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Abstract

Abstract

This work focuses on the thermal energy storage utilization using latent heat transfer mode,
different thermo physical characteristics of phase change materials (PCMs) have been discussed by
their applications. A heat transfer evaluation of a shell and tube thermal energy storage (TES) unit
has been carried out numerically. This devise is filled by organic material (paraffin wax) which is
considered as a phase change material (PCM). Distilled water plays a role of heat transfer fluid
(HTF) that flows inside the tube by constant inlet temperatures at melting and solidification
moment of PCM. All the system storage is thermally isolated with the external environment. The
enthalpy formulation is used to analyze the heat transfer inside 2D planar physical model during
phase change process. As a result, a good agreement is found compared to the experimental results
of the literature. First, the effect of geometrical parameters (tube length and shell diameter) and
Reynolds number on the charging and discharging time in terms of HTF outlet temperature are
investigated. The obtained results reveal that the tube length and the shell diameter are among the
most influential geometrical parameters on the melting and solidification time, similarly the
Reynolds number has too much effect to speed up the charging cycle. Moreover, an improved
thermal storage unit is proposed which contains two phase change materials (PCMs), separated
longitudinally inward the shell space and have a close melting point and different thermal
characteristics. This configuration is more stable and speeds up the charging and discharging
processes compared to the first unit. In addition to that, several unit positions were examined to
interpret physically the thermal demeanor of the fusion process in terms of;, heat transfer modes
estimation, PCM melting rate, axial and radial temperatures distribution. The obtained results
clarify that the TES unit inclination according to the range angles [0-90°] makes an imbalance of
the natural conwvection in the PCM liquid fraction which contributes to create an instability and
diminution of the heat transfer during the melting process. Moreover, the vertical unit state was the

favorite position to the heat transfer recirculation inward the PCM.
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Resumé

Ce travail se concentre sur [utilisation du stockage de lénergie thermique en utilisant le
mode de transfert par chaleur latente, différentes caractéristiques thermo-physiques des matériaux
a changement de phase (PCM) ont été discutées par leurs applications. Une évaluation du transfert
de chaleur d'une unit¢ de stockage d'énergie thermique (TES) a tube et calandre a été réalisée
numeriquement. Ce dispositif est rempli par une matiere organique (paraffine) qui est considérée

comme un matériau a changement de phase (PCM), ou leau distillee joue un role de fluide
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caloporteur (HTF) qui circule dans le tube par des températures d'admission constantes au moment
de fusion et solidification de PCM, tout le stockage du systeme est isolé thermiquement avec
l'environnement externe. La formulation d'enthalpie est utilisée pour analyser le transfert de
chaleur a lintérieur d’un modéle physique planaire 2D pendant le processus de changement de
phase. En conséguence, un bon accord est trouvé par rapport aux résultats expérimentaux de la
littérature. Tout d'abord, l'effet des parameétres géométriques (longueur du tube et diamétre de la
coque) et le nombre de Reynolds sur le temps de charge et de décharge en termes de température
de sortie HTF sont etudiés. Les résultats obtenus révelent que la longueur du tube et le diamétre de
la coque sont parmi les paramétres géométriques les plus influents au moment de la fusion et de la
solidification, de méme que le nombre de Reynolds a trop d'effet pour accélérer le cycle de charge.
De plus, il est proposé une unit¢ de stockage thermique améliorée qui contient deux matériaux a
changement de phase (PCM), séparés longitudinalement vers lintérieur de lespace de la coquille
et ayant un point de fusion proche et des caractéristiques thermiques differentes. Cette
configuration est plus stable et accélere les processus de charge et de décharge par rapport a la
premiere unité. En plus de cela, plusieurs positions unitaires ont €té examinées pour interpréter
physiquement le comportement thermique du processus de fusion en termes de; estimation des
modes de transfert de chaleur, taux de fusion du PCM, distribution des températures axiale et
radiale. Les résultats obtenus clarifient que linclinaison de l'unit¢é TES selon les angles de plage
[0-90°] crée un déséquilibre de la convection naturelle dans la fraction liquide PCM qui contribue
a créer une instabilité et une diminution du transfert de chaleur pendant le processus de fusion. De
plus, l'état de l'unité verticale était la position favorite pour la recirculation du transfert de chaleur

vers lintérieur du PCM.
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General Introduction

General Introduction

Solar energy is among the most promising alternative sources of energy compared to traditional
fossil fuels. It is available, there are no ongoing fuel costs and its environmental impact is low. Today,
many solar energy systems able to convert solar radiation directly into thermal energy have been
developed for low, medium and high temperature heating applications. Solar thermal power
generation and solar space heating are examples of industrial applications; domestic applications

include solar water heating and solar absorption refrigeration.

The exploitation of thermal solar energy has become desired currently from the companies and even
members of society as a result of its diversity utilization and application in the hybrid systems such as
water heating; sea water desalination and electricity production in the same cycle which makes it the most
renewable energy important especially at the researchers. This demand has driven a various experts to
find a solution to aim ensure the energy cycle of this source, where their first hypothesis was to create a
thermal storage system in order to provide the night cycle by the energy required. The thermal energy
storage (TES) appears to be the most appropriate method for correcting themismatch that sometimes
occurs between the supply and demand of energy. It is therefore a very attractive technology for meeting

society’s needs and desires for more efficient and environmentally benign energy use.

There are mainly two types of TES systems, that is, sensible (e.g., water and rock) and latent (e.g.,
water/ice and salt hydrates). For each storage medium, there is a wide variety of choices depending on the
temperature range and application. TES via latent heat has received a great deal of interest. Perhaps, the

most obvious example of latent TES is the conversion of water to ice.

Heating systems incorporating hot storage material have a distinct size advantage over equivalent
capacity chilled water units because of the ability to store large amount of energy as latent heat. TES
deals with the storing of energy, usually by cooling, heating, melting, solidifying, or vaporizing a
substance, and the energy becomes available as heat when the process is reversed. The selection of a TES
is mainly dependent on the storage period required, that is, diurnal or seasonal, economic viability,

operating conditions, and so on. In practice, many research and development activities related to energy
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have concentrated on efficient energy use and energy savings, leading to energy conservation. In this

regard, TES appears to be an attractive thermal application.

Phase-change materials including organic paraffins, metallic alloys and inorganic salts undergo reversible
phase transformation. Due to their isothermal behavior during the melting and solidification processes,
such materials can be used in such diversified applications as latent heat storage in building or thermal
control in electronic modules. A latent heat storage system is preferable to sensible heat storage in
applications with a small temperature swing because of its nearly isothermal storing mechanism and high

storage density, based on the enthalpy of phase change (latent heat).

In a latent heat thermal storage (LHTS) system, during phase change the solid—liquid interface moves
away from the heat transfer surface. In the case of solidification, conduction is the sole transport
mechanism, and in the case of melting, natural convection occurs in the melt layer and this generally
increases the heat transfer rate compared to the solidification process. During the phase-change process,
the surface heat flux decreases due to the increasing thermal resistance of the growing layer of the molten
or solidified medium. This thermal resistance is significant in most applications and especially when the
organic phase-change materials are used, because the latter have rather low thermal conductivity. The
decrease of the heat transfer rate calls for the usage of proper heat transfer enhancement techniques in the
LHTS systems.

According to the various thermal storage unit configurations, we have used a shell and tube TES unit
model which contains two coaxial cylinders. With this unit shape we have made two numerical studies in
order to evaluate the thermal behavior of the storage system during phase change process at pure
conduction mode. Initially we have made a comparison between unit has a paraffin wax as phase change
material and another one has paraffin wax and RT60 which has a close melting points where the
numerical outcomes were in terms of the heat temperature flow (HTF). Moreover, we have assess the
effect of the unit inclination from the vertical to the horizontal position on the melting process of RT35

PCM that used in another literature. Our thesis is structured as fellow:

v' Chapter 1 has witnessed general information about energy storage systems such as Mechanical,
chemical, electrical storage systems. All this storage fields have a specific method to ensure the
continuity of the energy consumption required, where each domain is different to the other in

terms of cost and function duration.
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v' Chapter 2 presents an overview of the thermal storage systems such as sensible, latent and
thermochemical storage procedure with a concept of latent heat storage thermal energy storage

system (TES), and also has clarified different commercial PCMs and PCM systems used.

v' Chapter 3 introduces the concept of numerical modeling when employed in thermal energy
evaluations. It also describes two conventional phase change TES models, and presents a new and
validated enhanced phase change model suited specifically for thermal conduction dominant phase
changes. In addition to that another study has been conducted to aim assess the effect of the unit
inclination on the thermal behavior of the system. Both of studies have the same numerical

solving by Ansys Fluent 17 software.

v' Chapter 4 includes the results obtained for the incorporation of two PCMs in the unit and
compared by a single PCM, and then we have made another physical analysis about the
inclination effect on the PCM melting progress in terms of melting front rate and temperatures

distributions.

The mains reason that was to conduct this modest work is to ameliorate the thermal behavior of the PCMs
that have a low or average melting temperature, this kind of materials feature by a weakened thermal
conductivity that hinders the heat transfer swiftness inside molten PCM. As results of that, we have
chosen the first way that included the adding of the other PCM inside TES unit in order to minimize the
charging time of the thermal battery. The second way has comprised the effect of the unit inclination on
the phase change physical phenomena of the molten PCM during charging process through a down

warding HTF passage that circulate by laminar regime.
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Thermal Energy Storage (TES) Methods

1.1 Introduction

The use of renewable energy sources and increased energy efficiency are the main strategies to
reduce the dependency of fossil fuels and CO, emissions. However, as it is known, renewable energy
sources such as solar and wind energy in particular, are not only characterized by discontinuous
availability but are also affected by random variations due to local weather conditions. In this scenario,
the availability of energy storage would be essential allowing a large number of solutions and
combination of different technologies from already existing power generation systems. Energy storage
not only reduces the mismatch between supply and demand but also improves the performance and
reliability of energy systems and plays an important role in conserving the energy (Arena 2016).

As to heat storing, a brand new class of materials has been introduced and developed throughout the
last decades: activity materials (PCMs). The TES is not a replacement thought, and at has been used for
hundreds of years. Energy storage will scale back the time or rate couple between energy offer and energy
demand, and it plays a crucial role in energy conservation. Energy storage improves performance of

energy systems by smoothing offer and increasing responsibleness.

1.2 Thermal Energy Storage
The thermal energy storage (TES) is a technology that stocks thermal energy by heating or cooling

a storage medium so that the stored energy can be used at alters time for heating and cooling applications
and power generation. TES systems are used particularly in buildings and industrial processes. In these
applications, approximately half of the energy consumed is in the form of thermal energy, the demand for
which may vary during any given day and from one day to next. Therefore, TES systems can help balance
energy demand and supply on a daily, weekly and even seasonal basis. They can also reduce peak
demand, energy consumption, CO, emissions and costs, while increasing overall efficiency of energy
systems. TES is becoming particularly important for electricity storage in combination with concentrating
solar power (CSP) plants where solar heat can be stored for electricity production when sunlight is not
available.
There are three kinds of TES systems, namely:

1) Sensible heat storage that is based on storing thermal energy by heating or cooling a liquid or solid

storage medium (e.g. water, sand, molten salts, rocks), with water being the cheapest option;
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2) Latent heat storage using phase change materials or PCMs (e.g. from a solid state into a liquid
state),

3) Thermo-chemical storage (TCS) using chemical reactions to store and release thermal energy.
Sensible heat storage is relatively inexpensive compared to PCM and TCS systems and is

applicable to domestic systems, district heating and industrial needs.

1.2.1 Sensible TES

Sensible heat water storages are the foremost common TES used these days for domestic functions.
In sensible heat storage systems (SHS), energy is keep or extracted by heating or cooling a liquid or a
solid that will not modification part throughout the method. = SHS  consists  of  astorage  medium,
an instrumentation (usually a tank) and body of waterand outlet devices. The quantity of energy
input needed to heat a TES with asmartheat device is proportional to the distinction between the
ultimate and initial temperatures of storage, the mass of the storage medium and its heat capability. As
Fig 1.1 shows, heat transferred to storage mediumresults ina linear temperature increase of that medium.
From the figure, it can be ascertained that if the temperature of storage medium will increase, its energy

content (internal energy) additionally will increase.

AT

»
»

Q

Fig 1.1 Linear relationship between energy stored and increased temperature

In sensible heat storage, thermal energy is stored by raising the temperature of a solid or liquid. SHS
system utilizes the heat capacity and the change in temperature of the material during the
process of charging and discharging. The amount of heat stored depends on the specific heat of the
medium, the temperature change and the amount of storage material (Kumar and Shukla 2015).

Q= mcp dt (1.1)
5
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Q=mCp (T¢-Ti) (1.2)

Water appears to be the best SHS liquid available because it is inexpensive and has a high specific heat.
However above 100°C, oils, molten salts and liquid metals, etc. are used. For air heating applications rock
bed type storage materials are used (Lane 1983).

A large number of materials are available in any required temperature range therefore, the storage
material is usually selected according to its heat capacity and the available space for storage.
Gases have very low volumetric heat capacity and therefore are not used for sensible heat or cold storage.

Table 1.1 reports some common materials used in SHS (Mehling and Cabeza 2008)

Table 1.1 Typical materials used in sensible heat storage systems

Material Densit3y Specific  Volumetric thermal
[kg/m?] heat capacity
[J/kg K] [MI/m® K]
Clay 1458 879 1.28
Brick 1800 837 151
Sandstone 2200 712 157
Wood 700 2390 1.67
Concrete 2000 880 1.76
Class 2710 837 2.27
Aluminium 2710 896 2.43
Iron 7900 452 3.57
Steel 7840 465 3.68
Gravelly earth 2050 1840 3.77
Magnetite 5177 752 3.89
Water 988 4182 4.17

Water appears to be the best available liqguid SHS because it is cheap and has a high specific heat and
volumetric thermal capacity. However above 100 °C, materials such as oils, molten salts and liquid
metals are preferred since water should be pressurized. For air heating applications rock or metal bed type

storage materials are used (Sharma et al. 2009).

1.2.2 Latent TES

Latent heat storage system LHS use the energy absorbed or released during the isothermal change
of materials. Latent heat is defined as the amount of heat stored in the material resulting in change of the
material’s phase with a slight increase or decrease in temperature. It takes place when the phase is
changing either from solid to liquid, solid-solid and/or liquid to vapor and vice versa, representing the
charging energy required and the discharging energy potential when used in any application. However it
is important to mention, that there are many studies pointing out the potential of PCMs, but only few
PCM are commercialized and suitable for technical processes (Kandalkar, Deshmukh and Kolhekar). The
storage capacity of the LHS system with a solid-liquid process is given by:



Chapter 1
Thermal Energy Storage (TES) Methods

Q=m [fTTim Cp,sdT+ A+ [ Cp,1 dT] (1.3)
The first term of the second member is the sensible heat of the solid phase, A represents the
specific latent heat and, finally, the third term is the sensible heat of the liquid phase. In the
Equation (1.3), Cp,s and Cp,l are specific heat of solid and liquid phase respectively and Tm is the
melting temperature of the material.

A different mechanism for the storage of energy involves phase transitions with no change in the
chemical composition. This is characteristic of phase transitions in elements and compounds that melt
congruently, that is, the solid and liquid phases have the same chemical composition. There are also phase
transitions in which both phases are solids. As an example, there is a transition between the alpha and
beta phases in titanium at 882C. The alpha, lower temperature, phase has a hexagonal crystal structure,
whereas the beta phase has a body-centered cubic crystal structure. Because they have different crystal
structures they have different values of configurationally entropy, and there is a corresponding change in
the enthalpy. In these cases, latent heat is absorbed or supplied at a constant temperature, rather than over
a range of temperature, as it is with sensible heat. Isothermal latent heat systems are generally physically
much smaller than sensible heat systems of comparable capacity. A further simple example is water. At
low temperatures it is solid, at intermediate temperatures it becomes a liquid, and at high temperatures it
converts to a gas. Thus, it can undergo two phase transitions, with associated changes in entropy and
enthalpy. The Gibbs free energy, or chemical potential, is continuous, for the two phases are in

equilibrium with each other at the transition temperature. (Huggins 2010)

1.2.2.1 Phase Change Materials (PCMs)

Phase Change Materials (PCMs) are ideal products for thermal management solutions. This is because
they store and release thermal energy during the process of melting & freezing (changing from one phase
to another). When such a material freezes, it releases large amounts of energy in the form of latent heat of
fusion, or energy of crystallization. Conversely, when the material is melted, an equal amount of energy is
absorbed from the immediate environment as it changes from solid to liquid as schematically shown in
the Fig 1.2.
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Melting (heat goes into the solid as it melts)

i

Solidification (heat lcaves the liquid as it solidifics)

Liquid

Fig 1.2 Schematic representation of phase change process (Socaciu 2012)

This property of PCMs can be used in a number of ways, such as thermal energy storage whereby heat or
coolness can be stored from one process or period in time, and used at a later date or different location.
PCMs are also very useful in providing thermal barriers or insulation, for example in temperature
controlled transport. The simplest, cheapest, and most effective phase change material is water/ice.
Unfortunately, the freezing temperature of water is fixed at 0°C (32°F), which makes it unsuitable for the
majority of energy storage applications. Therefore a number of different materials have been identified
and developed to offer products that freeze and melt like water/ice, but at temperatures from the

cryogenic range to several hundred degrees centigrade.

1.2.2.2 Types of PCM

Fig 1.3 illustrates a classification of PCMs, but generally speaking PCMs can be broadly classified
into two types: Organic PCMs e.g. Paraffin Wax and Inorganic PCMs e.g. Salt Hydrates (Ravikumar and
Srinivasan 2008), (Socaciu 2012), (Zalba et al. 2003)

Early efforts in the development of latent TES materials used inorganic PCMs. These materials are salt

hydrates, including Glauber’s salt (sodium sulphate decahydrate), which was studied extensively in the
early stages of research into PCMs (Patil et al. 2012),(Farid et al. 2004).

Latent Thermal Energy Storage
! Gas-Liquiidir - Solid-Gas
Solid-%iquid ——  Solid-Solid -
Oryjnics [nor;nics
e —

Eutetics Single Temperature  Mixtures Temperature Interval  Eutetics Single Temperature  Mixtures Temperature Interval

Paraffins (alkanes mixtures) Fatty acids Hydrated salts

—

Commercial grade Analytical grade

Fig 1.3 PCMs classifications (Ravikumar and Srinivasan 2008)
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The materials which are to used for thermal energy storage unit must have a high value of latent heat and
thermal conductivity. They should have melting temperature lying in the practical range of operation,
melt congruently with minimum subcooling and be chemically stable. It should be low in cost, nontoxic
and noncorrosive. Materials that have been studied during the last 40 years are hydrated salts, paraffin
waxes, fatty acids and eutectics of organic and non-organic compounds. Phase change materials should
first be selected on the basis of their melting temperature and their applications. For air conditioning
purposes, materials of melting temperature below 15°C is to be selected, while materials that melts above
90°C are used for absorption refrigeration system. All other materials that melt between these two
temperatures can be applied in solar heating and for heat load leveling applications. These

materials represent the class of materials that has been studied most (Kumar and Shukla 2015)

1.2.2.2.1 Organic phase change materials

Organic PCMs are further described as paraffins and non paraffins. The main interest with organic
materials is that they involve long term cyclic chemical and thermal stability without phase segregation
and consequent crystallize with little or even no supercooling. Finally, they are non corrosive which is an
important feature as listed previously. Sub groups of organic materials include paraffin and non-paraffin
organics. Paraffin consists of a mixture of n-alkanes CHs3-(CH; )-CH3z into which the
crystallization of the (CHs; ) - chain is responsible for a large amount of energy absorption. The
latent heat of fusion of paraffin varies from nearly 170 kJ/kg to 270 kJ/kg between 5°C to 80°C which
makes them suitable for building and solar applications. Non-paraffin organic materials are the most
common of the PCMs and they involved varying properties. Although fatty acids are somewhat better
than other non paraffin organics, they are even more expensive than paraffins (Abhat 1983). The
development of a latent heat thermal energy storage system involves the understanding of three essential

subjects: phase change materials, containers materials and heat exchangers (Kumar and Shukla 2015).

