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Abstract

Latent heat thermal energy storage is an innovative and promising energy
management technology. This is one of the new areas of research because it provides
a solution to the problems linked between the energies supplied and required. Paraffin
is a phase change material commonly used in thermal energy storage applications
whose the main drawback is its low thermal conductivity. However, using the metal
additives to improve the effective thermal conductivity of phase change material can
lead to a decrease of the effective thermal capacity and the stored thermal energy.

The first part of the experimental study consists in analyzing the effect of the
nature of the metallic additives (Zamak, aluminum, and copper) on the melting of the
phase change material. A glass thermal cavity heated by one side is made to can
visualize the progress of the melting process. The originality of the study is to try to
predict the best duo which respects both the improvement of thermal conductivity and
stored energy. The experiments show that the addition of perforated aluminum plates
in the paraffin accelerates the melting process by about 19% and increases the stored

energy by 5.18%.

The second part of the experimental study analyzes the effect of the volume
concentration of aluminum on the melting of Paraffin in a rectangular thermal cavity
heated on both sides and perfectly insulated. The positions of the solid-liquid
interfaces and the PCM's temperature evolution were noted and used to determine the
liquid fractions and heat transfer behavior. The results obtained show that the addition
of 1.2, 2.4, and 4.8% aluminum concentration improves the thermal conductivity of
the paraffin by 30, 50, and 155%, and decreases the heat convection coefficient by
17.25 and 50%. The increase in aluminum plates reduces the creation of air pores

during solidification and the volume contraction of the paraffin during experiments.

Keywords: PCM, thermal storage, latent heat, metal additives, thermal
conductivity.
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Résumeé

Le stockage d'énergie thermique par chaleur latente est une technologie de
gestion de I'énergie innovante et prometteuse. Il s'agit de I'un des nouveaux domaines
de recherche, car il apporte une solution aux problémes liés a I'écart entre I'énergie
fournie et I'énergie requise. La paraffine est un matériau a changement de phase
couramment utilisé dans les applications de stockage d'énergie thermique dont le
principal inconvénient est sa faible conductivité thermique. Cependant, l'utilisation
des additifs métalliques pour améliorer la conductivité thermique effective du
matériau a changement de phase peut entrainer une diminution de la capacité

thermique effective et de I'énergie thermique stockée.

La premiere partie de I'étude expérimentale consiste a analyser I'effet de la
nature des additifs métalliques (Zamak, aluminium et cuivre) sur la fusion du
matériau & changement de phase. Une cavité thermique en verre chauffée d'un seul
cOté est réalisée pour visualiser la progression du processus de fusion. L'originalité de
I'étude est d'essayer de prévoir le meilleur duo qui respecte a la fois I'amélioration de
la conductivité thermique et I'énergie stockée. Les expériences montrent que I'ajout de
plaques d'aluminium perforées dans la paraffine accélére le processus de fusion
d'environ 19% et augmente I'énergie stockée de 5,18%.

La deuxieme partie de I'étude expérimentale analyse I'effet de la concentration
volumique d'aluminium sur la fusion de la paraffine dans une cavité thermique
rectangulaire chauffée des deux cOtés et parfaitement isolée. Les positions des
interfaces solide-liquide et I'évolution de la température du PCM ont été notées et
utilisées pour déterminer les fractions liquides et le comportement du transfert de
chaleur. Les résultats obtenus montrent que I'ajout d'une concentration d'aluminium
de 1,2, 2,4 et 4,8 % améliore la conductivité thermique de la paraffine de 30, 50 et
155 % et diminue le coefficient de convection thermique de 17,25 et 50 %.
L'augmentation des plaques d'aluminium réduit la création de pores d'air pendant la

solidification et la contraction du volume de la paraffine pendant les expériences.

Mots clés: MCP, stockage thermique, chaleur latente aditifs métalliques,
conductivité thermique
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General Introduction

General Introduction

A drastic change in the climate due to the emission of greenhouse gasses,
growing need for energy, and diminishing reserves of fossil fuel incline mankind
towards sustainable and clean energy resources such as solar energy. Even though it is
available in abundance, its intermittent nature hinders its widespread implementation
as a cost-effective and reliable energy resource. Efficient energy storage is essential to
overcome this problem. Out of all available energy storage techniques, thermal energy
storage shows the greatest potential as it is a simple, cost-effective, efficient, and
reliable method.

Common types of thermal energy storage TES technologies currently available
include sensible heat thermal energy storage (SHTES) and latent heat thermal energy
storage (LHTES). LHTES is more attractive as it provides a higher energy density
and, therefore, requires less storage material compared to SHTES. LHTESalso can
provide stored energy at a nearly constant temperature, which corresponds to the
phase transition temperature of the phase change material (PCM) and results in

maintaining high energetic efficiency.

Nevertheless, the main PCMs' drawbacks are already well-known. First, their
thermal conductivity is usually very low (in the order of 0.2 W/mK for paraffin,
andup to 1.5 W/mK for inorganic salt hydrates) causing very slow loading (melting)
and unloading (solidification) processes. Several studies have already been conducted
to investigate how to enhance PCMs' thermal conductivity. Another PCMs limitation
is linked to the high-volume change during the phase change process. In fact, in the
case of asymmetric heating the melting process starts from the heated surface, and the
liquid-solid interface moves forward through the solid region. Solidification is a
process associated with a decrease in volume that can imply the generation of a void
volume in the center of the module and limit the reliability in cyclic working

conditions.

This work presents an experimental study of the melting of paraffin
(considered as a PCM) in an attempt to improve its thermal performance by adding

different metallic additives. The thesis has five chapters organized as follows:



General Introduction

Chapter 1 is devoted to a bibliographical study of the research work on the
dynamic behavior of the melting process of PCM and the improvement of its thermal
conductivity.

Chapter 2 presents the technologies used in TES and the different PCM used.
It also presents methods for enhancing heat transfer in PCMs.

Chapter 3 presents the different stages of the construction of the two test
benches as well as the experimental procedure for the different manipulations. It also

presents the developed interface measurement using Labview software.

Chapter 4 presents the experimental results carried out in order to have the
best additive that respects both the improvement of thermal conductivity and the
stored energy.

Chapter 5 summarizes the results and their interpretation in order to analyze
the effect of aluminum concentration on the dynamic and thermal behavior during

melting of the paraffin.

Finally, the study is concluded with a general conclusion summarizing the

main findings of the research.
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1.1 Introduction

Heat transfer processes involving solid—liquid phase change have been of growing
interest to researchers in recent years. This is prompted by various applications that
are associated with phase change materials (PCM). The major advantages of these
materials are their large heat storage capacity, variety of phase change temperatures,
and their nearly isothermal behavior during charging and discharging processes [1,2].
These materials can be incorporated with other thermal systems such as solar thermal
systems [3,4], waste heat recovery [5,6],a thermal regulator of buildings [7,8],

electronic devices [9-10], spacecraft [11] and smart textiles [12] to increase their

performances and reliabilities.

1.2 Melting process

To date, numerous phase change materials (PCM) have been developed for
application in latent heat storage systems. There are many issues in the process from
the development of PCM to using them in storage systems, which should be resolved.
The problem of heat transfer in PCMs during the phase change process is the most
important one. Latent heat storage containers usually have simple geometrical forms
such as a sphere, cylinder, cylindrical annulus, rectangular enclosure, etc. A large
number of papers were published on melting and solidification processes in PCMs
[13].

The study [14] is focused on the melting of lauric acid in a rectangular thermal
storage unit heated from one side. Image processing of photographs together with
recorded temperatures is used to calculate the melt fractions, temporal heat storage,
and heat transfer characteristics, including the average Nusselt number on the hot wall
as well as the local heat transfer rates on the melt front. Moreover, solid -liquid
interface morphology and temperature field are employed to infer dominant heat
transfer mechanisms and time dependent flow structures during different stages of the
melting process. Results indicate that during the initial stage of melting, heat
conduction is the dominant mode of heat transfer, followed by a transition from
conduction to convection regime and convection dominated heat transfer at later

times. Approaching the end of the melting process, the bulk temperature of the liquid
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PCM increases and stratified temperature field appears at upper part of the enclosure

which reveals depression of the convection currents.
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Fig.1.1.Instantaneous photographs of the lauric acid melting in the rectangular
enclosure with hot wall temperature of 60 °C.

Marduga et al [15] carry out a comparative analysis of experimental results
and numerical simulations on the melting of the Phase Change Material tetracosane
contained within a cube and heated from below. Simulations employ a Stefan number
Ste=0.65, Prandtl number Pr=54, and Rayleigh number covers a range up to 108. The
simulations show distinct regimes of the melting process: (i) conductive regime, (ii)
stable growth regime, (iii) coarsening regime, (iv) turbulent regime. We show how the
solid/liquid interface easily observed in the experiment is enough to identify these
regimes and so the internal state of the velocity and temperature fields.
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when the bottom wall is held at a times of the turbulent regime.

constant temperature Tw=80 °C.

In this work [16], numerical experiments were performed to compare the heat
transfer and thermodynamic performance of melting process inside the square-shaped
thermal energy storage system with three different heating configurations: an
isothermal heating from left side-wall or bottom-wall or top-wall and with three
adiabatic walls. The hot wall is maintained at a temperature higher than the melting
temperature of the phase change material (PCM), while all other walls are perfectly
insulated. The transient numerical simulations were performed for melting Gallium (a
low Prandtl number Pr=0.0216, low Stefan number, Ste=0.014, PCM with high latent
heat to density ratio) at moderate Rayleigh number (Ra = 10°). The bottom-heating
configuration yielded the maximum Nusselt number but has a slightly higher total

change in entropy generation compared to other heating, configurations.
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h

(a) ) (c)

Fig.1.4.Schematic diagram of a energy storage device for melting the phase
change material inside a square cavity.

The transient melting process of a phase change material (PCM) is strongly
affected by its inclination angle caused by the behavior of buoyancy-driven natural
convection. An experimental study [17] is carried out to investigate the effect of this
inclination on the thermal behavior during PCM melting contained in a square cavity.
The range of inclination angle from 0° (vertical), 45° (inclined), and 90° (bottom) is
considered. Paraffin with a melting range of 49-54°C is used as PCM. The volumetric
shrinkage of PCM during solidification preceding the melting experiments leads to
the development of a large void in the free surface PCM-air (Fig.1.5). The effects of
inclination and shrinkage phenomenon are analyzed by visualizing the solid-liquid

interface and measuring temperatures by thermocouples and infrared camera.

Fig.1.5. Picture of the concave form at the free surface of paraffin.

Results show that the inclination angle has a great influence on the natural
convection behavior, and affects the melting front progression and the heat transfer
rate. The total melting time for the bottom and inclined cavities cases were, on
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average, 56% and 48% less than the vertical one, respectively. The volumetric

shrinkage disrupts significantly the melting process in the vertical and inclined cases.

50 min

145 min

60 min 120 min

Fig.1.6. Time evolution of the melting process of the paraffin (left) and IR image
(right)

Bechiri et al [18] present a numerical investigation to study the melting of
Phase Change Material (PCM) partially filled in a vertical cylindrical tube. The top
space of the tube was filled with air to take into account the volumetric expansion of
PCM. The obtained results have been analyzed and compared with the literature, and
a good agreement was showen. Then, a parametric study was carried out to establish
correlations for the liquid fraction and time of complete melting as a function of all
dimensionless parameters that govern this problem, such as Fourier number, Grashof
number, Stefan number, wall to PCM thermal diffusivity ratio, tube aspect ratio, shell-
to-tube diameter ratio and dimensionless initial temperature. The results show that all
parameters of the problem can really affect the phase change phenomena and

consequently, affect the melting time.
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Fig.1.7. Simulated melting process for case 3. For each subfigure, (right)
temperature contours, (left) PCM solid fraction in gray and streamline contours
in PCM liquid

Well-controlled and well-characterized experimental measurements are
obtained during the melting of a moderate-Prandtl-number material (n-eicosane) in a
cylindrical enclosure heated from the side [19]. The study aims to provide benchmark
experimental measurements for the validation of numerical codes. The melt front was
captured photographically and its location was ascertained using digital image
processing techniques. An illustrative numerical comparison exercise was also
undertaken using a multi-block finite volume method and the enthalpy method for a
range of Stefan numbers. Very good agreement was obtained between the predictions
and the experiment for Stefan numbers of up to 0.1807. The experimental results for a

Stefan number of 0.0836 are recommended as being the most suitable for numerical
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benchmarking, since the boundary conditions are best controlled in this set of

experiments

10800 s
o>a

Fig.1.8. Photographs taken during the melting of wax within the cylindrical
enclosure for a wall temperature of 45 °C at four different times

A computational study of the effects of buoyancy-driven convection on
constrained melting of phase change materials within spherical containers is presented
[20]. Early during the melting process, the conduction mode of heat transfer is
dominant, giving rise to concentric temperature contours. As the buoyancy-driven
convection is strengthened due to the growth of the melt zone, melting in the top
region of the sphere is much faster than in the bottom region due to the enhancement
of the conduction mode of heat transfer. When buoyancy effects are very marked, as
many as three time-dependent recirculating vortices are observed. In comparison to
diffusion controlled melting, buoyancy-driven convection accelerates the melting

process markedly.
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Fig.1.9. Instantaneous photographs of melting of wax inside a spherical bulb

An experimental and computational investigation directed at understanding the
role of buoyancy-driven convection during constrained melting of phase change
materials (PCM) inside a spherical capsule is reported [21]. Paraffin wax n-
octadecane was constrained during melting inside a transparent glass sphere through
the use of thermocouples installed inside the sphere. The melting phase front and
melting fraction of the PCM are analyzed and compared with the numerical solution
obtained from the CFD code Fluent. Following a short period of symmetric melting
due to the prominence of diffusion, expedited phase change in the top region of the
sphere and a wavy surface at the bottom of the PCM are observed. The computational
predictions point to the strong thermal stratification in the upper half of the sphere that
results from the rising of the molten liquid along the inner surface of the sphere thus
displacing the colder fluid. The waviness and excessive melting of the bottom of the
PCM are shown to be underestimated by the experimental observation. This
discrepancy is linked to the use of a support structure to hold the sphere. Measured
temperature data and computational results near the bottom indicate the establishment
of an unstable fluid layer that promotes chaotic fluctuations and is responsible the

waviness of the bottom of the PCM.

10
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Fig.1.10. Instantaneous photographs of the melting of PCM inside the spherical
capsule after 0, 20, 40, 60, 80, 100, and 120 min.

1.3 Improvement of heat transfer in PCM

A significant downside of PCMs is their low thermal conductivity, which
decreases the heat transfer rate and restricts the deployment of PCMs in large-scale
LHTES units [22] .To enhance the thermal performance of the LHTES, many
techniques have been established to improve the thermal conductivity of PCMs such
as using fins [23,24], porous structures with high thermal conductivity [25,26], heat
pipes [27] and nanoparticles [28].

1.3.1 Use of fins

Due to the simplicity, low cost ,and ease of fabrication, a majority of the heat
enhancement techniques have been based on fins. Fins are typically used to increase
the effective heat transfer area between HTF and PCM and therefore enhance the
thermal performance the TES system [43].

kamkari et al [29] present an experimental investigation of phase change

material (PCM) melting in a transparent rectangular enclosure with and without

11
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horizontal partial fins. The enclosure was heated isothermally from one side while the
other walls were thermally insulated. Experiments were performed with wall
temperatures of 55, 60, and 70 °C (3,6 x10° < Ra < 8,3x10®) for finned and unfinned
enclosures. Experimental results indicated that increasing the number of fins
decreased the melting time and increased the total heat transfer rate while the surface-
averaged Nusselt number reduced. Melting enhancement ratio and overall fin
effectiveness increased with increasing the number of fins and decreased with raising
the wall temperature. Melting enhancement ratios decreased with time after reaching
some maximum values indicating that partial fins are more beneficial during the

initial time of the melting.
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Fig.1.11. Solid-liquid interface progress during the melting of PCM in the finned
and unfinned enclosures at different wall temperatures.
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A comprehensive study [30] was conducted to analyze the effect of fin material
on PCM melting in a rectangular enclosure. Four commonly employed indicators,
surface averaged Nusselt number, melting time, total stored energy and mean power,
and two proposed, stored energy per mass and cost per energy stored, were used to

evaluate the influence of fin material roundly.

