layered
PCM was shown to provide more practical thermal advantages compared to a single PCM

layer.

Jin and Zhang [65] present a novel double-layer phase change material (PCM) floor in
their study. The researchers investigate the floor's thermal performance using a numerical
model developed specifically for this research. The study highlights the significance of
optimizing the melting temperatures of PCMs. Due to the high heat of fusion (150 kJ/kg) of
the PCM, the floor with PCM exhibits remarkable energy release during peak times. More
precisely, the energy discharged from the PCM-integrated floor increases by 41.1% during

heating and by 37.9% during cooling, in comparison to a floor without PCM.

In a study carried out by Sun et al. [70], the focus was on improving thermal conductivity
for both winter and summer climates by blending two hydrated salts with distinct melting
points alongside expanded graphite. The floor systems were designed with a heat storage
layer using a composite based on Nax(HPO)s(H20)12 (melting point: 31.3 °C) and a cold
storage layer using a composite based on CaCl2*6(H20) (melting point: 20.2 °C). The radiant
floor system, comprising an upper heat storage layer and a lower cold storage layer, extended
the duration of thermal comfort by 2.2 times compared to the reference room with pebbles in
the floor in a winter climate. Additionally, enhancing the thermal conductivity of the
composites contributed to energy savings by reducing the active system's working duration.
This approach demonstrates potential for improving thermal performance and energy

efficiency in buildings across different climatic conditions.
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Pasupathy and Velraj [71] carried out a study investigating the impact of PCM panels on
a building's roof. Their experiment comprised two identical test rooms, where the thermal
behavior of the roof with PCMs was analyzed using a mathematical model based on the finite
volume method. The research aimed to explore the effectiveness of a double layer PCM for
year-round thermal management. The developed mathematical model allowed them to
compare the thermal performance of the double layer PCM configuration with that of a single
layer PCM. Through this study, insights were gained into the potential benefits and thermal

regulation capabilities of incorporating PCM panels on the building's roof.

Reddy et al. [64] provided simulations to assess the impact of PCM-integrated roofs
throughout the entire year. The results demonstrated that incorporating PCM in the roof
structure leads to significant reductions in heat gain. Specifically, for a single PCM layer, the
heat gain was reduced by 17% to 26%, while for a double PCM layer, the reduction ranged
from 25% to 35%. These energy-saving measures were achieved while ensuring a
comfortable temperature inside the building, making PCM integration an effective solution

for enhancing thermal performance and energy efficiency in roofing systems.
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Figure 1.10 Constructional details of a double PCM-integrated roof [64].

In certain configurations or climate zones, the implementation of double PCM layers in
buildings may not yield significant improvements. For example, Zhu et al. [72] conducted a
study to examine the energy efficiency of an office building incorporating a double PCM
wallboard across five diverse climate zones. The findings revealed that the double SSPCM

wallboard was not suitable for Guangzhou city as it did not provide any positive effects
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during the winter. Additionally, this novel wallboard might not be well-suited for cities with

hot summers and warm winters.
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Figure 1.11 Double SSPCMs wallboard [72].

Similarly, Zastawna-Rumin et al. [73] showed that the second layer of the PCM system
only became operational after an extended period of overheating. In cases of slight
overheating in the premises, the system functioned in a manner akin to a single layer of a bio
PCM mat. These studies highlight the importance of considering specific climate conditions
and configurations when implementing double PCM layers to ensure optimal performance

and energy efficiency in buildings.

1.4.2.3 Dynamic insulation

To improve the energy efficiency of buildings, the concept of dynamic insulation has
arisen. This approach entails adjusting the thermal resistance of the building envelope to
regulate the heat transfer rate. Dynamic insulation integrates traditional insulation with

dynamic heat exchange mechanisms within the envelope [74].

Dynamic insulation encompasses the integration of a circulating fluid within the insulating
layer, capturing heat loss across the entire building envelope. This fluid can consist of water,

air, or refrigerant [75,76].
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Figure 1.12 Strategies for Utilizing Dynamic Insulation as a Variable Thermal Insulator [75].

Dynamic insulation comprises a range of strategies that are tailored to different climates. In
colder climates, its objective is to reduce heat loss to the surroundings by enhancing the
building envelope thermal resistance [77]. Conversely, in hot climates, it focuses on
increasing the envelope thermal resistance during the daytime to reduce heat gain [78].
During nighttime, the thermal resistance can be decreased to promote heat dissipation [79].
Dynamic thermal insulation has shown energy savings exceeding 40% when compared to

static thermal insulation options [75].
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Figure 1.13 The dynamic insulation approach for evaluating the thermal environment [76].
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1.4.2.4 Dynamic single PCM layer

In a study conducted by De Gracia [80], An investigation was carried out to explore a
dynamic application of phase change materials (PCM) in building envelopes. The concept
involved a PCM layer that could be positioned variably in relation to the insulating layer of
the building envelope. During the night, the PCM could be placed on the outer part of the
insulation to increase its chances of solidifying and charging for the next day. This
configuration allowed the PCM to release the heat it absorbs during peak cooling hours to the
outdoors instead of indoors. However, to handle peak cooling loads and potential internal heat
gains, the PCM would be repositioned during the day to face the indoor space. The numerical
results of the study indicated that this technology could serve as an effective cooling supplier
system. Furthermore, it acted as a thermal barrier, as it had the ability to charge the PCM,
which solidifies at temperatures lower than the interior set point. This dynamic use of PCM in
building envelopes has the potential to optimize cooling efficiency and thermal comfort while

contributing to energy savings.
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Figure 1.14 Sketch of possible implementation of the dynamic PCM system in a ceramic-
based vertical building envelope [80].

1.5 Conclusion

This chapter has introduced the basics of phase change materials (PCMs) and their
potential to revolutionize a variety of applications, notably in the fields of building techniques
and energy management. Phase transition processes, material characteristics, and their impact
in various situations have been studied in detail. Through the sections that have been
provided, it has become clear how important PCMs are as adaptable instruments for energy

storage, thermal regulation, and sustainable development, especially in building field.
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However, in order to overcome the limitations identified in the prior study, it is imperative
to conduct a thorough examination of the phase change phenomenon in a building envelope
equipped with a dual PCM layer during the charging cycle. The present research is designed
to assess the effectiveness of the phase change process within this double PCM layer building
envelope, taking into account the storage of cold or heat through sensible or latent heat, and
investigating the kinetics of phase change fronts. In particular, the study concentrates on
evaluating the consequences of employing two PCM layers with distinct melting temperatures
or latent heats. The difference between both melting temperatures (| Om1-Om2 |) and latent
heats (represented by Stefan numbers, | Ste1- Stes |) is carefully analyzed, considering
various combinations of (8,,1,0m2) and (Steq, Ste,). Moreover, the research investigates the
time required to reach the limit point of solidification as a function of | Om1-Om2 | and | Ste1-
Ster | . Additionally, a detailed analysis of the heat dissipation during the charging cycle is
conducted. The mathematical model governing this configuration is derived from the
conduction heat transfer equation in an enthalpy-based formulation. To solve this model
computationally, the finite volume method is employed and implemented through
programming in the FORTRAN language. Through this detailed analysis, the study aims to
shed light on the dynamic behavior and efficiency of the double PCM layers building

envelope.

Moreover, this research requires an investigation into the impact of incorporating two
movable PCM layers within a building envelope, with each layer tailored for a particular
season (either summer or winter). Both layers possess the ability to adapt their placement in
relation to each other, guided by the ideal position corresponding to the current season
(whether summer or winter). Various combinations of melting temperatures (6,1, 6.,,2) are
proposed, where the study delves into how the wall behaves in both summer and winter. The
research delves into the evolution of temperature and enthalpy, as well as the phase change
fronts (solidification or fusion) of the PCM throughout the seasonal cycles. Moreover, the
research investigates the operational PCM fraction for each season, the length of the PCM
charging and discharging cycles, and the temporal changes in heat flux. Through this
comprehensive analysis, the aim is to gain insights into the dynamic performance and
effectiveness of the building wall with the two mobile PCM layers, providing valuable

information for optimizing thermal management strategies in different seasons.
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Chapter 2 : Single PCM layer building envelope Assessment during
charging cycle

2.1 Introduction

The objective of this chapter was to demonstrate and assess the efficiency of the phase
change process within a building envelope containing a single phase change material (PCM)
layer. This was accomplished by illustrating the different methods of cold (or heat) storage
through sensible or latent heat, and by tracking the progression of phase change boundaries.
The investigation also involved a detailed examination of the impact of factors such as
melting temperature and latent heat. Additionally, the time required to reach the solidification
limit point was analyzed in relation to the melting temperature or latent heat. Moreover, the

heat lost during the charging cycle was also investigated.

2.2 Physical problem

To model the behavior of the building envelope during the PCM charging cycle, a wall
structure consisting of three layers is taken into account, as illustrated in Figure 2.1. This wall
comprises two solid concrete layers on both the exterior and interior, with a single PCM layer
positioned at the center of the wall, where it undergoes solidification as part of the phase
change process. The interaction between these distinct regions occurs at the interfaces,
namely PCM2-solid in (S, ;) and PCM-solid out (S, ;). The interior convective condition
assumes varying values, including both hot and cold, represented as (4, Tw,in), While the
exterior convective condition remains consistently cold, specified as (Aous, Tw,0u). To facilitate
the solidification process in all numerical simulations, it is imperative to maintain the

condition (Te, oyr < Tpp,), Where T, represents the phase change temperature.

2.3 Modeling and governing equations
The simplifying assumptions employed in this study include:

» The volume of the multi-layered wall remains constant.
Both solid layers act as passive conductors.
Natural convection within the liquid PCM is not considered.

Heat transfer is assumed to be one-dimensional.

YV V V V

The PCM layer's envelope is assumed to be thin and to possess high thermal

conductivity to disregard its thermal resistance.
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» The temperature and heat transfer coefficient of the surrounding convective fluids
are held constant.
» For the PCM layer, properties of the solid and liquid phases are assumed to be

identical.
With these assumptions in place, the physical model is described by the unsteady one-

dimensional heat equation

Subsequently, we refer to the inside concrete layer as 'solid in,' which is exposed to internal
convective conditions, and to the outside concrete layer as 'solid out,' subjected to external

cold convective conditions.
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Figure 2.1 The wall's configuration, coordinate systems, and chosen surfaces
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Phase change material (PCM layer):

Liquid region: T > Ty,: plcl% = :_x(kl %)
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Solid in and out:

aTL'n 2 OTL-n
PinCin ot = a(kin ax) (2.2)
0Ty @ 0T,y
poutCout#: a( out —5 t) (2.3)

2.3.1 Initial and boundary conditions

At t =0, all layers of the wall share the same initial temperature, signifying that the wall is in

an initial state of thermal equilibrium. This initial condition is defined as follows:
T(x,0) = Tin(Xin, 0) = Toue (Xour, 0) = T; (2.4

The boundary conditions on surfaces (Soutout)s (Soutin)s (Sinin) » (Sinout) are presented

below:

At the outer surface of the solid outer layer(Syy¢ out)

OTout
out 5. = hout (ToutlxouFZLout - Tm,out) (2.5)
OUt oy t=2Lout

—k

At the inner surface of the solid outer layer (Syy¢ in)

oT OTout
S aX =2l out axout (26)
pem out=0
At the inner surface of the solid inner layer (S;; i)
I oT _ oT;
S aX =0 - mn axln xin:ZLin (27)

At the outer surface of the solid inner layer (S;;, oyt)
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oT;

_kinE

= hin(TOO,in - Tianin=0) (2.8)

Xin=0

Where T is the temperature, K the thermal conductivity and x is axial position. The indexes

(in) and (out) relate respectively to the inner or outer solid layer.

2.3.2 Dimensionless parameters

To facilitate the numerical analysis and identify the key physical factors that influence
thermal heat transfer combined with phase change in the two PCM layers, dimensionless
parameters are employed. The spatial coordinate and time are represented as per Arfi and

Mezaache [81].

X o

Xe=—,; 1=—2
Lk L%?CTH.

t (2.9)

The dimensionless time, denoted as t, is established using the physical properties of the
reference phase change material PCM. In this context, x represents the spatial coordinate, and
the subscript 'k’ pertains to the solid mediums 'in' and 'out,' as well as PCM (where £ can take
values of pcm, in, or out). The dimensionless temperature and enthalpy are defined as follows

[82]:

§=—— M ; H= (2.10)

It's important to note that with this chosen dimensionless temperature, the melting
temperature falls within the range 0 < 6, < 1 (where (T oyt < Tk < T;). The external
cold convective temperature corresponds to O oy = 0 (T = T o), While the internal
convective temperature ranges from O i = 0 (Too in = Too out)- As a result, various physical

scenarios can be examined:
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(Hoo,in =0 (TOO,in = m,out)
Boo,in <1 (Too,in < Ti) (2 11)
Qw,in =1 (TOO,in = Ti) ‘

Hw,in >1 (Tw,in > Ti)

The primary dimensionless parameters that govern the system are the Biot number, Stefan

number, and melting temperature, defined as follows:

out™out ; Bi,, = n—in : Ste = _ref (2.13)
kin PrefLys

Bioy: = k
out

Tm - TOO,out

= 2.14
m Ti - Tm,out ( )
These are the dimensionless heat capacity and thermal conductivity expressions
ky Ck
K, = ; G =— 2.15
“ = s Calran (2.15)

2.3.3 Dimensionless heat equations

The model equations are written using the previously mentioned dimensionless parameters
and assumptions. The issue of phase transition and moving fronts is solved for PCM layer
using the enthalpy formulation variable. The generalized one-dimensional heat transfer

equation describes how heat moves across the various wall layers [81,83]:

OHy d (K 60) 216
at _f"axk e (2.16)

It is possible to conclude the following from the definition of the dimensionless time t:
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fio = ks (ﬁ)z 2.17)

al,s Lk

The correlations linking temperature and enthalpy for PCM materials are provided in

accordance with the previous works [84, 85]:

_ Cie(Ok = Bm ) Ok < Om
H, = (2.18)
Ck(gk - Hm,k) + 1/Stek Bk > Bm,k
Hi 4 Om i Hy <0
0, = Om i for 10 < H, < 1/Stey, (2.19)
(Hk—l/Stek)/Ck+6m’k Hk > 1/Stek

The link between enthalpy and temperature is easily described for the two solid layers
(outside) and (inside) by:

Hout = CoutOout s Hin = CinBin (2.20)

2.3.4 Dimensionless thermal boundary conditions

At t = 0, all layers of the wall are initially at the same temperature, 7, establishing thermal
equilibrium within the wall. The initial dimensionless condition is expressed as (X, 0) = 1.

The boundary conditions are detailed below:

At the outer surface of the solid outer layer (Syy¢ 0ut)

00 _
KoutaX_out ‘o2 = _Blouteoutlxoutzz (2.21)

At the inner surface of the solid outer layer (Syy¢ in)
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K 00 L okout 00 —
X X=0 Lout k,s out Xout Xour=2 ( ’ )
At the inner surface of the solid inner layer (Sj, in)
K69 L kg 09 593
X X=2 Lin k,s " XLn Xin=0 ( ’ )
At the outer surface of the solid inner layer (S, oy¢)
00 )
Kin 55 = Bii(6lx,,=0 = Ocoin) (2.24)
M Xin=0

2.4 Numerical solution

The finite-volume method is employed to solve the physical model representing the

phenomenon [86,87].

2.4.1 Mesh

The governing equations for the different layers of the wall are discretized using a uniform
mesh for each layer. The spatial interval between two consecutive interior nodes is designated
as AX, and it's important to note that each node serves as the central point within its respective
control volume. The quantities specifying the total number of nodes and space steps for the
solid  inner layer, solid  outer layer, and PCM  layer are as
follows: (Njp, AXin), (Noue» AXout), (N, AX), respectively. Half control volumes mark the
starting and ending points of each layer. The gradient terms related to the time variable are
discretized using an explicit scheme. Consequently, an examination of solution stability and
mesh impact has led to the determination of an appropriate mesh configuration, where: N;,, =

N =N, =81.
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Figure 2.2 The multilayer wall mesh
2.4.2 Discretized equations of the inner solid layer
For an interior node
ow ._of . oP .—oE .
P _ NP ; At : inj—ving _ g in,j~ Yin,j
ein,j+1 - ein,j + fm Xinw—Xine ( inw AXin ine AXip ) (2-25)

35



Chapter 2

For the first node

At etzn] etln]
eLnj+1 - Ln] + flTL Xinw—Xine (Kin,w AXip Blln(9|xm_0,] oo,in) (2-26)
For the last node
N; -1
i g in_g" Nin

Nin glin _ bt [ Lin ks g 8i7Olip=2s Jinjinj
ein,j+1 Ln J + fm Xinw—ZXine chm Kin K AX/Z Km,e AXin (227)
2.4.3 Discretized equations of the PCM:
For an interior node

oW _oP of —of
— P ] J J ]

HJ+1 H + f X (KW Y K, X ) (2.28)
For the first node
H — Hl At K 9?—911- chm kin K elxzo'j_e?:'z} 2 29

o = Hj 4 f o K = Lin ks W BXin/ (2.29)
For the last node

Lpem k O0ut,j—0lXoue=0,j oy -oy "
_ 1N pcm Kout out,j out=0J J J
HJ+1 H + i Xw—Xe <L0ut ks Kout.w AXout/Z Ke AX (2.30)
2.4.4 Discretized equations of the outer solid layer:
For an interior node
w P P E

e e + f At ( eout] 9out,j _ eout,j_eout,j) (2 31)

out,j+1 — Yout,j out Xoutw—Xout.e out,w AXout out,e AXout .
For the first node

At 05ut;=Oout;  Lout k Olx =0j—91'v

el — 9 + (K ] ) __ Lou s out=0, J 232

out,j+1 out,j fout Xoutw—Xout,e out,w AXout Lpem Kout AX/Z ( )

For the last node
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(2.33)

N N AT eNoup_eNoug_l
out — out = A —Ri _ “outj “outj
eout,j+1 - eout,j + fout Xoutw—Xout.e Bloutgouthout=2 Kout AX e

2.4.5 Determination of the solid-liquid front position

For figuring out where the solid-liquid front located in the PCM layer, the following

equation represents the total energy present in a control volume with center node i [83]:
o . . . 1 .
HY = [(0 = 6,0+ (C(6' = 6) + 2 ) Vi (2:34)

In this context, VJ, Vi, V} represent, the volume of the control volume, expressed in
dimensionless units, the fraction of the PCM phase that is in a solid state and the fraction of
the PCM phase that is in a liquid state, respectively. When a control volume experiences a

phase change with 8¢ = 6,,, the equation transforms to:

H'V} = (1/Ste)V} or H' = (1/Ste)V}/V. (2.35)
The value of the enthalpy when the solidification front reaches the node i, is as follows:

H. = 1/(2Ste) (2.36)

This equation serves as a criterion for managing the front's position. To determine the
solidification time at a specific node i, we examine two consecutive time instants, 7(j)

and T(j + 1).

If H'(j + 1) < H, < H'(j), then the solidification process takes place at a specific moment
Tso1 Within the time range of 7(j) to t(j + 1), and this moment can be determined using

interpolation, T(j) < 759 < 7(j + 1).

The enthalpy is supposed to vary linearly across the whole time range. The equation for the
solidification time of node i is: 7° = (j + X)Atr, Where X is determined through linear

interpolation in the time domain, thus [83]:

_ H.-H'(G+1D
YTHO-HGTD "Q+

H.—H'(j+ 1) A (2.35)
H()-HG+D)""

37



Chapter 2

2.5 Validation

By comparing it to the analytical benchmark provided by Neumann, the numerical solution
is validated. (Fig. 3) [88], which addresses the solidification or melting process of a pure
PCM semi-infinite media under conditions of insulation on all other sides, constant

temperature on one surface, and assuming constant thermophysical characteristics (Stefan

problem).

The following solution dictates the location of the phase change interface:

s(t) = Zﬂ\/a_lt

With A is the root of the subsequent transcendental equation [89]:
ﬁexp(/‘tz) erf(A) = Ste/\r

In order to adapt our design to the Stefan problem, it is assumed that both PCM layers are
made of the same material and have constant physical characteristics (p; , ¢;, k;, ;). In order
to address the Stefan problem, we select solid layers whose thicknesses and thermophysical
properties enable only the PCM layer to be considered for heat transfer.[90]. Therefore, solid
layers must have extremely low thicknesses, and thermal diffusivity must be sufficient high

compared to PCM: (Lgoiiq K Lpem)> (@sotia > Apem) -

T T T T
0.08
~ 0.06 1
g
=
=
=
% 0.04
<
‘S Analytical solution
E ¢ Present work
0.02 -
0.00 H -
T T T T T T T T
0 100000 200000 300000 400000

Time (s)
Figure 2.3 Phase change front position as function of time
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2.6 Results and discussion
2.6.1 Studied cases

As a part of the PCMs charging cycle for the summer, three different scenarios represent a
variety of building types and climate zones. For example, during the night and in certain
climate zones, residential buildings' interior temperatures may be equivalent to the ambient
temperature outside. (T in = Too out), this situation is depicted by (6, = 0). However, in
certain buildings with significant thermal loads, such as in kitchens, baths, and other rooms,
the ambient temperature inside the building is greater than the ambient temperature outdoors
the building during the charging period (at night) (Te, iy > T oyt ), this situation is depicted
by (0,in = 1.2). Additionally, after the running cycle and just before the charging cycle
starts, the temperature throughout the wall might be close to the interior ambient

temperature(To in = Tinitqr), in some climate zones, this case is represented by (6, i, = 1).

2.6.2 Enthalpy and temperature evolution

The temperature and enthalpy evolution findings that are shown were achieved under the
following conditions: The PCM layer's melting temperatures ranges between several values
(6m), as well as the latent heat (Ste), ( Bip, = Bi, = 4.5 ) . The two solid layers have the
same thickness (f;, = f. = 4.43).