1.2.2.2.2 Inorganic phase change materials
Inorganic PCMs are (mostly) used in high-temperature solar applications and one of the most
reported challenges is their maintenance. At lower temperatures, they freeze; at high temperatures, they
are difficult to handle (Sarbu and Sebarchievici 2018). These PCMs do not super-cool appreciably and
their melting enthalpies do not degrade with cycling. The two main types are as follows:
(1)  Salt hydrate. This is classified as a congruent, incongruent, and semi-congruent melting method
(Sharma et al. 2009) They are alloys of inorganic salts (AB) and n (kmol) of water, forming a typical
crystalline solid of general formula AB-nH,O, whose solid-liquid transition is actually a dehydration and
hydration of the salt. A salt hydrate usually melts either to a salt hydrate with fewer moles of water, i.e.,
AB - n H,O — AB - m H,0 + (n — m) H,O (1.4)
9
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Or to its anhydrous form,

AB - n H;0 — AB +n H,0 (1.5)
At the melting point, the hydrate crystals break-up into anhydrous salt and water, or into a lower hydrate
and water. One problem with most salt hydrates is that of incongruent melting caused by the fact that the
released water of crystallization is not sufficient to dissolve all the solid phase present. Due to density
difference, the lower hydrate (or anhydrous salt) settles down at the bottom of the container.
(2) Metallic. This category includes the low melting point metals and their alloys. They are scarcely used
in heat storage applications because of their low melting enthalpy per unit weight, even if they have high
melting enthalpy per unit volume and high thermal conductivity (Ge et al. 2013). Some of the features of
these materials are as follows: (i) low heat of fusion per unit weight; (i) high heat of fusion per unit
volume; (i) high thermal conductivity; (iv) low specific heat; (v) relatively low vapor pressure.
An inorganic mixture based on an industrial by product (bischofite) was developed and characterized for
its application as a PCM for low-temperature thermal energy storage (Galazutdinova et al. 2017) The
most appropriate composition was established as 40 wt % bischofite and 60 wt % Mg(NO3)2-6H;0.
Thermo physical properties, specific heat capacity, cycling, and thermal stability were determined. In
addition, it was shown that supercooling may be reduced by increasing the quantity of material. (Sarbu
and Sebarchievici 2018)

1.2.2.2.3 Eutectics
A eutectic phase change material is a minimum-melting composition of two or more components,
where each component melts and freezes in an orderly and balanced manner. (Sharma et al. 2009) Unlike

salt hydrates, eutectic PCMs nearly always melt and freeze without separation.

1.2.2.3 Difficulties with PCMs
Latent heat storage is realized by storing or releasing thermal energy through the phase change
process of thermal mediums which is called phase change materials (PCMs). Compared with sensible
heat storage materials, PCMs have advantages of high energy storage density and thermal energy storage
at a nearly constant temperature. The forms of phase change are solid-solid, solid-liquid, solid-gas and
liquid-gas. Solid-gas and liquid-gas have high latent heat compared with others. However, they have great
difficulty in practical thermal energy storage application, such as large volume change during solid-gas or
liquid-gas phase transition.
The solid-solid phase change has the advantage of small volume change during phase transition, but its
latent heat is usually much smaller than the others. Solid-liquid transformation has comparatively larger
latent heat than solid-solid and smaller volume change than solid-gas and liquid-gas. Therefore, solid-
ligud PCMs are commonly used in the applications of thermal energy storage. The main selection
10
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principles of PCMs are as follows high latent heat, desirable phase change temperature, high thermal
conductivity, small volume changes, little or no supercooling, good chemical stability, no chemical
decomposition and corrosion resistance to container.

Because of the increasing people’s living standard and decreasing energy supply, thermal energy

storage can be applied in the fields of solar energy utilization, intelligent building, thermal regulating
fabric, waste heat recovery, battery thermal management system, cool storage air-conditioning
technology, etc. Consequently, the development of different thermal energy storage technologies will be
urgently required. In the context of different applications, thermal energy storage plays different roles.
And it can be used as thermal energy storage bodies or auxiliary thermal buffer for heat dissipation.
Currently, PCMs are the most widely used thermal energy storage materials, and their state can be
stationary or flowing when applied.
In solar energy utilization and industrial waste heat recovery, PCM store solar energy in the form of latent
heat and release the stored thermal energy when necessary. This solves the problem of low density,
instability and discontinuity of solar radiation with time of the day and the day of the year when utilizing
solar energy, or makes a balance between the supply and demand of waste heat in time and space.
Different PCMs have different types in solar energy utilization and industrial waste heat recovery.
Organic PCMs are mainly used for low temperature utilization of solar energy and industrial waste heat
recovery, while inorganic salt, metals and alloys are mainly used for high temperature utilization of solar
energy and industrial waste heat recovery.

Application of thermal energy storage technology in solar energy utilization and 89 industrial waste

heat recoveries effectively alleviates environment pollution and increases the energy utilization. However,
in the field of either solar energy utilization or industrial waste heat recovery, thermal energy storage
technology has not yet been put into widespread use. It has many technical problems in practical
application, such as high cost, short life of energy storage system, low thermal conductivity of PCMs and
energy storage material’s high corrosion to equipment. Therefore, the application of thermal energy
storage technology in the fields of solar thermal utilization and industrial waste heat recovery can be
optimized by improving the thermal conductivity of PCMs, optimizing the energy storage system and
reducing the cost in future works.
PCMs have been gradually applied in intelligent building since 1970s. The thermal energy storage
technology used for intelligent building is impregnating the PCMs into construction materials, including
concrete, plaster, gypsum board or wall surface coating. The PCMs can store surplus cold or heat which is
produced by air conditioning, heater and ambient natural environment.

When the indoor temperature of the building is too high or too low, the PCM relieves the stored

cold or heat to indoor ambient. Thereby, the indoor comfort is improved by reducing the fluctuation of

11
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indoor temperature. In addition, the PCM can be used to store cold energy converted from electric energy
by refrigerating machine in the night and then release cold energy during middle-of-the-day peak period.
The application of PCMs in building has good economy for users especially in the areas where peak-
valley electricity price exists. But there are three factors that restrict the wide application of PCMs in the
field of intelligent building. Firstly, the reversibility and stabilty of PCM/construction material
composites need to be improved.

Secondly, the PCM is liable to leak from construction material after long term thermal cycling. Thirdly,
the thermal stress produced during the phase transformation and corrosion of PCMs leads to the
destruction of the construction material. Hence the compatibility, stability and durability of PCMs and
construction materials need to be further improved by packaging technology of microcapsule and

improvement of compound technology of PCM and construction material (Liu and Rao 2017).

1.2.2.4 Applications of PCMs

The intermittent and dynamic nature of solar irradiance contrasts with the necessity to use solar
energy in a continuous and static way, which makes the use of energy storage systems essential for solar
energy applications. The most common method of thermal energy storage is the sensible heat method,
which utilizes the heat capacity and the change in temperature of a given material during the process of
charging and discharging. In contrast, solid—liquid PCMs absorb a lot of heat energy during phase
changes without any change in temperature. This latent heat of fusion, which is large, compared to the
heat capacity, is promising for thermal energy storage and heat transfer because, unlike the sensible heat
storage method, the PCM storage method provides much higher storage density, with a smaller
temperature difference when storing and releasing heat.
Many different PCMs have been studied in this application, including paraffin waxes, salt hydrates, fatty
acids, and eutectic compounds. Depending on the applications, PCMs reselected on the basis of their
melting points. For example, PCMs below 158C have been used for air conditioning applications, while
PCMs that melt above 908C are available for absorption refrigeration. All other materials that melt
between these two temperatures can be applied in solar energy storage applications.

Extensive efforts have been made to apply the latent heat storage method to solar energy systems.
For example, a new method for satellite power testing using PCMs has been put forward by Revenger, in
which a series of metal PCM cells that are liquid under high temperatures are utilized. The heat released
during the relatively cold dark periods can be used to generate electricity through a thermoelectric device.
This system can generate at least three times more power than batteries of comparable size, and can
therefore be seen as a possible alternative to the conventional satellite solar power system that relies on

batteries. Similar to addressing the solar cycle issues, several projects have been devoted to the
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development of PCM systems to utilize off-peak electricity, as PCMs can melt or freeze to store electrical
energy in the form of latent heat, and the energy is then available when needed. These systems, coupled
with conventional active systems, can reduce the peak load. The shift of the peak load to the off-peak load
will provide economic benefits, because the electricity tariff is much cheaper at night than during the day
in many countries. An active floor system is effective for the off-peak storage of thermal energy. For
example, a layer of paraffin wax (map. 40 8C) placed between the heating surface and the floor tiles
significantly increased the heat output of the floor from 30Wm 2 to 75 Wm 2. (Hyun et al. 2014)

1.2.2.5 Characterization of PCMs

As the knowledge of the behavior of heat storage materials is very essential to design an application
it is important to characterize these materials. The important characteristics of heat storage materials are
their heat capacity, the thermal conductivity, the density and viscosity all in dependency on temperature.
All these parameters are necessary to size a thermal storage or to develop heat exchanger to charge and
discharge such storages. Simulations are also very often used to analyze applications or components of it
and their interaction with the storage material. Such simulations will not be valid if the used material data
is not describing its behavior in a correct way, so also for this purpose good and reliable results from the
characterization are needed.

Talking about PCMs means to have a very strong relationship between temperature and the mentioned

characteristics. In principle, it seems to be very easy to characterize materials since there is equipment

available to determine all the needed parameter, but unfortunately, the way in which the materials will be

measured influences the results.

The working activities of some groups aim to develop measurement procedures for thermal storage

materials. The goal is to introduce standard procedures to make it possible to compare measurement

results obtained using different measurement equipment at different laboratories.

e To determine the differences in characterization of heat storage materials for heat capacity and
melting behavior, viscosity, thermal conductivity, density and cycle stability, water uptake (TCM).

e To develop measurement standards to obtain the “real” materials characteristic.

To develop a standards that lead to the ‘“same” results also when they are determined at different

laboratories (Gschwander etal. 2011).

When electronics are operated under transient conditions, increasing the thermal capacitance is a
useful technique for limiting temperature increases and/or minimizing the performance requirements of a
heat sink. One effective method of increasing thermal capacitance is to include a material that undergoes
a change of phase at a desirable temperature. Examples of phase change that have been used in

electronics cooling include solid-liquid, liquid-vapor, and solid-solid (e.g., crystalline structure to
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amorphous). A solid-liquid phase change is most common for systems that require reuse of the phase
change material (PCM). The thermal energy required to melt the PCM is frequently described as the
latent heat of fusion. Directing the waste heat from electronics into the PCM can result in a nearly
isothermal heat sink while the PCM is melting.

Selecting a PCM for use in electronics cooling requires knowing the range of expected temperatures (the
melt temperature of the PCM must be high enough such that melting does not occur until needed).
Unfortunately, just knowing the desired melt temperature is not sufficient to select a PCM. There are
hundreds of materials that melt in a temperature range useful for electronics cooling.

However, the list of candidates becomes much smaller when issues such as material compatibility,
toxicity, availability of thermal property data, and cost are considered.

Desirable characteristics of a solid-liqguid PCM include high heat of fusion per volume, congruent melting
and freezing characteristics, high thermal conductivity, minimal supercooling, and low thermal
expansion. As is the case with most materials, searching for thermal property data will reveal some
variability (and in many cases, complete thermal data doesn’t exist for some compounds). The organic
paraffins represent a reasonable compromise between handling and performance and are available in a
wide range of melt temperatures. In general, higher melt temperature paraffins are more expensive,
especially for high purity levels. Low thermal conductivity of these materials usually requires the use of
an imbedded matrix material to help conduct heat into the PCM. The volume change between solid and
liquid states limits their packaging density. (Yu et al. 2012). Table 1.2 presents experimental data on
melting temperature, heat of fusion, thermal conductivity and density data for several organic and
inorganic compounds, aromatics, and fatty acids, where Table 1.3 shows some advantages and
disadvantages of PCMs. Latent TES using PCMs provides an effective way to store thermal energy from

arange of sources, high storage capacity, and heat recovery at almost constant temperatures.
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Table 1.2 Measured thermo physical data of some PCMs

Compound Melting Heat of Thermal conductivity Density
temperature fusion
C) (kJ/kg) (W/mK) (kg/m3)
Inorganics
MgCI2-6H,0 117 168.6 0570 (liquid, 120 °C) 0.694 1450 (liquid, 120 °C)
Mg(NO;), 6H,0 89 162.8 (solid, 90 °C) 1569 (solid, 20 °C)
0.490 (liquid, 95 °C) 1550 (liquid, 94 °C)
0.611 (solid, 37 °C 1636 (solid, 25 °C
Ba(OH),:8H,0 78 265.7 ( . o) (_ _ . :
0.653 (liquid, 85.7 °C) 1937 (liquid, 84 °C)
Zn(NOy),6H,0 " 1.255 (solid, 23 °C) 2070 (_soI!d, 24 °C)
1828 (liquid, 36 °C)
146.9 iqui o iqui °
CaBr,6H,0 " 0.464 (liquid, 39.9 °C) 1937 (I!qu!d, 84 oC)
- 1956 (liquid, 35 °C)
1155 - i °
CaCl,6H,0 ’ - 2194 (§oll_d, 24 °C)
190.8 o . 1562 (liquid, 32 °C)
: 0.540 (liquid, 38.7 °C) 1802 (solid, 24 °C)
Organics
Paraffin wax 64 1736 0.167 (liquid, 63.5 °C) 790 (liquid, 65 °C)
0.346 (solid, 33.6 °C) 916 (solid, 24 °C)
Polyglycol E400 8 99.6 iqui o ‘
ygly 0.187 (liquid, 38.6 <C) 1125 (liquid, 25 °C)
- 1228 (solid, 3 °C)
Polyglycol E600 22 127.2 0.187 (liquid, 38.6 °C) 1126 (liquid, 25 °C)
- 1232 (solid, 4 °C)
Polyglycol E6000 66 190.0 - 1085 (liquid, 70 °C)
Stearic acid 69 202.5 - 848 (liquid, 70 °C)
- . L . 965 (solid, 24 °C)
Palmitic acid 64 185.4 0.162 (liquid, 68.4 °C) 850 (liquid, 65 °C)
. . - 989 (solid, 24 °C)
Capric acid 32 152.7 0.153 (liquid, 385 °C) 878 (liquid, 45 °C)
o - 1004 (solid, 24 °C)
Caprylic acid 16 1485 0.149 (liquid, 38.6 °C) 901 (liquid, 30 °C)
Biphenyl 71 119.2 - 991 (liquid, 73 °C)
- 991 (liquid, 73 °C)
Naphthalene 80 147.7 - °
0.132 (liquid, 83.8 °C) 976 (liquid, 84 °C)
Table 1.3 Advantages and disadvantages of PCMs
Organic (Paraffins) Inorganic (Salt Hydrates)
Advantages -NoN-corrosive; -high melting enthalpy;

-chemically and thermally stable;
-no or little sub-cooling.

-high density.
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Disadvantages -lower melting enthalpy; -sub-coaoling;
-lower density; -corrosive;
-low thermal conductivity; -phase separation;
-flammable. -phase segregation, lack of thermal stability;

-cycling stability.

1.2.2.6 Selection of PCMs for Latent TES

Many thermodynamic criteria must be met in order for a PCM to be considered a viable PCM. The

material should have a large enthalpy of transition, i.e. latent heat. The purpose of a PCM is to store heat,
so the more heat stored the better the material. However, it is important to consider if the specific or
volumetric latent heat is more important for the application. Typically, space is the limiting factor, so
more often the volumetric latent heat should be considered. Since density changes on phase change and as
a function of temperature, the lowest density in the operating temperature range is used to calculate
volumetric latent heat; at the lowest density the material takes up the most volume, which sets the size of
the PCM. The material should have a high heat capacity in both the liquid and solid phase. As few
applications use only the latent heat of a material, having a high heat capacity allows for more thermal
storage in the sensible regime.
For the application desired, the PCM should have an appropriate melting point, Ty,. If the material does
not have a melting point at the application temperature, the PCM is no better than a sensible heat storage
material. The material should have a congruent melting point and a small melting range. Impure materials
or incongruently melting materials can have wide melting temperature ranges which complicate matters
when thermally cycling. For example, stratification may occur with heavier portions settling to the
bottom. A high thermal conductivity is also needed. Materials with high thermal conductivity allow quick
heating and cooling to occur for good power input and output. PCMs have a few kinetic criteria that must
be met as well. They should exhibit a small amount of super-cooling, which occurs when a material fails
to crystallize at its melting temperature. Most materials supercool a few degrees but some PCMs can
exhibit super-cooling on the order of 80 K. The crystal growth rate of the material must also be high.
When the materials begin to solidify, if the rate is too slow, it is difficult to take energy out of the system.
Crystal growth rate is a complicated problem that is related to a number of material properties, from
viscosity to thermal conductivity. Essentially, the growth rate is dependent on the heat and mass transfer
properties of the material. The chemical criteria are mostly related to safety and containment issues.

The PCM must have long term chemical stability, and be able to withstand thousands of repeated
freeze-thaw cycles without degrading significantly. To minimize leakage, the material should be non-
corrosive, as corrosive materials can eat away at containers. Chemical reactions between the container
and PCM should be kept at a minimum. Little or no leakage should occur during the life of the PCM but

in the case that there is an accident; the PCM should be non-flammable and non-toxic, neither deadly nor
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harmful. Finally, there are a few economic requirements that must be considered. Since most applications
require large amounts of PCM, the cost of the PCM must be low. Of course, there is some uncertainty
here because of the fluctuation of market prices and the possibility that alternative manufacturing
methods might be developed for the material should the demand be increased. At the very least the
material should not contain any rare elements since this would unnecessarily increase the cost. The
material should also be environmentally friendly. If the goal of using PCMs is to help reduce greenhouse
gas emissions and save energy, then the material should not be excessively difficult to produce or cause
undue environmental damage in its production. No single material can possibly fulfill all of these
stringent requirements, and engineering solutions must be made to accommodate any shortfalls (Mehling
and Cabeza 2008)

1.2.3 Thermo-chemical TES unit

The thermo-chemical storage (TCS) uses thermo-chemical materials (TCM), which store and
release heat by recersible dothermic/exothermic reaction process (Fig 1.4 c). During the charging process,
heat is applied to the material A, resulting in a separation of two parts B + C. The resulting reaction
products can be easily separated and stored until the discharge process is required. Then, the two parts B
+ C are mixed at suitable pressure and temperature conditions, and energy is released. The products B and
C can be stored separately, and thermal losses from the storage units are restricted to sensible heat effects,
which are usually small compared to those of the heat of reaction. Thermal decomposition of metal oxides
for energy storage has been considered (Kerskes et al. 2012). These reactions may have an advantage in
that the oxygen evolved can be used for other purposes or discarded and that oxygen from the atmosphere
can be used in the reverse reactions. (Sarbu and Sebarchievici 2018)

Charging step |
; i |l +o— "1
‘/‘ i
Y Storage step
—————— _","
p/ ‘
y/ Discharging step |
f,\’
A B [ -
Stored heat Stored heat
(2) (b) (©)

Temperature C]

Temperature [PC]

Fig 1.4 Methods of thermal energy storage: (a) sensible heat; (b) latent heat; (c) thermo-chemical

reactions (de Gracia and Cabeza 2015).