Cogper fins Aduminss fins Cardon stocd fiss Seocd 302 finy Ne-fin

0 010203040508 07 0209 1
Fig.1.12. Instantaneous liquid fraction contours and velocity vectors for different
schemes at the flow time of 300 s, 1500 s, 3600 s and 5400 s.

Results show that compared with the no-fin scheme, the PCM melts faster and
the melting time is reduced by 41.6%, 41.0%, 40.1% ,and 37.2% with inserting
copper, aluminum, carbon steel ,and steel302 fins. A significant reduction in stored
energy per mass is presented by adding fins and the decline range is the highest for

the copper fin scheme and the lowest for the aluminum fin scheme, which is 27% and

13
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9.4% respectively. Among the four fin schemes, the cost per energy stored is the
largest for the copper, 5.6% higher than the no-fin case. The selection of fin material
is affected by adopted indicators. If four commonly used indicators are considered
only, the copper and carbon steel fin schemes are highly recommended, while the
aluminum fin scheme is highly recommended if six indicators are considered
simultaneously. A criterion, selecting fin material with higher thermal conductivity,

high specific heat capacity, low density, and low cost as fins, is proposed.

Elevated operating temperatures reduce the efficiency of photovoltaic devices.
The use of a phase change material to moderate building-integrated photovoltaic
temperature rise has been investigated by experiments and numerical simulations.
Experimental data are used to validate the previously developed two-dimensional
finite volume heat transfer model conjugated hydrodynamically to solve the Navier—
Stokes and energy equations [31]. Temperatures, velocity fields ,and vortex formation
within the system were predicted for a variety of configurations using the
experimentally validated numerical model. Temperature distributions predicted for
different insolation and ambient temperatures at the photovoltaic surface show that
the moderation of temperature achieved can lead to significant improvements in the
operational efficiency of photovoltaic facades

Solid-liqud
interface :
g Aluminium
plates

Liquid PCM

Solid PCM
Thermocouples

Depth (m) Depik (m) Depth (m) Depth (m) Deptls (m] Depth (m)

Fig.1.13. Photovoltaic image and predicted isotherms and velocities for a
PV/PCM system with fins during the PCM melt process
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An experimental study is carried out to analyze the performance of a novel
latent heat thermal energy storage (LHTES) unit on charging and discharging
processes [32]. A finned tube air heat exchanger is filled with phase change material
PCM and enclosed in an insulated storage unit. The experiments showed that the fins
can accelerates the time of the start and the end of fusion by about 55 and 72%,
respectively. The charging phase can be prolonged to 94%by increasing the power
supply by 32%, which also allowed them to store and recover more than 5 times of

thermal energy.

Fig.1.14. Finned U-tubes exchanger (cm) filled with PCMand including Ktype
Thermocouples

In this study, enhancement in the melting rate of PCM by the addition of fins
in rectangular enclosures was experimentally investigated under different inclination
angles by kamkari et al [33]. The melting process of lauric acid in side-heated
enclosures with different numbers of fins was evaluated for inclination angles of 90°
(vertical), 45° and 0° (horizontal). To visualize the melting process, the enclosure was
fabricated from transparent acrylic material except for one side made of an aluminum

plate to heat the enclosure isothermally. It was found that for both finned and

15
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unfinned enclosures the melting rate increases by reducing the inclination angle. Heat
transfer enhancements obtained by the O-fin horizontal and 3-fin vertical enclosures
compared to the O-fin vertical enclosure were 115% and 56%, respectively. Among
the different cases studied, the 3-fin horizontal enclosure showed the maximum heat

transfer rate and consequently the minimum melting time.

Inclination angle = 90° Inclination angle = 45° Inclination angle = 0°
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Fig.1.15. Temperature distributions in the finned and unfinned
enclosures under different inclination

The aim of this study [34] is to present a correlation to estimate the optimum
number of fins and optimum PCM volume fraction in a PCM-based heat sink. Around
900 various geometries of the heat sink in the height range of 10-30 mm, and fin
thickness range of 0.2-0.5mm were studied for two different input heat fluxes of 5000
and 10000 W/ m? to find the optimal number of fins. The Results reveal that the

16
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optimal number of fins decreases by increasing the fin thickness. The increase in heat
sink height results in higher optimal fin spacing, which consequently decreases the
optimal number of fins. For a heat sink with constant width, a larger number of fins is

required to prevent interfering with thermal performance, as the heat flux increases.
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Fig.1.16.A sample of PCM-based heat with two fins and three enclosures.

This paper [35] experimentally studies and compares the addition of fins and
the addition of metal wool in latent heat thermal energy storage (TES) systems as heat
transfer enhancement techniques. Despite the well-known suitability of fins as an
enhancement technique, their implementation cost in the TES system is one of its
main drawbacks. Four different latent heat TES systems based on the shell-and-tube
heat exchanger concept were designed using n-octadecane as phase change material
(PCM). One of them was used as a reference, while in the remaining configurations,
the heat transfer surface was increased using of seventeen rectangular fins and by
means of metallic wool arbitrarily distributed within the PCM and compacted in a
finned shape. The addition of metal wool showed an enhancement, during the charge,
higher than 10% when it was arbitrarily distributed while compacting the metal wool

in a finned shape showed practically no improvement.
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(d)

Fig.1.17. Schematic overview and actual pictures of the different latent heat
exchangers tested in the present study: (a) HEX_NF: Reference; (b) HEX_17F:
With seventeen fins; (¢) HEX_MW1: With metallic wool distributed in a finned
shape around the HTF tubes bundle; (d) HEX MW2: With metallic wool
arbitrarily distributed around the HTF tubes bundle.

Chi-ming et al [36] combined this study building construction practice,
microencapsulated phase change materials (MPCM), and aluminum honeycomb
structures to construct an mPCM honeycomb wallboard prototype. The heat transfer
characteristics and thermal storage behaviors of this prototype and other modules
(mPCM only, mPCM+EG, and mPCM-+iron-wire) were investigated experimentally.
The results indicated that the aluminum honeycomb used for structural support and
enhancing the thermal conductivity in the prototype rapidly transferred the heat flux
into the mPCM. Consequently, the latent heat can be used to increase the time lag of
the peak load, effectively shifting the peak hours of electricity use in the summer and
achieving a lower module surface temperature than other modules. Thus, the
mPCM-+honeycomb exhibited better control over the surface temperature, which
makes it suitable for use in places where the exterior surface temperature must be

controlled.
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Fig.1.18. Investigated target (mMPCM honeycomb wallboard)

The present research [37] is motivated by the need to intensify the buoyancy-
driven convection flow in the phase change material to enhance the thermal
performance of the system. In this paper, the effect of applying perforated fins on the
thermal performance enhancement of a vertical shell and tube latent heat energy
storage heat exchanger is experimentally investigated and the results are compared
with those of the unfinned and solid finned heat exchangers as the base cases. Lauric
acid as the phase change material is placed in the shell side and the water is passed
through the inner tube. The fins and tubes were made of copper. The experimental
results showed that the time-averaged Nusselt number of the perforated finned heat
exchanger is about 30% higher than that of the solid finned heat exchanger due to the
minor hindering effect of the perforated fins on the development of the convection
flows. Moreover, the total melting time of the perforated finned heat exchanger is

about 7% lower than that of the solid finned heat exchanger.
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Fig.1.19. Photograph of the unfinned, solid finned and perforated finned HXs

Tay et al [38] experimentally validated a computational fluid dynamics (CFD)
model for tubes coiled in a phase change thermal energy storage system has been
conducted. Using the validated CFD model, three CFD models have been developed.
The first model was developed having pins embedded on a tube with heat transfer
fluid (HTF) flowing in it, with PCM surrounding the tube. Different configurations of
pins on the tube have been analyzed. The second model developed is similar to the
first model; however, fins were embedded instead of pins. Different configurations of
fins on the tube were also investigated. The last model developed was a plain copper
tube surrounded by PCM with HTF flowing in it. This model was used as a
benchmark for comparison of the first two models. The models were analyzed for the
freezing process. From this study, it was concluded that fins on the tube are better
than pins on the tube.
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Fig.1.20. Typical schematic of (a) pinned tube, (b) finned tube and (c) plain tube.

In this work [39], a detailed numerical study is carried out to analyze the
impact of fin geometry (including fin length, fin-ratio ,and the angle between
neighbor fins) and outer tube conductivity the PCM melting process; the influence of
the natural convection in the horizontal sleeve-tube unit within the longitudinal fins is
further examined. Results show that a small fin ratio can reduce melting time, but not
remarkably; the angle between neighbor fins has little impact on the melting process,
however, there is an optimization of the angle between neighbor fins to reduce
melting time in the full-scale unit. The outer tube conductivity has a great impact on

the melting process whether considering the natural convection or not.
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(a)

Fig.1.21. Schematic of the sleeve-tube LTES units (a) no fin; (b) four half-scale
fins; (c) three full-scale fins.

Aziz et al [40] studied the effect of heat transfer enhancement in thermal
energy storage (TES) systems comprising an encapsulated PCM in a sphere. To
enhance the performance, the design modification method by the employment of pins
and copper plating was adopted and carried out by computational fluid dynamics
(CFD) and experimental studies. The phase change times (PCTs) of the systems were
analyzed as a performance measure. Consistent with the experimental results,
simulation analysis in ANSYS CFX showed that utilizing pins for heat transfer
enhancement reduced the PCT of the PCM by 27% while design modification with
copper coating and embedded pins reduced the PCT by 37% relative to a plain sphere.
These improved results facilitate the use of a conductor and copper plates as an
alternative technique for the performance improvement of a PCM encapsulated in a

sphere.

(a) ®) (©)

Fig.1.22. Design of modifications made on a plain plastic sphere: (a) a plain
plastic sphere, (b) a plain sphere encapsulated with 32 copper pins, and (c) a
copper-plated sphere with 32 internally built copper pins
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In the present study [41], experiments were conducted to explore and report
the effect of fin orientation (orthogonal and circumferential) on the heat transfer
enhancement of a PCM filled in a spherical capsule. The temperature profile of
paraffin PCM filled in an orthogonal and circumferential internally finned spherical
capsule of the charging and discharging process was compared respectively with no
fin configuration. The inference from the results is that for the same surface area, an
orthogonally oriented fin resulted an appreciable reduction in total time taken for the
complete charging/discharging process than the circumferential fin and no fin
configuration. The reduction in charging duration of 22 % and 42 % was observed in
orthogonal fin orientation compared to circumferential fin and no fin configurations,
respectively. Similarly, a 15 % and 38 % reduction in discharging duration was
observed in orthogonal fin compared to circumferential fin and no fin configurations,

respectively

i) iy

)

Fig.1.23. Cross section of Spherical container with different fin configurations i)
without fin, ii) Circumferentially finned spherical container, iii) Orthogonally
finned spherical container

Compared to other enhancement techniques, the amount of experimental
studies carried out for fins is significant. Table 1.1 summarizes some of the

experimental studies carried out for LHTES systems [43].
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Table.1.1. Studies of heat transfer enhancement with fins

bn time

Fin | System Fin material Nots Ref
geomety geometry
Rectangular ~ Cylindrical Aluminum Solidification time was [42]
inversely proportional to the
number of fins.
Rectangular  Rectangular Steel Close to 40% decrease in solid{fidjti
compared to the base case.
Rectangular ~ Rectangular Aluminum Increasing the fin height and  [45]
alloy number of fins increased the
thermal performance of the
system.
Rectangular Shell and Copper Fin length gives higher PCM  [46]
tube charging rate.
Shell and Brass 12.5%(inlet at 800C) and [47]
Rectangular tube 24.52%(inlet at 850C)
decrease in melting time
compared to the base case.
Rectangular ~ Rectangular Aluminum Increase in flow rate reduced  [48]
shell and tube both melting and
solidification time whereas
this drop is more significant
for the melting than
solidification.
Rectangular Triplex Copper Melting time was decreased  [49]
concentric by 34.7% for the highest
tubes(TTHX) number of fin configuration
compared to the base case.
Rectangular TTHX Copper Solidification time was [50]
decreased by 35% highest
number of fin configuration
compared to the base case.
Rectangular TTHX Copper The internal-external fin [51]
arrangement decreased the
melting time by 43.3%
compared to the base case.
Circular Cylindrical Heat transfer coefficient was  [52]
tube Stainless doubled with the use of thick-
steel finned arrangement.
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Table.1.1.(continued)

Circular Shell and Bronze The amount of stored energy  [53]
tube increases with the increase in
fin radius and decrease in fin
space.
Circular/long  Cylindrical Copper Enhancement of the heat [54]
itudinal tube transfer rate was high in

longitudinal fin arrangement
compared to the circular fin

arrangement.
Spiral Cylindrical Copper Thermal conductivity [55]
tube improvement was three times
high compared to the base
case.

All the fin arrangements described in the literature have used metallic PCM

containers. Therefore, the tested operating temperatures were below 600°C.

1.3.2 Enhancement with porous materials

Several studies have been done on thermal conductivity improvements by
impregnation of PCMs into porous conductive materials [56-58]. Having a porous
material with high thermal conductivity makes the overall thermal conductivity of the
PCM-porous material combination higher than the pure PCM [57]. Aluminum foam
and expanded graphite (EG) are widely used as porous materials to increase the
thermal conductivity of PCMs. The improvement is mainly due to their high thermal

conductivities and relatively low or medium densities [59].

Righetti et al [60] experimentally investigate the effects of six open-cell
aluminum foams and a 3-D periodic aluminum structure during the phase change
process of paraffin wax with melting temperatures of 40 °C in a hybrid water thermal
storage unit. when the aluminum foams were used, the loading and unloading times
were reduced up to twelve times. The tests also permitted to study of the effect of the
porosity of the foams; in particular, the loading and unloading times decrease as the
porosity decreases. Besides, the 3-D periodic structure obtained by wrapping a sheet
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of aluminum net permitted to halving the loading and unloading times as compared to
the case of an empty tube. All the cellular structured materials, either stochastic or
periodic, also eliminated the issue related to the void volume generation during the
solidification process, which usually occurs in the empty tube because of the specific

volume change in the liquid-solid phase change.

Fig.1.24. Picture of the wrapped tube with porosity of 92% (a).10 PPl aluminum
foam (b).

Varun et al [61] highlight an optimal concentration and position of metal
foam-PCM composite (MFPC) to elevate thermal performance without altering an
overall melting time. Thus, a novel configuration MFPC is proposed according to the
optimum thermal conductivity enhancer (TCE) density, a criterion defined based on
the temporal variation of local temperature gradient during the melting process. The
fundamental principle of the criterion is positioning the metal foam only at the
maximum thermal potential region for the effective utilization efficiency of the metal
foam. The numerical results showed that the proposed configuration with the
provision of MFPC at a high thermal potential region alleviates local conductive
transport with enhancement in the overall melting rate. It is seen that the withdrawal
of metal mass at low thermal potential region encompasses the beneficial influence of
natural convective transport, which is observed to be impeded in the previous
configuration.
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Fig.1.25. Schematic of Configuration 2 under the optimum TCE density criterion
and reference Configurations 0 and 1.