2.6.2.1Casel (0., =0)

Figure 2.4 illustrates the evolution of enthalpy and temperature over dimensionless time
for the three layers. The figure also highlights the phase change instances and positions
throughout the wall, characterized by a rapid decline in enthalpy and a steady temperature
which is the solidification point. This abrupt change signifies the solidification process, where
the enthalpy becomes negative, indicating heat removal from the system. Conversely, during
melting, the enthalpy becomes positive, signifying heat addition to the PCM. The sudden
transition from positive to negative of the enthalpy indicates the phase change point reaching
(and from negative to positive for melting), resulting in the transformation of the matter from

liquid to solid state.

The PCM generates heat (stores cold) through latent heat during these phase change times.

A considerable drop in the material's temperature outside of these times indicates that there is
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stored cold by sensible heat. It is crucial to keep in mind that sensible heat corresponds to the
thermal energy needed to modify the temperature of a material without altering its phase.
Conversely, latent heat represents the amount of thermal energy needed to trigger a phase
transition without the temperature of the material. Furthermore, the figure demonstrates that
the entire PCM layer achieves full solidification, indicating that the entire layer undergoes
times of storing cold through latent heat. Additionally, the temperature and enthalpy evolution
shows a similar behavior in the symmetrical PCM points relative to the middle of the wall.
Due to the symmetry of boundary conditions, geometry, and other thermophysical

characteristics like (0o i, = O out = 0, Bijn = Biyye = 4.5 ), this resemblance is shown.

12 T T T T T T T T T T T T T T

(Al)  Sinin (42)

1,0 - —Speman | 104 -
( — Spemin
| = Spemsn
084 | Sonin 8- E
g | =
\
\
\

nnnnn

SF(‘ M,172
- SF(‘ M3/

0 10 20 30 40 50 60 70 ! ! ! g ! ! !

Figure 2.4 Enthalpy and temperature evolution for (0 i, = 0)

2.6.2.2Case2 (0, = 1)

Based on Figure 2.5, it is evident that the combination of outside cold excitation and initial
temperature (which is higher than the solidification temperature 6,, = 0.7) drives to the
temperature gradient shrinking down along the PCM layer. As a result, the PCM regions close
to the outside reach the phase change point more quickly than other regions. However, the

solidification point is not reached within the region near the inside ambient.

As the PCM undergoes partial solidification, the utilization of latent heat for cold storage is

only partially effective. The portion that doesn't undergo a phase transition retains its liquid
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phase and preserves cold by sensibly lowering its temperature. Then, As a result of these dual
excitations, specific areas can attain the phase change temperature, allowing them to store
cold through a combination of latent and sensible ways. In contrast, some areas fail to achieve
the solidification temperature, thus relying solely on sensible temperature decrease for cold

storage.

Additionally, it is evident that regions with the ability to reach the phase change threshold
undergo a phase transition process during which the temperature takes a constant value for
certain duration. This phase change also influences the temperature behavior of nearby
regions, causing them to maintain a constant temperature for a brief duration, despite the fact
that they do not attain the phase transition temperature, as indicated by the enthalpy evolution,
which affirms the absence of any phase transition in those areas. The similarity in this impact
can be likened to the temperature behavior observed at the location Spem, 14 when t = 150.
However, the impact of phase change diminishes gradually as one moves away from these

regions, as shown in points S;, i» Figure 4 (Al).

(42)

in,in

| S PCM,1/4

0.4 4

S——a Spcmsi

0.2 g ‘\ g
Soutin 04 ! =

0.0 T T T T T
0 50 100 150 200 250 30C

T T T T
0 50 100 150 200 250 30C

4 T

Figure 2.5 Enthalpy and temperature evolution for (0 i, = 1)
2.6.2.3Case 3 (0., = 1.2)

Based on Figure 2.6, Comparable findings can be deduced, as previously discussed, in the
context of stimulation (6 ;; = 1). It is worth noting that while the PCM layer near the

outside excitation (8 oyt = 0) is capable of reaching the solidification point, the other part
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of the layer remains unable to reach it, thus maintaining its liquid state. In the zone closer to
the inside ambient, The impact of the external cold ambient is offset by the effect of the
internal hot environment(6, ;, = 1.2). Moreover, the temperature and enthalpy plots within
that area demonstrate heat storage through a sensible increase in temperature. Conversely, the

section situated between these two areas preserve cold by sensibly reducing the temperature.

1 2 T T T T T T 12 T T T T T T
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10 4 = T
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Speman 21 : 1
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Figure 2.6 Enthalpy and temperature evolution for (0, = 1.2)

Additionally, in this case, the PCM layer experiences partial solidification, enabling it to
store cold through both sensible and latent ways. Furthermore, it is noted that the phase
change process affected the temperature behavior within the neighboring zone, while the
propagation of this effect diminishes as we depart from these locations. This decrease is

ascribed to the impact of external ambient.

2.6.3 Front kinetic
2.6.3.1 Melting temperature effect

The number of phase transition interfaces is shown in Fig. 6 to be dependent on the
external ambient temperature. Similar to Figure 2.7(Al), in the case of symmetry where
(Booin = O our = 0), two phase change fronts are observed at the interfaces of the PCM with
the solid outside and solid inside. Both fronts initiate their movement simultaneously towards
the interface of the PCM medium (S;), which acts as the meeting point. As a result, complete

solidification is attained. It is noteworthy that an increase of the solidification temperature 6,,
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reduces the needed time for both fronts in order to achieve the meeting point at the center of
the PCM. This phenomenon can be explained by considering the influence of the diffusion of
external and internal cold excitations within the PCM layer, leading to a temperature gradient.
This temperature gradient facilitates the faster achievement of the solidification process for

higher solidification temperatures.

Based on Figure 2.7(B1), the plotted curves representing the kinetics of the phase
transition interfaces indicate that the process of solidification is only partially finished. This is
because the building envelope is exposed to a single cold excitation, specifically applied to
the outer surface, resulting in the presence of only one phase change front. The solidification
process occurs within the PCM layer, starting from the PCM-solid interface on the outer side
and progressing towards the PCM-solid interface on the inner side, driven by the impact of
the cold excitation originating from the outside. In which(6,;, = 1) indicating that the wall
initial temperature and the internal temperature are the same, where both are above the
solidification point, the solidification process takes place. This is different from the scenario
where (0, = 0). Additionally, it is worth noting that increasing the solidification

temperature enables the phase change front to penetrate deeper into the PCM layer.

Referring to Figure 2.7(C1), it presents similar observations as mentioned earlier for the
case of 6, = 1. Additionally, in this instance, the process of solidification in the Phase
change material (PCM) layer is less evident. The phase change front fails to reach the inner
half of the PCM layer, except in the cases where 6, = 0.7, and 6,, = 0.8, which is attributed
to the presence of a hot excitation 8, , = 1.2 that halts the advancement of the phase change

front.

2.6.3.2 Stefan number effect

For situations when boundary conditions exhibit symmetry, specifically when (8, ;, =
Oc,0ut = 0), Figure 2.7(A2) demonstrates a corresponding symmetry in the kinetics of the
phase change fronts. At the PCM-Solid in and PCM-Solid out interfaces, two fronts are
noticeable, influenced by the outside cold excitations. These fronts initiate their movement
towards the middle of the PCM layer (Sm), which serves as the meeting point, ensuring the
whole PCM layer solidification. It is worth noting that higher Stefan numbers ensures a more

rapidly full solidification.
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This finding can be linked to how the Stefan number is defined, expressing the proportion
of sensible heat to latent heat. An inferior Stefan number implies a higher proportion of latent
energy storage relative to sensible energy storage, while a higher Stefan number implies the
opposite. Thus, in situations where the Stefan number is small, a substantial quantity of heat
must either be accumulated or dissipated to facilitate the phase change process, necessitating

more time.

Figure 2.7(B2) illustrates the presence of a single solidification front, originating from the
PCM-Solid out interface near to the outside excitation (cold), and moving towards the PCM-
Solid in interface. It's crucial to emphasize that the solidification operation within the PCM
layer remains incomplete, as the phase transition point within the Phase change material
(PCM) region close to the inside is not reached. As mentioned earlier, a low Stefan number
indicates the need to dissipate a significant quantity of energy to achieve the solidification
temperature. Conversely, a higher Stefan number enables the phase change front to penetrate
deeper into the PCM layer, resulting in faster solidification. The lower latent energy storage
relative to sensible energy storage is expressed by the higher Stefan numbers. As a result, a
quick solidification process takes place, allowing a larger segment of the PCM to reach the

solidification threshold.

In Figure 2.7(C2), it can be observed that the PCM region adjacent to the inside, in close
proximity to the PCM-Solid in interface, and due to the influence of the hot stimulus(0 ;, =
1.2) , it remains unaffected by the solidification process. Within this region, the impact of the
cold stimulus coming from the opposing direction is attenuated, resulting in incomplete
solidification process of the phase change material (PCM) layer. As stated earlier, a higher
Stefan number enables faster solidification of the PCM, leading to a larger portion of
solidified PCM. Conversely, the higher latent energy storage is indicated by a lower Stefan
number. The Stefan number reflects the proportion between sensible energy storage and latent
energy storage, with an inverse relationship to the latent heat. Consequently, a higher Stefan
number implies a lower latent heat content. When the Stefan number is high, indicating low
latent heat, the material demands less heat release to attain the solidification point in contrast
to a low Stefan number, indicating high latent heat. This results in a faster solidification

process with a larger amount of solidified material.
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2.6.4 Solid fraction

When 68, ;, = 0, It was noted that the solid portion of the phase change material (PCM)
layer undergoes complete solidification, regardless of the melting temperature 6,,, and Stefan
number Ste. This finding pertains to the presence of symmetric boundary conditions where

two external cold excitations exist.

2.6.4.1 Melting temperature effect

In the scenario where 60, ;, = 1 (refer to Figure 2.8), it is anticipated that the solid fraction
is highest when the melting temperature is also highest. This correlation can be attributed to
the gradient of the temperature. In the region close to internal ambient 8, ;;, = 1, in order to
attain the solidification threshold, a higher phase change temperature is required. Conversely,
in the region adjacent to the external cold ambient, a lower phase change temperature is

enough to guarantee solidification.

In the scenario where 0 ;, = 1.2 (refer to Figure 2.8), due to the presence of a hot
excitation, the solidification process does not occur in the PCM region adjacent to the inside
ambient. However, in the other PCM region, it is seen that the solid proportion increases as

the melting temperature is raised.

2.6.4.2 Stefan number effect

For 04, =1, As illustrated in Figure 2.8, the solid fraction increases with increasing
Stefan number, which means decreasing the latent heat, where the zone close to inside
ambient couldn’t reach the solidification process. As mentioned earlier, a low Stefan number
indicates the need to dissipate a significant quantity of energy to achieve the solidification
temperature. Conversely, a higher Stefan number enables the phase change front to penetrate

deeper into the PCM layer.

In the scenario where 6, ;, = 1, as shown in Figure 2.8, the solid fraction exhibits an
upward trend as the Stefan number increases (which means a decrease in latent heat). This
implies that the solidification process fails to reach the region near the inside ambient. As
mentioned earlier, a low Stefan number signifies the requirement of releasing a substantial
amount of energy to attain the solidification point. Conversely, a higher Stefan number allows

the phase change front to penetrate further into the PCM layer.
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In the case where 0, ;, = 1.2, as depicted in Figure 2.8, the solid fraction increases as the

Stefan number rises. This is attributed to the presence of a hot excitation (0, = 1.2).

However, the PCM region neighboring the inside ambient, particularly near the interface

between PCM and solid, does not undergo solidification. It is worth noting that the cold

excitation dissipates earlier compared to the previous scenarios of 6, = 0 and 0, ;, = 1,

providing less solid fraction.
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Figure 2.8 Variation in solid fraction based on melting temperatures and Stefan numbers for
various combinations (0,1, 0,,2) and (Ste;, Ste>)

47



Chapter 2

2.6.5 Time needed in order to reach the limit of solidification
2.6.5.1 Melting temperature effect

In the scenario where 8, ;;, = 0, as Table 2.1 indicates , the required time for reaching the
limit point of the solidification for the PCM layer decreases as the melting temperature 6,,
increases. The presence of symmetry between the external and internal excitations (8o, =
O,0ut = 0) enables complete solidification to be achieved, resulting in a consistent solid
fraction of 100% regardless of the melting temperature. Consequently, reducing the melting

temperature causes a delay in the attainment of the solidification process.

For the cases where 0, = 1 and 0 ;, = 1.2, as indicated in Table 2.1, it is observed
that the required time to reach the solidification limit for the PCM layer does not exhibit a
clear correlation with the variation in PCM melting temperature. This lack of correlation can
be explained by the different solid fractions achieved for each melting temperature.
Consequently, raising the PCM melting temperature may result in either an increase or a
shrinking down in the required time for reaching the limit point of the solidification. In
contrast, within the previous case of 8, ;;,; = 0 where solidification was completed (with the

same limit point regardless of the melting temperature), this variability was not observed.

2.6.5.2 Stefan number effect

In the situation when 6, ;, = 0, Table 2.2 illustrates the raising up of Stefan number effect
on the time required to reach the solidification limit point within the phase change material
(PCM) layer. The data indicates a diminishing of the required time as the Stefan number (Ste)
increases. As far as the Stefan number depicts the proportion of sensible heat (cold) storage to
latent heat (cold) storage. Therefore, an increase in the Stefan number signifies a higher
proportion of sensible heat (cold) storage relative to latent heat (cold) storage. This, in turn,
implies a reduction in the energy needed to achieve the solidification temperature. As a result,

a decrease in the time required to achieve full solidification can be observed.

For O, = 1 and O ;, = 1.2, according to Table 2.2, and as far as the solidification of
the PCM layer is not completed whatever Stefan number, where each Stefan number provide
a different solid fraction, the needed time for reaching the solidification limit point also this

time does not exhibit a clear correlation with the variation of Ste,
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Table 2-1 Duration required to reach the solidification limit as a function of melting
temperatures

000‘,-" = 0 BOO,in = 1 BOO,in = 1 2

Om
At At At
0.8 40.59 335.50 236.96
0.7 45.36 282.96 112.22
0.6 53.26 141.14 214.82
0.5 64.52 251.24 226.58
0.4 86.35 141.14 103.09

Table 2-2 Duration required to reach the solidification limit as a function of Stephan numbers

9oo,in =0 9oo,in =1 eoo,in =1.2

Ste
At At At
0.01 1058.02 564.24 564.24
0.05 112.96 393.60 269.65
0.1 53.26 141.14 214.82
0.25 22.37 242.15 98.15
0.5 11.71 66.05 48.40

2.6.6 Starting Time of solidification
2.6.6.1 Melting temperature effect

Table 2.3 clearly demonstrates that in the three cases of O iy = 0, 00y = 1, and O, ;1 =
1.2, when the melting temperature 6,,, decreases, the starting time of the solidification process
within the PCM layer increases. This can be explained by the fact that lowering 8,, causes the
gradient of the temperature, that carried out by the outside and inside excitations, to require

more time in order for achieving the temperature of solidification.
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Table 2-3 Starting time of solidification as function of melting temperatures

Ooo‘in = 0 BOO,in = 1 BOO,in = 1 2

O
T; T; T;
0.8 0.41 0.41 0.41
0.7 0.54 0.54 0.54
0.6 0.72 0.72 0.72
0.5 0.96 0.96 0.96
0.4 1.33 1.34 1.35

2.6.6.2 Stefan number effect

In the cases of Oy =0, O = 1, and O, = 1.2, as indicated by Table 2.4, it is
evident that an increase in the Stefan number (Ste) leads to a reduction in the starting time of
the solidification process. The higher Stefan number (Ste) corresponds to a lower proportion
of latent heat (cold) storage in comparison to sensible heat (cold) storage, resulting in an

earlier initiation of the solidification process.

Table 2-4 Starting time of solidification as function of Stefan numbers

9oo,in =0 eoo,in =1 eoo,in =1.2

Ste
T; T T;
0.01 22 2.20 2.20
0.05 0.86 0.86 0.86
0.10 0.72 0.72 0.72
0.25 0.62 0.62 0.62
0.50 0.57 0.57 0.57
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2.6.7 Heat lost during charging cycle

The total heat lost during charging cycle period is defined as the instantaneous dimensionless

heat flux integrated over the time period [91] :

At
Q=| Qdr (2.36)

0

The definition of the dimensionless heat flux at the external surface of the wall in an

instantaneous context is provided by:

Q = —Biyy Bouthout=2 (2.37)

In this section, it is presupposed that both PCM layers have completely melted during a
prior operational cycle; All points of the wall have an identical initial temperature 6; = 1,
which is equivalent to the ambient temperature on the inside 6, ;, = 1. The estimated
duration of the charging cycle is calculated using a 24-hour real daily period, assuming that

the charging cycle takes approximately half a day to complete.

2.6.7.1 Melting temperature effect

Based on Figure 2.9, it is observed that using a charging period of half-day, equivalent to
A1=57, the case of PSM where Phase Change Material is absent in the wall demonstrates the
lowest amount of heat released throughout the charging cycle. This can be attributed to the
limited amount of heat stored in a sensible manner during the operating cycle, as opposed to
the other cases where phase change occurs, resulting in heat being stored (or released) in a
latent manner within the operating cycle. Furthermore, it is noteworthy that the reduction in
the melting temperature (6,,) of the phase change material (PCM) layer leads to a decrease in
heat loss. For instance, the case with 8,, = 0.8 releases an additional 20% of heat compared
to the reference case of PSM. Similarly, the case with 8,, = 0.4 achieves an 11% increase.
This can be attributed to the significant decrease in solidification process attainment with a
decrease in the solidification temperature of the phase change material (PCM) layer, leading

to a decrease in the cold storage by latent heat quantity. In comparison to the cold storage by
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sensible heat, the cold storage by latent heat offers the benefit of higher energy density.
Therefore, by reducing the phase change temperature of the phase change material (PCM), the

quantity of emitted heat diminishes.

7.0

A Heat lost

® Heat lost Ratio B Heat lost

® Heat lost Ratio |
6.5

Chg

5.5

5.0
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(PéM) (0.31 )

T T T
(0.6) (05  (0.4)

am

(PSIM ) (ofa) (017)

Figure 2.9 Heat Loss in the Charging Cycle and the Heat Release Ratio in relation to Melting
Temperature and Stefan Number (8,,,) and (Ste)

2.6.7.2 Ste number effect

Figure 2.9 depicts that the case with a PCM layer exhibiting high latent heat (Ste=0.01)
exhibit a higher amount of released heat over the charging cycle in comparison to the baseline
scenario, PSM. Despite having a lower solid fraction than other cases, this high latent heat
(Ste=0.01) demonstrates a supplementary heat release ratio of 120% in comparison to the
baseline scenario, PSM. Conversely, cases with low latent heat of the phase change layer
(Ste=0.25, 0.5) generally show a lower amount of released heat throughout a charging period
lasting half a day compared to the first case (Ste=0.01), with a supplementary heat release
ratio of 10% and 5% respectively, in comparison to the baseline scenario, PSM. This can be
attributed to the restricted quantity of heat stored throughout the operational period when the
PCM layer has low latent heat (Ste=0.25, 0.5) compared to the case with high latent heat
(Ste=0.01) and the reference case PSM. Although heat storage in the reference case PSM
occurs in a sensible manner, cases involving phase change store heat in a latent manner (either
low or high depending on the PCM's latent heat). Additionally, reducing the latent heat of the

PCM layer results in a reduction in both the solid fraction and the quantity of discharged heat.
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2.7 Conclusion

This section seeks to demonstrate the influence of the PCM layer on the overall behavior
of the building envelope under various conditions (varying in building type and climate zone)

during the charging cycle. The following observations were made:
The evaluation of solid fraction reveals the following trends:

- The solid fraction increases when the melting temperature is increased. For instance:
e When the indoor temperature exceeds the outdoor ambient temperature
(Tooin > Too0ut), the solid fraction was 80% for 6,, = 0.8, but it decreased to 37% for
0, = 0.4.
e Similarly, when the indoor temperature is equal to the initial wall

temperature (T,

= Tinitat > Tooput), the solid fraction was 64% for 8, = 0.8, but it
decreased to 20% for 6,, = 0.4.
- It is noted that the solid fraction increases with increasing Stefan number, which
means increases with decreasing the latent heat, for example:
e When the indoor temperature exceeds the outdoor ambient temperature
(Tooin > Too,0ut), the solid fraction reaches 58% for = 0.5, while when Ste = 0.01 the
solid fraction was 18% .

eWhen the indoor temperature is equal to the wall initial temperature (T, =

Tinitat > Toooue), for Ste = 0.5 the solid fraction was 47% , however for Ste = 0.01,

the solid fraction was 18% .
When examining the time required to reach the solidification limit point, it is observed that:

o For (Tewin = Te out), raising the melting temperature leads to diminishing the
required time to reach the limit point of solidification, however, when (T i, >
T out) OF (Tooin = Tinitar > Teoout) it is observed that the required time to
reach the solidification limit for the PCM layer does not exhibit a clear
correlation with the variation in PCM melting temperature.

e While the time needed to reach the solidification limit point increases with

increasing the latent heat when (T, = To,0u), it does not exhibit a clear
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correlation with the variation of Ste when (Te in, > Too out) O (Tooin = Tinitar >

Too,out) .

The investigation of the heat released ratio reveals that:

¢ An increase in 6, results in higher heat loss, as seen in the case of 8,, = 0.8, the wall
released a supplementary heat ratio of 20% in comparison to the baseline scenario, PSM.

While, for 6, = 0.4 it achieves 11%.

¢ Additionally, decreasing the latent heat of the phase change (PCM) layer results in a

decrease in both the solid fraction and the released heat quantity.