Thermo-chemical reactions, such as adsorption (i.e., adhesion of a substance to the surface of another

solid or liquid), can be used to store heat and cold, as well as to control humidity. The high storage
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capacity of sorption processes also allows thermal energy transportation. Table 1.4 lists some of the most

interesting chemical reactions for TES (Garg, Mullick and Bhargava 2012). While sorption storage can

only work at temperatures of up to ~350 °C, temperatures of chemical reactions can go much higher.
(Sarbu and Sebarchievici 2018)

Table 1.4 Some chemical reactions for thermal energy storage

Reaction Temperature (°C) Energy Density (kJ/kg)
Methane steam reforming CH, + H,O=CO + 3H, 480-1195 6053
Ammonia dissociation 2NH; =N2 + 3H, 400-500 3940
Thermal dehydrogenation MgH, = Mg + H, 200-500 3079 (heat)
of metal hydrides 9000 (Hy)
Dehydration of metal CA(OH), = CAO + H,0 402-572 1415
hydroxides
Catalytic dissociation SO3 = SO, + %4(05,) 520-960 1235

1.2.3.1 Thermochemical Energy Storage Components and Processes

C+ heat « A + B, C is the thermochemical material (TCM) for the reaction, while materials A and

B are reactants. Substance A can be a hydroxide, hydrate, carbonate, ammoniate, etc. and B can be water,

CO, ammonia, hydrogen, etc. There is no restriction on phases, but usually C is a solid or a liquid and A

and B can be any phase. In general, a TES cycle includes three main processes: charging, storing and

discharging These three processes are illustrated for thermochemical energy storage in Fig 1.5, and are

described individually below:

a)

b)

Charging: The charging process is endothermic. Thermal energy is absorbed from an energy
resource, which could be a renewable energy resource and/or conventional energy sources like
fossil fuels. This energy is used for dissociation of the thermochemical material, and is equivalent
to the heat of reaction or enthalpy of formation.
After this process, two materials (A and B) with different properties are formed that can be stored.
The reaction during charging can be written as:

C+heat - A+ B (1.6)
Storing: After the charging process, components A and B are separately stored with little or no
energy losses. The materials are usually stored at ambient temperatures, leading to no thermal
losses (except during the initial cooling of components A and B after charging). Any other energy
losses are due to degradation of the materials.
Discharging: During this process, A and B are combined in an exothermic reaction. The energy
released from this reaction permits the stored energy to be recovered. (H Abedin and A Rosen
2011) After discharging, component C is regenerated and can be used again in the cycle. The
discharging reaction can be written as:
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A + B« C + heat (1.7)
CHARGING (Endothermic)
Heat b ' — § + ’
c N
STORING _ ﬂ
I

DISCHARGING (Exothermic)
bl ?

Fig 1.5 Processes involved in a thermochemical energy storage cycle:

charging, storing and discharging. (H Abedin and A Rosen 2011)

1.3 Conclusion

While there is much work ongoing to develop PCMs with higher thermal conductivities, higher
specific heats and higher latent heats, work is still needed on other aspects of PCM performance. As new
eutectic blends are developed, the physical and chemical stability of these blends needs to be guaranteed.
The safety of PCMs for certain applications is also an issue, as paraffins are flammable, and thus have
usage concerns when applied in wallboard and other building materials, and in space based systems.
Finally, the cost of most PCMs is currently preventing wider application of these materials. Pure research
grade paraffins with well-defined thermal properties are too expensive for sustained usage in systems
with short payback periods, and the thermal properties of less expensive blends or eutectic mixtures are
not yet well defined. As shown in this part, the potential applications for PCMs for energy storage are
vast, and as the development work addresses these current concerns through the creation of next

generation PCMs, these materials should find wide acceptance.
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Literature survey

2.1 Introduction

As mentioned in the chapter 1, the phase change processes are encountered in the nature and in
various fields of science and engineering. Accordingly, a very large body of literature exists on the
variety of phase-change problems. This survey is restricted to the works relevant to the present
investigation. It includes a review of the phase-change materials which are or could be used in heat
storage applications, theoretical background related to mathematical modeling of phase change processes,
and numerical methods used for the problems of solid-liquid phase change. Then, the existing literature
on phase change in enclosed spaces is discussed. The presented works concern both transient and periodic

melting and solidification. Finally, the recent studies on phase change problems are surveyed.

2.2 Brief literature

The problems of energies consumption have aggravated due to the increase of industrial,
commercial and residential activities; parallelly, the current technological development suffers from the
depletion of fossil energy. In such case, there is a huge need to use renewable energy sources because
they represent a good solution to such problems, and among the known renewable energies, the thermal
solar remains the most exploited type. As it is unstable along the time (day and night) and due to its
periodic nature, we must use a thermal energy storage device in order to ensure the continuity of this
energy during the time. Amongst the types of thermal storage systems, there is the thermal latent heat
storage based on the use of phase change materials (PCMs) which have advantages such as high storage
density. Many numerical and experimental studies were performed on the latent thermal energy storage
systems. From the previous studies of (Yang et al. 2016) and (Trp, Lenic and Frankovic 2006), the
thermal storage depends mainly on the HTF inlet velocity (or mass flow rate), HTF inlet temperature, and
geometric parameters. Therefore, the choice of the operating conditions and geometric parameters
depends on the required heat transfer rate and the time storage in which the energy will be stored or
delivered according to (Trp et al. 2006). In order to explore the effect of the adequate choice of the PCM,
a great effort has been made for the cases of the low and medium heat storage units especially by (El
Qarnia 2009) and (Adine and El Qarnia 2009) whose have investigated the effect of using more than one
PCM separated radially as clarify in the Fig 2.1 and have divergent melting temperature in order to
ameliorate the system thermal performance. The combination between these materials in the shell space

has revealed a high efficiency in the unit thermal behavior during charging or discharging cycle.
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Especially for (EI Qarnia 2009), the author has studied numerically the thermal performance of a solar
latent heat storage unit (LHSU) during charging and discharging cycle by using three kinds of PCMs (n-
octadecane, Paraffin wax and Stearic acid) as storage mediums. The results showed that a water

production at high temperature depends on the careful selection of PCMs.

Fig 2.1 Shell and tube TES unit has two PCMs separated radially (Adine and El Qarnia 2009)

Recently, (Tao and Carey 2016) have investigated experimentally the effect of PCM thermo-
physical characteristics on the performance of shell and tube LHSU in order to improve its performance.
The results have showed that the PCM thermo-physical characteristics are the responsible parameters to
improve the time and heat transfer of the system. A phase change process dominated by heat conduction
in a shell and tube TES unit has been studied experimentally and numerically by solving a developed
analytical model by (Kibria et al. 2014) for a medium temperature of melting. In order to evaluate the
time of solidification and melting process in terms of HTF outlet temperature, various physical and
geometric parameters have been conducted. The results revealed that the inlet temperature of HTF and
inner diameter of tube have a strong effect on the heat exchange rate during phase change process
compared to the impact of HTF mass flow rate and tube thickness. Newly, an experimental study on the
vertical shell and tube latent heat thermal storage (LHTS) unit (see Fig 2.2) has been conducted by (Wang
et al. 2016b), the erythritol was considered as PCM and the air has been chosen as HTF, which flows
downward during charging and discharging cycle. Their results clarify that the increase of the HTF mass
flow rate and mlet temperature reduces the charging process time, while the air inlet pressure has a small
effect on the heat transfer inside a PCM.

A numerical study was carried out by (Tao, He and Qu 2012) for phase change thermal energy
storage (PCTES) unit used in a dish solar thermal system for high temperature storage. The effect of the
enhanced tubes has been studied on the behavior of PCM melting by adopting three enhanced tubes,
namely dimpled tube, cone-finned tube and helically-finned tube. The results show that compared with
the smooth tube, all of the three enhanced tubes could improve the PCM melting rate. A several studies
have been conducted in order to create a heat storage system to ensure the continuity of the energy cycle;
amongst them there is a latent heat storage system using phase change materials (PCMs) which features
by a high storage density (Alva et al. 2017, Zalba et al. 2003, Sharma et al. 2009, Farid et al. 2004). As
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well know that the extension of the heat transfer depends on the expansion of the heat exchange area in

terms of kind and shape of the materials that transfer heat.

. ©108x4mm | J
b ®45x2.5mm
1
+ Ti
222mm !
‘ 1234
1 ; s e 1A
1
200mm : PCM
I
! 1234
(a) -1 H PR | B
T Tmmi|> =
F 7mm Ll
200mm 7mm |
i 1234
1 i o000 1@
200mm !
: 1234
1 : cse s 11D
78mm i
: To
v b
. = «—3.5mm

PCM

fin

insulated

1 — wall

le

HTF
Fig 2.3 The shell and tube TES unit proposed in the literature (Mosaffa et al. 2012)

Concerning the geometry of the shell, a comparative study for two-dimensional solidification
process was done numerically by (Mosaffa et al. 2012) between cylindrical shell (see Fig 2.3) and
rectangular storages LHSU having the same volume and heat transfer area where the air was considered

as HTF. On the one hand, it has found that the solidification rate of PCM in cylindrical shell is much
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better and rapidly compared to the rectangular shape. On the other hand, the low thermal conductivity of
PCM limits the heat transfer rate during both charging and discharging processes In order to enhance the
heat transfer exchange during such processes, extended surface (fins) are used. In this sense, (Zhang and
Faghri 1996) investigated numerically the effect of internal longitudinal  fins. The authors have
demonstrated the effectiveness of the fins to improve the heat transfer, while the melting volume
fraction (MVF) can be significantly increased by increasing the thickness, height and number of
fins. Different forms of latent heat thermal energy storage (LHTES) systems of medium and low melting
temperature were studied numerically and experimentally by (Al-Abidi et al. 2013) and (Esapour et al.
2016) to aim enhance their thermal performances during melting process. In the same sense, the Fig 2.4
shows a numerical proposition by (Yang et al. 2016) whose have processed it in order to seek
improvement the thermal behavior of wvertical LHTES unit, where the effect of two HTF passage
configuration by central and annular injection against the single pass configuration are compared
numerically. The outcomes of the computations have clarified that both of double HTF passage heat

exchanger has a small impact on the PCM melting rate compared to the single pass heat exchanger.

Inlet  OQutlet Inlet Inlet

Outlet Inlet  Qutlet

:\O,Utl,c"t/

(®) (d

Fig 2.4 (d) Simple and (b,c) double TES unit HTF passage (Yang et al. 2016)

To obtain a perfect heat transfer propagation and recirculation inside the PCM, we require either to
modify the outer surface of the shell or embed metal sheets by various forms inward the space shell as
proposed in several investigations (Li and Wu 2015, Vyshak and Jilani 2007, Zhang and Faghri 1996,
Mosaffa et al. 2012). The results of these studies revealed that the geometric parameters must be chosen

carefully to obtain a short time of storage system.
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As the increase of the heat transfer inside the PCM space could augment the efficiency of the
storage unit, the method of including extended surfaces (fins) is used also to ameliorate the heat transfer
interchange inside PCMs. This method was experimented in horizontal shell and tube TES unit by
(Agyenim, Eames and Smyth 2009) through testing the unit thermal performance in standard
configuration (simple unit) then in annular space embedded by circular and longitudinal fins as shown in
Fig 2.5. The test outcome elucidated a positive response of the natural convection activity in the
longitudinal fins case, which made the melting process be faster compared to the circular fins due to the

swiftness of the heat transfer diffusion along the fins.

PCM
PCM

ER—HTF
HTF

Gireular | ongitudinal
fin 9 fins

a. Control PCM system b. Circular finned PCM system c. Longitudinal finned PCM system

Fig 2.5 TES unit embedded by circular and longitudinal fins (Agyenim et al. 2009)

The difference in the melting temperature of the PCMs allows to classifying the storage units into low,
medium and high storage temperature. The effects of PCM thermo-physical properties on the thermal
storage performance of a shell-and-tube latent heat storage unit at high melting temperature has been
inspected experimentally and numerically by various researchers. Conversely, a numerical inquiry has
been conducted by (EI Meriah, Nehari and Aichouni 2018) in order to assess the heat transfer demeanor
between heat storage system has only Paraffin wax and other has Paraffin wax and RT60 that have
convergent melting temperature and separated longitudinally inside cylindrical shell and tube TES unit as
present in the Fig 2.6. There the numerical results have shown that the thermo-physical characteristics of
RT60 as additive substance contribute to speed up the melting process in terms of HTF outlet temperature

compared to the first one.

Copper tube Paraffinwax P araffinwax
Copper tube
RT 60
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Fig 2.6 Shell and tube TES unit has two PCMs separated longitudinally (EI Meriah et al. 2018)
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Basically, the melting rate is mainly driven by the natural convection, any increase in the
intensity of the natural convection currents can leads to considerable improve the PCM melting
rate. Presently, numerous studies have addressed the influence of the natural convection on the efficiency
of different storage units. Some experimental studies were accomplished to evaluate the natural
convection mechanism inside a vertical and horizontal TES container amongst them, the experiment of
(Akgiin, Aydn and Kaygusuz 2007) which witnessed the use of paraffin in a vertical shell and tube with
downward HTF flow while the shell outer surface was designed on cone shape from the bottom. The
results analysis of PCM melting process clarified how to the PCM melted zone move under the natural
convection effect, where the conical shape of the shell has helped to speed up the PCM melting from the
bottom, which has contributed to facilitate the ascent and stretching of the hot PCM liquid layer into the
top region. Therefore, the recirculation mechanism from the bottom to the top allows improving the
buoyancy force and heat interchange inside the molten PCM as a result of the shell conical shape.
Concerning the horizontal shell and tube TES unit, an experimental investigation was done by (Awvci and
Yazici 2013) in order to analyze the storage behavior of melting and solidification process of paraffin,
which depicted that the natural convection become radially affects in the horizontal case, where the
natural convection mechanism was fully different in the vertical state of the unit according to the
numerical inquiry of (Seddegh, Wang and Henderson 2015) which indicates that the recirculation is more
axially in the vertical shell and tube container. As a result of temperature differences within the PCM, the
PCM liquid layer has begun to appear around the tube; consequently the buoyancy forces have been
formed through the density gradients variation due to the gravity forces effect which contributes to drive
the heat transfer recirculation from the tube to the shell inner wall, we can notice the difference in the
recirculation cycle between the vertical and horizontal case, where the natural convection mechanism has
a greater freedom in the vertical container compared to the horizontal status.

(Hosseini et al. 2012) have tried to clarify experimentally and numerically the effect of the buoyancy
force during a melting process inside a horizontal shell and tube TES unit that use RT50 as PCM, where
the water considered as HTF. These authors have noticed that the natural convection effect has been
observed during the formation of the recirculation regions in the narrow melting area. In addition to that,
the numerical results have showed that the increase of HTF inlet temperature allows to growing the PCM
melting rate and the size of recirculation regions, which permit to reduce the total melting time to 37%.
(Hosseini, Rahimi and Bahrampoury 2014) have investigated numerically and experimentally the effect
of HTF mlet temperature boundary condition, were the commercial paraffin RT50 (Rubitherm GmbH)
has been considered as PCM and filled in the horizontal shell annulus. The variation of HTF inlet
temperature in constant flow rate 1 I/min allows to accelerate the natural convection which leads to
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decrease up the total melting time to 19% and 37% when the HTF inlet temperature increases from 70 °C
to 70 °C and 75 °C to 80 °C respectively, consequently the theoretical efficiency has been ameliorate
from 81.1% to 88.4% and 79.7% to 81.4% in charging and discharging operation consecutively.

(Wang et al. 2016b) have tested in their study a comparison between a vertical and horizontal unit,
furthermore they have injected different inlet temperatures, mass flow rates and pressure values of the
HTF. This study have disclosed that the natural convection has a strong effect in the vertical position
compared to the horizontal one; Moreover, the HTF inlet temperature has a great impact on the melting
time compared to its pressure in constant HTF mass flow rate (HTF-air). Concerning the intermediate
positions between the vertical and horizontal cases, until here we are need to explore such field in order to
find the best position of the storage unit that able to give us a better thermal efficiency. A numerical and
experimental investigation has been realized recently by (Kousha et al. 2017) to sake assessment the
effect of a shell and tube heat storage inclination from the horizontal to the vertical case (see Fig 2.7)
through the inclination value (0°, 30°, 60°, 90°) at upward HTF flow and different Stefan number of 0.47,
0.53, 0.57. This inclination has attested an influence on the melting rate and PCM temperature
distribution during melting and solidification process, whereas the core and summary of the results is that
a best heat storage unit position be in the tilt 30°, which gives an effectiveness in the natural convection

inside PCM that leads to improve the unit thermal behaviors during phase change processes.

Elastomeric Insulation

Fig 2.7 inclined shell and tube TES unit (Kousha et al. 2017)

The numerical studies results preciseness varies according to the tools utilized and numerical
methods applied, and sometimes we have the same technical procedure but we should to diverge in the

numerical prediction results. From the above literatures review, the details of the unit inclination effect on
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the PCM unsteady thermal efficiency using a downward HTF passage is not clear. Among the previous
works, the TES unit of (Kibria et al. 2014) could be useful to be investigated using numerical modeling,
in order to improve it by proposing several configurations. In this sense, a two-dimensional and
axisymmetric physical model was used to investigate the effect of the physical and geometric parameters
not considered by the last authors such as the tube length, shell inner diameter and Reynolds number
variation; parameters that were not considered earlier by (Kibria et al. 2014) would contribute to improve
the thermal performance of the energy storage unit. Moreover, an improved thermal storage unit is
proposed which contains two phase change materials (PCMs), separated longitudinally inward the shell
space and have a close melting point and different thermal characteristics. Thermal energy storage based
on the use of latent heat is linked inherently to the processes of solid-liquid phase change during which
the heat is alternately charged into the system and discharged from it. These phenomena — melkting and
solidification have unique physical characteristics. They involve a moving boundary that separates two
different phases which themselves may have considerably different transport properties.

The exploitation of thermal solar energy has become desired currently from the companies and even
members of society as a result of its diversity utilization and application in the hybrid systems such as
water heating; sea water desalination and electricity production in the same cycle which makes it the most
renewable energy important especially at the researchers. This demand has driven a various experts to
find a solution to aim ensure the energy cycle of this source, where their first hypothesis was to create a
thermal storage system in order to provide the night cycle by the energy required. Recently, several
studies have been guided to use the phase change materials (PCMs) which are considered as a stockist of
the heat due to their high storage density. For more knowledge and understanding about this materials
(Zalba et al. 2003), (Kenisarin 2010), (Sharma and Sagara 2005) (Cardenas and Ledn 2013) have been
accomplished a literature review concerning the multi kinds of chemical substances that have a high heat
interchange in melting and solidifying at certain temperature estimated according to their thermo-physical
characteristics, where could employed them in various building and storage systems applications by
different heat transfer technical modes. This materials can be stored in several containers forms (Castro,
Selvam and Suthan 2016), where phase change physical phenomena of these materials is unified in all
tanks shapes, but it differs in terms of numerical and mathematical analyze procedure as mentioned in the
literatures(Dutil et al. 2011) (Agyenim et al. 2010).