The present study [62] deals with the melting and solidification of PCM inside
a cylindrical container with different shapes of shells and also different arrangements
of inner tubes. Nine different cases with an identical amount of PCM are considered
for the investigation. Results show that conduction is the dominant mechanism at an
earlier time. Later, natural convection has a significant effect on the melting process
where PCM at the upper half of the container is melted while a large amount of it is
still solid at the lower half. Following this, copper foam is inserted inside PCM to
enhance the phase change rate which is solved by the non-equilibrium thermal
condition between metal foam and PCM. Inserting metal foam increases the melting
and solidification rates up to 92% and 94%, respectively. However, it suppresses the

natural convection, especially in melting process.
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Fig.1.26. Schematic of the investigated cases.

The objective of this numerical study [63] is to develop a latent heat storage
(LHS) air heater in both charging and discharging processes to find the geometrical
and operating conditions for dwelling space heating. The storage heater aims to
provide a uniform output temperature according to the required heating load of a
typical room in the required heating hours. The phase change material (PCM) is
embedded in a copper porous structure to enhance the rate of heat transfer and
overcome the low thermal conductivity of PCMs. The results show the significant
advantages of composite metal foam/PCM-air heat exchanger in comparison with the
PCMe-only unit on both the discharging time (56.5% reduction) and the uniformity of
output temperature. The system with a height of 30 cm, PCM ,and air channel
thickness of 15 cm and 2 cm, respectively, and a depth of 1 m, is capable to provide
the desired output temperature of 47 °C for almost 17.4 h with air mass flow rate of
0.01 kg/s. The charging analyses show that the dimensions of the required rectangular
heating element with constant temperature of 100 °C is 15x60 cm located at both

sides of the unit.
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Fig.1.27. The schematic of a composite PCM-air heater in the a) discharging and
b) charging process.

A quite a few experimental studies were done on PCM-porous material

composite systems, some of which are shown in Table 1.2. [43].

Table.1.2 Studies of heat transfer enhancement by porous materials

Porous PCM material

material
Graphite matrix

Thermal conductivity of the [64]
composite matrix was 20

times greater than that of the

pure PCM.

Aluminium foam Paraffin The inclusion of aluminum [65]
foam decreased the
discharging duration by
42.42% and charging
duration by 15.37%.

Graphite foams (GFs) Paraffin Thickness of ligaments and [66]
pore size of the foam are
significant parameters in

improving the thermal
diffusivity and the storage
capacity of the system.
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Table.1.2 ( continued)

Compressed expanded Paraffin Thermal conductivity [67]
natural graphite improvement of the
(CENG) paraffin/CENG composite

was more than 28 times of the
pure paraffin.

Copper porous foam Eicosane Thermal conductivity was [68]
(CPF) (C20H42) increased from 0.423 W/mK
to 3.06 W/mK.
Copper, steel alloy and NaNO3 Compared to the pure PCM, [69]
EG heat transfer rate was doubled

during the solid phase but
remained almost same in the
liquid phase due to the
weakening of natural

convection

Copper foam, copper- NaNO3 heat transfer was improved [70]

steel alloy and EG by foams of copper and

copper-steel alloy as well as
EG.
EG LiINO3-KCl, Substantial improvements of  [71]
LINO3-NaNO3, thermal conductivity were
LiNO3-NaCl achieved for the eutectic
mixtures.
Copper foam, Nickel NaNO3-KNO3 Inclusion of metal foam [72]
foam reduced the natural

convection of the PCM
composite mixture compared
to the pure PCM system.

Paraffin Thermal conductivity was [73]
Expanded graphite increased with the increase of
(EG) mass fraction of EG(2-10%).

Most of the studies have been done on low-temperature applications. But the
noticeable thing is the improvement in discharging time due to the solid phase thermal
conductivity improvement. Natural convection was usually prominent during melting

in the case of pure molten salt but it was weakened by the use of metal foams or
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porous materials. Therefore, the charging time improvement was negated due to the

increase in the discharge time in many cases.

1.3.3 Dispersion of high conductivity Nanoparticles

Thermal characteristics such as latent potential during phase shift,
supercooling and thermal conductivity of the phase changing materials (PCM) are the
crucial parameters, which decide their thermal storage capability. In this current
investigation [74], such thermal characteristics of a PCM were studied under the
influence of copper oxide (CuO) and aluminum oxide (Al203) nanoparticles at a low
mass concentration. The nanoparticle doped PCMs were prepared by the way of two-
step procedure and named as nPCM 1 and nPCM 2. Then, the required tests had
steered with the support of necessary instruments. The results revealed that the
supercooling of the PCM was curtailed by 40% and 31.42%, respectively by CuO and
A1203 nanoparticles. Whereas, PCM’s thermal conductivity was enriched by 60.56%
and 39.44%, while using CuO and Al203 nanoparticles, respectively. Contrariwise,
the inherent latent potential concerning to the tested PCM was suppressed meagerly
during thermal cycling by the addition of nanoparticles. As a whole, CuO
nanoparticles showcased a better improvement in necessary thermal parameters of the
PCM in relative to the AI203 nanoparticles

In this paper [75], an experimental analysis of organic PCM is conducted. It
includes an experimental study of paraffin type organic phase change material while
suggesting a way to improve the low thermal conductivity, a feature that is the main
disadvantage of especially organic phase change materials. In particular, temperature
profiles of PCM for different hot source temperatures are examined, while
determining the heat stored in the material and the speed at which the melting front
moves under the assumption of uniform movement of the melt interface and solid
material. Subsequently, and in order to increase the conductivity of the PCM and thus
the rate of evolution, copper and aluminum oxide nanoparticles powder are added and
the hybrid PCM is compared in terms of temperature profiles and storage capacity
with the pure PCM. The presence of 0.165% Cu nanoparticles reduces the thermal
charge duration by 25.3% while the presence of Cu-Al203 hybrid nanoparticles at a
concentration of 0.165% — 0.816% reduces the duration by 10.8%.
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Fig.1.28. Photograph of Fig.1.29. Photograph of
Al203 nanoparticle Cu nanoparticle powder
powder prior to addition nrior to addition to PCM

In this paper [76]. Paraffin mixed with nanoparticles Al203, CuO, and multi
walled carbon nanotubes (MWCNTS) were prepared for cooling multiple heat
sources. For thermal management of heat sources, performances of the composite
phase change materials (PCMs) were investigated at different heating power.
Enhanced performance in terms of heat sources temperature, temperature difference
between two heat sources, and thermal resistance was experimentally tested and
analyzed at various mass fractions of nanoparticle and various power levels. It is
found that by using 1.0 W% Al203 composite PCMs the minimal thermal resistance
is achieved at the range from 0.63 C/W to 0.71 C/W for all power levels, and the heat
storage and heat conduction of the presented composite PCMs are enhanced as well as

the melting ratio.

Paraffin with
Nanoparticles Paraffin 1 Wt.% Al,O,
Paraffin
’ " Paraffin with Paraffin with 1
: - — ! ~ :: “.- 1wt% CuO  wt.% MWCNTs
i - ‘ - -
Mixing at 60 °C Ultrasonication at A s
for 15 min 60 “C for 30 min Alier soisiiication

Fig.1.30. Preparation process of the composite PCMs.
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A new Evacuated Tube Solar Collector (ETSC) incorporating a Nano-PCM
with fins is presented and studied by Elarem et al [77]. The numerical mathematical
2D model of phase change heat transfer is highlighted. The effect of adding
nanoparticles of copper (Cu) to paraffin wax on system performance was
investigated. The heat transfer during the energy storage process is simulated using
the AnsysFluent. The results showed that adding fins has a great effect on the phase
change heat transfer of the paraffin in the ETSC. It was noted that the PCM melts
faster as the thickness of the fins gets thinner. Also, the addition of 1% of Cu to the
PCM was found to be the optimum mass concentration at which the HTF outlet
temperature increased by 2 K. Moreover, it was found that the ultimate flow rate that
caused the entire mass of the PCM to melt is 0.003 kg/s.

A
E =% ETSC

Sunlight Sunkight

T Nano-PCM ‘
f

™ Cooper Fins

y

Solar Parabolic Trough Reflector  /
Inlet HTF

/
|
/
f
-
Qutlet MTF

Fig.1.31. The physical model of the ETSC with Solar Parabolic Trough Reflector
system, and the longitudinal section of the ETSC.

Solar Parabolic Trough Reflector

In this study [78], the charging process of vertical shell-tube latent heat storage
(LHS) system with two heat transfer fluid (HTF) injection orientations was
investigated. A two-dimensional numerical model based on the finite volume method
(FVM) was developed and verified with the experimental data. The PCM melting
with pure conduction mode is regarded as a reference for analyzing the heat transfer
characteristics. Results show that heat transfer is stronger for top injected HTF during
the convection dominant stage, and the bottom injected HTF offers better heat transfer
during the last conduction stage. The effects of PCM thickness to height ratio (R) and
nanoparticles concentration (¢) were investigated. It is found that the melting time for
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the bottom injected HTF is shorter compared to the top injected HTF when R less

than 0.050, and longer when R > 0.050. The nanoparticles provides better

enhancement on PCM melting with bottom injection HTF. It is also found the

enhancement potential of nanoparticles is weakened with the increase of R.

Furthermore, R = 0.05 is recommended for maximizing thermal performance.

Outlet

Inlet

() (b) (c)

Fig.1.32. Schematic diagram of vertical shell-tube LHS unit with HTF from (a)
top, (b) bottom injections, and (c) computational domain.

Table 1.3 summarizes some of the experimental studies on thermal conductivity

improvement of PCMs containing nanoparticles. [43].

Table.1.3. Studies of nanoparticles use in PCM systems

Nanoparticle PCM type Notes Ref
Al203 n-octadecane The natural convection heat transfer  [79]
nanoparticles in the melted region degraded with
the increase of nanoparticles.
TiO2 nanoparticles n-octadecane The maximum improvement [80]
happened at 3 wt% of nanoparticles
in the mixture. Increasing over 4
wt% reduced the thermal
conductivity in the liquid phase.
Carbon Paraffin and The enhancement of thermal [81]
nanotubes(CNTSs) SOy wax conductivity is high in CNF
& mixtures in contrast to CNT
nanofibers(CNFs) mixtures.
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Table.1.3. (continued)

CNT Palmitic(PA)— The thermal conductivity was [82]
stearic acid(SA) increased by close to 20%, 26%,
26% and 30% for the CNT mass
fractions of 5 wt%, 6 wt%, 7 wt%
and 8 wt% respectively.
Single and multi- Paraffin A highest enhancement of close to [83]
walled carbon 13% was achieved for the PCM
nanotubes containing single-walled carbon
nanotubes.
Multi-walled Palmitic acid Thermal conductivity improvement  [84]
carbon was 36% in the solid state and 56%
nanotubes(MWCN in the liquid states for the mixture
T) of 5 wt% MWCNT and PCM.
MWCNT Paraffin Thermal conductivity improvement  [85]
was 35% in the solid state and 45%
in the liquid states for the mixture
of 2 wt% MWCNT and PCM.
MWCNT/graphite Paraffin MWCNTSs were more effective [86]
compared to graphite as a thermal
conductivity enhancer.
MWCNT/CNF/gra Paraffin PCM with GNPs showed the [87]
phene highest thermal conductivity
nanoplatelets(GNP enhancement of 164% at 5 wt%.
s)
GNPs Lauric acid The thermal conductivity [88]
improvement by GNP(1 vol%) was
close to 230% compared to the base
case.
Cu nanowires Tetradecanol The overall thermal conductivity [89]
increased with the increase of Cu
nanowires
CuO nanoparticles KNO3/NaNO3/ Substantial improvements in [90]
KNO3-NaNO3  thermal conductivity were achieved
eutectic for both the eutectic salt and pure

nitrate salts with the addition of
nanoparticles.
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Chapter 2 Thermal Energy Storage with PCM

2.1 Introduction

A drastic change in the climate due to the emission of greenhouse gasses, growing
need for energy, and diminishing reserves of fossil fuel incline mankind towards
sustainable and clean energy resources such as solar energy. Even though it is
available in abundance, its intermittent nature hinders its widespread implementation
as a cost-effective and reliable energy resource. Efficient energy storage is essential to
overcome this problem. Out of all available energy storage techniques, thermal energy
storage shows the greatest potential as it is a simple, cost-effective, efficient, and
reliable method [91].

2.2 Thermal Energy Storage

Thermal energy storage (TES) is a technology that can enable greater and more
efficient use of these fluctuating energy sources by matching the energy supply with
the demand, as it consists of stocking thermal energy by heating a material (the
"storage medium™) capable to release the thermal energy stored at a later time . In this
way, this technology can help balance energy consumption and reduce peak demand,
CO2 emissions, and costs, while increasing the overall efficiency of energy systems
[92][93].

2.2.1  Categories of Thermal Energy Storage

TES can be classified into three different categories. These are mentioned in
Figure.2.1 and discussed in the following sections [94].

Thermal Energy
Storage
| |
Sensible Heat Latent Heat Thermochemical
Storage Storage Storage

Fig.2.1. Category of thermal energy storage
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2.2.1.1 Sensible Heat Storage

The energy storage capacity of sensible heat storage (SHS) depends on the
temperature difference between the inlet ,and outlet, the specific heat capacity of the
storage material and the total mass of the storage media. [95].This type of storage is
extensively investigated and used commercially in power plants [96, 97]. It is

expressed by the formula

Q = [/ mC,dT = mC,(T; — T) 2.1)

Q = amount of heat (kJ)

m = mass of storage material (kg)

Cp = specific heat capacity (kJ/ kg °C)
T; = initial temperatures of SHS (°C)
T:= final temperatures of SHS (°C)

2.2.1.2 Latent Heat Storage

Latent heat storage occurs when a material changes its phase from one physical
state to another. When heating/cooling, a material that undergoes this phenomenon
and releases/absorbs heat in a narrow temperature range is called phase change
material (PCM). Four types of phase transition exist [98]: solid-solid (crystalline
heat), solid-liquid (fusion heat), liquid-gas (vaporization heat), and solid-gas
(sublimation heat). Among them, PCM based on solid-liquid transition is widely used
in TES for its simplicity and wide temperature availability [99][100][101][102]. As
explained in Figure 2.2, the material changes its phase from solid to liquid when
temperature increases, and more amount of heat is exchanged during the latent storage
in comparison to the sensible storage for the same temperature change.

The stored energy of PCM in different heating stages is calculated as:

Q = f;"mCysdT (T2 < Tw) (2.2)

Q= fTim m. Cp.dT + m.AHp, (T2=Thn) (2.3)
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0= fTTlm M. Cps.dT + m.AHy, + [2m.Cp,.dT (Tm<T2) (2.4)

Where:
m = the phase change temperature.
AHp, = the phase change enthalpy.
Cp.c = the heat capacity of solid phase PCM.
Cp.1 = the heat capacity of liquid phase PCM.
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Fig.2.2. Phase change temperature profiles of solid-liquid transition [103][104].

The phase change temperature of PCM commonly maintains a relatively stable
value, allowing a constant temperature heat exchange for process control. But in some
real cases, the phase change does not happen in a such stable platform and there is a
small temperature range in phase transition appears [103]. When calculating the
apparent heat capacity, the latent heat depends on transient temperature due to this
temperature range [105][106][107][108].Subcooling” (or supercooling) is another
phenomenon that when PCM begins to solidify and release heat, the initial freezing

temperature is below the melting temperature, caused by the nucleation rate
[109][110].
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2.2.1.3 Thermochemical Storage

Chemical heat storage relies on reversible chemical reactions, during which the
energy is absorbed or released by breaking or reforming chemical bonds [111]. It is an
emerging field presenting the advantages of high energy density, with compact and
long-term storage potential. On the other hand, it is more expensive and technically
complex to implement compared with sensible and latent heat storage technology.