The latent heat of the PCM layer leads to a decrease in the amount of released heat as well
as the solid fraction. For instance, the high latent heat (Ste=0.01) shows a supplementary heat
ratio of 120% in comparison to the baseline scenario, PSM. Conversely, cases with low latent
heat of the phase change material (PCM) layer (Ste=0.25, 0.5) generally show a lower
amount of released heat throughout a charging period lasting half a day compared to the first

case (Ste=0.01), with supplementary heat release ratios of 10% and 5%, respectively.
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Chapter 3 : Examining the Performance of Building Envelope Containing
PCM Layer during Charging/Discharging Cycles

3.1 Introduction

This section delves into an in-depth analysis aimed at addressing situations where a single
PCM building envelope is not functioning optimally, through studying the processes of
solidification/fusion, by exhibiting the kinetics of phase change fronts, the time taken for
charging and discharging periods, along with the active fraction of the phase change material
(PCM) in operation and the average heat transfer experienced during one complete cycle,

considering a variety of melting temperatures.

3.2 Problems and methods

To simulate the building envelope's behavior with phase change material (PCM), we
examined a wall comprising three layers (as depicted in Fig. 1). There are two concrete layers
on the exterior and interior, while the PCM layer is positioned in the middle of the building
envelope, experiencing a phase change. The interaction between these different sections
occurs at the interfaces known as PCM-solid in (Sinin) and PCM-solid out ( Soutin). The outer
surface of the wall experiences a convective heat exchange with a temperature that varies
sinusoidally in accordance with the season (summer or winter) (T,y;, Roye), While the inner
surface interacts with the indoor environment at a consistent temperature (T, hy,). The
HVAC system is employed to regulate and maintain the indoor ambient temperature at the

designated thermostat set point.

3.3 Modeling and governing equations
The simplifying assumptions employed in this study include:

» The volume of the multi-layered wall remains constant.
Both solid layers act as passive conductors.
Natural convection within the liquid PCM is not considered.

Heat transfer is assumed to be one-dimensional.

YV V VYV V

The PCM layer's envelope is assumed to be thin and to possess high thermal
conductivity to disregard its thermal resistance.
» The temperature and heat transfer coefficient of the surrounding convective fluids

are held constant.
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» For the PCM layer, properties of the solid and liquid phases are assumed to be

identical.

With these assumptions in place, the physical model is described by the unsteady one-

dimensional heat equation

Subsequently, we refer to the inside concrete layer as 'solid in,' which is exposed to
internal convective conditions, and to the outside concrete layer as 'solid out,' subjected to

external cold convective conditions.

(1) 3) Q) 3" ()
l (@) l @) l @) l @) l
v v B v
Inside Outside
hin: Too,in\ Solid in PCM Solid out \ hout: Too,out

€ R P >
2Lm Zchm 2Lout
— f———— ——>
Xin chm Xout

Figure 3.1 The wall geometry

(2) Sin,out ) (1') Sout,out 5 (2) Sin,1/2 ) (2') Sout,l/z ) (3) Sin,in ) (3') Sout,in ) (4) Spcm 1/4 »
(4') Spcm 3/4 > (5) Spcm 1/2

Phase change material (PCM) layer:

Liquid region:T > T,,: p;C; % = i(k ﬂ)

ax "L ax (3 1)
Solid region: T < Tp,: pscs% = %(ks les)

Solid in and solid out:

aTin a Ty
pinCin T3 = - (kin 522 (3.2)

in Ix
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0T,y ) T,y
Pout Cout ot L= a(kout ox t) (3.3)

3.3.1 Initial and boundary conditions
At t =0, all layers of the wall share the same initial temperature, signifying that the wall is in

an initial state of thermal equilibrium. This initial condition is defined as follows:

T(xl' 0) = Tin(xin' 0) = Tout (xout: 0) =T (3.4

The boundary conditions on surfaces (Soyutout)s (Soutin)s (Sinin) » (Sinour) are depicted

below:
At the outer surface of the solid outer layer (Sou¢ out)

aTout
— Rout
0 out

= hoyt (Toutlxoutzuout - Too,out) (3.5)

Xout=2Lout

At the inner surface of the solid outer layer (Syy¢ in)

I _ k. Tour »
S aX x:2chm out axout . t=0 ( . )
At the inner surface of the solid inner layer (Sj, in)
L .
$ O0xX x=0 m 6xin Xin=2Lin ( ' )
At the outer surface of the solid inner layer (Si, oue)
oT;
—kin ai = Rin(Tein — Tinlx;p=0) (3.8)
xlTl

Where T is the temperature, K the thermal conductivity and the x axial position. The indexes

in and out relate respectively to the inner or outer solid layer.
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3.3.2 Dimensionless parameters

The time and spatial coordinate are represented as per Arfi and Mezaache [81],:

X, =% g=lpmsy (3.9)

- 2
Ly chm

The dimensionless temperature and enthalpy are determined as follows [82]:

T-T, h
9 _ wo,0uUt H

(3.10)

Ti=Twout href

The primary dimensionless parameters that govern the system are the Biot number, Stefan

number, and melting temperature, defined as follows:

. houtL . hinLi T —T: h
Blout — O;{At out’ Blin — l": LTL’ Hm — ;n Too,out’ Ste — > re}; (311)
out in i~ loo,out reflf

These are the dimensionless heat capacity and thermal conductivity expressions

K=< ¢ =%k (3.12)

Ki.s Ck,s

3.3.3 Dimensionless heat equations

The model equations are written using the previously mentioned dimensionless parameters
and assumptions. The issue of phase transition and moving fronts is solved for PCM layer
using the enthalpy formulation variable. The generalized one-dimensional heat transfer

equation describes how heat moves across the various wall layers [81,83]:

o0H 2 20
£ =fk5(1<a) (3.13)

It is possible to conclude the following from the definition of the dimensionless time t:

fi = %(L—l)z (3.14)

as \Lg

The correlations linking temperature and enthalpy for PCM materials are provided in

accordance with the work of [84,85]:
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_ Cc(6 —6n) {e <0,
H= {C(G —0.)+1/Ste °°10 > 6,
H+6, H<O0
6= O for {0 < H <1/Ste
(H-1/Ste)/C + 6,, H > 1/Ste

3.3.4 Dimensionless thermal boundary conditions
At the outer surface of the solid outer layer (Syy¢ out):

00

Kout X = _BloutgouthouFZ
oUt X oyr=2

At the inner surface of the solid outer layer (Syy¢in):

20 L kout 20
Xlx=0 Lout ks out Xout

Xout=2
At the inner surface of the solid inner layer (S in):

00 L kin 00
= =——"K;,—
Xly=> Lin ks Xin

Xin=0
At the outer surface of the solid inner layer (S, ou¢):

L
nXin

K;

= Biin(ngirFO - gw'in)

Xin=0

3.4 Numerical solution

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

The finite-volume method is employed to solve the physical model representing the

phenomenon [86,87].

3.4.1 Mesh

The governing equations for the different layers of the wall are discretized using a uniform

mesh for each layer. The spatial interval between two consecutive interior nodes is designated

as AX, and it's important to note that each node serves as the central point within its respective

control volume. The quantities specifying the total number of nodes and space steps for the
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solid  inner layer, solid  outer layer, and PCM  layer are as
follows: (Nip, AXin), (Noys, AX e ), (N, AX), respectively. Half control volumes mark the
starting and ending points of each layer. The gradient terms related to the time variable are
discretized using an explicit scheme. Consequently, an examination of solution stability and
mesh impact has led to the determination of an appropriate mesh configuration, where: N;,, =

N =N,,, = 81.

e w e w e w
Inside 1 1 ) 1 1 I
[} 1 | 1 1 1
T - < T * +*
T in h in 1 1 1 1 1 1
Solid in Solid in Solid in PCM
First Node Inner Node Last Node First Node
e w e w e w
T T T T T T T
1 1 1 1 1 1 }
@ (e & ) ) S S
1 1 1 1 1 1 1
1 1 1 1 1 1 1
Solid in PCM PCM PCM Solid out
Last Node First Node Inner Node Last Node First Node
e w e w e w
T T T T T T Outside
] 1 ] 1 1 1
* | ¢ | e | e | | ¢
1 1 1 [} 1 1 Tout ) hout
fl i ) li : f, "
PCM Solid out Solid out Solid out
Last Node First Node Inner Node Last Node

Figure 3.2 The multilayer wall mesh
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3.4.2 Discretized equations of the inner solid layer

For an interior node

p AT oW _of . of _of
0; =00 .+ (K- LY L m’) 3.21

in,j+1 in,j fm me_Xme inw AXin in.e AXin ( )
For the first node
0L on = 0L+ fin e ( Ky P gy (g ) (3.22)

in,j+1 in,j in Xinw—Xine in,w AXin in Xin=0,j — oo,m .
For the last node

1 Nin_aNin—1

eNln +f AT Lin ﬁK 9j—9|Xin=2,j _ . in,j eln] (3 23)

n "+1 ln " M Xin w—Xine \ Lpcm Kin w AX/Z e AXin )
3.4.3 Discretized equations of the PCM:
For an interior node

oW —oP of —oE
P i Vi J V)
HJ+1 Hj + fXW_X (KW " K, X ) (3.24)
For the first node
05-07  Lpem k; Olx=0,j~ 9,{”

Hi, = H + Ky~ — 2=k, ! 3.25

j+1 f —X, WAy Lin ks WW Axi"/z ( )
For the last node

1 N ,N-1
N At Lpcem kout eout,j_9|Xout=0,j _ 6, —8j
HJ+1 H o x Xyy—Xe <Lout ks Koutw AXout /, Ke AX (3.26)
3.4.4 Discretized equations of the outer solid layer
For an interior node
w P P E
P At eoutj_eoutj 9outj_eoutj

o> =05, i + (K —_— —_— 3.27

out,j+1 out,j fout Xoutw—Xoute out,w AXout out,e AXout ( )

For the first node
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oL 0L, +f = (K YoutjVout _ Lour ks o 9'X°“t=°'j_9§y) (3.28)
out,j+1 out,j Outxout,w_xout,e outw T py Lyem Kout . W AX/Z .

For the last node

eNout_eNout_l

A . out,j out,j
3 <Blout (goo,out - elxout=2) - Kout UAX—OM“> (329)

Nour  _ oNout
eout‘j+1 - eout,j + fout Xoutw—Xout,e

3.4.5 Determination of the solid-liquid front position

For figuring out where the solid-liquid front located in the PCM layer, the following

equation represents the total energy present in a control volume with center node i [83]:
o . . . 1 .
1 =[(0 = 0, + (€(0' = o) + ) V] (.30

In this context, VJ}, Vi, V} represent, the volume of the control volume, expressed in
dimensionless units, the fraction of the PCM phase that is in a solid state and the fraction of
the PCM phase that is in a liquid state, respectively. When a control volume experiences a

phase change with 8% = 6,,, the equation transforms to:

HV} = (1/Ste)V} or H' = (1/Ste)V} )V} (3.31)
The value of the enthalpy when the solidification front reaches the node i, is as follows:

H! =1/(2Ste) (3.32)

This equation serves as a criterion for managing the front's position. To determine the
solidification time at a specific node i, we examine two consecutive time instants, t(j)

and 7(j + 1).

If H'(j + 1) < H, < H'(j), then the solidification process takes place at a specific moment
Tso1 Within the time range of 7(j) to 7(j + 1), and this moment can be determined using

interpolation, T(j) < 759 < 7(j + 1).
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The enthalpy is supposed to vary linearly across the whole time range. The equation for the
solidification time of node i is: 7! = (j + X)Atr, Where X is determined through linear

interpolation in the time domain, thus [83]:

_ H—H'(G+1)
CHI(G)-HIG+1)

i |- HC_Hi(j-I_l)
Tt = <] +Hi(j) “HG+ 1))AT (3.33)

3.5 Results and discussion

The selected melting temperatures are incorporated to align with the range of outside
temperature variations while remaining near the desired indoor comfort temperature.

3.5.1 Temperature and enthalpy evolution

Based on Figure 3.3, the dimensionless enthalpy and temperature evolution within the
situations when the envelope involves a phase change material layer (6,,, = 2.4) demonstrates
a reduction in temperature fluctuations, which caused by the external excitation throughout
the wall, as compared to the case without PCM layers (PSM). Moreover, there are
occurrences of phase transitions in which the temperature remains steady for a specific period
throughout the temporal progression, while the enthalpy decreases/increases suddenly. These
instances occur while the phase change material is solidifying, signifying the PCM's charging
phase or fusion when it is in its active operational phase. In these instances, the phase change
material (PCM) utilizes latent heat to release or store energy. Conversely, when not
undergoing a phase change, the PCM exhibits a noticeable change in temperature as a result
of either releasing or storing sensible heat. Sensible heat pertains to the thermal energy needed
to increase or decrease the temperature of a material without causing a change in its physical
state, whereas latent heat represents the thermal energy quantity necessary to induce a phase
transition of a substance without affecting its temperature. The presence of these phases is

contingent upon the melting temperature and the momentary external stimulus.
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Figure 3.3 Dimensionless enthalpy and temperature evolution in summer for cases: 8,,, =
2.4 and PSM
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As it is mentioned previously within (summer part), According to figure 3.4 a minimizing

of the temperature fluctuation amplitude (that is carried out by the outside excitation)

throughout the wall is noted with incorporating the PCM layer compared to the situation

(PSM) in which there is an absence of a PCM layer. Moreover, instances of phase transition

are illustrated, during which the temperature remains constant for a certain duration as time

progresses, whether through fusion, which corresponds to the PCM charging phase, or

solidification, during which the PCM is in its operational state, depending to the instantaneous

outside excitation. Also, the enthalpy decreases/increases suddenly via the time showing the

instants of phase change.
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Figure 3.4 Dimensionless enthalpy and temperature evolution in winter for cases: 8,, = 1
and PSM

3.5.2 Heat flux evolution

Figure 3.5 depicts the progression of dimensionless heat flux across dimensionless time.
Within the situation of (PSM), the impact of external summer excitation can reach the inner
surface (Sinoue), leading to fluctuating heat flux. However, when (6,, = 2.4) the phase
change process is achieved, a decrease in the amplitude of heat flux fluctuations is observed.
Consequently, the influence of the external stimulus on the inner surface (S, oy¢) diminishes.
Conversely, in the case of (8,, = 3), the PCM layer performs poorly due to a weak phase
change process. Correspondingly, as the operating fraction of PCM increases, the amplitude

of heat flux reduction becomes more pronounced, and vice versa.
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It is worth noting that while the case of (6,, = 3) demonstrates a restrained smoothing of
heat flux, it showcases a significant shift in peak load compared to the baseline scenario
(PSM). On the other hand, combinations involving (6,, = 2.4) not only result in smoothing
of heat flux but also show a considerable shift of peak load when compared to the reference

case (PSM).

0.20

T T T T T T
w— putside heat flux - outside heat flux
0.10 pPsm = inside heat flux - 3 Hm_2’4 = inside heat flux
2 0154
x -
=
= T 0104 .
3 0.05 =
- 0.05 - .
w
<
g 0.00 4
@ - .
E 0.00 K
-0.05 B
i:%
A -0.10 E
-0.05 4 e
: -0.15 T
400

T T
200 300
Dimensionless time

T T
200 300 100,

Dimensionless time

100 400

outside heat flux
inside heat Flux

Dimensioniess instantaneous Heat flux

T T T
200 300 400

Dimensionless time

Figure 3.5 Heat flux evolution in summer for cases: 9,,, = 2.4, 0, = 3, and PSM.

Figure 3.6 demonstrates the dimensionless time-dependent heat flux during the winter
period, alongside the summer scenario. In the case of (PSM) and another scenario in
situations with limited phase change (6,, = 0.4), the outer stimulus's influence can extend to
the inner surface (Si; 0y¢ ), and the amplitude of heat flux fluctuations remains unchanged.
Conversely, when the phase change process is well achieved (6,, = 1), a significant

reduction in the fluctuation amplitude is observed. Additionally, similar to the previous case,
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the fluctuation amplitude of heat flux reduction is greater as the proportion of PCM in

operation is raised, and conversely, it decreases as the PCM fraction decreases.

Unlike the previous season, during winter, there is a noticeable lack of heat flux fluctuation
smoothing. Moreover, the displacement of peak loads, in contrast to the baseline scenario

(PSM), is only evident in the scenario where (6,, = 1).
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Figure 3.6 Heat flux evolution in winter for cases: 8,,, = 0.4, 0,, = 1, and PSM.
3.5.3 Kinetic of phase change fronts

According to Figure 3.7, both solidification and fusion phase change processes are
detected based on the instantaneous external stimuli. When considering (6, = 2.4), two

distinct phase change interfaces become evident. The initial front initiates at (Syy¢ ) surface,
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near the outside, and progresses towards the center of the PCM during the period of charging,
undergoing solidification. During the operating phase, the front moves within the PCM
medium through fusion due to the external excitation. Both external and internal stimuli lead
to the formation of the second phase change interface within the medium (Sm). In the
charging (solidification) period, this front moves towards the external surface of the phase

change material (PCM) layer, while in the operating period (fusion), it moves in the opposite

direction.
T T T T T T
A e e e e e o - e
9.=24 B PCM Solidification 6. =3 B PCM Solidification
m= % ® PCM Melting m u  PCM Melting
3 i 3 i

g\/\/\/\/ pafnnonoeeenn s

14

I AR s W W Y

T T T T T T
100 200 300 400 500 100 200 300 400 500

T T

9.=2.7 B PCM melting
m= B PCM solidification

b2 - _

NN/

T T T
100 200 300 400 500

T

Figure 3.7 Front position evolution of melting temperatures in summer for melting
temperatures: 0,0 = 2.4 ,0,,, =2.7and ,0,,;, = 3.
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For (6,, = 2.7) and (6,, = 3), a single phase change interface is visible, originating from
the surface near the exterior and advancing towards the medium. The nature of the phase
transition (either solidification or fusion) depends on the external excitation. Unlike the case
of (0,, = 2.4), the combined effect of external and internal excitations prevents the medium
zone of the PCM from reaching the phase change point, be it (6,, = 2.7) or (6,, = 3).
Furthermore, the phase change front is able to reach the region closer to the PCM medium

more effectively for (6,, = 2.7) compared to (6,, = 3).
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Figure 3.8 Front position evolution of melting temperatures in winter for melting
temperatures: 0,,, = 0.4 ,0,, =0.7and ,0,, = 1.
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In the winter scenario, as depicted in Figure 3.8, when the phase change temperatures of
Om =1), (6, =0.7) or (6,, = 0.4), the phase change material (PCM) layer successfully
attains the phase change point. At this point, a single phase change front appears and initiates
its movement from the surface (Syy; i, ), situated near the exterior, towards the center of the
phase change material (PCM) layer. Within the charging period, the front progresses using the
fusion operation, while throughout the discharge phase, it proceeds via the solidification
operation. Furthermore, it is noted that increasing 6,, allows the phase change front to reach

points deeper in the PCM.

3.5.4 Operating PCM fraction

In Figure 3.9A, it can be observed that during the summer season, the largest portion of the
PCM in operation (46.75%) could be achieved for (8,, = 2.4). This last is in proximity to the
temperature of the indoor ambient and is more suitable for the external excitation experienced
during summer. In this case, the phase change process occurs in two distinct regions, adjacent
to the exterior and inside the phase change material (PCM) layer. In contrast, for (6,, = 3), a
limited phase transition process is evident, accompanied by an operating PCM fraction of

16.5%. Conversely, with (6,, = 2.7), the proportion of the PCM in operation attains 33%.

Similarly, in the winter season (Figure 3.9B), the largest portion of the PCM in operation is
observed for (6, = 1), which corresponds to the melting temperature closest to the inside
ambient temperature. This proximity enables the PCM layer to undergo a substantial phase
change process, with an operating fraction of 33%. In comparison, for (6,, = 0.7), the
operating PCM fraction is 18.25%. However, when considering (6,, = 0.4), which is close to
the minimum outside temperature during winter, the phase change is weakest, with an
operating fraction of 5.75%. Consequently, these findings emphasize the significance of the

melting temperature selection in determining the effectiveness of the phase change process.

70



Chapter 3

o
o
1
a
o
1

[ZV (B)

N
o
N
o
1

w
o
w
o
1

N
(=]

Operating PCM Fraction (%)
N
o
1

Operating PCM Fraction (%)

=
o
1
-
o
1

; . 1l
3

2.4 2.7 0.4 0.7 1

Figure 3.9 Operating PCM fraction: (A) in summer, (B) in winter.
3.5.5 Phase change dimensionless duration for charging /discharging cycles

During the summer season, Figure 3.10A shows the charging and discharging phases of the
phase change material (PCM) layer, with the charging period indicating the solidification
phase and the discharging period representing the melting phase. As per Hamad [92] as far as
the discharging duration is longer the efficiency of the PCM is higher. It is seen that for

(6, = 2.4), the discharging duration is long (Ardischarging = 57.91), due to the phase
change process which is well occurred. In contrary, the case where the phase change occurs
weakly (6,, =3), the discharging time is short (Ardischargin = 27.17). Further, for
(6,, = 3) the discharging time is short (Ardischarging = 45.07). It is depicted in this case
that where the operating PCM fraction is high the discharging duration is long and vice versa.
Also It is seen that in cases where the phase change process is effectively accomplished, the

PCM requires a longer duration to reach full charge compared to the required time for
discharging period, likewise for (6,, = 2.4), the charging needed time was (Archarging =
68.37). Conversely, for weak phase change process case the discharging time is longer than

charging duration, like (6,, = 3), the charging time is short (Archarging = 14.63).