In the latent heat storage systems, the study objectives vary from researcher to another, some of
them focuses to enhance the thermal behaviors of the thermal energy storage (TES) unit by mean of
aggrandize the heat transfer area inside phase change material (PCM) as the case of the literature(Al-
Abidi et al. 2013), whose have endeavored diligently to examine numerically the effect of embedded
longitudinal fins in terms of their lengthiness, thicknesses, numbers and placements inside horizontal
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cylindrical triplex tube heat exchangers which shown in the Fig 2.8 to aim appraise the steps of melting
process in the presence of the natural convection. Via the combining of gambit and fluent software, the
simulations results revealed that all those studied parameters have positive impact on the natural
convection vicissitude which contributes to accelerate the PCM melting process except the thicknesses
fins has insufficiency to improve the thermal behaviors of the unit.
(Longeon et al. 2013) have estimated experimentally and numerically the thermal performance of a
vertical shell and tube TES unit with laminar regime of ascending and descending water flow in both of
charging and discharging process. The analysis of 2D typical visualization was extracted from Fluent
Computational Fluid Dynamics (CFD) solver where the HTF top injection has shown during the charging
process an acceleration in the temperature transition along the tube which leaded to expedite the
buoyancy force moves on the radial and axial directions as a result of the molten PCM area stretching
near the HTF inlet flow, and this is antithesis with what happened in the HTF bottom injection by reason
of the axial temperature distribution loss which hinders the recirculation cycle due to slowing of the
extend molten PCM area from the upper PCM region, but on the one hand of discharging cycle both of

HTF injection paths have clarified nearly an evenness in the PCM thermal behavior analysis.

Case A

Case B Case C Case D
Case E Case F

Case G

Fig 2.8 Physical configurations of different fins positions. (Al-Abidi et al. 2013)

The same idea was adopted numerically by (Li and Wu 2015) in order to assess the charging and

discharging time of vertical shell and tube TES unit with and without longitudinal fins, whilst a several
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heat transfer fluids (HTFs) and PCMs were experimented. Regardless of change the PCMs and HTFs, the
existence of the longitudinal fins within the space annular helps to split up the PCM into a long portions
shape which allows to extend the heat exchange area inside it and accelerates the heat transfer by pure
conduction along the HTF tube and hence the first PCM liquid layer will be created swiftly and confer it
the penetration ability to the top from the middle and sides of the PCM. The result of this design has led
to reduce the charging and discharging processes about 14% from the original time of the unit without
fins. Based on the shell and tube thermal energy storage configuration, four different heat storage
systems have been tested experimentally in order to compare the thermal performance between each one
Using RT58 as unified PCM. There (Gasia et al. 2017) have analyzed the heat transfer exchange between
PCM and HTF by four heat storage kind as two models with fins and others without it as shown in Fig
2.9. The typical analysis have clarified that the charging process be much faster in the first two heat
storage style compared to the last two as a result of the disparity in the heat transfer exchange area

extension between them by 9.4 times.

HTF

@) (b)

out

Fig 2.9 Heat exchangers thermal energy storage units with (fins) direct contact (a), (b) and indirect heat exchange (c), (d)
(Gasiaetal.2017)

Away from the heat transfer area modification to improve a storage system, (Akgin et al. 2007)
were someone of the researchers whose have been interested to improve the natural convection
mechanism inside a vertical shell and tube phase change thermal energy storage (PCTES) unit. Their
experimental investigation has attested a change in the unit outer surface shape from the cylindrical to the

conical form which converged into the bottom with angle inclination 5° (see Fig 2.10). A three kinds of
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paraffin have uneven melting points were filled inside the annular space as PCM, different HTF inlet
temperatures and mass flow rates effect was tested in both of configurations. During charging process, the
conical unit has minimized 20% of total melting time which been acquired in cylindrical unit as
consequence of coning the lowest outer surface, which helps to facilitate the molten PCM liquid fraction
buoyancy. A combined experimental and numerical enquiry has been scrutinized by (Assis et al. 2007) on
spherical heat storage system filled by PCM (Rubitherm 27 GmbH) and was treated externally as
isothermal as illustrate in the Fig 2.11. The purpose of this inspection was to evaluate the thermo-
geometric parameters effect on the PCM melting demeanor in accordance with several shell diameter
variation and different dimensionless numbers values. The computational results have been analyzed
graphically according to Fluent 6.0 software simulator, which illustrated that smallest shell diameter has a
quickest melting time, while Stefan number rise has shown the same outcome with all shell diameter

values proposed in terms of PCM liquid fraction advancement.
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Fig 2.10 Conical and cylindrical shell of TES unit (Akgiin et al. 2007)

30



Chapter 2

Literature survey

The natural convection became the most physical phenomenon influential on the heat transfer
exchange during PCM melting process. In order to enhance the heat transfer rate of vertical shell and tube
latent heat storage (LHTS) unit, (Wang, Wang and He 2016a) have examined experimentally the impact
of several HTF inlet temperatures and mass flow rates on charging and discharging time with downward
HTF flow, where the increment of each parameter was a result to minify the storage system nearly 33.7%
and 22.9% respectively, besides that the HTF inlet pressure influence was also performed and has shown
a small effectiveness on the heat transfer rate. In addition to that, the recirculation mechanism has been
compared between a vertical and horizontal position of the unit, while the optimum case to improve the

natural convection effect was present in the vertical place.
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Fig 2.11 Spherical heat storage system in experimental (a) and numerical (b) study (Assis et al. 2007)

From the antecedent literature, the heat transfer appraisal was not clear in the confined angles
between the vertical and horizontal unit status, consequently there was an experimental study has been
carried out by (Kousha et al. 2017) to aim analyze this physical problematic in horizontal shell and tube
TES unit which has been assumed that it is in the initial case. The PCM RT35 filled in the annular space
which has melted via hot water circulation by laminar regime. The unit inclination effect on the storage
system thermal behavior has been resolved numerically during charging and discharging process in the
titt range [0-90°] with various Stefan numbers according to the up warding HTF flow. At several Stefan
numbers, the melting process has been clarified a greatest PCM temperature value in the horizontal case
compared to the others angles at the first half of melting time, whilst the situation has reversed during the
second half time in which the slightest inclination value became possessed an abundant PCM temperature
versus the inclination values that comes after, where all inclination positions have shown a greatest PCM

temperature compared to the initial case and this transition was a consequence of the natural convection
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activity along the PCM volume from the top region to the bottom. Another experimental and numerical
inspection has been conducted about the natural convection role to enhance the thermal behavior of the
vertical shell and tube latent heat thermal energy storage (LHTES) system used a PCM has a middle
storage density. There (Seddegh et al. 2017) have explained a detailed physical depiction of the PCM
phase change during charging and discharging cycle, these processes have been realized via downward
HTF flow of laminar regime, accordingly to that a contradictory moves in solid-liquid interface have been
observed between the melting and solidification process in which a laminar recirculation has been formed
inside PCM liquid from the top to the bottom, this cycle allows to accelerate the mushy zone appearance
around the HTF tube which helps to decrease the melting time, sequentially the discharging cycle has
attested a solid layer creation from the circumference of the shell and tube sides due to the recirculation
strength which mediate the PCM liquid volume, consequently both of phase change process have been
dominated by conduction and convection heat transfer mode.
(Sokolov and Keizman 1991) developed an attractive PCM application for hot water heating. The system
contains a solar pipe consisting of two concentric pipes with the space between them filled with PCM
(Fig 2.12). Solar radiation is directly absorbed on the outer surface and then transmitted to the PCM,
where it is stored as sensible and latent heat. During energy release, heat is exchanged between a water
flow through the mner tube and the PCM storage, and hot water is delivered at the discharge of the solar
pipe. In this system, direct solar radiation absorption onto the PCM container and direct heating of water
eliminate the need for energy transport media. Some advantages of the system include :
e simple construction; efficient and compact latent heat storage; elimination of expensive
components such as a water tank, pump, and control devices; suitability of the system for modular
construction and installation; protection against freezing.
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Fig 2.12 A solar TES pipe using a PCM (Sokolov and Keizman 1991)
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2.3 Conclusion

The behavior of the moving interface is such that its instantaneous position is unknown a priori and
must be determined as a part of the solution. The other common features include convection in the melt,
volume change due to phase change, melting/solidification extending over a temperature range, and sub-
cooling at solidification. This chapter aims to provide an overview of the modern approaches to phase
change material (PCM) modeling. Specifically, we focus on the shell and tube model. In which there exist
distinct solid and liquid phases separated by a region defined as the solid—liquid interface, or
melting/solidification front. And we have mentioned different previous literatures that has a relation with
hot thermal energy storage system, where a several numerical and experimental investigation have been

conducted in order to ameliorate the thermal behavior of the phase change phenomena.
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Mathematical and Numerical modeling

3.1 Introduction

The transition from a partial derivative problem to a discrete problem is based on the classical
methods of numerical analysis. There are three main methods to formulate a continuous problem in
discrete form, finite difference method, finite element and finite volume. The method used by the code
"FLUENT" is that of the finished volumes. The workstation used for these simulations is a computer HP
Z840. The discretization of the equations presented in this chapter, reflecting the phenomenon of
conduction-convection heat transfer, makes it possible to transform these differential equations into a
system of algebraic equations. Several discretization methods are currently used such as: finite volume,
finite difference and finite element method, etc... According to that, we can say that the progress of any

simulation has been driven following the steps shown in the Fig 3.1

Geometry Physics Mesh Solution Results
Pipe (ANSYS General (ANSYS Structure Solution Plots (ANSYS
Design Modeler) Fluent - Setup) (ANSYS Mesh) Methods Fluent- Results)
- (ANSYS Fluent -
Model (ANSYS Uniform :
Solution) .
Fluent - Setup) (ANSYS Mesh) Graphics and
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Laminar Boundary Non-uniform Monitors (ANSYS Fluent-
Conditions (ANSYS Mesh) (ANSYS Fluent - Results)
Turbulent (ANSYS Fluent - Solution)
Setup)

Reference Values
(ANSYS Fluent -
Setup)

Solution
Initialization
(ANSYS Fluent -
Solution)

Fig 3.1 Ansys Fluent steps simulation

3.2 Finite difference methods

This is the oldest method; the fundamental principle of this method is the field of study mesh knots
whose finesse can give an approximation of the contours of the field. Then, by applying the development

in each node of the mesh, which makes it possible to obtain a number of algebraic equation equal to the
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number of the values of unknowns of the studied magnitudes.

3.3 Finite element methods

The method consists of meshing the space into elementary regions in which the desired quantity is
represented by a polynomial approximation. The mesh may consist of triangles or rectangles whose
vertices are searched for volumes of the unknown assuming that, in this area, the unknown varies linearly
depending on the coordinates. Such a method therefore requires meshing all the studied space. It leads to
large computer memory sizes and long computing times that often require workstations for solving
industrial problems.

3.4 Finite volume methods

The finite volume method is characterized by its advantage in satisfying the conservation of mass,
momentum and energy in all finished volumes as well as in the whole field of computation. It facilitates
the linearization of nonlinear terms in conservation equations such as the source term for example. The
method involves sharing the compute domain into multiple volumes, where each volume surrounds a

node.
3.5 Mathematical model

3.5.1 Governing equations

The phase change physical phenomena is expressed and governed by unsteady continuity,
momentum and energy equations as follows:

The continuity:

0
— )=20 3.1
3 (P (31)
The momentum:
d d d%u;  dp
—- ) - w) = - — .+, 3.2
o (pu) + o (puju;) Hoxax  ox, +pg;+S; (3.2)
The energy:
d d d dT
2 (oh) + — (pu;h =—<k—> s 33
5 (P )+aXi (puh) = ——{k——) + 5, (3.3)

i i

Where p is the density,g represents the gravitational acceleration, k denotes the thermal
conductivity, | is the dynamic viscosity, S; and S, are the source terms, u; is the velocity component
in the i-direction, x; is a Cartesian coordinate and h is the specific enthalpy.
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The sensible enthalpy hs is given by:

T
hy = h¢ + f C,dT (3.4)
Tret
And the total enthalpy, H is defined as
H=h,+ AH (3.5)

Where AH = y L is the enthalpy change due to the PCM phase change, hrer is a reference enthalpy at
the reference temperature Trr, Cp is the specific heat, L is the specific enthalpy of melting (liquid
state) and y is the liquid fraction during the phase change which occur over a range of temperatures
T sotidus < T <T Liquidus defined by the following relation 3.6. (a, b, ¢):

If:

( AH

T < Tgyiqus (SOlid state): y = 4= 0 (a)
AH
o AH
(T > Tiiquiqus (liquid state): y = 4= 1 (c)
The source terms S; and Sy are given by
C(1-v)?
Si = —A(Y) uiW (373)
5, = pL.2Y (3.7b)
h — p at "

Where A(y) is defined as the “porosity function” which governs the momentum equation
based on  Carman-Kozeny relationship for flow in porous media. The function reduces the
velocities gradually from a finite value of 1 in fully liquid to O in fully solid state within the
computational cells involving phase change. The epsion &€ = 0.001 infinity avoidance constant due to
division by zero and C is a constant reflecting the morphology of the melting front where C = 10°.

3.6 Boundary conditions

The full set of boundary conditions of the first and second study which imposed on the flow
field and the thermal boundary conditions imposed on the temperature field are shown in the Fig 3.2
and 3.3. These two shell and tube physical models are shown as general cases of the heat storage system
boundary conditions modelization, where usually the PCM is filled inside the annular space of the unit
that considerate insulate ( Adiabatic wall) with the external environment. Further the HTF has entered
inward the inner tube by mass flow rate or generally is conditioned by inlet velocity (gas, liquid) , where
the second side of the tube (outlet) is chosen as outflow. The contact between PCM and HTF generally be
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with interface line in order to ensure the coupling heat transfer from the HTF to the PCM. The best

method to simulate this physical model is by axisymmetric mode, in order to simplify the simulation of
the phase change problem, where this way allows us to minimize the maximum total time of the

convergence also eliminate the simulator energy losing.
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Fig 3.2 Boundary condition of the first study
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Fig 3.3 Boundary condition of the second study

3.7 Grid mesh

The calculation code Ansys Fluent in version 17 processes several types of structured, unstructured
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or hybrid meshes. A structured mesh is generally composed of quadrilateral meshes in two dimensions
(2D or surface mesh) and hexahedral in three dimensions (3D or voluminal mesh), while an unstructured
mesh will be composed of quadrilateral or triangular meshes in 2D and hexahedral or tetrahedral in 3D. In
a hybrid mesh the meshes close to the walls are quadrilaterals in 2D and hexahedrons in 3D and the
meshes of the remainder of the domain are triangles in 2D and tetrahedrons in 3D. In close wall, it is
necessary to have the smallest mesh possible to model well the flows at this place, this particularity is all
the more important in turbulent regime, it is called (inflation). In 3D, the links between hexahedra and

tetrahedra are prisms or pyramids. Fig 3.4 shows the different types of mesh used by our code.
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Fig 3.4 Different typical grid

The Ansys Fluent manual indicates that when geometries are complex or the range of length scales
of the flow is large, a triangular/tetrahedral mesh can be created with far fewer cells than the equivalent
mesh consisting of quadrilateral/hexahedral elements. This is because a triangular/tetrahedral mesh allows
clustering of cells in selected regions of the flow domain. Structured quadrilateral/hexahedral meshes will
generally force «cells to be placed in regions where they are not needed. Unstructured
quadrilateral/hexahedral meshes offer many of the advantages of triangular/tetrahedral meshes for
moderately-complex geometries. A characteristic of quadrilateral/hexahedral elements that might make
them more economical in some situations is that they permit a much larger aspect ratio than
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triangular/tetrahedral cells. A large aspect ratio in a triangular/tetrahedral cell will invariably affect the
skewness of the cell, which is undesirable as it may impede accuracy and convergence. Therefore, if you
have a relatively simple geometry in which the flow conforms well to the shape of the geometry, such as
a long thin duct, use a mesh of high-aspect-ratio quadrilateral/hexahedral cells. The mesh is likely to have
far fewer cells than if you use triangular/tetrahedral cells. Converting the entire domain of your
(tetrahedral) mesh to a polyhedral mesh will result in a lower cell count than your original mesh.
Although the result is a coarser mesh, convergence will generally be faster, possibly saving you some
computational expense. In summary, the following practices are generally recommended:

o Forsimple geometries, use quadrilateral/hexahedral meshes.

o For moderately complex geometries, use unstructured quadrilateral/hexahedral meshes.

o Forrelatively complex geometries, use triangular/tetrahedral meshes with prism layers.

o Forextremely complex geometries, use pure triangular/tetrahedral meshes.

3.8 Numerical Solving

In order to solve the governing equations during melting process, a commercial code FLUENT 17
has been used based on: SIMPLE algorithm, second order implicit scheme for the time and second order
upwind for the space. The local criterion for numerical convergence, i.e. the maximum relative difference
between two consecutive iterations is imposed less than 10°. The numerical calculations were performed
for the transient temperature and velocity fields inside the unit, including both the PCM and HTF. The
basic conservation equations of continuity, momentum, and energy were solved numerically, using the
FLUENT 17 software. Laminar flow inside HTF and liquid PCM has been considered. In order to
describe the behavior of the PCM, a so-called ‘“volume-of fluid” model has been activated. The model
made it possible to calculate the processes that occur inside the partitions PCM (solid/liquid). In addition,
density changes in the PCM and the effect of gravity were taken into account in the second study in order
to evaluate the inclination effect of the unit on the PCM molten fraction. The model makes it possible to
account for the moving boundary due to the variation of the PCM volume. As a result, the numerical
model was rather close to reality. For the mushy region, FLUENT applies the enthalpy-porosity approach,
by which the porosity in each cell is set equal to the liquid fraction in that cell. Accordingly, the porosity
is zero inside fully solid regions. The following solver settings were used in all the 2-D cases studied in
this thesis as:

e Double Precision, Segregated Steady Solver
e Standard Method for Pressure
e Second Order Upwind Discretization for Momentum, Laminar and Energy Equations

e SIMPLE! Algorithm with Pressure-Velocity Coupling
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e Convergence criteria of 0.000001

3.8.1 The presentation of the computational code

There are a number of industrial codes, with efficient mesh, allowing the prediction of flows of
fluds (FLUENT, CFX, PHOENICS, STAR-CD, TRIO, FEMLAB, CFD-ACE, FLOTRAN, N3S, CFDS-
FLOWa3D ...). The calculation code "FLUENT" is marketed by the ANSYS group. This group is currently
one of the most important centers of competence in the mechanics of digital fluids. It develops and
markets a complete solution in the form of general purpose CFD (Computational Fluid Dynamics)
software that simulates all fiuid, compressible or incompressible flows involving complex physical
phenomena such as turbulence, heat transfer, chemical reactions, flows multiphasic for the entire industry.
The products and services offered by the "FLUENT" group help engineers develop their products,
optimize their design and reduce their risks. Fluent is the world's largest provider of commercial
computational fluid dynamics (CFD) software and services. fluent offers general-purpose CFD software
for a wide range of industrial applications, along with highly automated, specifically focused packages.
Fluent also offers CFD consulting services to customers worldwide. The staff at Fluent consists mostly of
individuals with highly technical backgrounds as applied CFD engineers. In addition, fluent employs
experts in computational methods, mesh generation, and software development.

This code is widely used in the aerospace and automotive industry and offers a sophisticated
interface that facilitates its use. The software "FLUENT" models by the method of the finite volumes of
the very varied flows in more or less complex configurations. It is composed, like all CFD type software,
of three key elements which are: the pre-processor, the solver and the post-processor. We detail below

these three elements in the Fig 3.5.
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Fig 3.5 Basic interface ofthe code "FLUENT"

3.8.2 Preprocessor "GAMBIT"

It allows the user to build the geometry of the compute domain and subdivide it into small control
volumes or compute cells. All these elementary volumes constitute the mesh. The definition of the
appropriate  boundary conditions, at the level of cells that coincide or touch the boundary of the

computational domain, is also done at this level.

3.8.3 Solver "FLUENT"

For incompressible fluids, the calculations are made in relative pressure. The method used is the
finite volume method. This method has the advantage of being conservative, that is to say that all the flow
coming out of a control volume enters the neighboring volumes. The calculation steps in the solver are as
follows:

e Integration of continuous equations on each control volume. Ostrogradski's theorem is used to
transform some volume integrals into surface integrals,

e Discretization in space and time (for non-permanent flows) of equations: substitution of partial
derivatives by finite difference approximations; transformation of the system of equations into an
algebraic system,

e Algebraic system resolution through an iterative process; use of an algorithm to correct pressure

and velocity components to ensure conservation of the mass.
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3.8.4 Post-processor "FLUENT"

The Post Processor allows you to view the different results on the screen (speed fields, temperature

fields, current lines, etc.).