Chemical heat storage can be divided into thermochemical and sorption processes:
the first one is based on the energy released and absorbed during the breaking and the
formation of molecular bonds for completely reversible chemical reactions, while
sorption systems involve adsorption and absorption processes.

During thermochemical processes, thermal energy can be absorbed when the
endothermic dissociation of a material (C) takes place, constituting the charging
procedure. This process leads to the formation of two separate components (A and B),
which have different properties and can be stored at ambient temperature for long
periods with few or no thermal losses.

Finally, the discharging process occurs when the reversed procedure is performed
and components A and B are mixed through an exothermic reaction that leads to the
reformation of the initial material C. The described procedures can be represented by

the following equation:
C+theat— A+B (2.5)
Where C is the thermochemical material and A and B are the reactants.
Conserning sorption processes, adsorption takes place when a molecular or
atomic layer is shaped, following the accumulation of an adsorptive on the surface of

an adsorbent, while absorption consists in the formation of a solution which is

occurring when a substance is distributed into a liquid or solid [112].
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2.2.2  Comparison of different types of TES

The different thermal storage types 8sensible, latent, thermochemical) are suitable
for different applications. The main factors affecting the suitability are the storage
time (daily, long term, seasonal), the economic viability and the operating conditions.
Table 2.1 shows the Comparison of different types of TES

In order, to select a TES system for a determined application several criteria have
to be taken into account, such as technical, economic ,and environmental criteria
[113], [114]. The technical criteria include storage capacity, lifespan, size, resources
used, the efficiency, safety, etc. The economic requirements are mainly the system
cost and the commercial availability. And finally, the environmental criteria require
that the used materials are non-toxic or hazardous and must not cause adverse effects
on the environment during the production, the distribution, the installation or

operation [115].

Table.2.1. Comparison of different types of TES based on various performance
parameters [120]

Chemical TES
( Sorption and
thermochemical)

Sensible TES Latent TES

Up to : 110 °C (water 20-40 °C (paraffin)  20-200 °C
Temperature  tanks) 30-80 °C (salt
range 50°C (aquifers and hydrates)
ground storage)
400 °C (concrete)
Low (with high Moderate ( with low  Normally high : 0.5-3
Storage density temperature interval):0.2  temperature GJ/m?
GJ/m*(for typical water interval): 0.3-0.5
tanks) GJ/m®
Long Often limited dueto  Depends on reactant
Lifetime storage material degradation and side
cycling reactions
Available commercially  Available Generally not
Technology commercially for Available , but
status some temperatures undergoing
and materials
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Table.2.1 (continued)

Advantages

Low cost

Reliable

Simple application
With available materials

Medium storage
density

Small volumes
Short distance
Transport possibility

High storage density
Low heat losses
(storage at ambient
temperatures)

Long storage period
Long distance
transport possibility
Highly compact
Energy storage

Disadvantages

Significant heat loss over
time (depending on level
of insulation )

Large volume needed

Low heat
conductivity
Corrosivity of
materials
Significant heat
losses (depending on
level of insulation)

High capital costs
Technically complex

Currently, regarding the state of development, storage capability, commercial

availability and durability, the developmental degree of the three TES types is

visually depicted in Figure 2.3 [116].
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Fig.2.3. Storage capabilities, commercial viabilities and durability aspects of

PCM for thermal energy storage [116]
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The sensible TES has been traditionally used even the storage density is not
optimal due to the simplicity of its use and plenty availability in nature, it poses the
longer durability and is fully commercially available.

Latent heat TES can be used at very different temperatures, depending on the
selected PCM, and it provides the largest temperature operational range of the three
types. It has a good storage density compared to sensible TES. Even though it has
been studied during the last decades, the developmental degree do not yet fulfill the
market needs. One of the main reasons for this situation is the lack of PCM materials
to satisfy all the requisites needed, and other important one are the high prices that the
storage device can reach for commercialization [117].

The thermochemical TES pose the higher storage densities, however pose very
short durability and is not commercially available because it is still a developing

technology, but very promising for the future [118]-[119].

2.3 Phase change material

When a material undergoes a change of phase, an endothermic or exothermic
process occurs, leading the material to store or release a considerably high amount of
energy in the form of heat, which generally occurs at a single temperature or within a
fixed range of temperature. This type of heat is known as latent heat; the heat storage
capacity per unit mass during a phase change is inherent to each material [121].

The concept of phase change materials circumscribes those materials that
undergo a solid liquid transformation at a temperature within the operating range of a
selected thermal application [122]. Their attractiveness lies in the fact that they can
store a significant amount of energy in small volumes while remaining at an almost
constant temperature. This attractiveness represents the major advantage of these
materials as storage mediums if compared with thermal storage by sensible heat,
where we need a broad temperature difference or large volumes to achieve
considerable heat storage.

The PCM can be found in a wide range of temperatures and chemical
compositions, whereby they can be used for numerous applications, such as [123]:
building air conditioning, electronics cooling, waste heat recovery, textiles,

preservation of food, solar energy storage, fabrics, and other
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2.3.1 Classification of PCM types

Over the last 40 years, different classes of materials, including hydrates salts,

paraffin waxes, fatty acids, eutectic of organics and inorganic compounds, and

polymers have been considered as potential PCM. Abhat [124] in 1983 classified

PCM into two categories: organic and inorganic materials. Later in 2009, Sharma et

al. [125], extended this classification into three categories: organic, inorganic and

eutectic, with subcategories in each of them, as shown in figure 2.4 [125], [126]. In

this section we present a brief description of those categories:

Latent heat storage materials

Solid-Solid Solid-Liquid Liquid-Gas ‘ Solid-Gas ‘
]

| | |
Organic Inorganic Eutetics
—  Paraffin — Salt hydrates Organic-

Organic

|| . Inorganic Inorganic-

Fatty acid compounds Organic
| | . Inorganic-

Alcohol Metallics Inorganic
—  Glycol

Fig.2.4. Classification of latent heat storage materials
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2.3.1.1 Organic materials

Organic PCM are further described as paraffin and non-paraffins. They present
congruent melting, which means that melting and solidification repeatedly occur
without phase segregation and degradation of their latent heat of fusion; also they
present little or no supercooling effects, and they are usually noncorrosive materials.

These organic PCMs are sub-divided into the following categories [121]:

Paraffin. They consist of a mixture of n-chain alkanes CH3 — (CH2)— CHS3.
Paraffin is available in a large temperature range as shown in figure 2.5 , which makes
them attractive for several thermal applications. They also present a reasonable cost,
predictable behavior, and reliability, they are non-corrosive, and chemically inert
below 500 °C. The commercial use of paraffin comes from the distillation of crude
oil. Although their use as thermal storage material is attractive, they present some
drawbacks such as low thermal conductivity, and in some cases, they are not

compatible with plastic containers [121].

Non-paraffin. In this group are included materials such as esters, fatty acids, alcohols,
and glycols. They are the most numerous of the phase change materials with highly
varied properties, representing the largest category of candidate materials for phase
change storage [125]. Among their properties, we have a high heat of fusion, low
thermal conductivity, varying levels of toxicity, inflammability and instability at high
temperatures. From this group, the fatty acids are attractive for thermal energy storage
due to their higher heat of fusion, compared to paraffin. These PCMs also show
reproducible behaviors during melting and solidification, with no supercooling.

However, their cost is about 2-2,5 times the cost of paraffin [121].

2.3.1.2 Inorganic materials

They are further classified as salt hydrate and metallics.
Salt hydrates. These materials are alloys of inorganic salts and water forming a
typical crystalline solid of the formula AB-nH,O. Since most of the hydrated salts

present poor nucleating properties, they show supercooling in the liquid before
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solidification. Their most attractive properties are their high latent heat of fusion per
unit volume, relatively high thermal conductivity and small volume changes on
melting. Some of them present congruent behaviors, while others are incongruent.
The major issue with them is that most of the salt hydrates that are suitable as storage

materials melt incongruent [121].

Metallics. In This category are included low melting metals and metals eutectic. Their
major advantage is their high thermal conductivity. although, they present major
issues as storage materials such as their generally high weight, low heat of fusion per
volume until ,and low specific heat [121].

2.3.1.3 Eutectic materials

Eutectic materials are made from a minimum melting composition of two or more
components, each of which melts and freezes congruently. During the crystallization
phase, a mixture of the components is formed, hence acting as a single component.
Their major attractiveness is their ability to obtain more desired properties such as a
specific melting point or a higher heat storage capacity per unit volume [127]. The
thermophysical properties of eutectic are still a field for further investigations for

thermal energy storage as many combinations have yet to be tested and proved.

Gas
= Hydrate Salts and their
S 00t water \ V) Eutectic Mixtures
& 400
[+
5 300
&
200

§
5 100 | salt-water-

0 Eutectic ..

; A -
-100 0 +100 +200

Temperature (°C)

Fig.2.5. Different types of PCM according to their melting temperature and
enthalpy
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The final selection of the PCM material would depend on several factors,

including cost, thermal, mechanic, kinetic, physical and chemical properties, which

are related to the final application in which the material is going to be used. To

highlight the advantages, and disadvantages of these materials, Kalnas and Jelle [127]

gathered the principal features of each type of material. These features are

summarized in Table 2.2.

Table.2.2. Overview of the advantages and disadvantages of each PCM

group of materials (developed by Kalnas and jelle

Organic

Inorganic

Advantages

Eutectic ‘

= No supercooling

= No phase
segregation

= Large temperature
range

= Compatible with
conventional
construction
materials

= Chemically stable

= Recyclable

= High heat of fusion

= High volumetric
latent heat storage
capacity

= Higher thermal
conductivity than
organic PCM

= Low cost

= Non-flammable

= Sharpe phase
change

= Sharp melting

points

Properties can
match specific

requirements
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Table.2.2 (continued)

Disadvantages
=  Flammable = Corrosive to = Limited data and
= Low thermal metals information
conductivity = Phase segregation = High cost
= Low volumetric = Supercooling
latent heat storage = High volume
capacity change

Comparing the PCM types, commercial paraffin is the expensive and has a
considerable thermal storage density (200 kJ/kg or 150 MJ/m3). Furthermore, it has a
low or negligible supercooling effect, and is chemically, physically, and thermally
stable. PCM with these characteristics are available within a range of temperatures
and can be incorporated into building solutions [128]. The main problem is the low
thermal conductivity (the mean value for paraffin is 0.2 W/mK even though some
commercial organic PCM solutions present thermal conductivity values up to 0.8
W/mK).

Hydrated salts have the highest thermal storage capacity comparatively to
paraffin- based solutions, however ,they are chemically unstable and when they are
heated to high temperatures, they degrade losing a percentage of their water content

for every heating cycle [129].

2.3.2  Phase Change Material Selection

Similar to the materials used in sensible heat TES, PCMs must comply with
specific criteria for appropriate utilization in TES. For example, there are some
standard requirements between the two sensible and latent heat materials, such as
significant thermal heat capacity, conductivity, stability under cycling, and cost
efficient [130].

Furthermore, PCMs have to satisfy special rules related to their natures, for
example, the amount of latent heat of fusion, melting point, the density difference
between liquid and solid phases, and compatibility with the encapsulation materials.

Various researchers suggested categorizing the mostly required properties for PCM in
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TES into five aspects: thermal, physical, kinetic, chemical, and economic aspects.

Table 2.3 lists the most commonly prescribed PCM features for use in TES [131].

Table.2.3.Prescribed features to use PCM in TES

Thermal

Phase change temperature within
the operating temperature of the
application

High enthalpy of fusion
Significant volumetric heat
capacity

Suitable thermal conductivity for

both phases

Physical

Significant surface for heat
exchange

Minimum density difference
between liquid-solid phases

Low vapor pressure

Kinetic

Lowest possible subcooling

Suitable crystallization rate

Chemical

Stable with minimal material
decomposition and properties
deviation during the projected
lifetime under thermal cycling
Nontoxic

Comply with the fire safety rules
Compatible with its encapsulation
materials (minimal corrosion)

during the project lifetime

Economical

Sufficient supply is available with

economical prices
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The phase transition temperature of the PCM must match the operating
temperature for the desired application. High enthalpy of fusion and the high density
would provide a high energy per volume of PCM material. This minimizes the size of
the storage containers and the amount of PCM used. A higher specific heat would
increase the sensible energy portion of the storage, and a high thermal conductivity
would reduce the charging and discharging times [132].

The small volume expansion during phase transition is necessary for designing
simpler and more cost-effective containment or encapsulation methods. Low vapor
pressures reduce the contamination and ease the encapsulation process. To prevent
irreversible segregation, the PCMs must melt congruently.

Supercooling interferes with the extraction of energy and is very common in salt
hydrates. It is essential to minimize the supercooling effect as much as possible in
thermal cyclic operations to get the best out of the discharge cycle [133]. The selected
PCM should display good chemical stability and corrosion resistance. PCMs can also
degrade as a result of crystallization due to water loss, decomposition ,or chemical
reactions with the containers. Toxicity and flammability must be considered for safety
measures, and finally, the commercial availability and cost should be evaluated since
the final TES system must be cost-effective and comparable with existing storage
systems [51].

2.3.3 PCM disadvantages
PCMs have excellent advantages. However, they come with functional challenges

such as low thermal conductivity and subcooling, as well as corrosion, high cost of
materials, the extra cost of the envelope, non-isotropic melting, degradation of
thermo-physical properties under long cycling, and volume changing due to density
differences between phases [135]. The two mostly addressed disadvantages are low

thermal conductivity and subcooling.

2.3.3.1  Low thermal conductivity

The performance of TES using PCM is influenced by the thermal conductivity of
the material [136]. The charging process is expected to prolong when low thermal
conductivity is presented in the PCM due to the slow movement of the melting front

within the PCM. Furthermore, the energy-retrieving process during discharge is less
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efficient due to thermal diffusion losses within the material itself in addition to the
slow movement of the melting front in the PCM, which is both caused by the low
PCM’s thermal conductivity.

The Low thermal conductivity characterizes most PCMs, except for metallic
based materials. The lowest thermal conductivity is found in organic based PCMs,
followed by inorganic-based PCMs [136].

Figure 2.4 plots the thermal conductivities of potential PCMs for high temperature
applications as a function of melting temperature for eutectics, hydroxides, nitrates,
bromides, carbonates, chlorides, and fluorides. It shows that most of these molten
salts have conductivity below 2 W/m.K. Moreover, Na2CO3 attracts attention in the

multi-tower solar array because it has a high melting temperature [138].
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Fig.2.7. Thermal conductivity for high-temperature PCMs [138]

2.3.3.2  Subcooling

Most PCMs demonstrate hysteresis behavior during the phase change process
[139]. This phenomenon is often called sub-cooling (or undercooling) in the Liquid-
Solid phase change. Subcooling causes the inverse phase change to occur at a

different temperature than the original temperature that caused it. The same
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phenomenon is called superheating in Gas-Liquid phase change [140]. The
subcooling in PCM is analyzed by using a Differential-Scanning-Calorimetry (DSC)
device [141]. Subcooling is illustrated in Figure 2.8 in two materials paraffin and
hexadecane-water emulsion. The figure plots the heat flow during the heating and
cooling process against measured temperatures for both materials. The paraffin shows
a lower degree of subcooling. It starts melting at nearly 18°C, and it starts its
solidification at about 15°C. While the water emulsion demonstrates a more
significant subcooling, it starts the melting process at 18°C and freezes at near zero.
The shape of that curve is different for the same material, which reflects a different
response to melting compared to solidification.
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Fig.2.8. DCS Heat flow for two PCMs paraffin and water emulsion

Even though the temperature ascends to the melting temperature again, this
influence is not required in TES because it degrades the quality of stored energy
[142]. Water, which is one of the most used PCMs, could solidify at a temperature
range between -4~-7°C under atmospheric pressure but melts at 0°C [143].

o1
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The subcooling in PCM is mainly influenced by material properties, amount of
material, rate of heating and cooling, and the roughness of the PCM container.
Faucheux et al. [144] evaluated the influence of the capsule surface roughness on the
water-ethanol PCM solidification process. They found that increasing the roughness
of the PCM envelope reduces the subcooling. Furthermore, A. Safari et al. [143]
reported that the higher the cooling rate, the higher the subcooling.