The same for the winter season ( Figure 3.10B), for (8,, = 1), the discharging duration is

long, because of the successful occurrence of the phase change process (Ardischargmg =

43.01). In contrary, the scenario with a limited phase change(6,, = 0.4), the discharging
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time is short (A‘rdischarging = 14.48). however, the discharging needed time for(8,, = 0.7),
where (Ardischarging = 29.81). As well as the charging duration, which is increases with
increasing the proportion of the PCM in operation, A7 pgrging = 8.81 for (6,, = 0.4), while
it was ATcparging = 30.29 for (6, = 1). Also It is seen that the PCM needs more time in

order to be fully charged compared to the time needed for discharging cycle.
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Figure 3.10 Dimensionless operating duration of phase change during charging and
discharging cycles in summer (A) and winter (B).

3.5.6 Heat gained/lost over 1 day and average heat flux over one day

The graph labeled as Figure 3.11A illustrates the average of the dimensionless heat flux
throughout a summer day, including both periods, nighttime (charging) and daylight
(discharging). Surprising results are observed, particularly for melting temperatures of (6,, =
3) and (6,, = 2.7), which indicate a weak phase change process. These cases show a
significant reduction in the median of the absorbed heat flux in comparison to the baseline
case (PSM), with a decrease of 19.71% and 20.19% respectively. However, when a strong
phase change process is achieved with (8,, = 2.4), there is no notable reduction in the mean
heat flux transmitted to the indoor environment, only a 4.87% reduction. This can be
attributed to the heat emitted from the wall, especially from the phase change material (PCM)
layer into the interior during the charging period, which accumulates a significant quantity of
heat throughout the operational period. As a result, the mean heat transmitted to the interior

remains elevated, exhibiting consistent temperature and heat flux. In contrast, cases
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characterized by a limited phase change operation do not accumulate a substantial quantity of

heat throughout the operational period, resulting in a reduced heat transfer into the interior

within the charging period.

Based on Figure 3.11B, contrary to the results observed during the summer season, the

melting temperature that resulted in a substantial proportion of the PCM in operation

(indicating an efficient phase transition operation) of (8,, = 1) shows the most significant

decrease in the average heat loss over a day in comparison to the reference case (PSM), with

a decrease of 10.29%. On the other hand, for the case where(6,, = 0.7), the reduction in the

average heat loss throughout a day in comparison

to the baseline scenario is 4.41%.

However, in the case of (6,, = 0.4), when the phase transition operation is not effectively

accomplished, there is no reduction in the average lost heat flux. The winter season

experiences a less effective phase change process compared to the summer season, resulting

in a lower amount of heat required for the purpose of charging the phase change material

(PCM) layer. On the other hand, in the summertime, when the phase transition operation is

effectively occurring, a greater quantity of heat must be released for charging the phase

change material (PCM) layer.
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3.6 Conclusion

The study examined the behavior of a building envelope incorporating a phase change
material layer within various seasons, including winter and summer. The findings indicate

that:

During both summer seasons, the highest fraction of the operating PCM is achieved for
melting temperatures which are close to the inside ambient temperature and more suitable for
the external excitation experienced. In which, for summer 6,, = 2.4 provides an operating
PCM fraction of 46.75%, while during the winter season 8,, = 1 provides the operating PCM
fraction of 33%.

The melting temperatures which offer a high operating PCM fraction, 6,, = 2.4 in
summer, and 68,, = 1 in winter, have the longest length of discharging. (Ardischarging =

57.91) and (Ardischargmg = 43.01), respectively.

The cases with melting temperatures fall within the range of outdoor temperature
fluctuations and are in proximity to the indoor comfort temperature (varying with the season)
guarantees the PCM wall's optimal annual behavior by effectively smoothing the
instantaneous heat flux and reducing its fluctuating amplitude, as well as 8,, = 2.4 and 6,, =
1, for summer and winter respectively. According to several previous works, the significant
diminution of the peak and the intensity of the instantaneous heat flux fluctuating within some

combinations, allow utilizing a low power HVAC system.

However, cases with melting temperatures fall within the range of outdoor temperature
fluctuations and are in proximity to the farthest temperature values (One near the summer's
peak temperature, and the other near the winter's lower temperature), guarantees minimizing
the energy consumed by the HVAC system in order to keep the inside thermal comfort in
summer. Likewise, for 8,, = 3 the consumed energy could be reduced by 19.71% in summer,
while during winter with 8, = 1 which is the melting temperatures include in the field of the
external temperature fluctuating and in proximity to the inside comfort temperature, the

consumed energy could be reduced by 10.29%.
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To enhance energy efficiency, the proposed system in this study may necessitate an
additional technology or tool capable of directing heat release to the outdoors during the

charging cycle in the summer season, rather than into the indoor environment.
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Chapter 4 : Investigation of double layered PCM building envelope during
charging cycle

4.1 Introduction

The main goal of this research is to showcase and assess the operational effectiveness of
the phase change operation within a building's envelope containing double layers of Phase
Change Material (PCM). This was achieved by showcasing the manner in which cold (or
heat) is stored through either sensible or latent heat mechanisms, while also investigating the
dynamics of phase change fronts. The research further delved into exploring the impact of
employing two distinct PCM layers, differing in terms of either their melting temperatures or
latent heats. Moreover, the investigation assessed the consequences of the variation between
the melting temperatures | 0m1—9m2| and latent heats |Stel— Stezl of the two PCM layers,
considering a wide range of combinations (6,,1,0,2) and (Steq, Ste,). Additionally, the
study examined the time required to reach the limit point of solidification varying with
disparities in temperature and latent heat |0m1—0m2| and |Stel— Ster | Furthermore, the

investigation analyzed the heat loss during the charging cycle.

4.2 Physical problem

To model the building envelope's behavior during the PCM charging cycle, a wall
consisting of four layers is used, as illustrated in Figure 4.1, consisting of two solid concrete
layers on the exterior and interior, with two phase change material (PCM) layers situated at
the core of the building envelope, experiencing phase change through solidification. The
interaction among the various layers occurs at the boundaries: PCM2-solid inside (Siy, in),
PCM2-PCMI1 (Sn), PCM1-solid outside (Syy¢in). The interior convective condition assumes
varying values, including both hot and cold, represented as (his, Tw,in), While the exterior
convective condition remains consistently cold, specified as (hou, Twou). To facilitate the
solidification operation in all numerical simulations, it is imperative to maintain the

condition (Te, oyr < Tpp,), Where T, represents the phase change temperature.

4.3 Modeling and governing equations
The simplifying assumptions employed in this study include:

» The volume of the multi-layered wall remains constant.

» Both solid layers act as passive conductors.
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» Natural convection within the liquid PCM is not considered.

A7

Heat transfer is assumed to be one-dimensional.

» The PCM layers envelope is assumed to be thin and to possess high thermal
conductivity to disregard its thermal resistance.

» The temperature and heat transfer coefficient of the surrounding convective fluids
are held constant.

» For the PCM layers, properties of the solid and liquid phases are assumed to be

identical.

With these assumptions in place, the physical model is described by the unsteady one-

dimensional heat equation

Subsequently, we refer to the inside concrete layer as 'solid in,' which is exposed to internal
convective conditions, and to the outside concrete layer as 'solid out,' subjected to external

cold convective conditions.

(1) (3) (7) (3) (1)
l (2) l (4)(5)(6)1 (6')(5')(4) l (2) l
v REAARARE NI

Inside Outside

hinTeoin | Solidin = PCM2 1 Solid out | Moue: Teo out

Figure 4.1 Shape of the wall, coordinates systems and selected surfaces

(3) Sin,out 5 (1') Sout,out 5 (2) Sin,l/z 5 (2') Sout,l/z 5 (3) Sin,in 5 (3') Sout,in s (4) Spcm 2,1/4 »
(4') Spcm 1,1/4 » (5) Spcm 2,1/2 » (5') Spcm 1,1/2 » (6) Spcm 2,3/4 > (6') Spcm 1,3/4 » (7) Sm
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Phase change material (PCM1 and PCM2):

Liquid region: T > T,,: p,C; % _ %(kl %)

Solid region: T < Tp,: pscs% = ;_x(ks %) 4.1)
Solid in and out:
pinCin 52 = 5 (kin 52) (4.2)
pout Cour 52 = 57 (Kone =32 (4.3)

4.3.1 Initial and boundary conditions
At t =0, all layers of the wall share the same initial temperature, signifying that the wall is in
an initial state of thermal equilibrium. This initial condition is defined as follows:

T1(X1. 0) = TZ(xZ: 0) = Tin(xinlo) = Tout(xout: O) =T 4.4)

The boundary conditions on surfaces (Soutout)s (Soutin)> (Sm)s (Sinin) » (Sinout) are

presented below:

At the outer surface of the solid outer layer (Syy¢ out)

aTout

— Rout P = hout(Touthout:ZLout - TOO,Out) (45)

OUl x4y =2Lout

At the inner surface of the solid outer layer (Syy¢ in)

—k o =—k Tout
1s axl out axout (4.6)

x1=2chm1 Xour=0

At interface PCM1-PCM2 (S,,,)
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oT, . T

R @)

0 X2=2Lpcm2

At the inner surface of the solid inner layer (S, i)

" oT, T,
—Kysm— = —Kipm— 4.8
) axz x2=0 " axln Xin=2Ljn ( )
At the outer surface of the solid inner layer (S, oy¢)
oT;
—kin 6_ = hin(TOO,in - Tianin=0) 4.9)
Xin Xin=0

Where T is the temperature, K the thermal conductivity and the x axial position. The indexes

in and out relate respectively to the inner or outer solid layer.

4.3.2 Dimensionless parameters

To facilitate the numerical analysis and identify the key physical factors that influence
thermal heat transfer combined with phase change in the two PCM layers, dimensionless
parameters are employed. The spatial coordinate and time are represented as per Arfi and
Mezaache [81].

X, =%, 1="%5¢ (4.10)

The dimensionless time, denoted as 1, is established using the physical properties of the
reference phase change material PCM2. In this context, x represents the spatial coordinate,
and the subscript 'k' pertains to the solid mediums 'in' and 'out,' as well as PCM 1 and PCM 2
(where k can take values of /, 2, in, or out). The dimensionless temperature and enthalpy are
defined as follows [82]:
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(4.11)

It's important to note that with this chosen dimensionless temperature, the melting
temperature falls within the range 0 < 0, < 1 (where (T oyt < Tinx < T;). The external
cold convective temperature corresponds to O oy = 0 (T = T 9y ), While the internal
convective temperature ranges from O,y = 0 (Tooin = Too oue)- As a result, various physical

scenarios can be examined:

(Qm,in =0 (TOO,in = 00,out)
Ooin < 1 (Tooin <T}) (4.12)
Ojin = 1 (Tooin = Ty)
Ojin > 1 (Teoin > T})

The primary dimensionless parameters that govern the system are the Biot number, Stefan

number, and melting temperature, defined as follows:

houtLout hinLin href 1 ref,2
Bijy =——— ; Bijy =—— ; Stel =———; Ste2 = ' (4.13)
out kout " kin pref,lLf,l pref,ZLf,Z
Tml - Tooout Tm2 —To out
0 =— : @ = 4.14
ml Ti - Too,out m2 Ti - Too,out ( )
These are the dimensionless heat capacity and thermal conductivity expressions
ki Cx
K, = ; G =— (4.15)
4 kk,s k Ck,s
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4.3.3 Dimensionless heat equations

The model equations are written using the previously mentioned dimensionless parameters
and assumptions. The issue of phase transition and moving fronts is solved for PCM layers
using the enthalpy formulation variable. The generalized one-dimensional heat transfer

equation describes how heat moves across the various wall layers [81,83]:

oH, . 0 (K ae) L6
at _f"axk e (4.16)

It is possible to conclude the following from the definition of the dimensionless time t:

fio = ks (ﬁ)z (4.17)

al,s Lk

The correlations linking temperature and enthalpy for PCM materials are provided in

accordance with the work of [84,85]:

_ Cre(Ox = Om) Ok < Omi
H, = (4.18)
Cr(O — Omy) + 1/Stey Ok > Om i
0, = Om.k for {0 < H, < 1/Stey (4.19)
(Hk—l/Stek)/Ck+9m_k Hk > 1/Stek

The link between enthalpy and temperature is easily described for the two solid layers
(outside) and (inside) by:

Hoyut = CoutOout s Hin = Cinbin (4.20)
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4.3.4 Dimensionless thermal boundary conditions

At t =0, all layers of the wall are initially at the same temperature, 7;, establishing thermal

equilibrium within the wall. The initial dimensionless condition is expressed as 0(X, 0) = 1.

The boundary conditions are detailed below:

At the outer surface of the solid outer layer (Sou¢ out)

00 _
Kout X = _Blouteoutlxoutzz
OUL X e =2

At the inner surface of the solid outer layer (Syy¢ in)

00 Ly kout 00
Ky — = K,
! aXl X,=2 Lout kl,s out aXoult +=0
At interface PCM1-PCM2 (S,,,)
00 Lik,s 00
Xl T Lk, 20X,
1lx, =0 2M"1s 2 X,=2
At the inner surface of the solid inner layer (S, in)
K 00 Ly ki 00
g aXZ X,=0 Lin kz,s m aXin Xin=2

At the outer surface of the solid inner layer (Sj; oyt )

00

K. —
mn aXln

= Biin(elXin=0 - goo,in)

Xin=0
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4.4 Numerical solution

The finite-volume method is employed to solve the physical model representing the

phenomenon [86,87].

4.4.1 Mesh

The governing equations for the various wall layers are discretized by employing a consistent
meshing approach for each individual layer. The spatial interval, denoting the space between
two internal nodes, is marked as AX. Each node signifies the control volume center, with the
left and right sides referred to as 'wW' and 'e,' respectively. The neighboring nodes are

designated as "W' and 'E.

4.4.2 Discretization of the equations

As it is mentioned above, the discretized equations govern the various layers of the wall are
carried out through the finite volume method with a uniform mesh for each layer. For the two
solid layers, the discretized equations are deduced from the general formulation while for the
PCM layers, they are obtained basing on the enthalpy formulation. The discretized equations
that represent the coupling at the interfaces of the wall layers are derived from the boundary
conditions that govern these interfaces. The cumulative count of nodes and spatial increment
for the solid in, solid out, PCMI1, and PCM2 layers are provided as by
(Nin, AXin), (Noutr AXoue), (Ny, AX;), (N5, AX,). Every layer commences and terminates with
half control volume. The gradient terms related to the time variable are discretized using an
explicit scheme. Consequently, an examination of solution stability and mesh impact has led
to the determination of an appropriate mesh configuration, where: Ny, = N,,; = N; = N, =

81.
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Figure 4.2 The multilayer wall mesh
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4.4.2.1 Discretized equations of the inner solid layer

For an interior node

w P P E
eP — e + f At K. ein,j_ein,j . eln] 6Ln]
in,j+1 in,j in Xm W_Xm . inw AXip in,e AXip

For the first node

mw_Xme

2 1
1 At ein,] 6Ln]
em,}+1 - em,} + me <Kin,w AXip Blm(mxm_o,] oo,in)
For the last node

1 Nin_Nin—1
eNin — eNm + f At Lin kas KZ ez,j_9|Xin=2,j — K emj emj
in,j ine
in,j+1 = Yin,j M Xin w—Xine \ Lpcm2 kin w AXZ/2 AXin

4.4.2.2 Discretized equations of the PCM2:

For an interior node

oW.—oP of .—of
H — HP . +f 2,j7Y2,j _ 2,j7Y2,j
2,j+1 2,j 2 Xow—Xze 2w AX, 2,e AX,

For the first node

eln

2 1
Hl +f K 02,j—62 _ Lpemz kin K. 6lx,=0,j= in,j
2]+1 2 Xow—Xaze 2w AX; Lin kas inw AXin/z

For the last node

1 Nz 1

HNZ HNZ Lpemz Kqs K 01;—0lx,=0, —K 92] -6,

2,j+1 + fZ _ 1w AX. 2,e
J Xow—Xz2e \ Lpcmi ka5 1/2 AXz

4.4.2.3 Discretized equations of the PCM1:

For an interior node

oW.—of of —of .
_ yP _ At LT g LT
I—11]+1 H + fl Xiw—Xie (Kl,w AXy le AX; )
For the first node
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He HI 4+ f AT K ei,j_ei.j Lpemi ka5 K t9|X1=°J'_912v.]2' (4.33)
Lj+1 = L 1 Xiw—X1e Lw AXy Lpemz Ki,s 2w AXZ/Z )
For the last node
1 N1 Ni-1
AT Lyem1 Kout 00ut,j=01xye=0,j 0, 7-0,;
HNl = HN]' + —pcmi K ou _ K P ) 4.34
1,j+1 1,j fl Xiw—X1e\ Lour Kuis out,w AXout/z 1,e AX, ( )
4.4.2.4 Discretized equations of the outer solid layer:
For an interior node
w P P E
P p At eout,j_eout,j 9out,j_eout.j
0 iv1 =05, 1+ —(K ———= —K —_— 4.35
out,j+1 out,j fout Xoutw—Xoute out,w DMXout out,e DXout ( )
For the first node
N1
AT egut '_ezlmt j Lout Kis Olx ¢=0,j=01j
61 . — 61 4 K ,J J _ _Lou S K ou .J 4.36
out,j+1 out,j fout Xoutw—Xout.e out,w AX oyt Lpem1 Kout 1w AX1/2 ( )

For the last node

At

eNoup _eNout_1
—) (4.37)

Nout _ nNout _ R _ out,j out,j
eout,j+1 - eout,j + fout X, Blouteouthoutzz Kout AX put

ut,w_Xout,e

4.4.2.5 Determination of the solid-liquid front position

For figuring out where the solid-liquid front located in the PCM layer, the following

equation represents the total energy present in a control volume with center node i [83]:
o . . . 1 .
1S = (67 = 0 + (€(67 = 0) + 52 ] (438)

In this context, VJ}, Vi, V} represent, the volume of the control volume, expressed in
dimensionless units, the fraction of the PCM phase that is in a solid state and the fraction of
the PCM phase that is in a liquid state, respectively. When a control volume experiences a

phase change with 8% = 6,,, the equation transforms to:
HWV} = (1/Ste)V} or H' = (1/Ste)V}/V} (4.39)
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The value of the enthalpy when the solidification front reaches the node i, is as follows:
H. = 1/(2Ste) (4.40)

This equation serves as a criterion for managing the front's position. To determine the
solidification time at a specific node i, we examine two consecutive time instants, 7(j)

and 7(j + 1).

If H'(j +1) < H, < H'(j), then the solidification process takes place at a specific moment
Tso1 Within the time range of 7(j) to 7(j + 1), and this moment can be determined using

interpolation, 7(j) < 150 < 7(J + 1).

The enthalpy is supposed to vary linearly across the whole time range. The equation for the
solidification time of node i is: 7° = (j + X)Atr, Where X is determined through linear

interpolation in the time domain, thus [83]:

H, —H'(+1)

¥ - H, —H'(+1) . A
_(]+Hi(/)—H"(/+1)) '

TH(-HG+D ' Ti

(4.41)

4.5 Validation

Firstly, by comparing it to the analytical benchmark provided by Neumann, the numerical
solution is validated. (Figure 4.3A) [89,88], which addresses the solidification or melting
process of a pure PCM semi-infinite media under conditions of insulation on all other sides,
constant temperature on one surface, and assuming constant thermophysical characteristics

(Stefan problem).

The following solution dictates the location of the phase change interface:

s(t) = 2/1\/a_lt

With A is the root of the subsequent transcendental equation [89]:

lexp(lz) erf(A) = Ste/\w
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In order to adapt our design to the Stefan problem, it is assumed that both PCM layers are
made of the same material and have constant physical characteristics (p;, ¢;, k;, ;). In order
to address the Stefan problem, we select solid layers whose thicknesses and thermophysical
properties enable only the PCM layer to be considered for heat transfer [90]. Therefore, solid
layers must have extremely low thicknesses, and thermal diffusivity must be sufficient high

compared to PCM: (Lggiiq K Lpem)> (@sotia > Apem) -

In the comparative illustration depicted in Figure 2A, tetradecane paraffin C14H3o PCM and
solid copper layers have been selected. The wall design includes a PCM layer with a
thickness of 0.08 meters, positioned between two solid layers, each with a thickness of 0.01
meters. At the onset, the PCM medium is in a liquid state with a temperature of T; = T;,, =
278.5 K, which corresponds to the melting temperature, The solid layer 1's left side is
maintained at a steady temperature of 268.5 K, whereas the external side of solid layer 2 is
presumed to be thermally isolated. The copper properties are k =390 W.m LK1, ¢=
385].kg .K™1, p =8920 kg. m~3.

For the second validation, we assess our results by comparing them to the experimental
findings in the study conducted by Zhong et al. [93]. Fig. 6 in the work of Zhong et al. [93]
illustrates the environement temperature and solar radiation data. While Table 2 in the
research by Zhong et al. [93] provides the material's thermophysical characteristics.
Nonetheless, the optical characteristics of both glass and PCM are sourced from Li et al. [40].
The simulation was iterated until a periodic state was achieved, following the method
described by Li et al. [40]. This periodic state typically takes two time periods, equivalent to 2

days in order to be accomplished.

Figure 4.3B displays the comparaison between the numerical outcomes obtained in this
study and the experimental investigation by Zhong et al. [93] regarding the heat flux
(excluding transmitted solar radiation) at the inner surface of PCM-filled double-glazing
units. Overall, it's evident that the numerical findings align closely with the experimental
results. The disparities in the outcomes can be attributed to variations in phase change
temperatures. In the study by et al. [93], the PCM has distinct melting and solidification
temperatures (T,, = 21°C , Ty = 13.5 °C), whereas our current numerical model employs a

single temperature for both solidification and melting (an averaged phase change
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temperature T,,, = Ty = 18 °C). Moreover, the optical characteristics of the PCM, which
contribute to a significant numerical discrepancy, are not precisely attainable (Li et al. [40]).

Nonetheless, radiation transfer is a crucial factor in this heat transfer mechanism.