3.8.5 Method of solving transport equations

3.8.5.1 Discretization scheme
Our code uses the finite volume method for solving the systems of equations used to model the

movements of fluids. In fact, with the finite volume method, a given physical problem is solved according
to three main steps:
e Division of the calculation domain into control volumes via a mesh (see Fig 3.6),
e Integration of the equations on each control volume in order to transform them into algebraic
equations,
e Solving the equations thus discretized.

These equations are put in the following general form:

5 o o o0
0 (o)=L 92 |5 38
at(/O(ﬂ)+5Xi(pU.<o) axi( g”axi} . (3.8)
O NN o
AX >

Fig 3.6 Control volume for the finite volume resolution

Where represents an intensive magnitude such as Ui, Hm or  according to the laminar model used. is a
diffusion coefficient and a source term whose respective expressions depend on the chosen turbulence
model. In this general form, all non-convective or non-diffusive terms are included in the source term

Fig 3.6 shows the finite volume discretization of the transport equations. The different quantities of the
flow are calculated at the center of each control volume, at points P, E, O, N and S. the integration of

equation (3.8) into a control volume involves the values, as well as as the diffusion and conservation and
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convection flows of these quantities at the borders of the control volume. Thus, for the computation of the
magnitudes at the point P, their values at the interfaces e, o, nand s are also necessary.

Several interpolation methods can then be used knowing their values at the center of the adjacent
control volumes. The interpolation schemes used in CFD codes are generally based on the finite
difference method. This method applied to control volumes is described by many authors such as
Patankar (1980) and Roache (1982). Doctoral studies such as those of Buchmann (1995), and Theodosiu
(2001). also show the details of the different interpolation schemes used in the CFD codes. In this
paragraph, the focus is rather on the criteria to be taken into account to ensure both the stability and
accuracy of CFD results. It is thus noted that although a centered finite difference approximation of the
second-order diffusion terms is adapted to the majority of the problems, this technique does not give
satisfactory results with respect to the convective terms. Indeed, the centered difference method does not

correctly take into account the direction of the flow. Fig 3.7 illustrates this major defect.
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Fig 3.7 One-dimensional scheme illustrating an elementary volume surrounding a node P

The values of an entity at interfaces e and o are determined by a linear approximation using the following

expressions
1
(22 :E((pp + Qe ) (3.9)
1
P =§(¢o + 9 ) (3.10)

On the basis of these two last expressions, it may be noted that the points situated upstream and
downstream have the same weight for the calculation of the values at the interface whatever the speed of
the flow. But there can be a strong transport from the left to the right (or vice versa) of the interface. In
such a case, this formulation is no longer valid because it can generate numerical instabilities when the
transport through one side of a control volume is preponderant compared to the diffusion. The number of
mesh Peclet allows for this purpose to quantify the relative importance of the convective and diffusive

phenomena:

A
Pe naite = A A (3.11)
r

4

Where pU and are considered constant along .We have thus been able to observe that when the

number of mesh Peclet built on the dimension of the mesh and the speed at the interface is greater than 2,
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the centered discretization of the convective terms, in steady state leads to numerical instabilities
(Launder & Jones, 1972). To avoid these numerical instabilities, off-center approximations are proposed.
The diffusive exchanges are modeled in the same way as in the scheme with centered differences. On the
other hand, the convective exchanges take place only from upstream to downstream of the flow. This
upwind scheme is first-order accurate based on a Taylor development. It is unconditionally stable from
the numerical point of view but likely to introduce an “artificial’ numerical diffusion which can affect the
precision of the calculation Launder & Spalding (1974). To avoid that the accuracy of the calculation is
affected by the effects of digital diffusion, we can refine the mesh and / or align the mesh on the flow.
Unfortunately, the refinement of the mesh is limited by the computing power of computers. In
addition, the alignment of the mesh on the flow is only possible with a simple flow whose main direction
can be aligned with the mesh. Indeed, when the flows are complex, it is difficult to align the mesh on the
movement. Therefore, higher order spatial discretization methods are needed to reduce digital diffusion.
Thus, schemes of order 3 and more have been proposed but the implementation of the boundary
conditions has proved difficult to achieve. These latter schemes are also unstable. A satisfactory
compromise between the stability and accuracy of the predominant convective computation was found
with second-order upwind approximations (Versteeg & Malalasekra, 1995). We can also mention the
higher-order scheme, QUICK, proposed by Leonard (1974) and used in the doctoral study of Lepers
(2000). The latter was able to note that compared to a second-order upwind, the Quick scheme does not
greatly improve the accuracy of the numerical results. For our study, the QUICK (Quadratic Upwind
Interpolation (Leonard, 1979) interpolation scheme is used, which calculates the value at the interface of a
guantity, based on its values at the center of the adjacent control volumes and more distant volumes

upstream of the interface considered.
3.8.6 Segregated Algorithms

3.8.6.1 Choice of Pressure-Speed Coupling Method
Three algorithms are available in the calculation software:

e SIMPLE: the most robust.

e SIMPLEC: it gives faster convergence for simple problems.

e PISO: it is useful for problems of unstable flows.
The chosen algorithm in our study is the SIMPLE algorithm (Patankar S. V 1980). At the initialization of
the calculation, a pressure field fixed a priori is introduced into the balance equation of the momentum,
for calculating a first velocity field. The combination of the mass balance and momentum equations then
makes it possible to correct these first pressure and velocity fields. The other transport equations are then

resolved and the corrected pressure field is used to initialize the calculation at the next iteration. This
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succession of operations is repeated until the convergence criteria are reached. All these process are

described schematically in Fig 3.8
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Fig 3.8 Schema of the algorithm SIMPLE
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3.8.6.2 SIMPLE Algorithm

The discretization of a diffusion transport equation on a control volume by the finite volume
method involves the values of the velocities at the interfaces of the volumes (Ue, Uw, Un, Us). It is
therefore interesting to calculate these speeds directly on the interfaces (without having to make
interpolations). On the other hand, the discretization of the continuity equation and the pressure gradient
with the use of a linear interpolation can induce significant errors because a "checkerboard” pressure or
speed distribution is seen as a uniform field. To circumvent these difficulties it is preferred to use
staggered grids. A main grid is constructed on which pressure, temperature and concentration are
calculated. Two grids shifted right and up respectively are used for calculating the horizontal and vertical
velocities. The SIMPLE algorithm, acronym for “Semi-Implicit Method for Pressure Linked-Equations”
solves the system of discretized equations. This algorithm states the existence of a relationship between
the corrected velocities and the corrected pressures, in order to verify the conservation equation of the
mass.

3.8.7 Numerical Resolution

3.8.7.1 Convergence control parameter

How to obtain a converged solution is one of the essential elements of flow prediction using CFD
codes. The code "FLUENT" proposes different techniques to speed up the process of convergence is
increased if a good estimate of the solution is given as initial condition. We use several techniques

described below:

3.8.7.2 Convergence criterion

The numerical resolution of CFD-type problems requires an iterative process. To appreciate the
convergence of the iterative process, convergence criteria must be taken into account. Thus, the
convergence of the iterative process is determined by the concept of residue.
After the discretization step, the conservation equation of a given variable on a cell of center P can be

expressed as follows:
3¢, = Zanb 1 +D (3.12)
nb

Where: a,and a,represent the convective and diffusive contribution, the index nb is related to the

centers of adjacent cells. b is the constant part contribution of the source term @,.

The normalized residue then has for expression:
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Z zanb ’¢nb +b _ap '¢p

R ¢ __ Domaine | nb

= (3.13)

Z ‘ap'¢p‘

Domaine

These expressions of the residues are valid for all the quantities except the pressure, in the case of this

quantity, the residue is determined from the continuity equation:

R® = ) [taux decréation de matiere dans le domaine| (3.14)
Domaine
3.8.7.3 Under-relaxation
Because of the non-linearity of the solved equations, it is possible, to attenuate the fluctuations of
the solution, to reduce the variations of the variables from one iteration to another by introducing a sub-
relaxation. There are no general rules for better under-relaxation coefficient values, but there are

recommendations for each of the magnitudes, usually based on empirical knowledge.

3.9 Steps to solve the problem

The main steps used in our simulation are:
. Determination of the domain of computation (construction of the geometry).
. Discretization of the domain of computation (mesh).

. Identification of boundary conditions.

. Choice of the solution algorithm.

1

2

3

4. Choice of the mathematical model.
5

6. Solution of the mathematical model.
7

. Visualization and interpretation.
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Results and Discussions

4.1 Introduction

Two studies have been realized here according to the same numerical solving used and subdivided
to two sections, where the different between them was in the abolishment of the gravity forces inside the
first one in order to evaluate the effect of different physical and geometrical parameters on the heat
transfer inside the unit filled by the paraffin wax and RT60, while the second study has focused on the
effect of the inclination effect on the melting process of TR35.

4.2 Section I: Effect of the physical and geometrical parameters

4.2.1 Physical model

The PCTES unit under investigation in the first study is shown in Fig 4.1. The first study has
clarified two different configurations: (I) shell-and-tube system with paraffin wax; and (Il) shell-and-
tube system with paraffin wax and RT60. The first configuration consists of a shell-and-tube
configuration (see Fig 4.1.a) that has been used previously by (Kibria et al. 2014). The inner tube is
made of copper. Distilled water flows through the inner tube as HTF. The phase change
material (paraffin wax) fills the annular space. The outer surface of the storage unit is well insulated.
The second system shown in Fig 4.1.c is similar to the first configuration concerning the inner tube, HTF
used and the outer surface of the storage, but two different phase change materials namely the paraffin
wax and RT60 separated by a second tube of copper are used. As the problem under examination is
axisymmetric, a schematic 2-D computational domain for all investigated cases is presented for both
configuration in the plots Fig 4.1.b and Fig 4.1.d. The thermo-physical properties of the HTF and PCMs

used in this section are shown in the Table 4.1

(@) Configuration | (b) 2D representation of Configuration I

Copper tube Paraffin wax

/?I’F adigbaticwall
\ //,’/ Paraffin  wax
1
Inlet /- Out HTF region T ) IB R
flow i) ) @(}E flow N [ [RingfNouRsh
- ‘ >
/ \\\ L
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(c) Configuration Il (d) 2D representation of Configuration Il
Copper tube Paraffin wax adiabatic wall
RTGO 7
Paraffin wax area
N/
N \Y . out RT 60 -
) = e [ g fryfradRiale.

Inlet

flow - A =
N . L

Fig 4.1 Horizontal latent heat storage unit

Table 4.1 Thermo-physical properties of PCMs and HTF [(Regin, Solanki and Saini 2006), (Campos-Celador et al. 2014),

(Da Veiga 2002)]

Specific Latent Thermal Dynamic Melting
PCM Density heat heat conductivity viscosity Temperature
[kg/m°] [3/kg K] [O/kg] [W/m-K] [N s/m?] or [kg/ms] [°C]
Solid Liquid Solid Liquid Solid  Liquid Solid  Liquid
:g(aﬁ'” 910 790 2000 2150 190000 024 022 — 0004108 61
RT60 880 770 2660 2340 123506 0.2 0.2 — 0.00003705  53~61
Heat transfer fluid (HTF)
Water at  gq7 4179 0.613 0.000855 0
25°C
g‘éi‘tér at 9671 4203 0.674 0.000324

4.2.2 Boundary conditions

The full set of boundary conditions of the first study which imposed on the flow field and

the thermal boundary conditions imposed on the temperature field. Since the same geometry of (Kibria et

al. 2014) was considered here, the same hypothesis, boundary and initial conditions are adopted in the

present study:

(i)
(ii
(ii

The thickness of the inner tube wall is considered;
) The thermo-physical properties of HTF and PCM are constant with respect to the temperature;

i) The initial temperature of the latent thermal storage unit is uniform;

(iv) HTF flow is laminar;

(v

) Natural convection inside the Paraffin wax was not considered, as the considered shell and tube

thermal energy storage unit used is horizontal.

During the charging cycle, the HTF flows by ilet temperature of 88°C and a mass flow rate of 0.072

kg/min.  On the other hand, during the discharging, we took the heat stored using cold HTF passage by a

tempe

rature of 25°C and a mass flow rate of 0.07 kg/min as used in the literature of (Kibria et al. 2014).
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4.2.3 Grid mesh independency

A dense grid distribution is employed near the wall while a uniform grid distribution is used in the
streamwise direction. The plots of Fig 4.2.a and 4.2.b show the typical grid distribution over the
computational domain of the configurations | and Il of the first study. The accuracy of the solution
depends on the number and the size of the cells. The grid size used in the computations is chosen by
performing a grid independence study (see Fig 4.3). For the first configuration, several meshes were
tested to ensure that the solution was independent of the mesh (35x300; 50x300; 65x300). This test
indicated that 35x300 cells are adequate. On the other hand, concerning the second configuration (Case A
and B) the analysis of the grid independency made for the grid tests (50x300; 65x300; 85x300) indicate in
the Fig 4.4 and 4.5 that 65x300 cells are adequate. From above we can say that the grid (35x300) is

suitable for the first configuration and the grid (65x300) is convenient for the second configuration.

(@) A part of the grid for conf (b) A part of the grid for conf I

Fig 4.2 The grid used in first (1) and second (II) configuration

85 - Case A at RT60 add by R, _=0.008 [m]
7y 80+ —_
S 3
= 2
— [¢B]
= 751 Grid size 80x300 S
] gr!g slze ggxggg (chosen) = — Grid size 35 x 300
c 701 Gr!d Siz€ 35X300 g— 704 Grid size 50 x 300
o) rid size sox S —— Grid size 65 x 300
2 651 S 5]
=] R
O S
60 T T T T T T 1 60 T T T T T 1
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000
Fig. 4.4 Grid size independency of the second Fig. 4.3 Outlet temperature in charging cycle in different
configuration case A at RT60 add by Ri,,=0.008[m] grid size of configuration 1
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Case B at RT60 add by R =0.008 [m]

85
O 80
o
QL
S 751 L
§ —— Grid size 80x300
Q — Grid size 65x300 (chosen)
g 70+ Grid size 50x300
ﬁ —— Grid size 35x300
D 65
)
>
@]

60

0 1000 2000 3000 4000 5000 6000 7000
Time [s]

Fig. 4.5 Grid size independency of the second configuration
case B at Rt60 add by Rjn,=0.008[m]

4.2.4 Results and discussions

4.2.4.1 Validation

The validation of the numerical results was performed in charging and discharging cycle through a
comparison with the experimental and numerical results of (Kibria et al. 2014) according to the measures
in the Table 4.2. The validation was performed on the evolution of HTF outlet temperature at the charging
and discharging cycle. The comparison between our numerical results in relation to the analytical and

experimental results of (Kibria etal. 2014) showed a good agreement in Fig 4.6.

(@ Charging (b) Discharging

90 -

85 -
& o
— 80 o
L Q
% =/ Exp result (Kibria et al 2014) % ~
’g_ / Num result (Kibria et al 2014) a Present result
E Present result £ 20 ] Num result (Kibria et al 2014)
L c‘ = Exp result (Kibria et al 2014)
D 2
=) “5’ i
8 65 - 3 10

60 T T T T T 1 0 T T T T T T T T T T T 1

0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Time [s] Time [s]

Fig 4.6 Validation of HTF outlet temperatures in charging and discharging cycle
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Table 4.2 Geometric parameters of the configuration I (configuration of (Kibria et al. 2014))

The inner radius of tube 1 (Riny) [m] 0.0054
The outer radius of tube 1 (Rou1) [m] 0.006
The radius of the shell (Rsh) [m] 0.018
The length of tube (Ly) [m] 1
Thickness of tube 1 [m] 0.0006

At the charging cycle, the PCM is initially at solid state (at the temperature 61°C) and the HTF
circulates with inlet temperature equal to 88°C, following the boundary and initial conditions of (Kibria et
al. 2014). The HTF outlet temperature increases over time until asymptotic value of 83°C which is lower
than the inlet temperature (88°C). This difference is due to the heat absorption by melting Paraffin wax.
The results show that the outlet temperature of system is close to those obtained analytically and
experimentally by (Kibria et al. 2014), where this process took about 6500s to complete the charging
cycle. In discharging process, the HTF absorbs the heat stored in the Paraffin wax whereas the HTF outlet
temperature decreases over time until asymptotic value 33°C and the paraffin wax becomes in the solid
state. The small discrepancy between the numerical results and those obtained experimentally is due to
the simplifications considered in the numerical model. Further validations (not shown here) done for
several parameters give a good agreement with the numerical and experimental data of the literature
(Kibria et al. 2014).

4.2.4.2 Parametric study

In this investigation, we have made a parametric study following the measures of the standard
configuration based to examine the effect of. (i) length of tube; (i) shell diameter; and (iii) Reynolds
number on the time and rate of charging and discharging process. Furthermore, we have tried to propose a
new thermal unit composed of a Paraffin wax and RT60. The performances of this new configuration will
be compared to the first one. Moreover we have made a numerical inquiry on inclined shell and tube TES

unit filled by RT35 as PCM in order to evaluate the melting process behaviors.

4.2.4.2.1 Influence of tube length

Fig 4.7 shows the effect of different tube length L; on the thermal performance during the charging
and the discharging cycles. Considering the first configuration, we have changed the tube length in the
range 0.2-1.8m in the scope to quantify this effect for the charging and discharging cycles. From this
figure which depicts outlet temperature of HTF versus the tube length variation in the range 0.2-1.8m. We
can see that the time of charging and discharging cycles is proportional to the tube length.

An increase of the length leads to an increase of the melking and solidification time. Moreover, the
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increase of tube length decreases the asymptotic value of the HTF outlet temperature from 87°C in the
case L=0.2m to 79°C in the case L=1.8m during 5600s. This leads to a gradient of temperature AT,
equal to 8°C between HTF outlet temperatures of tube length from 0.2m to 1.8m at charging time. With
regard to the discharging process and the effect of increasing the tube length, the asymptotic value of the
HTF outlet temperature increases from 25°C to 38.5°C along the 5600s, thus leading to a gradient of
temperature ATyis equal to 13.5°C. From this figure, it can be seen that the tube length is an important

parameter to optimize the melting and solidification time.
(@ Charging (b) Discharging

©
o
J
>
—
o
>

[o2)
a1
1

'E' 80 | et
5 |/ 7 N . 2
= [
q 754 <
£ 70_- ———L=02[m] £ v ——— L=1.8[m]
g L=0.6 [m] = 20 ——L=1.4[m]
% —L=1 [m] = —L=1 [m]
8 65 —L=14[m] 8 10 L=0.6 [m
——L=18[m] Cosim
) i ———L=0.2[m]
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Time [s] Time [s]

Fig 4.7 Effect of tube length in charging and discharging cycle

4.2.4.2.2 Effect of shell diameter

The shell diameter is among the important parameters that have a relation with the progress of
solidification and melting. In this case we have changed the shell diameter in the range 24-44 mm. Fig 4.8
shows that the shell diameter reduction allows to complete the discharging and charging rate in a short
time. The reduction of shell diameter causes the minimizing of the PCM mass volume. This allows
accelerating the heat charging or discharging of the mass through heat transfer process. This contributes
to speed up the melting fraction rate of the Paraffin wax during charging process.
It can be seen from the figure, that the shell diameter of 24 mm needs just 3300s to complete almost the
charging or the discharging processes, whereas the other cases needed more than 5000s to complete the
fully charging or discharging processes. As a result, the gradient in HTF outlet temperature between the
shells of minimum and maximum diameter used ATc, is equal to 5°C for charging process and ATyis IS
about 8°C for discharging process. Therefore, the quantity of Paraffin wax must be appropriate with the

work conditions, in order to optimize the time of storage system.