2.3.4 Method of PCM Containment

To ensure a long-lasting and efficient LHTES system, the method of PCM
containment is critical. PCMs are typically placed in cylindrical [145,146,147] or
rectangular-shaped containers [145,148] . The most analyzed LHTES arrangement is
the shell and tube configuration[149-150].

The method of PCM containment has a direct impact on the heat transfer rate of
the overall system, thus affecting the charge and discharge times and the thermal
performance of the LHTES system. Appropriate PCM container geometry coupled
with the right heat enhancement technique can provide better overall performance for
the LHTES system.

2.3.4.1 Heat Enhancement Techniques for LHTES

As stated earlier, most PCMs, except metals or metal alloys, have low thermal
conductivity and as a result, would lead to slow charging and discharging rates.The
thermal conductivity of non-metal PCMs usually falls below 0.6 W/m.K range
[151,152]. Initial melting of a PCM in the charging cycle enables a natural convection
driven process, thus making it comparatively faster than the discharging process
[153]. The impact of having low thermal conductivity is prominent during the
solidification process as it forms a solid layer at the inner surface of the capsule, thus
making it a conduction driven process. Agyenim et al.[154] listed several techniques
to improve the heat transfer rate for LHTES systems. Figure 2.6 shows the drawings
and pictures of some of the heat transfer enhancement techniques that were reviewed

in this study.
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(1) Longitudinal or (ii) Circular fins (111) Multitubes or (iv) Bubble agitation
axial fins shell and tube

(vi) Multitubes and (vii) Encapsulation (ix) Metal Matrix
carbon brushes

i
-
(x11) Steel metal (xiv) Polyolefine
ball capsules spherical balls

(x) Finned Re ctangular
Container

(xv) Polypropylene (xvi) Module beam (xvii) PCM- (xvii) Compact flat
flat panel Graphite panel

Fig.2.9 .Various heat transfer enhancement techniques [155].

Ibrahim et al. [156] separated the enhancement techniques into three
categories and reviewed the recent developments in each category.
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Table.2.4. Thermal enhancements for LHTES [156]

e Embedded fins e Dispersion of high e Finned heat pipes
e Heat pipes conductivity e Combined heat pipe-
e Multiple PCMs nanoparticles metal foil
e Encapsulation e Porous materials e Fins with multiple
e Low-density, high PCMs
conductive
materials

Out of all the techniques, the most popular enhancement technique is the use of

extended surfaces such as fins.

2.3.4.1.1 Use of Fins

Due to the simplicity, low cost ,and ease of fabrication, a majority of the heat
enhancement techniques have been based on fins. Fins are typically used to increase
the effective heat transfer area between HTF and PCM and therefore enhance the
thermal performance of the TES system.

Thermal conductivity, corrosion potential with HTF/PCM, cost ,and density are
usually the crucial parameters when it comes to the selection of fin materials [157].
Materials like aluminum, copper, and graphite foil are selected primarily for their high
thermal conductivity (over 100 W/m.K), and materials like carbon steel are selected
due to their low cost. Stainless steel is also used as a fin material because of its
corrosion resistance [157].

Several studies have been done on fins of different configurations in LHTES
systems. There are two standard configurations of fins in LHTES systems [157]:

1. Systems that involve heat storage and retrieval through a HTF
2. Systems that serve as a heat sink/reservoir through hot/cold boundary wall

In heat sink type-LHTES (no HTF), the fins are located inside the PCM. Even
with the HTF, the fins are usually embedded in the material with the lower relative

thermal conductivity, which in most cases is the PCM side [158].
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Melting and solidification process dynamics influence the configuration and
orientation of the fin [159]. Lacroix and Benmadda [160] conducted research on the
horizontal fin configuration in a rectangular boxes and concluded that instead of
having a larger number of short fins, it is more effective to have fewer long fins in the
system. Optimization of the number of fins depends on the wall temperature.
Shatikian et al. [161] found that the performance of the enhancement depends upon
the optimization of both the number of fins and thickness. Steinmann [161] tested
aluminum fins in NaNO3 PCM for 400 hours and found that aluminum fins are
compatible with NaNO3. Other materials like graphite foil, steel , and copper can also

be employed as the fin material.

2.3.4.1.2  Use of Heat Pipes

A heat pipe (HP) can deal with high heat transfers as its operation involves phase
change (evaporation and condensation). Some researchers analyzed the improvement
in the charging and discharging processes of PCM with the use of HP [163-164].
Gravity assisted and wick assisted are some of the common types of heat pipes.
Operating temperature range, geometric size, and configuration of the TES system are
some of the key parameters for the selection of HPs for TES systems. One typical
configuration of storage systems that can adopt HPs for heat transfer enhancement is
the shell and tube type TES.

A large number of numerical studies were carried out on analyzing the effect of
HP configuration, orientation, and number of HPs on the thermal performance of
LHTES systems, but the experimental studies were limited [163-165,167,164]. Robak
et al. [166] experimentally compared the effect of HP and fins in a LHTES system
and found that the overall melting rates for the heat pipe systems were, on average,
70% greater than the non-HP setup and 50% greater than the system with fins. Tiari et
al. [168] used a primary central heat pipe with an array of secondary heat pipes for a
PCM containing a vertical cylindrical type container. Both melting and solidifying
behaviors were analyzed with the use of photographic images as well as internal
temperature measurements. Increasing the incoming hot HTF flow rate from 1.89
L/min to 7.57 L/min led to a 30% improvement in the charging process. Increasing

the temperature of the incoming HTF from 63 °C to 73 °C during charging resulted in
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55% reduction in the system’s charging time. Both of the experimental works
mentioned above are for low temperature applications. No experimental studies have

been reported in the literature for high temperature applications using this technique.

2.3.4.1.3 Multiple PCM Systems

Multi-PCM-based LHTES refers to using several PCMs with various melting
points in the storage system. Employing multiple PCMs with decreasing melting
points ensures a higher temperature difference between the HTF and the PCM in the
flow direction, which will lead to higher heat transfer performance of the system
[169]. Wang et al. [170] were the first group to introduce a novel technigque to
enhance the heat transfer rate. Michels and Pitz-Paal [171] conducted an experimental
exploration of multiple PCMs in shell and tube configuration. Synthetic oil was used
as the HTF and allowed to go through the tube and three PCMs were placed in the
shell side. It was found from the experiment that single PCM storage with a higher
melting point has a lower storage/retrieval capacity compared with multi-PCM
storage with three PCMs. Charging and discharging experiments were demonstrated
with three different melting point PCMs by Farid and Kanzawa [172]. They observed
an improvement of ten percent in the heat transfer rate. Cylindrical enclosures were
used to load three different PCMs and the air was used as HTF. In the case of the
multi-PCM system, all the PCM started melting at the same time whereas for single
capsules, it started at different times. Multi PCM system is one of the more efficient
ways to improve the performance of the system by enhancing the heat transfer rate.

However, the selection of the right combination of PCMs is still a challenge [173].

2.3.4.1.4 Dispersion of High Conductivity Nanoparticles

Dispersing particles in the PCM is one of the most efficient and simplest ways
to enhance the conductivity of the PCM [173]. Hoover [174] is the pioneer of
researching particle impregnation techniques to improve thermal conductivity.
Khodadadi et al. [175] conducted an extensive review on the enhancement of the heat
transfer rate by dispersing particles in the PCM. Lots of materials have been
employed as the particles such as metals (Ag, Cu, and Al), metal oxides (Al203,

MgO, CuO ,and TiO2), carbon nanotubes, graphite, silver nanowires, and carbon
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based nanoparticles (graphene flakes) [175]. Mettawee and Assassa [176] conducted
an experimental investigation to improve the thermal conductivity of PCM by
dispersion of micro aluminum particles. It was found that there was a sixty percent
reduction in the charging time as compared to pure PCM by adding the particle Zeng
et al. [176] investigated the effect of silver

nanoparticles in 1-tetra decanol and found that silver nanoparticles did not
show any strong reaction with 1-tetradecanol. Overall, the thermal conductivity of the
PCM increased with the increase of silver nanoparticles. Xie et al.[178], Hong et
al.[179] , Weinstein et al. [180] , Zeng et al. [181], and Kim and Drzal [182]
employed alumina (Al203), MgO, graphite nanofibers, multi-walled carbon
nanotubes, and exfoliated graphite nanoplatelets, respectively and all observed the
enhancement of the heat transfer rate. Recently, researchers have shown great interest
in graphene to improve the thermal conductivity of PCM [183-184].

Khodadadi and Hosseinizadeh [185] reported that the overall latent heat of the
PCM composite decreased with the increasing wt% of the particles, though the
thermal conductivity of the composite increased. Hence, optimization of the mass

fraction of the particle and latent heat of the PCM is quite important.

2.3.4.1.5 Enhancement with Porous Materials

Porous matrices made of steel, stainless steel, aluminum, copper, and graphite
can be impregnated in the PCM based LHTES to enhance the heat transfer rate.
Mesalhy et al. [186] numerically investigated a horizontal cylindrical annulus
structure and concluded that the performance of the enhancement technique depends
upon the pore size and the thermal conductivity of the material in the matrix.
Recently, Fiedler et al. [187] compared aluminum and copper based porous matrices
and found that the copper matrix had approximately 80% more effective thermal
conductivity than the aluminum matrix. Even though the melting and solidification
time of the storage material reduces by employing the metal structures significantly,

compatibility of the PCM and the porous structure has always been an issue.
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2.3.4.1.6  Dispersion of Low-density Materials

Metal particles are usually denser than the PCM and as a result distributing them
in the PCM is hard. The enhancement expected from these metal particles would be
hindered by having these particles settled at the bottom of the PCM container. One
alternative technique is to use low-density high conductivity particles. Carbon fiber is
one such substitute for high-density metal particles. Carbon fiber has a relatively low
density, and its thermal performance is in the same range as copper and aluminum
[188].

Fukai et al. [189] experimentally tested the improvement of thermal conductivity
in a carbon fiber-paraffin system. Carbon fibers were tested for two orientations;
random and brush type. The brush type gave the best performance and it was found
that the effect of fiber length on the thermal performance was minimal. Hamada et al.
[190] tested the effects of carbon-fiber chips and carbon brushes in low-temperature
n-octadecane PCM systems and found that heat transfer improvement for the carbon

brusher was higher than the fiber chips arrangement.

2.3.4.1.7 Combined Techniques for Heat Transfer Improvement
The approach of combining two or more heat transfer techniques to achieve more

enhancement in the overall thermal performance has become more popular in the
recent past. Table 2.5 shows some of the experimental studies of combined heat
transfer technique used in LHTES systems [51].

Table.2.5. Studies of combined heat techniques in LHTES systems

Rectangular heat The rate of energy retrieval [192]
Fins & heat pipe heat from the PCM was increased
pipe(HP) exchanger by 86% and the effectiveness
of HP was increased by 24%.
Rectangular heat  The amount of energy stored [193]

Fins & HP pipe heat was increased by 140% in the
exchanger 12-HP configuration compared
to the base case.
Cylindrical Melting and solidification rates [194]
HP & metal foil enclosure were doubled in contrast to the

HP only system.
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Table.2.5 (continued)

Rectangular The thermal  conductivity [195]
Copper form & fins container improvement was 3.7 times
that of the system without fins.
High melting and solidification [196]
HP & metal foam, Cylindrical rates were achieved with both
HP & metal foil enclosure HP with foil arrangement and
HP with foam arrangement.
Macro- [197]
encapsulation & The effective conductivity
foam, Cylindrical improvement with foam was
Macro- capsules 15% and with sponge was
encapsulation & 32%.
sponge

This area of research is still developing, and so far a majority of the studies
have been focused on finned-HP type enhancements. The combination of
encapsulation with IR absorbing particles [191] was investigated and later adopted in

this study to further improve the heat transfer of encapsulation.

2.3.4.2 Encapsulation
Encapsulation can overcome the low thermal conductivity of a PCM by reducing

the path length and increasing the surface area for heat transfer. Encapsulation is
typically done by covering the PCM with a suitable coating or shell material [195].
The use of proper encapsulation has the following advantages [199,200]:
= Enhancement of heat transfer rate by increasing the effective surface area
= Isolation of the PCM from HTF and the container vessel.
= Potential for greater exergetic efficiency with the use of a cascaded PCM
arrangement
= Enhancement in thermal and mechanical stability of the system
» Reduction in tankage cost
Encapsulated phase change materials (EPCM) are small capsules with the PCM
in its core [201]. Different shapes and sizes of EPCM have been adopted for different
applications. Based on size, encapsulated PCMs can be classified into the following:
= Nano-encapsulation (0-1000 nm)
= Micro-encapsulation (1-1000 um)

= Macro-encapsulation (above 1 mm)
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Considerable work has been carried out on micro encapsulation of the low
melting point (50-120 °C) inorganic salt hydrates and organic materials such as
waxes, terpenes, low molecular weight polymers, etc [202-203]. Compared to
macroencapsulation, the microencapsulation of PCMs provides faster charging and
discharging rates because of the shorter distance for heat transfer. However, the lower
PCM-to-coating mass ratio (~1:1) greatly reduces the energy storage density of the
storage media and increases the storage capital cost [204]. Recently, Zhang et al.
[205] encapsulated NaNO3/KNO3 PCM in AISI 321 tubular capsules. Zheng et al.
[206] fabricated spherical capsules with copper as the PCM and chromium-nickel as
the shell material. The fabricated capsules have been shown to withstand 1000
thermal cycles. Vincent and Silva [207] tested paraffin wax in rectangular steel shells
in horizontally hollow brick for 8 days. Zhao [208] and Zheng et al. [209] have
reported an encapsulation technique that uses stainless steel/carbon steel as the shell
material. The process follows a post-formed approach where cylindrical steel capsules
are fabricated first and then filled with PCM followed by welding a cap at the top.
The major challenge in this approach is countering the corrosion of the metal cans
from the molten salt at high temperatures. Mathur et al. [210] have demonstrated a
ceramic-based macro encapsulation technique for sodium nitrate pellets (5-15 mm in
diameter). The technigue involves the decomposition of a sacrificial polymer layer to
provide a void between the coating and core PCM, which is needed for

accommodating the expansion of the PCM during the phase transition period.

2.3.5 Physical phenomena during phase change

Whether we are studying melting or solidification, phase change results in a
complex problem mainly because it involves the presence of more than one phase,
creating a boundary between them, that varies in time and space. If our goal is to ease
the designing and use of PCM systems, we should provide users with tools that,
despite the complexities of the process, can acceptably predict the behavior and
performance without going into tedious methods. To achieve this, we need a deep
understanding of the phenomena so that these phenomena can be simplified without
affecting their effect on phase change [121].

According to Regin [211], the heat transfer analysis of the phase change problem

is much more complicated than single phase problems due to :
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=  The non-linearity of the problem resulting from the motion of the solid-liquid
interface during phase change.

» Inadequate knowledge of the heat transfer process at the solid-liquid interface,
because of the buoyancy-driven natural convection in the liquid PCM.

= Uncertainty of the interface thermal resistance between the container and the solid
PCM.

= Volume change with the change of phase (upon shrinkage).