T T T T T T T T T
0.08 100 ~v-- Experimental work of Zhong et a E
~4 Present work (B)
80 4 i
v
0.06
gakan ]
~~ v {" A
~ 0.04 . o @
R\ A Z"@;ﬁ Ap ]
,.Aijﬂ'ﬁ' Vg
0.02 4 Analytical solution of Neumann | A B
< Present numerical work . 9 vv
0.00 + B 4
T T T T T T T T T
0 1x10° 2x10° 3x10° 4x10° 0.0 3.0x10°% 6.0x10° 9.0x10*
£(s) £(s)

Figure 4.3 Comparison between the current study and existing literature: (A) Time-dependent
phase change front position, (B) heat flux density at the inner surface of the double-glazing
filled with PCM.

4.6 Results and discussion
4.6.1 Studied cases

As a part of the PCMs charging cycle for the summer, three different scenarios represent a
variety of building types and climate zones. For example, during the night and in certain
climate zones, residential buildings' interior temperatures may be equivalent to the ambient
temperature outside. (T in = Too out), this situation is depicted by (6, = 0). However, in
certain buildings with significant thermal loads, such as in kitchens, baths, and other rooms,
the ambient temperature inside the building is greater than the ambient temperature outdoors
the building during the charging period (at night) (Te, i, > Too o), this situation is depicted
by (0c,in = 1.2). Additionally, after the running cycle and just before the charging cycle
starts, the temperature throughout the wall might be close to the interior ambient

temperature (Teo in = Tinitq:), in some climate zones, this case is represented by (0 in = 1).
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4.6.2 Enthalpy and temperature evolution

The temperature and enthalpy evolution findings that are shown were achieved under the
following conditions: both PCM layers melting temperatures ranges between several values
(Om1,Omz), as well as the latent heats (Steq, Stey), ( Biy, = Bigy: = 4.5 ) . The two solid

layers have the same thickness (f;, = four = 4.43).

4.6.2.1Casel (0., =0)

Fig. 4.4 illustrates the variations in enthalpy and temperature over dimensionless time
across the four layers. The figure also indicates the phase change instances and positions
throughout the wall for the combinations of (6,,; = 0.7,8,,, = 0.5), and (6,,; = 0.5, 0,,,, =
0.7). During these instances, the temperature remains constant at the solidification
temperature, and there is a sudden decrease in enthalpy. This abrupt change signifies the
solidification process, characterized by a negative enthalpy change indicating heat removal
from the system. Conversely, during melting, the enthalpy change is positive, indicating heat
addition to the system. The shift between the liquid and solid states (and conversely during
melting) occurs when the enthalpy undergoes an abrupt shift from a positive value to a
negative one. During these instances, energy is released through the latent heat process (cold
storage). Beyond these instances, the accumulated cold is evident through a noticeable

reduction in material temperature (sensible storage).

As is widely recognized, sensible heat pertains to the thermal energy needed to alter the
temperature of a substance without inducing a change in its phase. In contrast, latent heat
represents the amount of thermal energy needed to initiate a phase change without affecting
the substance's temperature. In both cases, (6,,; = 0.7,0,,, = 0.5) and (6,,,; = 0.5, 6,,,, =
0.7), complete solidification is observed, indicating that storing cold via latent heat method is
appeared in both layers of the PCM. Furthermore, it is evident that phase change material
PCM layers with identical phase change temperatures within the two combinations, (6,,; =
0.7,0,,, = 0.5) and (6,,; =0.5,6,,, = 0.7), exhibit similar temperature and enthalpy
behaviors. This similarity arises from the boundary conditions, geometric symmetry, as well
as various thermophysical characteristics, such as (0 in = 0w oyt = 0, Bijp = Bigys =

4.5), and ( Ste; = Ste, = 0.1).
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Figure 4.4 Temperature and Enthalpy Progression for the combination: (A1,A2) (0,1 =
0.7,0,,, =0.5),(B1,B2) (6,,1 =0.5,0,,,, =0.7)

4.6.2.2Case 2 (0, = 1)

Based on Figure 4.5, it is evident that for 8, = 0.7, the phase change material layer
PCMI1, positioned nearest to the outdoor cold ambient 6, ;, = 0, reaches the solidification
point more quickly compared to the situation when 6,,,; = 0.5. The same trend is observed for
the frozen section of the phase change material layer (PCM 2), which is closer to the
excitation 8, ;, = 1. Consequently, the solidification process within the second phase change

material layer (PCM 2) takes place partially in both scenarios, (8,,; = 0.7,0,,, = 0.5),
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and (6,,;, = 0.5, 6,,, = 0.7). Furthermore, in the second case (8,,; = 0.5,0,,, = 0.7), The
depth of the PCM that has been solidified is larger. This is attributed to the higher
solidification temperature 6,,, = 0.7, which allows for more PCM within this zone (in
proximity to indoor ambient 8, ;, = 1) to reach the solidification point. In contrast, in the
case of 0,,, = 0.5, the external cold excitation and the initial temperature (which is higher
than the solidification temperature) lead to a reduction in the temperature gradient along the
PCM layer. Consequently, the PCM with a higher solidification temperature reaches the phase
change point faster compared to the one with a lower solidification temperature, resulting in a
higher solid fraction (assuming both PCMs have the same latent heat). It is worth mentioning
that the first phase change material layer (PCM 1) has been completely frozen in both cases,
whether 6,,; = 0.7 or 8,,; = 0.5.

While the second phase change material layer (PCM 2) undergoes partial solidification, the
storage of cold using latent heat is also partial. In the areas where the phase change point is
not reached, the PCM retains its liquid state and achieves cold storage through a sensible
reduction in temperature. Both excitations contribute to certain regions reaching the phase
change point, enabling cold storage through a combination of sensible and latent heat
mechanisms. However, there are other regions that fail to reach the solidification point,
causing the PCM to remain in its liquid phase. Consequently, in these regions, cold storage

occurs solely through a sensible decrease in temperature.

The first PCM layer undergoes complete solidification, allowing for cold storage in both
sensible and latent ways. The occurrence of phase change, characterized by a constant
temperature, is observed in regions capable of reaching the phase change point. This phase
change also influences the temperature behavior of nearby regions, causing them to remain at
a constant temperature momentarily, even if they do not reach the phase change point. This
effect is similarly observed at the point Spem2,34 When T = 120, where the enthalpy evolution
confirms the absence of phase change within those regions. As we move further away from
these regions, the impact of the phase change diminishes gradually. This behavior is also

evident at points Sinin and Spem2,1/4 (Figure 4.5.(A1)).
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Figure 4.5 Temperature and Enthalpy Progression for the combination: (A1,A2) (0,1 =
0.7,0,,, =0.5),(B1,B2) (6,,1 =0.5,0,,, =0.7)

4.6.23Case3 (0, = 1.2)

In relation to Figure 4.6, similar observations can be made for the scenario with the

excitation (04, = 1). The first PCM layer demonstrates a faster attainment of the

solidification point when 6,,; = 0.7 compared to 6,,; = 0.5. As for the second phase change

material layer (PCM 2), only a portion of it reaches the solidification point when 6,,, = 0.7,

while the remaining portion retained its liquid form. In contrast, for the scenario when 8,,,, =

0.5, the whole second PCM layer doesn't attain the phase transition threshold because of the

influence of the hot excitation (0 i, = 1.2).
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Additionally, the enthalpy and temperature profiles within this zone display that the heat is

stored through a noticeable temperature rise (sensible way), whereas the other portion

accumulates cold by experiencing a significant temperature reduction (sensible way).
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Figure 4.6 Temperature and Enthalpy progression for the combinations: (A1,A2) (0,1 =

0.7,0,, = 0.5), (BI,B2) (8,1 = 0.5,0,,2 = 0.7)

In this case, the first phase change material layer (PCM 2) is completely frozen, enabling it

to accumulate cold through latent and sensible means. Likewise, the frozen section of the

second phase change material layer (PCM 2), for 6,,, = 0.7, also exhibits cold storage in

both sensible and latent forms. It is noteworthy that the phase change process influences the
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temperature behavior in the neighboring area, but this effect diminishes as we depart further

from these areas due to the influence of external excitations.

4.6.3 Front kinetic
4.6.3.1 Melting temperature effect

Figure 4.7(Al) demonstrates that the quantity of phase change interfaces relies on the
specific combination of (6,1, 0:,,2). In the case of symmetry (6,,1 = 0,,2), two fronts are
observed at the interfaces of PCM1-Solid out, and PCM2-Solid in. These fronts move towards
the PCM1-PCM?2 interface which is the point of intersection, eventually leading to complete
solidification. For the other cases (0,,1 # 0,2), four phase change fronts are observed. These
fronts start at the interfaces and move towards the midpoints of the two phase change material
layers, ensuring complete freezing. Notably, the fronts originating from the PCM1-PCM?2
interface exhibit a delayed movement in comparison to the other phase transition interfaces.
The interface associated with the phase change layer having the lowest phase change point is
the slowest to advance. This behavior can be attributed to the diffusion of the cold excitation
from the outside, and the dissimilarity between the two phase change points(6,,; # 0,2).
These factors create a temperature gradient that facilitates faster solidification near the PCM1-
PCM2 interface in the phase change material layer with the higher freezing point compared to
other areas within the same phase change material (excluding the area in proximity to the
PCM-Solid interface), and more rapid than the other phase change material layer with the

lower solidification temperature.

Based on Figure 4.7(B1), the kinetics of the phase transition interfaces indicate that the
solidification operation is not fully accomplished. Two distinct phase transition interfaces are
observed, with one corresponding to every phase change material layer. The solidification
process initiates in the phase change material layer called PCM 1, located closer to the
outdoor cold stimulus, commencing at the boundary (PCMI1-Solid out) and progressing
towards the other phase change material layer (PCM 2). In the case of the phase change
material layer (PCM 2), which is in proximity to the indoor ambient (0 ;, = 1), the
solidification operation initiates at the PCM1-PCM2 boundary, influenced by the effect of the
outdoor cold excitation coming from that direction. Where (6, ;, = 1) denotes that the indoor
and initial temperatures are the same, these temperatures are greater than the phase change
point. Unlike the scenario when (6., = 0), this time only one external cold stimulus affecting
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the system from the outdoor. As the phase change material layer (PCM 1) becomes fully
solidified, the solidification front reaches the other phase change material layer (PCM 2),
resulting in the appearance of a solidification front that moves from the boundary PCM1-

PCM2 towards the boundary PCM2-Solid in.

The movement of the second front (PCM2) occurs later compared to the first front
(PCM1), which is in proximity to closer to the outdoor cold ambient. In all combinations, It is
noted that, when 6,,, = 0.5, the solidification operation does not take place due to the
temperature gradient across the entire phase change material layer (PCM 2) is above the phase
transition temperature (the internal excitation prevent it from reaching the solidification
temperature). Conversely, when 68,,; = 0.5, solidification is observed in the phase change
material layer PCM 1, despite the low phase transition temperature. This is because the first
layer is located near the external cold excitation, allowing it to achieve the phase transition

threshold.

Figure 4.7(C1) presents similar observations as mentioned earlier for the case of 0, ;, = 1.
Also, in this case, the solidification operation in the phase change material layer PCM 2 is not
observed except when 6,,, = 0.7, due to the influence of the indoor ambient (hot) that
hinders the phase transition interface. On the other hand, the first phase change material layer

has been completely frozen in this case, regardless of the phase change temperature.

4.6.3.2 Stefan number effect

In scenarios when boundary conditions exhibit symmetry, with equal Stefan numbers
(Ste;=Ste>), Figure 4.7 (A2) demonstrates a symmetry in the kinetics of the solidification
fronts. Couple of interfaces could be seen at the boundaries (PCM2-Sol in) and (PCM1-Solid
out) and, influenced by the outdoor and indoor cold environments. The two interfaces move
towards the boundary PCM1-PCM2, where they meet to ensure complete freezing of the two
phase change material layers. It is noteworthy that complete freezing can be accomplished
more rapidly with greater Stefan numbers. This can be ascribed to the Stefan number's

characterization, indicating the proportion of sensible heat to latent heat. A lower Stefan
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Figure 4.7 Front position progression across various melting temperatures and Stefan
numbers: (A1, A2) 0y, =0 ,(B1,B2) 04, =1,(C1,C2) 0, = 1.2

number indicates a greater percentage of energy stored as latent heat in contrast to sensible

heat, and conversely. Therefore, in cases with a low Stefan number, more time is required to
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store or release a larger amount of heat to simplify the phase transition operation. The other
curves represent cases where (Ste; # Stez) and exhibit three solidification fronts. The phase
change material layer with the lower Stefan number shows two solidification fronts. The
initial interface commences at the PCMI-Solid out (or PCM2-Solid in) boundary, in
proximity to the outdoor cold ambiance, prior to the other front, which is a continuation of the
interface originating from the other phase change material layer with the greater Stefan
number and advancing toward the PCM1-PCM2 boundary. The phase change material layer
with the higher Stefan number displays a single solidification front, progressing from the
boundaries (PCM2-Solid in) or (PCMI1-Solid out) towards the boundary PCMI1-PCM2.

Complete frozen is achieved in all these cases.

In Figure 4.7(B2), it is observed that regardless of the combination of Stefan numbers
(Ste; — Ste,), only one solidification front is visible, commencing at the boundary (PCM1-
Solid out) in close proximity to the surface exposed to the outdoor cold stimulus and moving
towards the other phase change material layer (PCM 2). Notably, If, in any case, one of the
phase change material layers has the minimum Stefan number (Ste; = Ste, = 0.01), the
solidification process remains incomplete in the first PCM layer, while the phase change point
is not reached in the second PCM layer. As mentioned earlier, a low Stefan number signifies
that a larger quantity of energy needs to be liberated to attain the solidification threshold. In
alternative scenarios, complete freezing is evident within the phase change material layer
(PCM 1), additionally, a continuation of the initial solidification front (indicative of the cold
stimulus) extends into the second phase change material layer (PCM 2), advancing from the
PCM1-PCM2 boundary toward the PCM2-Solid in boundary. Hence, the freezing of the
phase change material layer (PCM 2) remains incomplete. Also it is evident that a higher
Stefan number enables more rapid solidification operation in the phase change material layer
(PCM 1). Regarding the second PCM layer, a higher Stefan number results in a larger
quantity of frozen phase change material. the higher Stefan number signifies less quantity of
energy storage (released) by latent heat in comparison to energy storage (released) by sensible
heat, leading to a rapid solidification operation and a greater portion of phase change material

reaching the freezing threshold.

Based on Figure 4.7(C2), it can be observed that the phase change material layer (PCM 2)

does not undergo the solidification operation because of the presence of the indoor hot
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ambiance near the boundary PCM2-Solid in. Throughout the entire phase change material
layer PCM 2, the influence of the outside cold environment from the opposite direction is
diminished. Additionally, it is evident that the freezing of the phase change material layer
PCM 1 remains incomplete. As previously stated, a higher Stefan number enables faster
freezing within the phase change material layer PCM 1, resulting in a greater quantity of
frozen phase change material, and conversely. The Stefan number signifies the proportion of
the energy storage (release) by sensible heat way and energy storage (release) by latent heat
way, with an inverse relationship to latent heat. Thus, a high Stefan number implies a low
amount of latent heat. In cases where the melting temperatures are the same, A high Stefan
number (indicating low latent heat) implies that the substance requires a lower quantity of
heat to be released in order to achieve its freezing threshold, as opposed to a low Stefan
number (indicating high latent heat). Consequently, the solidification operation occurs more

rapidly and results in a larger quantity of solidified matter.

4.6.4 Solid fraction

When 6, =0, it has been discovered that, the solid fraction indicates complete
freezing of the two phase change material layers, whatever the combination (6,1, 0,2) (Steq,
Ste;), this pertains to the symmetrical boundary conditions in which two external cold

excitations are present.

4.6.4.1 Melting temperature effect

In the scenario of 6 ;, = 1 (Figure 4.8), as anticipated, in accordance with the external
environment effect, the highest solid fraction is obtained with the highest melting
temperature. Furthermore, when the inside phase change material layer PCM 2 layer, which is
positioned at a greater distance from the outside cold ambiance, possesses the highest
solidification point, it results in a higher portion of solid in contrast to the situation where the
outside phase change material layer PCM 1 has the highest solidification point, which is

closer to the outdoor cold environment.

Moreover, certain combinations, such as when the phase change material layer PCM 1 has
a lower solidification point in comparison to the phase change material layer PCM 2 (e.g.
01 = 0.5,60,,, = 0.7), yield approximately identical solid portion such as cases where the

two solidification points are set to the highest value (e.g. 0,1 = 0.7,0,,, = 0.7).
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Conversely, cases where the phase change material layer PCM 1 has a greater solidification
points than the phase change material layer PCM 2 (e.g. 6,1 = 0.7,0,,, = 0.5), result in a
lower solid portion in comparison to the situation where the two solidification points are
identical and set at the highest value (e.g. 6,,; = 0.7,0,,, = 0.7). This observation can be
clarified by considering the gradient of the temperature. Where near the boundary condition
0s,in = 1, a greater solidification point is needed to achieve the phase change process
(solidification), while a lower melting temperature is sufficient to achieve solidification for

the phase change material layer in proximity to the outdoor cold ambiance.

In the situation of 6 ;, = 1.2 (Figure 4.8), due to the hot excitation, the solidification
process is absent in the second PCM layer, except for combinations where 8,,, = 0.7.
However, in the phase change material layer PCM 1, it is observed that the solid portion
increases with the rise in the solidification point. The overall solid portion is closely linked to
the increase in the solidification point of the phase change material layer PCM 1, as the

freezing operation is limited within the phase change material layer PCM 2.

4.6.4.2 Stefan number effect

In the scenario of 0, ;, = 1, as depicted in Figure 4.8, the phase change material layer
PCM 1 achieves complete freezing for combinations where Ste; = 0.1 or Ste; = 0.5.
However, within the phase change material layer PCM 2, for situations when Ste; = 0.1 or
Ste; = 0.5, is observed only a partial freezing. Furthermore, it is seen that the solid fraction
of the phase change material layer PCM 1 increases with an increase in the Stefan number of

the phase change material layer PCM 2.

In the situation of O ;, = 1.2, as illustrated in Figure 4.8, it can be observed that an
increase in the Stefan number Ste; leads to a higher solid fraction in the phase change
material layer PCM 1. Similarly, the solid portion in the first PCM layer also increases with
raising up Stefan number (Ste,) of the second phase change material layer PCM 2. The
combination of (Ste; = 0.5, Ste, = 0.5) and (Ste; = 0.1, Ste, = 0.5) yields the highest

solid fraction.
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Figure 4.8 Variation in Solid Fraction with Melting Temperatures and Stefan Numbers for
different combinations (0,1, @m2) and (Ste;, Ste?)

4.6.5 Time needed in order to reach the limit of solidification
4.6.5.1 Melting temperature effect

In the scenario where 6, ;;, = 0, the data presented in Table 4.1 indicates that the duration
required to reach the solidification limit point (if applicable) decreases as the melting
temperatures (6,,; and 8,,,) increase for both PCM layers. Additionally, it is noteworthy that
every phase change material layer is impacted by increasing the solidification point of the
other phase change material layer. Such as the time needed to reach the limit point of the

freezing for one layer diminishes when the melting temperature of the other layer decreases.
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In the case of 6, ;, = 1, the findings from Table 4.1 demonstrate that the time required for
the first PCM layer to achieve full solidification or reach the solidification limit point is
influenced by the solidification point of the phase change material layer PCM 2. Specifically,
a decrease in 0,,, results in a shorter duration for achieving the limit of solidification in the
phase change material layer PCM 1. Conversely, a decrease in 8,,; leads to an increased time
required for reaching the limit point of freezing in the phase change material layer PCM 1. It
is important to note that the solidification process in this situation is solely driven by the

external cold excitation, which is in proximity to the phase change material layer PCM 1.

In the scenario of 6;, = 1.2, the observations from Table 4.1 indicate that the
solidification process is predominantly incomplete in the phase change material layer PCM 1
for most combinations. However, solidification is observed within the phase change material
layer PCM 2 in combinations where 6,,, = 0.7. Due to these circumstances, the required time
to achieve the limit of solidification does not follow a consistent pattern of decrease or

increase in melting temperature for both PCM layers.

4.6.5.2 Stefan number effect

In the scenario of 6, ;, = 0, Table 4.2 highlights the influence of raising up Stefan number
for two phase change material layer on the required time to reach the solidification limit. It is
observed that the time decreases for both layers as the Stefan numbers Ste; or Ste, increases.
The Stefan number signifies the proportion of the storing heat (cold) by the sensible way
(cold) storage relative to the storing heat (cold) by the latent way. An increase in the Stefan
number indicates a higher quantity storage of heat (cold) by sensible way in contrast to
storage of heat (cold) by latent way, resulting in a reduced energy requirement to attain the
solidification threshold. Consequently, a reduction in the needed time to achieve complete
freezing is noted as the phase change material layers begin to store cold through sensible
method and conveys the influence of the outdoor cold stimulus to the adjacent layer, thus,

accelerating its reaching to the freezing threshold.

For 04, = 1, the data in Table 4.2 reveals that the freezing of the phase change material
layer PCM 1 remains unfinished in certain combinations, however, it does not take place at all
in the phase change material layer PCM 2 if Ste; = 0.01 or Ste, = 0.01. Notably, when

Ste; = 0.01, an increase in Ste, corresponds to an increase in the time needed to reach the
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solidification limit in the phase change material layer PCM 1, corresponding to the
augmentation in the solid portion achieved. Conversely, for Ste; = 0.1 and Ste; = 0.5, an
increase in Ste, results in a reduction in the necessary time for both PCM layers to reach the
solidification limit. This decrease can be attributed to the fact that, with a constant solid
fraction, increasing Ste, reduces the quantity of energy that needs to be liberated to attain
solidification, consequently shortening the required time for both PCM layers. As for the
effect of Stey, it is evident that an increase in Ste; results in a reduction in the necessary time

for the phase change material layer PCM 1 to achieve its solidification limit.