53



Chapter 4
Results and discussions

(@) Charging (b) Discharging
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Fig 4.8 Effect of shell diameter in charging and discharging cycle

4.2.4.2.3 Effect of Reynolds number

After detailed inquiry of the configuration geometric variation effect in terms of shell and tube sizes
on the phase change process of storage system; another important parameter is evaluated here to aim
check the storage system in terms of HTF outlet temperature, where the antecedent parameters studied is
fixed in order to analyze the outlet temperature of the water when the flow regime varies according to the
Reynolds number range Re=100-1500. Physically, this hydraulic parameter is one of the dimensionless
numbers which depends on the HTF properties as the viscosity, velocity and tube sizes. Basically in the
present investigation, only the laminar regime (no turbulent mode) is considered for the HTF flow. In this
contribution, all thermo-geometric parameters of the storage system are constant, except the HTF current
nature that is analyzed in the range Re= 100-1500.

The regime of the flow generally is signified by the welocity fluctuations inside the tube,
consequently the heat transfer energy has a relative relation with the HTF movement, where a minimal
Reynolds number in our case at constant inlet temperature 88°C and PCM volume has insufficient HTF
outlet temperature during the melting PCM process, and this elucidates the HTF temperature distribution
deceleration along the axial planar of the tube, which results to delay the heat absorption saturation via
the PCM, therefore the melting process will take a long duration to complete the total charging time. On
the otherwise, increasing of regime flow into Re=1500 shows a strongest effect on the heat transmission
inside PCM, where the heat absorption rate increases fleetly from the PCM that leads to minify the total

time of storage system, which considered as gain of the thermal energy provided.
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The discharging cycle is assumed as important step through driving of the temperature consumed
distribution during the time. In this cycle the cold HTF inlet temperature has been estimated about 25°C,
in which the heat transfer between HTF and PCM has a similar exchange that performed in the charging
step, where the low flow regime leads to slow down the soak up of the heat via the HTF cold by
conduction heat transfer exchange mode. A summary of the results clarifies that a swell in the Reynolds
number allows diminishing the solidification and melting time as showed in the Fig 4.9. It is clear from
this figure, that for high value of Reynolds number (Re=1500), the HTF outlet temperature tends to reach
the asymptotic value of 86.5 °C in charging cycle. While for the lower value of Reynolds number (100)
the HTF outlet temperature tends to reach the asymptotic value of 69.5°C.

Therefore, the temperature gradient ATgs of HTF outlet temperature in discharging cycle is about
9.6°C and in the charging case ATc, is estimated by 17°C. Both of phase change processes have a
negative and positive advantage, from the side of Reynolds increment we will obtain a shortage melting
and solidification time, on the second hand the declining of this parameter reduce the ration of HTF outlet
temperature during the time, when we regard at these results, we will find that a preferable heat storage
system be should has a shorter charging period and longest discharging time. According to that, the
governing of thermal energy cycle in this parameter seems much easier compared to the first two
parameters, whereas them too have the same marked in charging and discharging time but the difficulty

of the control in suitable geometry is the only obstacle in them.

(@) Charging (o) Discharging
90 ATen 0
85 Re= 100
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O 80 — Re= 500
= © 50 Re= 1000
ag 75 4 Y Re= 1500
=2 S 40-
s N\ g ”
E 65 = 8 30-
3 Re= 1500 qE_)
= ] Re=1000 =
2 604 b
=2 Re= 500 g 20
O 55 Re= 200 3 10
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Fig 4.9 Effect of Reynolds number in charging and discharging cycle
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4.2.4.2.4 Improvement of TES unit

According to the above results, it could be very useful to find an effective way that allows the PCM
to absorb the maximum heat provided by the HTF. As a resul, we have tried to propose a new
configuration, where we inserted a layer of another phase change material namely the RT60, which its
melting temperature is equal to 57 °C, which is very close to melting temperature of the paraffin wax
(equal to 61 °C). This layer of RT60 makes it possible to distribute the thermal load on the paraffin wax
along the axial direction and to ensure it the thermal inertia. In this TES unit, the two PCMs are
superposed between the copper tubes. Therefore, the heat exchange in this unit is done by conduction in
two steps; (i) heat interchange between HTF and RT60 through the first copper tube, (ii) heat transfer
from the RT60 into the paraffin wax through the second copper tube. The same boundary and initial
conditions adopted in the first configuration are used here. Different cases according to Table 4.3 and
Table 4.4 are numerically predicted. The melting temperature of RT60 is lower than the paraffin wax
(61°C), which allows the RT60 to melt before the paraffin wax, which leads to accelerate the melting
process of RT60 and its solidification process due to its rapid heat absorption from the HTF.

In this configuration we proposed two cases A and B. The case A (see Table 4.3) has a constant
radius of the shell Ry, and a variable inner radius of the second tube Rjnz that consequently reduces the
volume of Paraffin wax. This radius is varied in the range 0.008-0.014m. The variation of the inner radius
allows us to obtain several proportions in the volume of the two PCMs, from the case the existence of
only the Paraffin wax to the case we obtain the Paraffin wax with RT60 ( Rin,= 0.014m). The results
shown in Fig 4.10 indicate a decrease in the time of charging and discharging cycles compared to case of
the first thermal storage unit (containing only Paraffin wax), whereas the temperature gradient AT¢, of the
HTF outlet temperature in charging cycle increases in the first time period [ 0-1500s], then starts to
decline. Near the time 4000s, we remark an increase of the outlet temperature and A7¢,. This is due to the
PCMs which have achieved the total phase change from the solid to liquid and we are in sensible phase of
heat transfer. In case B (Table 4.4), we have fixed the volume of Paraffin wax (same volume of the first
configuration) and we have varied the inner radius of the second tube Ri,» from 0.008 to 0.014m, which
means the shell radius will vary. In this case the time of charging and discharging cycle also decreases
compared to the use of a Paraffin wax alone as presented in Fig 4.11. This case is more stable in charging
and discharging cycles than case A, as the mass volume of the PCMs of the case B is increased compared
to the first case A. However, both cases have a better evolution of the HTF temperature than the paraffin

wax alone as shown in Fig 4.10 and Fig 4.11.
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Table 4.3 Geometric parameters of the second configuration Il.A

The inner radius of tube 1 (Rin1) [m] 0.0054
The outer radius of tube 1 (Rou1) [m] 0.006
The inner radius of tube 2 (Rin2) [m] 0.008 0.01 0.012 0.014
The radius of the shell (Rsh) [m] 0.018
The length of tube (Ly) [m] 1
The thickness of copper tube 1 and 2 [m] 0.0006
(@ Charging case (b) Discharging case
_ ATen
90 50
85 -
— 50
PRl 290 S
2 1) e = ,\
CU S
S 754 L 304 .
g. add RT60 by R_=0.014 [m] g Paraffin wax alone
£ 70+ add RT60 by R = 0.012 [m] = 20 add RT60 by R, ,=0.008 [m]
B add RT60 by R .= 0.01 [m] = add RT60 by R, ,=0.01 [m]
8 65- add RT60 by R, = 0.008 [m] S 101 add RT60 by R, ,=0.012 [m]
Paraffin wax alg;e add RT60 by R, =0.014 [m]
0 T T T T T
60 T T T T T 1
0 1000 2000 3000 4000 5000 6000 0 1000 2000 _3000 4000 5000
Time [s] Time [s]
Fig 4.10 Charging and discharging cycle of the second configuration Il.A
Table 4.4 Geometric parameters of the second configuration 11.B
The inner radius of tube 1 (Rin1) [m]  0.0054
The outer radius of tube 1 (Rou1) [m]  0.006
The inner radius of tube 2 (Rin2) [m]  0.008 0.01 0.012 0.014
The radius of the shell (Rsh) [m]  0.01902 0.02001 0.02114 0.02239
The length of tube (Lo [m 1

1
6000
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(a) Charging case (b) Discharging case
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Fig 4.11 Charging and discharging cycle of the second configuration 11.B

4.3 Section 11: Effect of the unit inclination on the PCM thermal behaviors
4.3.1 Physical model

The second study has included a vertical shell and tube TES physical model that has been
investigated following the design shown in the Fig 4.12 in order to assess the inclination effect of the unit
on the PCM melting process. This unit consists of two vertical and coaxial cylinders as considered in the
work of (Longeon et al. 2013). The inner cylinder (tube) is made of stainless steel with inner diameter and
thickness of 15 mm and 2.5 mm respectively. Distilled water flows through the inner tube as HTF by
laminar regime (Re < 2300) while the PCM (RT35) fills the shell space. The outer cylinder of the storage
unit is considered as adiabatic, its inner diameter is equal 44 mm while the unit length is estimated about
400 mm. The thermo-physical properties of phase change materials with water as HTF which are used in

this study are shown is Table 4.5
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Fig 4.12 A vertical shell and tube thermal energy storage unit configuration.

Table 4.5 Thermo-physical properties of PCM and tube(Longeon et al. 2013)

Properties Rubitherm® Stainless
RT35 steel

P [kg/m’] 880(s) / 760(1) 8010

C, [J/kg K] 1800(s) / 2400(1) 500

KW m- K 02 7.7

v [m2/s] 3.3x10°

B /K] 0.001

L [J/kg] 157000

6 [K] 308

4.3.2 Boundary condition
Considered the second configuration The hypothesis, initial and boundary conditions of
(Longeon et al. 2013) are adopted in the present study as follows:
() The tube thickness is considered;
(i) The thermo-physical properties of HTF and PCM are constant with respect to the temperature
except the density in the buoyancy term (Boussinesq approximation)
(iii) The initial temperature of the latent thermal storage unit is uniform;
(iv) HTF flow is laminar, unsteady and incompressible;
(v) Inside the PCM the Boussinesq approximation is assumed to express the density variations
and buoyancy force:p = p,[1—B(T —T,,)] and F =-pg = p,g [B(T — T,,) — 1], where p,
IS the reference density at melting temperature T, and [ is volumetric expansion

coeflicient.
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From the experimental study of the literature (Longeon et al. 2013), the charging process (melting)
starts when the HTF flows downward inside the tube by total inlet temperature 52°C and velocity
magnitude of 0.01 m/s, whereas this process initialized at temperature of 22°C which is lower than

the melting temperature T,;,; < T,,.

ini
4.3.3 Grid mesh independency

In the second study the plots of Fig 4.13 a and 4.13 b show the typical grid distribution over the
computational domain of the configuration. The grid size used in the computations is chosen by
performing a grid independency study (see Fig 4.14) of the model in the PCM temperature
distribution at the point a (see Fig 4.12 c). Several meshes were tested to ensure that the solution
was independent of the grid size 11900, 18000 (chosen) and 25400. A non-uniform Quadratic
elements type of mesh has been used to simulate a 2D-planar geometry These structured Quadratic
cells are created with fine mesh near the walls using mesh generation software ANSYS GAMBIT
2.4.6. The computational grids in the (xy) plan have been obtained based on the HTF regime in order
to obtain a first grid space appropriate for the boundary layer to orderly progress in the energy
transfer between the HTF and PCM. Moreover, the time step independency from the melt fraction
was checked at 1s, 0.5s (chosen), and 0.1s. The temperature at point a was chosen as test parameter;
and after careful examination of the independency, the results has indicated that 18000 cells with

time step A, = 0.5s are adequate for the simulations accuracy and time optimization.

@)

(b)

Fig 4.13 Typical grid distribution (a) and zoom case (b)
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Fig 4.14 Independency test for different grid size cells during melting process at point a

4.3.4 Results and discussion
4.3.4.1 Validation

A comparison with the experimental and numerical investigations of the literature (Longeon et al.
2013) has been performed to validate the numerical model. The downward flow (top HTF injection) of
the hot HTF (51°C) has been used in this study, this descent circulation has been used experimentally by
(Longeon et al. 2013) during the melting process of the organic material (RT35) having a melting point of
35°C. Three points in the radial direction of the section D at the PCM right region have been chosen in
order to control the PCM temperature during charging process. A good agreement has been found
comparing our results and those obtained by (Longeon et al. 2013) as depicted in the Fig 4.15. The small

discrepancy between the numerical result and those obtained experimentally is due to the considered
assumptions in the numerical model.
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Fig 4.15 Validation of the numerical model at points a, b, ¢ during melting process.

4.3.4.2 Parametric study
4.3.4.2.1 Heat transfer modes Evaluation

In such configuration, the heat exchange inside the vertical enclosure space containing the PCM can
be explained in two cases (with and without gravity). In the first one the gravity forces are neglected,
consequently the heat transfer is activated only via conduction mode. On the other hand, when the gravity
forces are considered, the heat exchange employs through the conduction and natural convection
(combined mode). In order to estimate the gravity forces effect on the heat exchange, a numerical
experiment has been done with and without the gravity forces on the vertical TES unit (see Fig 4.17). The
Fig 4.16 displays the PCM temperature that is evaluated radially at the plan D via three points (a,b,c) of
both PCM regions as mentioned previously in Fig 4.12 a and 4.12 c; this parameter is controlled by pure
conduction and combined mode (conduction and convection) during PCM melting process which has

been estimated experimentally about t= 7000s by the author Longeon et al.(Longeon et al. 2013). In the
pure conduction, the progress of PCM melting front is presented in four time steps: it, %t, %t, t. In such

case, the HTF starts to transfer the heat into the inner wall of the tube via the laminar forced convection
flow, where the tube receives this heat energy and spreads it toward the solid PCM by conduction. The
contour of liquid fraction clarifies in the Fig 4.17 case (a) the melting rate progress for the pure
conduction heat transfer mode (without gravity) in the vertical unit. From this figure, it can be shown that
there is a regularity in the melting rate for both of PCM regions; because all of the axial points of melting
front has a similar value while the radial points are gradually different in each time steps of melting
process, this would indicate that we have a uniform progress in the vertical lines that express the molten

PCM move towards the inner wall of the shell. This observation indicates that there is an axial symmetry
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in the PCM liquid fraction inside the shell annulus as displayed in the Fig 4.17 case (a).

As well know that a heat transfer by combined mode in the solid-solid contact is basically
performed by conduction heat transfer, the solid PCM initially starts to absorb the heat from the outer
surface of the HTF tube, generally this process is faster in the solid surroundings due to its significant
thermal conductivity compared to the liquids state, after that a first liquid layer of the PCM is formed

around the HTF outer tube wall and becomes larger near the beginning of the hot HTF inlet at a quarter

charging time%t as shown in the Fig 4.17 case (b) . Here starts the activity of the natural convection on

the PCM density variations between cold and hot PCM (solid and liquid respectively) as consequence of
the gravity presenceg, the melted zone becomes larger through the buoyancy force move which try to
drive the recirculation from the bottom to the up part of the PCM region, this mechanism becomes more
agitate as a result of the PCM liquid occupied on the majority of the annular space. A direction of the
recirculation cycle from the HTF outer tube wall toward the inner wall of the shell due to the variation in
the axial and radial PCM temperatures makes the PCM solid is visualized as a conical shape; as a
consequence of the heat flux emitted by downward passage of the hot HTF, which allows to focus and
increase the heat transfer in the outer tube wall near the HTF inlet compared to the outer surface tube near

the HTF outlet that is leading to tilt the solid-liquid interface from the shell inner wall to the outer sides of
the HTF tube. These advances were observed over time%t, %t as displayed in the Fig 4.17 case (b) in

which the melting process seemed semi-complete at the total time t=7000s. According to this, the PCM
temperatures evaluation has been controlled in both of heat transfer modes via three points placed radially
on the one straightness in both of PCM regions at the plan D as clarified in the Fig 4.12.c.

The evaluation has shown a significant difference between two heat transfer modes at the same
operation conditions, where the temperature of point a between pure conduction and combined heat
transfer mode has made a temperature difference A, = 7°C at the end of the charging cycle, with regard
to the points b and c, their temperature difference Ais estimated about 13°C and 15°C respectively. We
can say according to the appraisal of temperature distribution and liquid fraction of PCM between two
heat transfer modes that the combined heat transfer is the most dominant mode on the heat interchange
during melting process, while the pure conduction has less effectiveness on the heat transfer progress; the
reason lies in the buoyancy force of the PCM which is influenced by the gravity forces. Other important
reasons have assisted the natural convection function was the use of a vertical shell and tube cylinder that
gives a freedom to the heat recirculation drive from the bottom to the up part by means of the difference
temperature between the upper and lowest PCM part. Moreover, the down warding flow of the hot water
helps to accelerate the buoyancy force in this status, where it has shown a strong effectiveness on the

melting rate and charging process time according to the numerical results of (Longeon et al. 2013) which

63



Chapter 4
Results and discussions

have examined both of top and bottom HTF injection on melting process. From the Fig 4.17 case (b), the
PCM upper part is melted and extended radially near the top (HTF inlet flow), which contributes to
facilitate the rise of hot liquid PCM from the lowest part into the upper layer of the PCM solid as a result
of the natural convection mechanism, this cycle leads to increase the PCM molten rate during the time.
Thus the sudden elevation of temperature in the points a, b and ¢ was caused of the combined mode
influence on the molten PCM rate variation that leads to increase the heat transfer recirculation inside
PCM. As a consequence of the heat transfer modes analysis, we have deduced from the previous results
that the melting process of the PCM has exceeded two steps: (i) heat transfer by pure conduction mode,
where this phase includes the heat absorption by the solid PCM and depends on the nature of PCM
thermal conductivity and (i) heat transfer by combined (conduction and convection) mode which begins
effected when the first transition from the solid to the liquid PCM state is occurred, so both of heat
transfer modes are complement each other and have an efficient role to improve the heat transfer behavior
of PCM melting process as shown in the previous plots.
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Fig 4.16 PCM temperature variations in pure conduction model and combined model

(conduction and convection) at alpha=0°during melting process.
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4.3.4.2.2 Effect of the unit inclination on the PCM melting front

Numerous studies proved that the configuration geometric kind in terms of shape and position has
high influence on the thermal performance of TES systems as mentioned previously in the introduction
section. In the present study, the effect of a shell and tube inclination from the vertical to the horizontal
position according to the following inclination angles « (15°, 30°, 45°, 60°, 75° 90°) with downward
HTF traffic has been carried out in order to appraise the PCM melting process in terms of its liquid

fraction progress. Fig 4.18 clarifies the melting front progress in four time steps %t%t,zt, and t for

different tilt angles from 0° to 90°. The vertical unit (0°) case shows the natural convection effect on the
heat transfer interchange between the solid-liquid PCM interface, the rise and fall of the formed liquid
layer inside a vertical cylinder made the recirculation aggrandize over time, which has made the hot liquid
fraction overcomes to the solid PCM portion, that shows the conical shape formation as a trace of the
recirculation mechanization, this is conform with the experimental results of Wang et al.(Wang et al.

2016).The effect of the system inclination on the PCM solid-liquid fraction starts to appear at a quarter
time of the process %t from the range (60°- 90°), in this positions, the left region of the PCM shows a

marked change in the molten PCM compared to the right region, where the PCM liquid layer has been
created under the PCM solidus, which helps the PCM liquid to rise and extend in the top part of the PCM
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Fig 4.18 Liquid fraction of combined heat transfer mode at various inclination angles

In contrast, the PCM liquid layer of the PCM right region seems a low in quantitative terms,
resulting from through its emergence above the PCM solid fraction during the inclination, therefore the
density weightiness of solid PCM hinders the PCM liquid layer to incursion and expand into the shell

inner wall. However, when the melting process reached to the half time%t, the changes are beginning to

appear on the molten PCM shape from the inclination range (30°- 90°), in which the buoyancy force starts
to effect on the PCM melting rate extend inside the PCM left region, where the heat recirculation become
more freedom through the solid PCM immersion over the PCM liquid due to its solid density weightiness
which presses on the middle of hot PCM liquid layer that contributes to drive the recirculation from the
upper and lowest sides of the PCM. In the same context, there is no positive change in the PCM right
region, where the PCM liquid fraction begins to increase slowly whenever the inclination of the system

augment as clarify from the liquid fraction contours. The next transitional phase has shown the unit of
storage inclination effect on the buoyancy forces effectiveness in both of PCM region at%t, during this

phase; the buoyancy force drives the recirculation from the sides of the solid PCM Ileft region, which
contributes to melt the majority of the solid fraction via besieged the PCM solid from all sides.