= The presence of voids in the solid PCM.

Several physical phenomena are inherent to PCM during melting and
solidification. Their effects in phase change and therefore, in the modeling of these
processes vary according to the specific conditions of the problem, such as the shape
of containers, storage material, geometry arrangement, thermal applications among
others, which leads to retain or discard such phenomena under certain circumstances.
In here we briefly mention the most important phenomena to be retained.

1. Moving solid-liquid interface.
The position of the solid-liquid interface not only distinguishes one phase from the
other, but it also reflects the quantity of the PCM that has already melted or solidified
at a certain instant. This measure is of great importance because it can reveal the
amount of heat that has been stored or discharged from the PCM. This is probably the
most important feature to determine during phase change [212], leading to the need

for a prediction of this parameter as accurate as possible.

2. Density change in phase change.
During the phase change, we can identify two types of density changes in the material
[213]: (i) due to change of temperature in a phase, since density depends on the
temperature, and (ii) due to the difference between the solid and liquid density at the
melting temperature. Solid density is usually higher for most PCM, whereas the water
is a notable exception [212]. When melting occurs, the PCM occupies more volume,
increasing the pressure on the container; whereas for solidification, when shrinkage
occurs, the PCM occupy less volume, under-pressurizing the container. This last
entails void formation (bubbles or gaps from the vapor of the material and other
gases) within the PCM. These voids are more likely to be formed between the PCM

and the container since the weakest forces of adhesion are between them.
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3. Buoyancy effects in the melt region.

The temperature difference not only leads to a change in the density of the PCM,
but it also induces flows in the liquid PCM due to the presence of gravity, promoting
the natural convection. These flow interactions with the remaining solid, create 2-D
melting patterns. These patterns are linked to the amount of PCM remaining on the
process by a certain instant; therefore, it should be addressed when studying phase
change. The role of natural convection in solidification is much less important and in

many cases may be discarded [212].

4. Phase change over a wide temperature range.

Pure substances offer a sharply, well defined phase change temperature, which is
desirable for most of the thermal applications since the temperature of operation can
be well predicted. However, these materials present a high cost, making them
impractical solutions as a storage material. Nevertheless, there are commercial PCM
that present attractive phase change temperature ranges. In either way, this parameter

must be taken into account during the design and modeling of PCM systems.

5. Enthalpy hysteresis.

Some PCM can present subcooling or superheating effects during phase change,
where phase change does not occur at the expected temperature. For instance, for
building applications, this is a phenomenon which should be avoided in the PCM.
Melting and solidification for several shapes of containers and PCM have been widely
studied. The first to acknowledge the moving boundary problem of phase change was
Jozef Stefan, and since then, this problem has been called the "Stefan Problem."
Usually, if we want to understand a physical problem, we resort to experimental and
analytical approaches to accomplish this task. The problem with the analytical
solutions for the Stefan problem is that they are mostly available for one-dimensional
cases, and for simple boundary conditions. They have been addressed in the literature,
especially in heat transfer textbooks as the theoretical solution of phase change
problems [214], [213], [136].
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3.1 Introduction

Phase change processes are progressively used in nature and in various fields
of science and engineering. As a result, there is a very extensive literature on the
variety of these problems. The objective of this chapter is to develop an experimental
study in which two test benches are carried out. The experimental procedure and the
various measuring instruments used are presented in this chapter. All the experiments
are carried out at the energy and applied thermal laboratory (ETAP) at the University

of Tlemcen.

3.2 Improvement of paraffin melting process using different metal
additives

3.2.1 Presentation of the experimental setup

LabVIEW interface Electrical circuit NI Data Thermal cavity
Acquisition  filled with paraffin

Fig. 3.1. Different materials and accessories for the installation

The experimental setup (Fig. 3.1) is realized to analyze the thermal behavior of
paraffin melting. This work consists in studying the dynamic behavior of the melting
front and the temperature evolution of the paraffin (PCM). The PCM is filled in a
square thermal cavity of dimension 15 x 15.8 x 5 cm®. The cavity is made of glass to
facilitate visualization of the movement of the melting front using an infrared thermal
camera. The thermo-physical properties of the paraffin used are shown in Table 3.1.
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Fig. 3.2. Paraffin wax used

Table.3.1. Thermo-physical properties of the material used

Solid Liquid Melting Meltingen Heat Specific heat
Denomination density density point (°C)  thalpy conductivity Capacity(kJ/kg.K)
25°C 80°C (kJ/kg) WI/(m.°C)
(ka/l) (ka/l)
C,.Hs Tetracosane 0.86 0.79 49-52 162.42 0.2 2
Zamak 6.8 --- 380-386 104.6 119 0.419
Aluminum 2.7 --- 658 415 237 0.896
Copper 8.954 --- 1083 205 386 0.380

3.2.2  Filling the cavity with paraffin

Before starting the experiment, it is necessary to fill the liquid paraffin
(molten) in the cavity. Then, the experiments can start after the complete
solidification and cooling of the paraffin at ambient temperature (initial). At this time,
it observed the formation of an air pore on the upper (free) surface of the paraffin
(paraffin—air interface), Fig.3.3. This developed air pore is the result of the convection
heat flow (vortex) that develops in the liquid phase during the melting and
solidification process of paraffin. Thus, during the start of the experiments, it is
reported that the upper surface of the paraffin does not have a flat platform. The initial

paraffin-air interface has a curvature result of cyclic melting paraffin.
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Fig. 3.3. Air pore existing in the initial free surface of paraffin.

The paraffin volume occupies 83% of the total volume of the thermal cavity.
The air space is necessary to prevent glass fracture due to the expansion of the
paraffin during melting. The thermal cavity is thermally insulated in three faces using
glass wool and polystyrene surrounded by wood.

G

_ — s

Air-paraffin interface
Glass wool The heated wall

Polystyrene

Fig.3.4. Thermal cavity insulation

3.2.3 Temperature measurement

The right face of the cavity is heated using an electrical variable heater
manufactured on laboratory. Eight K-type thermocouples (Testo AG 606 1ST) are
placed in the thermal cavity to measure the temperature evolution of the PCM. They

are located as shown in Fig. 3.5. The temperature recording is assured using NI data
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acquisition type cDAQ-9174 (Fig. 3.6) and a graphical interface software developed

using Labview.

Insulation walls

2
TS & T6H @ T3 =
4.5 em = =
- - . Z 5
4.5 em T els Tz 2 =
em | T4 ¢ TI k-
Jem dem dem 3 oom

Fig. 3.5. Arrangements of the K-type thermocouples in thermal cavity.

Fig. 3.6. Connection of thermocouples to the NI acquisition chain

3.24 Experimental procedure

The first part of the experiments consists of studying the dynamic and thermal
behavior of paraffin during the melting. The electrical heater develops a thermal
power of 1.8 W necessary to melt the paraffin. To improve the thermal conductivity
of the paraffin and to accelerate the melting process, it is proposed to add metallic
additives (Zamak grid, aluminum and copper perforated plates)(Fig. 3.7).

To ensure a constant PCM-additive mass ratio throughout the different
experiments, the volume of the additives is measured using a graduated beaker in
order to respect the same volume of paraffin in the thermal cavity (Fig. 3.8).
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Fig. 3.8. Measuring the volume of the grid and its location in the thermal cavity

3.3 Effect of additive concentration

3.3.1 Presentation of the experimental setup

Electricalhe

PC Data Thermal Data NI Data
ater

acquisition cavity logger acquisition

Rockwool
insulation

Wooden
Box

Fig. 3.9. Picture of the laboratory setup
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A second experimental set-up carried out to study the thermal behavior of
paraffin melting with a single additive for different volume concentrations. The
selected additive is chosen from the results of the first part.

An experimental apparatus has been designed and built to accurately measure
the instantaneous temperature distribution within the PCM in a rectangular thermal
cavity. A 1 mm thick steel plate was used to make the thermal cavity with an inside
dimension of 60 mm in width, 190 mm in height, and 155 mm in length. The right and
left walls of the cavity are heated by an electrical heater to provide a constant heat
flux (15 W). The side faces are insulated by a 70 mm thickness of rock wool (.Z = 0.04
Wim K, C, =1030 J/(kg.K)). To increase thermal insulation, the thermal cavity with
its insulation are placed in a wooden box (4 = 0.17 W/m°C) having 10 mm thick
(Fig.3.9).

3.3.2 Filling the cavity with paraffin

The PCM paraffin (C24H50 Tetracosane) is melted on an electrical resistor and
then poured into the test cavity. To ensure that the resulting solid paraffin is in
substantially the same physical conditions before each experiment, the cavity is
maintained at room temperature for 24 hours. The volume of the PCM occupies
approximately 70% of the total volume of the thermal cavity. After each
solidification, a concave shape forms at the open top surface of the PCM. This
event is mainly caused by the volumetric shrinkage of material during
solidification. This will directly influence the evolution of the melting front at the
upper part of the PCM, (Fig.3.10).

Fig.3.10. Air pore existing in the initial free surface of paraffin
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3.3.3 Temperature measurement

A 1mm thick Zamak grid used as a support to place 9 K-type thermocouples
inside the PCM zone, and record the temperature evolution of the PCM every 2s. Two
(02) K-type thermocouples are placed on the hot walls surfaces to monitor the
temperature during the experiments and another K-type thermocouple for the ambient
temperature. All the thermocouples are connected to a PC via a data logger (NI c-
DAQ 9174) using a thermal module (NI 9211) to record temperatures during the

melting process.

9 Thermocouples

T (PCM)
- r ,
1 R B L B ;
Ty Tal T F > 2 Thermocouples
| I |
b Lo Do-To— o (walls)
T11 | | 'I Ti0
: 0
e
>
0 ! ' el \ The heated

walls

Fig. 3.11.Arrangements of the K-type thermocouples on thermal cavity.

I/0 modules Integrated
signal conditioning

High speed PC connectivity
(480 Mbits/s)

Universal module

Fig. 3.12. NI acquisition module with temperature sensors
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The experimental enclosure was designed to minimize heat loss; some heat
is transferred to the ambiance by natural convection and radiation. However, the
radiation heat transfer can be neglected due to the low surface temperature of the
insulation. To estimate the heat lost due to natural convection from the insulation
surface we need six thermocouples were placed before and after the rock wool and
wood, temperatures were recorded by a data logger at a time interval of 5 min.

The total heat loss from the enclosure can be calculated using the following:
- AT
Qross = Z [Minscins Tigz-;At - Tigts) + <_KinsSins ﬁ) At]
ti

AT (3.1)
—KinsSins——— = h Sins (Tins — Teo)

ins Ax
Where Qoss (KJ) is the summing up of thermal energy stored by insulation
(Rockwaool) and evacuated in the ambiance through the insulation. Mips, Cins, and Kins
are the mass, heat capacity, and thermal conductivity of Rockwool. T2t is the actual
average temperature of insulation and Ty is the previous average temperature . AX is

the thickness of the insulation.

3.3.4 Experimental procedure

To ensure better precision of the results, three series of experiments are
repeated for each experiment. The PCM's temperature history is then compared to
ultimately choose an average arithmetic value. All experiments start with a solid-state
PCM of a uniform temperature of 20°C and end when the lower temperature (Ts)
exceeds the melting temperature. At this time, the PCM will be approximately
completely melted. To accelerate paraffin melting, aluminum plates 160 mm in
length, 130 mm in width and 0.127 mm in thickness are placed with the same space in
the thermal cavity. Each perforated plate has a mass of 5g (0.6% MT) and 56
perforations of 9 mm diameter each (Fig. 3.13). The experiments are tested using 2, 4
and 8 plates (Fig. 3.14).
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Table.3.2. the concentration of aluminium

Paraffin 2 platess 4 plates 8 plates |
Mass (kg)  0.823 0.01 0.02 0.04
% 1.2% 2.4% 4.8%

]

olololoNololoke | (o]

cococoocoodlo
cococoocoodlo
cococoocoodlo
cococoocoodlo
A WP L N, N, N e

QOO0 OOOO g
QOO OOOO g

Fig. 3.13. Perforated aluminium plates

4 aluminium plates

8 aluminium plates

Fig. 3.14. thermal cavity integrating different aluminum plates
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3.4 Interface (Labview)

The Labview graphical interface is developed to can follow and record the thermal

behavior during experiment. It consists of three (03) different windows:

e The first window contains graphs, tables, switches, time counters, LEDs , and
message boxes to visualize the graphical and numerical evolution of
temperatures.

e The second window contains graphs, LEDs, table, and numerical displays to
follow the evolution of the solid-liquid interface and to determine the liquid
fraction.

e A third window has been created to follow the evolution of the stored energy

(sensible and latent) and to determine the heat transfer characteristics ( h,Nu)
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Fig.3.15. Presentation of the interface (window 1)
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Fig.3.17. Presentation of the interface (window 3)

3.5 Sensor calibration, accuracy and sensitivity

Simple methods exist to reduce measurement errors. It is necessary to choose
sensors with same quality and from the same manufacturer (Fig. 3.18). Then, calibrate
these sensors with another reliable sensor of good quality used as a calibration
reference (Fig. 3.19, sensor type testo AQ 606). The sensors are calibrated by placing
them in hot water. The evolution of the temperatures allows us to compare the

reliability, the accuracy and the response time of each sensor.
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Fig. 3.18. Type K sensors with Fig. 3.19. Reference sensor
flat heads used in experiments Calibration

3.6 Uncertainty analysis

The uncertainty of experimental results is often affected by the inevitable
errors in experimental measurement and depends on the uncertainty of measuring
instruments. The maximum uncertainty in temperature measurement is equal to
+0.5 °C. The PCM mass measurement error is +0.8 g and the maximum uncertainty of
measuring the PCM mass is 0.11%. The length measurement error is £0.5mm and the
consequent maximum uncertainty of measuring the length is 0.4%.

The liquid fraction is estimated via photography. The maximum uncertainty of
measuring the total area with an image processing system with a resolution of 540 x
864 pixels is [16].

% 1 1

=+ —————=03% (3.2)

Vo 540  864(Hp /W)

Where Hy,, and Wy, are height and width of PCM (m).
Since the minimum solid phase fraction measured was 3%, the maximum

deviation in determining the area of the solid phase is

= - = 0 3.3
Ve 540 t 864(Hyy /W) (Vs Vo) 4.16% (3.3)

Thus, the maximum uncertainty in determining the melt fraction from the photos is:
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AVi _ Vs L Ao _ 4 469, (3.4)
v, v v

Where Vs, V| and V; are volume of solid, liquid, and total of PCM (m®).
Assuming that the final results are derived from independent variables yi, yo; . . . ; Yn,
the uncertainty of result W is obtained by appropriately combining the uncertainty of

the independent variables W (y;) as fellow [17]:

K :f(ylfyZJ"".Yn)

W) = [, (LW o)) @5)

By applying this method, the average uncertainty of energy stored is 4.58%.
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Chapter 4 Results and Discussion

4.1 Introduction

This chapter presents an experimental study to analyze the thermal behavior of
paraffin melting in a thermal cavity incorporating different metals (zamak, aluminum
and copper) in different configurations. The originality of the study is to try to
determine the best additive that allows both the improvement of the thermal

conductivity and the stored energy.