For 6 ;, = 1.2, according to the information presented in Table 4.2, the process of
solidification does not occur within the second PCM layer regardless of the combination,
primarily due to the influence of the nearby hot excitation. However, partial solidification is
observed within the phase change material layer PCM 1. In terms of the influence of Ste; and
Ste,, it is evident that raising up either Ste; or Ste, leads to a shorter duration required to
attain the solidification threshold. This observation aligns with the previous condition 8, ;, =

1, and can be attributed to similar underlying mechanisms.

Table 4-1 Required Duration to reach the limit of solidification as function of melting

temperatures
Opin=20 Opin=1 Opin=1.2

(Om1, Omz2)

PCM1 PCM2 PCM1 PCM2 PCM1 PCM2
(0.7,0.7) 4536 4536 70.53 28296 111.94 112.22
(0.7,0.6) 3691 4933 7054 10500 11198 0
(0.7,0.5) 33.07 5533 7054 0 11195 0
(0.6,0.7) 49.33 3691 15733 320.04 266.23 175.44
(0.6,0.6) 5326 5326 125.01 141.14 21482 0
(0.6,0.5) 4252 5897 125.04 0 215.02 0
(0.5,0.7) 55.33  33.07 365.69 54822 183.99 167.58
(0.5,0.6) 58.98 42.52 302.55 20041 226.74 0
(0.5,0.5) 64.52 6452 25124 0 226.58 0
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Table 4-2 Required Duration to reach the limit of solidification as function of Stephan

numbers
(Ste,, Stey) 0in =0 Oin=1 Ocin =1.2
P peM1 PCM2 PCMI PCM2  PCMI PCM2
(0.01.0.01) _ 1058.02 1058.02 56424 0 564.04

0
(0.01,0.10)  450.21 124.02 1527,11 O 61522 0
(0.01,0.50)  430.99 46.39 1550,11 0 813.09 0
(0.10,0.01) 124.02 45021 96,88 0 96.88 0
(0.10,0.10)  53.26 53.26 125,01  141.14 21482 0
(0.10,0.50)  34.05 12.29 98,99 66.04 270.85 0
(0.50,0.01)  46.39 430.99 43,46 0 4346 0
(0.50,0.10) 12.29 34.05 26,28 141.14 10585 0
(0.50,0.50) 11.71 11.71 21,36 66.05 4840 O

4.6.6 Starting Time of solidification

According to tables 5-6, the starting time of freezing for the phase change material layer
PCM 1 is roughly the same whatever the combination (0,1, 0:m2), (Steq, Ste,), because this
layer is close to the cold excitation; therefore, we are going to focus within this part on the
starting time of freezing for the phase change material layer PCM 2 (the same for the case

0,in = 0, the solidification process start at same time for all combinations).

4.6.6.1 Melting temperature effect

It is shown via Table 5, for the case 0, = 1, that the decreasing of 6,,; leads to
increase the starting time of the solidification process through the second PCM layer. Because
the diminution of 6,,,; delays the phase change material layer PCM 1 to achieve the full
freezing, and consequently delays the starting of solidification process within the phase
change material layer PCM 2 (at the boundary PCM1-PCM2). Likewise, the decreasing of

0, drives to growing up the starting time of solidification process.

For 0., = 1.2, the process of solidification appears only when 8,,, = 0.7 , such as the
previous case 6, = 1, the decreasing of 8,,; leads to increase the starting time of the

solidification process through the second PCM layer.
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Table 4-3 Starting time of solidification as function of melting temperatures

0y,in=20 Opin=1 0,in=12

(Om1, Omz)

PCM1 PCM2 PCM1 PCM2 PCM1 PCM2
(0.7,0.7) 0.544  0.54 0.54 73.19  0.54 119.11
(0.7,0.6) 0.544  0.72 0.54 77.33  0.54 0
(0.7,0.5) 0.544  0.96 0.54 0 0.54 0
(0.6,0.7) 0.72 0.54 0.72 5834  0.72 124.20
(0.6,0.6) 0.72 0.72 0.72 13222 0.72 0
(0.6,0.5) 0.72 0.96 0.72 0 0.72 0
(0.5,0.7) 0.96 0.54 0.96 40.00 0.96 125.61
(0.5,0.6) 0.96 0.72 0.96 135.40 0.96 0
(0.5,0.5) 0.96 0.96 0.96 0 0.96 0

4.6.6.2 Stefan number effect

For the case 6 ;, = 1, regarding Table 6, it is seen for Ste; = 0.1 and Ste; = 0.5, the

increasing of Ste, creates a diminution of the starting time of the solidification process. The

augmentation of Ste, means a diminution of the heat (cold) storage by latent heat comparing

to the sensible heat (cold) storage that provides early solidification process launching.

Table 4-4 Starting time of solidification as function of Stefan numbers

0., =0 0., =1 0., —12
(Ste,, Stey) n n i
VT2 peM1 PCM2 PCMI PCM2 PCMI PCM2
0.01,001) 220 220 220 0 220 0
0.01,0.10)  2.17 072 220 0 220 0
(0.01,0.50)  2.16 057 220 0 220 0
(0.10,001)  0.72 217 072 0 072 0
(0.10,0.10)  0.72 0.72 072 13222 072 0
(0.10,050)  0.72 057 072 10187 072 0
(0.50,0.01) 057 216 057 0 057 0
(0.50,0.10)  0.57 0.72 057 3093 057 0
(0.50,0.50) 057 057 057 2273 057 0

4.6.7 Heat lost during charging cycle

The total heat lost during charging cycle period is defined as the instantaneous dimensionless

heat flux integrated over the time period [91] :
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AT
= ) 4.42
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The definition of the dimensionless heat flux at the external surface of the wall in an

instantaneous context is provided by:

Q = —Biyyus eoutlxoutzz (4.43)

In this section, it is presupposed that both PCM layers have completely melted during a prior
operational cycle; All points of the wall have an identical initial temperature 8; = 1, which is
equivalent to the ambient temperature on the inside 6, ;, = 1. The estimated duration of the
charging cycle is calculated using a 24-hour real daily period, assuming that the charging

cycle takes approximately half a day to complete.

4.6.7.1 Melting temperature effect

Based on Figure 4.9, it was observed that utilizing a charging period of half-day ,
equivalent to At=57, the combination (PSM, PSM) depicting a building envelope with
absence of phase change material exhibits the minimum quantity of liberated heat during the
charging period. This is attributed to the relatively limited heat storage during the operational
period, which takes place in a sensible manner. In contrast, other cases involving PCM layers
accumulate heat in a latent manner during the operational period. Moreover, the melting
temperature of the phase change material (PCM) layer positioned in proximity to the outdoor
ambiance plays a more crucial role in controlling the released heat compared to the melting
temperature of the PCM layer located close to the indoor ambiance, primarily due to its

proximity to the external stimulus.

Furthermore, based on the kinetic of the phase change front position, it's evident that the
inside PCM layer undergoes a feeble freezing operation during this brief charging cycle, with
the solid portion remaining constant regardless of the inside PCM layer's solidification point,
This results in an equal quantity of heat loss for combinations that share the same

solidification point of the outer PCM layer, Subsequently, combinations with identical 6,4
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values yield the same proportion of additional heat released. For example, both combinations

(1 = 0.6,0,,, = 0.5) and (6,,; = 0.6,0,,, = 0.7) achieve 15%.

Furthermore, based on the kinetic of the phase change front position analysis, it is observed
that the inside phase change material layer (PCM) undergoes a limited freezing operation
during the duration of charging. Regardless of the melting temperature of the inner PCM
layer, the solid fraction remains constant, resulting in a consistent amount of heat loss for
combinations that share the same phase change point for the outside PCM layer.
Consequently, combinations with the same 8,,; (solidification point of the outside phase
change material layer) exhibit an equal ratio of additional heat released. For example, both
combinations (6,,; = 0.6,0,,, = 0.5) and (0,,; = 0.6,0,,, = 0.7) achieve a 15% increase in

heat release.

Nevertheless, it is worth mentioning that the amount of heat lost diminishes as the
solidification point of the outer phase change material (PCM) layer, 6,,,, decreases. Similarly,
the combination (8,,; = 0.7,8,,, = 0.5) releases an additional 18% of heat compared to the
reference case (PSM, PSM). In contrast, the combination (6,,; = 0.5, 8,,, = 0.7) achieves a
13% increase. This can be attributed to the solidification process significantly decreasing as
the freezing point of the outside phase change material layer decreases, resulting in a decrease
in cold (heat) storage by latent heat way. In comparison to cold (heat) storage by sensible heat
way, the first manner offers the benefit of higher density of energy. Consequently, reducing
the solidification point of the outside phase change material layer leads to a decrease in the

released heat.

4.6.7.2 Ste number effect

According to Figure 8, combinations with a high latent heat in the outer layer (Ste;=0.01)
exhibit a higher amount of liberated heat during the charging period compared to the
reference combination (PSM, PSM). Despite having a reduced solid portion in contrast to
other cases, these high latent heat combinations show a supplementary heat release ratio of
150% in comparison to the baseline scenario. On the other hand, combinations with a low
latent heat in the outer layer (Ste;=0.1, 0.5) generally demonstrate a reduced heat release

quantity Throughout a half-day charging period compared to the combination (PSM, PSM).
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For example, in the combination (Ste; = 0.5, Ste, = 0.1), the liberated heat ratio was 10%

lower than the baseline case.
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Figure 4.9 Heat loss and heat release ratio as a function of melting temperatures and Stefan
numbers for various combinations (0,1, @,2) and (Ste;, Stez) during the charging cycle

This can be attributed to the relatively low quantity of accumulated heat within the
operational period in combinations where Ste;=0.1 and 0.5, compared to combinations with
Ste;=0.01 (high latent heat) and the reference combination (PSM, PSM). In the latter case, the
heat storage occurs in a sensible manner, while combinations involving phase change
materials store heat in a latent manner (either low or high depending on the PCM's latent
heat). Furthermore, reducing the latent heat of the outside phase change material layer (PCM)
results in a decrease in the heat released. Similarly, increasing Ste2, which indicates a
decrease in the latent heat of the inside phase change material layer (PCM), drives to raising
up in the liberated heat and the solid portion. For example, in the combination (Ste;=0.1,

Ste>=0.01), the liberated heat ratio was 15%, whereas for (Ste;=0.1, Ste2=0.5), it was 25%.

4.7 Conclusion

The objective of this study is to demonstrate how the interaction between both inner and
outer PCM layers influences the overall performance of the building envelope under various

conditions, including building type and climate zone. By considering the points illustrated
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below, we can determine whether PCMs with varying melting temperatures or latent heat can

enhance the performance of the building envelope:
The analysis of solid fraction indicates the following:

Combinations where the melting temperature of the second (inner) PCM layer is
higher or equal to that of the first (outer) PCM layer exhibit the highest solid fraction.

For example:

- When the inside ambient temperature is higher than the outside temperature (T, ;, >
To out), the combination (6,,; = 0.6,80,,, = 0.7) achieved a solid fraction of 47%,
whereas the combination (6,,; = 0.6, 6,,, = 0.5) had a solid fraction of 43.5%.

- Similarly, when the inside ambient temperature is equal to the wall's initial temperature
(Too,in = Tinitar > Tow,out), the combination (6,,; = 0.6,60,,, = 0.7 resulted in a solid
fraction of 70%, while the combination (8,,; = 0.6, 8,,, = 0.5) reached 50%.

Combinations where the latent heat of the second (inner) PCM layer is lower or
equal to that of the first (outer) PCM layer demonstrate a high solid fraction. For
instance:

- When the inside ambient temperature is higher than the outside temperature (T, ;, >
To,out), the combination (Ste; = 0.1,Ste, = 0.5) exhibited a solid fraction of 48%,
whereas the combination (Ste; = 0.1, Ste, = 0.01) had a solid fraction of 32%.

- Similarly, when the inside ambient temperature is equal to the wall's initial temperature
(Tooin = Tinitar > Tw,out), the combination (Ste; = 0.1, Ste, = 0.5) resulted in a solid

fraction of 60%, while the combination (Ste; = 0.1, Ste, = 0.01) reached 32%.

Regarding the time needed to reach the limit point of solidification, the following

observations were made:

- The time required decreases as the melting temperature of the other PCM layer
decreases.

- Decreasing 6,,; (melting temperature of the first PCM layer) leads to an increase in the
time needed to reach the limit point of solidification in that layer.

- Reducing the latent heat of the second PCM layer results in a decrease in the required

time to reach the limit point of solidification in both PCM layers.
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The examination of the heat released ratio reveals the following:

- The melting temperature of the outer PCM layer serves as the primary factor
controlling the amount of heat lost, primarily due to its proximity to the external
excitation. Where increasing 6,,; results in a higher heat loss. For example, the
combination (6,,; = 0.7, 6,,, = 0.5 releases an extra heat ratio of 18% compared to
the reference case (PSM, PSM), while the combination (6,,; = 0.5,60,,, = 0.7)
achieves 13%.

- Conversely, the melting temperature of the inner PCM layer does not significantly
affect the amount of heat released, as it is commonly chosen to be suitable with the
other season. Where combinations with the same 0,,; provide an identical ratio of extra
heat released. For instance, both combinations (6,,; = 0.6,6,,, = 0.5) and (6,,; =

0.6,0,,, = 0.7) achieve a 15% increase in heat release.

As a result, for effective charging of the PCM layer with a melting temperature suitable for

the specified season, it is advisable to place it in close proximity to the external excitation.

- To ensure efficient charging of PCM layers, it is preferable for the latent heat
of the inner PCM layer, which is farthest from the external excitation, to be lower than
the latent heat of the outer PCM layer (which is closest to the outside). This can be
achieved by having a higher Stefan number for the inner layer Ste, compared to the
outer layer Ste;. This arrangement promotes a stronger solidification process with a
higher solid fraction, resulting in a greater amount of heat being released. For example,
in the combination (Ste; = 0.1, Ste, = 0.01), the heat released ratio was 15%, while
for (Ste; = 0.1, Ste, = 0.5), it was 25%. Additionally, increasing the latent heat of

the outer PCM layer enhances the ratio of heat released.

However, when optimizing both melting temperatures and latent heats, it is crucial to consider
the overall performance of the wall and the heat gained during the operating cycle. This
comprehensive approach ensures that the chosen parameters effectively meet the desired

objectives.

110



Chapter 5

Chapter S : Analysis of a dynamic double layer PCM enhancing building
envelope

5.1 Introduction

The purpose of this part is to examine the influence of two movable Phase Change
Material layers (PCM) integrated into a building envelope. every layer is intended for a
particular season (either winter or summer). These layers can interchange positions based on
the optimal arrangement for the given season. Various combinations of melting temperatures
(Bm1,Om>) are proposed, and the performance of the envelope is investigated during the two
seasons. The analysis encompasses the temperature and enthalpy changes, along with the
progression of phase change fronts (melting or solidification) of the PCM. Additionally, it
assesses the proportion of operational PCM throughout every season, the duration of charging

and discharging cycles for the PCM, and the temporal variation of heat flux.

5.2 Problems and methods

Figure 4.1 demonstrates the proposed technology, a four layers wall containing two layers
of concrete and two dynamic PCM layers with varying phase change temperatures
(Bm1, Om2), the two PCM layers, referred to as PCM A and PCM B, can potentially shift their
locations between each other, from position 1 to position 2 or from 2 to 1, according to the
optimal season of each PCM. The external wall side experiences a convective heat exchange
with a temperature that varies sinusoidally in accordance with the season, whether it's summer
or winter (Tyys, Rous)» While the inner surface interacts with the indoor environment at a
consistent temperature(T;y,, hi). The HVAC system is employed to regulate and maintain the
indoor ambient temperature at the designated thermostat set point. The sinusoidal outdoor
temperature pattern aligns with a 24-hour cycle, simulating the real outdoor temperature [94].
The modeled wall structure represents a typical North African building envelope (two layers
of concrete divided by insulating material), in this study, the insulation is substituted with two
dynamic phase change material layers. For the practical utilization of this envisioned system,
the PCM layers might be integrated in a shape-stabilized form within a polymeric matrix,
similar to the approach introduced by Barreneche et al. [95] and as suggested by De Gracia
[80] for application in a movable layers system. There is the option of using either manual or

mechanical rollers to shift the polymeric sheet, and, as a result, adjust the positioning of the
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PCM. The electrical energy consumption of these mechanical rollers is disregarded because of

their brief operational duration [80].

5.3 Modeling and governing equations

As previously mentioned, the heat transfer within the studied configuration is primarily

governed by conduction, with phase change occurring within the two PCM layers.
The simplifying assumptions employed in this study include:

» The volume of the multi-layered wall remains constant.
Both solid layers act as passive conductors.
Natural convection within the liquid PCM is not considered.

Heat transfer is assumed to be one-dimensional.

YV V VYV V

The PCM layers envelope is assumed to be thin and to possess high thermal

conductivity to disregard its thermal resistance.

» The temperature and heat transfer coefficient of the surrounding convective fluids
are held constant.

» For the PCM layers, properties of the solid and liquid phases are assumed to be

1dentical.

With these assumptions in place, the physical model is described by the unsteady one-

dimensional heat equation.

Subsequently, we refer to the inside concrete layer as 'solid in,' which is exposed to internal
convective conditions, and to the outside concrete layer as 'solid out,' subjected to external
cold convective conditions. where equations are in general form within concrete layers, and

in enthalpy form depicting the PCM layers [81].
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Figure 5.1 Sketch up of the proposed system

Phase change material (PCM1 and PCM2):

Liquid region:T > Tp,: piC; % =2 (k ﬂ)

-~ T 6.1
Solid region: T < Tyy,: psCs a—; = a(ks 2—2)
Solid in and out:
PinCin a;% = % (kin aaT;n) (5.2)
Pout Cout % = aa_x (kout agjcut) (5.3)

5.3.1 Initial and boundary conditions

At t =0, all layers of the wall share the same initial temperature, signifying that the wall is in

an initial state of thermal equilibrium. This initial condition is defined as follows:
T1(x1,0) = T5(x2,0) = Tip(Xin, 0) = Toue (Xoue, 0) = T; (54)

The boundary conditions on surfaces (Sout.out)> (Soutin)s (Sm)s Sinin) » Sinout) are

presented below:
At the outer surface of the solid outer layer (Spy¢ 0ut)
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aTout - T T
out - out( outhouf=2Lout - w,out)
OXout
Xout=2Lout

-k

At the inner surface of the solid outer layer (S, in)

oT, Tt

—k, . —2 = _ —out
2,8 a out

X2l = OXout

X2=2Lpcm2 Xoyut=0

At interface PCM1-PCM2 (S,,,)

oT, oT,

—k. . —= = —k, . —=
1,s 2,s
axl x1=0 axz X2=2Lpcm2

At the inner surface of the solid inner layer (Sj, in)

oT, oT;

e -
S 0x4 ’im

-~ Rin7
0 6xl-n
Xin=2Lin

At the outer surface of the solid inner layer (Sj; oyt )

or;

- in% = hin(TOO,in - Tianinzo)

xin=0

(5.5)

(5.6)

(5.7)

(5.8)

(5.9)

Where T is the temperature, K the thermal conductivity and the x axial position. The

indexes in and out relate respectively to the inner or outer solid layer.

5.3.2 Dimensionless parameters

To facilitate the numerical analysis and identify the key physical factors that influence

thermal heat transfer combined with phase change in the two PCM layers, dimensionless
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parameters are employed. The spatial coordinate and time are represented as per Arfi and

Mezaache [81]:

Xk al,s
= — T = > t

X (5.10)

The lowest winter temperature, Tou,min, 1S selected as the reference temperature during the
dimensioning of physical quantities. in order to ensure that all dimensionless temperatures are
up to zero (0> 0). The dimensionless temperature and enthalpy are defined as follows [82]:
T - Tout,min h

H= (5.11)

0 =
Ti - Tout,min I:1ref

The primary dimensionless parameters that govern the system are the Biot number, Stefan

number, and melting temperature, defined as follows:

houtL hinL;
Biow =~ Bl =—7— (5.12)
out mn
hy hy
St61 = /1_1 Stez = /1_2 (513)
Tm 1 Tout min Tm 2 Tout min
g  =—r"" @ ,=— 5.14
ml Ti - Tout,min m2 Ti - Tout,min ( )
These are the dimensionless heat capacity and thermal conductivity expressions:
ki Ck
K, = C, =— .
“ = s K= (5.15)
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5.3.3 Dimensionless heat equations

The model equations are written using the previously mentioned dimensionless parameters
and assumptions. The issue of phase transition and moving fronts is solved for PCM layers
using the enthalpy formulation variable. The generalized one-dimensional heat transfer

equation describes how heat moves across the various wall layers [81,84].