The other PCM region experienced a great slowing down in the melting process, so that about half
PCM quantity has not melted as a result of the recirculation drive weakness, therefore the unit tilting
until 90° at melting process time t=7000 has made the total PCM solid portion can seems as crescent
shape under the tube as obtained in the radial plan of the literature (Wang et al. 2016), which not clear

here in the (xy) plot. These PCM liquid fraction evolutions were a result of an imbalance in the buoyancy
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force inside a left and rignt PCM region during inclination system at fusion process, while the buoyancy
balance was only in the initial case (0° of tilt), so that showed a similarity in the molten PCM shape
compared to the other cases. True that there is a natural convection effect on the melting speed of the
PCM left region; this does not mean that it is favorable for the storage system of the unit, whilst if we
analyze the amount of the PCM solid remaining in each inclination case we will find that the initial case
(0° of tilt) has a small quantify of PCM solid portion due to the uniform buoyancy force effect in both of
PCM regions. It can be concluded that the PCM unit inclination at downward HTF flow has a negative
effect on total PCM melting rate; this is due to the irregular heat transfer area in the PCM surfaces as a
result of the natural convection lopsidedness inside the unit, where it has a big scale in the PCM left

region compared to the second one.

4.3.4.2.3 Effect of the unit inclination on the PCM temperatures distributions

The change of the molten PCM fraction during the system inclination of the tilt interval (0°-90°)
can be explained by the variation and evolution of the axial and radial PCM temperature during melting
process, whereas that the axial PCM temperature distribution is the main reason to alteration the PCM
radial temperature. In this section, we have evaluated the effect of the system inclination on the
temperatures distributions inside PCM, where the Fig 4.19 and 4.20 show the axial temperature
distributions in both of PCM regions during melting time of t=7000s, where the axial temperatures
fluctuations have been appraised in the point b of each plan A, B, C, D, E, F, G at every time steps

according to the tilt position that it is.
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Fig 4.19 Axial temperature distributions in different plants of the PCM left region

The wertical case (0° of tilt) have illustrated a similar fluctuation in the axial temperature
distributions inside right and left region of the PCM, where it attests a disparity from the plan A to G, this
agrees with what is physically occurring within the unit, where the hot HTF flows downward inside the
tube, therefore it starts to wastage the heat transfer from the top to the bottom due to the PCM heat
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absorption, and this is what did Fig 4.19 and 4.20 explain in the initial case 0°, there the temperature
stability is fully different at the point b of each plan, so that the total temperature in the point b of the plan
A has taken about 2250s to satiate, while the same point in the plan G has occupied more than 3000s to
saturate, there is almost unevenness by 1000s in the temperature saturation between each plan, which
explains the formation of PCM liquid fraction in the shape of conical as clarify in the vertical case and
indicates a regular distribution of axial and radial temperature in both of PCM regions as displayed in the
Fig 4.19 ,4.20 and 4.21 at initial case (0° tilt).

After that, we have observed a dissimilar progress in the axial and radial temperature distributions
between left and rignt PCM region during the inclination of the system from 15° to 90° at charging
process as depicted in the Fig 4.19 , 4.20 and 4.21, the reason for that is the natural convection effect
which has dominated profusely in the left PCM region compared to the other region, this variation in turn
causes to the negative influence on the radial temperature distribution as shown in the Fig 4.20 which at
the same time affecting the efficiency of the recirculation. It is true that the axial temperature distribution
is gradually changed in both of PCM regions, but the effectiveness lack of the natural convection in the
right PCM region as a result of the inclination makes the upper limit value of the axial temperature has
diminished in this region from 51°C towards 39°C between the tilt interval (0°-90°) as demonstrated
according to the Fig 4.19, a marked decline of temperature distributions as a result of the TES inclination

and this has adversely affected on the PCM liquid fraction and unit storage system as a whole.
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Fig 4.20 Axial temperature distributions in different plans of the PCM right region

On the other hand the left region is kept on the maximum temperature ratio in all points b, which is

axially located on the level of plans A to G, there was only a troubled and non-uniform advancement in
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the axial temperature fluctuations, these fluctuations can be imputed to the unstable flow structures
in the liqguid PCM. There the axial temperatures in the range of angles (0°-30°) increases uniformly,
with no significant fluctuations, against this we observe that the temperatures at the interval tilt (45°-90°)
began to fluctuate; these fluctuations can be justified by the presence of irregular convection cells in the
PCM solid-liquid interface along the unit, whereas the system tilting leads to scale down the time
difference A; between the PCM axial points to reach a same uttermost temperature, as a result of the
heighten in the recirculation agitation; where the axial temperature transfer from the plan to the other has
been conducted in short interval time when the system tilt has been changed from the angle 0° to 90° as
shown in the Fig 4.18. These results are conform to those obtained by Kousha et al. (2017), where the
inclination system attested a sudden positive leaping on the axial PCM temperature progress in the
vertical state by HTF upward flow against the unit horizontal case at full melting time. Moreover, the plan
D witnessed a variation of the radial temperature distributions at the points a, b, ¢ of both PCM regions.
The beginning of the change has been appeared at the tilt interval (15°-60°), where the temperatures
distributions in both PCM regions have taken a longer time to reach the supreme limit value as clarified in
the Fig 4.20.

After that, the radial temperature data has changed completely so that it has exhibited a diminution
in the right PCM region and non-stability of the temperatures fluctuations in the other region.
Accordingly, we can say that a heat transfer inside a slanted shell and tube makes the temperatures
distributions unequal inside a shell annulus; therefore will affect on the creation of the liquid PCM shape
which contributes to strengthen the recirculation cycle inside it. Furthermore, we have concluded that the
vertical position of the unit have a positive advantage on the PCM liquid recirculation in our condition
work as a result of descending HTF flow that extends the upper molten PCM which gives the rising PCM
liquid layer a great freedom uniformly in the movement compared to the horizontal status, whereupon we
can obtain a perfect storage system in the vertical installation in terms of HTF outlet temperature

inasmuch to the similarity of the PCM temperature distribution of both of PCM regions.

a=0° a=15°

55

50 -

45 -
= 40+ —
£, 351 2,
(] - [<B]
S gg = Point a in left region
< ] © Point a in right region
S 204 S Point b in left region
aE) 15 Point a in left and right region & Point b in right region
— 10 Point b in left and right region Point c in left region

51 Point ¢ in left and right region Point c in right region

0 T T T 0 T T T

0 2000 4000 6000 0 2000 4000 6000

. 72
Time [s] Time [s]



Temperature [°C]

Temperature [°C]

Chapter 4
Results and discussions

a=30° a=45°
554 55
50 - - 50+ -
45 45+
40 - = 40+
O
35 o, 354
30+ o ) L 304 L .
25 ] Point a in left region 2 251 Point a in left region
20 Point a in right region © 201 Point a in right region
] Point b in left region 8 Point b in left region
151 Point b in right region aE) 151 Point b in right region
10 Point c in left region — 10 Point ¢ in left region
5 Point c in right region 5 Point c in right region
0 T T T 0 T T T
0 2000 4000 6000 0 2000 4000 6000
Time [s] Time [s]
a=60° a=75°
55 55 -
501 501 ;
45 45 @
40 - — 40 - [
35" £ 35] /\f
30+ L . L 30+ —
25 ] Point a in left region 2 5] Point a in left region
20 Point a in right region S 201 Point a in right region
1 Point b in left region o Point b in left region
51 Point b in right region g 151 Point b in right region
10+ Point ¢ in left region — 107 Point c in left region
51 Point c in right region 5 Point ¢ in right region
0 T T T O T T T
0 2000 4000 6000 0 2000 4000 6000
Time [s] Time [s]
a=90°
554
50 -
45 A
= 40 g
o //
o, 351 —
L 304 o :
2 251 Point a in left region
o 20 Point a in right region
S Point b in left region
g 151 Point b in right region
— 10; Point ¢ in left region
5 Point ¢ in right region
0 T T T
0 2000 4000 6000
Time [s]

Fig 4.21 Radial temperature distributions in plant D of the PCM right and left region
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4.4  Conclusion

As the appropriate choice of the physical and geometric parameters allows to optimize the thermal
storage unit, the first section of the present study was devoted to examine the effect of these parameters
on the shell and tube thermal energy storage unit that investigated previously by (Kibria et al. 2014).
Moreover, improvements of this storage unit were investigated through new configurations. A two-
dimensional numerical method based on the Enthalpy formulation has been used to predict the heat
transfer between HTF and PCM. The laminar forced convection inside the tube during charging and
discharging process was considered, whereas the natural convection has been ignored inside the PCM
enclosure. A parametric study has been conducted in order to study the effect of the tube length, shell
diameter and Reynolds number. Improvement of the thermal performances of this unit was proposed and
investigated. The results of the parametric study have shown that the tube length and shell diameter have
a great effect on the HTF outlet temperature, moreover the Reynolds number is the most influential
parameter which has an impact on the time and rate of solidification and melting process.
From the present results, the design parameters should be selected carefully in order to optimize the
performance of the storage unit. In addition to that, the new thermal energy storage unit filled by RT60
and Paraffin wax allowed for better efficiency of the rate storage and HTF outlet temperature compared to
the unit containing only the Paraffin wax.

Specially the configuration which has filled by RT 35. We have noticed in the second inquiry that
The effect of inclination system from 0° to 90° have shown that the PCM radial temperature distribution
in the plan D according to the points a, b, ¢ has been reduced gradually in the PCM right region compared
to the left region which attests a sudden diminution during melting process. The same behavior has been
observed in the axial temperature distributions, i.e the system tilting has caused a progressive reduction of
the temperature from the top plan A to the lowest one G at the same point b; whereas, the PCM right
region was the most affected as a result of the tilting operation compared to the left zone. Among the
inclinations studied, the initial case (0° of tilt) which represents the vertical position showed a regularity
and uniformity in the PCM temperature distribution and the fractionation of the molten PCM. The
numerical results revealed that the heat transfer in combined mode for the vertical position is the
responsible to improve the heat exchange between the HTF and PCM, where the recirculation has
contributed to increase the molten PCM which led to augment the PCM storage density. Concerning the
natural convection inside the inclined TES unit, a passive effect on the recirculation inside PCM liquid
was noticed, where it has showed irregularity in the molten PCM fraction which in turn led to a non-

stability in the radial and axial PCM temperature.
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General Conclusion

An extensive review has been conducted concerning the use of PCMs in thermal storage tanks, focusing
on both commercial equipment and experimental studies. PCMs are used inside the tanks, either for
heating or cooling applications, by means of different kinds of systems. A common solution is to have
PCM in a pipe inside the tank; however PCMs are also widely used and have been studied extensively
inside cylindrical shell and tube thermal energy storage unit.

In order to obtain on the perfect heat exchange between the PCM and the fluid, many configuration
geometrics have been suggested. Shell-and-tube geometry is the most widely used geometry in different
studies. As a result of its simple design, we have used it as the preferable model to study the phase change
physical phenomena of PCM.

A common issue of PCM systems is the reduction in the heat transfer rate that occurs due to the formation
of a solid film around the heat exchanger surfaces. Many solutions have been proposed in the
literature to minimize this problem, such as employing fins of different geometries or introducing
high  conductivity elements. Heat transfer may also be enhanced increasing the heat exchange surface
available in the tanks such as for instance using parallel plates.

A wide range of compounds can be used as PCMs, but they are normally classified into organic
compounds, inorganic compounds and eutectic compounds. Each kind of compound has their advantages
and disadvantages concerning criteria  such as latent heat, thermal conductivity, safety, physical-
chemical stability or price.

The main factor for the selection of the correct PCM is the phase change temperature (or temperature
range), which depends on the application and on the source that provides the thermal energy. Heat pumps,
used for heating or cooling, have a quite limited temperature range, as the working temperatures have a
great effect on their behaviors. Consequently, the types of PCMs that can be used with heat pumps are
limited.

The advantage of using PCMs is that it is possible to reduce the size of the tank due to the higher thermal
energy storage density. This is highly important from a commercial point of view, irrespective of the heat
source.

In the present work, we have presented an energy storage system in general terms for different energy
kind and especially for the thermal energy in order to evaluate it thermo-hydraulically. We have made
two studies; the first one witnessed a numerical investigation on the heat transfer evaluation of the shell
and tube TES unit filled by paraffin wax. The physical model used here is assumed as two dimensional,
where the PCM phase change phenomena is analyzed by the Enthalpy formulation that drive by the
commercial code Ansys Fluent 17 during solidification and melting process. The physical processes
validation is conducted successfully by comparison against experimental and numerical results of the
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General Conclusion

The objective of this study is carry out the effect of the geometric and the physical parameters

on the heat storage efficiency of the unit such as; tube length, shell inner diameter and Reynolds number
variation. The second part of this study includes the modification of a shell and tube design, where a new
configuration is conceived which is longitudinally filled by two PCMs (RT60 and Paraffin wax) that have
close melting temperatures. The second contribution has been conducted here about the inclination effect
on the melting process of RT35 Organic material. The numerical simulations of the phase change is done
along about 7000s during solidification and melting process, where several observations are extracted
and summarized as follow:

Both of shell and tube sizes (consequently the volume of PCM) have a strong effect on the
storage time, where a reduction these sizes leads an early charging and discharging.

The increase of the flow regime in terms of Reynolds number in the range 100-1500 leads to
enhance the HTF outlet temperature early.

Concerning the new geometric design, two superposed PCMs and separated by a second tube
filled the longitudinal space of the shell in different quantities. Two cases are conceived and
assessed: (i) case A shows the expansion of RT60 volume with reduction the paraffin wax
portion as the total volume is maintained constant, (ii) while for the case B, the volume of RT60
is changed in the radial direction with respect a constant volume of the paraffin wax. The
outcomes of this conception show a positive advantage in the addition of RT60 on speed up the
charging, where the case B more stable.

The unit inclination effect from the vertical to the horizontal case on melting process of RT35
has been shown a negative point on the solid-liquid interface of molten PCM and temperature
distribution inside the PCM volume as whole.
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Abstract

Abstract

First, the effect of geometrical parameters (tube length and shell diameter) and Reynolds number
on the charging and discharging time in terms of HTF outlet temperature are investigated here in a
heat storage unit by latent heat. The obtained results reveal that the tube length and the shell
diameter are among the most influential geometrical parameters on the melting and solidification
time, similarly the Reynolds number has too much effect to speed up the charging cycle.
Moreover, an improved thermal storage unit is proposed which contains two phase change
materials (PCMs), separated longitudinally inward the shell space and have a close melting point
and different thermal characteristics. This configuration is more stable and speeds up the charging
and discharging processes compared to the first unit. In addition to that, several unit positions
were examined to interpret physically the thermal demeanor of the fusion process in terms of; heat
transfer modes estimation, PCM melting rate, axial and radial temperatures distribution. The
obtained results clarify that the TES unit inclination according to the range angles [0-90°] makes
an imbalance of the natural convection in the PCM liquid fraction which contributes to create an
instability and diminution of the heat transfer during the melting process.

Resumeé

Tout d'abord, leffet des paramétres géométriques (longueur du tube et diametre de la calandre) et
le nombre de Reynolds sur le temps de charge et de décharge en termes de température de sortie
HTF sont étudiés ici dans une unit¢ de stockage thermique par la chaleur latente. Les résultats
obtenus révelent que la longueur du tube et le diamétre de la calandre comptent parmi les
parametres géométriques les plus influents sur le temps de fusion et de solidification. De méme, le
nombre de Reynolds a trop d’effet pour accélérer le cycle de charge. En outre, il est proposé une
unité de stockage thermique améliorée contenant deux matériaux & changement de phase (MCP),
séparés longitudinalement vers lintérieur de la calandre et présentant un point de fusion proche et
des caractéristiques thermiques differentes. Cette configuration est plus stable et accélere les
processus de charge et de décharge par rapport a la premiere unité. En plus de cela, plusieurs
positions unitaires ont été examinées pour interpréter physiquement le comportement thermique
du processus de fusion en termes de: estimation des modes de transfert de chaleur, taux de fusion
PCM, répartition des températures axiales et radiales. Les résultats obtenus expliquent que
I'inclinaison de I'unit¢ TES en fonction des angles de portée [0-90 °] crée un deséquilibre de la
convection naturelle dans la fraction liquide PCM, ce qui contribue a créer une instabilité et une
diminution du transfert thermique pendant le processus de fusion.
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Abstract

In this paper, we have studied numerically thermo-convective
characteristics between a heat transfer fluid (HTF) and phase
change material (PCM) in shell and tube thermal energy
storage (TES) unit. The paraffin wax is considered as a PCM,
filled in a shell which is thermally isolated with the external
environment, while the water plays a role of a HTF and flows
inside the tube at the moment of charging and discharging
cycle. The heat transfer between HTF and PCM is performed
by conduction and forced convection, this transfer allows to
change the physical state of PCM solid-liquid to obtain a
quantity of storable heat in order to create a thermal battery.
Enthalpy formulation is used to analyze the heat transfer during
melting and solidification process. A good agreement was
found between our numerical predictions and the results of the
literature. On the other hand, we have investigated the effect
of geometrical parameters (tube length and shell diameter)
and Reynolds number on the charging and discharging
cycles. The obtained results reveal that the tube length and
the shell diameter are the most influential parameters on the
time of storage system. Similarly, the Reynolds number has
much impact on the HTF outlet temperature and the time of
solidification and melting process. Furthermore, we have
proposed a new thermal storage unit containing the Paraffin
wax and RT60 that it gives us a good rate and time of storage
compared to the first unit that has only the paraffin wax.
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1 Introduction

The problems of energies consumption have aggravated
due to the increase of industrial, commercial and residential
activities; parallelly, the current technological development
suffers from the depletion of fossil energy. In such case, there
is a huge need to use renewable energy sources because they
represent a good solution to such problems, and among the
known renewable energies, the thermal solar remains the most
exploited type. As it is unstable along the time (day and night)
and due to its periodic nature, we must use a thermal energy
storage device in order to ensure the continuity of this energy
during the time. Amongst the types of thermal storage systems,
there is the thermal latent heat storage based on the use of phase
change materials (PCMs) which have advantages such as high
storage density. Many numerical and experimental studies were
performed on the latent thermal energy storage systems.

From the previous studies of Yang et al. [1] and Trp et al. [2],
the thermal storage depends mainly on the HTF inlet velocity
(or mass flow rate), HTF inlet temperature, and geometric
parameters. Therefore, the choice of the operating conditions
and geometric parameters depends on the required heat transfer
rate and the time storage in which the energy will be stored
or delivered according to Trp et al. [2]. In order to explore the
effect of the adequate choice of the PCM, El Qarnia [3] has
studied numerically the thermal performance of a solar latent
heat storage unit (LHSU) during charging and discharging
cycle by using three kinds of PCMs (n-octadecane, Paraffin
wax and Stearic acid) as storage mediums. The results showed
that a water production at high temperature depends on the
careful selection of PCMs. Recently, Tao and Carey [4] have
investigated experimentally the effect of PCM thermo-physical
characteristics on the performance of shell and tube LHSU in
order to improve its performance. The results have showed that
the PCM thermo-physical characteristics are the responsible
parameters to improve the time and heat transfer of the system. A
phase change process dominated by heat conduction in a shell and
tube TES unit has been studied experimentally and numerically
by solving a developed analytical model by Kibria et al. [5] for
a medium temperature of melting. In order to evaluate the time
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of solidification and melting process in terms of HTF outlet
temperature, various physical and geometric parameters have
been conducted. The results revealed that the inlet temperature
of HTF and inner diameter of tube have a strong effect on the
heat exchange rate during phase change process compared to the
impact of HTF mass flow rate and tube thickness.