4.2 Pure Paraffin

4.2.1 Evolution of the melting front

The first experiment consists in analysing the melting behaviour of paraffin
alone in a glass cavity heated by one side in the right wall. Before the melting process
starts, we notice that the upper free surface of the paraffin shows a certain hollow
curvature. This is due to the contraction and recoil of the paraffin during the
solidification process. This contraction phenomenon causes the creation of air pockets
on the upper free surface and inside the paraffin. Fig. 4.1 shows photos of the melting
process of pure paraffin. Fig. 4.2 shows the time evolution of the position and shape
of the solid-liquid interface. GetData Graph Digitizer is used to extract and plot the
numerical shape of the fusion front similar to the one captured during the
experiments. It is observed that melting starts near the heated (right) face of the
cavity. After 30 min, the melting front moves towards the left face with a curved
form, the percentage of molten paraffin reaches approximately 22%. A cap shape is
observed in the upper part of the melting front. The initial curvature existing in the
upper (free) surface of the paraffin (air pore) is the essential cause of this cap shape.
Afterwards, the melting front develops with a curved inclined shape until the end of
the fusion at 180 min. The curved shape is due to the natural convection phenomenon
developed in the liquid phase during the melting. This mechanism causes circulation
in the molten paraffin; this is due to the buoyancy forces induced by the density
gradients due to temperature differences. In addition, it observed that the liquid

paraffin rises upwards and the solid paraffin exists always at the bottom of the cavity.
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150 min

Fig. 4.1. Photos of time evolution of the position and shape of the solid-liquid
interface.
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Fig. 4.2. Time evolution of the position and shape of the solid-liquid interface.
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Fig. 4.3. Time evolution of the liquid volume fraction.

Fig. 4.3 shows the time evolution of the liquid fraction f; during paraffin
melting. It represents the ratio of the volume of liquid paraffin to the total volume of
paraffin. It approximated using Autocad to calculate the liquid area at each moment of

the experiment. The results show that the liquid fraction reaches approximately 52,
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74, 87 and 96% after 60, 90, 120, and 150 min, respectively. Thus, it is observed that
the melting rate of the paraffin accelerates after around 30 min due to the
development of natural convection which gradually dominates the melting of the
paraffin. After about 90 min, the melting rate decreases and thermal equilibrium is
gradually established.

The time evolution of the liquid fraction can be mathematically approximated

by a following second-degree polynomial equation:

£,(t) = —0.0028t2 + 1.082¢ — 2.857 (4.1)

4.2.2 Evolution of the temperature of the paraffin
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Fig. 4.4. Time evolution of temperature during paraffin melting.

Fig. 4.4 shows the time evolution of the paraffin temperature during melting.
After 90 min, Fig. 4.1 shows that the melting front reaches the positions of T1 and T7.
At this time, the temperatures of T1 and T7 reach 54°C and 59°C, respectively. It can
be considered that the melting temperature range is around 54-59°C. At 30min,

natural convection developed in the molten paraffin causes a quick increase of the
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temperatures at the upper side of paraffin, and (T3, T6) reaches about (106°C and
98.5°C). The bottom sides (T1, T2) are in a solid state and reach about (31.75°C and
35°C). Thus, convection heat flow in the liquid phase increases the heating of paraffin
compared to the conduction in the solid phase. Afterward, temperatures T3 and T6
decrease when T8 begins to melt by absorbing the necessary latent heat from T3 and
T6 regions. At 40 min, (T1, T2 and T8) reach the values of (37.19°C, 42.57°C and
91.35°C), respectively. Due to the conduction mode, the positions of T1 and T2 have
not yet reached the melting point. The melting progressively develops with a curved
and inclined melting front and the last recorded melting point is T4 after about 120

min. The complete melting is achieved after about 180 min.

4.3 Paraffin with a Zamak grid

To accelerate the melting of paraffin, we propose to integrate different materials
in the thermal cavity. The first material added is two parallel grids made of Zamak
(Fig. 4.5). The choice of Zamak is due to its metallic composition and its good price.
Zamak is a family of alloys with a base metal of zinc and alloying elements of
aluminum, magnesium, and copper. It has a good thermal conductivity of around 108
W/mK. The addition of a material in the paraffin modifies its effective conductivity
and so the melting velocity. The effective conductivity obtained depends on the
thermal conductivity and the volume and mass ratio of the material added to the
paraffin. In order to compare with the previous results, the volume of paraffin with

Zamak is equal to the volume in paraffin alone (pure) of the first case.

Fig. 4.5. Form of the Zamak grid used in the cavity.
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4.3.1 Evolution of the melting front

Fig. 4.6 shows the comparison between the time evolution of the paraffin melting
front with and without a Zamak grid. The results show clearly that the addition of a
Zamak grid causes a delay of the paraffin melting. Indeed, the Zamak grid absorbs a
part of the heat provided by the heat source and delays the melting process of paraffin.
In addition, it is observed that the slope of the melting front of pure paraffin is greater
than that of the Zamak grid. This shows that the convection heat flow is more intense
in the case of pure paraffin. Indeed, the addition of solid materials to paraffin
improves heat conduction and reduces heat convection. The addition of materials with
good thermal conductivity to the paraffin can slow down the melting process by
changing the effective heat capacity of the mixture and so the thermal diffusivity.
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—#— 30 min (Grid)
1 - L —@— 60 min (pure)

# —@— 60 min (Grid)
10 + —&— 90 min (pure)
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Fig. 4.6. Evolution of the paraffin melting front with and without Zamak grid.
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Fig. 4.7. Evolution of the liquid volume fraction with and without the Zamak
grid.

Fig. 4.7 shows the comparison between the evolution of the liquid fraction of
paraffin with and without a Zamak grid. It is noted that the melting of pure (alone)
paraffin is initially faster than with the Zamak grid until about 90 min, by about 8%.
After that, the melting velocity of the paraffin with the Zamak grid increases, and the
complete melting is reached after about 180 min, identical to that of pure paraffin.
Thus, the Zamak grid absorbs heat quantity that slows the melting during the first
moments. After that, it helps to accelerate the melting process by improving the
effective thermal conductivity of the paraffin. Thus, the total melting is achieved in
both cases at the same time.

The time evolution of the liquid fraction of paraffin with Zamak can be

approximated mathematically by a second-degree polynomial (Figure 4.5):

fi(t) = —0.0021t2% + 0.964t — 2.571 (4.2)

82



Chapter 4 Results and Discussion

4.3.2 Evolution of the temperature of the paraffin
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Fig. 4.8. Time evolution of paraffin temperature with and without Zamak
grid.

Fig. 4.8 shows the time evolution of the paraffin temperature with and without a
Zamak grid. It is observed that the temperature of the pure paraffin is higher than
without Zamak. This shows clearly that the Zamak absorbs a part of the heat supplied
by the heat source and the temperature of paraffin with Zamak grid becomes lower. A
maximum difference of 20°C, 10°C and 42°C is recorded at T2, T3 and T8,
respectively. This difference decreases during melting to an average of 7°C at the end
of the melting process for the three temperatures. The temperature T1 remains almost
the same in both cases with and without a Zamak grid. On the other hand, it is noted
that the temperature difference in paraffin decreases by adding the Zamak grid.
Indeed, the maximum temperature difference is recorded at 27 min, which reaches
83°C and 74°C for the case without and with the Zamak grid, respectively. At the end
of the melting process, the temperature difference reaches 50°C and 45°C for the case
without and with the Zamak grid. Thus, the Zamak grid helps to homogenize the
temperature of the paraffin by reducing the average temperature difference by about
5.5°C (8%).

It is concluded that the integration of Zamak grids does not properly improve the
thermo-physical properties of the paraffin to accelerate its melting process. Therefore,
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it is advisable to find other materials with a better thermal conductivity - heat capacity

ratio, such as aluminum and copper.

Table 4.1. Concentration of metallic additives

Heat Specific Report
Denomination conductivity heat (AICp)
W/me°C capacity kg/m.s
J/kg.°C
C24H50 Tetracosane 0.2 2 0.1
Zamak 108 419 0.258
Aluminum 237 896 0.265
Copper 386 380 1.016

4.4 Perforated metals plates

Due to the unavailability of aluminum grids on the market, two perforated plates
of aluminum (or copper) (Fig. 4.9) were chosen and added to the thermal cavity. The

paraffin-plate volume ratio is always equal to pure paraffin.

(@)

4.4.1 Evolution of the melting front

(b)

Fig.4.9. Perforated plates (a) copper and (b) aluminum.

Fig. 4.10 shows the comparison between the time evolution of the melting front of
paraffin with and without a perforated metal plate. At 30 min, the evolution of the

melting front shows that the velocity of pure paraffin melting is slightly higher than
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that with an aluminum plate. Indeed, the aluminum plate absorbs part of the heat
supplied by the heat source. However, the velocity of copper-paraffin fusion is higher
than that of the other cases. Since the heat capacity of copper is lower than that of
aluminum, the good thermal conductivity of copper can directly accelerate the melting
process of paraffin.

At 60 min, the results show that the addition of the aluminum plate causes an
acceleration of the melting of the paraffin; this is explained by the good thermal
conductivity of the aluminum. At 120 min, the rate of paraffin melting reached 88%,

92% and 93% without , and with the aluminum and copper plates, respectively.
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—4— 30min Cu
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Fig. 4. 10. Time evolution of the paraffin melting front with and without metals
plates.
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Fig. 4.11. Evolution of the liquid fraction of paraffin alone and with metal plates.

Fig. 4.11 shows the comparison between the time evolution of the liquid fraction
of paraffin alone and with metal plates. Until about 30 min, the liquid fraction of
paraffin alone is more important than that with aluminum plates by about 22%.
However, the liquid fraction of copper paraffin is more important than the paraffin
alone by about 36%. After that, the process of melting is accelerated by adding the
aluminum plate and becomes the same of that of pure paraffin at about 60 min. The
liquid fraction of copper paraffin is always more important than the paraffin alone by
about 7%. At this time, the melting process of the paraffin with the aluminum plates
accelerates and becomes more important than that of the pure paraffin until the end of
the melting process. It should be noted that the total melting time of paraffin with the
metal plates (aluminum 145 min and copper 142 min) is shorter than that of paraffin
alone (180 min). Then, the metal plate accelerates the melting process by about 21%
and 19% with copper and aluminum plate additives.

The evolution of the liquid fraction of paraffin with aluminum and copper plates can

be approximated mathematically by a second or third-degree polynomial:

fra(t) = —4.63 x 10753 + 0.00765¢% + 0.554t — 1.249 (4.3)
ficu(t) = —0.00327t% + 1.18t — 1.084 (4.4)

86



Chapter 4 Results and Discussion

4.4.2 Evolution of the temperature of the paraffin
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Fig. 4.12. Paraffin temperature evolution with and without metals additives.

Fig. 4.12 shows the time evolution of the temperature of pure paraffin, with
aluminum plates and with copper plates. Generally, it is observed that the temperature
of paraffin with aluminum is higher than that with copper, which is higher than that of
paraffin alone. However, at 40 min, a value of about 91.5, 65.5, and 56 °C is recorded
at T8 in the case of pure-, aluminum- and copper-paraffin, respectively. This shows
that aluminum and copper absorb part of the heat supplied by the heat source and the
temperature of paraffin is lower initially. Afterward, the temperature of the paraffin
with metal plates rises and can exceed than that of the paraffin alone. At 80 min, the
minimum temperature of paraffin (T4) reaches about 52°C and 47°C with aluminum
and copper plates compared to 42°C with paraffin alone.

On the other hand, it is noted that the temperature difference in paraffin
decreases by adding metal plates. Indeed, the maximum temperature difference is
recorded at 27 min, which reaches 83, 79 and 71°C for the case of without, with
aluminum, and with copper additives plates, respectively. At the end of the melting
process, the temperature difference reaches 50, 39, and 43°C for the three cases.
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Fig. 4.13. Effective thermal conductivity of pure paraffin and metals additives.

It is concluded that metals perforated plates contribute significantly to
improving the effective thermal conductivity of paraffin and accelerates the melting
process. On the other hand, it helps to homogenize the temperature of the paraffin by
reducing the average temperature difference by about 6°C (9%), and 8°C (12%) with
aluminum and copper plates. The effective thermal conductivity becomes 0.174,
0.272, and 0.798W/mK in the cases of Zamak grid, aluminum plate and copper plate
additive in the pure paraffin (Figure 4.13). Thus, the Zamak grid decreases the
thermal conductivity of paraffin by about 13%. However, aluminum and copper plates

can increase the thermal conductivity of paraffin by about 36% and 300%.
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4.5 Energy storage

The thermal energy storage rates can be quantified based on the following expression:

t

s

Qqt = Z[Mmcs (THM _Tt)J +

t=t, t
t

+ Z [M plaques C plaques (THAt -T! ):|
t=t,

_—~+

t

(ML f|]+Z[MmC| (Tt+At —Tt)}

t t=t,

s

(4.5)

where Qs (kJ) is the sum-up of thermal energy stored by PCM from time t = 0,
Mn (kg) the mass of PCM, C; ,and C; (kJ/kgK) the solid and liquid heat capacity of
PCM, L (kd/kg) latent heat of fusion of PCM, f; liquid fraction of PCM, T+At(°C)
actual temperature of PCM and T* (°C) is the previous temperature of PCM.
Fig. 4.14 shows the time evolution of the energy stored by PCM with different
metal additives. At 15 min, the thermal energy stored reaches a value of 17.15, 17.38,
20.07, and 34.01 by aluminum-, Zamak-, pure-, and copper-paraffin, respectively. The
good thermal conductivity of cooper accelerates the heat transfer and the energy
stored increases. At 35 min, the thermal energy stored reaches a value of 69.42, 74.09,
84.37 and 89.32 kJ by Zamak- (grid), aluminum-, copper-, and pure paraffin. Thus,
metal additives can decrease the stored energy by 22.28, 17.05 and 5.54% in the three
cases. Indeed, the weak heat capacity of metals compared to that of paraffin causes
the reduction of the effective heat capacity of a system. Thus, the quantity of thermal
energy stored by the system decreases. However, on the one hand, the good heat
capacity of aluminum compared to other metals and, on the other hand, the good
effective thermal conductivity of aluminum- paraffin compared to paraffin alone, can
accelerates heat transfer and the amount of heat stored by aluminum-paraffin
becomes better at the end of melting process (145 min). The thermal energy stored
reaches a value of 218.8, 226.71, 226.76, and 233.74 kJ by Zamak- (grid), pure-,
copper-, and aluminum paraffin. Thus, aluminum increases the energy stored by
3.1%, but Zamak decreases the energy stored by about 3.5%. For the copper-paraffin,

the global energy stored is almost the same as the paraffin pure
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Fig. 4.14. Time evolution of the energy stored by PCM with different metal
additives.

4.6 Heat flow

Fig. 4.15 shows the heat flux transferred through PCM with different metal
additives. At 15 min, the heat flux transferred through the system reaches a value of
19.06, 19.31, 22.27, and 37.79 W by aluminum-, Zamak- (grid), pure-, and copper-
paraffin, respectively. The best thermal conductivity of cooper accelerates the heat
transfer through the PCM system to about 69.7%. At 35 min, the heat flux through the
paraffin alone increases and reaches 42.54W compared to 33.06, 35.28, and 40.18W
for Zamak-, aluminum-, and copper-paraffin. This phenomenon can be explained by
the fact that the mass of PCM in the pure system is greater than in the metal-PCM
system. The heat latent absorbed becomes more important and the heat transfer
increases. However, at the end (145 min), the heat flux through the aluminum paraffin
increases and reaches 26.89 W compared to 26.08 for copper— paraffin and paraffin
alone and 25.17W for Zamak—paraffin.

90



Chapter 4 Results and Discussion

45 -
40
35
30
= 25
> 4
=
= 204
& ; —=— Pure
T 154 —e— Grid
1 —A— Al
o= —w— Cu
5_
0 . . . : : . . . . .
0 30 60 90 120 150

Time [min]

Fig.4.15. Time evolution of the heat flux transferred through PCM with different
metal additives.
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Chapter 5 Experimental study of the concentration effect of aluminum

5.1 Introduction

This chapter presents an experimental study to analyze the thermal behavior of
paraffin melting in a thermal cavity incorporating aluminum as an additive. The study
consists to analyzing the effect of the mass concentration of aluminum added to the

paraffin on the thermal behavior of the melt and the amount of the thermal energy stored.