0Hy d (K 60) (5.16)
at _f"axk e ‘
It is possible to conclude the following from the definition of the dimensionless time t:
2
_ ak,s Ll)
fre = a0s <Lk (5.17)

The correlations linking temperature and enthalpy for PCM materials are provided in

accordance with the previous work [96] :

Ci(0, — 0 0, <86
Hj, :{ (0 = Ome) r { oo (5.18)
Ck(gk - Hm,k) + 1/St€k Bk > Qm,k
Hy 1Ok H, <0
0y = Om i for {0 < H, < 1/Stey (5.19)
(Hk—l/Stek)/Ck+6m’k Hk > 1/Stek

The link between enthalpy and temperature is easily described for the two solid layers
(outside) and (inside) by H,y; = CoutBour and Hiy, = Cin0iy -
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Figure 5.2 Selected surfaces

(1) Sin,out > (1,) Sout,out > (2) Sin,l/z > (2’) Sout,l/z > (3) Sin,in > (3’) Sout,in > (4‘) Spcm 1,1/4 » (4’) Spcm 2,1/4 >
(5) Sin,l/z > (5’) Sout,l/z > (6)Sin,3/4 > (6’) Sout,3/4 > (7) Sm

4.0

—
35 Summer

Winter

9[)1{[(2)

T
0 50 100

T

Figure 5.3 Outside dimensionless fluctuate temperature versus time

5.3.4 Dimensionless thermal boundary conditions

Regarding the boundary conditions, they are outlined as follows:

At the outer surface of the solid outer layer (Syy; out)

06 _
KoutaX_ = Blout(9|xout=2 - eoo,out) (5.20)

out’X ,yp=2
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At the inner surface of the solid outer layer (Syy¢ in)

K 86 _ LZ kout K 89
’ 0X, Xp=2 Lout ko U OX (5.21)
Xout=0
At interface PCM1-PCM2 (S,,))
K o6 Ll k2,s 00
YoXily _, Loki, 20X, 5.2
0X, X,=2 Lykis “0X; tmo ( )
At the inner surface of the solid inner layer (S, in)
K o6 Ly ki 00
18X1 X1=0 Lip k15 " 0Xin - (5.23)
At the outer surface of the solid inner layer (Sj;, oyt )
Kin aXm = Blln (Qoo_in - eiTllXin=0) (524)
Xin=0

In accordance with meteorological data representing the Mediterranean climate [91], the
outdoor ambient temperature 7w o varies between 20°C and 35°C in summer, and between 0
°C and 15 °C in winter (Figure 5.3). It is described by the following sinusoidal function
Tooout = Tooour + A sin(w't). Therefore, the dimensionless outdoor temperature is
determined by the following equation: O our = oo oue + A Sin(w7) , with  a, =
am/ (Tl- — Tout,min) and w = (LZ1 / al,s) w'. In the context of the aforementioned
dimensionless investigation, the dimensionless sinusoidal outdoor temperature experiences a
range of 2 to 3.5 over the course of one period, particularly during the summer season,

conversely, in the winter season, it oscillates between 0 and 1.5, figure 2. The initial
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temperature used for calculating dimensionless temperatures in all simulations is set at

T;=15°C.

5.4 Numerical solution

The finite-volume method is employed to solve the physical model representing the

phenomenon [86,87].

5.4.1 Mesh

The governing equations for the various wall layers are discretized by employing a consistent
meshing approach for each individual layer. The spatial interval, denoting the space between
two internal nodes, is marked as AX. Each node signifies the control volume center, with the
left and right sides referred to as 'wW' and 'e,' respectively. The neighboring nodes are

designated as "W' and 'E.

As it is mentioned above, the discretized equations govern the various layers of the wall are
carried out through the finite volume method with a uniform mesh for each layer. For the two
solid layers, the discretized equations are deduced from the general formulation while for the
PCM layers, they are obtained basing on the enthalpy formulation. The discretized equations
that represent the coupling at the interfaces of the wall layers are derived from the boundary
conditions that govern these interfaces. The cumulative count of nodes and spatial increment
for the solid in, solid out, PCMI1, and PCM2 layers are provided as by
(Nip, AXir), (Nouir AXoue), (N, AX;), (N5, AX,). Every layer commences and terminates with
half control volume. The gradient terms related to the time variable are discretized using an
explicit scheme. Consequently, an examination of solution stability and mesh impact has led
to the determination of an appropriate mesh configuration, where: Ny, = N,,; = N; = N, =

81.

5.4.2 Discretized equations of the inner solid layer

For an interior node

oP ._pE

eP _ ep + f At K e}.ﬂri,]‘_efn,j — K in,j " VYin,j (5 25)
in,j+1 in,j in Xinw—Xine inw AXip in,e AXip .
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Figure 5.4 The multilayer wall mesh

120



Chapter 5

For the first node

91

0% .—gl .
1 _nl Az in,j " Yin,j :
ein,j+1 - ein,j + fin Xin (Kin,w AXin - Blin(elxi,ﬁo,j - 900,1‘71))

W_Xin,e

For the last node

in,j+1 = Vin,j

1
Nin _ aNin At Lin kis 91,]'—9|Xin=2,j
T e ot A
mw

~Xine \Lpcm Kin AXl/2

5.4.3 Discretized equations of the PCM1:

For an interior node

eN

in,e

oW.—oP . oF .—oF .
P _ P At 1" %1, 1j Y1)
Hij.i=Hy; +f1 Xrw—Xrs (KI,W —Kie )

- AX; AX,

For the first node

AXq Lin kis

2 1
1 1 At 91,]'_91,]' Lpema Kin
Hij.i =Hi; + f1 A (KI,W - —K

For the last node

1,j+1 Lpemz Kas AX, /s

5.4.4 Discretized equations of the PCM2

For an interior node

1
N N At Lyemi k 83 i—0lx,=0,;
H:, =H i+ fi— | =22 K, L
J X1iw—X1e !

0

W _aP P _poE
AT oY .—ob . of .—oF .
HE. . =HP. +f—" (K, 2 20 g 22 2J
2,j+1 2,j fZ Xow—Xoe 2w AX, 2,e AX,

For the first node

2 1
1 T At ez,j_ez,j Lpemz K15
Hz s =Hz; + 1 —XZW_X”(KZ,W - K

AX; Lpema Ka,s

For the last node
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AXq

)
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(5.27)
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N N At Lpc & Bout,j =0 Xour=0J 057057
H 2, =H.,? — [k Coutp —out) _ Tout=0J g _2J ) 533
2,j+1 2 T f2 Xow—Xze \ Lour kas OUbW AXout/2 2e ax, ( )
5.4.5 Discretized equations of the outer solid layer:
For an interior node
w P P E
At eout '_eout j eout '_eout j
e ... =0F .+ —(K el T e 5.34
out,j+1 out,j fout Xoutw—Xout.e out,w AXout out,e AXour ( )
For the first node
N2
AT egut ‘_eclwut j Lout Ko 01X put=0,j=92
ot ... =0l .+ —I K ] J . —out 25 - 2] 5.35
out,j+1 out,j fout Xoutw—Xout.e out,w AXout Lpc  Kout 2w AXZ/Z ( )
For the last node
N, N At Ot g0
gloue —glour 4 ¢ 2T [y (9 - )—K Zoue] Zout) ) (536
out,j+1 out,j fout Xoutw—Xout,e out oo,out |Xout:2 out AX gyt ( )

5.4.6 Determination of the solid-liquid front position

For figuring out where the solid-liquid front located in the PCM layer, the following

equation represents the total energy present in a control volume with center node i [83]:
o . . . 1 .
Hv = [(0 = 0, + (€(0' = o) + ) V] (537

In this context, VJ, Vi, V} represent, the volume of the control volume, expressed in
dimensionless units, the fraction of the PCM phase that is in a solid state and the fraction of
the PCM phase that is in a liquid state, respectively. When a control volume experiences a

phase change with 8% = 6,,, the equation transforms to:
HWV} = (1/Ste)V} or H! = (1/Ste)V}/V} (5.38)
The value of the enthalpy when the solidification front reaches the node i, is as follows:

Hi = 1/(2Ste) (5.39)
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This equation serves as a criterion for managing the front's position. To determine the
solidification time at a specific node i, we examine two consecutive time instants, t(j)

and 7(j + 1).

If H'(j + 1) < H, < H'(j), then the solidification process takes place at a specific moment
Tso1 Within the time range of 7(j) to 7(j + 1), and this moment can be determined using

interpolation, T(j) < 750 < 7(j + 1).

The enthalpy is supposed to vary linearly across the whole time range. The equation for the
solidification time of node i is: ! = (j + X)At, Where X is determined through linear

interpolation in the time domain, thus [83]:

N -HG+D

H —-H'(G+1) ([  H—=H({+1
T—< Hi(j)—Hi(j+1))AT (5.40)

5.5 Numerical outputs

The primary numerical results from the simulation include the evolution of dimensionless
temperature and the instantaneous heat flux with respect to dimensionless time for each node,
additionally; the simulation provides information about the kinetics of the phase change
interfaces. Based on this dataset, various other numerical results have been calculated and are
detailed in the subsequent section. Similarly, the active fraction of PCM during every season,
the length of the PCM charging and discharging periods, and the average heat flux

experienced over a day have been determined.

The cumulative heat absorbed or released during the winter or summer timeframe is

calculated by integrating the dimensionless heat flux over the time duration 7 [91].

T
Q =fo Q dt (5.41)

The definition of the instantaneous dimensionless heat flux at the internal wall side, which

interacts with the indoor environment, is as follows:
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q" = Biin(0o,in — 9in|xin:o) (5.42)

The average dimensionless heat flux, denoted as g, which is either lost or gained over the
winter or summer period, can be obtained by dividing the total heat by the cumulative

computed time:

Q
g=— 5.43
q=7 (5.43)
In order to calculate all previous integral, the trapezoidal method which is a method of

numerical integration has been used (Strang et al. 2016).

5.6 Results and Discussion

This study explores various combinations (6,1, 0,,2) beginning with the baseline case
(PSM, PSM) in which no PCM layers are present. Many combinations involve distinct phase
change temperatures (0,,; # 0p2), while in other cases, both PCM layers share the same
phase change temperature (6,,; = 6,,2), representing the scenario of a single PCM layer.
The chosen phase change temperatures are strategically placed within the range of the outdoor
temperature variations. One of these temperatures aligns with the indoor comfort temperature,
while the other corresponds to the outermost limit of the temperature fluctuations in
accordance with the season; in the context of the summer outdoor temperature variations,
0, =2.4 and 0,, =3 are involved, while in the winter outdoor temperature fluctuations,

0., =0.4 and 6,, =1 are involved.

5.6.1 Temperature evolution

Figure 5.5 illustrates the temporal variation of dimensionless temperature across the four
layers, within various combinations. It also highlights the occurrences of phase transitions at
various locations throughout the building envelope for the combinations (0,1 = 1,0, =
2.4) and (0,1 = 2.4,0,,, = 1),. These instances are characterized by a constant temperature
corresponding to the fusion or freezing points. Throughout these intervals, the PCM
experiences either the release or storage of energy using latent heat. Beyond these timeframes,

the stored cold or heat becomes evident through a noticeable reduction or rise in the material's
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temperature (sensible way). Sensible heat refers to the energy necessary to increase or
decrease the temperature of a substance without inducing a phase transition, in contrast, latent
heat denotes the quantity of energy required to induce a transition in the phase of a substance

without influencing the temperature of the material.

35 T T T T T 35 T T T T T
(A) (PSM-PSM)) (B) 0,,=1,0,,=2.4)
— Sout,in
Soutin SPCM2,3/4
_ SPCM2,3/4 1 - SPCM2,1/4 |
Spemz. e —S.
S Tt SPCM1,1/4
===~ Spemia === Spemizn
Tt SPCM1,3/4 T === Sin,in i
== -Sin,in
P e e® *coced " caawe™=.
T T 2.0 T T T T T
600 700 200 300 400 500 600 700
T T

— Sout,in
_ SPCM2,3/4 i
- SPCM2,1/4
— Sm

- SPCM1,1/4
=== Spemizs |

Figure 5.5 Dimensionless temperature evolution in summer for the combinations:
(A) (PSM,PSM), (B) (01 = 1,0, =2.4),(C) (011 = 2.4,0,,, = 1).

Furthermore, when considering combinations that include PCM layers such as (6,,; =
1,0, = 2.4) and (6,,, = 2.4, 6,,, = 1), the temperature evolution demonstrates a reduction
in temperature fluctuations across the entire wall compared to the combination without PCM

layers (PSM, PSM). This reduction in temperature fluctuation is attributed to the presence of
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PCM layers, which help to dampen the impacts of external excitation on the temperature

variations within the wall.

T T T T T T T
20 (A) (PSM-PSM)
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Figure 5.6 Dimensionless temperature evolution in winter for the combinations:
(A) (PSM,PSM), (B) (01 = 1,05 =2.4),(C) (01 = 2.4,0,,, = 1).
Furthermore, the combination (6,,; = 2.4,0,,, = 1) exhibits a significant reduction of
approximately 86% in temperature fluctuation amplitude compared to the combination
(Om1 = 1,0, = 2.4), where the reduction is approximately only 1.5%. This difference
arises due to the positioning of the layer with an appropriate phase change temperature
(6,, = 2.4), in relation to the summer excitation, which is closer to the outer side in the first
combination (6,,; = 2.4, 6,,, = 1). Additionally, the occurrence of phase change moments is

observed, where the temperature stays consistent for a specific period as time progresses.
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These instances align with either solidification, signifying the PCM's charging phase, or
fusion, denoting the PCM's operational phase. The specific phase change moments depend on

the instantaneous outdoor stimulus as well as the phase change temperatures of the two layers.

As mentioned earlier in the "summer" section, Figure 5.6 illustrates the dimensionless
temperature progression over time across the various building envelope layers for many
combinations. The figure also highlights the instances of phase transition occurring at various
locations within the building wall for combinations (0,7 = 1,60,,, = 2.4) and (6, =
2.4,0,,, = 1), where the temperature stays steady at the phase transition point. At these
times, the phase change material either stores or releases energy via latent heat. Conversely, in
other time intervals, the accumulated heat or cold is reflected by a noticeable increase or

decrease in the material's temperature in a sensible manner.

Moreover, the temperature variations by the combination involving phase change points
(Om1 = 24,0, =1) demonstrates a significant reduction in temperature fluctuation
throughout the wall, minimizing it to approximately 6% in comparison to the baseline
scenario (PSM-PSM). In contrast, the combination featuring phase change material
layers (6,1 = 1,0, = 2.4) and the case without PCM layers (PSM, PSM) do not exhibit a
reduction in temperature fluctuation. Additionally, the combination (0,,; = 2.4,0,,, = 1)
demonstrates distinctive instances of phase transition, with temperature remaining constant
for specific durations within the time progression. These instances of phase change occur
during the fusion period, representing the PCM charging phase, and the solidification period,
representing the phase change material operational phase. The presence of these instances
relies on the instantaneous outdoor stimuli and the phase change points of the two phase
change material layers. In contrast, the combination (8,,; = 1, 0,,, = 2.4) does not display
any moments of phase transition because of the distant location of the phase change material
layer with a melting temperature of (6,, = 1), which is appropriate for the outdoor ambiance
in winter, in comparison to the combination (6,,; = 2.4, 8,,, = 1) that is closer to the outside

excitation.

5.6.2 Phase change front Kinetic

Based on Figure 5.7, it can be observed that in combinations where (6,,, = 2.4) or

(@2 = 3), the second phase change material layer (PCM 2) exhibits the two phase change
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operations, namely freezing and melting, according to the immediate outdoor environment.
For (0,,, = 2.4), two phase transition interfaces are depicted. The initial one commences at
the surface (Syyein), Which is in close proximity to the outdoor ambiance, and progresses
towards the center of the phase change material over the charging phase through a freezing
operation. Alternatively, throughout the operational phase, it undergoes melting due to the
outdoor environment influence. The combined effects of external and internal stimuli create a
secondary phase transition interface at the boundary (S»), which progresses towards the core
of the phase change material layer PCM 2 throughout the charging (solidification) phase, and

conversely, moving away during the operational phase (fusion).

Within the scenario of (6,,, = 3), a single phase transition interface is noticeable within
the second phase change material layer. This front progresses from the surface in proximity to
the outside towards the center. The phase change includes both freezing and melting,
according to the external environment. Unlike the scenario (6,,, = 2.4), the combined effect
of external and internal excitations prevents the zone of the second phase change material
layer PCM 2 in proximity to the interface from reaching the phase change point (6,, = 3). In
the first phase change material layer PCM 1, the phase transition operation is only observed
for (0,,, = 2.4) since it is closest to the inside ambient temperature (6;,, = 2). The interface
of the phase change operation initiates at the boundary and progresses towards the center of
the phase change material layer PCM 1, undergoing charging and discharging processes

accordingly.

During winter, as shown in Figure 5.8, the phase transition operation is exclusively seen
within the second phase change material layer PCM 2, which is positioned closer to the
outdoor environment. No phase transition interface is observed in the first phase change
material layer PCM 1 as a result of the temperature gradient caused by both external and
internal stimuli, hindering it from achieving the phase transition point at any of the suggested
phase change temperatures in the previous combinations. Nonetheless, in the second phase
change material layer PCM 2, only the combinations where (6,,,;, = 1) or (6, = 0.4) permit
reaching the phase transition point. In these situations, A solitary phase transition interface

appears and progresses from the surface (Syy¢ in ), located close to the outdoor, toward the
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Figure 5.7 Front position evolution of melting temperatures in summer for different
combinations: (A) (0,1 = 1,0, = 2.4),(B) (01 =2.4,0,,, =2.4),(C) (0,1 =
2.4, emz = 1), (D)(0m1 = 24, 0m2 = 3)

middle of the layer. This takes place in the charging phase through the melting operation and
in the discharging phase through the freezing phase.
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Figure 5.8 Front position evolution of melting temperatures in winter for different
combinations: (A) (@1 =2.4,02 = 1), B) (01 = 1,02 =0.4), (C) (01 = 1,0, =
1)

5.6.3 Operating PCM fraction

Figure 5.9(A) illustrates that regardless of the combination (6,1, 0,2), the second phase

change material layer PCM 2 makes a greater contribution to the operating PCM fraction in

comparison to the first phase change material layer PCM 1. The second phase change material

layer PCM 2, with melting temperatures (6,,, = 2.4) and (0,,, = 3), reaches the phase

change point and exhibits a greater operational quantity when the first phase change material

layer PCM 1 does not achieve the phase transition. Notably, the combination with (6,,, =

2.4) demonstrates the largest portion of active PCM (in operation), reaching up to 77%,
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indicating its suitability for responding to outdoor stimuli within the summer season. In
contrast, the first PCM layer attains the phase transition temperature only when (6,,; = 2.4),
resulting in a reduced fraction of the PCM in operation of about 26%, in comparison to
situations where the second layer is the one that has (0,,, = 2.4) (located closer to the
external environment). In terms of the overall operating PCM quantity (taking in
consideration the two PCM layers), the combination (6,,; = 2.4, 0,,, = 2.4) displays the
maximum value of 46.75%, indicating that the two phase change material layers undergo the
phase transition process. Similarly, the combination (6,,; = 2.4,60,,, = 3) exhibits an
operating PCM fraction of 28.5%. For the combinations (0,,; = 2.4,0,,, = 3) and (6,,; =
1,0,,, = 2.4), a satisfactory active PCM portion of 38.5% is observed, taking into account
that in these situations, solely the second phase change material layer experiences the phase
transition operation. In the remaining combinations, a reduced proportion of operating PCM 1is

noted.
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Figure 5.9 Operating PCM fraction for different combination: (A) in summer, (B) in winter.

Based on Figure 5.9(B), when exposed to winter external conditions, In every (6,1, Om2)
combination, the first phase change material layer PCM 1 remains unaffected by any phase
transition. Nonetheless, the second PCM layer can attain the phase transition temperature in
situations where (6,,, = 1) and (6,,, = 0.4). Among these, the fraction of the PCM in
operation is greater for (8,,, = 1), which is better suited for winter outdoor environment,

achieving a fraction of 35%. On the contrary, the faction of the PCM in operation is only
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approximately 6% for 0,,, = 0.4. As the second phase change material layer PCM 2 is the
only layer undergoing the phase transition, the total operating PCM portion is determined by
it. Consequently, the combinations with (6,,, = 1) demonstrate the highest fraction due to

their compatibility with the winter outdoor ambiance.

5.6.4 Phase change dimensionless duration for charging /discharging cycles

In Figure 5.10(A), the charging and discharging phases of the two phase change material
layers are depicted, with the freezing phase representing the charging period and the melting
phase representing the discharging period, during the summer. As mentioned in [92], a longer
discharging duration indicates higher efficiency of the PCM. It is seen that combinations with
(B2 = 2.4) show a longer discharging duration (40< Teyele <58) because of the effective

phase change operation in these combinations.

On the contrary, in situations where the phase transition is weak, like (6,,; = 0.4, 0,,, =
3), the discharging time is short (Tcycle =28). This case demonstrates that when the operational
PCM portion is substantial, the duration of discharge is longer, conversely, the discharge
duration is shorter. Additionally, the combination (6,,; = 2.4, 6,,, = 2.4) exhibits the longest
duration of operation in comparison to all other scenarios, with a Teycle of 58. Observations
indicate that combinations where the phase change operation is effectively realized require a
longer period for full discharge in contrast to the charging period. On the other hand, in
situations with weak phase transition operations, the time required for charging is longer than

the discharging duration.