A numerical and experimental investigation has been
carried out by Hosseini et al [6] using the commercial paraffin
RT50 (Rubitherm GmbH) as PCM. Their results revealed
that a rising of HTF inlet temperature from 70°C to 75 and
80°C at a constant flow rate of 1 L/min allows to increase the
theoretical efficiency in charging and discharging process from
81.1% to 88.4% and 79.7% to 81.4% respectively. Recently,
an experimental study on the vertical shell and tube latent heat
thermal storage (LHTS) unit has been conducted by Wang et
al. [7], the erythritol was considered as PCM and the air has
been chosen as HTF, which flows downward during charging
and discharging cycle. Their results clarify that the increase
of the HTF mass flow rate and inlet temperature reduces the
charging process time, while the air inlet pressure has a small
effect on the heat transfer inside a PCM.

Concerning the geometry of the shell, a comparative study for
two-dimensional solidification process was done numerically
by Mosaffa et al. [8] between cylindrical shell and rectangular
storages LHSU having the same volume and heat transfer area
where the air was considered as HTF. On the one hand, it has
found that the solidification rate of PCM in cylindrical shell
is much better and rapidly compared to the rectangular shape.
On the other hand, the low thermal conductivity of PCM limits
the heat transfer rate during both charging and discharging
processes. In order to enhance the heat transfer exchange during
such processes, extended surface (fins) are used. In this sense,
Zhang and Faghri [9] investigated numerically the effect of
internal longitudinal fins. The authors have demonstrated the
effectiveness of the fins to improve the heat transfer, while the
melting volume fraction (MVF) can be significantly increased
by increasing the thickness, height and number of fins.

On the other hand, Al-Abidi et al. [10] have investigated
numerically using the commercial code Fluent 6.3.26 the
triplex tube heat exchanger (TTHX). A different effect of
geometric parameters were considered, such as the internal and
external fins, the fin length, number of fins, and fin thickness,
in order to accelerate the melting rate of RT82 as a PCM. The
results have shown that these parameters have a significant
influence on the thermal behavior of melting process, whereas
the effect of fin thickness is small compared to the fin length
and number of fins, which have a strong effect on the melting
rate time. A numerical study was carried out by Tao et al. [11]
for phase change thermal energy storage (PCTES) unit used in
a dish solar thermal system for high temperature storage.

The effect of the enhanced tubes has been studied on the
behavior of PCM melting by adopting three enhanced tubes,

namely dimpled tube, cone-finned tube and helically-finned
tube. The results show that compared with the smooth tube, all
of the three enhanced tubes could improve the PCM melting
rate. Among the previous works, the TES unit of Kibria et al. [5]
could be useful to be investigated using numerical modeling, in
order to improve it by proposing several configurations. In this
sense, a two-dimensional and axisymmetric physical model
was used to investigate the effect of the physical and geometric
parameters not considered by the last authors such as the tube
length, shell inner diameter and Reynolds number variation;
parameters that were not considered earlier by Kibria et al. [5]
would contribute to improve the thermal performance of the
energy storage unit. Moreover, an improved thermal storage
unit is proposed which contains two phase change materials
(PCMs), separated longitudinally inward the shell space and
have a close melting point and different thermal characteristics.

2 Mathematical model

The PCTES unit under investigation is shown in Fig. 1. Two
different configurations of this unit were studied: (I) shell-and-
tube system with paraffin wax; and (II) shell-and-tube system
with paraffin wax and RT60. The first configuration consists of
a shell-and-tube configuration (see Fig. 1.a) that has been used
previously by Kibria et al. [5]. The inner tube is made of copper.
Distilled water flows through the inner tube as HTF. The phase
change material (paraffin wax) fills the annular space. The
outer surface of the storage unit is well insulated. The second
system shown in Fig. 1(c) is similar to the first configuration
concerning the inner tube, HTF used and the outer surface of
the storage, but two different phase change materials namely
the paraffin wax and RT60 separated by a second tube of copper
are used. As the problem under examination is axisymmetric,
a schematic 2-D computational domain for all investigated
cases is presented for both configuration in the plots Fig. 1(b)
and Fig. 1(d). Since the same geometry of Kibria et al. [5] was
considered here, the same hypothesis, boundary and initial
conditions are adopted in the present study:

(1) The thickness of the inner tube wall is considered;

(i1) The thermo-physical properties of HTF and PCM are
constant with respect to the temperature;

(i) The initial temperature of the latent thermal storage
unit is uniform;

(iv) HTF flow is laminar;

(v) Natural convection inside the Paraffin wax was not
considered, as the considered shell and tube thermal
energy storage unit used is horizontal.

During the charging cycle, the HTF flows inside the tube by
inlet temperature of 88°C and a mass flow rate of 0.072 kg/min.
On the other hand, during the discharging after storage, we
took the heat stored using cold HTF passage by a temperature
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of 25°C and a mass flow rate of 0.07 kg/min as used in the
experimental work of Kibria et al. [5]. The thermo-physical
properties of phase change materials with water as HTF which
are used in the present investigation are shown in Table 1. This
two-dimensional problem is governed by unsteady energy and
Navier-stokes equations:

The continuity:

The momentum:

Where p is the density, & denotes the thermal conductivity,
u is the dynamic viscosity, S, and S, are the source terms, u,
is the velocity component in the i-direction, x, is a cartesian
coordinate and 7 is the specific enthalpy.

The sensible enthalpy A is given by:

T
hy=h, + [C,dT

T

And the total enthalpy, H is defined as

H=h+AH
0 0 u,  op )
a(pui )+ 6_(/)”1'”1' ) SHo oS, Where AH = y L is the enthalpy change due to phase change,
X : X.0X . X .
' Y ' h,,is the reference enthalpy at the reference temperature 7, , C,
The energy: is the specific heat, L is the specific enthalpy of melting (liquid
5 P 5 or state) and y is the liquid fraction during the phase change which
—(ph)+—(puh)=—|k— |+S occur over a range of temperatures 7 <T<T, _ defined
a[( ) 6xl. ( ) 6x,. axi h g P solidus Liquidus
by the following relation 6.(a,b,c):
Table 1 Thermo-physical properties of PCMs and HTF [12-14]
PCM Density Specific heat Latent heat Thermal conductivity Dynamic viscosity Melting Temperature
[kg/m?] [J/kg K] [J/kg] [W/m - K] [N s/m?] or [kg/m s] [°C]
Solid Liquid Solid Liquid Solid Liquid Solid Liquid
Paraffin wax 910 790 2000 2150 190000 0.24 0.22 — 0.004108 61
RT60 880 770 2660 2340 123506 0.2 0.2 —_— 0.00003705 53~61
Heat transfer fluid (HTF)
Water at 25°C 997 4179 0.613 0.000855
0
Water at 88°C 967.1 4203 0.674 0.000324
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If:
T<T

solidus

0(a)

(Mushy state) 0<y

1(e)

(solid state) Yy = %

T

solidus

<T<T,

liquidus

T>T

liquidus

(Ziquid state) iy

A
L

3 The Numerical method and the grid used

The governing equations are solved by using the commercial
code FLUENT 17 with the first order implicit scheme for
the time and the second order upwind scheme for the space.
Moreover, the SIMPLE algorithm is used.

Thelocal criterion for numerical convergence, i.e. the maximum
relative difference between two consecutive iterations is imposed
less than 10°. The computational grids in the (xy) plane have
been obtained using the non-uniform Quadratic elements type of
mesh to simulate the axisymmetric geometry. These structured
quadratic cells are created with fine mesh near the walls using
mesh generation software ANSYS GAMBIT 2.4.6.

A dense grid distribution is employed near the wall while a
uniform grid distribution is used in the streamwise direction. The
plots of Fig. 2.a and Fig. 2.b show the typical grid distribution
over the computational domain of the configurations I and
II. The accuracy of the solution depends on the number and
the size of the cells. The grid size used in the computations is
chosen by performing a grid independence study (see Fig. 3).

(a) A part of the grid for conf I

adequate. Onthe otherhand, concerning the second configuration
(Case A and B) the analysis of the grid independency made for
the grid tests (50x300; 65x300; 85x300) indicate (not shown
here) that 65%300 cells are adequate. From above we can say
that the grid (35x300) is suitable for the first configuration and
the grid (65x300) is convenient for the second configuration.

90
85 4
&)
o
5 80
=i
£ 754 Grid size 35 x 300
g Grid size 50 x 300
S 70 Grid size 65 x 300
35
S 654
8 65
60 T T T T T |
0 1000 2000 3000 4000 5000 6000
Time [s]

Fig. 3 Outlet temperature in charging cycle in different grid size
of configuration I

4 Results and discussion

Before performing the study of parameters effect on
the thermal storage, the validation of the numerical results
was performed in charging and discharging cycle through a
comparison with the experimental and numerical results of
Kibria et al. [5] for the parameters presented in Table 2.

Table 2 Geometric parameters of the configuration I

(configuration of Kibria et al. [5])

The inner radius of tube 1 R,,) [m] 0.0054
The outer radius of tube 1 R,,) [m] 0.006
The radius of the shell (R,) [m] 0.018
The length of tube (L) [m] 1
(b) A part of the grid for conf II Thickness of tube 1 [m] 0.0006

Fig. 2 The grid used in first (I) and second (II) configuration

For the first configuration, several meshes were tested to
ensure that the solution was independent of the mesh (35x300;
50x300; 65x300). This test indicated that 35300 cells are

4.1 Validation

The validation was performed on the evolution of HTF
outlet temperature at the charging and discharging cycle. The
comparison between our numerical results in relation to the
analytical and experimental results of Kibria et al. [5] showed
a good agreement in Fig. 4.

At the charging cycle, the PCM is initially at solid state
(at the temperature 61°C) and the HTF circulates with inlet
temperature equal to 88°C, following the boundary and initial
conditions of Kibria et al. [5]. The HTF outlet temperature
increases over time until asymptotic value of 83°C which is
lower than the inlet temperature (88°C). This difference is due
to the heat absorption by melting Paraffin wax. The results show
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(a) Charging
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(b) Discharging
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Fig. 4 Validation of HTF outlet temperatures in charging and discharging cycle

that the outlet temperature of system is close to those obtained
analytically and experimentally by Kibria et al. [5], where this
process took about 6500s to complete the charging cycle. In
discharging process, the HTF absorbs the heat stored in the
Paraffin wax whereas the HTF outlet temperature decreases
over time until asymptotic value 33°C and the paraffin wax
becomes in the solid state. The small discrepancy between the
numerical results and those obtained experimentally is due to
the simplifications considered in the numerical model. Further
validations (not shown here) done for several parameters give
a good agreement with the numerical and experimental data of
the literature [5].

4.2 Parametric study

In this investigation, we have made a parametric study
following the measures of the first configuration (Table 2)
based to examine the effect of: (i) length of tube; (ii) shell
diameter; and (iii) Reynolds number on the time and rate of
charging and discharging process. Furthermore, we have tried

(a) Charging

Outlet temperature [°C]

to propose a new thermal unit composed of a Paraffin wax
and RT60. The performances of this new configuration will be
compared to the first one.

4.2.1 Influence of tube length

Fig. 5 shows the effect of different tube length L on the
thermal performance during the charging and the discharging
cycles. Considering the first configuration, we have changed
the tube length in the range 0.2-1.8m in the scope to quantify
this effect for the charging and discharging cycles. From this
figure which depicts outlet temperature of HTF versus the tube
length variation in the range 0.2-1.8m. We can see that the
time of charging and discharging cycles is proportional to the
tube length. An increase of the length leads to an increase of
the melting and solidification time. Moreover, the increase of
tube length decreases the asymptotic value of the HTF outlet
temperature from 87°C in the case L =0.2m to 79°C in the case
L=1.8m during 5600s. This leads to a gradient of temperature
AT, equal to 8°C between HTF outlet temperatures of tube

(b) Discharging

Outlet temperature [°C]

60 : . r : . Y O T T T T T
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Time [s] Time [s]
Fig. 5 Effect of tube length in charging and discharging cycle
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length from 0.2m to 1.8m at charging time. With regard to the
discharging process and the effect of increasing the tube length,
the asymptotic value of the HTF outlet temperature increases
from 25°C to 38.5°C along the 5600s, thus leading to a gradient
of temperature AT, equal to 13.5°C. From this figure, it can be
seen that the tube length is an important parameter to optimize
the melting and solidification time.

4.2.2 Effect of shell diameter

The shell diameter is among the important parameters that
have a relation with the progress of solidification and melting.
In this case we have changed the shell diameter in the range
24-44 mm. Fig. 6 shows that the shell diameter reduction allows
to complete the discharging and charging rate in a short time.
The reduction of shell diameter causes the minimizing of the
PCM mass volume. This allows accelerating the heat charging
or discharging of the mass through heat transfer process. This
contributes to speed up the melting fraction rate of the Paraffin
wax during charging process.

It can be seen from the figure, that the shell diameter of 24
mm needs just 3300s to complete almost the charging or the
discharging processes, whereas the other cases needed more
than 5000s to complete the fully charging or discharging
processes. As a result, the gradient in HTF outlet temperature
between the shells of minimum and maximum diameter used
AT, is equal to 5°C for charging process and AT, is about 8°C
for discharging process. Therefore, the quantity of Paraffin
wax must be appropriate with the work conditions, in order to
optimize the time of storage system.

4.2.3. Effect of Reynolds number

As we know, the Reynolds number depends on the HTF
properties as the viscosity, velocity, and the size of the tube. In
the present investigation, only the laminar regime is considered
for the flow of HTF. In this contribution, the effect of Reynolds
number is investigated in the range Re= 100-1500. The increase

(a) Charging

90
— 85 1
O
s
o 80
=
% 4
= 754 D, =24 [mm]
=) - D, =28 [mm]
& ‘ ——D_ =32 [mm]
= 654 — D, =36 [mm]
3 ~ D, =40 [mm]

60 —— D, =44 [mm]

0 1000 2000 3000 4000 5000 6000
Time [s]

of Reynolds number allows to decrease the solidification and
melting time as shown in the Fig. 7. It is clear from this figure,
that for the charging cycle and for the high value of Reynolds
number (Re=1500) the HTF outlet temperature tends to reach
the asymptotic value of 86.5 °C, while for the lower value of
Reynolds number (100), the HTF outlet temperature tends to
reach the asymptotic value of 69.5°C. Therefore, the temperature
gradient AT, of HTF outlet temperature in discharging cycle is
about 9.6°C and in the charging case AT, is 17°C.

4.2.4 Improvement of TES unit

According to the above results, it could be very useful to find
an effective way that allows the PCM to absorb the maximum
heat provided by the HTF. As a result, we have tried to propose
a new configuration (Fig. 1(d)), where we inserted a layer of
another phase change material namely the RT60, that its melting
temperature is equal to 57 °C, which is very close to melting
temperature of the paraffin wax (equal to 61 °C). This layer of
RT60 makes it possible to distribute the thermal load on the
paraffin wax along the axial direction and to ensure it the thermal
inertia. In this TES unit, the two PCMs are superposed between
the copper tubes. Therefore, the heat exchange in this unit is done
by conduction in two steps; (i) heat interchange between HTF
and RT60 through the first copper tube, (ii) heat transfer from
the RT60 into the paraffin wax through the second copper tube.
The same boundary and initial conditions adopted in the first
configuration are used here. Different cases according to Table 3
and Table 4 are numerically predicted. The melting temperature
of RT60 is lower than the paraffin wax (61°C), which allows the
RT60 to melt before the paraffin wax, which leads to accelerate
the melting process of RT60 and its solidification process due to
its rapid heat absorption from the HTF.

In this configuration we proposed two cases A and B. The
case A (see Table 3) has a constant radius of the shell R, and a
variable inner radius of the second tube R, that consequently
reduces the volume of Paraffin wax. This radius is varied in the

(b) Discharging

—— D =44 [mm]
60 — D_=40[mm]
— Dsh: 36 [mm]
50+ ——D,=32[mm]
-D_ =28 [mm]

40 ——D=24
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Outlet temperature [°C]
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104
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Fig. 6 Effect of shell diameter in charging and discharging cycle
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(a) Charging
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Fig. 7 Effect of Reynolds number in charging and discharging cycle
Table 3 Geometric parameters of the second configuration I1.A
The inner radius of tube 1 R, ) [m] 0.0054
The outer radius of tube 1 R,) [m] 0.006
The inner radius of tube 2 R, [m] 0.008 0.01 0.012 0.014
The radius of the shell R,) [m] 0.018
The length of tube (L) [m] 1
The thickness of copper tube 1 and 2 [m] 0.0006
Table 4 Geometric parameters of the second configuration I1.B
The inner radius of tube 1 R,) [m] 0.0054
The outer radius of tube 1 R,,) [m] 0.006
The inner radius of tube 2 R, [m] 0.008 0.01 0.012 0.014
The radius of the shell (R,) [m] 0.01902 0.02001  0.02114  0.02239
The length of tube (L) [m] 1

range 0.008-0.014m. The variation of the inner radius allows us
to obtain several proportions in the volume of the two PCMs,
from the case the existence of only the Paraffin wax to the
case we obtain the Paraffin wax with RT60 (R, = 0.014m).
The results shown in Fig. 8 indicate a decrease in the time of
charging and discharging cycles compared to case of the first
thermal storage unit (containing only Paraffin wax), whereas
the temperature gradient AT, of the HTF outlet temperature in
charging cycle increases in the first time period [0-1500s], then
starts to decline. Near the time 4000s, we remark an increase of
the outlet temperature and A7,. This is due to the PCMs which
have achieved the total phase change from the solid to liquid and
we are in sensible phase of heat transfer. In case B (Table 4), we
have fixed the volume of Paraffin wax (same volume of the first
configuration) and we have varied the inner radius of the second
tube R, from 0.008 to 0.014m, which means the shell radius
will vary. In this case the time of charging and discharging cycle
also decreases compared to the use of a Paraffin wax alone as

presented in Fig. 9. This case is more stable in charging and
discharging cycles than case A, as the mass volume of the PCMs
of the case B is increased compared to the first case A. However,
both cases have a better evolution of the HTF temperature than
the paraffin wax alone as shown in Fig. 8 and Fig. 9.

5 Conclusion

As the appropriate choice of the physical and geometric
parameters allows to optimize the thermal storage unit, the present
study was devoted to examine the effect of these parameters on
the shell and tube thermal energy storage unit that investigated
previously by Kibria et al. [5]. Moreover, improvements of this
storage unit were investigated through new configurations. A two-
dimensional numerical method based on the Enthalpy formulation
has been used to predict the heat transfer between HTF and PCM.
The laminar forced convection inside the tube during charging
and discharging process was considered, whereas the natural
convection has been ignored inside the PCM enclosure.

Thermo-convective Study of a Shell and Tube Thermal Energy Storage Unit
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(a) Charging case

(b) Discharging case
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Fig. 8 Charging and discharging cycle of the second configuration II.A
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Fig. 9 Charging and discharging cycle of the second configuration II.B

A parametric study has been conducted in order to study the
effect of the tube length, shell diameter and Reynolds number.
Improvement of the thermal performances of this unit was
proposed and investigated.

The results of the parametric study have shown that the
tube length and shell diameter have a great effect on the HTF
outlet temperature, moreover the Reynolds number is the most
influential parameter which has an impact on the time and rate
of solidification and melting process.

From the present results, the design parameters should be
selected carefully in order to optimize the performance of
the storage unit. In addition to that, the new thermal energy
storage unit filled by RT60 and Paraffin wax allowed for better
efficiency of the rate storage and HTF outlet temperature
compared to the unit containing only the Paraffin wax.
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