5.2 Paraffin alone

5.2.1 Temperature and solid-liquid interface evolutions
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Fig.5.1.Time evolution of the temperature during the melting of the paraffin alone.

Fig. 5.1 shows the time evolution of the temperature during the melting of paraffin
heated from both sides. Due to thermal symmetry, the figure shows only the temperature
in the left half of the thermal cavity (T1-T6). Initially, the paraffin is still solid and heat is
transferred by pure conduction, all the temperature of the thermocouples is below to the
melting temperature (49-54°C). During this period, the rate of temperature increase ofT1,
T2 and T3 is higher than those of T4, T5 and T6. This can be explained by the fact that
the first column of thermocouples (T1, T2 and T3) are close to the heated wall and
receives heat through a thin layer of liquid PCM. A quick increase (jump) of
temperatures is observed when the thermal boundary layer associated to the melt front
passes through each thermocouple, followed by a gradual increase of temperatures until
the end of the melting process. The values for the temperatures jump decrease from the

top to bottom locations of thermocouples, as shown in Fig.5.1. The decreasing trend of
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temperature jump and

increasing melting time between the upper and

lower

thermocouples affects the thermal boundary layer thickness along the solid-liquid

interface
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Fig. 5.2 Time evolution of the melting front of paraffin alone.

Fig. 5.2 shows the time evolution of the solid-liquid interface during melting of the

paraffin alone. The position of the melting front is indicated by an average melting

temperature of 51.5 °C and determined via the temperature evolution. Using linear

interpolation in the vertical Y; and horizontal X; direction, the location of the melting

temperature can be found by the temperature evolution of the two adjacent

thermocouples.
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Fig. 5.3 Linear interpolation between two adjacent thermocouples
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Initial measurements show that the melting process starts from the heated walls,

and the solid-liquid interface is parallel to the heated walls showing that the heat transfer
mechanism is predominated by pure conduction. In comparison to the bottom region of
the enclosure, the liquid PCM at the top of the enclosure thickens more quickly over
time. As the melting evolves, the natural convection current is strengthened and its effect
on the melt front becomes more pronounced. Liquid PCM rises along each hot wall and
descends along the two solid-liquid interfaces forming two symmetrical vortices in the
thermal cavity as a result of buoyancy force development, and this current manifests
itself by forming a curve at the melt front's top. As the solid PCM shrinks, conduction
heat transfer predominates at the upper section of the cavity where the heated liquid PCM
is accumulated, while convection current is confined to the lower part of the cavity. This
results in diminishing convection from the hot wall to the PCM. Kamkari and
Shokouhmand [215] similarly reported that during the final stage of the melting process
in a rectangular enclosure, the diminishment of the convection flow at the upper part of

the enclosure leads to the formation of a stratified temperature field.
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Fig.5.4. Temporal evolution of the liquid fraction

Fig. 5.4 shows the time evolution of the liquid fraction which represents the ratio of
the volume of liquid paraffin to the total volume of paraffin. At the beginning of the
melting process (30min),the liquid fraction reaches 15% and the conduction dominates
the heat transfer with a melting rate of 3.5 g/min. Afterward, the melting rate accelerates
and reaches71% after 110 min with a melting rate of 6.1 g/min due to the development of
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natural convection in the liquid phase. Then, the temperature gradient in the paraffin

weakens, and the convective transfer slows down the melting until the end with a rate of
2.8 g/min. The time evolution of the liquid fraction can be approximated mathematically

by the following 3-degree polynomial equation:

fi=-107t3 + 2x10°t* + 0,005t (5.3)

5.2.2 Energy storage

The thermal energy stored can be quantified based on the following expression:

ty 1

t t
Qst: [MPCM Cv(r+At_r)]+ Z[MPCM Lff[] + Z[MPCM C[(]'t+At_]-f)]+ Z[Mgrid Cgrid (TH—N'TI)]
=t =ty =1 =1

t

+ Z [Mcavily Ccavily (THAt'Tt)]

=t

(5.4)

Where Qs (kJ) is the sum-up of thermal energy stored by PCM from time t= 0,
Mm(kg) the mass of PCM, Csand C; (kJ/kgK) the solid and liquid heat capacity of
PCM, Ly (kd/kg) latent heat of fusion of PCM, f, liquid fraction of PCM, T""#(°C)
actual temperature of PCM and T'(°C) is the previous temperature of PCM. Mgl is
the mass of the steel plates, Mzamak is the mass of the Zamak grid, Cpsteel and Cpzamak

are the specific heat capacities of the steel and Zamak, respectively.
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Fig.5.5. Temporal evolution of the stored energy
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Fig. 5.5 Shows the time evolution of the thermal energy stored during the paraffin
melting process. The total energy is composed of the sensible energy (solid or liquid
states) and the latent energy (phase change) accumulated in the paraffin, Eq. (5.4). After
60min, the liquid fraction reaches 34%, and the system stores 49kJ by latent heat and
32.4 kJ by sensible heat. The latent heat represents 60 % of the thermal energy stored
during the first moments of fusion. At the end of fusion, the paraffin stores 252 kJ, of
which 57.5% by latent heat and 42.5% by sensible heat.

5.2.3 Heat transfer characteristics
The internal heat transfer coefficient between the cavity wall and the paraffin can be

calculated as follows:

dQst
h = dt (55)

S(Thot wall _Tmelting)

Using the finite difference method, Eq.5.5 can be expressed:

h(t) — Qst (t+At)—Qst (1)

S(Thot wali—Tmelting)At (5.6)
Thus, the Nusselt number can be expressed as follows:
h(t) X height (5.7)

Nl ==,
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Fig.5.7. Time evolution of the average Nusselt number at the heated wall

Fig. 5.6 shows the time evolution of the internal convection coefficient between the
cavity wall and the paraffin. Fig. 5.7 shows different heat transfer regimes during the
melting process. Initially, conduction dominates the heat transfer and the temperature
gradient is maximum between the heat source and the solid paraffin. The heat transfer
rate then increases with an increase in the internal convection coefficient to reach a
maximum of 31.52 W/m?K after 24 min. A very thin layer of liquid paraffin forms near
the heat source creating a very low thermal resistance, which is reflected in a significant

increase in the Nusselt number at start-up (Fig.5.7) to reach a maximum of 36.6 after 24
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min. With the increase in the thickness of the liquid, the Nusselt number decreases very

rapidly (the end of the conduction regime) and natural convection takes place in the
liquid paraffin due to the buoyancy force (transition regime).After the short period of
transition from conduction to convection, Nusselt numbers display quasi-steady values
corresponding to the convection-dominated stage of melting. Fig.5.6 shows that the
thermal transfer by natural convection gradually decreases until it disappears at the end of
melting reaching the thermal equilibrium regime and the coefficient stabilizes around 1
W/m?K. This decreasing trend denotes the weakening of convection currents brought on
by the rise in liquid PCM bulk temperature (to achieve the temperature of the hot wall)
and falls in solid-liquid interface length. The interface serves as the cold source for

natural convection currents in the thermal cavity.

5.3 Paraffin with aluminium plates

5.3.1 Solid-liquid interface

Fig.5.8 shows the temporal evolution of the extreme temperatures T1 and T6 during
the melting of the paraffin alone, and with the 2, 4 and 8 aluminum plates. In all cases,
heat is transmitted to the thermocouples by conduction through the solid PCM when the
temperature is below to the melting point (49 °C).

After 80 min, T1 and T6 reach (54.6, 54.4, 53.6, and 57.4 °C), and (37.4, 38.5, 39.6,
and 43.2 °C) with 0, 2, 4, and 8 aluminum plates, respectively. After 130 min, they reach
(81.9, 80.5, 79.6 and 72°C), and (42.3, 45.8, 48.7, and 53.5 °C). Thus, the average
temperature difference (T1 - T6) reaches 44, 43.6, 37, and 19.6°C for 0, 2, 4 ,and 8
plates, respectively. The integration of the aluminum plates leads to a decrease of the
temperature gradients in the paraffin by 1, 4 and 16% in the case of 2, 4, and 8 plates,
respectively. The aluminum plates promote heat penetration into the solid paraffin due to
its good conductivity and slow down the thermo-convective flow in the liquid paraffin by
improving the heat conduction. The addition of aluminum improves the homogenization

of the paraffin temperature by 1.15 and 55% for 2, 4 and 8 plates, respectively.
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Fig. 5.8. Temporal evolution of extreme temperatures of paraffin with aluminum
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Fig. 5.9. Time evolution of the core temperature of paraffin with aluminum plates

According to Fig. 5.8, it can be observed that the increase in aluminum plates reduces
the creation of air pores during solidification. Indeed, the reduction and absence of the
temperature jump T5 around 80 min is an excellent indicator of this phenomenon. The

greater the temperature jump, the greater the amount of air pores in the paraffin.
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Fig. 5.10. Time evolution of the liquid fraction of paraffin with aluminum plates

Fig. 5.10 shows the comparison between the evolution of the liquid fraction of the
paraffin with and without the aluminum plates. After 60min, the liquid fraction reaches
around (34, 32, 30, and 28%) with a melting rate of (4.6, 4.4, 4.1, and 3.8 g/min) in the
cases of (0, 2, 4, and 8 aluminum plates), respectively. It is noted that the melting of
paraffin is faster with the reduction of aluminum plates in this period. Indeed, the
aluminum plates absorb heat and decrease the heat absorbed by paraffin which causes a
decrease in the liquid fraction rate, and a delay of the melting process by (6, 12, and
18%) for (2, 4and8 plates), respectively. At 110 min, the liquid fraction reaches 71, 72,
75, and 80%with a melting rate of (6.1, 6.6, 7.4, and 8.6 g/min) for paraffin alone and
paraffin with 2, 4, and 8 aluminum plates, respectively. Aluminum contributes to
accelerating the melting of paraffin by improving the effective thermal conductivity of
the PCM. As evident, adding aluminum plates can accelerate the melting rate of 4, 12,

and 29% for paraffin with 2, 4, and 8 plates.
5.3.2 Energy storage

By adding plates in paraffin, the thermal energy stored can be quantified based on the

following expression:
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Where Mpiaes IS the mass of Aluminum plates and, Cpiaes are the specific heat capacities

of the Aluminum.
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Fig.5.11. Time evolution of the energy stored in the paraffin with the aluminum

plates

Fig. 5.11 shows the time evolution of the energy stored in the paraffin with the

aluminum plates. The total energy stored is composed of the energy stored in the paraffin

(sensible and latent), and the energy absorbed by the aluminum plates Eg. (5.8). At 60
min, the heat stored in the paraffin reaches 103.9, 82.2, 79.6, and 77.8 kJ for 0, 2, 4, and

8 aluminum plates. Over time (137 min), the energy stored in the paraffin with the plates
exceeds that of the paraffin alone to reach 193.3, 199, 203.4, and 212 kJ with 0.2, and 4.8

plates, respectively. Thus, an improvement in thermal storage by 3, 5.2, and 9.6% is

recorded.
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5.3.3 Heat transfer characteristics

Fig. 5.12 and 5.13 show the time evolution of the convection coefficient and the mean
internal Nusselt number with aluminum plates. At start-up, the aluminum mass
contributes to reducing the temperature of the solid paraffin thanks to its specific heat. It
thus prolongs the duration of the conductive heat transfer and decreases the maximum
convection coefficient which reaches 36.6, 30.4, 26.6, and 18.1 W/m’K after 24, 33, 42,
and 53.5 min for the paraffin with 0, 2, 4, and 8 aluminum plates, respectively. The
convection coefficient shows a decrease of 17, 25 and 50% and the conduction shows a
time extension of 36, 75 and 121% compared to the paraffin alone. In adding, the
increase of aluminum plates accelerates the conduction-convection transition and
improves significantly the heat transfer rate throughout the melting process. The effective
thermal conductivity becomes 0.259, 0.295, and 0.514W/mK in the cases of 2, 4, and 8
aluminum plates, respectively (Fig. 5.14). Thus, the aluminum plates can increase the
thermal conductivity of paraffin by about 30, 50, and 155%.
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Fig. 5.12.Time evolution of the convection coefficient with aluminum plates.
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General Conclusion

The present experimental work focuses on improving the effective thermal

conductivity of paraffin by integrating different metallic materials with different

concentrations. The first part of the experimental study concerns the thermal analysis

and the acceleration of the paraffin melting process by adding various metal additives

like Zamak, aluminum and copper. Through the various experiments, we have

observed the following:

1.

It is noted that the melting of paraffin alone is initially faster than that
integrating the Zamak grid by about 8%. However, the melting process of the
paraffin with the Zamak grid increases after, and the complete melting is
achieved in both cases at the same time.

Adding the Zamak grid or aluminum perforated plates to the paraffin absorbs
heat and delays the melting process during the first period. Afterward, an
acceleration of the melting process is recorded. However, the liquid fraction of
copper—paraffin is always more important than the paraffin alone. At the end,
the copper and aluminum plate additives can accelerate the melting process of
paraffin by about 21% and 19%.

The temperature gradient in paraffin decreases by adding metal additives
plates. They can help to homogenize the temperature of the paraffin by
reducing the average temperature difference by about 5.5°C (8%), 6°C (9%),
and 8°C (12%) with Zamak, aluminum ,and copper plates, respectively.

The effective thermal conductivity becomes 0.174, 0.272 and 0.798W/mK by
integrating the Zamak, aluminum and copper in the pure paraffin. Thus, the
Zamak grid decreases the thermal conductivity of paraffin by about 13%.
However, aluminum and copper plates can increase the thermal conductivity
of paraffin to about 36% and 300%.

The good heat capacity of aluminum and the good effective thermal
conductivity of aluminum-paraffin accelerates heat transfer and increases the
amount of heat stored. Thus, aluminum increases the energy stored by 3.1%,
but Zamak decreases the energy stored by about 3.5%. For copper paraffin, the

global energy stored is almost the same as the pure paraffin.
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In the second part of the experimental study, the influence of the number of added

plates on the dynamic and thermal behavior of the paraffin melting process was

investigated. The study led to the following conclusions:

1.

The integration of aluminum plates leads to a decrease of the temperature
gradients in the paraffin by 1.4 and 16% and improves the temperature
homogenization of the paraffin by 1.15 and 55% with 2.4 and 8 plates,
respectively

The increase in aluminum plates reduces the creation of air pores during
solidification and the contraction of the paraffin during previous experiments
At start-up, the aluminum absorbs the heat which causes a decrease in the
liquid faction, and delays the melting by 6, 12 and 18% respectively with 2,4
and 8 plates. At the end of the melting process, the addition of the aluminum
plates has a significant impact on the reduction of the melting time of the
paraffin with an acceleration of 4, 12,and 29% for the paraffin with 2, 4 and 8
plates.

Aluminum plates improve the thermal conductivity of paraffin by 30, 50 and
155% with 2, 4 ,and 8 plates

The good thermal capacity of aluminum increases the amount of heat stored.
Thus, aluminum improves thermal storage by 3, 5.2 and 9.6% with 2,4 and 8
aluminum plates, respectively.

At the beginning of the melting process, the convection coefficient decreases
by 17.25 and 50% and the conduction has a time extension of 36, 75 and
121%.

The increase in aluminum plates accelerates the conduction-convection
transition and significantly improves the heat transfer rate throughout the

melting process,

In perspective, it is interesting to develop a numerical simulation of the studied

phenomenon in order to better exploit the obtained results and reduce the costs of the

manipulations. In addition, it is interesting to optimize the size and density of the air

pores created as a function of the metal plates added and their effects on the thermal

and dynamic behavior of the paraffin melt.
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