Figure 5.10(B) illustrates the charging and discharging cycles of the phase change material
layers, where the melting operation represents the charging duration and the solidification
operation represents the discharging period, during the winter season. It is evident that
combinations like (6,,; = 2.4,0,,, = 1) and (0,,; = 3, 0,42 = 1) exhibit longer discharging
durations, with a Teycte of 48. Similarly, combinations like (6,,; = 1,0, = 1), and (6,,; =
0.4,60,,, = 1) also require a considerable amount of time for complete discharge, with a Tcycle
of 26, in comparison to other combinations. However, the charging duration is relatively
longer in these cases, with a Teyele of 30. Additionally, it is noteworthy that for (6,,; =

1,60,, =1) and (6,,; = 0.4,0,,, = 1), the time required for charging is greater than the
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time needed for discharging. On the contrary, in all other scenarios, the time required for

charging is less than the time needed for discharging.
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Figure 5.10 Phase change dimensionless operating duration for charging / discharging cycles
in summer (A), in winter (B), for different combinations (6,1, Om2)

5.6.5 Heat flux evolution

Figure. 11, presents the evolution of the dimensionless heat flux over time. In the case of
the combination (PSM-PSM), it can be observed that the influence of summer outdoor
environment reaches the inner side of the wall (S;y, o,¢), resulting in fluctuating heat flux.
Nonetheless, in combinations where the phase transition operation is successfully realized,
like in the case of (0,1 =2.4,0,, = 2.4) and (0,1 = 1,0, = 2.4), a reduction in the
amplitude of heat flux oscillation is noticeable, with a decrease of 13% and 6.5% respectively.
This reduction varies across different combinations (6,1, 0,,2). Thus, the impact of outdoor
environment at the inner side of the wall (S;,4,¢) 1s damped. The highest reduction is
observed in the combination (0,,; = 2.4,0,,, = 2.4). Furthermore, certain combinations
perform well in terms of amplitude damping, even if their phase transition operation is

moderate, like the scenario (6,,; = 2.4, 0,,, = 3), with an amplitude damping ratio of 11%.
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The reduction of the heat flux amplitude relates to changes in the fraction of PCM in
operation. Combinations with a high fraction of operating PCM exhibit a notable reduction in
the amplitude of heat flux fluctuation, while combinations with a low fraction of PCM in
operation experience less reduction. Furthermore, it is worth noting that the combination
(Om1 = 2.4,0,,, = 3) demonstrates moderate smoothing of the heat flux, but it also exhibits
a noticeable shift in peak load in comparison to the baseline scenario (PSM-PSM). However,

combinations (0,1 = 1,60,,, = 2.4) and (6,,; = 2.4,0,,, = 2.4) not only showcase heat
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flux homogenization (smoothing) but additionally exhibit a substantial shift in peak load in

comparison to the case of building envelope without phase change (PSM-PSM).
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Similarly, to the summer case, Figure 5.12 presents the evolution of the dimensionless heat

flux over time during the winter season. It is observed that for the reference case (PSM-PSM)

and certain combinations with weak phase transition, like (6,1 = 3,0, = 0.4), the

influence of outside excitation extends to the inner side of the wall (S;;, oy¢), resulting in

unaltered heat flux fluctuation amplitude. Conversely, in combinations where the phase

transition operation is effectively achieved, like in the scenario of (0,1 = 1,0,,, = 1), a
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reduction in amplitude of up to 15% is achieved in comparison to the baseline scenario,
indicating a significant decrease in fluctuation. Additionally, within the combination (6,,; =
2.4,0,, = 1), the amplitude experiences a notable reduction in comparison to cases of

limited phase transition, with a proportion of 3%.

Furthermore, in line with the variation in operating PCM fraction, combinations with a
higher fraction of operating PCM experience a more significant reduction in heat flux
amplitude, and vice versa. However, unlike the summer season, in this case, besides the
limited heat flux regularization (smoothing) observed, significant peak load shifting in
contrast to the baseline scenario (PSM-PSM) is only evident in the combination (6,,; =

1, Hmz = 1)

5.6.6 Heat and average heat flux gained/lost over one day

Figure 5.13 (A) illustrates the daily average of dimensionless heat flux within the summer
season, taking into account the daytime (discharging) and nighttime (charging) periods.
Surprising results are observed, where scenarios with a limited phase transition operation
exhibit the greatest reduction in the average heat flux in comparison to the baseline scenario

(PSM-PSM), particularly in the case of (0,,; = 2.4, 0,,, = 0.4) with a reduction ratio of 22%.
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Figure 5.13 Average heat flux over one day for different combination: (A) in summer, (B) in
winter.
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However, the combination with a strong phase change process achievement (6,,; =
24,0, = 2.4) does not exhibit a substantial reduction; instead, the average heat flux
delivered to the interior environment rises by 3%. This can be attributed to the liberated heat
from the building envelope, especially from the phase change material layers, to the interior
during the charging period, because of storing a substantial quantity of heat during the period
of operating. This leads to a greater average of transferred heat to the indoor ambiance with
smoother instantaneous temperature and heat flux. Conversely, combinations with an
ineffective phase change operation do not store as much heat during the operating cycle,
resulting in lower average of transferred heat to the indoor ambiance during the period of

charging.

Based on Figure 5.13(B), contrary to the results observed in the summer period,
combinations with a great fraction of operational PCM (indicating that the phase change
operation is effectively established), such as (0,,; = 0.4,0,,, = 1),and (01 = 1,6, = 1),
exhibit the greatest reduction in the daily average lost heat flux in contrast to the baseline
scenario (PSM-PSM), with a reduction ratio of about 10%. Combinations (6,,; = 2.4, 0,,, =
0.4) and (6,,1 = 3,0, = 0.4) also exhibit a substantial reduction in average lost heat flux
over a day, with a reduction ratio of 7.5%. However, combinations (0,,; = 2.4,0,,, = 1)
(@m1 = 3,0, = 1) show a weaker reduction, with ratios of 2% and 2.5%, respectively. In
contrary, combinations (6,,; = 0.4,0,,, = 0.4) and (6,,; = 1,0,,, = 0.4), where the phase
transition operation is not well achieved, do not exhibit any reduction in average lost heat

flux.

It can be concluded that the phase transition operation during the winter season is not
effectively accomplished in comparison to the summer season. Therefore, a lower amount of
heat is needed for charging the phase change material layers. In contrast, during the summer
season, where the phase transition operation is effectively accomplished, a greater quantity of

heat is required to be liberated for charging the phase change material layers.

5.6.7 Annual study

As mentioned earlier, the central concept of this study revolves around the use of two PCM
layers, which can interchange their positions based on the season, whether it is summer or

winter. [(combination for summer), (reverse combination for winter)] according to the
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performance of each combination in its suitable season. Within this part, the annual
parameters are characterized by the mean performance, which considers the thermal

performance of the building envelope across both the summer and winter seasons.

Considering the behavior of all combinations throughout both seasons, the annual mean
fraction of operating PCM is presented in Figure 5.14(A). It is observed that combinations
where (6,,1 = 0,2) operate in only one season, such as cases (0,,; = 0.4,0,,, = 0.4) and
(1 = 3,02 = 3), resulting in a minimal operational PCM portion of 5% and 8%,
respectively. Conversely, combinations like (0,,; = 2.4,0,,, = 2.4) in summer season and
(1 = 1,0,,, = 1) in winter season exhibit a higher operating PCM fraction compared to
other scenarios since every combination is well-suited for a particular season. For these
scenarios, the yearly average operating PCM fraction is significantly higher, reaching ratios of

23% and 18%, respectively.

Additionally, combinations featuring distinct phase change temperatures (6,,; # 6p,2) can
perform well across the two seasons, in case of each phase change point is appropriate for its
corresponding season. Based on the above observations, it is evident that the combination
(61 = 1,0, = 2.4) for summer, (0,,; = 2.4,60,,, = 1) for winter] achieves the greatest
yearly average operating PCM fraction of 35%. However, other combinations, such as
[(6n1 = 1,0, = 3) for summer, (0,1 = 3,60, = 1) for winter] and [(0,,; = 0.4,0,,, =
2.4) for summer, (0,,; = 2.4,60,,, = 0.4) for winter] also perform well with an operating
PCM fraction ratio of 25% in both cases, as their melting temperatures are close to the

suitable values for each respective season.

Based on the previous studies examining the variation of heat flux over time in both
seasons, it is evident that the combination (6,,; = 2.4,60,,, = 2.4) exhibits the highest
effectiveness in mitigating the impact of external excitation by minimizing the amplitude of
heat flux fluctuations during summer (by 13%). However, this particular combination does
not function optimally during the winter season. Conversely, for winter, the combination
(61 = 1,60, = 1) demonstrates the greatest minimizing in the amplitude of heat flux
fluctuations (up to 15%), but in summer season it does not operates effectively. However,
certain combinations may not yield the highest level of amplitude reduction in their respective

suitable seasons. For example, the combination (6,,; =1,6,,, = 2.4) in summer, and
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(Bm1 = 2.4,0,,, = 1) in winter do not exhibit the most significant decrease in the amplitude
of the heat flux fluctuation. However, considering the advantage of utilizing mobile layers,
the combination [(61 = 1,0, = 2.4) for summer, (0,,; = 2.4,60,,, = 1) for winter]
showcases the best overall performance in comparison to all other scenarios (achieving a

reduction of 6.5% in heat flux fluctuation amplitude).

5.6.7.1 Phase change dimensionless operating duration for charging / discharging cycles

In Figure 5.14(B), it is evident that the combination [(6,,; = 1,60,,, = 2.4) for
summer,(6,,; = 2.4,0,,, = 1) for winter] exhibits the longest average annual discharging
duration (Tannual = 43). This combination operates effectively in both seasons, maintaining a
great fraction of operational PCM throughout. Similarly, other scenarios, like [(6,,; =
1,0,,, = 3) for summer, (6,,; = 3,0,,, = 1)for winter] , and [(6,,; = 0.4,0,,,, = 2.4) for
summer, (0,,; = 2.4,0,,, = 0.4) for winter], can also achieve longer yearly average
discharging durations of Tannual = 38 and Tannual = 28, respectively. The latter is longer than the
discharging durations observed in cases where (8,,; = 0,,,) since those combinations only
operate during their respective suitable seasons. Moreover, it is noteworthy that combinations
with higher annual average operating PCM fractions tend to have longer annual average
charging durations. Among them, the combination [(0,,; = 1,0, = 2.4) for summer,

(01 = 2.4,0,,, = 1) for winter] shows the longest charging duration, reaching Tannua = 48.
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5.6.7.2 Annual average heat flux gained/lost over one day

Taking into account the utilizing of the concept of dynamic phase change material layers,
we determine the yearly average heat flux gained or lost within a single day, which represents
the average energy consumed by HVAC system in order to maintain thermal comfort. Figure
5.15 demonstrates that the combination [(8,,; = 0.4, 8,,, = 3) for summer, (6,,; = 3,0, =
0.4) for winter] exhibits the greatest minimizing in the yearly average heat flux gained/lost in
comparison to the baseline scenario (PSM-PSM), with a potential diminution ratio of 12%.
Moreover, certain combinations where (6,,; = 6,,2), such as (0,,; = 3,0,,, = 3) and
(1 =1,0,,, = 1), show a noteworthy reduction in the annual average heat flux, with
reduction ratios of 7% and 6% respectively. In similar manner, scenarios [(0,,1 = 2.4, 0,2 =
3) for summer, (0,,; = 3,0, = 2.4) for winter] demonstrate a decrease ratio of 4%, while
[(0p1 = 1,0, = 3) for summer, (6,,; = 3,0, = 1) for winter] show a reduction ratio of
8%. However, all other combinations result in only marginal reductions. Consequently, the
combination [(6,,; = 0.4, 0,,, = 3) for summer, (0,,; = 3, 6,,, = 0.4) for winter] proves to

be the most effective in minimizing the annual average energy consumed by the HVAC

system.
55 T 0.048 i i i i i i i i i i i 30
(A) (B) @ Annual average Heat flux
v ® Annual Average Heat flux Ratio .
v 0.046
Lo A 4 i * *
410
S 50 ) i
N - L S S 3
= v, S 0.044 3 ‘e PORY ~
< = : f / 4o &
= 1 v L . I § o o . . 0o
|°) i v : ® =
; v = . ; -
o 0.042 ‘ 0 ° k 10
v ’ T ‘o
454 g : ; :
! ; *
L 20
0.040 o Vi
T T T T T T T T T T T P's
s § ¥ ¥ ¥ &8 § § ¥ ¥ ©°©
2 3 2 & 3 2 2 2 3 3 3 . — —— : -30
e < o < s <o = ~ = ~ = ~
7 = T % e g 3 g 3 g 2 3
¢ ¢ 8 § & &8 § & § & & o s s s < S
T S - a4 @ = d ®o o o @9 z c d T 9 =X
S s s & 2 2 2 & & g e g 3 5 2 3 S 5 3
s Wi ¥ <+ ¥ S < ¢ T % o
g 3 3 2 2 2 3 I 8
ummer(0,,,,6,,,),.Winter(6,,,0,,,)

2

Summel

61118m2) Winter(6,,5,6,4)

Figure 5.15 Annual average heat (A) and average heat flux (B) gained/lost over one day

140



Chapter 5

5.7 Conclusion

The investigation of mobile PCM layers in the building envelope's performance for

different seasons (summer and winter) has yielded the following conclusions:

Among the combinations, the operating PCM fraction is higher for (8,,; = 2.4,0,,, =
2.4) in summer season and (6,,; = 1,0,,, = 1) in the winter season, with ratios of 46.75%
and 33% respectively. This is because each combination is appropriate with one season.
However, when considering the performance of all combinations throughout both seasons, it
becomes evident that the combination [(6,,,; = 1, 0,,,;, = 2.4) for summer, (6,,; = 2.4,0,,,, =
1) for winter] achieves the greatest annual average operating PCM fraction, with a ratio of

35%.

Due to its operation in both seasons and the provision of a high operating PCM fraction in
each, the combination [(0,,; = 1,0, = 2.4) for summer, (0,,; = 2.4,0,,, = 1) for winter]
exhibits the longest yearly average duration of discharge. Several other combinations, such as
[(0,p1 = 1,0,,, = 3) for summer, (0,,; = 3,0,,, = 1) for winter] and [(0,,; = 0.4, 0,,, =
2.4) for summer, (6,,; = 2.4, 6,,, = 0.4) for winter] have longer annual average discharge
durations compared to cases where (6,,; = 0,,2), as the latter only operate during the

appropriate seasons.

The combination (6,,; = 2.4, 0,,, = 2.4) proves to be the most efficient at reducing the
impact of external excitation by reducing the amplitude of heat flux fluctuations during the
summer season by 13%. However, its performance is not favorable during the winter season.
Similarly, the combination (6,,; = 1,60,,, = 1) demonstrates the greatest reduction in the
amplitude of heat flux fluctuation during winter (15%), but it is not operational during the
summer season. Moreover, considering the utilization of mobile layers, the combination
[(Bm1 = 1,0, = 2.4) for summer, (0,,; = 2.4, 6,,, = 1) for winter] outperforms all other
combinations. It exhibits superior performance in terms of minimizing the effects of external

excitation when compared to alternative configurations.

The combination [(0,,; = 0.4, 6,,, = 3) for summer, (6,,; = 3,60,,, = 0.4) for winter]
demonstrates the most significant reduction in the annual average heat flux gained/lost in

comparison to the baseline scenario (PSM-PSM), with a reduction ratio reaching 12%.
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By employing the proposed design in this study, it has been discovered that combinations
of melting temperatures aligned with the range of outside temperature fluctuations, where one
is close to the maximum temperature in summer and the other is close to the minimum
temperature in winter, effectively minimize energy consumption by the HVAC system
(reducing it by up to 6.5%). On the other hand, combinations that have melting temperatures
within the range of the outside fluctuating temperature and are in close proximity to the
desired indoor comfort temperature for each season, coupled with the capability to adjust the
position of each PCM layer to align with the outside environment during the corresponding
suitable season, ensure the best annual performance of the double-layer PCM wall in terms of
minimizing fluctuations and reducing the amplitude of the instantaneous heat flux. This effect

leads to a substantial reduction in the power requirements of the HVAC system (up to 12%).

Perspective: For improved energy efficiency, the system presented in this work, may
require an addition tool or technology that ensures the heat releasing within charging cycle to

the outdoor instead of the interior ambient during summer season.
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General Conclusion

The primary objective of this thesis was to demonstrate the diverse impacts of various
parameters on the phase change phenomena occurring within a multi-layered building
envelope. This exploration encompassed a wide array of interior and exterior conditions, all
with the intention of addressing scenarios in which the performance of PCM walls might fall
short. This comprehensive analysis included the examination of both single and double PCM
layer building envelopes. Additionally, the study delved into the potential benefits of mobile
PCM layers in enhancing the building envelope's effectiveness during distinct seasons, such
as summer and winter. By considering the points elucidated below, the efficiency of the

PCM-integrated building envelope could be enhanced:

Examining a single PCM layer building envelope during charging cycle illustrates how the
PCM layer impacts the whole building envelope behavior under several conditions (building

type and climate zone) during charging cycle, where it is found:
Heat released ratio study shows that:

* As the melting temperature (6,,) increases, the heat loss also increases. For instance, at
a melting temperature of 8,,=0.8, the wall released an additional heat ratio of 20% compared

to the reference case PSM. Conversely, at 6,,=0.4, this ratio reaches 11%.

* Furthermore, reducing the latent heat of the PCM layer results in a decrease in both the
released heat amount and the solid fraction. For example, when the latent heat is high
(Ste=0.01), an additional heat released ratio of 120% is observed compared to the reference
case PSM. On the other hand, cases with lower latent heat in the PCM layer (Ste=0.25, 0.5)
generally exhibit a reduced amount of released heat during a half-day charging cycle
compared to the high latent heat case (Ste=0.01), with additional heat released ratios of 10%

and 5%, respectively.

Furthermore, the study examined the performance of a building envelope incorporating a

PCM layer during various seasons, including summer and winter, indicate that:

* The cases where the melting temperatures are situated within the range of outside
temperature fluctuations and are in proximity to the indoor comfort temperature (depending

on the season) result in optimal yearly performance of the PCM wall. This optimal
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performance is manifested in the smoothing of instantaneous heat flux and the reduction of its
amplitude. Specifically, melting temperatures of 6,,=2.4 for summer and 6,,=1 for winter are
prime examples. This trend, as supported by previous research, brings about a significant
reduction in the maximum and amplitude of the instantaneous heat flux, enabling the efficient

use of a low-power HVAC system.

* Conversely, instances where melting temperatures are aligned with the farthest
temperature values from the outside fluctuations (one near the maximum temperature in
summer and the other close to the minimum temperature in winter) contribute to minimizing
energy consumption by the HVAC system. For instance, in the case of 6,,=3 during summer,
energy consumption could be curtailed by 19.71%. In winter, a melting temperature of 6,,=1,
positioned within the range of outside temperature fluctuations and close to the indoor

comfort temperature, results in a reduction of energy consumption by 10.29%.

Investigating a double PCM layer building envelope during charging cycle illustrate how
both PCM layers (inner and outer) impact each other, as well as the whole building envelope
behavior under several conditions (building type and climate zone). Then, taking into account
the following illustrated points, it could be shown when PCMs with different melting

temperatures or latent heat are able to improve the building envelope’s performance or not:
The analysis of the heat released ratio uncovers the following patterns:

* The primary factor governing the amount of heat lost is the melting temperature of the
outer PCM layer. This is mainly due to its proximity to external influences. An increasing in
0,1 corresponds to an elevated heat loss. For instance, the combination (6,,; = 0.7,60,,, =
0.5) yields an additional heat ratio of 18% compared to the reference case (PSM, PSM), while

the combination (8,,; = 0.5, 8,,, = 0.7) achieves a 13% increase.

* On the other hand, the melting temperature of the inner PCM layer does not significantly
affect the amount of heat released, as it is commonly chosen to align with the opposite season.
Combinations featuring the same 6,,; exhibit an identical extra heat release ratio. For
instance, both (6,,; = 0.6,0,,, = 0.5) and (6,,; = 0.6, 8,,, = 0.7) combinations lead to a

15% rise in heat release.

Consequently, for effective charging of the PCM layer with a melting temperature suitable

for the specific season, placing it in close proximity to external influences is recommended.
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* To optimize the efficient charging of PCM layers, it's advisable for the latent heat of the
inner PCM layer, situated farthest from external influences, to be lower than that of the outer
PCM layer, which is in closer proximity to the external environment. This can be
accomplished by assigning a higher Stefan number to the inner layer (Ste,) compared to the
outer layer (Ste;). This arrangement promotes a more robust solidification process, yielding a
higher solid fraction and consequently releasing a greater amount of heat. For instance, in the
case of the combination (Ste; = 0.1,Ste, = 0.01), the heat released ratio was 15%, while
for (Ste; = 0.1,Ste, = 0.5), it reached 25%. Furthermore, increasing the latent heat of the

outer PCM layer augments the heat release ratio.

Nonetheless, when optimizing both melting temperatures and latent heats, it's imperative to
account for the overall performance of the wall and the heat accumulated during operational
cycles. This comprehensive approach ensures that the chosen parameters harmoniously align

with the desired objectives, yielding an effective and balanced outcome.

The performance of mobile PCM layers in the building envelope has been investigated for

different seasons (summer and winter). The findings are summarized as follows:

* The combination (6,,; = 2.4, 6,,, = 2.4) emerges as the most effective in mitigating the
influence of external factors by reducing the amplitude of heat flux fluctuations during the
summer season by 13%. However, its performance is less favorable during the winter season.
Similarly, the combination (6,,; = 1,0,,, = 1) showcases the highest reduction in amplitude

of heat flux fluctuations during winter (15%), but it is not well-suited for the summer season.

* Furthermore, when considering the integration of mobile layers, the combination
[0 = 1,0, = 2.4) for summer, (6,,; = 2.4,6,,, = 1) for winter] surpasses all other
configurations. It demonstrates superior performance in minimizing the impacts of external

excitation compared to alternative configurations.

e The combination [(6,; = 0.4, 0,,, = 3) for summer, (6,,; = 3,0,,, = 0.4) for winter]
demonstrates the most significant reduction in the annual average heat flux gained/lost

compared to the reference case (PSM-PSM), with a reduction ratio reaching 12%.

By employing the proposed design in this study, it has been discovered that combinations
of melting temperatures aligned with the range of outside temperature fluctuations, where one

is close to the maximum temperature in summer and the other is close to the minimum
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temperature in winter, effectively minimize energy consumption by the HVAC system
(reducing it by up to 6.5%). On the other hand, combinations that have melting temperatures
within the range of the outside fluctuating temperature and are in close proximity to the
desired indoor comfort temperature for each season, coupled with the capability to adjust the
position of each PCM layer to align with the outside environment during the corresponding
suitable season, ensure the best annual performance of the double-layer PCM wall in terms of
minimizing fluctuations and reducing the amplitude of the instantaneous heat flux. This effect

leads to a substantial reduction in the power requirements of the HVAC system (up to 12%).
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